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Abstract  

 
Ubiquitylation is a reversible modification with a variety of roles ranging from 

governing protein homeostasis and trafficking to DNA damage and the 

immune response. A ubiquitin molecule is added on a substrate protein by an 

orchestrated cascade of reactions performed by the E1, E2 and E3 enzymes, 

while it is removed by the Deubiquitylases (DUBs). This work reports for the 

first time on a hitherto uncharacterised DUB enzyme, USP31. 

 

I identified USP31 in a screen for regulation of the MYCN oncogene in 

neuroblastoma. However, my initial characterisation showed that USP31 

localises on microtubules and the centrosome. I proceeded to map the 

microtubule localising sequence of USP31 to the unstructured C-terminal of 

the protein. From that point, I developed a variety of cellular models in order 

to study its effect on microtubule network properties and the downstream 

processes they govern. Depletion of USP31 induces strong phenotypic 

changes, including an increase in cell size and a denser, more developed 

microtubule network. These phenotypes are recapitulated with the stable 

overexpression of the catalytic inactive protein, linking them to the DUB activity 

of the enzyme. Loss and overexpression of USP31 induces prominent 

changes in post-translationally modified microtubules. Specifically, depletion 

of USP31 significantly disrupts detyrosinated and acetylated microtubules. 

USP31 differentially associates with the mitotic spindle across the mitotic 

phases, while its depletion induces a delay in mitotic progression. Finally, 

seeking USP31 substrates and/or mediators of its associated phenotypes, I 

performed SILAC proteomics analysis upon depletion of USP31 and identified 

candidate proteins, such as the microtubule depolymerase KIF18b. USP31 is 

now the third microtubule associating DUB enzyme, and the one that exhibits 

the more profound effects on microtubule network organisation, that position it 

as an attractive drug target.
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CRL Cullin-RING ubiquitin ligases 
CYLD Cylindromatosis 
DAAM2 Disheveled-associated activator of morphogenesis 2 
DMEM Dulbecco's modified Eagle's medium 
DMEM/F12 Dulbecco's modified Eagle's medium/nutrient mixture F-12 

Ham 
DNMT1 DNA (Cytosine-5-)-Methyltransferase 1 
DOCK4 Dedicator of cytokinesis 4 
DUB Deubiquitylase 
EB End-binding 
EBH EB-homology 
EGFR Epidermal growth factor receptor 
EGR1  Early growth response 1 
ERAD Endoplasmic reticulum- associated degradation 
ESCRT Endosomal sorting complexes required for transport 
FACS Fluorescence-activated cell sorting 
FBS Fetal Bovine Serum 
Fbw7 F-box and WD repeat domain-containing 7 
GCP γ-tubulin complex protein 
GDP Guanosine diphosphate 
GFP Green fluorescent protein 
gRNA Guide RNA 
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GSK3β Glycogen synthase kinase 3beta 
GTP Guanosine triphosphate 
GWAS Genome-Wide Association Study 
HDAC6 Histone deacetylase 6  
HDR Homology-directed recombination  
HECT Homologous to E6-AP Carboxyl Terminus 
IBR In-Between-Ring 
IEG Immediate early genes  
IKZF1 IKAROS Family Zinc Finger 1 
IKZF3 IKAROS Family Zinc Finger 3 
JAMM JAB1/MPN/Mov4 metalloenzymes 
LC-MS/MS Liquid chromatography-tandem mass spectrometry 
LUBAC Linear ubiquitin chain assembly complex 
MAP Microtubule-associated protein 
MAX Myc-Associated Factor X 
MCAK Mitotic centromere-associated kinesin, KIF2c 
MiNA Mitochondria network analysis 
MINDY Motif interacting with Ubiquitin-containing novel DUB family  
MISP Mitotic spindle positioning protein 
MJD Machado-Joseph Disease 
MQ MaxQuant 
MS Mass spectrometry 
MSA Multiple Systems Atrophy 
MYCN V-Myc Avian Myelocytomatosis Viral Oncogene 

Neuroblastoma Derived Homolog 
Nedd8 Neural precursor cell expressed, developmentally 

downregulated 8 
NEMO NFKB essential modulator 
NF2 Neurofibromin 2 
NFκB Nuclear Factor-kappa-B 
NHEJ Non-homologous end joining  
NT1 Non-targeting control 1 
OPTN Optineurin 
ORF Open-reading frame 
OTU Ovarian tumour proteases 
PBS Phosphate-buffered saline 
PCNA Proliferating cell nuclear antigen 
PDB Protein Data Bank  
PHOX2B Paired mesoderm homeobox protein 2B 
PI Propidium iodide 
PLK1 Polo-like kinase 1 
PTEN Phosphatase and tensin homolog 
PTM Post-translational modification 
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qRT-PCR Quantitative reverse transcription-polymerase chain 
reaction 

RBR RING between RING 
RING Really interesting new gene 
RIP1 Receptor-Interacting Protein 1 
RNA Ribonucleic acid 
RTK Receptor tyrosine kinase 
SAHF Senescence associated heterochromatic foci 
SCF Skp, Cullin, F-box containing complex 
SDS-PAGE Sodium dodecyl sulfate polyacrylamide electrophoresis 
SEPT10 Septin 10 
SEPT8 Septin 8 
SHPRH SNF2, Histone-Linker, PHD And RING Finger Domain-

Containing Helicase 
SILAC Stable isotope labelling by amino acids in cell culture 
siRNA Small interfering RNA 
SUMO Small ubiquitin-like modifier 
SVBP Small vasohibin binding peptide 
TOG Tumour overexpressed gene 
TPPP Tubulin polymerisation promoting protein 
TTL Tubulin tyrosine ligase 
TTLL Tubulin tyrosine ligase-like 
UBC Ub-conjugating  
UBD Ubiquitin binding domain 
UBL Ubiquitin-like 
UCH Ubiquitin C-terminal hydrolase 
UHRF1 Ubiquitin-like, PHD and ring finger–containing 1 
UIM Ubiquitin-interacting motif 
UPS Ubiquitin-Proteasome System 
USP Ubiquitin-specific proteases 
UTR Untranslated region 
VHL Von Hippel-Lindau Tumour Suppressor 
VHS Vps27, HRS, STAM 
ZnF Zinc finger 
ZUFSP Zinc finger containing ubiquitin peptidase 1 
γ-TuRC γ-tubulin ring complex 
γ-TuSC γ-tubulin small complex 
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Chapter 1: Introduction 
 

1.1 Neuroblastoma 

Neuroblastoma is an extracranial cancer of the sympathetic nervous system 

that affects mainly infants and young children. It derives from undifferentiated 

cells of the neural crest, and it is considered an embryonal tumour (Tomolonis 

et al., 2018). It is the most common cancer diagnosed during the first year of 

life, while its incidence is very rare for children older than 10 years old. Overall, 

it is the third most common malignancy in children (7%) (Ward et al., 2014), 

accounting for 10-15% of cancer-related mortality. Neuroblastoma mainly 

presents with tumours across the sympathetic nervous system, with at least 

half of the patients having tumour(s) on the adrenal glands (Matthay et al., 

2016; Cheung and Dyer, 2013; DuBois et al., 1999). Patients are stratified 

based on their age, the disease-related biomarkers (such as MYCN 

amplification), chromosomal ploidy and the metastatic state of the disease 

(about half of the patients present with metastasis at diagnosis) (Brisse et al., 

2011; Wieczorek et al., 2018; Fritsch et al., 2004).  

 

1.1.1 Drivers of neuroblastoma 

The best characterised driver of neuroblastoma is MYCN genomic 

amplification and/or protein overexpression. It is associated with ~20% of all 

tumours, particularly the most malignant, with poor prognosis (Pugh et al., 

2013). Approximately 2% of the disease is hereditary, deriving mainly from 

ALK (Anaplastic Lymphoma Kinase, a RTK) activating mutations (most 

commonly R1275Q) (Mazot et al., 2011) and loss-of-function mutations in 

PHOX2B (a neuronal transcription factor). ALK mutations (mainly F1174R) are 

found in a subset of sporadic high-risk disease as well, while a co-operative 

feedback loop between ALK and MYCN signalling has been identified in a 

subset of very aggressive tumours (Zhu et al., 2012; Berry et al., 2012). 

Segmental chromosome alterations, such as 1p or 11q loss or 17q gain are 

also often associated with poor prognosis (Matthay et al., 2016; Fletcher et al., 

2018; Cheung and Dyer, 2013).  
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1.1.2 Methodologies to target N-MYC 

N-MYC is a transcription factor encoded by the MYCN gene. It belongs to the 

bHLH family of transcription factors and dimerises with MAX in order to bind 

onto DNA on consensus E-box sequences (E-box sequence with a core 

CACA/GTG sequence) and promote transcription of its target genes. It is 

particularly hard to develop small molecule inhibitors that directly target N-

MYC, mainly due to its disordered structure in its unbound form and lack of  an 

enzymatic active site (Rickman et al., 2018). Thus, it is necessary to exploit 

indirect methodologies in order to impede its function in neuroblastoma. BET 

bromodomain family adaptor proteins bind to chromatin, on sites where 

transcription is active and facilitate transcription from MYCN target genes. 

They can be targeted by small molecules, such as JQ1 or OTX015, resulting 

in downregulation of MYCN targets, as well as the transcription of MYCN itself 

(Puissant et al., 2013; Henssen et al., 2016). Another promising approach is 

to target the stability of N-MYC. N-MYC is degraded through the ubiquitin-

proteasome system (see section 1.2), and Aurora A has been shown to 

impede its ubiquitylation by FBW7, by physically interacting with N-MYC in a 

kinase-independent manner (Brockmann et al., 2013; Otto et al., 2009). 

Inhibitors of Aurora A that cause allosteric changes to its structure, block this 

association, resulting in increased ubiquitylation and destabilisation of N-MYC, 

and have shown promising results in neuroblastoma xenograft models 

(Fletcher et al., 2018; Gustafson et al., 2014; Richardsa et al., 2016). 

 

1.1.3 N-MYC is degraded through the ubiquitin-proteasome system 

N-MYC has been shown to get ubiquitylated and degraded by the proteasome 

system (Ciechanover et al., 1991). For the ubiquitylation of N-MYC to occur, 

two phospho-residues critical for the interaction with the E3-ligase Fbw7 have 

been identified (Figure 1.1). First, the Ser62 residue needs to get 

phosphorylated by Cyclin B/CDK1 (Sjostrom et al., 2005). This 

phosphorylation primes the interaction with GSK3β, which phosphorylates the 

Thr52 residue (Kenney et al., 2003). Those two phosphorylation sites act as a 

docking site for the E3-ligase complex SCFFbw7 that ubiquitylates N-MYC and 

lead to its degradation (Welcker et al., 2004). At the beginning of this study, no 
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enzyme of the deubiquitylase family (see section 1.2.9) was shown to 

counteract this modification. However, a few years later, USP7 was shown to 

deubiquitylate and stabilise N-MYC (Tavana et al., 2016) and enhanced N-

MYC degradation by USP7 specific inhibitors has already been shown in 

neuroblastoma cell lines (Turnbull et al., 2017; Tavana et al., 2016). 

 

 

Figure 1.1: N-MYC is degraded through the Ubiquitin 
Proteasome System. 

N-MYC ubiquitylation and subsequent degradation is facilitated by priming 
phosphorylation events. CyclinB1/Cdk1 phosphorylate N-MYC on Ser62 in 
a cell cycle dependent manner. This phosphorylation allows the interaction 
with Gsk3β, which phosphorylates Thr58. Both phosphorylated regions act 
as a docking site for Fbw7, a Cullin E3 adaptor protein that ubiquitylates N-
MYC and targets it to the proteasome. The association of Fbw7 with N-MYC 
can be blocked by a kinase-independent interaction between N-MYC and 
Aurora A. 
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1.2 The Ubiquitin Proteasome System 

1.2.1 Discovery of the Ubiquitin Proteasome System 

While trying to establish a cell free system for studying proteolysis from 

reticulocyte cell extracts, Etlinger and Goldberg identified a highly active 

degradative system (Etlinger and Goldberg, 1977). The rabbit reticulocytes 

that they chose to work with, expel their lysosomes during their final 

differentiation stage. Thus, the degradative system they identified was not 

related to lysosomal degradation (Ciechanover, 2010; Etlinger and Goldberg, 

1977).  

 

In the late ‘70s- early ‘80s, Avram Hershko, Aaron Ciechanover and Irwin A. 

Rose built on this system to discover the ubiquitin proteasomal pathway of 

degradation (Kresge et al., 2006; Wilkinson, 2005; Ciechanover et al., 1980; 

Hershko et al., 1979b; a). The identification of the factors responsible for 

protein degradation, came from a series of experiments that asked the simple 

question of how are proteins degraded (Ciechanover, 2015), since lysosomal 

degradation was insufficient to explain how intracellular proteins were 

degraded in such a coordinated and timely fashion. Their initial hypothesis of 

a single protease responsible for the degradation of their model substrate was 

quickly disregarded, as they identified by column fractionation, a two-

component system that also required ATP. The first fraction contained a heat-

stable small protein that they called ATP-dependent proteolysis factor 1 

(APF1) - later identified as ubiquitin (Ciechanover et al., 1980). The second 

fraction showed little degradative efficiency on its own, but as soon as it was 

combined with the first fraction, in the presence of ATP, its degrading capacity 

was evident. They later moved on to show that ubiquitin is covalently attached 

to a given substrate by a cascade of enzymatic activities (E1/E2/E3 enzymes) 

in an ATP dependent manner (Hershko et al., 1983).  

 

1.2.2 The discovery of the Proteasome 

The original assumption was that the requirement of ATP within this new 

degrative system reflected its role in the conjugation of ubiquitin (see .i) 

(Hershko et al., 1979b, 1983). However, subsequent work from Alfred 
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Goldberg’s lab showed that ATP was necessary even after the completion of 

ubiquitylation (Tanaka et al., 1983). This lead to the work of Waxman et al., 

(1987) and Hough et al., (1987) that fractionated a large complex with ATP-

dependent proteolytic activity against ubiquitin conjugated substrates (26S)- 

i.e. the proteasome (see section 1.2.11) - and a smaller multisubunit complex 

that did not require ATP (20S) (Waxman et al., 1987; Hough et al., 1987). At 

the time they could only speculate that one may derive from the other.  

 

1.2.3 The discovery of the Deubiquitylases 

Ubiquitylation is a reversible modification, and the task of the enzymatic 

removal of ubiquitin moieties from a tagged substrate is executed by the 

deubiquitylases (hereafter DUBs) (Wilkinson, 1997; discussed in detail in 

section 1.2.8). The discovery that the ubiquitin genes were all encoding “pro-

forms” of ubiquitin (see section 1.2.4), lead to the assumption that there must 

be a peptidase activity releasing single ubiquitin molecules. In 1982, Matsui et 

al., described an enzyme that was able to cleave ubiquitin from H2A during 

mitosis, which they termed isopeptidase (Matsui et al., 1982). An enzyme with 

ubiquitin specific esterase activity was then described by Rose and Warms 

(1983), where they showed that the thiol-esterase bond between ubiquitin and 

the ubiquitin-conjugating enzymes is susceptible to hydrolysis (Rose and 

Warms, 1983). Two years later, Pickart and Rose, (1985) isolated this enzyme, 

which they termed Ubiquitin Carboxyl-terminal Hydrolase (Pickart and Rose, 

1985). They showed that it recognises ubiquitin specifically and has the ability 

to hydrolyse amide derivatives from the C-terminal of ubiquitin but shows little 

activity against protein lysine residues when bound to the side chain of lysine 

residues. From that point, the discovery and characterisation of DUB enzymes 

accelerated and multiple proteases of the papain and Zinc-metalloprotease 

families started to be assigned with DUB activity (Mayer and Wilkinson, 1989; 

Jonnalagaddas et al., 1989; Nijman et al., 2005) 

 

Today it is estimated that the proteins that are directly involved in the 

attachment (E1/ E2/ E3 enzymes) and removal of ubiquitin (DUBs), together 

with ubiquitin itself, constitute ~1.3% of the total cellular proteome, and their 
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physiological and pathophysiological roles have started to be unravelled 

(Clague et al., 2015).  

 

1.2.4 The ubiquitin protein 

Ubiquitin is a 76 amino acid peptide (~8kDa) that adopts a compact β-grasp 

conformation resembling a barrel (two β-sheets followed by an α-helix followed 

by two β-sheets) (Figure 1.2.C). This conformation provides multiple surfaces 

for interactions with other ubiquitin molecules or ubiquitin binding/ interacting 

domains, with the most important one being the hydrophobic patch around 

Ile44 (Sloper-Mould et al., 2001; Beal et al., 1997). The C-terminal of ubiquitin 

can be covalently attached to the side chain of a lysine residue of a given 

protein, forming an isopeptide bond. Ubiquitin itself bears seven lysine 

residues (K6, K11, K27, K29, K33, K48 and K63) that can themselves get 

ubiquitylated to generate poly-ubiquitin chains (Figure 1.2.B and Figure 1.2.C). 

Moreover, the N-terminal methionine can also be conjugated with the C-

terminal glycine of another ubiquitin molecule, generating linear (Met1-ub) 

chains, or at the N-terminal Met of a given protein (Breitschopf et al., 1998; 

Hershko et al., 1979a; Rittinger and Ikeda, 2017; Kirisako et al., 2006).  

 

Ubiquitin is encoded by four genes in humans (Figure 1.2.A), namely UBB, 

UBC, UBA52 and RPS27A/UBA80 (Monia et al., 1989; Wiborg et al., 1985; 

Baker and Board, 1991). UBB and UBC are composed of several repeats of 

ubiquitin coding sequences assembled in a head-to-tail fashion. The translated 

product is a polypeptide of 3 or 9 repeats of ubiquitin respectively, that are 

post-translationally processed to release free ubiquitin.  The latter two genes, 

encode for a fusion polypeptide that is composed of a single N-terminal 

ubiquitin sequence, followed by a ribosomal protein- L40 in the case of UBA52 

and S27a in the RPS27A/UBA80 gene. USP5 (Isopeptidase T/ a DUB 

enzyme) is one of the key enzymes responsible for the processing of the newly 

synthesized poly-ubiquitin and the release of free ubiquitin (Wilkinson et al., 

1995) (see section 1.2.9). However, further DUB enzymes, such as USP13, 

UCHL1, UCHL3 and USP9x have also been assigned  this role (Grou et al., 

2015).  
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Figure 1.2: Ubiquitin sequence and structure. 

A. Ubiquitin is encoded by four genes in the human genome, that encode 
for either multiple tandem repeats of the protein, or ubiquitin fused to a small 
peptide sequence. The products are post-translationally cleaved to release 
free ubiquitin. B. Ubiquitin is a small 76aa peptide. The lysine residues 
(highlighted in red) as well as the N-terminal methionine (highlighted in 
green) are sites where ubiquitin can be conjugated via its C-terminal glycine. 
C. Flat ribbon cartoon representation of the structure of ubiquitin. The lysine 
residues are annotated on the structure. (PDB ID: 1UBQ) 
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The Ubiquitin Code 

1.2.5 Ubiquitin linkage types  

The complexity and diversity of ubiquitylation as a post translational 

modification (PTM) has led to the concept of the ubiquitin code (Komander and 

Rape, 2012; Rajalingam and Dikic, 2016; Yau and Rape, 2016; Heride et al., 

2014). The complexity stems from the fact that unlike most PTMs (i.e. 

phosphorylation, acetylation, etc) the modifier is itself a protein that is eligible 

for all the modifications a protein can withstand (Akutsu et al., 2016).  

 

Overall, there are eight possible types of ubiquitin linkages that can be 

generated, based on the lysine residue that gets ubiquitylated or the 

attachment of ubiquitin to the N-terminal methionine. In 2003, Peng, et al. 

developed a mass spectrometry approach, where trypsin digestion allowed the 

generation of signature peptides for each of the seven ubiquitin conjugation 

types in yeast. They showed for the first time in vivo, that all seven internal 

lysines of ubiquitin can get ubiquitylated and generate poly-ubiquitin chains 

(Peng et al., 2003). Following their discovery, the signature peptide 

methodology, combined with mutational analysis was utilised to show that K6 

chain types were generated by the BRCA1-BARD1 ubiquitin ligase on itself 

and its substrates, both in vitro and in vivo (Nishikawa et al., 2004). The 

abundance of all chain types has also been further confirmed in later large-

scale proteomics studies in in vivo models (Kaiser et al., 2011; Xu et al., 2009; 

Dammer and Peng, 2014).  

 

In 2002, Varadan, et al., utilising a variety of NMR techniques, showed for the 

first time the distinct conformation that K48 di- and tetraubiquitin chains 

adopted in solution (Varadan et al., 2002). They left open the possibility that 

the different ubiquitin linkages might in fact adopt different three-dimensional 

conformations. This idea was verified by the gradual characterisation of the 

conformation of the different linkage types, that made it clear that the ubiquitin 

signal is multifaceted, with each linkage type representing a distinct post-

translational modification with a unique topology. K48, K11 and K6 chains 

adopt distinct but more compact conformations (Bremm et al., 2010; Virdee et 
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al., 2010; Hospenthal et al., 2013; Akutsu et al., 2016), while K63, K29, K33 

and linear ubiquitin chains adopt more extended open conformations (Figure 

1.3) (Kristariyanto et al., 2015; Jeffrey et al., 2004; Tenno et al., 2004; Martin 

A. Michel et al., 2015; Komander et al., 2009b).  

 

 

 

Figure 1.3: Ubiquitin chain topologies. 

Flat ribbon cartoon representation of diubiquitin molecules attached via the 
different lysine residues present in ubiquitin or via the N-terminal 
methionine. Structural data were mined in PDB database and the 
representations were annotated in Chimera PDB. The Ile44 residue is 
indicated in all ubiquitin molecules. The proximal ubiquitin is annotated in 
the resolved cases. PDB IDs: Linear- 2w9n, K6- 2xk5, K11- 2mbo, K27- 
5j8P (partially resolved, binding of K27 di-ubiquitin on an affimer), K29- 
4s22, K33- 5ohv, K48- 1aar, K63- 2jf5. 

 

 

 

A protein can be modified by either the addition of a single ubiquitin molecule 

on a single lysine residue (monoubiquitylation), the addition of single ubiquitin 

molecule to several lysines of the substrate (multi-monoubiquitylation) or the 

assembly of poly-ubiquitin chains. Within a chain, ubiquitin moieties can be all 

uniformly attached on the same type of lysine, forming a homogenous chain, 

or they could be mixed and/or branched (Tae et al., 2007), being incorporated 

on different lysine residues (Figure 1.4.A). These extra levels of complexity 
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confer ubiquitin chains an extra level of specificity and can affect the interaction 

of a given substrate with E2/E3 enzymes, with DUB enzymes, or mediate other 

protein interactions (Heride et al., 2014; Swatek and Komander, 2016; 

Fushman and Wilkinson, 2011; Akutsu et al., 2016).  

 

Apart from ubiquitylation, recently, further post-translational modifications of 

ubiquitin have been described and assigned specific roles. Ubiquitin can get 

phosphorylated at Ser65, which plays a key role in the clearance of damaged 

mitochondria, in a specialised autophagic procedure called mitophagy 

(George et al., 2017; Swaney et al., 2015; Sato et al., 2017). Moreover, Lys6 

and Lys48 can get acetylated, a modification that impedes the subsequent 

assembly of poly-ubiquitin chains on those sites. Finally, ubiquitin can get 

modified by other ubiquitin-like molecules, such as SUMO or NEDD8 (Figure 

1.4.B) (Ohtake et al., 2015; Swatek and Komander, 2016).  

 

1.2.6 Ubiquitin chain specific functions 

The different linkage types have been assigned with different functions; 

however, there is a great degree of overlap. Thus, an extra layer of regulation 

is added by the specific substrate, timing and location of the chain, in 

combination with the “ubiquitin code readers”. The more abundant chain types 

found in eukaryotic cells are K48, K11 and K63 chains (Peng et al., 2003; 

Kaiser et al., 2011; Clague et al., 2015). K48-linked chains were the first to be 

associated with proteasomal targeting of a substrate (Thrower et al., 2000; 

Finley et al., 1994). However, a global proteomics analysis of the ubiquitin 

remnants upon proteasomal inhibition, showed the accumulation of all but K63 

chains. This notion indicated that they are all involved to a certain degree to 

targeting a substrate for proteasomal degradation (Xu et al., 2009; Pickart, 

2000), and has been further supported by in vitro studies.  



 31 

 

Figure 1.4: Ubiquitin linkage types and modifications. 

A. The ubiquitin code. A substrate can get ubiquitylated by the addition of 
single ubiquitin moieties or polyubiquitin chains. The chains can be 
homogenous (assembled on the same lysine residue across the chain) or 
heterogenous (assembled on different lysines). B. Ubiquitin can withstand 
a plethora of post-translational modifications, including phosphorylation, 
acetylation, SUMOylation and Neddylation. Adapted from Swatek and 
Komander (2016) 
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K63 chains have been assigned roles in protein trafficking (Galan et al., 1997), 

DNA damage response (Spence et al., 1995) and innate immunity (Zeng et 

al., 2010). Plasma membrane proteins such as receptors and ion channels are 

degraded in the lysosome and are committed to this pathway through 

monoubiquitylation or K63-linked chains. The function of the endosomal 

pathway DUBs, AMSH and USP8, in a parallel fashion as the proteasomal 

DUBs (see section 1.2.11), can lead to the recycling of ubiquitin chains from 

endocytosed plasma membrane proteins, and sort the internalised cargo 

either for recycling or lysosomal degradation (e.g. EGFR) (Cullen and 

Steinberg, 2018; Clague et al., 2012, 2013). 

 

The specific roles of the unconventional chains (K6, K11, K27, K29, K33) have 

not been fully elucidated. However, a role in targeting to the proteasome has 

been assigned to all of them (Xu et al., 2009). K11 chains play an important 

role in protein degradation during mitosis. They are generated by the mitotic 

E3 complex APC/C in collaboration with Ube2S, an E2 enzyme that elongates 

K11 chains on APC’s substrates, and together they target mitosis checkpoint 

proteins for degradation, allowing for cell cycle progression (Wu et al., 2010; 

Garnett et al., 2009). They have also been implicated in endoplasmic 

reticulum- associated degradation (ERAD) (Xu et al., 2009; Yu and 

Matouschek, 2017; Wickliffe et al., 2011b). K6 chains have been linked to DNA 

repair pathways (Elia et al., 2015), as well as being involved in mitophagy 

(USP30, the only mitochondrial localising DUB, has a preference in cleaving 

K6-ubiquitin chains; Cunningham et al., 2015; Gersch et al., 2017; Sato et al., 

2017). K27 chains have also been reported to be upregulated upon DNA-

damage, and are thought to act as scaffolds for protein recruitment in DNA-

damage response pathways (Swatek and Komander, 2016). Finally, 

substitution of lysines 27, 29 or 33 with arginine induced a moderate growth 

defect in yeast cells (Spence et al., 1995).  

 

Linear chains (Met-1 or M1- attached ubiquitin chains) of ubiquitin are 

generated when the C-terminal of ubiquitin forms a peptide bond with the N-

terminal methionine residue of the next ubiquitin. Those chains are assembled 

by the action of a three-component RBR E3 ligase complex, the LUBAC 



 33 

(Linear ubiquitin chain assembly complex) (Kirisako et al., 2006; Tokunaga et 

al., 2011). Linear chains have been shown to be implicated in innate and 

adaptive immunity and to regulate NFκB signalling. (Walczak et al., 2012; 

Tokunaga and Iwai, 2009)  

 

Monoubiquitylation has been associated with DNA damage repair pathways 

and innate immunity pathways (Bhoj and Chen, 2009; Uckelmann and Sixma, 

2017). Upon DNA damage, monoubiquitylation of PCNA is the necessary 

signal to activate the translesion synthesis repair pathway (Bienko et al., 

2005). Rpn13, a proteasomal ubiquitin receptor, recognises specifically K48-

bound and monoubiquitylated substrates (Schreiner et al., 2008; Husnjak et 

al., 2008). Monoubiquitylation of H2A and H2B is the most common 

ubiquitylation modification in histones, and those proteins are among the most 

ubiquitylated proteins in the nucleus; this modification can have both activating 

and repressive roles in transcription (Cao et al., 2012; Matsui et al., 1982; Yau 

and Rape, 2016). 

 

1.2.7 Ubiquitin conjugation enzymes - the “writers” 

The conjugation of ubiquitin to a target substrate is orchestrated by the 

stepwise action of three types of enzymes: E1 ubiquitin activating enzymes, 

E2 ubiquitin- carrier (or later termed conjugating) enzymes and E3 ubiquitin 

ligases (Hershko et al., 1983; Pickart, 2001; Pickart and Eddins, 2004).  

 

The first step in the enzymatic cascade that leads to ubiquitin conjugation is 

catalysed by E1 enzymes and involves the activation of ubiquitin (Figure 1.5). 

In a two-step reaction, the E1 enzyme concomitantly binds ATP•Mg2+ and 

ubiquitin, catalysing an intermediate acyl-adenylation in the C-terminal of 

ubiquitin, that is then followed by the formation of a thiol ester between the 

catalytic cysteine of the E1 enzyme and the C-terminal of ubiquitin (Schulman 

and Harper, 2009). There are two E1 ubiquitin activating enzymes for ubiquitin 

activation in mammalian cells; UBA1 and UBA6 (Jin et al., 2007).  
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The activated ubiquitin is then transferred to the catalytic cysteine of an E2 

enzyme by a transthioesterification reaction (Figure 1.5). The charged E2 

enzyme is most of the times the regulator of the events to follow. There are 

about 40 E2 enzymes present in mammalian cells, and each has the ability to 

interact with multiple E3 enzymes. Some E2 enzymes are capable of mono-

ubiquitylating a substrate or forming very short chains, while others can only 

add  ubiquitin  to  pre-existing  ubiquitin moieties,  thus being  responsible  for  

the formation of poly-ubiquitin linkages (Clague et al., 2015; Ye and Rape, 

2009). Depending upon the type of E3 that is associated with a given E2 

enzyme, the latter can confer selectivity towards a specific substrate (i.e. in the 

case of RING E3 enzymes- see below) or lead to the formation of a specific 

chain type.  

 

There are approximately 600 E3 enzymes in mammalian cells that are 

categorised in three families, namely HECT (Homologous to E6AP Carboxy 

Terminus), RING (Really Interesting New Gene) and the smaller group of RBR 

(RING Between RING). HECT E3s contain a catalytic cysteine that gets 

charged with ubiquitin from an E2 enzyme, forming a thiol ester bond between 

ubiquitin and the catalytic cysteine (Figure 1.5). The catalytic domain of HECT 

E3s consists of two lobes; one that interacts with the E2 enzyme (N-terminal 

lobe) and the other with ubiquitin through the catalytic cysteine (C-terminal 

lobe). In the case of the HECT enzymes, the specificity of the ubiquitin linkage 

assembled on the substrate is determined by the E3 enzyme (Ye and Rape, 

2009; Pickart, 2001; Huibregtse et al., 1995; Scheffner and Kumar, 2014).  

 

For RING E3 enzymes, it is usually the E2 enzyme that dictates the linkage 

type of the assembled chain (Wickliffe et al., 2011a; Budhidarmo et al., 2011). 

RING E3s act as scaffolds that bridge the ubiquitin-charged E2 enzyme to the 

substrate and thus facilitate the transfer of ubiquitin from the charged E2 to the 

substrate lysine (Figure 1.5). The RING domain has to interact with the E2 

enzyme in order for conjugation to be achieved. A subfamily within the RING 

E3 enzymes is the multi-subunit Cullin RING E3 ligases (CRLs) (Pickart, 2001; 

VanDemark and Hill, 2002). The CRLs are usually composed of three parts; a 

core cullin subunit, a RING domain subunit and an adapter/substrate receptor 
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subunit (Figure 1.5). The CRL complexes get assembled after a ubiquitin-like 

protein, Nedd8, gets conjugated on the cullin subunit. This conjugation 

promotes the assembly and activation of the E3 complex, while removal of the 

Nedd8 deactivates it and initiates its disassembly. This cycle is maintained by 

the JAMM family deneddylase CSN5, and is necessary for maximal activity of 

the complex (Groettrup, 2010; Deshaies and Joazeiro, 2009; VanDemark and 

Hill, 2002).  

 

The third family of the E3 enzymes, the RBR enzymes contain a RING domain, 

a RING-in-between-RING domain and a RING-like domain (Figure 1.5). The 

E2 enzyme is recruited to the RBR via the RING domain of the latter. The 

ubiquitin is then transferred to the RING-like domain of the RBR enzyme, 

where it forms a thioester bond with the catalytic cysteine of the RING-like 

domain. Thus, in a way, RBRs bear the characteristics of both the HECT and 

the RING domain E3 enzymes; however the  specificity of the ubiquitin chain 

to be assembled is determined by the RBR (Komander and Rape, 2012).  

 

The assembly of a ubiquitin chain can be carried out by a single E3/ E2-E3 

complex, or multiple enzymes can be involved, especially in the case of mixed 

or branched chains. Moreover, some enzymes can only add ubiquitin on pre-

existing ubiquitin of a substrate, thus they require the initiation of a chain by 

another enzyme, while they carry out the elongation of the chain. For instance, 

ARIH1, a RBR E3 ligase, is a key component of several human CRLs, and it 

performs the priming initial mono-ubiquitylation of those E3’s substrates, while 

the associated CRL generates the poly-ubiquitin chain (Scott et al., 2016). 
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Figure 1.5: Ubiquitin conjugation cascade. 

Ubiquitin is attached on a given substrate by the tandem enzymatic activity of 
three families of enzymes; E1 ubiquitin-activating enzymes, E2 ubiquitin- 
conjugating enzymes and E3 ubiquitin ligases. (i) The E1 enzyme hydrolyses 
ATP to activate the C-terminus of ubiquitin by forming an intermediate adenyl-
ubiquitin, which then forms a thioester bond with the active centre cysteine of 
the E1 enzyme. (ii) Next, through a transthioesterification reaction, the activated 
ubiquitin is transferred to the catalytic cysteine of an E2-conjugating enzyme. 
(iii) Depending on the type of E2/E3 subsequent interaction, ubiquitin is either 
directly transferred to the substrate (in the case of RING E3 enzymes) or is first 
transferred to the active cysteine of the HECT or RBR E3 ligases.  

 

 

 



 37 

1.2.8 Ubiquitin chain recognition - the “readers” 

All those different configurations that ubiquitin and ubiquitin chains can adopt, 

translate into a specific outcome due to their recognition by effector proteins. 

Those proteins contain motifs or domains that recognise those diverse and 

specific topologies of the different linkages (Figure 1.3) and interact with them 

in a specific fashion. Characteristics like the length between consecutive 

ubiquitin moieties on a chain but also the actual length of a given polyubiquitin 

chain (i.e. MINDY DUBs- see section 1.3.6) and their three-dimensional 

conformation in space, can all be recognised by proteins carrying specific 

ubiquitin binding domains (UBDs) (Komander and Rape, 2012; Rahighi and 

Dikic, 2012). 

 

The first protein shown to bind ubiquitin was Rpn10, a proteasome component 

that contains a Ubiquitin Interacting Motif (UIM), a hydrophobic region 

composed of amino acids with alternate long and short side chains (Young et 

al., 1998; Hofmann and Falquet, 2001). Bioinformatics analysis and yeast-two-

hybrid screens led to the identification of more domains, and today more than 

20 types of UBDs have been discovered in different proteins with very diverse 

roles and recognition patterns (Rahighi and Dikic, 2012; Hofmann and Bucher, 

1996; Shih et al., 2003; Hicke et al., 2005; Di Fiore et al., 2003; Bienko et al., 

2005). For instance, proteins carrying multiple UBDs are usually sensitive in 

the recognition of the relative length between tandem ubiquitin moieties. 

Interestingly, the size of the space between UBDs can determine whether the 

protein will recognise more open configurations, like linear or K63 and linear 

chains, or more compact assembled chains, like K48 or K11. Some domains 

require a certain degree of flexibility of the polyubiquitin chain in order to 

interact with it, while others are sensitive to the relative content of each chain 

(Rahighi and Dikic, 2012). In the latter case, interactions between a given 

domain and the accessible sites surrounding an isopeptide bond in a ubiquitin 

chain can determine the specificity for a specific linkage (Komander and Rape, 

2012).  
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Based on their structural conformation, the UBDs can largely be subdivided 

into four distinct groups (Fushman and Wilkinson, 2011; Dikic et al., 2009). 

Some of those domains contain one or more α-helixes (like the UIM, or the 

VHS (Vps27, HRS, STAM) domain) that bind on the Ile44 patch of ubiquitin. 

Zn-finger domains like the ZnF-UBP domain of USP5, are responsible for the 

recognition of the C-terminal di-Gly sequence of free ubiquitin chains and the 

enhancement of catalytic activity against them (Reyes-Turcu et al., 2006; 

Bonnet et al., 2008). Newly synthesised ubiquitin chains, as well as chains that 

have been cleaved en bloc, bear a free C-terminal that can bind to ZnF-UBP 

domains. Binding with USP5 results to the successive cleavage of each 

molecule and the release of free ubiquitin molecules. The two last groups are 

the Ub-conjugating like domains (Ubc) and the Plekstrin homology domain 

(Rahighi and Dikic, 2012). The existence of multiple UBDs in one protein is not 

uncommon, and it often constitutes the means to achieve chain specificity (i.e. 

ZUP1 DUB- see section 1.3.7). The importance of the ubiquitin binding 

domains on the proteins that recognise and “translate” the ubiquitin code into 

a specific outcome is highlighted by the loss of specificity of certain DUB 

enzymes upon removal of those domains (i.e. ZUP1, OTUD1, etc) (Haahr et 

al., 2018; Mevissen et al., 2013). 

 

1.2.9 Deubiquitylases - the “erasers” 

The removal of ubiquitin from a given substrate is affected by the 

Deubiquitylases (DUBs). Approximately 100 DUB enzymes have been 

identified and are subcategorised in seven families. They are isopeptidases 

with the ability to trim, cleave or modulate mono- and poly- ubiquitin chains 

from a given substrate or free polyubiquitin chains. Based on their catalytic 

site, they can be categorized into two groups, the Cysteine proteases (USP, 

UCH, OTU, MINDY, ZUP1 and Josephins- see section 1.3) that resemble the 

papain family of thiol proteases, and the JAMM/ MPN+ zinc-dependent 

metalloproteases. DUBs can have either exopeptidase activity, trimming 

ubiquitin chains from the distal ubiquitin, or endopeptidase activity, cleaving 

the isopeptide bond from within the ubiquitin polymer (Figure 1.6) (Clague et 

al., 2013; Nijman et al., 2005).  
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Figure 1.6: DUBs mode of action. 

DUB enzymes can process ubiquitin on a chain in different manners, by 
cleaving ubiquitin off from the distal end only, within the chain or en block. 
Adapted from Heride et al., (2014). 

 

The main roles for DUBs concern the control of the stability of their substrates 

(by rescuing them from ubiquitin-dependent degradation), the maintenance of 

the pool of free ubiquitin, and the editing of the ubiquitin signal (Figure 1.7). 

DUB function can be controlled by post-translational modifications (either 

activating or inhibitory), specific subcellular localisation (determines the palette 

of interacting substrates) and controlled abundance, as well as by ubiquitin 

binding domains and allosteric protein interactions that dictate their specificity 

(Komander et al., 2009a; Clague et al., 2012, 2013; Urbé et al., 2012). Their 

importance can be highlighted by their implication in the development of 

diseases, such as cancer and neurodegeneration (Sacco et al., 2010; Clague 

et al., 2013).  
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DUBs achieve their specificity in different ways. Many DUB enzymes 

recognise and exhibit specificity for the ubiquitin chain type, carrying specific 

UBDs that facilitate the recognition or need a specific cue from the ubiquitin-

bound substrate. Other DUB enzymes only recognise a substrate when it 

interacts with other adaptor proteins. In a few interesting cases, the adaptor 

protein is an E3 ligase (Sowa et al., 2009). In this type of interaction 

partnership, the DUB enzyme usually controls the stability of the E3 enzyme 

as well, by counteracting its auto-ubiquitylation action. For instance, USP7 has 

the ability to deubiquitylate both p53 and its corresponding E3 enzyme, Mdm2. 

It has been shown that inhibition of USP7 can lead to destabilisation of Mdm2 

and stabilisation of p53 in multiple cell lines (Turnbull et al., 2017). In a similar 

fashion, USP28 has been shown to act both on the oncogene C-MYC and on 

Fbw7, the E3 that facilitates C-MYC ubiquitylation and subsequent 

degradation (Schü Lein-Vö et al., 2014; Popov et al., 2007). In other cases, 

the complex facilitates the degradation of the DUB enzyme, or even aid to the 

repurposing of the assembled linkages (Wilkinson, 2009). A few enzymes, 

especially members of the USP family, exhibit no specificity as to the chain 

they will cleave, while others have the ability to only cleave a specific type of 

chain linkage. The latter are usually incapable of cleaving the last ubiquitin that 

is bound directly to the substrate; they are thus responsible for the generation 

of monoubiquitylated substrates with a repurposed signalling adduct. 

(Komander et al., 2009a; Sowa et al., 2009; Leznicki and Kulathu, 2017; 

Mevissen and Komander, 2017).  
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Figure 1.7: DUB functional roles. 

DUBs hold key roles in the regulation of the ubiquitin signaling and the 
maintenance of the free ubiquitin pool within the cell. i) They process the 
gene encoded ubiquitin proforms and release free ubiquitin molecules ii) 
they rescue proteins from degradation iii) they remove or v) edit the non-
degradative ubiquitin signal, and iv) they take up the role of recycling the 
ubiquitin chains that are cleaved en bloc. Adapted from Komander et al., 
(2009). 

 

1.2.10 Ubiquitin signaling 

Ubiquitin constitutes the common component of the three major degradation 

pathways within the cell; proteasomal degradation, lysosomal degradation and 

autophagy. The choice of a certain pathway lies with the complexity of the 

ubiquitin code (linkage type, chain length, ubiquitin modifications), that confers 

the distinguishable characteristics to a given substrate to commit to one of 

those pathways (Clague and Urbé, 2010). But apart from its role in 

communicating the degradation signals for a substrate, ubiquitylation carries 

multiple other signalling roles that are vital for the regulation of a great variety 
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of substrates (Akutsu et al., 2016). Ubiquitylated proteins can be the cue for 

the recruitment of specific effector proteins in places in the cell where they are 

needed (for instance, monoubiquitylation of PCNA following DNA damage, is 

necessary for the recruitment of the translesion synthesis polymerases; Bienko 

et al., 2005). Moreover, the switch of one ubiquitin chain to another by chain 

editing can change the fate of a given substrate and redirect the pathway this 

substrate takes part in. In the case of A20, a DUB enzyme that bears intrinsic 

E3 ligase activity, it has the ability to remove K63 chains of RIP1 and 

reassemble K48 chains, leading to the degradation of RIP1 and sustained 

inhibition of NF-κB (Hymowitz and Wertz, 2010). In addition to that, 

ubiquitylation can be a cue for signal transduction or regulate the activity of a 

certain pathway by eliminating or redirecting components of this pathway. 

Finally, ubiquitylation can change the subcellular localisation of a substrate 

protein. For instance, PTEN is imported to the nucleus upon 

monoubiquitylation on Lys289, while mutation of this residue to glutamate is 

found in cancer patients, where PTEN is not present in the nucleus to exert its 

tumour-suppressive functions (Komander and Rape, 2012; Oh et al., 2018; 

Trotman et al., 2007).  

 
1.2.11 Proteasomal structure, function and recognition 

The proteasome is the main site of degradation of intracellular proteins and its 

role is to cleave ubiquitylated substrates into small peptides (between 3 and 

20 amino acids) that are then processed by cytosolic proteases (Kisselev et 

al., 1999). Figure 1.8 shows a graphical representation of the 26S proteasome. 

It is a cylindrical organelle with a mass of ~ 2.5MDa that is composed of a 20S 

core subunit, which is capped at either end with the 19S regulatory complex 

(Yao and Cohen, 2002; De Poot et al., 2017). The barrel-like core particle is 

composed of 28 subunits, arranged in four ring complexes stacked to form a 

channel that contains the proteolytic activity of the organelle; two rings formed 

by seven different β-subunits are flanked on each side by a ring containing 

seven different α-subunits. The proteolytic activity is attributed to three β-

subunits in each ring. The 19S regulatory complex is composed of a 9-subunit 

lid structure and a 9-subunit base structure that is found at the interface with 
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the core component. It forms an entry port that controls the entry of the 

substrate and opens to a narrow channel (Dambacher et al., 2016; Yu and 

Matouschek, 2017; Finley, 2009; Wilkinson, 2000; Worden et al., 2017; 

Matyskiela et al., 2013; Bashore et al., 2015).  

 

The prevalent view for many years, has been that in order for the proteasome 

to recognise a protein for degradation, this protein should carry a minimal of a 

tetra-ubiquitin K48 chain (Thrower et al., 2000; Johnson et al., 1992). However, 

more recent work has shown that proteins can get degraded even in the 

presence of di-ubiquitin chains or multiple monoubiquitylated lysine residues 

(Lu et al., 2015). Moreover, the commitment of a substrate to degradation is 

not completed upon binding to the proteasome. It requires commencement of 

the translocation of the substrate into the proteasomal chamber, a process 

affected by the type and distribution of the ubiquitin chains on the substrate 

(Lu et al., 2015; Lee et al., 2016). 

 

A ubiquitylated substrate needs firstly to be recognised by the proteasome. 

This role is fulfilled by three protein subunits of the 19S regulatory particle of 

the proteasome, Rpn10, Rpn13 and Rpn1. They have the ability to recognise 

ubiquitin either directly, or indirectly by recognising ubiquitin-shuttling 

receptors (Rad23, Dsk2, Ddi1; they carry domains both for the recognition of 

ubiquitin but also for their recognition by the three Rpn subunits of the 19S 

regulatory complex). Moreover, they are also responsible for the recruitment 

of two out of the three DUB enzymes associated with the proteasome (USP14 

and UCHL5- see below). Upon substrate binding, the sequence of the events 

to follow will determine whether a substrate will be degraded or will slip from 

the proteasome and escape degradation (Finley, 2009).  

 

It is now clear that ubiquitylation of a protein is not enough for engagement in 

proteasomal degradation; an additional minimal sequence with a loose fold is 

necessary for the initial processing by the 26S proteasome (Collins and 

Goldberg, 2017). In order for a protein to be degraded by the proteasome, it 

needs to pass through a narrow channel of the 19S particle and subsequently 

into the channel of the 20S core particle. This transition is obstructed by the 
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associated three-dimensional compact conformation of most proteins, as well 

as ubiquitin chains on them. Thus, passage into the chamber requires energy 

for unfolding. Firstly, a small (~30 amino acid) unfolded segment of the 

substrate is sufficient for an initial threading of the protein from the entry port 

and into the 19S channel (Prakash et al., 2004). As soon as this step is 

completed, the substrate is then committed towards degradation. After that 

point, the ATPases of the core component have the ability to interact with the 

threaded substrate and exert pulling forces that are sufficient to induce 

substrate unfolding. Sitting on the top of the 20S core component, at the base 

of the 19S component, a JAMM family DUB (Rpn11/PSMD14) removes any 

obstructing ubiquitin chains that have remained on the substrate. If the 

ubiquitin signals are removed by USP14 or UCHL5 prior to the commitment of 

the substrate, then removal of the ubiquitin chain(s) by 19S associated DUBs 

can rescue the substrate from degradation. (De Poot et al., 2017; Yu and 

Matouschek, 2017; Collins and Goldberg, 2017; Saeki, 2017; Matyskiela et al., 

2013). 

 

Proteasomal DUBs play a key role in ensuring that ubiquitin chains are not 

degraded but are rather cleaved and released back to the cytosol to be further 

processed into free ubiquitin, maintaining the free ubiquitin pool. There are 

three DUB enzymes associated with the proteasome; PSMD14 

(POH1/Rpn11)- a JAMM/MPN+ metalloprotease, UCHL5- a UCH family 

member- and USP14- a USP enzyme (Yao and Cohen, 2002; Lee et al., 2016). 

Depletion of either of the last two enhances proteasomal degradation, whilst 

depletion of both USP14 and UCHL5 inhibits it (Koulich et al., 2008). USP14 

has the ability to cleave ubiquitylated chains en bloc from substrates that carry 

multiple chains. The timing of its activity is important for the fate of the 

substrate, since when it removes the ubiquitin signals fast enough, it can 

rescue the substrate from degradation (Lee et al., 2016). UCHL5 can also 

rescue a substrate from degradation. However, binding of a substrate on either 

of them causes the necessary activating conformation of the 19S regulatory 

complex, thus their fast deubiquitylation activity is important for the rescue of 

their substrates (Collins and Goldberg, 2017; Peth et al., 2009, 2013; Bashore 

et al., 2015).  
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Figure 1.8: The 26S proteasome. 

Simplified representation of the cross section of the eukaryotic 26S 
proteasome. The proteasome is composed of the 20S core particle that 
bears the proteolytic activity and the 19S regulatory particle that flanks the 
core on either side. The 20S particle is composed of two hetero-eptameric 
β-rings, that bear three catalytic subunits, flanked by two hetero-eptameric 
α-rings. Multi-ubiquitylated proteins are recognised by ubiquitin receptors 
on the 19S regulatory component, threaded through the entry port and 
unfolded by the AAA-ATPases that sit on the top of the 20S core. The 
ubiquitin signal is removed by the associated DUB enzymes and the 
unfolded protein reaches the proteolytic chamber. Illustration adapted and 
updated from Jin Rui Liang thesis manuscript.  



 46 

PSMD14 is part of the 19S complex, and it is located close to the substrate 

entry port, where it can remove ubiquitin chains en bloc from substrates that 

are already committed to degradation, in a process that requires ATP (Yao and 

Cohen, 2002). By doing so, it allows for efficient translocation and unfolding of 

a committed protein and it facilitates efficient degradation (De Poot et al., 2017; 

Worden et al., 2017; Lam et al., 1997). Its importance in the proteasome 

function is highlighted by the fact that proteasomes that lack PSMD14 are not 

able to degrade proteins (Koulich et al., 2008).  

 

1.3 The DUB enzyme families 

 

 

Figure 1.9: The DUB family. 

Deubiquitylases are subdivided into two types, the Metalloproteases that 
are comprised of the JAMM/MPN+ family and the Cysteine Proteases. The 
latter is composed of 6 families of enzymes (USPs, UCHs, OTUs, MJDs, 
MINDYs and ZUP1). 
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1.3.1 Ubiquitin specific proteases (USPs) 

USP (Ub-specific proteases) enzymes constitute the largest family of DUBs 

(>50 members) and with a few exceptions, are considered non selective for 

the chain linkages they cleave (Faesen et al., 2011). They can though be 

specifically targeted to certain substrates, either through specific domains, or 

by adapter proteins (Reyes-Turcu et al., 2006). Outstanding exceptions of 

specificity are the Cylindromatosis (CYLD) deubiquitylase, that shows 

preference towards K63 and Met-1 linkages (Komander et al., 2007) and 

USP30, a mitochondrial DUB that shows specificity against K6 chains (Gersch 

et al., 2017; Cunningham et al., 2015; Sato et al., 2017). However, the recent 

advancements in the availability of poly-ubiquitin chains of different types may 

result in a more detailed characterisation of the enzymes of this family, and 

new preferences may be assigned.  

 

The USP catalytic domain, similar to the catalytic domain of the other 5 

cysteine proteases, constitutes of a conserved catalytic triad of Cys and His 

residues, supplemented with a third Asp or Asn amino acid in the majority of 

the cases. In the reaction that results in the cleavage of the isopeptide bond, 

the side chain of the His residue lowers the pKa of the catalytic Cys enabling 

the nucleophilic attack of the isopeptide bond. The third amino acid, Asn or 

Asp, aids in the alignment and polarisation of the His residue. The reaction is 

facilitated by the generation of an acyl-intermediate that is formed between the 

catalytic Cys of the DUB and the C-terminal Gly of the distal ubiquitin, after the 

ubiquitin contributing the amino group of the bond has left. A water molecule 

hydrolyses the intermediate, thus releasing the ubiquitin from the DUB enzyme  

(Komander et al., 2009a). The USP catalytic domain adopts a characteristic 

conformation that resembles a right hand, with finger, palm and thumb 

subdomains (Hu et al., 2002). The catalytic centre lays in the interface between 

the palm (His residue) and the thumb (Cys residue), while the finger 

subdomain grasps the distal ubiquitin (the ubiquitin that contributes the 

carboxyl group to the isopeptide bond). In some enzymes in this family, such 

as USP7 (which was the first USP domain to be crystallised), a switching loop 

occludes the catalytic site and the catalytic triad is misaligned in the absence 
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of bound ubiquitin (apo-form); this characteristic has been exploited for the 

development of enzyme specific inhibitors (Hu et al., 2002; Turnbull et al., 

2017; Gavory et al., 2018). In other cases, such as the proteasomal enzyme 

USP14, there is no misalignment of the active site, but it is still obstructed by 

two auto-inhibitory loops in the apo-form (De Poot et al., 2017).  

 

1.3.2 Ubiquitin C-terminal hydrolases (UCHs) 

The UCH (Ubiquitin C-terminal hydrolases) family was the first DUB family to 

be identified and described and is comprised of four members (Wilkinson, 

1997). UCH family members are characterised by tissue specificity, with 

UCHL1 being highly expressed in neuronal cells, while UCHL3 is found in 

hematopoietic cells. UCHL5 is the most abundantly expressed, as it is a core 

component of the 26S proteasome. The conformation of their catalytic domain 

includes a prominent loop that covers the catalytic site, even when ubiquitin is 

bound to it. The size of the loop determines the size of the peptides they can 

cleave; the small loop of UCHL1 and UCHL3 suggests that only small peptide 

conjugates have the ability to thread into its catalytic site and be cleaved. This 

explains the possible involvement of those enzymes in the cleavage of small 

ubiquitin precursors. On the other hand, UCHL5 and BAP1 have more 

extended loops allowing them to cleave poly-ubiquitin chains (Johnston et al., 

1999; Komander et al., 2009a; Grou et al., 2015; Clague et al., 2013).  

 

1.3.3 Machado-Joseph disease proteins (MJDs) 

Josephin DUBs represent a four-member family of enzymes that has taken its 

name by the involvement of ATXN3 in the Machado-Joseph Disease (MJD). 

ATXN3 has a poly-Q stretch, that is found to be extended in MJD, leading to 

disease-causing protein aggregation (Komander et al., 2009a). Members of 

this family show diverse specificity towards chain length, with some of them 

recognising di-ubiquitin, while others prefer long polymeric chains. ATXN3 

contains multiple UIM motifs that confer K63-(long) chain specificity to it, but 

also mediate its ubiquitylation (Eletr et al., 2013).  
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1.3.4 Ovarian tumour proteases (OTUs) 

OTU (Ovarian tumour proteases) DUBs, in contrast to the USP family, show 

great specificity towards a ubiquitin chain linkage or a set of linkages, but 

exhibit great diversity across the family (Mevissen et al., 2013). This family 

consists of 16 enzymes, that are mainly implicated in signalling cascades. For 

instance, Otulin shows specificity against Met-1 chains (Elliott and Komander, 

2016), while Cezanne prefers K11 chains (Bremm et al., 2010). OTUB1 on the 

other hand is highly selective for K48-linked chains and TRABID shows 

specificity for K29 and K33 chains (Virdee et al., 2010). The enzymes of this 

family achieve their specificity through a great variety of UBDs, by recognising 

a specific sequence surrounding the ubiquitylated lysine residue, and/or 

bearing a distinct S1’ or S2 ubiquitin-binding site in the OTU catalytic domain. 

Enzymes of this family usually lack the catalytic Asp/Asn residue. A20 is quite 

unique among DUB enzymes as it bears both E3 and DUB activities, and on 

its own has the ability to redirect its substrates for degradation. The specificity 

of this family against poly-ubiquitin chains, has been exploited in generating a 

functional tool for restriction chain analysis of the poly-ubiquitin chains 

attached to any given substrate (Mevissen et al., 2013; Swatek and Komander, 

2016; Eletr et al., 2013).  

 

1.3.5 JAB1/MPN/MOV34 metalloenzymes (JAMM/MPN+) 

JAMMs (JAB1/MPN/MOV34 metalloenzymes) are linkage specific, and the 

majority of them prefer K63 chains (i.e. AMSH, BRCC36) (Cooper et al., 2009; 

McCullough et al., 2004). They contain His and Asp residues that are 

necessary for the coordination of a Zn2+ ion. A Glu residue interacts with a 

water molecule in order to aid the formation of a hydroxide ion that is a potent 

nucleophile that will attack the isopeptide bond (Shrestha et al., 2014). 

Prevalent members of this group of DUB enzymes are PSMD14, a vital 

component of the proteasome, and AMSH, an ESCRT (Endosomal sorting 

complex required for transport)- machinery associated DUB. AMSH was the 

first DUB enzyme shown to exhibit chain specificity - K63-conjugated chains- 

and play a role in membrane receptor sorting (McCullough et al., 2004, 2006).  
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1.3.6 Motif interacting with Ubiquitin-containing novel DUB family 
(MINDYs) 

MINDY (motif interacting with Ub-containing novel DUB family) is the 

penultimate family of DUBs to be identified (Rehman et al., 2016). Members 

of this family exhibit great specificity against K48-linked long ubiquitin chains, 

which they trim from the distal end in a processive manner. The prototype 

member of this family, MINDY-1 (FAM63A) contains multiple MIU motifs, but 

only one of them is sufficient for the selective binding to K48-linked chains 

(Kristariyanto et al., 2017). Like many other DUB enzymes, MINDY-1 exists in 

two distinct structural configurations; apo-MINDY-1 has a Cys-loop that blocks 

the interaction with ubiquitin, and the catalytic Cys and His are found away 

from each other. Upon substrate binding, a conformational change is achieved 

that rotates the enzyme, alleviates the blocking by the Cys-loop and brings the 

Cys and His residues close enough to interact (Rehman et al., 2016). 

 

1.3.7 Zn-finger and UFSP domain protein (ZUP1) 

ZUP1/ZUFSP (Zn-finger and UFSP domain protein) is the newest family of 

DUBs. The family counts only a single member in humans that is specific for 

K63 linkages and a single yeast member, Mug105, with K48 chain specificity 

(Hermanns et al., 2018; Hewings et al., 2018). ZUFSP is structurally related to 

Ubiquitin-like proteases, however its catalytic triad resembles that of DUB 

enzymes. ZUFSP achieves its selectivity through multiple UBDs and exhibits 

endopeptidase activity. Hermanns et al. (2018) moved on to show a possible 

role of ZUFSP in DNA-replication and/or homologous recombination, based 

on its physical interaction partners they identified and its preferred activity 

against K63 ubiquitin chains. A few months later, Haahr et al. and Kwasna et 

al. published a similar study, confirming the specificity of ZUFSP against K63 

ubiquitin chains, its localisation to the nucleus and its involvement in genotoxic 

stress prophylaxis and genome stability maintenance (Haahr et al., 2018; 

Kwasna et al., 2018).  

 

The identification of the two new families in the past two years points out that 

there may be more enzymes bearing a deubiquitylase activity yet to be 
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identified. This assumption can be further supported as the ubiquitin code 

expands and becomes more complex, leaving it quite impossible to be 

disassembled by the already known enzymes (Mevissen and Komander, 

2017).  

 

1.3.8 DUBs in other organisms 

Pathogenic organisms express a toolbox of effector proteins upon infection of 

the host, in order to facilitate their reproduction and circumvent the immune 

response. A few of those effector proteins belong to the DUB family (Pruneda 

et al., 2016). My own moonlighting work has shed light into a moonlighting 

function of a Chlamydia trachomatis DUB enzyme, that bears 

acetyltransferase (AcT) activity as well (Pruneda et al., 2018 - see Appendix 

9). Upon transfection, the bacterium resides in a vacuole (termed inclusion) 

close to the nucleus and induces reorganisation and redistribution of the Golgi 

around this inclusion. ChlaDUB1 and the related ChlaDUB2 are expressed 

~20 hours post-transfection. A particular feature of the ChlaDUB1 is that the 

DUB and AcT activities are encoded by the same catalytic cysteine residue. 

As part of this work, I showed that both enzymes are able to localise on the 

Golgi apparatus when expressed alone (with the ChlaDUB2 being found on 

the ER as well) and identified mutants and truncations that lost this localisation. 

Moreover, I showed that overexpression of ChlaDUB1 and (to a lesser extent) 

ChlaDUB2 induces Golgi fragmentation in mammalian cells. Utilising a 

sophisticated panel of point mutants, I showed that Golgi fragmentation can 

be attributed to the DUB activity of the protein. Chlamydia trachomatis is 

classified as a neglected pathogen by WHO, and ChlaDUB1 plays a key role 

in regulating the host response against the bacterium by stabilising the anti-

apoptotic protein Mcl-1 (Fischer et al., 2017). Thus, it is possible that this 

enzyme could represent a potential drug target. 

 

1.3.9 DUBs as drug targets 

DUB enzymes have emerged as attractive drug targets, since many of them 

are directly implicated in disease pathogenesis, while others control the 

stability and abundance of very interesting/ disease-associated substrates 
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(Sacco et al., 2010; Harrigan et al., 2017). A few interesting examples are the 

interplay between USP7 and p53 or N-MYC, or the C-MYC oncogene and 

USP28 (Sacco et al., 2010; Schü Lein-Vö et al., 2014; Popov et al., 2007). A 

few small molecule inhibitors are already in place for some of the enzymes 

whose mode of action and selectivity is well characterised (Gavory et al., 2018; 

Turnbull et al., 2017). The first ever drug developed against the Ubiquitin 

Proteasome system, Bortezomib, is a proteasome inhibitor and is now used 

as a first line treatment in multiple myeloma (Richardson et al., 2003). Inhibition 

of DUB components of the proteasome is a promising strategy, and selective 

inhibitors are already in place for PSMD14 and USP14 with therapeutic 

potential both in cancer and neurodegeneration (Lee et al., 2010; King et al., 

2014; Song et al., 2016; Li et al., 2017). It is safe to speculate that as our 

knowledge of DUB function and specific substrates expands, there will be an 

increasing interest in the development of tools to target this family of enzymes.  

 

1.3.10 Microtubule localising DUBs- USP21 and CYLD 

Many DUB enzymes can exhibit specific subcellular localisation (Urbé et al., 

2012). For instance, USP30 is a mitochondrial and peroxisome localising DUB 

(Marcassa et al., 2018), while USP19 is found on the ER (Hassink et al., 2009). 

At the beginning of this study, two DUB enzymes were known to localise on 

microtubules; Cylindromatosis (CYLD) and USP21 (Gao et al., 2008; Urbé et 

al., 2012).  

 

CYLD, a tumour suppressor of the USP family, is frequently mutated in 

Cylindromatosis (premature C-terminal truncations), a condition that results in 

the formation of benign tumours on the scalp (Sacco et al., 2010; Komander 

et al., 2007). CYLD has endopeptidase activity and shows specificity against 

K63 chains (Komander et al., 2007) and single ubiquitin adducts (Sato et al., 

2015). It takes part in a plethora of signalling pathways and its role has been 

extensively studied in NF-κB signalling, where it removes K63 chains from 

many components of this pathway, such as TRAF-2, TRAF-6, RIP1 and 

NEMO. It has also been implicated in Wnt/β-catenin signalling pathway, where 

it deubiquitylates Dishevelled (Tauriello et al., 2010; Komander, 2010; 
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Komander et al., 2009b). CYLD bears three N-terminal CAP-Gly domains (see 

section 1.4.10) that facilitate its binding and effect on microtubules (Gao et al., 

2008). The first two CAP-Gly domains presumably interact with the EEY/F 

motif of α-tubulin, while it has been shown that the first CAP-Gly facilitates its 

binding and inhibition of HDAC6 (a microtubule deacetylase- see section 

1.4.8). Moreover, CYLD interacts with EB1 (End-Binding 1- see section 1.4.10) 

through its USP domain. All those characteristics could explain the effect that 

CYLD exerts on microtubule dynamics, cell cycle progression and ciliogenesis 

(Yang and Zhou, 2016).  

 

USP21 is a promiscuous DUB enzyme that has the ability to cleave all ubiquitin 

chain linkages. USP21 localises on the centrosome and on microtubules 

through a unique microtubule binding motif on the N-terminus of the protein. 

Depletion of USP21 has been shown to impair microtubule regrowth upon 

cold-induced microtubule depolymerisation, as well as cilia formation (Urbé et 

al., 2012). Moreover, USP21 has been associated with the control of 

Hedgehog signalling, through the recruitment and stabilisation of Gli1 at the 

centrosome, where it can then get phosphorylated by PKA. (Heride et al., 

2016).   

 

1.3.11 USP31- Bridging two Cellular Codes 

Characterisation of USP31 is the main objective of the work presented in this 

thesis. Details on the selection of this DUB are presented in 3.2. USP31 is a 

completely uncharacterised enzyme. However, the nomenclature is confusing 

as USP48 was formerly called USP31. Available publications describing 

USP31 are in fact reporting on USP48 (Ye et al., 2018; Lockhart et al., 2004; 

Tzimas et al., 2006; Tian et al., 2003).  

 

The first genuine publication relating to USP31 was in 2004, when  Quesada 

et al., cloned 22 cDNAs that they identified as encoding for USP domains. 

They characterised their tissue expression distribution as well as their activity 

in bacteria against ubiquitylated β-galactosidase. They showed that USP31 is 

highly expressed in testis, but they could not assess its catalytic activity, since 
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they did not manage to express adequate protein levels. Interestingly, USP43, 

the closest relative to USP31, was also identified in the same study, and it was 

also not possible to express the protein to significant levels in the bacterial 

system they employed. No other publications are available for USP31; 

however, it has occasionally been found during large scale analyses of several 

phenotypes, and the cases that are relevant with this work are discussed in 

the corresponding chapters.  

 

USP31 is annotated in databases such as COSMIC (Forbes et al., 2017) as a 

putative cancer gene based on the Candidate Cancer Gene Database (Abbott 

et al., 2015) that includes data from mice studies. Genetic variations of USP31 

promoter have recently been identified in a Genome-wide association analysis 

for locus implicated in the pathogenesis of Multiple System Atrophy (MSA) 

(Sailer et al., 2016). MSA is a neurodegenerative disease that presents with 

pathogenic α-synuclein inclusions in glial cells, while clinical symptoms of the 

disease include parkinsonism, dysautonomia and cerebellar ataxia.  

 

1.4 Microtubules 

If a cell is a city, the cytoskeleton provides the roads, the streets, the alleys. It 

constitutes the tracks upon which the “carriers” walk, it directs the traffic to 

specific regions and ensures that all parts of the “city” are accessible. In a more 

dynamic way compared to the streets of a city, the cytoskeleton in a cell is in 

a constant dynamic condition; it changes, collapses and reforms according to 

the cell’s needs. It ensures the vital trafficking towards the long axis of neurons; 

it determines the shape of the cell and sustains the contracting pressure of 

cardiomyocytes; it facilitates the appropriate migration of immune cells towards 

the affected areas of the body.  

 

In mammalian cells, the cytoskeleton consists of three major components; the 

thinner (~ 7nm in diameter) actin, the intermediate filaments (~10nm) and the 

thicker (~25nm) microtubules. All of them constitute polymers assembled by 

smaller units; actin, various intermediate filament proteins such as vimentin or 
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laminin and tubulin respectively. The last part of this chapter focuses on 

microtubules. 

 

1.4.1 Tubulin and microtubule discovery 

Microtubules were first identified and described as components of cilia and 

flagella in the 1950s. Electron microscopy studies by Keith Porter described 

the characteristic configuration of the axoneme, with 9 microtubule doublets 

forming a circular structure surrounding two central microtubules (Fawcett and 

Porter, 1954). However, their nature and composition remained elusive for 

almost a decade. In 1952, Mazia and Dan were able to isolate mitotic spindles 

together with all the spindle associated proteins and chromosomes; however, 

they could not identify the structural component of the spindle apparatus. In 

1967, Edwin Taylor and Gary Borisy attempted to characterise the cellular 

target of colchicine, a drug that was known to disturb the mitotic spindle. They 

had the idea to use H3-colchicine in order to isolate the colchicine interacting 

protein. They termed the protein that co-sedimented with colchicine as 

“colchicine binding protein” and they showed that it is highly expressed in 

cultured cells, in urchin eggs and in brain preparations of rats, rabbits and 

hogs. They also showed that the characteristics of this protein shared 

properties with the building block of microtubules (Weisenberg et al., 1968; 

Borisy and Taylor, 1967a; b). The same year, Stevens, et. al. showed that a 

component of the microtubule fibers of cilia and flagella is bound to guanine 

nucleotides (Stevens et al., 1967). Then in 1968, Mohri, et.al. managed to 

independently isolate, name and characterise the building unit of microtubules, 

the “Tubulin”, from urchin spermatozoa microtubules (Mohri, 1968; 

Yanagisawa et al., 1968).  

 

An important milestone in microtubule biology was reached when the 3D 

structure of tubulin bound with Taxol was resolved, 30 years after its original 

identification, by the work of Eva Nogales and Kenneth Downing in 1998. They 

resolved the structure at 3.7Å resolution, and described the protein as having 

a compact molecular structure with essentially three functional components/ 

domains; the N-terminal domain that binds nucleotides, an intermediate region 
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that binds to drugs like Taxol and the C-terminal domain that facilitates the 

binding to other proteins (Nogales et al., 1998, 1999).  

 

1.4.2 Microtubule assembly and disassembly  

Microtubules are hollow cylindrical assemblies of filamentous tubulin; 13 

tubulin filaments constitute a microtubule; however microtubules of a range of 

10-15 protofilaments have been identified in different cells across multiple 

organisms (Wade et al., 1990; Chaaban and Brouhard, 2017). The building 

block of microtubules is a heterodimer of α- and β- tubulin, that assembles into 

polarised filaments. An α/β- heterodimer binds through the α subunit to the β 

subunit of another heterodimer. Thus, a filament has a “N-terminal” α-tubulin 

(minus end) and a “C-terminal” β-tubulin (plus end). 13 protofilaments form a 

sheet that is sealed by lateral interactions between the external filaments of 

the sheet, and thus close it into a cylinder.  

 

α- and β- tubulin proteins are GTP binding proteins. During microtubule 

assembly, α-tubulin remains bound to GTP (that is not hydrolysed), while the 

GTP bound to β-tubulin is stochastically hydrolysed to GDP. The binding of 

the heterodimer to either GTP or GDP causes significant changes in the 

configuration that determine the fate of the microtubule. GTP-bound β-tubulin 

locks the heterodimer in a straightened configuration that facilitates the lateral 

interactions among the filaments and allows for microtubule lattice closure. 

GTP hydrolysis causes a curvature between α- and β- tubulin in the 

heterodimer, that obstructs these lateral interactions, leading to 

depolymerisation of microtubules. The bent conformation of GDP-bound 

tubulin is also sufficient to explain why only GTP-bound tubulin is able to be 

added in the polymerising microtubule (Wang and Nogales, 2005; Line Elie-

Caille et al., 2007; Nogales et al., 1999; Alushin et al., 2014; Geyer et al., 

2015). Upon assembly, the C-terminals of both α- and β- tubulin are found on 

the surface of the microtubule; they are highly acidic due to the presence of 

multiple glutamate residues, thus facilitating the binding of the many 

microtubule associated proteins (MAPs).  
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1.4.3 Microtubule Dynamic Instability 

The idea that microtubules are polymerised and depolymerised during normal 

mitosis, and that this property is crucial for chromosome congression came 

from the work of Inoué and Sato in 1967 (Inoue and Sato, 1967). However, the 

establishment of the concept of microtubule dynamic instability came from the 

work of Mitchison and Kirschner (Mitchison and Kirschner, 1984). Up to that 

point, the dominant model for the microtubule assembly mechanism was the 

“treadmill” model, where GTP-tubulin was added to one end of microtubules 

and GDP-tubulin was removed from the other end. However, this model could 

not explain the rapid changes that occur on the microtubule cytoskeleton, for 

instance during mitosis.  

 

In the dynamic instability model, GTP-bound tubulin is added to the plus end 

of microtubules, at a rate that depends on the concentration of free tubulin. 

Thus, growing microtubules have a GTP-cap at their growing end. GTP is 

gradually hydrolysed; when the rate of hydrolysis surpasses the rate of the 

addition of new GTP-bound tubulin, tubulin subunits leave the polymers. This 

depolymerisation occurs because the GDP-bound tubulin conformation is not 

ideal for the closure of the microtubule lattice into a cylinder (Kirschner and 

Mitchison, 1986; Wang and Nogales, 2005). The growing and shrinkage 

phases are interchangeable; a growing microtubule can switch to rapid 

depolymerisation (catastrophe), passing through a pausing phase. In reverse, 

a depolymerised microtubule can switch to re-polymerisation (rescue) (Figure 

1.10). These interchangeable phases facilitate the search-and-find behaviour 

of microtubules towards different targets, such as the chromosomes during 

mitosis, or the plasma membrane of the cell, and allow for the dynamic 

reformation of microtubules during complex processes, such as cell migration. 

 

Nowadays, the concept of dynamic instability is widely recognised as the 

predominant model that explains how microtubules behave in a cell. Many 

factors have been shown to dictate the dynamic state of a microtubule, with 

the main ones being the tubulin concentration and the relative presence of 

plus-tip microtubule binding proteins. Microtubule stabilisers and destabilisers 
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interacting with the plus-end have the ability to change the bending state of the 

filament, and thus induce polymerisation or depolymerisation (Gardner et al., 

2013). Characteristic examples are MCAK (Kinesin-13 family member, a 

microtubule depolymerase), that has been shown to increase the curvature of 

the protofilament (Brien et al., 1999). On the other hand, Taxol (a microtubule 

stabilising drug) has the ability to decrease the angle of the interface between 

α- and β- tubulin, thus resulting in polymerisation (Line Elie-Caille et al., 2007).  

 

 

Figure 1.10: Microtubule assembly and disassembly.  

Microtubules assemble from heterodimers of α- and β- tubulin into 
protofilaments. 13 protofilaments close into a hollow tube. Microtubules 
polymerise from their plus end by the addition of new tubulin heterodimers 
that are bound to GTP. The GTP undergoes hydrolysis shortly after the 
addition of the new dimer. When the rate of the hydrolysis surpasses the 
rate of polymerisation, the microtubule depolymerises (catastrophe). The 
switch from depolymerisation to polymerisation is termed a rescue.  
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1.4.4 Microtubule self-repair 

In the model of dynamic instability, the microtubule plus end has a constant 

GTP-cap while it polymerises, which is lost due to hydrolysis prior to 

depolymerisation. Depolymerisation then proceeds rapidly, until a rescue 

event occurs. What prompts rescue events had been troubling scientists for 

decades. In 2008, Dimitrov et al. developed an antibody against GTP-bound 

tubulin and showed that apart from the microtubule plus end, short stretches 

of GTP-bound tubulin can be found across a microtubule filament, especially 

in regions where microtubules bundle (Dimitrov et al., 2008). They also 

reported a dot-like distribution of GTP-bound tubulin in regions of microtubule 

crossover. They and others showed that all those GTP-tubulin-rich sites were 

sites where rescue events can occur (Dimitrov et al., 2008; Tropini et al., 2012; 

Cassimeris, 2008).  

 

How could GTP-tubulin be found across the shaft of a microtubule, since newly 

added GTP-bound heterodimers are hydrolysed shortly after their 

incorporation to the plus end? In the earlier reports, those regions were 

hypothesised to result from incomplete hydrolysis events. The answer to this 

question came a few years ago, when a new property of microtubules was 

described; microtubules can repair themselves (Schaedel et al., 2015) (Figure 

1.11). In their report, Schaedel, et.al. subjected microtubules to cycles of 

mechanical stress in vitro, that decreased the rigidity of microtubules, 

suggesting damage to the lattice. By incubating the damaged microtubules 

with differentially labelled tubulin, they reported the incorporation of new 

tubulin dimers into the sidewall of the lattice, in the regions that were subjected 

to the greatest local stress. Similar incorporation was seen after the damage 

was induced by laser pulses. A year later, they and others confirmed that those 

sites were used subsequently for microtubule rescue upon depolymerisation. 

Moreover, they showed that the source of damage can be microtubule 

crossover, bundling or encountering other cellular components. The GTP-

tubulin rich islands across the lattice can recruit MAPs, such as EB3 and CLIP-

170, that aid the rescue. These observations indicate that a thicker, more 

interconnected microtubule network is more stable and resilient to microtubule 
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depolymerisation (Aumeier et al., 2016; Gardner, 2016; de Forges et al., 

2016). 

 
Figure 1.11: Microtubule self-repair. 

Mechanical stress encountered by the microtubule through its life can 
induce breakage on the shaft of a microtubule and loss of tubulin 
heterodimers. In the absence of microtubule acetylation, the damage on the 
stiff polymer extends up to the point of breakage. However, in the presence 
of αTAT1 (microtubule acetyltransferase- see section 1.4.8) α-tubulin gets 
acetylated on K40, which confers increased elasticity to the polymer, that 
facilitates its repair with GTP-tubulin heterodimers. Adapted from Janke and 
Montagnac, 2017. 
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1.4.5 Microtubule nucleation and the centrosome 

In vitro, microtubules assemble spontaneously when the concentration of free 

α/β- tubulin exceeds a “critical” concentration. They are polymerised at both 

the plus and the minus end, however with a significantly slower rate at the 

latter. In vivo, this is not the case, as they require a nucleation factor on the 

minus end that leads to polymerisation only from the plus end.  

 

The main microtubule nucleation activity in cells resides on the centrosome, a 

complex organelle that anchors the minus-end of the majority of cellular 

microtubules and is thus denoted as the main microtubule organising centre 

(MTOC). The centrosome consists of two centrioles arranged in a 

perpendicular configuration and the pericentriolar material (PCM), that forms 

a thick molecular coat around the centrioles  where newly formed microtubules 

are anchored (Bettencourt-Dias and Glover, 2007). The centrioles are 

composed of a ninefold structure with triplet microtubules at their base which 

are connected to each other (Wang and Stearns, 2017). They are rich in post-

translational modification and rare tubulin isoforms, such as δ- and ε-tubulin 

(Borners, 2002; Dutcher et al., 2002; Bobinnec et al., 1998; Stearns and 

Chang, 2000; McKean et al., 2001). The centrosome is duplicated once in 

every cell cycle, during S phase. Centrosomal duplication involves the 

disengagement of the two centrioles, the nucleation and elongation of the 

daughter centriole and the separation of the two centrosomes (Bettencourt-

Dias and Glover, 2007; Stearns and Fırat-Karalar, 2014).  

 

Microtubule nucleation is facilitated by protein complexes consisting of γ-

tubulin (Stearns et al., 1991; Zheng et al., 1991; Stearns and Kirschner, 1994) 

and several γ-tubulin complex proteins (GCPs) (Wiese and Zheng, 2006; 

Zheng et al., 1995). They form ring-like structures that act as a scaffold for the 

recruitment of α-tubulin (Murphy and Stearns, 1996). In this way, they facilitate 

the polarity of the newly formed microtubule. The main nucleation complex in 

higher eukaryotic cells is the γ-tubulin ring complex (γ-TuRC), while in yeast 

cells the nucleation is facilitated by the γ-tubulin small complex (γ-TuSC). 

Following nucleation, the γ-TuRC forms a cone-like cap on the microtubule 
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minus end, preventing the minus end polymerisation of the microtubule. The 

formation of the cone is mediated by the core subunits of the γ-TuRC, GCP4, 

5 and 6, that have been shown to directly interact with γ-tubulin. Both 

complexes need activation/localisation factors and/or modifications (such as 

phosphorylation) to start nucleating microtubules (Petry and Vale, 2015; 

Roostalu and Surrey, 2017; Oakley et al., 2015). For instance, depletion of the 

GCP-WD impairs γ-TuRC localisation and nucleation activity on the 

centrosome (Lüders et al., 2006), while the kinase NME7 that localises at the 

majority of microtubule nucleation sites has been shown to increase the 

nucleation capacity of the complex by ~3 times (Teixidó-Travesa et al., 2010; 

Liu et al., 2014). Notably, XMAP215, a protein that has been recognised for its 

role as a microtubule polymerase for years (Geyer et al., 2018), has been 

recently shown to interact with γ-TuRC and mediate the initial elongation of the 

newly formed microtubule (Thawani et al., 2018; Luders, 2018).  

 

There have been more sites with MTOC activity recognised in the cell beyond 

the centrosome (Ishihara et al., 2014; Gundersen and Bartolini, 2006; Luders 

and Stearns, 2007; Mogensen et al., 1997). In interphase cells, the Golgi has 

been shown to be able to nucleate microtubules, which play a role in the 

maintenance of the ribbon like structure of the Golgi apparatus. Nuclear 

envelope mediated nucleation is thought to play a role in the maintenance of 

nuclear shape and positioning. Microtubule nucleation sites on the plasma 

membrane have been associated with the apicobasal orientation of epithelial 

cells (Mogensen et al., 2017; Sanchez and Feldman, 2017; Mogensen et al., 

2000), while sites on the kinetochore and chromosomes have also been 

identified and are crucial during cell division. Finally, microtubules can 

originate from pre-existing microtubules, for example in the case of spindle 

microtubules (Petry et al., 2013). In all these cases, microtubule nucleation is  

γ-tubulin dependent, and many proteins involved in nucleation from the MTOC 

have been identified to localise at those sites (Petry and Vale, 2015). Of 

particular importance is the presence of γ-TuRC and Augmin complexes 

across the neuronal axons, that facilitate the non-centrosomal generation, as 

well as the polarity of axonal microtubules (Sánchez-Huertas et al., 2016). 
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Terminally differentiated neuronal cells constitute a unique example, as the 

majority of their microtubules are not anchored on the centrosome.  

 

The Tubulin Code 

1.4.6 Microtubule post translational modifications and their related 
functions -  

All microtubules are not the same; instead discrete subpopulations with 

different properties exist, that represent distinct tracks and this diversity is 

recognised by microtubule binding proteins (Song and Brady, 2015; 

Westermann and Weber, 2003). Microtubule diversity stems from the 

existence of multiple tubulin isoforms, that can undergo a galore of post-

translational modifications (Gadadhar et al., 2017a). A subset of those 

modifications occur on the assembled microtubules only, while others can 

occur on the free tubulin (Figure 1.12). In assembled microtubules, the C-

terminal tails of the α- and β- tubulin are found on the surface of the filament 

and are susceptible to a variety of modifications. However, modifications can 

occur on other sites of the heterodimer, including residues buried in the lumen 

of the microtubule. A few of those modifications can be reversible, and the 

majority of the enzymes responsible for those modification cycles have been 

identified. Some of the key modifications and their functional implications are 

discussed below. 
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Figure 1.12: Tubulin post-translational modifications. 

A. Microtubules and tubulin are rich in post-translational modifications. A 
few of them occur on free tubulin subunits, the free heterodimer or on the 
assembled microtubule. Those modifications can affect the interaction 
between α- and β- tubulin, the integration of the heterodimer to the polymer 
or the interaction of other proteins with the microtubule. A few of those 
modifications are reversible. In the schematic, the sites that can be modified 
are indicated. Adapted and updated from Magiera and Janke, (2014). B. 
Both α- and β- tubulin have been identified in large scale proteomics study 
to carry multiple lysine residues that are subject to ubiquitylation. The more 
common sites are indicated on the figure. The sites have been curated from 
PhosphoSitePlus. 
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1.4.7 Tyrosination/ Detyrosination cycle of microtubules 

The first post-translational modification of tubulin identified, was the enzymatic 

removal of the genomically encoded C-terminal tyrosine of α-tubulin (Barra et 

al., 1973; Arce et al., 1975; Barra et al., 1974; Arce et al., 1978). Detyrosination 

is a unique modification of α-tubulin that occurs on the assembled polymer 

(Kreis, 1987; Gundersen and Bulinski, 1986; Gundersen et al., 1984). 

However, even though detyrosination of tubulin was discovered in the early 

70’s, the enzymes responsible for the removal of tyrosine were only identified 

in 2017. Two independent papers showed that the two vasohibin proteins, 

VASH1 and VASH2, in complex with the chaperone-like SVBP (Small 

vasohibin binding protein), bear tubulin carboxypeptidase activity and can 

remove the C-terminal tyrosine residue of α-tubulin (Nieuwenhuis et al., 2017a; 

Aillaud et al., 2017; Akhmanova and Maiato, 2017; Nieuwenhuis and 

Brummelkamp, 2019). However, both reports leave open the possibility that 

there is another tubulin carboxypeptidase activity encoded in the cell, yet to be 

identified. Detyrosination is reversible; the enzyme responsible for the re-

addition of tyrosine is TTL (Tubulin tyrosine Ligase) and it can only function on 

the disassembled free tubulin (Figure 1.13) (Raybin and Flavin, 1975; Ersfeld 

et al., 1993; Prota et al., 2013; Gadadhar et al., 2017a).  

 

1.4.8 Acetylation/ Deacetylation cycle of microtubule 

Advances in proteomics analysis have generated data that show that there are 

multiple residues both in α- and β-tubulin that can get reversibly acetylated (Liu 

et al., 2015; Choudhary et al., 2009). Best characterised is the acetylation on 

K40 residue on α- tubulin. The role of this acetylation has remained elusive 

until the last few years, since its location in the lumen of the hollow microtubule 

could not easily explain any effect on microtubule binding protein interactions. 

However, K40 acetylation has been implicated in ciliogenesis and differential 

motor binding and transport (Shida et al., 2010; Reed et al., 2006; Perdiz et 

al., 2011), with the latter being subject to debate since it could not be 

reproduced in vitro (Walter et al., 2012). In 2017, a report showed that the 

intralumenal acetylation of α- tubulin contributes to the resistance of the 

filament against breakage during mechanical pressure (see section 1.4.4, 
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Figure 1.11) (Xu et al., 2017). Strikingly, this resistance is conferred to 

acetylated microtubules by making them softer, which later facilitates the 

microtubule repair in curvature points. This observation explains the increased 

acetylation of long-lived microtubules, since their prolonged presence in the 

cell makes them more likely to withstand increased amounts of mechanical 

stress generated from motor proteins and/or by encountering multiple cellular 

structures (Janke and Montagnac, 2017). 

 

The major enzyme responsible for the acetylation on K40 is ATAT1 (α- tubulin 

acetyl transferase 1) that has access to the intralumenal residue of the 

assembled microtubule either from the plus end of the growing polymer or 

through breaks across the lattice (Figure 1.13) (Shida et al., 2010; Kalebic et 

al., 2013; Ly et al., 2016; Coombes et al., 2016). Acetylation is also reversible; 

SIRT2 (North et al., 2003)  and  HDAC6 bear deacetylase activity against 

tubulin (Hubbert et al., 2002). Both enzymes can act both on the assembled 

microtubule and on the soluble dimer, while the two enzymes have been 

shown to interact (Miyake et al., 2016; North et al., 2003; Skultetyova et al., 

2017). Defects in acetylation have been linked to many neurodegenerative 

diseases, such as Parkinson’s, Huntington’s and Amyotrophic lateral sclerosis 

(ALS) (Magiera et al., 2018a; Gadadhar et al., 2017a).  

 

Another acetylation site that has gained attention is the Lys252 residue on β-

tubulin. San acetylates free β-tubulin on that residue, but it cannot act on the 

assembled β-tubulin. This acetylation was shown to impede the interaction 

between α- and β-tubulin, thus negatively regulating microtubule 

polymerisation (Chu et al., 2010). 
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Figure 1.13: Microtubule post-translational modification 
enzymes. 

The panel presents a collected representation of the enzymatic reactions 
that lead to the generation of the Tubulin Code, and the key enzymes that 
take part in them.  
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1.4.9 Other modifications of microtubules 

Detyrosination and acetylation are the most studied modifications of 

microtubules. However, both α- and β-tubulin undergo a plethora of other 

modifications that have gained attention during the past few years (Gadadhar 

et al., 2017a).  

 

After the removal of the C-terminal tyrosine from α- tubulin, the penultimate 

Glutamate residue can be enzymatically removed in a non-reversible reaction 

that generates Δ2-tubulin (Paturle-Lafanechère et al., 1991; Redeker et al., 

1996). The enzymes responsible for this modification belong to the CCP family 

(Cytosolic carboxy peptidase) (Berezniuk et al., 2011; Rogowski et al., 2010; 

Gadadhar et al., 2017a). A further removal of the third from last glutamate 

leads to the generation of Δ3-tubulin, a less studied modification which 

restores microtubule dynamics to a level similar to tyrosinated microtubules 

(Figure 1.13). Moreover, on the same study it was shown that the last four 

amino acids of β-tubulin can be removed as well, generating βΔ4-tubulin; both 

modifications leave a -EEEG C-terminal sequence (Aillaud et al., 2016). The 

existence of multiple Glu and Asp residues in the C-terminal of tubulin, render 

the C-tail acidic. This property mediates binding with different MAPs 

(Microtubule associate proteins), and those changes are more probably 

implicated in these interactions.  

 

The glutamate residues of the C-terminal tail of α- and β- tubulin can be 

decorated with chains of variable length of either glycine or glutamate, thus 

generating polyglycylated and polyglutamylated microtubules. Polyglycylation 

is restricted to the axonemes of cilia and flagella, while polyglutamylation is 

found on a diverse number of microtubules, as well as on the centrioles of the 

centrosome and on the mitotic spindle (Bobinnec et al., 1998; Wloga et al., 

2017; Redeker et al., 1994; Gadadhar et al., 2017a). Polyglutamylation is 

particularly enriched in neurons, where it has been shown to accumulate 

during neuronal differentiation, thus it is assumed that it plays a key role during 

this process (Rogowski et al., 2010). Both modifications mediate the motility of 

cilia and flagella. Polyglycylation is involved in the maintenance of the length 
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of the cilium (Gadadhar et al., 2017b), while polyglutamylation affects the 

binding and processivity of motor proteins, such as Kinesin-1 and Kinesin-2, 

and the motility of the cilium  (Sirajuddin et al., 2014; King and Sale, 2018). 

The enzymes responsible for their generation belong to the TTLL family 

(Tubulin Tyrosine Ligase-Like). Those enzymes can bear chain initiation 

and/or elongation activities, and can exhibit preference over α- or β-tubulin 

(van Dijk et al., 2007; Regnard et al., 1999; Janke et al., 2005; Redeker et al., 

1994; Raunser and Gatsogiannis, 2015). Both modifications are reversible, 

and the enzymatic removal of the poly-Glu and poly-Gly chains has been 

assigned to the CCP enzymatic family (Figure 1.13). Defects in the generation 

of these modifications has been associated with a variety of ciliopathies. 

Moreover, an association between the loss of glycylation and colorectal cancer 

has been confirmed in human patients (Rocha et al., 2014; Gadadhar et al., 

2017a; Magiera et al., 2018a).  

 

Even though the modifications that appear to be unique for tubulin have been 

extensively studied (such as detyrosination and polyglycylation), the more 

common modifications, as well as their functionality remain elusive. α- and β-

tubulin bear residues that can get phosphorylated. Phosphorylation of Ser172 

of β-tubulin is mediated by Cdk1 in mitosis (Figure 1.13). Phosphorylated β-

tubulin is not assembled into microtubules, possibly because the 

phosphorylated residue impairs both the association of GTP with β-tubulin, 

and the interaction between tubulin dimers (Fourest-Lieuvin et al., 2006). The 

functionality of the phosphorylation on other tubulin residues has not been 

determined. Many residues have been identified to sustain multiple types of 

modifications indicating that there is some sort of competition and mutual 

control between the enzymes responsible for them (i.e. acetylation or 

ubiquitylation on lysine residues) (Liu et al., 2015).  

 

Ubiquitylation of γ-tubulin by BRCA1 has been shown to impair its microtubule 

nucleation capacity (Sankaran et al., 2005). K6-linked ubiquitin chains 

assembled on α-tubulin by the E3 ligase MGRN were shown to interfere with 

microtubule dynamics and loss of functional ubiquitylation lead to impaired 

intracellular transport (Mukherjee et al., 2017). Overall though, the impact of 
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ubiquitylation on the microtubule network has been surprisingly poorly studied. 

However, considering the large number of residues identified on both α- and 

β-tubulin to be ubiquitylated (see Figure 1.12.B), it is safe to speculate that its 

role will start to be appreciated soon. Illustrating the significant involvement of 

the ubiquitin system in tubulin biology and microtubule assembly, distinct 

ubiquitylation patterns of tubulin α-1A upon treatment with colchicine or 

vinblastine (microtubule depolymerising drugs, albeit through different 

mechanisms) were identified in a large-scale proteome analysis for ubiquitin 

remnants. Treatment with the colchicine resulted in ~80% decrease in 

ubiquitylation of tubulin, while treatment with vinblastine, in ~40% increase of 

ubiquitylation on the same sites (Xu et al., 2010). 

 

1.4.10 Microtubule end-binding proteins  

The plus end of microtubules is a busy hub, where multiple proteins bind, 

interact and govern microtubule dynamics. The key feature of this region of a 

microtubule is the GTP-cap, the stretch of newly added GTP-tubulin 

heterodimers that have not been yet hydrolysed. The size of this cap plays a 

key role in the dynamic state of a microtubule. Longer caps have been 

associated with increased rescue frequency, prolonged polymerisation and 

suppression of catastrophe events (Seetapun et al., 2012; Brouhard and Sept, 

2012; Duellberg et al., 2016). A longer GTP-cap is a larger platform that could 

facilitate more abundant and complex interactions. The proteins that either 

independently or through protein-protein interactions target the microtubule tip 

are collectively called +TIPs (Microtubule Plus-end tracking proteins). The first 

ever +TIP protein identified was CLIP-170 (Perez et al., 1999). 

 

Different types of proteins interact either directly with the GTP-cap of growing 

microtubules, or they bind to it through adapter proteins (Akhmanova and 

Steinmetz, 2008). The +TIPs can be categorised based on their specialised 

domains that confer the selectivity of their interaction with the growing 

microtubule tip (Akhmanova and Steinmetz, 2010). The family of end-binding 

proteins (EB) has the ability to independently track and interact with 

microtubules, through their N-terminal calponin homology (CH) fold (Bieling et 
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al., 2007). On the C-terminal, the presence of an EB homology (EBH) domain 

and the acidic EEY/F motif facilitate their interaction and recruitment of multiple 

+TIPs to the plus-end. The EEY/F motif is also present in the C-terminal of 

tubulin. CAP-Gly (cytoskeleton-associated protein glycine rich) domain 

containing proteins, such as CLIP-170 or the p150glued large subunit of 

dynactin, recognise this motif both on tubulin and on EB protein through their 

CAP-Gly domains. TOG or TOG-like domains are found on proteins that have 

the ability to independently track microtubule ends such as the microtubule 

polymerase XMAP215 (X. laevis or ch-TOG in humans) and the microtubule 

rescue promoter CLASP (Slep, 2018; Moriwaki and Goshima, 2016; Slep, 

2016). However, additional motifs, such as the SxIP motif, are often present in 

these proteins. The largest and more diverse group of +TIPs contain the SxIP 

motif (Ser-x-Ile-Phe, where x is any amino acid) (Jiang et al., 2012; Honnappa 

et al., 2009). This group of proteins is composed of large proteins possessing 

long stretches rich in the basic amino acids serine and proline. The SxIP motif 

is selectively recognised by the EBH motif of the EB proteins; however, the 

presence of multiple motif repeats is often essential for this interaction 

(Akhmanova and Steinmetz, 2010; Akhmanova and Hoogenraad, 2004).   

 

The diverse and complex group of +TIP proteins has a great effect on 

microtubule dynamics, due to its preferential binding at the microtubule end. 

Many of those proteins are polymerases (ch-TOG) or depolymerases (MCAK, 

KIF18a and KIF18b; Howard and Hyman, 2007), they can promote rescue 

events (CLIP-170, CLASP; Komarova et al., 2002) or facilitate the binding of 

microtubules to subcellular structures (CLIP-170; Pierre et al., 1994), such as 

the plasma membrane or the kinetochores of chromosomes (Monda and 

Cheeseman, 2018). EB proteins are unique across +TIPs as they act as a 

platform for the recruitment of the majority of the rest of the +TIP proteins, thus 

playing a key role in the dynamic state of microtubules (Bieling et al., 2007). 

They are also not stably bound on the plus end; instead they undergo rounds 

of association and disassociation that are also crucial for their binding partners. 

In contrast, proteins like the XMAP215 are constantly bound on the plus end 

during their function (Geyer et al., 2018).  
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1.4.11 Microtubule modifications and cell division 

The mitotic spindle was the first microtubule-composed organelle that attracted 

attention in the very early days of cell biology. Walther Flemming was the 

pioneer in identifying chromatin and describing the chromosome movement 

during mitosis. In his incredibly detailed drawings of cell division, he depicted 

all stages of mitosis, and identified a progressive and regressive phase in the 

process (Flemming, 1882; Hardy and Zacharias, 2008; Paweletz, 2001). Cell 

division was the subject of interest of Theodor Boveri, whose observations lead 

to the establishment of the chromosome theory (Boveri, 1904). The way cells 

gather their chromosomes during mitosis, in such a controlled and timed way, 

and then separate them into the daughter cells, remains a fascinating 

spectacle.  

 

Spindle microtubules are rich in post-translational modifications, many of 

which play key roles in the mitotic spindle function. During spindle assembly, 

astral microtubules are tyrosinated, while the interpolar and kinetochore 

microtubule are detyrosinated (Gundersen et al., 1984; Gundersen and 

Bulinski, 1986; Kreis, 1987). This difference acts as a spatial cue for the 

guidance of chromosomes during mitosis (Figure 1.14). Upon nuclear 

envelope break down, chromosomes that are not found in the space between 

the spindle poles are captured by dynein motors. Dynein shows a preference 

for tyrosinated microtubules and exhibits a minus end directed motility 

(McKenney et al., 2016). Thus dynein, “walking” across the astral 

microtubules, gathers the chromosome in the peri-polar area. From there, 

CENP-E, a kinesin-5 family motor with preference for detyrosinated 

microtubules and plus-end directed motility, transports the chromosomes to 

the metaphase plate (Barisic et al., 2015; Barisic and Maiato, 2016). Upon 

alignment of chromosomes to the metaphase plate and the satisfaction of the 

mitotic checkpoint, microtubules that are bound to the kinetochores are then 

rapidly depolymerised. The forces generated during this depolymerisation are 

harnessed to achieve chromosome segregation (Monda and Cheeseman, 

2018).  
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Figure 1.14: Microtubules in chromosome congression. 

Representation of the role of microtubule modifications in chromosome 
congression during mitosis. Astral microtubules are tyrosinated, and dynein 
has a preference over them, thus transferring chromosomes to the vicinity 
of the spindle poles. Kinetochore microtubules are detyrosinated. CENP-E 
shows preference for the detyrosinated microtubules, thus the 
chromosomes are transported to the metaphase plate. Adapted from Barisic 
and Maiato, (2016). 
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1.5 Purpose of this study and summary of the chapters 

As described in Chapter 3, I performed a siRNA screen against DUBs that 

regulate N-MYC protein stability in neuroblastoma cells, where USP31 came 

up as one of the strongest candidate enzymes. The lack of any information 

around USP31 was intriguing. Thus, I commenced to characterise this enzyme 

in the context of its effect on N-MYC levels in neuroblastoma. However, initial 

experiments showed that USP31 localises on microtubules. From that point 

on, our interest diverted towards the characterisation of this unknown enzyme 

and its effects on the microtubule network. 

 

Chapter 3 summarises the data that lead to our interest and presents the 

evidence of the microtubule localisation, as well as the effect that the 

overexpressed protein has on the microtubule network and on microtubule 

post-translationally modified subpopulations. Then in Chapter 4, I describe the 

effects that depletion of USP31 exerts on the microtubule network as well as 

in many cellular aspects governed by microtubules, such as cell cycle, mitosis 

and cell migration. In order to study the role of USP31 in depth, I generated 

stable cell lines that overexpress wild type and catalytic inactive USP31. I 

characterised these cell lines and used them to examine whether I could 

restore the phenotypes observed upon its depletion. These studies are 

described in Chapter 5, together with an attempt to generate CRISPR knock 

out cell lines. Finally, in chapter 6, I used SILAC proteomics to analyse the 

cellular proteome composition upon depletion of USP31. Since USP31 is a 

DUB enzyme, we are expecting that some substrates may be destabilised 

following its depletion. Several interesting candidate proteins were discovered, 

and their possible association with the observed phenotypes is discussed in 

Chapter 6.  

 

Research on the DUB family of enzymes has accelerated in the last few years. 

This work is the first characterisation of USP31, that positions it as the third 

microtubule localising DUB and sheds light into its possible function in the 

governance of microtubule dynamics. 
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Chapter 2: Materials and Methods 
 

2.1 Cell Biology 
2.1.1 Materials and Reagents 

The cell culture media: Dulbecco’s Modified Eagle’s Medium (DMEM) + 

GlutaMAX-I (#31966-021), Dulbecco’s Modified Eagle’s Medium (DMEM)/ F-

12 Nutrient Mixture (Ham) (DMEM/F12) + GlutaMAX-I (#31331-028), 

FluoroBrite DMEM (#A18967-01); Minimum Essential Medium/ Non-Essential 

Amino Acids (MEM/NEAA) (#11140-035) were supplied by Thermo Fisher 

Scientific. The transfection reagents Lipofectamine 2000 (#11668019) and 

Lipofectamine RNAiMAX (#13778150); Trypsin-EDTA (#15400); OptiMEM 

(#409864); Annexin V-FITC (#A13199) and DRAQ7 Far-red DNA dye 

(DR710HC) were obtained from Invitrogen (Thermo Fisher Scientific). G-418 

Solution (#04727878001) was obtained from Roche Diagnostics. 

Cycloheximide (CHX) (#C7698), Paclitaxel (Taxol) (T7402) and Nocodazole 

(#M1404) were obtained from Sigma- Aldrich (Merck). µ-Dish 35mm (#81156) 

were obtained from Ibidi (Thistle Scientific LTD). All plasticware was 

purchased by Corning Inc. (NY, USA). SiR-tubulin Kit (#SC002) was 

purchased from Cytoskeleton, Inc.  

 

2.1.2 Cell lines 

SK-N-BE2(c) neuroblastoma cells were a kind gift of Dr. Violaine See 

(University of Liverpool). Parental human telomerase reverse transcriptase-

immortalised retinal-pigment epithelial (hTERT-RPE1) cells were provided by 

Dr. Francis Barr (University of Oxford, UK). U2OS, A549 and HeLa cells were 

purchased from ECACC. U2OS cells stably overexpressing mRFP-H2B were 

a kind gift of Dr. Helder Maiato (CID/IBMC, Porto). HeLa cells stably 

overexpressing GFP-EB3 and HeLa “long” cells (stably overexpressing 

Cherry-tubulin) were a kind gift of Dr. Anna Akhmanova (Utrecht University). 

SK-N-BE2(c) and RPE1 cells were grown in DMEM-F12 (1:1), while the rest 

were cultured in DMEM medium. Both types of medium were supplemented 

with 10% Heat-Inactivated fetal bovine serum (FBS) and 1% NEAA. All cells 
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were kept in a humidified 5% CO2 atmosphere at 37oC and split upon 

confluency in concentrations ranging from 1:2 to 1:10 as needed. For the 

induction of cilia formation, RPE1 or 3T3 cells were transfected with siRNA 

(described in 2.1.6) and the cells were kept in serum-free medium for 48 or 24 

hours respectively. Cell lines provided to us as gifts from other laboratories, 

were authenticated at a University-run facility, by STR profiling. The facility 

uses the standardised 10-Locus STR system recommended by the American 

Tissue Culture Collection (TH01, TPOX, vWA, CSF1PO, D16S539, D7S820, 

D13S317, D5S818, D21S11, Amelogenin). All cell lines were regularly tested 

for mycoplasma infection by an on-site service.  

 

2.1.3 Generation of cell lines stably expressing GFP-USP31 

In order to generate USP31 stably overexpressing cell lines, U2OS cells 

(~70% of confluency) were transfected with 1µg of plasmid DNA expressing 

GFP-USP31WT and GFP-USP31CA (catalytic inactive mutant) using 3µl 

Genejuice. The cells were then selected with G418 (0.4mg/ml) for two weeks, 

single cell diluted in 96-well plates and screened using microscopy for single 

clones. Confluent colonies were transferred sequentially to 48-well plates, 24-

well plates, 12-well plates, 6-well plates and then to flasks for amplification and 

storage.  

 

2.1.4 Generation of USP31 CRISPR knock out cell lines 

In order to generate USP31 knock out cell lines, U2OS cells were transfected 

with 1µg of pX458 plasmids generated to target USP31 (see section 0 below) 

using 3µl Genejuice. 24h after the transfection, the cells were trypsinised and 

resuspended and single cell separated using a mesh. They were then 

transferred to the MARIAC cell sorting facility (University of Liverpool), where 

the GFP expressing cells were single-cell sorted to 96 well plates at 

concentrations of 0.5 cell/well, 1 cell/well and 1.5 cell/well. The clones were 

maintained and passaged as described in 2.1.3, and cells were seeded in 6-

well plates for generating lysates and screening by Western blotting for protein 

expression.  
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2.1.5 Plasmid DNA transfection 

All transfections were performed in a forward manner, where cells were 

transfected the day after seeding. U2OS, HeLa and HeLa “long” cells were 

transfected using 3µl Genejuice. RPE1 and NIH3T3 cells were transfected 

using 3ml Lipofectamine 2000. In brief, cells were seeded the day prior to 

transfection in a 6-well plate (or an ibidi dish for live cell imaging on the 3i 

spinning disk confocal), such that the confluence on the transfection day was 

~50-70% and left in the incubator overnight at 37oC. For Genejuice 

transfections, 3µl Genejuice were added in 100µl OptiMEM, and left at room 

temperature for 5 minutes. 1µg of plasmid DNA was then added and the 

mixture was incubated at room temperature for 10-15 minutes, before being 

added dropwise to the well. For Lipofectamine 2000 transfections, 1µg of 

plasmid DNA was added to 100µl of OptiMEM and left for 5 mins at room 

temperature. In parallel, 3µl of the transfection reagent was added in 97µl 

OptiMEM and left for 5 mins at room temperature. The two solutions were then 

mixed in 1:1 ratio and incubated at room temperature for another 5 mins before 

they were added dropwise to the well.  

 

2.1.6 siRNA transfection 

All transfections were performed in a forward manner, with transfection 

occurring the day after seeding. For the knockdown of USP31, it soon became 

common practice to seed approximately twice as many cells compared to the 

control cells, in order to achieve similar densities by the end of the 

experiments. All the siRNA transfections used Lipofectamine RNAiMAX 

according to manufacturer’s protocol. Briefly, for one well of a 6-well plate, 2µl 

of a 20µM stock of siRNA (final concentration 40nM) were added in 98µl 

OptiMEM and incubated at room temperature for 5 mins. In parallel, 2µl of 

RNAiMAX were added in 98µl OptiMEM and incubated for 5 mins at room 

temperature. The two were then mixed in 1:1 ratio and incubated at room 

temperature for 20 mins. The medium volume was adjusted to 800µl prior to 

adding the siRNA mixture dropwise in the well, to a final volume of 1ml. The 

sequence and the details of the siRNA oligonucleotides used are provided in  

Table 2.1. 
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 Table 2.1: siRNA oligonucleotide sequences  

Target Cat. No. Oligo No. Sequence 
Non-

targeting 
D-001810-01 NT1 TGGTTTACATGTCGACTAA 

USP31 SI00758415 Q1 CCCGAAATATTTAGGCCTGAA 

USP31 SI00758422 Q2 CCGAGTTCATGAAGACCTCAA 

USP31 SI00758429 Q4 GAGCGTCATCATCAGCCTCAA 

USP31 SI03058272 DQ2 CACCGAGCTCTTCGCCGAGTA 

USP21 J-006071-06 D6 GAUCCAAGCUACCAUUUGC 

VASH1 J-020466-08 VASH1 GAACAGCCGCAGUGAAAGA 

GFP D-001300-01 GFP-D - 

 

2.1.7 Live cell imaging 

Live cell experiments were performed using a NIKON Ti-Eclipse microscope 

or a 3i Marianas spinning disk confocal microscope (3i Intelligent Imaging 

innovations, Germany), as indicated in the respective figures. All imaging of 

live cells was performed in a humidified chamber at 37oC supplied with 5% 

CO2. The cells were seeded in 6-well plates or ibidi dishes for imaging on the 

NIKON (CFI Plan Fluor DLL-10x, CFI Super Plan Fluor ELWD ADM 20x) and 

on ibidi dishes for imaging on the spinning disk confocal (Plan-Apochromat 

40x/1.3NA Oil Objective M27). Perfect Focus System (PFS) was used to 

ensure proper acquisition.  

 

2.1.8 Nocodazole washout experiment 

To assess microtubule repopulation of USP31 upon nocodazole 

depolymerisation and regrowth, U2OS cells were seeded in ibidi dishes, and 

were transfected with GFP-USP31 as described in 2.1.5. On the day of the 

imaging, the cells were incubated with 2µM Nocodazole for 2 hours prior to 

imaging and with 300nM siR-tubulin/ 10µM Verapamil for 1 hour prior to 

imaging. Verapamil, a broad-spectrum efflux pump inhibitor, is recommended 

by the manufacturer in order to improve staining, as it inhibits the exertion of 

the dye from the cell. Just before imaging, the medium was exchanged to 

FluoroBrite DMEM supplemented with 10% FBS, Nocodazole and siR-
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tubulin/Verapamil. The cells were then transferred to the microscope that was 

equipped with a perfusion system (a custom made metal rod was inserted in 

the dish, that allowed for the attachment of an aspirator and a pump). 

Nocodazole medium exchange commenced on the moment of the beginning 

of imaging, the pump was set at a rate of 1.5ml/min and images were acquired 

every 5 seconds. The focus was adjusted during the first frames while the level 

of the liquid was stabilising. The whole setup took place in a humidified 

chamber supplemented with 5% CO2 and steady temperature of 37oC.  

 

2.1.9 Drug treatments 

All drug treatments were performed in the normal culture medium, apart from 

the Nocodazole treatment (see section 2.1.8). Cycloheximide was used at 100 

µg/ml, Nocodazole was used at 2µM and Taxol at 0.5mg/ml. The duration of 

the treatments is indicated on the respective figures. 

 

2.1.10 Microtubule cold-induced depolymerisation  

Briefly, in order to depolymerise microtubules, cells were incubated on ice, on 

a metal plate, in PBS++ (PBS supplemented with1mM CaCl2 and 1mM MgCl2) 

for 90 mins, before being fixed with ice cold Methanol (see below 2.4.6). 

 

2.2 Image Analysis 

2.2.1 Corrected total cell fluorescence- CTCF 

In order to calculate the corrected fluorescence intensity of the microtubule 

network, the cell surface area was manually drawn using Fiji. Under the 

analyse command, the measurements of the area, the Integrated density and 

the mean grey value were selected and measured. Measurements of the 

background empty area were acquired in a similar manner. The Integrated 

density measurement takes into consideration the area of the selected cell. In 

order to calculate the CTCF, the following equation was used:  

 

CTCF= Integrated density- (area of the selected cell x mean fluorescence 
background readings) 
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2.2.2 Microtubule network density 

In order to measure the microtubule network density, a threshold value was 

set according to the control sample, so as the microtubule network could be 

clearly seen, whilst excluding the background noise. Under the analyse 

command in Fiji, the Area fraction was selected. The surface area of the cell 

of interest was manually drawn, and the area fraction that had no signal was 

measured.  

 

2.2.3 Acetylated network analysis 

In order to characterise the interconnectivity of the acetylated network, the 

MiNA (Mitochondrial Network Analysis) plugin (Valente et al., 2017) was 

employed. Originally developed for mitochondrial network analysis, the plugin 

can recognise the staining of the acetylated microtubule antibody as shown in 

Figure 2.1 and generate network descriptive parameters (see Table 2.2 for the 

ones we used for the analysis of the acetylated microtubule network). In an 

automated manner, the plugin manipulates the image generating an enhanced 

contrast image, that is then converted to binary image to generate the 

morphological skeleton. Analysis of the skeleton generates 9 measured 

parameters that can be used to assess the cohesion of the network.  

 

Figure 2.1: MiNA plugin for the analysis of acetylated tubulin.  

Example image of U2OS cells fixed with ice cold MeOH and stained for 
acetylated tubulin. The image was acquired using a 3i spinning disk 
confocal microscope. Scale bar: 42µm. The image has been imported in Fiji 
and the MiNA plugin is used to assess the acetylated tubulin network 
interconnectivity. The intermediate step where a skeleton is produced, 
together with the original image are shown in the figure.  
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Table 2.2: Parameters generated by the MiNA plugin 

Parameter  Description  

Individuals Objects that do not contain a junction pixel. 

They can be individual branches or dots 

Network Objects that contain at least one junction 

pixel; they are thus composed of at least two 

branches 

Mean network size (branches) Mean number of branches per network 

“Mitochondria”/ Microtubule             

footprint 

The area of the image that is occupied by 

signal, after the generation of the binary 

image. The measurement is calibrated for 

the pixel size.  

 

2.3 Molecular Biology 

2.3.1 Reagents and materials 

The RNeasy Mini kit (#74106), gel extraction kit (#28604), PCR purification 

(#28704), Miniprep kit (#27106), HiSpeed Maxiprep kit (#12633) and the 

RNase-free DNase Set (#79254) were purchased from Qiagen. All primers for 

qPCR and cloning were ordered from Eurofins Scientific. All restriction digest 

enzymes, 1Kb DNA ladder (#N3232), 100bp DNA ladder (#N3231) and the 

Quick Ligation kit (#M2200S) were purchased from New England Biolabs. TAE 

buffer was purchased from National Diagnostics. S.O.C. medium (#1554-034), 

DH5α subcloning efficiency cells (#18265-017) and electrophoresis grade 

agarose were obtained from Invitrogen. Taq DNA Polymerase was purchased 

from Bioline. Deoxynucleotide mix (PCR-grade, 100mM, #200415), PfuUltra 

HF DNA Polymerase (#600390) and XL1-Blue supercompetent cells 

(#200236) were obtained from Agilent. PCR nucleotide mix (#C1441) and 

RNasin plus RNAse inhibitor (#N2611) were purchased from Promega.  iTaq 

Universal SYBR Green Supermix was purchased from Bio-Rad. Nuclease free 

water (#W4502) and all other chemicals were obtained from Sigma-Aldrich.  
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2.3.2 mRNA extraction and Reverse transcription 

mRNA extraction from cells was performed using the RNeasy mini kit 

according to manufacturer’s guidelines (RNeasy Mini kit, Qiagen). During the 

procedure, a DNase incubation of 15 minutes was performed to ensure no 

DNA carry over. The quantity of the mRNA was measured using a NanoDrop 

Spectrophotometer ND100 at 260nM. The quality of the mRNA was assessed 

by taking into account the A260/A280 and A260/A230 ratios. 1µg of mRNA 

was then reverse transcribed to cDNA. Firstly, a solution of 11µl containing 

1µg of mRNA with 1µl Oligo DT primer was incubated at 70oC for 5 minutes, 

in order to prime the poly(A) tails of the mRNA. Then, the RNasin and the 

nucleotide mix were added according to the Table 2.3, and the mixture was 

incubated at 37oC for 5 minutes before the addition of 1µl MuLV reverse 

transcriptase. The final mixture was incubated for 1 hour at 42oC, following by 

an incubation at 72oC for 10 minutes. After an incubation on ice for 5 minutes, 

the samples were diluted with H2O up to 100µl. 

 

 Table 2.3: Reverse Transcription reaction buffer.  

per reaction   

5x Reverse Transcription buffer 4µl 

PCR nucleotide mix 2µl 

RNasin 0.5µl 

Nuclease free ddH2O 1.5µl 

 

2.3.3 Quantitative real-time polymerase chain reaction (qRT-PCR) 

The primers used for qPCR are shown in  Table 2.4. They were all firstly tested 

in an end-point PCR to verify that they only generate one amplicon of the right 

size. Briefly, a reaction mixture was prepared for each set of primers (see  

Table 2.5) and 6µl were added in each well of a qPCR plate. 4µl of the cDNA 

prepared as in 2.3.2 were added in each well. QPCR was performed using the 

CFX Connect Real-Time PCR Detection System (Bio-Rad). The incubation 

times were as follows: 95oC for 3 minutes for cDNA denaturation, 40 cycles of 

a two-step amplification protocol (95oC for 10 seconds and 60oC for 30 
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seconds), followed by a 10-minute incubation at 72oC. The melt curve was 

analysed at the end of the 40 cycles. The Ct values were considered for the 

analysis; they were normalised to the house keeping gene (ΔCt), expressed 

as 2-ΔCt and the relative values to the control sample are shown as ΔΔCt. 

 

 Table 2.4: qPCR primers sequence 

Gene Primer No. Sequence 

Actin 1610 F- CACCTTCTACAATGAGCTGCGTGTG 

1611 R- ATAGCACAGCCTGGATAGCAACGTAC 

MYCN 1961 F- CGGAGACACCCGCGCAGAATC 

1962 R- GTTCTTGGGACGCACAGTGATGGTG 

USP31 1986 F- CCCTGAGGACTACATCTATGACCTG 

1987 R- GAGGATGTATGCTGTCTGCGTGCAG 

VASH1 2366 F- GGAGAGAAGGTGGCGCAAC 

2367 R- CGGCTTCCAGGCATTTGATTG 

 

 Table 2.5: qRT-PCR reaction mixture 

per reaction AND per set of primers 

H2O 0.7µl 

SyBrGreen Biorad supermix 5µl 

Forward primer (20µM) 0.15µl 

Reverse primer (20µM) 0.15µl 

 

2.3.4 DNA PCR for cloning and subcloning process 

In this study, I generated a panel of constructs for overexpression of USP31 

that aid to the identification of its localisation and its functional characterisation. 

USP31 ORF (open reading frame) was amplified by PCR from an IMAGE 

clone (pENTR223.1-BC156334.1-USP31) that was purchased from Addgene. 

The primers used for the amplification (1982, 1983- listed in  
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Table 2.12) bear restriction sites on their overhang regions. The reaction used 

for the amplification is shown in Table 2.6 and Table 2.7. The process is shown 

in the diagram of Figure 2.2. The amplified ORF was resolved in an agarose 

gel, and the corresponding band was gel extracted. It was then digested with 

the BamHI and XhoI enzymes, while the pCMV-Tag2B vector backbone was 

digested with the BglII and SalI to generate complementary overhang sites. 

The linearized pieces were purified using the PCR purification kit and were 

ligated using the Quick ligation kit. The generated plasmid was again digested 

with BamHI and XhoI, while the backbone of the pEGFP-c1 vector was 

digested with SalI and XhoI. The pEGFP-c1 vector that was used for the 

generation of all the GFP-tagged constructs allow for N-terminal GFP tagging 

of the protein. In a similar process, the two linearized pieces were ligated to 

generate GFP-USP31. Across the text, GFP-USP31 describes the full length, 

wild type enzyme (which is only labelled as USP_FLWT in cases where 

truncated constructs are apposed). For the generation of the truncated 

constructs, the starting plasmid was usually the pCMV-Tag2B vector. The 

constructs generated are shown in Figure 2.3 and the methodology followed 

for each construct is shown in Table 2.12 and Table 2.13. All constructs where 

fully sequenced at the DNA Sequencing Service (MRC-PPU, Dundee). 

 

2.3.5 Site-directed Mutagenesis (SDM) 

For the constructs made with site-directed mutagenesis (see Table 2.13), 

sense and anti-sense primers were designed that contained the desired 

mutation. The reaction mix prepared as in Table 2.8 was incubated as 

described in Table 2.9. The reaction was then placed on ice to cool down and 

incubated with 1µl of the restriction enzyme DpnI for 1 hour at 37oC. The 

original plasmid made in bacterial cells is methylated, thus recognised by the 

DpnI enzyme and digested into multiple fragments. However, the newly 

synthesized mutant construct is not methylated, thus not recognised by the 

enzyme and remains transformation competent. Once in the bacterial cells, 

the linear amplification product will be repaired into a circular plasmid. For the 

site-directed mutagenesis, XL1-Blue bacteria cells were transformed with the 

product.  
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Table 2.6: Reaction mix for the ORF PCR-up 

per reaction µl 

H2O adjusted 

10x Pfu-buffer 5 

dNTPs (25mM) 0.5 

Primer Forward (10µM) 1 

Primer Reverse (10µM) 1 

DNA template (100ng) adjusted 

HS Ultra-II Pfu fusion 1 

DMSO (10%) 5 

Total 50µl 

 

Table 2.7: PCR thermocycler program for the ORF PCR-up 

No. of cycles Temperature 
(oC) 

Duration 
(min) 

1 97 2 

3 95 1 

55 1 

70 3 

32 95 1 

60 1 

70 3 

1 70 30 

 

Table 2.8: Site-directed mutagenesis reaction mix 

per reaction µl 

H2O adjusted 

10x Pfu-buffer 5 

dNTPs (25mM) 0.5 
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Primer Forward (10µM) 1 

Primer Reverse (10µM) 1 

DNA template (50ng) adjusted 

HS Ultra-II Pfu fusion 1 

DMSO (10%) 5 

Total 50µl 

 

 Table 2.9: PCR thermocycler program for the site-directed 
mutagenesis 

No. of cycles Temperature 
(oC) 

Duration 
(min) 

1 96 2 

18 96 0.5 

55 1 

72 7 

 

2.3.6 Overlapping PCR 

In the events where SDM was unsuccessful, I resorted to overlapping PCR. 

Briefly, primers were designed carrying the mutations that I wanted to 

introduce. Two fragments were amplified; one from the 5’ end to the mutation 

site and a second from the mutation site to the 3’ end. They were then mixed 

in a reaction described in Table 2.10 and left to anneal as described in Table 

2.11. After the end of the program, primers were added to amplify the full length 

of the mutated ORF, in a reaction similar to 0. The amplified sequence was 

then digested with the restriction enzymes that were cutting at the primers’ 

overhang sequence and ligated to the corresponding vectors.  
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Figure 2.2: Overview of the cloning process for the generation of 
the GFP tagged plasmids.  

The ORF of USP31 was amplified from an IMAGE clone, using primers 
targeted to the N- and C-terminal, that beard restriction sites. The amplified, 
linear product was digested and ligated into the pCMV-Tag2B vector, that 
allows for N-terminal flag tagging. From there, USP31 ORF was again 
digested and ligated into the pEFGP-c1 vector that allowed for N-terminal 
GFP tagging.  
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Table 2.10: Overlapping PCR reaction mix. * 100 ng of the larger 
fragment were added, whilst the second fragment was added in an 
equimolar concentration. 

per reaction µl 

H2O adjusted 

10x Pfu-buffer 5 

dNTPs (25mM) 0.5 

1st fragment* adjusted 

2nd fragment* adjusted 

HS Ultra-II Pfu fusion 1 

DMSO (5%) 2.5 

Total 50µl 

 

 Table 2.11: PCR thermocycler program for the overlapping PCR 

No. of cycles Temperature 
(oC) 

Duration 
(min) 

1 96 2 

1 

96 1 

Gradient 

(52-60) 
1 

70 10 

 

2.3.7 Bacterial transformation and glycerol stock 

DH5α Escherichia coli cells were used in the majority of the cases, apart from 

the transformations after site-directed mutagenesis, where XL1-Blue cells 

were used. Briefly, a vial containing ~50µl of cells was thawed on ice, and 2µl 

of the reaction mix (~100ng) was added. The cells were incubated on ice for 

30 minutes, before they were heat-shocked in a waterbath at 42oC for 1 

minute. They were then left on ice for two minutes. 250µl of S.O.C medium 

was added, and the cells were incubated at 37oC for 1 hour while shaking at 

245rpm. They were then plated on LB-agar with the appropriate antibiotic and 

incubated at 37oC overnight.  
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Multiple clones (7-10) were selected and inoculated into 5ml LB 

(supplemented with the appropriate antibiotic) for overnight cultures. The 

plasmid DNA was isolated from those cultures using the Qiagen MiniPrep kit, 

and was firstly tested by restriction digest, and the positive clones were sent 

for sequencing at the DNA Sequencing Service (MRC-PPU, Dundee). For the 

verified constructs, the original bacterial cultures were inoculated in 250ml 

antibiotic- supplemented LB for overnight culture. From that culture, a glycerol 

stock was made as follows; 5ml were centrifuged at 4.000rpm and the bacteria 

were resuspended in 40% glycerol/LB and kept in -80oC. The rest of the culture 

was used to isolate the plasmid DNA that was subsequently used to transfect 

mammalian cells.  

 

2.3.8 Agarose gel electrophoresis 

The DNA plasmids and/or fragments were resolved in agarose gels. Briefly, 

electrophoresis grade agarose was mixed with TAE buffer (100ml) and heated 

in a microwave for 4 minutes, until the agarose was dissolved. The mixture 

was cooled down briefly, and 5 µl of EtBr (final concentration 0.5µg/ml) was 

added to the mix before it was poured in a scaffold and left to set. The samples 

were prepared with 10x sample buffer (5% w/v glycerol, 0.1mM EDTA, 0.04% 

w/v bromophenol blue) before being loaded to the gel. The gels run in a 

horizontal midi electrophoresis tank (Fisher Scientific) in TAE buffer at 120V 

for approximately 1 hour. The intercalated EtBr in the DNA plasmid was 

visualised using an ultraviolet (UV) light source.  

 

2.3.9 Restriction digest  

Restriction digest was used regularly, either for confirming the insertion of a 

fragment during a ligation, or to facilitate the ligation of two pieces of DNA. 

Overall the reaction and incubation conditions were adjusted according to the 

restriction enzyme(s) used, but usually, 500ng of plasmid DNA was used for a 

test digest, while 1µg was used for cloning.   
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Figure 2.3: USP31 mutant and truncated constructs generated 

Schematic representation of the constructs generated for USP31 study. 
USP: ubiquitin specific protease domain, SxIP motif. Red lines indicate the 
corresponding sequence on the protein that the siRNA oligonucleotides 
target on the mRNA. Light green indicates a catalytic inactive protein after 
the substitution of the catalytic cysteine by alanine. Q1, Q2 and Q4 are the 
siRNAs found in Table 2.1. GFP-tagged constructs bear the tag at the N-
terminal. 
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Table 2.12: Primers used for cloning. Lower case bases are 
complementary to the ORF, while the capital letters are the sequence of 
the overhang that bears the restriction sites.  

Gene Primer 
No 

Used for Sequence 

USP31 1982 PCR-up 5’GACAAGTTTGTACAAAAAAGCAGGCTCAGGATCCA
CCatgtccaaggtaacggcgcctg 

1983 PCR-up 5’GACCACTTTGTACAAGAAAGCTGGGTGCTCGAGtc
actgaggtttttgagaaggccgtg 

USP31 

1-765 

2222 PCR-up CACTTTGTACAAGAAAGCTGGGTGCTCGAGTCAccgc

ctctggtagaagaggatgtatg 

USP31 

1-780 

2223 PCR-up CACTTTGTACAAGAAAGCTGGGTGCTCGAGTCAgga

gcctgccaccgagctgttggctg 

USP31 

1-912 

2224 PCR-up CACTTTGTACAAGAAAGCTGGGTGCTCGAGTCAaaa
gcaagagatggagaccttgtcat 

USP31

CA 
2218 

 
SDM CAACCACGGCAACACGgcaTTCATGAACGCCACGC 

USP31

CA 

2219 SDM GCGTGGCGTTCATGAAtgcCGTGTTGCCGTGGTTG 

USP31

SxAA 

2250 SDM ccagaggcggacagccGCTGCTAGCtggtcagccaacagctc 

 

USP31

SxAA 

2251 SDM gagctgttggctgaccaGCTAGCAGCggctgtccgcctctgg 

USP31 

Δ1-764 

2266 PCR-up GACAAGTTTGTACAAAAAAGCAGGCTCAGGATCCAC

Ccggacagccatcccgtcatggt 

USP31 

Δ1-779 

2267 PCR-up GACAAGTTTGTACAAAAAAGCAGGCTCAGGATCCAC

Ctccacaagttcttccctgtgtg 

USP31

Q1R 

2231 Overlap 

PCR  

 

gcctttgagactCCGGAGATTTTCAGGCCTGAAgg 

USP31

Q1R 

2232 Overlap 

PCR 

ccTTCAGGCCTGAAAATCTCCGGagtctcaaaggc 

USP31
Q2R 

2220 Overlap 
PCR 

ggcttttggaCCGCGTGCACGAGGACCTCAAccattcagtg 

USP31
Q2R 

2221 Overlap 
PCR 

cactgaatggTTGAGGTCCTCGTGCACGCGGtccaaaagcc 

USP31
Q4R 

2233 Overlap 
PCR 

gcctcagcaaCACCGAACTGTTCGCGGAATAcctggcgctgg 

USP31
Q4R 

2234 Overlap 
PCR 

ccagcgccaggTATTCCGCGAACAGTTCGGTGttgctgaggc 
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 Table 2.13: Methodology of the generation of the USP31 
overexpression mutant and truncated constructs. 

Plasmid Primer No Methodology used 
pCMV-Tag2B-USP31 1982 PCR-up 

1983 

pEGFP-c1-USP31 - Subcloning 

- 

pEGFP-USP31_1-912 1982 PCR-up/ Subcloning 

2224 

pEGFP-USP31_1-780 1982 PCR-up/ Subcloning 

2223 

pEGFP-USP31_1-765 1982 PCR-up/ Subcloning 

2222 

pEGFP-USP31_Δ1-764 2266 PCR-up/ Subcloning 

1983 

pEGFP-USP31_Δ1-779 2267 PCR-up/ Subcloning 

1983 

pEGFP-USP31CA 2218 SDM 

2219 

pEGFP-USP31_SxAA 2250 SDM 

2251 

pEGFP-USP31Q1R 2231 Overlapping PCR 

2232 

pEGFP-USP31Q2R 2220 Overlapping PCR 

2221 

pEGFP-USP31Q4R 2233 Overlapping PCR 

2234 

 
2.3.10 Generation of CRISPR constructs 

For the delivery of the CRISPR components, we chose the pSpCas9(BB)-2A-

GFP (px458) plasmid (Ran et al., 2013), which was purchased from Addgene. 

The gRNA sequences were designed using the DESKGEN online design tool, 

and two sequences predicted to have no off-target effects were selected. 

Firstly, the gRNA sequences were phosphorylated and annealed in the 

reaction shown in Table 2.14. The reaction took place in a thermocycle, where 

the samples were firstly incubated for 30 minutes at 37oC followed by a 5-
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minute incubation at 95oC, from whence the temperature was then ramped 

down to 25oC in a rate of 5oC/min. In the next step, the pX458 plasmid was 

digested with BbsI, and the linearized plasmid was extracted from an agarose 

gel. 50 ng of the digested vector were ligated with 1µl of the oligo duplex, using 

the Quick Ligase enzyme and 2µl of the mixture was then added to bacteria 

cells as described in 2.3.7. 

Table 2.14: Phosphorylation and annealing of the gRNA oligos 
reaction 

per gRNA µl 

H2O 6.5 

10X PNK buffer 1 

Oligo Forward (100µM) 1 

Oligo Reverse (100µM) 1 

T4PNK (NEB) 0.5 

Total 10µl 

 

2.4 Biochemistry 
2.4.1 Materials and Reagents 

2-mercaptoethanol (#M6250), Bovine IgG (Immunoglobulin G), Ponceau S 

(#P7170) and mammalian protease inhibitor (#P8340) were obtained from 

Sigma-Aldrich (Poole, UK). Marvel skimmed milk powder was from Premier 

Brands, UK. BCA protein assay kit (#23225) was obtained from Pierce 

Biotechnology (Rockford, IL, USA). Amersham Protran 0.45µm nitrocellulose 

membrane (#10600002) was purchased from GE healthcare. Prestained 

broad range molecular weight marker (#P7708S) and unstained broad range 

molecular weight marker (#P7702S) were from New England Biolabs (NEB; 

Hitchin, UK). NuPAGE Bis-Tris 4-12% gels (10 well 1mm: #NP0321BOX, 10 

well 1.5mm: #NP0303BOX, 20 well 1mm: #W61402A), NuPAGE 3-8% Tris-

Acetate gels (10 well 1mm: EA0375), Tris- Acetate SDS running buffer 

(#LA0041), MOPS (#NP0001-02) and NuPAGE MES (#NP0002-02) buffers, 

as well as DAPI (4',6-Diamidino-2-Phenylindole, Dihydrochloride) (#D1306) 

were from Invitrogen (Paisley, UK). Mowiol 4-88 (#475904) was purchased 
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from Merck Millipore (Darmstadt, Germany). PhosSTOP (Phosphatase 

Inhibitor Cocktail tablets; 4906845001) were purchased from Roche. 

 

2.4.2 Cell lysis  

For cell lysis, cells were placed on a metal plate on ice, and they were washed 

twice with 4°C PBS and incubated with RIPA lysis buffer (10mM Tris-HCL pH 

7.5, 150mM NaCl, 1% Triton-X100, 0.1% SDS, 1% sodium deoxycholate) on 

a rocker for 10 minutes. RIPA buffer was always supplemented with 

Phosphatase inhibitors (Roche; 1 tablet/10ml) and mammalian protease 

inhibitors (1:250). The lysates were then collected and centrifuged at 14.000 

rpm at 4oC for 10 minutes. For hot lysis experiments, cells were first washed 

twice with room temperature PBS, before “hot lysis buffer” (2% SDS, 50mM 

NaF, 1mM EDTA) preheated at 110oC was added to the wells. The lysates 

were scraped with a rubber policeman on a 110oC heat block, and the collected 

lysates were boiled at 110oC for 10 mins, whilst being vortexed rigorously 

every two minutes. For the optimisation of the Immunoprecipitation conditions 

(see Appendix 8) the following buffers were used: NP-40 buffer (0.5% NP-40, 

25mM Tris-HCl pH 7.5, 100mM NaCl), TNT-E buffer (10mM tris-HCl pH 7.5, 

150mM NaCl, 0.3% Triton X-100, 5mM EDTA), Rosebusch Tenside buffer 

(12.5 mM Hepes pH 7.4, 1mM DTT, 0.5mM EGTA, 100mM KOAc, 1mM MgCl2, 

1% n-octylpolyoxyethylene). All of them were supplemented with Mammalian 

Protease Inhibitors in a concentration 1:250. The lysis procedure for the 

preparation of the samples for mass spec analysis is described in section 

2.5.3. 

 

2.4.3 Protein assay and sample preparation 

The protein concentration was determined in the lysates using the BCA protein 

assay kit. Briefly, a standard curve was made using bovine IgG (1mg/ml) in the 

concentrations shown in Table 2.15, and usually 5µl of the sample/well were 

used. The assay was prepared in 96-well plates and the standard curve 

concentration was calculated from duplicate wells, while triplicates were 

prepared for the sample measurements. After preparation, the plate was 

incubated at 37oC for 30 minutes, and the plate was then read at OD562, using 
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a plate reader (Thermo Labsystems, Multiskan spectrum). The samples were 

then adjusted to the same concentration using lysis buffer, mixed with 5x 

sample buffer (312.5mM Tris-HCl, pH6.8, 15% w/v SDS, 50% w/v glycerol, 

16% w/w 2-Mercaptoethanol, 0.05% w/v Bromophenol Blue) and were boiled 

at 98oC for 5 minutes. The “hot lysis” samples were mixed with 10x “Hot Lysis 

Sample Buffer” (1M DTT, 1% Bromophenol Blue). 

 

Table 2.15: BCA protein assay. BCA reagent was prepared by mixing 
the BCA Reagent A and the BCA reagent B in a 50:1 ratio. 

(µl) H2O  IgG  Lysis Buffer Lysate BCA reagent 
 

 

Standard 

curve 

10 0 5 - 200 

8 2 5 - 200 

6 4 5 - 200 

4 6 5 - 200 

2 8 5 - 200 

0 10 5 - 200 

Sample 10 - - 5 200 

 

2.4.4 Sodium dodecyl sulphate polyacrylamide electrophoresis (SDS-
PAGE) 

Equal amounts of protein lysates were resolved in 4-12% Bis-tris or 3-8% Tris-

Acetate (stated in the figure legends) precast NuPAGE gels, using the 

NuPAGE running system (Invitrogen, Paisley, UK). Depending on the size of 

the protein of interest the appropriate running buffer was selected. MOPS 

buffer was used for proteins ranging between 30-200kDa, while MES running 

buffer was used when small proteins (<30kDa) wanted to be resolved. 3-8% 

gels were used when looking for large proteins (>250kDa) and those gels were 

run in Tris-Acetate running buffer. In general, gels run at 170V for 50-60 

minutes.  

 

2.4.5 Western Blotting 

Western blotting was performed by transferring the resolved proteins from the 

gel to the nitrocellulose membrane in transfer buffer (for 1 L: 3.03g Tris-HCL, 
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14.4g glycine, 200mll MeOH and 800ml H2O), at constant current 0.9A, 24V, 

for 1 hour at room temperature in most conditions, or 2 hours on ice when 

interested in larger proteins. The membranes were then stained with Poncaeu 

reagent, to check for equal loading and transfer. The Poncaeu staining was 

washed off in TBS-T (prepared from a 20x TBS stock solution- 24.2g Tris 

(0.2M), 175.2g NaCl (3M) and added 0,1% w/v Tween-20), and the 

membranes were blocked for 1 hour at room temperature in 5% Milk/ TBS-T. 

The primary antibody was then added and incubated in conditions described 

in Table 2.16. After the incubation of the primary, the membrane was washed 

3 x 5 minutes with TBS-T, and the secondary antibody was added, according 

to the Table 2.17. The membranes were then washed again 3 x 5 minutes 

following by a 5-minute wash at TBS. The membranes were then scanned 

using the Odyssey CLx (LICOR) scanner which runs the Image Studio 

Software. The scanner uses a laser-based imaging system, that allows for 

effective excitation of the near-infrared fluorescent dyes that are conjugated 

with the secondary antibodies (see Table 2.17). The AutoScan option was 

selected when acquiring the image, that allows for the use of the full dynamic 

range that is available with the instrument. Routinely, the intensity of the bands 

was measured using the Image Studio Software, and quantitative data were 

normalised to the loading control before being normalised to the 

internal/experimental control condition. 

Table 2.16: Primary antibodies used for Western Blotting. o/n- 
overnight, RT- room temperature, r- rabbit, m- mouse, sh- sheep, g-goat 

Target Species Source/Catalogue No. Incubation conditions 
α-Tubulin M Sigma (T5168) 1:10.000, 1h, RT 

β-tubulin R Abcam (ab6046) 1:1000, 1h, RT 

γ tubulin R Abcam (ab11317) 1:1000, 1h, RT 

γ tubulin M Sigma (T5326) 1:1000, 1h, RT 

ACBD5 R Sigma (HPA012145) 1:1000, o/n, 4oC 

acetylated 
tubulin 

M Sigma (T6793) 1:1000, 1h, RT 

Actin M Abcam (ab6276) 1:10000, 1h, RT 

Actin R Sigma (A2266) 1:10000, 1h, RT 

ARHGAP18 R Proteintech (16745-1-AP) 1:1000, o/n, 4oC 
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ATG7 R Cell Signalling (2631) 1:1000, o/n, 4oC 

CNTRL M Santa Cruz (sc-365521) 1:1000, o/n, 4oC 

Cyclin A2 R Abcam (ab32386) 1:1000, o/n, 4oC 

Cyclin B1 M Abcam (05-373) 1:1000, o/n, 4oC 

Cyclin D1 M Santa Cruz (sc-8396) 1:1000, o/n, 4oC 

DAAM2 R Proteintech (25206-1-AP) 1:1000, o/n, 4oC 

DOCK4 R Proteintech (21861-1-AP) 1:1000, o/n, 4oC 

DOCK4 M Santa Cruz (sc-100718) 1:1000, o/n, 4oC 

EB1 M BD Transduction(610535) 1:1000, o/n, 4oC 

EGFR  R Cell Signalling (4267) 1:1000, o/n, 4oC 

EGR1 R Abcam (ab133695) 1:1000, o/n, 4oC 

GAPDH R Cell signalling (2118S) 1:1000, o/n, 4oC 

GFP Sh Kind gift of Ian Prior 1:5000, 1h, RT 

Gli2 G Santa Cruz (sc-20290) 1:100, o/n, 4oC 

ITGB3 R Cell Signaling (13166S) 1:1000, o/n, 4oC 

KIF18B R Bethyl (A303-982A-T) 1:1000, o/n, 4oC 

KIF5B R Bethyl (A304-306A-T) 1:1000, o/n, 4oC 

MISP R Proteintech (26338-1-AP) 1:1000, o/n, 4oC 

MISP C-118 M Kind gift of Prof Krämer 1:2, o/n, 4oC 

NF2 R Abcam (ab109244) 1:1000, o/n, 4oC 

N-MYC R Cell Signalling (9405S) 1:1000, o/n, 4oC 

Rb R Cell Signalling (9308) 1:1000, o/n, 4oC 

SEPT10 M Santa Cruz (sc-365775) 1:1000, o/n, 4oC 

SHPRH R Kind gift of M. Cimprich 1:1000, o/n, 4oC 

SHROOM1 R Proteintech (18218-1-AP) 1:1000, o/n, 4oC 

SVBP R Novus Bio (NBP1-81071) 1:500, o/n, 4oC 

TPPP R Proteintech (25040-1-AP) 1:1000, o/n, 4oC 

TPPP R Novus Bio (NBP1-9164) 1:500, o/n, 4oC 

TPPP M Santa Cruz (sc-515819) 1:1000, o/n, 4oC 

TTL R Proteintech (13618-1-AP) 1:1000, o/n, 4oC 

Tubulin- 
tyrosinated 

M Sigma (T9028-100UL) 1:1000, 1h, RT 

Tubulin-
detyrosinated 

R Abcam (ab48389) 1:1000, 1h, RT 

Tubulin-Δ2 R Novus bio (NB100-57397) 1:1000, o/n, 4oC 
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UHRF1 M Santa Cruz (sc-373750) 1:1000, o/n, 4oC 

USP31 M Abcam (ab57451) 1:1000, o/n, 4oC 

USP31 M Santa Cruz (sc-100634) 1:200, o/n, 4oC 

USP31 M Abnova(H00057478-M01) 1:200, o/n, 4oC 

Vasohibin-1 M Santa Cruz (sc-365541) 1:1000, o/n, 4oC 

Vasohibin-2 R Abgent (AP13956b-ev) 1:1000, o/n, 4oC 

Wee1 R Cell signaling (4936S) 1:1000, o/n, 4oC 

YOD1 G Santa Cruz (sc-79663) 1:1000, o/n, 4oC 

 

Table 2.17: Secondary antibodies used for Western Blotting. 

Secondary Antibody Source/Catalogue No. Incubation conditions 

Donkey anti-mouse IRDye 
800CW 

LICOR (926-32212) 1:10.000, 1h, RT 

Donkey anti-mouse IRDye 
680CW 

LICOR (926-32222) 1:10.000, 1h, RT 

Donkey anti-rabbit IRDye 
800CW 

LICOR (926-32213) 1:10.000, 1h, RT 

Donkey anti-rabbit IRDye 
680CW 

LICOR (926-32223) 1:10.000, 1h, RT 

Donkey anti-sheep IRDye 
800CW 

LICOR (926-32214) 1:10.000, 1h, RT 

Donkey anti-sheep IRDye 
680CW 

LICOR (926-32224) 1:10.000, 1h, RT 

 

2.4.6 Immunofluorescence 

The specific fixation method was chosen based on antibody manufacturer 

guidelines and cellular target. The fixation method is stated in the figure 

legends and accompanies the antibody information in Table 2.18. The two 

general procedures are as follows: 

 

Cells seeded on coverslips were washed quickly and gently twice with room 

temperature PBS.  

• Fixation 
 

MeOH fixation: cells were fixed with 1ml ice cold methanol for 5 mins at -20oC.  
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PFA fixation: the cells were incubated with 4% PFA/PBS for 15 mins at room 

temperature. PFA was quenched with 2mls 50mM NH4Cl for 10mins, 

coverslips were washed twice with PBS and cells were then permeabilised 

with 0.2% Triton X-100 for 5 minutes.  

 

• Staining 
 

Unless otherwise stated, the cells were blocked in 10% goat serum/PBS for 

30 mins. They were then incubated with the primary antibody in 5% goat 

serum/PBS for 1h at room temperature in a wet chamber. Two washes of 4 

minutes with room temperature PBS followed. The secondary antibody was 

added in 5% goat serum/PBS for 20mins, and the coverslips were washed 

again twice for 4 minutes in PBS. The coverslips were dipped in Millipore H2O, 

and mounted on glass slides using Mowiol (0.2M Tris-HCl pH8.5, 6g analytical 

grade glycerol, 2.4g Mowiol 4-88 in 18ml final volume), with DAPI (1:5000) or 

without. The coverslips were left to dry overnight under a fan and stored at 

4oC. 

 

Images were acquired as stated in figure legends, either with a NIKON Eclipse 

Ti-E microscope (CFI Plan Apo VC 60x oil N2 N.A. 1x4, W.D. 0.13mm or CFI 

Plan Apo 40x, N.A. 0.95, W.D. 0.14mm objective lens) and a digital camera 

(CoolSNAP EZ Turbo 1394, Photometrics) or a Marianas spinning disk 

confocal microscope (3i, Intelligent Imaging Innovations, Germany) with either 

a Plan-Apochromat 40x/1.3NA Oil Objective M27 or a Plan-Apochromat 

63x/1.4NA Oil Objective M27 and a FLASH4 sCMOS (Hamamatsu) camera. 

The lasers used on the 3i microscope were the 405-nm, 488-nm or the 561-

nm lasers. 

 

2.4.7 GTP-tubulin staining protocol 

The immunofluorescence was performed using the protocol established by 

Dimitrov, et. al. (2008). All the procedure took place in a warm wet chamber. 

The cells were transfected with siRNA as described in 2.1.6. On the day of the 

fixation, the medium was replaced with warm PEM buffer (80mM Pipes, 2mM 
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EGTA, 1mM MgCl2 pH 6.9) supplemented with 10% Glycerol and 0.08% Triton 

X-100, for 3 minutes at 37oC. The coverslips were then washed twice with 

warm PEM/ 10% glycerol at 37oC for 2 minutes each. They were then 

incubated with the primary antibody in PEM/ 10%glycerol/ 1% BSA at 37oC for 

15 minutes. The slides were washed again twice with warm PEM/ 10% glycerol 

at 37oC for 2 minutes each, and they were then incubated with the secondary 

antibody in PEM/ 10%glycerol/ 1% BSA at 37oC for 10 minutes. They were 

subsequently washed three times with warm PEM/ 10% glycerol at 37oC for 2 

minutes each, prior to ice-cold MeOH fixation and mounting with Mowiol. 

 

Table 2.18: Primary antibodies used for Immunofluorescence. RT- 
room temperature, r- rabbit, m- mouse, sh- sheep, g-goat, hu-human 

Target Species Source/Catalogue No. Fixation/Dilution 
acetylated 
Tubulin 

M Sigma (T6793) MeOH/ 1:1000 

Actin (F) - Invitrogen (A12381) PFA/ 1:200 

α-Tubulin M Sigma (T6199)- DM1a MeOH/ 1:1000 

Arl13b M NeuroMab (75-287) MeOH/ 1:200 

β-tubulin R Abcam (ab6046) MeOH/ 1:1000 

Calreticulin R ABR (PA3-900) PFA (warm)/ 1:250 

CENP-A M Abcam (Ab13939) MeOH/ 1:500 

CLIP170 R Kind gift from F.Perez MeOH/ 1:500 
GTP-tubulin Hu Kind gift from F.Perez See 2.4.7/ 1:400 
EB1 M BD Transduction (610535) MeOH/ 1:1000 

EEA-1 R Ian Mills (243/3) PFA/ 1:1000 

γ-tubulin R Abcam (ab11317) MeOH/ 1:250 

γ-tubulin M Sigma (T5326) MeOH/ 1:500 

GM130 M BD (610822) PFA/ 1:1000 

KIF5B R Bethyl (A304-306A-T) PFA/ 1:500 

LAMP-1 M DSHB Iowa (1D4B) PFA/ 1:50 

Pericentrin R Abcam (ab4448) MeOH/ 1:1000 

TOM20 R Sigma (HPA011562) PFA/ 1:1000 
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TTL R Proteintech (13618-1-AP) PFA/ 1:100 

Tubulin- 
tyrosinated 

M Sigma (T9028-100UL) MeOH/ 1:800 

Tubulin-
detyrosinated 

R Abcam (ab48389) MeOH/ 1:200 

Tubulin-Δ2 R Novus bio (NB100-57397) MeOH/ 1:200 

USP31 M Abcam (ab57451) MeOH/ 1:200 

USP31 M Santa Cruz (sc-100634) MeOH/ 1:100 

USP31 M Abnova(H00057478-M01) MeOH/ 1:100 

 

Table 2.19: Secondary antibodies used for Immunofluorescences 

Secondary Antibody Source/Catalogue No. Incubation conditions 
Donkey anti-mouse AF350 Invitrogen (A10035) 1:1000 

Donkey anti-rabbit AF350 Invitrogen (A10039) 1:1000 

Donkey anti-sheep AF488 Invitrogen (A11015) 1:1000 

Donkey anti-sheep AF594 Invitrogen (A11016) 1:1000 

Donkey anti-rabbit AF488 Invitrogen (A21206) 1:1000 

Donkey anti-rabbit AF594 Invitrogen (A21207) 1:1000 

Donkey anti-mouse AF488 Invitrogen (A21202) 1:1000 

Donkey anti-mouse AF594 Invitrogen (A21203) 1:1000 

Cy3 AffiniPure Donkey 
anti-Human IgG (H+L) 

Jackson ImmunoResearch  

(709-165-149) 

1:100 

 

2.4.8 Flow cytometry for cell cycle analysis 

Propidium iodine staining was used to determine the DNA content for cell cycle 

analysis. Briefly, the supernatant was collected, and the cells were trypsinised 

and resuspended in the supernatant. They were then centrifuged for 5 minutes 

at 200g, the supernatant was discarded, and the pellet was resuspended in 1 

ml PBS. The resuspended cells were added dropwise in 3ml of ice-cold 100% 

EtOH for fixation, while vortexing at the lowest speed. The fixed cells were 

then centrifuged for 10 minutes at 4oC at 1000g and the pellet was 

resuspended in 1 ml PBS. The samples were centrifuged for 10 minutes at 4oC 

at 1000g, and the pellet was resuspended in 400µl PI staining solution (1:20 
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PI, 1:100 RNase in PBS). They were then incubated at 37oC for 30 minutes in 

the dark and were kept at 4oC until being analysed.  

 

2.4.9 Statistical Analysis 

All statistical analysis was done using Prism 6 (Graphpad). Different statistical 

tests have been employed in this work for the analysis of acquired 

measurements. When the statistical significance of the means of two populations 

was analysed, a paired t-test was used. To test whether observed differences 

among multiple conditions (three or more) were significant, a One-way ANOVA 

analysis was performed. Comparisons of multiple conditions across multiple 

groups were performed using Two-way ANOVA.  

 

2.5 Mass spectrometry 

The initial preparation of the samples was performed here, and frozen, mixed 

cell lysates were sent for analysis at the Newcastle proteomics facility in the 

laboratory of Professor Matthias Trost (see section 2.5.4).  

 

2.5.1 Materials and Reagents 

Dialysed Fetal Bovine Serum (FB-1001D/500) was purchased from BioSera. 

LoBind Eppendorf tubes (#022431081) were purchased from Eppendorf 

(Hamburg, Germany). All amino acids were purchased from Sigma- Aldrich. 

Pierce 660nM Protein Assay reagent (#1861426) was purchased from Thermo 

Scientific.  

 

2.5.2 Stable Isotope Labelling by Amino Acids in cell culture (SILAC) 

U2OS cells were cultured in DMEM supplemented with 10% dialysed, heat-

inactivated FBS. The medium was supplemented with differentially labelled 

amino acids (Ong et al., 2002), to generate the following conditions: Light (L-

lysine, Lys0; L-arginine, Arg0), Medium (L-lysine-2H4, Lys4; L-arginine-13C6, 

Arg6), Heavy (L-lysine-2H6-15N2, Lys8; L-arginine-13C6-15N4, Arg10). All L-

lysines were added at a final concentration of 146 mg/L, L- Arginines were 

added at a final concentration of 84 mg/L, whilst all conditions were 
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supplemented with 200 mg/L L-proline, in order to prevent the conversion of 

arginine to proline. The cells were grown for at least 6 passages in SILAC 

medium, prior to testing for the amino acid incorporation. After the test, the 

cells were used for the actual experiment.  

 

2.5.3 Cell lysis and sample preparation 

Cells were seeded in 10cm dishes and transfected with siRNA as described in 

2.1.6, for 72 hours. They were then placed on a metal plate on ice and washed 

twice with cold PBS. They were then scraped in PBS using a rubber 

policeman, collected in falcon tubes, centrifuged at 200g for 5 mins, and 

resuspended in 200µl of the Urea lysis buffer (8M Urea, 1mM TCEP, 50mM 

Tris-HCl pH=8). 1µl Benzonase was added to each sample, and the samples 

were sonicated (5 times x 5 sec with 5 sec intervals) to break down the nucleic 

acids. Since TCEP is not compatible with the BCA protein assay kit, the Pierce 

660nM kit was used for the protein amount determination. The samples were 

then brought to the same concentration using the lysis buffer, and equimolar 

concentrations were mixed in a 1:1:1 fashion, snap- freezed in liquid Nitrogen 

and shipped to Newcastle. 

 

2.5.4 Newcastle facility protocols and procedures 
 

Peptide Fractionation 
Peptides were fractionated on an hSAX column (2 mm internal diameter, 250 

mm length, Dionex IonPac™ AS24 RFIC™, Thermo Scientific™) on a 

Dionex™ Ultimate™ 3000 Off-line LC system. All solvents used were HPLC 

grade (Rathburn™). Peptides were loaded on column for 1 minute at 250 

μl/min using 100% Buffer A (20 mM Tris pH=8 in Water) and fractionated for 

29 minutes on a multi-step gradient from 0 to 80% Buffer B (20 mM Tris, 1M 

NaCl). The column was then washed with 100% Buffer B for 5 minutes and 

equilibrated for 7 minutes with 100% Buffer A for the next injection. Peptide 

elution was monitored by UV detection at 214, 254 and 280 nm. Fractions were 

collected every 3.5 min from 0.1 min to 42.1 min for a total of 12 fractions. 
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LC/MS Injection 
Peptides were analysed by nanoflow-LC-MS/MS using a Q Exactive™ HF 

Hybrid Quadrupole-Orbitrap™ Mass Spectrometer (Thermo Scientific™) 

coupled to a Dionex™ Ultimate™ 3000. Samples were injected on a 100 μm 

ID × 20 mm trap (Acclaim™ PepMap™ 100 C18 LC, #164564) and separated 

on a 75 μm × 50 cm nano LC column (EASY-Spray™ LC Columns #ES803)). 

All solvents used were HPLC or LC-MS Grade (Millipore™). Peptides were 

loaded for 5 minutes at 10 μL/min using 0.1% TFA, 2% Acetonitrile in Water. 

The column was conditioned using 100% Buffer A (0.1% FA, 3% DMSO in 

Water) and the separation was performed on a linear gradient from 0 to 35% 

Buffer B (0.1% FA, 3% DMSO, 20% Water in Acetonitrile), over 160 minutes 

at 300 nL/min. The column was then washed with 90% Buffer B for 5 minutes 

and equilibrated 10 minutes with 100% Buffer A in preparation for the next 

analysis. Full MS scans were acquired from m/z 400 to m/z 1500 at resolution 

120000 at m/z 200, with a target AGC of 3E6 and a maximum injection time of 

50 ms. MS/MS scans were acquired in HCD mode with a normalized collision 

energy of 25 and resolution 15000 using a Top 20 method, with a target AGC 

of 2E5 and a maximum injection time of 50 ms. The MS/MS triggering 

threshold was set at 5E3 and the dynamic exclusion of previously acquired 

precursor was enabled for 45 s. Processing of the generated data and 

statistical analysis is described in section 6.4.
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Chapter 3: Identification of USP31 and initial 
characterisation 
3.1 Introduction 

N-MYC is a transcription factor with a very short half-life, that is reversibly 

ubiquitylated and degraded through the proteasome (Ciechanover et al., 

1991). Being small and largely unstructured, N-MYC has proven a difficult 

protein to develop targeted drugs against, thus an approach that would change 

its stability and promote its degradation could be beneficial. Even though N-

MYC was known for decades to be ubiquitylated and degraded through the 

proteasome, the deubiquitylase that removed ubiquitin from N-MYC was not 

known at the beginning of this project. In order to identify the DUB enzyme 

responsible for the rescue of N-MYC protein levels, I performed a siRNA 

screen across 94 DUB enzymes. From this screen, USP31 emerged as a 

candidate DUB enzyme that could play a role in the control of N-MYC levels. 

In this chapter, I present an overview of the preliminary data that lead to the 

selection of USP31, and an initial characterisation of the enzyme.  

 

3.2 Preliminary data 

3.2.1 DUB siRNA screen to identify regulators of N-MYC protein levels 

In order to identify the DUB enzyme that regulates N-MYC levels by removing 

the ubiquitin moieties attached to it, I performed a siRNA screen across the 

whole family of DUBs. The library of siRNAs consisted of pools of 4 individual 

oligonucleotides against each of the 94 DUB enzymes. After optimisation of 

the cell line and the transfection conditions, I chose to work with the 

neuroblastoma cell line SK-N-BE2(c), as they have MYCN amplification and 

they are dependent upon N-MYC overexpression. Using a Cycloheximide 

chase, I calculated N-MYC half-life in this cell line to be approximately 18 mins. 

The knockdown was performed as described in section 2.1.6, and the lysates 

were resolved in 4-12% Bis-Tris gels and probed for N-MYC. The amount of 

N-MYC was measured using the Image Studio software that accompanies the 

Odyssey instrument and the signal was normalised to actin (loading control) 
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and the non-targeting control 1 (NT1). The relative amount of N-MYC is shown 

in Figure 3.1.A, and the top hits are indicated on the graph. The data acquired 

from the siRNA screen were collected during my Master’s degree, thus a full 

summary of the result is only included in this work. 

 

Figure 3.1: Identification of USP31 as a possible DUB that 
regulates N-MYC. 

A. Relative amount of N-MYC in the knockdown samples across 94 DUB 
enzymes. The three proteins that caused the greatest increase and three 
out of the four proteins that caused the greater decrease are highlighted in 
red/blue for follow up. B. The heatmap depicts the results of the relative N-
MYC protein amount upon deconvolution. The cells were transfected with 
10nM of the individual oligonucleotides that comprised the original pool, 
4x10nM of the pool of them or control siRNA for 48h and then lysed in RIPA 
buffer. C. N-MYC is reduced upon USP31 knockdown. The blot is 
representative of 3 repeats. D. The correlation between N-MYC and USP31 
levels upon USP31 depletion. The three individual repeats are colour-
coded. E. USP31 knockdown does not change the protein stability of N-
MYC. A Cycloheximide (CHX) chase was performed in cells that were 
transfected for 48h with control siRNA or against USP31. After the 48h, the 
cells were treated with 100µg/ml CHX for the indicated time-points and then 
lysed in RIPA buffer. The reduction of N-MYC in control or upon USP31 
knockdown is shown in the graph. 
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3.2.2 Deconvolution of the top targets 

As each DUB enzyme was targeted with a pool of 4 individual oligonucleotides, 

the next step was to deconvolute the most interesting targets, in order to check 

the reproducibility with the individual oligonucleotides and exclude any off-

target effects. I chose to follow up 6 targets (3 enzymes whose reduction was 

causing an increase in N-MYC protein levels, namely USP11, USP6 and 

USP16 and 3 enzymes that caused a decrease in N-MYC protein levels- 

CYLD, USP7 and USP31). Note that PSMD14 is a core component of the 

proteasome (see section 1.2.11), thus the reduction of N-MYC levels due to 

its depletion reflects a general disturbance of the system. The relative amount 

of N-MYC upon depletion of the 6 DUB enzymes is depicted in Figure 3.1.B as 

a heatmap. From the enzymes selected, USP31 depletion was correlating the 

most with N-MYC protein levels, so I decided to prioritise this poorly 

characterised DUB (Figure 3.1.C and Figure 3.1.D).  

 

3.2.3 USP31 depletion does not decrease the protein stability 

I then wanted to test whether the depletion of USP31 affected the turnover rate 

of N-MYC. In order to do so, I depleted USP31 prior to a Cycloheximide (CHX) 

chase and monitored the levels of N-MYC. Cycloheximide is a protein 

synthesis inhibitor, which binds to the 60S ribosome, and blocks the final 

translocation step of translational elongation (Schneider-Poetsch et al., 2010). 

By blocking the translation of the mRNA, it is possible to check the turnover 

rate of a given protein. Depletion of USP31 causes a reduction of N-MYC 

protein levels, thus at the beginning of the chase, the two samples do not 

contain the same starting material. Thus, sample loading was adjusted to 

normalise for this discrepancy, by first assessing the fold difference between 

the samples at the beginning of the chase. Loading three times more lysates 

for the knockdown as for the control, I was able to show that the N-MYC pool 

left after the depletion of USP31 has equivalent turnover kinetics to the control 

sample (Figure 3.1.E). Thus, USP31 does not exert any control on N-MYC on 

the protein level. 
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3.3 USP31 depletion reduces N-MYC mRNA levels 

Since we showed that USP31 depletion does not change the turnover rate of 

N-MYC protein in SK-N-BE2(c) cells, we then checked the mRNA levels by 

RT-QPCR. As shown in Figure 3.2, as shortly as 24h upon depletion of USP31, 

N-MYC mRNA levels are reduced by approximately 20%, and further reduced 

to 50% at 48h. The above results collectively indicate that USP31 does not 

affect the protein stability of N-MYC, but rather affects N-MYC on the mRNA 

level. This result reflects either changes in the transcription, the translation or 

the stability of N-MYC mRNA. 

 

 

Figure 3.2: USP31 knockdown induces the reduction of MYCN 
mRNA. 

SK-N-BE2(c) cells were transfected with control siRNA or a pool of four 
oligonucleotides against USP31, and mRNA was extracted at the indicated 
time points. mRNA was then reverse transcribed, and qPCR was performed 
on the cDNA with MYCN specific primers, while actin was used as a 
housekeeping gene. Error bars: mean ± SD, Two-way ANOVA, n=3, **p 
≤0.01, **** p ≤0.0001. 

 

3.4 Characterisation of USP31 expression 

3.4.1 USP31 gene and protein illustration 

USP31 is a cysteine protease that belongs to the USP subfamily of DUB 

enzymes (see Figure 1.9). Figure 3.3.A shows the correspondence between 

the mRNA and the protein. The gene localises on chromosome 16p12.2 and 

is composed of 16 exons. Note that no 5’- UTR is annotated in the relevant 

websites (i.e. PubMed gene, Ensembl, UniProt). USP31 is a relatively large 

protein, incorporating 1352 amino acids. It is comprised of a USP domain that 

has an insertion of a Ubl domain, an SxIP motif immediately after the catalytic 



 109 

domain, a Proline rich region in the N-terminal and a Serine rich, largely 

unstructured C-terminal. The protein is conserved across multiple species, as 

can be seen in Figure 3.4,  which shows an alignment of the human USP31 

with the mouse, rat, horse, bat and fukomys. The N-terminal differs across 

those species, but the conservation across the catalytic domain and the 

unstructured C-terminal is remarkable. USP31 is not conserved in yeast, 

Zebrafish or C. elegans, while a protein with similarity to both USP31 and 

USP15 (USP15-31) is found in Drosophila. 

 

 

Figure 3.3: Schematic diagram of USP31 mRNA and protein. 

USP31 gene is localised on chromosome 16. The genomic area of USP31 
is organised in 16 exons (introns are not drawn to scale) that encode for a 
protein of 1352 amino acids. The correspondence of each exon to protein 
is highlighted in the schematic. The catalytic triad of Cys137, His723 and 
Asp741 is annotated. USP: Ubiquitin-specific protease, Ubl: Ubiquitin-like 
domain. 

 
3.4.2 USP31 expression across a panel of cell lines 

The first step of the characterisation of USP31 was to check the expression of 

the enzyme across a panel of malignant and non-transformed cell lines. For 

this purpose, I first collected the information of the relative expression level of 

USP31 mRNA across a panel of cancer cell lines from the Cancer Cell Line 

Encyclopaedia (CCLE) of the BROAD Institute 

(https://portals.broadinstitute.org/ccle - Barretina et al., 2012). As shown in 

Figure 3.5.A, USP31 is widely expressed across the collected panel. I then 

utilised a collection of cell lysates available in our laboratory and probed for 

USP31. USP31 is expressed in all the cell lines tested, but the highest 

expression levels are shown in the neuroblastoma collection (Figure 3.5.B). 
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Figure 3.4: Alignment of USP31 across species. 

Alignment of the protein sequence of USP31 across species that shows 
high conservation of the protein among the examined species. Note that 
USP31 is not conserved in C. elegans, yeast, Zebrafish or Drosophila.  
 
 

 

Figure 3.5: Differential expression of USP31 amongst several 
cell lines.  

A. mRNA expression data were extracted from the Cancer Cell Line 
Encyclopaedia. B. Protein expression of USP31 amongst a panel of cell 
lines. 20µg of protein lysates were resolved in a 4-12% Bis-Tris gel and 
probed for USP31 (Santa Cruz). SK-N-BE2, SH-SY5Y, SK-N-BE2(c), IMR-
32- neuroblastoma cell lines; MNT1, WM224.6- melanoma cell lines; MCF7- 
breast cancer; MCF10A- non-transformed breast cell line; A549, H1975-
lung adenocarcinoma; HeLa- cervical cancer; RPE1- non-transformed 
retinal epithelial line; HEK293T- human embryonic kidney; U2OS; 
osteosarcoma; SW48- colon cancer. * non-specific band of actin antibody. 
 

3.4.3 Cloning and generation of USP31 expression plasmids 

As shown in the Appendix 1, the commercially available antibodies for USP31 

do not provide a reliable staining for immunofluorescence (as implied by the 

retention of upon USP31 depletion), thus I commenced to generate tagged 

versions of USP31. The cloning process for the generation of multiple USP31 

overexpression constructs is described in 0. A schematic representation of the 

* 
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constructs can be seen in Figure 2.3, and their relative expression levels are 

shown in Appendix 3.  

 

3.5 USP31 is the 3rd DUB that localises on microtubules 

Having the tagged version of full length USP31 now available, I then checked 

the subcellular localisation of USP31. As shown in Figure 3.6, USP31 shows 

a clear colocalization with the microtubule markers, α- and β- tubulin.  

 

In order to verify the microtubule localisation, I then depolymerised 

microtubules by incubating the cells on ice for 90 mins (as described in 2.1.10). 

The depolymerisation is confirmed by the dispersed cytosolic staining of α-

tubulin (Figure 3.7.A). The same behaviour is also seen for USP31, that firstly 

co-localises with α-tubulin on microtubules, but upon microtubule 

depolymerisation the signal becomes cytosolic. We also employed a cell line 

that stably expresses Cherry-tagged α-tubulin, and we again observed that 

USP31 colocalises with the tagged tubulin, and that upon microtubule 

depolymerisation, this localisation is lost (Figure 3.7.B). This confirms that 

USP31 localises on microtubules, making it the third DUB enzyme showing 

this localisation (see section 1.3.10 for extensive information on CYLD and 

USP21). 

 

3.5.1 Identification of the microtubule localising region of USP31 

I then commenced to map the region responsible for microtubule localisation 

of USP31. In order to do so, I generated a selection of N-terminally GFP-

tagged truncated constructs as depicted in Figure 2.3. The truncated 

constructs also helped us to map the Santa Cruz USP31 antibody recognition 

site at the C-terminus of the protein (see Appendix 1).  
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Figure 3.6:  USP31 localises on microtubules.  

A. Hela cells and B. U2OS cells were transfected with 1µg GFP-USP31 
plasmid DNA, fixed in MeOH 24h afterwards and stained for A. α-tubulin or 
B. β-tubulin. Images were taken using A. a Nikon microscope or B. a 3i 
spinning disk confocal microscope. Scale bar: 10µm 

 

Figure 3.8.A shows the characteristic localisation of the truncated constructs, 

while Figure 3.8.B summarises an overview of the results. Removal of the C-

terminus of USP31 results in loss of the microtubule localisation of the protein, 

indicating that neither the catalytic domain, nor the SxIP motif are involved with 

localising USP31 on microtubules (Figure 3.8.B). I then generated constructs 

that only expressed a GFP-tagged form of the C-terminus. Those constructs 

clearly showed a microtubule localisation, as shown by co-staining with α-

tubulin. Hence, the C-terminal is responsible for localising USP31 on 

microtubules. Note, that the presence or absence of the SxIP motif in the C-

terminal does not change the microtubule localisation of the protein. Moreover, 

since the 1-912 fragment also does not localise on microtubules, the 

microtubule localising region is likely located between the 913-1352 region. 
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Figure 3.7: Verification of USP31 localisation on microtubules. 

A. U2OS cells were transfected with 1µg GFP-USP31 in duplicates for 20h. 
One set of cells were then incubated with PBS++ on ice for 90 min to induce 
microtubule depolymerisation. The cells were then fixed with MeOH and 
stained for a-tubulin. B. Hela long cells (Hela cells stably expressing Cherry-
tubulin) were treated the same way as in A to induce microtubule 
depolymerisation and subsequently fixed with MeOH. Images were 
acquired with a 3i spinning disk confocal microscope. Scale bar: 10µm. 
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Figure 3.8: The unstructured C-terminal of USP31 is responsible 
for microtubule localisation. 

A. Representative images of the differential localisation of the constructs on 
microtubules. U2OS cells were transfected with 1µg DNA for 21h, fixed with 
ice-cold MeOH and stained for α-tubulin. Images were acquired with a 3i 
spinning disk confocal. Scale bar: 10µm B. Schematic representation of the 
truncated constructs that were used for the study and a summary of their 
localisation. FLWT: full- length wild-type 
 

3.5.2 USP31 localises on the centrosome 

The centrosome is the microtubule organising centre of the eukaryotic cells. 

Microtubules are assembled on the centrosome from the initial scaffolding 

conformation of a γ-tubulin containing, multisubunit ring complex (Delon, 2000; 

Roostalu and Surrey, 2017; Oakley and Oakley, 1989; see section 1.4.5). 

Upon overexpression of USP31, I noticed that USP31 localises on the 

centrosome as well as the microtubules. This localisation was more obvious in 

the lower level expressing cells, and it was not present in all cells 

overexpressing USP31. In order to confirm the centrosomal localisation, I used 

the centrosome marker pericentrin. As shown in Figure 3.9.A, a structure 

stained positive for pericentrin is evident in the GFP-USP31 channel when 

cells are imaged using a NIKON widefield microscope. To verify the 

colocalization, we employed a 3i spinning disk confocal microscope, where in 

RPE1 cells (Figure 3.9.B) the colocalization of USP31 and pericentrin is 

confirmed. 
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Figure 3.9: USP31 localises on the centrosome 

A. U2OS cells were transfected with 1µg plasmid DNA (GFP-USP31), fixed 
with ice-cold MeOH 24h afterwards and stained for a-tubulin and pericentrin. 
Images were taken using a Nikon microscope. Scale bar 10µm. B. RPE1 
cells were transfected with 1µg plasmid GFP-USP31, fixed with ice-cold 
MeOH and stained for pericentrin. Images were acquired using a 3i spinning 
disk confocal microscope. scale bar: 10µm 
 

3.5.3 Identification of the centrosome localisation region 

Again, employing the truncated constructs described in Figure 3.8, I checked 

the sequence requirements for localisation to the centrosome. An overview of 

the relative centrosomal localisation is provided in Figure 3.10. The USP31_1-

765, 
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Figure 3.10: Determination of the USP31 region responsible for 
centrosomal localisation of the protein. 

A. Representative images of the differential localisation of the construct on 
the centrosome. U2OS cells were transfected with 1µg DNA for 21h, fixed 
with ice-cold MeOH and stain for pericentrin as a centrosomal marker. 
Images were acquired with a 3i spinning disk confocal microscope. Scale 
bar: 10µm B. Schematic diagram of the truncated constructs generated, 
indicating which of them retain the centrosomal localisation. FLWT: full- 
length wild-type 

 
USP31_1-912 and the USP31_Δ1-779 constructs show centrosomal 

localisation, whilst the USP31_1-780 and USP31_Δ1-779 constructs lose the 

centrosome localisation. The common feature between those two constructs 

is the presence of the SxIP motif either on the very N- or C- terminus of the 

protein, suggesting that a free SxIP motif is probably sufficient for removing 

the protein from the centrosome. In order to verify this hypothesis, it would be 

necessary to generate constructs with the SxIP motif mutated and check 

whether the centrosomal localisation is restored.  

 

3.5.4 USP31 localises on the primary cilium 

The primary cilium is an antenna like sensory organelle that is present in most 

eukaryotic cells (Mirvis et al., 2018). I checked whether USP31 localises on 

primary cilia of ciliated cells. Cilia formation was induced by serum starvation 

of GFP-USP31 transfected NIH3T3 cells for 24h and RPE1 cells for 48h. 

Arl13b, a ciliary GTPase, was used as a cilium marker, and as shown in Figure 

3.11, USP31 can be seen on the cilium, both on the basal body, across the 

cilium and on the tip of the cilium. Microtubules were cold-depolymerised prior 
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to fixation, in order to eliminate any confusion between the microtubule 

localised and the cilium localised USP31.  

 

 

Figure 3.11: USP31 localises on the primary cilium. 

NIH3T3 and RPE1 cells were transfected with 1µg plasmid GFP-USP31 
and starved for 24 or 48 hours respectively to induce primary cilia formation. 
Microtubules were cold-depolymerised, and cells were fixed with ice cold 
MeOH. Arl13b is used as a cilium marker. Images were acquired with a 3i- 
spinning disk confocal. Scale bar: 10µm 
 

3.5.5 USP31 localises on post-translationally modified microtubules 

There is a wide range of common (phosphorylation, acetylation, ubiquitylation, 

etc) and unique (detyrosination, glutamylation, glycosylation) post-

translational modifications that occur on either free tubulin, or tubulin 

assembled in microtubules (detailed description in sections 1.4.6, 1.4.7, 1.4.8 

and 1.4.9). It is apparent from Figure 3.7 that USP31 does not occupy the 

whole population of microtubules, as seen by the α- and/or β-tubulin co-

staining. Thus, I then checked post-translationally modified microtubule 

populations for a more specific colocalization. First, I examined the 

colocalization with acetylated microtubules. As shown in Figure 3.12.A, USP31 

localises on the acetylated microtubules. The Pearson’s colocalization 

coefficient was calculated using the Coloc2 plugin in Fiji (Figure 3.12.B) which 

indicates that USP31 has a greater overlap with acetylated microtubules than  
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Figure 3.12: USP31 localises on acetylated microtubules and 
affects the distribution of acetylated tubulin. 

A. U2OS cells were transfected with 1µg GFP or GFP-USP31. They were 
then fixed in ice cold MeOH and stained for acetylated tubulin. Images were 
taken with a 3i spinning disk confocal microscope. Scale bar: 10µm. B. 
Pearson’s colocalization coefficient was calculated using the Coloc2 plug-
in in Fiji. A minimum of 30 cells per condition from three biological repeats 
were analysed. C. Analysis of the organisation of the acetylated microtubule 
network was done using the MiNA plug-in in Fiji (see section 2.2.3). 57 and 
41 cells for GFP-USP31 and untransfected cells respectively, from three 
biological repeats were analysed, Student’s t-test, **p ≤0.01, ***p ≤0.001. 
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with the total microtubule staining (DM1a antibody used for total α-tubulin). In 

addition, I noticed that the distribution of acetylated microtubules was different 

upon overexpression of USP31. In order to assess the network organisation, I 

employed the MiNA plugin in Fiji (described in 2.2.3; (Valente et al., 2017). The 

plugin was originally designed to evaluate the mitochondria network, though it 

showed good identification of the acetylated microtubule network (see Figure 

2.1). As shown in the output of the plugin in Figure 3.12.C, USP31 

overexpression resulted in less networks with a larger network size. This 

indicates that acetylated microtubules are more interconnected and coherent 

when USP31 is overexpressed. 

 

Next, I checked the potential colocalization of USP31 with the tyrosinated/ 

detyrosinated population of microtubules (see section 1.4.7). The C-terminal 

tyrosine of α-tubulin on microtubules can be reversibly cleaved, generating 

detyrosinated microtubules (Gundersen et al., 1984). The process is reversed 

by the addition of tyrosine on the C-terminal of a free α-tubulin moiety. As 

shown in Figure 3.13, USP31 localises partially on tyrosinated microtubules. 

In comparison, USP21, a DUB that doesn’t show any preference for any 

microtubule subpopulation and was shown to govern microtubule regrowth 

upon cold-induced depolymerisation (Urbé et al., 2012) shows an absolute 

colocalization with this microtubule subpopulation. 

 

I then examined the potential colocalization of USP31 with the detyrosinated 

microtubules. As shown in Figure 3.14.A, USP31 localises on a subset of the 

detyrosinated microtubules. However, the measurement of the colocalization 

coefficient (shown Figure 3.12.B) indicates that the extent of this localisation 

is not as high as with the acetylated network. Employing the MiNA plugin again 

to evaluate the detyrosinated subpopulation organisation upon overexpression 

of USP31, I observed a similar effect as with the acetylated microtubules. The 

detyrosinated network is more interconnected upon USP31 overexpression 

(Figure 3.14.B). 
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Figure 3.13: USP21 localises on tyrosinated microtubules, whilst 
USP31 localises partially. 

U2OS cells were transfected with 1µg plasmid GFP, GFP-USP31 or GFP-
USP21 for 21h. They were then fixed with ice cold MeOH and stained for 
tyrosinated tubulin. Images were taken with a 3i-spinning disk confocal. 
Scale bar: 10µm. 
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Figure 3.14: USP31 localises on detyrosinated microtubules and 
affects the distribution of detyrosinated tubulin. 

A. U2OS cells were transfected with 1µg GFP or GFP-USP31. They were 
then fixed in ice cold MeOH and stained for detyrosinated tubulin. Images 
were taken with a 3i-spinning disk confocal microscope. Scale bar: 10µm. 
B. The distribution of detyrosinated microtubules changes upon 
overexpression of USP31. The staining of detyrosinated tubulin is now more 
cohesive as depicted by the decrease in the network number and the 
concomitant increase in network size. Analysis was done using the MiNA 
plugin in Fiji. 79 and 40 cells for GFP-USP31 and untransfected cells 
respectively were analysed from three biological repeats. Student’s t-test, 
**p ≤0.01, ***p ≤0.001. 
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3.6 USP31 does not localise on microtubule plus tips. 

As described in 3.4.1, USP31 contains a SxIP motif directly after its catalytic 

domain. The SxIP motif is found in many microtubule plus-tip localising 

proteins and is responsible for the interaction with EB1 (end-binding protein 1) 

on the distal microtubule end through the EBH domain of end-binding proteins 

(Akhmanova and Steinmetz, 2010; Honnappa et al., 2009; Jiang et al., 2012). 

I wanted to examine whether the motif alone is sufficient for plus tip localisation 

of USP31. Strikingly, USP31 does not localise on the plus tip of microtubules. 

Calculation of the colocalization coefficient of GFP-USP31 with EB1 does not 

show any difference compared to the GFP staining (Figure 3.15). What is more 

to add, it seems that whenever a microtubule is decorated by USP31, there is 

either no EB1 staining on the tip, or a very short stretch of EB1 present. These 

observations become relevant in the following chapters, since USP31 

depletion induces major redistribution of EB1 at the plus tip (see section 4.3.2). 

The localisation is not restored with either the catalytic inactive mutant, the 

mutation of the SxIP motif to SxAA or the truncated constructs that show 

microtubule localisation (Figure 3.16). On the other hand, the truncated 

constructs that retain their microtubule localisation, did not show such a clear 

absence of localisation, since they can be seen localising on a few microtubule 

tips. 

 



 126 

 

Figure 3.15: USP31 does not localise on the plus-end of 
microtubules. 

U2OS cells were transfected with either GFP or GFP-USP31 for 23h. They 
were then fixed with ice-cold MeOH and stained for EB-1. Pictures were 
taken with a 3i-spining disk confocal microscope. Scale bar: 10µm. The 
Pearson’s colocalization coefficient was calculated using the Coloc2 Fiji 
plug-in taking 40 cells into account. Error bars mean ± SD. 
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Figure 3.16: Localisation of truncated constructs and mutants of 
USP31 on the plus-tip of microtubules. 

U2OS cells were transfected with 1µg plasmid DNA for 21h, fixed with ice-
cold MeOH and stained for EB1. Images were acquired with a 3i spinning 
disk confocal microscope. Insets are presented as: EB1/GFP-
USP31_/merged. Scale bar: 10µm 
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3.7 USP31 on microtubules upon nocodazole washout 

Since I showed that USP31 localises on microtubules, it was of great interest 

to examine the dynamics of this localisation. To do so, U2OS cells transiently 

transfected with GFP-USP31 were incubated with 2µM nocodazole, a 

microtubule depolymerising drug. The drug was washed off with the help of a 

pump as described in section 2.1.8, and microtubules were let to regrow while 

imaged with a spinning disk confocal microscope. As shown in Figure 3.17, 

when microtubules are depolymerised, USP31 is cytosolic, while it can also be 

seen on the centrosome. Upon regrowth, there is a delay before USP31 

returns back to microtubules, which have already regrown to a certain extent 

as shown by the siR-tubulin staining. USP31 is firstly shown on the peri-

centrosomal region and seems to populate the microtubules emerging from 

there first. Seconds later, a second location at the microtubules at the edge of 

the cell can be seen. This type of localisation could depict two separate forms 

of regulation of USP31 localisation. Initial observations do not indicate a 

difference on the regrowth rate of microtubules in the presence of 

overexpressed USP31.  
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Figure 3.17: USP31 localisation upon microtubule regrowth after 
nocodazole depolymerisation. 

U2OS cells were transfected with 1µg plasmid DNA for 21h. Microtubules 
were depolymerised with Nocodazole, the cells were imaged as described 
in 2.1.10, and stills of the movies are presented. Time is in min:sec. 
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3.8 USP31 localisation during cell division 

Microtubules are one of the three (four if septins are considered) components 

of the cytoskeleton. One of their key roles during cell division is the formation 

of the mitotic spindle, the microtubule-based apparatus that mediates the 

congression and segregation of the chromosomes. Just before entry into 

mitosis, the interphase microtubule network collapses, the two spindle poles 

take positions on opposite sides of the cell, and an array of microtubules 

emerges from each pole towards the centre of the cell forming the mitotic 

spindle. At the same time, astral microtubules emerge from the poles towards 

the periphery of the cell, aiding in the positioning of the mitotic spindle during 

cell division. Microtubules play a key role during mitosis in chromosome 

segregation, as they act as tracks for chromosomes to be carried towards the 

metaphase plate (see 1.4.11). The mitotic spindle is heavily modified and 

composed of both detyrosinated and acetylated microtubules, whilst the astral 

microtubules are solely tyrosinated, dictating the type of associated motors 

(Gundersen and Bulinski, 1986; Barisic et al., 2015).  

 

Given the localisation of USP31 on the post-translationally modified 

microtubules, I then examined whether USP31 is found on the spindle during 

cell division. To do so, I used U2OS cells stably expressing mRFP-H2B and I 

transiently transfected GFP-USP31. z-stacks of mitotic spindles of cells 

expressing USP31 were captured using a 3i spinning disk confocal 

microscope. As seen in Figure 3.18, USP31 can be clearly seen on the spindle 

poles in metaphase and can be faintly seen on the spindle microtubules in 

metaphase. Upon anaphase commencement, USP31 localisation on the 

spindle apparatus increases. It can be seen on the kinetochore microtubules 

that shrink, and at the same time it starts to relocalise and become enriched 

on the central spindle as well as the astral microtubules. The localisation 

remains and is dramatically enhanced at the start of the furrow ingression of 

cytokinesis. Time restrictions have not allowed us so far to image cells from 

interphase going through pro- and prometaphase using the spinning disk 

microscope. However, in lower resolution imaging on a widefield microscope 

(caused by the non focal light from the image resulting in reduced resolution), 
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we could see that USP31 drops off microtubules just before prophase and was 

able to be seen again in late anaphase (see Appendix 5). The gradual 

enrichment of USP31 on the mitotic spindle from prometaphase to metaphase 

was also seen in a few cases.  

 

It is worth mentioning that cells which expressed high levels of USP31 failed 

to divide, even when their chromatin was condensed. Those cells had thick 

USP31-decorated microtubules around their nuclei for hours before they 

eventually died (data not shown). One possibility could be that the presence 

of USP31 on those microtubules does not allow for microtubule network 

collapse and the assembly of the mitotic spindle.  

 

 

Figure 3.18: USP31 localises on the mitotic spindle during cell 
division. 

U2OS cells stably expressing mRFP-H2B were transiently transfected with 
GFP-USP31. 21 house post-transfection, the cells were imaged with a 3i 
spinning disk confocal microscope. A z-stack was acquired every minute 
with a step size of 0.3µm. The maximal projection of selected time points is 
shown for different time points. On the left, the merged image of GFP-
USP31 and RFP-H2B is shown for selected time points. 
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3.9 Discussion 

In this chapter, I presented the preliminary work that lead to the identification 

of USP31 as a possible regulator of N-MYC expression. The enzyme(s) 

responsible for N-MYC deubiquitylation were not identified in the beginning of 

this project. However, as with any protein that gets ubiquitylated and degraded 

through the proteasome, there is likely to be a DUB enzyme to revert this 

process, remove the attached ubiquitin chain and rescue the degradation of 

the target protein. Such an enzyme could present a very promising target for 

drug development, as inhibiting it would destabilise and indirectly reduce the 

amount of N-MYC in the cell. USP31 was the only enzyme whose depletion 

was correlating well with reduction of N-MYC protein levels; however, I then 

showed that this reduction is due to a reduction on the mRNA levels rather 

than a change in protein stability. Since USP31 was a completely 

uncharacterised enzyme we decided to further examine its functions. 

 

After my initial screen, Tavana et al. published on the deubiquitylation of N-

MYC by USP7 (Tavana et al., 2016). Interestingly, USP7 came out as a hit of 

my initial screen (see Figure 3.1.B). However, upon deconvolution and by 

employing a set of four more oligonucleotides, only 3/8 oligonucleotides were 

showing an effect on N-MYC protein levels, whilst all of them were causing a 

sufficient depletion of USP7. Thus, we decided not to follow this target, as in 

our hands, it could have very well been an off-target effect. Since then though, 

the deubiquitylation of N-MYC by USP7 has also been confirmed with the use 

of USP7 inhibitors. An inhibitor exhibiting great selectivity against USP7 by 

exploiting the presence of a self-inhibitory loop, was shown to induce a clear 

destabilisation of N-MYC, linking the DUB activity of USP7 with N-MYC 

stability control (Turnbull et al., 2017). 

 

The better deconvolved hit of my screen was USP31, a completely 

uncharacterised enzyme, with a long going confusion around its nomenclature 

(see 1.3.11). Since the availability of commercial antibodies is restricted, and 

they do not show any specificity by immunofluorescence (see Appendix 1), we 

attempted to generate an antibody that was mapping a middle region of the 
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protein. However, this was also not specific for USP31 (see Appendix 2). We 

resorted to tagging USP31 in order to map the localisation of the 

overexpressed protein. Firstly, I generated GFP-tagged constructs of the 

enzyme which showed a very strong microtubule localisation. The protein is 

also localising on the centrosome and on primary cilia. Moreover, I was able 

to map the microtubule localising region to the largely unstructured C-terminal 

of the protein, as well as showing a potential negative role of the SxIP motif on 

the centrosomal localisation.  

 

The constructs generated for this study, have the GFP tag on the N-terminal 

of USP31. However, in order to exclude any mislocalisation due to artefacts of 

GFP tagging, we should generate C-terminally tagged GFP constructs, or 

maybe use smaller tags, such as the HA or myc-tag. It is worth mentioning that 

the Flag-tagged constructs that facilitated the cloning process do localise on 

microtubules (data not shown). However, since the microtubule binding region 

is on the C-terminal, it is possible that adding a tag on the C-terminal of USP31 

could interfere with its association with microtubules. This phenomenon has 

already been seen in the case of CYLD. CYLD is a USP that localises on 

microtubules through its N-terminal CAP-Gly domains (see section 1.3.10). 

However, studies that utilised N-terminal tagging of CYLD failed to show the 

microtubule localisation, possibly because the N-terminal tag interfered with 

this interaction (Urbé et al., 2012).  

 

Microtubules undergo a unique set of post-translational modifications, that 

generates functionally distinct microtubule subpopulations (see 1.4.6- The 

Tubulin Code). Those modifications together with the numerous isoforms of α- 

and β-tubulin that can be incorporated into the filament, give rise to a massively 

diverse and complicated network, highlighting alternative tracks with 

specialised functionality within the cell (Gadadhar et al., 2017a; Yu et al., 2015; 

Janke, 2014). Motor proteins show specificity for certain tracks, thus dictating 

their distribution, and the distribution of their cargoes, within the cell. By co-

staining and co-localisation analysis, I showed that USP31 localises on 

acetylated and detyrosinated microtubules. The presence of USP31 on those 

microtubules, induces changes on the network organisation. Both acetylated 
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and detyrosinated microtubule networks are more cohesive and 

interconnected when USP31 is present on them. The role of USP31 on those 

subpopulations is further examined in the following chapters by depletion 

methodologies, however this phenotype is opposite to the observed changes 

induced in the generated stable cell lines (see Chapter 5).  

 

Glutamylated and glycosylated microtubules have not been checked in the 

present study. A further study on those subpopulations would be of particular 

interest for the following reasons: firstly, both modified subpopulations are 

abundant in neurons, and I showed that USP31 is more highly expressed in 

the panel of neuroblastoma cell lines examined. Moreover, both modifications 

are either exclusively (glycylation) or highly abundant (glutamylation) on the 

primary cilium, where USP31 localises as well. This work mainly focuses on 

the effects of USP31 on the microtubule network. However, it would be 

interesting to examine whether USP31 overexpression or depletion affects 

cilium assembly and/or length. Furthermore, we did not examine the effects of 

USP31 overexpression and/or depletion on microtubule nucleation. This could 

be easily measured in an assay similar to the one performed in 3.7, where the 

density of microtubules around the centrosome could be indicative of the 

nucleation capacity of the centrosome with and/or without USP31.  

 

Microtubules play a key role during cell division, since they form the mitotic 

spindle that ensures the proper division of the genetic material into the 

daughter cells. USP31 can be seen to fall off microtubules just before the entry 

in mitosis, while it remains bound to the spindle poles throughout mitosis. 

Preliminary data show that USP31 exhibits a spectacular relocalisation during 

mitosis. However, a clearer examination of the exact timing that USP31 

reengages with the spindle is necessary in order to pinpoint its exact role 

during this process. Very high levels of USP31 overexpression seem to block 

the commencement of mitosis. The potential role of USP31 on cell division 

progression is further discussed in the following chapters. It would though be 

intriguing to examine how the overexpression of USP31 affects the spindle 

assembly or any point of cell division.  
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The work presented in this chapter introduces USP31 as the third 

deubiquitylase localising on microtubules and the centrosome. USP21 and 

CYLD, two members of the USP family of DUBs, have already been described 

by our laboratory and others to localise on microtubules (see 1.3.10). USP21 

is also found on the centrosome and plays a crucial role in cilia formation. 

USP21 recruits Gli1 in the centrosome, where it aids its stabilisation and 

subsequent phosphorylation by PKA (Heride et al., 2016). CYLD also localises 

on microtubules and the centrosome and is a K63- specific DUB. CYLD has 

been shown to affect microtubule dynamics and spindle positioning, utterly 

dictating cell division progression (Yang et al., 2014; Wickström et al., 2010; 

Gomez-Ferreria et al., 2012). And finally, in the present study, we describe the 

multi-faceted roles USP31 might exert on the microtubule network, and 

specifically on microtubule dynamic state. 
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Chapter 4: Phenotypic effects of USP31 
depletion 
 

4.1 Introduction 

The microtubule cytoskeleton plays an important role in every aspect of a cell’s 

life. From cell shape, migration and adhesion to cargo transport and cell 

division, microtubules interact with thousands of proteins and regulate every 

aspect of the processes mentioned. The diversity of the microtubule network, 

attributed to multiple α- and β- tubulin isoforms and the post-translational 

modifications that specifically occur on them, highlights distinct “tracks” of 

microtubules (The tubulin code), that have specific and distinct functions within 

these processes (Gadadhar et al., 2017a; Janke, 2014). The previous chapter 

showed that USP31 is one of the proteins that localise to microtubules with a 

preference between the modified subpopulations. The work presented in this 

chapter, examines the effect that USP31 depletion exerts on the microtubule 

network and by extension to all the aspects that microtubules might control. 

 

4.2 USP31 depletion and the microtubule cytoskeleton 

 
4.2.1 Effect on microtubule density 

Since USP31 localises on microtubules, the first thing we checked was how is 

the global microtubule network affected by its depletion. As shown in Figure 

4.1.A, microtubules are denser upon depletion of USP31 with three individual 

siRNA oligonucleotides. In order to quantify this difference, a threshold was 

applied to the images based on the control sample (as described in section 

2.2.2), and the fraction of the area that did not have a pixel value was quantified 

(% of empty space). Depletion of USP31 results in a lower fraction of the area 

that was not occupied by microtubules (% of empty space), indicating a denser 

network. This decrease could indicate either a less bundled network that would 

now cover a larger proportion of the cell space, or an actual larger network. To 

further examine those possibilities, the Corrected Total Cell Fluorescence 
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(CTCF) was calculated (for a detailed definition, see section 2.2.1). We found 

that CTCF was increased in cells depleted of USP31, making the more 

bundled network assumption less likely, and the scale leaning towards a 

larger, denser network caused by the depletion of USP31. It is important to 

point out that the fixation method used (ice-cold MeOH), washes off the 

cytosolic soluble components, thus free tubulin will not be stained. Figure 4.1.B 

indicates that the global amount of α- and β- tubulin remains unchanged, as is 

also the case for the depletion of USP21, another microtubule localising DUB 

(Urbé et al., 2012). Thus, collectively, those results indicate that there is more 

assembled tubulin and a denser microtubule network upon depletion of 

USP31.  

 

4.2.2 Effect on acetylated microtubules 

Tubulin undergoes a wide variety of post-translational modifications, either on 

the free dimer, or on the assembled microtubule filament. One of the most 

prominent and more widely studied modifications is tubulin acetylation, and 

specifically acetylation of the K40 residue of α-tubulin. Extended discussion on 

this particular modification can be found in section 1.4.8. Of note is the recent 

discovery that the acetylation of this intra-lumen lysine residue of α-tubulin, 

confers protection to microtubules from mechanical breakage, by making the 

lattice more flexible (Xu et al., 2017, see section 1.4.4). Thus, acetylated 

microtubules sustain greater forces without breaking apart, in addition to 

providing the means to fix lattice interruptions.  

 

Given the stronger association of USP31 observed with the acetylated 

microtubules (Figure 3.12), we were intrigued to explore the effect of USP31 

depletion on that particular microtubule population. An overview picture of the 

observed phenotype is given in Figure 4.2. Disruption of the network is 

apparent upon the removal of USP31. However, we needed a quantitative 

measurement to represent the loss of cohesion of the staining. In order to do 

so, as in 3.5.5, we utilised the MiNA plugin in  Fiji (Valente et al., 2017; see 

section 2.2.3).  
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Figure 4.1: USP31 depletion increases the microtubule network 
density. 

A. U2OS cells were transfected with 40nM control (NT1: non-targeting 
control) or siRNA against USP31 for 72h and they were then fixed with ice-
cold MeOH and stained for α-tubulin. Images were acquired with a 3i 
spinning disk confocal microscope using the same acquisition settings. 
Scale bar: 10µm. Error bars show the standard deviation of all cells 
measured from two biological replicates (sample size: NT1-139, Q1-89, Q2-
81, Q4-61 cells). Statistical significance was assessed by One-way ANOVA, 
***p ≤0.001, ****p ≤0.0001. CTCF: corrected total cell fluorescence. B. 20µg 
of lysates of the above cells were probed for the mentioned antibodies. 
(USP31-Abcam, 1:1000, Qp*: Q1, Q2, Q4 pooled) 
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Figure 4.2: USP31 knockdown disrupts both acetylated and 
detyrosinated microtubules. 

Representative images of U2OS cells upon a 72h depletion of USP31. The 
phenotypes are further analysed in Figure 4.3 and Figure 4.4. Cells were 
fixed in ice cold MeOH, stained with the indicated antibodies and imaged 
with a 3i spinning disk confocal. Scale bar: 10µm. 
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Figure 4.3. A, B and C highlight the results. In detail, the output of MiNA shows 

that upon depletion of USP31, more acetylated microtubule networks are 

identified, though of smaller size. Concomitantly, there is an increase of the 

individual branches identified. Together these measurements indicate that 

there is a loss in the interconnectivity of the acetylated microtubule network, 

resulting in a less cohesive, more “fragmented” like staining of K40 acetylated 

microtubules. However, there is no difference in the biochemical levels of 

acetylated tubulin.  

 

4.2.3 Effect on detyrosinated microtubules 
Detyrosination of tubulin is a consequence of the enzymatic removal of the 

transcriptionally encoded C-terminal tyrosine residue of α-tubulin, by a recently 

identified family of enzymes, VASH1 and VASH2 (Nieuwenhuis et al., 2017b; 

Aillaud et al., 2017). Detyrosination occurs on the assembled filament only and 

can be reversed by the re-addition of tyrosine to α-tubulin of a disassembled 

heterodimer (see section 1.4.7).  

 

I explored the effect of USP31 depletion on this microtubule subpopulation. As 

depicted in the overview Figure 4.2, detyrosination is even more severely 

disrupted than acetylation. The detyrosinated state of cellular microtubules 

vary widely across cells. As an example, Appendix 4 shows the 

immunofluorescence images of RPE1 cells, which show no detyrosinated 

staining whatsoever. But even among cells in the same culture, the state of 

detyrosination can vary significantly (see Figure 4.2, NT1). Taking this 

observation into account, together with the specific phenotypes that the 

knockdown was generating, a categorisation system of the staining pattern of 

detyrosinated tubulin was developed. The system is described in Error! R
eference source not found..A. Four categories were identified: A. bright, 

microtubule-like network; B. microtubule-like staining, but the staining of the 

network was fainter; C. small stretches of detyrosinated microtubules that were 

dispersed throughout the cell; D. no detyrosinated tubulin staining whatsoever 

(the staining of the centrosome was not considered).  
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Figure 4.3: USP31 knockdown disrupts acetylated microtubules. 

U2OS cells were transfected with 40nM siRNA against USP31 for 72h, fixed 
with ice cold MeOH and stained for acetylated tubulin. Images were 
collected with a 3i spinning disk confocal microscope. A. Overview images 
of the phenotype for each oligonucleotide. Scale bar: 10µm. B, C. Output 
measurements from the MiNA plug-in. Networks: number of objects in the 
image that contain at least one junction pixel and are thus comprised of 
more than one branch. Individuals: number of objects in the image that do 
not contain a junction pixel. Mean network size (branches): mean number 
of brunches per network. A minimum of 40 cells/condition were assessed 
from three biological repeats, error bars: mean ±SD, One-way ANOVA. D. 
Protein abundance of acetylated tubulin does not change upon USP31 
depletion. 20µg of lysates were probed for acetylated tubulin, and the bands 
were quantified, normalised to actin and the control and relative protein 
amounts are shown in the graph. 
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Loss of USP31 leads mainly to a loss of detyrosinated microtubules, as 

depicted by a decrease in the proportion of cells being assigned in categories 

A and B, and the increase of the cells found in category D (no detyrosinated 

tubulin staining). More specifically, there is a 50-90% reduction of the nicely 

formed, long detyrosinated microtubules of category A, and a concomitant 

100-300% increase of the cells that show no detyrosination. This loss could 

also be seen biochemically in the bulk amount of detyrosinated tubulin, whilst 

the total amount of α-tubulin remains unchanged (Figure 4.1 and Figure 4.4.E 

for a quantification of three biological repeats). USP21, that also localises on 

microtubules and has no effect on tubulin levels (Urbé et al., 2012), is used as 

a control.  Of note, a similar classification methodology has been employed in 

other cases to describe the acetylated network outlook as fragmented or 

depolymerised (Kalebic et al., 2013), or to categorise the overall outlook of the 

microtubule network upon repolymerisation (Urbé et al., 2012).  

 

4.2.4 USP31 depletion reduces Δ2-tubulin 

Upon removal of the C-terminal tyrosine residue of α-tubulin, the penultimate 

glutamate residue of detyrosinated tubulin can be further removed, thus 

generating Δ2- tubulin (Paturle-Lafanechère et al., 1991; Redeker et al., 1996). 

This modification is now irreversible (see section 1.4.9). Given the reduction 

of detyrosinated tubulin that was described in section 4.2.3 above, we wanted 

to examine how the population of Δ2- tubulin was affected by the depletion of 

USP31. An increase in this further modification could depict an increase in the 

activity of the modification generating enzymes (members of the cytosolic 

carboxypeptidase family, CCP1, CCP4 and CCP6 (Rogowski et al., 2010; see 

Figure 1.14) and could explain the observed decrease in detyrosinated tubulin. 

As shown in Figure 4.5, Δ2- tubulin is not increased upon the removal of 

USP31; if anything, a moderate decrease in this population can be observed. 

This indicates that the observed loss of detyrosinated tubulin is not caused by 

changes in the further processing of α-tubulin, but it rather causes the loss of 

the consequent modifications.  
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Figure 4.4: USP31 depletion reduces the population of 
detyrosinated microtubules. 

U2OS cells were transfected with 40nM control (NT1) or USP31 siRNA for 
72h, fixed with ice cold MeOH and stained for detyrosinated tubulin. Images 
were collected with a 3i spinning disk confocal and cells were categorised 
according to the detyrosinated tubulin staining pattern. A. Example pictures 
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of the 4 categories identified. B. Representative pictures of each condition 
and their equivalent categorisation. C. Sums of the cell numbers that were 
assessed in 4 individual biological repeats. A minimum number of 400 cells 
were considered from the four repeats. D. The percentage of each category 
within each condition is shown from 4 individual biological repeats. Error 
bars: mean ±SD. Two-way ANOVA. *p£0.05, **p£0.01, ***p£0.001, 
****p£0.0001 E. The amount of detyrosinated tubulin upon siRNA depletion 
of USP31 was measured by densitometry measurement of the 
corresponding band (see Figure 4.1.B), normalised to actin as a loading 
control and to NT1. A representative gel of three repeats is shown in Figure 
4.1.B. The relative abundance of detyrosinated tubulin from three individual 
experiments is shown in the graph, **p£0.01, ***p£0.001, One-way ANOVA. 

 

4.2.5 USP31 depletion and KIF5B 

At the time of the study, the enzyme(s) responsible for the removal of the C-

terminal tyrosine and the generation of detyrosinated tubulin was not yet 

discovered. In a report that came out in March 2017, Yasuda et al.  claimed 

that the loss of detyrosinated microtubules that is found in FUS mutant ALS 

cases, is due to the mislocalisation of kinesin-1 mRNA and protein (Yasuda et 

al., 2017). FUS mutants form inclusions across the cytosol and sequester 

numerous proteins and mRNA within those inclusions. They indicated that the 

misdirection of KIF5B within those inclusions, changes the ability of the kinesin 

to properly target the -at the time unknown- tyrosine carboxypeptidase enzyme 

(TCP).  

 

We wanted to explore whether USP31 exerts any role on the abundance 

and/or distribution of KIF5B across the cell. As shown in Figure 4.6.A, there is 

no major reduction in the amount of KIF5B upon removal of USP31. More 

importantly, the distribution of KIF5B within the cell does not change (Figure 

4.6.B). (Figure 4.6.B also depicts the lack of specificity of the commercially 

available USP31 antibodies, as does Appendix 1). 

  



 145 

 

Figure 4.5: USP31 knockdown slightly reduces Δ2-tubulin 
distribution. 

U2OS cells were transfected with 40nM control or USP31 siRNA for 72h, 
fixed with ice cold MeOH and stained with the indicated antibodies. Images 
were collected with a 3i spinning disk confocal microscope. Scale bar: 10µm 
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Figure 4.6: KIF5B expression nor distribution changes 
significantly upon USP31 knockdown. 

A. U2OS cells were transfected with 40nM control siRNA or against USP31 
for 72h, lysed in RIPA buffer and 15µg of protein were probed for the 
mentioned proteins. B. U2OS cells were fixed with PFA after a 72h 
knockdown and stained for the indicated antibodies. Pictures were acquired 
in a 3i spinning disk confocal. Scale bar: 10µm 
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4.2.6 USP31 depletion and the enzymes of the tyrosination/ 
detyrosination cycle 

Detyrosination is a reversible modification. A tyrosine residue is added back to 

the C-terminal of α-tubulin on the free detyrosinated α-/β-tubulin heterodimer 

and is catalysed by the Tubulin Tyrosine Ligase (TTL) (Prota et al., 2013). 

Perturbation of the expression levels of TTL induces changes to the 

detyrosinated microtubule network. More specifically, overexpression of TTL 

dramatically reduces this population (Barisic et al., 2015; Robison et al., 2016; 

Zink et al., 2012). Thus, we wanted to examine whether USP31 exerts any of 

its phenotypic effects by affecting TTL expression. Depletion of USP31 does 

not increase the protein levels of TTL as shown in Figure 4.7.A, nor induces 

any obvious changes in its subcellular distribution (Figure 4.7.B).  

 

After the discovery of the detyrosination enzymes (see section 1.4.7), we 

wanted to examine whether USP31 affects any of these factors. As shown in 

Figure 4.8.A, no major changes can be seen overall in the detyrosination 

responsible enzymes. We found that the antibody against VASH1, a 41kDa 

protein, was not specific, as shown by the lack of any band loss upon its 

depletion. siRNA knockdown of VASH1 did reduce the levels of detyrosinated 

tubulin, thus indicating that the enzyme was indeed depleted. To further clarify 

whether any changes occur on the expression levels of VASH1, the mRNA 

abundance was quantified upon depletion of USP31. As shown in Figure 4.8.B, 

VASH1 mRNA levels do not change consistently with oligonucleotides, despite 

all of them displaying a similar phenotype, namely loss of detyrosinated 

microtubules.  

 

The other member of the family that shares the same catalytic activity, VASH2, 

has multiple isoforms, with the main one having a molecular weight of 40kDa. 

The expression of this enzyme is also not affected by the depletion of USP31. 

Finally, both of these enzymes require a small chaperone-like protein, the 

8kDa small vasohibin-binding protein (SVBP), that affects their stability and 

catalytic activity. There appears to be a decrease in the amount of SVBP 

remaining upon depletion of USP31 with all three oligonucleotides. 
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Figure 4.7: USP31 depletion does not increase the expression of 
TTL. 

A. U2OS cells were transfected with 40nM control siRNA or targeting 
USP31 for 72h, lysed in RIPA buffer and 20µg were probed for TTL. B. 
Similarly treated cells as in A, were fixed with PFA and stained for TTL. 
Images were acquired with a 3i spinning disk confocal. Scale bar: 10µm 
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Figure 4.8 USP31 depletion does not affect the detyrosination 
enzymes. 

A. U2OS cells were transfected with 40nM control siRNA or targeting 
USP31/VASH1 for 72h, lysed in RIPA buffer and 20µg were probed for the 
mentioned antibodies. B. qPCR analysis of VASH1 in cells depleted of 
USP31 as in A. n=2 for Q1 and n=3 for NT1, Q2, Q4. C. Cell treated as in 
A were probed for VASH2 and SVBP and the relative protein abundance is 
quantified in the graph. 
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4.2.7 Microtubule PTM cycles 

The fact that both acetylation and detyrosination were disrupted upon 

depletion of USP31 troubled us. The two enzymatic systems that generate 

those modifications are clearly separated and there is no interconnection in 

the function of the corresponding enzymes (see sections 1.4.7, 1.4.8 and 

Figure 1.13). Thus, the slight differences that we observed in the levels of the 

detyrosination enzymes could not easily explain the dramatic changes in the 

phenotypes observed for both modifications (Figure 4.3 and Figure 4.4). Could 

the microtubule dynamics be affected? If that was the case, microtubules 

would undergo faster polymerisation/ depolymerisation cycles, which could 

affect the aforementioned post-translational modifications, that are usually 

found on long-lived, more stable microtubules.  

 

To test this theory, we explored the “fitness” of the two enzymatic systems that 

generate acetylated and detyrosinated microtubules. Arnal and Wade, (1995) 

showed that Taxol, a microtubule stabilising agent, exerts its function by 

changing the microtubule lattice conformation and locking tubulin in a 

straightened conformation that prevents the protofilament curling that occurs 

prior to disassembly (Severin et al., 1997; Brien et al., 1999; Arnal and Wade, 

1995). Taxol treated microtubules are found to be rich in post-translational 

modifications. In order to test our hypothesis, we depleted USP31 using siRNA 

and we then treated the cells with 0.5µg/ml Taxol for an increased amount of 

time and monitored the rate and extent of the accumulation of detyrosination 

and acetylation on microtubules.  

 

The rate of the accumulation of both acetylated and detyrosinated 

microtubules was not affected by the depletion of USP31 as quantified in 

Figure 4.9.A and B from three individual repeats. At the same time, even 

though the cells depleted of USP31 showed no detyrosinated microtubules, 

upon stabilisation, the level of this modification reached similar levels to that 

of the control cells (Figure 4.9.C). This observation shows clearly that the 

enzymes are still capable of generating the modifications that are lost or 

disrupted when USP31 is absent. It also points to a difference in the stability 
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of microtubules upon USP31 depletion that impedes the generation of those 

modifications, since as soon as microtubules are stabilised by Taxol, the 

modifications are again generated. 

 

We also wanted to test the reverse phenotype. Nocodazole is a microtubule 

depolymerising drug, that exerts its action on microtubules by both blocking 

the assembly of de novo microtubules and depolymerising these that are 

already formed. Its function is reversible (Chao et al., 2002; Wang et al., 2016; 

Brabander et al., 1976). We incubated cells depleted from USP31 with 2µM 

nocodazole for increasing time periods and we monitored the rate of loss of 

post-translational modifications. For the detyrosinated microtubules, this rate 

reflects a sum of the depolymerisation rate and the rate that TTL adds tyrosine 

back to the free α-/β- tubulin dimer. As for the acetylation, the situation is 

slightly more complicated, as both SIRT2 and HDAC6 have been shown to act 

on both the assembled microtubule and the free heterodimer (Miyake et al., 

2016; Skultetyova et al. 2017, see section 1.4.8). Thus, the rate of the loss of 

acetylation could potentially reflect on both the depolymerisation and 

deacetylation rate.  

 

As seen in Figure 4.10, depletion of USP31 does not change the rate of loss 

of either of the modifications studied. In this case though, it is harder to 

conclude whether the absence of an effect reflects intact enzymatic activity, or 

any difference of the enzyme’s activity is being compensated by a change in 

the depolymerisation rate. One would expect that the disruptive effect that 

USP31 has on the modified, longer-lived microtubules would lead to a 

decrease in the resistance of microtubules to nocodazole depolymerisation 

action. However, further investigation would be necessary to make 

conclusions about their resistance to nocodazole depolymerisation. 
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Figure 4.9: The rate of accumulation of microtubule post-
translational modifications is not affected by the depletion of 
USP31. 

U2OS cells were transfected with 40nM control siRNA or against USP31 for 
72h. After that, the cells were treated with 0.5mg/ml Taxol for the mentioned 
time before they were lysed in RIPA buffer. 10µg of lysates were probed for 
A. acetylated or B. detyrosinated tubulin. The mean relative amount of the 
modified tubulin from 3 individual experiments is shown in the graph, 
normalised to GAPDH for equal loading and to the time point 0. C. Cells 
treated as above were fixed in ice-cold MeOH and stained for α- and 
detyrosinated tubulin. Images were acquired with a NIKON Ti-Eclipse 
microscope. Scale bar: 10µm 
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Figure 4.10: The rate of loss of microtubule post-translational 
modifications is unaffected by the loss of USP31.  

U2OS cells were transfected with 40nM control siRNA or targeting USP31 
(Q4) for 72h. They were then incubated with 2µM Nocodazole and lysates 
were prepared at the indicated time points. 10µg of lysates were probed for 
A. acetylated or B. detyrosinated tubulin. The graphs show the mean 
relative expression of three independent repeats normalised to GAPDH for 
equal loading and the time point 0. 

 

4.3 USP31 depletion and microtubule dynamics 

Microtubules are very dynamic filaments. They undergo constant and 

interchangeable cycles of polymerisation, pausing and depolymerisation. The 

dynamic state of the growing end of microtubules is dictated by two major 

factors: the abundance of free tubulin and the proteins interacting with the 

microtubule plus end (see sections 1.4.3 and 1.4.10). Since we showed that 

the abundance of both α- and β- tubulin does not change, we turned our focus 

on the microtubule plus tip.  

 

The microtubule plus end is a dynamic structure, that serves as a platform for 

a variety of proteins to bind to and affect the growing state of a microtubule 

(Akhmanova and Steinmetz, 2008). Proteins can directly bind to the plus end 

of microtubule by interacting with the newly added GTP-tubulin (i.e. EB 

proteins), or they can recognise certain motifs on proteins that are already 

found there (i.e. SxIP motif containing proteins interact with EB1 protein 
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through this motif) (Jiang et al., 2012). In the following part of this chapter, the 

effect of USP31 on microtubule dynamics is explored. 

 

4.3.1 Effect on GTP-tubulin 

The α-/β- tubulin heterodimer can only be incorporated to the microtubule 

when it is bound to GTP; thus, the plus end of a growing microtubule has a 

GTP-cap (see 1.4.2). GTP-tubulin remnants can also be found across 

microtubules and are regions of microtubule self-repair (Aumeier et al., 2016; 

Dimitrov et al., 2008; see section 1.4.4). Those short islands of GTP-tubulin 

are responsible for rescue events upon catastrophe.  

 

Firstly, we wanted to examine the state of GTP-tubulin upon depletion of 

USP31. To do so, the cells were permeabilised live in a microtubule retaining 

buffer (PEM-glycerol) and incubated with the hMB11 (human GTP-tubulin) 

antibody at 37oC, to prevent any microtubule depolymerisation (Dimitrov et al., 

2008; Pilon et al., 2013; see section 2.4.7). As shown in Figure 4.11, the 

removal of USP31 leads to an overall increase in the length and abundance of 

GTP-tubulin remnants across the cells. Longer stretches of GTP-tubulin on 

long parts of microtubules running from the pericentrosomal region to the cell 

cortex could be observed in the cells depleted for USP31. As I showed in 

Figure 4.1, USP31 depletion leads to an increased and denser network. This 

observation could explain the increased stretches of GTP-tubulin found in the 

depleted cells. A denser network will be more challenging for microtubules, 

since they will encounter more obstacles and possible collisions during their 

life-time, which could cause damage to the lattice (de Forges et al., 2016). 

Repair of this damage could lead to an increase in the GTP-tubulin remnant 

across the shaft of microtubules. 
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Figure 4.11: GTP-tubulin distribution changes upon USP31 
depletion. 

U2OS cells were transfected with 40nM control siRNA or against USP31 for 
72h. The membranes were then permeabilized with Triton and the cells 
were stained for GTP-tubulin in a microtubule preserving buffer. The cells 
were then fixed in ice-cold MeOH. Images were acquired in a 3i spinning 
disk confocal. Scale bar: 10µm 
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4.3.2 Distribution of plus tip proteins on the plus end of microtubule 
The growing end of a microtubule serves as a platform for multiple proteins to 

bind and change its dynamic properties. Polymerases and depolymerases 

interact either directly with the GTP-cap or through other binding proteins and 

control the state in which a microtubule is found (ie. growth or shrinkage). One 

of the more studied proteins on the plus tip is End Binding protein 1 (EB1). 

EB1 tracks and binds autonomously to the plus tip of microtubules through its 

N-terminal CH (calponin homology) domain, whilst its C-terminal contains an 

EBH domain and an EEY/F motif that serve for interaction with SxIP motif 

containing proteins and CAP-Gly domain proteins respectively.  

 

It has become apparent that the population of EB1 on the growing plus tip 

serves as a measure of the dynamic state of a microtubule. Duellberg et al. 

showed that the EB binding region on a microtubule tip is the stabilising region 

of the growing microtubule, and microtubules that grow faster tend to have a 

longer EB cap on the plus tip (Duellberg et al., 2016). As we showed in 3.4.1, 

USP31 has an SxIP motif, though it is not found colocalising with EB1. Instead 

USP31 decorated microtubules have either a short EB1 cap or none at all (see 

section 3.6). We examined the state of EB1 tips on microtubules upon 

depletion of USP31. 

 

Two out of three oligonucleotides used caused a two-fold increase in the length 

of EB1 cap on the microtubule tips, whilst the third showed a great decrease 

(Figure 4.12.A). At least ten cells were analysed per condition, per repeat. The 

observed increase of the distribution with the Q2 and Q4 oligonucleotides is 

not accompanied by a change in the expression level of EB1, whilst there is a 

decrease in the amount of EB1 upon transfection with the Q1 oligonucleotide 

(Figure 4.12.B). The disparate phenotype across the oligonucleotides is 

troubling. However, the Q1 oligonucleotide is the one that more often gives an 

incomplete depletion of USP31. Together with the fact that it gives the exactly 

opposite phenotype, this could be indicative of a dosing effect of USP31 on 

the EB1 distribution on the plus tip. However, we cannot exclude the possibility 

of it being an off-target effect.  
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Figure 4.12: USP31 knockdown increases the length of EB1-cap 
at the +end of microtubules. 

A. U2OS cells were transfected with 40nM control siRNA or against USP31 
for 72h, fixed with MeOH and stained for EB1. The length of 40 comets per 
cell were measured by manual drawing over the comets in Fiji. The results 
of three independent experiments are shown in the graph. Cell number is 
indicated in brackets. error bars: mean ± SD. ****p£0.0001, One-way 
ANOVA. B. Lysates of the same conditions were probed for the indicated 
antibodies, and the relative amount of EB1 from three independent 
experiments is shown in the graph. *indicates the protein specific band. 
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We then wanted to examine whether the effect seen on EB1 cap length is 

exclusive to this protein, or whether depletion of USP31 affects the distribution 

of another family member. To do so, we utilised HeLa cells stably expressing 

GFP-EB3 and monitored the distribution of this family member. Note that HeLa 

cells are low in detyrosinated tubulin (Figure 4.13), similarly to RPE1 cells (see 

Appendix 4). EB family proteins have been used extensively to indirectly 

visualise the size of the GTP-cap (Seetapun et al., 2012; Duellberg et al., 2016; 

Maurer et al., 2012; Rickman et al., 2017). EB3 distribution changes in a similar 

fashion as with EB1, and the Q2 and Q4 oligonucleotides again show a longer 

EB3 cap, while Q1 shows a short one (Figure 4.13 insets). The relevant 

amount of EB3 expression did not seem to interfere with the redistribution, as 

seen in the insets of cells of low or intermediate expression cells.  

 

We also examined the distribution of another plus tip localising protein, CLIP- 

170. CLIP proteins promote rescue events upon microtubule depolymerisation 

(Komarova et al., 2002). CLIP-170 has two Cap-Gly domains at its N-terminus 

that aid its interaction with EB1 on the microtubule tip of a growing microtubule 

(tyrosinated), but not on one that is paused or depolymerising (Dixit et al., 

2009; Bieling et al., 2008; Perez et al., 1999; Peris et al., 2006). Consistent 

with the EB1 pattern on microtubule plus ends, CLIP-170 decorated either the 

long EB1 tails that appear upon depletion of USP31 using the Q2 and Q4 

oligonucleotide, or exhibited a short, dot-like localisation in cells depleted using 

the Q1 oligonucleotide (Figure 4.14 insets).  
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Figure 4.13: USP31 knockdown changes EB3 distribution in the 
plus tip of microtubules. 

Hela cells stably expressing GFP-EB3 were transfected with 40nM control 
siRNA or against USP31, fixed with ice-cold MeOH and stained for 
detyrosinated tubulin. Hela cells do not express high levels of detyrosinated 
tubulin. Images were acquired with a 3i spinning disk confocal. Scale bar 
10µm.  
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Figure 4.14: CLIP170 distribution across the +TIPS changes 
according to the size of the EB1 cap upon USP31 depletion. 

U2OS cells were transfected with control siRNA or siRNA targeting USP31 
(Q1, Q2, Q4) before cells were fixed with ice cold MeOH and stained for the 
mentioned antibodies. Pictures were acquired with a 3i spinning disk 
confocal. Acquisition as well as levelling of the pictures was done with the 
same settings for all the conditions. Scale bar: 10µm 
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4.3.3 EB3 comet tracking 
Changes on the length of the EB1 tip coincide with changes in the dynamics 

of microtubules. Since we had such dramatic differences from the depletion of 

USP31 on the EB1 cap, we wanted to explore whether the microtubule 

dynamics are affected. In order to do so, Hela cells stably expressing GFP-

EB3 (described in section 3.2.3) were utilised to monitor the EB3 comet 

dynamics when USP31 is depleted (Figure 4.15). The cells were imaged 

continuously (200ms exposure time) using a 3i spinning disk confocal 

microscope, and the acquired time-lapse series were analysed using either the 

Fiji plugin TrackMate (Figure 4.16.A) or the Matlab plusTipTracker extension 

(u-Track 2.1.3, Danuser lab, Applegate et al., 2011; Figure 4.16.B). Noted that 

in the video insets presented in Figure 4.15, comets do not appear longer; 

however, this could be attributed to the thickness of the acquired picture with 

the confocal microscope, which is smaller than the calculated length of the 

comets. Moreover, a longer comet might be harder to capture in a continuous 

imaging setting, while it is easier to be depicted in a fixed cell.  

 

Trackmate performs the analysis on a cell basis across the time-lapse, while 

plusTipTracker analyses the whole image. Three repeats of the experiment 

were performed, and they are indicated by colour-coding in the graphs. Both 

types of analysis showed that there is no difference in the polymerisation 

speed of microtubules upon depletion of USP31. This notion is in contrast with 

the published view that longer EB1 caps are found on microtubules that 

polymerise faster. However, microtubules in the USP31 depleted cells 

polymerised for longer distances, as indicated by the increased displacement 

length calculated by TrackMate and the increase in the growth length and 

growth lifetime calculated in MatLab, albeit the increase was marginal in both 

cases and did not cross the significance threshold. 
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Figure 4.15: Overview of GFP-EB3 comet tracking. 

Hela cells stably expressing GFP-EB3 were transfected with 40nM control 
siRNA or against USP31 for 72h. The cells were then imaged on a 3i 
spinning disk confocal (continuous imaging, 200msec) for 40secs (200 
frames). Example regions of cell edges are shown, and arrows follow a few 
comets across time. Time indicated is in seconds. 
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Figure 4.16: USP31 depletion does not change the growth speed 
but increases the growth length of the plus tip. 

The EB3 comets were tracked using A. the TrackMate plugin in Fiji or B. 
the plusTipTracker extension of Matlab. The three individual experiments 
are colour-coded on the graphs. n=3, One-way ANOVA.  
 

4.4 USP31 depletion and γ-tubulin 

γ-tubulin is the third member of the tubulin superfamily that is conserved in all 

eukaryotic groups (Stearns et al., 1991). It mainly acts at the microtubule 

organising centre (MTOC) on the centrosome, where the minus-ends of 

microtubules are anchored (Murphy and Stearns, 1996), though the majority 

of the protein is cytosolic. It is also found on non-centrosomal microtubule 

nucleating centres. The next part of this chapter focuses on the effect of the 

depletion of USP31 on γ-tubulin and centrosome related functions.   
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4.4.1 USP31 depletion slightly decreases γ-tubulin protein levels 

We first checked the protein levels of γ-tubulin upon siRNA depletion of USP31 

in U2OS cells. As shown in Figure 4.17.A, γ-tubulin expression levels are 

decreased by approximately a third with the oligonucleotides Q2 and Q4, while 

Q1 is showing a lesser decrease. No decrease can be seen in the expression 

level by immunofluorescence, nor a change in its cellular distribution (Figure 

4.17.B).  

 

4.4.2 USP31 depletion changes slightly γ-tubulin stability 
The next step was to examine whether the stability of γ-tubulin changes upon 

depletion of USP31. γ-tubulin is a very stable protein, with a half-life calculated 

in NIH3T3 mouse fibroblast cells at 45-50 hours (Schwanhäusser et al., 2011). 

As previously described (see section 3.2.3), I performed a cycloheximide 

chase and probed for γ-tubulin. As in the case with N-MYC protein, USP31 

depletion results in a reduction of γ-tubulin levels, thus at the beginning of the 

chase, control and USP31 depleted samples do not contain the same amount 

of γ-tubulin. To correct for this discrepancy, lysates from the beginning of the 

chase were run and probed for γ-tubulin and the relative amount of γ-tubulin 

remaining in the depleted cells was calculated. As shown in Figure 4.18.A, Q2 

and Q4 had approximately 1/4 to 1/5 of the amount of γ-tubulin reduced 

compared to the parental, thus, the amount loaded for the comparison in 

Figure 4.18.B is adjusted accordingly. The specificity of the band 

corresponding to γ-tubulin was confirmed by probing with both a mouse and a 

rabbit antibody that are raised against distinct epitopes. As seen from the 

quantification of the relative amount of γ-tubulin across the treatment, USP31 

depletion results in faster degradation of γ-tubulin, although the difference is 

modest. Data are fitted with a linear trendline in Excel.  
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Figure 4.17: Reduction of γ-tubulin upon USP31 knockdown. 

A. U2OS cells were transfected with 40nM control siRNA or against USP31 
for 72h, lysed in RIPA buffer and probed for γ-tubulin. A representative gel 
of three experiments is shown together with the quantitation. One-way 
ANOVA, **p£0.01, ***p£0.001. B. U2OS cells were transfected with 40nM 
control siRNA or against USP31 for 72h, fixed with ice-cold MeOH and 
stained for γ-tubulin. Images were acquired with a 3i spinning disk confocal 
microscope. Scale bar: 10µm. 
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Figure 4.18: The half-life of γ-tubulin is slightly reduced upon 
USP31 depletion in U2OS cells.  

U2OS cells were transfected with 40nM control siRNA or targeting USP31 
(Q2, Q4) for 72h, prior to treatment with 100µg/ml Cycloheximide for the 
mentioned time points, lysed in RIPA buffer and 20µg were resolved in a 4-
12% Bis-tris gel. A. The relative amount of γ-tubulin was determined at the 
time prior to treatment. B. Corrected amounts of lysates were probed for the 
mentioned antibodies. The quantification of the relative amount of γ-tubulin 
is shown in the graphs. The samples are normalised either to the time-point 
0 for each condition (left graph) or to NT1, time-point 0 (right graph). 
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4.4.3 Centrosome number does not change upon depletion of USP31 

Centrosome replication involves the duplication of centrioles and the 

pericentriolar matrix that will eventually end in the daughter cells upon cell 

division. Multiple centrosomes are a common feature of many human cancer 

cells, that have to effectively cluster their multiple centrosomes in order to 

generate functional spindles that will evenly distribute their genetic material in 

daughter cells.  

 

We wanted to examine whether USP31 depletion affects the number of 

centrosomes per cell. We depleted USP31 with siRNA in U2OS cells and 

stained for γ-tubulin and pericentrin. In the acquired images, cells were 

categorised based on the number of centrosomes that could be distinguished 

based on both markers. The result is shown in Figure 4.19. Depletion of 

USP31 does not result in overduplication of centrosomes since there is barely 

any difference in the percentage of cells with three or more centrosomes.  
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Figure 4.19: The number of centrosomes per cell does not 
change upon USP31 depletion. 

U2OS cells were transfected with 40nM control siRNA or against USP31 for 
72h, fixed with ice-cold MeOH and stained for γ-tubulin and pericentrin as 
centrosome markers. Images were collected with a NIKON microscope. The 
number of centrosomes/cell has been quantified using both markers and 
the percentage of cells falling in each category is shown in the graph. Cell 
numbers: NT1-207, Q1-126, Q2-197, Q4-151. 
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4.5 USP31 depletion and cell size 

From the work presented so far in this chapter, it is obvious that one of the 

more prominent phenotypic differences of USP31 depletion is the increase in 

cell size. U2OS cells depleted for USP31 appear significantly larger with larger 

nuclei. The measurement of the two-dimensional cell area is shown in Figure 

4.20. Briefly, U2OS cells depleted for USP31 were fixed after 72 hours of 

siRNA knockdown. Images were acquired with a confocal microscope, at the 

plane where cells appeared larger. α-tubulin staining was used to highlight the 

cell surface, and the cell contour was drawn manually based on that. USP31 

depletion causes a clear and significant increase in the total cell and nuclear 

area.  

 

The increase of the cell area could be attributed to the cells actually being 

bigger, or they could just be flatter and more spread. In order to confirm that 

the cells were indeed bigger, the cellular protein mass was calculated. The 

cellular protein mass is defined by the protein amount that corresponds to each 

cell. In order to calculate it, the cell number of control and USP31 depleted 

cells was counted on sequential days. The cells were then lysed for each time 

point, the protein amount was determined in a protein assay, and the amount 

of protein per cell was calculated. As shown in Figure 4.21, cellular mass 

increases in USP31 knockdown. In fact, the increase can be seen as early as 

24 hours post-transfection with siRNA, and it gradually increases the longer 

USP31 is depleted. This is a confirmation that the larger cell size that we 

observed and measured in Figure 4.20.B is due to a general cell volume and 

cell mass increase. A similarly increased cell size has been observed both in 

HeLa and U2OS cells that were used in different parts of this study (data not 

shown). 
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Figure 4.20: USP31 depletion increases cell and nuclear size, as 
well as the cellular protein mass. 

U2OS cells were transfected with 40nM control siRNA or against USP31 
(Q1, Q2, Q4) for 72h. They were then fixed in ice cold MeOH and stained 
for α-tubulin. Images were acquired with a 3i spinning disk confocal. Scale 
bar 10µm. A. Example of the drawing to determine the cell surface area. 
The cell outline was manually drawn in Fiji. B. Quantitation of the cell 
surface of the drawn cells from two independent experiments. Cell number: 
NT1-139, Q1-89, Q2-81, Q4-61 cells. One-way ANOVA, ***p£0.001, 
****p£0.0001. Error bars show mean ± SD C. DAPI was used for nuclei 
staining. Cell nuclei were identified using the Analyse particles plugin in Fiji 
and the nuclear surface was calculated from two independent experiments. 
One-way ANOVA, ***p£0.001, ****p£0.0001. Error bars show mean ± SD. 
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Figure 4.21: The cellular protein mass is increased upon USP31 
depletion 

U2OS cells were seeded in a density of 100.000 cells/well and they were 
then transfected with 40nM control or siRNA targeting USP31. The cells 
were trypsinised on the mentioned time-points, and the cell number was 
counted. They were then lysed in RIPA buffer and the protein amount was 
determined in a protein assay. The cellular protein mass for each time point 
from three individual repeats is shown in the graph on the left, and at 72h of 
knockdown in the graph on the right. For the samples from days 4 and 5, a 
second siRNA transfection was done at 72 hours after the first one. One-
way ANOVA, **p£0.001, error bars: mean ±SD. 

 

4.6 USP31 and cell division  

Microtubules play a key role during cell division. They form the mitotic spindle, 

the major apparatus that guides chromosomes to the metaphase plate and 

generates the necessary forces to segregate the chromosomes and divide 

them equally in the daughter cells. Disturbance of the spindle formation and/or 

function can lead to aneuploidy and other chromosome instability issues. We 

already saw that USP31 exerts quite a significant effect on the microtubule 

network, and specifically on the post-translationally modified microtubules, that 

play a crucial role during mitosis (see section 1.4.11). In the following part of 

this chapter, we explore the role of USP31 in the normal progression of cell 

cycle. 
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4.6.1 Loss of USP31 causes growth arrest 

Early observations indicated that USP31 depletion led to slower cell growth. 

This is the reason why, as described in section 2.1.6, unless otherwise stated 

in figure legends, cells were seeded in different densities for the samples 

depleted of USP31, in order to achieve similar confluency levels by the lysate 

production or fixation of the cells.  

 

We measured this defect of cell growth in both U2OS and SK-N-BE2(c) 

neuroblastoma cells. Figure 4.22 shows the resulting growth curves for both 

cell lines from three independent experiments. The growth arrest in U2OS is 

quite dramatic and becomes prominent as early as 48 hours post-transfection. 

For the neuroblastoma cell line SK-N-BE2(c) there is residual growth, but still 

not at the same rate as for the control cells.  

 

 

 

Figure 4.22: USP31 depletion causes growth arrest. 

A. 100K U2OS cells or B. 100K SK-N-BE2(c) cells were seeded and 
transfected with 40nM control siRNA or against USP31 (Q1, Q2, Q4). The 
cell number was counted after 24, 48, 72, 96 and 120h and the growth curve 
was plotted for each time point from three individual repeats. For the 
samples of days 4 and 5, a second transfection was performed 72 hours 
after the first one.  
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4.6.2 Mitotic progression in cells depleted of USP31 

The next step was to monitor cell division upon USP31 depletion live. In this 

way, we wanted to observe where this arrest is happening and try to 

understand what the mechanism behind it is. At this part of the study, we 

utilised U2OS cells stably expressing mRFP-H2B, in order to monitor the time 

that cells spend in the different mitotic phases, as well as any congression or 

segregation defects. Briefly, the cells were depleted of USP31 for 48 hours at 

the beginning of the imaging, and they were then imaged for 16 hours and 35 

minutes, with an interval of 5 minutes. The movies were then analysed 

manually, and cells were followed during this time and monitored as to whether 

they divide or not, how much time they spent during each mitotic phase, and 

what is the fate of the cells after division. 

 

The results of three independent experiments are shown in Figure 4.23. Firstly, 

as it can also be seen in Figure 4.23.A, already at 48 hours post-transfection 

there is a defect in cell growth, as only 20-30% of cells depleted with the 

oligonucleotides Q2 and Q4 will commence to do anything during the ~16.5 

hours of imaging. Q1 oligonucleotide exhibits a milder effect with ~ 60% of 

cells rounding up during the imaging time, in comparison to ~80% for the cells 

transfected with the control siRNA (NT1). The fate of the majority of those cells 

that round up will be cell division, with only about 7% of the rounding events 

ending in cell death for the Q4 oligonucleotide. During the analysis of the 

movies, the cells were monitored for Death in Mitosis (DIM), though no such 

case could be observed. The majority of the cells that died, did not show any 

attempt for cell division beforehand.  

 

If we now only consider the cells that rounded up during the imaging time, 

again the majority of them will end up dividing (Figure 4.23.B). Following those 

cells during the imaging, I recorded the time they spent in each phase of 

mitosis (Figure 4.23.D). Figure 4.23.C summarises the result. Control cells 

spent approximately 25 minutes from chromatin condensation to anaphase. 

Depletion of USP31 resulted in an overall increase of the time spent going 

through those phases. The greater increase is seen with the Q1 
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oligonucleotide (median time 40 minutes), while transfection with Q2 and Q4 

results in- for the cells that will divide- a more moderate increase (median time 

of 37 and 32 minutes respectively).  

 

Taking into consideration Figure 4.22, it seems that the results are slightly 

confusing. Depletion of USP31 from U2OS cells induces a very striking growth 

arrest, but Figure 4.23 shows that there is still a subset of cells that divide. The 

cell line that stably expresses mRFP-H2B exhibits some significant differences 

compared to the parental U2OS. During normal maintenance, those cells grow 

at a much faster rate compared to the parental cells. Thus, this discrepancy 

could be explained by a clonal difference between the parental U2OS cells and 

the stable cell line that I used for the calculation of the time spent in mitosis.  

 

Since at 48 hours post-transfection, there is already an effect in both the 

proportion of cells that go through cell division and the time they spend in 

mitosis, I wanted to explore when this defect starts. Imaging cells after 24 

hours of depletion of USP31 revealed a similar trend in all measurements seen 

at later time points (Figure 4.24), but not to the same extent as the later time 

points. Similarly, as at 48 hours, Q2 oligo shows the greater and of the same 

magnitude decrease in the cells that round up during the imaging time, and Q1 

and Q4 percentages are already decreasing. Again, most of the cells that will 

round up will manage to go through cell division, and they already exhibit an 

increase in the time they spent from chromatin condensation to anaphase.  

 

Trying to pinpoint when the effect of USP31 is commencing on cell cycle 

progression, cells were imaged either directly after transfection with siRNA for 

24 hours, or at 16 hours post-transfection for another 16 hours. The results are 

summarised in Figure 4.25. The effect is starting to appear from the first 24 

hours for the Q2 oligonucleotide, that already has a reduction of ~30% of the 

cells that go through mitosis. For all the conditions, less cells divide during the 

last 8 hours of imaging, with all three oligonucleotides causing a reduction of 

this percentage compared to the control cells. In the second imaging that 

commenced at 16 hours post-transfection, the effect of the depletion of USP31 

on the cells dividing is already obvious, with percentages recapitulating the 
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findings at later time points (i.e. Figure 4.23 and Figure 4.24). This indicates 

that cells probably go through the first cell cycle normally, but they then 

struggle to go through a second cell division once USP31 is depleted. 

 
Figure 4.23: USP31 knockdown affects mitotic progression. 

U2OS mRFP-H2B cells were transfected with 40nM control or USP31 
siRNA. At 48h post-transfection, cells were imaged using the NIKON Ti-
Eclipse microscope and a 20x objective for 16h35min, with a 5min interval. 
A. The percentage of cells that round up, divide or die is quantified from 
three independent experiments.  Cells tracked: NT1-350, Q1-359, Q2-656, 
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Q4- 533 B. The percentage of cells that divided out of the ones that rounded 
up was calculated. C. The time that cells spend from chromatin 
condensation to anaphase was measured. The 5-95 percentile is shown in 
the graph. Number of cells taken into consideration: NT1-260, Q1- 169, Q2-
76, Q4-108. D. Examples of the movies that were used for the measurement 
of the time in mitosis. The frames are captured with 5 minutes apart. Green 
arrows indicate the point that was considered as chromatin condensation 
and red arrows the first frame of anaphase.  
 

 

Figure 4.24: USP31 depletion affects mitotic progression as 
early as 24 hours post-transfection 

U2OS cells stably expressing mRFP-H2B were transfected with 40nM 
control siRNA or targeting USP31. At 24h post-transfection, cells were 
imaged using the NIKON Ti-Eclipse microscope and a 20x objective for 
16h35min, with a 5min interval. A. The percentage of cells that round up, 
divide or die is quantified from three independent experiments. Cells 
tracked: NT1-180, Q1- 93, Q2-193, Q4-139 B. The percentage of cells that 
divided out of the ones that rounded up was calculated. C. The median time 
that cells spend from chromatin condensation to anaphase was measured. 
Number of cells taken into account: NT1- 136, Q1- 35, Q2- 24, Q4-60.  
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Figure 4.25: Early effect of USP31 depletion on cell division  

U2OS cells stably expressing mRFP-H2B were transfected with 40nM 
control siRNA or targeting USP31. They were then A. directly imaged for 
24h or B. 16 hours after transfection for 16 hours, using a NIKON Ti-Eclipse 
microscope. For both conditions, the total percentage of cells divided is 
shown as well as a distribution of the division events across the imaging 
time. Cell number tracked: A) NT1-180, Q1-209, Q2- 213, Q4- 178. B) NT1-
192, Q1- 193, Q2-230, Q4- 221. 

 

4.6.3 USP31 depletion and the cell cycle 

Since the effects on cell division were so prominent, with cells failing to divide 

as early as 16 hours post siRNA transfection with certain oligonucleotides, I 

then performed a full cell cycle profiling to find the part of the cell cycle that is 

affected by USP31. Firstly, I did a flow cytometry analysis using propidium 

iodide (PI), a fluorescent DNA intercalating stain to measure the DNA content 

of the cells and the relative distribution of the population across the cell cycle 

phases. Briefly, USP31 was depleted in U2OS cells for 72 hours, I fixed the 

cells in ice-cold ethanol and incubated them with PI. They were then sorted in 

a FACS ATTUNE machine. The results of four individual repeats are 

summarised in Figure 4.26. Overall, USP31 depletion causes a reduction in 

the proportion of cells found in G1 phase of the cell cycle, where cells tend to 
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duplicate their mRNA and protein amount to prepare for cell division. No 

difference was observed in the percentage of cells found in S phase (DNA 

replication phase). For the Q1 and Q4 oligonucleotides, the percentage of cells 

that was not in G1 can be found in G2/M phase. The Q2 oligonucleotide shows 

an increase in sub-G1 DNA content, which is indicative of cell death. The 

increased proportion of cells in G2/M phase is in agreement with the increase 

in cell size, nucleus size and cellular protein mass, indicating that loss of 

USP31 is somehow abrogating either the transition from G2 to mitosis, or 

negatively affects the mitotic progression. The two cannot be discriminated by 

PI flow cytometry analysis as the DNA content is the same in G2 and M. Given 

the results of the section 4.6.2, we see that depletion of USP31 is causing an 

effect in cell cycle progression quite early on (even at 16 hours post-

transfection). It is thus possible that the flow cytometry analysis is performed 

in a late time point, and we may be missing a more striking, early effect on the 

cell cycle.  

 

We also performed a cell cycle analysis by measuring the levels of cyclins and 

cell cycle regulating protein upon depletion of USP31 (Figure 4.27). Cyclin B1 

and pCDK1 both increase when USP31 is depleted with Q1 and Q4 oligos, the 

ones that cause the greater arrest in G2/M. Cyclin B1 levels increase during 

G2 and peak at the beginning of mitosis, where it is necessary for nuclear 

envelope breakdown and chromosome condensation. It acts in complex with 

CDK1, whose phosphorylation also peaks at this point of cell cycle and is 

responsible for the activation and the perpetuated action of the complex.  

 
Cyclin D expression peaks in G1. The observed increase caused by 

oligonucleotides Q2 and Q4 is not consistent with the reduction of the 

proportion of cells found in this phase. The increase in cyclin E caused by Q2 

is also not consistent with the flow cytometry profiling, as cyclin E peaks just 

before S phase, and there doesn’t seem to be any obstruction there. P-Rb’ 

s decreased phosphorylation can be explained by the decrease in G1 and a 

later block in cell cycle, as this protein needs to be phosphorylated early on to 

allow the transition to S phase. Finally, cyclin A2 can interact with both CDK2 

and dictate the continuation of S phase, and CDK1 in order to aid the transition 
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of G2 to M phase. Its expression peaks during S phase and starts declining in 

G2 phase, so the increased level in Q1 and Q2 could indicate a block in early 

G2, though we cannot conclude for sure.  

 
 

 
Figure 4.26: USP31 knockdown induces a G2/M arrest in U2OS 
cells. 

U2OS cells were transfected with 40nM control siRNA or against USP31 for 
72h, fixed with ice cold EtOH and stained for PI. They were then run in an 
ATTUNE flow cytometry machine. A. Representative graphs of the cell cycle 
profile of the gated cells. B. The graph shows the distribution of cells in 4 
independent repeats. Error bars: mean ±SD. Two-way ANOVA, **p£0.01, 
***p£0.001, ****p£0.0001.  
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Figure 4.27: Cell cycle markers upon USP31 depletion. 

U2OS cells were transfected with 40nM control siRNA or against USP31 for 
72h, lysed in RIPA buffer and 20µg were resolved in 4-12% Bis-Tris gel. A 
cell cycle profiling using the indicated antibodies was performed. * indicate 
CyclinD1 specific band. 

 
 
4.6.4 USP31 and cellular senescence 

Due to the increase in cell size and the abrogation of cell division, we were 

prompted to examine whether cells go into senescence upon depletion of 

USP31. To test this hypothesis, we checked for β-galactosidase activity. It has 

been shown that senescent cells have β-galactosidase activity at a specific pH 

(6), thus detection of this activity has become a very common marker (Itahana 

et al., 2013). Briefly, cells are fixed and incubated overnight with β-

galactosidase’s substrate X-gal, in highly controlled conditions (pH, 

temperature, CO2) and imaged using a bright field microscope. As can be seen 

in Figure 4.28, there is no β-galactosidase activity, as indicated by the absence 
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of the development of blue colour. However, during the setup of the 

experiment, no positive control was included. Controls for this assay could 

include either cells that have become senescent due to long culturing, or cells 

treated with telomerase inhibitors. The fact that we used a commonly used, 

commercially available kit (validated in our laboratory as well) and controlled 

very strictly for the incubation conditions could give some confidence for the 

result. Moreover, other hallmarks of cellular senescence, such as Senescence 

associated heterochromatic foci (SAHF) (Aird and Zhang, 2013), or 

senescence associated G1 arrest were never observed upon depletion of 

USP31. Nevertheless, it will be important to validate the assay by including a 

positive control. 

 

4.6.5 USP31 and cell death 

Finally, and since it was indicated by the flow cytometry analysis that at least 

one oligonucleotide was causing a certain level of cell death, we stained both 

U2OS and SK-N-BE2(c) cells with AnnexinV and DRAQ7. DRAQ7 is a 

membrane impermeable dye that stains the nuclei of dead cells. AnnexinV 

binding is used as a marker of apoptotic cells, since it has the ability to bind to 

phosphatidylserine, which becomes externalised only in apoptotic cells. 

Approximately 1 hour prior to imaging, 5µl/well of Annexin V (supplemented 

with 2.5µl CaCl2 1M to facilitate the binding to Phosphatidylserine) and 

0.5µl/well of DRAQ7 were added to the wells.  

 

Figure 4.29 summarises the results from two independent experiments. In 

U2OS cells, depletion of USP31 does not cause any significant increase in cell 

death at 48 hours, while there is a variable increase between 10-20% across 

the oligonucleotides at the 72-hour time point, with Q4 exhibiting the stronger 

effect. On the other hand, in SK-N-BE2(c), the increase in cell death is quite 

consistent with all three oligonucleotides provoking ~20% cell death by the end 

of the imaging. Taking together all the analysis done so far, USP31 depletion 

causes significant changes in mitotic progression and cell proliferation. 

Approximately 20% of cells continue to cycle when USP31 is depleted, and it 
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takes them longer to complete mitosis. At the same time, 10-20% of cells die 

when USP31 is removed, while there is an accumulation at G2/M.  

 

Figure 4.28: No β-galactosidase activity could be seen upon 
USP31 depletion. 

U2OS cells were transfected with 40nM control siRNA or against USP31 for 
A. 48 hours or B. 72 hours, before the cells were fixed and incubated with 
β-galactosidase overnight at 37°C according to the manufacturer protocol. 
They were then checked for β-galactosidase activity (blue colour) using the 
NIKON Ti-Eclipse microscope. Scale bar: 100µm. 
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Figure 4.29: USP31 depletion induces an increase in cell death 

A. U2OS cells were transfected with 40nM control siRNA or against USP31. 
48h post transfection, DRAQ7 and AnnexinV were added to the cells and 
images were taken at 48 and 72 hours using a NIKON Ti-Eclipse 
microscope. Example pictures are shown, as well as the quantification of 
two independent biological repeats. Error bars: mean± SD. B. SK-N-BE2(c) 
cells treated as in A were imaged from 48 hours post transfection for 16 
hours. Example pictures and the relative percentages of two independent 
experiments are shown in the graph. Error bars: mean ± SD. A minimum of 
700 cells/ condition were assessed from the two biological repeats. Scale 
bar: 100µm 

 
4.6.6 Spindle assembly and chromosome congression/segregation 

Microtubules play a central role in cell division, as they form the mitotic spindle, 

the apparatus that is responsible for transferring the chromosomes to the 

metaphase plate and generating enough forces to drag them apart and 

distribute them equally to the daughter cells. The microtubules of the mitotic 
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spindle are also rich in post translational modifications, like acetylation and 

detyrosination (for an extended discussion, see 1.4.11). Those modifications 

have important functional extensions, since specific motor proteins show 

preferences for those modified populations. 

 

As I have shown in 3.8, USP31 has a spectacular localisation during the cell 

cycle, as it is found on the metaphase spindle, but during anaphase it 

relocalises on the extended central spindle, as well as the astral microtubules, 

where it remains until the end of cytokinesis. Given this distribution and the 

disturbance of the modified microtubules that we observed upon depletion of 

USP31, we hypothesised that loss of USP31 should be sufficient to cause 

problems in either spindle assembly, chromosome congression or both. We 

already had some indications from the imaging of mitotic cells (Figure 4.23.D), 

where we could see that the depleted cells struggle to align their chromosomes 

in the metaphase plate.  

 

The results we have are still preliminary and a more in-depth analysis needs 

to be performed in order to fully assess the extent and robustness of these 

observations (e.g. in other cell lines). We could readily observe that the 

assembled spindles following USP31 depletion were deformed. Figure 4.30 

presents representative examples of mitotic spindles in control and USP31 

depleted U2OS cells. Spindles in the depleted cells are slightly longer, while 

the spindle microtubules appear distorted. They appear more bundled and at 

the same time there are misaligned chromosomes. It is tricky to know for sure 

whether those spindles are fully formed or whether the chromosomes are fully 

congressed, since it is a snapshot of fixed cells. However, there are cases 

where the existence of a clear metaphase plate could be a clear indication of 

the mitotic phase, and still malformations are apparent. 

 

4.7 USP31 depletion and cell organelles 

Apart from the microtubules, cell shape and cell cycle phenotypes, we also 

performed a more general evaluation of the cellular organelle outlook upon 

USP31 depletion. EEA1 staining (early endosomes) or LAMP1 (lysosomes) 
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did not reveal any difference in the abundance, size or distribution of those 

organelles (Figure 4.31.A and C). Cells depleted of USP31 seemed to have a 

more pronounced mitochondrial network (TOMM20 staining, Figure 4.31.B), 

which could be attributed to the generalised increase of cell size and cell mass. 

Finally, Golgi area is increased as well following USP31 depletion (Figure 

4.31.D). The surface was quantified in images taken using a 3i-spinning disk 

confocal, and the plane that showed the greater nuclear area were considered 

for the quantitation. Golgi distribution usually follows the microtubule state 

within the cell. For instance, depolymerisation of microtubules with nocodazole 

leads to Golgi fragmentation (Brabander et al., 1976). Thus, it is possible that 

the denser microtubule network affects the distribution of Golgi. Overall, the 

increase in cell size and cellular protein mass seems to be accompanied by a 

generalised increase in cellular material.  
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Figure 4.30: Collection of representative examples of mitotic 
spindles upon USP31 depletion 

U2OS cells were transfected with 40nM control siRNA or targeting USP31 
for 72 hours. They were then fixed and stained with α-tubulin to visualise 
the mitotic spindle, CENP-A as centromere marker and DAPI. z-stacks of 
0.3 µm of mitotic cells were acquired using the NIKON Ti-Eclipse 
microscope. Example planes are shown in the figure. All images were 
acquired with the 40x objective, and insets of 150x150 pixels are shown. 
White arrows point to putative misaligned chromosomes. 
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Figure 4.31: USP31 knockdown effect on different organelles. 

RPE1 cells were transfected with 40nM of control siRNA or a pool of four 
siRNA oligonucleotides against USP31 and fixed 72 hours after, either with 
MeOH (EEA1/α-tubulin) or PFA (GM130/Calreticulin, TOMM20, LAMP1) 
and stained with the corresponding organelle markers. USP31 knockdown 
does not affect mitochondria (B), ER network (D), distribution or size of 
endosomes (A) nor lysosomes (C) but causes an increase in Golgi size (D). 
Images were taken with a 3i spinning disk confocal microscope. The size of 
the Golgi area was measured by drawing the ROI of Golgi in each image in 
Fiji. Cell numbers: NT1-136, siUSP31Qp- 85. Error bars represent mean 
±SD. Scale bar: 10µm. 
 
 
 



 189 

4.8 USP31 depletion and cell motility 

Finally, we explored the effects of USP31 depletion on cell motility and 

migration. Even though the key component of the cytoskeleton when it comes 

to cell migration, is considered to be actin, microtubules play a crucial role 

through their mechanical properties, their regulation of cell trafficking and their 

interference with key signalling components, such as Rho GTPases. The 

polarised orientation of microtubules aids the directional movement of the cell, 

and a subset of microtubules is rearranged and targeted towards the leading 

edge. Microtubules on the leading edge are more often found to be rich in post 

translational modifications (Palazzo et al., 2001). Since USP31 depletion 

affects so many aspects of the cell, from cell shape to the density of 

microtubule network, the dynamics of microtubules and the post-translational 

modifications found on them, we wanted to explore whether cell motility and 

migration were affected.  

 

To do so, we performed a scratch assay in three different cell lines (U2OS-

Figure 4.32, A549-Figure 4.33 and RPE1 cells- Figure 4.34). We monitored 

how quickly they migrated to close the wound, as well as tracked them to 

profile their movement. As it has become obvious until now, there is a 

discrepancy among the oligonucleotides, with Q1 exhibiting a different, and 

often opposite, phenotype compared with the Q2 and Q4. This observation 

could be explained by the insufficient depletion of USP31 that the Q1 

oligonucleotide engenders (Figure 4.33.C and Figure 4.34.C). Furthermore, 

there were some inherent differences across the cell lines, as to the way they 

were affected by the depletion of USP31. U2OS and A549 cells closed the 

wound slower when transfected with Q2 and/or Q4 oligonucleotides, while 

depletion with the Q1 oligonucleotide lead to a faster closure of the wound. On 

the other side, RPE1 cells did not exhibit any major differences in the rate of 

wound closing. The velocity of U2OS cells was reduced when USP31 was 

more effectively lost with Q2 and Q4 oligonucleotides, while Q1 did not seem 

to exert any major differences in the speed of U2OS cells, while it made A549 

cells faster.  
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Figure 4.32: Wound healing assay in U2OS cells 

U2OS cells were transfected with 40nM control or USP31 siRNA for 72 
hours, when a scratch was made to the confluent monolayer, and cells were 
imaged every hour since. A. The empty area of the wound in different time 
points is outlined in yellow. B. The rate of wound closure is shown. Graph 
representative of two repeats. Error bars indicate technical replicates. C. 
Cells were manually tracked in Fiji, and the tracking record was analysed in 
Chemotaxis (Ibidi). The trajectories of the cells tracked during the first 9 
hours is shown. D. Output measurements of the tracking. Velocity and 
Directionality measurements derive from two repeats, while the distance 
measurement graphs are representative of two repeats. Error bars: mean± 
SD. 
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Figure 4.33: Wound healing assay in A549 cells 

A549 cells were transfected with 40nM control siRNA or against USP31 for 
72 hours, when a scratch was made to the confluent monolayer, and cells 
were imaged every hour since then. A. The empty area of the wound in 
different time points is outlined in yellow. B. The rate of wound closure is 
shown. Error bars indicate technical replicates. C. 20µg of lysates were 
probed with the mentioned antibodies. D. Cells were manually tracked in 
Fiji, and the tracking record was analysed in Chemotaxis (Ibidi). The 
trajectories of the cells tracked during the first 8 hours is shown. E. Output 
measurements of the tracking of a single repeat. Error bars: mean± SD.  
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The output measurement of directionality is an indication of linear movement, 

with a value equal to 1 being indicative of straight motion, and 0 random 

motion. Depletion of USP31 in U2OS cells lead to a relative decrease in 

straight directional movement, while it did not seem to affect A549 cells. U2OS 

cells transfected with Q2 and Q4 oligonucleotides covered a shorter distance 

overall, while those values remained unchanged for A549 cells transfected 

with the Q2 oligonucleotide. Finally, in A549 cells, consistent with the increase 

in the velocity measured upon transfection with the Q1 oligonucleotide, the 

cells covered a greater distance in the tracked time.  

 

 

Figure 4.34: Wound healing assay in RPE1 cells 

RPE1 cells were transfected with 40nM control siRNA or against USP31 for 
72 hours, when a scratch was made to the confluent monolayer, and cells 
were imaged every 30 minutes since then. A. The empty area of the wound 
in different time points is outlined in yellow. B. The rate of wound closure is 
shown. Error bars indicate technical replicates. C. 20µg of lysates were 
probed for the mentioned antibodies.  
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4.9 Discussion 

We have identified USP31 as the third DUB enzyme localizing on microtubules 

after CYLD and USP21 (Urbé et al., 2012; Gao et al., 2008). The work 

presented in this chapter summarised the effect of transient depletion of 

USP31 on the microtubule network and by extension to cellular functions that 

microtubules govern.  

 

4.9.1 USP31 depletion and the microtubule network outlook 

Firstly, we showed that depletion of USP31 leads to a denser microtubule 

network, without affecting the global abundance of α- or β- tubulin. Close 

examination of the architecture of post-translationally modified subpopulations 

of microtubules showed us that both acetylated and detyrosinated networks 

were disrupted. We also observed the peculiar phenotype of short stretches of 

detyrosination found on microtubules. However, at the time of those studies, 

the enzymes that generate detyrosinated tubulin were unknown. Thus, we 

resorted in testing the fitness of the enzymatic systems that generate those 

modifications by the use of microtubules stabilising and destabilising drugs. 

We showed that their activity is not affected by the depletion of USP31, since 

stabilisation of microtubules restores the levels of the modified populations.  

 

The dramatic loss of the detyrosinated population upon USP31 depletion 

intrigued us. It could not be attributed to hyperactivation of the enzymes 

removing the penultimate glutamine residue, since we showed that there was 

no increase in the generation of the irreversibly modified Δ2-tubulin. When the 

enzymes responsible for detyrosination were identified (Aillaud et al., 2017; 

Nieuwenhuis et al., 2017b), we checked the abundance of those enzymes 

upon depletion of USP31. We did find minor changes on the levels of SVBP, 

the binding partner of the enzymes of the Vasohibin family that are responsible 

for the generation of detyrosination of α-tubulin (see section 1.4.7). A more 

holistic analysis on the levels of those enzymes (i.e. checking both the mRNA 

and the protein levels) could indicate how significant the observed changes 

are. Moreover, it would be interesting to examine whether the stability or 

localisation of those enzymes is affected by USP31 depletion. However, the 
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restoration of the detyrosination upon stabilising microtubules with taxol, 

indicates that those enzymes are still capable to generate the modifications.  

 

4.9.2 USP31 could govern microtubule dynamics 

Even though detyrosination and acetylation are found on more stable, long-

lived microtubules, the two modifications are distinct enzymatically and they 

do not affect each other. So, the question that was raised from our data was 

what could be the common feature that USP31 might affect and consequently 

disturb both modified populations. One explanation could be a change in 

microtubule dynamics, since more stable microtubules tend to accumulate 

more modifications (Webster et al., 1990; Song and Brady, 2015; Piperno et 

al., 1987; Kreis, 1987). To monitor some aspects of microtubule dynamics 

upon depletion of USP31, we imaged the plus tip of microtubules, by using 

tagged GFP-EB3, and tracking the comets (Zwetsloot et al., 2018; Straube, 

2011). Upon depletion of USP31, microtubules were not polymerising faster, 

but the polymerisation phase persisted for longer periods of time and 

generated longer filaments. This could be an indication of reduced 

depolymerisation/ catastrophe rates, or an increase in rescue frequency. 

 

As a measurement of the momentary microtubule stability, we measured the 

size of the space that EB1 occupied on the plus tip of microtubules. Such 

measurement can be indicative of the stability of microtubules, since 

microtubules that polymerise for longer periods tend to have longer stretches 

of EB proteins on their plus end (Duellberg et al., 2016). Moreover, catastrophe 

occurs only after a certain, critical percentage of this cap is lost (remaining 

~15-30% of the original size). Complete depletion of USP31 with two 

oligonucleotides lead to a significant increase in the length of the EB1 cap, 

from an average of ~2.5µm to a mean length greater than 4µm. This 

observation could fit well with the persistent growth of microtubules that was 

indicated by the comet tracking experiments. However, one oligonucleotide 

that causes incomplete depletion of USP31 lead to a strikingly opposite 

phenotype, with EB1 plus tips length of less than 1µm. This discrepancy could 

be attributed to an off-target effect of the oligonucleotide. Alternatively, the fact 
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that we see exactly the opposite phenotype could reflect a dosing effect of 

USP31 on plus tips. EB1 is also not constantly associating with the plus end 

of microtubules; instead it dissociates from the plus tip within seconds of its 

initial recruitment (Bieling et al., 2007; Dragestein et al., 2008). Thus, it is 

possible that the increase in the length that EB1 occupies on the plus tip after 

the depletion of USP31 is related to a change in the dissociation rate or 

increased association of EB1 with microtubules.        

 

The role of the ubiquitin system on microtubule dynamics has not been 

clarified. EB1 is a substrate of the proteasome, and its interaction with the 

COP9 signalosome aids to its stabilisation (Peth et al., 2007); however the 

relevant ligase(s) and/or DUB enzymes have not been identified. Six lysine 

residues were identified to be ubiquitylated in vitro in a mass spec analysis 

(Courtheoux et al., 2016), with at least one of them (K89) being involved in the 

interaction of EB1 with tubulin (Hayashi and Ikura, 2003). Moreover, 

ubiquitylation of EB1 (K100) at the cell cortex by CRL3KLHL21 (a cullin-ring E3 

ligase) affects the interaction of EB1 with focal adhesions and promotes cell 

motility (Courtheoux et al., 2016). Thus, ubiquitylation has functional 

implications on EB1, apart from the obvious control of its stability. It would be 

interesting to explore the ubiquitylation state of EB1 upon depletion of USP31, 

as the localisation changes we observed could be linked to differences in 

ubiquitylation. This hypothesis could be reinforced by the observation 

presented in section 3.6, where I showed that USP31 does not colocalise with 

EB1, and USP31 decorated microtubules do not have an EB1 cap. 

 

In spite of the discrepancies among the oligonucleotides, our results indicate 

that USP31 might exert its effect on microtubules by modifying their dynamics, 

either directly, or by changing the properties of another key player that govern 

microtubule dynamics. EB1 is not the only protein whose localisation on the 

plus tip is changing when USP31 is depleted. EB3 and CLIP-170 showed a 

similar pattern. All those proteins have the ability to track and bind on the GTP-

cap on the plus ends of microtubules. Moreover, the stability of the GTP-cap 

is proportional to the size of the EB area occupying the plus end (Zwetsloot et 

al., 2018; Duellberg et al., 2016). Thus, we then examined the presence of 
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GTP-tubulin on the plus tip. Strikingly, we observed an increase of GTP-tubulin 

staining across the cell when USP31 was depleted. Recent reports showed 

that GTP-tubulin across the shaft of a microtubule is incorporated in sites 

where damage to the lattice has occurred (see section 1.4.4). This damage is 

usually caused due to microtubule collisions with obstacles (Aumeier et al., 

2016; de Forges et al., 2016), and their repair generates GTP-tubulin islands 

across microtubules, that can act as rescue points upon microtubule 

catastrophe (de Forges et al., 2016). 

 

The increase in the staining of GTP-tubulin on the plus end of microtubules 

coincides with an increased distribution of EB1 and CLIP-170 on the plus tip 

and could be attributed to microtubule dynamics. However, the increase of 

GTP-remnants across microtubules could be indicative of extensive damage 

and repair with the incorporation of new GTP-bound tubulin. USP31 depletion 

leads to a denser microtubule network. A denser, larger microtubule network 

would represent a more challenging environment for the polymerising 

microtubule, as the chance of encountering obstacles and collisions is 

increased and could consequently explain the increase in GTP-bound tubulin 

incorporated in the shaft of microtubules.  

 

It is difficult to obtain all the information of the dynamic state of a microtubule 

by a single methodology in vivo, because of the density of microtubules and 

their polymerisation/depolymerisation in the three-dimensions, which make it 

impossible to follow single microtubules for their entire lifetime. More 

sophisticated methodologies could be employed upon depletion of USP31, 

since we have indications that the dynamics might be altered. TIRF 

microscopy for the visualisation of individual microtubules close to the 

membrane and tracking of the microtubule phases could be employed. 

Generation of kymographs (either of plus tip proteins or tagged tubulin) to 

assess the dynamic state of microtubules is an alternative way to measure 

potential differences (Bowne-Anderson et al., 2013; Zanic et al., 2009). Live 

staining of microtubules, such as the SiR-tubulin die used in section 3.7 could 

be of potential use. However, those dyes bear the disadvantage of utilising 

binding methodologies of microtubule binding drugs (such as taxol) and in 
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higher concentrations could themselves stabilise microtubules. We could 

though utilise fluorescently labelled tubulin and combine it with more 

sophisticated imaging analysis (such as TIRF microscopy) to obtain more clear 

results on the dynamics when USP31 is depleted.  

 

Microtubule acetylation has been implicated in microtubule self-repair, as it 

renders the polymer more flexible, allowing for the repair of the damage (see 

Figure 1.11). Upon USP31 depletion, acetylated microtubules were less 

interconnected, with short batches of acetylation spread across the cell. Co-

staining studies with GTP-tubulin will be necessary to clarify whether those are 

sites of microtubule damage. If that is true, it would explain the difference in 

the distribution of acetylation across microtubules.  

 

4.9.3 USP31 and microtubule nucleation 

The increase in the microtubule network density upon USP31 depletion prompt 

us to examine whether there is any difference in the member of the tubulin 

family that takes part in microtubule nucleation, γ-tubulin (Stearns et al., 1991). 

We saw that there is a slight but constant decrease of the levels of γ-tubulin 

when USP31 is lost. This decrease did not affect centrosome numbers, but we 

observed that the stability of γ-tubulin is modestly reduced. However, a 

possible effect on the stability is hard to visualise by Cycloheximide 

experiments only, since γ-tubulin is a rather stable protein, and a 

Cycloheximide chase is time limited. γ-tubulin ubiquitylation affects its 

nucleation properties. γ-tubulin gets monoubiquitylated by BRCA1 and this 

ubiquitylation abrogates its function in microtubule nucleation (Sankaran et al., 

2007; Starita et al., 2004). This comes in contrast with the increase of the 

microtubule network we observed, since if USP31 was removing ubiquitin from 

γ-tubulin, loss of USP31 should lead to a greater rate of γ-tubulin ubiquitylation 

and a decrease of nucleation. Whether γ-tubulin ubiquitylation state changes 

upon USP31 depletion, as well as any functional implications should be further 

examined.  
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There are many more proteins involved in microtubule nucleation and 

microtubule branching could be another function affected by USP31 loss, that 

leads to the observed denser microtubule network. It will be interesting to 

explore whether the increased network density is due to changes to 

centrosomal and non-centrosomal microtubule nucleation. The density of the 

astral growing microtubules upon depolymerisation of the microtubule network 

could give some insights into the efficacy of the centrosome to nucleate 

microtubules in the presence/absence of USP31. Observing newly formed EB 

comets from the centrosome and/or other nucleation centres in the cell could 

present another methodology (Zwetsloot et al., 2018). Preliminary data on 

microtubule regrowth upon ice cold depolymerisation show a more 

polymerised microtubule network upon USP31 depletion (data not shown). If 

confirmed, this observation would link back any effect of USP31 on the 

dynamics, rather than the nucleation capacity of the cell. It has also been 

shown that microtubule organisation follows the changes in cell shape (Gomez 

et al., 2016). Thus, it is possible that the increased density of the network 

accompanies the differences in cell size observed upon USP31 depletion; 

however, we cannot know at this point which precedes the other.  

 

4.9.4 USP31 depletion and the cell cycle 

siRNA mediated depletion of USP31 generated a robust inhibition of cell 

growth. A closer look in mitotic progression showed that a much smaller 

proportion of cells attempt to divide when USP31 is removed, and even the 

ones that proceed in mitosis spend significantly longer time in this phase. The 

early onset of this effect suggests that as soon as USP31 is depleted, cells do 

not proceed with cell division. Flow cytometry analysis of the DNA content 

showed that a larger proportion of the depleted cells were arrested in G2/M 

phase. However, the number would not be sufficient to explain the robustness 

of the growth inhibition. In a large-scale RNAi analysis in HeLa cells for 

proteins involved in cell division, USP31 was one of the more than 2,000 

proteins identified to affect mitotic progression, specifically inducing G2 arrest. 

In this study, the G2 and M phases were not discriminated (Kittler et al., 2007). 

This finding reinforces our observations. Since the imaging of the progression 
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of mitosis indicates that the effect starts early on, a cell cycle analysis shortly 

after the depletion of USP31 would be necessary to uncover an effect that 

might be missed at later time points. The phenotypes of the larger nuclear 

area, the increase in cell size and cellular protein content, as well as the 

observed increase in size of the cellular organelles could be indications of 

abrogated cell cycle. But what could affect cell cycle progression and slow 

down mitosis?  

 

Microtubules play a key role in cell division by assembling the mitotic spindle, 

which is rich in post translational modifications (see section 1.4.11). The 

perturbation with both the number of microtubules and their modification status 

that we observe when USP31 is depleted, as well as with their dynamic status 

could cause significant defects on spindle formation. In addition to that, the 

acute relocalisation of USP31 from the spindle on metaphase to the central 

spindle and astral microtubules on ana- and telophase (see section 3.8) is an 

indication that it will have a phase specific, possibly key control role in this 

process. Such a statement might be strong given that it has not appeared in 

large scale proteomics studies of spindle proteins. However, USP31 is not 

expressed in yeast, where a lot of those studies are performed, and from our 

experience, it is a protein that is hard to extract and/or maintain soluble in 

lysates (see Appendix 8). Moreover, USP31 was recently identified in a 

proteomic study of protein involved in microtubule self-organisation during M-

phase in Xenopus egg extract (Rosas-Salvans et al., 2018). This observation 

reinforces both our spindle localisation data, and our claim of a putative key 

role of USP31 in mitotic progression.  

 

A closer monitoring of spindle assembly and chromosome transport on the 

spindle would be the next step in the analysis of USP31 role in cell division. 

Correct spindle positioning during mitosis is also essential to determine the 

correct cell division axis. The positioning is succeeded by a constant 

interaction of the astral microtubules with the cell cortex, that is governed by 

microtubule dynamics. Live cell imaging of the mitotic spindle during assembly, 

chromosome congression and segregation, in the absence of USP31, is 

essential to observe whether and which of those functions are affected. For 
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this analysis, we could employ U2OS cells already in our lab that stably 

express mCherry-tagged tubulin and GFP-tagged CENPA (centromere 

protein) (described in Barisic et al., 2015). Further imaging of those cells during 

cell division could answer the questions raised and aid to gain insight into the 

process(es) that are disturbed by USP31 loss.  

A closer look into the cell cycle progression will be necessary as well. Cell 

cycle arrest upon early depletion of USP31 and subsequent release, could 

provide insight into the phase of cell cycle that is abrogated. Examination of 

possible activity of the spindle assembly checkpoint (SAC) could be indicative 

of spindle defects or disturbance of the kinetochore to microtubule 

attachments, thus directing us to examine possible targets affecting those 

specific functions. Moreover, it would be of interest to examine whether USP31 

itself is regulated during the cell cycle, by checking its expression levels in 

synchronised cells in different phases.  
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Chapter 5: Generation and characterisation of 
stable cell lines overexpressing USP31 
 

5.1 Introduction 

So far in this study, I utilised transient overexpression or depletion 

methodologies to characterise USP31 function. We wanted to generate tools 

to explore its function at a steady state. To do so, I developed cell lines stably 

overexpressing wild-type and catalytically inactive USP31. This chapter is 

dedicated to the description of the generation of those cell lines, as well as the 

characterisation of the selected clones and the relevant, USP31 

overexpression phenotypes. It also describes my efforts to generate USP31 

knock-out cell lines using CRISPR/Cas9 specific targeting.  

 

5.2 Generation of U2OS cells stably overexpressing wild type (WT) and 
catalytic inactive (CA) USP31 

In order to generate stable cell lines, I developed a set of plasmids that 

contained N-terminally tagged wild type and catalytic inactive GFP-USP31. I 

used site-directed mutagenesis and changed the catalytic Cys135 to Ala 

(described in section 2.3.5). It was also important to generate cell lines that 

could be utilised with siRNA directed at the endogenous protein. Thus, I 

inserted four silent mutations in both the wild-type (WT) and the catalytic 

inactive (CA) plasmids, that should render the tagged protein resistant to the 

Q2 siRNA (see Table 5.1) using again methodologies described in section 2.3.  

 

Both sequences were cloned into the pEGFP-c1 vector that carries a 

Kanamycin resistant gene for bacterial selection, and a Neomycin resistant 

gene. The latter attributes resistance against Neomycin and the 

aminoglycoside antibiotic Geneticin (G418) that is commonly used for 

selection of mammalian cells. Figure 5.1 summarises the workflow of the 

generation of the stable cell lines and a more extended description is 

presented in 2.1.3. After the selection of the transfected cells, they were 
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examined on the microscope for GFP expression (plasmid integration), and 

they were then manually single-cell diluted into 96 well plates. The plates were 

screened daily in the following days for single clones and their growth was 

monitored. Upon confluency, clones that derived from single cells were 

transferred stepwise to 48, 24, 12 and finally 6 well plates, where lysates were 

produced and checked for their relative overexpression of the tagged protein.  

 

 

Figure 5.1: Workflow of the generation of GFP-USP31 WT and CA 
overexpression U2OS cell lines.  

 

5.3 Screening, selection and characterisation of the localisation of 
overexpressed USP31 in the generated clones 

Protein expression levels together with the localisation of the tagged proteins, 

aid the categorisation of the selected clones in low, medium and high 

expression (Figure 5.2.A for wild type and Figure 5.2.B for catalytic inactive 

clones). The relative expression of the generated clones is shown Figure 5.3. 

A few clones that did not express the tagged protein managed to grow despite 

the continuous presence of the selection marker and they were disregarded.  

 

The centrosomal localisation of the tagged protein (both wild-type and 

catalytically inactive) was prominent regardless of the expression level, while 

the medium and high expression level clones showed a clear microtubule 

localisation. In fact, the higher the expression level, the more microtubules 

highlighted with tagged USP31, while in the low expression level clones, 

microtubule localisation could be seen in a small proportion of microtubules, 

usually found localised at the cell periphery.  
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Figure 5.2: Categorisation and comparison of the generated 
overexpression clones. 

A. GFP-USP31WT and B. GFP-USP31CA expressing U2OS clones as 
screened during development. Images acquired with the NIKON Ti-Eclipse 
microscope. Scale bar: 100µm.  
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Figure 5.3: Comparison of protein overexpression levels in the 
stable cell lines 

20µg of protein lysates from the generated U2OS clones were probed for 
the relative amount of overexpressed GFP-USP31. Different exposure of 
the USP31 blot are shown and siRNA samples are included for identification 
of the endogenous protein band. 

 
 
We then selected three wild type (WT8: low, WT9 and WT13: medium) and 

two catalytic inactive (CA7: low, CA1: medium) clones for further study. The 

next step was to characterise the localisation of the overexpressed protein in 

those clones. As shown in Figure 5.4, USP31 shows a more cytosolic staining 

in the WT8 clone with very few microtubules close to the cell cortex in some 

cells showing microtubule localisation. CA7 clone also shows a diffused 

cytosolic staining with a small proportion of microtubules being highlighted by 

USP31. Intermediate expression clones like CA1 and WT9 show a few 

microtubules, mainly perinuclear or pointing towards the cell edge, while WT13 

that has the highest expression among the selected clones, shows a greater 

network highlighted, strongly perinuclear but extending to the whole cell 

surface as well. All clones show centrosome localisation of USP31 as shown 

in Figure 5.5 where pericentrin and γ-tubulin are used for centrosome markers.  
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Figure 5.4: Microtubule localisation of the overexpressed USP31 
in the stable cell lines 

The selected U2OS clones were fixed with ice cold MeOH and stained for 
α-tubulin. Images were acquired with the 3i spinning disk confocal 
microscope. Scale bar: 10µm. 
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Figure 5.5: Centrosomal localisation of the overexpressed 
USP31 in the stable cell lines 

The selected U2OS clones were fixed with ice cold MeOH and stained for 
γ-tubulin (red) and pericentrin (blue) as centrosomal markers. The insets 
show in order the γ-tubulin, GFP-USP31, pericentrin staining. Arrows point 
to the centrosome in the cases where the exact location is not clear. Images 
were acquired with a 3i spinning disk confocal microscope. Scale bar: 10µm. 

 

The relative amount of overexpressed protein for each cell line is shown in 

Figure 5.6. In order to determine the relative amount of overexpression for 

each clone, I depleted USP31 using either the Q2 oligonucleotide (the 

expression constructs were designed to be resistant against this sequence) or 

the Q4. The endogenous and overexpressed bands are indicated on the blots 

(Figure 5.6.B), and the relative amount of protein expression compared to the 

parental cells is shown in the graph. The quantification was performed on the 

blots probed for USP31 using the ImageStudio software from LICOR. The CA7 

clone expresses ~8 times more USP31 compared to the endogenous, whilst 

the intermediate clones CA1, WT8 and WT9 express between 40 and 50 times 

more. WT13 expresses ~100 times more USP31 compared to the parental. 
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From the selected clones, the WT8 is the one that shows a distinct blot 

compared to the rest, with a GFP positive band of ~60kDa appearing. This 

band, that likely represents a cleavage product may explain the more 

prominent cytosolic staining of this clone compared to the rest.  

 

Concomitantly with the overexpressed protein, there appears to be an increase 

in the band corresponding to the endogenous USP31. This increase could be 

explained by a cleavage of the GFP from the overexpressed protein, which at 

least for the wild type clones generates a band of approximately the size of 

GFP (~30kDa). The increase could also indicate that translation is initiated 

from the ATG of the overexpressed USP31. Finally, it could be a functional 

implication of the overexpressed protein abrogating the normal function of the 

endogenous, and a feedback mechanism increasing the transcription or 

translation of the endogenous USP31.  

 

The overexpressed plasmids were designed to express a protein resistant to 

the Q2 oligonucleotide (Table 5.1). As seen in Figure 5.6.B, GFP-USP31 is 

depleted upon transfection with the Q2 oligonucleotide, albeit to a lesser extent 

compared to the Q4. In order to make sure that the oligonucleotide sequence 

we were using from Qiagen (Q2) was correct, the same sequence was custom 

made from Dharmacon (DQ2). As shown in Figure 5.7, the cells are sensitive 

to the siRNA sequence, despite the difference of four oligonucleotides in the 

overexpressed sequence (see Table 5.1).  

 

 

Table 5.1: Designing of the siRNA resistant sequence. Nucleotides in red 

indicate the inserted silent mutations. 

 Sequence 

SIUSP31 Q2 C CGA GTT CAT GAA GAC CTC AA 

RESISTANT SEQUENCE C CGC GTG CAC GAG GAC CTC AA 
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Figure 5.6: Relative amount of overexpressed USP31 in the 
stable cell lines 

A. 25.9µg of RIPA lysates from the stable cell lines were probed for USP31 
and GFP. B. 72h siRNA depletion of USP31 in the stable cell lines. 12.6µg 
of RIPA lysates were probed for GFP and USP31. Overexpressed. (OE) 
and endogenous protein bands are indicated. The relative amount of the 
overexpressed compared to the parental expression level is quantified in 
the graph.  
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Figure 5.7: The stable cell lines are not resistant against the Q2 
oligonucleotide. 

Parental U2OS and two stable clones were transfected with 40nM siRNA 
for 72h. 20µg of RIPA lysates were probed for the mentioned antibodies. 
(Q2: Qiagen, DQ2: same sequence from Dharmacon) 

 

5.4 Phenotypic characterisation of the USP31 overexpression clones 

Having the stable cell lines allowed us to explore a similar repertoire of 

phenotypes as described for the depletion experiments (Chapter 4:) and 

compare the effects seen between wild type and catalytic inactive 

overexpression.  

 

5.4.1 Characterisation of the cell size 

Firstly, as already apparent in Figure 5.4, catalytically inactive cells are much 

larger compared to the wild type clones or the parental U2OS cells. This stands 

true even for the clones that we did not select to proceed with (Figure 5.2.B). 

In addition to that, the nucleus of the catalytic inactive cells is also larger. On 

the other hand, the wild type clones show a relative decrease of the cell size 

compared to the parental. Quantification of the cell and nuclear surface area 

can be seen in Figure 5.8.B and C respectively. Similar to the siRNA depleted 

cells, the protein mass is also increased in the catalytically inactive cells, 

indicating that the increased cell size is not only due to morphological 

differences (Figure 5.9).  
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Figure 5.8: Cell and nuclear size in the U2OS stable cell lines 

The U2OS stable cell lines were fixed in ice cold MeOH and stained for α-
tubulin. Images were acquired with a 3i spinning disk confocal microscope. 
A. Example of the drawing to determine the cell surface area. The cell 
outline was manually drawn using Fiji. Scale bar: 10µm B. Quantitation of 
the cell surface of the drawn cells from two independent biological 
replicates. Cell numbers: parental- 137, CA1-102, CA7-120, WT8-152, 
WT9-234, WT13-184. Error bars show mean ± SD C. DAPI was used for 
nuclei staining. C. Cell nuclei were identified using the Analyse particles 
plugin in Fiji and the nuclear surface was calculated from two independent 
biological replicates. Cell numbers: parental- 115, CA1-121, CA7-130, 
WT8-164, WT9-163, WT13-164. 
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Figure 5.9: Cellular protein mass of the U2OS stable cell lines 

The U2OS stable cell lines were trypsinised and the cell number was 
counted. They were then lysed in RIPA buffer and the protein amount was 
determined in a protein assay. The cellular protein mass of three 
independent biological replicates is shown on the graph. 
 

5.4.2 Cell growth of the stable cell lines 

When USP31 is depleted transiently using siRNA, there is an increase in cell 

and nuclear size (Figure 4.20), similar to the one we observe in the cell lines 

stably overexpressing the catalytic inactive mutants. In the depletion 

experiments, this increase was accompanied by growth defects and a higher 

proportion of cells found in G2/M phase of the cell cycle. Thus, we wanted to 

monitor whether there is a similar growth difference in the stable cell lines. We 

monitored and compared the growth curve of the parental cell lines with the 

stable cell lines overexpressing either the wild type or the catalytically inactive 

USP31.  

 

As seen in Figure 5.10, there is no uniformity in the growth rate of the clones. 

All clones seem to divide continuously, and no arrest can be seen in steady 

state. This observation dissociates the cell size increase from growth defects, 

pointing to a different mechanism for the increase measured for the stable cell 

lines. Moreover, the similar increase in cell size seen both in the catalytic 

inactive overexpression and the depletion of USP31, implicates the catalytic 

activity of the protein to cell size governance. The discrepancies in cell growth 

among the clones could be explained by clonal differences, or they may 
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represent the simple consequence of selection pressure. Furthermore, those 

cell lines were generated by random integration of the plasmid in the genomic 

DNA. This methodology cannot exclude the disruption of a phenotype relevant 

DNA locus.  

 

 

 

Figure 5.10: Growth curve of the U2OS stable cell lines 

100K cells of each clone and the U2OS parental cell line were seeded. The 
cell number was counted after 24, 48, 72, 96 and 120h and the growth curve 
was plotted for each time point from three individual repeats.  
 
 

5.4.3 Characterisation of the microtubule network in the stable cell lines 

In Chapters 3 and 4, we saw that both overexpression and depletion of USP31 

induced significant changes on the microtubule network. The results that we 

have so far indicate that USP31 could, either directly or through another factor, 

exert a stabilizing role on microtubules. In the following section I examine how 

the microtubule network is presented in the cell lines that stably overexpress 

the wild type and catalytic inactive protein.  

 

5.4.4 Microtubule density 

As with the depletion of USP31, I first checked the global amount and 

distribution of α- and β-tubulin in the cell lines. As seen in Figure 5.11, the no-
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tubulin-signal area fraction is decreased in the cell lines that overexpress the 

catalytic inactive protein, in a manner similar to what we observed upon siRNA 

mediated depletion of USP31 (see section 4.2.1). Concomitantly, there is an 

increase in the mean fluorescent signal in those cell lines, pointing again to a 

denser microtubule network for the catalytic inactive cells. At the same time, 

the cells expressing the wild type protein show a decrease in the fluorescence 

intensity of the staining, indicating a sparser microtubule network. At this point, 

it is important to remember that the formula to calculate the CTCF value 

includes the integrated density (which takes into account the measuring area), 

as well as the size correction for the background that is subtracted. Thus, the 

differences we observe are not attributed to the changes in cell size, but they 

rather reflect real changes in the morphology of the microtubule network. The 

global tubulin abundance does not change in those cells.  

 

5.4.5 Acetylated microtubules 

Next, we examined the population of acetylated microtubules in those cell 

lines. An overview of the analysis is shown in Figure 5.12. In Chapter 3, we 

saw that USP31 had a preference for the acetylated microtubules compared 

to the global filaments or the detyrosinated microtubules. The same stands 

true in the stable cell lines as well, where we can see that in the cell lines where 

USP31 shows a clear filamentous distribution, it nicely colocalises with 

acetylated microtubules (i.e. clones WT9 and WT13).  

 

In the catalytic inactive clones, the acetylated microtubule network is larger, 

more coherent and more interconnected compared to the parental (Figure 

5.12.A). In the wild type clones on the other hand, the network looks similar to 

the parental distribution, or even slightly less abundant. The differences in the 

amount of acetylation on those cell lines can be seen in Figure 5.12.B, where 

analysis with the MiNA plugin generates a measurement for the area that is 

covered by the acetylated microtubules. Overall, there are no differences in 

the amount of acetylated tubulin in the cells (Figure 5.11.D).  
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Figure 5.11: Microtubule density and tubulin abundance in the 
stable cell lines. 

A. U2OS parental and the clones were fixed with ice-cold MeOH and 
stained for α-tubulin. Images were acquired with a 3i spinning disk confocal 
microscope using the same acquisition settings. Scale bar 10µm. B. Images 
were analysed in Fiji to calculate the no signal area fraction. The results 
shown are from two independent experiments. Cell numbers: parental- 78, 
CA1-90, CA7-86, WT8-132, WT9-178, WT13-128. Error bars: mean with 
SD. C. Corrected total cell fluorescence was calculated using Fiji. D. 20µg 
of lysates of the above cells were probed for the mentioned antibodies. 
(USP31-Santa Cruz, 1:300) 
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In contrast to the cell size and microtubule density where the catalytic inactive 

cell lines phenotypically resemble the depletion of USP31, in this case we 

observe the opposite effect. As described in section 4.2.2, siRNA mediated 

depletion of USP31 results in disturbance of the acetylated microtubule 

network, with a less cohesive and less interconnected outlook. Here, the 

catalytic inactive cells show the opposite phenotype which could point to a 

dominant negative effect of the catalytic inactive protein. At the same time, the 

higher abundance of the network could just be an outcome of the greater cell 

size and the increased needs that those cells bear.   

 

5.4.6 Detyrosinated microtubules 

Depleting USP31 in U2OS cells lead to a great disruption on the population of 

more stable, translationally modified microtubules. The more dramatic results 

featured detyrosinated microtubules, where the loss of USP31 lead to a 

concomitant loss of this microtubule subpopulation. At the same time, we 

showed that transient overexpression of USP31 lead to a more coherent 

network. 

 

We then examined how is this subnetwork of microtubules affected in the 

stable cell lines. Firstly, we noticed little colocalization of the filaments 

decorated with GFP-USP31 with detyrosinated tubulin (Figure 5.13.A). This 

observation was true for both the wild type and the catalytic inactive cells. This 

difference with the transient transfection could be attributed to more general 

changes on the overall network, since a greater amount of USP31 is 

overexpressed transiently. This could lead to microtubule bundling and 

consequently more stabilisation, thus enabling a greater degree of 

modifications.  
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Figure 5.12: Acetylated microtubules in the stable cell lines. 

A. The stable cells lines and U2OS parental cells were fixed with ice-cold 
MeOH and stained for K40- acetylated α-tubulin. Images were acquired with 
a 3i spinning disk confocal microscope. Scale bar: 10µm. B. The network 
was analysed using the MiNA plugin in Fiji, and the microtubule footprint 
from two independent experiments is shown in the graph. Error bars: mean 
± SD. Cell numbers: parental- 49, CA1-48, CA7-50, WT8-50, WT9-52, 
WT13-54.  

 

Analysis of the detyrosination staining pattern, which involved the assignment 

of the cells into categories (see section 4.2.3), showed some very interesting 

differences. Firstly, opposite to the effect of the depletion, both catalytic 

inactive clones showed a coherent, microtubule-like, larger network, as 

indicated by the increase in cells assigned to the category A (bright 

detyrosinated microtubule network). Concomitantly, there is a decrease in the 

categories C and D that reflect cells with disrupted or absent detyrosinated 

microtubules respectively (Figure 5.13.B). This result is similar to the effect 

seen for acetylated microtubules, where the catalytic inactive clones show a 

more prominent and larger network. The most striking difference was for the 

clones WT9 and WT13, where a great increase in the cells assigned to 

category C was noticed. As it is clear from Figure 5.13.A, the majority of the 

cells presented with an interrupted detyrosinated network, with short batches 

of detyrosination found across microtubules, and a reduction to the filamentous 

staining. In contrast, no difference on the network could be seen for the WT8 

clone, that has a similar network staining pattern to the parental cell line.  
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Figure 5.13: Detyrosinated microtubules in the stable cell lines. 

A. The stable cell lines and parental U2OS cells were fixed with ice cold 
MeOH and stained for detyrosinated α-tubulin. Images were acquired with 
a 3i spinning disk confocal microscope. Scale bar: 10µm. B. Categorisation 
of the cells from two independent repeats was based on the detyrosinated 
microtubule staining pattern, similar to 4.2.3. The micrographs show the 
staining pattern for each category. Error bars: mean ±range. A minimum of 
90 cells per condition were assessed. C. 20µg of lysates were probed for 
the indicated antibodies.  

 
One of the reasons that we generated the stable overexpression cell lines was 

to enable us to rescue the siRNA depletion relevant phenotypes, and in this 

way interrogate the necessity and causality of USP31 in the observed 

phenotypes. In this case though, two difficulties interfere with our initial plan. 

Firstly, the introduced silent mutations did not render the overexpressed 

protein resistant to the Q2 oligonucleotide. Secondly, at steady state, the 

overexpression of the protein caused significant changes in the detyrosinated 

microtubule network on its own, meaning that even if the cell lines were 
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resistant to the siRNA sequence, they would be of little use, since the 

overexpression was changing the intrinsic properties of the network.  

 

In order to overcome this problem, we instead commenced to examine 

whether we could rescue the observed differences that steady state 

overexpression of USP31 was causing to those clones. And in order to do so, 

we used a siRNA oligonucleotide targeting the GFP sequence, thus depleting 

the overexpressed protein and not the endogenous USP31. Figure 5.14 

depicts the efficiency of the depletion of the overexpressed protein. First of all, 

we can see that the GFP siRNA does not target the endogenous USP31 

sequence (U2OS parental). In the cell lines expressing lower amount of 

USP31 (i.e. WT8, WT9), the GFP siRNA is as efficient as the Q4 

oligonucleotide, that targets both the endogenous and the overexpressed 

sequence. In the other cases, though, like in the clone WT13 where there is a 

greater amount of overexpressed protein, the depletion of the overexpressed 

protein is not to the same extent as with the Q4 oligonucleotide. Keeping these 

differences in mind, we proceeded to characterise the detyrosinated network 

in these cell lines that have lost either all, or the vast majority of the 

overexpressed protein. 

 

The staining pattern for the detyrosinated microtubules for each cell line is 

shown in Figure 5.15. For the GFP depleted cells, only the cells that showed 

minimal GFP staining were considered. Firstly, transfection of the parental cell 

line with the siRNA oligonucleotide that targets GFP, does not affect the 

detyrosinated microtubules. For the catalytic inactive clones, depletion of the 

overexpressed protein led to a reduction of the proportion of the cells found in 

category A, and a redistribution towards the parental staining pattern. Thus, 

the improved network in those cell lines (Figure 5.13.A and quantified in B) can 

be solely attributed to the overexpression of the catalytic inactive mutant, 

rather that clonal variation. Further depletion of both the overexpressed and 

endogenous USP31 leads to an increase in cells with no detyrosinated 

microtubules for the clone CA1, similar to the siRNA depletion (see Figure 

5.16), while no major difference can be seen for the CA7 clone (Figure 5.16).  
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Figure 5.14: Depletion of the overexpressed protein in the U2OS 
stable cell lines 

The selected clones and the parental U2OS cells were transfected with 
either 40nM control siRNA, targeting the GFP sequence or USP31 for 72 
hours. 20µg of protein lysates were probed for GFP and USP31 to assess 
the depletion efficiency. (USP31- Santa Cruz, 1:300) 

 

The network in the WT8 clone did not seem to be affected by the depletion of 

the overexpressed protein, apart from a slight increase in the cells that show 

no network. No further changes can be seen when both the overexpressed 

and endogenous USP31 are targeted with siRNA. Though no major 

differences were seen in this clone to begin with. The WT9 and WT13 clones  
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Figure 5.15: Rescue experiment for detyrosinated microtubules 
in the U2OS stable cell lines.  

The stable cell lines and the parental U2OS cells were transfected with 
40nM control siRNA or targeting the GFP sequence for 72 hours, when they 
were fixed with ice cold MeOH and stained for detyrosinated tubulin. Images 
were acquired with a 3i- spinning disk confocal microscope. Scale bar: 
10µm. Representative images for each clone as well as the categorisation 
in each sample are shown. The categorisation analysis is depicted in the 
graphs.  
 
 

had an increased proportion of cells with a patched, “fragmented” 

detyrosinated microtubule staining. Upon depletion of the overexpressed 

protein, this population is reduced by approximately a third, and showed a 

concomitant increase in cells that either displayed a well-formed, 

interconnected, microtubule-like staining (categories A and B), or no network 
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(category D). Again, further depletion of the endogenous protein does not 

change any further the staining pattern of the cells. 

 

 

Figure 5.16: Depletion of the global USP31 in the U2OS stable 
cell lines 

The stable cell lines and the parental U2OS cells were transfected with 
either 40nM control siRNA, targeting the GFP sequence or USP31 for 72 
hours, when they were fixed with ice cold MeOH and stained for 
detyrosinated tubulin. Images were acquired with a 3i- spinning disk 
confocal microscope. Graphs from Figure 5.15 are now shown together with 
the categorisation of the samples with the USP31 depletion. 

 
5.4.7 EB1 distribution in the stable cell lines 

We next examined the colocalization of USP31 with EB1 on the plus tip of 

microtubules, as well as the distribution of EB1 protein on the plus tip, which 

as discussed in Chapter 4:, can be an indication of the dynamic state of 

microtubules.  

 

Little to no colocalization can be seen between EB1 and USP31, similar to the 

transient overexpression experiments (Figure 5.17.A, measured in Figure 

5.17.B). Measurement of the length of EB1 comets on the plus tips of 

microtubules though revealed a striking difference between the catalytic 

inactive and the parental and wild type cell lines. Again, resembling the  
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Figure 5.17: EB1 comet length in the U2OS stable cell lines 

The stable cell lines and the parental U2OS cells were fixed with ice cold 
MeOH and stained for EB1. A. Images were acquired with a 3i spinning disk 
confocal. Scale bar: 10µm. B. Quantification of the EB1 length from two 
biological repeats are shown in the graphs. Briefly, the EB1 comets were 
manually drawn. For the clones CA1, CA7 and the parental cell line, 40 
comets/ cell were drawn and 20 cells from the two experiments were 
considered. For the clones WT8, WT9 and WT13, 30 comets/ cell were 
drawn and 28 cells from the two biological repeats were considered. Error 
bars: mean ±SD.  
 
 
 

depletion phenotype, overexpression of the catalytic inactive protein lead to 

almost a two-fold increase of the length that EB1 occupied on the plus tip of 

microtubules (Figure 5.17.B). Depletion of the overexpressed catalytic inactive 

protein with siRNA targeting GFP, rescued the EB1 occupation length on the 

plus tip and brought it down to levels comparable to the parental cell line (). 

Overall, this is an indication that again the increase of the EB1 presence on 

the plus tip can be attributed to the catalytic inactive protein. Further depletion 

of the overexpressed (CA) and the endogenous protein (using the Q4 

oligonucleotide that targets both) reverses the reduction in comet length that 

is observed following the depletion of the overexpressed protein, and restores 

the EB1 length up to initial length of these clones.  

 

As seen in Figure 4.12, the depletion of USP31 in the parental U2OS lead to 

an increase on the length that EB1 occupied on the plus tip, but the comets 

were not affected by transfection with GFP siRNA. Unfortunately, the wild type 

cell lines did not exhibit uniformity as for the EB1 length, making the 

interpretation of the results challenging. The WT9 clone showed increased 
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EB1 comet length to levels similar to the catalytic inactive cells at steady state. 

In contrast to those cell lines though, depletion of either the overexpressed or 

both the overexpressed and endogenous protein does not change this length. 

Similarly, no difference can be seen on the length of the comets of the WT13 

clone, either on steady state, or upon depletion of GFP-USP31 and/or 

endogenous USP31. The lack of a response could be attributed to incomplete 

depletion and residual protein being expressed by those cells. Finally, the 

steady state length of EB1 in the WT8 is slightly reduced compared to the 

parental cell line. This length is gradually restored, upon depletion of the 

overexpressed and then both overexpressed and endogenous protein, back 

to the length of the parental cell line. Neither of the cell lines that overexpress 

the wild type protein show an increase on the EB1 length when the global 

USP31 is depleted, phenotype that is particularly clear in the parental cell line, 

as well as the CA clones. This could be attributed to clonal differences, or 

incomplete depletion of the overexpressed/endogenous protein. 
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Figure 5.18 Rescue experiments of the EB1 length in the U2OS 
stable cell lines. 

The stable cell lines and the parental U2OS cells were transfected with 
40nM control siRNA, targeting the GFP sequence or USP31 for 72 hours, 
when they were fixed with ice cold MeOH and stained for EB1. Images were 
acquired with a 3i- spinning disk confocal microscope. Measurement of the 
EB1 length is shown in the graphs from one experiment. Briefly, the EB1 
comets were manually drawn. For the clones CA1, CA7 and the parental 
cell line, 40 comets/ cell were drawn, and 10 cells were considered. *** For 
the clones WT8, WT9 and WT13, 30 comets/ cell were drawn, and 14 cells 
were considered. Error bars: mean ±SD.  

 

5.4.8 Cell motility of the stable cell lines 

Finally, we examined how are cell motility and migration affected by the 

overexpression of wild type and catalytic inactive USP31 in the stable cell 

lines. As described for siRNA depletion (section 4.8), we performed a wound 
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healing assay, and tracked several aspects of cell migration, such as the time 

to close the wound, the velocity of the cells, the distance travelled and the 

accumulated distance, as well as the directionality of their movement. A 

summary of the results is shown in Figure 5.19.  

 

This time, there were major discrepancies between the two catalytic inactive 

clones in all measured values. The CA1 clone closed the wound at a rate 

similar to the parental cells; the cells were slightly faster and overall covered a 

longer distance, whilst the directionality of the movement resembled that of the 

parental U2OS. The CA7 clone on the other hand, closed the wound slower, 

the cells migrated with a lower velocity, covered a smaller distance and their 

movement was less to a straight trajectory. 

 

On the other hand, the wild type clones displayed consistency as to their 

movement, and the magnitude of the differences across them was 

corresponding to the relevant overexpression levels. Overall all of the clones 

were slower than the parental and showed an impairment in their migration. In 

detail, the WT8 clone, that expressed the lowest levels of USP31, was the 

slowest, took longer to close the wound, covered a smaller distance and had 

the less directed movement compared to the other two clones. The other two 

clones were gradually better in the measured characteristics as the expression 

levels was increased, though none of them reached the performance of the 

parental cells. Nonetheless, the correspondence between the expression level 

and the depicted phenotype is intriguing and could lead us to speculate on a 

possible dosing effect of USP31 on cell migration. Though it might as well be 

that lower expression levels interfere with the endogenous protein function and 

exerting a dominant negative effect. After a threshold amount of protein being 

overexpressed, it could take over and override the endogenous function.  
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Figure 5.19: Wound healing assay in the stable cell lines. 

The stable cell lines and the parental U2OS cells were seeded to form a 
confluent monolayer before a scratch was made. The cells were imaged 
every hour since then. A. The empty area of the wound in different time 
points is outlined in yellow. B. The rate of wound closure is shown. Error 
bars indicate technical replicates. C. Output measurements of the cell 
tracking. Error bars: mean± SD. D. Cells were manually tracked in Fiji, and 
the tracking record was analysed in Chemotaxis (Ibidi). The trajectories of 
the cells tracked during the first 9 hours is shown. 
 

5.5 Generation of USP31 knock-out cells 

In Chapter 4, I utilised transient, siRNA mediated depletion of USP31 in order 

to explore the effects of its loss on the cell. We then wanted to examine the 

effect of loss of USP31 in steady state. To do so, we utilised the CRISPR-Cas9 

system to precisely edit the genomic locus of USP31. The CRISPR (Clustered 

Regularly Interspaced Short Palindromic Repeat)- Cas9 system was first 
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identified and described as part of the immune response of bacteria and 

archaea against foreign pathogens (Mojica et al., 1993, 1995, 2000, 2005; 

Lander, 2016). This technology has since revolutionised genome editing, as it 

allows for precise cuts on the DNA. Repair of those cuts can be achieved by 

one of the two DNA repair mechanisms, Non homologous end joining (NHEJ) 

or Homology-directed recombination (HDR). The first can lead to either 

random insertions and deletions of nucleotides, that more often than not, derail 

the open reading frame of a gene and induce knock outs, while in the second 

mechanism, one can supply the cells with a DNA repair template, and thus 

introduce specific mutations, or even fuse another protein coding DNA 

sequence to an existing one and generate a fused product (e.g. a fluorescent 

tagged endogenous protein) (Doudna and Charpentier, 2014; Knott and 

Doudna, 2018; Ran et al., 2013; Jinek et al., 2012). 

 

5.5.1 Design of the CRISPR components  

Firstly, we designed the tools necessary to use CRISPR-Cas9 for the 

generation of USP31 knockout clones. The majority of studies that utilised 

CRISPR to knock out genes early on were targeting the 5’ region of the gene. 

This approach suffers from in frame deletions or insertions that could lead to 

alternative sequences being produced that retain some functionality, or even 

alternative start sites within the protein could be used and generate a 

functional isoform. It was later shown that a more efficient way to ensure not 

only loss of expression but also loss of function of a specific target protein, was 

to target the nuclease towards a genomic region within an important functional 

domain. In this case, even if in frame changes were caused after the repair of 

the cut, it was highly likely that the generated product lacked any relevant 

activity (Shi et al., 2015). In the case of USP31, we chose to target a region 

that is close to the encoded catalytic cysteine at the first exon of the gene. Two 

guide RNA (gRNA) sequences were designed for this purpose (underlined in 

red in Figure 5.20).  
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Figure 5.20: Design of the USP31 targeting CRISPR tools. 

A. Diagram of the correspondence between the exons and the encoded 
protein regions. Exon 1 is magnified and the nucleotides that encode the 
catalytic cysteine are indicated on the graph. The boundaries of the design 
gRNA oligonucleotides are indicated and highlighted in red. B. Schematic 
diagram of the px458 plasmid used for the delivery of the CRISPR 
components. The gRNA sequence is under the control of the U6 promoter, 
while the Cas9 enzyme fused to GFP is under the control of the CMV 
promoter.  

 
 
The next step was to choose the delivery system for the gRNA and the Cas9. 

We chose to use a single component approach, where a single plasmid 

encodes both the gRNA sequence under the control of a U6 promoter, and the 

Cas9 protein. In this way it is certain that both components will be delivered to  

the same cell. In order to enable effective selection of the transfected cells, we 

used the pSpCas9(BB)-2A-GFP (px458) plasmid, where we inserted the gRNA 

sequences (Ran et al., 2013). This plasmid has GFP fused to Cas9, allowing 

for selection of the GFP positive cells (Figure 5.20.B).  
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The workflow of the procedure is shown in Figure 5.21 and described in section 

2.1.4. Briefly, U2OS cells (~70% confluency) were transfected with either of 

the two plasmids that encoded the different gRNA oligonucleotides. The 

expression efficiency was assessed 24 hours post transfection by microscopy, 

and the cells were then sorted by FACS into single cells in 96 well plates. 

During the following weeks, the cells were assessed daily for single colonies 

and their growth was monitored. They were then transferred stepwise into 48, 

24, 12 and 6 well plates, where lysates were produced and screened for 

USP31 expression by Immunoblotting. 

 

 

Figure 5.21: Workflow of the generation of USP31 knock out cells  

 
 
5.5.2 Screening of the clones 

Overall, I screened 111 clones (53 clones generated by the gRNA1 and 58 by 

the gRNA2), of which ~40 clones appeared to have no USP31 expression in 

the first set of lysates. As mentioned in section 3.4.3, commercially available 

antibodies for USP31 are not very sensitive, thus a subset of the clones that 

showed no expression were reprobed for verification. The results are shown 

in Figure 5.22, where most of the clones that were presumed to be depleted 

of USP31, showed USP31 expression upon reblotting, which could be 

attributed to the poor quality of the available antibodies.  

 

A subset of clones (~8) showed again loss of USP31 expression, and I carried 

on characterising those clones. A second set of lysates after two weeks in 

culture (4 passages), showed an unfortunate result (Figure 5.23). All selected 

clones now showed expression of USP31. In order to confirm that it was 

indeed lost on the first round of screening, lysates shown in Figure 5.22 were 
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run side by side with the newer one and probed for USP31. siRNA knock down 

samples were used to confirm the identity of the USP31 band. We thus 

confirmed that USP31 expression reappeared in those clones. 

 

 

Figure 5.22: Screening of possible USP31 knockout clones 

20µg of RIPA lysates from a few possible USP31 knock out U2OS clones 
were probed for USP31 (Santa Cruz). The clones highlighted in green were 
selected for further follow-up. par: parental U2OS  
 

 

The reasons for the re-expression of USP31 in the lysates of those clones 

vary. There is a possibility that they were mixed clones to begin with, and after 

a certain time the wild type, non-edited cells outgrew the knock out cells. 

However, given the fact that they were very regularly monitored for the 

existence of mixed clones, together with the fact that U2OS cells do not tend 

to form clumps when detached from the growing surface, make this scenario 

unlikely to be the case, at least not for all those clones. Another explanation 

could be the partial edit of the USP31 genome. U2OS cells are triploid for 

chromosome 16 (where the gene for USP31 is), thus there is the possibility 

that only one or two copies were edited. If USP31 is as necessary for U2OS 

cell growth as we saw in section 4.6.1, it is possible that the cells activated a 

feedback loop to re-express the protein from an alternative allele. 

Unfortunately, any attempt to sequence the region of interest in order to clarify 

what type of editing occurred in the first place failed.  
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Figure 5.23: USP31 reappeared in the presumed knock out 
clones. 

Comparison among sequential lysates acquired from cultured USP31 knock 
out U2OS clones. 20µg of initial RIPA lysates from the presumed knock out 
clones were resolved side-by-side with RIPA lysates generated four 
passages after the original ones. siRNA depletion samples are run at the 
same time to indicate the band specificity. Blots were probed for USP31 
(Santa Cruz, 1:300). 
 

5.6 Discussion 

The objective of this chapter was to describe the production and 

characterisation of cell lines either overexpressing a GFP-tagged wild type or 

catalytic inactive USP31, or CRISPR- mediated USP31 knock out cells.  

 

Using plasmid transfection and antibiotic selection, I generated cell lines 

overexpressing the GFP-tagged protein. The level of overexpression was 

variable across the clones, thus I selected five clones (2 catalytic inactive and 

3 wild type) of low, medium or high expression levels to move forward and 

characterise in detail. In those clones, I explored the effects that USP31 

overexpression has on cell phenotypes at steady state, complementing the 

analysis of the transient overexpression and depletion seen in the previous 

chapters.  

Overall, the centrosomal localisation of USP31 is confirmed in the stable cell 

lines, while the proportion of microtubule localisation of USP31 increases with 

the expression level. An observation that became obvious with the stable cell 

lines is that a few clones were exhibiting a membrane localisation. This has 
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not become apparent in transient overexpression and has not been studied in 

detail. However, bioinformatics analysis did not show any membrane 

localisation sequence (informal discussion with Dr. Daniel Ridgen, University 

of Liverpool). A verification of the membrane localisation will be necessary. If 

that stands true, it will be very interesting to explore which part of USP31 is 

responsible with that and whether there is differential localisation between the 

catalytic inactive and wild type protein. Moreover, the dynamic nature of this 

localisation will be interesting to explore. Is the protein being transferred to the 

plasma membrane through microtubules? Does it interact with its substrates 

there, and does it play any role in microtubule membrane anchorage? All those 

are potentially interesting points and point to a pleiotropic functional role of this 

unstudied protein. 

 

The cell lines did not show any growth defects, though the growth rate was 

slightly different among them. An in-depth analysis of the cell cycle should be 

performed in those cell lines, as well as monitoring of the mitotic progression, 

as described in Chapter 4. siRNA mediated depletion lead to a longer time 

spent in mitosis, thus it would be intriguing to monitor whether the 

overexpression of WT or CA USP31 recapitulates this effect. Moreover, those 

cell lines represent a useful tool to analyse the localisation during mitosis (as 

in 3.8) and compare the effects of variable expression levels, as well as the 

catalytic activity on mitotic progression. 

 

The catalytic inactive cell lines resembled the phenotype of the depletion of 

USP31 according to several parameters, such as the increased cell size, 

microtubule density and the length of EB1 distribution on the plus end of 

microtubules. The latter could further be rescued and reduced to a distribution 

similar to the parental, implicating the catalytic activity of USP31 in the 

occupation of EB1 of the plus end. It would seem that catalytically active 

USP31 on the plus tip, and not only its presence, could restrict the amount of 

EB1 on the plus tip. This notion comes in agreement with an almost negative 

correlation between the expression of USP31 on the plus end of microtubules 

and the presence of an EB1 cap (see section 3.6). On the other hand, the 

absence of consistency among the wild type clones is troubling. WT8 and 
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WT13 clones show no significant difference on the average length of the 

comets (a slight decrease for the WT8 clones), while in the WT9 clone, the 

length of EB1 is increased almost as much as the catalytic inactive cells. This 

discrepancy could be attributed to off target effects due to the random 

integration of the plasmid in the genomic DNA or clonal variation.  

 

Microtubule post translational modifications were also affected at steady state 

in the stable cell lines generated. Acetylated and detyrosinated networks were 

disrupted and less abundant in the wild type cell lines that expressed more 

USP31 (WT9 and WT13). So, it appears that both loss and high expression of 

USP31 disrupt the post- translationally modified microtubules. That could be a 

possible effect of the differences in stoichiometry of USP31 in the different 

conditions. If USP31 is part of a complex that somehow affects those 

populations, overexpressing the protein could disrupt its association with 

components of this complex, thus resembling the phenotype of the depletion.  

 

Since we speculate that USP31 might exert a stabilising function on 

microtubules, it would be necessary to assess the dynamic state of 

microtubules in the stable cell lines, since interference with microtubule 

dynamics could explain the effect on the post-translationally modified 

microtubules. At the same time, the loss observed by the overexpression of 

USP31 (especially since it is seen in the higher expressing cell lines), could 

point to a dominant negative effect of the overexpressed protein. On the other 

hand, the acetylated and detyrosinated microtubule subpopulations were more 

abundant and interconnected in the catalytically inactive cell lines. 

Overexpression of the catalytic inactive protein could act as a factor that 

obstructs the control of the endogenous protein, which could be the reason 

why we see this overall increase in the modifications of microtubules and could 

also explain the reversal of this phenotype upon depletion of the 

overexpressed protein. It is clear that the control of USP31 is complicated and 

an in-depth analysis is necessary to decipher the mechanisms behind it.  

 

Finally, the inability to generate USP31 knock out cell lines, could lead us to 

speculate that, at least in U2OS cells, USP31 expression could represent an 
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essential protein for cell survival. This result is consistent with the striking 

growth inhibition that is induced by the depletion of USP31 in U2OS cells.  

 

Nevertheless, the stable cell lines are a powerful tool, and the fact that they 

exhibit such a plethora of phenotypes, similar or opposing the depletion of 

USP31, can be indicative of the real function of the protein. Moreover, the 

variable overexpression levels of wild type and catalytic inactive are going to 

come in use when we aim to check for specific substrates. It will be interesting 

to knock out the endogenous protein in the stable cell lines and observe 

whether the overexpressed one can compensate for this loss, and whether the 

reduction will restore the observed phenotypes.  
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Chapter 6: Analysis of the Proteome  
composition upon transient depletion of USP31 
 

6.1 Introduction 

In this chapter, I aimed to characterise the proteome of cells depleted of 

USP31, in an effort to identify candidate USP31 substrates and/or effectors 

that can be related to the diverse phenotypes we see following its 

depletion/overexpression.  

 

 

Figure 6.1: Regulation of a substrate stability by the UPS. 

Removal of a DUB enzyme that controls the stability of a substrate protein 
leads to its increased ubiquitylation and degradation through the 
proteasome.  

 

Ubiquitylation is a reversible modification. The ubiquitylation of a substrate is 

counteracted by DUB enzymes (see section 1.2.9), that remove the 

degradative ubiquitin signal and rescue the levels of the substrate protein 

(Figure 6.1). When the DUB is depleted, or its activity is blocked by specific 

inhibitors, the substrate protein(s) are destabilised and degraded by the 

proteasome.  Identifying DUB substrates is a challenging task. The short life 

of a ubiquitylated protein targeted for degradation, the relatively low 

stoichiometry of a ubiquitylated protein versus the non-ubiquitylated and the 
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transient interaction between a DUB and its substrate are only a few of the 

factors that contribute to this difficulty. In an attempt to globally characterise 

the interaction partners of DUBs, Sowa et al., (2009), systematically 

immunoprecipitated 75 HA-tagged DUB enzymes and subsequently identified 

their binding partners through MS/MS (Sowa et al., 2009). Bioinformatics 

analysis of the quantitation data and utilisation of available databases has led 

to the positioning of several DUB enzymes in new networks, such as USP13 

in ER-associated degradation.  

 

In 2010, Xu et al., introduced a new approach in the study of ubiquitylated 

proteins which led to a plethora of subsequent studies of the “ubiquitome”- the 

ensemble of ubiquitylated proteins that are present in the cell at any moment 

(Xu et al., 2010). They developed a Di-Glycyl lysine antibody which recognises 

the ubiquitin remnant on any protein after trypsin digestion, since the C-

terminal of ubiquitin is Arg-Gly-Gly. The antibody enabled the enrichment for 

ubiquitylated proteins in a certain lysate by Di-Gly pull downs and tandem 

mass spectrometry analysis. This methodology lead to the identification of the 

ubiquitylation site(s) on thousands of proteins and their response to a variety 

of cellular pertrubations, such as proteasome inhibition (Kim et al., 2011; 

Udeshi et al., 2012), non-specific DUB inhibition (Udeshi et al., 2012), or DNA 

damage response (Elia et al., 2015; Heidelberger et al., 2016). 

 

This strategy can also be utilised when studying a specific DUB, either by 

depletion (knock down or knock out) or chemical inhibition of the enzyme. 

However, as shown in the case of the identification of Lenalidomide’s 

mechanism of action, the study of the ubiquitome alone has its caveats. In this 

specific case, two studies showed that Lenilidomide redirects the substrate 

specificity of CRBN-CRL4 E3 complex towards IKZF1 and IKZF3 transcription 

factors (Kronke et al., 2014; Gang Lu et al., 2014). However, in the study that 

utilised ubiquitin-remnant profiling (performed by di-Gly pulldown), treatment 

with Lenalidomide decreased the amount of ubiquitylated IKZF1 and IKZF3, 

possibly due to fast ubiquitylation and degradation following the treatment 

(Kronke et al., 2014).  
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One of the methodologies that allow direct quantitative comparison of protein 

levels across samples is the Stable Isotope Labelling with Amino acids in Cell 

culture (SILAC). In SILAC, cells are cultured in media that contains amino 

acids labelled with heavy isotopes, thus changing their m/z ratio. Differentially 

labelled populations can then be mixed in equal amounts, and the shift in mass 

of identical peptides can be detected by mass spectrometry, providing 

measurements of the relative abundance of the labelled peptides (Ong et al., 

2002). 

 

In our study we decided to analyse the proteome composition upon USP31 

depletion with siRNA by mass spectrometry in a SILAC configuration. In this 

way, we are able to compare the relative protein expression levels of control 

cells with cells depleted with two distinct oligonucleotides, exclude the 

background protein identification and gain confident insight into the real 

substrates and/ or effectors. We utilised U2OS cells, as they have been a 

cellular model in which we have so far observed all the effects exerted either 

by depleting USP31 or in the stable overexpression lines we have generated. 

Together with the information we have so far regarding the pleiotropic 

functions of USP31, we aim to link the observed phenotypes with candidate 

proteins in our results. 

 

6.2 Workflow of the proteome analysis of USP31 depletion 

The methodology that we followed is outlined in Figure 6.2. The “light” cells 

were transfected with 40nM of the non-targeting control siRNA (NT1), the 

“medium” cells were transfected with the Q2 oligonucleotide and the “heavy” 

cells were transfected with the Q4 oligonucleotide, using RNAiMAX as a 

transfection reagent, for 72 hours (see section 2.5.2 for a detailed composition 

of the SILAC media, and section 2.5.3 for mass spec sample preparation). The 

samples were analysed by Liquid Chromatography and tandem Mass 

Spectrometry (LC-MS/MS) at the Newcastle Proteomics facility as described 

in the section 2.5.4. Three biological replicates were prepared for the analysis. 

The ratios of Medium/Light (M/L) and Heavy/Light (H/L) were used as 
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indications of the protein fold differences of USP31 depletion compared to the 

control.  

 

 

Figure 6.2: Strategy to identify USP31 responsive proteins.  

U2OS cells were labelled with medium containing Light (K0 R0), Medium 
(K4R6) or Heavy (K8R10) amino acids. Cells labelled with “light” medium were 
transfected with 40nM control siRNA (NT1), cells labelled with “medium” 
medium were transfected with 40nM siRNA against USP31 (Q2), and cells 
labelled with “heavy” medium were transfected with 40nM siRNA against 
USP31 (Q4), for 72 hours. They were then collected by scraping in PBS and 
lysed in 8M Urea. After protein assay, the samples were mixed in a 1:1:1 
ratio. The samples were then processed in the Newcastle University 
Proteomics facility as described in section 2.x of Materials and Methods. 
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6.3 Quality control  

Two steps of quality control of the samples were performed. Firstly, the correct 

incorporation of the amino acids was verified. U2OS cells that were used for 

the USP31 depletion samples were grown in SILAC medium for 6 weeks (at 

least seven passages) before lysates were made and resolved in a 4-12% Bis-

Tris gel. Two bands per medium condition were cut and processed with in-gel 

digestion and LC-MS/MS analysis. For all the medium conditions, 

incorporation of the amino acids was greater than 97%.  

 

Secondly, we checked for the knock down efficiency on the prepared samples 

that were sent for analysis. A small amount of the protein lysates that were 

prepared for the three repeats of the proteomics analysis were kept and run in 

a 4-12% Bis-Tris gel and probed for USP31. The efficiency of the siRNA 

depletion is shown in Figure 6.3. 

 

 

Figure 6.3: Quality control of USP31 knockdown in U2OS cells.  

“Light” labelled U2OS cells were transfected with 40nM control siRNA 
(NT1), “Medium” cells with the Q2 oligonucleotide and “Heavy” with the Q4 
oligonucleotide for 72 hours. Samples from the three biological repeats were 
collected and 20µg of protein lysates were resolved in a 4-12% Bis-Tris gel 
and probed for USP31 (Santa Cruz, 1:300). 

 

6.4 Data analysis and statistical testing 

Three biological replicates of the experiments were performed, and they were 

all analysed together using MaxQuant (MQ, version 1.5.8.3) (Cox and Mann, 

2008). The inspection of the raw data showed that there were ~20% more light 

peptides compared to the medium and heavy peptides, whilst the amount of 
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medium and heavy peptides was equal. Because of the latter, this discrepancy 

reveals some incorporation defects. However, we overcame this problem 

during the analysis by using the normalised ratios. The ratios of Medium/Light 

and Heavy/Light were indicative of the changes caused by the depletion of 

USP31 with the Q2 and Q4 oligonucleotides respectively, compared to the 

control cells. Overall, 108,077 peptides were identified that were assigned to 

7,864 proteins.  

 

The analysis proceeded then in two ways. The M/L and H/L ratios were log2 

transformed and subjected to One-sample t-test analysis using Perseus 

(version 1.5.5.3) (Tyanova et al., 2016; Tyanova and Cox, 2018). This analysis 

tests the consistency of the ratios for each protein across the three repeats 

and generates a t-test difference value (mean of the log2 of the ratio from the 

three repeats) and a p-value of the t-test difference. In addition to that, for each 

ratio that was generated for each protein, the sums of the intensities that gave 

this ratio was calculated (i.e. Intensity M + Intensity L). The sum was then log10 

transformed and used again by Perseus to calculate the significance b (Cox 

and Mann, 2008), which indicates the significance of the differences, taking 

into account the abundance of the proteins.  

 

6.5 Data visualisation and presentation 

Using the parameters that we extracted from the dataset, together with the 

statistical analysis performed, we then plotted our data in different 

configurations using JMP software. 

 

The log2 of the two ratios, that are indicative of the changes in the depletion of 

USP31 with either oligonucleotide, are counter-plotted as a scatter plot in 

Figure 6.4. The statistical tests are represented in the graph by colour coding 

(One-sample t-test) or bold writing (significance b). Proteins found on the top 

right quadrant increase with both oligonucleotides that target USP31, while 

proteins in the bottom left quadrant decrease with both oligonucleotides. The 

fact that more proteins are found in those two quadrants compared to the other 

two shows that there is a high degree of consistency between the two 
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oligonucleotides. Dashed, grey lines are set at log2=1 and -1, setting the 

boundaries for protein amounts that change more than two-fold. A magnified 

view of both the top right and bottom left quadrants is shown in Figure 6.4.C 

and B respectively, providing a closer look at key responders in the dataset. 

Many of the proteins that show the greater reduction with both oligonucleotides 

are secreted proteins (ie. TF, APOC3, HAPLN1, COL2A1, COL1A2). Those 

proteins were disregarded from further evaluation as they could represent 

serum contaminants and have turned up in other unrelated parallel 

experiments conducted in our lab. However, one cannot exclude the possibility 

that the changes on the secreted proteins are due to the disruption of the 

microtubule network that in most cases aid their transport. In any case, those 

changes could be presumed to be secondary effects of the depletion of 

USP31.  
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Figure 6.4: Proteome composition of U2OS cells following 
USP31 depletion with two individual oligonucleotides expressed 
relative to control cells. 

A. The logarithmic change (log2) of proteome composition upon USP31 
knockdown with either siRNA against USP31 [Q2 (medium) or Q4 (heavy)] 
compared to the control cells transfected with control siRNA [NT1 (light)] is 
shown in the graph. The proteins with the greater changes consistently in 
both conditions are highlighted. B. Magnified view of the bottom left 
quadrant. Proteins with levels <50% with both oligonucleotides are 
indicated. C. Magnified view of the top right quadrant. Proteins with at least 
a two-fold increase with both oligonucleotides are highlighted. 
The normalised ratios from the three repeats were analysed by Perseus in 
order to calculate the significant p-value (One sample t-test) and the 
significance b. Proteins indicated in red or blue, consistently increase or 
decrease respectively in the three repeats and have a p-value <0.05. 
Proteins indicated in bold have a significance b <0.05. 

 

The log10 transformed intensities were plotted against the log2 transformed 

ratios for each oligonucleotide (Figure 6.5). Proteins found with positive log2 

ratios, on the right side of the cloud are enriched in the depleted cells, while 

proteins with negative values are reduced. The corresponding graphs for each 

repeat are shown in Appendix 6. 
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Figure 6.5: Fold change of the proteome composition of U2OS 
cells following USP31 depletion with two different oligos 
depicted against the logarithmic (log10) sum of the intensities.  

The graph shows the mean of three repeats for the two oligonucleotides. 
The proteins with the greater changes are annotated. The data were 
analysed by Perseus for consistency across the repeats (One-sample t-test, 
red/blue colour-coding), as well as for significance (significance b, bold 
writing).  
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Finally, as described earlier, a one-sample t-test was performed for each ratio 

with a p-value threshold of 5% and a fold change threshold of either greater of 

0.5849 (log21.5) or smaller than -0.5849 (log20.666). A volcano plot of the t-

test difference of each oligonucleotide versus the negative logarithm of the p-

value is shown in Figure 6.6. The consistently up and down regulated proteins 

with both oligonucleotides are indicated in red and blue writing respectively, 

whilst the proteins that consistently change across repeats for each 

oligonucleotide are indicated by the coloured dots. Dashed grey lines indicate 

the cut-off of the significant change.  

 

6.5.1 Data sorting and selection 

A protein tagged for degradation (either proteasomal or lysosomal) can be 

rescued by the action of a DUB enzyme. By extension, loss of a DUB enzyme, 

would in principle lead to a concomitant loss of its substrates (Figure 6.1). As 

mentioned in section 6.5, we had to look further into the dataset to identify 

possible phenotype-related changes, albeit changing to a smaller degree. 397 

proteins were shortlisted (Figure 6.7) following manual examination and 

categorisation based on the phenotypes related to USP31 depletion. Proteins 

that made it to the final list included the proteins with consistent differences 

across the repeats and the two oligonucleotides, as derived from the One-

sample t-test difference, proteins that crossed the threshold of the significance 

b, as well as the outliers of the Intensity graphs. The shortlisted proteins were 

then assessed one by one and were categorised based on information found 

on available databases, such as Uniprot (https://www.uniprot.org) and 

Genecards (https://www.genecards.org). Briefly, proteins associated with the 

cytoskeleton, the cell cycle, cell death and/or mitochondria, cell migration, cell 

adhesion/ shape and finally the ubiquitin system were grouped (Figure 6.8).  

 

 



 250 

 

Figure 6.6: Volcano plot of the proteome composition of U2OS 
cells following USP31 knockdown expressed against the 
significance. 

The t-test difference of each average ratio (log2 of the ratio) is plotted 
against the negative logarithm (log10) of the p-value for each condition. 
Proteins that increase or decrease consistently with each oligonucleotide 
are highlighted in red or blue writing respectively, whilst the blue/red dots 
show the proteins that have crossed the significance threshold of the one-
sample t-test for each oligonucleotide. 
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From those graphs, we selected a subset of proteins based on ontology. 

Firstly, we directed our interest towards the cytoskeleton related proteins, 

given that USP31 localises on microtubules. We chose proteins that affect the 

mitotic spindle (such as MISP and DOCK4); proteins that could interfere with 

the dynamics of microtubules (such as TTTP and KIF18b) or adhesion and 

migration (ITGA6 and ITGB3 and ARHGAP18); proteins related with cell size 

and cell cycle (i.e. Wee1); proteins relevant to the ubiquitin system (i.e. the E3 

ligases SHPRH and UHRF1). We also selected based on the proteins that 

showed the greater changes (such as DAAM2) and based on the availability 

of antibodies and reagents (i.e. Gli2, EGFR).   

 

6.6 Validation and discussion of the selected panel of proteins 

Following the classification of the more interesting proteins and the proteins 

that exhibited the greatest changes, we then wanted to validate the changes 

by Western blotting. Firstly, I generated a large batch of U2OS RIPA lysates, 

where I tested the relative expression of a set of cytoskeletal related proteins 

(see Figure 6.9.A for quantitation and Figure 6.10, Figure 6.11 and Figure 6.12 

for the blots), a set of non-cytoskeleton related proteins (Figure 6.13), and a 

small panel of proteins for which we had available antibodies (Appendix 7). I 

then quantified the relative amount of the protein from the blots using the 

ImageStudio software, normalised the expression to actin expression as a 

loading control, and calculated the ratios of each oligonucleotide to the control 

cells (NT1). The ratios were then logarithmically transformed and presented 

as heatmaps together with the relative abundance of the targets in the three 

repeats of the proteomics analysis (Figure 6.9.A and Figure 6.13.B).  

 

Overall, the trend of the change is similar to the mass spec data for the majority 

of the proteins tested. Exceptions were ATG7 (the equivalent E1 enzyme in 

the autophagy pathway; (Schulman and Harper, 2009), MISP (mitotic spindle 

positioning protein)  and OPTN (Figure 6.9.B). We had previously verified that 

the ATG7 and OPTN antibodies are selective for the protein. In the case of 

MISP, we used multiple antibodies targeting both the N- and the C- terminal of 

the protein (described in Maier et al., 2013), 
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Figure 6.8 Analysis and categorisation of the hits in the final 
assorted list.  

After manual processing and categorisation based on descriptions from the 
Genecards and Uniprot databases, a list of the 397 proteins of interest was 
composed, according to the consistency and significance of the change and 
the expression levels. Proteins associated with A. the cytoskeleton, B. the 
cell cycle, cell death and/or mitochondria, C. cell migration, D. cell adhesion 
and/or cell shape and E. the ubiquitin system, are labelled. Proteins 
indicated in larger font, consistently increase or decrease respectively in the 
three repeats and have a p-value <0.05. Proteins indicated in bold have a 
significance b <0.05. 



 254 

and none of them reproduced the changes that we saw in the mass spec 

analysis. This inability to replicate the changes we observed by mass spec, 

could be attributed to the different lysis methods we used to generate the mass 

spec samples and the validation samples. Even though MISP was not one of 

the biggest changers (reduced by about 50% or less), it is an interesting 

protein to follow up, and it could be further analysed by a more stringent lysis 

method. MISP is involved in multi-centrosome clustering, colocalises with actin 

and focal adhesions and is the link between the astral microtubules and the 

cell cortex during cell division (Maier et al., 2013). MISP plays a key role in the 

proper positioning of the spindle, and thus the normal cell cycle progression. 

Zhu et. al (2013) showed that MISP is a substrate of the major mitotic kinase 

Plk1, and that its depletion results in spindle oscillation, chromosome 

missegregation and prolonged mitotic progression (Nain and Cimini, 2013; 

Vodicska et al., 2018; Zhu and Hoffmann, 2013). Upon MISP loss, the majority 

of the defects observed related to the mitotic progression were on metaphase 

to anaphase transition, which makes the protein relevant, given the 

relocalisation of USP31 on the central spindle during these phases (see 

section 3.8). 

 

6.6.1 TPPP and kinesin-8 family members 

As discussed in section 4.3, we have indications that microtubule dynamics 

are perturbed upon USP31 loss. It is thus intriguing to see two proteins coming 

up as outliers that regulate microtubule dynamics, TPPP and KIF18b. 

 

TPPP/p25 (tubulin polymerisation promoting protein) is an unstructured small 

protein that is found to locate in α-synuclein containing Lewy bodies in 

Parkinson’s disease and in glial inclusions of Multiple System Atrophy (MSA) 

(Kovács et al., 2004; Kovacs and Ovadi, 2007; Ovadi and Orosz, 2009; Oláh 

et al., 2017). Subcellular localisation analysis showed that TPPP localises on 

microtubules and it is found on the assembled mitotic spindle (Lehotzky and 

Ovadi, 2004). TPPP promotes the polymerisation and bundling of microtubules 
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Figure 6.9: Overview of the validated cytoskeleton associated 
proteins. 

A. Heatmap representation of the log2 difference of the depletion of USP31 
in the three mass spec repeats, the average difference and in the validation 
in U2OS cells. Note that the colour-scale is different across the mass spec 
samples and the validation samples. B. Proteins that did not show a similar 
change by mass spectrometry and WB (20µg RIPA lysates).  

 

(Debonis et al., 2015; Tiriá et al., 2003) and increase of the protein levels can 

cause an increase in cell size (Acevedo et al., 2007; Oláh et al., 2012; Szabó 

et al., 2017). In our mass spec analysis, TPPP is one of the proteins that 

exhibits the largest increase (see Figure 6.9.A and Figure 6.10). Looking into 

the individual repeats, no ratio was calculated for this protein; however, the 

protein is identified in two out of the three repeats (there are intensity values 

recorded). The ratios calculated by MQ are the median of the ratios of each 

peptide. However, when not enough ratios are identified to calculate the 

median, no ratio is reported. In the validation samples though, we can only 

notice a slight increase with one of the two oligonucleotides. This could again 

be attributed to the lysis methodology, since it is known that the protein tends 
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to aggregate upon overexpression (Kovács et al., 2004; Goldbaum et al., 

2008). Nevertheless the observed increase of TPPP upon depletion of USP31 

is intriguing, given the presence of TPPP in MSA related inclusions and the 

identification of the USP31 genetic locus as a possible factor in MSA (see 

section 1.3.11; Sailer et al., 2016).  

 

KIF18a and KIF18b on the other hand are microtubule depolymerases and 

belong to the kinesin-8 family. KIF18b is found in all three repeats of our mass 

spec analysis to be reduced by ~50% with both oligonucleotides (Figure 6.9.A 

and Figure 6.10). The reduction is not as dramatic by Immunoblotting 

validation in U2OS cells, but the change is reproducible in other cell lines as 

well (see Figure 6.14 and Figure 6.15). Tanenbaum et al. (2011) showed that 

KIF18b is usually confined in the nucleus of interphase cells, but upon nuclear 

envelope breakdown it is essential for the rapid depolymerisation of the 

microtubule network. It is then found on the plus tip of astral microtubules 

through its plus end directed motor ability and its interaction with EB1 through 

multiple SxIP motifs (Stout et al., 2011). There, it forms a complex with MCAK 

(kinesin-13 family member KIF2c, microtubule depolymerase) which plays an 

important role in governing microtubule dynamics during mitosis. Recently, 

McHugh et al., (2018) showed that the control of the astral microtubule length 

by KIF18b is crucial for the correct positioning of the spindle and the 

establishment of the necessary forces for mitotic progression. KIF18b and 

MCAK each increase the affinity of each other for the microtubule end. They 

interact on the microtubule plus tip and exhibit increased microtubule 

depolymerase activity, which is restricted by the phosphorylation of MCAK by 

Aurora A or B (negatively regulating the complex formation).  

 

KIF18b is rapidly degraded in metaphase to anaphase transition, where the 

need for establishing a more stable/ less dynamic microtubule network is 

higher (Mi Lee et al., 2010). Since we have shown that USP31 depletion leads 

to a G2/M arrest (see Figure 4.26), the reduction in the levels of KIF18b could 

be attributed to the cell cycle changes. However, the indications we have so 

far from the analysis of the time spent in mitosis, point to a defect prior to 

anaphase commencement. Thus, the observed reduction of KIF18b could be 
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the cause of the many observed mitotic related defects of USP31 depletion 

and would be of great interest to further explore a possible interaction. 

Moreover, the rapid degradation and control of its levels during the cell cycle 

(Mi Lee et al., 2010), point to the involvement of the ubiquitin system, that 

would aid its cell cycle specific turnover. Indeed, it has been recently shown 

that KIF18b is a novel substrate of the mitotic specific E3 ligase APC/C 

(anaphase promoting complex) (Eifler et al., 2018). One of the first things to 

follow up would be to check the ubiquitylation status of KIF18b upon depletion 

of USP31 in synchronised cells in different phases of the cell cycle, to examine 

whether USP31 is the counter-acting DUB of APC/C ubiquitylation on KIF18b.  

The other member of the family, KIF18a, did not make it to the final assorted 

list. However, given the differences seen in KIF18b, we specifically looked into 

its changes. KIF18a was identified in two out of three repeats, where It was 

also reduced by 25-50% (Q2-Q4). KIF18a has a microtubule capping activity 

in the plus end, thus inducing microtubule pausing, that allows for proper 

chromosome alignment and chromosome oscillation. It rapidly accumulates on 

the plus end of metaphase kinetochore microtubules, but not at prometaphase, 

controls the dynamics and length of those microtubules, and by extension the 

length of the mitotic spindle (Masuda et al., 2011). It thus becomes both 

intriguing and phenotype relevant the fact that both members of the family 

decrease upon depletion of USP31.  

 

 

Figure 6.10: KIF18b and TPPP levels upon depletion of USP31. 

U2OS cells were transfected with 40nM control siRNA or targeting USP31 
for 72h. 20µg of lysates were probed for the indicated antibodies. Detailed 
quantification of the bands can be seen in Figure 6.9.A. pMW: predicted 
Molecular weight 
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6.6.2 Merlin, EGR1 and CNTRL expression upon USP31 depletion 

One of the proteins that reduced consistently upon USP31 depletion and was 

also validated in the U2OS RIPA lysates is Merlin (NF2) (Figure 6.9.A and 

Figure 6.11). Merlin is a tumour suppressor and acts upstream of Hippo as an 

activator of the Hippo pathway (Pan, 2010; Misra and Irvine, 2018). 

Inactivation of Merlin results in neurofibromatosis 2, where patients develop 

multiple central and peripheral nervous system tumours, mainly schwannomas 

and meningiomas. Merlin links actin to the plasma membrane, acts as a 

mediator of extracellular signals and is thought to be a major regulator of 

growth arrest mediated by contact inhibition (Li et al., 2012; Yin et al., 2013). 

Moreover, Merlin is transported on microtubules in order to translocate to the 

nucleus. There, it inhibits the E3 ligase CRL4DCAF1 and results in the induction 

of the gene expression of a growth suppressive set of genes, that mediate its 

tumour suppressor function (Li et al., 2010). Given the importance of merlin as 

a tumour suppressor (Sato and Sekido, 2018; Li et al., 2012) and the need to 

better understand its biology for the development of targeted therapies, further 

exploration of a possible interaction with USP31 is necessary.  

 

The last two reduced cytoskeleton related proteins that we validated were 

EGR1 and CNTRL (Figure 6.9.A and Figure 6.11). The relative change was 

validated by WB for both proteins, however it would be necessary to confirm 

the corresponding bands, especially in the case of EGR1. EGR1 (early growth 

response 1) is a transcription factor, part of the Immediate early genes (IEG) 

family, and is a mediator of environmental stimuli and neuronal activity (Duclot 

and Kabbaj, 2017). EGR1 expression has been associated with Alzheimer’s 

disease (AD) progression and targeting its levels could be a beneficial 

strategy, because of its association with Tau. Lu et al. (2011) showed that 

EGR1 promotes tau phosphorylation by activating the Cdk5 kinase (Lu et al., 

2011). Hyperphosphorylated tau protein is one of the hallmarks of AD which 

leads to tau aggregates that form neurofibrillary tangles and cause microtubule 

instability. EGR1 can be transferred to the nucleus by associating with 

microtubules in benign prostate cells; however this regulation is lost in cancer 

(Mora et al., 2004). EGR1 can get both SUMOylated and ubiquitylated and 
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degraded through the proteasome, and USP31 could represent the 

corresponding DUB enzyme.  

 

CNTRL (centriolin or CEP110) was found in two out of three repeats but a ratio 

was not generated for every condition, for reasons explained earlier (see 

section 6.6.1 for the case of TPPP). It is the only centrosomal/cilium protein 

we followed up with validation. CNTRL localises on the maternal centriole and 

is important for the maintenance of centrosome function, as well as 

centrosome duplication and ciliogenesis (Kumar et al., 2012). Ou et al. (2002) 

showed that the localisation of CNTRL changes during the duplication of the 

centrosome, and it aids into the maturation of a daughter centrosome to a 

mother one (Ou et al., 2002). Loss of CNTRL was also shown to affect the 

function of the centrosome as a MTOC. CNTRL is ubiquitylated by the 

SCFCyclinF E3 ligase and degraded during the G2 phase of the cell cycle 

(D’angiolella et al., 2010), however this is reversed by USP33 that localises on 

the centrosome during S and G2/M phase (Li et al., 2013). The observed 

decrease of CNTRL in USP31 depleted cells, could potentially be attributed to 

the changes in cell cycle.  

 

 

Figure 6.11: Validation of NF2, CNTRL and EGR1 by WB upon 
USP31 depletion  

U2OS cells were transfected with 40nM control siRNA or targeting USP31 
for 72h. 20µg of lysates were probed for the indicated antibodies. Detailed 
quantification of the bands can be seen in Figure 6.9.A. pMW: predicted 
Molecular weight 

 

6.6.3 Cytoskeleton associated proteins that increased upon USP31 
depletion 
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We are in principle more interested in the proteins that decrease upon USP31 

depletion, since they may represent direct substrates. Nevertheless, we 

selected a few proteins whose increase may be related to depletion relevant 

phenotypes or could represent potential biomarkers. DOCK4 expression did 

not follow the same trend for both oligonucleotides upon validation (Figure 

6.9.A and Figure 6.12). However, a verification of the corresponding band(s) 

should be done to conclude on the relative expression levels. DOCK4 is a 

Guanine Exchange Factor (GEF) that activates the Rho GTPase Rac, and 

mediates cell migration and invasion (Gadea and Blangy, 2014). Reduced 

expression can lead to myelodysplastic syndromes; mutations of DOCK4 are 

found in ovarian and prostate cancer; DOCK4 expression in breast cancer 

cells is required for EGF-related cell migration (Hiramoto-Yamaki et al., 2010; 

Yajnik et al., 2003). Overall, its role as a putative tumour suppressor and its 

role in cell migration makes it an interesting protein to examine in the context 

of USP31 depletion, as we have indications from sections 4.8 and 5.4.8, that 

cell migration might be impeded.  

 

SHROOM1 expression levels were increased USP31 knockdown. SHROOM1 

is one of the four members of the SHROOM family proteins that take part in 

epithelial morphogenesis (Hagens et al., 2006; Lee et al., 2009). The related 

protein SHROOM3 was also identified in two out of three repeats in our dataset 

and was decreased. Both SHROOM1 and SHROOM3 take part in the 

redistribution of γ-tubulin that happens during apicobasal cell elongation during 

neural tube closure, and direct the assembly of thick microtubule arrays that 

drive the cell height change during this process (Lee et al., 2007). Since both 

of those proteins are important regulators of cell architecture and can 

associate and/or affect both the actin and microtubule cytoskeleton (Dietz et 

al., 2006), a possible regulation by USP31 becomes relevant.  

 

ARHAGP18 is a GTPase activating protein (GAP) and has been shown to 

interact and inactivate RhoA, thus regulating cell shape, spreading and 

migration (Maeda et al., 2011). In our dataset, ARHGAP18 showed a 

consistent and validated increase upon depletion of USP31 (Figure 6.9.A and 

Figure 6.12). Maeda et al. (2011) showed that overexpression of ARHGAP18 
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disrupts stress fibres and focal adhesion formation, and promote cell migration, 

all of it through regulation of RhoA activity. Moreover, loss of ARHGAP18 leads 

to sustained RhoA activation and impedes cell spreading. In a recent report by 

Lovelace et al., a small fraction of ARHGAP18 was shown to localise on 

microtubules and perturb their stability (Lovelace et al., 2017). The slower 

migrating band of ARHGAP18 that is decreased upon USP31 depletion is of 

interest. Whether it represents post-translationally modified protein consistent 

with ubiquitylation or a second isoform that changes in the opposite direction, 

the change is quite dramatic and should be more carefully characterised.  

 

Finally, we followed up and validated SEPT10, a member of the septin family 

of proteins, which constitute the fourth element of the cytoskeleton (Beise and 

Trimble, 2011; Mostowy and Cossart, 2012). SEPT10 is ubiquitously 

expressed across tissues (Hall et al., 2005). Originally identified and described 

by Sui et al., (2003), SEPT10 is closely related to SEPT8, the other septin 

protein that was increased upon USP31 depletion. SEPT10 is quite 

understudied. A report analysing data from the ONCOMINE database found 

SEPT10 to be downregulated in a great proportion of the tumours examined, 

and the downregulation was associated with poor prognosis (Liu et al., 2010). 

Interestingly, SEPT10 expression has been shown to correlate with sensitivity 

to paclitaxel in several cancers. Tumours resistant to paclitaxel show reduced 

levels of SEPT10, while overexpression of SEPT10 increases their sensitivity 

(Xu et al., 2012), hence SEPT10 is proposed as an interesting target to 

overcome paclitaxel resistance.  
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Figure 6.12: Validation of the cytoskeleton related proteins that 
increase upon USP31 depletion 

U2OS cells were transfected with 40nM control siRNA or targeting USP31 
for 72h. 20µg of lysates were probed for the indicated antibodies. Detailed 
quantification of the bands can be seen in Figure 6.9.A. pMW: predicted 
Molecular weight 

 

6.6.4 The ‘wee’ protein in the large cells 

One of the more striking phenotypes of USP31 depletion is the increase in cell 

size. So, we were intrigued to see the increase in Wee1 (Figure 6.13) which is 

a major regulator of cell size (Russell and Nurse, 1987). Wee1 plays a key role  

in regulating cell cycle progression, as it stalls the G2 to M transition by 

phosphorylation of the Y15 and subsequent inactivation of CDK1/Cyclin B 

mitotic kinase complex (Mcgowan1 and Russell, 1995; Russell and Nurse, 

1987). This phosphorylation is reversed by the action of the mitosis activating 

phosphatase CDC25 that allows for mitosis to commence. The balance 

between those two factors is crucial for mitotic progression and can eventually 

control the cell size (Keifenheim et al., 2017; Marshall et al., 2012; Kellogg, 

2003). The large cell phenotype, the G2/M arrest and the increase in Wee1 

expression following USP31 depletion could all be connected.  

 

6.6.5 The UPS associated proteins 

As described in section 1.2.9, DUBs and E3 ligases are often found in 

coregulated cycles, with the DUB enzyme often rescuing the expression levels 

of both a substrate and the corresponding auto-ubiquitylated E3 enzyme 

(Komander et al., 2009a). We thus selected to follow two E3 ligases (see 
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1.2.7), UHRF1 and SHPRH, whose expression was reduced upon USP31 

depletion (Figure 6.13). UHRF1 is a RING E3-ligase that aids the association 

of DNMT1 (DNA methyltransferase 1) with chromatin and thus promotes DNA 

methylation (Bostick et al., 2003). It preferentially binds to hemimethylated 

DNA, which is the substrate of DNMT1. Moreover, UHRF1 ubiquitylates 

histone H3, which is also recognised by DNMT1 (Li et al., 2018).  UHRF1 is a 

substrate of USP7, that physically interacts with UHRF1 through the Ubl 

domains present in USP7 and stabilises it. In addition to the control of the 

stability, the physical association of USP7 with UHRF1, controls the 

association of the latter with DNA (Ma et al., 2012; Zhi-Min Zhang et al., 2015). 

UHRF1 expression is also regulated during the cell cycle, and its stability is 

reduced in M phase (Ma et al., 2012). It is overexpressed in a variety of 

cancers, including breast, lung and colorectal malignancies, and mechanisms 

that target its expression and/or activity are already considered for specific 

targeting (Patnaik et al., 2018). Interestingly, USP31 was one of the proteins 

that was upregulated upon UHRF1 depletion in bladder cancer cells (Atala, 

2016). Whether the differences of UHRF1 expression that we see upon USP31 

depletion are associated with the changes in cell cycle or there is a feedback 

loop control by USP31 needs to be elucidated. 

 

SHPRH was also reduced in all three repeats of our analysis, and it was also 

reduced in the validation in U2OS cells. SHPRH is also a RING E3 ligase that 

is involved in DNA damage repair and suppresses mutagenesis (Unk et al., 

2006). It is recruited upon MMS-treatment mediated DNA-damage, 

polyubiquitinates PCNA and recruits the specialised for this damage Polκ 

polymerase (Moldovan and D’Andrea, 2011; Lin et al., 2011; Motegi et al., 

2006).  

 

6.6.6 Formins upon depletion of USP31- DAAM2 and FMNL1 

Formins are a diverse group of proteins that is involved in cytoskeletal 

remodelling, with a main impact on actin assembly (Faix and Grosse, 2006). 

Two formins made it to the final sorted list in our proteome analysis, DAAM2 

and FMNL1. While FMNL1 increase was not validated in the U2OS samples 
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with both oligonucleotides, DAAM2 (dishevelled activator of morphogenesis) 

is one of the more prominent proteins that was reduced and validated in our 

analysis (Figure 6.13). DAAM2 is part of the canonical Wnt signalling pathway 

and plays an important role during morphogenesis (Lee and Deneen, 2012; 

Nakaya et al., 2004). It is expressed in relatively higher levels in neuronal 

tissues and it may play a negative role in myelination (Krainer et al., 2013; 

Kyoung Lee et al., 2015). In a recent study, Zhu et al. (2017) showed that the 

interaction with DAAM2 leads to VHL ubiquitination and degradation (Zhu et 

al., 2017). Moreover, their expression is negatively correlated in a few cancer 

types including glioblastoma, where the authors propose that perturbation of 

the VHL-DAAM2 interaction could be beneficial as a glioblastoma therapeutic 

strategy. 

 

6.6.7 Other validated hits 

Integrin β3 was also reduced upon depletion of USP31, both in the mass spec 

analyses and in the validation (Figure 6.13). ITGB3 can form heterocomplex 

with ITGAV or ITGAIIb, and the complex has been shown to be a receptor 

among others for fibronectin, collagen and laminin (Calderwood, 2004). ITGB3 

has mainly been associated with platelet function and since it aids clot 

formation, it has shown potential in the treatment of bleeding disorders (Fang 

et al., 2005). ITGB3 has also recently been shown to be upregulated upon 

hypoxia in breast cancer cells, and to reduce their motility (Sesé et al., 2017). 

Finally, we validated the reduction of Gli2, one of the transcription factors that 

mediate Hedgehog signalling, and an increase of EGFR upon USP31 

depletion. Interestingly, in a siRNA screen to identify DUB enzymes that 

regulate EGFR endocytosis, USP31 depletion lead to a slower EGFR 

degradation rate in HeLa cells (Savio et al., 2016). Knowing that USP31 

dramatically affects microtubule architecture, one can speculate that trafficking 

of the receptor can be impaired, leading to a prolonged sorting and sustained 

activation.  
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Figure 6.13: Validation of the non-cytoskeleton related 
interesting hits. 

A. U2OS cells were transfected with 40nM control siRNA or targeting 
USP31 for 72h. 20µg of lysates were probed for the indicated antibodies. 
pMW: predicted Molecular weight B. Heatmap of the log2 difference of the 
depletion of USP31 in the three mass spec repeats, the average difference 
and in the validation in U2OS cells. Note that the colour-scale is different 
across the mass spec samples and the validation samples.  

 

6.6.8 Extension of validated hits to other cell types 

We then wanted to examine whether we could replicate in other cell lines the 

effects seen of the depletion of USP31 in U2OS cells. For this reason, I used 

the non-transformed RPE1 cells (Figure 6.14) and the neuroblastoma cell line 

SK-N-BE2(c) (Figure 6.15). The efficient depletion of USP31 was confirmed in 

both cell lines.  

 

The reduction of KIF18b, NF2, UHRF1, DAAM2 and ITGB3 observed in U2OS 

cells was also seen in RPE1 cells, and in some cases, it was even more  
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Figure 6.14: Validation of the proteomics hits in RPE1 cells. 

A. RPE1 cells were transfected with 40nM control siRNA or targeting 
USP31 for 72h. 20µg of lysates were probed for the indicated antibodies. B. 
Heatmap of the log2 difference of the depletion of USP31 in U2OS cells 
(see Figure 6.9.A and Figure 6.13.B) and in RPE1 cells.  

 

dramatic in this cell line (see KIF18b). Moreover, Wee1 and SEPT10 showed 

a similar trend as in U2OS. However, the majority of the proteins that were 

increased in U2OS cells upon depletion of USP31 were decreased in RPE1 

cells. In SK-N-BE2(c) cells, the majority of the proteins that were checked were 
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dramatically reduced upon USP31 depletion (Figure 6.15). The observed 

results in these two cell lines need to be confirmed in another set of lysates.  

 

 

Figure 6.15: Validation of the interesting hits in SK-N-BE2(c) 
cells. 

A. SK-N-BE2(c) cells were transfected with 40nM control siRNA or targeting 
USP31 for 72h. 20µg of lysates were probed for the indicated antibodies. B. 
Heatmap of the log2 difference of the depletion of USP31 in U2OS cells 
(see Figure 6.9.A and Figure 6.13.B) and in SK-N-BE2(c) cells.  

 

6.7 Discussion 

The work presented in this chapter describes the analysis of the cellular 

proteome upon depletion of USP31 with siRNA in U2OS cells, as well as the 

next step of the validation of the interesting proteins. USP31 was depleted with 

two different oligonucleotides in a SILAC configuration and the samples were 

then analysed by LC-MS/MS. The analysis offered a deep proteome coverage 

with 7,864 proteins being identified and quantified. The analysis was 
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performed on three replicates of the experiment, that were analysed by 

MaxQuant and Perseus to calculate statistically significant differences.  

 

The limitations of our approach lie in the non-selective fashion of the 

experiment. As we are comparing the whole proteome change amongst the 

control sample and the two knock-down samples, the changes in proteins that 

we identify are not necessarily direct substrates of USP31 but could for 

example be transcriptionally regulated as a secondary effect. Moreover, we 

are unable at this point to directly claim that a change is linked to the function 

of the enzyme as a deubiquitylase or the loss of the protein itself.  

This analysis came late in my project thus it is incomplete. However, it lays the 

foundation for a very interesting exploration of possible substrates and/or 

biomarkers of USP31. A set of very intriguing proteins came up in our results 

that could be connected with the plethora of phenotypes that USP31 depletion 

has (see ). Kinesins KIF18a and KIF18b were both reduced in this dataset 

which could explain the effect of USP31 both on microtubule dynamics and on 

the spindle malformation and chromosome missegregation. Both of these 

proteins possess tubulin depolymerisation activities and play key roles  

 

in guiding the assembly and positioning of the mitotic spindle during cell 

division KIF18b levels are closely regulated during the cell cycle by 

ubiquitylation, it would be of great interest to explore whether USP31 changes 

its ubiquitylation state. TPPP that was increased upon depletion of USP31 is 

another very interesting protein, as it promotes microtubule assembly. Its 

involvement in neurodegenerative diseases such as Parkinson’s and Multiple 

System Atrophy make it a rather interesting target to explore, especially since 

the plausible correlation between USP31 and the pathogenesis of MSA (Sailer 

et al., 2016).  

 

Overall it has become apparent that it would be necessary to examine many 

of the microtubule related targets in conditions of more stringent lysis, since it 

is possible that they were not fully extracted in the validation samples. An 

earlier attempt to optimise USP31 lysis conditions to perform co-

immunoprecipitation experiments have highlighted this difficulty as well (see  
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Figure 6.16: Overview of the phenotype relevant proteins that 
change significantly upon USP31 depletion. 

The phenotypes are colour labelled as in Figure 6.9. Proteins in red were 
increased, while proteins in blue were decreased upon depletion of USP31.  

 

Appendix 8), where in the presence of a milder lysis buffer, such as NP-40 or 

TNTE, the majority of USP31 is found in the pellet. Staining the plates after 

lysis with those reagents shows that not only USP31 is not properly extracted, 

but also it remains strongly bound to microtubules, or it aggregates. Those 

observations could lead us to speculate that USP31 is part of a very strong 

complex on microtubules. However, this difficulty is characteristic of many 

microtubule binding proteins, and in fact is true for KIF18b as well (informal 

communication with the group of Dr. Julie Welburn). So, one of the important 

next tasks would be to find a way to efficiently extract USP31, in conditions 

that would allow for the identification of any binding partners and facilitate the 

further investigation of any interplay between USP31 and any of the proteins 

that we followed up. The stable cell lines described in Chapter 5 can be a very 
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useful tool in examining potential interactions and effects of USP31 and the 

identified proteins, since they allow for direct comparison, on steady state, 

between the wild type or catalytic inactive. This work presents the first attempt 

to globally analyse the effect of USP31 loss on global proteome and lead to a 

fairly large number of proteins being identified. Some robust responders have 

emerged across multiple cell lines. These open up new biology or provide 

some mechanistic hypothesis linking USP31 action to cellular phenotypes, 

such as in the case of the KIF18a and KIF18b and mitosis.
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Chapter 7: Conclusion 
 

It has been approximately 50 years since the discovery of the Ubiquitin 

Proteasome System, and by now it has become apparent that it is involved in 

most signalling pathways and cellular processes. Nevertheless, there are still 

many enzymes of the associated families that remain uncharacterised. 

Conversely, there are plenty of signaling pathways where there are indications 

that ubiquitylation takes part, but its role is not fully appreciated. In fact, the 

microtubule cytoskeleton represents an example where the effect of 

ubiquitylation still remains elusive. 

 

Even though ubiquitylation of both α- and β-tubulin is evidently occurring (Xu 

et al., 2010, see Figure 1.12.B), its functional role in governing tubulin and 

microtubule economy is less clear. γ-tubulin is known to be ubiquitylated at the 

centrosome and this modification affects its microtubule nucleation capacity 

(Sankaran et al., 2007; Starita et al., 2004; Sankaran et al., 2005); however, 

the extent of this effect as well as enzymes removing this modification have 

not been identified. I show here that USP31, a hitherto uncharacterized DUB 

enzyme, shows a clear localization on microtubules and the centrosome, and 

has a profound effect on the organization of the microtubule network.  

 

7.1 USP31 and microtubule architecture 

USP31 bridges two cellular codes; the ubiquitin code and the tubulin code. It 

exhibits a clear preference over the modified subpopulations of microtubules. 

Perturbation of USP31 levels induces profound changes in microtubule 

architecture and post-translational modifications. Depletion of the protein 

causes a major loss of the detyrosinated microtubule population and a vastly 

disrupted acetylated microtubule network. Thus, in this work, we have 

identified an enzyme of the ubiquitin system, which does not just regulate the 

stability of microtubule associated protein(s), but the composition and 

organization of the whole microtubule network. 
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We reasoned that the observed effects on microtubule modifications involve 

changes in microtubule dynamics. The exact nature of this involvement should 

be further examined, however prolonged polymerization of microtubules might 

be the key effect of USP31 depletion. Being a DUB enzyme, USP31 could 

affect the stability and/or recruitment of key components that dictate 

microtubule dynamics. Large-scale proteomics analysis was employed upon 

depletion of USP31 in order to identify candidate substrates and effectors of 

USP31 related to the observed phenotypes. Among the more interesting hits, 

KIF18a and KIF18b (microtubule depolymerases; Mayr et al., 2007; Stout et 

al., 2011), were reduced upon depletion of USP31. If we further validate that 

USP31 affects two out of the three known microtubule depolymerases in the 

cell, then it will be a reasonable outcome that microtubule dynamics as well as 

microtubule lifetime would be affected.  

 

7.2 USP31 during mitosis and the cell cycle 

USP31 exhibits a spectacular localisation during mitosis. The overexpressed 

protein can be seen on the spindle microtubules, where it accumulates until 

metaphase. Upon anaphase, USP31 relocalises rapidly to the central spindle, 

where it remains until telophase and the end of cytokinesis. This rapid 

relocalisation is quite unique and indicates a highly choreographed role in 

mitosis.  

 

Seeing the clear relocalisation of USP31 during mitosis, defects in mitotic 

progression can be expected. Indeed, depletion of USP31 supresses cell 

growth by arresting cells in G2/M. My data suggest that spindle assembly 

and/or chromosome congression might be affected by USP31 depletion. The 

loss of detyrosinated microtubules can be an indirect cause of chromosome 

misalignment, since they play a key role in governing chromosome 

congression (Barisic and Maiato, 2016; Barisic et al., 2015). Moreover, 

changes in proteins identified by the proteomics analysis, such as the KIF18 

family members, can be responsible for the observed phenotypes. Both family 

member have central roles in mitotic spindle positioning and governing the 
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dynamics of the kinetochore microtubules (Janssen et al., 2018; Mayr et al., 

2007; McHugh et al., 2018).  

 

7.3 USP31 as a potential drug target 

The observed changes in microtubule dynamics could place USP31 as an 

attractive drug target for diseases where changes in the dynamic state of 

microtubules are either the cause or a potential therapeutic strategy (Dubey et 

al., 2015). Microtubule targeting drugs that interfere with the stability of 

microtubules are already in place for cancer, especially due to their anti-mitotic 

effect (i.e. taxol, Vinca alkaloids, nocodazole analogues). USP31 could 

present another enzymatic target within this approach, whilst its classification 

as a potential oncogene should be further examined.  

 

Tubulin tyrosination/ detyrosination cycle has been implicated in the 

development of heart disease. Increased detyrosination is found in patients 

diagnosed with hypertrophic and dilated cardiomyopathies; this increase gives 

rise to a stiffer network that impairs contractility (Magiera et al., 2018a; Kerr et 

al., 2015; Robison et al., 2016). The therapeutic potential of reducing 

microtubule detyrosination has been appreciated by the recent observation 

that Parthenolide, a drug that has been known for years to inhibit microtubule 

detyrosination, restores contractility in failing cardiomyocytes (Chen et al., 

2018). We show here that USP31 depletion changes the dynamics of 

microtubules and thus reduces the amount of detyrosinated tubulin, which 

could potentially be beneficial in a certain subpopulation of patients with heart 

failure.  

 

Neurons rely on a functional and dynamic microtubule network with sufficient 

and well-timed post-translational modifications in order to maintain neuronal 

polarity and ensure axonal transport (Magiera et al., 2018b; Chakraborti et al., 

2016; Janke and Kneussel, 2010). The dynamics of microtubules are often 

perturbed in neurodegenerative diseases. Alzheimer’s and Parkinson’s 

disease often present with  a more dynamic microtubule network (Brandt and 

Bakota, 2017; Pellegrini et al., 2016), while Hereditary Spastic Paraplegia 
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patients exhibit hyper stable microtubules (Dubey et al., 2015). It will be 

interesting to explore whether USP31 expression changes during the 

development of those diseases, as well as its potential benefit in the 

reestablishment of a dynamic network wherever necessary. Finally, the role of 

USP31 in the pathogenesis of MSA (Multiple Systems Atrophy) is intriguing 

(Sailer et al., 2016). This is particularly interesting since USP31 depletion 

increases the amount of TPPP, a protein that has a prominent role in the 

development of the disease (Goldbaum et al., 2008).  

 

Overall, my work sheds light on USP31 and its pleiotropic influence on the 

microtubule network. To our knowledge this is the first systematic 

characterisation of this enzyme.  The tools described here as well as the large-

scale characterisation of USP31 dependant proteome could aid to uncover the 

mechanisms that mediate the observed phenotypes, as well as potential 

biomarkers that will could be readily utilised in its development as a drug 

target. It is thus foreseen that USP31 is involved in a complex and fascinating 

biology.
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Appendices 
Evaluation of commercially available reagents for the study of USP31

 



 276 

 

Appendix 1: Comparison of commercially available antibodies 
against USP31. 

A. Schematic diagram of USP31. Santa Cruz antibody recognition site is 
indicated in blue, whilst the Abcam/ Abnova one is in orange. B. U2OS cells 
were transfected with 40nM control siRNA or siRNA targeting USP31 for 
72h. 20µg (Abcam, Abnova) or 15µg (Santa Cruz) were then resolved in a 
4-12% Bis-Tris gel and probed for the indicated antibodies. C. The 
aforementioned antibodies were then tested by Immunofluorescence. 
USP31 was depleted by siRNA for 72h in U2OS cells, they were then fixed 
with ice cold MeOH and stained as indicated. Images were acquired in a 3i 
spinning disk confocal microscope. Scale bar: 10µm. 
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Evaluation of the USP31 rabbit antibody produced by Proteintech. 
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Appendix 2: Evaluation of the USP31 rabbit antibody produced 
by Proteintech. 

A. Schematic diagram of USP31, indicating the epitope of the antibody. B. 
U2OS cells were transfected with 40nM control siRNA or against USP31 
(Q2, Q4) for 72h. 20µg of RIPA lysates were resolved in a 4-12% Bis-Tris 
gel and the knockdown efficiency was determined using the USP31 
antibody produced by Santa Cruz. C. Test bleeds from two rabbits 
immunised against the USP31 antigen were tested for specificity in the 
aforementioned samples, in the concentrations indicated on the blots. D. 
Final bleeds and the affinity purified antibodies were tested for specificity 
against USP31. None of them seems to recognise any USP31 specific 
bands. 
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Appendix 3: Expression of USP31 truncated and mutant 
constructs. 

Relative expression of the truncated constructs of USP31. U2OS cells were 
transfected with 1µg plasmid DNA for 21h, lysed in RIPA buffer, and 15.2µl 
were resolved in a 4-12% Bis-Tris gel and probed for the mentioned 
proteins. The constructs aid to the mapping of the Santa Cruz antibody 
recognising region at the C-terminus of the protein. A schematic 
representation of the constructs is illustrated in Figure 2.3. 

B.
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Appendix 4: RPE1 cells do not have detyrosinated microtubules. 

RPE1 cells were transfected with 40nM control siRNA or against USP31 for 
72h. They were then fixed with ice cold MeOH and stained for detyrosinated 
tubulin. DNA is stained with DAPI. Images were taken with a 3i spinning 
disk confocal microscope. Scale bar: 10µm.



 281 

 

A
pp

en
di

x 
5:

 U
SP

31
 lo

ca
lis

at
io

n 
du

rin
g 

ce
ll 

di
vi

si
on

. 

U
2O

S 
ce

lls
 s

ta
bl

y 
ex

pr
es

si
ng

 m
R

FP
-H

2B
 w

er
e 

tra
ns

ie
nt

ly
 tr

an
sf

ec
te

d 
w

ith
 G

FP
-U

SP
31

 a
nd

 im
ag

ed
 e

ve
ry

 5
 m

in
ut

es
 fo

r 2
4h

 w
ith

 a
 

N
ik

on
 m

ic
ro

sc
op

e.
 U

SP
31

 m
ic

ro
tu

bu
le

 lo
ca

lis
at

io
n 

is
 lo

st
 o

n 
pr

op
ha

se
, a

nd
 U

SP
31

 c
an

 b
e 

se
en

 a
ga

in
 o

n 
m

ic
ro

tu
bu

le
s 

af
te

r a
na

ph
as

e.
 



 282 

 
Appendix 6: Fold change of the proteome composition of U2OS 
cells following USP31 depletion with two different oligos 
depicted against the logarithmic sum of the intensities.  

The result of each repeat is shown in the graphs and outliers are highlighted. 
The proteins with the greater changes are annotated. The data were 
analysed by Perseus for consistency across the repeats (One-sample t-test, 
red/blue colour-coding), as well as for significance (significance b, bold 
writing).  
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Appendix 7: Validation of the proteomics analysis of USP31 
depletion in U2OS cells. 

A. U2OS cells were transfected with 40nM control siRNA or targeting 
USP31 (Q2, Q4) for 72 hours. 20µg of RIPA lysates were then probed for 
the mentioned antibodies. The FOXO3 blot was differently levelled above 
and below the dotted line for presentation reasons. B. Quantification of the 
protein amount in the proteomics samples and in the validation of the 
mentioned proteins. The log2 ratios of Q2/NT1 and Q4/NT1 are colour-
coded. The validation values were first normalised to the actin expression.  
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Appendix 8: Optimisation of the lysis conditions for USP31 Co-
IP 

A. Schematic representation of the lysate preparation. U2OS cells were lysed 
with the indicated buffers. The collected lysate was collected and centrifuged at 
14,000rpm. The cleared lysate was processed for WB. The pellet was further 
lysed in SDS buffer and prepared with Sample buffer for WB. The “leftover” from 
the plate was collected by scraping in RIPA buffer and prepared for WB. B. The 
different fractions were probed for USP31 for a comparative analysis of the more 
efficient lysis method and locate in which fraction USP31 is found. C. U2OS.cells 
were transfected with 1µg GFP-USP31 plasmid DNA. After lysis with mild lysis 
buffers (NP-40 and TNT-E), the plates were fixed in ice cold MeOH and images 
were acquired with a NIKON microscope. A clear microtubule staining can be 
seen for USP31 that remains on the plate after mild lysis. 
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Appendix 9 
 
 
 
A Chlamydia effector combining deubiquitination and acetylation 
activities induces Golgi fragmentation.  
 
As part of this collaboration, I mapped the subcellular localisation of the 

Chlamydia trachomatis DUB enzymes, ChlaDUB1 and ChlaDUB2. I showed 

that upon transfection, both enzymes reside on the Golgi, while ChlaDUB2 

localises on the endoplasmic reticulum as well. Utilising a panel of truncated 

constructs, I identified specific domains that are necessary for the 

aforementioned localisation. Moreover, I observed that expression of the 

enzymes in mammalian cells results in Golgi fragmentation, phenotype that is 

not observed when the catalytic inactive enzymes are expressed. Finally, 

using a toolbox of sophisticated point mutant constructs, I showed that Golgi 

fragmentation can be attributed solely to the DUB activity of the enzymes. My 

observations led to the initiation of the collaboration between the labs of D. 

Komander and R. Valdivia. In the following publication, I am responsible for 

Fig. 4 and Fig. S7 and S8. 
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Pathogenic bacteria are armed with potent effector proteins 
that subvert host signalling processes during infection1. The 
activities of bacterial effectors and their associated roles 
within the host cell are often poorly understood, particularly 
for Chlamydia trachomatis2, a World Health Organization 
designated neglected disease pathogen. We identify and 
explain remarkable dual Lys63-deubiquitinase (DUB) and 
Lys-acetyltransferase activities in the Chlamydia effector 
ChlaDUB1. Crystal structures capturing intermediate stages 
of each reaction reveal how the same catalytic centre of 
ChlaDUB1 can facilitate such distinct processes, and enable 
the generation of mutations that uncouple the two activi-
ties. Targeted Chlamydia mutant strains allow us to link the 
DUB activity of ChlaDUB1 and the related, dedicated DUB 
ChlaDUB2 to fragmentation of the host Golgi apparatus, a 
key process in Chlamydia infection for which effectors have 
remained elusive. Our work illustrates the incredible versa-
tility of bacterial effector proteins, and provides important 
insights towards understanding Chlamydia pathogenesis.

During infection, many Gram-negative pathogenic bacteria 
translocate effector proteins directly into host cells to modify sig-
nalling pathways important for invasion, survival and replication. 
One particularly interesting family of effectors are those belong-
ing to the CE-clan of cysteine proteases. Members of this family 
have variously been found to be proteases for ubiquitin-like (Ubl) 
modifiers, DUBs or even Ser/Thr acetyltransferases (AcTs)3–11, 
which is striking considering that they all share a structurally 
similar Cys protease fold. Physiologically, the activities are used 
against host inflammatory pathways. Deubiquitinases in particu-
lar are used by a wide range of pathogens to switch off ubiquitin 
(Ub)-dependent inflammatory signalling processes12, or interfere 
with microbe-directed autophagy (xenophagy) pathways. CE fam-
ily DUBs, such as Legionella SidE, Salmonella SseL and Chlamydia 
ChlaDUB1, have been shown to mediate inhibition of autophagy, 
NF-κ B signalling and cell death during infection10,13–15. Similarly, 
the AcT activities of Yersinia YopJ and Salmonella AvrA modify 
phosphorylation sites, and directly block mitogen-activated pro-
tein kinase activation required for inflammatory signalling and 
innate immunity7–9.

Recent phylogenetic analyses and crystal structures have started 
to explain the seemingly disconnected catalytic activities among CE 
family members, but the conundrum of the identical catalytic fold 

has remained intriguing. Indeed, a direct biochemical comparison 
of DUB and AcT activities in CE family proteins has not yet been 
performed. We used our panel of purified bacterial CE enzymes 
from a range of pathogens alongside their catalytically inactive 
variants (Fig. 1a) to test for DUB activity by monitoring cleavage 
of K63-linked diubiquitin (diUb) (Fig. 1b). In parallel, we tested 
for AcT activity by monitoring auto-acetylation via radioisotope 
incorporation following incubation with 14C Acetyl-Coenzyme A 
(Fig. 1c). This analysis revealed Salmonella SseL, Escherichia ElaD, 
Shigella ShiCE, and Rickettsia RickCE to be dedicated DUBs, and 
identified Legionella LegCE, Yersinia YopJ, and Salmonella AvrA as 
dedicated AcTs.

Remarkably, Chlamydia ChlaDUB1 could perform both DUB 
and AcT reactions, seemingly using the same catalytic Cys residue 
(compare Fig. 1b,c). ChlaDUB1 is phylogenetically distinct from 
the YopJ-like family11, but showed similar rates of auto-acetyla-
tion compared with YopJ and AvrA (although YopJ acetylation of 
its substrate MEK2 (ref. 8) is markedly faster, see Supplementary  
Fig. 1a–c). Importantly, ChlaDUB1 auto-acetylation occurs at 
Lys residues (Supplementary Fig. 1d,e), whereas YopJ-like family 
members predominantly target Ser/Thr residues7–9. Furthermore, 
ChlaDUB1 AcT activity is not regulated by phytic acid (inositol 
hexakisphosphate, IP6) (Supplementary Fig. 1f,g), in contrast to 
YopJ-like enzymes16,17. This identified ChlaDUB1 as a bona fide  
Lys-AcT in addition to being a Lys63-specific DUB.

To explain how ChlaDUB1 could perform two seemingly  
disparate chemical reactions, namely deubiquitination—a hydro-
lysis reaction, and acetylation—a condensation reaction, we deter-
mined crystal structures of the enzyme bound to Ub, and bound 
to Coenzyme A (CoA) at 1.9 Å and 2.1 Å resolution, respectively  
(Fig. 1d and Supplementary Table 1). The structures showed hardly 
any conformational changes between each other, or in comparison 
with previous apo structures (pdb id 5HAG11, 5B5Q15) with overall root 
mean squared deviations <  1 Å (Fig. 1d and Supplementary Fig. 2a),  
but revealed distinct binding sites for Ub and CoA.

The ChlaDUB1~Ub structure (Supplementary Fig. 2b) was 
obtained using the Ub activity-based probe Ub-propargylamide 
(Ub-PA), which covalently links one Ub molecule into the enzy-
matic S1 site (Supplementary Fig. 3). ChlaDUB1 forms similar 
interactions with Ub compared with other CE proteases10,11,18–20, 
involving both the Ile44 and Ile36 hydrophobic patches of Ub 
(Supplementary Fig. 2c,d).
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The ChlaDUB1~CoA structure (Supplementary Fig. 2e) revealed 
a disulfide bridge between the cofactor’s cysteamine and the cata-
lytic Cys, and identified a charge-complementary binding site for 
CoA near the active site (Supplementary Fig. 2f). The ChlaDUB1 
CoA-binding site is distinct from the CoA-binding sites of the 
YopJ-like effector HopZ1a16 and arylamine N-acetyltransferases 
(NATs)21 (Supplementary Fig. 2g,h), and is also removed from the 
Ub-binding site (Supplementary Fig. 3).

Both structures together reveal the importance of an inserted helix 
that is unique to ChlaDUB1 and not present in other CE enzymes 
from bacteria, viruses or eukaryotes; we had previously annotated 
this element as Variable Region 3 (VR-3)11. One face of this VR-3 
helix contacts the adenosine and phosphate groups of the CoA mol-
ecule (Fig. 2a,b). Remarkably, the opposite face of the VR-3 helix 
binds the Ile36-patch of Ub (Fig. 2a,b and Supplementary Fig. 2i).  
This arrangement enables both DUB and AcT activities to utilize the 
same active site (Fig. 1d and Supplementary Fig. 4a,b), via spatially 
separated, independent binding sites for Ub and CoA. Consistently, 
Ub compromises AcT activity, but when the Ub C-terminus is miss-
ing, auto-acetylation is restored (Supplementary Fig. 4c). Separate 

binding sites for Ub and CoA further enabled us to uncouple DUB 
and AcT activity. ChlaDUB1 AcT activity was strongly diminished 
by mutation of K268E (VR-3), or G272E without affecting DUB 
activity. In contrast, DUB activity was abrogated by I267R (VR-3) 
or I225A mutation, yet these mutants did not affect auto-acetylation 
(Fig. 2a,c and Supplementary Fig. 5a).

The VR-3 helix is central to dual activities in C. trachomatis 
(C.t.) ChlaDUB1 and present in all Chlamydia ChlaDUB homo-
logues, such as ChlaDUB of C. abortus (C.a.), a cattle pathogen 
that is transmissible to humans. A 1.5 Å crystal structure of C.a. 
ChlaDUB confirmed the register of the predicted VR-3 helix 
as shown in the sequence alignment (Fig. 2d, Supplementary 
Fig. 5d,e and Supplementary Table 1). Importantly, the Ub- and 
CoA-coordinating residues within VR-3 are not jointly con-
served (Fig. 2d), and we hypothesized that C.t. ChlaDUB2 should 
be a dedicated DUB, while C.a. ChlaDUB should be a dedicated 
AcT. Indeed, these predictions could be confirmed biochemically  
(Fig. 2e,f and Supplementary Fig. 5b,c). Together, our data strongly 
suggested that Chlamydia species evolved ChlaDUB effectors with 
dual activities and potentially multiple functions.
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Functional characterization of Chlamydia effectors has remained 
challenging, mostly due to the rudimentary tools available for 
genetic manipulation of Chlamydia22. Nonetheless, we set out to 
uncover roles for the DUB/AcT ChlaDUB1 and the dedicated DUB 
ChlaDUB2 utilizing mutant strains harbouring catalytically inactive 

ChlaDUB1 and ChlaDUB2 variants. One strain, containing a muta-
tion leading to an amino acid substitution in the ChlaDUB2 catalytic 
His residue (H203Y) that inactivates the enzyme (Supplementary 
Fig. 6a), was identified from a collection of chemically mutagenized 
C. trachomatis strains23. This strain was back-crossed to wild-type 
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C. trachomatis and a clean recombinant strain harbouring only the 
ChlaDUB2 H203Y variant was isolated (Cdu2-H203Y) (Fig. 3a 
and Supplementary Tables 2 and 3). For ChlaDUB1, we obtained 
a recently characterized ChlaDUB1 mutant strain15 generated  
by transposon mutagenesis that introduced an early stop 
codon before the catalytic Cys residue (cdu1-Tn) (Fig. 3a and 
Supplementary Table 2).

The ChlaDUB1 and ChlaDUB2 loss of function strains left us 
in the privileged position of assessing the effects of either enzyme 
on host biology, and on contributions to Chlamydia infection. The 
cdu1-Tn mutant strain did not significantly reduce the number of 
infectious progeny in HeLa cells compared with a wild-type strain. 
This was markedly different in A549 cells, a human adenocarci-
nomic lung epithelial cell line, in which infection with the cdu1-
Tn mutant strain reduced progeny by 90% (Fig. 3b). The latter was 
comparable to the effect of this strain in vivo using a transcervical 
mouse model of infection, whereas primary human fimbriae cells 
showed a bacterial growth defect only after prior stimulation with 
interferon-γ 15. Surprisingly, the Cdu2-H203Y strain showed little to 
no growth defect in either HeLa or A549 cell lines compared with 
its two parental strains (see Methods) (Fig. 3b), suggesting that 
ChlaDUB1, with its additional AcT activity, may play a unique role 
in Chlamydia infection.

Next, we inspected infected cells by confocal microscopy. A 
prominent feature of Chlamydia-infected cells is the fragmentation 
and subsequent redistribution of the Golgi apparatus into ministacks  

that surround the pathogen-containing vacuole (termed the 
inclusion) at approximately 20 hours post infection24,25. Because 
ChlaDUB1 and ChlaDUB2 are actively expressed and secreted at this 
time post infection and have been shown to localize to the outside of 
the inclusion membrane where they could interact with neighbour-
ing organelles15,26, we used our cdu1-Tn and Cdu2-H203Y mutant 
strains to test for a contribution to Golgi redistribution following 
infection. Remarkably, at 26 hours post infection, both the cdu1-Tn 
and Cdu2-H203Y mutant strains showed a dramatic impairment in 
redistribution of the Golgi apparatus (Fig. 3c-f and Supplementary 
Fig. 6b–e). Since both ChlaDUB1 and ChlaDUB2 mutant strains 
affected host Golgi redistribution, this strongly suggested that 
DUB activity is required in this process. Moreover, the comparable 
individual impact of each mutant strain on Golgi redistribution  
(Fig. 3e,f) indicates either non-redundant roles for each DUB, or a 
strict dose dependency on DUB activity introduced by Chlamydia 
to invoke the observed cell biological effect. Finally, a similar 
extent of Golgi redistribution was seen in A549 but also HeLa cells,  
contrasting with the different impact of ChlaDUB mutant strains on 
bacterial growth rates (compare Fig. 3c–f with Fig. 3b). This lack of 
correlation had been observed previously in HeLa cells, for example 
with InaC that regulates Golgi redistribution without impacting the 
generation of bacterial progeny23.

Our data suggested that ChlaDUB1 and ChlaDUB2 may have 
unrecognized roles in manipulating Golgi morphology and dynam-
ics, which was corroborated in a simplified system (Fig. 4a). 
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to characterize activity dependence of Golgi fragmentation following expression of ChlaDUB1 in mammalian cells. Separation-of-function mutations 
were selected from structural and biochemical work discussed in Fig. 2. b, Representative confocal images showing Golgi fragmentation in HeLa cells 
following expression of GFP-tagged ChlaDUB1. Samples were immunostained with anti-GM130 (cis-Golgi, red) and DAPI stained (DNA, blue). GFP 
fluorescence is shown in green. Isolated channels for the boxed region are shown below, and full versions are shown in Supplementary Fig. 7b. Scale bars, 
10 µ m. c, Quantification of cis-Golgi-stained puncta from b for ~65 cells in each of three independent replicates (two remaining replicates are plotted in 
Supplementary Fig. 7c). Mean values are shown as red bars with individual data points overlaid. Statistical significance compared with GFP control was 
measured using a two-tailed Mann–Whitney U-test. GFP–WT, P =  2.53 ×  10–8; GFP–C345A, P =  0.386; GFP–I267R, P =  0.0253; GFP–K268E, P =  2 ×  10–15. 
d, Measurement of cis-Golgi-stained puncta size from b for ~65 cells in each of three independent replicates (two remaining replicates are plotted in 
Supplementary Fig. 7d). Mean values are shown as red bars, median values are shown as black bars inside a quartile box plot, with individual data  
points overlaid. Statistical significance compared with GFP control was measured using a two-tailed Mann–Whitney U-test. GFP–WT, P =  6.26 ×  10–12;  
GFP–C345A, P =  0.0489; GFP–I267R, P =  0.357; GFP–K268E, P =  4.32 ×  10–10.
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Strikingly, we found that Golgi fragmentation was readily induced 
by sole expression of either ChlaDUB1 or ChlaDUB2 in HeLa cells 
(Fig. 4b, Supplementary Fig. 7a,b and Supplementary Fig. 8a,b).  
Expression of wild-type ChlaDUB1 and (to a lesser extent) 
ChlaDUB2 resulted in significant Golgi fragmentation as mea-
sured either by the number or the size of Golgi-stained puncta. 
Importantly, active site mutations eliminated this effect, which was 
again more pronounced for ChlaDUB1 (Fig. 4c,d, Supplementary 
Fig. 7c,d and Supplementary Fig. 8c,d). All ChlaDUB1 constructs 
showed an enriched localization to the Golgi apparatus, indicating 
that the introduced mutations exclusively affect activity (Fig. 4b and 
Supplementary Fig. 7b). ChlaDUB2 appeared to primarily localize 
to the endoplasmic reticulum (Supplementary Fig. 8e), which could 
explain its reduced ability to induce Golgi fragmentation com-
pared with ChlaDUB1. Using our structure-guided mutations that 
separate ChlaDUB1 DUB and AcT functions (Figs. 2g and 4a), the 
Golgi fragmentation could be assigned as a DUB-dependent effect. 
A DUB-deficient I267R mutant was as defective in Golgi fragmen-
tation as a catalytically inactive C345A construct, while an AcT-
deficient ChlaDUB1 K268E mutant retained its Golgi fragmenting 
capabilities (Fig. 4b–d and Supplementary Fig. 7a–d).

This unveils a remarkable case of protein moonlighting27, wherein 
a bacterial effector, C. trachomatis ChlaDUB1, performs two distinct 
enzymatic activities within its catalytic site, leading to separable cel-
lular functions. Single amino acid substitutions can toggle between 
the activities, and this is used by closely related orthologues and 
paralogues in this enzyme family to modulate function (Fig. 2g). We 
further establish that the DUB activities present in ChlaDUB1, and 
also in the dedicated DUB paralogue ChlaDUB2, are necessary and 
sufficient for the fragmentation of the host Golgi apparatus, a pre-
requisite to Golgi redistribution around the Chlamydia inclusion. 
This adds ChlaDUB1 and ChlaDUB2 to the limited list of effectors 
and host factors implicated in this striking cell biological phenom-
enon23–25,28,29 (see Supplementary Fig. 9). In overexpression studies, 
ChlaDUB1 has also been implicated with inhibition of NF-κ B sig-
nalling13 and cell death15, and it is tempting to speculate that some 
of these effects are conferred by the AcT activity of ChlaDUB1. 
While this requires further study, the importance of ChlaDUB1 for 
Chlamydia infectivity15 and its unique enzymatic nature make it an 
interesting candidate for future Chlamydia-targeted therapeutics.

Methods
Cloning and molecular biology. Generation of Salmonella Typhimurium SseL, 
Chlamydia trachomatis ChlaDUB1, Escherichia coli ElaD, Shigella flexneri ShiCE, 
Rickettsia bellii RickCE, Legionella pneumophila LegCE, Yersinia pestis YopJ, and 
Salmonella Typhimurium AvrA constructs have been described previously11. 
Sequences for Chlamydia trachomatis ChlaDUB2 and Chlamydia abortus ChlaDUB 
were obtained via gene synthesis (Life Technologies). Following amplification with 
KOD polymerase (EMD Millipore), the genes were inserted into the pOPIN-B or 
pOPIN-GFP vector30 with the In-Fusion cloning method (Takara Bio USA). All 
mutagenesis was performed using the Quikchange method (Agilent).

Protein expression and purification. The expression and purification of SseL 
(24-340), ElaD (2-407), ShiCE (2-405), RickCE (378-691), LegCE (141-360), 
YopJ (1-288) and AvrA (1-288) has been described previously11. C.t. ChlaDUB1 
(130-401), C.t. ChlaDUB2 (80-339) and C.a. ChlaDUB were expressed in E. coli 
Rosetta2 pLacI cells (Novagen) at 18 °C for 20 h following induction with 0.2 mM 
IPTG at an absorbance A600 nm of 0.8–1.0. Cells were harvested in 25 mM Tris buffer 
(pH 7.4), 200 mM NaCl, 2 mM ß-mercaptoethanol (Buffer A) and subjected to one 
freeze–thaw cycle. EDTA-free Complete protease inhibitor tablets (Roche), DNase 
and Lysozyme were added prior to lysis by sonication. The resulting lysate was 
centrifuged at 35,000g for 25 min, and applied to Talon resin (Takara Bio USA). 
The resin was washed with Buffer A thoroughly prior to elution with Buffer A 
containing 250 mM imidazole. During overnight dialysis back to Buffer A at 4 °C, 
the His-tag was cleaved with His-3C protease. Following a reverse affinity step 
over regenerated Talon resin, the resulting protein was then concentrated (10,000 
MWCO, EMD Millipore) and applied to a gel filtration column (Superdex75, GE 
Healthcare) equilibrated in 25 mM HEPES (pH 8.0), 150 mM NaCl, 5 mM DTT. 
Pure protein-containing fractions were concentrated, aliquoted and flash-frozen 
for storage at − 80 °C.

Deubiquitinase assays. All enzymes were diluted to a ‘×  2’ concentration in 25 mM 
Tris (pH 7.4), 150 mM NaCl, 10 mM DTT and allowed to fully reduce for 20 min at 
room temperature. Then 6 µ M diUb stocks were prepared in 100 mM Tris (pH 7.4), 
100 mM NaCl, 10 mM DTT and mixed 1:1 with × 2 enzyme prior to incubation 
at 37 °C. Samples were quenched in reducing LDS sample buffer (ThermoFisher), 
resolved by SDS–PAGE, and visualized using silver stain (BioRad).

Ub/Ubl KG-TAMRA protease assays were performed as described previously11.

Acetylation assays. All enzymes were diluted to 5 µ M in 25 mM HEPES (pH 
8.0), 50 mM NaCl, 0.5 mM DTT and incubated with 60 µ M [1-14C] Acetyl-CoA 
(60 mCi mmol-1, PerkinElmer) at 37 °C for the indicated time. The panel shown in 
Fig. 1 and all subsequent assays with YopJ or AvrA additionally included 200 nM 
inositol hexakisphosphate (IP6). Reactions were quenched with reducing LDS 
sample buffer (ThermoFisher) and resolved by SDS–PAGE prior to staining 
with Coomassie. Gels were then dried and exposed to a Phosphor screen for 
several days prior to imaging on a Typhoon scanner (GE Healthcare). The 14C 
autoradiography intensity was quantified using ImageJ31 and normalized to the 
Coomassie stain signal.

Protein crystallization. The ChlaDUB1 (130–401)~Ub complex was purified 
by gel filtration following an overnight reaction at room temperature with 2-fold 
molar excess Ub-PA suicide probe32. Native ChlaDUB1~Ub crystals were obtained 
using protein prepared in 25 mM Tris (pH 7.4), 125 mM NaCl, 4 mM DTT and 
crystallized at 10 mg ml-1 in 0.1 M MES (pH 6.0), 20% PEG 6000, with a 400 nl 
sitting drop at 1:1 protein:precipitant ratio. SeMet ChlaDUB1~Ub crystals were 
obtained using protein at 7 mg ml-1 in 0.1 M HEPES (pH 7.1), 18% PEG 8 K, with a 
200 nl sitting drop at 1:1 protein:precipitant ratio. The ChlaDUB1~CoA complex 
was crystallized by the addition of 2 mM CoA to 12 mg ml-1 ChlaDUB1, and 
mixing with 0.1 M HEPES (pH 7.2), 20% PEG 8000 at a 1:1 protein:precipitant ratio 
in a 400 nl sitting drop. C. a. ChlaDUB (108–377) was prepared in 25 mM HEPES 
(pH 8.0), 150 mM NaCl, 5 mM DTT and crystallized in 0.1 M Tris (pH 7.0), 0.2 M 
calcium acetate, 20% PEG 3000 with a 400 nl sitting drop at 1:1 protein:precipitant 
ratio. All crystals were cryoprotected with mother liquor containing 25% glycerol. 
Cryoprotectant for ChlaDUB1~CoA crystals also contained 5 mM CoA.

Data collection, structure determination and refinement. Data were collected 
at 100 K at the Diamond Light Source (DLS) beam lines I02, I03 and I04 (see 
Supplementary Table 1). Data collections were performed at 0.9798, 0.9795 
and 0.9794 Å wavelengths for the ChlaDUB1~Ub, ChlaDUB1~CoA and C.a. 
ChlaDUB structures, respectively. Integration and scaling were performed 
using XDS33 and Aimless34, respectively. The ChlaDUB1~Ub structure was 
solved experimentally using a SeMet SAD dataset with PHENIX AutoSol and 
AutoBuild35–37. ChlaDUB1~CoA and C.a. ChlaDUB structures were solved using 
molecular replacement in Phaser38 using the apo ChlaDUB1 structure (pdb id 
5HAG). Iterative rounds of model building and refinement were performed using 
COOT39 and PHENIX35, respectively. Ramachandran statistics (favoured/allowed/
outliers) for the ChlaDUB1~Ub, ChlaDUB1~CoA and C.a. ChlaDUB structures 
were 97.2/2.8/0, 97.4/2.6/0 and 98.0/2.0/0, respectively. All figures were generated 
using PyMOL (www.pymol.org).

Cell lines. HeLa, A549 and Vero cell lines were obtained from ATCC, where 
they were authenticated by morphology, karyotyping and short tandem repeat 
analyses. Stocks were routinely tested and confirmed negative for mycoplasma 
contamination.

Chlamydia growth conditions and infections. HeLa, A549 and Vero cells were 
grown in high-glucose DMEM supplemented with L-glutamine, sodium pyruvate 
(Gibco, Life Technologies) and 10% FBS (Mediatech, CellGro), at 37 °C in a 5% 
CO2 humidified incubator. All cells infected with Chlamydia were centrifuged at 
3,500 r.p.m. for 30 min at 10 °C immediately on infection.

Chlamydia strains. All Chlamydia strains (Supplementary Table 2) were derived 
from C. trachomatis LGV biovar L2 434/Bu (wild-type). The cdu1-Tn strain was 
provided by Scott Hefty (University of Kansas) and is described previously15. The 
cdu2-G607A (Cdu2-H203Y) allele was identified in a collection of chemically 
mutagenized C. trachomatis L2 434/Bu strains by whole-genome sequencing 
of a collection of pooled mutant strains23. Strain CTL2M467 was identified as 
harbouring the cdu2-G607A single nucleotide variant (SNV) by Sanger sequencing 
of the cdu2 (CTL0246) locus. Vero cells seeded in a 6-well plate were infected 
with CTL2M467. At 48 hours post infection (hpi), cell monolayers were lysed by 
hypotonic lysis, lysates sonicated, and bacterial cells collected by centrifugation 
at 14,000 r.p.m. for 15 min at 4 °C. Bacterial cell pellets were resuspended in 1X 
DNAse I buffer (New England Biolabs) and treated with 4 units of DNAse 1 (New 
England Biolabs) for 1 h at 37 °C to deplete co-purifying Vero DNA. Following a 
wash with PBS buffer, total DNA was isolated with a DNA isolation kit (DNeasy 
tissue and blood kit, Qiagen) following the manufacturer’s instructions.

One μ g of CTL2M467-enriched DNA was fragmented with NEBNext dsDNA 
Fragmentase (New England Biolabs) and DNA sequencing libraries prepared with 
a NEBnext DNA Library Prep Kit for Illumina according to the manufacturer’s 
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instructions. Libraries were sequenced with the MiSeq DNA Sequencing Platform 
(Illumina, Inc.) at the Duke University IGSP sequencing facility. Genome 
assembly and SNV identification was performed with Geneious version 6 
(Biomatters, http://www.geneious.com/). The C. trachomatis L2 434/Bu genome 
(GenBank no. NC_010287) was used as a reference sequence. All SNVs identified 
(Supplementary Table 3) were independently verified by Sanger sequencing. The 
strain M467 rs22 was isolated from a backcross of parental strain CTL2M467 
(rifampin resistant-RifR) with a spectinomycin-resistant L2 434/Bu strain (SpecR) as 
described previously40. Vero cells were co-infected with strains CTL2M467 (RifR) 
and L2 434/Bu (SpecR) at a multiplicity of infection (m.o.i.) of 3 and a ratio of 1:1. 
At 48 hpi, crude cell lysates prepared in SPG buffer (0.25 M sucrose, 10 mM sodium 
phosphate, 5 nM glutamic acid) were used to infect Vero cells seeded in a 6-well 
plate. At 2 hpi, an agarose/DMEM overlay supplemented with rifampin  
(200 ng ml-1) and spectinomycin (200 μ g ml-1) was added to infected cells as 
previously described40 and the cells incubated for 14 days. Recombinant strains were 
isolated from 24 individual plaques and expanded in Vero cells. All recombinant 
strains were genotyped by PCR for the presence of CTL2M467 parental non-
synonymous SNVs (Supplementary Table 3). Recombinant strain number 22 (M467 
rs22) was found to harbour only the parental cdu2-G607A mutation (Cdu2-H203Y). 
Chlamydia strains were maintained as frozen stocks in SPG buffer.

Chlamydia growth assays. HeLa and A549 cells were seeded in wells of two  
96-well plates (input and output plates). Cells were infected with Chlamydia strains 
at an m.o.i. of 0.6. At 24 hpi, infected cells in the input plate were fixed with ice-
cold methanol and stored in PBS. At 48 hpi, crude lysates in SPG were prepared 
from infected cells in output plates and a series of 1:10 dilutions were used to 
immediately infect corresponding HeLa or A549 cells seeded in wells of a 96-well 
plate. At 24 hpi, cells were fixed with ice-cold methanol. Fixed cells were stained 
with rabbit anti-Slc141 and Hoechst. Images from stained cells were captured on 
an EVOS cell imaging system (ThermoFisher scientific) with a 20X objective. 
Inclusion forming units (IFUs) were quantified using ImageJ (NIH). Output  
IFUs from each Chlamydia inoculum were normalized to their respective  
input IFUs. Chlamydia IFU production was measured from three independent 
biological replicates.

Visual and quantitative analysis of Golgi redistribution around Chlamydia 
inclusions. Imaging. HeLa and A549 cells grown on glass coverslips were infected 
with Chlamydia strains at m.o.i. of 0.8. At 26 hpi, cells were fixed with pre-warmed 
(37 °C) 3% formaldehyde in PBS for 20 min at room temperature. All washes and 
antibody stainings were performed with pre-warmed (37 °C) PBS and antibody 
solutions respectively. Fixed cells were stained with rabbit anti-Slc141 and mouse 
anti-GM130 antibodies (BD Biosciences), and Hoechst. Z-stacks of stained 
cells were captured on a Zeiss 880 inverted fluorescence microscope with a 63X 
objective (Zeiss).

Golgi redistribution quantification. For each Z-stack, maximum intensity 
Z-projections were generated with ImageJ (NIH). The length of Golgi (defined by 
GM130 staining) distributed around Chlamydia inclusions and the length of each 
inclusion perimeter (defined by Slc1 staining) were measured using the line tool 
from ImageJ (NIH). The ratio of Golgi length to inclusion perimeter length was 
determined, and values expressed as a percentage. Three independent experiments 
were performed to assess Golgi distribution. Golgi distribution was assessed from 6 
fields for a total of 90 cells per independent experiment.

High-resolution imaging. Standard deviation Z-projections of captured images (see 
above) were generated and images minimally processed with ImageJ (NIH).

ChlaDUB expression in mammalian cells. Imaging. HeLa cells grown on 
glass coverslips were transfected with 1 µ g of plasmid using Genejuice (EMD 
Millipore). At 23 h post transfection, cells were fixed with 4% paraformaldehyde, 
immunostained for GM130 (BD Biosciences 610822). Nucleic acids were stained 
with DAPI. Images were collected on a Nikon Eclipse Ti microscope with a Super 
Plan Fluor ELWD 40XC objective or a 3i Marianas spinning disk inverted  
confocal microscope with a 63X oil objective and a CMOS camera (Hamatsu).  
The images were then processed using SlideBook software and Photoshop CS4 
Version 11.0 (Adobe).

Quantification of Golgi fragmentation. Images were converted from 16-bit to 8-bit 
binary using Fiji. Following selection of the region of interest, the number and 
surface area of Golgi-stained particles were quantified using the Analyze Particles 
tool of Fiji. A minimum of three independent experiments were performed to 
assess Golgi fragmentation, each consisting of ~65 counted cells. Multinucleated 
cells, as well as cells that were cycling through mitosis, were excluded from  
the analysis.

Western blotting. HeLa cells were transfected with 1 µ g of plasmid using Genejuice 
(EMD Millipore). At 23 h post transfection, cells were lysed in RIPA buffer 
and the protein amount was assessed using the Pierce BCA Protein Assay Kit 
(Thermo). Then 20 µ g of lysates were resolved by SDS–PAGE and transferred onto 

nitrocellulose. Membranes were blocked in 5% milk/TBST for 1 h and probed for 
GFP (sheep, 1:1,000, made in-house) and actin (rabbit, 1:10,000, Sigma A2266) for 
1 h at room temperature. The IRDye 680LT Donkey anti-Rabbit IgG (LI-COR 926-
68023) and IRDye 800CW Donkey anti-Goat IgG (cross-reacts with sheep IgG, 
LI-COR 926-32214) secondary antibodies were used at a concentration of 1:10,000 
in 5% milk. Membranes were scanned using a LI-COR CLx Odyssey system and 
the Image Studio software, and minimally processed in Photoshop CS4 Version 
11.0 (Adobe).

Statistical analyses. All statistical analyses were performed using GraphPad Prism 
7.0. Chlamydia growth assays were analysed using a two-tailed Welch’s t-test. All 
other analyses used a two-tailed Mann–Whitney U-test. All experiments contained 
three biological replicates. Data from these replicates are either combined or 
plotted separately, as described in the figure legends.

Reporting Summary. Further information on research design is available in the 
Nature Research Reporting Summary linked to this article.

Data availability
The data that support the findings in this study are available from the 
corresponding author on request. Coordinates and structure factors for the 
ChlaDUB1~Ub, ChlaDUB1~CoA and C.a. ChlaDUB structures have been 
deposited with the protein data bank, accession codes 6GZS, 6GZT and 6GZU 
respectively.
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