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1. Introduction 
 
 
 
1.1 Mitosis and spindle assembly checkpoint (SAC) 
 
 
Mitosis and the mitotic spindle assembly checkpoint (SAC) are highly organized and 
complex cellular processes which ensure correct distribution of chromosomes to daughter 
cells and which guarantee high fidelity cell division. 
 
Mitosis comprises several phases which are characterized by specific processes and 
cellular reorganization. In short, in prophase the centrosomes are separated to induce 
microtubule-formation and to build the MTOC (microtubule organizing center). 
Furthermore, in prophase DNA is highly compacted and duplicated chromosomes are 
condensing. In prometaphase, the nuclear envelope breakdown occurs and spindle 
tubules are beginning to attach to the kinetochors of the chromosomes. In metaphase, 
attached microtubules align the chromosomes on the metaphase plate which means that 
they are located exactly between the two cell poles. During anaphase, the daughter 
chromosomes are separated and pulled to the cell poles by shortening of the 
microtubules. In telophase, a new nuclear envelope is established and the chromosomes 
begin to decondense followed by cytokinesis. 
The essential checkpoint in mitosis which detects any erroneous chromosomal 
segregation and which impedes mitotic progression if any mistakes in chromosomal 
segregation are detected is the spindle assembly checkpoint (SAC) (Curtis, Ruda et al. 
2020). In metaphase, the SAC is in charge of monitoring the attachment of microtubules 
to the kinetochors of chromosomes and any missing interaction of microtubules and 
kinetochors keeps the SAC activated and stalls mitotic progression (Musacchio 2011). As 
soon as all kinetochors are captured by microtubules, the spindle assembly checkpoint is 
silenced and cells can complete mitosis (Musacchio 2011).  
The underlying molecular mechanisms of SAC activation are complex and to date not 
completely understood. Unattached kinetochors or reduced tension between the 
kinetochors of duplicated chromatids induce the activation of a machinery of the SAC 
which is called mitotic checkpoint complex (MCC) (Ruan, Lim et al. 2019). The MCC is a 
conglomerate of specific proteins, namely MAD2 (mitotic arrest deficient), CDC20 (cell 
division cycle 20), BUBR1 (budding uninhibited by benzimidazole related 1), BUB1 
(budding uninhibited by benzimidazole 1) which inhibit the highly conserved ubiquitin 
ligase anaphase promoting complex (APC) as long as microtubule and kinetochore 
attachment has not been completed (Sudakin , Chan  et al. 2001) (Figure 1). 
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Figure 1 Activation and inactivation of the spindle assembly checkpoint Unattached kinetochors induce assembly 

of the mitotic checkpoint complex (MCC) comprising BUBR1, MAD2, CDC20 and BUB3 which inhibits activation of the 

anaphase promoting complex (APC) (upper part, left side). In consequence, the proteins securing and CyclinB1 

preserve the state of metaphase and hamper progress into anaphase (upper part, right side). When the kinetochors are 

properly attached to the microtubules, the MCC is inactivated, CDC20 is liberated from the MCC and enhances the 

activity of the ubiquitin ligase anaphase promoting complex (lower part, left side). Consequently, the proteins securing 

and CyclinB1 are targeted for degradation by ubiquitylation which enables cells to enter anaphase (lower part, right 

side) (Curtis, Ruda et al. 2020).  

 
Several kinases like PLK1, Mps1 or Bub1 are involved in the dynamics of the spindle 
assembly checkpoint (Musacchio 2015). One of the initial events in SAC formation is 
thought to be the phosphorylation of KNL1 by Mps1, which then recruits further MCC 
proteins to the kinetochors and which keeps the SAC activated (Primorac, Weir et al. 
2013). As soon as all kinetochors are attached to microtubules KNL1 is dephosphorylated 
by the phosphatase PP2A-B56 (Espert, Uluocak et al. 2014). Additionally, the 
phosphatase PP1 is recruited to the kinetochors the dephosphorylate and inactive the 
kinase Mps1 and in second line to reduce phosphorylation of KNL1 (Moura, Osswald et 
al. 2017). Another means to terminate SAC function is the interaction of p31comet and 
TRIP13 with the MCC which leads to disassembly of the CDC20 with the further MCC 
comprising proteins (Teichner, Eytan et al. 2011, Wang, Sturt-Gillespie et al. 2014). 
Therefore, when the MCC activity has fallen under a specific threshold, the APC binds to 
the protein CDC20 to ubiquitinate the protein securin, which is an inhibitor of the protease 
separase and therefore an inhibitor of sister chromatid separation, and CyclinB1, a 
coactivator of the kinase CDK1 (Hagting , den Elzen  et al. 2002, Hornig, Knowles et al. 
2002) (Figure 1). In consequence of degradation of securing and CyclinB1, cells can 
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progress with entering anaphase (Hagting , den Elzen  et al. 2002). A functional mitotic 
spindle assembly checkpoint with high fidelity downstream signaling guarantees 
chromosomal integrity and any defect in these complex regulatory pathways can induce 
genomic instability which represents a hallmark of cancer (Hanahan 2022). Furthermore, 
the spindle assembly checkpoint is one of the central mechanisms in cell cycle that links 
cell division with cell fate decision and therefore mitotic survival (Curtis, Ruda et al. 2020). 
Under prolonged spindle assembly checkpoint activation, for example using a 
microtubule-interfering drug like paclitaxel or vinca alkaloids, cells can induce two 
substantially different cellular mechanisms to evade SAC activation: the first one is 
apoptosis by initiating the intrinsic apoptotic pathway in a BCL-protein family dependent 
manner, the second one is mitotic slippage, meaning completing mitosis without correct 
chromosomal segregation (Ruan, Lim et al. 2019).  
Two essential regulatory means that influence mitotic apoptosis and mitotic slippage are 
the kinase activity of CDK1-CyclinB, a ubiquitination target of the APC, and the levels of 
proapoptotic proteins (Gascoigne and Taylor 2008, Ruan, Lim et al. 2019). Additionally, 
the two main SAC network proteins MPS1 and PLK1 have been found to improve or 
weaken mitochondrial membrane permeability and therefore regulate mitotic apoptosis 
(Lee, Lee et al. 2016, Zhang, Ling et al. 2016).  
Another important role in intrinsic apoptotic signaling are mediated by the proapoptotic 
BCL-proteins BAX and BAK which dimerize and induce permeabilization of the 
mitochondrial outer membrane which in consequence leads to release of mitochondrial 
proteins into the cytosol (Lopez and Tait 2015). Dimerization of BAX and BAK is inhibited 
by the antiapoptotic proteins BCL2 and BCL-xL and under prolonged SAC activation CDK1 
phosphorylates BCL2 and BCL-xL which blocks their function (Terrano, Upreti et al. 2010). 
One protein which is released from mitochondria in the process of apoptosis is cytochrome 
c which binds to the adaptor protein APAF-1 in the cytosol forming a complex called 
apoptosome (Lopez and Tait 2015). This complex has the ability to activate caspases 
representing the most downstream effectors of apoptosis and cleaving DNA, inducing 
nucleosome fragmentation and promoting phagocytosis (Lopez and Tait 2015).  
 
 
 
1.2 The phosphatase CDC14B 
 
 
The phosphatase Cdc14 is one of the essential mitotic phosphatases in budding yeast 
and reverses Cdk1-accomplished phosphorylation in mitosis (Visintin, Craig et al. 1998). 
More precisely, Cdc14 is activated after the spindle assembly checkpoint has been 
satisfied by shifting from the nucleolus -where its kept inactivated- to the cytoplasm by the 
Fourteen Early Anaphase Release (FEAR) pathway and the Mitotic Exit Network (MEN) 
(Bardin and Amon 2001, Yellman and Roeder 2015). The release in early anaphase from 
the nucleolus is promoted by the FEAR network by Cdk1-induced phosphorylation of Net1 
(Azzam, Chen et al. 2004). Following the FEAR network, in late anaphase the MEN 
improves the export of Cdc14 from the nucleolus to the cytoplasm (Bardin and Amon 
2001). When Cdc14 has reached an active state, it dephosphorylates among other 
proteins Sic, Swi5 and Cdh1/Hct1 and hampers function of cyclin-dependent kinases 
(CDKs) which forces mitotic cells to exit mitosis (Visintin, Craig et al. 1998). Cdh1 is a 
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coactivator of the major mitotic ubiquitin ligase called anaphase promoting complex (APC) 
and Cdh1 phosphorylation inhibits activity of the APC (Jaspersen, Charles et al. 1999). 
Therefore, Cdc14 activates the APC/Cdh1 complex which degrades mitotic proteins to 
induce mitotic exit (Yellman and Roeder 2015). 
In human cells, mitotic exit is accomplished by the phosphatases PP1 and PP2A and the 
mitotic functions of the human orthologs of Cdc14 are still elusive and not completely 
understood (Wurzenberger and Gerlich 2011). 
Three orthologs of the yeast Cdc14 are described in human named CDC14A, CDC14B 
and CDC14C (Trautmann and McCollum 2002, Rosso, Marques et al. 2008). Interestingly, 
in consequence of DNA damage the phosphatase CDC14B was demonstrated to 
translocate form the nucleolus to the cytoplasm to activate the anaphase promoting 
complex by dephosphorylation of CDH1 (Bassermann, Frescas et al. 2008). This 
suggests a similar role of CDC14B and the phosphatase Cdc14 in yeast towards the 
anaphase promoting complex but under different cellular conditions. In 2008 it could be 
shown that human cells which lack the phosphatase CDC14B have normal mitotic 
functions like spindle assembly and mitotic exit (Berdougo, Nachury et al. 2008). In 
contrast, another publication demonstrated that CDC14B promotes progression through 
mitosis by taking influence on the function of CDC25 and CDK1-Cyclin B (Tumurbaatar, 
Cizmecioglu et al. 2011). Furthermore, CDC14B stabilizes and bundles mitotic 
microtubules and improves mitotic exit by dephosphorylating SIRT2 (Dryden, Nahhas et 
al. 2003, Cho, Liu et al. 2005). If there are further mitotic signaling pathways in which 
CDC14B is involved remains to be studied. 
In mouse embryonic fibroblasts, loss of CDC14B led to enhanced endogenous DNA 
damage and forced cells to enter senescence (Wei, Peddibhotla et al. 2011). 
Upcoming work could indicate that CDC14B plays a central role in tumor biology. In 
microarray and immunohistochemistry analysis of clear cell renal cell carcinoma 
specimens, CDC14B was the most downregulated gene or protein found (Kim, Choi et al. 
2014). Furthermore, in glioblastoma multiforme samples much lower expression of 
CDC14B was detected than in human healthy tissue (Galeano, Rossetti et al. 2013). 
 
 
 
1.3 The kinase CDK1-Cyclin B 
 
 
Cyclin-dependent kinases (CDKs) are a subgroup of serine/threonine kinases which 
require binding of specific cyclins for their activation and which have a large number of 
cellular functions (Malumbres 2014). The CDKs share the characteristic of S/T-P-X-K/R 
to be the consensus motif with the minimal consensus motif S/T-P (Errico, Deshmukh et 
al. 2010). 
For instance, cell cycle is highly controlled by activity of the kinases CDK1, CDK4 and 
CDK5 and as proper cell cycle progression is pivotal and any disruption can induced 
cancer development, cell cycle dysregulation is seen as a hallmark of cancer (Malumbres 
2014, Hanahan 2022). With more focus on mitosis, one of the essential mitotic kinases is 
CDK1 which is activated by association with Cyclin B1 in G2-phase and which is 
responsible for cells to enter mitosis (Nurse 1990). The protein levels of CDK1 were shown 
to be stable during cell cycle while its activity is mainly regulated by the abundance of the 
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activating protein Cyclin B1 (Morgan 1995). In recent publications, the importance of 
CDK1-Cyclin B1 was underlined as at least 551 proteins are phosphorylated in a CDK1-
dependent manner in mitosis (Petrone, Adamo et al. 2016). 
The substrates of mitotic CDK1-Cyclin B1 are involved in a wide range of cellular and 
mitotic processes like for example microtubule organization in yeast, Golgi apparatus 
function or apoptosis (Liakopoulos, Kusch et al. 2003, Preisinger, Körner et al. 2005, Allan 
and Clarke 2007). Furthermore, CDK1 plays a role in spindle assembly checkpoint (SAC) 
formation by phosphorylating of specific proteins of the SAC (Hayward, Alfonso-Pérez et 
al. 2019). Taking together, CDK1-Cyclin B1 can be seen as the major and essential kinase 
in mitosis (Nigg 1991). 
Interestingly, CDK1 and CD14B have been found as counteracting pair in mitotic phospho-
regulation of the protein KIBRA (Ji, Yang et al. 2012). It is tempting to speculate that 
KIBRA is not the only protein which is phosphorylated by the kinase CDK1 and 
dephosphorylated by the phosphatase CDC14B in mitosis. 
Before cells can exit mitosis, the initial event and requirement is inactivation of CDK1-
Cyclin B1 (Murray 2004). Therefore, the underlying processes is that the anaphase 
promoting complex (APC) activated by CDC20 ubiquitinates and targets Cyclin B for 
proteolysis which hampers activity of CDK1 (Musacchio 2015). 
 
 
 
1.4 The Ubiquitin-proteasome system and USP9X 
 
 
Ubiquitin is a protein comprised of 76 amino acids and which can be covalently attach to 
a wide range of target proteins for posttranslational modification (PTM) (Komander 2009). 
Ubiquitin is mainly covalently linked to a lysine residue of the target protein (Mattiroli and 
Sixma 2014). The protein ubiquitin itself has seven lysine residues which means that 
ubiquitin can be ubiquitylated after it has been linked to a target protein which results in a 
polyubiquitin chain. In contrast to polyubiquitin chains, target proteins can also be only 
linked to one ubiquitin protein which is called monoubiquitylation (Swatek and Komander 
2016). 
Polyubiquitin chains are linked via different lysine residues of the ubiquitin proteins and 
depending on the lysine residue the chains exert different functions. 
For example, polyubiquitin chains with lysine 48 (K48) as linker are described to target 
proteins for proteasomal degradation, also depending on chain length and the amount of 
ubiquitylated lysine residues of the target protein (Middleton and Day 2015). K48 linked 
ubiquitin chains were found to be the most abundant ubiquitin chains in cells (Yang, Zhao 
et al. 2021). 
Another type of ubiquitin chain which has been widely investigated is the K63 linked 
polyubiquitin chain. Recent work could show that K63 linked ubiquitin chains exert their 
function in endocytosis, immunological processes and DNA repair (Husnjak and Dikic 
2012). Beside this, K63 linked chains were described to regulate proteasomal degradation 
of the protein TXNIP (Ohtake, Tsuchiya et al. 2018). 
Further ubiquitin chains with different ubiquitin lysine linkers like Lys 6, Lys 11, Lys 27, 
Lys 29 and Lys 33 are more and more understood. For example, K6 linked ubiquitin chains 
are involved in DNA replication and DNA repair, while K11 linked chains seem to play a 
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role in mitosis and cell division (Morris and Solomon 2004, Wickliffe, Williamson et al. 
2011). 
Interestingly, the protein ubiquitin can also be subjected to posttranslational modification 
like phosphorylation on threonine 14 and serine 20 and acetylation which raises the level 
of complexity of posttranslational modification (Husnjak and Dikic 2012). 
 
The enzymatic cascade how ubiquitin is linked to the target proteins is highly regulated 
and comprises of a subset of different proteins. 
First of all, an E1 enzyme binds to the C-terminus of a free and not attached ubiquitin via 
its active cysteine site under hydrolyzation of ATP to ADP and phosphate. In a second 
step, activated ubiquitin is transferred to a protein called E2 meaning that a bond between 
an active cysteine and the glycine of the C-terminus of ubiquitin is established. In a last 
step, an E3 ligase is involved. This protein interacts with the E2-ubiquitin complex and the 
possible substrate and leads to ubiquitylation of the substrate by initiating an isopeptide 
bond between the C-terminus of the ubiquitin protein and a lysine residue if the target 
protein (Figure 2) (Yang, Zhao et al. 2021). 
As it can be seen here, substrate specificity is accomplished by the E3 ligases (Yang, 
Zhao et al. 2021). E3 ligases can be divided into different subgroups. One of this group 
comprises E3 ligases called HECT which harbor a specific domain called hect 
(homologous to the E6-AP carboxyl terminus) (Huibregtse, Scheffner et al. 1995). 
The second group of E3 ligases is called RING-finger E3 ligases due to their RING domain 
(Zheng and Shabek 2017). This groups includes very diverse and in number the most E3 
ligases (Deshaies and Joazeiro 2009). 
The other two groups of E3 ligases are called U-box E3 ligases and RBR E3 ligases which 
are characterized by an in-between-Ring (IBR) flanked by two RING domains (Aguilera, 
Oliveros et al. 2000, Ryu, Cho et al. 2019).  
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2 Process of protein ubiquitination Ubiquitin is activated by binding to the E1 enzyme under hydrolyzation of 

ATP to ADP. Next, the activated ubiquitin is transferred to E2. In a last step, an E3 leads to ubiquitylation. This results 

in monoubiquitylation, multi-monoubiquitylation or polyubiquitylation (Yang, Zhao et al. 2021). 
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The functions of ubiquitylation and the possible consequences for the target proteins have 
been described above. Nevertheless, a large number of ubiquitylated proteins are 
targeted for degradation by the 26S proteasome (Marshall and Vierstra 2019). The 26S 
proteasome is a 2,5MDa protein complex which comprises a 20S core protease and one 
or two 19S regulatory particles (Marshall and Vierstra 2019). The 20S has several active 
sites which are responsible for peptide cleavage and also called “proteolytic core” 
(Heinemeyer, Fischer et al. 1997). On the other hand, subunits of the 19S complex 
regulate substrate specificity of the 26S proteasome (Verma, Oania et al. 2004). 
Interestingly, the 26S proteasome is frequently targeted in cancer therapy. For example, 
the drug bortezomib reduces function of the 20S subunit of the 26S proteasome by 
reversibly inhibiting the peptidase activity of its beta5 subunit (Lü and Wang 2013). 
 
Ubiquitylation of proteins is a posttranslational modification which was shown to be 
reversible (Komander, Clague et al. 2009). Counteracting the ubiquitin transferring E3-
ligases, a subset of cellular enzymes exists which reverses ubiquitylation of proteins and 
which therefore take influence on a wide range of cellular processes by modifying the so-
called “ubiquitin code” (Harrigan, Jacq et al. 2018). These proteins are peptidases and 
called deubiquitinases (DUBs) as they can reverse the isopeptide bond between the C-
terminus of ubiquitin and the lysine of the target protein (Komander, Clague et al. 2009). 
To date, about 100 different DUBs have been described which can be divided into six 
different groups called USPs (ubiquitin-specific protease), UCHs (ubiquitin carboxy-
terminal hydrolase), OTUs (ovarian tumor protease), MJDs (Machado–Josephin domain-
containing protease), JAMMs (JAB1, MPN, MOV-34 family) and MINDYs (motif-
interacting with ubiquitin-containing novel DUB family) (Harrigan, Jacq et al. 2018). 
Concerning the enzymatic activity of the deubiquitination enzymes, JAMMs are 
metalloproteases while all the others are cysteine proteases (Nijman, Luna-Vargas et al. 
2005). The cellular function and biological relevance of those deubiquitination enzymes 
are extensive and very diverse. Deubiquitylation enzymes have been described to 
regulate cell cycle, DNA damage repair and signaling pathways like for example the Wnt 
signaling pathway (Fraile, Quesada et al. 2012). 
 
The largest group of deubiquitylation enzymes are the ubiquitin-specific proteases (USPs) 
with more than 50 different enzymes (Quesada, Dıáz-Perales et al. 2004). The unique 
biochemical characteristic of these USPs is the three-dimensional protein structure which 
consists of the Thumb, the Palm and the Finger (Hu, Li et al. 2002). The catalytic site 
which is the only similarity of these enzymes consists of a conserved cysteine and 
histidine motif and is flanked by the Thumb and the Palm while the Finger domain was 
described to interact with the ubiquitin protein (Fraile, Quesada et al. 2012, Murtaza, Jolly 
et al. 2015). Additionally, these USPs can harbor different domains or motifs like zinc-
finger USP domains, ubiquitin-interacting motifs or ubiquitin-associated domains (Fraile, 
Quesada et al. 2012). Furthermore, binding of USPs to ubiquitin leads to a conformational 
change which primes the enzyme to cleave off the ubiquitin protein (Fraile, Quesada et 
al. 2012). How USPs recognize their substrate is still not completely understood, but one 
important factor for substrate recognition seems to be the amino acid sequence which 
flanks the active cysteine and histidine site of the corresponding USP (Murtaza, Jolly et 
al. 2015). Furthermore, an essential layer of regulation of enzymatic DUB activity towards 
substrates are posttranslational modifications like phosphorylation or deubiquitylation of 
DUBs (Wada and Kamitani 2006, Matsuoka, Ballif et al. 2007).  
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One highly conserved deubiquitinase of the USP-family is the enzyme called ubiquitin-
specific protease 9X (USP9X) which has been described in Drosophila and which is found 
in mammalians with a very consisting amino acid sequence (Murtaza, Jolly et al. 2015). 
This high grade of conservation suggests a central role of USP9X in cellular processes. 
With more detail to the structure of USP9X, it contains a ubiquitin like (UBL) domain in the 
N-terminal part of the protein as well as several nuclear localization sequences (Murtaza, 
Jolly et al. 2015). 
 
The about 2700 amino acid large USP9X protein was described to be localized in the 
nucleus as well as in the cytoplasm (Murray, Jolly et al. 2004, Trinkle-Mulcahy , Boulon  
et al. 2008). This localization is variable and dependent on different cellular processes like 
cell adhesion (Murray, Jolly et al. 2004). The cellular processes that are regulated by 
USP9X are diverse. USP9X was described to influence endocytosis and protein trafficking 
by reversing autoubiquitylation of the protein Itch (Mouchantaf, Azakir et al. 2006). 
Furthermore, USP9X was shown to regulate cell polarity and tight junction formation by 
deubiquitylation of the protein Arf6 (Théard, Labarrade et al. 2010).  
With more focus on cell survival and apoptosis, recent data have suggested anti- and 
proapoptotic functions of USP9X. USP9X interacts with and upregulates protein levels of 
ASK1 which induces cellular death in context of oxidative stress (Nagai, Noguchi et al. 
2009). On the other hand, USP9X stabilizes mitotic XIAP and therefore enhances 
chemoresistance in lymphoma cells (Engel, Rudelius et al. 2016). Beside this, USP9X 
binds and deubiquitinates the BCL2 family protein MCL1 which in consequence promotes 
cellular survival (Schwickart, Huang et al. 2010). Additionally, USP9X is involved in 
neuronal processes and stem cell function (Agrawal, Chen et al. 2012, Stegeman, Jolly et 
al. 2013). 
How USP9X is regulated in different cellular contexts is not well understood. One means 
of USP9X regulation could be phosphorylation of the DUB. USP9X was found to be 
phosphorylated on serine 1600 which further induces deubiquitination of the protein 
ZAP70 in lymphocytes (Naik and Dixit 2016). USP9X was shown to be phosphorylated in 
a TGF-b-dependent way and phosphorylated USP9X stabilizes the protein Ankyrin-G 
(Yoon, Parnell et al. 2020). The occurrence of further phosphorylation sites and the 
biological relevance of different posttranslational modifications of USP9X like 
SUMOylation or ubiquitylation need to be further investigated. 
 
The research on USP9X has shed light on the role of USP9X in cancer cells. In a screen 
using in situ hybridization on tissue microarrays (ISH-TMA), USP9X was identified as a 
DUB which was significantly dysregulated in expression in different types of tumors (Luise, 
Capra et al. 2011). Furthermore, USP9X was shown to be overexpressed in lymphoma 
cells and solid tumors like breast cancer, kidney cancer and sarcoma (Schwickart, Huang 
et al. 2010, Murtaza, Jolly et al. 2015). In gastric cancer tissue, USP9X could be identified 
to be overexpressed and overexpression of USP9X significantly correlated with poorer 
survival of tumor patients (Fu, Xie et al. 2017).  
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1.5 The transcription factor Wilms’ tumor protein 1 (WT1) 
 
 
The Wilms’ tumor protein 1 (WT1) is a transcription factor that was first found in 1990 
encoded on the human chromosome 11 (Call, Glaser et al. 1990). Its name derives from 
a specific pediatric type of cancer called Wilms tumor where it was identified to be 
regularly homozygous deleted (Gessler, Poustka et al. 1990). The gene for WT1 is 
expected to encode for at least 36 isoforms of the protein WT1 which all harbor four C2H2 
Kruppel-like zinc fingers which are necessary for DNA-binding (Hastie 2017). It was found 
to be an activator or a repressor of transcription depending on the cellular context and cell 
line (Menke, van der Eb et al. 1998, Lee, Huang et al. 1999). Splicing seems to be an 
important means to regulate function of WT1 (Hammes, Guo et al. 2001). The amino acids 
lysine, threonine and serine comprise a KTS motif which is flanked by zinc finger 3 and 4 
and which was depicted to influence function of WT1 in kidney cells (Hammes, Guo et al. 
2001). The transcription factor WT1 was characterize to bind dominantly to the consensus 
site 5’GCGTGGGAGT3’ and data could show that especially the 3´thymidine and the 
alanine influence WT1 and DNA interaction (Nakagama, Heinrich et al. 1995). 
Research assessing the biological relevance of WT1 has been an expanding field within 
the last decades. Recent work could indicate that WT1 plays a pivotal role in murine 
kidney development (Kreidberg, Sariola et al. 1993). In epicardial cells, WT1 is mainly 
inducing epithelial- mesenchymal transition via Snail and E-cadherin (Martínez-Estrada, 
Lettice et al. 2010). Beside this function in epicardial cells, WT1 was shown to repress 
expression of the chemokines Ccl5 and Cxcl10 directly and indirectly via the protein IRF7 
(Velecela, Lettice et al. 2013). 
One further important target gene of WT1 encodes for the protein Bcl-2 (Mayo, Wang et 
al. 1999) In primary cells of Wilms tumors, the protein level of WT1 and Bcl-2 correlate 
with each other and WT1 was demonstrated to regulate Bcl-2 expression via binding to 
the Bcl-2 promoter and therefore promoting tumor cell survival (Mayo, Wang et al. 1999). 
Interestingly, this binding was dependent on absence of the KTS motif between zink finger 
3 and 4 (Mayo, Wang et al. 1999). Among others, further genes which are regulated by 
WT1 on a transcriptional level identified by chromatin immunoprecipitation screens are 
Sox11, Smad7, Smad4 and Pbx1(Hartwig, Ho et al. 2010). 
 
Furthermore, WT1 has been shown to be highly modified by posttranslational 
modifications changing WT1 function. In vitro phosphorylation of the protein WT1 changes 
its ability to bind to DNA using gel mobility shift assays independent of the KTS motif (Ye, 
Raychaudhuri et al. 1996). Not only regulating interaction of WT1 with DNA, also 
subcellular localization is influenced by phosphorylation of WT1 meaning that 
phosphorylated WT1 is sequestered to the cytoplasm although the phosphorylation site 
has not been specified yet (Ye, Raychaudhuri et al. 1996). 
Another work could identify phosphorylation of WT1 on serine 62 which is established by 
protein kinase B to inhibit WT1 ubiquitylation by the ubiquitin ligase F-box/WD repeat-
containing protein 8 (FBXW8) which in consequence rescues WT1 from proteasomal 
degradation (Lee, Jeon et al. 2017).  
HSP 90 was shown to take influence on ubiquitylation of WT1 (Bansal, Bansal et al. 2010). 
Inhibition of HSP90 with the reagent 17-AAG reduced protein levels of WT1 in a 
proteosome dependent way (Bansal, Bansal et al. 2010). 
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Another regulatory means of WT1 on posttranslational level is proteolytic cleavage of 
WT1. WT1 is cleaved by caspase 3 in leukemic cells in circumstances of apoptosis (Ruan, 
Gao et al. 2018). Cleavage was induced by treatment with etoposide and could be 
reversed by blocking general caspase activity and more specifically, by blocking activity 
of caspase 3 (Ruan, Gao et al. 2018).  
 
Given the biological functions mentioned above, WT1 was assessed to be overexpressed 
in diverse cancer types. 
In mice xenograft experiments with Ewing sarcoma cell lines, immunofluorescence of 
xenograft specimens could show that WT1 positively regulates angiogenesis in these 
tumor cells and furthermore, this work could demonstrate that WT1 promotes expression 
of VEGF in vitro (Katuri, Gerber et al. 2014). Interestingly, the only isoform of WT1 
comprising amino acids of exon 5 and the KTS motif between zinc finger 3 and 4 induces 
expression of VEGF compared to a WT1 isoform lacking exon 5 and the KTS motif (Katuri, 
Gerber et al. 2014). Ewing sarcoma cell lines which were used for mice xenograft led to a 
higher tumor burden in the presents of WT1 (Katuri, Gerber et al. 2014). 
In a murine leukemia model, WT1 has a fundamental role in cellular self-renewal via 
upregulation of the protein BCL2C2 by transcriptional means (Zhou, Jin et al. 2020). 
Performing flow cytometry and colony formation assays, overexpression of WT1 led to 
lower apoptotic rates in leukemic cell lines under treatment with WP1130, a deubiquitinase 
inhibitor (Zhou, Jin et al. 2020). 
With more focus on clinical data, mRNA levels of WT1 in 10 osteogenic sarcoma patient 
samples compared to normal bone tissue were shown to be 3-fold upregulated performing 
a microarray-based analysis (Srivastava, Fuchs et al. 2006). Correlation of WT1-
immunostaining in primary patient specimens and clinical data showed lower survival rate 
in patients with high WT1 expression and the authors suggest to conduct WT1-staining of 
tumor samples when diagnosed and to establish WT1-expression as a predictive maker 
in specific types of osteogenic sarcoma (Srivastava, Fuchs et al. 2006). 
In non-small cell lunger cancer cell lines, WT1 is an essential enhancer of cell migration 
(Wu, Zhu et al. 2013). In specimens of patients with NSCLC, high mRNA levels of WT1 
positively correlate with occurrence of metastasis and lower survival rate of tumor patients 
(Wu, Zhu et al. 2013). 
Taking the data above into account, WT1 is more and more found to exert rather 
oncogenic than tumor suppressive function. That WT1 is an oncogene is in contrast to 
early findings of WT1 where it was thought to be a tumor suppressor as loss of both alleles 
is necessary to promote cancer development (Knudson and Strons 1972). For better 
understanding of oncogenic and tumor suppressive function of WT1, Lee et al., brought 
up the explanation that the amino acid sequence CUG added to the protein synthesis 
initiation site of WT1 causes WT1 function rather to be oncogenic (Lee, Jeon et al. 2017).  
 
 
 
1.6 The chemokine IL-8 
 
 
Chemokines comprise a subgroup of about 40 proteins which resemble each other in 
structure and size (Gales, Clark et al. 2013). The known chemokines have a weight 
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between 8 and 14kDa and were initially found to regulate leukocyte function and 
inflammatory processes (Gales, Clark et al. 2013). Chemokines can attract and induce 
migration of neutrophils, lymphocytes and fibroblasts and play a pivotal role in orchestrion 
of cellular immunological processes and tissue repair (Miller and Krangel 1992). 
Chemokines are described to exert their function via binding to a G-protein coupled 
receptor on the cellular membrane (Raman, Sobolik-Delmaire et al. 2011). Recent work 
could specify that different chemokines do not only regulate processes of the immune 
system but also play an important role in epithelial mesenchymal transition, angiogenesis, 
tumor growth and formation of metastasis (Sarvaiya, Guo et al. 2013). 
One prominent chemokine is IL-8, also called CXCL-8, which belongs to the chemokine 
subgroup of C-X-C motif ligand chemokines (Rossi and Zlotnik 2000). The C-X-C motif 
comprises a variable amino acid between the first two cysteines in the amino acid 
sequence of the protein (Modi, Dean et al. 1990). Initially, one of the main functions of IL-
8 was described to play a major role in acute inflammation as it attracts neutrophils to site 
of inflammation (Harada, Sekido et al. 1994). In recent publications IL-8 was shown to be 
secreted by fibroblast to regulate acute inflammation or by endothelial cells to hamper 
inflammation in adjacence to blood vessels (Gimbrone, Obin et al. 1989, Schröder, 
Sticherling et al. 1990). Furthermore, IL-8 is actively produced and secreted for example 
by monocytes, neutrophils and non-immunological cells like mesothelial cells (Guo, Zang 
et al. 2017). 
The corresponding receptors for binding of IL-8 on the cellular membrane are CXCR1 and 
CXCR2 (Singh, Simões et al. 2013). The CXCR1 and CXCR2 do not only function as 
receptor for IL-8 as beside IL-8 also CXCL6 was described to bind to CXCR1, in 
comparison to the receptor CXCR2 that shows binding to for example CXCL1, CXCL5 
and CXCL7 (Ahuja and Murphy 1996). The extracellular binding of IL-8 to the CXCR1 or 
CXCR2 receptor induces the formation of a heterotrimeric G-protein complex which leads 
to dissociation of the complex after binding guanosine triphosphate and potential 
activation of either the PI3K/Akt-, the PLC/PKC- or the Erk1/2-signaling pathway (Singh, 
Simões et al. 2013). A fourth signaling pathway which was shown to be activated by 
CXCR1 or CXCR2 signaling is the JAK-STAT pathway (Schraufstatter, Chung et al. 2001). 
Within the last years upcoming evidence brings up the idea that IL-8 does not only play a 
role in inflammatory processes but also in cancer biology.  
In ovarian cancer cell lines IL-8 stimulation of SK-OV-3 cells improved cellular signaling 
via the Erk1/2 pathway (Venkatakrishnan, Salgia et al. 2000). In a bladder cancer cell line, 
IL-8 was highly expressed and promoted angiogenesis via upregulating the activity of 
matrix metalloprotease type 9 (Inoue, Slaton et al. 2000). Beside these effects, IL-8 
binding to prostate cancer cell lines upregulated expression of the androgen receptor on 
the level of transcription (Seaton, Scullin et al. 2008). 
In estrogen-receptor negative breast cancer cells IL-8 was highly expressed and actively 
secreted whereas this could not be shown for breast cancer cells with high estrogen 
receptor expression (Freund, Chauveau et al. 2003). Furthermore, IL-8 seems to 
potentiate invasiveness of breast cancer cell lines lacking expression of estrogen receptor 
(Freund, Chauveau et al. 2003). Supporting the idea of a central role of IL-8 signaling in 
breast cancer, staining of 43 breast cancer specimens performing immunohistochemical 
analysis showed expression of CXCR1 and CXCR2 in these tumor cells (Miller, Kurtzman 
et al. 1998). These data suggest a central role of IL-8 in cancer biology.  
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The regulators of IL-8 expression are diverse and have been described in previous 
publications. In breast cancer cells lines, IL-1 b was shown to induced expression of IL-8 
(De Larco, Wuertz et al. 2001). Furthermore, treatment of tumor cells with TNF-a leads to 
the response of high IL-8 expression (Kasahara, Mukaida et al. 1991). 
In non-cancer cells, more precisely in monocytes, IL-8 secretion was dependent on the 
absence or presence of the chemokines CCL2 and CCL5 (Azenshtein, Meshel et al. 
2005). Furthermore and emphasizing the relevance of tumor environment, it was 
demonstrated that macrophages produce CXCR2 ligands which induce tumor formation 
of breast cancer cells (Bohrer and Schwertfeger 2012). Another work depicted the 
importance of chemokine loops and could show that mesenchymal stem cells can be 
stimulated to produced IL-7 which in consequence promotes secretion of IL-8 by tumor 
cells (Liu, Ginestier et al. 2011). 
The regulation of CXCL8 gene expression has been intensively investigated within the 
last years. It could be shown that one main transcription factor which is responsible for 
CXCL8 expression is p65 NF-κB under circumstances of IL-1 stimulation as treatment of 
tumor cells with IL-1-a induces binding of p65 NF-κB to the promotor of CXCL8 (Hoffmann, 
Dittrich-Breiholz et al. 2002). 
Another transcriptional regulator of CXCL8 in a more immunological context is the 
transcription factor C/EBP homologous protein (CHOP) (Vij, Amoako et al. 2008). Under 
stimulation of bronchial epithelial cells with prostaglandin E2 IL-8 expression was 
upregulated by binding of the transcription factor C/EBP homologous protein (CHOP) to 
the CXCL8 promoter (Vij, Amoako et al. 2008). 
 
 
 
1.7 Mitotic bookmarking and active mitotic transcription 
 
 
Within the last years the understanding of transcriptional activation and silencing in mitosis 
has changed. Until 2017, transcription in mitosis was expected to be completely silenced 
which is accomplished by a complex cascade of phosphorylation events by cyclin-
dependent kinase (Prescott and Bender 1962, Rhind and Russell 2012). In general, 
mRNA levels seemed to be stabile during mitosis underlining the model of stalled 
transcription in mitosis and regulation of protein expression on the level of translation 
(Tanenbaum, Stern-Ginossar et al. 2015). Induced by phosphorylation, a great number of 
transcription factors were described to dissociate from DNA when cells enter mitosis, so 
for example Ets-1 and Sp1 (Martínez-Balbás, Dey et al. 1995, Delcuve, He et al. 2008). 
In contrast and in order to reactivate transcription after cells have passed through mitosis 
and to orchestra postmitotic transcription in space and time, a specific subset of 
transcription factors are bound to condensed mitotic DNA which is called mitotic 
bookmarking (Lodhi, Ji et al. 2016). Mitotic bookmarking was shown to enable a wave of 
highly active transcription after mitosis which is necessary for proper function of the 
daughter cell (Kadauke and Blobel 2013). Recent work has shown that at least 20 
transcription factors are bound to condensed DNA in mitosis and one of their main 
functions is to conserve cell type specific gene expression after cell division and to 
preserve gene expression patters after mitosis with its high dynamics in chromatin 
formation (Zaidi, Lian et al. 2017). Two of these bookmarking transcription factors or DNA-
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associated proteins are p300 and Runx2 (Young, Hassan et al. 2007, Wong, Byun et al. 
2014). 
 
One important regulatory means of mitotic booking are epigenetic modifications. 
Phosphorylation of histones is one of the main regulatory events of chromatin 
condensation like phosphorylation of histone H3 on serine 10 and on serine 28 (Wang 
and Higgins 2013). Phosphorylation of histone H3 on serine 10 and serine 28 occurs in 
early mitosis and promotes condensation of chromosome (Goto, Tomono et al. 1999). 
Furthermore, histone modification like histone H3 and histone H4 acetylation together with 
histone H3 lysine 79 and histone H3 lysine 4 methylation are modifications which are 
highly conserved in mitotic cells compared to G0/G1-arrested cells (Kouskouti and 
Talianidis 2005). Histone modifications mentioned above take influence on the binding of 
specific proteins like transcription factors to DNA in mitosis (Egli, Birkhoff et al. 2008). 
Increasing the level of complexity, exchange of specific histones which associate with 
DNA like for example histone H3 is a main regulatory layer in epigenetics also throughout 
mitosis (Ng and Gurdon 2008). 
With more focus on transcription factors and their role in mitotic bookmarking, an 
increasing number of transcription factors are described to be associated with specific 
areas of condensed DNA in mitosis. One of these transcription factors is the protein Brd4 
which preserves binding to specific transcription starting sites in mitosis to ensure rapid 
transcriptional reactivation in G1 and interestingly, associating of Brd4 with DNA takes 
place in the last phase of mitosis with timely coincidence of histone H3 and H4 acetylation 
(Dey, Nishiyama et al. 2009). For instance, recent work could show that the transcription 
factor CTCF localizes to mitotic chromosomes which is mediated by zinc-finger domains 
and that binding of CTCF to condensed DNA is restricted to previously described target 
genes (Burke, Zhang et al. 2005). 
A further interesting aspect of mitotic bookmarking was described by Xing et al. The 
protein HSF2 remains bound to the gene hsp70i in mitosis which induces interaction of 
the protein phosphatase A2 and condensing near the hsp70i gene (Xing, Wilkerson et al. 
2005). This leads to dephosphorylation of  condensin hampering its function and keeping 
the hsp70i gene accessible as DNA condensation is inhibited (Xing, Wilkerson et al. 
2005). Another regulatory means of mitotic bookmarking is phosphorylation of 
transcription factors in their 2H2 zinc finger DNA-binding domains which for example 
influences binding the protein Ikaros to DNA (Dovat, Ronni et al. 2002). 
 
In 2017 the concept of mitotic bookmarking and mitotic transcription began to change. 
Palozola et al., could show that cells preserve low level transcription of a subset of genes 
in mitosis (Palozola, Donahue et al. 2017). First of all, active transcription of RNA could 
be inhibited by using the RNA-polymerase inhibitor alpha-amanitin in mitosis (Palozola, 
Donahue et al. 2017). Furthermore, mitotic or nocodazole-released cells were incubated 
with 5-ethynyluridine (EU) to label newly synthesized RNA which was further purified and 
analyzed by RNA Sequencing (Palozola, Donahue et al. 2017). Genes found that were 
higher expressed in mitotic cells than in asynchronous cells are involved in focal adhesion, 
extracellular region and transcription (Palozola, Donahue et al. 2017).
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2. Aim of the study 
 
 
Correct mitosis and a functioning spindle assembly checkpoint are pivotal for cell division 
and disturbance of mitotic cell cycle progression can lead to mitotic catastrophe and cell 
death (Castedo, Perfettini et al. 2004). In case of erroneous mitosis, high fidelity mitotic 
signaling mediates cell fate decision to prevent genomic instability and development of 
cancer (Dominguez-Brauer, Thu et al. 2015). Among others, essential mitotic processes 
and the spindle assembly checkpoint are regulated by posttranslational modifications like 
phosphorylation and ubiquitylation (Manic, Corradi et al. 2017, Watson, Brown et al. 
2019). One of the central mitotic regulators in budding yeast is the phosphatase Cdc14 
by antagonizing Cdk1- mediated phosphorylation of Cdh1 (Visintin, Craig et al. 1998). A 
role of the human ortholog of Cdc14 named CDC14B has been described in G2 DNA 
damage checkpoint response but its role in mitosis and mitotic substrates remain elusive 
(Bassermann, Frescas et al. 2008, Wei, Peddibhotla et al. 2011). 
Given the poorly described mitotic function of the phosphatase CDC14B in human cells, 
the aim of this study was to identify possible substrates of CDC14B which are part in 
mitotic signaling pathways. To this end, an unbiased mass spectrometry of mitotic 
CDC14B interacting proteins was performed. After the target protein USP9X was verified, 
phosphor-proteomic analysis was performed to detect the dephosphorylation site of 
USP9X regulated by CDC14B. Further, to complete the understanding of phosphorylation 
of USP9X on serine 2563 the relevant kinase and the biochemical effects were identified. 
To find possible mitotic substrate of the deubiquitinase USP9X, a mitotic ubiquitome-
analysis was performed, followed by verifying WT1 as substrate by stability, binding and 
ubiquitylation assays. In a subsequent step, RNA sequencing identified IL8 as the 
downstream target of the transcription factor WT1 in mitotic cells.  
Overall, this project identifies a new signaling axis in mitosis which regulates mitotic 
survival that can serve as a potential new therapeutic target structure in cancer therapy. 
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3. Results 
 
 
The results of this project were mainly gained in the research group of Prof. Florian 
Bassermann at Klinikum rechts der Isar and TranslaTUM (TUM). Parts of the experiments 
were performed by collaborators or co-workers in the laboratory. For a better 
understanding of the project, data of our collaborators and co-workers are included. This 
data is appropriately labeled in text and figure legends and the corresponding remarks of 
the experimental setup and procedure are kept short and are reduced to a necessary 
extend.  
 
 
 
 
3.1 CDC14B interacts with USP9X in mitotic cells 
 
 
The following experiments were performed by Vanesa Fernández-Sáiz and Katharina 
Clemm von Hohenberg aiming for a better understanding of the mitotic function of the 
phosphatase CDC14B and its involvement in mitotic signaling pathways. To this end, an 
unbiased proteome-wide screen with mass spectrometric analysis was conducted. 
Therefore, CDC14B which was tagged with a Strep- and FLAG-tag or control vector were 
overexpressed in HEK 293T. Further, cells were either arrested in G2/M or kept 
asynchronous followed by tandem affinity purification. Using mass spectrometry 
interacting proteins of CDC14B were analyzed by Christian Johannes Gloeckner and most 
significant hits are listed below (Table 1). This yielded USP9X as a potential interacting 
protein of CDC14B with cell cycle regulated binding enhanced in mitosis. To verify the in 
vivo interaction of CDC14B and USP9X, FLAG-tagged CDC14B was overexpressed in 
HEK 293T cells which were arrested in mitosis using the microtubule-targeting drug 
nocodazole or which were kept asynchronous. Immunoprecipitation and immunoblot 
analysis performed by Katharina Clemm von Hohenberg confirmed pronounced mitotic 
interaction of CDC14B and USP9X in HEK 293T cells with immunoblot analysis (Figure 
3). 
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Table 1 CDC14B interacts with USP9X in mitotic cells Mass spectrometric analysis of the CDC14B interactome by 

tandem purification (TAP) from HEK 293T cells which were either kept asynchronous (AS) or arrested in G2/M. Proteins 

are depicted which scored for most significant change between asynchronous and G2/M arrested cells. Numbers of 

unique peptides are indicated. Figure 3 Co-immunoprecipitation of FLAG-tagged CDC14B with endogenous USP9X 

from HEK 293T cells. Cells were treated with nocodazole (Mit) or kept asynchronous (AS). EV stands for empty vector. 

Immunoprecipitates (FLAG-IP) and whole cell extracts (WCE) were analyzed with indicated antibodies. Experiments 

were performed by Fernández-Sáiz and Clemm von Hohenberg. Tubulin is used as loading control and pHH3 Serine 

10 (pHH3 (S10)) as cellular marker for mitosis. (kDa: kilo Dalton). 
 
 
 
3.2 Stable isotope labeling of amino acids in cell culture (SILAC) 
under CDC14B overexpression 
 
 
In order to investigate the dephosphorylation activity of the phosphatase CDC14B towards 
USP9X an unbiased proteomic approach using the method of stable isotope labeling of 
amino acids in culture (SILAC) was performed. Cells were either cultured in heavy medium 
(“H”) meaning that the amino acids lysine and arginine containing stable isotopes were 
added to the medium or cells were cultured in light medium (“L”) meaning that unlabeled 
lysine and arginine were added to the medium. Control vector or vector coding for FLAG-
tagged CDC14B were expressed by Clemm von Hohenberg in HEK 293T cells followed 
by mitotic synchronization with nocodazole. Mass spectrometry of cell lysates was done 
by Christian Johannes Gloeckner. Results of mass spectrometry indicated that mitotic 
USP9X is phosphorylated on serine 2563 in a CDC14B dependent way (Table 2, Figure 
4). 
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Table 2 Stable isotope labeling of amino acids in culture (SILAC) under CDC14B overexpression Mass 

spectrometric phosphor-analysis of SILAC in HEK 293T cells which overexpressed either CDC14B or empty vector. 

Control cells (EV = expression vector) were cultured in heavy (“H”), CDC14B overexpressing cells in light (“L”) medium. 

Normalized ratio of phosphopeptide intensity in light and heavy condition, the corresponding position on USP9X and 

the number of analyzed peptides are depicted. Figure 4 Mass spectra of the USP9X phosphopeptides showing the 

relative intensity of phosphopeptides on the y-axis, and mass-to-charge ratio on the x-axis. Data was generated by 

Clemm von Hohenberg und Gloeckner. 

 
 
 
3.3 CDC14B dephosphorylates USP9X on serine 2563 in mitosis 
 
 
In order to confirm the results of the mass spectrometry screen and to demonstrate that 
CDC14B reverses the mitotic phosphorylation of USP9X on serine 2563 experiments 
changing CDC14B activity were performed. For Western Blot experiments a custom-made 
antibody to detect phosphorylation of USP9X on serine 2563 was produced. USP9X 
knockdown experiments in U2-OS cells showed specific binding of the antibody to 
endogenous USP9X (Figure 5). U2-OS cells were treated with siRNA against USP9X as 
6.3.2. Afterwards, cells were synchronized with a thymidine block followed by arrest in 
mitosis using nocodazole as described in 6.3.3. Mitotic cells were harvested by mitotic 
shake-off, lysed in okadaic acid containing lysis buffer and samples were subjected to 
SDS-polyacrylamide gel electrophoresis and Western Blot. Next, transferred proteins 
were immunoblotted first with the custom-made USP9X antibody detecting the 
phosphorylation of USP9X on serine 2563. Then, the same membrane was re-incubated 
with an antibody targeting USP9X to evaluate whole protein levels as described in 6.2.6. 
This experiment could show the specificity of the phosphorylation specific antibody 
against USP9X. 
 
 
 
 
 
 
 
 
 
Figure 5 Validation of USP9X antibody against serine 2563 phosphorylation Immunoblot with the custom-made 

antibody against USP9X serine 2563 phosphorylation after cells were transfected with either control or USP9X siRNA 

in U2-OS cells. The signal for pUSP9X (S2563) is generated by the custom-made phosphorylation specific antibody, 

the USP9X signal by commercial antibody. Beta actin is used as loading control. (kDa: kilo Dalton). 
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In the next steps, CDC14B levels were lowered by transfecting U2-OS cells with siRNA 
targeted against CDC14B as described in 6.3.2. Afterwards, cells were synchronized in 
mitosis using thymidine supplemented medium followed by nocodazole treatment as 
described in 6.3.3. Mitotically arrested cells were harvested performing a mitotic shake-
off, lysed in okadaic acid containing lysis buffer, separated by molecular weight by SDS-
PAGE and visualized by Western Blot and immunoblot, respectively. This experiment 
could demonstrate that knockdown of CDC14B in mitotic U2-OS cells leads to enhanced 
phosphorylation of USP9X on serine 2563 suggesting CDC14B to be the mitotic 
phosphatase of USP9X (Figure 6a). Cyclin B1 is a protein which is highly expressed in 
mitosis, degraded when cells exit mitosis and therefore usable as a protein marker for 
mitosis (Afonso, Castellani et al. 2019). Cellular levels of Cyclin B1 are equal between 
control and CDC14B knockdown cells ruling out an effect on USP9X phosphorylation 
generated by different stages of cell cycle. Another mitotic marker used in this experiment 
is the kinase PLK1 which is highly expressed in mitotic cells (Anger, Kues et al. 2003). As 
we did not have any antibody directed against CDC14B, cells were aliquoted after 
harvesting. One part was subjected to Western Blot, the other part was used to validate 
knockdown of CDC14B by quantitative RT-PCR. Therefore, mRNA was extracted from 
cells as described in 6.1.3. Then, quantitative RT-PCR was done with the primers listed 
in 5.10. The mRNA levels were decreased in CDC14B siRNA treated cell to a about 30% 
compared to control cells (Figure 6b). 
Vice versa, overexpression of FLAG-tagged CDC14B in HeLa cells as described in 6.3.1 
leads to reduced phosphorylation of USP9X on serine 2563. Samples for Western Blot 
and immunoblotting were prepared as described above (Figure 6c).  
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6 CDC14B dephosphorylates USP9X on serine 2563 in mitosis (a) Immunoblot analysis of U2-OS cells that 

were treated with siRNA directed against CDC14B or with control siRNA. Cells were synchronized as described in the 

main text. Samples were probed with the indicated antibodies after Western Blot. PLK1 and Cyclin B1 are mitotic cell 

cycle markers. b-Actin is used as loading control. (b) Quantitative RT-PCR showing knockdown of CDC14B in CDC14B 

siRNA treated cells compared to control siRNA treated cells on mRNA level. Data from three biological triplicates are 

shown. Y-axis shows mRNA levels normalized to control sample, x-axis depicts different siRNA conditions. Significance 

calculated with Ratio paired t-test with **p=0.0045. (c) Immunoblot analysis confirming reduced phosphorylation of 

USP9X on serine 2563. HeLa cells were either transfected with a FLAG-tagged CDC14B coding plasmid or empty 

vector (EV). Samples were analyzed by Western Blot followed by incubation with indicated antibodies. The signal for 

pUSP9X (S2563) is generated by the custom-made phosphorylation specific antibody, the USP9X signal by commercial 

antibody. FLAG-tagged CDC14B overexpression is depicted with an antibody against the FLAG-peptide. b-Actin is used 

as loading control. (kDa: kilo Dalton). 
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3.4 USP9X phosphorylation on serine 2563 is highly regulated during 
cell cycle 
 
 
To address the question if USP9X phosphorylation on serine 2563 is a mitosis specific, a 
cell cycle analysis of the respective phosphorylation site in U2-OS cells was conducted. 
To perform cell cycle analysis which expands one entire cell cycle, cells were either 
synchronized in G1/S-phase or in mitosis followed by a release out of both blockages. 
First, U2-OS cells were synchronized in G1/S-phase with a double thymidine block. After 
cells had been released from G1/S-phase blockage, cells were harvested at the indicated 
time points. This experimental setup is capable to identify phosphorylation of USP9X on 
serine 2563 in G1/S-phase and G2 phase. Precise description of synchronization steps 
can be found in 6.3.3. 
For a better understanding of phosphorylation of USP9X on serine 2563 in the cell cycle 
phases mitosis, mitotic exit and G1-phase U2-OS cells were arrested in mitosis using the 
spindle poison nocodazole and released as described in 6.3.3. Cells were harvested at 
the indicated time points. 
Harvested cell pellets were lysed in an okadaic acid containing lysis buffer, subjected to 
SDS-PAGE, Western Blot and immunoblotting. These experiments could be shown that 
phosphorylation of USP9X on serine 2563 occurs to a much higher extend in mitotic cells 
than in G1 or S-Phase cells while protein levels of USP9X are quite stable during cell cycle 
(Figure 7). To confirm the corresponding cell cycle stage of the analyzed U2-OS cells 
immunoblots for specific proteins which are expressed or modified in a cell cycle 
dependent manner were conducted. Histone H3 phosphorylation on serine 10 (pHH3) is 
a marker for mitosis, high Cyclin E levels correlate with cell accumulation ©n G1-S-phase 
(Sherr and Roberts 1995, Hendzel, Wei et al. 1997) (Figure 7). Cyclin B1 and PLK1 
expression patter have been specified above.  
Taken together, these experiments show for the first time that phosphorylation of USP9X 
on serine 2563 is a highly regulated, cell cycle dependent posttranslational modification. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 7 USP9X phosphorylation on serine 2563 is highly regulated during cell cycle U2-OS cells synchronized 

in G1/S-phase (left part) using a double thymidine block or arrested in mitosis using nocodazole (right part). Cells were 

further released from the respective cell cycle blockage and collected at the time points shown (hrs=hours after release). 

Immunoblot analysis was performed using indicated antibodies. CUL1 is used as loading control. (kDa: kilo Dalton). 
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3.5 CDK1 phosphorylates USP9X on serine 2563 in mitosis 
 
 
Given the data that USP9X is dephosphorylated by CDC14B on serine 2563 in mitosis, 
the next aim was to identify the corresponding kinase of USP9X. Recent publications 
describe CDC14B to oppose the function of CDK1 towards different target proteins. 
(Tanguay, Rodier et al. 2010, Ji, Yang et al. 2012). Supporting the idea of CDK1 to be the 
mitotic kinase of USP9X on serine 2563, CDK1 is one of the main regulating kinases in 
mitosis and furthermore, serine on position 2563 of USP9X lies within the known 
consensus site of CDK1 (Malumbres 2014). This consensus site of CDK1 comprises a 
serine or threonine as phosphorylation site followed by the amino acid proline (Figure 8). 
 
 
 
 
 
 
 
 
Figure 8 USP9X harbors a CDK1 consensus site on position 2563/2564 C-terminus of USP9X with serine 2563 

(green) shown in top line and CDK1 consensus site depicted in lower line (S/T followed by proline in amino acid 

sequence) 

 
 
 
In a first step, the functional role of CDK1 towards USP9X was investigated. Therefore, 
U2-OS cells were synchronized in mitosis using nocodazole as described in 6.3.3. Then, 
arrested cells were treated with the selective CDK1 inhibitor RO-3306 for 0,5h at a final 
concentration of 9µM (Vassilev, Tovar et al. 2006). Further cells were harvested, lysed 
and subjected to Western Blot followed by immunoblotting. This experiment indicates that 
CDK1 inhibition leads to decreased phosphorylation of USP9X on serine 2563 (Figure 
9a). 
To verify the effect of USP9X hypo-phosphorylation under RO-3306 treatment as direct 
consequence of reduced CDK1 activity and CDK1 as the direct kinase of USP9X an in 
vitro phosphorylation assay with radioactively labeled ATP was conducted. 
First, plasmids carrying either a GST-tagged C-terminal truncated USP9X wildtype 
(USP9XWT) or a GST-tagged C-terminal truncated USP9X mutant (USP9XS2563A) were 
transformed into E.Coli BL21 bacteria. The truncated versions of USP9X consist of the 
amino acids ranging from position 2165 to 2570 of USP9X. The GST-tagged C-terminal 
truncated USP9X mutant (USP9XS2563A) harbors a mutation on position 2563 with an 
exchange of serine to alanine representing a non-phosphorylatable mutant. After 
transformation, expression of wildtype and mutated GST-tagged C-terminal truncated 
USP9X or GST-empty (GST) was induced using IPTG overnight, followed by cell lysis and 
purification of GST-tagged C-terminal truncated USP9X variants or GST-empty. The 
extended description of experimental procedure is described in 6.2.7. Upon purification, 
GST-empty (GST), GST-tagged truncated USP9X wildtype (USP9XWT) or GST-tagged 
truncated USP9X mutant (USP9XS2563A) were incubated with radioactive [alpha-P32]ATP 
and CDK1-Cyclin B as described in 6.2.8. This experiment could show for the first time 
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that USP9X is phosphorylated on serine 2563 by CDK1 in vitro. The non-phosphorylatable 
variant of USP9X with a mutation on serine 2563 (USP9XS2563A) is phosphorylated to a 
much lesser extent than the wildtype from of USP9X. The in vitro phosphorylation 
experiment was performed in technical duplicates and quantified (Figure 9b,c). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

 

 

 

 

 

 

 

 
 
 
Figure 9 CDK1 phosphorylates USP9X on serine 2563 in mitosis and in vitro (a) Immunoblot analysis depicting 

that USP9X phosphorylation on serine 2563 is dependent on activity of CDK1. U2-OS cells were synchronized in mitosis 

using nocodazole and treated either with DMSO or RO-3306 for 30min. Samples were lysed, subjected to SDS-PAGE, 

Western Blot and immunoblotting with indicated antibodies. b-Actin is used as loading control. (b) In vitro 

phosphorylation assay of truncated variants of USP9X wildtype and mutant. First three lanes are incubated with no 

CDK1-Cyclin B (Ctrl), lane 4-6 are subjected to CDK1-Cyclin B activity. Upper blot shows radioactive signal (32P) 

emitted by ATP, lower blot shows a Coomassie brilliant blue (CBB) for whole protein levels. In the upper blot, radioactive 

signal at the weight of 25kDa in lane 4 is background signal generated by GST-protein. USP9X generates a radioactive 

signal at the weight of 75kDa. *= Cyclin B. (kDa: kilo Dalton). (c) Radioactive signals of two individual experiments were 

quantified using the software ImageJ. Y-axis depicts radioactive signal intensity normalized to the corresponding signal 

in the Coomassie brilliant blue, x-axis shows different reaction conditions. Means of two experiments are shown. 

 
 
 
3.6 USP9X phosphorylation on serine 2563 regulates its enzymatic 
activity 
 
 
In order to investigate the functional consequence of serine 2563 phosphorylation of 
USP9X deubiquitylation activity assays depending on the phosphorylation status of serine 
2563 were performed. 
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To this end, in vitro USP9X deubiquitylation activity was assessed using HA-Ubiquitin-
vinyl sulfone (HA-Ubiquitin-VS). HA-Ubiquitin-VS consists of HA-tagged Ubiquitin and a 
covalently attached vinyl sulfone molecule (Borodovsky, Kessler et al. 2001). HA-
Ubiquitin-VS can be cleaved in vitro by active deubiquitinases which leads to irreversible 
modification of the active site and inactivation of the DUB (Borodovsky, Kessler et al. 
2001). In consequence, the complex comprising HA-Ubiquitin-VS and the deubiquitinase 
can be immunoprecipitated by targeting the HA-tag. Afterwards, quantification of captured 
and former active deubiquitinase can be done by Western Blot (Borodovsky, Kessler et 
al. 2001). For further information see 6.2.10. The more deubiquitinase is purified by 
immunoprecipitation the higher the in vitro enzymatic activity. 
In mitosis we expect the wildtype form of USP9X (USP9XWT) to be highly phosphorylated 
compared to a non-phosphorylatable USP9X mutant harboring an exchange of serine 
2563 to alanine (USP9XS2563A). Assuming that serine 2563 phosphorylation regulates 
enzymatic activity of USP9X, the most pronounced difference in activity between the 
USP9XWT and USP9XS2563A can be expected in mitosis.  
For in vitro deubiquitylation activity assay, HEK 293T cells overexpressing either empty 
vector (EV), FLAG-tagged USP9XWT or FLAG-tagged USP9XS2563A were synchronized in 
mitosis using nocodazole. Further, cells were harvested and respective lysates subjected 
to in vitro deubiquitylation assay using HA-Ubiquitin-VS and HA-immunoprecipitation 
followed by Western Blot and immunoblotting. Experimental procedure is described in 
6.2.10. This experiment could verify that the USP9XS2563A mutant is less 
immunoprecipitated by HA-immunoprecipitation than the wildtype and therefore shows 
lower in vitro enzymatic activity than the phosphorylated form of USP9X (Figure 10a). An 
equal experiment was done in S-phase synchronized cell lysates where only very low 
levels of USP9X phosphorylation on serine 2563 occur (Figure 7). As expected, no 
difference of USP9X immunoprecipitation and therefore enzymatic activity was seen 
between USP9XWT and USP9XS2563A in S-Phase cell lysates (Figure 10b).  
 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 10 USP9X phosphorylation on serine 2563 regulates its enzymatic activity (a) In vitro deubiquitylation assay 

using HA-Ubiquitin-VS showing activity of USP9XWT and USP9XS2563A in HEK 293T cells which were synchronized in 

mitosis using nocodazole. HEK 293T cells were transfected with empty vector (EV), FLAG-USP9XWT, FLAG-

USP9XS2563A as shown above and cells were treated with nocodazole for mitotic arrest. Afterwards, cells were harvested 

and lysates were either used as whole cell extract (WCE) or subjected to incubation with HA-Ubiquitin-VS or control 

reagent. Further, lysates were used for HA-immunoprecipitation, SDS-PAGE, Western Blot and immunoblotting with 

the indicated antibodies. b-Actin is used as loading control. (b) In vitro deubiquitylation assay using HA-Ubiquitin-VS 

showing comparable activity of USP9XWT and USP9XS2563A in S-phase arrested cells. Experimental setup as described 

in (a). b-Actin is used as loading control. (kDa: kilo Dalton). 
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To corroborate the results in Figure 10a, a different assay to measure in vitro 
deubiquitinating activity of USP9X was performed. Therefore, the substrate Ubiquitin-
AMC was incubated with FLAG-tagged USP9XWT or FLAG-tagged USP9XS2563A which 
were purified from mitotically arrested HEK 293T cells. Activity of USP9X as 
deubiquitinase against Ubiquitin-AMC leads to liberation of AMC which generates a 
fluorescence signal as parameter for enzymatic activity (Dang, Melandri et al. 1998). The 
exact experimental setup and procedure is described in 6.2.9. Using a serial dilution of 
Ubiquitin-AMC the value of Vmax which reflects the maximum of enzymatic reaction activity 
was calculated. This assay could show that Vmax of USP9XWT is 36,69µM/min compared 
to USP9XS2563A with a Vmax of 31,06µM/min suggesting a regulatory function of serine 2563 
phosphorylation concerning activity of USP9X (Figure 11). 
Taken together the results above show that the USP9X serine 2563 residue is 
phosphorylated in mitosis which further regulates the enzymatic activity of USP9X. 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 11 USP9X phosphorylation on serine 2563 regulates its enzymatic activity in vitro Enzyme kinetics of 

FLAG-tagged USP9XWT and FLAG-tagged USP9XS2563A. HEK 293T cells overexpressing FLAG-tagged USP9XWT or 

FLAG-tagged USP9XS2563A were arrested in mitosis, cells lysed and FLAG-tagged proteins purified performing an 

immunoprecipitation followed by elution. Afterwards, proteins were incubated with increasing concentrations of 

Ubiquitin-AMC and enzymatic activity with the corresponding substrate concentrations are depicted. Vmax of USP9XWT 

is 36.69µM/min or 31.06 µM/min of USP9XS2563A. Y-Axis depicts the reaction speed, the x-axis increasing concentrations 

of Ubiquitin-AMC per reaction. Results of one experiment are shown. 

 
 
 
3.7 USP9X dependent ubiquitome analysis in mitotic HEK 293T cells 
 
 
To identify possible substrate(s) of the deubiquitinase USP9X in mitosis and therefore 
USP9X phosphorylation dependent substrates, an unbiased SILAC-based proteomic 
screen was performed. The rationale was to purify the whole cellular ubiquitome. In more 
detail, this approach aimed to identify ubiquitylated proteins- in mitotic and asynchronous 
6xHis-Ubiquitin-overexpressing HEK 293T cells under conditions of  USP9X knockdown 
compared to control. 
“SILAC” stands for “stable isotope labeling by amino acids in cell culture” and describes a 
technique where cells are cultured in cell culture medium that is supplemented with amino 
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acids carrying specific isotopes (Ong and Mann 2007). This leads to incorporation of with 
isotope labeled amino acids into newly translated proteins. In consequence, purified 
proteins from different cellular conditions (for example asynchronous vs mitotic cells) can 
be measured by mass spectrometric analysis and using differently labeled amino acids 
for each condition facilitates assignment of proteins to specific samples (Ong and Mann 
2007).  
First, we generate a stably expressing 6xHis-Ubiquitin HEK 293T cell line. The procedure 
of generating this cell line, transfection and ubiquitin purification is described in 6.3.5 and 
6.2.2. Summarized briefly, HEK 293T cells were transduced with a pLenti-puro vector 
carrying the sequence for 6xHis-tagged Ubiquitin and a gene coding for puromycin 
resistance. In a next step, cells were selected for puromycin resistance and for further 
culturing cells were either kept in DMEM which was supplemented with L-Lysine D4 
0,4mM and L-Arginine 13C 0,8mM (DMEM “medium”) or in DMEM with L-Lysine 13C 15N 
0,4mM and L-Arginine 13C 15N 0,8mM (DMEM “heavy”). Further, the amino acid proline 
was added to a final concentration of 2mM. After 5 passages, cells grown in “medium” 
DMEM were transfected with control short hairpin (shcontrol) and cells grown in “heavy” 
DMEM with short hairpin against USP9X (shUSP9X) using LipofectamineTM 2000. 
Afterwards, one half of each condition was either treated with nocodazole for mitotic arrest 
or kept asynchronous. 3,5h before harvesting, Bortezomib was added to inhibit the 26S 
proteasome and to enrich ubiquitylated proteins. After harvesting, cells were lysed under 
denaturing conditions. Lysis and ubiquitin purification under denaturing conditions using 
high concentrations of urea reduces contamination of not ubiquitylated, unspecific 
proteins. Denaturation avoids purification of proteins that are bound to ubiquitinated 
proteins and therefore only indirectly enriched in the sample for ubiquitome analysis. 
Further, lysates were either used as whole cell extract or subjected to purification by Ni-
NTA-Agarose followed by washing before mass spectrometry (Figure 12a). The whole 
procedure is described in 6.2.2. Mass spectrometry was performed by Christian Johannes 
Gloeckner and Felix von Zweydorf. 
Western Blot of 6x-His-Ubiquitin overexpressing cells compared to control cells was done 
to evaluate levels of ubiquitin overexpression. As seen in Figure 12b in whole cell extracts 
(WCE) ubiquitin levels are comparable between control cells and 6x-His-Ubiquitin 
overexpressing cells meaning physiological expression of ubiquitin. Cell lysates were 
separated in SDS-PAGE, Western Blot and immunoblotted with indicated antibodies. 
Figure 12b also shows immunoblot analysis of purified ubiquitome (Ni-NTA-AP) 
immunoblotted for ubiquitin and excludes any contamination in the empty vector sample 
(EV) where no 6x-His-ubiquitin was overexpressed. 
Validation of USP9X knockdown is depicted in Figure 12c. An aliquot of HEK 293T cells 
which was used for mass spectrometry was lysed and proteins separated by SDS-PAGE, 
subjected to Western Blot followed by immunoblotting with indicated antibodies. 
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Figure 12 USP9X dependent ubiquitome analysis in mitotic HEK 293T cells (a) Setup of SILAC-based mass 

spectrometry of ubiquitome in stably 6xHis-Ubiquitin expressing HEK 293T cells under control or USP9X knockdown in 

mitosis or asynchronous cells. Cells in “medium” DMEM were treated with shcontrol, cells in “heavy” DMEM transfected 

with shUSP9X. Following ubiquitin purification, proteins were sent for mass spectrometry to identify differently 

ubiquitylated proteins comparing USP9X knockdown and control knockdown. (b) Immunoblot analysis of transduced 

HEK 293T cells with either control vector (EV) or a 6xHis-Ubiquitin-carrying construct. Samples were lysed under 

denaturing conditions using urea containing buffer followed by Ni-NTA-Agarose purification (Ni-NTA-AP) or used for 

whole cell extract (WCE). Afterwards samples were subjected to SDS-PAGE, Western Blot and incubation with indicated 

antibodies. (c) Immunoblot of stably expressing HEK 293T cells showing USP9X knockdown. HEK 293T cells were 

treated with indicated shRNAs, synchronized in mitosis using nocodazole (Mit) or kept asynchronous (AS), and 

subjected to Western Blot and immunoblot with indicated antibodies. (kDa: kilo Dalton). 

 
 
 
3.8 Mass spectrometry yields Wilms´ tumor protein 1 (WT1) as 
possible mitotic substrate of USP9X 
 
 
To find any possible substrate of USP9X in mitosis, ubiquitome analysis under loss of 
USP9X was performed as described above. Mass spectrometry yielded Wilms´ tumor 
protein 1 (WT1) as a possible mitotic substrate of USP9X. Ubiquitylated WT1 was purified 
to a significantly higher extend in mitotic USP9X knockdown cells compared to control 
cells suggesting higher ubiquitylation of WT1 under loss of USP9X (Figure 13a). 
Ubiquitylated WT1 was also purified in asynchronous cells but the fold change comparing 
USP9X and control knockdown condition was lower than in mitotic cells meaning a cell 
cycle specific activity of USP9X towards WT1 (Figure 13b). Interestingly, in the 
asynchronous condition β-catenin (CTNNB1) was purified significantly more under 
USP9X knockdown compared to control cells. This result validated the mass 
spectrometric approach as CTNNB1 has been described as substrate of USP9X in recent 
publications (Murray, Jolly et al. 2004, Yang, Zhang et al. 2016). (Table 3). Mass 
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spectrometry, data analysis and graph-creating were done by Christian Johannes 
Gloeckner and Felix von Zweydorf.  
 
 

 
Figure 13 Mass spectrometry yields Wilms tumor protein 1 (WT1) as possible mitotic substrate of USP9X (a) 
Mass spectrometric analysis of purified, ubiquitylated proteins under USP9X knockdown in mitotic, stably expressing 

6xHis-Ubiquitin HEK 293T cells compared to control knockdown cells. On the y-axis log 2 signal intensity of proteins in 

mass spectrometry is depicted, on the x-axis log 2 ratio of peptide amounts of analyzed proteins from USP9X 

knockdown cells (“H”) and control knockdown cells (“M”). Green dots represent proteins that are differently purified 

between the two conditions in a significant way. Significance B test at p=0.01 was applied. One of the most promising 

hits to be enriched in the USP9X knockdown sample compared to control sample was WT1, also called Wilms´ tumor 

protein 1, marked with a red dot. Log2 ratio= 0,6930521. Analysis performed and data gained by Christian Johannes 

Gloeckner and Felix von Zweydorf. (b) Mass spectrometric analysis of purified ubiquitylated proteins under USP9X 

knockdown in asynchronous, stably expressing 6xHis-Ubiquitin HEK 293T cells. For description of graph see (a). As 

significant hits, CTNNB1 and with a lower ration than in mitotic cells WT1 is displayed, both marked with a red dot. Log2 

ratio for WT1= 0,4937498.  Analysis performed and data gained by Christian Johannes Gloeckner and Felix von 

Zweydorf. 

 
 

 
 
 
 
 
 
 
 

 

Table 3 Mass spectrometry yields Wilms´ tumor protein 1 (WT1) as possible mitotic substrate of USP9X Mass 

spectrometric analysis of purified, ubiquitylated proteins under USP9X knockdown (H) or control knockdown (M) in 

asynchronous or mitotic stably expressing 6xHis-Ubiquitin HEK 293T cells. Log 2 ratio of H/M, meaning USP9X to 

control knockdown ratio is shown in different conditions. Results for Catenin beta-1 (CTNNB1) and WT1 are displayed. 

Analysis performed and data gained by Christian Johannes Gloeckner and Felix von Zweydorf. 
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normalized Condition Protein name Gene 

name 
0,7575354 asynchronous Catenin beta-1 CTNNB1  
0,6930521  Mitosis Wilms´ tumor protein 1 WT1 
0,4937498 asynchronous Wilms´ tumor protein 1 WT1 
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3.9 USP9X interaction with WT1 is enhanced in mitosis 
 
 
In order to confirm the results of the mass spectrometric ubiquitome analysis that WT1 is 
a cell cycle dependent substrate of the deubiquitinase USP9X, interaction experiments 
were performed. 
Hence, FLAG-tagged WT1 was expressed in HEK 293T cells using the calcium phosphate 
method and treated with nocodazole to arrest cells in mitosis before harvesting. Lysates 
were subjected to immunoprecipitation using ANTI-FLAG® M2 Affinity Gel, SDS-PAGE, 
Western Blot and immunoblotting as described in 6.2.2 Binding of endogenous USP9X to 
FLAG-tagged WT1 enhances in mitosis compared to asynchronous cells (Figure 14a) 
Furthermore, interaction of FLAG-tagged WT1 with USP9X increases in a similar manner 
as phosphorylation of USP9X on serine 2563 is increasing. This suggests a serine 2563 
phosphorylation-dependent binding of USP9X to WT1. Vice versa, it could be shown that 
interaction of endogenous WT1 with FLAG-tagged USP9X increases when cells are 
arrested in mitosis compared to untreated cells (Figure 14b). Experimental setup of Figure 
14a was exactly the same as for Figure 14b except the time points of harvesting and 
overexpression of FLAG-USP9X instead of FLAG-tagged WT1.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 14 USP9X interaction with WT1 is enhanced in mitosis (a) Immunoblot of immunoprecipitation of FLAG-

tagged WT1 with co-immunoprecipitated endogenous USP9X. HEK 293T cells were either transfected with EV (empty 

vector) or a FLAG-tagged WT1 (FLAG-WT1) carrying construct and treated with nocodazole (Noc) for the indicated time 

points before harvesting (hrs=hours). Cells were lysed and subjected to immunoprecipitation using ANTI-FLAG® M2. 

Whole cell eluates (WCE) and immunoprecipitates (FLAG-IP) were further analyzed by SDS-PAGE, Western Blot and 

immunoblot using the indicated antibodies. (b) Immunoblot of immunoprecipitation of FLAG-tagged USP9X with co-

immunoprecipitated endogenous WT1. HEK 293T cells were either transfected with EV (empty vector) or a FLAG-

tagged USP9X carrying construct (FLAG-USP9X) and treated with nocodazole (Noc) for the indicated time points before 

harvesting (hrs=hours). Cells were lysed and subjected to immunoprecipitation using ANTI-FLAG® M2. Whole cell 

eluates (WCE) and immunoprecipitates (FLAG-IP) were further analyzed by SDS-PAGE, Western Blot and immunoblot 

using the indicated antibodies. (kDa: kilo Dalton). 
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immunoprecipitation and co-immunoprecipitation was done. Therefore, HEK 293T cells 
were arrested in mitosis by culturing in nocodazole containing media, lysed and either 
incubated with control IgG antibody or antibody against WT1 as described in 6.2.2. 
Further, immunocomplex or lysates were separated by SDS-PAGE and analyzed by 
Western Blot and immunoblotting. As depicted in Figure 15 endogenous WT1 and 
endogenous USP9X interact in mitosis.  
 
 
 
 
 

 

 

 

 

 

Figure 15 Endogenous USP9X interacts with endogenous WT1 in mitosis Immunoblot of immunoprecipitation of 

endogenous WT1 and endogenous USP9X. Therefore, HEK 293T cells treated with nocodazole, lysed, incubated with 

IgG or anti-WT1 antibody for immunoprecipitation and analyzed by Western Blot. WCE= whole cell extract, IP= 

immunoprecipitation, IgG= Immunglobuline G. (kDa: kilo Dalton). 
 
 
 
3.10 WT1 binding to USP9X in mitosis is modulated by serine 2563 
phosphorylation 
 
 
Given the results above, interaction between USP9X and WT1 in mitosis could be 
demonstrated. The next question was, if binding of WT1 to USP9X depends on the 
phosphorylation status of USP9X on serine 2563. To this end, FLAG-tagged USP9XWT 

and FLAG-tagged USP9XS2563A were overexpressed in HEK 293T cells and cells were 
either synchronized in mitosis by nocodazole treatment for 15h or kept asynchronous and 
further harvested. Next, cells were lysed and FLAG-tagged USP9XWT or FLAG-tagged 
USP9XS2563A were immunoprecipitated using ANTI-FLAG® M2 as described in 6.2.2. 
Afterwards, samples were subjected to SDS-PAGE, Western Blot and immunoblotting. 
Co-immunoprecipitation and therefore interaction of WT1 with USP9XS2563A is reduced 
compared to phosphorylated USP9XWT in mitosis suggesting USP9X phosphorylation on 
serine 2563 to modulate interaction with WT1 (Figure 16a). In unsynchronized cells with 
low phosphorylation of USP9XWT no difference in binding of WT1 to FLAG-tagged 
USP9XWT or FLAG-tagged USP9XS2563A is detected (Figure 16a). 
In a next step, interaction of WT1 to FLAG-tagged USP9XWT and FLAG-tagged 
USP9XS2563A was quantified. Immunoblot signal of WT1 and of FLAG representing 
USP9XWT or USP9XS2563A were scanned, quantified using the ImageJ software and ratio 
of WT1 values and FLAG values were calculated. Quantification of three independent 
experiments resulted in a significant difference in binding of WT1 to FLAG-tagged 
USP9XWT compared FLAG-tagged USP9XS2563A (Figure 16b). 
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Figure 16 WT1 binding to USP9X in mitosis is modulated by serine 2563 phosphorylation (a) Immunoblot of 

immunoprecipitated FLAG-tagged USP9XWT and FLAG-tagged USP9XS2563A with co-immunoprecipitation of WT1 in 

HEK 293T cells. Empty vector (EV), FLAG-tagged USP9XWT or FLAG-tagged USP9XS2563A were transfected and 

overexpressed in HEK 293T cells which were further kept asynchronous (AS) or mitotically arrested with nocodazole 

for 15h (Mit). Afterwards cells were harvested and proteins purified by immunoprecipitation and co- immunoprecipitation. 

SDS-PAGE, Western Blot and immunoblot of whole cell extracts (WCE) and co-immunoprecipitated proteins (FLAG-

USP9XWT and FLAG-USP9XS2563A) were performed as indicated. (kDa: kilo Dalton). (b) Quantification of WT1 binding 

to FLAG-tagged USP9XWT and FLAG-tagged USP9XS2563A. Results of three independent experiments which were 

conducted as in (a) are shown. Y-axis shows signal intensity of WT1 normalized to the FLAG signal, x-axis stands for 

different conditions. Mean and standard deviations are depicted, t-test was applied with *p=0.02797309. 
 
 
 
3.11 USP9X stabilizes WT1 in mitosis by rescuing WT1 from 
proteasomal degradation 
 
 
As it can be seen in Figure 14b, USP9X overexpression leads to higher abundance of 
WT1 suggesting a stabilizing function of USP9X towards WT1. 
To evaluate the WT1 proteins levels under USP9X knockdown a cycloheximide time 
course was conducted. To this end, U2-OS cells were treated with control or USP9X 
siRNA and synchronized in mitosis as described in 6.3.2. Next, mitotic shake-off was done 
and cells were either harvested for time point “0” or further kept in cell culture and treated 
with cycloheximide at a concentration of 100µg/ml. Cycloheximide inhibits protein 
synthesis and can be used to investigate protein stability independent of transcription and 
translation of proteins (Baliga, Pronczuk et al. 1969). To show that loss of WT1 in the 
cycloheximide time course was due to degradation of WT1 by the 26S proteasome we 
inhibited the proteasome using the reagent bortezomib (Lü and Wang 2013). To avoid 
cleavage of WT1 by caspase 3 we additionally added the pan-caspase inhibitor Z-VAD-
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FMK at a concentration of 10µM (Ruan, Gao et al. 2018). The exact description of the 
experimental setup can be found in 6.3.2 and 6.3.3. Lysates were subjected to SDS-
PAGE, Western Blot and immunoblotting. 
Stability of WT1 under loss of USP9X is reduced in a cycloheximide time course compared 
to control cells (Figure 17a). The most pronounced difference in protein stability can be 
see after 6h of treatment with cycloheximide. Furthermore, bortezomib increases WT1 
protein levels suggesting proteasomal degradation of WT1 in mitosis. The fact that WT1 
is degraded by the proteasome is in congruence with recent publications (Bansal, Bansal 
et al. 2010). Additionally, WT1 levels under USP9X siRNA treatment were quantified.  
WT1 signal of immunoblots and of loading control were scanned and quantified using the 
ImageJ software. WT1 values were normalized to loading control and to time point “0”. 
Quantification of three independent experiments resulted in a significant difference in WT1 
levels under USP9X knockdown compared control cells (Figure 17b). 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 17 USP9X stabilizes WT1 in mitosis by rescuing WT1 from proteasomal degradation (a) Immunoblot of 

cycloheximide time course showing WT1 stability under USP9X knockdown. U2-OS cells were treated with control or 

USP9X siRNA, arrested in mitosis using thymidine and nocodazole for 11hrs before mitotic shake-off was performed. 

Mitotic cells were further treated with cycloheximide, bortezomib (where indicated) and Z-VAD-FMK. After indicated 

incubation time, cells were collected, lysed and subjected to Western Blot and immunoblot with the indicated antibodies. 

(kDa: kilo Dalton). (b) Quantification of WT1 protein levels under USP9X knockdown. Quantification of three 

independent experiments as described in (a) are shown. Y-axis depicts quantified WT1 signals which were scanned, 

quantified using ImageJ software and normalized to loading control of the respective experiment (β-Actin or CUL1) and 

to time point 0. X-axis shows different time points of harvesting. Mean and standard deviations as error bars are shown. 

t-test was applied with *p=0.020367; **p=0.006350. Grey bar represent control siRNA samples, white bars represent 

USP9X siRNA samples. 

 
 
 
3.12 USP9X deubiquitinates mitotic WT1 in a phosphorylation 
dependent manner 
 
 
Summarizing the results above, USP9X interacts with WT1 depending on USP9X 
phosphorylation of serine 2563 and USP9X rescues WT1 from proteasomal degradation 
in mitosis. In order to answer the question if USP9X stabilizes WT1 via its deubiquitylation 
activity, an in vivo ubiquitylation assay of WT1 under expression of FLAG-tagged 
USP9XWT and FLAG-tagged USP9XS2563A was conducted. 
First, HEK 293T cells were transfected with plasmid carrying FLAG-tagged USP9XWT or 
FLAG-tagged USP9XS2563A, 2xStrep-tagged WT1 and HA-tagged Ubiquitin using the 
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transfection reagent LipofectamineTM 2000. Second, HEK 293T cells were synchronized 
in mitosis using nocodazole. Additionally, bortezomib was added to inhibit proteasomal 
degradation and to enrich ubiquitylated WT1. To prevent caspase dependent cleavage of 
WT1, cell culture medium was supplemented with caspase inhibitor Z-VAD-FMK. After 14 
hours incubation with both reagents, cells were harvested, directly lysed under denaturing 
conditions using SDS and high temperature followed by 2xStrep affinity purification using 
Strep-Tactin® Superflow. For further description please see 6.2.3 and 6.3.1. Whole cell 
extracts and affinity purified WT1 were subjected to SDS-PAGE, Western Blot and 
immunoblotting. 
This experiment shows for the first time that WT1 is deubiquitylated by FLAG-USP9X in 
mitosis (Figure 18). Further, deubiquitylation activity of USP9X towards WT1 depends on 
USP9X phosphorylation of serine 2563. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 18 USP9X deubiquitinates mitotic WT1 in a phosphorylation dependent manner Immunoblot of in vivo 

ubiquitylation assay of WT1 under overexpression of FLAG-tagged USP9XWT and FLAG-tagged USP9XS2563A. HEK 

293T were transfected with FLAG-tagged USP9XWT or FLAG-tagged USP9XS2563A, 2xStrep-tagged WT1 (2xStrep-Wt1) 

and HA-tagged Ubiquitin (HA-Ubiquitin) carrying plasmids, synchronized in mitosis using nocodazole for 14 hours and 

treated with bortezomib to inhibit proteasomal degradation and with the caspase inhibitor Z-VAD-FMK to avoid caspase-

3 mediated cleavage of WT1. HEK 293T cells were harvested, lysed under denaturing conditions and Strep affinity 

(Strep-AP) purification was performed. Afterwards SDS-PAGE, Western Blot and immunoblotting with indicated 

antibodies was done. Immunoblot analyses of whole cell extract on the left and (WCE) and affinity purified WT1 (right) 

are shown. (kDa: kilo Dalton). 
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3.13 USP9X knockdown leads to enhanced ubiquitination of WT1 in 
mitosis 
 
 
In contrast to overexpression, knockdown of USP9X leads to higher levels of ubiquitylated 
FLAG-tagged WT1 in mitotic HEK 293T cells (Figure 19). HEK 293T cells were either 
transfected with control or USP9X shRNA-containing plasmid, FLAG-tagged WT1 and 
HA-tagged Ubiquitin using LipofectamineTM 2000. Further, cells were synchronized in 
mitosis using nocodazole together with bortezomib for 14h. Afterwards, cells were 
harvested, lysed under denaturing conditions and FLAG immunopurification using ANTI-
FLAG® M2 Affinity Gel was performed. Samples were subjected to SDS-PAGE, Western 
Blot analysis and immunoblotting with the indicated antibodies. The description of the 
experimental procedure and transfection is described in 6.3.1 and 6.2.3. 
 
 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 19 USP9X knockdown leads to enhanced ubiquitination of WT1 in mitosis Immunoblot of in vivo 

ubiquitylation of WT1 under USP9X knockdown. HEK 293T cells were transfected with control or USP9X shRNA-

containing plasmid, FLAG-tagged WT1 (FLAG-WT1) and HA-tagged Ubiquitin (HA-Ubiquitin) synchronized in mitosis 

using nocodazole and bortezomib for 14 hours. Afterwards, cells were lysed under denaturing conditions and 

immunoprecipitation using ANTI-FLAG® M2 Affinity Gel was performed. Immunoblot analyses of whole cell extract on 

the left and (WCE) and immunoprecipitated WT1 (right) are shown. * Indicates immunoglobulin heavy chain detected 

by the secondary antibody. (kDa: kilo Dalton). 

 

 

 

3.14 USP9X inhibition with WP1130 destabilizes WT1 in mitosis 
 
 
Besides USP9X knockdown and overexpression experiments, experiments with inhibition 
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performed. Therefore, U2-OS cells were synchronized in mitosis by treatment with 
nocodazole. Then, mitotic shake-off was performed and cells were either treated with 
WP1130 or with DMSO for 3h before harvesting. Additionally, Z-VAD-FMK was added to 
inhibit caspase-3 dependent cleavage of WT1. This data confirmed the stabilizing function 
of USP9X towards WT1 in mitosis (Figure 20). 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 20 USP9X inhibition with WP1130 destabilizes WT1 in mitosis Immunoblot showing WT1 destabilization 

under inhibition of USP9X using the inhibitor WP1130. U2-OS cells were treated with nocodazole for synchronization in 

mitosis. Then, mitotic cells were either collected (0h), or treated with DMSO or WP1130 for 3h. Z-VAD-FMK was added 

to inhibit caspase-3 dependent cleavage of WT1. Lysates were analyzed by SDS-PAGE, Western Blot and 

immunoblotting with the indicated antibodies. (kDa: kilo Dalton). 

 
 
 
3.15 USP9X and WT1 colocalize in mitotic cells 
 
 
To determine not only interaction but also colocalization of USP9X and WT1, indirect 
immunofluorescence (IF) of U2-OS cells was conducted. 
Initially, the antibody against USP9X was tested and validated for the following 
immunofluorescence experiments. To this end, U2-OS cells were plated on a poly-D-
lysine hydrobromide coated IF-Chamber slide to ensure proper attachment of mitotic cells 
on cell culture dish. Subsequently, cells were transfected either with control or USP9X 
siRNA to generate a USP9X knockdown. 72h after transfection, cells were subjected to 
immunofluorescence preparation and incubation with antibody against USP9X followed 
by staining with AlexaFluor488 secondary antibody and Hoechst to visualize DNA. In the 
next steps, indirect immunofluorescence was done using a Leica SP8 Confocal Laser 
Scanning Microscope. Working steps of IF-Chamber slide coating, immunofluorescence 
and microscopy are described in 6.4.2. 
Figure 21a shows a specific indirect immunofluorescence signal in control cells with a 
distinct lower signal in USP9X knockdown cells suggesting specific binding of the USP9X 
antibody to endogenous USP9X in the immunofluorescence setting. 
In order to investigate USP9X colocalization to WT1, U2-OS were plated on an IF-
Chamber slide after slides have been coated using poly-D-lysine hydrobromide. Then, 
cells were transfected with a FLAG-tagged WT1 carrying construct using LipofectamineTM 
2000 and treated with nocodazole for 15 hours. Afterwards, cells were fixed and stained 
using the validated USP9X antibody or FLAG antibody to visualize overexpressed WT1. 
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All steps are described in 6.4.2. To ensure proper attachment of mitotic cells on coated 
IF-chamber slides washing steps of immunofluorescence preparation were done very 
carefully. Figure 21b shows two representative cells with USP9X and overexpressed WT1 
colocalization in mitotic U2-OS cells with a Pearson´s coefficient of 0,57. Pearson`s 
coefficient was calculated from colocalization in 17 cells. 
 
 
 
 
 
 
 
 
 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 21 USP9X and WT1 colocalize in mitotic cells (a) Indirect immunofluorescence of endogenous USP9X using 

the USP9X antibody. U2-OS cells were either treated with Usp9X siRNA or control siRNA and incubated with a USP9X 

specific antibody and an AlexaFluor488 secondary antibody. Hoechst staining was used to visualize DNA. (b) Indirect 

immunofluorescence of U2-OS that were transfected with FLAG-WT1 and synchronized in mitosis. Afterwards, cells 

were fixed and stained with the indicated antibodies. Mean and SD values for Pearson´s coefficient and the Manders´ 

coefficients (tM1 and tM2) were calculated from 17 samples. The value for tM1 indicates the intensity of all analysed 

pixels from channel 1 in which the signal for channel 2 is above background, divided by the total intensity from channel 

1. The value for tM2 indicates the intensity of all analysed pixels from channel 2 in which the signal for channel 1 is 

above background, divided by the total intensity from channel 2. Merge= overlapping signal of FLAG and USP9X. 

 

 
3.16 RNA sequencing of mitotic U2-OS cells under WT1 knockdown 
and in USP9XMut U2-OS cells 
 
 
Recent work by Palozola, K. C. et al showed that transcriptional activity of specific genes 
is preserved and not completely stalled during mitosis (Palozola, Donahue et al. 2017). 
Further, a subset of transcription factors remain bound to condensed DNA during mitosis 
to ensure highly cell cycle regulated activation of transcription, a process which is called 
mitotic bookmarking (Lodhi, Ji et al. 2016) 
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Figure 22 RNA sequencing of mitotic U2-OS cells under WT1 knockdown and in USP9XMut U2-OS cells (a) 
Heatmap of RNA sequencing analyses showing genes which are differentially expressed in mitotic control siRNA treated 

cells versus WT1 siRNA treated U2-OS cells. Each column represents an independent biological replicate. Genes that 

are higher expressed under WT1 knockdown are displayed on the top (colour red means higher gene expression than 

in control condition), genes that are lower expressed under loss of WT1 are listed on the bottom (colour blue means 

lower gene expression than in control condition). Data and graphs generated by Thomas Engleitner. (b) Heatmap of 

RNA sequencing analyses showing genes which are differentially expressed in mitotic USP9X WT cells compared to 

USP9XMut U2-OS cells. Each column represents an independent biological replicate. Genes that are higher expressed 

in USP9XMut cells are displayed on the top (colour red means higher gene expression than in control condition), genes 

that are lower expressed in USP9XMut are listed on the bottom (colour blue means lower gene expression than in control 

condition). Data and graphs generated by Thomas Engleitner. 

 
 
To investigate whether WT1 is an active transcription factor in mitosis and to find genes 
which are regulated during cell cycle and by WT1, RNA sequencing analysis (RNA-Seq) 
in mitotic cells was performed. Therefore, U2-OS cells were treated either with control or 
WT1 siRNA and arrest in mitosis using nocodazole to identify genes that are regulated in 
a WT1-dependent manner. Mitotic cells were shaken-off, harvested on ice and directly 
frozen. RNA extraction was performed as described in 6.3.1. 
Additionally, RNA sequencing of an U2-OS cell line which was genetically modified using 
CRISPR/Cas9 system to disrupt the minimal consensus recognition site of CDK1 
surrounding serine 2563 of USP9X (USP9XMut cells) was conducted. As control condition 
an unmodified U2-OS cell line was used (USP9XWT). The genetic alteration of the 
USP9XMut cell line was homozygous and the sequence is depicted in 6.3.9. As USP9XMut 
cells lack USP9X phosphorylation on serine 2563, the disrupted phosphorylation site 
mimics high CDC14B activity and therefore low USP9X activity. Using this USP9XMut cell 
line phosphorylation dependent alteration in transcription could be monitored. 
Synchronization, harvesting and RNA isolation was done exactly as for WT1 knockdown 
cells. 

a b 
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Extracted RNA was handed over and subjected to RNA sequencing by Thomas Engleitner 
and Roland Rad. Statistical analysis and generation of heatmaps was done by Thomas 
Engleitner. Genes with a significant change of expression not only in response to WT1 
knockdown compared to control siRNA but also in USP9XMut cells compared to USP9XWT 

cells are shown in Figure 22a and Figure 22b. Further, genes with significant alteration in 
each paired condition were ranked reflecting differences in transcription (Table 4). This 
ranking was done by Katharina Clemm von Hohenberg. After combined ranking from RNA 
sequencing analyses of WT1 siRNA cells and USP9XMut cells, CXCL8, the gene coding 
for IL-8, scored as highest ranked gene of significantly modified genes (Table 4). 
 

 
Table 4 Ranked genes of RNA sequencing of mitotic U2-OS cells under WT1 knockdown and in USP9XMut U2-
OS cells List of genes which were ranked depending of their significantly different expression in control versus WT1 

knockdown U2-OS and USP9XWT compared to USP9XMut U2-OS cells. Only genes which showed a positive correlation 

between expression and USP9X phosphorylation or WT1 level, respectively, are depicted. List was assembled by 

Katharina Clemm von Hohenberg. 

 
 
3.17 WT1 and USP9X regulate mRNA levels of IL-8 in mitosis 
 
 
In order to validate the result of the RNA sequencing analysis that IL-8 expression is 
regulated by USP9X, more specific by USP9X serine 2563 phosphorylation, and WT1, 
quantitative RT-PCR experiments were performed. To this end, U2-OS cells were 
transfected either control siRNA, WT1 siRNA, USP9X siRNA or WT1 and USP9X siRNA 
as described in 6.3.2. Further, these cells and USP9XWT or USP9XMut U2-OS cells were 
synchronized in mitosis using nocodazole and harvested as described in 6.3.3. Harvested 
cells were lysed and RNA was extracted following description in 6.1.3. Afterwards, mRNA 
was reversely transcribed as explained in 6.1.4 to generate cDNA which was further 
subjected to quantitative RT-PCR using IL-8 oligonucleotides listed in 5.10 and following 
steps of quantitative RT-PCR. IL-8 mRNA levels are significantly reduced under loss of 
WT1 or USP9X but no additional effect is seen under double knockdown of WT1 and 

gene name rank 
USP9XMut vs. 
USP9XWT 

rank  
WT1 vs. Ctrl 
siRNA 

relative rank 
USP9XMut vs. 
USP9XWT 

relative 
rank 
WT1 vs. 
Ctrl 
siRNA 

relative combined rank 

CXCL8 27 1 0.9323 0.9818 0.9571 
KRT17 51 16 0.8722 0.7091 0.7906 
THBS1 12 32 0.9699 0.4182 0.6941 
INSL4 155 13 0.6115 0.7636 0.6876 
FBLN1 124 34 0.6892 0.3818 0.5355 
TAGLN 171 37 0.5714 0.3273 0.4494 
GLIPR1 185 39 0.5363 0.2909 0.4136 
MYL12A 292 46 0.2682 0.1636 0.2159 
HSPA5 359 47 0.1003 0.1455 0.1229 
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USP9X (Figure 23a). This indicates that WT1 and USP9X act in the same pathway with 
the CXCL8 gene as downstream target. Additionally, mRNA levels of IL-8 are reduced in 
USP9XMut compared to USP9XWT suggesting regulation of CXCL8 gene in mitosis 
dependent on USP9X serine 2563 phosphorylation (Figure 23b). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 23 WT1 and USP9X regulate expression of IL-8 in mitosis (a) Graph depicting results of quantitative RT-

PCR from mitotic U2-OS cells which were treated with control, WT1, USP9X or WT1 and USP9X siRNA and 

synchronized in mitosis using nocodazole. Loss of WT1 or USP9X leads to reduced IL-8 mRNA levels, but double 

knockdown cells do not show further decrease in mRNA compared to single knockdown. Mean is shown from n=3 

biologically independent experiments. Y-axis shows relative mRNA levels normalized to control sample, x-axis shows 

different siRNA conditions. One-way ANOVA was applied with ****p<0.0001 followed by Dunnett´s test with 

****p<0.0001 (p(USP9X vs. WT1)=0.211; p(USP9X vs. USP9X+WT1)>0.9999; p(WT1 vs. USP9X+WT1)=0.2061) (b) 
Graph depicting results of quantitative RT-PCR showing reduced IL-8 mRNA in USP9XMut versus USP9XWT U2-OS 

cells under mitotic arrest with nocodazole. Y-axis shows relative mRNA levels normalized to control sample, x-axis 

shows USP9XWT and USP9XMut sample. Mean is shown from n=3 biologically independent experiments. One sample t-

test was applied with **p<0.002. 

 
 
3.18 WT1 binds to the CXCL8 promoter in mitosis  
 
 
The results above verify that USP9X and WT1 influence mRNA levels of IL-8 in mitosis. 
The following question was if WT1 is the transcription factor of the gene CXCL8 which 
would support the model that USP9X regulates IL-8 transcription via stabilization of WT1. 
First, we compared the WT1 binding motif according to the Homo sapiens 
COmprehensive MOdel Collection (HOCOMOCO) web tool 
(http://hocomoco11.autosome.ru) to the genomic sequence at the transcriptional start site 
of the CXCL8 gene. To depict this graphically we assembled a position weight matrix of 
the two sequences which underlined accordance of WT1 binding motif and CXCL8 
transcriptional start (Figure 24). 
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Figure 24 Position weight matrix of the WT1 binding motif according Position weight matrix of the WT1 binding 

motif according to the Homo sapiens COmprehensive MOdel Collection (HOCOMOCO) web tool 

(http://hocomoco11.autosome.ru) and the genomic sequence of the CXCL8 gene at the transcriptional start site. 

 
 
To confirm that the transcription factor WT1 binds to the CXCL8 promoter in mitotic cells, 
chromatin immunoprecipitation (ChIP) and luciferase reporter assays were performed by 
Oleksandra Karpiuk. The results of these experiments are included in this thesis only for 
a better understanding of the mechanism how WT1 regulates expression of IL-8. As the 
experiments were not done and data was not generated by me, experimental setup and 
explanations are not described in detail. 
For ChIP of WT1, U2-OS cells were synchronized in mitosis using nocodazole for 16h. 
Afterwards cells were trypsinized and crosslinked with formaldehyde. Afterwards, cells 
were centrifuged, washed and frozen at -80°C. For lysis, pellets were resuspended in lysis 
buffer for ChIP to isolate nuclei which were further lysed in lysis buffer for nuclei. Next, 
nuclei were sonicated, centrifuged and supernatant was incubated overnight with 
antibodies to WT1 and IgG followed by incubation with protein A Sepharose. 
Subsequently, samples were washed and to isolate DNA samples were mixed with Chelex 
resin, decrosslinked followed by RNAse A and Proteinase K treatment. Further, samples 
were subjected to quantitative RT-PCR with primers in list 5.10. Figure 25a shows binding 
of the transcription factor WT1 to the chromatin region harboring the promoter of CXCL8 
in mitotic cells. 
For the luciferase reporter assay, CXCL8 promoter was cloned into a promoterless 
NanoLuc vector (pNL1.1). U2-OS cells were transfected with CXCL8 promoter containing 
pNL1.1 vector or pNL1.1 control vector together with WT1 expression vector, followed by 
cell cycle arrest in mitosis and luminescence measurement. WT1 regulates expression of 
IL-8 by binding to the CXCL8 promoter generating a luminescence signal significantly 
higher than in control cells (Figure 25b). 
 
 
 
 
 
 
 
 
 
 

WT1 consensus binding motif: 
               
CXCL8 genomic sequence:          5’ TAGGGTGATGATAT 3’  

Transcription start CXCL8 
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Figure 25 WT1 binds to the CXCL8 promoter in mitosis (a) Graph showing chromatin immunoprecipitation (ChIP) of 

WT1 occupancy on the CXCL8 promoter in U2-OS cells synchronized in mitosis with nocodazole. ChIP signal was 

quantified using RT-PCR and occupancy of WT1 was normalized to total input DNA. Mean from n=3 biologically 

independent experiments is shown. Ratio paired t-test was applied with **p=0.00277. Data was generated by 

Oleksandra Karpiuk. (b) Graph showing CXCL8 reporter assay done in U2-OS cells that were synchronized in mitosis 

using nocodazole. Cells were transfected with luciferase reporter construct harboring the human CXCL8 promoter or 

an empty reporter construct and a WT1 overexpressing vector as indicated. Luminescence signal was normalized to 

the background luminescence of the empty reporter construct. Mean from n=4 biologically independent experiments is 

shown. Ratio paired t-test was applied with ***p<0.0007. Throughout this figure standard deviations are displayed as 

error bars. Data was generated by Oleksandra Karpiuk. 

 
 
 
3.19 WT1 and USP9X regulate abundance of IL-8 protein in mitosis 
 
 
WT1 seems to regulate expression of IL-8 mRNA by direct binding to the promoter of 
CXCL8 (Figure 23 and 25). Furthermore, WT1 activity towards IL-8 expression is 
influenced by USP9X and USP9X phosphorylation on serine 2563 (Figure 23b). The next 
aim was to show that in consequence this regulatory pathway changes extracellular 
amount of IL-8 protein abundance. To this end, we transfected U2-OS cells with control, 
WT1, USP9X or WT1 and USP9X siRNA using LipofectamineTM 2000 as described in 
6.3.2 Afterwards, cells were synchronized in mitosis and after 14h treatment an aliquot of 
2ml of medium was taken and frozen at -80°C for measurement of secreted IL-8. 
Additionally, cells were harvested by mitotic shake-off. 
For measurement of IL-8 amount in cell culture supernatant we used a commercially 
available enzyme-linked immunosorbent assay (ELISA). Before analysis, supernatants 
were thawed at room temperature and working steps for ELISA are described in 6.4.1. 
For measurement 100µl of supernatant were used and each condition was done as 
technical duplicate. Absorbance at a wave length of 450nm with a reference filter at a 
wave length of 600nm was measured. To get the absolute amounts of secreted IL-8 
protein a standard curve using a serial dilution of IL-8 protein was calculated. USP9X and 
WT1 knockdown leads to lower extracellular levels of IL-8 secreted by U2-OS cells, but 
no additional effect under double siRNA treatment with USP9X and WT1 is seen (Figure 
26a). Furthermore, USP9XMut cells secret IL-8 protein to a much lower extend than 
USP9XWT (Figure 26b). This underlines the model that USP9X whole cellular levels, 
USP9X serine 2563 phosphorylation and WT1 play a pivotal role in expression and 
secretion of IL-8 in mitotic U2-OS cells. 
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To determine intracellular IL-8 abundance and to verify knockdown of USP9X and WT1 
in cells of Figure 26a, b, collected cells were lysed, proteins separated by SDS-PAGE, 
subjected to Western Blot and incubated with indicated antibodies. Not only mRNA and 
extracellular levels of IL-8 are reduced under loss of USP9X or WT1, also intracellular IL-
8 protein levels are lowered (Figure 26c). This rules out that intracellular IL-8 protein 
cannot be secreted under USP9X or WT1 knockdown and that lower extracellular levels 
are due to higher intracellular capture of IL-8. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 26 WT1 and USP9X regulate abundance of IL-8 protein in mitosis (a) Graph showing ELISA of secret IL-8 

protein of mitotically arrested US-OS cells. U2-OS cells were treated with USP9X, WT1, or double siRNA versus control 
siRNA. Means are shown from three biologically independent experiments. One way ANOVA was applied with 

***p=0.0002 followed by Dunnett´s test with ***p(Ctrl vs. USP9X)=0.0004, **p(Ctrl vs. WT1)=0.021, ***p(Ctrl vs. 

USP9X+WT1)=0.0002; p(WT1 vs. USP9X)=0.3081, p(WT1 vs. USP9X+WT1)=0.0791, p(USP9X vs. 

USP9X+WT1)=0.6772. (b) Graph showing results of ELISA of secret IL-8 protein of mitotically arrested USP9XMut 

compared to USP9XWT U2-OS cells. Means are shown from three biologically independent experiments. Ratio paired t-

test was applied with *p=0.0277. (c) Immunoblot analysis of mitotic U2-OS cells that were transfected with control, 
USP9X, WT1 or USP9X and WT1 siRNA and arrested in mitosis using nocodazole. Cells were subjected to lysis, 

Western Blot and immunoblotting with the respective antibodies. (kDa: kilo Dalton). 

 

 
3.20 Actinomycin D inhibits active transcription of IL-8 in mitosis 
 
 
In order to investigate if IL-8 is actively transcribed in mitosis, mitotically arrested U2-OS 
cells were treated with the RNA polymerase inhibitor actinomycin D. This inhibitor stalls 
active transcription in mitosis abruptly. Further, under WT1 knockdown which lowers 
transcription of IL-8 mRNA a reduced effect of actinomycin D on transcription of IL-8 is 
expected. U2-OS cells were transfected with control or WT1 siRNA using LipofectamineTM 
2000 as described in 6.3.2 and arrested in mitosis with nocodazole. After 15h treatment, 
mitotic cells were shaken off and replated onto a fresh cell culture dish. Next, either DMSO 
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or actinomycin D were added to nocodazole containing medium of each condition and 
incubation lasted for further 3 hours. Afterwards, cells were harvested and mRNA was 
extracted and quantitative RT-PCR done as described in 6.1.3-6.1.5.  
Figure 27 indicates that the CXCL8 gene is actively transcribed in mitosis as treatment of 
control cells with actinomycin D decreases mRNA levels of IL-8. Furthermore, no 
significant difference of actinomycin D treatment compared to DMSO was detected in WT1 
knockdown cells as transcription of IL-8 is already impaired in those cells. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
Figure 27 Actinomycin D inhibits active transcription of IL-8 in mitosis Graph depicting results of quantitative RT-

PCR from mitotic U2-OS cells which were treated with control or WT1 siRNA and DMSO or actinomycin D. After 15 

hours incubation with nocodazole, mitotic cells were shaken off. Further, cells of each condition were divided, kept in 

nocodazole and simultaneously treated with either DMSO or actinomycin D. After 3 hours, cells were harvested, mRNA 

extracted and quantitative RT-PCR for analyzation of IL-8 mRNA was done. Mean and standard deviations as error 

bars are shown from four independent experiments. One sample t-test (control siRNA) and ratio paired t-test (WT1 

siRNA) were applied with *p(Ctrl siRNA)=0.0293, p(WT1 siRNA)=0.478. 

 
 
 
3.21 IL-8 regulates mitotic survival in U2-OS cells 
 
 
Given the data above, the next aim was to investigate the biological role of IL-8 in mitotic 
survival. Recent work could show that IL-8 can regulate tumor growth and cell survival via 
an autocrine manner (Brew, Erikson et al. 2000) (Guo, Zang et al. 2017). Therefore, U2-
OS cells were treated with CXCL8 siRNA or control siRNA using LipofectamineTM 2000 
as described in 6.3.2. After further 48h, medium was removed and nocodazole containing 
medium was added and cells incubated for 8h. Afterwards, mitotic shake-off was 
performed and cells harvested. Then, cell lysis was done, lysates subjected to SDS-PAGE 
and Western Blot and samples analyzed by immunoblot with the indicated antibodies. 
Mitotically arrested cells using nocodazole express IL-8 to a higher extend than untreated 
cells (Figure 28a). Additionally, knockdown of IL-8 leads to higher levels of activated 
meaning cleaved caspase 3 indicating a higher rate of apoptotic cells in the population of 
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CXCL8 knockdown cells (Figure 28a). Antibodies detecting cleaved caspase 3 are widely 
used for quantifying apoptosis by immunoblotting (Hartmann, Hunot et al. 2000). 
Quantification of three independent experiments underlines that CXCL8 knockdown leads 
to statistically significant higher levels of cleaved caspase representing more activation of 
apoptotic pathways (Figure 28b). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 28 IL-8 regulates mitotic survival in U2-OS cells (a) Immunoblot of mitotic cells that were treated with CXCL8 

or control siRNA and arrested in mitosis using nocodazole for 8h. U2-OS cells were treated with indicated siRNAs 

followed by nocodazole treatment. Samples were collected, lysed and analysed by Western Blot and immunoblot with 

the indicated antibodies. Cl. Caspase 3= cleaved Caspase 3. (kDa: kilo Dalton) (b) Graph with quantification of cleaved 

caspase 3 normalized to caspase 3 levels. Data of three independent experiments as described in (a) are shown. The 

y-axis indicates ration of cleaved caspase 3 and caspase 3, x-axis shows different conditions. Mean and standard 

deviations are displayed, t-test was applied with **p=0.00179672. 

 
 
 
3.22 Blocking CXCR1 and CXCR2 receptor using reparixin incudes 
mitotic apoptosis 
 
 
As mentioned above, IL-8 regulated tumor growth via an autocrine manner (Brew, Erikson 
et al. 2000). Taking this and the results of Figure 28 into account, inhibition of the CXCR1/2 
receptor which is the receptor of IL-8 signaling should lead to apoptosis in mitotic cells 
(Brat, Bellail et al. 2005). To this end, U2-OS cells were either treated with DMSO or 
reparixin at a final concentration of 200µM, a non-competitive inhibitor of CXCR1 and 
CXCR2 (Bertini, Allegretti et al. 2004). After 40 h of incubation, nocodazole was added 
and cells were harvested after 8h incubation. Additionally, non-treated, asynchronous U2-
OS cells were harvested. Then, cells were lysed, subjected to SDS-PAGE, Western Blot 
and immunoblot. Blocking of CXCR1 and CXCR2 signaling leads to higher activation of 
caspase 3 measured by levels of cleaved caspase 3 (Figure 29a) Quantification of three 
independent experiments indicates that IL-8 induced signaling plays a significant role in 
mitotic survival of mitotic U2-OS cells (Figure 29b). 
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Figure 29 Blocking CXCR1 and CXCR2 receptor using reparixin incudes mitotic apoptosis (a) Immunoblot of 

mitotic U2-OS cells that were treated with DMSO or reparixin (RPX) and nocodazole (Noc) (8 hours). Blockage of 

CXCR1 and CXCR2 was performed for 40h, then nocodazole was added for 8 hours before cells were harvested. (kDa: 

kilo Dalton) (b) Quantification of cleaved caspase 3 normalized to caspase 3. Results of three independent experiments 

conducted as described in (a) are shown. The y-axis indicates ration of cleaved caspase 3 and caspase 3, x-axis shows 

different conditions. Mean and standard deviations are displayed, t-test was applied with *p=0.02918964. 

 

 

 

3.23 Mitotic apoptosis induced by CXCL8 knockdown can be rescued 
by exogenous IL-8 
 
 
Suggesting the model that secreted IL-8 is a stimulus for cell survival in an autocrine 
manner, addition of exogenous IL-8 should rescue the effect of CXCL8 siRNA treatment 
(Brew, Erikson et al. 2000). To verify this hypothesis, U2-OS cells were transfected with 
control or CXCL8 siRNA using LipofectamineTM 2000 as described in 6.3.2. 48h after 
transfection, cells were treated with nocodazole for 8h. 48h before harvesting, 
recombinant, commercially available IL-8 as added to cell culture medium of CXCL8 
knockdown cells. IL-8 concentration was titrated using final concentrations of 0,3ng/ml, 
3ng/ml and 15ng/ml. Afterwards, cells were harvested by mitotic shake-off, lysed, proteins 
separated using SDS-PAGE following Western Blot and immunoblotting with indicated 
antibodies (Figure 30). This experiment shows that amount of cleaved caspase 3 and 
therefore apoptosis can be rescued in CXCL8 knockdown cells by reconstitution of IL-8 
signaling by adding exogenous IL-8 protein. 
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Figure 30 Mitotic apoptosis induced by CXCL8 knockdown can be rescued by exogenous IL-8 Immunoblot 

showing that exogenous IL-8 rescues mitotic apoptosis in IL-8 depleted cells. U2-OS cells were treated with the 

indicated siRNAs and incubated with exogenous IL-8 for the last 48 hours. Nocodazole treatment was performed for 8 

hours. Cl. Caspase 3= cleaved Caspase 3. (kDa: kilo Dalton). 
 
3.24 WT1 knockdown induces apoptosis in mitotic U2-OS cells which 
can be rescued by exogenous IL-8 
 
 
Based on the experiment described in Figure 30, U2-OS cells were depleted of WT1 using 
WT1 siRNA which was transfected with LipofectamineTM 2000 as described in 6.3.2. After 
48h, nocodazole was added to cell culture medium to induce mitotic arrest for 8 h followed 
by mitotic shake-off. To rescue the effect of WT1 mediated loss of extracellular IL-8, 
exogenous IL-8 was added to cells 48h before harvesting. Then, cells were lysed, 
subjected to SDS-PAGE, Western Blot and immunoblot. Figure 31a depicts that cleaved 
caspase 3 levels and therefore cellular apoptotic rate decreases under 15ng/ml of 
exogenous IL-8. This indicates that WT1 regulates mitotic survival via expression of IL-8 
which exerts its function via binding to CXCR1 and CXCR2 and following intracellular 
signaling. ELISA experiments to verify addition of IL-8 and to measure extracellular levels 
of IL-8 in cell culture supernatants are shown in Figure 31b. 
 
 
 
 
 
 
 
 
 
 
 

 

 

 

 

 

 

 

 

Figure 31 WT1 knockdown induces apoptosis in mitotic U2-OS cells which can be rescued by exogenous IL-8 

(a) Immunoblot showing rescue of WT1 knockdown induced mitotic apoptosis by exogenous IL-8. U2-OS cells were 

treated with indicated siRNAs followed by addition of exogenous IL-8 at a final concentration of 15ng/ml for the last 48 

hours. To induce mitotic arrest, cells were treated with nocodazole for 8 hours. Cl. Caspase 3= cleaved Caspase 3. 

(kDa: kilo Dalton) (b) ELISA depicting reconstitution of extracellular IL-8 in WT1 depleted cells. Results of three 

biological replicates are depicted. Mean and standard deviations are shown, ratio paired t-test was applied with 

***p<0.0002. 
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3.25 WT1 and IL-8 act in the same signaling pathway to regulated cell 
survival in mitosis 
 
 
In order to demonstrate that WT1 regulates mitotic survival via IL-8 expression, U2-OS 
cells were treated with WT1, CXCL8 or WT1 and CXCL8 siRNA using LipofectamineTM 

2000. After 48h, U2-OS cells were arrested in mitosis using nocodazole followed by mitotic 
shake-off, cell lysis, SDS-PAGE, Western Blot and immunoblotting. WT1 depletion leads 
to a substantial increase of apoptosis in mitotically arrested cells (Figure 32). Furthermore, 
IL-8 reduction by CXCL8 knockdown does not further induce apoptosis under WT1 
depletion suggesting that WT1 and IL-8 play a role in the same signaling pathway (Figure 
32). WT1 knockdown as the upstream regulator of IL-8 leads to a more pronounced effect 
on cleaved caspase than IL-8 knockdown (Figure 32). 
 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
 
 
 
 
 
Figure 32 WT1 and IL-8 act in the same signaling pathway to regulated cell survival in mitosis Immunoblot 

showing WT1, CXCL8 or WT1 and CXCL8 depleted U2-OS cells using siRNA followed by nocodazole treatment for 8h. 

IL-8 knockdown does not induce further apoptosis in WT1 depleted cells. WT1 knockdown leads to a more pronounced 

effect on cleaved caspase than IL-8 knockdown. Cl. Caspase 3= cleaved Caspase 3. (kDa: kilo Dalton) 

 
 
 
3.26 Regulation of cell survival in mitosis by IL-8 is not restricted to 
microtubule-targeting drugs 
 
 
For investigation of cell survival under different conditions of siRNA treatment U2-OS cells 
were arrested in mitosis using the microtubule-targeting drug nocodazole. In order to rule 
out that the effects seen only occur under spindle poison treatment and to demonstrate 
that IL-8 also regulates mitotic survival in untreated cells with physiological mitosis 
following experiment was performed. U2-OS cells were transfected with CXCL8 siRNA 
using the LipofectamineTM 2000 method as described in 6.3.2. After changing the medium 
to remove transfection reagents, thymidine was added and cells grown for further 24 
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hours. Then, medium was aspirated and cells release cells from G1/S-phase by washing 
cells once with medium and twice with DPBS. After 12 hours growth in normal medium, 
thymidine was added again for 24 hours. In the next step, cells were release as described 
above and collected mitotic shake-off was performed after 14 hours for harvesting. Then, 
cells were lysed, subjected to SDS-PAGE, Western Blot and immunoblotting. IL-8 is 
expressed in mitosis independent of forced spindle assembly checkpoint activation using 
nocodazole (Figure 33). Additionally, IL-8 knockdown induces apoptosis measured by 
cleaved caspase 3 and by cleavage of PARP 1 (Soldani and Scovassi 2002) independent 
of nocodazole suggesting that the pro-survival effect of IL-8 is relevant irrespective of 
mitotic stress force spindle assembly checkpoint activation. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 33 Regulation of cell survival in mitosis by IL-8 is not restricted to microtubule-targeting drugs 
Immunoblot analysis of mitotic U2-OS using a double thymidine block and which were treated with control or CXCL8 

siRNA. IL-8 pro-survival effect is independent of nocodazole as spindle poison and occurring in undisturbed mitosis. Cl. 

Caspase 3= cleaved Caspase 3. (kD: kilo Dalton). 

 
 
 
3.27 Effect of WT1 and IL-8 on mitotic cell survival is not restricted to 
U2-OS cells 
 
 
The biological effects seen of mitotic survival under WT1 and CXCL8 siRNA treatment 
were detected in U2-OS cells. To generalize the biological relevance of WT1 and IL-8 to 
other cell lines, knockdown experiments of WT1 and CXCL8 in A549 lung cancer cell line 
were conducted. Therefore, A549 cells were transfected with siRNA against WT1 or 
CXCL8, and synchronized in mitosis using nocodazole after 48 hours. Nocodazole 
treatment was stopped after 8 hours performing a mitotic shake-off to harvest mitotic cells. 
Cells were lysed and analyzed after SDS-PAGE, Western blot and immunoblotting. Loss 
of WT1 or IL-8 in lung cancer A549 cells induces apoptosis measured by activation and 
cleavage of caspase 3 (Figure 34). 
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Figure 34 Effect of WT1 and IL-8 on mitotic cell survival is not restricted to U2-OS cells Immunoblot showing 

mitotic apoptosis under CXCL8 or WT1 siRNA treatment versus control knockdown in A549 lung cancer cells. Cells 

were arrested in mitosis using nocodazole for 8 hours. Cl. Caspase 3= cleaved Caspase 3. (kDa: kilo Dalton). 

 

 

 

 

3.28 USP9X serine 2563 phosphorylation influences mitotic survival  
 
 
In order to show that USP9X phosphorylation on serine 2563 is responsible for survival of 
U2-OS cells in mitosis, USP9XWT U2-OS cells were either kept asynchronous or treated 
with nocodazole for 3, 10, 12, 14 and 16 hours to arrest cells in mitosis for indicated time 
ranges before harvesting by mitotic shake-off. For comparison, USP9XMut U2-OS cells 
were subjected to the same procedure. Afterwards, cells were lysed, and SDS-PAGE, 
Western Blot and immunoblot was conducted. First of all, USP9X phosphorylation cannot 
not be detected on serine 2563 (Figure 35a). Furthermore, USP9X levels are not 
significantly changed between the two cell lines (Figure 35a). Additionally, treatment of 
USP9XMut U2-OS cells leads to higher levels of cleaved caspase 3 than in USP9XWT 

standing for higher apoptotic rates in USP9XMut cells (Figure 35a). These results indicate 
that USP9X serine 2563 phosphorylation regulates cell survival in mitosis. In this 
experiment, no clear difference in cleaved caspase 3 levels could be seen in 
asynchronous and U2-OS cells treated for 3h with nocodazole. This could be due to a 
very weak immunoblot signal of cleaved caspase 3 (Figure 35a). To differentiate survival 
in asynchronous cells, USP9XWT U2-OS cells and USP9XMut U2-OS cells were either kept 
untreated or arrested in mitosis using nocodazole for 32 hours. Afterwards, cells were 
shaken-off and subjected to flow cytometry using PI-staining. Gating and cell analysis was 
performed as described in 6.3.8. In this experiment shown in Figure 35b no difference in 
apoptosis comparing asynchronous USP9XWT and USP9XMut U2-OS cells could be 
detected. In contrast, under treatment with nocodazole, mitotic arrest and therefore 
phosphorylation of USP9X serine 2563 was induced in USP9XWT U2-OS cells. USP9XMut 

U2-OS cells expressing the non-phosphorylatable USP9X mutant show higher apoptotic 
rate due to loss of USP9X phosphorylation. Raw data were analyzed using the software 
FlowJo. 
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Figure 35 USP9X serine 2563 phosphorylation influences mitotic survival (a) Immunoblot showing mitotic 

apoptosis in USP9XMut compared to USP9XWT U2-OS cells. Cells were either kept asynchronous or treated with 

nocodazole (Noc) for the indicated time for mitotic arrest. Cl. Caspase 3= cleaved Caspase 3. (kDa: kilo Dalton). (b) 
Graph depicting flow cytometry results showing mitotic apoptosis in USP9XMut U2-OS cells and USP9XWT U2-OS cells 

that were kept asynchronous or treated with nocodazole for 32 hours. Afterwards mitotic shake-off was performed, cells 

stained with propidium iodide and measured by flow cytometry. Mean is shown from n=3 biologically independent.  

 
 
 
3.29 USP9X serine 2563 phosphorylation influences mitotic survival 
via WT1  
 
 

Given the biological results above that WT1 and IL-8 regulate mitotic survival and the 
founding that WT1 is stabilized by serine 2563 phosphorylated USP9X, the next aim was 
to investigate if the antiapoptotic effects of WT1 and IL-8 are regulated via phosphorylated 
USP9X. Therefore, USP9XMut U2-OS cells or USP9XWT U2-OS cells were transfected with 
WT1 or control siRNA using LipofectamineTM 2000 as described in 6.3.2. 48 hours after 
transfection, cells were synchronized in mitosis using nocodazole. For collection of mitotic 
cells, mitotic shake-off was performed. Afterwards, cells were lysed, proteins separated 
by SDS-PAGE and Western Blot followed by immunoblot was done. Loss of WT1 in 
USP9XWT cells induces mitotic apoptosis (Figure 36). In USP9XMut cells lower levels of 
WT1 can be seen in mitosis, suggesting that USP9X phosphorylation on serine 2563 
regulates WT1 abundance (Figure 36). Furthermore, knockdown of WT1 in mitotic 
USP9XMut cells does not enhance apoptosis which can be interpreted that USP9X 
phosphorylation on serine 2563 regulates mitotic survival via WT1 and IL-8. 
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Figure 36 USP9X serine 2563 phosphorylation influences mitotic survival via WT1 Immunoblot of USP9XWT and 

USP9XMut U2-OS cells which were transfected with control or WT1 siRNA and arrested in mitosis using nocodazole. 

Immunoblots show an increased mitotic apoptosis by WT1 knockdown only in USP9X phosphorylatable U2-OS 

(USP9XWT) cells and not in mutated USP9X cells (USP9XMut). Cl. Caspase 3= cleaved Caspase 3. (kDa: kilo Dalton). 

 

 

 

3.30 Flow cytometry using PI-staining underlines that USP9X serine 
2563 phosphorylation regulates mitotic survival via WT1  
 
 
As shown in Figure 36, USP9X serine 2563 phosphorylation regulates mitotic survival via 
stabilizing WT1. To underline these results which were produced by Western Blot and 
immunoblotting, flow cytometry analysis using PI-staining to investigate mitotic survival 
was conducted. Therefore, U2-OS cells were treated with siRNA and synchronized in 
mitosis as described in Figure 36. Afterwards, mitotic cells were shaken-off, centrifuged 
and pellet was resuspended with DPBS carefully. This washing procedure was repeated 
once. Next, cells were resuspended with 1ml DPBS which was supplemented with 
propidium iodide (PI) to a final concentration of 1µg/ml. Finally, cells were subjected flow 
cytometry using a CyAn ADP LxP8 cytometer to distinguish between PI-positive and PI-
negative cells. For analysis of cell viability, counted cells were displayed in a graph with 
sideward scatter (SSC) for cell granularity on the x-axis and forward scatter (FSC) 
representing cell size on the y-axis. Next, cell debris was excluded by gating the cell 
population of interest. Cells of interest are circled in Figure 37a in the upper panel (“intact 
cells”). Afterwards, circled cells were blotted for positive PI-signal representing apoptotic 
cells. PI-signal was measured in the FL3 channel using the cytometer. Absolute PI-
positive cell counts are shown in the lower panel of Figure 37a. Raw data were analyzed 
using the software FlowJo. Also measured with flow cytometry WT1 siRNA treatment of 
U2-OS cells induces mitotic apoptosis (Figure 37a). 
Quantification and statistical analysis of three independent experiments using flow 
cytometry and PI-staining is shown in Figure 37b. These results are in accordance with 
Figure 36 that non phosphorylatable USP9X serine 2563 U2-OS cells have different 
apoptotic rates in mitosis under control siRNA treatment. This phenotype is abolished as 
soon as USP9XMut U2-OS cells and USP9XWT U2-OS cells were treated with WT1 siRNA 
indicating that USP9X serine 2563 phosphorylation is one of the most upstream regulatory 
events in this signaling pathway. 
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Figure 37 Flow cytometry using PI-staining underlines that USP9X serine 2563 phosphorylation regulates 
mitotic survival via WT1 (a) Graph depicting flow cytometry and gating strategy of mitotic U2-O. Cells were treated as 

in figure 36 and finally subjected to PI-staining and flow cytometry. Counted cells were displayed in a graph with 

sideward scatter (SSC) for cell granularity on the x-axis and forward scatter (FSC) representing cell size on the y-axis 

(upper panel). Cell debris was gated out and intact cells circled in the upper panel (“intact cells”). For further analysis 

only “intact cells” were used. FL3 high and therefore PI-positive cells are represented in the lower panel (lower panel) 

on the right side and are marked with a bar (PI positive”). Control and WT1 knockdown samples are representatively 

shown. (b) Graph depicting mitotic apoptosis in USP9XWT and USP9XMut U2-OS cells following control or WT1 

knockdown. USP9XWT and USP9XMut U2-OS cells were treated as in figure 37a and subjected to flow cytometry with 

PI-staining. PI-positive cells were analyzed for each sample. Error bars display standard deviations from n=3 biologically 

independent experiments. Unpaired t-test was applied with **p(Ctrl siRNA)=0.00363687; p(WT1 siRNA)=0.99127578. 

 
 
 
3.31 CDC14B regulates mitotic survival via USP9X phosphorylation in 
U2-OS cells 
 
 
To investigate whether CDC14B is the upstream regulator of the USP9X-WT1-IL-8 axis, 
USP9XWT U2-OS cells or USP9XMut U2-OS cells were transfected with CDC14B siRNA or 
control siRNA and kept asynchronous or arrested in mitosis for 14 hours as described in 
6.3.2 and 6.3.3. Afterwards, mitotic cells were shaken-off and lysis, SDS-PAGE, Western 
Blot and immunoblot were performed. First of all, Figure 38 shows that USP9X 
phosphorylation on serine 2563 is enhanced under knockdown of the phosphatase 
CDC14B. Furthermore, higher phosphorylation leads to more abundance of WT1 which 
upregulates IL-8 expression, respectively (Figure 38). This accumulates in induction of 
apoptosis detected by cleavage of caspase 3. USP9XMut U2-OS cells show no clear 
difference in WT1 and IL-8 levels upon loss of CDC14B which is in line with our model 
that CDC14B cannot exert dephosphorylation of serine 2563 of USP9X in mitosis in 
USP9XMut U2-OS cells. Additionally, no increase in apoptotic induction can be seen in 
USP9XMut U2-OS cells under CDC14B siRNA treatment. 
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Figure 38 CDC14B regulates mitotic survival via USP9X phosphorylation in U2-OS cells Immunoblot analysis 

showing decreased apoptosis in mitosis under CDC14B knockdown in USP9XWT but not in USP9XMut U2-OS cells. Cells 

were treated with control (Ctrl) or CDC14B siRNA, arrested in mitosis using nocodazole for 14h and collected for 

analysis by Western Blot. Afterwards, immunoblot analysis was performed with the indicated antibodies. Cl. Caspase 

3= cleaved Caspase 3. (kDa: kilo Dalton). 
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4. Discussion 
 
 
To orchestra the exceptionally complex cell cycle phase mitosis highly specific regulation 
is necessary. Any disruption of correct mitosis can lead to chromosomal instability which 
further favors tumorgenesis (Levine and Holland 2018). Therefore, cell cycle aberrations 
and loss of cell cycle control are described to be hallmarks of cancer (Hanahan 2022).  
 
Cdc14 is a highly conserved phosphatase which regulates exit from mitosis in budding 
yeast after cells have passed the spindle assembly checkpoint by antagonizing Cdk1 
function (Wurzenberger and Gerlich 2011). Recent publications could show that one 
human ortholog of Cdc14, called CDC14B, plays a critical role in G2 DNA damage 
checkpoint response (Bassermann, Frescas et al. 2008). Beside this, recent work could 
shed more light on mitotic function of CDC14B as it was demonstrated that CDC14B 
regulates passage through mitosis by influencing function of CDC25 and CDK1-Cyclin B 
(Tumurbaatar, Cizmecioglu et al. 2011). Furthermore, CDC14B seems to stabilize and 
bundle microtubules in mitosis and to induce exit from mitosis by dephosphorylation of 
SIRT 2 (Dryden, Nahhas et al. 2003, Cho, Liu et al. 2005). If there are further signaling 
pathways which influence mitotic progression and mitotic survival and in which CDC14B 
is involved is poorly understood. 
 
In this study, a so far unknown mode of mitotic survival and therefore mitotic regulation 
was identified. The initial event of this axis comprises the phosphorylation of USP9X on 
serine 2563. This phosphorylation is highly regulated and occurs specific in mitosis. CDK1 
was identified to be the relevant mitotic kinase, CDC14B to be the phosphatase reversing 
mitotic phosphorylation of USP9X on serine 2563. The phosphorylation as 
posttranslational modification of USP9X on serine 2563 was found to regulate its 
enzymatic activity. Furthermore, phosphorylated USP9X deubiquitinates WT1 in mitosis 
and therefore regulates mitosis specific transcription of the gene CXCL8. Active 
transcription of CXCL8 with the consequence of high IL-8 expression and secretion 
increases mitotic survival in an autocrine manner. 
This signaling pathways provides different aspects of DUB activity control by 
posttranslational modification, cell cycle specific apoptosis and mitotic transcription. 
 
 
 
4.1 CDC14B and CDK1 regulate mitotic phosphorylation of USP9X on 
serine 2563 and regulate activity of USP9X 
 
 
First of all, the phosphatase CDC14B was identified to bind to the deubiquitinase USP9X 
in mitosis by a mass spectrometry-based interaction screen. This could be verified by 
binding experiments performing an immunoprecipitation and Western Blot analysis. The 
interaction of CDC14B and USP9X was enhanced in mitosis compared to unsynchronized 
cells. In a next step, phosphorylation site of USP9X was assessed by a SILAC-based 
phospho-proteomic screen which yielded serine 2563 to be phosphorylated in mitosis and 
to be phosphorylated to a lower extend under the overexpression of CDC14B. Knockdown 
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experiments of CDC14B in U2-OS cells and overexpression of CDC14B in HeLa cells 
could identify CDC14B as the phosphatase of USP9X. Western Blots and immunoblotting 
experiments were performed using a custom-made phosphorylation specific antibody 
against USP9X serine 2563 phosphorylation. 
In cell cycle experiments using thymidine or nocodazole to synchronize cells in G1/S-
phase and mitosis it could be demonstrated that serine 2563 phosphorylation of USP9X 
is highly regulated and phosphorylation is restricted to mitosis. Interestingly, cell cycle 
regulated expression of USP9X does not seem to be one of the main regulatory means of 
USP9X as its total protein abundance is quite stable throughout different cell cycle phases. 
CDK1 and CD14B have been found as counteracting pair in regulation of mitotic 
phosphorylation of KIBRA (Ji, Yang et al. 2012). CDK1 is one of the main kinases in 
mitosis influencing a wide range of cellular mitotic processes (Malumbres 2014). The initial 
assumption that the mitotic kinase CDK1-Cyclin B phosphorylates USP9X on serine 2563 
could be supported by CDK1 consensus motif matching. USP9X serine 2563 proceeds 
the amino acid proline which comprises the consensus motif of CDK1 (Errico, Deshmukh 
et al. 2010). To verify that CDK1 is the kinase of USP9X, an in vitro kinase assay was 
conducted. Therefore, USP9X C-terminal fragments were purified from bacteria and 
subjected to in vitro kinase assay using CDK1-Cyclin B and radioactively labeled ATP. C-
terminal fragment of USP9XWT was phosphorylated in vitro by CDK1-Cyclin B. In contrast, 
C-terminal fragment of USP9X which harbored a serine to alanine mutation in position 
2563 depicted significantly lower phosphorylation suggesting that CDK1-Cyclin B 
phosphorylates USP9X on serine 2563 in vitro. Additionally, inhibition of CDK1-Cyclin B 
in mitotic cells using the inhibitor RO-3306 prevented USP9X from phosphorylation on 
serine 2563. 
 
In general, deubiquitinases (DUBs) are highly regulated to prevent unspecific substrate 
cleavage and to avoid uncontrolled deubiquitylation activity (Reyes-Turcu, Ventii et al. 
2009). This is accomplished by means of posttranslational modification like 
phosphorylation or ubiquitylation of DUBs (Wada and Kamitani 2006, Matsuoka, Ballif et 
al. 2007). The understanding of USP9X posttranslational modification in the context of 
different cellular processes is growing (Yoon, Parnell et al. 2020). More specifically, 
USP9X was characterized to be posttranslational modified as it is phosphorylated on 
serine 1600 to deubiquitinate the protein ZAP70 in lymphocytes (Naik and Dixit 2016). In 
line with recent findings that phosphorylation influences activity of USP9X, USP9X 
phosphorylation on serine 2563 regulates its deubiquitylation activity. In a DUB activity 
assay using HA-Ubiquitin-VS it could be demonstrated that purified FLAG-USP9XWT 

exerts higher deubiquitinating activity in mitosis than a FLAG-USP9X mutant which cannot 
be phosphorylated on serine 2563 (USP9XS2563A). Supporting the idea of cell cycle specific 
regulation, FLAG-USP9XWT shows no difference in activity to FLAG-USP9XS2563A in G1/S-
phase cells. In this cell cycle phase, no phosphorylation of USP9X on serine 2563 is found 
and expected. Furthermore, FLAG-USP9XWT and FLAG-USP9XS2563A which were purified 
from mitotic HEK 293T were shown to have different enzyme kinetics. The substrate 
Ubiquitin-AMC was used in a serial dilution to assess Vmax by fluorescence measurement 
of AMC liberation. This yielded a Vmax value for USP9XWT of about 36µM/min and for 
USP9XS2563A of about 31µM/min. 
Bringing these finding in a clinical context, inhibition of kinases seems to be an attractive 
concept of cancer treatment, more specific in combination with spindle poisons to inhibit 
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phosphorylation and therefore oncogenic activities of USP9X in mitotically arrested cells 
(Zhang, Zhang et al. 2021). 
To which extend USP9X phosphorylation on position 1226 which was identified in the 
SILAC-based phospho-proteomic screen takes influence on deubiquitination activity of 
USP9X, binding to substrates or cellular localization needs to be further investigated. If 
there are other posttranslational modifications than phosphorylation of USP9X like 
SUMOylation, hydroxylation or ubiquitylation that take influence on USP9X function has 
not been found yet. 
 
 
 
4.2 USP9X deubiquitinates WT1 in mitosis in a phosphorylation 
dependent manner 
 
 
For a better understanding of USP9X function in mitotic cells mass spectrometry based 
ubiquitome analysis under loss of USP9X was conducted. This screen yielded the protein 
Wilms´ tumor protein 1 (WT1) as a potential mitotic substrate of USP9X. WT1 seemed to 
be a promising hit as it was found to be a transcription factor which exerts an oncogenic 
function in regulating angiogenesis, tumor invasion, cell proliferation and inhibition of 
apoptosis (Tuna, Chavez-Reyes et al. 2005) (Wu, Zhu et al. 2013, Katuri, Gerber et al. 
2014). Beside this, WT1 was shown to be ubiquitylated and degraded by the proteasome 
(Bansal, Bansal et al. 2010). Recently, the E3 ligase CMIP was identified to ubiquitinate 
WT1 but until now, the corresponding deubiquitinase has not been found yet (Zhang, Fan 
et al. 2021). Furthermore, comparing ubiquitome analysis results under USP9X 
knockdown in asynchronous and mitotic cells, WT1 scored higher in nocodazole arrested 
cells suggesting a cell cycle specific deubiquitination event. Additionally, ubiquitome 
analysis yielded the protein catenin beta-1 to be more ubiquitinated and purified under 
loss of USP9X which is in line with recent publications and validated the ubiquitome 
screen (Murray, Jolly et al. 2004, Yang, Zhang et al. 2016). In immunoprecipitation assays 
of WT1 and USP9X interaction of these two proteins was found be enhanced in mitotic 
cells compared to asynchronous cells. Interestingly, increased phosphorylation of USP9X 
on serine 2563 reflected increased binding of WT1 to USP9X. In addition, overexpression 
of USP9X leads to higher abundance of WT1 protein. 
Taking the results above into account, phosphorylation dependent binding of USP9X to 
WT1 could be demonstrated. USP9X serine 2563 regulates binding of WT1 to USP9X. 
This effect is restricted to mitosis as in asynchronous cells, only little phosphorylation of 
USP9X serine 2563 is expected. This introduces a new level of DUB-substrate interaction 
of USP9X which has been already described for other DUBs (Elliott, Nielsen et al. 2014, 
Esposito, Akman et al. 2020). USP9X was shown to deubiquitinate WT1 in mitosis and in 
accordance with the binding and activity assay, this is dependent on serine 2563 
phosphorylation of USP9X. Further, ubiquitylated mitotic WT1 is targeted for proteasomal 
degradation which can be rescued by bortezomib (Figure 39). 
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Figure 39 Model of USP9X deubiquitylation activity towards WT1 in mitosis The protein WT1 is polyubiquitylated 

in mitotic cells which targets WT1 for proteasomal degradation and reduces protein levels of WT1 in mitosis (left side, 

in green). Competing degradation of polyubiquitylated WT1, USP9X (in yellow) is phosphorylated on serine 2563 in 

mitosis (depicted as “P” in brown). This phosphorylation is regulated by the kinase CDK1 and phosphatase CDC14B 

(not depicted in model). Phosphorylation of USP9X on serine 2563 leads to enzymatic activation of USP9X and to 

enhanced interaction of USP9X and WT1. Binding of the deubiquitinase to its substrate reverses WT1 ubiquitylation 

and rescues it from degradation.  

 
 
 
Supplementary, performing confocal microscopy experiments USP9X could be 
demonstrated to colocalize with WT1 in mitotic cells.  
Further, it could be shown that inhibition of USP9X with the unspecific deubiquitinase 
inhibitor WP1130 decreases protein levels of WT1. Intriguingly, WT1 was recently found 
to induce self-renewal in murine leukemia cells and this function could be blocked by 
treating cells with WP1130 (Zhou, Jin et al. 2020). WT1 and USP9X expression is 
upregulated in certain tumor entities like osteogenic sarcoma, Ewing sarcoma and 
lymphoma (Srivastava, Fuchs et al. 2006, Yang, Han et al. 2007, Schwickart, Huang et 
al. 2010, Katuri, Gerber et al. 2014). Therefore, downregulation of USP9X activity using a 
specific inhibitor could be a potential therapeutic option in treatment of these tumor 
entities. 
Given the number of substrates which have already been described for USP9X, it would 
be interesting if USP9X binding to other substrates than WT1 is also regulated by serine 
2563 phosphorylation or if this regulatory means is restricted to WT1 (Schwickart, Huang 
et al. 2010, Naik and Dixit 2016, Yang, Zhang et al. 2016). 
Concerning posttranslational modifications of WT1 beside ubiquitylation, phosphorylation 
of WT1 changes its transcriptional activity (Ye, Raychaudhuri et al. 1996). To which extend 
phosphorylation or other posttranslational modifications of WT1 influence its binding to 
USP9X with the consequence of modifying WT1 ubiquitylation needs to be further 
assessed. 
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4.3 Active transcription and secretion of IL-8 in mitosis is regulated 
by WT1 and USP9X 
 
 
The concept of transcription and its understanding has changed within the last few years. 
Until 2017, transcription was thought to be silenced during mitosis. Though, it has been 
demonstrated before that transcription factors are bound to condensed DNA during 
mitosis to ensure rapid reactivation of transcription of a subset of genes upon the daughter 
cell has passed through mitosis which is termed mitotic bookmarking (Lodhi, Ji et al. 
2016). In 2017, active low-level transcription of specific genes was found to be retained 
during mitosis (Palozola, Donahue et al. 2017). 
WT1 is a transcription factor harboring zinc fingers in the C-terminal part for DNA-
interaction, whereas the N-terminal part with a proline-glutamine rich sequence is 
responsible for RNA and protein interaction (Yang, Han et al. 2007). Among others, 
transcriptional targets of WT1 are P21, Bcl-2 or c-Myc (Englert, Maheswaran et al. 1997, 
Mayo, Wang et al. 1999, Han, San-Marina et al. 2004). 
In order to find a so far undescribed gene which expression is regulated by WT1 in mitosis, 
RNA sequencing analysis under WT1 knockdown condition and in U2-OS cells harboring 
a non-phosphorylatable USP9X mutant was performed. This screen yielded the gene 
CXCL8 to be transcriptionally downregulated under loss of WT1 and in an USP9X 
phosphorylation dependent manner in mitotic cells. 
Increasing evidence is suggesting that the cytokine IL-8 which is encoded by the gene 
CXCL8, plays a pivotal role in cell proliferation, apoptosis and response to anticancer 
drugs (Gales, Clark et al. 2013, Guo, Zang et al. 2017). Comparing the WT1 consensus 
binding motif according to the Homo sapiens COmprehensive MOdel Collection 
(HOCOMOCO) web tool (http://hocomoco11.autosome.ru) and CXCL8 genomic 
sequence using position weight matrix supported the assumption of WT1 being the 
transcription factor of CXCL8. 
In experiments verifying the result of RNA sequencing, mRNA levels of IL-8 are lowered 
under loss of WT1 in mitosis. Supporting the model that WT1 is the downstream target of 
USP9X, the same effect was seen under knockdown of USP9X and in a non-
phosphorylatable USP9X serine 2563 cell line. 
Furthermore, extracellular levels of IL-8 are decreased under WT1 and USP9X 
knockdown and in a non-phosphorylatable USP9X serine 2563 cell line. Of notion and as 
seen in the quantitative mRNA experiments, double knockdown of WT1 and USP9X does 
not exceed loss of IL-8 compared to single knockdown experiments. This can be 
interpreted that USP9X and WT1 act in the same pathway with transcription of CXCL8 to 
be the downstream event.  
In a recent publication by Palozola et al., mitotic cells were treated with the transcriptional 
inhibitor alpha-amanitin to investigate newly synthesized RNA (Palozola, Donahue et al. 
2017). In a similar approach and using the RNA-polymerase inhibitor Actinomycin D, it 
could be demonstrated that IL-8 is actively transcribed in mitosis in a WT1 dependent 
manner. Furthermore, chromatin immunoprecipitation indicates that WT1 is binding to 
CXCL8 promoter in mitosis. This idea is supported by activation of the CXCL8 promoter 
in mitotic cells under overexpression of WT1 using a luciferase assay. 
As mentioned above, WT1 deubiquitylation and stability is regulated by USP9X. Beside 
ubiquitylation, how WT1 activity in mitotic transcription is regulated remains elusive. It is 
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tempting to speculate that WT1 binding to DNA is influenced by phosphorylation not only 
in untreated cells but also in mitotic cells (Ye, Raychaudhuri et al. 1996). Additionally, 
further investigation of other possible mitotic WT1 target genes beside CXCL8 which were 
identified in RNA sequencing could bring more clearness in the upcoming field of mitotic 
transcription. For example, the gene KRT17 coding for the protein KRT17 was found be 
transcriptionally upregulated by WT1 in mitosis. KRT17 is overexpressed in pancreatic 
cancer stimulating proliferation and migration (Li, Ni et al. 2020). In mitosis, a cell cycle 
phase with high dynamics in cellular shape, it would be interesting to further investigate 
the role of KRT17. WT1 could also be part of a new regulatory means of KRT17 by active 
mitotic transcription. 
Mitotic bookmarking comprises histone modifications like H3K4 or H3K79 occur during 
mitosis and are responsible for chromatin accessibility and transcriptional start after 
mitosis (Kouskouti and Talianidis 2005). A further and main aspect of mitotic bookmarking 
is the incorporation of specific histones into the mitotic nucleosomes (Lodhi, Ji et al. 2016). 
For instance, histone H3.3 promotes transcription of the gene MyoD as soon as cells have 
passed mitosis and enter G1-phase (Ng and Gurdon 2008). With more focus on mitotic 
histone modification or histone exchange, it would be interesting to shed more light on the 
this regulatory means in active mitotic transcription.  
 
 
 
4.4 CDK1 and CDC14B mediated phosphorylation of USP9X on serine 
2563 regulates survival in mitosis via WT1 and IL-8 
 
 
Uncontrolled cell survival and avoidance of cell death are characteristics which are 
frequently found in tumor cells and which are counted to the hallmarks of cancer (Hanahan 
2022). Cell cycle checkpoints, in case of mitosis the spindle assembly checkpoint, are 
established to control and detect any defects in DNA integrity or segregation and which 
further induce cellular signaling for cell fate decision (Dominguez-Brauer, Thu et al. 2015). 
Exceeding activation for example of the spindle assembly checkpoint by unproper 
attachment of microtubule to chromatids can end in the activation of cellular apoptosis via 
a caspase activating cascade including caspase 3 (Ruan, Lim et al. 2019). Any 
dysfunction of the spindle assembly checkpoint or dysregulation of downstream protein 
networks can therefore induce chromosomal instability, aneuploidy and tumor 
development. Any newly identified cellular pathway regulating apoptosis under activation 
of the spindle assembly checkpoint can improve the understanding of cancer biology. 
Taxanes and vinca alkaloids are a main pillar in modern cancer therapy targeting mitosis 
and the spindle assembly checkpoint (Janssen and Medema 2011). Drug resistance 
under treatment with microtubule-active drugs therefore limits the selection of antitumor 
therapy and represents a significant obstacle in tumor therapy (Jordan and Wilson 2004). 
Identifying regulators of cell survival in mitosis can help to dissect possible resistance 
mechanisms which are relevant under microtubule-active drug treatment. 
Recent work could show that USP9X and WT1 expression is upregulated in a variety of 
tumor entities (Yang, Han et al. 2007, Schwickart, Huang et al. 2010, Katuri, Gerber et al. 
2014, Fu, Xie et al. 2017, Ruan, Lim et al. 2019). In contrast, CDC14B protein is 
downregulated in tumor cells suggesting a tumor suppressive role (Kim, Choi et al. 2014).  
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To elucidate a new mitotic signaling pathway regulating mitotic survival knockdown 
experiments of IL-8 were performed. The protein IL-8 is involved in mitotic cell survival as 
loss of IL-8 induces caspase dependent apoptosis. 
IL-8 as chemokine is actively secreted by tumor cells and binds to the CXCR1/2 receptor 
and therefore promotes tumorgenesis (Russo, Garcia et al. 2014). Blockage of CXCR1/2 
receptor using the small molecular inhibitor reparixin in cell culture increases apoptosis 
activating the caspase dependent cellular program (Figure 40). A similar oncogenic effect 
in mitosis was found for WT1 and experiments in this study suggest that WT1 prosurvival 
function is mainly exerted via IL-8. Additionally, USP9X phosphorylation on serine 2563 
regulates mitotic survival in a WT1 dependent manner. Interestingly, loss of CDC14B in a 
USP9X serine 2563 non-phosphorylatable U2-OS cell line has no detectable effect on 
mitotic cell survival while reduced activity of CDC14B in mitotic cells with USP9X wildtype 
protein improves cell survival. 

 
Figure 40 Model of WT1 regulated mitotic transcription of IL-8 During mitosis chromatids are accessible to binding 

of transcription factor which is termed mitotic bookmarking. In mitotic cells, the transcription factor WT1 (green) binds 

to the promoter of CXCL8. Condensed DNA is depicted in blue. In mitotic cells, this initiates WT1-dependent active 

transcription of the gene CXCL8 which codes for the protein IL-8 (middle part). The chemokine IL-8 is secreted and 

attaches to the receptor CXCR1 or CXCR2 (yellow) in an autocrine manner. Downstream signaling of the CXCR1/2 

receptor activates a cellular survival program in mitosis.  
 

 

In summary, USP9X is a central player in mitotic survival and is responsible for cell fate 
decision via regulating abundance via WT1 and IL-8. Upstream regulators of USP9X are 
CDK1 and CDC14B which phosphorylate and dephosphorylate USP9X on serine 2563. 
Blockage of CXCR1/2 receptor using reparixin is an upcoming aspect in tumor therapy. In 
metastasized breast cancer, reparixin is used in combination with paclitaxel in a phase Ib 
pilot study and phase II study (Schott, Goldstein et al. 2017). Final results of the latter 
clinical trial have not been published yet. This underpins the potential of targeting the 
described mitotic survival pathway.  
In ovarian cancer patients under platinum-based chemotherapeutic treatment, high levels 
of serum IL-8 are associated with shorter survival time (Zhang, Liu et al. 2019). The 
molecular mechanism has not been described yet, but the model of this study could 
improve understanding and interpretation of these results.  
One interesting aspect would be to correlate IL-8 levels in serum of ovarian cancer 
patients with phosphorylation of USP9X on serine 2563 in histopathological specimens. 
Alternatively, whole cellular levels of USP9X can be assessed. High phosphorylation of 
USP9X on serine 2563 as the upstream event of the newly found mitotic survival hub is 
expected to lead to high expression of IL-8 according to the results shown here. If a 
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positive correlation is found, investigation of other cancer type specimens, for example of 
lung cancer patients, can be a plausible approach (Zhu, Webster et al. 2004). If promising 
results can be gained, a further step could be investigation of reparixin cancer treatment 
and response depending on the phosphorylation of USP9X on serine 2563 in tumor 
specimens. 
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5. Materials 
 
 
 
5.1 Instruments 
 
 
Amaxa® Cell Line Nucleofector®, Lonza  
Analytical balance ABJ 220, Kern & Sohn GmbH 
Aqualine water bath, Lauda-Brinkmann 
Bioraptor, Diagenode 
Centrifuge Multifuge 3SR+, Thermo ScientificTM 
Concentrator plus, Eppendorf AG 
Cool-Centrifuge 5417R, Eppendorf AG 
Digital Sonifier® 250D, Branson-Emerson 
E-Box VX2 Imager, VILBER 
FACSCaliburTM, BD Biosciences 
FACSAriaTM II, BD Biosciences 
FluoView FV10i, Olympus 
Fridges and lab freezers, Liebherr 
HERAcell® 150i CO2-Incubator, Thermo ScientificTM 
HERAfreezeTM, Thermo ScientificTM 
HypercassettesTM, Amersham / GE Healthcare 
Innova® 40 shaker for bacteria, New BrunswickTM / Eppendorf AG 
Invitrogen Chamber for Ready Gels, InvitrogenTM 

Leica SP8 Confocal Laser Scanning Microscope 
Light cycler® 480 system, Roche Diagnostics GmbH 
LS4800 liquid nitrogen tank, Taylor-Wharton Lab Systems 
Magnetic thermo stirrer RCT basic IKA®, Laboratory Equipment 
Microscope Axiovert 40 CFL, Carl Zeiss AG 
MidiMACSTM Separator, Miltenyi Biotec 
Mini-Sub® Cell GT system for agarose electrophoresis, Bio-Rad Laboratories 
Mithras LB 940 Reader, Berthold Technologies 
Multifuge 3SR+, Thermo ScientificTM 
NanoPhotometer®, Implen GmbH 
Novex® Mini cell system for precast NuPAGE gels, Thermo ScientificTM 

NucleofectorTM 2b Device 
peqSTAR2x gradient thermocycler, Peqlab Life Science 
pH-meter pH720, InoLab WTW GmbH 
Pipetman neo (P10N, P20N, P100N, P200N, P1000N), Gilson® 
Polymax 1040 platform shaker, Heidolph Instruments 
PowerPacTM Basic power supply, Bio-Rad Laboratories 
PowerPacTM HC power supply, Bio-Rad Laboratories 
Precision balance 572 -37, Kern & Sohn GmbH 
Promega GloMax® Discover Microplate Reader 
Rotating Wheel 3000, Fröbel Labortechnik 
Safety cabinet HERAsafe® KS, Thermo Scientific 
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Scanner V750, Pro Epson® 
SDS-gel Electrophoresis chamber Mini-Protean, Bio-Rad Laboratories 
Sorvall® RC-5B centrifuge (rotors SS-24 & GS-3), Du Pont Instruments 
SRX-101A developer, Konica-Minolta 
Superose 6 PC 3.2/30 analytical column, GE Healthcare 
Tabletop centrifuge 5424, Eppendorf AG 
Thermo block MBT 250, Kleinfeld Labortechnik 
Thermomixer compact, Eppendorf AG 
Trans Blot Cell Blotting chamber, Bio-Rad Laboratories 
Tumbling roller mixer RM5, Neolab 
 
 
 
5.2 Reagents and chemical compounds 
 
 
Actinomycin D, Sigma-AldrichTM 
Amaxa® Cell Line Nucleofector® Kit V 
[alpha-P32]ATP, Hartmann Analytics 
β-Mercaptoethanol, Sigma-AldrichTM 
3x FLAG® Peptide, Sigma-AldrichTM 
Acetic acid, Carl Roth GmbH 
Adefodur developer solution, Adefo Chemie GmbH 
Adefofix fixer solution, Adefo Chemie GmbH 
Adenosintriphosphate (ATP), Sigma-AldrichTM 
Agarose NEEO, Carl Roth GmbH 
Albumin fraction V (BSA), Carl Roth GmbH 
Ammoniumbicarbonate, Sigma-AldrichTM 
Ammonium persulfate (APS), Carl Roth GmbH 
Ampicillin, Carl Roth GmbH 
ANTI-FLAG® M2 Affinity Gel, Sigma-AldrichTM 
ANTI-HA Agarose, Sigma-AldrichTM 
Aprotinin from bovine lung, Sigma-AldrichTM 
Aqua, sterile B., Braun Melsungen AG 
BES buffered saline, pH 7.1, Sigma-AldrichTM 
Bio-Rad DC protein assay (Lowry assay) 
Bortezomib 3.25 μM (pharmacy MRI, TUM) 
Bromphenol blue, Sigma-AldrichTM 

Buffer G, New England Biolabs® 
Calcium chloride (CaCl2), Sigma-AldrichTM 
Chelex resin, Bio-Rad Laboratories 
Coomassie Brilliant Blue, Carl Roth GmbH 
Cycloheximide (CHX), Sigma-AldrichTM 
Deoxynucleotide triphosphate (dNTP) mix (10mM), Thermo ScientificTM 
Dimethyl sulfoxide (DMSO), Carl Roth GmbH 
DNA Loading Dye (6x), Thermo ScientificTM 
Ethanol, Merck Millipore 
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Ethidium bromide Carl Roth GmbH 
Ethylendiamintetraacedtic acid (EDTA), Sigma-AldrichTM 
FACS Flow, BD Biosciences 
FLAG peptide, Sigma-AldrichTM 
Gluthatione Sepharose™ 4B, GE Healthcare 
Glycine, Carl Roth GmbH 
Glycerol, Sigma-AldrichTM 
Glycerol 2-phosphate disodium salt hydrate (G2P), Sigma-AldrichTM 
HA-Ubiquitin-Vinyl Sulfone, Boston Biochem 
HEPES, SERVA Electrophoresis GmbH 
Hexanucleotide Mix (10x), Roche Diagnostics GmbH 
Hoechst 33342 Thermo ScientificTM 
IL-8 Protein, PeproTech 
Imidazole, Sigma-AldrichTM 
Isopropanol, Carl Roth GmbH 
Isopropyl β-D-1-thiogalactopyranoside (IPTG), Sigma-AldrichTM 
L-Glutathione, Sigma-AldrichTM 
Leupeptin, Sigma-AldrichTM 
LipofectamineTM 2000 Reagent, Thermo ScientificTM 
Lithium chloride, Sigma-AldrichTM 
Lysozyme from chicken egg white, Sigma-AldrichTM 
Magnesium chloride (MgCl2), Sigma-AldrichTM 
Methanol, J.T.Baker® AvantorTM Performance Materials 
Nocodazole, Sigma-AldrichTM  
NuPAGE® MES SDS Running Buffer, InvitrogenTM 
Ni-NTA-Agarose, QIAGEN 
Okadaic acid, Sigma-AldrichTM 
Paraformaldehyde (PFA), Sigma-AldrichTM 
PBS Dulbecco powder, Biochrom Merck Millipore 
Phenylmethylsulfonyl fluoride (PMSF), Sigma-AldrichTM 
poly-D-lysine hydrobromide, Sigma-AldrichTM 
Ponceau S solution, Sigma-AldrichTM 
ProLong® GOLD antifade reagent with DAPI, Thermo ScientificTM 
Propidium iodide (PI), Sigma-AldrichTM 
Protein A Sepharose CL-4B, GE Healthcare 
Protein G Sepharose, Fast Flow, GE Healthcare 
Protein Kinase Buffer, New England Biolabs® 
Puromycin, Sigma-AldrichTM 
RO-3306, Sigma-AldrichTM 
Reparixin, Sigma-AldrichTM 
Skim milk powder Sigma-AldrichTM 
SlowFade Diamond Antifade Mountant, Thermo ScientificTM  
SOC medium, New England Biolabs® 
Sodium acetate, Merck Millipore 
Sodium azide (NaN3), Merck Millipore 
Sodium chloride (NaCl), Carl Roth GmbH 
Sodium citrate, Sigma-AldrichTM 
Sodium deoxycholate, Sigma-AldrichTM 
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Sodium dihydrogenphosphat, Merck Millipore 
Sodium dodecylsulfate (SDS), SERVA Electrophoresis GmbH 
Sodium fluoride (NaF), Sigma-AldrichTM 
Sodium hydroxid (NaOH), Carl Roth GmbH 
Sodium orthovanadate (Na3VO4), Sigma-AldrichTM 
Soybean trypsin inhibitor, Sigma-AldrichTM 
Strep-Tactin® Superflow 50%, IBA Life Sciences 
Strep-tag® elution buffer (10x) with D-Desthiobiotin, IBA Life Sciences 
Sucrose, Thermo ScientificTM 
SuperSignal® Stable Peroxide Solution, Thermo ScientificTM 
SuperSignal® Luminol/Enhancer Solution, Thermo ScientificTM 
Tetramethylethylenediamine (TEMED), Sigma-AldrichTM 
Thymidine, Sigma-AldrichTM 
Tosyl-L-lysyl-chloromethyl ketone hydrochloride (TLCK), Sigma-AldrichTM 
Tosyl-phenylalanyl-chloromethyl ketone (TPCK), Sigma-AldrichTM 
Trichloroacetic acid (TCA), Sigma-AldrichTM 
Tris(hydroxymethyl)aminomethane (TRIS), Carl Roth GmbH 
Tris buffered saline (TBS) (10X), Sigma-AldrichTM 
TritonTM X-100, Sigma-AldrichTM 

Trypan blue 0,4% solution, GibcoTM  
Trypsin inhibitor from soybean, Sigma-AldrichTM 
Tween 20, Sigma-AldrichTM 
Tween 80, Sigma-AldrichTM 
Ubiquitin-AMC, Boston Biochem 
Urea, Sigma-AldrichTM 
WP1130, Sigma-AldrichTM 
Z-VAD-FMK, Selleckchem 
 
 
 
5.3 Consumables 
 
 
3mm CHR paper Whatman TM, GE Healthcare 
Cell Scraper, SARSTEDT AG 
CELLSTAR ® serological pipettes (5ml, 10ml, 25ml), Greiner Bio-One GmbH 
CELLSTAR ® sterile PP tube (15ml, 50ml), Greiner Bio-One GmbH 
CL-XPosure TM Films, Thermo ScientificTM 
CryoPure Tubes with 1,6ml, SARSTEDT AG 
CULTUBE TM sterile culture tube T406-2A, Simport ® 
Flexi-PCR-Tubes with 0,2ml, Kisker Biotech GmbH 
LS Columns, Miltenyi Biotec 
Pipette tips (10 μl, 200 μl, 1000μl), SARSTEDT AG 
PVDF membrane (Immobilon ® -P), Merck Millipore 
Micro-fine insulin syringe, BD Medical 
SafeSeal micro tubes (1,5ml, 2,0ml), SARSTEDT AG 
Sterican ® disposable needle (26Gx1“), B. Braun Melsungen AG 
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Syringe Injekt ® (10ml), B. Braun Melsungen AG 
Syringe filter 0,45 μm, TPP Techno Plastic Products 
Tissue culture dish (100mm x 20mm), CORNING 
Tissue culture dish (150mm x 20mm; 6-well), TPP Techno Plastic Products 
UVette® cuvette (50-2000μl), Eppendorf AG 
Vasofix® saftey catheter, B. Braun Melsungen AG 
 
 
 
5.4 Enzymes 
 
 
AgeI, Thermo ScientificTM 
BamHI, Thermo ScientificTM 
BbSI, Thermo ScientificTM 
Benzonase® Nuclease, Sigma-AldrichTM 
CDK1-Cyclin B, Enzo Life Sciences AG 
DNAse I, Sigma-AldrichTM 

DpnI, Thermo ScientificTM 
EcoRI, Thermo ScientificTM 
KpnI, Thermo ScientificTM 
NheI, Thermo ScientificTM 
NotI, Thermo ScientificTM 
Ribonuclease A, Sigma-AldrichTM 
Pfu Ultra II DNA Polymerase, Agilent Technologies 
Proteinase K, Thermo ScientificTM 
Q5 Polymerase, Thermo ScientificTM 
RNAse A, Thermo ScientificTM 
SalI, Thermo ScientificTM 
SuperScript III Reverse Transcriptase, InvitrogenTM  (Thermo ScientificTM) 
T4 DNA Ligase, Roche Diagnostics GmbH 
XbaI, Thermo ScientificTM 
XhoI, Thermo ScientificTM 
 
 
 
5.5 Cell culture media and supplements  
 
 
Bovine Serum (BS), Biochrom Merck Millipore 
DMEM (Dulbecco's Modified Eagle's Medium), Gibco ® Life Technologies TM 

Fetal Bovine Serum (FBS), Gold Biochrom Merck Millipore 
GlutaMAX™ Supplement for McCoy´s medium, Gibco ® Life Technologies TM 

McCoy´s (modified) Medium 5A, Gibco ® Life Technologies TM 

Opti-MEMTM I reduced serum media, InvitrogenTM 

Phosphate buffered saline (PBS) used in 1:10 dilution sterile, Gibco® Life 
TechnologiesTM 
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Penicillin/ Streptomycin used in 1:100 dilution, Gibco ® Life Technologies TM  
Trypan Blue Stain (0,4%), Gibco ® Life TechnologiesTM 
Trypsin-EDTA (10X) solution, Biochrom Merck Millipore 
 
For SILAC experiments: 
„heavy medium“: Arg-10 0.8 mM and Lys-8 0.4 mM 
„medium medium“: Arg-6 and Lys-4 
Medium SILANTES: 282986444 and 282946423 
Proline 2 mM, Sigma-AldrichTM 
 
 
 
5.6 Primary antibodies (dilution and company) 
 
 
β-actin (1:5000, mouse, SigmaTM #A2228) 
Caspase 3 (1:1000, rabbit, Cell Signaling® #9665) 
Cleaved caspase 3 (1:500, rabbit, Cell Signaling® #9664) 
CUL1 (1:500, mouse, Invitrogen® #32-2400) 
Cyclin B1 (1:1000, mouse, Cell Signaling® #4138) 
Cyclin E (1:1000, mouse, gift of M. Pagano) 
FLAG (1:1000, rabbit, SigmaTM #F7425) 
FLAG M2 (1:1000, mouse, SigmaTM #F3165) 
HA-16B12 (1:1000, mouse, BioLegend® #901501) 
pHH3 (serine 10; 1:500, rabbit, Cell Signaling® #9701) 
IgG (2.5 µg for ChIP, rabbit, Cell Signaling®, #2729) 
PLK1 (1:500, rabbit, Invitrogen® #33-1700) 
USP9X (for WB: 1:1000, rabbit, Bethyl Laboratorys® #A301-351A) 
USP9X (for WB of U2-OSWT or USP9XMUT U2-OS cells: 1:1000, rabbit, Novus 
Biologicals® #NBP1-48321) 
USP9X (for IF: 1:500, rabbit, Proteintech® #55054-1-AP) 
WT1 (for WB: 1:1000, rabbit, Abcam #89901; for endogenous IP: rabbit, Cell Signaling® 
#83535; and for ChIP: 90 µl per IP, rabbit, kind gift of Dr. Stefan Roberts) 
PARP1 (1:1000, rabbit, Diagenode® #C15410245) 
IL-8 (1:1000, mouse, R&D Systems® #MAB208) 
 
 
 
5.7 Primary antibodies costume-made 
 
 
USP9X phosphorylation on serine 2563 (1:1000, rabbit, custom-made by Innovagen®) 
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5.8 Secondary antibodies 
 
 
anti-mouse IgG Alexa Fluor 488, Life Technologies 
anti-mouse IgG Alexa Fluor 594, Life Technologies 
anti-rabbit IgG Alexa Fluor 488, Life Technologies 
anti-rabbit IgG Alexa Fluor 594, Life Technologies 
anti-goat IgG, HRP-linked (#sc-2020), Santa Cruz Biotechnology ® 
 
 
 
5.9 Kits 
 
 
DNeasy Blood & Tissue Kits, Quiagen 
DualGlo Luciferase Assay System, Promega 
GeneJET™ Gel Extraction Kit, Thermo ScientificTM 
GeneJET™ PCR Purification Kit, Thermo ScientificTM  
Human IL-8 ELISA Kit, Proteintech 
peqGOLD Plasmid Miniprep Kit, Peqlab Life Science 
Plasmid Maxi Kit, Qiagen 
Rapid DNA Dephos & Ligation Kit, Roche Diagnostics GmbH 
RNeasy Mini Kit, Qiagen 
Calibration Kit MWGF200, Sigma-AldrichTM 
LightCycler 480 SYBR Green I Master, Roche Diagnostics GmbH 
 
 
 
5.10 Primers 
 
 
5.10.1   Primers used for quantitative RT-PCR 

CDC14B forward 5′-GTGCCATTGCAGTACATT-3′ 

CDC14B reverse 5′-AGCAGGCTATCAGAGTG-3′ 

CXCL8 forward 5′-ATG ACT TCC AAG CTG GCC GTG GCT-3′ 

CXCL8 reverse 5′-TCT CAG CCC TCT TCA AAA ACT TCT-3′ 

RPLP0 forward 5′-GCACTGGAAGTCCAACTACTTC-3′ 

RPLP0 reverse 5′-TGAGGTCCTCCTTGGTGAACAC-3′ 

HNRNPK forward 5′-AGCACTGCAGACGCCATTAT-3′ 
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HNRNPK reverse 5′-AAACGGGCACACCAATCAGT-3′ 

 

5.10.2   Primers used for ChIP 

CXCL8 prom forward 5′-AAGTGTGATGACTCAGGTTTGCC-3′ 

CXCL8 prom reverse 5′-GAGTGCTCCGGTGGCTTTTTA-3′ 

 

5.10.3   Primers used for luciferase reporter assay 

CXCL8 forward 5′-CTGAGCCTCGAGAAATTATTTTAAAGATCAAAGAAAAC-3′ 

CXCL8 reverse 5′-GCTCAGAAGCTTTGTGCCTTATGGAGTGCTC-3′ 

 

5.10.4   Primers used for cloning of CDC14B 

CDC14B forward 5′-CCGCTCGAGAAGCGGAAAAGCGAGCGGC-3′ 

CDC14B reverse 5′-CCGGGGCCCTTAACGCAAGACTGTTTTAGTCC-3′ 

 

5.10.5   Primers used for GST-USP9X constructs 

USP9X forward 5′-GCCGGATCCGAAGTTTCAGAGCATGGGCGTCATTTAC-3′ 

USP9X_WT reverse 5′-GCCGTCGACCCTTGATCCTTGGTTTGAGGTG-3′ 

 

5.10.6   Primers used for USP9X S2563A mutagenesis PCR 

USP9X mutagenesis forward 

5′-GAAGGCAGTGAAGAAGTAGCCCCACCTCAAACCAAGGATC-3′ 

USP9X mutagenesis reverse 

5′-GATCCTTGGTTTGAGGTGGGGCTACTTCTTCACTGCCTTC-3′ 
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5.10.7   Primers used for cloning WT1 constructs 

WT1 forward 5′-GCCGGTACCTCTGCAGGACCCGGCTTCCACGTGTG-3′ 

WT1 reverse 5′-GCCGCGGCCGCTCAAAGCGCCAGCTGGAGTTTGG-3′ 

 

5.10.8   Primers used for cloning 6xHis-Ubiquitin construct 

Ubiquitin forward 

5′-GCCACCGGTGCCACCATGCATCATCACCATCACCACATGCAGA 

TCTTCGTGAAAACCCTTACC-3′ 

Ubiquitin reverse 5′-GCCTCTAGACTAACCACCTCTCAGACGCAGG-3′ 

 

5.10.9   Primers for short hairpin RNA (shRNA) 

USP9X shRNA 5′-GATGAGGAACCTGCATTTCCA-3′ 

 

5.10.10   Primers used as single guide RNA (sgRNA) 

USP9X forward 5′-CACCGAGTATCCCCACCTCAAACCA-3´ 

USP9X reverse 5′-AAACTTGGTTTGAGGTGGGGATACTC-3´ 

 

5.10.11   Primers used for amplification of genomic DNA after genome editing 

USP9X_Crispr_PCR_forward 

5′-GGCCCATGTGCATGGACAGCCATATACAGGCCC-3′ 

USP9X_Crispr_PCR_reverse  

5′-GGCGATAAGACAGTGAATAAACTCTCCACTCCATGTTG-3′ 
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5.11 Short interfering RNA 
 
 
CDC14B (cat. no. L-003470-00), Thermo Scientific Dharmacon® 
USP9X (cat. no. L-006099-00), Thermo Scientific Dharmacon® 
WT1 (cat. no. L-009101-00; and cat. no. J-009101-08), Thermo Scientific Dharmacon® 
CXCL8 (cat. no. L-004756-00), Thermo Scientific Dharmacon® 
 
 
 
5.12 Plasmids 
 
 
C-SF-TAP-pcDNA3.0, Prof. Dr. M.Ueffing (Gloeckner et al., 2007) 
N-SF-TAP-pcDNA3.0 Prof. Dr. M.Ueffing (Gloeckner et al., 2007) 
C-SF-TAP-pcDNA3.0-CDC14B, cloned by V. Fernandez-Saiz 
pcDNA3.1-FLAG, Prof. Dr. F. Bassermann 
pcDNA3.1-HA, Prof. Dr. F. Bassermann 
pcDNA3.1-FLAG-USP9XWT, cloned by K. Clemm von Hohenberg 
pcDNA3.1-FLAG-USP9XS2563A, cloned by K. Clemm von Hohenberg 
pcDNA3.1-FLAG-WT1, cloned by M. Dietachmayr 
pcDNA3.1-HA-WT1, cloned by M. Dietachmayr 
pcDNA3.1-2xStrep-WT1, cloned by M. Dietachmayr 
pSpCas9(BB)-2A-Puro (PX459) kind gift from F. Zhang 
NanoLuc vector (pNL1.1) Promega (#N1001) 
pGEX4T2-USP9XWT-C-terminal fragment 
pGEX4T2-USP9XS2563A-C-terminal fragment 
plenti puro 6xHis-Ubiquitin 
 
 
 
5.13 Bacteria 
 
 
BL21(DE3) Competent E. coli, New England Biolabs 
NEB®-alpha Competent E. coli, New England Biolabs 
 
 
 
5.14 Cell lines 
 
HEK 293T human embryonic kidney cell line, ATCC (American Type Culture Collection) 
(CRL-3216) 
U-2 OS, ATCC (American Type Culture Collection) HTB-96TM 
A549, ATCC (American Type Culture Collection) CRM-CCL-185™ 
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HeLa human cervix carcinoma cell line, ATCC (CCL-2) 
 
 
 
5.15 Solutions and Buffer 
 
 
Cell lysis buffer 
Tris/HCl pH 7.5 50 mM 
NaCl 250 mM 
Ethylenediaminetetraacetic acid (EDTA) 1 mM 
Triton X-100 0,1% 
NaF 50 mM 
Aprotinin 1 μg/ml  
Leupeptin 1 μg/ml  
Tosyl phenylalanyl chloromethyl ketone 10 μg/ml  
Tosyl-L-lysyl-chloromethane hydrochloride 5 μg/m 
Sodium orthovanadate 0.1 mM 
DTT 1 mM 
Glycerol-bisphosphate 10 mM 
phenylmethylsulfonyl fluoride (PMSF) 0.1 mM 
 
 
Cell lysis buffer for immunoprecipitation experiments 
Tris/HCl pH 7.5 50 mM 
NaCl 150 mM 
EDTA 1 mM 
NP40 0,1% 
MgCl2 5 mM 
Glycerol 5% 
Aprotinin 1 μg/ml  
Leupeptin 1 μg/ml  
Tosyl phenylalanyl chloromethyl ketone 10 μg/ml  
Tosyl-L-lysyl-chloromethane hydrochloride 5 μg/m 
Sodium orthovanadate 0.1 mM 
DTT 1 mM 
Glycerol-bisphosphate 10 mM 
Phenylmethylsulfonyl fluoride (PMSF) 0.1 mM 
 
 
Cell lysis buffer for ChIP 
HEPES pH 7.5 25 mM 
NaCl 150 mM 
EDTA 20 mM 
NP40 0.5% (v/v) 
1% Triton X-100 
Aprotinin 1 μg/ml  
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Leupeptin 1 μg/ml  
Tosyl phenylalanyl chloromethyl ketone 10 μg/ml  
Tosyl-L-lysyl-chloromethane hydrochloride 5 μg/m 
Sodium orthovanadate 0.1 mM 
DTT 1 mM 
Glycerol-bisphosphate 10 mM 
Phenylmethylsulfonyl fluoride (PMSF) 0.1 mM 
 
 
Cell lysis buffer for nuclei 
HEPES pH 8.0 50 mM 
NaCl 150 mM  
EDTA 20 mM 
NP40 1% (v/v) 
Na deoxycholate 5% (w/v) 
 
 
Lysis buffer for mass spectrometry 
Tris/HCl pH 7.5 50 mM 
NaCl 150mM 
EDTA 1mM 
NP40 0.1% 
MgCl2 5 mM 
Glycerol 5% 
Aprotinin 1 μg/ml  
Leupeptin 1 μg/ml  
Tosyl phenylalanyl chloromethyl ketone 10 μg/ml  
Tosyl-L-lysyl-chloromethane hydrochloride 5 μg/m 
Sodium orthovanadate 0.1 mM 
DTT 1 mM 
Glycerol-bisphosphate 10 mM 
Phenylmethylsulfonyl fluoride (PMSF) 0.1 mM 
 
 
Protein kinase buffer 
895µl aqua dest. 
ATP 10mM 5µl 
Protein Kinase Buffer (10X) 100µl 
 
Urea cell lysis buffer 
Urea 8 M 
NaCl 300 mM 
NP40 0.5% 
Na2HPO4 50 mM 
Tris pH 8.0 50 mM 
Imidazole 20 mM 
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Urea washing buffer A 
Urea 8M 
NaCl 300 mM 
NP40 0,5% 
Na2HPO4 50 mM 
Tris pH 6.3 50 mM 
 
 
Urea washing buffer B 
Urea 8 M 
NaCl 300 mM 
NP40 0.5% 
Na2HPO4 50 mM 
Tris pH 6.3 50 mM 
Imidazole 10 mM) 
 
 
Cell lysis for in vivo ubiquitylation assay 
Tris/HCl pH 7.5 50 mM 
NaCl 250 mM 
EDTA 1 mM 
Triton X-100 0.1% 
NaF 50 mM 
Aprotinin 1 μg/ml  
Leupeptin 1 μg/ml  
Tosyl phenylalanyl chloromethyl ketone 10 μg/ml  
Tosyl-L-lysyl-chloromethane hydrochloride 5 μg/m 
Sodium orthovanadate 0.1 mM 
DTT 1 mM 
Glycerol-bisphosphate 10 mM 
Phenylmethylsulfonyl fluoride (PMSF) 0.1 mM 
 
 
Coomassie destaining buffer 
45% methanol 
10% acetic acid 
50% aqua dest. 
 
Coomassie staining 
45% methanol 
10% acetic acid 
0.25% Coomassie brilliant blue 
 
 
DUB buffer for DUB activity assay with Ubiquitin-AMC 
Hepes 50mM 
NaCl 100mM 
EDTA 1mM 
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DTT 5mM 
Tween 20 0,05% 
MgCl2 5mM 
 
 
DUB buffer for DUB activity assay with HA-Ubiquitin-VS 
Tris/HCl pH 7.4 50 mM 
MgCl2 5 mM 
Sucrose 250 mM 
DTT 1 mM 
ATP 2 mM 
 
 
Immunofluorescence buffer 
PBS (1×) 
0.5% Tween 20 
 
 
Laemmli buffer 
Tris/HCl pH 6.8 300 mM 
50% glycerol 
10% SDS 
5% β-mercaptoethanol 
0.05% bromphenolblue 
 
 
GST-lysis buffer 
Tris/HCl pH 8.0 20 mM 
NaCl 100 mM 
NP40 0.5% 
EDTA 1 mM 
PMSF 2 mM 
Aprotinin 1 μg/ml  
Leupeptin 1 μg/ml  
Tosyl phenylalanyl chloromethyl ketone 10 μg/ml  
Tosyl-L-lysyl-chloromethane hydrochloride 5 μg/m 
Sodium orthovanadate 0.1 mM 
DTT 1 mM 
Glycerol-bisphosphate 10 mM 0.1 mM 
 
 
Luria-Bertani (LB) medium 
1% Bacto Tryptone 
0.5% Bacto Yeast Extract 
170 mM NaCl 
 
 
Luria-Bertani (LB)-agar plates 
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LB medium 
1.5% Bacto Aga 
 
 
SDS seperating gel buffer 
1.5 M Tris pH 8.8 
 
 
SDS stacking gel buffer 
0.5 M Tris pH 6.8 
 
 
SDS transfer buffer 
48 mM Tris pH 7.5 
39 mM glycine 
20% methanol 
 
Blocking buffer for Western Blot 
PBS (1×) 
0.1% Tween 20 
5% skim milk powder 
Washing buffer for Western Blot membranes 
PBS (1×) 
0.1% Tween 20 
 
 
Stripping buffer for Western Blot membranes 
62.5 mM Tris pH 6.8 
0.867% β-Mercaptoethanol 
2% SDS 
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6. Methods 
 
 
 
6.1 Molecular biology 
 
 
 
6.1.1 Polymerase chain reaction 
Polymerase chain reaction (PCR) is a biochemical technique to amply specific DNA 
fragments. The technique is based on oligonucleotides which anneal to a certain DNA 
fragment and which are further needed for amplification of this certain DNA by a 
thermostable DNA-polymerase. 
For PCR reaction a reaction mix was prepared which contained 200 ng of template DNA, 
10 pmol each of forward and reverse primers, 1 μl dNTPs (10mM each), 1 μl Pfu Ultra II 
DNA Polymerase and 5μl of the according 10× reaction buffer. The volume to 50µl was 
filled up with aqua disilled. The settings for the reaction were a denaturation temperature 
of 95°C, annealing temperature depending on the sequence of the primers between 52-
65°C (meaning 5°C lower than the melting temperature) and an amplification temperature 
of 72°C for 30sec per 1000bp of DNA-fragment to be amplified. 
 
 
 
6.1.2 Mutagenesis PCR 
To generate a mutated version of a double-stranded DNA the technique of site-directed 
mutagenesis was applied. This technique is based on amplification of DNA in a 
polymerase chain reaction. The primers which are used are designed in a way to harbor 
a mutation of the gene of interest leading to a point mutation. Beside this, it would also be 
possible to generation insertions or deletion in a double-stranded DNA. The 
complementary primers which were used had a length of about 35-40 bp length. The 
primers were designed that the mutated base pair was flanked by about 15-20 compatible 
base pairs to the 5´and 3´ending of DNA. 
For the PCR a reaction mix was prepared which contained 50ng of template cDNA. The 
rest of the mixture and the settings of the PCR was like above. Except the annealing 
temperature which was chosen about 10°C lower than the melting temperature of the 
oligonucleotides. Afterwards, the PCR products were digested with 1µl DpnI which 
cleaves methylated DNA. In a next step, PCR products were run in a gel electrophoresis 
(6.1.11). PCR product of interest with expected size was cut out of gel and purified with 
the GeneJet Gel Extraction Kit (Thermo Scientific) according to the manual. Further, 
purified DNA was transformed into bacteria (6.1.9). Next, bacteria were plated on LB agar 
plates and incubated overnight. Growing clones were further picked for incubation, DNA 
was extracted and cDNA was sent for sequencing (6.1.10). 
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6.1.3 RNA extraction 
For measuring mRNA amounts to evaluate gene expression of specific genes RNA needs 
to be extracted from eucaryotic cells. This was done with the RNeasy Mini Kit 
(Qiagen) following the manual. 
 
 
 
6.1.4 Reverse transcription of mRNA into DNA 
Reverse transcription is a method to produce cDNA out of mRNA depending on the 
reverse transcription activity of a transcriptase. The resulting cDNA can further be 
quantified by the technique of quantitative RT-PCR (6.1.5). 
To product cDNA, 1µg extracted RNA (6.1.3) was incubated with oligo-dT primers at 42°C 
for 5min. Afterwards, polyA-tails, dNTPs and SuperScript III Reverse Transcriptase were 
added and incubated for 60min at 72°C for producing cDNA. The SuperScript III enzyme 
was deactivated by boiling reaction mix at 95°C for 10min.  
 
 
 
6.1.5 Quantitative RT-PCR 
Quantitative Real-time PCR (RT-PCR), is a PCR-based method to quantify DNA which 
was for example generated from mRNA. The technique is based on amplification of DNA 
by PCR using oligonucleotides of interest, a DNA Polymerase and a dye for double-
stranded-DNA. In this case the LightCycler® 480 SYBR Green I Master containing SYBR 
Green was used which specifically binds to double-stranded amplicons. Fluorescence 
signal can be detected and correlates with the amount of synthesized DNA, therefore 
correlates with the initial DNA amount. The quantitative RT-PCR machine which was used 
for this experiment was a LightCycler 480 by Roche following the manufacturer’s 
instructions. Each condition was performed in technical triplicates in a 96-well plate. The 
DNA which was used was a reverse transcribed cDNA from cells of the corresponding 
experiment. 
Primers of target genes are listed in 5.10 and were either designed according to the 
internal laboratory standard or sequences used as in former publications. To normalized 
the input of total cDNA the reference genes RPLP0 and HNRNPK were amplified and 
measured. 
 
 
 
6.1.6 Cloning 
Cloning is a molecular method to generate recombinant DNA plasmids. First, DNA 
fragments (for example PCR-products) and the plasmid which should carry the new 
fragment are incubated with restriction enzymes, ligated and transformed into bacteria. 
Afterwards, bacteria can be grown and the plasmid of interest can be isolated from those 
bacteria. 
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6.1.7 Digestion of DNA 
For cloning DNA, for example PCR products which were amplified before, into plasmid 
restriction enzymes were used. Those enzymes recognized and cut certain sequences in 
DNA. The result of cutting with restriction enzymes is a DNA fragment with one of two 
strands overhanding. 
First of all, PCR product and 1µg of plasmid were incubated separately with specific 
restriction enzymes for 1h at 37°C. The reaction was incubated in a specific buffer fitting 
the corresponding enzyme. 
 
 
 
6.1.8 Ligation 
DNA ligation was performed using the Rapid DNA Dephos & Ligation Kit (Roche) 
according to the manufacturer´s instructions. In brief, ligation was done with insert and 
vector at a ratio of 4:1 in weight. About 200ng of DNA insert and about 50-100ng of vector 
were used. The reaction mixture containing T4 ligase was filled up to 20µl and incubated 
for 5min at room temperature.  
 
 
 
6.1.9 Transformation of DNA into bacteria and selection 
Ligated DNA insert and vector were transformed into NEB® 5-alpha competent E. coli. To 
this end, 2µl of the ligation reaction mixture were used (6.1.8) and incubated it with 25µl 
of competent bacteria for 30min on ice. Afterwards, a heat shock was performed for 30 
seconds at 42°C to increase the membrane permeability of bacteria to enhance uptake of 
the ligated vector and insert. Further, 200µl of SOC media were added to the bacteria for 
recovering for 1h at 37°C. Then, bacteria were plated on LB agar plates containing the 
antibiotic ampicillin and incubated at 37°C overnight. The plasmid which was transformed 
-beside the insert- encoded for a resistance gene against ampicillin. Therefore, it could be 
expected that only bacteria containing the plasmid can grow on the LB agar plates. 
 
 
 
6.1.10   DNA isolation und test digestion 
To identify a bacterial clone harboring the plasmid of interest several clones were picked 
and grown on the LB agar plate to culture them separately in 5ml LB liquid media overnight 
at 37°C shaking at 250rpm. DNA was extracted from those bacterial clones with the 
PeqGOLD Plasmid Miniprep Kit (Peqlab Life Science) following the manual. Afterwards, 
DNA was test-digested with restriction enzymes with the result of specific DNA fragments 
which were only obtained if our DNA of interest was inserted into the plasmid in the ligation 
process. DNA fragments were run in a gel electrophoresis as described below (6.1.11). If 
the DNA fragments were correct in the expected size, they were sent for sequencing with 
the respective primers. 
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6.1.11   Gel electrophoresis and gel purification 
Agarose gel electrophoresis is a method to separate DNA in an electric field depending 
on the size of each DNA fragment or plasmid.  
First of all, specific DNA was mixed with a 6x loading DNA dye. Further, DNA was loaded 
on a 1% agarose gel (1% agarose in 1xTBS buffer and supplemented with ethidium 
bromide) and an electric field was applied for separation using a Mini-Sub® Cell GT 
system for agarose electrophoresis. Afterwards, UV-light can be used to visualize 
ethidium bromide which has been added to the gel before and which interacts with the 
loaded DNA. The DNA size can be measured with a DNA ladder which was also initially 
loaded on the agarose gel. 
 
 
 
6.2 Biochemical methods 
 
 
 
6.2.1 Cell lysis 
For cell lysis to extract cellular proteins and to obtain a whole cell lysate, cells were 
resuspended in 20-100µl cell lysis buffer supplemented with inhibitors (see 5.15). The 
amount of cell lysis buffer used depends on the number of cells used. After 20 min 
incubation on ice, samples were centrifuged for 20 min at 20,800 × g at 4 °C with a Cool-
Centrifuge 5417R. Finally, supernatants were transferred into a new Eppendorf tube and 
protein concentrations of supernatants were measured with the colorimetric Bio-Rad DC 
protein assay based on the Lowry method (Lowry, Rosebrough et al. 1951). Afterwards, 
samples were mixed with 5x Laemmli and boiled for 5min at 95°C using a Thermo block 
MBT 250 before loading on an SDS-Gel in equal amounts for electrophoresis. 
 
 
 
6.2.2 Cell lysis and co-Immunoprecipitation experiments 
Immunoprecipitation (IP) is a biochemical method where specific cellular proteins are 
bound by a specific antibody after cell lysis. After further purification steps, interactions of 
immunoprecipitated proteins with co-immunoprecipitated proteins can be measured. 
Proteins of interest can either be overexpressed in eukaryotic cells via transfecting cells 
with cDNA. If the protein is attached to a tag, this tag can be used depending on its amino 
acids for purification in immunoprecipitation experiments with the corresponding 
antibodies. These antibodies are mostly conjugated to agarose or sepharose beads. For 
immunoprecipitating endogenous proteins antibodies for the corresponding proteins can 
be applied and further bound by protein A or G antibodies which are conjugated to agarose 
or sepharose beads. 
 
For cell lysis of immunoprecipitation experiments, cells were resuspended in 500- 1000µl 
of cell lysis buffer of immunoprecipitation experiments containing inhibitors. Samples were 
incubated on ice for 20 min and centrifuged for 20 min at 20,800 × g at 4 °C with a Cool-
Centrifuge 5417R, supernatant was divided into samples for whole cell extract and for 
immunoprecipitation. The latter were incubated with 10µl corresponding beads for 
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1.5 hours at 4 °C rotating on a Rotating Wheel 3000. Before using the beads they were 
washed twice with PBS and 1 time with lysis buffer. 
For immunoprecipitation of endogenous proteins, 1-3µg of the respective antibody were 
added to the cell lysate and rotated the sample for 1.5h at 4°C rotating on a Rotating 
Wheel 3000. Thereafter, 10 µl of protein A or G agarose or sepharose beads which were 
blocked with 5% BSA in PBS and washed 2 times with PBS were added. 
Further, beads with the immunoprecipitated proteins were centrifuged for 2 min at 200 × g 
with a Cool-Centrifuge 5417R. Supernatant was removed and 1ml of cell lysis buffer as 
mentioned above was added to the beads. The tube was inverted several times and 
centrifuged for 2 min at 200 × g with a Cool-Centrifuge 5417R. These steps were repeated 
three times. Before loading samples on SDS gel for electrophoresis protein concentration 
of whole cell extracts were measured as described above (6.2.1) and mixed with 5x 
Laemmli Buffer. Beads with immunoprecipitated proteins were mixed with 50µl of 1x 
Laemmli Buffer. Finally, whole cell extracts and immunoprecipitates were incubated for 
10min and 5 min at 95°C using a Thermo block MBT 250, respectively. 
 
For SILAC-based ubiquitin purification a protocol for ubiquitin purification under 
denaturing conditions (Maine, Li et al. 2010) was slightly modified. First, cells were lysed 
in 7ml urea cell lysis buffer, resuspended 10 times and sonicated with the sonicator Digital 
Sonifier® 250D for 1 sec with an amplitude of 51% for 13 times with a pause of 1,5 
seconds. Lysis was enhanced by aspiration lysates with a syringe. Next, samples were 
centrifuged for 20 min at 20,800 × g at 4 °C with a Cool-Centrifuge 5417R. Immediately 
after lysis, an aliquot of each sample was taken as whole cell extract and protein 
concentrations were measured. Afterward, the control knockdown and the USP9X 
knockdown of asynchronous and mitotic samples were combined using 22,5mg each to 
purify ubiquitinated proteins with 670µl Ni-NTA-Agarose (Qiagen). After rotating at 4 °C 
for 1.5 h on Rotating Wheel 3000, Ni-NTA-Agarose was centrifuged for 2 min at 200 × g 
with a Cool-Centrifuge 5417R, supernatant was removed, and 10ml lysis buffer was 
added. Ni-NTA-Agarose was then rotated at room temperature for 5 min in lysis buffer on 
a Tumbling roller mixer RM5, centrifuged for 2 min at 200 × g, and supernatant was again 
removed. These washing steps were repeated twice with urea washing buffer A and twice 
with urea washing buffer B adding 10ml each step. Finally, Ni-NTA beads were washed 
once with ammoniumbicarbonate 50 mM solution as described above prior to on-bead 
proteolysis and liquid chromatography–mass spectrometry (LC-MS)/MS analysis done by 
Christian Johannes Gloeckner. 
 
 
 
6.2.3 In vivo ubiquitylation assay 
For in vivo ubiquitylation cells were transfected with cDNA to express proteins with a 
double Strep-tag. After harvesting, cells were directly lysed without freezing in 200-500µl 
lysis buffer depending on the number of cells. Samples were resuspended several times, 
incubated for 10 min on ice and then centrifuged for 10 min at 20,800 × g at 4 °C using a 
Cool-Centrifuge 5417R. Subsequently supernatant was divided for precipitation 
experiment and for whole cell lysates. To 100µl of sample sodium dodecyl sulfate (SDS) 
and EDTA were added to a final concentrations of 1% and 5 mM, respectively. For 
denaturation, samples were boiled at 95 °C for 5 min using a Thermo block MBT 250. 
Afterwards, for quenching 900µl of lysis buffer containing 10 % of Triton X were added. 
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Hence, for affinity-based purification Strep-Tactin® Superflow® was washed twice in PBS 
and once in lysis buffer. Further, 10µl of Strep-Tactin® Superflow® were added to 
quenched proteins. Next, samples were incubated for 1.5 h rotating at 4 °C on a Rotating 
Wheel 3000. In a further step, purified proteins were centrifuged for 2 min at 200 × g with 
a Cool-Centrifuge 5417R. Supernatant was removed and 500-1000µl lysis buffer were 
added and the tube inverted. Afterwards, samples were centrifuged again like mentioned 
above and washing steps were repeated for 4 times. Finally, supernatant was removed, 
30µl of 1x Laemmli were added and samples boiled at 95°C for 5 min. 
 
 
 
6.2.4 SDS polyacrylamide gel electrophoresis (SDS-PAGE) 
SDS polyacrylamide gel electrophoresis is a technique of biochemistry to separate 
proteins depending on their molecular weight. This can be established via loading proteins 
on a polyacrylamide gel containing SDS which coats proteins resulting in a negative 
charge of the proteins. When this gel is subjected to an electric field, proteins migrate 
depending on their weight, not their electric loading. 
Separating gel with different concentrations of polyacrylamide were prepared depending 
on the proteins which were further analyzed for Western Blot. For a 10% separating gel, 
4.8 ml of H2O, 2.5 ml of 1,5 M Tris (pH 8.8), 2.5 ml of 40% acrylamide, 100 μl of 10% APS, 
100 μl of 10% SDS and 4 μl TEMED were mixed. Further, gels were poured in specific 
chambers and allowed to polymerize in a gel caster. The stacking gel mixture was 
independent of further Western Blot analysis and consisted of 3 ml H2O, 1.25 ml of 0.5 M 
Tris (pH 6.8), 550 μl acrylamide, 50 μl of 10% SDS and 10% APS and 5 μl TEMED. The 
gel was poured on top of the separating gel and polymerized. When separating and 
stacking gels were polymerized, proteins samples were loaded onto SDS-polyacrylamide 
gels. For measuring protein weight a molecular weight marker was also loaded. For whole 
cell lysates 15–25 μg protein per sample and slot were loaded, for immune- and affinity-
based experiments between 10 and 30 µl of 1x Laemmli mixed with beads were loaded. 
Afterwards, for gel electrophoresis in running buffer a voltage of 80–120 V was applied 
using a PowerPacTM Basic power supply and a SDS gel electrophoresis chamber Mini-
Protean. Following gel electrophoresis, proteins were transferred to a polyvinylidene 
difluoride (PVDF) membrane for further immunoblotting. 
 
 
 
6.2.5 Western Blot or Immunoblot analysis 
Western Blot analysis is a technique to detected proteins via a specific antibody-protein 
binding. First of all, proteins are separated by polyacrylamide gel electrophoresis as 
described above (6.2.4). In the next step, proteins are transferred from the polyacrylamide 
gel to a polyvinylidene difluoride (PVDF) membrane. This is established by applying an 
electric field of 30V overnight at 4°C in blotting buffer using a PowerPacTM Basic power 
supply and a Trans Blot Cell Blotting chamber. Next, to ensure prober transferring of 
proteins the whole membrane was dyed with Ponceau S. The following steps were 
destaining with washing buffer (WB) for 10 min and blocking unspecific antibody-binding 
to the membrane by incubating the membrane for 15min in blocking buffer, each done on 
a Polymax 1040 platform shaker. Afterwards, membranes were incubated with antibodies 
which specifically bind to proteins of interest diluted in 5% milk (dilutions described in 5.6) 
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for 1,5 hours at room temperature or overnight at 4°C on Tumbling roller mixer RM5. Then, 
membranes were washed 3 times with washing buffer on a Polymax 1040 platform shaker 
to remove any residual, non-binding first antibodies. Hence, membranes were incubated 
with antibodies coupled to HRP (horse radish peroxidase in a dilution of 1:5000 in 5% 
milk. Those HRP-coupled antibodies can bind the first antibodies in a specific way, 
depending on the species in which the first antibody was produced. Membranes were 
incubated for 30 min at room temperature on a Polymax 1040 platform shaker following 
washing of the membranes for 4 times 10 min each step with washing buffer. Developing 
was done by using enhanced chemiluminescence. We incubated membranes with HRP 
coupled antibodies with chemiluminescence substrates. HRP uses a chemical substrate 
to generate a luminescent signal that can be measured with photosensitive films. In a next 
step, luminescence can be measured by photosensitive films. Therefore, in a 
HypercassettesTM films were brought in contact with luminescence emitting membranes 
and films were developed using the SRX-101A developer. For developing and fixing of 
films Adefodur developer solution and Adefofix fixer solution were used. The films were 
exposed to membranes depending on the luminescence signal to get a non-saturated 
signal. Quantification and normalization of Western Blot signal were done with the 
software ImageJ (image analysis software). 
 
 
 
6.2.6 Reincubation of Western Blot membranes 
For reincubation of Western Blot membranes with different antibodies previously bound 
antibodies had to be removed from the PVDF membrane. First, membranes were 
activated with methanol, incubated with distilled water for 1 min and further with stripping 
buffer at 65°C for 45min. Afterwards, membranes were washed 4 times 15min at room 
temperature on a Polymax 1040 platform shaker and blocked in 5% milk for 10min and 
incubated with a first antibody as described in 6.2.5. 
 
 
 
6.2.7 Induction and purification of GST-tagged proteins 
For in vitro assays with purified proteins the technique of GST-tagged protein purification 
was applied.  
Initially two variants of cDNA coding for C-terminal truncated USP9X with the amino acids 
2165 to 2570 were cloned into the vector pGEX-4T2 as described in 6.1.6. One variant 
encodes for truncated USP9X wildtype, the other one harbors alanine instead of serine 
on position 2563. This allowed to express a GST-tagged truncated version of USP9X in 
bacteria after transformation in E. coli BL21. The advantage of the vector pGEX-4T2 is 
that the gene of interest is under a LAC promoter, which is blocked by a Lac repressor 
molecule. Adding isopropyl β-D-1-thiogalactopyranoside (IPTG) can inhibit the repressor 
meaning expression of the coded protein. 
To express GST-fused USP9X variants E. coli BL21 were transformed with the pGEX-
4T2 vector coding for the USP9X variants. To this end, E. coli BL21 were thawed on ice, 
then 20µl of bacteria were mixed with 0,34µl β-mercaptoethanol and incubated for 10min 
on ice. Next, 50ng of plasmid were added and bacteria were slightly mixed. After 30min 
on ice, bacteria were heated shocked at 42°C for 45sec and again kept on ice for 2 
minutes. Afterwards, 900µl of 42°C SOC medium were added followed by shaking 30min 
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at 37°C. Further, transformed bacteria were transferred into 5ml liquid LB media overnight 
at 37°C with 200rpm. This was called preculturing. Then the bacteria of preculture were 
diluted in 200ml LB liquid media in Erlenmeyer flasks without ampicillin and bacteria were 
grown until an optical density of 0,8 (OD600). The OD600 was measured with the 
NanoPhotometer®. When OD600 of 0,8 was reached, IPTG was added to a final 
concentration of 1,5mM which induced protein expression in E. coli BL21 for 16 hours at 
16°C at 200 rpm. Afterwards, bacteria were pelleted by centrifugation for 20 min at 4°C 
and pellets were frozen at -80°C. 
For lysis of bacteria and following purification of the truncated GST-tagged USP9X protein 
the bacteria pellets were resuspended in NETN buffer. Afterwards, bacteria were 
incubated with lysozyme at a concentration of 100µg/ml and incubated for 40min at 4°C. 
Then, sonification with the sonicator Digital Sonifier® 250D followed with an amplitude of 
51% for 1,1 seconds with a pause of 0,5 second. This step was repeated for 11 times. 
Next, lysates were centrifuged for 20min with 15300xg at 4°C. Then, for purification GST-
tagged USP9X supernatants were incubated with Glutathione Sepharose 4B for 1,5 hours 
at 4 °C after Glutathione Sepharose 4B had been washed 3 times with NETN buffer. 
Finally, Glutathione Sepharose were centrifuged for 2min with 253xg and washed four 
times with GST lysis buffer as described above. 
 
 
 
6.2.8 In vitro phosphorylation of USP9X by CDK1-Cyclin B 
Freshly purified either GST-tagged C-terminal USP9XWT (GST-USP9X_WT), 
USP9XS2563A mutant (GST-USP9X_Mut) or control GST-protein (GST empty) were stored 
at 4°C in a 1:1 mixture of Glutathione Sepharose and NETN-Buffer. First, 100µl of purified 
proteins on Glutathione Sepharose were washed 2 times with PBS and once with Protein 
kinase buffer. Afterwards, 100µl of GST empty, GST-USP9X_WT or GST-USP9X_Mut 
were either incubated with 10 units of active CDK1-Cyclin B in 100µl protein kinase buffer 
or empty buffer. Next, samples were supplemented with 3 µCi [alpha-P32] ATP and 
incubated for 10 min at 30 °C. Reaction was stopped by adding 5x laemmli and heating 
samples to 95°C for 10 min. Afterwards, proteins were separated by SDS-PAGE in a 10% 
polyacrylamide SDS gel with 10mm thickness as described in 6.2.4. Hence, the 
polyacrylamide SDS gel was stained with Coomassie for 5min to visualize absolute protein 
amounts of GST-USP9X_WT and GST-USP9X_Mut followed by destaining for 5 min. 
Next, polyacrylamide gel was dried for 2h with a Gel dryer. Then polyacrylamide gels 
containing radioactive proteins were exposed to films for five days at −80 °C. 
 
 
 
6.2.9 In vitro DUB activity assay using Ubiquitin-AMC 
To measure in vitro activity of purified USP9XWT and USP9XS2563A we used the known and 
commercially available DUB substrate Ubiquitin-AMC. Enzymatic activity of a DUB, in our 
case of USP9X, leads to liberation of fluorogenic AMC. The fluorescence signal can be 
measured and therefore indicates indirectly the in vitro activity of a DUB (Dang, Melandri 
et al. 1998). 
First of all, HEK 293T cells which expressed FLAG-tagged USP9XWT or FLAG-tagged 
USP9XS2563A were lysed in 500µl cell lysis buffer and incubated for 20min on ice. In this 
case, cell lysis buffer was supplemented with okadaic acid which is a phosphatase 
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inhibitor and which preserve USP9XWT phosphorylation on serine 2563. Next, samples 
were centrifuged for 20 min at 20,800 × g at 4 °C with a Cool-Centrifuge 5417R. Further, 
supernatants were incubated with 10µl ANTI-FLAG® M2 for 1,5 hours at 4 °C rotating on 
a Rotating Wheel 3000. Afterwards, ANTI-FLAG® M2 were centrifuged for 2 min at 
200 × g with a Cool-Centrifuge 5417R, supernatant was removed and 1ml of cell lysis 
buffer was added to remove any unspecifically bound proteins. Further, beads were 
centrifuged again like above and this washing step was repeated 4 times. 
The next steps aimed to elute immunoprecipitated FLAG-tagged USP9XWT and FLAG-
tagged USP9XS2563A from ANTI-FLAG® M2. Generally, in the process of elution FLAG 
peptide can be added to ANTI-FLAG® M2 which competes for binding to ANTI-FLAG® 
M2 with FLAG-tagged proteins to detached proteins of interest from the beads. In our case 
we added commercially available FLAG peptide to DUB Buffer (DB) in a concentration of 
1mg/ml. Then 100µl of DB+ FLAG peptide were added to ANTI-FLAG® M2 and incubated 
for 10min on a Rotating Wheel 3000 at room temperature. Then, beads were centrifuged 
for 2 min at 200 × g with a tabletop centrifuge and supernatant containing eluted FLAG-
tagged USP9XWT and FLAG-tagged USP9XS2563A protein was carefully transferred into a 
fresh tube. This step elution step was repeated once.  
10µl of eluates of FLAG-tagged USP9XWT and FLAG-tagged USP9XS2563A proteins were 
boiled after adding 5x laemmli, SDS-PAGE was performed followed by Coomassie 
staining to obtain the exact protein amounts by quantification using the ImageJ software. 
For the final in vitro activity assay eluates of FLAG-tagged USP9XWT and FLAG-tagged 
USP9XS2563A proteins were diluted 1:10. Next, equal amounts of DUBs were plated on a 
flat bottom 96-well plate in technical triplicates and Ubiquitin-AMC was added in 
concentrations of 3µM, 1,5µM, 0,75µM, 0,365µM and 0,1825µM in order to calculate Km 
and Vmax. Per well we filled up reaction mixture to 30µl with DUB buffer. Fluorescence 
signal was measured every 5 min using the Promega GloMax® Discover Multimode 
Microplate Reader with an emission filter of 415-445 nm and an excitation filter of 365nm. 
 
 
 
6.2.10   In vitro deubiquitination activity assay with HA-Ubiquitin-vinyl sulfone 
HA-Ubiquitin-vinyl sulfone is a modified ubiquitin derivate to measure deubiquitination 
activity of a subset of DUBs. It is based on the detection of active DUBs by Western Blot 
that are irreversibly captured as soon as they act on the recombinant substrate 
HA(Hemagglutinin)-Ubiquitin-vinyl sulfone in vitro (Borodovsky, Kessler et al. 2001).  
For assessment of USP9X activity HEK 293T cells were transfected with plasmid coding 
for FLAG-tagged USP9XWT or FLAG-tagged USP9XS2563A as described in 6.3.1 and the 
cells synchronized in S phase or mitosis as described in 6.3.3. After cells were harvested, 
samples were directly lysed in DUB buffer for activity assay with HA-Ubiquitin-VS for 
20 min on ice, followed by centrifugation at 20,800 × g at 4 °C. Subsequently, supernatants 
were transferred into a fresh Eppendorf tube and protein concentrations of supernatants 
were measured. Further, equal amounts of total protein of each sample were transferred 
into an Eppendorf tube and either incubated with solvent or with human recombinant HA-
Ubiquitin-vinyl sulfone (Boston Biochem) at a concentration of 5 μM at 37 °C for 45 min. 
After every 10 min incubation, reaction tubes were inverted several times and centrifuged 
for a few seconds. Thereafter, SDS was added to a final concentration of 1% followed by 
boiling samples at 95 °C for 5 min. Afterwards, samples were incubated at room 
temperature for 5 min. In the next step, 10µl of monoclonal Anti-HA Agarose were added 
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to each sample which had been washed 3x with PBS before. This led to 
immunoprecipitation of HA-Ubiquitin and indirectly precipitation of irreversibly bound 
FLAG-tagged USP9XWT or FLAG-tagged USP9XS2563A depending on its enzymatic 
activity. After 2h incubation at 4 °C on a Rotating Wheel 3000, beads were centrifuged for 
2 min at 200 × g with a tabletop centrifuge and supernatant was discarded. Afterwards, 
1ml of cell lysis buffer was added, the tube inverted several times and centrifuged for 2 min 
at 200 × g. This step was repeated 3 times and finally 50µl of 1x laemmli were added 
followed by boiling for 5min at 95°C.  
 
 
 
6.3 Cell culture 
HEK 293T, HeLa, and A549 cells were cultured in Dulbecco’s modified Eagle’s medium 
(DMEM), U2-OS cells were cultured in McCoy´s medium which was supplemented with 
GlutaMAXTM. Both media were supplemented with either 10% bovine (HEK 293T) or 10% 
fetal bovine serum (HeLa, A549, and U2-OS), and 1% penicillin/streptomycin. Cell lines 
which are listed were tested negative for mycoplasma contamination. For incubation cells 
were cultured at 37°C with 5% CO2 in a humidified incubator. 
For cell counting in cell culture a Neubauer hemocytometer was used after 20µl of 
resuspended cells were diluted in 20µl of trypan blue. 
 
 
 
6.3.1 Transfection of eukaryotic cells 
In general, transfection is a method to transfer DNA or RNA, into a eukaryotic cell. 
Therefore, reagents or chemical are used which increase permeability of the cell 
membrane transiently to induced proper uptake of genomic material into a cell. In the 
experiments listed here advantage of two different techniques of transfection were taken. 
 
First transfection method is based on the chemical calcium phosphate and was first 
described by Graham and van der Eb. Here, DNA precipitates with calcium phosphate 
which results in a suspension that enhances adsorption of DNA (Graham and van der Eb 
1973). In detail plasmids to be transfected were added to 450µl of water in different 
amounts (3-20 μg). Afterwards, 50µl of CaCl2 were added and resuspended several times 
and incubated for 5 min. Next, 500µl of BES [N,N-Bis-(2-hydroxyethyl)-2- 
aminoethanesulfonic acid) buffered in NaCl and Na2HPO4 to pH 7.1] were added during 
vortexing. After 20min at room temperature, DNA calcium phosphate precipitates were 
added to cells which were cultured on a 10cm cell culture dish in 10ml media. 
 
The second method of transfection used is called lipofection. The principle of this 
technique was first described by Felgner et al. in 1987. Lipofection is based on a lipid-
based reagent that interacts with DNA forming unilamellar liposomes which fuse with 
cellular membrane to ensure uptake of DNA (Felgner, Gadek et al. 1987).  
In this case, the reagent LipofectamineTM 2000 was used. For transfection of cells on a 
10cm cell culture dish with plasmid DNA 40µl of LipofectamineTM 2000 were mixed with 
1ml Opti-MEMTM and incubated the mixture for 5min. In parallel 1ml Opti-MEMTM was 
supplemented with plasmid to be transfected. Depending on the experiment 10-20µg of 
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DNA were used. Afterwards, the Opti-MEMTM containing DNA and Opti-MEMTM containing 
LipofectamineTM 2000 were mixed. After changing media of cells which should be 
transfected to penicillin/streptomycin-free medium and 20min incubation at room 
temperature the mixture was added to the cells. After 3 hours incubation medium was 
changed again to penicillin/streptomycin-free medium. 
In general, cells were transfected as described in the corresponding experiment. 
 
 
 
6.3.2 Transfection of eukaryotic cells with short interfering RNA (siRNA) 
For siRNA experiments U2-OS or A549 cells were used. On day 0 about 5x105 cells were 
plated on a 10cm cell culture dish. On day 1 cell culture media was aspirated and cells 
were washed 2 times with DPBS to reduce transfection associated toxicity followed by 
adding 7ml of penicillin/streptomycin-free medium. Transfected siRNA was used in a final 
concentration of 2µM and stored at -20°C. The mixture for transfection was prepared as 
described above (6.3.1). For single knockdown experiments of CDC14B and USP9X 
62,5µl of siRNA were used per 10cm cell culture dish. For double knockdown experiments 
of USP9X and WT1 50µl of USP9X siRNA and 6µl of WT1 siRNA were used. For double 
knockdown experiments of WT1 and IL-8 amounts of siRNA were optimized to generate 
comparable proteins loss. For WT1 knockdown 40µl of WT1 siRNA and for IL-8 
knockdown 30µl of IL-8 siRNA were used. 
 
 
 
6.3.3 Cell cycle synchronization and drug treatment 
To synchronize cells at the indicated cell cycle phases different chemicals were used. 
First, the advantage of high thymidine concentration to block cells in S-phase was taken 
(Xeros 1962). 
Second, the reversible microtubule inhibitor nocodazole was used to inhibit microtubule 
organization and depolymerization which further leads to arrest of cells in mitosis (Zieve, 
Turnbull et al. 1980).  
For synchronization of U2-OS cells in mitosis cells were treated with thymidine at a final 
concentration of 2mM to inhibit cell cycle at the stage S-phase. For experiments with 
USP9X or CDC14B knockdown thymidine was added 24 h after small interfering RNA 
(siRNA) transfection, for experiments with WT1 or IL-8 knockdown thymidine was 16h 
before transfection. Twenty-four hours after adding thymidine medium was removed and 
5-10ml of DPBS depending on dish size was added to cells which were incubated for 5-
10 minutes. This step was repeated once again with DPBS and once with medium. 
Following washing steps medium supplemented with nocodazole at a final concentration 
of 400ng/ml was added for the indicated time as described in the corresponding 
experiment. If not otherwise specified, cells were treated with nocodazole for 14h. 
Cells of experiments which were conducted with the IL-8 inhibitor reparixin at a 
concentration of 200µM or IL-8 knockdown were synchronized differently. Cell were 
exposed either to nocodazole only for the indicated time or released from a thymidine 
blockage at G1/S-phase and collected by mitotic shake-off 13 hours later. Mitotic shake-
off uses the advantage that mitotic cells lose proper attachment to cell culture dishes. 
Hence, mitotic cells can be shaken-off by application of vertical shear forces without 
mobilization of attached cells. To finally harvest mitotic cells medium containing mitotic 
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cells was centrifuged for 4 min with 288xg in a 15ml or 50ml Falcon, cells were 
resuspended in 1ml DPBS and transferred into a 1,5ml Eppendorf tube. Next, cells were 
pelleted for 1min at 20 000xg and supernatant was removed before cells were frozen at -
80°C. 
For harvesting non-mitotic HEK 293T cells, cells were mobilized by washing them off the 
cell culture dish in cell culture medium followed by the steps above. For adherent U2-OS 
cells a cell scraper was used. 
 
For examination of USP9X phosphorylation on serine 2563 after double thymidine block 
U2-OS cells were plated on a 15cm diameter cell culture dish at a confluency of 25-30%. 
Next, medium which was supplemented with thymidine was added and cells grown for 24 
hours. Then, medium was aspirated and to release cells from the thymidine block cells 
were washed once with medium and twice with DPBS as described above. Afterwards, 
cells were kept in usual cell culture medium for 12 hours before thymidine was added 
again for 24 hours. In the next step, cells were release as described above and collected 
at the indicated time points. 
 
For analyzation of cells exiting mitosis, mitotic cells were shaken off as described above 
and carefully centrifuged for 3 min at 300 × g using a Multifuge 3SR+. Following 
centrifugation supernatant was aspirated, cells were resuspended in cell culture medium 
and incubated for 5 min. Then, cells were again centrifuged for 3 min at 300 × g and the 
steps before were repeated twice. To ensure proper exit of cells out of mitosis cells were 
finally grown on a 10cm cell culture dish in nocodazole-free medium. Harvesting using a 
cell scraper was done at the indicated time points. 
To harvest mitotic cells that were further treated with different reagents in mitosis mitotic 
shake-off was done as described above and off-shaken cells were either directly 
harvested for time point “0” or further kept in cell culture medium which was supplemented 
with different drugs. For stability assays of WT1 in mitosis cells were treated with 
cycloheximide at a final concentration of 100 µg/ml. Cycloheximide can be used as an 
inhibitor of protein synthesis (Baliga, Pronczuk et al. 1969). Beside cycloheximide the 
proteasome inhibitor bortezomib was used to rescue WT1 from proteasomal degradation. 
Bortezomib is a reversible inhibitor of the 20S core subunit of the 26S proteasome (Lü 
and Wang 2013). For analyzing WT1 stability and to avoid cleavage of WT1 by caspase 
3 the commercially available pan-caspase inhibitor Z-VAD-FMK was added at a 
concentration of 10µM were indicated (Ruan, Gao et al. 2018). 
For experiments to investigate in vivo ubiquitylation of WT1 Z-VAD-FMK was added 
together with bortezomib at indicated concentrations 14 hours before collection of cells. 
This was performed to inhibit caspase dependent degradation of WT1 and for valid 
examination of proteasome-dependent WT1 degradation. 
To inhibit the intracellular signaling pathway of IL-8 in cell culture the small molecular 
inhibitor repertaxin also called reparixin was used (Bertini, Allegretti et al. 2004). 
Therefore, on day 0 16x105 U2-OS cells were plated on a 15cm diameter cell culture dish 
and either DMSO or reparixin was added at a final concentration of 200µM. On day 2 
nocodazole was added and mitotic shake-off was performed after 8 hours incubation for 
harvesting as described above. 
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For experiments to inhibit active transcription of IL-8 mRNA in mitotic cells actinomycin D 
was used which intercalates into DNA and further stalls RNA polymerase activation 
(Goldberg, Rabinowitz et al. 1962).   
First, U2-OS cells were transfected with control or WT1 siRNA as described above. On 
day 2 after transfection treatment of cells with nocodazole was performed for 17h hours. 
Afterwards, mitotic shake-off was done, cells were replated on a cell culture dish and 
grown in 3ml of medium. Next, cells were either treated with DMSO or with actinomycin D 
at a concentration of 7,5µM for 3 hours followed by harvesting of cells as described above. 
 
To examine phosphorylation of USP9X on serine 2563 by CDK1 cells were treated with 
RO-3306 in cell culture. RO-3306 is a selective inhibitor of CDK1 (Vassilev, Tovar et al. 
2006). In these experiments U2-OS cells were synchronized with thymidine as described 
in above. For detaching mitotic cells for further analysis we performed a mitotic shake-off 
as described above and kept cells in nocodazole supplemented medium. In a next step 
we added either DMSO or RO-3306 for specific CDK1 inhibition for 30 min before 
harvesting cells. The final concentration of RO-3306 was 9µM. 
 
Treatment of cells with the DUB inhibitor WP1130 to analyzed WT1 stability was done the 
following way. First, cells were synchronized in mitosis with a sequential thymidine and 
nocodazole treatment as described in above. Then, mitotic shake-off was performed and 
cells were either harvested or treated either with DMSO or WP1130 for 3 hours before 
harvesting as described above. 
 
 
 
6.3.4 Viral transduction of eukaryotic cells 
Viral transduction is a powerful technique to express proteins in eukaryotic cells. 
Therefore, viral vectors are used to achieve integration of cDNA of interest into a 
eukaryotic genome which can lead to stable expression o specific proteins. 
In our case, cDNA of interest was encoded by a lentiviral vector with the backbone pLenti 
carrying a gene for puromycin resistance. Vector pLenti puro was co-transfected with two 
further plasmids to ensure proper assembly of the virus. Those plasmids are called psPAX 
which encodes for the protein Gag-HIV and which is therefore needed for packaging and 
pMD2-G which encodes for VSV-G and which is therefore necessary for the envelope. 
 
 
 
6.3.5 Generating HEK 293T cells stably expressing 6xHis-Ubiquitin 
First, coding sequence of ubiquitin was cloned into the vector for lentiviral transduction 
pLenti using the enzymes AgeI and XbaI as described in 6.1.6. The primers which were 
used for tagging the ubiquitin protein with a 6x His tag are listed in 5.10.  
Second, lentivirus was produced by transfection of HEK 293T grown on a 10cm cell 
culture dish with 20µg of lentiviral plasmid, 15µg of plasmid psPAX and 5µg of plasmid 
pMD2-G. Therefore, the method of calcium phosphate was used as described in 6.3.1. 
After 4 hours of incubation, medium was changed and after further 48 hours medium 
containing the produced virus was filtered with a 0,45µm filter and frozen at -80°C. 
To prepare cells for transduction HEK 293T cells were plated on a 10cm cell culture dish 
on day 0 at a confluency of 30%. After one day of passaging, the virus-containing medium 
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was thawed and supplemented with hexadimethrine bromide to a final concentration of 
8µg/ml. Then, medium was added to cells which was counted as day 1. Hexadimethrine 
bromide is a chemical which is widely used to transduce cells with virus as it increases 
infection rate of cells by enhancing cell-virus interaction (Davis, Morgan et al. 2002). After 
24 hours incubation, virus containing medium was aspirated and fresh medium was added 
(day 2). On day 3 medium which contained puromycin at a concentration of 1µg/ml was 
added. Puromycin is an inhibitor of protein synthesis and can be used to select for cells 
which carry a gene which induces puromycin resistance (Vara, Portela et al. 1986). In this 
case the vector pLenti is encoding for puromycin resistance. Cells were expanded and on 
day 7 puromycin was removed.  
 
 
 
6.3.6 Preparation of cells for mass spectrometry in mitotic and asynchronous HEK 
293T cells 
For our mass spectrometric approach advantage of “SILAC” as metabolic labeling was 
taken (Ong and Mann 2007). This means that cell culture medium is supplemented with 
different isotopes of L-Lysine and L-Arginine. These amino acids are used for protein 
synthesis and can be further measured in mass spectrometry. 
First, HEK 293T cells were kept in DMEM medium with differently labeled isotopes. Either 
cells were culture in DMEM which was supplemented with L-Lysine D4 0,4mM and L-
Arginine 13C 0,8mM (DMEM “medium”) or in DMEM with L-Lysine 13C 15N 0,4mM and L-
Arginine 13C 15N 0,8mM (DMEM “heavy). Further, the amino acid proline was added to a 
final concentration of 2mM. Cells were kept in medium for 5 days until transfection. Then, 
cells were plated on a 15cm diameter cell culture dish and transfected with plasmids 
encoding for short hairpin against USP9X (shUSP9X) or control (shcontrol). Per plate 
20µg of plasmids, 60µl of LipofectamineTM 2000 and 3ml Opti-MEMTM was added and 
incubated for 4 hours. HEK 293T cells in DMEM “medium” were transfected with control 
short hairpin and HEK 293T cells culture in DMEM “heavy” were transfected with short 
hairpin against USP9X. On day 2 after transfection, to one half of shcontrol and shUSP9X 
nocodazole was added to synchronize cells as described in 6.3.3. The other half was kept 
asynchronous. After incubation for 11 hours, bortezomib was added in a final 
concentration of 65nM. Following 3,5 hours bortezomib treatment cells were harvested in 
ice cold PBS, centrifuged and frozen at -80°C. 
 
 
6.3.7 Overexpression of FLAG-USP9XWT or FLAG-USP9XS2563A in HEK 293T cells 
for DUB activity assay using Ubiquitin-AMC or HA-Ubiquitin-vinyl sulfone 
First, HEK 293T cells were plated on a 15cm diameter cell culture dish. On day 1 cells 
were transfected with 20µg plasmid encoding for FLAG-tagged USP9XWT or FLAG-tagged 
USP9XS2563A using 20µl LipofectamineTM 2000 in 12ml penicillin/streptomycin free 
medium. On day 2 nocodazole was added in standard concentration and after 14 hours 
cells were harvested and directly processed.  
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6.3.8  Flow cytometry 
Flow cytometry is a powerful method for a wide range of cell analyses on a single-cell 
level. The technique is based on measuring cell characteristics and properties by 
scattering of laser light by a single cell or measuring fluorescence signal emitted by 
antibodies or by cells expressing fluorescence emitting proteins. 
In the experiments described flow cytometry for cell viability measurement was applied. 
Therefore, cells were stained in cell culture with the DNA intercalating reagent propidium 
iodide (PI). The method is based on the fact that PI is a membrane impermeant reagent 
and can only pass a cellular membrane if membrane becomes permeable for example in 
the process of apoptosis which can be further measure with flow cytometry (Nicoletti, 
Migliorati et al. 1991). 
For flow cytometry cells were treated as described for the corresponding experiment. 
Further, mitotic shake-off was performed to collect mitotically arrested cells. Collected 
cells were centrifuged in a Multifuge 3SR+ and supernatant was removed. Afterwards, 
cells were slightly resuspended in 2ml DPBS for washing and centrifuged again. This step 
was repeated once. Then, 1ml of DPBS was added to cell pellet which were again 
resuspended followed by adding PI to a final concentration of 1µg/ml. Finally, cells were 
subjected flow cytometry using a CyAn ADP LxP8 cytometer to distinguish between PI-
positive and PI-negative cells. 
For analysis of raw data the software FlowJo was used. First, cell counts were depicting 
in a graph with the sideward scatter (SSC) for cell granularity on the x-axis. On the y-axis 
the forward scatter (FSC) is shown which represents cell size. Hence, cell debris could be 
excluded by proper gating for further analysis (“intact cells”). In a next step, absolute cell 
counts were blotted against the PI-signal which was measured in the FL3 channel of the 
cytometer. 
 
 
 
6.3.9 Generation of USP9X mutated U2-OS cells (USP9XMut) using CRIPSR/Cas9 
The CRISPR/Cas9 system is a new and powerful method for genome editing. The 
microbial nuclease Cas9 can be expressed in mammalian cells and targeted to a specific 
genomic DNA sequence by transfecting a single guide RNA (sgRNA) consisting of a 20 
nucleotides guide sequence. In consequence, Cas9 induces DNA double strand breaks 
that are repaired by non-homologous end joining (Ran, Hsu et al. 2013). 
In the case of USP9X the aim was to disrupt the consensus motif for CDK1 
phosphorylation in the protein USP9X. 
First of all, sgRNA sequence was cloned into the Cas9-carrying vector pSpCas9(BB)-2A-
Puro with a gene for puromycin resistance (PX459). Therefore, primers for sgRNA were 
annealed by mixing 1µl of each primer, adding 5µl of Buffer G and 43µl of water. Then, 
mixture was incubated at 95°C for 5min followed by 10min at 80°C and cooling down in a 
water bath which was initially heated to 80°C and kept at room temperature. In parallel, 
1,5µg of plasmid were linearized by cutting with the enzyme BbsI at 37°C for 1 hour. The 
cut vector was run in a gel electrophoresis as described in 6.1.11. To extract the linear 
plasmid it was cut out of the gel and purified it with the GeneJET™ Gel Extraction Kit. 1µl 
of purified plasmid and 4µl of annealed oligonucleotides were ligated as described in 6.1.8 
and further procedure of cloning was done as described in 6.1.9-10. 
For expression of the plasmid encoding for Cas9 and the sgRNA nucleofection was 
conducted using in the Amaxa® cell line Nucleofector® Kit V. First, freshly thawed U2-OS 
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cells were detached from cell culture dishes for counting. This was achieved by aspirating 
the medium, washing the cells with 10ml DPBS and adding 1ml of 37°C warm trypsin. 
Cells are dissociated from the Petri dish after 5 min and were washed off the cell culture 
dish with 9ml medium. In the next step, cells were counted, 6x105 cells per transfection 
were centrifuged at 200xg for 5 min and supernatant was removed. Afterwards, solution 
V was mixed with the supplement of the Amaxa® cell line Nucleofector® Kit V and cell 
pellet was resuspended with 35µl of solution V with supplement. Then, cells were 
transferred into a Nucleovette chamber, nucleofected with 1,5µg vector using the program 
X-001 and replated in 1,5ml Penicillin/Streptomycin-free medium. On day 1 after 
transfection medium was removed and cells were incubated in medium which had been 
supplemented with puromycin in a concentration of 1µg/ml. Cells were grown under 
puromycin selection for 3 days. To ensure single cell expansion after genome editing and 
to avoid a polyclonal cell-cohort cell populations were expanded beginning with a single 
cell. Therefore, selected cells were trypsinated as described above, counted and diluted 
to a concentration of 0,5 cells/100µl medium. Next, 100µl of the respective medium was 
filled into each well of a 96-well plate to minimize risk of plating two cells per well. 
Afterwards, cells were grown for several passages and for validation of genome editing 
with disruption of CDK1 consensus site in the USP9X gene an aliquot of each cell 
population was harvested and genomic DNA using the DNeasy Blood & Tissue Kits was 
extracted following the manufacturer’s instructions. Genomic DNA was subjected to 
polymerase chain reaction as described in 6.1.1 with specific oligonucleotides to amplify 
the genomic locus encoding for the CDK1 consensus motif. The amplicons of several 
clones were sent for sequencing to verify genome editing and the positive cellular clone 
was used for further experiments (USP9XMut). Genomic sequence of USP9XWT and 
USP9XMut are depicted in Figure 41.  
 
 
 
 
 
 

Figure 41 Generation of USP9X mutated U2-OS cells (USP9XMut) using CRIPSR/Cas9 CRISPR/Cas9-mediated 

homozygous disruption of the CDK1 recognition site in USP9X generates U2-OS cells harboring a mutated USP9X 

gene encoding for a USP9XMut protein (bottom line). For comparison, the C-terminus of the wildtype USP9X protein 

(USP9XWT) is depicted. 

 
 
 
6.4 Biological assays 
 
 
 
6.4.1 Enzyme-linked immunosorbent assay (ELISA) of IL-8 in cell culture 
supernatant 
An enzyme-linked immunosorbent assay (ELISA) is a technique to measure the amount 
of soluble proteins and antigens based on antibodies. There are different variants of 
ELISA and the most common is the so-called sandwich ELISA. This variant of ELISA is 
characterized by antibodies which are immobilized on a respective plate and which can 
bind the protein of interest. Incubation with a second antibody results in binding to the 

USP9X protein 
(C terminus) 

WT:   2557 G S E E V S P P Q T K D Q Stop 
Mut: 2557 G S E E G S M K C T Stop 

CDK1 consensus site 
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protein of interest on another epitope. In a next step, an enzyme-linked antibody can be 
added which recognizes and binds to the second antibody. Incubating the enzyme-linked 
antibody with an enzymatic substrate produces a detectable signal depending on the 
concentration of protein of interest. In our case, we used an ELISA measuring the 
concentration of IL-8 in cell culture supernatants. 
Cells were treated as described in 6.3.3. After supernatants were collected, supernatants 
were frozen at -80°C until further analysis. 
For analysis supernatants were thawed at room temperature and diluted 1:16, 1:50 and 
1:100. Of each sample a total volume of 100µl was analyzed as technical duplicate. The 
procedure was performed following the manufacturer´s protocol. For final measurement 
absorbance at wave length at 450nm with a reference filter at a wave length of 600nm 
was measured. For absolute amounts of IL8 protein a standard curve was calculated 
followed by a linear regression.  
 
 
 
6.4.2 Immunofluorescence 
Immunofluorescence is a technique which has the potential to visualize cellular proteins 
in a widely structurally intact cell. It is based on binding of fluorochrome-coupled 
antibodies to specific proteins followed by fluorescence microscope. 
In this case to ensure proper attachment of mitotic U2-OS cells to the cell culture chamber, 
cell culture chambers were coated with poly-D-lysine hydrobromide for 5 min followed by 
washing the chamber with distilled water. Afterwards cells were treated as described in 
6.3.1. 
In a first step cells were fixed by aspiration cell culture medium and adding 1,5ml methanol 
for 20 min at −20 °C. Afterwards, methanol was aspirated and cells were carefully washed 
once with PBS and twice with IF buffer. Next, samples were incubated with primary 
antibodies that were diluted in IF buffer +1% FBS and incubated for 1.5 hours at room 
temperature shaking on a Polymax 1040 platform shaker. Final concentration of primary 
antibodies against USP9X or FLAG can be found in 5.6. In a next step antibodies were 
aspirated and samples were washed three times with 700µl of IF buffer for about 5 minutes 
each step. Following, samples were incubated with secondary antibodies Alexa Fluor488 
rabbit and Alexa Flour594 goat at a dilution of 1:1000 for 1 hour on a Polymax 1040 
platform shaker under protection of light. Antibodies were diluted in IF buffer +1% FBS. 
Then, antibodies were again aspirated and samples were washed twice with IF buffer and 
once with PBS. Further, DNA was stained using Hoechst 33342 in a concentration of 
1µg/ml diluted in PBS and incubated for 15 min. After removing Hoechst 33342 cells were 
washed once with PBS, once with water and cells were mounted with SlowFade Diamond 
Antifade Mountant. Finally, samples were stored at 4°C under light protection. Images 
were taken using a Leica SP8 Confocal Laser Scanning Microscope. 
To quantify colocalization of endogenous USP9X and FLAG-WT1 Fiji software was used 
calculating the Pearson’s coefficient and the Manders’ coefficients (tM1 and tM2) 
(Manders, Stap et al. 1992) (Pearson and Henrici 1896). The signal of USP9X or FLAG-
WT1 was measured in different channels meaning channel 1 and 2. The value for tM1 is 
the intensity of all measured pixels from channel 1, in which the intensity for channel 2 is 
above unspecific background, divided by the total intensity from channel 1. The value for 
tM2 is the intensity of all measured pixels from channel 2, in which the intensity for channel 
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1 is above background, divided by the total intensity from channel 2. For channels 1 and 
2 an automatically calculated threshold was applied. 
 
 
 
6.4.3 Normalization of protein levels in Western Blot and statistical analysis 
When not otherwise specified all experiments were performed in triplicates. 
To visualized differences in proteins levels or protein phosphorylation corresponding 
protein levels were normalized to a so call loading control. Those are proteins which levels 
are typically not regulated in response to cell cycle progression, are very stable 
independent of cell stimuli (for example CUL1 and β-actin) and which can be easily 
subjected to Western Blot followed by immunoblot analysis. 
Immunoblot films were scanned using a Scanner V750 Pro and signal intensity of non-
saturated protein bands were quantified using the software ImageJ. Afterwards values of 
quantified protein of interest were normalized to the associated loading control. 
 
Protein quantification, mRNA levels or extracellular IL-8 were subjected to statistical 
analysis as mentioned in the corresponding experiment.  
For statistical analysis the software GraphPad Prism was used. When two independent 
mean values were compared and statistically analyzed the one sample t-test or ratio 
paired t-test was applied. Having more than two mean values for statistical analysis one-
way ANOVA was applied. 
The bars shown in the graphs depict the calculated mean with standard deviation when 
not other specified. 
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