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1 Introduction 

1.1 The Epstein-Barr virus 

The Epstein-Barr virus (EBV), also named human herpesvirus-4 (HHV4), is a ubiquitous 

γ-herpesvirus with approximately 90 % of the adult human population being seropositive (1, 2). 

The virus was first described by Epstein, Achong, and Barr as herpes simplex like virus particles 

in Burkitt’s lymphoma (BL) specimens in 1964 (3, 4). Three years later it was demonstrated that 

EBV stimulates the proliferation and immortalization of lymphocytes in vitro (5, 6). An 

epidemiological study of the causal relationship between EBV and BL identified EBV as the first 

human oncovirus in 1978 (7). Subsequently, multiple types of cancer of lymphoid and epithelial 

origin were found to be associated with EBV (8). 

EBV is normally transmitted orally, through the saliva (9, 10). Most of the primary infections 

occur in early childhood and are inapparent. A delayed first infection with EBV causes Infectious 

Mononucleosis (IM) in approximately every fourth case. IM is a self-limiting lymphoproliferative 

disorder with clinical manifestation through fever, tonsillitis, and swelling of lymph nodes, 

spleen, and liver (11). After primary infection, a lifelong latent infection in memory B cells is 

established (1). In addition to its oncogenic properties, the association of latent EBV infection 

with autoimmune diseases is currently discussed (12). In particular connection between EBV and 

the development of multiple sclerosis is a focus of current research (13, 14). 

EBV particles consist of a protein core with linear, double-stranded DNA wrapped around 

within an icosahedral nucleocapsid. The capsid is surrounded by a protein tegument and an 

outer, glycoprotein spiked envelope. Despite the high similarity to other herpesviruses the 

major envelope glycoprotein gp350/220 is exclusive for EBV and is essential for the tropism for 

B lymphocytes (15, 16). The complete DNA sequence of the prototypic laboratory strain EBV 

strain B95-8, isolated from IM, was published 1984 and was the first sequenced herpesvirus 

(17). The genome of about 172-184 kBp encodes about 85 open reading frames thereby B95-8 

carries a deletion of ~12 kDa (1, 18). The genome of B95-8 was revised with the sequence of the 

Raji strain to generate an EBV wt reference sequence (19). 
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1.1.1 EBV life cycle 

The sophisticated life cycle of the Epstein-Barr virus entails multiple types of host cells and 

two distinct forms of infection. (i) B cells and epithelial cells are subject to lytic EBV infection. 

Thereby new EBV virions are released. (ii) EBV establishes lifelong latent infection in the 

memory B cell compartment. Both types of infection are necessary for EBV to complete its life 

cycle and facilitate virus spreading (Figure 1). 

EBV is mainly transmitted orally through droplet infection with saliva. Thus the site of 

primary infection is the oropharynx. Thereby the mucosal epithelial cells are thought to be the 

site of lytic infection. The virus enters the epithelial cell directly or with the help of B cells 

circulating in the oropharynx as a transfer vehicle (20, 21). Virus particles produced in epithelial 

cells show a higher tropism for B cells than B cell-derived particles which are more likely to 

infect epithelial cells. The cause of the alternating tropism is a change in the expression level of 

gp42 which is lower on B cell-derived particles and facilitates the fusion with B cells through its 

interaction with human leucocyte antigen (HLA) class II (22, 23). In consequence infection of 

B cell is the next step in the EBV life cycle. 

Naïve and existing memory B cells are predominantly subject to latent infection. During 

latent infection, only a limited number of EBV proteins is expressed. These proteins facilitate a 

growth-transforming infection (latency III) leading to a rapid proliferation of infected B cells. The 

growth-transformed B cells are attacked and removed by EBV-latent-antigen-specific T cells (24). 

Some of the latently infected B cells escape killing by reduction (latency II/I) and complete 

shutdown (latency 0) of latent antigen expression. For cell division latency 0 cells express a 

single EBV protein for segregation of viral DNA (latency I) (25). B cells harboring EBV in latency 0, 

if not derived from infected memory B cells directly, acquire a memory like differentiation. 

These cells constitute the reservoir for the lifelong persistent infection with EBV (25, 26). 

EBV-infected memory B cells migrate and differentiate as a part of the whole memory B cell 

reservoir. Hence the cells contribute to germinal center reactions and can be activated by their 

specific antigens and undergo plasma-cell differentiation. Upon this event, the lytic cycle of EBV 

is reactivated, and new virus particles are produced (27). The newly synthesized virions have the 

capability to initiate a new focus of replication in the oropharyngeal epithelia. Thereby the 

growth-transformed B cells are quickly contained by a memory T cell response quickly, but EBV 

virions released to the saliva, on the other side, facilitate viral shedding to new hosts (28–30). 



Introduction 

7 

 

Figure 1: The EBV life cycle. The focus of primary EBV infection and lytic replication is the oropharynx. 

Thereby virus particles enter mucosal epithelial cell either as free virion or bound to a B cell as a transfer 

vehicle. EBV infects naïve, and memory B cells and thereby growth transforms the host cells establishing 

latency. The majority of these rapidly proliferating cells is removed by cytotoxic T cells. Some latently EBV-

infected B cells escape by down-regulating the expression of latent antigens potentially involving a 

germinal center reaction. A reservoir of EBV-infected cells in latency I/0 is established. Occasionally EBV
+
 

memory B cells are recruited to the germinal center where they are potentially activated leading to 

reactivation of the EBV lytic cycle. If localized to the oropharynx a new focus of lytic replication is initiated, 

potentially. Produced virions are either released to saliva facilitating spreading or infect additional B cells. 

Modified from Young and Rickinson (2004); completed with regard to LM Hutt-Fletcher (2017) (28, 30) 
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1.1.2 Lytic replication 

Entry in the lytic replication cycle of oral epithelial cells is dependent on the differentiation 

state, thereby EBV is becoming lytic in differentiated cells (31). EBV-infected B cells show 

multiple ways of lytic reactivation. Spontaneous reactivation is described as strain dependent 

event (32). In addition, lytic entry is a potential exit for the virus before stress induces apoptosis 

(33). As from current understanding, the major trigger is an antigen-dependent activation and 

plasma cell-differentiation of the EBV+ memory B cells (27). 

For all stimuli for the lytic cycle of EBV the stable expression of the immediate early (IE) 

genes BZLF1 and BRLF1 and their protein products Zta and Rta is essential. The IE genes promote 

the expression of early (E) and late (L) genes (34). The early genes are primarily responsible for 

the replication of the viral DNA from the lytic origin of DNA replication (35, 36). Thereby 

replication takes place in an S-phase-like cellular environment (37). The late EBV genes encode 

the structural proteins for the nucleocapsid and proteins of the tegument and envelope. With 

their expression assembly of virions is triggered. In consequence viral egress takes place and 

host cells are disintegrated (29). In addition, viral proteins suppressing the host immune 

response are expressed during the late phase of lytic replication. For example, the viral IL-10 

homolog BCRF1 represses the cytotoxic T cell response (38). 

Oral hairy leukoplakia (OHL) is the only disease exclusively related to lytic EBV infection so 

far. OHL is characterized by a benign lesion of the tongue epithelium occurring in 

immunocompromised patients, predominantly AIDS patients. The lesions have a white staining 

due to hyperkeratosis and cannot be scraped off (39).  

1.1.3 Latent EBV infection 

Following viral entry into B cells, the linear viral DNA circularizes and resides in episomal 

form without integration in the host genome (40). After the initiation phase, EBV latency is 

established. Thereby three different latency programs (III, II, and I/0) with distinct patterns of 

latent gene expression occur (1, 41, 42). The following products belong to the latent EBV genes: 

(i) Six Epstein-Barr nuclear antigens (EBNA1 / 2 / 3 / 4 / LP / 6); (ii) Three latent membrane 

proteins (LMP1 / 2A / 2B); (iii) two non-coding RNAs (EBERs); (iv) and several miRNAs (BARTs) 

(Figure 2) (43).  

After infection of B cells by EBV, the latency program III is established first. In this type of 

latency all latent EBV gene products are expressed (44). Since this latency state leads to growth-

transformation of infected B cells, it is also called the growth program. B cells in vitro 
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transformed by EBV enter this latency state likewise. The Epstein-Barr nuclear antigens except 

EBNA1 are highly immunogenic leading to the elimination of EBV-infected cells in the growth 

program through cytotoxic T cells (45).  

 

 

Figure 2: Expression patterns of latent genes. Latent EBV infection occurs with three distinct 

patterns of latent gene expression. The latent genes encode six Epstein-Barr nuclear antigens 

(EBNA1 / 2 / 3 / 4 / LP / 6), three latent membrane proteins (LMP1 / 2A / 2B), two non-coding 

RNAs (EBER1 and 2), and a set of micro RNAs (BARTs). All genes are expressed in latency III with a 

stepwise reduction. In latency II EBNA1, the LMPs, EBERs, and BARTs are expressed. Latency I/0 is 

restricted to the expression of EBERs and BARTs and show a transient expression of EBNA1 

during mitosis. 

 

Therefore, infected cells in latency III are pressured towards a reduction of latent antigen 

expression. The expression of all nuclear antigens is ceased in the course of a germinal center 

reaction potentially. Thereby IL-4 secreted by CD4+ T-cells diminishes the activity of the Cp 

promotor which is responsible for EBNA expression (46). The resulting expression pattern of 

EBNA1, the LMPs, EBERs, and BARTs is defined as the default program, also called latency II. 

The final state is latency I/0, which shows the minimal EBV gene expression. In this latency 

state, the non-coding RNAs and microRNAs are the only genes permanently expressed. EBNA1 is 

transiently expressed during mitosis of EBV-infected B cells in latency I/0. This latency program 

is displayed by the pool of EBV-infected memory B cells which are the pool for lifelong persistent 

infection (26). 

EBNA1: The Epstein-Barr nuclear antigen 1 is expressed in all latency stages. EBNA1 binds at 

the latent origin of replication of the viral episome and is essential for the episomal 

maintenance and replication (47, 48). Although EBNA1 induces genetic instability through the 

generation of reactive oxygen species, it enhances cell survival of Burkitt’s lymphoma cells (49, 

50). 
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EBNA2 and EBNA-LP: The nuclear antigen 2 and leader protein (LP, also called EBNA5) are 

the two first expressed antigens after B cell infection (44). EBNA2 induces the expression of the 

EBV latent membrane proteins (51). In general, EBNA2 mimics a constitutively activated NOTCH 

receptor through its interaction with RBP-Jk (52, 53). EBNA-LP acts as a co-activator and 

enhances the effect of EBNA2 on gene expression and thereby facilitates efficient growth-

transformation (54, 55). 

EBNA3, -4, and -6: Nuclear antigens 3 and 6 (also called EBNA3A and EBNA3C) are essential 

for the growth-transformation of B cells, while EBNA4 (also called EBNA3B) is dispensable (56). 

The three proteins are regulators of gene transcription. They compete with EBNA2 in the 

binding of RBP-Jk modulating EBNA2 dependent expression of cellular proteins and latent 

membrane proteins, likewise (57, 58).  

LMP1: The latent membrane protein 1 (LMP1) is a prototypic oncogene and essential for the 

in vitro transformation of B cells (59, 60). LMP1 mimics a constitutive activation of the CD40 

receptor, which otherwise is induced transiently by CD40-ligand (CD40L) from activated T cells 

during an immune response (61). Signaling of LMP1 is linked to several cellular pathways 

including the NF-κB, ERK, p38, JNK and further signaling pathways (62–65). 

LMP2A/B: Latent membrane protein 2A (LMP2A) resembles an activated B cell receptor 

(BCR) and thus rescues BCR-deficient B cells from apoptosis (66). LMP2A participates in the 

regulation of lytic replication by interference with the genuine BCR-signaling and thus sustains 

EBV latency (67). Together with LMP1 LMP2A provides all necessary signals for a successful 

germinal center reaction and differentiation to memory B cells to facilitate lifelong latency (28, 

66, 68). LMP2B potentially modulates the function of LMP2A to suppress genuine BCR signaling 

(69). 

non-coding RNAs: The non-coding RNAs expressed by EBV have multiple functions. A 

common function is the repression of apoptosis (70). For examples, the EBERs (EBV-encoded 

RNA 1 and 2) block protein kinase R-dependent apoptosis induction and BART microRNAs 

prevent apoptosis by repressing the translation of caspase 3 (71, 72). 

1.1.4 Association of EBV-with oncogenesis 

All three types of EBV latency are associated with distinct lymphomas and carcinomas. 

Latency I is linked to Burkitt’s lymphoma (BL) and gastric cancer (GC). Latency II is associated 

with EBV-positive Hodgkin’s lymphoma (HL) and nasopharyngeal carcinoma (NPC), and latency 

state III is associated with immune-suppression-related non-Hodgkin lymphoma, for example, 

post-transplant lymphoproliferative disorder (PTLD) (73). In 2010 the combined burden of 
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deaths for EBV-positive forms of these five malignancies was >140,000, representing 1.8% of all 

cancer deaths (74). Additionally, subsets of T cell lymphomas, diffuse large B-cell lymphoma 

(DLBCL), extranodal NK/T-cell lymphoma (nasal type), leiomyosarcomas, follicular dendritic 

tumors, and breast and hepatic cancers are linked to EBV infection (75, 76). 

 

 

Figure 3: Hallmarks of cancer and latent EBV genes. According to the cancer hallmark principle, 

ten biological capabilities have to be acquired in the course of oncogenesis (inner circle). The EBV 

latent gene products (outer circle) can accomplish these hallmarks with the exception of 

‘avoiding immune destruction’. The hallmarks and complying latent EBV genes are marked in the 

same color. Adapted from Mesri et al. (2014) based on Hanahan and Weinberg (2011) (77, 78). 

 

Oncogenesis is a multistep process to acquire the biological capabilities for the development 

of tumors. In 2000 Hanahan and Weinberg proposed a concept of six hallmarks of cancer which 

have to be accomplished in the genesis of neoplastic diseases (79). On the basis of cancer 

research progress the model was expanded and now comprises ten hallmarks (78). The latent 

EBV gene products can fulfill nine of these. Thereby the different sets of latent EBV gene 

products expressed meet different fractions of cancer hallmarks. Additional co-factors are 

necessary for the completion of malignant transformation (80). All of these genes are expressed 
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in latency III during primary infection and lead to the growth-transformation of B cells which is 

kept at bay by a cytotoxic T cell response (see 1.1.1) Figure 3 (77). 

Further to the latent EBV infection, a subset of cells in the lytic cycle is commonly detected 

in EBV-associated malignancies. These cells are likely promoting the growth of tumors and assist 

in the transformation of B cells (81). Particularly in NPC, the recurrent lytic reactivation bolsters 

genome instability & mutation, activation of invasion & metastasis, and the induction of 

angiogenesis (82–84). 

Burkitt’s lymphoma (BL): EBV was first described in specimens from Burkitt’s lymphoma 

from Africa (3, 4). In Africa BL is endemic, and 96 % of cases are EBV positive (85). For the 

worldwide occurring sporadic form, EBV positivity is in the range of ~10 % (86). EBV-positive BLs 

typically show a latency I gene expression, but cell lines and specimens occasionally show a type 

II latency, too (87). The characteristic of BLs is a chromosome translocation between the MYC 

gene and one of the three immunoglobulin genes. The MYC oncogene has a high impact on 

proliferation, differentiation, and apoptosis and thus contributes to multiple hallmarks (86). 

Gastric cancer (GC): With 84’000 cases in 2012 approximately every tenth gastric 

adenocarcinoma is EBV positive (8, 88). The EBV-infected tumor cells show a latency I expression 

pattern with occasional expression of LMP2A (73). Ethnic and genetic differences are under 

discussion to contribute to a geographical variation in the association of EBV with GC (89, 90). 

For GC, EBV positive and negative cancers have distinct phenotypic characteristics and thus 

fulfill the hallmarks of cancer differentially. Because of this, different treatment strategies are 

potentially indicated (8). 

Hodgkin’s lymphoma (HL): Hodgkin’s lymphoma (also called Hodgkin’s disease) is a 

lymphatic cancer with B cell origin. The characteristic, often binucleated, Hodgkin’s and Reed-

Sternberg (HRS) cells have a germinal center B cell background (91). Individuals with a history of 

IM show a three to four times higher risk to develop HL (92). About 50 % of HLs are EBV positive 

for the HRS cells and show a latency II EBV gene expression (93, 94). The HRS cells are thought 

to be derived from germinal center B cells with a defective BCR and that EBV contributes to HL 

development by providing the necessary anti-apoptotic signals through their latent membrane 

proteins (8). 

Nasopharyngeal carcinoma (NPC): NPC is an undifferentiated, metastasizing tumor of the 

nasopharyngeal epithelia. High titers of EBV-specific antibodies and free EBV DNA are typical 

markers for an NPC. The cells of undifferentiated tumors are positive for clonal EBV genomes, 

indicating an EBV-infection prior to tumorigenesis. The cells display a latency II expression 

pattern (8). The tumor is mostly found in southern China and Southeast Asia. In the endemic 
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areas the incidence is in the range of 20 – 60 cases in 100’000; outside this area, the incidence is 

~1/106. Genetic and environmental components, like nitrosamines from salted fish, are likely 

cofactors contributing to uneven incidence distribution (95, 96).  

Post-transplant lymphoproliferative disorder (PTLD): Upon infection with or reactivation of 

EBV polyclonal B cell lymphoma can arise in immunodeficient patients, for example, HIV-

infected or elderly persons. A major part of affected persons are recipients of organ transplants 

under immunosuppression. Here the disease is called post-transplant lymphoproliferative 

disorder (PTLD) (28). The EBV-positive lymphoma cells show a type III latency expression 

pattern, including the highly immunogenic EBNA3/4/6 antigens; therefore the impaired T cell 

response is crucial for the development of PTLD (77, 97).  

Strategies for the treatment of EBV-associated malignancies: For EBV-associated 

lymphoproliferative diseases in the immunosuppressed host the first attempt of treatment is 

the reduction of the immunosuppressive agents. If this approach fails, initiation of 

chemotherapy is indicated. In general, chemotherapy is the main strategy for treatment of EBV-

associated malignancies, while EBV-specific approaches are scarce (98). Thereby, treatment of 

neoplasms of B cell origin can be supported by the administration of the CD20-targeting 

antibody Rituximab (99, 100). Epithelial cancers and soft-tissue tumors are mostly subjected to 

surgical resection in addition to chemotherapy (98). One of the limited EBV-specific therapies is 

the injection of EBV-specific cytotoxic T cells which is an emerging therapy for PTLD (101, 102). 

An alternative approach for treatment currently in phase 2 clinical trials is the induction of lytic 

replication in combination with antiviral drugs. This approach is tested for EBV+ T cell lymphoma, 

NK cell lymphoma, and HL, likewise (98). Further EBV-specific therapies, e.g. kinase inhibitors, 

remain investigational up to now (100). 

 

1.2 Ubiquitination 

Ubiquitination is a post-translational modification (PTM) of proteins with the 76 amino acids 

containing polypeptide ubiquitin (Ub) which is covalently linked to Lysine residues, mainly. 

Ubiquitin is structurally characterized through a β-grasp fold of five β-sheets with an opposed 

α-helix in the order ββαβββ. This fold is characteristic for the group of ubiquitin-like modifiers 

(UBLs) whose founding member Ub itself is (103). Today, 12 confirmed UBLs are described: Ub, 

NEDD8, ISG15, SUMO1/2/3, UFM1, ATG8, ATG12, FUBI, FAT10, and URM1 (104). 

Ub is translated in the form of precursor proteins which comprise one or multiple head-to-

tail fused Ub-moieties fused to other proteins. The precursors are rapidly processed by 

deubiquitinating proteins (DUBs), and the Ub-polypeptide and fusion protein are released. The 
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four Ub-precursors are UBB, UBC, UBA52, and RPS27A (105). Different polyubiquitin chains are 

formed by ubiquitination of each of the Lysine residues within ubiquitin and the N-terminus of 

ubiquitin. All types of ubiquitination fulfill distinct functions within the cell (see section 1.2.1) 

(106). Like Ub, neuronal-precursor-cell expressed developmentally down-regulated 8 (NEDD8) is 

able to form poly-NEDD8 chains. The physiological role of these chains is not resolved, so far 

(107). For mono-NEDDylation, the predominant function is the activation of Cullin-RING Ub-

ligases (104). 

 

 

Figure 4: The β-grasp fold of ubiquitin. Ub and UBLs are characterized by a β-grasp fold which is 

displayed at the left (β-sheets in green, α-helices in blue). The structure of ubiquitin is shown on 

the right. In ubiquitination, Ub is linked through its C-terminal Glycine residue to its substrate. 

The C-terminal GG-motive is characteristic for UBLs, likewise. Modified from Vierstra (2012) 

(103). 

 

The ubiquitin-like protein ISG15 (ISG15) contains two β-grasp fold (ubiquitin-like) domains. 

Hence it has nearly double the size of a single Ub moiety (108). The expression of ISG15 and its 

conjugating and deconjugating enzymes is induced by type I interferon stimulation and the 

system subsequently deploys multiple antiviral activities (109). In difference to the other UBLs, 

ISG15 is not only conjugated to proteins, but secreted into the extracellular environment as a 

regulator of host immune response by B cells, T cells, monocytes, and epithelial cells (110, 111). 

1.2.1 Types and cellular function of mono- and polyubiquitination 

Ubiquitination itself is a highly variable modification of proteins. Next to (multi-) 

monoubiquitination, polyubiquitin chains are formed by ubiquitination of each of the seven 

Lysine residues within ubiquitin (K6, K11, K27, K29, K33, K48, K63) and the N-terminus of 

ubiquitin alike. Additional layers of complexity are added by the incorporation of the UBLs 
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NEDD8 and SUMO2/3 in hybrid chains and the modification of Ub-moieties by phosphorylation 

and acetylation. The types of ubiquitination fulfill distinct functions within the cell, although a 

function for all kinds of modified chains described under physiological conditions is not clarified 

up to now (Figure 5) (112–114). 

 

 

Figure 5: Overview of types and functions of ubiquitination. Displayed are major functions of 

distinct ubiquitination types. Besides, all chain-topologies contribute to degradation processes 

which can be part of the mechanism how the described function is fulfilled. Modified from Ye 

and Rape (2009) (113) and completed with more recently described functions (112, 114, 115). 
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Mono- and multi-monoubiquitination are frequent histone modifications and play an 

important role in the interaction with methyltransferases and further proteins. Further functions 

in the regulation of protein localizations and activities are described. The prototypic 

polyubiquitination consisting of four Ub-moieties linked by K48-linkages is the canonical signal 

for the proteasomal degradation of proteins (116). Besides all other Lysine-linked polyubiquitin 

chains facilitate proteins degradation to some degree, next to their major functions. K6 and K27-

linked chains are implicated in the response to DNA damage, while K29 and K33 chains play a 

role in signaling pathways, like WNT or T cell receptor (TCR) signaling (114). K11 chains 

participate in the control of cell cycle progression (117). 

In M1-linked chains, the Ub-moieties are linked with the C-terminus to the N-terminus of 

the previous chain link. This results in a nearly linear chain structure, as it is the case for K63-

linked chains, too. Both M1 and K63 participate in immune cell and NF-κB signaling. Thereby the 

chains function as scaffolds in the assembly of protein complexes. Ub acetylation and 

phosphorylation can modulate the activity of Ub ligases (118, 119). The acetylation at K6 and 

K48 repress the elongation of Ub chains, while phosphorylation of S65 stimulates the activity of 

the Ub ligase Parkin (120). 

1.2.2 Conjugation and deconjugation 

The conjugation of ubiquitin to protein substrates is a three-step cascade carried out by the 

sequential action of three enzymes (Figure 6). The three enzymes are named activating enzyme 

(E1), conjugating enzyme (E2), and Ub ligase (E3) (121). The Ub-cycle is completed by 

deconjugation of substrate-bound Ub by deconjugating enzymes, also called deubiquitinating 

proteins (DUBs) (122). As far as known the mechanism of conjugation and deconjugation is the 

same for UBLs (104). 

In the first step, Ub is activated by the formation of a thioester between the Ub C-terminus 

and a Cysteine residue in the activating enzyme (E1). This step is energy consuming and thus 

ATP-dependent. In the second step, the Ub moiety is transferred to a catalytic Cysteine in the 

conjugating enzymes (E2). Finally, the transfer of Ub onto the substrate protein is catalyzed by a 

Ub ligase (E3) (123). The polyubiquitin chains are formed by the consecutive ligation potentially 

implying the activity of different E2 and E3 proteins. Two Ub-specific E1 enzymes are known in 

human. In contrast, about 40 E2 proteins and more than 600 Ub-ligases facilitate specific 

ubiquitination (124).  
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Figure 6: Ubiquitin conjugation and deconjugation. Ubiquitin is attached to substrate proteins in 

a three-step mechanism with the sequential activity of Ub activating (E1), Ub conjugating (E2), 

and Ub ligating (E3) enzymes. Depending on the group of E3 the ligation is carried out in a single 

or two separated reactions. Multiple consecutive ligations lead to the formation of polyubiquitin 

chains. Deubiquitinating enzymes (DUBs) reverse the Ub-conjugation and release free Ub-

moieties. 

 

The mechanism of Ub-ligations depends on the family of the E3 ligase. The RING (Really 

Interesting New Gene) domain-containing, HECT (Homologous to E6-AP Carboxyl Terminus) 

domain-containing, and RBR (RING Between RING) domain-containing E3-ligases are the three 

major groups. For HECT- and RBR-ligases the Ub-moiety is first transferred from the E2 enzyme 

to the ligase. In a second reaction, Ub is transferred to the substrate protein (125, 126). In 

contrast, RING-ligases act as scaffolds which recruit and colocalize a Ub-charged E2 enzyme and 

the substrate protein. The Ub-moiety is then directly transferred from E2 to the substrate (127). 

The largest class of RING-ligases is constituted by the Cullin-RING-ligases. These ligases are 

multi-protein complexes RING-proteins and substrate adaptor proteins assembled around a 
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NEDDylated cullin protein (128). Ubiquitin is removed from substrate proteins by 

deubiquitinating enzymes (DUBs). DUBs can also trim and disassemble polyubiquitin chains. 

About 90 DUBs are described in homo sapiens (124). These proteins play an important role in 

the regulation of Ub-mediated processes.  

1.2.3 Deubiquitinating enzymes 

Deubiquitinating enzymes (DUBs) reverse Ub-ligation by removing ubiquitin from substrates 

and disassembling Ub-chains. All types of ubiquitination can be a substrate of DUBs; hence their 

activity is an important regulator of all functions of protein-ubiquitination. In Homo sapiens, 92 

proteins are categorized as DUBs. These DUBs are classified in five DUB-families according to 

their sequence similarity (Table 1) (105). A single DUB, monocyte chemotactic protein-induced 

protein 1 (MCPIP), which exhibits deubiquitinase activity, cannot be assigned to one of these 

families (129). Because of missing catalytic residues, catalytic activity is unlikely for some of the 

assigned DUBs (130). The (iso-)peptidase activity is either carried out by a papain-like Cysteine-

protease mechanism or a zink-dependent metalloprotease mechanism. The mechanism of the 

Cysteine proteases includes the formation of an intermediate with the ubiquitin C-terminal 

Glycine covalently bound to the active Cysteine. For the metalloproteases, no covalent 

intermediate is formed (131, 132). While monoubiquitin can be removed only directly at the 

substrate, polyubiquitin chains can be removed en bloc, in part by endopeptidases, or only the 

last moiety by exopeptidases. The activity of endopeptidases and en bloc deubiquitination 

require the consecutive activity of further DUBs for the recycling of Ub-entities (126). 

DUB activity is regulated on multiple layers including post-translational modifications, such 

as monoubiquitination, SUMOylation, acetylation, and phosphorylation (133). Next, most DUBs 

contain multiple further domains in addition to the catalytic core-domain. These domains 

mediate binding of Ub, substrate, and other proteins. The formed complexes are crucial for the 

regulation of activity and specificity (132, 134). The substrate itself can activate DUBs and thus 

contribute to high substrate specificity, too. The catalytic center of DUBs can be in an unreactive 

confirmation for peptidase activity and is constituted upon substrate binding. For example, the 

specificity of OTULIN towards M1-linked chains is generated in this way (135). 
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Table 1: DUB-families. Listed are the five DUB-families and the isolated DUB MCPIP, the number 

of family members and the reaction mechanism used by DUBs of the family. The table is based 

on Coyne and Wing (105) extended by MCPIP (129). 

DUB-family Abbreviation 
Number of 
members 

Protease type 

Ubiquitin-Specific 

Proteases 
USP 56 

Papaine-like 

Cysteine-Proteases 

Ovarian Tumor 

domain-containing 
OTU 16 

Papaine-like 

Cysteine-Proteases 

JAB1/MPN/Mov34 metallo-

enzyme domain-containing 
JAMM 11 

Zink dependent 

metalloproteases 

Macado-Josephin Disease 

domain-containing 
MJD 4 

Papaine-like 

Cysteine-Proteases 

Ubiquitin C-terminal 

Hydrolases 
UCH 4 

Papaine-like 

Cysteine-Proteases 

Monocyte Chemotactic 

Protein-Induced Protein 1 
MCPIP 1 

Cysteine-Protease 

(likely) 

 

During Ub-chain editing a specific type of polyubiquitin is trimmed and substituted by a 

chain of different linkage type. The process is highly sophisticated as it requires the formation of 

complexes consisting of DUB and E3 ligase or the expression of enzymes with dual activity (106). 

Prominent examples are the deubiquitinating enzymes ubiquitin carboxyl-terminal hydrolase 

CYLD (CYLD) and tumor necrosis factor alpha-induced protein 3 (TNFAIP3). CYLD interacts with 

the E3 ligase Itch to convert the K63-linked ubiquitination of TAK1 in K48-linked poly-Ub leading 

to its proteasomal degradation and termination of tumor necrosis factor signaling (136). 

TNAFAIP3 combines DUB and E3 ligase activity in a single enzyme. The enzyme removes K63-

linked chains and generates K48-linked poly-Ub. Thereby, TNFAIP3 attenuates the signaling of 

proinflammatory receptors and acts as a tumor suppressor in immune cells. Hence, TNFAIP3 

mutations are associated with multiple lymphomas, such as DLBCL, mantle cell lymphoma, and 

marginal zone lymphoma (137). 

 

1.3 Dysregulation of ubiquitination in diseases 

Due to the importance of ubiquitination in the regulation of cellular processes, 

dysregulation or impairment of ubiquitination can facilitate a manifold of different medical 

conditions. The Ub-dependent proteasomal degradation of proteins is dysregulated in several 



Introduction 

20 

major neurodegenerative diseases, such as Alzheimer’s disease, Parkinson’s disease, and 

Huntington’s disease. Common among these diseases are intracellular ubiquitin-positive 

inclusions of aggregated proteins (138). 

Dysregulation of Ub-ligases and DUBs is common in multiple cancers and participates in the 

fulfillment of the various hallmarks of cancer. Thereby all types of E3 ligases and families of 

DUBs are affected (139, 140). The frequent overexpression of RING-box protein 2 (RNF7) in lung 

and colon cancer is an example for an E3-ligase component contributing to oncogenesis. RNF7 

targets procaspase 3, IκBα, and c-Jun for proteasomal degradation and thus acts pro-

proliferative and anti-apoptotic (139, 141). Up to now, 40 different DUBs could be associated 

with distinct cancers (142). For example, the expression of Ataxin-3 is reduced in GC thereby 

decreasing with tumor size (143). Ub-modifying enzymes are also frequent targets of 

oncoviruses. For example, human papillomavirus and T-cell leukemia virus type 1 target cellular 

DUBs like USP7, USP11, USP20, and TNFAIP3 (144). 

In general, many bacterial and viral pathogens evolved various strategies to interfere with 

the Ub-system in the course of infectious diseases. Some express factors to hijack the cellular 

components and redirect them to other targets; some impair the expression or activity of 

cellular key enzymes; some encode ubiquitin ligases and deubiquitinating enzymes in their 

genome to shape the Ub-landscape in their favor (145–148). Examples are the SseL effector of 

Salmonella Typhimurium, which is an SENP1-like DUB inhibiting autophagy, and the p28 

virulence factor of poxviruses, which is an E3 ligase with so far unknown target proteins (145, 

149). 

1.3.1 Interaction of EBV with the host cell Ub-system 

The Epstein-Barr virus has developed multiple strategies to manipulate the host cells Ub-

system to facilitate both the viral latent and lytic infection.During lytic replication, the large 

tegument protein of EBV, BPLF1, is a virus-encoded deubiquitinating enzyme. Deubiquitination 

of TRAF6 by BPLF1 inhibits NF-κB signaling and the production of INF-β supporting the lytic EBV 

replication (150). In addition, BPLF1 has deNEDDylase activity and, thus, manipulates the activity 

of Cullin-RING ligases (CRLs) to promote replication of viral DNA (151). For the egress of newly 

assembled EBV nucleocapsids and the remodeling of the nuclear envelope modulation of 

ubiquitination by BFRF1 is essential. BFRF1 recruits NEDD4 family of E3 ligases, in particular, 

Itch, facilitating the ubiquitination of components of the endosomal sorting complex required 

for transport (ESCRT) and BFRF1 itself (152). 
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Latent EBV proteins and non-coding RNAs target the Ub-system during latent infection, 

likewise. For example, the miRNA BART10-3p targets the substrate recognition component BTRC 

of SCF (Skp1-Cullin1-F-box) E3 ligases (153). Epstein-Barr nuclear antigen 1 interacts with the 

p53 binding pocket of USP7 thereby increasing the Ub-dependent degradation of p53 by 

decreased deubiquitination (154). Instead, EBNA1 recruits USP7 to the latent origin EBV DNA 

replication where it deubiquitinates monoubiquitinated histone H2B stimulating the interaction 

of EBNA1 with the viral DNA (155). Latent membrane protein 2A recruits the tyrosine kinases 

Lyn and Syk to be ubiquitinated by NEDD4 Ub-ligases leading to their degradation. The 

degradation inhibits the reactivation of lytic viral replication upon BCR engagement and thus 

stabilizes latent EBV infection (156, 157). An additional example of the interference of EBV with 

the Ub-system is EBNA6 which is expressed in the growth program only. EBNA6 protects 

cyclin D1 from Ub-dependent degradation, thus facilitating cell cycle progression from G1 to S 

phase (158). Although the ubiquitin system is a promising drug target for cancer therapy in 

general, with multiple inhibitors of Ub-ligation and deubiquitination in development, no EBV-

specific therapies targeting the Ub-system are available (131, 159, 160). Furthermore, no 

systemic investigations of the cellular ubiquitination in EBV-transformed cells were conducted 

so far. 

To sum up, EBV interferes with host cell Ub-system to facilitate both successful lytic 

replication, as well as stable latent infection and thus persistent infection. Thereby the virus 

hijacks host enzymes but encodes viral Ub-modifying proteins, likewise. 
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2 Aims of the study 

The B lymphotropic Epstein-Barr virus (EBV) persistently infects the majority of the adult 

human population after initial infection. While the primary infection is largely asymptomatic, 

latent infections are associated with a multitude of cancers encompassing lymphoproliferative 

diseases and epithelial cancers as well as soft-tissue tumors. The latent viral genes thereby 

contribute to the fulfillment of cancer hallmarks, either directly or by interaction with host cell 

components. Although the viral infection is critical for cancer development and constitutes a 

specific therapeutic target, EBV-specific approaches are largely missing. The injection of EBV-

specific cytotoxic T cells and the induction of lytic replication combined with antiviral drugs are 

emerging therapeutic approaches which are used solely in distinct EBV-positive 

lymphoproliferative disorders.  

A promising drug target for perspective therapeutic approaches in cancer therapy is the 

cellular ubiquitin system. Ubiquitin is a small protein which, as a post-translational modification, 

is implicated in many cellular processes such as signal transduction and protein degradation. 

While ubiquitin is attached to its target by a cascade of activating, conjugating, and ligating 

enzymes the process is counter-regulated by the removal of ubiquitin moieties catalyzed by 

single proteins called deubiquitinating enzymes. For individual proteins, it was demonstrated 

that EBV manipulates the ubiquitin system. Two examples of such manipulations are the 

interaction of EBNA1 with the deubiquitinating enzyme USP7 or the miRNA-dependent 

suppression of the ligase substrate recognition component BTRC. However, a systemic 

investigation of EBV-specific alterations in protein ubiquitination is still missing. Additionally, it 

often remains undefined whether the ubiquitin-dependent process described is generally 

involved in B cell proliferation or EBV-specific. This distinction is a prerequisite for a purposeful 

development of EBV-specific therapeutic approaches for associated cancers. 

 

This thesis aims at the systematic proteomic description of the EBV-specific alterations of 

the B cell ubiquitin system, entailing the ubiquitination state of cellular and viral proteins as well 

as the abundance and activity of ubiquitin-modifying enzymes. Thereby, a particular focus will 

be on the family of deubiquitinating enzymes which are promising therapeutic targets. To 

achieve the above-mentioned aims, the following questions will be addressed: 
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(1) In which way does EBV alter protein ubiquitination in comparison to B cells proliferating 

in a physiological context? 

This question will be addressed by a quantitative ubiquitome approach comparing EBV-

transformed B cells and mitogen-stimulated B cells to define differential ubiquitinations. In 

parallel, proteome data will be acquired to allow integration of protein abundances and 

ubiquitination data. Additionally, the proteome data set will be analyzed with regard to 

ubiquitin modifying enzymes which are differentially abundant.  

 

(2) Which deubiquitinating enzyme activities are EBV-specifically altered in proliferating 

B cells? 

To answer this question, the activities of deubiquitinating enzymes will be quantitatively 

compared in EBV-transformed and mitogen-stimulated B cells utilizing activity-based probes in 

combination with quantitative mass spectrometry. B cell lymphoma-derived cells with distinct 

EBV latency states will be screened in an analogous manner for insights in the responsible viral 

gene products. Deubiquitinating enzymes with differential activities will be validated with regard 

to their regulation and activity. 

 

(3) How do EBV-specifically altered ubiquitinations and activities of deubiquitinating 

enzymes contribute to B cell proliferation, transformation, and oncogenesis? 

To examine this question, interesting protein candidates or ubiquitination sites will be 

selected from questions 1 and 2. These candidates will be further characterized utilizing specific 

inhibitors or knockdown approaches to elucidate interaction partners and substrates as well as 

their importance for B cell proliferation. 
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3 Materials and Methods 

3.1 Materials 

3.1.1 Chemicals 

If not indicated otherwise, all used chemicals were obtained from the following companies: 

Carl Roth GmbH (Karlsruhe, Germany), Life Technologies (Carlsbad, USA), Merck KGaA 

(Darmstadt, Germany), Sigma-Aldrich (St. Louis, USA). For a complete list of used chemicals see 

Suppl. Table 1. 

3.1.2 Antibodies and recombinant proteins 

Primary antibodies for western blotting (WB), immunoprecipitation (IP) and 

immunofluorescence (IF) are listed in Table 2. All primary antibodies recognize the antigen from 

human origin, if not stated otherwise. Secondary antibodies for WB and IF are listed in Table 3, 

and fluorescence-labeled antibodies for use in flow cytometry are specified in Table 4. Purified 

(recombinant) enzymes and proteins used in this study are listed in Table 5. 

 

Table 2: Primary antibodies used for immunoblotting, immunoprecipitation, and 
immunofluorescence. CST = Cell Signaling Technology 

Antigen Clone Host Manufacturer 

β-Actin AC-15 mouse Sigma-Aldrich 

Ataxin-3 1H9-2 mouse BioLegend 

EBNA1 6F9/60 mouse Novus Biologicals 

EBNA3C (from EBV) polyclonal sheep abcam 

HA nonapeptide (YPYDVPDYA) 12CA5 Mouse Roche Life Science 

ISG15 polyclonal rabbit CST 

LMP1 (from EBV) CS 1-4 mouse abcam 

NEDD8 polyclonal rabbit CST 

RelA (NF-κB p65) polyclonal rabbit Santa Cruz 

Ubiquitin P4D1 mouse CST 

UCHL1 polyclonal rabbit Novus Biologicals 

UCHL3 polyclonal rabbit CST 

USP48 (WB) polyclonal rabbit Bethyl Laboratories 

USP48 (IF) polyclonal rabbit Sigma-Aldrich 
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Table 3: Secondary antibodies used for immunoblotting and immunofluorescence. JIR = Jackson 

Immuno Research 

Antigen Conjugate Host Manufacturer 

Goat IgG peroxidase donkey JIR 

Mouse IgG+IgM peroxidase goat JIR 

Rabbit IgG Alexa Fluor 488 goat Invitrogen 

Rabbit IgG Cy3 donkey JIR 

Rabbit IgG peroxidase goat JIR 

Sheep IgG peroxidase rabbit Dianova 

 

Table 4: Fluorescence-labeled antibodies for flow cytometry. 

Antigen Clone Conjugate Host Manufacturer 

CD19 HIB19 APC mouse BD / BioLegend 

CD69 FN50 FITC mouse BD 

CD80 L307.4 FITC mouse BD 

CD86 IT2.2 PE mouse eBioscience 

CD154 24-31 FITC / PE mouse eBioscience 

 

Table 5: Enzymes and proteins. 

Protein/Enzyme Manufacturer 

Benzonase Merck 

CD40 ligand (soluble) biomol 

Interleukin 4 (IL-4) PeproTech 

Interleukin 4 (IL-4) Sigma-Aldrich 

Page Ruler Plus prestained protein ladder Thermo Fisher Scientific 

Page Ruler prestained protein ladder Thermo Fisher Scientific  

Sequencing grade modified trypsin Promega 

 

3.2 Cell culture and cell based assays 

All EBV-transformed cell lines (LCL) used in this study were generated in cooperation with 

the Division of Pathogenesis of Virus Associated Tumors of Prof. Dr. Dr. Henri-Jacques Delecluse 

(German Cancer Research Center (DKFZ), Heidelberg, Germany). Mitogen-stimulated B blasts 

(CD40L/IL-4) for screening approaches and DUB validation were generated in cooperation with 
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the DKFZ, likewise. Mitogen-stimulated cells for further experiments were then grown at the 

Helmholtz Centre for Infection Research (HZI) (Braunschweig, Germany). 

3.2.1 CD40L+ feeder cells and Burkitt’s lymphoma-derived cell lines 

A murine fibroblast cell line stably expressing human CD40-ligand (CD40L) was applied as 

feeder cells for B cell stimulation (161). Mutu cells are Burkitt’s lymphoma-derived. They show 

distinct EBV latency states. Mutu I cells are in EBV latency I and Mutu III cells are in EBV latency 

III. Mutu E1dn cells are EBV-negative through transfection with a dominant negative EBNA1 

construct (87). Feeder cells and Mutu cell lines were cultured in RPMI-1640 supplemented with 

10 % FBS and penicillin (50 U/ml)/ streptomycin (50 µg/ml). 

3.2.2 Isolation of primary human B cells 

Buffy coats from healthy human donors were provided by the blood bank Heidelberg 

(Heidelberg, Germany) or Deutsches Rotes Kreuz (NSTOB, Springe, Germany). Peripheral blood 

mononuclear cells (PBMC) were isolated from buffy coats by density gradient centrifugation 

over a Ficoll cushion. Therefore buffy coats were diluted 1:5 with buffy buffer (PBS, 4 % FBS) and 

14 ml of Ficoll cushion were covered with 36 ml diluted blood. After centrifugation (25 min, RT, 

840 g, no brakes) the PBMC layer was extracted and washed two times with buffy buffer. The 

resulting cell suspension was processed through cell strainers (40 µm).  

B cells were isolated from PBMC by positive selection for proteomic screening approaches 

and generation of LCL. CD19-positive primary B-lymphocytes were isolated using “M-450 CD19 

(Pan B) Dynabeads” (Dynal) and were detached using “Detachabead” (Dynal) following the 

manufacturer’s protocols. B cells for experiments further characterizing candidate proteins from 

screening approaches were enriched from PBMC by negative selection. Either the “Naïve B Cell 

Isolation Kit II” (Miltenyi Biotec, Bergisch Gladbach, Germany) or the “EasySep™ Human B Cell 

Enrichment Kit” (STEMCELL Technologies, Vancouver, Canada) were utilized for negative 

selection following the manufacturers’ protocols. 

3.2.3 Generation and cultivation of mitogen-stimulated human B blasts 

B cell blasts were generated by culturing primary B cells isolated from peripheral blood on a 

γ-irradiated CD40L+ feeder cell layer (90 Gy) in the presence of recombinant human IL-4 

(25 ng/ml) (PeproTech, Germany) in RPMI-1640 medium supplemented with 20 % FBS. The cells 
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were controlled visually. Upon successful stimulation clumps containing large B blasts attached 

to the feeder cell layers became visible four to six days after seeding. The B cell blasts were then 

expanded by transferring them to freshly prepared CD40L+ feeder cell layers in the presence of 

reduced amounts of IL-4 (10 ng/ml) and FBS (10 %). 

3.2.4 Transformation of human B cells by Epstein-Barr virus 

B cells purified from peripheral blood were exposed to viral supernatant at 20 MOI 

(multiplicity of infection) for two hours, washed once with PBS and cultured with RPMI-1640 

supplemented with 20 % FBS in the absence of immunosuppressive drugs till the outgrowth of 

LCL is visible. Established LCLs were further expanded in RPMI-1640 supplemented with 10 % 

FBS. EBV strains 2089 (162), and M81 (32) were used for B cell transformation. 

3.2.5 siRNA-mediated protein knockdown 

For siRNA-mediated knockdown, mitogen-stimulated B cells and LCL cells were washed with 

PBS and suspended in Ingenio electroporation solution at 10’000’000/ml. The siRNAs were 

added to a final concentration of 1.6 µM, and cells were electroporated using an Amaxa 

nucleofector II running program U15 in steps of 100 µl in 0.2 cm electroporation cuvettes 

(Lonza, Basel, Schweiz). Cells were rescued in cell type specific medium without antibiotics after 

electroporation. Prior to first knockdown experiments, the transfection efficiency was tested 

with fluorescence labeled siGLO Lamin A/C control siRNA. In average more than 80 % of cells 

were successfully electroporated. 

All used siRNAs were purchased from Dharmacon and dissolved in RNAse free water upon 

first use. The RNA sequences are listed in Table 6.  
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Table 6: Sequences of siRNAs used in this study.  

siRNA target sequence 

siGENOME Set of 4 siRNA  

D-006079-05 
USP48 CUACAUCGCCCACGUGAAA 

siGENOME Set of 4 siRNA  

D-006079-06 
USP48 GCACUCUACUUAUGUCCAA 

siGENOME Set of 4 siRNA  

D-006079-07 
USP48 GGCAGAGAGUCUAAGCUUU 

siGENOME Set of 4 siRNA  

D-006079-08 
USP48 CGAAUUGCUUGGUUGGUAU 

siGENOME Human USP48 

(84196) siRNA – SMARTpool 
USP48 

CUACAUCGCCCACGUGAAA, 

GCACUCUACUUAUGUCCAA, 

GGCAGAGAGUCUAAGCUUU, 

CGAAUUGCUUGGUUGGUAU 

siGENOME Non-Targeting siRNA 

Pool#1 
non-targeting 

UAGCGACUAAACACAUCAA, 

UAAGGCUAUGAAGAGAUAC, 

AUGUAUUGGCCUGUAUUAG; 

AUGAACGUGAAUUGCUCAA 

 

3.2.6 Flow-cytometry 

The activation status of B cells was investigated by flow cytometry. Cells were washed with 

FACS buffer twice (PBS, 2 % FBS, 2 mM EDTA) and stained with fluorescence-labeled antibodies 

(15 min, 4 °C) for the B cell activation markers CD69, CD80, CD86 or a combination of these. 

CD19 and CD154 were stained for discrimination of B cells and CD40L+ feeder cells. For 

discrimination of live and dead cells, cells were stained with “LIVE/DEAD® Fixable Far Red Dead 

Cell Stain” (Thermo Fisher Scientific). For a complete list of antibodies used see Table 4. Cells 

were washed with FACS buffer, fixed with 4 % PFA if necessary (10 min, 4 °C), washed again and 

resuspended for measurement in FACS buffer. Samples were measured with a BD Accuri C6 flow 

cytometer. 

For monitoring of cell proliferation by flow cytometry, the cells were stained with Cell 

Proliferation Dye eFluor® 670 or CFSE (both eBioscience). Therefore cells were washed with PBS 

twice and incubated with 3 µM dye in PBS (10 min, RT). The reaction was stopped with an excess 

of complete media. Samples were centrifuged and taken up in the culture medium. A sample 

was taken and measured every 24 h. 
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3.2.7 Immunofluorescence microscopy 

Coverslips were coated with 0.1 % w/V poly-D-lysine (2 h, RT) before seeding of B cells. The 

coating solution was aspirated, and the coverslips were rested with 100 µl cell suspension 

(106 cells/ml) (20 min, RT). The liquid was aspirated and the cells fixed with 2 % PFA in PBS 

(20 min, RT). The liquid was aspirated again, the coverslips washed with PBS and after 

permeabilization (0.15 % Triton-X-100, 5 min, RT) blocked with 1 % BSA in PBS with 0.05 % 

Tween-20 (PBS-T). Incubation with first antibodies was carried out overnight at 4 °C. After three 

rounds of washing with PBS-T samples were incubated with secondary antibodies (1 h, RT). 

Secondary antibody solutions were supplemented with Alexa Fluor 488 labeled phalloidin and 

4′,6-Diamidin-2-phenylindol (DAPI). Used primary and secondary antibodies are listed in Table 2 

and Table 3, respectively. Coverslips were washed (2x with PBS-T, 1x with PBS), dehydrated in 70 

and 96 % ethanol, and air-dried. Finally, coverslips were embedded with Mowiol® 4-88 

embedding solution supplemented with n-propyl-gallate (2.5mg/ml) onto superfrost object 

slides overnight at room temperature. 

Pictures were acquired with an inverted microscope (Ti-Eclipse, Nikon) with a Plan-

Apochromat 100x/1.45 immersion oil objective, epifluorescence illumination from IntensiLight 

(Nikon) and a cooled, charge-coupled device camera with back-illumination (CoolSnap MYO, 

Roper Scientific). The system was operated with NIS-Elements AR software (7.30.02, Nikon). 

Images were evaluated and processed Fiji (ImageJ) image processing (163). 

 

3.3 Biochemical methods 

3.3.1 Cell lysis 

3.3.1.1 Glass-bead lysis 

For western blotting of deubiquitinating enzymes (see 3.3.2) and the reaction of DUBs with 

HA-Ub-VME (see 3.3.5 and 3.4.2.1) cells were lysed by glass bead lysis. Glass beads were 

provided in reaction tubes. Approximately the same volume of glass beads as the cell pellet was 

used. The cell pellet was re-suspended in twice the volume of glass-bead lysis buffer (50 mM 

HEPES pH 8, 250 mM sucrose, 5 mM MgCl2, 1 % (v/v) IGEPAL, 1 μl/10 mL Benzonase) and 

transferred to glass-beads. Samples were vortexed for 30 min at 4 °C and consecutively 

sonicated for 10 min in an ice-cold ultrasonic bath. Samples were centrifuged to remove cell 

debris (20 min, 4 °C, 14’000 g).  
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The final protein concentration of the lysates was estimated by BradfordRed assay. 

Therefore appropriate dilutions ranging from 1:5 to 1:120 of lysate in MQ were prepared, 

incubated with BradfordRed solution (expedeon) (5 min, dark) and measured in triplicates using 

an Infinite M200 Elisa plate reader (Tecan). For the generation of a standard curve BSA solutions 

from 0.1 mg/ml up to 1 mg/ml were measured in triplicates, likewise. 

3.3.1.2 Urea lysis 

For proteome and K-ε-GG analysis cell samples were lysed at 4°C in urea lysis buffer (8 M 

urea, 50 mM Tris/HCl pH 8, 150 mM NaCl, 1 mM EDTA, 2 µg/µl Aprotinin, 10 µg/µl Leupeptin, 

50 µM PR-619, 1 mM CAA, 1 mM PMSF, 5 mM 1,10-Phenanthroline). The cells were extensively 

resuspended by pipetting and subjected to three 30 s ultrasound pulses. Lysates were cleared by 

centrifugation (20 min, 4 °C, 5’000 g). Protein concentrations were estimated by BradfordRed 

assay (see 3.3.1.1). 

3.3.1.3 Lysis in HGMK-buffer 

For immunoprecipitation of NF-κB subunits cells were lysed in HGMK buffer (10 mM HEPES 

pH 7.9, 0.1 % NP-40, 10 % glycerol, 5 mM MgCl2, 100 mM KCl, 50 µM PR-619, 1x Complete EDTA 

free). Cell pellets resuspended in 5x pellet volume lysis buffer and rested on ice (10 min). After 

sonication for 2x10 s lysates were cleared by centrifugation (10 min, 4 °C, 14’000 g). Protein 

concentrations were estimated by BradfordRed assay (see 3.3.1.1). 

3.3.2 Gel electrophoresis and western blotting 

Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) was performed 

based on a protocol by Laemmli (164). Samples were dissolved in 1x reducing Roti-Load sample 

buffer, heated (3 min, 95 °C) and centrifuged (2 min, RT, 2000 g). Samples were separated on 

precast gradient gels (4-12%) with MOPS SDS buffer (180 V, 45 min). Prestained protein ladders 

were used for size estimation. 

For western blotting (WB) gels were equilibrated in blotting buffer (25 mM Tris Base, 

192 mM glycine, 0.02 % SDS, 20 % MeOH) and transferred to MeOH activated (20 s) PVDF 

membrane. The transfer was performed by wet-blotting using the XCell II™ Blot Module 

following the manufacturer’s protocol with 30 V for 1 h. Membranes were incubated in blocking 

solution (TBS with 0.1 % Tween 20 (TBS-T) and 5 % (w/v) skimmed milk and incubated with 

primary antibodies (o/N, 4 °C). After three times washing (15 min) with blocking solution, the 

secondary antibody was applied (1 h, RT). After two times washing with TBS-T (15 min) and once 
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with TBS (15 min) the PVDF-membrane was developed utilizing ECL™ Prime Western Blotting 

Detection Reagent (GE Healthcare, Chalfont St. Giles, UK). Chemiluminescence was detected by 

an LAS-3000 CCD-camera (Fujifilm, Tokyo, Japan). For consecutive visualization of multiple 

proteins, the membrane was stripped by incubation with strip-buffer A (0.2 M glycine pH 2 

(HCl), 0.5 M NaCl,) and B (0.5 M Tris pH 11) for 7 min each. The membrane was further handled 

as described for the first antibody with the exception of additional NaN3 (0.01 % (w/v)) in the 

blocking solution. The antibodies used are listed in chapter 3.1.2. 

For quantitative evaluation signal intensities were determined densitometrically utilizing 

AIDA Image Analyzer software version 4.15 (Raytest, Straubenhardt, Germany). 

3.3.3 Immunoprecipitation 

The antibodies specific for target proteins were bound to magnetic protein G beads prior to 

incubation with cell lysates. Beads were three times washed with PBS and suspended (1ml). The 

antibody was added to the beads (1.5 µg AB / 10 µl bead slurry). After incubation for at least 

two hours (4 °C, rotating) beads were washed two times and transferred to cell lysates. For 

detection of interaction partners the incubation period was one hour at 4 °C; for detection of 

posttranslational modification, incubation was performed overnight. Beads were collected with 

a magnetic stand and washed two times with PBS prior to elution with 2x SDS sample buffer 

(95 °C, 5 min). Immunoprecipitates were analyzed by SDS-PAGE and western blot analysis (see 

3.3.2). 

3.3.4 Ligation and clean-up of HA-Ub-VME 

The activity-based probe HA-Ub-VME for this study was produced in-house. The 

vinylmethylester (VME) warhead was provided by Dr. Raimo Franke (Chemical Biology, HZI, 

Braunschweig, Germany). Escherichia coli BL21 Star™ carrying a pTYB2 plasmid containing the 

sequence of HA-tagged human ubiquitin residues 1-75 fused to intein and a chitin-binding 

domain (HA-Ub-CBD) were grown in a 5 l fermenter and provided by Daniela Gebauer 

(Recombinant Protein Expression, HZI, Braunschweig, Germany). The protocol for generation of 

the active-site directed probe HA-Ub-VME was adapted from Borodovsky et al. (165) and 

previously described (166). 

In brief, lysates from HA-Ub-CBD expressing E. coli were generated by two French press 

passages (20’000 psi) and sonication (10 min, 4 °C) in HA-Ub lysis buffer (50 mM HEPES pH 6.5, 

100 mM NaOAc, 1x Complete Protease Inhibitor without EDTA, 1μL/10 mL DNAse). The lysate 
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was cleared by centrifugation (30 min, 4 °C, 36’000 g) and filtration through nylon membrane 

(0.45 µm). The clear lysate was transferred to chitin beads (pre-conditioned with lysis buffer) 

and incubated 5 h at 4 °C with gentle shaking. The beads were washed two times with lysis 

buffer and once with 50 mM MesNa in lysis buffer. Beads covered with 50 mM MesNa in lysis 

buffer were incubated overnight (37 °C) for HA-Ub cleavage. Flow-through and washing solution 

(10 ml lysis buffer) containing the HA-Ub-MesNa thioester were collected, filtered (0.32 µm 

nylon) and the buffer exchanged to ABP-buffer A (50 mM NaOAc pH 4.5) utilizing a VivaSpin 

membrane concentrator (5 kDa cutoff). HA-Ub-MesNa was further purified by cation exchange 

chromatography (CIEX). A gradient of 0 to 100% ABP-buffer B (50 mM NaOAc pH 4.5, 1 M NaCl) 

was run on an Äkta purifier system 900 with a MonoS column (10/100 (400 mg)) and a fraction 

collector Frac-950. Fractions were analyzed by MALDI-TOF MS, and HA-Ub-MesNa containing 

fractions were pooled. After buffer exchange to ABP-buffer A and concentration, the protein 

concentration was determined by NanoDrop 2000 measurement in triplicates. 

The warhead was dissolved in ligation buffer (100 mM HEPES pH 7.5) and adjusted to pH 8 

with ammonium bicarbonate. Purified HA-Ub-MesNa and N-hydroxysulfosuccinimide (final 

200 mM) were added and adjusted to pH 8 again. The reaction was carried out overnight at 

37 °C. The product was filtered (0.22 µm nylon) and buffer changed to ABP-buffer A. The ABP 

was purified by CIEX as described above. If the ABP was not separated from residual HA-Ub, as 

examined by MALDI-TOF-MS, a second CIEX using a CIM® SO3 (0.3 ml) disk was conducted. 

Finally, the ABP (HA-Ub-VME) was transferred to probe buffer (50 mM HEPES pH 7.4) and, after 

validation by ESI-MS, stored in aliquots at -80 °C. 

3.3.5 DUB patterns and shift assays 

For shift assays of single DUBs and the inspection of DUB patterns by western blot analysis 

cell lysates were labeled with HA-Ub-VME. Therefore lysates were incubated with 

0.5 µg ABP / 100 µg protein in 50 mM HEPES buffer (pH 8, adjusted with NaHCO3) for 1 h at 

37 °C. For control samples, HEPES buffer instead of ABP was added. The reaction was stopped by 

the addition of 4x SDS sample buffer (reducing). Aliquots of samples corresponding to 15 µg of 

protein input were separated by SDS-PAGE and immunoblotted as described above (3.3.2). For 

DUB patterns the ABP’s HA-tag was visualized, for shift assays antibodies specific for individual 

DUBs were utilized. 
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3.4 Proteomic methods 

3.4.1 Sample preparation for proteome and ubiquitome investigation 

The workflow for investigation of alterations in proteome and ubiquitome in EBV-

transformed B cells in comparison with CD40L-stimulated cells was adapted from a protocol 

recently published by Udeshi et al. (167). The individual steps are described in section 3.4.1.1 to 

3.4.1.4. 

3.4.1.1 SILAC labeling 

Stable isotope labeling with amino acids in cell culture (SILAC) was performed in cooperation 

with the Division of Pathogenesis of Virus Associated Tumors of Prof. Dr. Dr. Henri-Jacques 

Delecluse (German Cancer Research Center (DKFZ), Heidelberg, Germany).  

Established LCLs or mitogen-activated B cells were isotope-labeled by expansion in SILAC-

RPMI medium containing either light (100 μg/ml each of L-arginine and L-lysine) or heavy amino 

acids (100 μg/ml each of [13C6
15N4] L-arginine and [13C6] L-lysine) supplemented with 10% 

dialyzed FBS for 10 days. Light and heavy labels were swapped after the first experiment. 

Labeling efficiency and required labeling time has been assessed by LC-MS/MS prior to the first 

experiment. All cells were maintained in a humidified cell incubator at 37°C with 5% CO2 

environment. After reaching a sufficient cell number (>2*108) cells were collected, washed with 

PBS twice and subjected to urea-based cell lysis (see 3.3.1.2). 

3.4.1.2 Tryptic in-solution digest and desalting 

For proteome and ubiquitome investigations by LC-MS/MS proteins were subjected to 

tryptic in-solution digestion. Therefore, same amounts of protein (5 mg) from light and heavy 

labeled cells (see 3.4.1.1) were combined and diluted with 50 mM ammonium bicarbonate 

(NH4HCO3) to a final urea concentration less than 1.5 M. For reduction of disulfide bonds 

samples were incubated with DTT (5 mM, 45 min, RT) and consecutively alkylated with CAA 

(10 mM, 30 min, RT). Proteins were digested overnight at 37 °C with sequencing grade modified 

trypsin (Promega) in a protein:trypsin ratio of 1:100. The solution was acidified with TFA and 

cleared of precipitated urea by centrifugation (5 min, RT, 1000 g). 

The peptide containing supernatant was desalted by solid-phase extraction (SPE) using 

Oasis® HLB 6cc LP extraction cartridges (Waters). For each experiment, three cartridges were 

used in parallel. Cartridges were constituted with 5 ml RP buffer B (60 % ACN, 0.2 % TFA) and 5 
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ml RP buffer B (3 % ACN, 0.2 % TFA). The sample was applied to all cartridges equally, washed 

with buffer A (2x4 ml) and eluted with buffer B (3x1.5 ml). Flow-through and first wash fraction 

were collected and applied to SPE a second time. Eluates were combined and dried to 

completeness using a SpeedVac concentrator. 

3.4.1.3 De-complexation by basic reversed phase chromatography 

Peptides were de-complexed by basic reversed phase chromatography (bRP) before 

proteome analysis and enrichment of ubiquitin remnant peptides. Complete peptides were 

dissolved in 1.5 bRP solvent A (5 mM NH4HCO2 pH 10, 2 % ACN) loaded on a Zorbax 300 Extend-

C18 column connected to an Äkta purifier system using a 2 ml loop. An initial increase from 100 

% bRP solvent A to 6 % bRP solvent B (5 mM NH4HCO2 pH 10, 90 % ACN) in 7.5 min and a 

consecutive increase to 8% B in 3 min was followed by a 57 min ramp up to 27 % B. Further 

ramps to 31% B in 6 min, 39 % in 6 min and 60 % in 10.5 min led to the final concentration of B 

which was maintained for another 6 min. The flow rate was held at 2 ml/min, and a total of 87 

fractions of 2.2 ml were collected. The fractions were pooled into eight fractions by combining 

every eighth and lyophilized afterwards. 1 % of each fraction was separated for analysis of the 

complete proteome. Remaining peptides were subjected to ubiquitin remnant enrichment. The 

chromatographic performance was controlled prior to every experiment using a peptide 

standard. The standard composition is defined in Suppl. Table 2. 

3.4.1.4 Enrichment of ubiquitin remnant peptides 

For enrichment of ubiquitin remnant peptides, the PTMScan® ubiquitin remnant motif (K-ε-

GG) kit (Cell Signaling Technology, Massachusetts, USA) was used. Before use, the anti-K- ε-GG 

antibodies were cross-linked to the provided beads. Therefore, the bead slurry was washed with 

crosslinking buffer (CLB) (100 mM sodium borate pH 9) three times and incubated with 20 mM 

dimethyl pimelimidate in CLB (30 min, RT). The reaction was stopped by two wash steps with 

200 mM ethanolamine (pH 8) and rotation in 200 mM ethanolamine (1 h, 4 °C). Ethanolamine 

was removed by three wash steps with IAP buffer (50 mM MOPS pH 7.2, 10 mM NaH2PO4, 50 ml 

NaCl) and split to eight reaction tubes for K-ε-GG peptide enrichment from bRP fractions. 

Peptide fractions from bRP were dissolved in IAP buffer and incubated with an aliquot of 

crosslinked anti-K-ε-GG antibody beads (2 h, 4 °C, rotating). The supernatants were removed, 

beads washed with IAP buffer twice and once with PBS. The enriched K-ε-GG peptides were 

eluted three times with 0.15 % TFA. Eluates were dried to completeness using a SpeedVac 

concentrator. For clean-up, dried peptides were dissolved in 0.5 ml RP buffer A and applied to 

constituted Oasis® HLB 1cc LP extraction cartridges (Waters). Samples were washed with buffer 
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A (2x0.5 ml) and eluted with buffer B (3x0.5 ml). Flow-through and first wash fraction were 

collected and applied to SPE a second time. Eluates were combined and dried to completeness 

using a SpeedVac concentrator before LC-MS/MS analysis (3.4.3). 

3.4.2 Sample preparation for the identification of activity-competent 

DUBs 

3.4.2.1 Immunoprecipitation of activity-competent DUBs 

For the identification and relative quantification of activity-competent DUBs from mitogen-

stimulated and EBV-transformed B cells, or Mutu cell lines, DUBs were enriched by 

immunoprecipitation of covalently bound activity-based probes. Therefore, 2 mg of protein 

from glass bead lysis (3.3.1.1) were incubated with 0.8 µg HA-Ub-VME (2 h, 37 °C). The 

ABP/protein ratio was previously examined to be sufficient for quantitative labeling. The 

reaction was stopped by the addition of SDS to a final concentration of 0.3 % and incubation for 

15 min at room temperature, and the sample diluted to a total volume of 4 ml with NET buffer 

(50 mM Tris pH 7.5, 150 mM NaCl, 5 mM EDTA, 0.5 % IGEPAL) consecutively. 

For immunoprecipitation 100 µl beds of α-HA agarose beads (Sigma Aldrich, clone HA-7) 

were prepared on 5 ml spin columns with 30 µM pore-size frit by washing three times with NET 

buffer. Columns were filled with labeled lysate and sealed for incubation (5 h, 4 °C, rotating). 

The supernatant was eluted by gravity flow and beads washed with NET buffer and two times 

with 0.1 M NH4HCO3.  

3.4.2.2 On-bead tryptic digest 

After enrichment, the captured proteins were digested directly on the α-HA agarose beads. 

Proteins were reduced by 20 mM DTT in 0.1 M NH4HCO3 (30 min, 56 °C) and, after removal of 

DTT by centrifugation (1 min, 200 g), alkylated with 55 mM CAA in 0.1 M NH4HCO3 (30 min, RT). 

Alkylating reagent was removed by centrifugation and beads were washed with 0.1 M NH4HCO3 

twice. For digestion beads were covered with 2 µg sequencing grade modified trypsin (Promega) 

in 100 µl 0.1 M NH4HCO3 and incubated at 37 °C overnight, gently shaking. After digest peptides 

were collected by centrifugation, and additional peptides eluted two times with 250 µl 0.1 % 

TFA. Samples were applied to on-line RP-C18 peptide clean-up (3.4.2.3) and iTRAQ labeling 

(3.4.2.4) before LC-MS/MS (3.4.3). 
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3.4.2.3 On-line reversed phase-C18 peptide clean up 

After digestion, salts and detergents were removed from samples by on-line RP-C18 

chromatography. A self-packed RP-C18 column coupled to an Äkta purifier system 900 and 

fraction collector Frac-950 was utilized. After column equilibration by consecutive washing with 

RP buffer B (60 % ACN, 0.1 % TFA) and RP buffer A (0.1 % TFA), samples were injected via a 2 ml 

loop and consecutive washing with buffer A. Elution was carried out by a one column volume 

step gradient up to 100 % RP buffer B. Fractions á 500 µl were collected and peptide containing 

fractions, as determined by UV absorption and MALDI-TOF-MS, were pooled and dried before 

iTRAQ labeling. 

3.4.2.4 iTRAQ® labeling 

For relative quantification, peptides from immunoprecipitations of activity-competent DUBs 

were labeled with isobaric tags for relative and absolute quantification (iTRAQ®) (SCIEX) using 

the provided solutions. Labels with different reporter ions were used for the individual samples. 

Dried peptides were dissolved in 20 µl dissolution buffer and mixed with 14 µl H2O. The iTRAQ® 

labels were spun down and transferred to samples; the vials were rinsed with 70 µl EtOH. 

Samples were incubated (3 h, RT), 1 % of each reaction was taken for label control by 

LC-MS/MS, and remaining samples were dried to completeness. 

Dried samples were desalted and cleansed from remaining iTRAQ® reagent utilizing self-

packed RP18 columns. Columns were packed with 150 µl LiChrosorb® RP-18 slurry and 

equilibrated with 2 ml RP18 buffer B (60 % ACN, 0.2% TFA) and buffer RP18 buffer A (3 % ACN, 

0.2% TFA). Samples were dissolved in buffer A, applied to columns and washed two times with 

1 ml buffer A. Peptides were eluted three times with 250 µl buffer B and dried to completeness 

using a SpeedVac concentrator. 

3.4.3 Mass spectrometric data acquisition and peptide/protein 

identification 

Dried samples were dissolved in 6 % ACN with 0.1 % formic acid (FA), sonicated in a water 

bath (5 min, RT) and diluted with 0.1 % FA to a final concentration of 3 % ACN. Samples were 

centrifuged (20 min, 20 °C, 109’000 g) and supernatants transferred to HPLC vials for injection to 

LC-MS/MS.  

The mass spectrometry workflows used for peptide identification in this study are 

summarized in Table 7. Samples were applied to the pre-column and washed (3 min, 6 µl/min). 
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Peptides from samples were separated by a linear gradient from 3.7 % - 31.3 % solvent B (80 % 

ACN, 0.1 % FA) with 0.1 % FA as solvent A. The effluent was continuously electro-sprayed by a 

stainless steel emitter and the peptides thus ionized. Further parameters for LC and settings of 

the mass spectrometers are described in Suppl. Table 3. 

The LC-MS/MS raw data were processed depending on the quantification strategy either 

with Proteome Discoverer (Version 1.4.1.14) utilizing a Mascot server (Version 2.4.1) for iTRAQ® 

labeled samples, or with MaxQuant (Version 1.5.2.8) and the integrated search engine 

Andromeda for SILAC labeled samples (168, 169). 

 

Table 7: LC-MS/MS workflows for peptide identification and quantification. 

 
mass spectrometer liquid chromatography 

 

 
device software device pre-column analytical column software experiment 

1 
LTQ 

Orbitrap 

Velos Pro 

Xcalibur 

2.1 

UltiMate 

3000 RSLC 

nano 

Acclaim PepMap 

100 (75 µm x 

2 cm, C18, 3 μm) 

Acclaim PepMap 

RSLC (75 µm x 

25 cm, C18, 2 μm) 

Chromeleon 

6.8 

activity 

competent 

DUBs 

2 
Orbitrap 

Fusion ™ 

Tribrid™ 

Xcalibur 

3.0.63 

UltiMate 

3000 RSLC 

nano 

Acclaim PepMap 

100 (75 µm x 

2 cm, C18, 3 μm) 

Acclaim PepMap 

RSLC (75 μm x 

25 cm, C18, 2 μm) 

or 

Acclaim PepMap 

RSLC (75 μm x 

50 cm, C18, 2 μm) 

Chromeleon 

6.8 

proteome 

and 

ubiquitome 

 

The following parameters were set in PD: Search against SwissProt (release 2013_01) 

utilizing Mascot search engine (Version: 2.4.1); taxonomy: Homo sapiens; enzyme: Trypsin; 

maximum missed cleavages: 1, fixed modifications: iTRAQ 4-plex (K), iTRAQ 4-plex (N-term), 

Carbamidomethyl (C); variable modifications: oxidation (M); precursor mass tolerance: 10 ppm; 

fragment mass tolerance: 0.5 Da; false discovery rate determined by decoy database searches: 

1 %. Search engine results were filtered for: peptide confidence = medium or high; peptide rank 

= 1; peptide score ≥ 25. Regulation factors were determined by the ratios of iTRAQ label 

intensities for individual peptides. Protein regulation factors were determined as the mean of 

unique peptide regulation factors and afterward median normalized. DUBs were considered 

activity competent if they were identified by at least 2 peptides and were at least 4 times more 

abundant in HA-Ub-VME incubated samples than in controls without ABP. 

The database search by Andromeda was performed against databases extracted from 

SwissProt specific for Homo sapiens (11/2015), EBV strain B95-8 (04/2015) and a list of common 

contaminants provided by MaxQuant (8/2014) in a single run. Search parameters were set as 

follows: Restriction with trypsin and up to 3 missed cleavages; minimal peptide length of 6 
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amino acids; first search peptide tolerance 20 ppm; main search peptide tolerance 6 ppm; ITMS 

MS/MS match tolerance 0.5 Da; FTMS MS/MS match tolerance 20 ppm; protein acetylation (N-

term), di-glycine remnant (K) and oxidation (M) as variable modifications; carbamidomethyl (C) 

as fixed modification. Peptides, proteins, and sites were filtered by a target-decoy approach to 

an FDR <0.01 using a reversed decoy database. Protein ratios were calculated by MaxQuant 

based on SILAC ratios from unique and razor peptides with a minimal ratio count of 3 for 

proteins.  

3.4.4 Determination of statistically significant regulations 

Proteome and ubiquitome results were filtered for reversed identification and potential 

contaminants. Ubiquitination sites were also filtered for a K-ε-GG localization probability greater 

0.95 or 0.5 for adjacent lysine residues. Significantly regulated proteins and K-ε-GG peptides 

were identified as described (170). In short, it is assumed that the log2-ratios of all proteins 

follow a normal distribution with the same standard deviation σ0 but different expected values. 

We estimate σ0 by the mean of the MADs (Median Absolute Deviation from the median). A p-

value (α) for regulation in m out of k replicates is calculated by: 

� = 2 ∗ �� ∗ ��	
 ∗ �1 −Φ �����
�
�

 

Proteins were considered as regulated with a p-value <0.01 and identified in all 4+1 

experiments or at least 4 experiments and no detection in the last one. The enrichment of K-ε-

GG peptides results in highly complementary data from single replicates. Sites with a p-value 

<0.05 for at least 2 experiments without detection in others were considered as potentially 

significantly regulated.  

 

3.5 Bioanalytical methods 

Measurement of arachidonic acid and leukotriene B4 were carried out in cooperation with 

the Metabolomics Group under the head of Ass. Prof. Dr. Karsten Hiller at the Luxembourg 

Centre for Systems Biomedicine (University of Luxembourg, Belvaux, Luxembourg) and the 

Department of Bioinformatics and Biochemistry (Technical University Braunschweig, 

Braunschweig, Germany). 
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3.5.1 Determination of arachidonic acid in cells and culture 

supernatant 

Arachidonic acid extraction and analyses were carried out by Dr. Elodie Duriez and Dr. 

Christian Jäger (Metabolomics group of Prof. Karsten Hiller, Luxembourg Centre for Systems 

Biomedicine (LCSB), University of Luxembourg, Belvaux, Luxembourg) according to an adapted 

protocol from Sapcariu and colleagues (171). In short, methanol/chloroform extracts of cell 

pellets were prepared and subsequently dried to completeness. Methanol extracts were 

generated for supernatant samples also followed by vacuum-evaporation of these samples. 

Dried samples of both extractions were dissolved in 40% ACN in H2O with 0.02% acetic acid, 

split into three aliquots, and a third of each aliquot was subjected to LC-MS analysis. 

For LC-MS analyses, a setup comprising an Agilent 6550 Q-TOF mass spectrometer operated 

in negative mode and an upstream coupled Agilent 1290 Series UHPLC with a Kinetex Biphenyl 

column for separation (2.6 µm, 2.1x100 mm, 100 A; Phenomenex), were utilized. Samples were 

eluted with a linear 8 min gradient from 2 % - 55 % solvent B (1:1 mixture ACN:isopropanol) with 

40% ACN in H2O with 0.02% acetic acid as solvent A, a subsequent increase of solvent B up to 99 

% over 50 s, and a 99 % solvent B plateau of 50 s. Further parameters are provided in Suppl. 

Table 4. Peak detection and integration from raw data were conducted manually utilizing the 

‘MassHunter Workstation Software - Qualitative Analysis’ (version 6.0, Agilent). For 

quantification of AA, an external calibration curve of a reference standard was employed in the 

appropriate buffers. (Elodie Duriez, personal communication, August 31, 2016) 
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4 Results 

4.1 Alteration of protein abundance and ubiquitination in EBV-

transformed B cells 

The Epstein-Barr virus establishes lifelong latent infection in human B cells. In the so-called 

latency III growth state, latent EBV proteins mimic activated B-cell surface antigen CD40 (CD40) 

as well as an activated B cell receptor (BCR) which leads to sustained cell proliferation. Recent 

research indicates that the virus interferes with the host cell ubiquitination and deubiquitination 

system in the course of establishing persistent proliferation.  

In this part of the study, EBV-dependent alterations of protein ubiquitination and 

abundances were investigated on a systemic level. Therefore the proteome and ubiquitome of 

mitogen-stimulated and EBV-transformed proliferating B cells were comparatively analyzed. 

 

4.1.1 Pre-characterization of the proliferating B cell samples 

Prior to the comparative proteome and ubiquitome analysis, EBV latency and B cell 

activation status were examined. Latent EBV infection occurs in three different states with 

distinct protein expression patterns. In this study, only cells in the growth program (latency III) 

should be used. Therefore, the latency state of all analyzed B cell samples was verified by 

immunoblot analysis for a set of latent proteins enabling discrimination between EBV-negative 

cells and all three latency states. Epstein-Barr nuclear antigen 1 (EBNA1) is a general marker for 

proliferating EBV-positive cells. Latent membrane protein 1 (LMP1) is selective for latency II and 

III, whereas Epstein-Barr nuclear antigen 6 (EBNA6) is unique for EBV latency state III. All 

CD40-ligand (CD40L) stimulated cell samples showed none of the EBV latent proteins. Thus, 

these samples are EBV-negative (Figure 7A). All three probed proteins were detected in all used 

LCL samples, regardless whether generated by EBV strain 2089 or M81. Hence, the type III 

latency of these samples has been confirmed. 

For the identification of EBV-specific regulations, a similar activation state of the 

investigated cells was essential to exclude activation-dependent processes. Comparable 

activation of EBV-transformed and mitogen-stimulated B cells was confirmed by flow cytometric 

analysis of CD80 expression. The activation marker was markedly increased on mitogen CD40L-
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stimulated and EBV-transformed B cells, as compared to resting cells, with only slightly lower 

mean expression on LCL. Thereby, no EBV strain-dependent difference between strain 2089 and 

strain M81 transformed B cells was detected. In Figure 7B, exemplary data is shown for donor 1.  

 

 

Figure 7: Characterization of mitogen-stimulated and EBV-transformed B cell samples. The EBV 

latency status was controlled by western blot analysis of a set of three latent EBV proteins (A). 

EBNA1 is expressed in all proliferating EBV-positive cells. LMP1 is expressed during latency states 

II and III. EBNA6 is expressed in cells with latency state III only. ACTB is used as a loading control. 

Surface expression of B cell activation markers was determined to validate the activation states. 

Samples of CD40L-stimulated, EBV-transformed and resting B cells were stained for the 

activation markers CD80 (B) and CD86 (C). Fluorescence intensities were determined by flow 

cytometry. CD19 was used as a reference to select resting B cells from freshly isolated PBMCs. 

Shown are histograms for CD19
+
 single cells from donor 1 which were subjected to 

transformation with strain 2089 and M81 or stimulated with CD40L and IL-4. Isolation and EBV 

infection of B cells were carried out by Dr. Ming-Han Tsai (DKFZ) and provided as frozen cultures. 
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In addition to CD80, the activation marker CD86 is also up-regulated in EBV-transformed 

B cells. Here the up-regulation is less marked for LCL than for CD40L-stimulated cells (Figure 7C). 

The activation of CD40 induces the expression of CD86. As reported, the EBV mimic of activated 

CD40 has reduced capability of CD86 induction (172). Thus, the used model system allows the 

detection of EBV-specific differences. 

Taken together, the EBV-infected samples investigated by proteomic approaches all showed 

a type III EBV latency, whereas the CD40L-stimulated samples are EBV-negative. The cells show 

an overall similar activation status, but EBV-specific alterations in protein expression are readily 

detectable. The pre-characterized samples were further used for comparative proteome and 

ubiquitome analyses. 

4.1.2 Comparative proteome analysis of EBV-transformed and mitogen-

stimulated B cells 

Next, EBV-dependent alterations in proteome and ubiquitome in proliferating B cells were 

analyzed. Resting B cells from four healthy donors were transformed by EBV strain 2089 and 

pairwise compared with CD40L-stimulated cells from the same donor. Cells from donor 1 were 

also transformed with EBV strain M81 to exclude strain 2089-specific effects. For relative 

quantification, cells were SILAC labeled. A one-hundredth of each sample was used for 

proteome investigation. The remaining sample was utilized for ubiquitome analysis. Results are 

presented in the next section (4.1.3). The cell samples for proteome and ubiquitome 

investigations were provided by Dr. Ming-Han Tsai (Division of Pathogenesis of Virus Associated 

Tumors, German Cancer Research Center (DKFZ), Heidelberg, Germany). 

Proteins were identified from LC-MS/MS raw data by searching against a combined EBV and 

Homo sapiens database utilizing Andromeda search engine (169). Relative quantification of 

proteins between EBV-transformed and mitogen-stimulated cells was realized by MaxQuant by 

signal integration for the light and heavy labeled state of the same peptides. Finally, significantly 

regulated proteins were determined by a stringent statistical approach (170). 

 

Overview of the proteome dataset: A total of 7248 proteins were identified by LC-MS/MS 

peptide sequencing. Of these, 6161 proteins could be relatively quantified (Figure 8A). The 

numbers of quantified proteins per experiment were in the range of 3569 to 5927. Properties of 

obtained, logarithmized regulation factors were assessed and visualized as boxplots (Suppl. 

Figure 1A). The interquartile range for all experiments was smaller than 1 indicating a low noise 

level. The regulation factors cover a range from -8.3 to 9.9 (log2RF), depicting a broad range of 
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protein abundance regulations which indicates a nearly qualitative alteration of proteins levels. 

Throughout all experiments, 4045 proteins were quantified in at least four experiments; these 

proteins are further referred to as ‘core proteome’ (Figure 8B). Potential donor and strain-

dependent variations were estimated by cluster analysis of the core proteome utilizing the 

Perseus software platform (Suppl. Figure 1B). Overall protein quantifications were highly 

reproducible, and only minor donor variations occurred. Likewise, differences between EBV 

strains M81 and 2089 were limited. Regulatory data of M81-transformed B cells (D1_M81) were 

found to be very similar to 2089-transformed B cells from donors 2 and 4. Indeed, the distance 

was shorter than between M81- and 2089-transformed cells of the same donor. Thus, the inter-

experiment variation was the main contributor to the observed differences. 

 

 

Figure 8: Overview of the proteome dataset. (A) Number of identified proteins: Of 7248 

identified proteins 6161 were quantified. (B) Overlap of protein quantifications in the individual 

experiments: Of the 6161 quantified proteins a minimum of 3569 were quantified in a single 

experiment (D1_2089). A core proteome of 4045 proteins was quantified in at least four 

experiments (red frame). (C) Regulations within the core proteome: As determined by a stringent 

statistical approach, 259 proteins of the core proteome were found to be more abundant in EBV 

transformed cells B cells (LCL) (red), 236 were less abundant (green). The cell samples for 

proteome analyses were provided by Dr. Ming-Han Tsai (DKFZ). 

 

Significantly regulated proteins were determined by a stringent statistical approach which 

estimated the standard deviation of the protein regulation factors by the means of the MADs 

and assigned p-values to the individual proteins. Proteins considered as regulated had to be part 

of the core proteome and have a p-value <0.01 for regulation in all experiments with 

quantitative information. The analysis resulted in a set of 495 (12.0%) proteins with altered 
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abundances (Figure 8C). The mean log2 regulation factors had a range from -5.1 to 7.5. Thereby, 

most of the regulated proteins (81 %) were quantified in all experiments and up- and down-

regulations occurred with similar frequencies; 259 proteins (52.3%) were more abundant and 

236 (47.7%) less abundant in EBV-transformed B cells.  

 

 

Figure 9: Identification and quantification of CD74. CD74 was identified by peptide sequencing. 

A representative spectrum is displayed. (A) Highlighted are classical fragment ions (b-ions in blue, 

y-ions in red) and fragment ions with neutral losses (orange). The peptide was quantified through 

the relative integration of the complete isotope pattern for the light labeled (CD40L-stimulated) 

and heavy labeled (M81-transformed) peptide (B). The integrated peaks are shown in brown. 

Signals from further identified peptides are shown in individual colors while green indicates noise 

in the measurement. 
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The identification and quantification of a set of proof-of-concept and candidate proteins 

were validated manually. Representative data for HLA class II histocompatibility antigen gamma 

chain (CD74) are shown in Figure 9. The unique peptide was reliably identified by its b- and y-ion 

series (Figure 9A). The peptide was quantified by integration of the complete isotope pattern for 

the light labeled (CD40L-stimulated) and heavy labeled (M81-transformed) peptide and 

calculation of the intensity ratio (Figure 9B). The depicted peptide is 5-times more abundant in 

CD40L-stimulated cells. In average from all associated peptides, CD74 is 2.7-times less abundant 

in LCL. This observation is in line with the described LMP2A-dependent down-regulation of CD74 

in B cells transformed by EBV (173). 

 

Detection of EBV-encoded proteins: The identified proteins were inspected for the 

detection of Epstein-Barr virus-encoded proteins. The identified proteins are summarized in 

Suppl. Table 5. In total, 16 Epstein-Barr virus-encoded proteins were identified including all six 

Epstein-Barr nuclear antigens (EBNAs). In every experiment at least one of these proteins was 

identified. All encountered peptides displayed the SILAC labeling state of the EBV-transformed 

B cells. These data confirm the latent EBV infection of the inspected LCL and the EBV-negativity 

of the CD40L-stimulated control. 

EBV strain M81 has a tendency for spontaneous lytic replication (32). Hence, it is to be 

expected that lytic EBV proteins are expressed in M81-transformed B cells. In these cells, ten 

lytic proteins, including the Major capsid protein (BcLF1) and Envelope glycoprotein GP350 

(BLLF1), were identified. Both BcLF1 and BLLF1 are late viral proteins expressed directly before 

virion assembly (29). The first one is the major capsid component, and the latter one is essential 

for the binding of the B cell-specific complement receptor 2 (CD21) and therewith for B cell 

tropism (174). Except for three proteins (BMRF1, BALF2, BORF2), all lytic proteins were found 

exclusively in M81-transformed B cells. These three proteins are early lytic EBV gene products 

and participate in the viral DNA replication, potentially indicating an initiation but not the 

completion of lytic replication (29). 

 

Proof-of-concept data: EBV is recognized by DEAD box protein 58 (DDX58/RIG-I) through 

the binding of Epstein-Barr virus-encoded small RNAs (EBERs) (175). The recognition leads to an 

IRF3- and IRF7-dependent gene expression which in turn leads to a cellular defense response to 

viruses (176, 177). Thus, the regulated proteins were investigated for proof-of-concept proteins 

described as implied in the “(defense) response to virus” in the GO annotation of UniProtKB 

(178). In total, 28 of these proteins were differentially abundant in LCL and mitogen-stimulated 
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B cells. With the exception of ‘DnaJ homolog subfamily C member 3’ and ‘Stimulator of 

interferon genes protein’, all of these proteins were more abundant in EBV-transformed B cells 

(Suppl. Table 6). 

The ISGylation of target proteins is a part of this defense response to viruses. In this process, 

the ubiquitin-like modifier ISG15 is attached to target proteins. The mechanism of ISGylation 

resembles ubiquitination and involves a set of analogous E1, E2 and E3 proteins (179). The ISG15 

specific enzymes UBA7 (E1), UBE2L6 (E2), TRIM25 (E3) and HERC5 (E3) showed higher 

expression in EBV-transformed B cells (Figure 10A). The effect of higher ISG-ligase expression 

was investigated by western blot analysis for free and substrate bound ISG15 (Figure 10B). 

Multiple ISGylated proteins with a molecular weight of 50 to 200 kDa were found in EBV-

transformed cells, while no ISGylated proteins were detected in CD40L-stimulated cells. Signals 

for unbound ISG15 are markedly increased in LCLs, likewise. 

 

 

Figure 10: Regulation of protein ISGylation. (A) Mechanism of protein ISGylation: Substrates are 

ISGylated by a cascade of three enzymes. All three types of enzymes are up-regulated in LCL 

(red). (B) Western blot analysis of protein ISGylation: Lysates of resting, CD40L-stimulated, and 

EBV-transformed (strains 2089 and M81) B cells were subjected to Western blot analysis for free 

and substrate-bound ISG15. Free ISG15 results in a signal at an MW of about 17 kDa. 
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Top regulated proteins: Up- and down-regulation of proteins appear with similar frequency 

and contribute to the top regulated proteins (highest absolute regulation factors) to the same 

extent. Of the 15 top regulated proteins, eight are up- and seven are down-regulated (Table 8). 

Six of the eight top up-regulated proteins are interferon-induced proteins and considered proof-

of-concept. The remaining two up-regulated proteins are the potential tumor suppressor 

protein ABI gene family member 3 (ABI3) and myeloid cell nuclear differentiation antigen 

(MNDA), a marker for nodal marginal zone lymphoma (180, 181). 

Two of the most strongly down-regulated proteins are undescribed in the context of (EBV-) 

infection or cancer. These are dihydropyrimidinase-related protein 3 (DPYSL3) and 

neuromodulin (GAP43). Multiple chains of tubulin are expressed in human cells. Of the 15 

tubulin chains identified in this study, only one was regulated in EBV-transformed cells. The 

alpha-3C/D chain (TUBA3C) was less abundant in LCL than CD40L-stimulated cells. For tubulin, 

no chain type-specific information regarding a role in infection or oncogenesis is available in the 

literature. 

In contrast to the previous proteins, regulations in cancer cells are described for Serpin H1 

(SERPINH1) and adipocyte enhancer-binding protein 1 (AEBP1). SERPINH1 is EBV-independently 

up-regulated in gastric cancer while AEBP1 is highly abundant in glioblastoma multiforme (25, 

26). Although both proteins are markers for distinct tumors, they were less abundant in EBV-

transformed cells than in mitogen-stimulated controls. 

The level of the basement membrane-specific heparan sulfate proteoglycan core protein 

(HSPG2) was more than 16-times higher in mitogen-stimulated cells than in LCL. For HSPG2, a 

differential expression in dependency of the EBV latency state is described in the form that 

HSPG2 is more abundant in latency state III than in latency I (27). Hence the quantitative data of 

this study indicate an up-regulation upon B cell activation which is not fully mimicked by EBV in 

transformed B cells. 

Protein kinase C alpha (PRKCA) was more than 20-times less abundant in EBV-transformed 

B cells, likewise. PRKCA supports the induction of EBVs lytic cycle upon treatment with phorbol 

esters, but the kinase is dispensable for spontaneous lytic reactivation (28). Hence, the strain-

independent down-regulation is unlikely to interfere with strain M81s tendency for spontaneous 

lytic reactivation, which was confirmed by the detection of lytic EBV proteins in M81-

transformed samples (see above).  
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Table 8: Top 15 regulated proteins. Interferon-stimulated gene products, marked with a hash 

mark (#) are considered proof-of-concept data. Regulation factors of proteins more abundant in 

LCL are displayed in red, and the factors for less abundant proteins are shown in blue. 
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IFI44L 
Interferon-induced protein 44-like    

# 
7.47 antiviral activity against HCV (182) 

MX1 
Interferon-induced GTP-binding 

protein Mx1    # 
5.82 

antiviral activity against RNA and some 

DNA viruses (183, 184) 

IFIT1 
Interferon-induced protein with 

tetratricopeptide repeats 1    # 
5.82 

senses viral ssRNA and sequesters 5'PPP-

RNA (185) 

MX2 
Interferon-induced GTP-binding 

protein Mx2    # 
5.63 inhibitor of HIV-1 infection (184) 

IFIT3 
Interferon-induced protein with 

tetratricopeptide repeats 3    # 
5.19 

sequesters 5'PPP-RNA; potentiates MAVS 

complex signaling (186, 187) 

ABI3 ABI gene family member 3 5.07 
tumor suppressor; reducing cell growth; 

inducing senescence (180) 

TUBA3C Tubulin alpha-3C/D chain -5.05 no tubulin alpha-3C chain specific data 

SERPINH1 Serpin H1 -4.69 

Up-regulated in EBV
+/-

 gastric cancer; 

target of tumor suppressive microRNA-

29a (188, 189) 

DPYSL3 
Dihydropyrimidinase-related 

protein 3 
-4.68 / 

MNDA 
Myeloid cell nuclear 

differentiation antigen 
4.66 

expressed in a subset of marginal zone 

B cells; marker for nodal marginal zone 

lymphoma; potentially participating in 

BCR signaling (181, 190) 

GAP43 Neuromodulin -4.55 / 

AEBP1 
Adipocyte enhancer-binding 

protein 1 
-4.51 

proinflammatory factor in macrophages; 

up-regulated in glioblastoma multiformi 

with anti-apoptotic impact (191, 192) 

PRKCA Protein kinase C alpha type -4.43 supports EBV lytic cycle entry (193) 

IFI44 Interferon-induced protein 44    # 4.39 anti-proliferative properties (194) 

HSPG2 

Basement membrane-specific 

heparan sulfate proteoglycan core 

protein 

-4.21 

higher abundance in EBV
+
 cells with 

latency type III relative to cells with 

latency I (195) 
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Enriched biological processes: The complete set of 495 regulated proteins was subjected to 

enrichment analysis to identify processes affected by multiple altered protein abundances in 

EBV-transformed B cells. The analysis was performed utilizing FunRich (V3.0) with Homo sapiens 

in UniProtKB as background database (196). The top six enriched biological processes with 

regard to Bonferroni corrected p-values are shown in Figure 11. A complete list including the 

individual proteins can be found in Suppl. Table 7. Beside the proof-of-concept processes of 

interferon-gamma-mediated signaling and the cellular response to viral infection, proteins 

involved in the B cell receptor signaling pathway and T cell co-stimulation are altered in EBV-

transformed cells. 

 

 

Figure 11: Biological processes enriched in regulated proteins. The regulated proteins were 

subjected to an enrichment analysis for biological processes utilizing FunRich (V3.0) and Homo 

sapiens in UniProtKB as background database. Shown are the top six enriched biological 

processes based on Bonferroni-corrected p-values. The yellow line indicates a threshold of 0.01 

for the p-value. 

 

Modulation of the B cell receptor signaling was further investigated by mapping of identified 

and regulated proteins to the canonical BCR signaling pathway as provided by the Kyoto 

Encyclopedia of Genes and Genomes (KEGG) (197). Of the 45 annotated protein components, 36 

are covered by the quantified proteome dataset of this study (Figure 12). Of those, 12 proteins 

are regulated. Regulations occurred predominantly at the far upstream and downstream parts 

of the BCR signaling. The Tyrosine-protein kinase SYK (SYK) and Tyrosine-protein kinase BTK 
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(BTK), which are activated by the BCR associated LYN kinase, were up-regulated in EBV-

transformed B cells. Lyn itself was down-regulated in only four out of five experiments and was 

thus not regarded as significantly regulated. SYK targets B-cell linker protein (BLNK) and 

Phosphoinositide 3-kinase adapter protein 1 (PIK3AP1).  

Signaling of the BCR is counter-regulated by inhibitory co-receptors to attenuate non-

specific activation and overwhelming B cell responses. The inhibitory co-receptor CD22 and its 

associated phosphatase Tyrosine-protein phosphatase non-receptor type 6 (PTPN6), which 

inhibits SYK as well as PTK, showed a stronger up-regulation than the activating components 

mentioned before. While intermediate components, with the exception of Protein kinase C beta 

type (PRKCB) and caspase recruitment domain-containing protein 11 (CARD11), were largely 

unaffected, the last or second last cascade components were found to be altered. This is the 

case for nuclear factor of activated T-cells, cytoplasmic 2 (NFATC2), mitogen-activated protein 

kinase 3 (MAPK3) and inhibitor of nuclear factor kappa-B kinase subunit beta (IKKβ), which are 

less abundant in EBV-transformed B cells. Activation of the BCR leads to reactivation of the lytic 

cycle of EBV in the human host (198). LMP2A blocks the BCR signaling by deprivation of the LYN 

and SYK kinases. At the same time, LMP2A constitutively mimics parts of the BCR signaling and 

rescues surface immunoglobulin-deficient cells from apoptosis (199). The regulation of BCR 

signaling components found in this study may contribute to this modulation of BCR signaling. 
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Figure 12: Regulation of proteins involved in B cell receptor signaling. Identified and significantly 

regulated proteins were mapped to the B cell receptor signaling pathway as provided by KEGG (197). 

BCR stimulation leads to altered gene expression through NF-κB, MAPK, and calcium signaling path-

ways. The cascades triggered by BCR activation are modulated by co-inhibitory and co-stimulatory 

receptors. The majority of regulated proteins are more abundant in EBV-transformed cells (red) and 

constitute early pathway components. Most distinct is the up-regulation of the co-inhibitory 

adhesion molecule CD22 and its associated phosphatase Tyrosine-protein phosphatase non-receptor 

type 6 (PTPN6). Downstream signaling components are either non-regulated or decreased (blue) in 

LCL (IKKβ, MAPK3, NFATC2). The down-regulation affects all three activated pathways. 
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Regulation of Ub/Ubl-associated proteins: The regulated proteins were inspected for 

Ubiquitin-activating (E1), ubiquitin-conjugating (E2), ubiquitin-ligating (E3) and deubiquitinating 

enzymes to get an overview of the altered enzymatic capacity for ubiquitination. Therefore, 

annotation charts for the category “molecular function” were generated using DAVID (6.8) 

(200). In total, 14 enzymes catalyzing ubiquitination or deubiquitination are regulated. Both 

established ubiquitin activating proteins, UBA1 and UBA6, were covered by the proteome study 

and determined to be unaltered. Of 11 ubiquitin conjugating proteins within the core proteome, 

UBE2L6 and UBE2O were regulated. Interestingly, UBE2L6 has dual specificity for ubiquitin and 

ISG15 (201). UBE2O has the dual capacity for ubiquitin conjugation and ligation (202, 203). 

Hence, it is also listed as one of the ten regulated E3 ligases of the dataset. Furthermore, the 

core proteome covers 32 deubiquitinating enzymes of which two, USP36 and USP48, are 

regulated (Table 9). 

 

Table 9: Regulated ubiquitinating and deubiquitinating enzymes. Proteins annotated with GO 

terms associated with ubiquitination or deubiquitination were extracted from annotation charts 

generated with DAVID (6.8) (200). Ubiquitin-activating (E1), ubiquitin conjugating (E2), ubiquitin 

ligating (E3) and deubiquitinating proteins were extracted from annotated proteins. Listed are 

the absolute numbers of each type in the core proteome and the regulated proteins. UBE2O has 

a dual capacity of ubiquitin conjugation and ligation. Therefore, it is listed twice. 

Type 
Number in 
regulated 

Number in core 
proteome 

Regulated proteins 

E1 activating 

enzyme 
0 2 - 

E2 conjugating 

enzyme 
2 11 UBE2L6; UBE2O 

E3 ligase 10 54 

HECTD1; HECTD4; RNF2; RNF213; 

TRIM21; TRIM25; TRIM33; 

UBE2O; UBE3A; UHRF2 

Deubiquitinating 

enzyme 
2 32 USP36; USP48 

 

An enrichment analysis comparing regulated proteins to the quantified core proteome was 

performed utilizing FunRich (V3.0) to obtain an insight into how these proteins alter overall 

ubiquitination (196). Fold changes were calculated based on the percentages of regulated and 

non-regulated proteins with the respective GO annotations. Thus, positive values indicate a 

targeted regulation of a process while negative values indicate unaltered processes (Figure 13). 
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Protein NEDDylation was completely unaffected. None of the six associated proteins identified 

within the core proteome was regulated (fold change -73.1). In contrast, for ISGylation the 

complete machinery is up-regulated in EBV-transformed B cells (fold change 6.2). General 

protein ubiquitination (1.3) and deubiquitination (-1.4) are neither enriched nor depleted among 

regulated proteins. The discrimination of protein ubiquitination in the sub-processes 

polyubiquitination and monoubiquitination indicated that polyubiquitination is less affected (-

2.5) then monoubiquitination in EBV-transformed cells (2.5).  

 

 

Figure 13: Enrichment analysis for proteins with ubiquitin-associated GO terms. An enrichment 

analysis for GO terms for ubiquitin-related biological processes comparing regulated proteins and 

the core proteome was conducted utilizing FunRich (V3.0). The displayed fold changes represent 

logarithmized quotients of the fractions for the respective GO annotations. Thus, positive values 

indicate a targeted regulation of a process while negative values indicate unaltered processes. 

Protein NEDDylation is exemplary for a process with no alterations. ISG15-protein conjugation is 

exemplary for a process containing regulated enzymes only. 

 

With TRIM21, TRIM25, and UBE2O, three of the regulated E3 ligases are described to 

catalyze protein monoubiquitination. All three are more abundant in EBV-transformed B cells 

(log2RFs: 1.3; 1.67; 1.04). TRIM25 monoubiquitinates glucose-6-phosphate isomerase to initiate 

polyubiquitination by E3 ubiquitin-protein ligase AMFR (204). For UBE2O, monoubiquitination of 

SMAD6 at Lysine 174 is described (202). TRIM21 is capable of auto-monoubiquitination (205). In 

addition, TRIM21 can dampen NF-κB signaling by monoubiquitination of phosphorylated IKBKB 

(206).  
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In summary: A core proteome of 4045 proteins was identified, including 495 proteins which 

show a B cell donor and EBV strain independent change of protein abundance. The protein 

regulations reflect a cellular antiviral response in EBV-transformed B cells. Among the most 

affected biological processes is the B cell receptor signaling which is mimicked by the EBV latent 

protein LMP2A in LCL. Multiple components of the early and late BCR triggered signal 

transduction show altered abundances in transformed cells. Regarding protein ubiquitination 

processes, the quantitative proteome data indicate a potential alteration of protein 

monoubiquitination. To investigate the differences in protein ubiquitination between mitogen-

stimulated and EBV-transformed B cells, a global analysis of the ubiquitome was conducted. The 

results are presented in the next section (4.1.3). 

 

4.1.3 EBV-dependent alterations in protein ubiquitination 

Tryptic digestion of ubiquitinated proteins results in a remnant of two Glycine residues 

linked through an isopeptide bond to the previously ubiquitinated Lysine residue (K-ε-GG motif) 

and causes a missed cleavage at this site. These ubiquitin-remnants were enriched by 

immunoprecipitation for the following ubiquitome analysis. The analyses were conducted using 

the greater part of the same cellular samples utilized for the proteome analysis described above 

(4.1.2). Hence, the experiments were performed with B cells of four healthy donors, utilizing 

EBV strain 2089 for transformation. Donor 1 was transformed with EBV strain M81, likewise. 

Ubiquitin-remnant peptides were identified from immunoprecipitates by LC-MS/MS-based 

peptide sequencing. In detail, the K-ε-GG-site (Ub-site) can be assigned by a difference of 

fragment masses of 242.1379 Da, which is specific for di-glycylated Lysine. SILAC labeling 

allowed relative quantification of Ub-sites in CD40L-stimulated and EBV-transformed B cells. 

Finally, significantly regulated sites were determined statistically. 

 

Overview of the ubiquitome dataset: After enrichment of ubiquitin-remnants and LC-

MS/MS analysis a total of 4011 ubiquitination-sites was identified by Andromeda-based 

database search. 3633 of these Ub-sites were relatively quantified (Figure 14A). As common for 

this approach, the individual replicates showed high variability in Ub-site identification and 

numbers. However, 44% of all quantified sites were identified at least twice. All identified 

ubiquitination sites were matched with the complete list of known ubiquitination sites as 

provided by the PhosphoSitePlus database (07/14/2016) (207). The comparison revealed 688 

novel ubiquitination sites.  
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Regulatory information was inspected using box plots (Suppl. Figure 2). In contrast to 

proteome data, quantification of Ub-sites is based on single peptides. Therefore, an increased 

level of noise was expected. The higher interquartile range of up to 2.2 confirms this 

expectation. Nevertheless, the regulation factors followed a normal distribution with mean 

values slightly greater zero. The regulation factors covered a range from log2RF = -6.6 to 

log2RF = 7.9. A core ubiquitome of 1601 sites was defined utilizing the threshold of 

quantification in at least 2 independent replicates. 120 of those sites were quantified in all 

experiments (Figure 14B).  

 

 

Figure 14: Overview of the ubiquitome dataset. (A) Number of identified ubiquitination sites: Of 

4011 identified Ub-sites 3633 were quantified. (B) Overlap of Ub-site quantifications in the 

individual experiments: 120 sites were quantified in all experiments. 1601 sites were quantified 

in at least 2 experiments (delineated by a red frame). These were further analyzed statistically for 

significant regulations. (C) Regulations within the twice quantified Ub-sites: As determined by a 

stringent statistical approach, 218 Ub-sites are differentially abundant in LCL and CD40L-

stimulated B cells. 178 sites are more abundant in LCL (red), and 40 sites are less abundant 

(green). The cell samples for ubiquitome analyses were provided by Dr. Ming-Han Tsai (DKFZ). 

 

Ub-remnant peptides for the different polyubiquitin chains, with the exception of linear 

chains, which do not comprise isopeptide bonds, are generated upon tryptic digest, likewise. 

Differential abundance of these peptides in EBV-transformed and mitogen-stimulated B cells 

would indicate a general shift in the chain-type of ubiquitination. Therefore, obtained data were 

inspected for the seven types of Ub-remnant peptides resulting from polyubiquitin chains. All of 

these peptides were identified and quantified throughout all of the experiments conducted. 

None of the ubiquitin linkages shows an altered abundance between mitogen-stimulated B cells 
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and LCL. In addition, ubiquitin itself and all of its precursors (UBB, UBC, UBA52, RPS27A) were 

non-regulated (Suppl. Table 8). This data indicates an unaltered Ub-chain composition as well as 

a stable pool of ubiquitin in LCL on a global scale. Therefore, changes at the level of single 

ubiquitination sites were examined in more detail. 

The quantitative information for all Ub-sites was subjected to statistical evaluation to 

determine regulated ubiquitinations. To that end, the same stringent statistical approach as for 

determination of regulated proteins was used. To be considered as regulated, a Ub-site had to 

be part of the core ubiquitome and had to be consistently regulated in all experiments if 

identified. The analysis resulted in a total of 218 significantly regulated Ub-sites in 139 different 

proteins accounting for 13.6 % of the core ubiquitome (Figure 14C). Interestingly, more than 

80 % of regulated sites (178 Ub-sites) are more abundant in EBV-transformed B cells, whereas 

only 40 sites are less abundant in EBV-transformed B cells. This data indicate that EBV 

predominantly initiates protein ubiquitination rather than reducing it. 

 

Alteration of protein NEDDylation and ISGylation: The approach utilized for the 

identification of ubiquitination sites is based on the enrichment of ubiquitin-remnant peptides. 

However, this K-ε-GG-motif is also generated by the tryptic digestion of NEDDylated and 

ISGylated proteins, likewise. Protein NEDDylation is unaffected in EBV-transformed B cells as 

confirmed by western blot analysis for free and protein-bound NEDD8, as well as, unaltered 

abundance of the necessary enzymes (Suppl. Figure 3). Protein ISGylation, on the other hand, is 

triggered in EBV-infected cells. As shown in the previous section (4.1.2, Figure 10) the enzymes 

necessary for ISGylation were up-regulated in LCL, and ISGylated proteins showed more 

dominant signals in western blot analyses. Therefore, a list of proteins described to be ISGylated 

was compiled from UniProtKB and a previous proteome study for the identification of ISGylated-

proteins (178, 208). Proteins harboring the K-ε-GG-motif identified in the present study were 

compared to this list to identify sites which likely originate from ISG15-modifyed Lysine residues. 

This resulted in the identification of 29 K-ε-GG sites in nine known ISG15-target proteins. All of 

these sites are up-regulated in EBV-transformed cells, as was expected for the virus-dependent 

induction of ISGylation. Therefore, those sites can be considered as proof-of-concept data. 

 

Top regulated Ub-sites: The overall more distinct up-regulation of Ub-sites is also reflected 

in the top regulated sites. The top 24 regulated Ub-sites, with regard to the mean absolute value 

of the regulation factors, were all up-regulated in EBV-transformed B cells. The most up- and 

down-regulated sites were manually inspected to get an idea of the affected proteins and 

functions (Table 10). The Top-15 sites presented below were selected according to the total 
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proportions of up- and down-regulated Ub-sites, resulting in 12 induced and three repressed 

sites. 

Most of the regulated sites are localized in proteins which were described in the context of 

EBV infection, cell survival, proliferation or oncogenesis before. The proteins, which are not 

belonging to one of the latter categories (ATIC, ATP5B, ADSS), are all related to metabolic 

pathways. While ATP5B is part of the F0F1-ATPase complex, ATIC is associated with the de novo 

biosynthesis of IMP, and ADSS catalyzes the synthesis of AMP from IMP (178). Together the 

altered ubiquitination of these proteins indicates alterations of pivotal cellular metabolic 

processes.  

Mortalin (HSPA9) and Vimentin (VIM) were the only candidates for which EBV-dependent 

regulation of protein abundances was previously described. HSPA9, which was found to be more 

ubiquitinated in LCL in this study, sequesters p53 to the cytoplasm (209). VIM, which was less 

ubiquitinated in LCL in this study and was found induced by EBNA1 and EBNA6 on protein level 

in others (210, 211), modulates the formation of LMP1-containing lipid rafts and induces 

invasion of DLBCL cells (212, 213). Interestingly, a knockdown of the deubiquitinating enzyme 

Otubain-1 (OTUB1) was reported to decrease vimentin levels in glioma cells, indicating a 

ubiquitin-dependent degradation of VIM. No information on the involved Ub-sites is available 

(214). 

The protein with the second-strongest up-regulation in ubiquitination after HSP9A is 

Ubiquitin-associated protein 2-like (UBAP2L). The ubiquitination of UBAP2L at K420 was 

62-times more abundant in LCL indicating a near qualitative induction of UBAP2L ubiquitination. 

UBAP2L and its Arginine methylation are important for correct chromosome segregation (215). 

Knockdown of this protein leads to a cell cycle arrest at the G0/G1 stage (216). Moreover, 

UBAP2L is part of a BMI1-containing Polycomb group complex which is important for 

hematopoietic stem cell activity (217). Thus it is likely that UBAP2L and its ubiquitination are of 

importance for the EBV-dependent growth transformation of B cells. 
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Table 10: Top regulated Ub-sites. Regulation factors of Ub-sites which were more abundant in 

LCL are displayed in red, and the factors for less abundant proteins are shown in blue. Known 

target proteins for ISGylation are asterisked (*). Proteins described to be affected in 

Bortezomib-sensitive lymphomas are marked by a hash sign (#) (218). CAM-DR: cell adhesion-

mediated drug resistance; B/T-IS: B/T cell immunological synapse 
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HSPA9 # 121 Stress-70 protein, mitochondrial 6,13 
up-regulated in EBV infection (210) 

sequesters p53 to cytoplasm (209) 

UBAP2L 420 
Ubiquitin-associated protein 2-

like 
5,95 

Interaction with BMI1 essential for 

hematopoietic stem cell activity (217) 

G0/G1 arrest after knockdown (216) 

SRP54 457 
Signal recognition particle 54 

kDa protein 
5,83 

essential for DR4 activation dependent 

apoptosis induction (219) 

*ENO1 # 60 Alpha-enolase 5,63 
promotes proliferation and CAM-DR in 

non-Hodgkin’s lymphoma (220) 

ATIC 66 
Bifunctional purine biosynthesis 

protein PURH 
5,33 / 

ATP5B # 198 
ATP synthase subunit beta, 

mitochondrial 
5,32 / 

SRP54 464 
Signal recognition particle 54 

kDa protein 
5,19 

essential for DR4 activation dependent 

apoptosis induction (219) 

YARS 206 
Tyrosine--tRNA ligase, 

cytoplasmic 
5,13 

ubiquitinated (different site) upon 

oncogene-induced senescence of 

fibroblasts (221) 

ADSS 173 
Adenylosuccinate synthetase 

isozyme 2 
5,09 / 

HSPD1 # 82 
60 kDa heat shock protein, 

mitochondrial 
5,08 

Interaction with IRF3 induces INF-β 

production (222) 

ATP5B # 124 
ATP synthase subunit beta, 

mitochondrial 
4,99 / 

ATP5B # 201 
ATP synthase subunit beta, 

mitochondrial 
4,94 / 

COTL1 102 Coactosin-like protein -3,77 

interaction with ALOX up-regulates 

leukotriene A4 production (223) 

promotes lamellipodial protrusion at 

the B/T-IS (224) 

VIM 373 Vimentin -4,52 

expression induced by EBNA1 and 

EBNA6 (211); modulates LMP1 

containing lipid rafts (212) 

DLBCL shows vimentin-dependent 

invasion (213) 

VDAC2 120 
Voltage-dependent anion-

selective channel protein 2 
-4,54 

inhibits BAK1 activation and 

mitochondrial apoptosis (225, 226) 
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Coactosin-like protein (COTL1) is one of the Top 3 less ubiquitinated proteins with decreased 

ubiquitination in LCL. The protein was described to participate in immune responses on two 

different levels. First, COTL1 participates in the formation of T cell immune synapses (IS) at the 

T/B interface. COTL1 facilitates T cell flattening at the IS via inhibition of Cofilin-dependent actin 

depolymerization and thereby promotes lamellipodial protrusion (224). Second, COTL1 stabilizes 

and activates Arachidonate 5-lipoxygenase (ALOX5). ALOX5 catalyzes the oxidation of 

arachidonic acid to leukotriene A4, the first and rate-determining step in the biosynthesis of 

leukotrienes, which are important mediators of immune response and inflammation (223, 227).  

Two of the differentially ubiquitinated proteins interfere with apoptosis induction. The 

signal recognition particle 54 kDa protein (SRP54), which is the core unit of the signal 

recognition particle, is essential for the induction of apoptosis through the TNF-related 

apoptosis-inducing ligand receptor 1 (TNFRSF10A) (219). Two Ub-sites of SRP54 were among the 

Top 12 up-regulated ubiquitinations, indicating a strong induction of SRP54 ubiquitination. The 

second protein, voltage-dependent anion-selective channel protein 2 (VDAC2), showed the most 

down-regulated Ub-site. VDAC2 forms a complex with Bcl-2 homologous antagonist/killer 

(BAK1) inhibiting its dimerization and thus the degradation of apoptosis regulator Bcl-2. This, in 

turn, inhibits the initiation of mitochondrial apoptosis (225, 226). Both, a destabilization of 

SRP54 by increased ubiquitination and a stabilization of VDAC2 by decreased ubiquitination 

would finally act anti-apoptotic.  

 

The contribution of differentially ubiquitinated proteins to biological processes: Ubiquitin-

dependent regulation of biological processes often involves differential ubiquitination of few 

proteins or even a single key protein. Nonetheless, enrichment analysis with FunRich (V3.0) and 

cluster analysis of biological processes with DAVID 6.8 unveiled several processes containing 

multiple differentially ubiquitinated proteins (196, 200). The top six enriched biological 

processes with regard to Bonferroni-corrected p-values are shown in Figure 15. A complete list 

of enriched processes including the individual proteins and ubiquitination sites is provided in 

Suppl. Table 9. 

The four related biological processes (i) ‘positive regulation of protein localization to Cajal 

body’, (ii) ‘positive regulation of establishment of protein localization to telomere’, 

(iii) ‘scaRNA localization to Cajal body’, and (iv) ‘positive regulation of telomerase RNA 

localization to Cajal body’ are represented utilizing process (iv), as all of these processes involve 

the same proteins. The shared proteins TCP1, CCT2, CCT4, and CCT6A showed an up-regulated 

ubiquitination in LCL. All of them are also components of the chaperonin-containing TCP1 

complex, additionally connecting this cluster to the likewise enriched processes of ‘chaperone-
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mediated protein complex assembly’ and ‘protein stabilization’. These processes additionally 

contain the chaperones heat shock 70 kDa protein 4 (HSPA4), HSP 90-alpha and -beta 

(HSP90AA1/HSP90AB1). Together, HSPA4, HSP90 and the TCP1-complex form a chaperone 

system which, through its clients, can promote oncogenesis (228). The cluster is also of interest 

because Cajal bodies are more apparent in cells with high transcription rates and proliferation 

and, additionally, facilitate telomerase activity through processing RNAs (229, 230). 

 

 

Figure 15: Biological processes enriched among differentially ubiquitinated proteins. The 

regulated proteins were subjected to an enrichment analysis for biological processes utilizing 

FunRich (V3.0) using Homo sapiens in UniProtKB as background database. Shown are the top six 

enriched biological processes with regard to the Bonferroni-corrected p-values. ‘Positive 

regulation of protein localization to Cajal body’ represents a cluster of enriched processes with 

the same proteins containing ‘positive regulation of establishment of protein localization to 

telomere’, ‘scaRNA localization to Cajal body’ and ‘positive regulation of telomerase RNA 

localization to Cajal body’. The yellow line indicates a threshold of 0.05 for the p-value. 

 

The enrichment of the general process of gene expression among the set of differentially 

ubiquitinated proteins is also noteworthy. This process covers five down-regulated Ub-sites, and 

only 3 up-regulates sites, although up-regulated sites account for 80 % of all regulated sites. 

Polypyrimidine tract-binding protein 1 (PTBP1) and poly(rC)-binding protein 2 (PCBP2) are two 

of these proteins. While PCBP1 ubiquitination is more pronounced in EBV-transformed cells, one 

up-regulated and one down-regulated Ub-site were identified for PTBP2. Both proteins are 

described to participate in the start of translation at internal ribosomal entry sites (IRES) of the 
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picornavirus (231, 232). Internal ribosomal entry sites are used by EBV likewise, as exemplified 

by the IRES of EBNA1 (233, 234). Thus, ubiquitination of PTBP1 and PCBP2 may be a mechanism 

to regulate translation of EBV-proteins from IRES. 

In summary: A quantitative core ubiquitome of 1601 Ub-sites was obtained. The general 

composition of Ub-chain linkages and amount of total ubiquitin was similar in mitogen-

stimulated and EBV-transformed B cells. 218 regulated sites were identified. Of those, 80 % 

were more abundant in EBV-transformed B cells. The differentially ubiquitinated proteins 

showed a broad spectrum of functions. However, roles in oncogenesis and immune-modulation 

were common among most strongly differentially ubiquitinated proteins. Still, the function of 

individual sites remains elusive without information on the ubiquitin chain linkages or functional 

investigations. 

 

4.1.4 Integration of the quantitative proteome and ubiquitome 

Alteration of ubiquitination is a possible mechanism of controlling protein abundances 

leading to protein regulation through targeted degradation. In particular K11- and K48-linked 

ubiquitin chains target proteins for proteasomal degradation. On the other hand, triggering of 

degradation plays only a minor role for the other chain types. K63-chains, for example, serve as 

scaffolds supporting the maintenance of protein complexes. The integration of quantitative 

proteome and ubiquitome data gives indications for the regulation of strong degradation 

signals. Increased ubiquitination accompanied by reduced protein abundance would indicate 

increased ubiquitin-dependent degradation in EBV-transformed B cells. Diminished 

ubiquitination accompanied by higher protein levels, on the other hand, would indicate a 

reduced degradation in comparison to CD40L-stimulated B cells. Therefore, the combined 

datasets were screened for regulated Ub-sites in regulated proteins. 

For most of the regulated Ub-sites, the associated proteins are non-regulated, indicating a 

potential relevance in protein localization or interaction. Numbers of Ub-sites in regulated 

proteins relative to the full set of regulated Ub-sites are shown in Figure 16. For 26 Ub-sites in 

19 proteins, both protein and Ub-sites were found to be regulated in this study (Suppl. Table 

10). Prelamin-A/C, which is less abundant in LCL, is differentially ubiquitinated at five sites which 

are all less abundant in LCL. Annexin A6 and EH domain-containing protein 4 are both more 

abundant in transformed cells. Both contain two up-regulated Ub-sites. Two of the 26 sites are 

not specific for a single protein but a protein family. One of the two sites resides in a peptide 

specific for Insulin-like growth factor 2 mRNA binding protein 1, 2 and 3. The second originates 
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from Tubulin alpha-1A, -1C, -3C/D or 3E. Here, only three of four potential parent proteins are 

less abundant in LCL. The fourth (TUBA1C) is unaffected. In total, the 26 Ub-sites in concurrently 

regulated proteins were distributed over 19 protein families. 

 

 

Figure 16: Ub-sites in regulated proteins. Quantified Ub-sites were integrated with quantitative 

information obtained for the comprising proteins and searched for concurrent significant 

regulations.  

 

Three of the 19 proteins, indeed, indicate EBV-mediated ubiquitin-dependent protein 

degradation by reverse regulations of ubiquitination and protein abundance (Table 11). 

Ubiquitinations at LSP1K217, FSCN1K241 and NMT2K82 were markedly increased while protein levels 

were reduced in LCL. Coactosin-like protein (COTL1) was markedly more abundant in EBV-

transformed B cells, while ubiquitination at lysine 102 was severely reduced. The regulation of 

COTL1 protein levels and regulation of the K102 Ub-site was successfully confirmed by manual 

inspection of LC-MS/MS data (Suppl. Figure 4). The implications of increased COTL1 levels for 

EBV-transformed B cells are further described in the next section (4.1.5). 

Glycylpeptide N-tetradecanoyltransferase 2 (NMT2), which likely is Ub-dependently 

degraded in LCL, is an active N-myristoyltransferase. Myristoylation is a co-translational 

modification in which the saturated fatty acid tetradecanoic acid is attached to N-terminal 

Glycine residues. Myristoylation functions as an important signal for membrane localization, but 

the specific targets of NMT2 are unidentified so far (235). The second potentially Ub-

dependently degraded protein, Lymphocyte-specific protein 1 (LSP1), is an actin-binding protein 

that has a critical function for the initiation of apoptosis after α-IgM treatment and BCR ligation. 

Thereby, LSP1 is O-GlcNAcylated, consecutively phosphorylated, and then recruits PKC-β1 for 

ERK activation and initiation of apoptosis (236–238). Hence, the Ub-dependent degradation of 
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LSP1 is a potential mechanism by which EBV suppresses apoptosis despite constantly mimicking 

a ligated BCR through LMP2A. 

 

Table 11: Ub-sites in adversely regulated proteins. For regulated Ub-sites, the corresponding 

protein regulation factors were investigated for a concurrent regulation. Listed are the regulated 

Ub-sites which originate from adversely regulated proteins. This opposed regulation indicates 

ubiquitin-dependent alteration of protein degradation. 

UniProt 
Accession 
name 

UniProt 
Accession 
number 

Protein name Ub-site 
Ub-site 
mean 

log2 RF 

Protein 
mean 

log2 RF 

COTL1 Q14019 Coactosin-like protein K102 -3.77 2.78 

LSP1 P33241 Lymphocyte-specific protein 1 K217 2.18 -2.05 

FSCN1 Q16658 Fascin K241 2.43 -2.49 

NMT2 O60551 
Glycylpeptide N-tetradecanoyltransferase 

2 
K82 4.51 -1.85 

 

A further interesting candidate, Fascin (FSCN1) has two regulated Ub-sites. One of those, 

K241, is more abundant in LCL, whereas the second one, K74, is down-regulated. The protein 

itself is more abundant in CD40L-stimulated cells. FSCN1 expression was described to be 

induced by EBV through LMP1 and contributes to the invasive migration of EBV-transformed 

B cells (239). Therefore, the induction of FSCN1 and the higher abundance in CD40L-stimulated 

cells was validated by western blotting (Suppl. Figure 5). Fascin was absent in resting B cells and 

present in CD40L-stimulated B cells and EBV-transformed B cells, whereas the level was higher 

in mitogen-stimulated cells, supporting a Ub-dependent degradation in EBV-transformed cells. 

 

In summary: Opposed regulation of Ub-sites and proteins indicates ubiquitin-dependent 

alteration of protein degradation. Analysis of the proteome and ubiquitome data revealed 

adverse regulation of ubiquitination and protein abundance for four proteins: NMT2, LSP1, 

FSCN1, and COTL1. COTL1 was the only protein which was stabilized in EBV-transformed B cells 

by decreased ubiquitination. This regulation was manually validated. The function of COTL1 in 

proliferating B cells was further characterized. The results are described in the next section 

(4.1.5). 
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4.1.5 The role of COTL1 stabilization in EBV-transformed B cells 

Coactosin-like protein (COTL1) is the only protein resulting from the comparative proteome 

(4.1.2) and ubiquitome (4.1.3) analysis of mitogen-stimulated and EBV-transformed proliferating 

B cells, which was stabilized by decreased ubiquitination in the transformed cells. COTL1 is in 

competition with cofilin for binding to F-actin and thereby protects F-actin from cofilin-

dependent depolymerization. This protection is of importance for the formation of T cell 

immune synapses at the T/B interface through the promotion of lamellipodial protrusion at the 

T cell side (224). The second function of COTL1 is the stabilization and activation of Arachidonate 

5-lipoxygenase (ALOX5) through binding (223, 240). ALOX5 catalyzes the oxidation of 

arachidonic acid (AA) to leukotriene A4, the first and rate-determining step in the biosynthesis of 

leukotrienes, which are important mediators of immune response and inflammation (227, 241). 

An increased production of leukotriene A4 by ALOX5 results in higher consumption of 

arachidonic acid by the cells. Therefore, the catabolic consumption of AA was measured for 

CD40L-stimulated and EBV-transformed cells, likewise. The cells were supplied with fresh AA-

containing medium, and the amount of extracellular and intracellular AA was determined the 

beginning and at the end of a 24 h incubation period. The experiments were performed in 

collaboration with Dr. Elodie Duriez and Dr. Christian Jäger (Metabolomics group of Prof. 

Karsten Hiller, Luxembourg Centre for Systems Biomedicine (LCSB), University of Luxembourg, 

Belvaux, Luxembourg), who carried out the AA extraction and measurements. 

Both, CD40L-stimulated and EBV-transformed B cells, depleted AA from the medium 

(223 nmol at t = 0 h) within 24h to final amounts of 18 nmol for CD40L-stimulated cells and 

4 nmol for LCL (Figure 17A). While the intracellular AA in CD40L-stimulated cells increased from 

70 to 201 nmol, levels in LCL were nearly unchanged (41 nmol to 49 nmol) after 24 h (Figure 

17B). Summing up extra- and intracellular AA, an average of 74 nmol AA was catabolized by 

CD40L-stimulated cells, whereas the amount of AA decreased three times more in EBV-

transformed B cells (-211 nmol) (Figure 17C). These data indicate that mitogen-stimulated and 

EBV-transformed B cells are capable of the uptake of extracellular AA to the same extent, but 

the usage of intracellular AA is drastically increased in LCL. 
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Figure 17: Arachidonic acid catabolism. The consumption of arachidonic acid by CD40L-

stimulated (CD40L) and EBV strain 2089-transformed (LCL) B cells was determined by 

measurement of extracellular (A) and intracellular AA (B) directly after application of AA-

supplemented medium and after 24 h. The same medium was used for CD40L-stimulated and 

EBV-transformed B cells. The total amount of AA at the beginning and end of incubation was 

calculated as the sum of extra- and intracellular AA (C). Processing and measurement of prepared 

cell culture samples was carried out by Dr. Elodie Duriez (LCSB). Data are derived from two 

individual donors measured in triplicates (n=6) and shown as mean ±SD. P-values were derived 

from two-way ANOVA corrected for multiple comparisons by Tukey’s method (ns p ≥ 0.05, * 

p < 0.05, **** p < 0.0001). 

 

Arachidonic acid is a substrate for the biosynthesis of different lipid mediators. It can be 

metabolized to prostaglandins, thromboxanes (2-series), lipoxins (4-series) and leukotrienes. All 

of these metabolic pathways potentially contribute to increased AA usage in LCL. Since COTL1 

specifically stabilizes and activates ALOX5, the first rate-determining enzyme in the biosynthesis 

of leukotrienes, it was evaluated whether disturbance of this interaction has an impact on AA 

catabolism in CD40L-stimulated and EBV-transformed B cells. For this, Hyperforin, which is an 

inhibitor specifically disturbing the COTL1-ALOX5 interaction, was used (242). A decrease in 

arachidonic acid consumption upon Hyperforin treatment was detected for LCL only (Figure 18).  
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Figure 18: Impact of Hyperforin on arachidonic acid catabolism. The dependency of the AA 

consumption on the interaction of COTL1 with ALOX5 was validated using Hyperforin, which 

specifically inhibits this interaction (242). CD40L-stimulated (CD40L) and EBV-transformed (LCL) 

B cells were treated with 0, 1 or 3 µM Hyperforin for 24 h and intracellular AA was determined. 

Processing and measurement of prepared cell culture samples were carried out by Dr. Elodie 

Duriez and Dr. Christian Jäger (Metabolomics group, University of Luxembourg, Belvaux, 

Luxembourg). Data are derived from two individual donors measured in triplicates (n=6) and 

shown as mean ±SD. Outliers were identified by Grubb’s test and removed. P-values were 

derived from two-way ANOVA corrected for multiple comparisons by Tukey’s method 

(* p < 0.05). 

 

Leukotriene A4 is the common precursor for the biosynthesis of leukotriene B4 (LTB4) and the 

cysteinyl-leukotrienes C4, D4 and E4. The hydrolysis of LTA4, and with it the generation of LTB4, is 

catalyzed by leukotriene A4 hydrolase (LTA4H). LTC4 is synthesized by the addition of reduced 

glutathione catalyzed by leukotriene C4 synthase (LTC4S), or microsomal glutathione S-

transferase 2 (MGST2) or 3. The proteome data were checked for the enzymes participating in 

leukotriene biosynthesis. ALOX5 and LTA4H were present in CD40L-stimulated and EBV-

transformed cells. Thereby, ALOX5 was more abundant in LCL while LTA4H amounts were the 

same under both conditions (Figure 19). Neither one of the proteins synthesizing LTC4 

(LTC4S/MGST2/MGST3) nor one of the downstream enzymes (GGT/DPP) was identified in EBV-

transformed or mitogen-stimulated cells. Thus, leukotriene B4 is the most likely biosynthesis 

product in EBV-transformed B cells. 
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Figure 19: Biosynthesis of leukotrienes. Shown are the pathways for the biosynthesis of 

leukotriene B4 and the cysteinyl-leukotrienes (C4/D4/E4). Enzymes identified in the proteome 

study are displayed in black, up-regulated proteins in red and proteins not identified in gray. 

LTC4S is exemplary for LTC4S, MGST2, and MGST3, which were not identified in the proteome 

approach either. All three enzymes catalyze the synthesis of Leukotriene C4. 

 

Leukotriene B4 has an activating effect on B cells stimulating their differentiation and 

proliferation (243). Therefore, the stimulation of LTB4 synthesis through the COTL1-ALOX5 

interaction should result in an enhanced proliferation of LCL. This was investigated by 

proliferation assays of EBV-transformed and CD40L-stimulated B cells in the presence and 

absence of the inhibitor of interaction Hyperforin. The cells were treated with 3 µM Hyperforin 

every second day and were followed by daily measurement of proliferation-dye fluorescence 

intensity. The inhibition of the COTL1-ALOX5 interaction led to a 20 % reduced proliferation of 

EBV-transformed B cells (Figure 20A), whereas proliferation of CD40L-stimulated cells was 

unaffected by Hyperforin treatment (Figure 20B). Hence, the interaction of COTL1 with ALOX5 

and the resulting increased biosynthesis of LTA4 are of importance for the rapid proliferation of 

EBV-transformed B cells. 
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Figure 20: Impact of Hyperforin on B cell proliferation. The importance of AA turnover for the 

proliferation of EBV-transformed (A) and CD40L-stimulated (B) B cells was examined (the same 

two donors each). Therefore, cells were cultivated in medium supplemented with 3 µM 

Hyperforin or mock supplemented. The cells were stained with an amine reactive proliferation 

dye, and fluorescence of 50’000 cells was measured every 24 h. The average number of cell 

divisions for a sample was calculated as negative log2 of the MFI ratio compared to day 0. Lines 

indicate the mean of three independent measurements. MFI = mean fluorescence intensity. 

 

In summary: The stabilization of COTL1 by decreased ubiquitination leads to an increased 

oxidation of arachidonic acid to leukotriene A4, as demonstrated by reduced AA usage upon 

inhibition of the COTL1-ALOX5 interaction. Of the enzymes contributing to leukotriene 

biosynthesis downstream of LTA4, only leukotriene A4 hydrolase was identified in the proteome 

study. Hence, an increased biosynthesis of leukotriene B4, which has pro-proliferative properties 

in B cells, is the most likely effect. The inhibition of COTL1-ALOX5 interaction reduced LCL 

proliferation emphasizing the importance of this interaction for rapid proliferation of EBV-

transformed B cells. 
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4.2 Deubiquitinating enzymes in EBV-transformed B cells 

The mitogen-dependent activation of B cells, as well as EBV-dependent transformation, 

alters activity and expression of deubiquitinating enzymes (DUBs). Multiple ubiquitin specific 

proteases are stimulated under both conditions (244). Thereby, the altered activity of DUBs 

contributes to the alterations in protein ubiquitination. In addition, DUBs are directly targeted 

by viral proteins. 

In this part of the study, levels of activity-competent DUBs in EBV-transformed B cells were 

quantitatively compared to those in proliferating CD40L-stimulated cells on a systemic level to 

identify EBV-specifically regulated DUBs. 

 

4.2.1 Activity-competent DUBs in EBV-transformed B cells 

Activity-based probes (ABPs) allow enrichment of activity-competent deubiquitinating 

enzymes. In this study, the ABP HA-Ub-VME was utilized to identify active DUBs in EBV-

transformed B cells and quantify the amount of activity-competent enzymes relative to 

proliferating, mitogen-stimulated B cells to identify EBV-specific alterations. Cell lines derived 

from an EBV-positive Burkitt’s lymphomas (BL) with distinct EBV latency states were analyzed 

likewise. 

 

4.2.1.1 Screening of active DUBs in EBV-transformed B cells 

In the first step, CD40L-stimulated and EBV-transformed B cells were subjected to a pairwise 

comparison. B cells for the experiments were EBV-transformed, respectively, mitogen-

stimulated and provided as frozen culture or cell pellet by Dr. Ming-Han Tsai (DKFZ). In brief, 

DUBs were trapped with HA-Ub-VME in individual cell lysates and subsequently enriched by HA-

immunoprecipitation. In preparation for the quantitative analysis, the captured enzymes were 

digested using trypsin, iTRAQ®-labeled, united, cleaned by online RP18 and subjected to LC-

MS/MS measurement. Captured DUBs were identified by peptide sequencing and relatively 

quantified by the respective iTRAQ®-reporter intensities. In Figure 21, an annotated spectrum 

for a UCHL1-derived peptide is shown. While the depicted spectrum is from the analysis of strain 

2089-transformed B cells, UCHL1 was actually identified in B cells transformed with strain M81, 

too. The relative quantification by iTRAQ®-reporter intensities, depicted on the right, shows a 
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1.9-times higher amount of the LCL-derived peptide. Considering all quantified peptides of 

UCHL1 and normalizing the complete dataset resulted in the final RF of 3.1. 

 

 

Figure 21: Exemplary spectrum for the identification and relative quantification of activity-

competent DUBs. Immunoprecipitated proteins were identified by LC-MS/MS-based peptide 

sequencing. Relative amounts of captured DUBs were determined by the ratios of iTRAQ®-

reporter ions. The spectrum displayed was reliably identified to represent a peptide derived from 

UCHL1 by its b- and y-ion series. The iTRAQ®-reporter ions (green, zoom on the right side) 

indicate a 1.9-fold higher level in EBV strain 2089-transformed B cells as in CD40L-stimulated 

B cells. 

 

In total, 32 captured DUBs were identified representing 35 % of all annotated human DUBs. 

Of those, 30 proteases were found in 2089-LCL and 29 in M81-LCL. In Table 12, numbers of DUBs 

are shown distinguished by EBV strains as well as DUB families. DUBs from five out of six families 

were found. No member of the MCPIP-family, which has only one member with proven DUB-

activity (MCP-induced protein 1), was detected. In contrast, all members of the UCH-family were 

found in strain 2089-transformed as well as in M81-transformed B cells. In addition, 21 (2089) 

and 18 (M81) of 56 USP-, four of 16 OTU- and one of four MJD-family DUBs were identified, 

respectively. JAMM-family DUBs were captured from M81-LCL, only. This family is comprised of 

metalloproteases which, in contrast to the other families comprising cysteine proteases, do not 

bind to the utilized ABP covalently. The two detected JAMM-DUBs, PSMD7 and PSMD14, were 

therefore excluded from further analysis. 
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Table 12: Numbers of identified, quantified and annotated DUBs in LCL. USP: Ubiquitin-specific 

proteases; OTU: Ovarian tumor domain-containing; JAMM: Jab1/MPN/Mov34 metalloenzyme 

domain containing; MJD: Machado-Josephin Disease domain-containing; UCH: Ubiquitin 

c-terminal hydrolases; MCPIP: Monocyte Chemotactic Protein-induced Protein 1. 

DUB family annotated 
identified 

(2089/CD40L) 
identified 

(M81/CD40L) 
identified 

(total) 

USP 56 21 (38 %) 18 (32 %) 21 (38 %) 

OTU 16 4 (25 %) 4 (25 %) 4 (25 %) 

JAMM 11 0 (0 %) 2 (18 %) 2 (18 %) 

MJD 4 1 (25 %) 1 (25 %) 1 (25 %) 

UCH 4 4 (100 %) 4 (100 %) 4 (100 %) 

MCPIP 1 0 (0 %) 0 (0 %) 0 (0 %) 

∑ 92 30 (33 %) 29 (32 %) 32 (35 %) 

 

All identified DUBs were also successfully quantified. The resulting regulation factors (RF) 

and logarithmized regulation factors (log2 RF) are listed in Suppl. Table 11. The log2 RFs fall in a 

range from -0.58 to 1.66 for EBV strain 2089 and -047 to 2.04 for strain M81. Overall, the 

log2 RFs had positive and negative values to the same extent (30/29), whereas the magnitude of 

up-regulations is greater. The regulation factors were further analyzed by hierarchical clustering 

based on Euclidean distances (Figure 22). A cluster of three DUBs is commonly up-regulated in 

2089- and M81-transformed B cells as compared to CD40L-stimulated cells. These DUBs are 

USP48 (log2 RF2089 = 0.94, log2 RFM81 = 0.57); USP25 (log2 RF2089 = 0.80, log2 RFM81 = 0.66) and 

UCHL1 (log2 RF2089 = 1.655, log2 RFM81 = 1.009). No commonly down-regulated proteins were 

identified by this approach. Thus, USP48, USP25, and UCHL1 are candidates for EBV-specifically 

regulated DUBs. 
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Figure 22: Overview of identified and relatively quantified DUBs in EBV-transformed B cells. 

Regulation factors of quantified DUBs were logarithmized and subjected to hierarchical 

clustering. Names of DUB candidates from both viral strains selected for further investigation are 

labeled in red; potentially strain-dependently regulated DUBs are displayed in purple. Missing 

values are indicated in white. The cell samples for the screening of active DUBs in EBV-

transformed cells were generated and provided by Dr. Ming-Han Tsai (DKFZ). 

 

UCHL3, which is 4.12-times up-regulated (log2RFM81 = 2.04), is the top-regulated protein in 

M81. In contrast, UCHL3 is stable in 2089-transformed cells. The most strongly down-regulated 

DUB, ATXN3 (log2RF2089 = -0.58), is regulated in 2089-transformed cells only. Furthermore, three 

DUBs, USP48, USP25, and UCHL1 were up-regulated to a similar extent in both M81- and 2089-

transformed cells. Thus, USP48, USP25, and UCHL1 are candidates for EBV-specifically but strain-

independently regulated DUBs, while ATXN3, as well as UCHL3, are potential EBV strain-

dependently regulated DUBs. 
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4.2.1.2 Active DUBs in cell lines with distinct EBV latency states 

In addition to the screening for activity-competent deubiquitinating enzymes in mitogen-

stimulated and EBV-transformed B cells, DUBs were screened in a set of Burkitt’s lymphoma-

derived cell lines, namely Mutu I, Mutu III and Mutu E1dn, all carrying a chromosomal 

translocation typical for BL. The cell lines display different EBV latency states and thus allow an 

insight into the EBV agents responsible for alterations in DUB activities. Mutu I cells carry EBV in 

latency state I, Mutu III cells are in latency state III, and Mutu E1dn cells are EBV negative. DUBs 

from all three cell lines were trapped by ABPs, immunoprecipitated and prepared for LC-MS/MS 

analysis in the same way as the EBV-transformed and mitogen-stimulated B cells described 

before, with the exception of a third iTRAQ®-reporter channel for simultaneous relative 

quantification of all three cell lines. 

In the cell line approach, 18 activity-competent DUBs, representing 20 % of all DUBs, were 

identified (Table 13). For three families (JAMM / MJD / MCPIP) no members could be identified. 

All DUBs immunoprecipitated from Mutu cells were identified in LCL, likewise. For all identified 

proteases regulation factors were calculated from the ratios of iTRAQ®-reporter intensities and 

are listed in Suppl. Table 12. The first analysis of RFs focused on the comparison of the EBV-

positive (EBV+) cells (Mutu III and Mutu I) with the EBV-negative (EBV-) Mutu E1dn cells. The 

highest up-regulation was found for UCHL1 in Mutu I (log2 RF = 1.69), which is up-regulated in 

Mutu III likewise (log2 RF = 1.45). The most down-regulated DUB is UCHL3 in Mutu III (log2 RF = -

0.56). UCHL3 is only slightly down-regulated in Mutu I (log2 RF = -0.33). In general, DUB activities 

are quite similar in Mutu I and III. UCHL3 and USP10 are the two DUBs with most prominent 

differences in regulation levels in these cells with RFs of 0.74 and 1.25, respectively. In general, 

RFs are equally distributed between DUBs being more abundant in Mutu I and those with higher 

abundance in Mutu III cells.  
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Table 13: Numbers of identified, quantified, and annotated DUBs in Mutu cell lines. USP: 

Ubiquitin-specific proteases; OTU: Ovarian tumor domain containing; JAMM: Jab1/MPN/Mov34 

metalloenzyme domain containing; MJD: Machado-Josephin Disease domain containing; UCH: 

Ubiquitin c-terminal hydrolases. 

DUB family annotated 
identified 

(Mutu I / III / E1dn) 

USP 56 14 (25 %) 

OTU 16 1 (6 %) 

JAMM 11 0 (0 %) 

MJD 4 0 (0 %) 

UCH 4 3 (75 %) 

MCPIP 1 0 (0 %) 

∑ 92 18 (20 %) 

 

Next, the regulation factors of DUBs in EBV+ Mutu cells and EBV-transformed primary 

human B cells were compared. Logarithmized RFs for DUBs identified in the comparisons of EBV-

transformed versus mitogen-stimulated B cells and EBV+ vs. EBV- Mutu cells are visualized in 

Figure 23. The DUB candidates UCHL1 and USP48, which were previously found strain-

independently up-regulated (4.2.1.1), are also up-regulated in EBV+ Mutu cells. For both 

enzymes, up-regulation is more distinct in Mutu I than in Mutu III cells. Two other candidates, 

USP25 and the putatively EBV strain 2089-specific down-regulated ATXN3, were not identified in 

Mutu cells at all. UCHL3, which was rated as potentially EBV strain M81-specifically up-

regulated, was found slightly less abundant in EBV+ Mutu cells than in Mutu E1dn, with a more 

pronounced down-regulation in Mutu III cells (log2 RFIII = -0.56; log2 RFI = -0.33). USP28 

(log2 RFI = 1.33; log2 RFIII = 1.04) and USP11 (log2 RFI = 0.65; log2 RFIII = 0.72) are more abundant 

in EBV+ Mutu cells than in EBV-negative cells. However, both enzymes show a virtually unaltered 

activity in LCL compared to mitogen-stimulated cells. 
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Figure 23: Comparison of identified and relatively quantified DUBs from Mutu cell lines with 

EBV-transformed B cells. Logarithmized regulation factors of DUBs quantified in Mutu cell lines 

are shown. For comparison, the respective logarithmized RFs for LCL (strain 2089 and M81) are 

shown. Strain-independent DUB candidates from DUB screening in LCL (4.2.1.1) for further 

investigation are indicated in red; potentially strain-dependently regulated DUBs are indicated in 

purple.  

 

In summary: 30 activity-competent DUBs were identified in EBV-transformed B cells. 18 

DUBs were identified in Mutu cells, likewise. Of those, UCHL1, USP25, and USP48 are potentially 

EBV strain-independently up-regulated in LCL in comparison to mitogen-stimulated B cells. 

Furthermore, UCHL1 and USP48 are also found up-regulated in EBV+ Mutu cells. In addition, 

ATXN3 and UCHL3 are potentially EBV strain-dependently regulated in 2089-transformed and 

M81-transformed B cells, respectively. These five DUB candidates were validated in further 

donor samples by immunoblotting. 

 

4.2.2 Validation of DUB candidates from activity-based screenings 

The DUB candidates identified by immunoprecipitation of bound activity-based probes were 

subjected to further validation by immunoblotting. In a first step, the degree of variability 

generated by pre-existing donor variations before mitogen-stimulation or viral transformation 

was estimated. Therefore, resting B cells were isolated from buffy coats. Lysates were incubated 

with HA-Ub-VME, and the HA-tag was detected to visualize DUBs bound to the probe after WB 
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(Suppl. Figure 6). Cluster analysis performed on determined signal intensities led to the 

identification of two principal patterns with 2 of 7 and 5 of 7 donors, respectively. From this 

data, it was estimated that eight donors should be investigated in addition to the ones from the 

screening in EBV-transformed cells to ensure that both principal DUB patterns are covered. 

Based on freshly isolated B cells from healthy donors, samples of mitogen-stimulated and EBV-

transformed cells were generated by Dr. Ming-Han Tsai (DKFZ) and provided for analyses. Cells 

were lysed and subjected to SDS-PAGE and immunoblotting for each candidate. 

 

 

Figure 24: UCHL1 protein abundance and relative quantification in CD40L-stimulated and EBV-

transformed B cells. For eight different donors, lysates of CD40L-stimulated and EBV-

transformed B cells were analyzed by western blotting for UCHL1 and actin as loading control. (A) 

Prototypic western blots for UCHL1 and actin. (B) UCHL1 protein amount was determined 

relative to CD40L-stimulated cells by densitometry and normalized to actin. Black bars indicate 

the means of the four individual experiments for each donor and EBV strain. 

 

UCHL1 was found strain independently more abundant in EBV-transformed by activity based 

DUB screening. In mitogen-stimulated B cells no signal for UCHL1 was visible as detected by 

immunoblotting, whereas all EBV-transformed cells produced an apparent signal (Figure 24A). 

For 5 of 8 donors, the UCHL1 signal was more pronounced in cells transformed by strain 2089 
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than cells transformed by strain M81. The relative signal intensities between LCL and CD40L-

stimulated cells were determined densitometrically and normalized to actin levels. With this 

strategy, a very weak UCHL1-signal, not visible to the eye, was determined in mitogen-

stimulated cells. The experiment was performed four times, and resulting log2RFs are visualized 

in Figure 24B. The mean-log2RFs are in the range of 1.39 (Donor E strain 2089) to 6.01 (Donor H 

strain 2089). The induction of UCHL1 expression upon EBV-dependent B cell transformation has 

been previously reported (245). Thus, the strain- and donor-independent up-regulation of 

UCHL1 in LCL is considered as proof-of-concept result for the experimental approach used. 

USP25: For USP25, no signal could be detected at the anticipated molecular weight (MW) of 

approximately 125 kDa in western blot analysis. In addition to LCL and mitogen-stimulated cells, 

Mutu cell lines were probed likewise. The main signal was at an estimated MW of 67 kDa (Suppl. 

Figure 7A). Shift-assays utilizing HA-Ub-VME were performed to check whether this signal is an 

active DUB, e.g. a USP25 isoform. No mass-shift could be detected by anti-USP25 

immunoblotting after ABP incubation (Suppl. Figure 7B). Hence, an EBV-specific alteration of 

USP25 levels could not be validated. 

ATXN3 and UCHL3: The putative strain-dependent regulation of ATXN3 and UCHL3 was 

checked by WB, likewise (Suppl. Figure 8A). ATXN3-specific detection resulted in up to three 

bands (Donor F, CD40L) for the same sample. None of the signals is present in all samples 

analyzed, and M81-transformed cells of Donor D show no visible ATXN3 signal at all, although a 

minimal signal can be integrated densitometrically. For relative quantification, the complete 

areas for the different signals were integrated. The resulting log2RFs are presented in Suppl. 

Figure 8B. ATXN3 appears down-regulated in all 2089-LCL and three out of eight M81-LCL. 

Hence, an EBV-specific alteration of ATXN3 is likely, but donor-variations seem to be 

differentially pronounced for the distinct EBV-strains. UCHL3 was found in all samples 

investigated. The calculated log2RFs show a heterogeneous distribution (Suppl. Figure 8C). 

Variation of RFs is vast, even within multiple measurements of a single sample. The log2RFs vary 

in a range from -1.84 to 2.21. Taken together, an altered UCHL3 level in LCL could not be 

confirmed by immunoblotting.  

USP48: Increased USP48 levels in LCL in comparison to mitogen-stimulated B cells were 

validated by immunoblotting for EBV strains 2089 (exemplary WB in Figure 25A) and M81 

(exemplary WB in Figure 25B). As for ATXN3, all samples except for M81-transformed B cells of 

Donor D gave rise to a USP48 signal. Resulting relative USP48 levels are visualized in Figure 25C. 

Seven out of eight donors exhibited increased USP48-levels in 2089-LCL. Donor I, the sole donor 

who showed equal USP48 levels in 2089-transformed and CD40L-stimulated B cells, was 

unaffected in M81-transformed cells, likewise. In addition, USP48 was unaltered in M81-LCL 
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from Donor C. While western blot analysis confirmed a strain-independent regulation of USP48, 

a general influence of donor-specific protein expression could not be excluded so far. 

 

 

Figure 25: USP48 protein abundance and relative quantification in CD40L-stimulated and EBV-

transformed B cells. Lysates of B cells transformed with EBV strain 2089 (A) or M81 (B) as well as 

CD40L-stimulated cells from the same donors were separated by SDS-PAGE, and USP48 and β-

actin were detected after WB. Shown are exemplary WBs. (C) The relative amount of USP48 was 

determined by densitometry and normalized to actin. The experiment was conducted 5 times. 

Black lines indicate the mean USP48 log2-RF. For M81-transformed B cells from donor D, no 

USP48 signal was detected. Thus, the ratio was not determined (ND). 
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In summary: The EBV-dependent up-regulation of UCHL1 was validated to be strain- and 

donor-independent. Moreover, ATXN3 is down-regulated in 2089-transformed LCL and shows a 

donor-dependent down-regulation in M81-transformed LCL. The last candidate from 

activity-based DUB screenings, USP48, is up-regulated by EBV strain 2089 and M81 alike. 

However, donor dependency cannot be excluded by the data obtained. 

 

4.2.3 Characterization of USP48 regulation 

The successfully validated regulation of USP48 was further characterized. The previous 

western blot experiments were based on the protein levels. Next, the activity competence of 

expressed USP48 should be determined, and it should be examined, whether the alteration is 

due to an EBV-dependent increase or a CD40L-dependent decrease in USP48. 

 

 

Figure 26: Activity-competence of USP48 in CD40L-stimulated and EBV-transformed B cells. 

Lysates of B cells transformed with EBV strain 2089 (A) or M81 (B) as well as CD40L-stimulated 

cells from the same donors were incubated with the suicide substrate HA-Ub-VME. A mass shift 

for total USP48 was observed by immunoblot detection for USP48.  

 

To answer the first question, shift assays were conducted utilizing the activity-based probe 

HA-Ub-VME which was also used for the screening of activity competent DUBs (see 4.2.1). The 

probe only binds to activity-competent USP48. Binding of the ABP leads to a mass shift of 

~8 kDa. Cell lysates from EBV-transformed and mitogen-stimulated B cells were incubated with 

HA-Ub-VME, separated by SDS-PAGE and USP48 was visualized by immunoblotting. Generic 
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western blots for EBV strains 2089 and M81 are shown in Figure 26A & B. A mass shift of USP48 

towards higher molecular weight was detected while no residual band at the initial position was 

visible. The complete mass shift holds true for all analyzed donors, regardless of cell stimulation. 

Hence, the total USP48 pool in EBV-transformed, as well as mitogen-stimulated cells, is activity 

competent. 

The question, whether the observed difference in USP48 levels is due to an increased 

expression in LCL or decreased expression in CD40L-stimulated cells, was addressed by 

inspection of doubly stimulated cells. Therefore, LCLs were stimulated by CD40L+ feeder cells 

and the USP48 levels were compared to CD40L-stimulated B cells and LCL from the same donor 

(Figure 27). For Donor L, USP48 was equally abundant under all three conditions. For Donors M 

and N, USP48 was more abundant in LCL than in mitogen-stimulated cells, but the USP48 level 

was additionally increased upon stimulation of LCL with CD40L. This indicates a synergistic effect 

of CD40L and EBV-dependent transformation on the USP48 protein level. CD40L and EBV 

potentially boost USP48 levels by different pathways. 

 

 

Figure 27: Validation of EBV-specific USP48 up-regulation. B cells were mitogen-stimulated 

(CD40L) or transformed with EBV strain 2089 (LCL). In addition, transformed B cells were 

stimulated with CD40-ligand (LCL + CD40L). Lysates were analyzed regarding their USP48 content 

by immunoblotting. The right panel displays the USP48 levels relative to CD40L-stimulated cells. 

The levels were determined by densitometry and normalized to actin intensities (n=1 for each 

donor). 

 

Next, the question whether CD40L-stimulation alone has an effect on USP48 protein levels 

was addressed. Therefore, CD40L-stimulated cells were compared with freshly isolated and 

resting B cells regarding their USP48 content (Figure 28A). Nearly no USP48 was detected in 

resting cells. After 48 h of stimulation by CD40L, the USP48 level was increased up to 156-times 

of the base level. The kinetics of this up-regulation were further investigated. Resting B cells 
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were CD40L-stimulated, and a sample was drawn every 8 h for 120 h (Figure 28B). In parallel, 

USP48 was monitored in established LCL. USP48 levels constantly increased, till a maximal 

intensity was reached after 72 h. This level was maintained with a fluctuation of about 12.5 %. 

The USP48 level was subject to the same fluctuation in LCL. 

 

 

Figure 28: USP48 expression after stimulation with CD40L. Resting B cells were isolated from 

healthy donors and stimulated by CD40L for 48 h. The USP48 amounts were comparatively 

analyzed by western blotting (A). Lines at the top indicate paired samples from the same donor. 

The time course of USP48 levels was monitored for 120 h (B). B cells were isolated and 

stimulated with CD40L and samples were taken every 8 h. Additional samples were taken from 

established LCL. Relative USP48 levels were determined by WB and normalized to actin. Values 

are presented relative to the sample with the highest content of USP48. 

 

Taken together, resting human B cells express nearly no ubiquitin-specific protease 48 

(USP48). The protein level is markedly increased after stimulation with CD40L as well as after 

transformation with EBV. CD40L and EBV thereby exhibit a synergistic effect leading to a 

maximal USP48 abundance in mitogen-stimulated LCL. The total USP48 in mitogen-stimulated 

B cells is activity competent, as is USP48 in LCL. 
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4.2.4 Functional characterization of USP48 in activated B cells 

Finally, the function of USP48 in proliferating B cells was initially characterized. Recently, 

Schweitzer and Naumann reported that nuclear localized USP48 deubiquitinates RelA (p65) in 

TNF-stimulated HeLa cells (246). RelA is a subunit of NF-κB dimers, which are translocated to the 

nucleus upon B cell activation and stimulate the expression of target genes. Thereby, RelA is of 

special importance for B cell proliferation and isotype switching (247). Hence, the cellular 

localization and a potential RelA-ubiquitination were examined first. 

 

Figure 29: Sub-cellular localization of USP48. Resting human B cells were stimulated with CD40L 

or infected with EBV strains 2089 or M81. Samples were drawn from proliferating blasts and 

stained for USP48 (red), actin (green) and DNA (blue). USP48 accumulations outside of the 

nucleus are indicated by white arrows. The white scale bar is equivalent to 5 µm in the original 

sample. 
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The localization of USP48 was investigated by immunofluorescence (IF) microscopy. Resting, 

mitogen-stimulated, and EBV-transformed B cells were stained for USP48 and actin. The nucleus 

was visualized utilizing DAPI (Figure 29). In proliferating cells, a strong IF-signal for USP48 was 

visible, whereas in resting B cells only a very dim staining for USP48 was found. The different 

fluorescence intensities confirm the finding of induced USP48 expression in mitogen-stimulated 

and transformed cells. In all cells, USP48 accumulated in dot-like structures which again 

gathered in spots. These spots mainly localized to areas of weaker DAPI fluorescence intensity 

within the nucleus.  

The question of an influence of altered USP48 levels on the ubiquitination of RelA was 

addressed by immunoprecipitation of RelA from CD40L-stimulated B cells and EBV-transformed 

cells which show increased levels of USP48. In addition, RelA was precipitated from 

CD40L-stimulated LCL which exhibit the highest USP48 levels. Proteasomal degradation of 

ubiquitinated proteins was inhibited by administration of MG132. A weak signal for 

ubiquitinated RelA was detected for CD40L-stimulated cells only (Figure 30), although RelA was 

successfully immunoprecipitated from all three conditions. To rule out that the observed signal 

originates from a ubiquitinated, co-immunoprecipitated protein, IPs of the known interaction 

partner p50 and with non-specific rabbit IgG as an isotype control were analyzed. Neither of the 

controls precipitated RelA, indicating that the used conditions were sufficient to prevent co-

immunoprecipitation. Hence, a ubiquitinated form of RelA exists in CD40L-stimulated cells, 

which exhibit the lowest USP48 level of the cells probed. 
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Figure 30: Ubiquitination of p50 and RelA in proliferating B cells. The NF-κB subunits p50 and 

RelA were immunoprecipitated from cell lysates of CD40L-stimulated, EBV-transformed and 

CD40L-stimulated EBV-transformed B cells. Proteasomal degradation was inhibited by MG132 in 

all cells for 4 h before lysis. Immunoprecipitates were subjected to SDS-PAGE and immunoblotted 

for ubiquitin. Non-specific IgG from rabbit was used for isotype control IP.  

 

For further studies, an siRNA-mediated USP48 knockdown in mitogen-stimulated and EBV-

transformed B cells was established. A set of four USP48-targeting siRNAs was utilized for 

knockdown, and a set of four scrambled, non-targeting siRNAs was used for control 

experiments. Successful transfer into mitogen-stimulated or transformed cells by 

electroporation was verified with fluorescence-labeled siRNA (siGLO) ahead of the final 

experiments. Electroporation efficiency was in the range of 75 to 90 %. Cells were fluorescent 

for at least 4 days. Knockdown efficiency was highest (up to 90 %) after 72 h. Initial experiments 

investigating an impact on LCL proliferation showed no difference between cells treated with 

USP48-siRNA and control-siRNA. Furthermore, resting B cells treated with USP48-siRNA showed 

no difference in activation after stimulation by CD40L in preliminary experiments. 

To confirm a USP48-dependent deubiquitination of RelA in proliferating B cells, the NF-κB 

subunit was immunoprecipitated from LCL and CD40L-stimulated cells three days after USP48 

knockdown. For both types of proliferating B cells, ubiquitinated RelA was detected after USP48 

knockdown and MG132 treatment (Figure 31A). A minimal signal was detectable in precipitates 
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from control siRNA and MG132 treated cells. This finding is in line with the detection of 

ubiquitinated RelA in CD40L-stimulated cells without siRNA treatment (Figure 30). The increase 

in ubiquitinated RelA is more distinct in LCL than in CD40L-stimulated cells. In addition, no 

ubiquitinated RelA is detected in cells without MG132 administration, which indicates a 

ubiquitin-dependent degradation of RelA which is inhibited by USP48. 

 

  

Figure 31: Effect of a USP48 knockdown on the ubiquitination of RelA. LCL and 

CD40L-stimulated cells were treated with a set of 4 USP48-targeting or non-targeting control 

siRNAs by electroporation 3 days before cell harvesting. All cells were treated in parallel with 

MG132 for 4 h before lysis to prevent proteasomal degradation and compared to the non-

treated samples. Lysate of cell treated with USP48-siRNA but without MG132 appears to be 

degraded. Therefore, no knockdown-efficiency was determined in this sample. 
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To sum up: The screening for activity-competent deubiquitinating enzymes in EBV-

transformed B cells resulted in three potentially EBV-specific regulated DUBs, namely USP25, 

USP48, and UCHL1. The up-regulation of UCHL1 has been previously reported and was validated 

as proof of concept data. ATXN3 and UCHL3 were found as potentially strain-dependently 

regulated. Up-regulation of USP48 in LCL was confirmed to be EBV strain- and donor-

independent, likewise. USP48 is barely expressed in resting B-cells and up-regulated upon 

stimulation. The DUB mainly localizes to the nucleus of proliferating B cells. The RelA (p65) NF-

κB subunit is USP48-dependently deubiquitinated in these cells. 
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5 Discussion 

This study aimed to investigate the role of Epstein-Barr virus-specific alterations of 

ubiquitination in B cell proliferation on a systemic level. Thereby, the following three major 

questions were addressed: 

(1) In which way does EBV alter protein ubiquitination in comparison to B cells proliferating 

in a physiological context? 

(2) Which deubiquitinating enzyme activities are EBV-specifically altered in proliferating 

B cells? 

(3) How do EBV-specifically altered ubiquitinations and activities of deubiquitinating 

enzymes contribute to B cell proliferation, transformation, and oncogenesis? 

To answer these questions, EBV-transformed and mitogen-stimulated proliferating B cells 

were analyzed by means of quantitative proteomics with regard to alterations in protein 

abundance, protein ubiquitination, and active deubiquitinating enzymes for questions 1 and 2. 

Candidates selected from those approaches were further characterized to elucidate their role in 

B cell proliferation for question 3. 

Here, the general findings of the proteomic approaches will be discussed with a special 

focus on cellular signaling processes. Further, the importance of an EBV-dependent and 

ubiquitin-mediated increase in leukotriene biosynthesis in lymphomagenesis and the role of de 

novo expressed USP48 in proliferating B cells will be central elements. Finally, the suitability of 

Ub-modifying enzymes as drug targets in the treatment of EBV-associated malignancies will be 

examined. 
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5.1 The comparative proteome as a guide to altered signaling 

hubs of EBV-transformed B cells 

To answer the question in which way EBV alters protein ubiquitination, the proteomic 

differences of EBV-transformed and mitogen-stimulated B cells were investigated together with 

alterations in the ubiquitome. Although the proteome study was dedicated to aiding the 

interpretation of the ubiquitome data obtained, it additionally provides insights into EBV-

dependent alterations of the B cell physiology regardless of ubiquitination. Previous proteome 

studies utilized EBV-positive and EBV-negative Burkitt’s lymphoma-derived cell lines for the 

identification of EBV-dependent alterations (248, 249). This thesis complements the previous 

results by utilizing a substantially different model system consisting of sets of EBV-transformed 

and CD40L-stimulated B cells from the same donors. A core proteome of 4045 proteins was 

defined of which 495 proteins were differentially abundant in transformed and mitogen-

stimulated cells (see 4.1.2). The protein regulation data comprise multiple proteins which were 

considered as proof-of-concept data as well as proteins newly identified to be EBV-specifically 

regulated. Hence, the proteome data are a valuable resource for the research of EBV-associated 

malignancies, providing novel insights into the signaling pathways utilized by EBV to facilitate 

survival and cell transformation as well as potential therapeutic targets. 

 

EBV-specific alterations in pattern recognition receptor signaling: Proteins involved in 

type I interferon signaling as well as in the cellular response to viruses are both rated as proof-

of-concept data as mentioned above (section 4.1.2). However, the accurate regulation data 

determined for those proteins are a powerful complement to the existing knowledge. In total, 

32 proteins associated with type I interferon signaling and/or cellular response to viruses were 

found among the significantly regulated proteins, including six of the ten most up-regulated 

proteins (IFI44L, MX1, IFIT1, MX2, IFIT3, IFI44). This upregulation of interferon-induced proteins 

was also described in a recent transcriptome study utilizing the same cellular model system as 

used in this thesis (250). The proteome data provided here demonstrate that the upregulation 

on the transcription level results in a higher protein abundance.  

Interestingly, not all proteins were regulated to a similar degree. The regulation factors 

range from two- to 130-fold upregulation, and additionally, three of the proteins participating in 

the antiviral response are even downregulated in EBV-transformed cells (IKBKB, DNAJC3, 

TMEM173) (Suppl. Table 6). Hence, the data of this study indicate that the expression of 

interferon-stimulated genes, as well as components of the antiviral response, are not just 

induced, but rather EBV-specifically manipulated in transformed B cells. An example supporting 

this idea would be the altered B cell activation and response to viral nucleic acids in transformed 

cells derived from the results of this thesis (Figure 32). 
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Figure 32: TMEM173 independent DDX58 signaling. The signaling of most pattern recognition 

receptors (PRR), TLRs and RNA sensors, involves the adaptor protein TMEM173 and leads to the 

activation of the transcriptional regulators IRF3, IRF5, and IRF7, of which IRF5 has strong antiviral 

and tumor suppressor functions. Furthermore, TMEM173 is involved in the MHC-II-dependent 

induction of apoptosis. TMEM173 is markedly downregulated in EBV-transformed B cells. 

However, PRR signaling provides a third pivotal activation signal for B cells. This signal might be 

provided by the PRR DDX58 in EBV-transformed B cells because the receptor is activated by the 

EBV-encoded small RNAs (EBERs) and its signaling cascade is independent of TMEM173. 

 

The latently expressed EBV-encoded small RNAs (EBERs) are recognized by DEAD box 

protein 58 (DDX58/RIG-I) which triggers interferon regulatory factor 3 (IRF3) and IRF7 

dependent expression of IFN-induced target genes (175–177). Under physiological conditions, 

the Toll-like receptor (TLR) signaling is a signal which is, next to the activation of the BCR and 

stimulation by T cells, required for a sustained B cell activation (251). However, it is already 

known that EBV alters the response to TLR-stimulation for its benefit. For example, IRF5, which 

has strong antiviral and tumor suppressor functions, was described to be attenuated in 

transformed cells (252). The determined differential regulations of the individual proteins now 

complement previous studies which demonstrated that the stimulation of TLRs increases the 

proliferation and activation of EBV-transformed B cells (252, 253) and are able to add insights 

into the components affected downstream. For example, Transmembrane protein 173 

(TMEM173), also known as Stimulator of interferon genes protein (STING) was eight-times 

downregulated in EBV-transformed B cells. Next to its function in linking virus-sensing receptors 

to IRFs including the unfavorable IRF5 (254), TMEM173 is critical for the transduction of 
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apoptotic signals in MHC class II-mediated signaling (255), a process whose inhibition would be 

beneficial for EBV-infected cells. DDX58, which detects EBERs, is a pattern recognition receptor 

(PRR), but not a classical TLR, and leads to the activation of IRFs classically activated by the 

endosomal TLR3 as well as NF-κB (256). Unlike signaling of other PPRs including intracellular 

TLRs and other cytosolic RNA sensors (MDA5, LGP2), the signaling of DDX58 is not dependent on 

TMEM173 (197). Therefore, the pro-proliferative effect and third stimulus for B cell activation 

would not be attenuated by downregulation of TMEM173 in EBV-transformed B cells if 

propagated by the PRR DDX58. However, the unfavorable activation of IRF5 would be 

suppressed. 

 

Alteration of phospho-signaling: Although this study focused on the role of ubiquitination in 

EBV-dependent B cell proliferation, the data of the proteome experiments indicate an important 

role for protein phosphorylation, likewise. Among the regulated proteins were 20 protein 

kinases which catalyze the transfer of phosphate to substrate proteins. Of those, nine are more 

abundant in EBV-transformed cells, and 11 are less abundant (Suppl. Table 13). Five of the 

regulated kinases, namely BTK, LCK, MAPK3, PRKCB and SYK, are associated with the B cell 

receptor signaling (BCR) and will be discussed in the next section (5.1.1). One of the regulated 

kinases not participating in BCR is the Aurora kinase B (AURKB). An EBNA6-dependent increase 

in AURKB gene transcription was recently described (257). The data from this proteome 

approach confirms that the increased transcription results in a higher AURKB abundance in EBV-

transformed cells. This kinase is implicated in cell division by recruiting proteins to the mitotic 

spindle and arranging cytokinesis (258). Furthermore, AURKB phosphorylates p53 and thereby 

potentially initiates the degradation of the tumor suppressor protein (259). Up to the present, 

no general phosphoproteome study of EBV-transformed B cells was conducted, merely the 

substrates of the EBV-encoded kinase BGLF4, a lytic gene product, were investigated (260). 

Considering the magnitude of differentially abundant kinases in EBV-transformed and mitogen-

stimulated B cells, a phosphoproteomic study would very likely contribute to a better 

understanding of EBV-induced changes in the B cell phenotype. 

 

In summary, the proteome data define pivotal regulations of protein abundances in EBV-

transformed B cells relative to mitogen-stimulated cells. Examples of these regulations are the 

interference with TLR signaling, which is likely altered in a way that activating signals are 

provided while strong antiviral effects are suppressed, as well as the multitude of differentially 

abundant kinases. In general, the data constitute a valuable resource for further elucidation of 

EBV-dependent processes in transformed B cells. 
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5.1.1 Alteration of B cell receptor signaling in EBV-transformed B cells 

The B cell receptor (BCR) signaling was identified as one of the most affected biological 

processes by EBV (see 4.1.2; Figure 11). Under physiological conditions, the stimulation of the 

BCR is one of the necessary stimuli for a B cell response which ensures the antigen specificity of 

the response as well. In latently EBV-infected B cells, however, activation of the BCR leads to 

reactivation of the lytic cycle of EBV (198). The Latent membrane protein 2A (LMP2A) 

constitutively mimics parts of the BCR signaling and is able to rescue surface immunoglobulin-

deficient cells from apoptosis (199). LMP2A co-opts the Tyrosine-protein kinase Lyn (LYN) and 

the Tyrosine-protein kinase SYK (SYK) for signaling and activates consecutive ubiquitin-

dependent degradation, which leads to their deprivation from the BCR signaling (261, 262).  

The data from this proteome study point to additional alterations in BCR signaling besides 

the attenuation through kinase deprivation. Most of the proteins (37 of 44) contributing to the 

signaling pathway as provided by the Kyoto Encyclopedia of Genes and Genomes (KEGG) were 

covered by the received proteomic dataset. Of those, 11 proteins were significantly regulated in 

EBV-transformed B cells. Strikingly, regulated upstream components were found to be more 

abundant in EBV-transformed B cells, while downstream components were downregulated. 

In classical BCR signaling, LYN is a central kinase which phosphorylates CD19, CD70A/B, 

Bam32, BTK, and SYK to transmit the signal of the activated receptor (section 4.1.2; Figure 12). 

In this study, LYN was downregulated in four out of five experiments, whereas the kinase was 

non-regulated in the latter one and was not rated significantly regulated, therefore. 

Nevertheless, in accordance with previous reports, LYN is to be considered as downregulated in 

EBV-transformed B cells (262). On the other hand, the Tyrosine-protein kinase Lck (LCK) was 

markedly upregulated in these cells (Figure 33). The T cell-specific kinase LCK is nearly non-

expressed in most B cells under physiological conditions, with the exception of B-1 cells which 

are a subset of B cells with the property of self-renewal and rather unspecific immunoglobulins 

against frequent antigens (263–265). Besides, LCK is highly expressed in B-CLL cells, where it 

mediates BCR signaling including the phosphorylation of SYK (263, 266). Inhibition or knockdown 

of LCK results in impaired MAPK3, AKT, and IKK activation in B-CLL which are all triggered by BCR 

activation (266). Thus, LCK might compensate for the downregulation of LYN in EBV-transformed 

B cells (Figure 33). 
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Figure 33: Model of altered BCR signaling in EBV-transformed B cells. Under physiological 

conditions, the kinases BTK and SYK orchestrate signaling downstream of the BCR-associated kinase 

LYN. In EBV-transformed B cells this signaling events are inhibited by the downregulation of LYN and 

the marked upregulation of the inhibitory phosphatase PTPN6. In those cells, LYN can be substituted 

by another kinase, LCK, at the BCR and the EBV-encoded constitutively activated mimic LMP2A. 

Although LCK, like LYN, activates BTK and SYK it also provides a bypass by directly activating PI3K and 

PRKCB. Additionally, the distal pathway components MAPK3 and NFATC2 are downregulated in EBV-

transformed cells. In consequence, actin cytoskeleton remodeling, as well as calcium and MAPK 

signaling are attenuated in EBV-transformed B cells, while AKT and NF-κB signaling are maintained. 
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However, the co-inhibitory receptor CD22 and the inhibitory phosphatase PTPN6 were the 

most distinctively upregulated proteins. In combination, these two co-inhibitory proteins likely 

suppress the BCR signaling through dephosphorylation of the downstream kinases Tyrosine-

protein kinase BTK (BTK) and SYK. Interestingly, BTK and SYK are likewise upregulated in EBV-

transformed B cells, although not as markedly as PTPN6 and CD22. This upregulation might be 

the result of a compensatory mechanism for the attenuated capability to signal through these 

kinases. 

Under physiological conditions, the activation of the BCR has four different effects:  

(i) Remodeling of the actin cytoskeleton  

(ii) Calcium-dependent translocation of NFAT to the nucleus  

(iii) Initiation of the MAPK signaling pathway  

(iv) Initiation of the NF-κB signaling pathway.  

Besides the upstream attenuation, MAPK signaling and NFAT-dependent transcription are 

likely inhibited by the downregulation of downstream substrates (Figure 33). The terminal 

kinase MAPK3, which transmits the signal to API transcription factors in BCR-dependent MAPK 

signaling (iii), is downregulated in EBV-transformed B cells, as is NFATC2 (ii). Hence, these two 

effects are likely inhibited both at the upstream and downstream ends of the pathways.  

However, the substitution of LYN by LCK might provide a partial bypass for BCR signaling, 

thus circumventing the inhibition of BTK and SYK (Figure 33). Based on an analysis utilizing 

STRING-db it is likely that LCK can directly phosphorylate and activate Protein Kinase C as 

inferred from the T cell receptor signaling and sequence homology of PRKCB and PRKCQ (267, 

268). The phosphorylation of PRKCB would result in its activation and BCL-10-dependend 

activation of NF-κB. Additionally, LCK interacts with the catalytically and regulatory subunit of 

Phosphatidylinositol 3-Kinase (PI3K) potentially also stimulating this complex (269, 270). This, in 

turn, would lead to an AKT-dependent activation of NF-κB. Hence, LCK might bypass the 

inhibition of BTK and SYK for NF-κB signaling, but would retain suppression of the other 

pathways triggered by BCR-activation. Those alterations would likewise affect signals provided 

by EBV’s BCR mimic LMP2A, which activates the same kinases. 

Taken together, the results of this proteome study in conjunction with the current 

knowledge lead to the following model of an altered BCR signaling in EBV-transformed B cells 

(Figure 33): BTK and SYK, the central kinases transducing signals after BCR activation, are 

inhibited by the markedly upregulated phosphatase PTPN6. These two kinases orchestrate the 

downstream signaling pathways. While the initiation of actin cytoskeleton rearrangements, Ca2+-

dependent NFAT translocation to the nucleus, and MAPK signaling are attenuated in 
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consequence, the activation of AKT and NF-κB signaling is maintained by LCK. LCK is the most 

upregulated protein participating in BCR signaling. The kinase substitutes downregulated LYN 

and provides a bypass for inhibited BTK and SYK by directly targeting PI3K and PRKCB. However, 

for all potential modulations of the BCR signaling pathway described above, only information on 

protein abundances and ubiquitination data are available in this study. Therefore, further 

activity-based studies on B cell receptor signaling in EBV-transformed B cells are required to 

elucidate signaling alterations. 

The major trigger for the reactivation of EBVs lytic replication cycle is an antigen-dependent 

activation of the BCR (27). Thereby, the transcription of the immediate early gene BZLF1, which 

is essential for lytic cycle entry, is dependent on activities of PKC, PI3K, MAPK, and AKT as well as 

their crosstalk (81). The EBV-transformed B cells investigated in this study are in the growth 

program (latency III). For the purpose of this state, which is to enlarge the EBV-positive B cell 

pool in the infected host, a lytic reactivation would be disadvantageous. Hence, an attenuation 

of some of these pathways, as described in the model provided here, would, in turn, inhibit the 

lytic reactivation while BCR/LMP2A can still provide important survival signals. 

In summary, the proteome data of this thesis complement the understanding of altered BCR 

signaling in EBV-transformed cells and lead to a model of partially attenuated downstream 

signaling. The key point of this model is the protein kinase LCK substituting LYN at the BCR, 

respectively its EBV-encoded mimic LMP2A, in association with inhibition of BTK and SYK 

through the phosphatase PTPN6.  
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5.2 Regulated ubiquitination in EBV-transformed B cells 

One of the major questions of this thesis was, in which way EBV alters the ubiquitination of 

proteins in comparison to B cells proliferating due to a physiological stimulus. This question was 

addressed by a comprehensive, relative ubiquitome study comparing EBV-transformed and 

mitogen-stimulated B cells. In the course of this study, 3633 ubiquitination sites were 

quantitatively analyzed. Of these, 688 are denoted as novel Ub-sites with regard to the 

comparison to the PhosphoSitePlus database (207). Hence, the study substantially broadens the 

known human ubiquitome and provides insights in EBV-dependent alterations of ubiquitination 

in B cells. 

Strikingly, the majority (80 %) of regulated Ub-sites were found to be upregulated in EBV-

transformed B cells. Thereby, upregulations are more distinct than downregulations, resulting in 

the top 24 regulated Ub-sites being upregulated in EBV-transformed cells. In part, the more 

frequent upregulation of Ub-sites might be caused by a technical specialty of the approach. The 

ubiquitome analysis was based on the enrichment of ubiquitin-remnant peptides, di-Glycyl-

isopeptides, which can originate from ubiquitinated, ISGylated and NEDDylated proteins, 

likewise. While NEDDylation was unaffected by EBV (section 4.1.2; Suppl. Figure 3), protein 

ISGylation is induced during the cellular antiviral response (109) which was also observed for the 

EBV-transformed cells in this study. Therefore, the detected Ub-sites were compared with 

previously described ISGylations. Of the identified sites, 29 are located in nine different known 

ISGylated proteins and thus are considered as potentially ISGylated. Nevertheless, excluding 

these sites, 78 % of all regulated Ub-sites are upregulated in EBV-transformed cells, thus 

indicating a pivotal induction of ubiquitination in these cells. 

Three of the most markedly regulated sites were found within the mitochondrial ATP 

synthase subunit beta (ATP5B). All of these sites were more than 30-times upregulated in EBV-

transformed B cells (see 4.1.3; Table 10). Additionally, 30 Ub-sites in six proteins (ENO1, PKM, 

ALDOA, PGK1, GAPDH, PFKP) participating in canonical glycolysis were upregulated in 

transformed cells. Thereby, canonical glycolysis is the most severely affected biological process 

by regulated ubiquitination (Suppl. Table 9), albeit two of these proteins belong to the 

potentially ISGylated proteins (ENO1, PKM). Although not demonstrated in this study, these 

ubiquitinations might contribute to a metabolic switch in the transformed cells. The 

deregulation of cellular energetics in the way of favoring glycolysis over oxidative 

phosphorylation is a feature of many neoplastic malignancies (78). However, glucose 

transporters, which are typically upregulated in the course of this switch, were found unaffected 

in EBV-transformed B cells. Therefore, it is more likely that a potential Ub-dependent alteration 

in the cellular energetics is involved in B cell activation, since an alteration in the cellular 
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metabolism is a common feature upon immune cell activation (271). Especially changes in cell 

metabolism upon T cell activation are currently a focus of research, while data for B cells are 

scarce and mainly limited to cancerous B cells (271, 272). The functions of the identified altered 

ubiquitinations in this process remain to be elucidated. 

In general, ubiquitination has a wide range of functions, for example facilitating protein-

protein interactions, activating proteins and regulating cellular localization (113). Thereby the 

type of ubiquitination is of major importance (see 1.2.1; Figure 5). The prototypic signal for 

proteasomal degradation is K48-linked polyubiquitination, although all polyubiquitin chain types 

can initiate protein degradation to some degree (114, 116). However, the responsible 

ubiquitinations are hard to detect due to the rapid degradation. Proteasome inhibitors can help 

in their detection by preventing the degradation and thus stabilizing the ubiquitinated protein 

leading to increased numbers of identified Ub-sites (273). Unfortunately, the inhibition of Ub-

dependent protein degradation by proteasome inhibitors, for example MG-132 or lactacystin, 

disturbs the equilibrium of mono- and polyubiquitination, likely as a consequence of the 

competition for free Ub (274). Especially the monoubiquitination of histones H2A and H2B is 

reduced leading to a decrease in DNA replication and transcription (275). Therefore, this study 

was conducted without the use of such inhibitors to keep the cells as unimpaired as possible 

and to investigate the global changes in protein ubiquitination without restriction to 

proteasomal degradation signals. 

However, for proteins which show a very strong Ub-dependent degradation either in EBV-

transformed or mitogen-stimulated B cells, opposite regulation factors for Ub-sites and protein 

abundance are expected. The integration of the quantitative ubiquitome and proteome data 

revealed a limited number of 26 regulated Ub-sites for which the corresponding protein is 

likewise regulated (Suppl. Table 10). The majority of Ub-sites originate from unaltered proteins. 

In consequence, the study demonstrates a considerable extent of non-degradation-associated 

alterations in ubiquitination in EBV-dependent B cell transformation. 

Most of those 21 Ub-sites showed regulation in the same direction for the protein as well as 

the Ub-site. The similar regulation of protein and ubiquitination, e.g. seen for MARCKS and 

RFTN1, indicates a tight control of these Ub-sites to maintain the ratio of ubiquitinated and non-

ubiquitinated protein species. Another example is Lysine 193 of Signal transducer and activator 

of transcription 1 (STAT1). Hence, the results of this study confirm the upregulation of STAT1 

expression by the latent EBV protein LMP1 (276, 277). In turn, STAT1 contributes to the 

maintenance of latency III (278). Recently, Lawrence and Kornbluth demonstrated that the 

ubiquitination of STAT1 increases its transcriptional activity (279). This study demonstrates that 

the LMP1-dependent induction of STAT1 expression is paralleled by a higher level of 
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ubiquitinated STAT1 in EBV-transformed B cells. Thus, the level of STAT1-dependent 

transcription is likely increased through the higher abundance of ubiquitinated STAT1 which is 

based on a higher expression instead of upregulated ubiquitination. 

Finally, for four proteins opposite regulations of Ub-site and protein abundance were 

detected (FSCN1, NMT2, LSP1, COTL1). Of these, Fascin (FSCN1) has two regulated Ub-sites. 

Ubiquitination at K74 is less abundant in EBV-transformed B cells to a similar degree as the 

protein itself. This site likely is downregulated due to the tight control of the ubiquitinated 

FSCN1-fraction and might be of importance for the function of the protein. A different 

regulatory Ub-site in FSCN1 has been described recently. Monoubiquitination at K250 inhibits 

the bundling of F-actin by FSCN1 (280). In contrast, ubiquitination at K241 is markedly increased 

in transformed cells and thus likely signals for Ub-dependent degradation. FSCN1 could not be 

detected in resting B cells, but in EBV-transformed and to a higher degree in mitogen-stimulated 

B cells. Altogether these data indicate two layers of regulation for FSCN1. First, the expression of 

FSCN1 is induced upon B cell activation. In EBV-transformed B cells this induction is dependent 

on LMP1 (239). Second, in transformed cells, the induction is counter-regulated by Ub-

dependent degradation. 

Glycylpeptide N-tetradecanoyltransferase 2 (NMT2) and Lymphocyte-specific protein 1 

(LSP1) were both found to be Ub-dependently degraded in EBV-infected cells. NMT2 attaches 

myristic acid to the N-terminus of proteins. The myristoylation functions as an important signal 

for membrane localization, but the specific targets of NMT2 are unidentified so far (235). 

However, myristoylation is of importance for the secretion of IL-2 and IFN-γ by T cells (281). It is 

likely that the downregulation of NMT2 likewise impairs secretion of effector molecules from 

EBV-transformed B cells. LSP1 rearranges F-actin into bundles and, thereby, is able to tether 

MEK1 and ERK2 to the cytoskeleton (282, 283). In this way, LSP1 mediates anti-IgM induced 

signals contributing to B cell selection leading to induction of apoptosis (237). Hence, it is likely 

that the Ub-dependent degradation of LSP1 supports the survival of latently EBV-infected cells 

by suppressing negative selection in the germinal centers. 

Coactosin-like protein (COTL1) is the only protein which showed a reduced ubiquitination 

concomitant with higher protein abundance in EBV-transformed B cells, indicating stabilization 

of COTL1 through a decrease in ubiquitin-dependent degradation. COTL1 supports the 

formation of the T/B-immune synapse thereby interacting with F-actin (224). Additionally, 

COTL1 can stabilize and activate Arachidonate 5-lipoxigenase (ALOX5) promoting LTA4 

biosynthesis (223). The importance of COTL1 for the proliferation of EBV-transformed B cells is 

further discussed in the next section (see 5.2.1). 
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In summary, comparative ubiquitome analysis of EBV-transformed and mitogen-stimulated 

B cells led to the identification of multiple novel Ub-sites. Thereby, only a limited number of 

alterations in Ub-dependent protein degradation were identified by the integration with 

proteome data. Interestingly, three of four proteins with altered Ub-dependent degradation are 

interacting with and remodeling the actin cytoskeleton. Furthermore, altered ubiquitination 

might participate in a metabolic switch and the enhancement of STAT1 dependent transcription. 

 

5.2.1 Does an EBV-dependent and ubiquitin-mediated increase in 

leukotriene biosynthesis play a role in lymphoma progression? 

The leukotrienes are a group of important eicosanoid-derived inflammatory mediators. 

Their functions encompass chemoattraction of granulocytes as well as immune cell adherence 

and activation. The major active leukotrienes are leukotriene B4 (LTB4) and the cysteinyl-

leukotrienes C4, D4, and E4 (cysLTs) (284).The biosynthesis of all leukotrienes starts with the 

oxidation of arachidonic acid (AA) to leukotriene A4 which is further processed to the active 

derivates. This oxidation is catalyzed by Arachidonate 5-lipoxigenase (ALOX5) in two consecutive 

reactions. The activity of ALOX5 is supported by two accessory proteins, Coactosin-like protein 

(COTL1) and Arachidonate 5-lipoxygenase-activating protein (FLAP). While FLAP stimulates the 

production of LTA4 from endogenous AA only, the activity of ALOX5 is stimulated by COTL1 

independent of the source of AA (227). 

With COTL1, one of these accessory proteins was found to be markedly less ubiquitinated in 

EBV-transformed B cells in comparison to mitogen-stimulated cells. Likewise, COTL1 was more 

abundant in EBV-transformed B cells, indicating a stabilization of COTL1 through decreased 

ubiquitination. The activating effect of COTL1 on ALOX5 activity in EBV-transformed B cells was 

demonstrated using Hyperforin which is an inhibitor specifically disturbing the COTL1-ALOX5 

interaction. The AA-consumption of EBV-transformed B cells was markedly decreased upon 

inhibitor treatment whereas the turn-over was unaltered in mitogen-stimulated cells. 

Synthesis pathways of LTB4 and cysLTs biosynthesis separate starting from LTA4. Leukotriene 

A4 hydrolase (LTA4H) hydrolyses LTA4 and generates LTB4. The cysLTs, on the other side, are 

derived from LTC4 which is synthesized from LTA4 by the addition of reduced glutathione 

catalyzed by leukotriene C4 synthase (LTC4S). LTC4S can be substituted by microsomal 

glutathione S-transferase 2 or 3 (284, 285). Neither one of those three proteins nor the 

downstream enzymes in cysLT synthesis were identified in the proteome approach of this study. 
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In contrast, LTA4H was clearly identified in the same amount in EBV-transformed and mitogen-

stimulated B cells. Thus, the production of LTB4 by EBV-transformed B cells is likely. 

For B cells, leukotriene B4 is of special importance. This eicosanoid stimulates the 

proliferation and differentiation of human B cells under physiological conditions (243). 

Furthermore, LTB4 stimulates the expression of the low-affinity IgE receptor CD23 and the 

secretion of antibodies (286). In this study, it was demonstrated that the specific inhibition of 

the COTL1-ALOX5 interaction by Hyperforin has an anti-proliferative effect on EBV-transformed 

B cells. In contrast, this effect was not observed in mitogen-stimulated cells. Thus, EBV-

transformed B cells stimulate their proliferation in an autocrine loop through the generation of 

LTB4. 

 

 

Figure 34: Model for increased leukotriene biosynthesis in EBV-transformed B cells. The 

ubiquitination of COTL1 is decreased in EBV-transformed B cells either through a reduced 

ubiquitin ligase activity or through increased DUB activity. In consequence, the proteasomal 

degradation of COTL1 is diminished, and the protein amount of COTL1 is increased. In turn, 

COTL1 stabilizes and activates ALOX5 by binding, leading to increased ALOX5 abundance. ALOX5 

catalyzes the oxidation of arachidonic acid to leukotriene A4 which is further processed to 

leukotriene B4. Finally, Leukotriene B4 stimulates B cells leading to antibody production and 

drives the proliferation of plasma blasts and EBV-transformed B cells. 
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Taken together, the results of this thesis in conjunction with the current knowledge lead to 

the following model of increased leukotriene biosynthesis in EBV-transformed B cells (Figure 

34): The latent infection with EBV leads to a decreased ubiquitination of COTL1, either through 

the reduced activity of an E3 enzyme or through increased deubiquitination. COTL1 is thereby 

protected from proteasomal degradation and, in turn, stabilizes and activates ALOX5 by binding, 

leading to an increased ALOX5 abundance. ALOX5 catalyzes the rate-determining step in the 

biosynthesis of leukotrienes generating LTA4 which is further processed to LTB4. The released 

LTB4 finally leads to a general stimulation of B cells causing increasing antibody production, and 

drives the proliferation of the EBV-transformed B cells and plasma blasts. 

A dysregulation of LTB4 biosynthesis in B cell malignancies has already been reported for 

primary effusion lymphoma (PEL) and B cell chronic lymphocytic leukemia (B-CLL). PEL is 

associated with a latent infection with human herpesvirus 8 (HHV8) but often shows a 

concomitant EBV infection. In PEL, an up-regulation of LTA4H provides the basis for the 

increased synthesis of LTB4 (287, 288). In the proteome study presented here, the abundance of 

LTA4H was the same in EBV-transformed and mitogen-stimulated B cells. This is in accordance 

with the finding that EBV-positivity is dispensable for the up-regulation of LTA4H in PEL (288). In 

B-CLL, higher expression levels of ALOX5 and LTA4H increase the aggressiveness of the 

malignancy through the excessive synthesis of LTB4 (289). Thereby, LTB4 is important for the 

CD40-dependent activation of B-CLL cells as demonstrated by decreased DNA-synthesis after 

inhibition of ALOX5 which was reversed upon external LTB4 supplementation (290). In 

consequence, inhibition of the LTB4 receptor impairs B-CLL cell viability (289). 

Hence, dysregulation of leukotriene biosynthesis appears to be a common feature of 

multiple B cell lymphomas. In addition, the LTB4 synthesis appears to be a common target of 

both human B lymphotropic γ-herpesviridae, EBV and HHV8, supporting the expansion and 

survival of the latently infected B cell population. In consequence, the oncogenic potential of 

these two oncoviruses is increased. Furthermore, leukotrienes participate in the progression of 

non-B cell lymphoid malignancies. For example, increased leukotriene signaling drives the 

proliferation of malignant cells in chronic myeloid leukemia (CML). Recently, it was 

demonstrated that the inhibition of each, ALOX5, FLAP, or the LTB4-receptor 1 reduces 

proliferation of CML-derived cell lines (291). 

Considering the multitude of lymphoid malignancies favored by increased leukotriene 

biosynthesis, the biosynthesis of leukotrienes would be a promising target for the development 

of novel drugs for lymphoma and leukemia treatment. Supportive for the idea of leukotriene 

biosynthesis inhibition as an accessory treatment is the ongoing discussion of ALOX5 as a target 
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in cancer chemoprevention (292). Next to its role in lymphoid malignancies, the inhibition of 

ALOX5 proved to be chemopreventive for the development of solid pancreatic and lung tumors 

(293, 294). However, the identification of robust risk factors for leukotriene-supported cancers 

would be crucial for purposeful chemoprevention.  

Hyperforin, the inhibitor utilized in this study, is presumably not suitable for supporting 

treatment. Although Hyperforin inhibits the COTL1-ALOX5 interaction and thus leukotriene 

biosynthesis, it is also the principle antidepressant in St. John’s wort (295). As such, Hyperforin 

has severe neuropharmacological properties, for example the inhibition of the uptake of 

monoamines (e.g. serotonin, dopamine, noradrenalin, γ-aminobutyric acid) at neurological 

synapses. The IC50 for the inhibition of monoamine uptake is approximately ten times lower than 

for the ALOX5 activity (295). Hence, severe neurological side effects using Hyperforin in cancer 

therapy would be likely.  

Nevertheless, research in the direction of leukotriene biosynthesis inhibition in cancer 

treatment and chemoprevention might be aided by insights from research on ALOX5 inhibitors 

for the treatment of other diseases. Currently, ALOX5 inhibitors are in the focus of research 

especially for the treatment of anaphylaxis and asthma (296, 297). Examples are the 

development of the FLAP inhibitor GSK2190915 for asthma treatment which passed phase II 

clinical trials, and Setileuton which passed phase II for Asthma, COPD, and atherosclerosis (298–

300). The only ALOX5 inhibitor in clinical use, Zileuton, is approved for asthma, likewise. Zileuton 

is a particularly interesting candidate and just entered phase I for CML in combination with 

Imatinib which is an inhibitor for the Tyrosine-protein kinase ABL1 (300). Taken together, the 

immense efforts to identify novel inhibitors of the leukotriene biosynthesis are likely to benefit 

future treatment of EBV-associated malignancies. 

In summary, this study demonstrated that the rescue of COTL1 from proteasomal 

degradation leads to an increased biosynthesis of leukotriene B4 in EBV-transformed B cells. LTB4 

supports the survival and proliferation of the transformed cells. This pro-oncogenic property of 

LTB4 is common to multiple immune cell-derived malignancies and thus could be a starting point 

for the development of novel accessory therapy approaches.  
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5.3 EBV-specific alterations in the repertoire of Ub-modifying 

enzymes 

The entirety of ubiquitin modifying enzymes, including E1, E2, E3, and deubiquitinating 

enzymes, defines the ubiquitination state of cellular and viral proteins. Although this thesis had 

a special focus on the activity of deubiquitinating enzymes (DUBs), the proteome additionally 

provides insights into the abundance of ubiquitin ligases and thus alterations in the capacity for 

protein ubiquitination. Altogether, the proteome study led to the identification of four 

upregulated (RNF213, TRIM21, TRIM25, UBE2O) and six downregulated (HECTD1, HECTD4, 

RNF2, TRIM33, UBE3A, UHRF2) Ub-ligases. In addition, two DUBs (USP36, USP48) were more 

abundant in EBV-transformed B cells (see 4.1.2, Table 9).  

Interestingly, three of the more abundant ligases (TRIM21, TRIM25, UBE2O) can catalyze 

monoubiquitination. In addition, an enrichment analysis for Ub-associated processes among 

regulated proteins revealed that monoubiquitination is altered in EBV-transformed B cells, while 

polyubiquitination appears unregulated. These findings are perfectly in line with the results of 

the ubiquitome analysis which showed that no significant alteration of the Ub-chain linkage 

abundances could be observed (section 4.1.3; Suppl. Table 8). Furthermore, the predominant 

upregulation of monoubiquitinating ligases provides a potential explanation for the multitude of 

upregulated, non-degradative Ub-sites.  

Of these monoubiquitinating ligases, the ‘(E3-independent) E2 ubiquitin-conjugating 

enzyme’ (UBE2O) might be of special importance for the EBV-dependent tumorigenesis. UBE2O 

multi-monoubiquitinates the nuclear localization signal of BAP1 leading to its nuclear 

sequestration (203). BAP1 has tumor suppressor capacities which are dependent on its nuclear 

localization (301). The ubiquitination through UBE2O might interfere with these capacities and 

thereby support tumorigenesis. Furthermore, UBE2O was recently described to initiate the 

polyubiquitination and degradation of the AMP-activated protein kinase (AMPK) thereby 

promoting initiation and progression of tumorigenesis (302). The catalytic subunit of the AMPK 

complex, PRKAA1, was found to be less abundant in EBV-transformed B cells in this study, likely 

caused by the higher UBE2O abundance in these cells. Thus, UBE2O might support EBV-

associated oncogenesis both through nuclear sequestration of BAP1 and the initiation of 

PRKAA1 degradation. 

E3 ubiquitin-protein ligase RNF213 (RNF213), the only upregulated ligase not described to 

be involved in monoubiquitination, was approximately three times more abundant in 

transformed cells. Signaling through the AKT pathway can induce the transcriptional 

upregulation of RNF213 (303). This signaling pathway is activated by LMP2A in EBV-transformed 
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B cells and thus might provide the basis for the upregulation of RNF213. A substrate of RNF213 

is NFATC2 which is degraded after polyubiquitination (304). NFATC2 was found downregulated 

in EBV-positive cells in this study. Hence, the elevated RNF213 expression might lead to the 

observed NFATC2 downregulation and thus be part of the mechanism underlying the observed 

alterations in BCR signaling (see 5.1.1). Furthermore, Ohkubo and colleagues described that 

RNF213 stimulates the expression of pro-proliferative genes in epithelial cells, and that these 

cells are less proliferative and show less angiogenic properties upon RNF213 knockdown (303). It 

would be interesting to check RNF213 activity in EBV-positive epithelial cancers like 

nasopharyngeal carcinoma (NPC) and EBV-positive gastric cancer (GC) since RNF213 potentially 

contributes to angiogenesis in and vascularization of these solid tumors.  

‘The activity of which deubiquitinating enzymes is EBV-specifically altered in proliferating 

B cells?’ was one of the main questions of this thesis. Therefore, the activity-competence of 

DUBs has been screened utilizing activity-based probes to complement the protein abundance 

data of the proteome approach (section 4.2). The profiling led to the detection of EBV-

dependent alterations in the activity of UCHL1, ATXN3, and USP48 in addition to the increased 

protein levels of USP36 and USP48. Hence, USP48 is upregulated in EBV-transformed cells both 

on the protein and the activity level. The importance of USP48 in activated B cells will be 

discussed in the next section (5.3.1). Strikingly, USP36, which was two times upregulated in 

transformed cells, was not identified as activity-competent at all. Hence, USP36 might have an 

undescribed, deubiquitinase activity-independent function. Thereby or additionally, the EBV-

transformed B cell might utilize a novel mechanism to inhibit USP36-dependent 

deubiquitination for example through post-translational modification. 

Ubiquitin carboxyl-terminal hydrolase isozyme L1 (UCHL1) had the most marked 

upregulation of activity in EBV-transformed B cells. Additionally, UCHL1 was barely detectable in 

mitogen-stimulated cells on the protein level. These data confirm the induction of UCHL1 

expression by LMP1. This study established that UCHL1 is activity-competent in EBV-

transformed B cells. The latency-associated nuclear antigen of HHV8 also induces UCHL1 

expression. Thus, upregulation is a common feature of the human oncogenic γ-herpesviridae 

(305). Independent of the infection with γ-herpesviridae, malignant B cells show higher 

proliferative and invasive capacity dependent on UCHL1 expression (306). Typically expressed in 

neurons and testis only, expression of the DUB is induced in multiple types of cancer, such as 

meningioma, prostate cancer, non-small cell lung carcinoma, and breast cancer besides 

transformed B lymphocytes (144, 307). In GC, UCHL1 promotes proliferation, invasion, and 

metastasis (308). A role of EBV in the upregulation of UCHL1 in EBV-positive GC still needs to be 

verified but is likely. Hence, EBV might worsen the progression of GC through the induction of 

UCHL1-activity. 
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Under physiological conditions, Ataxin-3 (ATXN3) is involved in the regulation of the 

endoplasmic reticulum-associated protein degradation (309). In this study, the activity of ATXN3 

was reduced in EBV-transformed B cells relative to mitogen-stimulated B cells. This reduction 

was strain-independent but showed a slight donor variation. EBV is not only associated with 

lymphatic malignancies but also with epithelial disorders, for example, GC (88). Since the same 

latent genes participate in the oncogenesis of GC as in B cell transformation, it is likely that EBV 

reduces ATXN3 expression in GC, too. Interestingly, a comprehensive study using specimens of 

more than 500 gastric tumors demonstrated that decreased ATXN3 levels correlate with a 

higher malignancy of these tumors (143). Therefore, it is likely that an EBV-dependent 

downregulation of ATXN3 is of importance for the malignancy of EBV-associated GC. However, 

the overall mortality is lower for EBV-positive GC in comparison to EBV-negative GC (310). 

Nevertheless, a recovery of ATXN3 activity should improve the prognosis of EBV-positive GC. 

Taken together, this study demonstrated that ubiquitination is altered in EBV-transformed 

B cells likely through both, altered Ub-ligase expression and DUB activity. Thereby, the 

monoubiquitination of proteins seems to be markedly induced by three upregulated 

monoubiquitinating ligases (TRIM21, TRIM25, UBE2O). Besides, UBE2O likely supports EBV-

associated oncogenesis through the nuclear sequestration of the tumor suppressor BAP1 and 

initiation of PRKAA1 degradation, while RNF213 is implicated in the degradation of NFATC2 and 

thus alteration of BCR signaling. Furthermore, the identified alterations of Ub-modifying 

enzymes (RNF213, UCHL1, ATXN3) appear to be of special importance for the progression of 

EBV-positive gastric cancer. RNF213 is of importance for angiogenesis in epithelial cancers, while 

UCHL1 promotes proliferation and metastasis of gastric cancers. Decreased ATXN3 is associated 

with unfavorable prognosis of GC progression in general. Importantly, the upregulation of 

USP36 in conjunction with the absence of detected USP36 activity demonstrates the need for 

activity-based approaches. 

 

5.3.1 USP48 as a novel player in B cell activation 

In this study, it was shown that Ubiquitin carboxyl-terminal hydrolase 48 (USP48) is EBV 

strain- and B cell donor-independently more abundant in EBV-transformed than in mitogen-

stimulated B cells. Interestingly, USP48 is barely expressed in resting B cells, but it is drastically 

induced upon B cell activation by CD40L and even more induced by EBV-transformation. CD40L 

and EBV thereby exhibit a synergistic effect leading to a maximal USP48 abundance in mitogen-

stimulated LCL. The activity-competent DUB localizes mainly to the B cell nucleus where it 

deubiquitinates RelA (p65). 
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The cellular function of USP48 is hitherto hardly known. Just recently, Cetkovská and 

colleagues described that USP48 can stabilize MDM2 by protein binding and independent of 

USP48’s deubiquitinase activity (311). This stabilization might support the loss of p53 tumor 

suppressor activity by MDM2-mediated p53 ubiquitination and degradation. In addition to its 

interaction with MDM2, a role in deubiquitination of RelA after stimulation of receptors of the 

TNF receptor superfamily, e.g. CD40, was described (246, 312). 

The data presented in this study suggest USP48 as a novel player in B cell activation. The 

level of USP48 reaches its maximum after 72 h of continuous stimulation by CD40L/IL-4. 

Thereby, the initial B cell activation is independent of USP48 expression since B cells pretreated 

with USP48-specific siRNAs showed unaltered expression of B cell activation markers after 

stimulation. Taken together, it is likely that USP48 is of importance for the sustained B cell 

activation in the later course of an immune reaction, as a short stimulation would not suffice to 

induce relevant USP48 expression. The need for a sustained stimulation from helper cells 

ensures that USP48 is only expressed if the B cell response is required for the immune response 

under physiological conditions.  

In the case of transformation by EBV, the necessary signals are bypassed by latent viral 

genes. In particular, LMP1 acts as a constitutively active CD40 receptor thereby activating the 

canonical and non-canonical NF-κB pathways (61, 313). Although the stimulation of CD40 leads 

to USP48 expression in mitogen-stimulated B cells, the present study indicates that LMP1 might 

be dispensable for USP48 up-regulation. In BL-derived cells, the non-coding RNAs and EBNA1, as 

expressed in Mutu I cells, suffice to up-regulate USP48 in comparison to EBV-negative Mutu 

cells. Mechanisms independent of the EBV latency state I gene products as well as the genuine 

CD40 would also explain the synergistic effect of mitogen-stimulation and viral transformation, 

but remain to be examined in more detail. Nevertheless, sustained activation supported by 

USP48 activity would be favorable for EBV by facilitating the rapid proliferation of latently 

infected cells in their growth program. This proliferation is crucial for EBV to enlarge the pool of 

latently infected B cells for persistent infection and future spreading. Likely, the function of 

USP48 in activated B cells relies on its RelA deubiquitinating activity rather than the binding of 

MDM2. Interestingly, the ubiquitination of p53 by MDM2 is targeted by latent EBV proteins. 

While EBNA1 inhibits the deubiquitination of p53 by blocking the p53 binding pocket of USP7, 

EBNA6 promotes the deubiquitinating of MDM2 leading to an increased p53 polyubiquitination 

(154, 314). Nevertheless, the USP48-MDM2 interaction might contribute to EBV-dependent 

lymphomagenesis through the loss of p53 tumor suppressor activity. 

The transactivation activity of RelA is subjected to manifold Ub-mediated regulations which 

are summarized in Figure 35, including potential mechanisms of how USP48 might alter RelA 
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activity in sustained B cells activation. RelA is poly-ubiquitinated in the nucleus and 

proteasomally degraded for a rapid termination of NF-κB signaling (315). Various ubiquitin 

ligases including ING4, PDLIM2, and Elongin/Cullin/SOCS (ECS) protein complexes are described 

to catalyze the ubiquitination of RelA (316). Notably, the protein encoded by open reading 

frame 73 (ORF73) of the B lymphotropic murid herpesvirus-4 (MuHV4) can function as the SOCS 

protein in the EC5S complex and thereby promote RelA ubiquitination and NF-κB inactivation 

(317). Ubiquitination of RelA can be reversed by the deubiquitinating enzymes USP7 and USP48 

which potentially regenerate the pool of non-ubiquitinated, nuclear localized RelA (312, 318). 

 

 

Figure 35: Ubiquitination of RelA and potential consequences of enhanced USP48 activity. RelA 

is (poly-)ubiquitinated by a variety of ubiquitin ligases thereby terminating its transactivation 

activity and leading to proteasomal degradation of RelA. The polyubiquitin chains attached to 

RelA are trimmed by USP48. The potential consequences of USP48 expression in proliferating 

B cells are indicated by an orange background color. USP48, supported by USP7, might lead to 

the regeneration of the nuclear non-ubiquitinated RelA pool, thus increasing the RelA dependent 

transcription of downstream genes. USP48 might also inhibit the degradation of 

oligoubiquitinated RelA and thereby elicit an alteration of transcribed target genes. 
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Transcription of some genes can be dependent on the ubiquitination of bound transcription 

factors which ensures a nearly immediate termination after initiation of transcription (319). This 

might be the case for some NF-κB target genes, too. USP48 favorably trims long poly-Ub chains 

and binds to chains shorter than four Ub-moieties (246). Hence, USP48 might trim these poly-Ub 

chains on RelA and protect the still bound RelA by binding to the remaining short chain and in 

consequence prolong the transcriptional activity. In this case, USP48 abundance/activity would 

lead to a change in NF-κB-dependently transcribed genes after prolonged activation by 

enhancing the transcription of the Ub-dependent target genes. A report from Hochrainer and 

colleagues is in contrast to this theory (320). They imitated monoubiquitinated RelA using an N-

terminal fusion protein of ubiquitin and RelA and found that monoubiquitination decreases 

transcriptional activity for four selected known NF-κB target genes. However, their approach 

takes neither the potentially different effects of individual Ub-sites in the same protein nor the 

effect on less described NF-κB targets into account.  

An alternative theory of how USP48 alters the transcriptional activity of RelA in activated 

B cells encompasses the interplay between USP48 and a second DUB, namely USP7. For USP7 an 

up-regulation after stimulation with CD40L as well as EBV-transformation similar to USP48 was 

demonstrated by Ovaa et al. (244). USP7 has, like USP48, a deubiquitinating effect on RelA, but 

has a preference for short Ub-chains and is nearly incapable of cleaving long poly-Ub chains 

(318, 321). In this theory, USP48 trims the poly-ubiquitination of RelA to prevent its proteasomal 

degradation prolonging RelA’s availability in the nucleus. Nucleoplasmic ubiquitinated RelA is 

transcriptionally inactive, but shielded from nuclear export by newly synthesized IκB (320). USP7 

would subsequently deubiquitinate the already trimmed RelA and thereby re-enable 

transactivation by RelA.  

Active NF-κB creates a negative feedback through the resynthesis of IκB, leading to nuclear 

sequestration of RelA and, in consequence, an oscillation of target gene expression upon 

continuous stimulation (322, 323). Hence, the deubiquitination and thereby reactivation of a 

RelA population shielded from nuclear export would dampen the amplitude of this oscillation.  

Taken together, the deubiquitinating enzyme USP48 is markedly upregulated in activated 

B cells including EBV-transformed B cells. The deubiquitination of RelA by USP48 might lead to 

an alteration in the expression of NF-κB target genes through ubiquitin-dependent 

transcription. Alternatively, but not necessarily exclusive, the increased activity of USP48 would 

lead to an enhanced nuclear RelA pool which might dampen the oscillation in NF-κB signaling 

after prolonged stimulation.  
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5.3.2 Are Ub-modifying enzymes a promising target for the treatment of 

EBV-associated cancers? 

Besides the reduction of immunosuppression for post-transplant lymphoproliferative 

disorder, chemotherapy is still the main strategy for the treatment of EBV-associated 

malignancies (98). This approach can be supported by CD20-targeting antibodies for B cell 

lymphomas or surgical resection for epithelial and soft-tissue tumors (98, 99). Currently, EBV-

specific strategies are limited to the lytic virus reactivation and the injection of EBV-specific 

cytotoxic T cells (98, 101, 102). However, the growing understanding of the molecular 

mechanisms of EBV-dependent oncogenesis provides rationales for new therapeutic approaches 

(100). This thesis contributes to this understanding by deciphering alterations in the abundance 

and activity of Ub-modifying enzymes which are active components of the host cell ubiquitin 

system and potential drug targets. 

Inhibitors targeting the proteasome as final active component in Ub-dependent protein 

degradation are already in regular clinical use and constitute so far the only approved drugs 

targeting the Ub-system for the treatment of cancers and lymphomas. Bortezomib is a 

reversible inhibitor applied in the treatment of newly diagnosed and relapsed multiple myeloma 

and mantle cell lymphoma (307, 324). Carfilzomib is an irreversible inhibitor used for the 

treatment of relapsed or refractory multiple myeloma in patients who received at least two 

different therapies potentially including Bortezomib (325). However, these proteasome 

inhibitors are unspecifically affecting the proteasomal degradation of all proteins in all cell types 

leading to a high number of severe side effects. For example, frequent adverse effects of 

Bortezomib are peripheral neuropathy, myelosuppression, and cardiotoxicity (326, 327). 

Furthermore, the efficiency is unsatisfying for solid tumors, such as EBV-associated NPC and GC 

(326).  

The targeted inhibition of single ubiquitinating or deubiquitinating enzymes would likely 

show fewer and less severe adverse effects. This kind of improvement was already observed for 

molecular-targeted drugs directed against specific kinases (159). The Ub-ligases and 

deubiquitinating enzymes, which were found to be EBV-specifically regulated in this study, are 

rational targets for the study of Ub-modifying enzymes as drug targets in EBV-associated 

cancers. Here, USP48 and ATXN3 might be less promising. For USP48, which was de novo 

expressed in activated B cells, the function in proliferating B cells has to be clarified beforehand. 

ATXN3 was downregulated in EBV-transformed B cells and is, therefore, hard to target 

pharmacologically. However, inhibitors for ligases and DUBs previously described to be affected 

in oncogeneses, such as MDM2 or USP7, are under investigation (159). 
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MDM2 and USP7 are both implicated in the degradation of the tumor suppressor p53. While 

MDM2 polyubiquitinates p53 and induces its degradation, USP7 deubiquitinates MDM2 

increasing its capacity for p53 ubiquitination. This process is targeted by the latent EBV protein 

EBNA6 which, like USP7, stabilizes MDM2 (314). Active agents targeting the USP7-MDM2-p53 

axis are currently under investigation and show promising results. For example, the USP7 

inhibitor P0591 was pre-clinically tested in a xenograft model of multiple myeloma. The inhibitor 

showed antitumor activity even in Bortezomib-resistant tumors (328). Furthermore, inhibitors of 

MDM2 for the treatment of solid tumors and hematologic malignancies have entered clinical 

studies recently (329). However, USP7 and MDM2 were found unaffected in this study and 

therefore might not be the most promising candidates for the treatment of EBV-positive 

lymphoproliferative disorders. 

UCHL1, which was found markedly upregulated in EBV-transformed B cells, is indeed a 

promising target. A class of UCHL1-specific inhibitors, which showed no inhibition of other 

cysteine proteases, was described by Mermerian and colleagues (330). A different approach 

might be the use of peptide-based inhibitors like Z-VAE(OMe)-fluoromethylketone which can 

provide specificity via the peptide sequence (331). However, these inhibitors still have to take 

the step of translation to clinics. 

UBE2O has dual activity as Ub-conjugating and Ub-ligating enzyme. In this study, UBE2O was 

found donor- and EBV strain-independently upregulated in transformed B cells. The enzyme 

might support EBV-associated oncogenesis both through nuclear sequestration of BAP1 and the 

initiation of PRKAA1 degradation. However, the dual activity of UBE2O involves two cysteines 

(332). These cysteines render UBE2O sensitive to inhibition by arsenite (333). Arsenite 

compounds, in turn, are successfully used in the treatment of acute promyelocytic leukemia 

(334). However, they are suitable only for the treatment of solid tumors as part of a 

combination therapy (335). Hence, UBE2O is a highly promising target for the therapy of EBV-

associated cancers, potentially involving the use of arsenite-based compounds. 

Taken together, Ub-modifying enzymes are a promising target for the treatment of EBV-

associated malignancies and more generally multiple types of cancer. However, for USP48, one 

of the candidates of this study, the function in proliferating B cells has to be clarified to 

potentially provide the rationale as a target for the treatment of EBV-associated malignancies. 

Nevertheless, the deubiquitinating enzyme UCHL1 and the bifunctional Ub-conjugating 

and -ligating enzyme UBE2O are promising, specific targets identified in this study. While 

targeting of UCHL1 likely benefits from the DUBs association with multiple cancers, UBE2O is 

responsive to arsenite compounds. 
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6 Summary 

This thesis aimed at the systematic description of the EBV-specific alterations of the B cell 

ubiquitin system, including the ubiquitination state of cellular proteins as well as the abundance 

and activity of ubiquitin-modifying enzymes, with a special focus on deubiquitinating enzymes 

(DUBs). Therefore the central questions of this thesis were: 

(1) In which way does EBV alter protein ubiquitination in comparison to B cells proliferating 

in a physiological context? 

(2) Which deubiquitinating enzyme activities are EBV-specifically altered in proliferating 

B cells? 

(3) How do altered ubiquitinations and activities of deubiquitinating enzymes contribute to 

B cell proliferation, transformation, and oncogenesis? 

To answer these questions, a model system consisting of ex vivo EBV-transformed and 

mitogen-stimulated (CD40L + IL-4) B cells from the same donor was utilized. The complete 

proteome, as well as the ubiquitome of those cells, were comparatively analyzed. Additionally, a 

quantitative screening for activity-competent DUBs was performed. All three approaches led to 

the identification of alterations potentially contributing to EBV-dependent cell proliferation and, 

finally, oncogenesis. Two of those alterations, the stabilization of COTL1 and the upregulation of 

active USP48, were further characterized to elucidate their role in EBV-transformed B cells. 

Prior to the proteomic approaches, the cells used were pre-characterized regarding their 

EBV latency and B cell activation status. All EBV-transformed cells showed a type III latency gene 

expression pattern for latent, EBV-encoded proteins. Furthermore, the mitogen-stimulated and 

EBV-transformed B cells showed an overall similar activation status.  

Comparative proteome and ubiquitome analyses were conducted utilizing B cells from 4 

healthy donors transformed with EBV-strain 2089 and, additionally, strain M81 for one donor to 

exclude strain dependency of the observed alterations. Relative quantification of both, proteins 

and ubiquitination sites, was facilitated by stable isotope labeling with amino acids in cell 

culture (SILAC).  
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6.1 In which way does EBV alter protein ubiquitination in 

comparison to B cells proliferating in a physiological context? 

To answer this question, a comprehensive ubiquitome study of EBV-transformed and 

mitogen-stimulated B cells was performed. To aid in the interpretation of the obtained data 

points, the comparative proteome of these cells was analyzed, likewise. Apart from 

ubiquitination processes, the proteomic data indicate alterations in central cellular signaling 

processes. 

Proteomic characterization: A core proteome of 4045 proteins was identified and relatively 

quantified in at least four of the five experiments. Of these proteins, 495 were significantly 

regulated in mitogen-stimulated and EBV-transformed B cells. Up- and down-regulations 

occurred with similar frequencies; 259 proteins (52.3%) were more abundant and 236 (47.7%) 

less abundant in EBV-transformed B cells. The results are in full accordance with previous 

reports, such as upregulation of proteins involved in type I interferon signaling as well as the 

cellular antiviral response including the ligation of the ubiquitin-like modifier ISG15 to target 

proteins. The complete protein machinery for ISGylation was upregulated in EBV-transformed 

B cells as were ISGylated proteins. Additionally, the results indicate alterations in important 

cellular signaling pathways and the abundance of Ub-modifying enzymes. 

This study shows that EBV specifically interferes with mechanisms of cellular virus sensing. 

The Transmembrane protein 173 (TMEM173), which mediates the activation of interferon 

regulatory factors in response to intracellular pattern recognition receptors (PRRs), was found 

strongly downregulated in EBV-transformed B cells. However, DDX58, a cellular RNA-sensor, 

which is activated by EBV-encoded RNAs and putatively upregulated in this study, can stimulate 

IRF-dependent responses without utilizing TMEM173 and thereby IRF5 activation. Thus, the 

EBER-DDX58 signaling axis, which is utilized by EBV, would be a promising starting point for 

further investigations of the proliferative signal and its inhibition in EBV-related malignancies.  

One of the most thoroughly affected cellular processes was the B cell receptor signaling. 36 

of 45 annotated protein components were covered by the quantitative dataset with 30 % being 

differentially abundant. Interestingly, early components were predominantly upregulated, while 

late components were downregulated in EBV-transformed cells. The most distinct upregulations 

were found for the co-inhibitory proteins CD22 and PTPN6. Furthermore, the data indicate the 

substitution of LYN by LCK as the central kinase at the activated BCR and its EBV-encoded mimic 

LMP2A. This substitution probably provides a bypass for the inhibition of BTK and SYK through 

PTPN6 and thus facilitates AKT and NF-κB signaling. Hence, the proteome data of this thesis 
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complement the understanding of altered BCR signaling in EBV-transformed B cells and the 

associated suppression of BCR-dependent lytic reactivation. 

The main focus of this thesis was on alterations of protein ubiquitination in proliferating 

EBV-transformed B cells. The ubiquitination state of cellular and viral proteins is defined by the 

entirety of Ub-modifying enzymes, namely activating (E1), conjugating (E2), ligating (E3), and 

deubiquitinating enzymes (DUBs). The comparative proteome analysis revealed profound 

regulations of the abundances of Ub-modifying enzymes. In total, 14 Ub-modifying enzymes 

were identified as significantly regulated, encompassing two conjugating enzymes, two DUBs, 

and ten Ub-ligases. Of the different ubiquitination and deubiquitination processes especially 

monoubiquitination was affected by EBV. Three of the ligases (TRIM21, TRIM25, UBE2O) – all 

upregulated - catalyze protein monoubiquitination. Of these, UBE2O likely supports EBV-

associated oncogenesis through the nuclear sequestration of the tumor suppressor BAP1 and 

initiation of PRKAA1 degradation. The likewise upregulated ligase RNF213 is implicated in 

degradation of NFATC2 and thus potentially in alteration of BCR signaling. 

Apart from the influence of EBV on ubiquitination, the evaluation of the proteome data set 

indicated prominent changes in kinase abundances as briefly mentioned in the case of BCR 

signaling before. In general, 11 protein kinases were found less abundant, and nine protein 

kinases were found more abundant in EBV-transformed B cells. Among the upregulated is the 

Aurora kinase B (AURKB), which is essential for cytokinesis. The high number of regulated 

kinases indicates substantial alterations in phospho-signaling, which could be systematically 

analyzed to allow a more detailed view onto the alterations in signaling. 

 

Comparative ubiquitome analysis: To allow in-depth characterization of Ub-mediated 

processes in EBV-transformed B cells, this thesis aimed to provide a comprehensive ubiquitome 

analysis by means of Ub-remnant enrichment and quantitative mass spectrometry. To date, this 

is the first study of this kind in ex vivo EBV-transformed B cells. 

Throughout the five experiments, a total of 4011 ubiquitination-sites (Ub-sites) were 

identified of which 688 were previously undescribed. Furthermore, 218 sites were found 

significantly regulated. Of those, 80 % of the regulated Ub-sites were more abundant in EBV-

transformed B cells, while the total amount of ubiquitin was unaffected, as was the general 

distribution of Ub-chain linkages. However, more detailed information about the different types 

of ubiquitinations present could aid the identification of promising candidates and should be 

considered. 
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In general, most of the differentially ubiquitinated proteins are involved in a broad spectrum 

of cellular functions covering central processes such as gene expression, protein stabilization, 

and cell cycle progression. Among those, the energy metabolism was most affected. The most 

prominent example was the ubiquitination of mitochondrial ATP synthase subunit beta (ATP4B). 

Three of the top upregulated Ub-sites were found in this protein, and all of those were more 

than 30-times increased by latent EBV infection. Additionally, 30 Ub-sites in six proteins 

participating in canonical glycolysis (ENO1, PKM, ALDOA, PGK1, GAPDH, PKFP) were found 

upregulated in transformed cells. These Ub-sites potentially participate in a metabolic switch, 

known as Warburg effect, which is a feature of many neoplastic malignancies.  

Integration of Proteome and Ubiquitome: The integration of the protein and Ub-site-

specific quantitative data revealed 26 Ub-sites in 19 proteins for which both protein abundance 

and Ub-site were significantly regulated. For most of these sites, the protein amount was 

regulated in the same direction, indicating a tight regulation of the ubiquitinated protein 

fraction. For only four proteins opposed regulations of Ub-sites and protein abundances hinted 

towards ubiquitin-dependent alteration of protein degradation. Three of these proteins (NMT2, 

LSP1, FSCN1) were ubiquitin-dependently degraded in EBV-transformed B cells. The degradation 

of NMT2 might impede the secretion of effectors by B cells, while degradation of FSCN1 might 

prevent tissue invasion. The degradation of LSP1 likely suppresses negative selection of EBV-

transformed B cells in the germinal centers. COTL1 was the only protein which was found to be 

stabilized by decreased ubiquitination in EBV-transformed B cells and was selected for 

functional characterization (6.3 below). 
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6.2 Which deubiquitinating enzyme activities are EBV-

specifically altered in proliferating B cells? 

Activity-competent deubiquitinating enzymes (DUBs) were comparatively screened in ex 

vivo EBV-transformed and mitogen-stimulated B cells. An additional screening has been 

completed utilizing Burkitt’s lymphoma-derived cell lines, which show distinct EBV-latency 

states, for insights into the EBV genes responsible for regulation. Activity-competent DUBs were 

captured with the activity-based probe (ABP) HA-Ub-VME and identified by mass spectrometry-

based peptide sequencing. Relative quantification was conducted by iTRAQ®-labeling of 

peptides. 

Activity-competent enzymes of all five cysteine protease DUB families, in total 30 DUBs, 

were identified in this study. The absence of detected USP36 activity utilizing ABPs in 

conjunction with the upregulation of USP36 on the protein level demonstrates the need for 

activity-based approaches rather than only proteome analyses for enzymes. The potential 

regulation of five DUBs (ATXN3, UCHL1, UCHL3, USP25, USP48) was validated by western blot 

analysis for eight individual donors and the two viral strains 2089 and M81 to exclude donor and 

EBV strain-dependent effects. 

While regulation of UCHL3 and USP25 could not be validated in additional donors, UCHL1 

was strain- and donor-independently upregulated by EBV and was upregulated independently of 

the latency state in BL cell lines, likewise. In contrast, ATXN3 was strain-independently 

downregulated but showed a slight donor dependency for EBV strain M81. This downregulation 

might be of special importance for the progression of EBV-positive gastric cancer (GC) as 

reduced ATXN3 levels correlate with an adverse outcome in GC patients.  

Most interestingly, Ubiquitin carboxyl-terminal hydrolase 48 (USP48) was strain- and 

predominantly donor-independently more abundant in EBV-transformed cells. Furthermore, 

USP48 was upregulated in BL cells with EBV in latency I and III as compared to EBV-negative 

cells. Thus, the hitherto scarcely characterized DUB USP48 was selected for further 

characterization in EBV-transformed B cells (6.3 below).  
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6.3 How do altered ubiquitinations and activities of 

deubiquitinating enzymes contribute to B cell proliferation, 

transformation, and oncogenesis? 

Two candidate proteins from the first and second question were selected for further 

characterization of their importance in EBV-transformed B cells. The integration of ubiquitome 

and proteome analyses featured Coactosin-like protein (COTL1) while Ubiquitin carboxyl-

terminal hydrolase 48 (USP48) was selected from the results of the screening for active DUBs. 

 

Coactosin-like protein (COTL1): COTL1 was 7-times more abundant and at the same time 

13-times less ubiquitinated at Lysine 102 in EBV-transformed B cells, which indicated impaired 

proteasomal degradation of COTL1 in these cells. In turn, COTL1 is able to stabilize and activate 

ALOX5, which catalyzes the oxidation of arachidonic acid (AA) to leukotriene A4. This conversion 

is the rate-limiting step in leukotriene biosynthesis. Hence, higher COTL1 levels led to an 

increased oxidation of AA in EBV-transformed cells as compared to mitogen-stimulated B cells. 

Inhibition of the COTL1-ALOX5 interaction with its specific inhibitor Hyperforin resulted in a 

reduced activity of ALOX5.  

The proteome data of this thesis furthermore indicate that LTA4 is processed to LTB4 only as 

the single identified enzyme contributing to leukotriene biosynthesis downstream of LTA4 was 

leukotriene A4 hydrolase. LTB4 has an activating effect on B cells and is stimulating their 

differentiation and proliferation. In consequence, inhibition of the COTL1-ALOX interaction 

attenuated the proliferation of EBV-transformed B cells, while mitogen-stimulated B cells were 

unaffected. This demonstrates the importance of the COTL1-ALOX5 interaction and the 

leukotriene biosynthesis for the proliferation of EBV-transformed B cells. Thus, the COTL1-ALOX 

complex, as well as the changes in leukotriene biosynthesis, should be further characterized 

especially with reference to potential inhibitors, which could abort LTB4-mediated B cell 

stimulation. 

 

Ubiquitin carboxyl-terminal hydrolase 48 (USP48): The proteome study and activity-based 

DUB screening conducted in this thesis identified USP48 as upregulated in EBV-transformed as 

compared to mitogen-stimulated B cells. At the same time, the entirety of expressed protein 

was activity-competent. The regulation was EBV strain-independent and showed only slight 

donor dependency. USP48 is not expressed in resting B cells but is induced by mitogen 

stimulation reaching a maximum expression level after 72 h. The inducing signals in EBV-

transformed and mitogen-stimulated cells are synergistic, leading to the highest expression level 
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in CD40L-stimulated EBV-transformed B cells. The bulk of USP48 is nuclear localized. Utilizing a 

siRNA-mediated knockdown of USP48, the NF-κB subunit RelA was identified as a substrate of 

USP48 in proliferating B cells. Hence, USP48 was identified as a novel actor in proliferating 

B cells, which participates in NF-κB signaling through the deubiquitination of the RelA subunit. 

However, the results also pose new questions especially regarding the role of USP48 in B cell-

mediated immune responses and EBV-mediated cell transformation. 
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7 Outlook 

7.1 Inspection of EBV-specifically manipulated cellular signaling 

In addition to changes in ubiquitin-modifying enzymes, the proteome study conducted as 

part of this thesis indicated EBV-specific alterations in central cellular signaling processes, too. 

These altered pathways include signaling by pattern recognition receptors (PRRs) and most 

notably phospho-signaling, which has an extensive overlap with ubiquitination (336). 

In EBV-transformed B cells the central mediator of PRR signaling, TMEM173, was markedly 

downregulated. However, PRRs provide an activating signal to allow sustained B cell 

proliferation. The PRR DDX58, which is activated by EBV-encoded small RNAs, is able to 

transduce this signal without involving TMEM173. The blocking of this pathway by inhibition of 

DDX58 could lead to an attenuation of proliferation in infected cells. Due to the lack of a DDX58-

specific inhibitor, the knock-down of DDX58 by RNA-interference would be a suitable first step 

for the elucidation of the underlying mechanism and estimation of its suitability as a therapeutic 

target. 

 

  

Figure 36: Overview of phosphopeptide and kinase enrichment strategies. Immobilized metal 

affinity chromatography (IMAC) is suitable for the enrichments of Serin and Threonine 

phosphorylations while phosphorylated Tyrosine can be enriched by specific antibodies (α-pY Ab) 

or suberbinder-SH2 domains (sb-SH2). Kinases can be enriched by immobilized kinase inhibitors 

and the combination of kinase enrichment and phosphopeptide enrichment raises data on the 

phosphorylation state of kinases (Phospho-Kinome). 
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In the context of phospho-signaling, 20 kinases were found regulated by EBV indicating 

substantial alterations in protein phosphorylation. Therefore, a logical next step would be the 

phosphoproteomic investigation in the same model system of proliferating mitogen-stimulated 

and EBV-transformed B cells. For good coverage of protein phosphorylations in these cells, 

phosphopeptides should be enriched (Figure 36). Suitable approaches would be immobilized 

metal affinity chromatography and metal oxide affinity chromatography for Serin and Threonine 

phosphorylations, as well as the use of specific antibodies and superbinder-SH2 domain affinity 

purification for Tyrosine phosphorylation (337, 338). All of these methods are compatible with 

SILAC labeling for robust relative quantification. 

Next to the phosphorylation events itself, the executing enzymes would be of special 

interest. Kinases, which add phoyphorylations, are frequently used as an effective drug target 

and are promising in the therapy of oncovirus-associated cancers. Hence, the data on kinase 

abundances from the proteome study of this thesis should be complemented by affinity-based 

enrichment of kinases utilizing immobilized inhibitors and consecutive LC-MS/MS-based 

identification (339, 340). This approach would likely provide a more comprehensive view on the 

capacity for protein phosphorylation in EBV-transformed B cells. 

As an alternative to a broad screening approach, it might be sensible to investigate 

individual kinase or phosphatase key players as determined by this study. A promising candidate 

would be the protein kinase LCK, which presumably substitutes the canonical kinase Lyn in the 

coordination of BCR signaling. Specific inhibitors for LCK are available for in vitro use (341) to 

investigate the effect of the kinase on the activation status and proliferation of EBV-transformed 

B cells. Alternatively, the kinase could be targeted by siRNA-mediated knockdown to 

compensate for the EBV-induced upregulation. Such knockdown approaches would likewise be 

suitable to test whether the inhibitory phosphatase PTPN6, which was found markedly 

upregulated in EBV-transformed B cells, is essential to prevent reactivation of lytic viral 

replication through stimulation of the B cell receptor. 
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7.2 Elucidation of ubiquitination-types to facilitate candidate 

identification 

In the global ubiquitome study conducted in this thesis, 4011 ubiquitination-sites were 

identified on the base of the typical di-Glycyl-isopeptide motif on Lysines after tryptic digestion. 

Of those, 218 Ub-sites were significantly regulated in EBV-transformed B cells. However, the 

used approach does not discriminate different forms of modification e.g. monoubiquitination or 

polyubiquitination of different chain types. As the specific function of individual ubiquitinations 

largely depends on the type of ubiquitination, the complementation of the global ubiquitome 

data obtained with Ub-chain type-specific analyses would facilitate the selection of candidates 

for further investigations. A suitable method for the acquisition of data on chain linkages would 

be the use of so called tandem-repeated ubiquitin-binding entities (TUBEs) (Figure 37), although 

specific TUBEs are only available for some of the linkage types (342). 

 

 

Figure 37: Tools for chain- and modification-specific ubiquitin research. For the enrichment and 

detection of K11 and K27 linked Ub-chains, as well as Serine 65-phosphorylated ubiquitin-specific 

antibodies, are available. For K48-, K63-, and M1-linked chains TUBEs are available, likewise. 

These TUBEs have a higher affinity compared to classical antibodies and can additionally be used 

for protection of Ub-chains from DUB-dependent cleavage. 

 

TUBEs are fusion proteins of ubiquitin binding domains with Ub-linkage preferences which 

are suitable for the protection, enrichment, and detection of distinct chains types. Till now, 

linkage-specific TUBEs for K48-, K63-, and M1-linked chains are available. This set of TUBEs can 

be supplemented by specific antibodies for further Ub-chains, e.g. K11-linked polyubiquitin 

(Matsumoto et al. 2010). The quantitative data for ubiquitination sites from this study in 

combination with information on Ub-chain linkages will support the analysis of the 
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consequences of the alterations in protein ubiquitinations and thus the identification of 

promising targets for further research and potential drug development. Additionally, the TUBEs 

can facilitate the identification of proteasomal degradation-inducing ubiquitinations, which are 

otherwise hard to detect without the use of proteasome inhibitors, through the stabilization of 

the short-lived modification. Hence, these tools should be used for the identification of proteins 

with the distinct ubiquitinations. 

 

7.3 Analysis of COTL1 regulation and LTB4 biosynthesis as 

potential targets in the therapy of EBV-associated lymphoma 

In this study, the degradation of Coactosin-like protein (COTL1) was found inhibited through 

a decreased ubiquitination in EBV-transformed B cells. This led to stabilization of the COTL1-

ALOX5 complex, which in turn promoted cell proliferation via stimulation of the leukotriene B4 

(LTB4) biosynthesis. 

A pro-oncogenic property of LTB4 is common to multiple immune cell-derived malignancies. 

Furthermore, LTB4 is an important pro-inflammatory eicosanoid which can stimulate the tissue 

invasion of leukocytes. Thus, LTB4 might be of importance for EBV-associated autoimmune 

diseases as well. However, neither COTL1 nor LTB4 are directly targetable by existing inhibitors 

at the moment. Therefore, ALOX5-targeting drugs, which are already in clinical use or currently 

under development for asthma therapy, should be tested for their potential and effectiveness in 

EBV-associated autoimmune diseases and malignancies (298, 299).  

Additionally, the mechanism behind the EBV-dependently decreased ubiquitination of 

COTL1 should be elucidated. This might identify a target for the specific treatment of EBV-

infected cells. For that, a first step would be to clarify whether the reduced ubiquitination is due 

to increased DUB or reduced ligase activity, e.g. by monitoring the effect of broad DUB inhibitors 

on COTL1 ubiquitination. Furthermore, overexpression of selected E2 or E3 enzymes is 

conceivable as an alternative approach. At this proximity-dependent biotin identification (BioID) 

utilizing E2/E3-BirA fusion proteins could facilitate the identification of specific substrates (343). 
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7.4 Defining the function of USP48 in B cell immune response 

and transformation 

The expression of USP48 was found to be induced upon B cell activation in this study. Here, 

the final USP48 level was higher in EBV-transformed than in mitogen-stimulated cells. In the 

light of these results the following two questions arise: 

1) What is the function of USP48 in the B cell-mediated immune response to pathogens? 

2) What is the role of USP48 in EBV-dependent B cell transformation? 

For the investigation of USP48’s importance in the B cell-dependent immune response, a 

B cell-specific knockout mouse would be a suitable model system. These mice could be used for 

infection experiments with mouse virulent pathogens to study potential impairments of the 

B cell response. Furthermore, the isolated cells would be suitable for activation studies in vitro.  

However, as EBV cannot infect murine B cells, an alternative approach is needed for the 

investigation of the role of USP48 in EBV-dependent B cell transformation. A promising strategy 

would be to integrate USP48-mRNA-targeting shRNA in the viral episome under the control of a 

conditional promotor as described by Feederle and colleagues (344). These transformed cell 

lines could be used for the identification of USP48 substrates in addition to RelA, which was 

described in this study. Therefore, the ubiquitome of wildtype and USP48-knockdown EBV-

transformed B cells should be comparatively analyzed. 
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Abbreviations 

AA Arachidonic acid 

ABP Activity-based probe 

ACN Acetonitrile 

ACTB Beta-actin 

ALOX5 Arachidonate 5-lipoxygenase 

ATG Autophagy-related gene / protein 

ATP Adenosine tri-phosphate 

ATXN3 Ataxin-3 

BARTs Epstein-Barr virus microRNAs 

B-CLL B cell chronic lymphocytic leukemia 

BCR B cell receptor 

BL Burkitt’s lymphoma 

BLNK B-cell linker protein 

bRP basic reversed phase chromatography 

BSA Bovine serum albumin 

CAA chloroacetamide 

CD Cluster of differentiation 

CD21 B cell-specific complement receptor 2 

CD40 activated B-cell surface antigen CD40 

CD40L CD40-ligand 

CD74 HLA class II histocompatibility antigen gamma chain 

CIEX cation exchange chromatography 

COTL1 Coactosin-like protein  

CRLs Cullin-RING ligase 

cysLTs cysteinyl-leukotrienes 

DAPI 4′,6-Diamidin-2-phenylindol 

DDX58/RIG-I DEAD box protein 58 

DKFZ German Cancer Research Center 

DLBCL diffuse large B-cell lymphoma 

DNA Deoxyribonucleic acid 

DTT dithiothreitol 

DUB deubiquitinating protein / enzyme 

DX Donor number X 
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E1 (Ubiquitin) activating enzyme 

E2 (Ubiquitin) conjugating enzyme 

E3 Ubiquitin ligase 

EBER Epstein–Barr virus-encoded small RNA 

EBNA Epstein-Barr nuclear antigen 

EBNA-LP Epstein-Barr nuclear antigen leader protein 

EBV Epstein-Barr virus 

ERK extracellular signal–regulated kinase 

ESCRT endosomal sorting complex required for transport 

EtOH Ethanol 

FA Formic acid 

FACS Fluorescence-activated cell sorting 

FBS Fetal Bovine Serum 

FDR False discovery rate 

FSCN1 Fascin 

GC Gastric cancer 

GO Gene ontology 

HA Hemagglutinin 

HECT Homologous to E6-AP Carboxyl Terminus 

HHV4 human herpesvirus-4 

HL Hodgkin’s lymphoma 

HLA  Human leukocyte antigen 

HPLC High pressure liquid chromatography 

HRS cell Hodgkin’s and Reed-Sternberg cell 

IC50 half maximal inhibitory concentration 

IE Immediate early (genes) 

IF Immunofluorescence 

IL interleukin 

IM Infectious Mononucleosis 

IP Immunoprecipitation 

IRF Interferon regulatory factor 

IS immune synapse 

ISG15 Interferon-stimulated gene 15 

iTRAQ isobaric tags for relative and absolute quantification 

IκBα nuclear factor of kappa light polypeptide gene enhancer in B-cells inhibitor, alpha 

JAMM JAB1/MPN/Mov34 metallo-enzyme domain-containing 

JNK c-Jun N-terminal kinase 
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kBp Kilo base pairs 

kDa Kilo Dalton 

KEGG Kyoto Encyclopedia of Genes and Genomes 

K-ε-GG Lysine-epsilon-Glycine-Glycine (Ubiquitin residue after tryptic digest) 

LCL Lymphoblastoid (EBV-transformed) cell line 

LC-MS/MS Liquid chromatography coupled to mass spectrometry 

  

LMP latent membrane protein 

LSP1 Lymphocyte-specific protein 1 

LTA4/B4/C4/D4/E4 Leukotriene A4/B4/C4/D4/E4 

LTA4H Leukotriene A4 hydrolase 

LTC4S Leukotriene C4 synthase 

MAD Median Absolute Deviation from the median 

MAPK3 mitogen-activated protein kinase 3 

MCPIP Monocyte Chemotactic Protein-induced Protein 1 

MFI mean fluorescence intensity 

MGST microsomal glutathione S-transferase 

miRNA Micro RNA 

MJD Macado-Josephin Disease domain-containing 

MOI multiplicity of infection 

MQ Type 1 ultrapure water 

MW Molecular Weight 

MYC avian myelocytomatosis viral oncogene homolog 

ND Not determined 

NEDD8 neural precursor cell expressed developmentally down-regulated 8 

NFATC2 nuclear factor of activated T-cells, cytoplasmic 2 

NF-kB Nuclear factor kappa B 

NK cell Natural killer cell 

NMT2 Glycylpeptide N-tetradecanoyltransferase 2 

NPC nasopharyngeal carcinoma 

o/N Over night 

OTU Ovarian Tumor domain-containing 

PBMCs Peripheral blood mononuclear cells 

PBS Phosphate buffered saline 

PEL primary effusion lymphoma 

PFA Para-formaldehyde 

PI3K Phosphatidylinositol 3-Kinase 
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PIK3AP1 Phosphoinositide 3-kinase adapter protein 1 

ppm Parts per million 

PTLD post-transplant lymphoproliferative disorder 

PTM Post-translational modification 

RBR RING Between RING 

RelA / p65 nuclear factor NF-kappa-B p65 subunit 

RF Regulation factor 

RING Really Interesting New Gene 

RNA Ribonucleic acid 

RNF7 RING-box protein 2 

RP Reversed phase 

RT Room temperature 

SCF Skp1-Cullin1-F-box 

SDS-PAGE Sodium dodecyl sulfate-polyacrylamide gel electrophoresis 

SILAC Stable isotope labeling with amino acids in cell 

siRNA Small interfering RNA 

SPE solid-phase extraction 

STAT1 Signal transducer and activator of transcription 1 

SUMO Small ubiquitin-like modifier 

TBS Tris-buffered saline 

TCR T cell receptor 

TFA Trifluoroacetic acid 

TLR Toll-like receptor 

TMEM173 Transmembrane protein 173 

TNFAIP3 tumor necrosis factor alpha-induced protein 3 

TUBE tandem-repeated ubiquitin-binding entities 

Ub Ubiquitin 

UBE2O E3-independent) E2 ubiquitin-conjugating enzyme 

UBL Ubiquitin-like modifier 

UCH Ubiquitin C-terminal Hydrolase 

USP Ubiquitin-Specific Protease 

v/v Volume per volume 

VME Vinyl methyl ester 

vs. versus 

w/v Weight per volume 

WB Western Blotting 

wt Wild type 
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Appendix 

Supplementary materials 

Suppl. Table 1: Used chemicals. 

Chemical Manufacturer 

(S)-MG132 Cayman Chemical 

0,05 % Trypsin-EDTA Gibco by Life Technologies 

1,10-Phenanthroline Sigma-Aldrich 

3-(N-morpholino)propanesulfonic acid (MOPS) Serva 

Acetic acid Merck KGaA / Carl Roth GmbH 

Acetonitrile (ACN) J.T. Baker 

Ammonium bicarbonate (NH4HCO3) Fluka 

Ammonium formate (NH4HCO2) Sigma-Aldrich 

Aprotinin AppliChem 

Arachidonic acid Abcam 

Arachidonic acid Cayman Chemical 

Bovine Serum Albumin (BSA) Sigma 

Chloroacetamide MP Biomedicals 

Chloroform Sigma-Aldrich 

Complete protease inhibitor cocktail without EDTA Roche 

Dimethyl pimelimidate Sigma-Aldrich 

Dithiothreitol (DTT) Serva 

ECL™ Prime Western Blot Detection Reagent GE Healthcare 

EDTA Carl Roth GmbH 

Ethanol (EtOH) J.T: Baker 

Ethanolamine Sigma-Aldrich 

FBS Sigma-Aldrich 

FBS (dialyzed) Pierce 

Ficoll GE Healthcare 

Formic acid (FA) Fluka 

Glycerol Carl Roth GmbH 

Glycine Carl Roth GmbH 

HEPES Carl Roth GmbH 

Hydrogen chloride (HCl) Carl Roth GmbH 

Hyperforin Cayman Chemical 

IGEPAL Sigma-Aldrich 

Ingenio electroporation solution Mirus Bio 

Isopropanol J.T: Baker 

L-Arginine Pierce 

L-Arginine [
13

C6
15

N4] Pierce 
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Leupeptin AppliChem 

L-Lysine Pierce 

L-Lysine [
13

C6] Pierce 

Magnesium chloride hexahydrate (MgCl2*6H2O) Carl Roth GmbH 

Methanol (MeOH) J.T. Baker 

Moviol® 4-88 Carl Roth GmbH 

N-Ethylmaleimide Fluka 

N-hydroxysulfosuccinimide Sigma-Aldrich 

n-propyl-gallate Sigma-Aldrich 

Nonfat dry milk Carl Roth GmbH 

NP-40 Sigma-Aldrich 

Paraformaldehyd Sigma-Aldrich 

Pen/Strep Gibco by Life Technologies 

phenylmethane sulfonyl fluoride (PMSF) AppliChem 

Poly-D-lysine Sigma-Aldrich 

Potassium chloride (KCl) Merck KGaA 

PR-619 Sigma-Aldrich 

Protein G Dynabeads® Dynal 

Roti®-Load 4x sample buffer Carl Roth GmbH 

Roti®-Load 4x sample buffer (reducing) Carl Roth GmbH 

RotiLoad (reducing) Carl Roth GmbH 

RPMI-1640 Gibco by Life Technologies 

RPMI-1640 (SILAC) Pierce 

Sodium 2-sulfanylethanesulfonate (MesNa) Fluka 

Sodium acetate (NaOAc) Merck KGaA 

Sodium azide (NaN3) Serva 

Sodium borate Serva 

Sodium chloride Carl Roth GmbH 

Sodium dihydrogen phosphate (NaH2PO4) J.T. Baker 

Sodium dodecyl sulfate Serva 

Sodium hydrogen carbonate (NaHCO3) Merck KGaA 

Sodium hydroxide (NaOH) VWR 

Sucrose Sigma-Aldrich 

Trifluoroacetic acid (TFA) Merck KGaA 

Tris base Sigma-Aldrich 

Triton-X-100 Sigma-Aldrich 

Tween-20 Carl Roth GmbH 

Urea J.T. Baker 
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Suppl. Table 2: Protein standard for bRP quality control. 

Peptide Sequence n /nmol Fraction 

PP 01 AIEDNEYpTAR 51.6 1 

PP 03 NLINQLLTpINPAK 25.6 63 

PP 12D-E FVLDEQYpTSSTGTKFPVK 34.4 43 

PP17 SSpTVTEAPIAVVTSR 34.4 32 

PP18 HERPAGPGTpPPPDSGPLAK 12.8 18 

 

Suppl. Table 3: LC-MS/MS parameters. 

  proteome ubiquitome 1 ubiquitome 2 ubiquitome 3 DUBs 

mass 

spectrometer 

Orbitrap 

Fusion™ 

Tribrid™ 

Orbitrap 

Fusion™ 

Tribrid™ 

Orbitrap 

Fusion™ 

Tribrid™ 

Orbitrap 

Fusion™ 

Tribrid™ 

LTQ Orbitrap 

Velos Pro 

method 

duration 
200 min 115 min 80 min 60 min 190 min 

gradient 

duration 
120 min 60 min 30 min 30 min 120 min 

gradient 

composition 

3.7 % - 31.3 %  

solvent B 

3.7 % - 31.3 %  

solvent B 

3.7 % - 31.3 %  

solvent B 

3.7 % - 31.3 %  

solvent B 

3.7 % - 31.3 %  

solvent B 

flow rate (load) 6 µl/min 6 µl/min 6 µl/min 6 µl/min 6 µl/min 

flow rate (run) 200 nl/min 200 nl/min 200 nl/min 200 nl/min 350 nl/min 

MS-mode 
Top N  

(3 s cycle time) 

Top N  

(3 s cycle time) 

Top N  

(3 s cycle time) 

Top N  

(3 s cycle time) 
Top 10 

MS scan range 350-1500 350-1500 350-1500 400-1500 400-2000 

Maximum 

injection time 

(MS) 

50 ms 50 ms 50 ms 50 ms 50 ms 

fragmentation 

mode/energy 
CID @35% CID @35% CID @35% ETD HCD @40% 

MS charge state 2 - 6 2 - 4 2 - 6 2 - 8 2 - open 

MS2 scan range 350-1400 350-1400 350-1400 350-1000 100-2000 

Maximum 

injection time 
(MS2) 

40 ms 50 ms 50 ms 150 ms 100 ms 

detector ion trap ion trap ion trap ion trap Orbitrap 

dynamic 

exclusion time 
30 s 30 s 30 s 60 s 18 s 
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Suppl. Table 4: LC-MS/MS parameters for measurement of arachidonic acid. 

parameter  proteome 

mass spectrometer Agilent 6550 Q-TOF 

capillary voltage -3 kV 

gas temperature 225 °C 

fragmentator 150 V 

drying gas flow 12 l/min 

sheath gas flow 12 l/min 

sheath gas temperature 350 °C 

nebulizer 25 psi 

detection (m/z) 70 - 1000 

software interface 
MassHunter Workstation 

(version 5.0) 
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Supplementary data 

Supplementary tables 

Suppl. Table 5: Identified viral proteins. Viral proteins were identified by LC-MS/MS peptide 

sequencing. For successful identification at least one unique peptide has to be identified. Both, 

latent (gray background) and lytic (white background) EBV proteins were identified. Shown are 

the numbers of identified peptides per individual experiment. 

UniProt 

Accession 

name 

UniProt 

Accession 

number 

Protein name 

Peptides 

D1 D2 D3 D4 D1 

2089 2089 2089 2089 M81 

EBNA1 P03211 
Epstein-Barr nuclear 

antigen 1 
NA 1 2 NA NA 

EBNA2 P12978 
Epstein-Barr nuclear 

antigen 2 
NA NA 3 2 1 

EBNA3 P12977 
Epstein-Barr nuclear 

antigen 3 
NA 1 1 NA NA 

EBNA4 P03203 
Epstein-Barr nuclear 

antigen 4 
NA NA 4 1 NA 

EBNA6 P03204 
Epstein-Barr nuclear 

antigen 6 
NA NA 2 NA NA 

EBNA-LP Q8AZK7 
Epstein-Barr nuclear 

antigen leader protein 
4 NA 2 1 2 

BALF2 P03227 
Major DNA-binding 

protein 
NA NA 3 NA 13 

BcLF1 P03226 Major capsid protein NA NA NA NA 17 

BFRF1 P03185 
Virion egress protein UL34 

homolog 
NA NA NA NA 3 

BLLF1 P03200 
Envelope glycoprotein 

GP350 
NA NA NA NA 2 

BLRF2 P03197 Tegument protein BLRF2 NA NA NA NA 3 

BMRF1 P03191 
DNA polymerase 

processivity factor BMRF1 
NA NA 6 NA 8 

BNRF1 P03179 Major tegument protein NA NA NA NA 3 

BORF2 P03190 
Ribonucleoside-

diphosphate reductase 

large subunit 

NA NA 1 NA 4 

BVRF2 P03234 Capsid scaffolding protein NA NA NA NA 4 

DUT P03195 

Deoxyuridine 5-

triphosphate 
nucleotidohydrolase 

NA NA NA NA 2 
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Suppl. Table 6: Proteins involved in type I interferon signaling and/or the cellular response to 

viruses. Involved transcriptional regulators and pattern recognition receptors are shaded in grey. 

UniProt 
Acession 

name Protein name 
Mean 
log2RF p-value 

TLR7 Toll-like receptor 7 ND   

IFI44L Interferon-induced protein 44-like 7,47 0,0E+00 

MX1 Interferon-induced GTP-binding protein Mx1 5,82 0,0E+00 

IFIT1 Interferon-induced protein with tetratricopeptide repeats 1 5,82 0,0E+00 

MX2 Interferon-induced GTP-binding protein Mx2 5,63 0,0E+00 

IFIT3 Interferon-induced protein with tetratricopeptide repeats 3 5,19 0,0E+00 

IFI44 Interferon-induced protein 44 4,39 6,4E-60 

ISG20 Interferon-stimulated gene 20 kDa protein 3,80 0,0E+00 

BST2 Bone marrow stromal antigen 2 2,95 2,9E-62 

DDX60 Probable ATP-dependent RNA helicase DDX60 2,86 1,1E-45 

STAT1 Signal transducer and activator of transcription 1-alpha/beta 2,78 4,4E-58 

IRF7 Interferon regulatory factor 7 2,75 1,0E+00 

HERC5 E3 ISG15--protein ligase HERC5 2,74 1,0E-08 

EIF2AK2 Interferon-induced, double-stranded RNA-activated protein kinase 2,65 1,5E-52 

OAS1 2-5-oligoadenylate synthase 1 2,31 2,9E-04 

DHX58 Probable ATP-dependent RNA helicase DHX58 2,29 1,0E+00 

IFIH1 Interferon-induced helicase C domain-containing protein 1 2,17 4,2E-23 

OAS3 2-5-oligoadenylate synthase 3 2,07 2,4E-17 

IFIT5 Interferon-induced protein with tetratricopeptide repeats 5 1,89 7,1E-16 

SAMHD1 Deoxynucleoside triphosphate triphosphohydrolase SAMHD1 1,83 3,0E-17 

IRF8 Interferon regulatory factor 8 1,81 8,9E-09 

GBP1 Interferon-induced guanylate-binding protein 1 1,80 1,2E-12 

DDX58 Probable ATP-dependent RNA helicase DDX58 1,71 1,0E+00 

TRIM25 E3 ubiquitin/ISG15 ligase TRIM25 1,69 4,6E-20 

CD40 Tumor necrosis factor receptor superfamily member 5 1,60 2,8E-04 

LGALS9 Galectin-9 1,52 3,1E-08 

IFI35 Interferon-induced 35 kDa protein 1,41 4,7E-08 

IFI16 Gamma-interferon-inducible protein 16 1,30 3,8E-10 

PYCARD Apoptosis-associated speck-like protein containing a CARD 1,30 2,0E-08 

TRIM22 E3 ubiquitin-protein ligase TRIM22 1,20 2,4E-05 

HLA-F HLA class I histocompatibility antigen, alpha chain F 1,19 5,6E-04 

TPT1 Translationally-controlled tumor protein 1,10 2,8E-05 

IRF9 Interferon regulatory factor 9 0,90 5,5E-04 

IRF3 Interferon regulatory factor 3 0,70 1,0E+00 

IRF5 Interferon regulatory factor 5 0,25 1,0E+00 

NFKB1 Nuclear factor NF-kappa-B p105 subunit 0,12 1,0E+00 

RELA Transcription factor p65 0,06 1,0E+00 

NFKB2 Nuclear factor NF-kappa-B p100 subunit 0,02 1,0E+00 

REL Proto-oncogene c-Rel 0,02 1,0E+00 

RELB Transcription factor RelB -0,15 1,0E+00 

IKBKB Inhibitor of nuclear factor kappa-B kinase subunit beta -0,81 9,1E-04 

DNAJC3 DnaJ homolog subfamily C member 3 -1,24 1,4E-06 

TMEM173 Stimulator of interferon genes protein -3,08 6,2E-53 
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Suppl. Table 7: Biological processes enriched among regulated proteins. The enrichment 

analysis was performed utilizing FunRich (V3.0). All processes with a Bonferroni-corrected p-

value <0.1 are listed. For HLA-DRB1, 4 chains were found to be regulated: HLA-DRB1-3 chain, -4 

beta chain, -7 beta chain and -9 beta chain. 

Biological process 

Number 
of 

regulated 
proteins 

Bonferroni 
corrected 
p-value Proteins 

defense response to virus 24 1.86E-08 

DNAJC3; PYCARD; TRIM22; SAMHD1; OAS3; IFI16; 

GBP1; TRIM25; BST2; EIF2AK2; ISG20; STAT1; IFIT3; 

IFIT1; MX2; MX1; IRF9; IFIT5; IFI44L; TMEM173; 

DDX60; HERC5; CD40; OAS1 

interferon-gamma-mediated 

signaling pathway 
19 7.23E-05 

HLA-DQB1; HLA-DRA; HLA-DRB1 (4 chains); 

TRIM22; OAS3; TRIM21; GBP1; NMI; TRIM25; IRF8; 

STAT1; HLA-DPB1; HLA-F; HLA-DRB3; IRF9; OAS1 

B cell receptor signaling 

pathway 
11 4.39E-04 

NFATC2; RFTN1; CD38; BTK; SYK; IGHA1; LCK; 

MNDA; PTPN6; PRKCB; IGHG1 

T cell co-stimulation 14 6.94E-04 

HLA-DQB1; HLA-DRA; HLA-DRB1 (4 chains);  

HLA-DRB3; HLA-DPB1; PAK1; SPN; LCK; PTPN6; 

CARD11; CD40LG 

response to virus 15 8.25E-04 
TPT1; TRIM22; OAS3; IFIH1; BST2; EIF2AK2; ISG20; 

IFIT3; IFIT1; MX2; MX1; IKBKB; DDX60; IFI44; OAS1 

negative regulation of viral 

genome replication 
9 4.14E-03 

OAS3; IFI16; PARP10; BST2; EIF2AK2; ISG20; IFIT1; 

MX1; OAS1 

immunoglobulin production 

involved in immunoglobulin 

mediated immune response 

5 5.49E-03 HLA-DQB1; HLA-DRB1 (4 chains) 

mitotic chromosome 

condensation 
6 6.51E-03 NCAPG; SMC2; NCAPD2; NCAPH; SMC4; NUSAP1 

positive regulation of NF-κB 

transcription factor activity 
15 1.07E-02 

TRAF1; RPS6KA4; PYCARD; TRIM22; LGALS9; MTDH; 

BTK; TRIM25; EIF2AK2; CTH; IKBKB; PRKCB; 

CARD11; CD40LG; CD40 

peptide antigen assembly with 

MHC class II protein complex 
4 2.07E-02 

HLA-DRA; HLA-DRB1-3 chain/-4 beta chain; 

HLA-DMB 

antigen processing and 

presentation of exogenous 

peptide antigen via MHC class II 

13 2.08E-02 

CD74; HLA-DQB1; HLA-DRA; HLA-DRB1 (4 chains); 

DYNC1H1; DYNLL1; DYNC1I2; HLA-DPB1; HLA-DMB; 

HLA-DRB3 

humoral immune response 

mediated by circulating 

immunoglobulin 

5 2.37E-02 HLA-DQB1; HLA-DRB1 (4 chains) 

type I interferon signaling 

pathway 
14 5.08E-02 

SAMHD1; OAS3; IFI35; IRF8; BST2; ISG20; STAT1; 

IFIT3; IFIT1; MX2; MX1; HLA-F; IRF9; OAS1 

'de novo' IMP biosynthetic 

process 
4 6.09E-02 PPAT; GART; PFAS; ADSL 
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Suppl. Table 8: Ubiquitin chain linkages. Shown are the log2RFs for the seven Ub-sites within 

ubiquitin itself, responsible for the formation of ubiquitin chains. The relative abundance of 

ubiquitin, including all four ubiquitin precursors (UBB, UBC, UBA52, RPS27A), is listed for 

comparison (gray background). 
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K6 -0.38 0.09 0.17 0.03 0.32 0.04 

K11 -0.08 0.31 0.50 0.51 0.59 0.37 

K27 -0.52 -0.35 -0.44 0.63 0.10 -0.12 

K29 -0.20 0.00 -0.31 0.54 0.16 0.04 

K33 -0.16 0.34 -0.67 0.58 -0.19 -0.02 

K48 -0.26 0.27 0.17 0.47 0.30 0.19 

K63 0.04 0.02 0.54 0.51 0.66 0.36 

Ubiquitin 

(protein) 
-0.32 0.23 -0.16 0.28 0.26 0.06 
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Suppl. Table 9: Biological processes enriched among differentially ubiquitinated proteins. 

Enrichment analysis was performed utilizing FunRich (V3.0). All processes with a Bonferroni-

corrected p-value <0.1 are listed. Up-regulated sites are indicated in red, down-regulated in blue. 

Marked biological processes (#) are part of a cluster of processes with the same differentially 

ubiquitinated proteins (up to one additional protein). Enclosed proteins known to be ISGylated 

are marked by an asterisk (*). 

Biological process 

# of dif. 
ubiquitinated 

proteins 

Bonferroni 
corrected 

p-value 
# of reg. 
Ub-sites Ub-sites 

canonical glycolysis 6 2.21E-04 30 

*ENO1(K5/K60/K71/K103/K126/K193/K199/K202/ 

K233/K256/K330/K406); *PKM(K66/K89/K206/ 

K207/K305/K311/K322); ALDOA(K28/K42/K99/ 

K111); PGK1(K6/K11/ K30/K191/K272); 

GAPDH(K215); PFKP(K395) 

#positive regulation of 

protein localization to 

Cajal body 

4 1.65E-03 4 CCT6A(K377); TCP1(K109); CCT2(K82); CCT4(K139) 

#positive regulation of 

establishment of 

protein localization to 

telomere 

4 2.96E-03 4 CCT6A(K377); TCP1(K109); CCT2(K82); CCT4(K139) 

gene expression 6 1.04E-02 8 

PCBP2(K309); HNRNPF(K224); PTBP1(K428/ K549); 

HNRNPL(K493); HNRNPK(K219/K198); 

IGFBP1(K465)  

#scaRNA localization to 

Cajal body 
3 1.42E-02 3 TCP1(K109); CCT2(K82); CCT4(K139) 

chaperone-mediated 

protein complex 

assembly 

4 1.64E-01 11 

HSPD1(K75/K82/K125/K133/K233/K236); 

*HSP90AA1(K443/K631/K632); CCT2(K82); 

HSPA4(K686) 

nuclear-transcribed 

mRNA catabolic 

process, nonsense-
mediated decay 

8 1.80E-02 8 

RPL5(K178); UPF1(K926); RPS24(K83); 

RPL18A(K136); RPL9(K28); RPL4(K364); 

PPP2R1A(K163); GSPT1(K448) 

movement of cell or 
subcellular component 

7 2.23E-02 12 

CORO1A(K233); TUBB(K58/K297); TUBB/ TUBB-

4B/-2A/-2B(K324); TUBB4B(K58); ARHGDIB(K50); 
LSP1(K217); ACT-B/-G1/-A1/-C1/-G2/-

A2(K50/K61); VIM(K294/K373/445) 

microtubule-based 

process 
5 2.38E-02 17 

TUBA4A(K112/K326/K336); TUBB(K58/K297); 

TUBB/TUBB-4B/-2A/-2B(K324); TUBB4B(K58); 

TUBA-1B/-1A/-3C/-3E/-1C(K60/K326/K336/ K338); 

TUBA-1B/-4A(K370); TUBA-1B/-4A/-1A/-3C/ 

-1C(K96/K163); TUBA-L3/-1B/-4A/-1A/-3C/ 

-1C(K401/K408); TUBA-1A/-3C/-3E/-1C(K370) 

#positive regulation of 

telomerase RNA 

localization to Cajal 

body 

4 3.11E-02 4 CCT6A(K377); TCP1(K109); CCT2(K82); CCT4(K139) 

G2/M transition of 

mitotic cell cycle 
8 4.41E-02 15 

*HSP90AA1(K443/K631/K632); CDK1(K6); 

TUBA4A(K112/K326/K336); TUBB(K58/K297); 

TUBB/-4B/-2A/-2B(K324);-4B(K58); 
PPP2R1A(K163); TUBA-1A/-3C/-3E/-1C(K370); 

KHDRBS1(K185/K194) 

protein stabilization 8 5.22E-02 16 

HSPD1(K75/K82/K125/K133/K233/K236); 
CCT6A(K377); *HSP90AA1(K443/K631/K632); 

GAPDH(K215); *HSP90A-A1/-B1/-B3P(K362); 

HSP90AB1(K435); TCP1(K109); CCT2(K82); 

CCT4(K139) 
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Suppl. Table 10: Co-regulation of Ub-sites and proteins. 
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COTL1 Q14019 Coactosin-like protein K102 -3.77 1.44E-07 2.78 1.08E-06 

LSP1 P33241 Lymphocyte-specific protein 1 K217 2.18 1.99E-02 -2.05 2.65E-36 

FSCN1 Q16658 Fascin K241 2.43 3.39E-04 -2.49 2.65E-36 

NMT2 O60551 
Glycylpeptide N-

tetradecanoyltransferase 2 
K82 4.51 3.38E-23 -1.85 1.50E-39 

TUBA1A 

TUBA3C 

TUBA3E 

TUBA1C 

Q71U36 

Q13748 

Q6PEY2 

Q9BQE3 

Tubulin alpha-1A chain 

Tubulin alpha-3C/D chain 

Tubulin alpha-3E chain 

Tubulin alpha-1C chain 

K370 

K370 

K370 

K370 

1.65 2.36E-06 

 -1.16; 

-5.05; 

-5.05; 

-0.09 

9.53E-07 

<1E-74 

<1E-74 

1 

IGF2BP3 

IGF2BP1 

IGF2BP2 

O00425 

Q9NZI8 

Q9Y6M1 

Insulin-like growth factor 2 mRNA-

binding protein 3; protein 1; 

protein 2 

K465 

K465 

K487 

-2.77 2.83E-04 

 -2.25; 

-3.85; 

-3.14 

 9.08E-25 

4.77E-44 

2.20E-54 

TOM1 O60784 Target of Myb protein 1 K106 -2.56 3.80E-03 -2.56 2.65E-36 

BAG2 O95816 
BAG family molecular chaperone 

regulator 2 
K200 1.64 4.03E-02 0.78 9.59E-03 

LMNA P02545 Prelamin-A/C K270 -2.56 5.72E-05 -2.02 1.50E-39 

LMNA P02545 Prelamin-A/C K233 -3.01 6.82E-06 -2.02 1.50E-39 

LMNA P02545 Prelamin-A/C K171 -2.66 5.49E-04 -2.02 1.50E-39 

LMNA P02545 Prelamin-A/C K180 -2.51 1.89E-03 -2.02 1.50E-39 

LMNA P02545 Prelamin-A/C K181 -2.70 2.29E-03 -2.02 1.50E-39 

GAPDH P04406 
Glyceraldehyde-3-phosphate 

dehydrogenase 
K215 3.74 1.35E-17 0.67 9.59E-03 

ANXA6 P08133 Annexin A6 K81 3.54 1.55E-08 1.34 2.20E-03 

ANXA6 P08133 Annexin A6 K9 3.06 9.88E-03 1.34 2.20E-03 

EEF2 P13639 Elongation factor 2 K239 1.42 1.43E-02 0.80 9.59E-03 

MARCKS P29966 
Myristoylated alanine-rich C-kinase 

substrate 
K11 3.21 3.57E-08 3.21 1.08E-06 

STAT1 P42224 
Signal transducer and activator of 

transcription 1-alpha/beta 
K193 3.37 4.58E-08 2.78 1.08E-06 

LRBA P50851 
Lipopolysaccharide-responsive and 

beige-like anchor protein 
K1679 2.59 5.07E-03 1.23 2.20E-03 

RFTN1 Q14699 Raftlin K147 -1.18 3.73E-02 -1.22 6.41E-04 

FSCN1 Q16658 Fascin K74 -2.64 3.14E-04 -2.49 2.65E-36 

APOL2 Q9BQE5 Apolipoprotein L2 K193 2.29 1.84E-08 1.94 1.08E-06 

EHD4 Q9H223 EH domain-containing protein 4 K291 3.12 5.32E-07 1.31 2.20E-03 

EHD4 Q9H223 EH domain-containing protein 4 K223 3.04 5.82E-05 1.31 2.20E-03 

IKZF3 Q9UKT9 Zinc finger protein Aiolos K245 3.80 1.89E-07 1.22 2.20E-03 

 



Appendix 

161 

Suppl. Table 11: Regulation factors for DUBs quantified after HA-immunoprecipitation from LCL. 

DUB EBV strain 2089 EBV strain M81 

Gene name Accession # RF log2 RF RF log2 RF 

ATXN3 P54252 0.67 -0.58 1.07 0.09 

BAP1 Q92560 0.96 -0.05 0.82 -0.28 

CYLD Q9NQC7 1.13 0.17 0.90 -0.16 

OTUB1 Q96FW1 0.81 -0.30 1.48 0.57 

OTUD6B Q8N6M0 0.88 -0.19 0.86 -0.21 

OTUD7B Q6GQQ9 1.17 0.23 1.10 0.14 

UCHL1 P09936 3.15 1.66 2.01 1.01 

UCHL3 P15374 0.97 -0.05 4.12 2.04 

UCHL5 Q9Y5K5 0.83 -0.26 1.62 0.69 

USP10 Q14694 0.95 -0.07 1.10 0.14 

USP11 P51784 0.74 -0.44 1.10 0.14 

USP12 O75317 1.04 0.06 ND ND 

USP14 P54578 0.68 -0.55 0.99 -0.01 

USP15 Q9Y4E8 1.20 0.27 1.33 0.41 

USP16 Q9Y5T5 1.16 0.21 0.72 -0.47 

USP19 O94966 1.57 0.65 0.96 -0.06 

USP24 Q9UPU5 0.99 -0.02 1.04 0.05 

USP25 Q9UHP3 1.92 0.94 1.49 0.57 

USP28 Q96RU2 1.33 0.41 0.83 -0.27 

USP32 Q8NFA0 1.13 0.18 1.05 0.07 

USP34 Q70CQ2 0.83 -0.27 ND ND 

USP38 Q8NB14 0.87 -0.21 ND ND 

USP4 Q13107 1.11 0.15 0.90 -0.16 

USP47 Q96K76 1.01 0.01 0.99 -0.01 

USP48 Q86UV5 1.75 0.80 1.58 0.66 

USP5 P45974 0.81 -0.31 1.17 0.23 

USP7 Q93009 0.92 -0.11 0.91 -0.14 

USP8 P40818 0.90 -0.16 1.09 0.12 

USP9X Q93008 1.02 0.02 0.88 -0.19 

VCPIP1 Q96JH7 0.93 -0.10 1.11 0.14 

PSMD7 P51665 ND ND 0.84 -0.26 

PSMD14 O00487 ND ND 0.86 -0.21 
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Suppl. Table 12: Regulation factors for DUBs quantified after HA-immunoprecipitation from 

Mutu cell lines. 

DUB Accession 
Mutu I/E1dn Mutu III/E1dn Mutu III/I 

RF log2 RF RF log2 RF RF log2 RF 

USP19 O94966 1.61 0.69 1.52 0.61 0.92 -0.13 

UCHL1 P09936 3.22 1.69 2.74 1.45 0.93 -0.11 

UCHL3 P15374 0.80 -0.33 0.68 -0.56 0.74 -0.43 

USP8 P40818 1.27 0.35 1.37 0.46 0.98 -0.03 

USP5 P45974 1.05 0.07 1.12 0.17 1.03 0.04 

USP11 P51784 1.57 0.65 1.65 0.72 1.04 0.06 

USP14 P54578 1.09 0.13 1.00 0.00 0.90 -0.15 

USP4 Q13107 0.93 -0.11 1.05 0.08 1.10 0.14 

USP10 Q14694 0.70 -0.52 0.93 -0.11 1.25 0.32 

USP48 Q86UV5 1.74 0.80 1.38 0.47 0.77 -0.38 

OTUD6B Q8N6M0 1.04 0.05 0.98 -0.02 0.92 -0.12 

USP9X Q93008 1.06 0.08 1.20 0.27 1.12 0.16 

USP7 Q93009 0.80 -0.31 0.92 -0.13 1.13 0.18 

USP47 Q96K76 0.88 -0.18 0.89 -0.17 1.00 0.00 

USP28 Q96RU2 2.62 1.39 2.06 1.04 0.76 -0.39 

USP24 Q9UPU5 1.06 0.09 1.01 0.02 1.04 0.06 

USP15 Q9Y4E8 1.61 0.69 1.56 0.65 0.93 -0.10 

UCHL5 Q9Y5K5 1.11 0.16 1.12 0.16 1.01 0.01 
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Suppl. Table 13: Regulated protein kinases. Kinases implicated in BCR signaling are marked with 

a hash mark (#). 

UniProt  
Acession 
name Protein name 

Mean 
log2RF p-value 

LCK   # Tyrosine-protein kinase Lck 3,03 7,52E-50 

EIF2AK2 
Interferon-induced, double-stranded RNA-activated protein 
kinase 

2,65 1,5E-52 

SYK   # Tyrosine-protein kinase SYK 1,60 1,50E-17 

PTK2B Protein-tyrosine kinase 2-beta 1,59 2,52E-18 

AURKB Aurora kinase B 1,50 3,70E-06 

BTK   # Tyrosine-protein kinase BTK 1,49 1,6E-17 

PRKCB   # Protein kinase C beta type 1,01 3,0E-03 

PAK1 Serine/threonine-protein kinase PAK 1 0,93 2,2E-05 

GRK 6 G protein-coupled receptor kinase 6 0,91 5,5E-03 

ILK Integrin-linked protein kinase -0,75 2,4E-04 

PRKAA1 5-AMP-activated protein kinase catalytic subunit alpha-1 -0,80 6,5E-06 

CDK5 Cyclin-dependent-like kinase 5 -1,03 1,2E-05 

MAPK3   # Mitogen-activated protein kinase 3 -1,03 2,1E-04 

RPS6KA4 Ribosomal protein S6 kinase alpha-4 -1,03 2,5E-03 

SGK223 Tyrosine-protein kinase SgK223 -1,33 3,9E-04 

RPS6KA3 Ribosomal protein S6 kinase alpha-3 -1,37 4,9E-12 

PASK AS domain-containing serine/threonine-protein kinase -1,50 9,0E-04 

CAMK4 Calcium/calmodulin-dependent protein kinase type IV -1,58 1,7E-08 

CAMK1D Calcium/calmodulin-dependent protein kinase type 1D -2,72 1,5E-39 

PRKCA Protein kinase C alpha type -4,43 0,0E+00 
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Supplementary figures 

 

Suppl. Figure 1: Inspection of protein regulation factors. (A) Box-Plot analysis of quantitative 

proteome data. The box is confined by the first and third quartile with the median delineated as 

a black line. Whiskers indicate 1.5x height of the box. Box-Plot analysis was performed by Prof. 

Frank Klawonn (Helmholtz Centre for Infection Research, Braunschweig and Ostfalia University of 

Applied Sciences, Wolfenbüttel, Germany). (B) Cluster analysis of the core proteome: Clustering 

of core proteome and experiments was performed by Perseus software platform (345). 

Hierarchical clustering is based on Euclidean distances and is visualized as dendrogram for all 

performed experiments. 
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Suppl. Figure 2. Box-Plot analysis of Ub-site regulation factors. Box-Plot analysis of quantitative 

ubiquitome data. The box is confined by the first and third quartile with the median delineated 

as a black line. Whiskers indicate 1.5x height of the box. Box-Plot analysis was performed by Prof. 

Frank Klawonn (Helmholtz Centre for Infection Research, Braunschweig and Ostfalia University of 

Applied Sciences, Wolfenbüttel, Germany). 

 

 

Suppl. Figure 3: NEDD8 and NEDDylated proteins. Cell lysates of resting, CD40L-stimulated and 

EBV-transformed (strains 2089 and M81) B cells were separated by SDS-PAGE and 

immunoblotted. The same amount of protein was applied to each lane as determined by 

BradfordRed assay. The membrane was stained with a primary antibody specific to free and 

protein-bound NEDD8. Unbound NEDD8 was detected at ~ 10 kDa; the other signals originate 

from protein-bound NEDD8. 
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Suppl. Figure 5: Western blot validation of FSCN1 levels. Same amounts of total protein from 

resting B cells, CD40L-stimulated B cells, and EBV-transformed (strain 2089) B cells were 

separated by SDS-PAGE and stained for FSCN1 after WB. 

 

 

Suppl. Figure 6: Estimation of DUB donor variation in resting B cells. Resting B cells were 

isolated from buffy coats of healthy donors. Cell lysates were labeled with the ABP HA-Ub-VME 

and subjected to SDS-PAGE and immunoblotting for detection of DUB-bound probe via its HA-

tag. Cluster analysis was performed on signal intensities determined by AIDA Image Analyzer 

4.15.  
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Suppl. Figure 7: Western blot analysis of USP25 in LCL, mitogen-stimulated B cells, and Mutu 

cell lines. Lysates of BL-derived cell lines (Mutu E1dn, Mut I, Mutu III), EBV-transformed B cells 

(strain 2089 and M81), and CD40L-stimulated B cells were separated by SDS-PAGE, and USP25 

was detected after WB (A). Lysates of EBV-transformed B cells and Mutu III cells were incubated 

with the suicide substrate HA-Ub-VME and USP25 was detected after WB (B). Thereby a mass 

shift of individual signals would indicate an activity-competent USP25 signal. 
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Suppl. Figure 8: Western blot validation of the regulation of ATXN3 and UCHL3. Lysates of 

B cells transformed with EBV strain 2089 or M81 as well as CD40L-stimulated cells from the same 

donors were separated by SDS-PAGE, and ATXN3, UCHL3, and β-actin were detected after WB 

(A). The relative amounts of ATXN3 (B) and UCHL3 (C) were determined by densitometry and 

normalized to actin. 
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