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Introduction

1. INTRODUCTION
1.1 Epstein-Barr Virus

Epstein-Barr virus (EBV), also callétuman herpesvirus 4 (HHV-4), is a virus of thdderpesviridae family
that infects more than 90% of the human populatidowever, the majority of carriers remain asymptoedt is
named after Michael Epstein and Yvonne Barr, wHong with B.G. Achong, discovered the virus in Biti'k
lymphoma cells in 1964 (52,109).

EBV is a member of thgamma-herpesvirus subfamily which includes two generhymphocryptovirus
(LCV) and Rhadinovirus (RDV). EBV is the only human LCV (208). Two EBVpgs circulate in most populations,
type 1 and 2 (also named types A and B), whichedifargely in nuclear protein genes (82,311,313)p€T 1l is
dominantly prevalent in developed world populationwbereas type 2 is also prevalent in equatoriaicAfand New
Guinea (208).

Gamma-herpesviruses replicate in epithelial cells and usually establieng-term latency in lymphocytes
which periodically become permissive for virus ieglion. The virus completes its life cycle by suiimg to
uninfected lymphocytes or to the epithelium of ainomune host (208). The virus persists for lifdlia serologically
immune host (129).

An epidemiologically infrequent characteristic gdmma-herpesvirus infection is their oncogenic effects,

resulting in lymphomas, carcinomas, or sarcoma8)(20

1.1.1 Diseases associated with Epstein-Barr Virus

EBV is the causative agent of infectious mormdensis (IM), also known as ‘glandular fever' orotd'
(63,80,193). Infectious mononucleosis arises whperaon is first exposed to the virus during oefaéhildhood and
adolescence. IM is therefore predominantly foundhim developed world, as most children in the deiely world
are found to be already infected by around 18 nowothage. The disease is characterized by debibtyer, sore
throat, enlarged lymph nodes, and an increase itewlood cell count (26,111,165).

Other EBV-linked conditions are X-linked lymphopferative syndrome (XLP) and virus-associated
hemophagocytic syndrome (VAHS). XLP affects youraydand is characterized by extreme sensitivitEBRY
(29,291). XLP patients present in childhood withpésacute IM symptoms, but the disease rapidly l¢adver
failure caused by widespread lymphocytic infiltoatiand hepatic necrosis.

VAHS is characterized by acute fever, lymphadenopathepatosplenemegaly, and widespread
hemophagocytosis, often leading to a fatal outc(878).

Epstein-Barr was the first virus to be identifiexlan oncovirus. Therefore, EBV-associated diseasbsle
several human lymphoid and epithelial malignansash as B-cell lymphomas of congenitally immunatlefit
children, posttransplant lymphoproliferative diseagPTLD), B-cell lymphomas of patients with acqdire
immunodeficiency syndrome, smooth muscle cell tienBurkitt's lymphoma (BL), Hodgkin's lymphoma, &Hcand
natural killer (NK) cell lymphomas, and nasophamyalgcarcinoma (NPC) (58,59,93,112,142,225,242, 57633 1)
(Tab.1).

In B-cell lymphomas of congenitally immunodeficienhildren, EBV infection leads to uncontrolled

B-lymphoproliferation, rather than hyperactivatiofithe cellular response, and hemophagocytosis) (122



Introduction

PTLD are EBV-associated lesions, occurring at higbidence in posttransplant recipients. They are
classified into three histologic types: (1) diffuscell hyperplasias without disturbance of nornainphoid
architecture, (2) polymorphic lesions with nuclestypia, some tumor necrosis, and destruction ofetyihg
lymphoid architecture, and (3) diffuse, large Bldginphomas; these are tumors that are monoclanalrigin and
typically arise several years after transplant j208

Smooth muscle cell tumors are leiomyomas or leissaygomas that frequently arise at sites (lung,
gastrointestinal tract, or liver) where EBV-infedt® cells are known to accumulate in patients whe &-cell
compromised (208).

Table 1.Overview of Epstein-Barr Virus (EBV)-Associated Malighancies

Typical Latent? % EBV EBV Antigen
Tumor Subtype Period Associatiol | Expressiorf Latency
Burkitts lymphoma Endemic 3-8 years post-EBV 100 EBNA1 |
Sporadic 3-8 years post-EBV 15-85
AIDS-associated 3-8 years post-HIV 30-40
Gastric carcinoma UCNT >30 years post-EBV 100 EBNAUP2 I/
Adenocarcinoma >30 years post-EBV 5-15
Nasopharyngeal Nonkeratinizing >30 years post-EBV | 00 1 EBNA1, (LMP1), I/ 1
carcinoma Keratinizing >30 years post-EBV 30-100 VP
T and NK lymphomas VAHS-associated 1-2 years p@&t-E 100 EBNA1, (LMP1), 1/l
Nasal >30 years post-EBV 100 LMP2
Hodgkin's lymphoma Mixed cell, >10 years post-EBV | 0-8D EBNA1, LMP1, Il
Nodular scleosing >10 years post-EBV 20-40 LMP2
Post-transplant Immunodeficiency <3 months post-EBV| 100 EBNAL, 2, 3A, 1
lymphoproliferative Posttransplant <1 year posti@ant >90 3B, 3C, EBNA-
disease & simil.lesions AlIDS-associated >8 yeast-phvV >80 LP, LMP1, LMP2
Leiomyosarcoma Immunodeficiency  ?<3 years post-EBV | 100? ? ?
Posttransplant ?<3 years post-EBV ?100
AlDS-associated ?<3y. post-EBV/ HIV 2100

(adapted from Rickinson AB, Kieff E., 2007. Epstein-Barr virus; in Fields Virology pp2684)
AIDS, acquired immunodeficiency syndrome; UCNT, dfedentiated carcinomas of the nasopharyngeal typé¢iS,

virus-associated hemophagocytic syndrome; EBNA, diipsarr nuclear antigen; LMP, latent membrane mote

@Typical latent period between EBYV infection and turdevelopment or, where appropriate, between oofs&tcell-impairment
(transplant of HIV infection) and tumor developmeNbte that leiomyosarcoma is a tumor typicallyrsée infants who are
congenially immunodeficient or who were transplatipients or became HIV-infected early in infancy.

bPercentage of tumors that are EBV genome-positiste fhat, for some tumors (sporadic BL, keratinizZNfC), the strength of
the EBV association varies with geographic locatlmence the wide percent range.

‘Antigen expression is identified by monoclonal batly staining or is inferred from analysis of ldtgene transcripts. Where
variability is seen between tumors in terms ofgatii status, the antigen is shown in brackets.

Burkitt's lymphoma is a type of Non-Hodgkin's lyngpha (52). It is the most common cancer of childhimod
equatorial Africa with a male-to-female ratio ofL3it is co-existent with the presence of malakialaria infection
causes reduced immune surveillance of EBV immaedliB cells, allowing their proliferation and resu in the
formation of Burkitt's lymphoma. It commonly affecthe jaw bone, the orbit of the eye, or the ogarferming a

huge tumor mass (240).
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Hodgkin's lymphoma (HL) is an unusual tumor witlmalignant population of mononuclear Hodgkin's and
multinuclear Reed-Sternberg (H-RS) cells. It isseerldwide (137,154).

Besides B-cell lymphomas, EBV-positive T-cell aratural killer cell lymphomas, derived froep T cells,
v/d T cells and NK cells, have been described (187%,3BBey are most prevalent in Japan and other ciesnin
Southeast Asia. One example is nasal lymphoma of WK cells, which is found in the nasal cavity acalses
progressive erosion of bone tissue (335).

EBV is also associated with a carcinoma of nasopttgal epithelium (NPC). It is a cancer found ie th
upper respiratory tract, most commonly in the nasopnx (297). NPC is common in Southeast Asia, amiowit
people and in some populations in northern andesagifrica, due to both genetic and environmensatdrs. Its
incidence is high in people of Chinese ancestryétie), but is also linked to environmental factaral the Chinese

diet of high amounts of smoked fish, which contaiiteosamines, well known carcinogens (16).

1.1.2 Virus Structure and Genome

Epstein-Barr virions consist of a toroid-shap®dtein core that is wrapped with linear, doubiearsded
DNA; an icosahedral capsid, approximately 100-140im diameter, containing 162 capsomeres with & hahning
down the long axis; protein tegument between thaemeapsid and envelope; and an outer envelopeaioimg viral

glycoprotein spikes on its surface (96,97,110,191).

Nucleocapsid
Tegument

- Genome

- Membrane

Glycoprotein
y; ycop

Figure 1. Epstein-Barr-virus (392,296)

The Epstein-Barr viral genome is a linear, doultersled, 184kbp DNA composed of 60 mole percent
guanine or cytosine (25,207,290). The genome isacherized by a number of different repetitions.eTtermini
consist of tandem repeats (TR) of approximatelyb®4QL35). Six to twelve large internal repeats {IR1 about
3,1kbp join a short and a long unique region (U8 dh) (69). Several different other repeats arerspersed in the
genome. Two clusters of small tandem repeats obd2ind 102bp show partial homology and have theesam
orientation on the genome. Each cluster is flarkgd highly conserved region of about 1kbp. Thesednd right
duplicated regions, which are denoted DL and DReesvely, are located about 100kbp apart from exbbr in the
viral genome (83). DL and DR include the originsifatiation of viral DNA replication in lytic infetion (148,305).

The EBV genome encodes about 100 viral proteing fiajority of them encode for proteins that are
involved in nucleotide metabolism, that replicatel grocess viral DNA, and that comprise the stmattcomponents
of the virion, capsid, tegument, and envelope. Harrhore, the genome encodes for a number of latessgciated
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RNAs and proteins (see 1.1.3 EBV infection of gelésn IL10 and a Bcl-2 homologue (261,279), didtiree micro
RNAs (miRNA) (56,281,28Pand a glycoprotein that binds to the B-lymphoueace protein, CD21 (269,349,350).

When EBYV infects a cell, the genome becomes asoem. Therefore, the virus has cis-acting DNA
sequencesofiP) and trans-acting nuclear proteins that are nacgder persistence of the genome as episome in
dividing cells (27,30,402). Although EBV DNA usualbersists in cells as an episome, EBV DNA can aisegrate
into chromosomal DNA or persist as integrated gidaamal DNA (88,141,173,223,248).

1.1.3 EBV Infection of Cells

EBV is spread by the oral route. The identity af grimary target of orally transmitted EBV is stilldoubt.
Several studies prefer the epithelium as primatg §r EBV replication (120,327,161), while othepsopose
B-lymphocytes (114). However, the observation, thatients with B-cell-deficient, X-linked agammalgldinemia
show no evidence of EBV infection in the throatpli@s that acquisition of EBV by the naive hostelggs on initial
B-cell infection (114). The current model for prim&BYV infection in vivo, is that orally transmitted virus establishes
replicative foci within the oropharynx, possiblyoiving epithelial and/ or B-cells. At the sanmé the virus begins
to colonize the B-cell system where it forms anaiafection.

Latent EBV infection involves the expression ofelato eleven genes that determine three diffeygatst of
latency (types I, Il, or lll) (Fig. 2) (208,298).wb types of nonpolyadenylated RNA (Epstein-Barrlyeaggions
(EBERS)), six nuclear proteins (Epstein-Barr nuclaatigen (EBNAs 1, 2, 3A, 3B 3C) and Epstein-Beader
protein (EBNA-LP)), and two integrahembrane proteins (latent membrane protein (LMIP))expressed in these
latently infected Bymphocytes. Other viral genes are also expresséténcy, including complementary-strand Bam
A rightward transcripts (BARTS), which appear tccede at least two differentially spliced forms agtBARFO
peptide. Although not critical for transformatiddARFO peptides may regulate cellular and/ or vijahe expression
(208,298).

Double-stranded DNA episome

EBNA1

EBNA-LP
EBNA2

/
EBNA3B

\
EBNA3A

Figure 2. EBV latent genes.
Adapted from: Kieff E. Rickinson AB. 2007. Epstein-Buairus and its replication. In: Fields virologyp603-2700.
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In the oropharynx infected B cells expressftliespectrum of latent proteins (latency 1) (F3@). The virus
can thereby drive the activation and proliferatadrthese B cells, which then migrate to lymphoiti¢tes and form
germinal centers. Concomitantly, expression of EBNABNA3s and LP are downregulated, leaving EBNAL,
EBERs, BARTs and the LMPs expressed (latency if).8). Expression of the LMPs provides signals haw the
B cells to survive the germinal centre reaction smébrm resting memory B cells. These resting mgnicells exit
to the periphery (Fig.3b). At this point, expressaf other EBV proteins is downregulated, therellgwang the virus
to persist within the B cells but to evade a hoshune response (Fig.3b). Expression of EBNA1, EB&REBARTS
within dividing B cells allows the virus genomelie distributed to each of the daughter B celleflay I). The entire
genome persists in the proliferating lymphocytes awalently closed circular episomal DNA (115,208).
Circularization is a hallmark of latent infectioedause it ensures that the viral DNA will be regtiéd along with the
cellular DNA.

As B cells recirculate to the oropharynx, a switcithe EBV lytic cycle might occur, possibly trigge by
maturation of B cells into plasma cells, allowirgy ¥irus replication, shedding into saliva and smaission both to

new hosts and to previously uninfected B cells imithe same host (Fig.3c) (208,298,354,355).

g:z, Epithelium
EBV o
i} ii} Primary A)/
FEN/F EBV persistence "

A)/ @ Naive B cells i:}
E D No EBV gene expression %‘A’Z’ T

(Latency I/ 0)
Lytic cyclm ===/ Germinal C

a center -~ " Plasma cell

e MK
Memory B cell

Primary Infection and Germinal centre transit Memory B cell

Peripheral recirulation of
EBV-infected memory cells

i\}ﬁ" EBV Lytic Ag

-~ specific
. AN EBV replication
. Naive B cell CDa+ T cell -
infegion response EBV lytic cycle

@ e ‘Latent Ag

@) Activated B cell  specific
Proliferation .

(Latency III) Latent and Lytic Ag specific
.l-Memory B cell Memory CD8+ T cell response
Survival

(Latency II)

Figure 3. A model for Epstein-Barr virus (EBV) infection and persistence.

Modified from: Kieff E. Rickinson AB. 2007. Epstein-Barr virus ansl rieplication. In: Fields virology. pp2603-2700.
And: David A. Thorley-Lawson. A Hypothetical mod#lEBV persistence. From: Epstein-Barr virus: exjgjthe immune
system, Nature Reviews Immunology 1, 75-82 (2001)
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Type | latency is associated with Burkitt's lymphamtype Il latency has been recognized in non-B cel
tumors, such as nasopharyngeal carcinomas, Turatirs, and Hodgkin's disease, and latency Il e bdentified
in some Burkitt's lymphoma cell lines and EBV triansed lymphoblastoid cell lines (Tab.1)(208).

In vitro, EBV infects only primary human B-cells with efficiey (157,159,286,287,342). The virus can also
establish latent infection in other cell types,luding T lymphocytes, natural killer (NK) cells, caprimary epithelial
cells, although the efficiency is very low (194,3814).

Infection of primary human B lymphocytes with EBM,vitro, leads to nonpermissivity for virus replication
and conversion of the infected cells to lympholslasipable of proliferation into lymphoblastoid clles (LCL)
(159,287). The infection of primary B cellm vitro, also results in the cells becoming latently itée¢ and
immortalization of 3-10% of the cells (157,342).

In vitro, B lymphocyte infection is initiated by the EBV etmge glycoprotein gp350/220, which binds to
CD21 (118,268). CD21 is found on mature B lymphesyas well as follicular dendritic cells. It furaris as the
receptor for the complement protein C3d, as welloasiing the B cell co-receptor when associatech D19 and
CD81 (189). Engagement of CD21 likely activatesignaling pathway similar to B-cell receptor (BCRj)dsine
kinase signal transduction, involving CD19, srcases, and syk (246,247,349).

EBV enters B cells though the endocytic pathway fuses with the endosome membrane at low pH
(258,267), whereas epithelial cells appear to feetad at the cell surface (258).

EBV encoded BMRF2 is implicated as a mediator dfhefial cell infection (363). However, the exact
mechanism of epithelial cell infection is still dear. Yoshiyamaet al. have shown a CD21 independent route of entry
(406), while Sixbet al. have demonstrated that epithelial cells expredgiAgantibody receptor can internalize EBV
bound to polymeric IgA (326). Beyond that, HLA a&n class Il has been described as second EBV reteptor on
B lymphocytes and epithelial cells (227). Infectioncurs with reduced efficiency and is mediatedtiny EBV
encoded protein gp42 (263).

In B-lymphocyte infectionjn vitro, after EBV is endocytosed, the EBV envelope fuséh an endocytic
vesicle membrane, and capsids are released intoytbplasm (267). Then the capsids are likely taraasported on
microtubules to nuclear pores using dynein andatinanotors (98,191). In the nucleus the EBV DNZcalarization
occurs within 8-12 hours (8,172). Host cell RNA yukrase Il transcribes viral mRNA. At 12-16 houfterla
infection, EBNA-LP and EBNA-2 mRNA are the firsatrscripts (8). EBNA-2 upregulates specific EBV aradl
promoters and EBNA-LP potentiates EBNA-2 effectd$3,362,378). By 72 hours, EBNA-1, EBNA-2, EBNA-3A
EBNA-3B, EBNA-3C, EBNA-LP, LMP1, LMP2, EBERs, andARTs are expressed (208). These genes products
maintain latent infection and cause the previous$ting B lymphocytes to enter cycle and continlyopsoliferate as
LCL.

To study EBV infectionin vitro, latently infected B cells can be induced to rexdBcEBV by cross-linking
surface immunoglobulin, treatment with phorbol esé@d calcium ionophore, or conditional BZLF1 (aB\E
immediate early gene) expression (64). Followinduttion, cells that have become permissive forsvirplication
undergo cytopathic changes, including marginatibmwclear chromatin (199), inhibition of host matmecular
synthesis (130), replication of viral DNA at thenter of the nucleus, assembly of nucleocapsidhatnuclear
periphery, nucleation of nucleocapsids, initialigienvelopment by budding through the inner nuateambrane, and
final envelopment at cytoplasmic membranes (1382148. Virus gene expression follows a temporal seguential
order: (1) immediate early genes, (2) early geand,(3) late genes (113,345,408).



Introduction

1.2 EBV Latent Membrane Protein-1 (LMP1)

Epstein-Barr virus latent infection membrane protei(LMP1) is expressed in EBV latency Il infectedman
B lymphocytes that have been converted into lympdsibid cell lines (LCL)jn vitro, in latency Il primary EBV
infection of human B lymphoblastsn vivo, in latency Ill post-transplant lymphoproliferagivdisease, in EBV
associated Hodgkin’s Disease, and in many nasopbegy cancers. It is one of five latent genes shiowre essential
for EBV-induced transformation of B lymphocytest faCL establishment and continued proliferation3211,250).
LMP1 has the potential to transforin vitro immortalized rodent fibroblasts to anchorage, aohtand serum-
independent growth (376,377). Moreover, LMP1 exgimes in human B lymphoblasts alters cell growthd an
transgenic expression in murine B cells causesrpigsa and lymphoma (218,387).

The LMP1 gene consists of 3 exons and 2 intronk (Bfiree promoters can regulate LMP1 gene trarnsenip
In initial latency Il lymphocyte infection, LMPIrdnscription is turned on by EBNA2 (379) and EBNR-[151). In
latency Il infected NPC cells, LMP1 transcriptioriginates from a STAT regulated upstream promatethe EBV
terminal direct repeatA third promoter in the LMP1 first intron is actbeal late in Iytic EBV replication and
transcribes a 5’ truncated D1LMP1 mRNA (115).

LMP1 is a 62 kDa integral membrane protein thatasstitutively aggregated in the plasma membramng 4}
(208). It consists of a short cytoplasmic N-ternsinlaa 1-24) that is responsible for orienting LMt®lthe cell
membrane, six transmembrane domains (aa 25-186¢dhanduce oligomerisation of LMP1, and a lontppjasmic
C-terminus (aa 187-386) which contains two esskatifivating domains (C-Terminal-Activating RegiofGTAR1
and 2) (133,171). CTAR1 and CTAR2 have been shanlpetinvolved in B cell transformation. Therefohey are
also referred to as Transformation Effector SilesS1 and 2) (184,186,203).

Figure 4. Structure of LMP1 and its associated factorgKieff E, Cahir McFarland ED, 2005)

Biochemical and reverse genetic analyses indicaé tMP1 is found in plasma- as well as cytoplasmic
membranes (233)pcalizes in lipid rafts (11), and is significantigsociated with the cytoskeleton (208).

At its C-terminus, LMP1 interacts with several thie tumor necrosis factor receptor (TNFR)-assodiate
factors (TRAFs) (262), the TNFR-associated deatmalo protein (TRADD) (186), and the receptor inttirsy
protein (RIP) (184). These interactions at both TE®d TES2 domains result in activation of seveighaling
pathways, e.g. nuclear factor (NiB-(171,260), p38/mitogen-activated protein kinadd@&PK) activation of activator
transcription factor (ATF)-2 (210), Janus kinas@K) activation of signal transducer activators odrscription
(STAT) (= the INK pathway) (134) and interferonukegory factor (IRF) 7 (332).
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LMP1 shares many functional similarities with tunmacrosis factor receptor family members (134,262).3
Although LMP1 mimics TNFRs in directly engaging TR&\and TRADD, LMP1 differs from TNFRs in:; (a) adar
number of LMP1 molecules form a signaling complexhereas TNFRs form trimers; (b) LMP1 acts as a
constitutively activated receptor-like molecule épgndent of ligand binding or regulation, wheredd-Rs require
ligand for trimerization and signaling; (c) LMP1shiavo separate C-terminal domains, TES1 and TE&Rhwengage
TRAFs and TRADD, respectively, whereas TNFR1 engagdy TRADD and TNFR2 engages only TRAFs; (d)
LMP1 TES2 uses only the 11 amino acids at its Gteus to activate NkB while TNFR1 requires about 70 amino
acids; (e) LMP1 engages TRADD without propagatireath signal, whereas TNFR1 can propagate suroivddath
signals through TRADD; and (h) LMP1 activation ofINB is largely IL-1 receptor-associated kinase (IRAkhd
TRAF6 dependent, whereas TNFR activation of ¥f-is largely IRAK1 and TRAF6 independent (13,90]98,134,
156,179,202,205,238,259,262,343,366).

The discovery, that LMP1 TES1 induces and asscciattth TRAF1 and TRAF3, which also associate with
CD40 and lymphotoxirg receptor (LBR) cytoplasmic domains, led to the proposal thatPliMs a constitutively
activated TNFR, similar to CD40 (a critical recapir B lymphocyte development) (39,262,364). Wieapressed in
B cells, LMP1 induces the production of antibodybjAand cytokines, up-regulation of adhesion andimogatory
molecules, and protection from apoptosis (50). LMRah substitute for CD40 to induce a T-dependemadral
response in transgenic mice (364), and only the LNIRterminal domain is necessary to replace CD4®ediating
an Ab response that includes isotype switching affidity maturation (334). Both LMP1 and CD40 acti® NF«B,
p38, and JNK (134,155). LMP1 mimics CD40 in engggifRAF3 trough a B/QQATDD,;, motif (262). In a
recombinant EBV infected LCL, where LMP1 expressi@m be conditionally regulated, CD40 ligand carnntaan
LCL proliferation in the absence of LMP1 express{@i1). Furthermore, an LMP1 N-terminal and transinene
domain fusion to the CD40 C-terminal domain (CTB3ults in constitutive CD40 C-terminal cytoplasrdimmain
signaling (155), and can replace LMP1 in LCL outgfo assays (94). The C-terminal domain of LMP1 dathb
necessary and sufficient to mediate B cell actra{i262,364). In contrast to CD40, however, LMPgnaling in
B cells is amplified and sustained, leading to ecld B cell activation (49). Consistent with thisding, transgenic
expression of a chimeric CD40-LMP1 molecule in mieads to B cell hyperactivation, autoreactivitgdabnormal
lymphoid architecture in secondary lymphoid orgé8®4). Thus, LMP1's exaggerated signaling propsgiee it the
ability to promote B-cell mediated disorders.

Most of the functions of LMP1 are derived from fBderminus. The same study that identified TRAFd an
TRAF3 as LMPL1 interacting proteins (262) showed fthBS1 (aal87-231) was sufficient to interact WitRAF3.
Subsequently, TRAF2 and TRAF5 were also found mal bd LMP1 in the same region (90,91,202). Utiligen LMP1
TES1 mutant, the TRAF binding motif within TES1 weentified a$qPQQAT,es (Fig.5 lower) (91,262).

TRAFs were initially discovered as adaptor proteimst couple the TNFR family to signaling pathways.
More recently they have also been shown to be kigaasducers of Toll/ interleukin-1 family membefSeven
members of the TRAF family have been identified. BRAF proteins, with the exception of TRAF1, canta RING
finger at their N-terminal region, followed by ariable number of ZF motifs that may be involvedbimding of
polyubiquitin chains (38,46). At their C-terminusll TRAFs, including TRAF1, contain a domain thaediates
binding to adapter proteins, such as TRADD, orditgnding to the cytoplasmic segments of those RN&mily
members that do not rely on adapter proteins, sickCD40 or BAFF-R (38,46). Consistent with thisiomt the
C-terminal regions of TRAF1 and TRAF2 are respdesior interacting with LMP1 (262). In EBV-transfoed
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B cells, significant amounts of TRAF1, TRAF2, TRAF81d TRAF5 are complexed with LMP1. In contrast, i
epithelial cells having no TRAF1, LMP1 complexesyonith TRAF2, TRAF3, and TRAF5 (90).

Furthermore, TRAF6 has been shown to be esseatidiMP1 mediated NkB and JNK activation in mouse
embryonic fibroblasts (MEF) (238,317,374). InitalTRAF6 was identified as a signal transducer inedlin the
activation of NFkB by CD40 (179) and interleukin 1 (57). Overexpr@ssof TRAF6 activates NkB, and a
dominant negative mutant of TRAF6 inhibits B-activation by IL-1 but not TNF. TRAF6 also actiga p38 and
JNK when overexpressed (330). TRAF6 is an E3 ubigligase that promotes lysine (K)63-polyubiquitiion of
many proteins, including itself (65), and creatasuaber of docking sites that are in a yet unknerethanism are

important for IKK activation (1.3 NkB signaling).

LMP1 WT CTAR1/ TES1 CTAR2/ TES2

194 232 351 386
1 PQQAT YYD

LMP1 TES1 (only)

194 232 351 386
1 PQQAT ID
LMP1 TES2 (only)
194 232 351 386
1 AQAAT YYD

Figure 5. LMP1 WT, LMP1 TES1 only as a consequence of TES2g¥D to ID mutationand LMP1 TES2 only as a
consequence of TES1 PQQAT to AQAR/dmutation (91,186)

Other LMP1-interacting proteins are TRADD and RTRe N-terminus of TRADD (aa 1-194) specifically
interacts with the C-terminal TES2 domain of LMRih (355-386), but not with an LMP1 mutant with thstlthree
amino acids changed frogg,Y YD 356 t0 334 D 3g5 (56) (Fig. 5 middle).

RIP is a TNFR1-associated protein. Similar to TRADRIP contains a C-terminal death domain that
mediates protein-protein interactions with TNFRH arRADD (166). Although the RIP-binding region oMP1
TESZ2 overlaps with the TRADD-binding region (aa3&®), RIP requires a broader protein sequencenferaction
(184). LMP1 interacts directly with RIP, stably asttes with RIP in LCLs, but does not require RbP NF-«B
activation (185). RIP has been thought to be isr@&d for TNFR mediated NkB activation (356), however, a recent
publication describing survival and N&B activation after TNk treatment in RIPK1-/- MEFs challenges this belief
(388). Despite constitutive association with TRADDRIP, LMP1 does not induce apoptosis in EBV-negaBurkitt
lymphoma or human embryonic kidney 293 cells (185).

Beyond its role in NReB, p38, and JNK signaling, LMP1 also activates Iieijulatory factor (IRF) 7 (176,
412,413). Furthermore, LMP1 has the ability to gpitate anti-apoptotic factors like A20, Bcl-2, Bfl{158,219,
302), cytokines (IL-6, IL-8, IL-18) (107,401,40%¢ell surface receptors (CD23, CD40, EGFR) (171,299,379), the
adhesion molecule ICAM1 (254), the transcriptiontda Ets-1 (212), Cyclin D2 (18), the Tpl-2/Cot isethreonin
kinase (106) and many others. Moreover there ameesbMP1 downregulated genes like the adhesion mtdec
E-cadherin (361) and the surface molecule CD99)(213
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1.3 Nuclear FactorkB-Signaling

Nuclear factokB (NF«B) was identified about 20 years ago as a transgripfactor that binds to the
intronic enhancer of the kappa light chain gex-¢ite) in B cells (322,323) and emerged as impontagulator of
inflammation, innate and adaptive immunity, cebblgeration, and apoptosis (43,196,228,304).

Mammalian cells express five NB- proteins: NF«B1 (p50 and its precursor p105), MB2 (p52 and its
precursor p100), RelA (p65), c-Rel, and RelB, emctbty NFKB1, NFKB2, RELA, REL, and RELB respectively,
which share a N-terminal Rel homology domain (RH@sponsible for sequence specific DNA binding and
dimerization. NF<B proteins form a variety of homo- and heterodimehéch bind tokB sites within the promoters/
enhancers of target genes and regulate transerighimugh the recruitment of coactivators and casgors. In its
inactive state, NkeB dimers are associated with inhibitory proteihg kB proteins. kBs retain NF<B dimers in the
cytoplasm of nonstimulated cells, thereby preventireir nuclear translocation and subsequent DNWibg (156).

Various inflammatory stimuli such as tumor necrdsistor (TNF)«, or lipopolysaccharide (LPS) activate
the NF«xB dimers by triggering a signaling pathway thatdedo the phosphorylation by arB kinase (IKK),
ubiquitylation, and degradation ofB. The degradation ofkB exposes a nuclear localization signal on thexdBF-
proteins, which now move into the nucleus and dtiteuthe transcription of specific genes (156).

NF-«B plays an important role in lymphocyte and myelditferentiation, in T cell differentiation, and in
natural killer (NK) cell and B cell development.yRiological activation of NkeB during lymphocyte maturation and
activation mediates expression of genes involvegraliferation, and survival as well as genes imedl in immunity
to infection (228).However, dysregulated NEB activation results in aberrant expression oftéget genes that
regulate cell proliferation or survival, includimyclin D1, cyclin D2, BCL-2, BCL-XL, c-Myc, ¢c-Myb99,132,164,
358), as well as cytokines such as IL-2, IL-6, @i4O0L that regulate growth and proliferation of lynocytes (197).
Therefore, constitutively active NiEB has been implicated in various lymphoid malignesc including acute
lymphocyte leukaemia, chronic myelogenous leukagsgaeral forms of Hodgkin's lymphoma, T cell lyngpha,
activated B cell-like diffuse large B cell lymphon{ABC-DLBCL), MALT lymphoma, the plasma cell cancer
multiple myeloma (MM), and more (197).

1.3.1 NFxB-activating Pathways

Many different stimuli activate NkB via different receptors, including the TNF reagpsuperfamily, IL-1
receptor/Toll-like receptor (TLR) superfamily, tfecell receptor, and the B cell receptor (315). Tiggor and most
well studied activation pathway used by most stinsuthe canonical (or classical) NdB signaling pathway, which
mainly results in activation and translocation @l/ARp50 and c-Rel/p50 heterodimers. This pathwayters around
the kB kinase (IKK) complex consisting of the catalysigbunits IKke and IKKB, and the regulatory subunit NEMO
(for NF«B essential modulator; also called IIKKFIP-3) (195).

Receptor engagement results in activation of the ¢idmplex (92). Activated IKK, mainly IKK (168, 231),
phosphorylateskBa on Ser32 and Ser36, leading to its lysine (K) dBagbiquitination at lysine 19 and subsequent
degradation via the S26 proteasome pathway, theegpgsing a nuclear localisation signal (NLS) anducing
nuclear translocation of RelA/p50 heterodimers. @écal NF«xB activation depends on IKKand NEMO, but can be
independent of IKlk. The mechanism by which the IKK complex is actdehis different from one receptor to

another.
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Canonical NF<B signaling by the TNF receptor family member TNFR1the most well studied pathway
which gives the clearest evidence of the activatibiKK (Fig.6 right). Binding of TN to TNFR1 induces receptor
trimerization and recruitment of the adapter profENFR1-associated death domain protein (TRADD)ADR is
thought to recruit TRAF2, TRAF5, and RIP1 to lighfeNFR1 (64,167,257,288). Although RIP1 is a memifea
small family of related protein kinases, in MB-signaling, RIP1 evidently does not function akirzgase (356). It
rather acts as an adapter that enhances IKK rewnitto the activated receptor. IKK activation byltiple receptor
signaling pathways has been shown to depend onliKk&8d nondegradative polyubiquitination (65). Fbe TNFx
signaling pathway, TRAF2 causes K63-linked polyuitigation of RIP1 (101,390) and also recruits IK& the
receptor complex, where binding of NEMO to polyubimpated RIP1 is thought to stabilize IKK interiact with the
receptor complex (101,390). How the binding of NEN®DK63-linked polyubiquitin chains of RIP1 triggetKK
activation is unknown. Autophosphorylation of IKBQ1) or activation by upstream kinases such as MEKKd
TAK1/ TAB2/ TAB3 have been proposed (40,180,375).

IL1-R/ TLR TNFR1
J@ M

RIP1

RIP1 = J
l / TRAF2/5

HTLV1 TAX \ /

TAB2 TAB3
TAK1

Q) / IkBa-SSAA,

Figure 6. Canonical NF«B signaling by IL-1/ Toll like recepors and TNFR1(156,197).

Members of the IL-1R/ TLR family are also potentiators of classical NikB signaling (Fig.6 left). In
IL-1R/ TLR receptor signaling, ligand binding retsuln recruitment of receptor-specific adapterse Eiytoplasmic
regions of IL-1R/ TLR family members share a commuautif called TIR domain. Two major TIR domain caimting
adapters — MyD88 (myeloid differentiation primagsponse gene 88), and TRIF (TIR domain containdepter-
inducing IFN$) — are either directly recruited to TLRs (for exaenTLR3 and TLR9), or bind to TLRs (for example
TLR2 and TLR4) via intermediary adapters such &RAR (Toll/ interleukin-1 receptor adapter protear) TRAM.
The MyD88 dependent pathway leads to IKK activatiamn TRAF6 (57,200,347). The RING domain ubiquiigase
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(E3) TRAF6, in conjunction with the specific dimetibiquitin-conjugating enzyme Ubc13/UevlA comp(&R), is
responsible for K63-linked polyubiquitination okéf and downstream proteins such as IRAK-1 (74)lowing
recruitment by IRAKs, TRAF6 likely binds to the TAKTAB2/ TAB3 complex, leading to TAK1-mediaded IKK
activation (180,272,292,346,375). Independent oD, TRIF can recruit TRAF6 directly, leading tcatimation of
TAK1 and IKK, similar to the MyD88 dependent pathywan addition to TRAF6, TRIF also recruits RIP1hiah
might cooperate with TRAF6 to facilitate TAK1 angK activation (Fig. 6).

Antigen receptors also activate B-via the canonical pathway. Engagement of antigeeptors on B and
T lymphocytes results in activation of protein lgeeC isoenzymes PKGn T cells (339) and PKEin B cells (336),
which play central roles in recruiting additionatfors. In T cell receptor (TCR) signaling, stimigda of the receptor
likely results in sequential recruitment of a numbé proteins including the Src (Lck and Fyn) angk $ZAP70)
family kinases and the adapter proteins LAT and-36Pwhich then activate intracellular signalingrgmnents like
phospholipase C (PLC)1, Vavl, and 3-phosphoinositide-dependent kinagB[K1) (325). Activation of PLL
results in generation of inositol-1,4,5-triphospliR;) and C4&', as well as diacylglycerol (DAG), which in turn
stimulates PK@. Signals from TCR and CD28 costimulation resulaativation of phosphoinositide-3-kinase (PI3K),
which facilitates recruitment of PKiGo the immunological synapse (IS) (160,325,369).388tivation of PK® leads
to the formation of a complex between CARMA1L [caspaecruitment domain (CARD) membrane-associated
guanylate kinase (MAGUK) protein 1]), BCL10, and MAL (mucosa-associated lymphoid tissue 1) (325,38Bis
complex called CBM, promotes the K63-linked polygiitination of NEMO and subsequent IKK activati@rig).

Besides the canonical pathway, a second pathwé#ye—-alternative or noncanonical pathway — is well
established for NkB activation. This pathway has been describedyimphotoxina andp (LTaf), CD40L, BAFF
(B-cell activating factor), RANKL (receptor actiat of NF«B ligand), TWEAK (TNF-related weak inducer of
apoptosis) and for viruses such as human T-celaeumnia virus (HTLV) and EBV (73,75,87,273,309,32B394,
403). The noncanonical NEB pathway is characterized by processing of p10p5%® and by its independence from
IKKB and NEMO. Instead the alternative pathway relisshe activation of IKi& by the NFkB-inducing kinase
(NIK) (393,394).

A well studied receptor utilizing the noncanonipakhway for NF<B activation is CD40 (Fig. 7). In resting
cells, p100, via its C-terminal ankyrin repeats)dsi and keeps RelB in the cytosol. NIK is maintdia¢ very low
levels owing to rapid proteasome-dependent degmad€P32). TRAF3 links NIK to an E3 complex contaig
TRAF2 and cellular inhibitor of apoptosis (clAP)21/thereby promoting clAP1/2-mediated K48-linked KNI
polyubiquitination and proteasomal degradation (268,370). Activation of CD40 by CD40L leads tongtment of
the clAP1/2 - TRAF2 - TRAF3 complex to the receptwhere clAP1/2 undergoes TRAF2- dependent K63elihk
polyubiquitination (365). K63-linked ubiquitinationf clAP1/2 enhances their K48-specific E3 ubiquitigase
activity toward TRAF3, leading to proteasomal degtéon of the latter (368,370). As a result, TRAE@els in the
cell drop, and NIK can no longer be recruited te tHAP1/2-TRAF2 complex. This leads to stabilizatiand
accumulation of newly synthesized NIK and its aatiion presumably via autophosphorylation, resultigctivation
of IKKa (232). Once phosphorylated by IKkon specific serine residues located in both theahd C-terminal
regions (395), p100 is ubiquitinated and cleavedéeaerate p52, which migrates as heterodimer wéHB Ro the

nucleus and regulates transcription of its targeieg.
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Figure 7. Noncanonical NFxB signaling by CD40(156,197).

Importantly, the canonical NkEB pathway feeds into the noncanonical pathway thinoupregulation of
NF-«xB2 expression, but processing of p100 is strickiypendent on its phosphorylation by lKland activation of
IKKa by NIK (321,394). Moreover, stabilization of NIKsa induces canonical signaling by activating IKKL4,
410). Beyond that, p100 processing regulates nutdealization of RelA in addition to RelB (32).

Another NF«B signaling pathway — the atypical pathway — whilriggered by DNA damage such as UV
(198), relies on sequential p38 and Casin kinasgCR?2) activations (198), and involves phosphorgatiand
subsequentB degradation via an IKK-independent pathway.

Prompt activation of NkB is essential for a successful immune responseit Imeeds to be terminated to
avoid tissue damage. Beyond that, uncontrolledkBFsignaling can increase the risk of cancer andiaumhune
disease (196). A number of mechanisms are invaltatifferent steps of the pathway to terminate -dBFsignaling.
Major regulators arexB proteins that are involved in feedback inhibitiohNF«B. Newly synthesizedkBa enters
the nucleus as a monomer, where it associates@A-bound p50:RelA dimers, leading to their inaetion and
export into the cytoplasm (266). Furthermore, tKKnvolved in degradation of RelA (224), NIK (19420, and
CYLD have been described as negative regulatorf) was proposed to act in a two-step mechanism sy fi
removing K-63-linked polyubiquitin chains from RIRB85). In the second step, the E3 ligase domaii\zd
promotes K48-linked polyubiquitination of RIP1, ttiag to its proteasomal degradation (385). In astirthe tumor
suppressor CYLD (cylindromatosis) has been showenwove K63-linked polyubiquitin chains from NEMG well
as from TRAF2 (217,360), leading to terminatioriteff signaling.
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1.3.2 NFxB Essential Modulator (NEMO)

NEMO [for NF«B essential modulator (also IKBKG, IKK FIP3)] is the regulatory subunit of the IKK
complex, which is responsible for the activationNF«B. NEMO is encoded by a gene called “inhibitor afpka
light polypeptide gene enhancer in B-cells, kingamma (KBKG)". IKBKG, which is located at the X-chromosome,
is a 23-kb gene structured in nine exons and ftiarrative noncoding first exons (Fig.8/9) (124,828 encodes for
multiple gene products. A non-functional partiad@ed copy of théKBKG gene (KBKG pseudogene, IKBKGP/delta
NEMO) is located 31,6kb distal to exon 10 (Fig.8).

TR

9 10

LR

iDila IBIC 2345 67

Figure 8. Schematic representation of the genomic organizatioof the IKBKG gene (left) and thed KBKG pseudogene (right)
at the Xp28 chromosomegadapted from 126).

NEMO is a 48kDa protein that is highly conserved aot related to IKI§& or IKKB. Although devoid of
catalytic activity, NEMO is required for signaling all canonical NReB pathways (122). Furthermore, NEMO

deficient mice die embryonically of massive hepste@poptosis (243,303).

202bp 212bp 119bp bp5  97bp  144bp  143bp bR 143bp
Exon 2 3 4 5 6 7 8 9 10
NEMO

1 419

51 194 254 292 322 337 397 417
g cc1 CC2 | UBAN|LZ ZF
=
[} | .|
o IKK-binding Ubiquitin-binding

(Cozi)

51-100 150-272 314-319 388-393

Abin-1, v-FLIP TRAF6 CYLD

CARMA- 1/3
» CIKS/ Act-1 134-218 262-315
g RIP TAX
S -
s 47-80 121-179 200250  250-320
= IKK o/ IKK B PP2A TANK HSP70

200-300
v-CLAP

Figure 9. Schematic structure of the NEMO coding exons 2-10ufictional regions of NEMO and interaction domains.
CC(coiled-coil- domain), LZ (leucine zipper), ZF (kifinger), UBAN (Ubiquitin binding in Abin and NEMQ) CoZi (ubiquitin
binding domain; encompassing CC2, UBAN, and LZ) ABIN2QAbinding inhibitor of NF«B activation), CARMA (CARD-
containing MAGUK protein), CIKS (Connection to IKK @rSAPK/INK), Act-1 (NFeB activator 1), v-CLAP (viral-CARD-like
apoptotic protein), FLIP (FLICE-like inhibitory prinh), Hsp70 (heat shock protein (70 kDa)), PP2/tgin phosphatase 2A),
TANK (TRAF family member associated N&B activator).
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A large proportion of the protein is predicted éorh coiled coils. Sequence analysis of NEMO indidhtt it
consists of two coiled coil (CC1, CC2) domains thet separated lyrhelices, a leucine zipper (LZ) domain, and a
zink finger (ZF) domain (101)(Fig.9). The recentigscribed UBAN motif biquitin binding in Abin andNEMO) is
located between CC2 and LZ. These domains areresijfor the correct assembly of the IKK complex3127) and
for the recognition and recruitment of signalinglewalles, whose interaction with NEMO is thoughb®essential for
the IKK-mediated NFReB activation.

The C-terminal region of NEMO mediates activatioh IKK and interaction with upstream signaling
adapters, whereas the N-terminus is responsiblénferaction with IKKs (244,300). IKK and IKKB bind NEMO
through their C-terminal hexapeptide NEMO-bindirgain (NBD) (Leu-Asp-Trp-Ser-Trp-Leu) (252,253).n8ing
to IKKs requires NEMO residues aa47-80, locatechiwitthe first coiled-coil motiv (100,245,253). Coetjtion
experiments and biophysical analyses using a NBRigee indicate that NEMO binds IKKwith considerably higher
affinity than IKKa (253).

Despite great efforts, the oligomeric state of NEMNnd the exact mechanism of IKK activation by NEMO
remains a matter of controversy. NEMO has variobslgn described to form monomers, dimers, trim@rtgtramers
(4,122,351). A number of recent studies descritpagial crystal structures such as the second c:aitél region,
together with the LZ (referred to as CoZi), demaatst that NEMO forms a parallel, dimeric coiledicm accordance
with other studies that reported a dimeric asser(tily235,293,351). The full-length protein has besgently shown
to form a dimer that exists in a relatively weakidigrium with tetramers (182).

A key step towards a better understanding of #mulatory role of NEMO in IKK activation was the
observation that NEMO interacts specifically witblyubiquitin chains (390). Protein ubiquitinatios a post-
translational modification involved in the regutati of diverse cellular processes such as protegnadation, cell
signaling, DNA damage response and transport psesedit least eight types of differently linked auiitin chains
exist, including K6-, K11-, K27-, K29-, K33-, K48and K63-linked, and linear ubiquitin chains. Ubtmation
involves the formation of an isopeptide linkagevsstn the amino group of a substrate lysine sidénchiad the
carboxy terminus of ubiquitin, mediated throughasaade of reactions catalysed by three enzymesEEand E3.
E3 ligases such as TRAFs and IAPs (89,368) receglibstrate proteins and facilitate the transfarbiduitin from
an E2 donor (Ubcl13-Uevla) (283). Ubiquitin itsedfshseven lysine residues, all of which can actcaspmors for
further ubiquitination, generating polyubiquitinaths (178). Most non-proteolytic functions of ulitqu chains are
currently associated with K63-linked ubiquitin poigrs (178,284), whereas K48-linked polyubiquitingéds
substrate proteins for proteasomal degradation)((f68.10a). K6-, K11-, K27-, K29-, and K33-linkagare not well
characterized.

In addition to the lysine-mediated polyubiquitinagh formation, the amino terminus of ubiquitin daused
to form polyubiquitin. In this head-to-tail linkageeferred to as a linear ubiquitin chain) a peptitbnd is formed
between Ub1l glycine 76 and Ub2 methionine 1 (Fig)1Qinear linkages can be assembled by an E3digasplex
known as the linear ubiquitin chain assembly comgldJBAC), which is composed of two RING-IBR-RING
proteins—HOIL-1L and HOIP (214) (RING = really inésting new gene; IBR = in-between RINGOIL-1L = long
isoform of haem-oxidized iron-regulatory proteinquitin ligase 1; HOIP = HOIL-1L interacting protgi However,
the role of linear ubiquitin linkages is at prespabrly understood.

Ubiquitin chains are recognized by specific protdomains or motifs such as the zink finger and the
ubiquitin-binding domain (UBD), which have beenddésed in a large number of proteins (143,163,174).
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Figure 10. Structure of K63 and linear ubiquitin chains. (A) Chemical representation of the K63 linkage. étisopeptide
linkages, such as K48, differ only in the type @ighbouring residues. (B) Representation of the deplinkage in a linear
ubiquitin chain between Gly 76 and Met 1 of theossetmolecule (Gly= glycine; Met= methionine) (adapfrom 216).

The recently published crystal structures of linead K63-linked diubiquitin molecules demonstrétatt
both adopt highly similar open conformations (2116)contrast, the K63-linked and linear ubiquitinustures have
been shown to be markedly different from K48-linkdsiquitin dimers and ubiquitin tetramers (102)eTame study
demonstrated that, despite the similar structufebnear and K63-linked ubiquitin chains, many delitinating
enzymes (DUBSs), which recognize the linkage betwagiquitin molecules (or ubiquitin and substrates)d UBDs,
which interact with a hydrophobic ubiquitin surfazentred on isoleucin 44 (174), can discriminatisvben these two
types of chains, emphasizing a remarkable spdgificithin the ubiquitin system. All analysed DUBsscept CYLD,
cleaved linear chains less efficiently comparechvather chain types, or not at all. Likewise, masalysed UBDs
showed chain specificity, and were able to seletindt linkages from an ubiquitin chain mixturel@).

Nemo binds to polyubiquitin through a region encasging the second coiled coil and the leucine zippe
(termed CoZiaa 254-337; 101,181,390). The CoZi domain contaismall conserved 30 amino-acid region which
has also been identified in the NEMO-like prote@tineurin and Abin-1,2,3 (319,372,416). This regwas named
NUB (NEMO ubiquitin binding), UBAN (Ubiquitin bindig in Abin and NEMO) or NOA (Nemo Optineurin Abin)
(hereafter referred to as UBAN). A few years agwds demonstrated that direct binding of NEMO td3Hiéked
polyubiquitin chains is crucial for IKK recruitmemind NF«B activation, and that NEMO specifically binds K63-
linked polyubiquitin chains within the CoZi domgih01,390).However, a recent determination of the structurthef
UBAN region complexed with K63 or linear diubiquitindicates that the UBAN motif binds to both typdschains,
but exhibits a 100 fold higher affinity for linediubiquitin while the contact points between UBANdaeither linear
or K63-linked ubiquitin chains are almost identi¢2B5). A different recent report presents the tadystructure of the
UBAN motif bound to linear diubiquitin and propostat NEMO binds two linear ubiquitin chains thabwd run
‘parallel’ to the NEMO dimeric coiled-coil (293).

Besides the UBAN motif, it was shown that the Gxtieral ZF of NEMO represents a second UBD (77). The
same group recently demonstrated that neither &NJdomain nor the ZF shows any specificity for Kiggked
ubiquitin chains, and that their affinity for polyiguitin chains is relatively low. However, a 178-&agment of
NEMO containing the two UBDs (encompassing CC2-LE2-Fcalled bipartite UBD or NOAZ) exhibits high afity
and high specificity for K63-linked polyubiquitirhains, indicating that the presence of both UBANiframd ZF is
required for the specific high-affinity binding BfEMO to K63-linked chains. Further, this study sleaWby affinity

measurements and mutagenesis, that binding tor lctegins was only dependent on the UBAN motif ardi ribt
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require the presence of the C-terminal ZF. In aoldjtthey observed that the affinity of full-lengEMO for
K63-linked ubiquitin chains was stronger than faear chains (222).

Beyond its ability to recognize ubiquitin chainshas been shown that NEMO itself becomes modifigd
ubiquitin following NF«B activation (101,390), and that the particulaidgsresidue that accepts ubiquitin depends
on the stimulus. It has been demonstrated thatlTexseptor signaling triggers K63-linked ubiqudition of NEMO at
K399 (337,418), while MDP-induced Nod2—-RICK stinmtida triggers K63-linked polyubiquitination of NEM@t
K285. Stimulation of TLR leads to ubiquitination 8285 and K399 (1,2). Further, tthigella bacteria protein
IpaH9.8 has recently been identified as an ubiguiB ligase that targets NEMO residues K309 and1K&##
K27-linked polyubiquitination (19). Moreover, redbnt was demonstrated that NEMO becomes modifigtth linear
polyubiquitin chains that are attached by the HEIPIL-1 dimeric E3 ligase complex LUBAC (357). LUBARas
been shown to bind to NEMO in the IKK complex afs¢éimulation with TNF, and to conjugate linear chains onto
K285 and/or K309n vitro. Wild-type NEMO—but not a NEMO mutant with argieirsubstitutions at K285 and
K309—was linearly ubiquitinated in cells in a sigd@pendent manner (357). Importantly, the involeamof
LUBAC in NF«B activation was confirmed in genetically modifiedice lacking its subunit HOIL-1L; TNk
mediated activation of NkB was severely impaired in primary hepatocytes EteFs from HOIL-1L-null mice
(357).

While there are numerous reports demonstrating &&8 or linear ubiquitination of NEMO, and the lapi
of NEMO to recognize polyubiquitinated signalingermediates, what continues to be lacking is aretstdnding of
how regulatory ubiquitination functions during aetiion of the IKK complex. Furthermore, the linkergion of
NEMO, that separates the UBAN motif from the ZKlimes a number of predicted or identified phosplaion
sites (61) whose function is also currently unknotowever, despite a number of question markspuarimodels by
which NEMO induces activation of NEB have been proposed. The ability of NEMO to re@gpolyubiquitinated
signaling proteins seems to be required fordBFactivation in many signaling pathways, such a=RNTCR, or
IL-1R/TLR. Upon stimulation, K63-linked polyubigin@tion of downstream molecules such as RIP (225,39
IRAK1 (74), MALT1 (274), and Bcl10 (391), was thdugo promote the binding of NEMO to these molesutbus
determining the recruitment and activation of tK& Icomplex. Recently, LUBAC was identified as a qument of
the TNFR1 signaling complex (TNF-RSC) (144). Thtady showed that NEMO is not required for LUBAC
recruitment to the TNF-RSC (144), even though it bind LUBAC (357). Based on their findings andestinecent
reports they suggest a model whereby NEMO recruitnb@ the TNF-RSC is significantly enhanced by LUBA
mediated assembly of linear polyubiquitin chain&JBIAC attaches linear chains to NEMO and possiblyent
TNF-RSC components (such as Abins via their UBANndm (216,293) and clAPs via their UBA domain (143)
thereby stabilizing the entire complex and incnegs$he retention times of NEMO and other signatiogiponents.

For the activation of the IKK complex, a numbermédels including trans-autophosphorylation and IKK
kinase-mediated phosphorylation have been suggésté&d. It is known that the N-terminal region dEMO binds to
IKKo/IKKB (414), and that the CoZi region contains the atfigdsation domain required for IKK assembly
(5,289,351). In addition, it has been shown thaM\Eis recruited to activated TNF receptor compléelxgénteraction
with polyubiquitin chains via its UBAN domain (10B1,390). One model suggests that interaction Vuitbar
ubiquitin chains may induce clustering of NEMO, wahicould lead to multimerization of the IKK compleand,
possibly followed by trans-autophosphorylationuttsin activation of IKK (183). Alternatively, NERM might act as

a carrier or platform that is responsible for bimpglKK o and IKKB in close proximity to activators such as TAK1 to

19



Introduction

promote phosphorylation and activation (390). Aatént model assumes that the CoZi domain undergiirsilus-
dependent conformational changes that in turn mighice activation of the kinases (41).

Beyond its role in canonical NEB activation, NEMO was found to have IKK-indepentd&mctions. It is
required for activation of the MAP kinases (MAPK3& and JNK (398). This function is mediated through
participation of NEMO in formation of a large siding complex required for recruitment of the MAPKnase
kinases (MAP3K) MEKK1 and TAK1 to activated TNFRrfdy members (249). Furthermore, NEMO also hasla ro
in activation of the interferon (IFN) response, whi acts through a poorly defined mechanism torte activation
of the IFN response factors (IRFs) following viiaflection (415).

In addition to its interaction with ubiquitin chairand to being the target of multiple post-tramstet
modifications including phosphorylation, small ubitin-like modification (SUMOylation), and ubiquitation
(61,170,319), NEMO also acts as an assembly pratfbat facilitates the incorporation of variousaviproteins into
the IKK signalosome, such as the Kaposi sarcomac@ded herpesvirus (KSHV) encoded protein vFLIRa(v
FLICE [FADD (Fas-associated death domain)-like riletekin 13-converting enzymel]-inhibitory protein) and the
human T lymphotropic virus (HTLV)-1 encoded prot&iax (116,338). HTLV-1 Tax is the causative ageinaadult
T cell lymphoma (ATL). It activates the IKK compldwy direct binding to NEMO at aa262-315 (190), t&ésg in
constitutive activation of NkB (60,285). Similar to Tax, the KSHV viral proteinFLIP induces a constitutively
activated IKK complex by direct interaction with NI (62,234). KSHV causes the B cell malignancy auiyn
effusion lymphoma (PEL).

Mutations affecting the gene encoding NEMO, whighoicated on the X chromosome, cause severe human
pathologies including IP (familial incontinentia gpaenti), ID (immunodeficiency), and EDA-ID (anhidim
ectodermal dysplasia with immunodeficiency) (78128,328). These mutations have been found to Hebdised
throughout the entire molecule, and have been dstraiad to more or less severely affect thedBResponse.

IP is a rare dominant disorder that is embryontbakin affected males (125,221). In females ieetf$
ectodermal tissues and causes severe skin deliecddition, IP female patients can also suffenfreevere defects
such as mental retardation, microcephaly, or seesu€l23,124,328). The most frequent IP causingatiaut results
from a recurrent exon 4_10 genomic rearrangemetitaiKBKG gene, leading in most cases to the complete bss o
NF-«B activation. However, there are also a numberepbrts describing IP causing point mutations inlkBKG
gene (78,117,316,320).

IP is allelic with EDA-ID, a rare X-linked recessi immunodeficiency syndrome which exclusively efe
males (188). It combines the severe sensitivitinfection (as presented in ID) with abnormal depebent of skin
adnexa (hair follicles, sweat glands, and teetB)AHD patients suffer from skin inflammation andpaired NF«B
activation in response to numerous stimuli sucfifdBa, IL-1, and LPS. This disease is dud kiBBKG hypomorphic
mutations, often missense or small deletions/irm®st which mainly affect the zinc finger domainNEMO. These
mutations reduce but do not eliminate NB-activation, explaining why affected male patiestsvive (15,95,420).

Female patients carrying the sat{8KG mutations exhibit very mild signs of IP (15).
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1.4 Mechanism of EBV LMP1 mediated NFkB activation

Epstein-Barr virus (EBV)-encoded latent membranetgin 1 (LMP1) is oncogenic and indispensable for
EBV-mediated B cell transformation. LMP1 acts asoastitutively activated receptor-like molecule épgndent of
ligand binding or regulation (134). LMP1 is capabfeactivating several intracellular signaling pattys including
the NFxB pathway, which contributes to the EBV-mediatedl transformation. Two regions in the cytoplasmic
carboxyl tail of LMP1, namely TES1 and TES2, argpansible for NReB activation (184). It is shown that a mutated
recombinant EBV lacking the cytoplasmic tail of LIMIs severely impaired in its ability to activatéB and to
immortalize primary B lymphocytés vitro (203).

LMP1 TES1 induces and associates with TRAFs (911B49262). The role of individual TRAFs in LMP1
mediated NFReB signaling is partially elucidated in knockout M&FAIthough TES1 strongly binds TRAF1, TRAF2,
TRAF3, and TRAF5, and TRAF1 and TRAF3 heterodimemith TRAF2 and TRAF5, respectively, LMP1 does not
require TRAF2 or TRAF5 for NikB activation in MEFs (239). Furthermore, in muriBecell lymphoma that lack
TRAF3, LMP1 TES1 and TES2 failed to activate NB- whereas TRAF2 was dispensable (396,397). TRAF3
overexpression inhibits LMP1 TES1 mediated fB-activation in HEK293 cells (91). Moreover, NB- activity is
hyper basal in TRAF3 KO MEFs (145,275), resultinghie idea that TRAF3 is a negative regulator ofd8EF TRAF
binding to TES1 results in strong activation of NB-inducing kinase (NIK) and IKK phosphorylation of p100
NF-«B2, leading to p52/ RelB nuclear translocation 198,239,308).

LMP1 TES2 engages death domain protein such as TRABd RIP (184,186,260). TRADD binding to
TES2 results in IKR phosphorylation ofdBa, canonical NReB activation, and nuclear translocation of p50/RelA
and p52/RelA complexes (105,204,308). LMP1 inteyafitectly with RIP, stably associates with RIPLIGLS, but
does not require RIP for NiEB activation (185).

Surprisingly, LMP1 activation of NkB has been shown to be TRAF6 dependent (238,31RAFB
K63-linked polyubiquitination is critical for TAKlactivation downstream of IL-1/ Toll like receptoidowever,
MyD88 or IRAK4, two other components characteristidL-1R/ TLR signaling, are dispensable for LMRiediated
NF-«B activation (238). The role of TRAF6 in LMP1 siding is not completely understood. It is know ti&®AF6
does not directly interact with LMP1, but can berovited to TES2 through a direct or indirect intgi@n with
TRADD (317).

IL-1 receptor associated kinase (IRAK1) has alserbshown to be essential for LMP1 mediated«SF-
activation (238). The critical role of IRAK1 in LMPFinduced NF¢B activation seems to be in mediating RelA serine
536 phosphorylation through an effect on p38 oeofRelA serine 536 kinases (331).

Experiments in TAK1 knockout MEFs, utilizing incan@tion of tagged ubiquitin mutants that are specif
for K63 and K48 chains, revealed that most butalbt MP1 TES2-mediated NkB activation is TAK1 dependent
even though it is entirely TRAF6 dependent. It hasn proposed that at least one additional unitikshtkinase can
mediate TES2 activation of NiEB which could be another TRAF6 dependent kinasewgder, a different study
utilizing RNAI knockdown experiments suggested eptete dependence on TAK1 in 293 cells (389).

Both TES1 and TES2 activities can be inhibited withdominantly active xBa, indicating that IKK3
activation is important for both TES1 and TES2 raésti NFxB activation (90,259). Furthermore, LMP1 mediated
RelA nuclear translocation is independent of tKiut substantially dependent on IRK238).
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Based on these findings, the following model for PMmediated NkB activation can be proposed: LMP1
TES1 binds TRAF1 and TRAF3 and induces complex &ion of TRAF1/2 and TRAF3/5. These complexes attiv
NIK, leading to phosphorylation and activation KKla. which which results in p100 processing to p52 BR&2 and
RelA/p52 complexes then translocate to the nuc{figll, right). LMP1 TES2 associates with TRADD. AIRD
directly or indirectly associates with TRAF6. Iryet unknown mechanism, the TRAF6 E3 ubiquitin-lgastivity is
induced, resulting in activation of TAK1 and pos$gibnother TAK1 like kinase. TAK1 activates thekikcomplex,
resulting in phosphorylation ofkBa on Ser32 and Ser36, leading to its K48-polyubigation at lysine 19 and
subsequent degradation via the S26 proteasome gathiaereby exposing a nuclear localisation sigh&lS) and
inducing nuclear translocation of RelA/p50 hetenoelis (Fig.11 left). Both LMP1 TES1 and TES2, pdgsibrough
TRAF3 and TRAF6, respectively, induce IRAK1 activatof p38 and possibly other kinases that phosgata RelA
in p50/RelA and p52/RelA complexes (Fig.11).
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Figure 11. A model of LMP1 mediated NFB activation (adapted from: Song YJ, Cahir-McFarland ED, Kief2@6/2008).
LMP1 utilizes two distinct pathways to activate M&ppaB: a major one through TES2/ TRAF6/ TAK1/ [Kkanonical pathway)
and a minor one through TES1/ TRAF3/ NIK/ IkKnoncanonical pathway).

Taken together, the data indicate that LMP1 medi?&«B signaling can not be simply modelled after a
TNF- or IL-1/ Toll like receptor. In contrast to LIRL, TNFR1 and CD40 require TRAF2 for signaling.abidition,
TNFR1 mediated NkB activation may also require RIP. Furthermore, LIM#tivation of NFeB is largely IRAK1
and TRAF6 dependent, whereas TNFR activation ofcBHs largely IRAK1 and TRAF6 independent. In costrto
the IL-1R/ TLR-mediated NkB pathways, the LMP1 TES2-mediated NB-pathway does not require MyD88, or
IRAK4 for TRAF6 engagement.
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1.5 Reason for my Work

Previously published data from our lab reported tHdP1 mediated NReB activation is independent of
NEMO/ IKKy (238,239). Based on data obtained with GFP-Reléleaun translocation assays, KB-reporter assays,
and quantitative real-time PCR, M. Luftijal. suggested that LMP1 is able to induce, besidesdhenical (IKK3/
NEMO-dependent) and noncanonical (NIK/IKiflependent) NkB activation pathway, a third, atypical canonical
IKK B-dependent/ NEMO (IKK)-independent NRkB activation pathway (238,239). First, they demmatsd in
NEMO/ IKKy wildtype and knockout mouse embryonic fibrobla8tEF) experiments that NEMO/ IKKis not
essential for LMP1-mediated N&B activation. NEMO/ IKK wildtype and knockout MEFs were transfected with
GFP-RelA and #Ba-encoding plasmids in the presence or absence ofMiA1l expression plasmid or TNF
stimulation. When LMP1-mediated N&B activation in NEMO/ IKKy knockout MEFs was compared to wildtype
MEFs, GFP-RelA nuclear translocation and tB~dependent reporter activity was similar in bo#l dines. In
contrast, TNk induced GFP-RelA nuclear translocation in wildtyfeit not in NEMO/ IKK knockout MEFs
(Fig.12) (238).
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Figure 12. NEMO/ IKK v is not essential for LMP1-mediated NFB activation. (A) NEMO/ IKKy WT and KO MEFs were
transfected with GFP-RelA andBa-encoding plasmids in the presence or absence afV#nl expression plasmid or TNF
stimulation. The percentage of cells with nucleanslocation of GFP-RelA induced by LMP1 or TiNiE shown. Average values
+/- SD are shown from three experiments. (B) NEMKKY WT and KO MEFs were transfected with reporter iplas alone or
with LMP1. Mean folds of NReB activation SD by LMP1 are shown from four expenise (graph taken from Luftigt. al., Ref.
238)

In their second experiment Lufte al. tried to identify LMP1 regulated genes that areuited by canonical
IKK B versus noncanonical IKIKNF-«B activation and investigated for this reason thgression of 30 chemokines,
cytokines, and receptors by quantitative real-tl@R in wildtype versus IKK IKKB, or NEMO/ IKKy knockout
MEFs. Although all LMP1-induced gene expressionesvas IKK3-dependent, they found that LMP1 is unique in
its ability to activate certain genes, such as KJPa an NEMO/ IKKy -dependent, IKK-independent manner and
others, such as I-TAC, in an NEMO/ IKKindependent, IKlg-independent manner (Fig.13) (239).
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Figure 13. LMP1 induces canonical, noncanonical, ahatypical NF-kB-dependent gene expressiotWT, IKKa, IKKf, and
IKKyKO MEFs were transduced with GFP(G)-, LMP1 WT (L9, LMP1 DM (M)-expressing retrovirus. After 24 RNA was
harvested, reverse transcribed, and quantitatadcsiog MIP-2-specific(A), MIG-specific(B), or I-TACgcific(C) primers. cDNA
copy number was normalized o2 microglobulin cDNA as an internal control andsisown as fold induction relative to GFP-
expressing retrovirus for each MEF +/- standardre®PCR was performed in duplicate for each gene,experiments were
repeated at least twice. (graph taken from Ludtigl., Ref. 239)

For LMP1 mediated NkB activation, both the canonical and the noncaramathway are well established.
The current thinking is that LMP1 TES2 mainly trégg canonical NkB signaling with activation of the IKK/NEMO
complex, kBo phosphorylation, and nuclear translocation of p80A complexes. LMP1 TES1 is thought to mainly
activate noncanonical N&B signaling via NIK, IKKa, p100 and p52. Further, it has been demonstratgdrt cells
lacking NEMO, the IKK complex cannot be activatgdamy of the known inducers of canonical NB-signaling.

We started this project because there were canflictata about LMP1 mediated NdB- signaling in NEMO
knockout cells. One research group thought thath@se cells LMP1 is unable to activate the candriifaxB
pathway and that nuclear translocation of p65 iglishbed (105). In contrast, Luftigt al. suggested, based on data
described above, that LMP1 uniquely might be ableadtivate NF<B not only via the canonical (IKKNEMO
dependent) and the noncanonical (NIK/liKkKdependent) pathways, but via a third pathway whEhNEMO
independent but IKK dependent. The hypothesis was that because NEMRical for IKKo/IKK B/NEMO complex
assembly and LMP1 differs from TNF- and Toll-likeceptors in constitutively forming unusually laggregates in
the plasma membrane, LMP1 complexes may induceeggtgs of TRAFs, death domain proteins, or other
intermediate signaling molecules and thereby sultstifor NEMO in assembling IKK and IKKB (238,239).
Alternatively, LMP1 may preferentially engage an MB-like protein such as FIP-2 (229,230), or thel tiaks
utilized in these experiments may express NEMO ntugaoteins that uniquely support LMP1 mediated 8-
activation.

The experiments reported here were undertakenvisiigate the role of NEMO in LMP1 mediated NB-
activation. Understanding the molecular basis fMP1’'s abberant NkB signaling is of great interest, both for
understanding how this signaling pathway is regaatnd for potential application of this inforneattito design

therapies that target LMP1 function.
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2. MATERIAL AND METHODS

2.1 Material

2.1.1 Equipment

Equipment Model/ Company

Agarose gel equipment Model B1A, Owl-Separatiost&m, Inc., Portsmouth, USA
Autoclaves Amsco Scientific, Inc., Wescodyne, VISAJ

Balance PJ 400 and AB54-S, Mettler Toledo, Bedftvtd, USA
Centrifuge IEC Centra GP8R, Thermo Electron Caffajtham, MA, USA

IEC Centra CL 2 Centrifuge, Thermo Electron CoWgaltham, MA, USA
Model J2-21 Centrifuge, Beckman Coulter, Fullert6A, USA

Sorvalf MC 12V, Thermo Fisher Scientific Inc., Waltham, MBSA
Sorvalf RC 5C Plus, Thermo Fisher Scientific Inc., Walthamd, USA
Sorvalf Discovery 90SE, Thermo Fisher Scientific Inc., Waih, MA, USA

accuSpif Micro, Model 235C, Thermo Fisher Scientific, WalthaViA, USA
Micro-Centrifuge, Thermo Fisher Scientific Iné/altham, MA, USA
Microl4, Thermo Fisher Scientific Inc., WalthaltA, USA.

Cell counter Hemacytometer (Bright Line), HausSeientific, Horsham, PA, USA
Distillation 102S All-Glass Water Sitill, Ultrasciee, Inc., Evanston, IL, USA

FACS FACS calibur, Becton Dickinson and Compangnikiin Lakes, NJ, USA
Freezer -20°C, Summit, GE Healthcare, Piscatawdy|J$A

-80°C, Harris, Thermo Fisher Scientific Inc., Mdam, MA, USA
-135°C, Cryogenic Preservation System, Queuestayo USA

Geiger counter Model 3, Survey Counter LUDLUM Me@snents, Inc., Boston, MA
Gel Dryer Model 583, Bio-Rad Laboratories, HersyléA, USA
Gel electrophoresis equipment Bio-Rad Mini PROTEANSystem, Bio-Rad Laboratories, Hercules, CA, USA
Gel Shift Assay equipment Bio-Rad Prot&anual Vertical Slab gel electrophoresis cell,
Bio-Rad Laboratories, Hercules, CA, USA LaboriasrUSA
Hoods SterilGARD Hood, Class Il, Type A/ B3, Bakawmpany, Buffalo, NY, USA
Ice Machine Hoshizaki F-300 BAF, Hoshizaki Amerioa., USA
Image Eraser SF, Molecular Dynamics Inc., Sunep@h, USA
Imaging system for agarose gels  BioDdt-linaging System (camera, lens kit, 50mm UV blocletigidium
(UV-transilluminator) bromide filter, transillumitar, darkroom cabinet, LCD monitor, Compact

Flasch Memory card and reader, thermal printatsi\bishi, Part-No. 89-
0069-02), thermal paper (4 rolls, Part-No. 89&®03), UVP, Inc., USA

Incubator CO2 Incubator, Model 6300, NAPCO, Incaliam, MA, USA

Kodak Image Station 4000 R Eastman Kodak Compaagh&ster, NY, USA

Luminometer OPTOCOMP 1, MGM Instruments, Hamden, GFA

Magnet Stirrer Bell-Stir, Bellco Glass, Inc., USA

Microplate Reader Model 3550, Bio-Rad Laboratqri¢srcules, CA, USA Laboratories, USA
Microscope 1. Fluorescence microscope Axiovert 200,

2. Confocal microscope PCM 2000 (Nikon) coupledxioscop, Laser
AttoArc HBO 100 W, (Red HeNe, Melles Gri@reen HeNe)
3. Microscope No. 4760438

4. Axiovert 25 (1-4 Carl Zeigs¢., Jena, Germany)
Nucleofector Device Cat.-No. AAD-1001, Amaxa/ Laninc., Kéln, Germany
pH-Meter @44 pH Meter, Beckman Coulter, Fullerton, CA, USA
Pipettes Pipetman P20 (2-20ul),

Pipetman P200 (50-200ul),
Pipetman P1000 (200-1000ul), all Gilson, Inc.deton, WI, USA

Phosphoimager S|, Molecular Dynamics Inc., Sunmgvai, USA
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Equipment

Model/ Company

Powersupply

EC250-90, E-C Apparatus Corporaticayard, CA, USA

Refrigerator

ISOTEMP, Thermo Fisher Scientific.ln&altham, MA, USA

Scintillation counter

LS 5000TD, Beckman Coulfeu)lerton, CA, USA

Shaker/ Mixer Hematology/ Chemistry Mixer 346 Llabe Instruments, Maharashtra, India
Junior Orbit Shaker, Lab-Line Instruments, Ilaharashtra, India
GIO Gurotor§ Shaker, New Brunswick Sci. Corp., New Brunswick, NSA
Spectrophotometer U-2000, with 5-cell changerattit, Inc., Tarrytown, NY

Stirrer/ Hotplate

Model PC-320, Corning, Inc., iog, NY, USA, Corning, NY, USA

Stroage Phosphor Screen

20x25cm, Molecular Dynanmics Sunnyvale, CA, USA

Thermal Cycler

GeneAmp PCR System 9600, PerkireEl@orp., Wellesley, MA, USA

Thermostat

Thermolyne Type 17600 Dry-Bath
Dry Bath Incubator, Thermo Fisher Scientific Ing/altham, MA, USA

Temp-Blok Heater, SfPAmerican Scientific Products, Columbus, OH, USA

Vortex Mixer

S/ P, Cat.-No. S8223-1, American Scientific Productsluthbus, OH, USA

Water bath

16°C Precision 280 Series, Thermo FiSbientific Inc., Waltham, MA, USA
32°C Model 182, Precision Scientific, Inc., ClgoalL, USA
37°C Model 182, Precision Scientific, Inc., ClgoalL, USA
37°C Model 1245, VWR Scientific Products, Wese€&ter, PA, USA, Inc.
42°C Model 181, Precision Scientific, Inc., ClgoalL, USA
55-60°C Thelco 184, Precision Scientific Corpioratinc.
65°C Model 184, Precision Scientific, Inc., ClgoalL, USA

Western blot equipment

Bio-Rad Mini PROTEAR System, Bio-Rad Laboratories, Hercules, CA, U

2.1.2 Kits and Consumables

Kits Company Catalognumber
BCA* Protein Assay Reagent Pierce, Rockford, MAAJ 23225
Cell Line Nucleofector Kit V Amaxa/ Lonza, Inc., K Germany VCA-1003
DharmaFECT" 1 Transfection Reagent Thermo Fisher Scientifig)tham, MA, USA T-200(01-07)-03
Effecten® Transfection Reagent QIAGEN Inc., Valencia, CAAJS 301427
EndoFree Plasmid Maxi Kit QIAGEN Inc., ValenciaAQJSA 12362
Galacto-Light Plu®' System Applied Biosystems, Foster City, CA, USA B0
Genejuicé Transfection Reagent Novagen, Madison, WI, USA TO8®0005945
Luciferase Assay System Promega Corp., Madison USA E4030; E4530
MEF Nucleofecto Kit 2 Amaxa/ Lonza, Inc., Kéln, Germany VPD-1005
MycoAlert™ Kit Cambrex Bio Science Rockland, Inc., LT27-237,;
Rockland, ME, USA LT27-238
Oligotex mRNA Midi Kit QIAGEN Inc., Valencia, CAJSA 70042
Prime-It Il Random Primer Labeling Kit Stratageha,Jolla, CA, USA 300385
ProLong Antifade Kit Invitrogen, Inc., Carlsbad, CA, USA, P7481
ProLond Antifade Reagent Invitrogen, Inc., Carlsbhad, CSA) P36930
QIAEX Il Gel Extraction Kit QIAGEN Inc., ValenciaCA, USA 20051
QIAprep 96 Turbo Miniprep Kit QIAGEN Inc., ValenGi€A, USA 27104
QIAprep Spin Miniprep Kit QIAGEN Inc., Valencia,C USA 27104
QIAquick Gel Extraction Kit QIAGEN Inc., Valenci@€A, USA 28704
QuikChangé Il Site-Directed
Mutagenesis Kit Stratagene, La Jolla, CA, USA 252
SilverQuest Silver Staining Kit Invitrogen, Inc., Carlsbad, CIASA, LC6070
SuperScript lll First-Strand
Synthesis System for RT-PCR Invitrogen, Inc., Gaats CA, USA 18080-051
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Kits Company Catalognumber
TOPO TA Cloning§ Kit for Sequencing Invitrogen, Inc., Carlsbad, Q/5A K4575-J10
TransIT®-Jurkat Transfection Reagent Mirus Bio Corp., MadiswI, USA MIR 2120
TransIT®-LT1 Transfection Reagent Mirus Bio Corp., Madis@f, USA MIR 2300
UltraClean" Endotoxin Removal Kit MO Bio Laboratories, IncaiGbad, CA, USA | 12615
Western Lightning’

Chemiluminescence Reagent Perkin Elmer Corp., \8lelfle MA, USA NEL104

The kits were used according the manufacturertsungons.

Consumables Company Catalognumber
Aluminiun foil Thermo Fisher Scientific, Waltham, M USA 01-213-105
Blades GARVEY Products, San Dimas, CA, USA 335

Centrifuge Tubes

Beckmann Coulter, Fullerton, O8A
Corning, Inc., Corning, NY, USA,

362181, 362183
430791, 430829

Dialysis-membrane Spectrum Lab., Rancho DomingGéz,USA 132 678
Electroporation Cuvette 0,2cm USA Scientific, O¢célh, USA 82911
FACS tubes BD Falcon, Franklin Lakes, NJ REF 352235
REF 352052
Fiber Pads Bio-Rad Laboratories, Hercules, CA, USA | 170-3933
Film footage Eastman Kodak Company, Rochester, B&A | 178 8207
Filter paper Thermo Fisher Scientific, Waltham, MASA 05-714-4
Glass plates Electron Microscopy Sciences, HatfldBA 63424-06
Luminometer Tubes Sarstedt Inc., Newton, NC, USA 5.486
Lens Paper VWR Scientific Prod., West Chester, P3A | 52846-001
Microcentrifuge Tubes Corning, Inc., Corning, NYSA 3620; 3622
Thermo Fisher Scientific, Waltham, MA, USA 02-68153
Microscope Slides Thermo Fisher Scientific, Waltham, MA, USA | 12-550-34
Microscope cover glass Thermo Fisher Scientific, Waltham, MA, USA | 12-542-B;
12-545-M;
12-545-C
Nitrocellulose Membran Bio-Rad Laboratories, HéesuCA, USA 162-0115
162-0159
Nylon Membrane Genescre&n Perkin Elmer Corp., Wellesley, MA, USA. NEF 988
PCR Tubes Corning, Inc., Corning, NY, USA 6542
Pipette Tips Corning, Inc., Corning, NY, USA 4853; 4867
USA Scientific, Ocala, FL, USA 1111-1210
Pipette Tips (Aerosol-Barrier) Thermo Fisher SdfemtWaltham, MA, USA 02-707-33;
02-707-116
PVC foil Thermo Fisher Scientific, Waltham, MA, BS | 15-610
Round-bottom tube Becton Dickinson and Co., Friarikhkes, NJ 352059
Spincolumns MicroSpiff S-200 HR Pharmacia Biotech, San Francisco, CAA US |27-5120
Transfer Pipettes Thermo Fisher Scientific, Walth®1A, USA 13-711-7
2.1.3 Chemicals
Chemicals Company Catalognumber
Aceton Thermo Fisher Scientific, Waltham, MA, USA | A16S-4
Acetic Acid Thermo Fisher Scientific, Waltham, MA, USA | A38-212
Acrylamide National Diagnostics, Charlotte, NC, USA EC-890
Agarose GPG/LE American Bioanalytical, Natick, MASA AB00972-0500
Ampicillin Sigma-Aldrich, St. Louis, MO, USA A15935¢g
Ammoniumperoxodisulfat APS Sigma-Aldrich, St. LquiO, USA, A-6761
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Chemicals Company Catalognumber
BCA* Protein Assay Reagent Pierce, Rockford, MAAJ 23225
Blasticidin S hydrochloride Sigma-Aldrich, St. LeuMO, USA 15205

Boric acid American Bioanalytical, Natick, MA, USA AB250

Brilliant Blue Sigma-Aldrich, St. Louis, MO, USA B920
Bromphenyl Blue Sigma-Aldrich, St. Louis, MO, USA -m®21
1-Butanol Thermo Fisher Scientific, Waltham, MA, NS | A383-4
Cesiumchlorid American Bioanalytical, Natick, MASA AB00300-01000
Chloroform Thermo Fisher Scientific, Waltham, MASH C-606-1

Coomassie Brilliant Blue

Bio-Rad Laboratories, Hees, CA, USA

161-0400 R-250

Crystal Violet

Sigma-Aldrich, St. Louis, MO, USA

@775

dldC poly(deoxyinosinic-

deoxycytidylic) acid, sodium salt, Sigma-Aldric®t. Louis, MO, USA P4929
N,N-Dimethylformamide Sigma-Aldrich, St. Louis, MOSA D-8654
DMSO Dimethylsulfoxid Fisher Chemicals, LoughborbugK, BP 231-1

DRAQ5

Alexis Corporation, Plymouth Meeting, PA, US

5BOS-889-001-R20(

DRAQ5 Biostatus Limited, Shepshed, UK SKU:DR50050
DTT Dithiotreitol Sigma-Aldrich, St. Louis, MO, USA 43817
Ethyl Alcohol Pharmaco Products, Inc., BrookfielI[, USA 111ACS200
111USP200
111000190
111USP190
N-Ethylmaleimide Sigma-Aldrich, St. Louis, MO, USA E3876-5G
Ethidium bromide Sigma-Aldrich, St. Louis, MO, USA E-8751-5G
EDTA American Bioanalytical, Natick, MA, USA AB005901000
Formaldehyde Solution 37% Thermo Fisher Scientifi@|tham, MA, USA F79-500
G418/ 400-111P
Neomycin GEMINI Bio-Products, Woodland, CA, USA 4003
X-Gal (BCIG) 5Prime, 3Prime, Inc., Boulder, CO,AJS 554511
Glucose American Bioanalytical, Natick, MA, USA AR715-00500
L-Glutamine Invitrogen, Inc., Carlsbad, CA, USA (3H-081
Glycerol American Bioanalytical, Natick, MA, USA AB75-04000
Glycine American Bioanalytical, Natick, MA, USA ABF30-5000
Guanidine Hydrochloride Sigma-Aldrich, St. LouisOVIUSA G-4505-1KG
Hepes Buffer Solution Gibco, Invitrogen, Inc., Ghdd, CA, USA 15630-080
Hepes Free Acid Sigma-Aldrich, St. Louis, MO, USA -0B91
Hepes Sodium Salt Sigma-Aldrich, St. Louis, MO, USA H-3784
Hydrochloric Acid Fisher Chemicals, Loughborouglk U A144-500
Hygromycin EMD Biosciences, Inc., La Jolla, CA, USA 400052
IL-1B/ IL-1F2 recombinant human R&D Systems, Inc., Miapelis, MN, USA 201-LB-005
Imidazole Sigma-Aldrich, St. Louis, MO, USA I-013R0G
IPTG Isopropylp-D-
thiogalacto-pyranoside Sigma-Aldrich, St. Louis, MZSA 434582-1G
Kanamycin Sigma-Aldrich, St. Louis, MO, USA K-0129
Kanamycin sulfate Boehringer Mannheim GMBH, Germany 83897422-46
LB Broth, Miller (Luria Bertani) Fisher Chemicalspughborough, UK BP1426-500
LB Agar Becton Dickinson and Co., Franklin Lakig, 244510
Magnesiumchloride x 6 3D Sigma-Aldrich, St. Louis, MO, USA M-0250
Maltose Sigma-Aldrich, St. Louis, MO, USA M-5885
D-Mannitol Sigma-Aldrich, St. Louis, MO, USA M-4125
2-Mercaptoethanol Sigma-Aldrich, St. Louis, MO, USA M-250
2-Mercaptoethanol Gibco, Invitrogen, Inc., Cartshb@A, USA 21985-023
Methanol Thermo Fisher Scientific, Waltham, MA, USA| A452-4
Methylene Blue Sigma-Aldrich, St. Louis, MO, USA M59
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Chemicals Company Catalognumber
MG-132 EMD Biosciences, Inc., La Jolla, CA, USA 790
Milkpowder 34,8% Protein, Nonfat Shaws Supermarld&A

MOPS 3-(N-morpholino)-

propanesulfonic acid American Bioanalytical, NatibkA, USA AB1270

NP40 (Igepal CA-630) Sigma-Aldrich, St. Louis, MOSA 13021-500ML
Orange G Sigma-Aldrich, St. Louis, MO, USA 0-3756
Paraformaldehyd Polysciences, Inc., Warrington, B3A 0380
1,10-Phenanthroline Sigma-Aldrich, St. Louis, MIRA P9375-5G
PBS Phosphate-Buffered Saline Invitrogen, Incrjsbad, CA, USA 14190-144
Penicillin-Streptomycin Invitrogen, Inc., Carlsb&id, USA, 15070-063
Phenol : Chloroform 5:1 Sigma-Aldrich, St. LouisOYIUSA P-1944

PMSF (phenylmethylsulfonyl fluoride) Sigma-Aldric8t. Louis, MO, USA P-7626
Plasmocif”: Invivogen, San Diego, CA, USA, ant-mpt
Ponceau S Sigma-Aldrich, St. Louis, MO, USA P-3504
Potassium Acetate Thermo Fisher Scientific, Walthisif, USA BP364-500
Potassium Chloride Sigma-Aldrich, St. Louis, MO,AJS P-4504
Potassium Phosphate KIPO, Thermo Fisher Scientific, Waltham, MA, USA | BP362-1
Potassium PhosphatefPQ, Thermo Fisher Scientific, Waltham, MA, USA | BP363-1
2-Propanol Thermo Fisher Scientific, Waltham, MA, USA | A416-4
Propidium lodide Molecular Probes, Eugene, OR, USA P-3566
Propylene Glycol Sigma-Aldrich, St. Louis, MO, USA P2263-1KG
Puromycin Invivogen, San Diego, CA, USA ant-pr-1
Puromycin dihydrochloride Sigma-Aldrich, St. LouQ, USA P7255

SDS Sodium Dodecyl Sulfate Sigma-Aldrich, St. Lohi&), USA L-5750

S.0.C. medium, Invitrogen, Inc., Carlsbad, CAAJS 15544-034
Sodium Acetate American Bioanalytical, Natick, MASA AB1909
Sodium Azide Sigma-Aldrich, St. Louis, MO, USA S0
Sodium Chloride American Bioanalytical, Natick, MASA AB01915-10000
Sodium Fluoride Sigma-Aldrich, St. Louis, MO, USA -1504
Sodium Hydroxide Fisher Chemicals, Loughborough, UK S318-1
Sodium Orthovanadate BN&O, Sigma-Aldrich, St. Louis, MO, USA S-6508
Sodium Phosphate NdPO, x 7H,0O Sigma-Aldrich, St. Louis, MO, USA S-9390
Sodium Phosphate NdPO, Sigma-Aldrich, St. Louis, MO, USA S-0876-500G
Sodium Phosphate NaPiO, Sigma-Aldrich, St. Louis, MO, USA S-9638
Succinic Acid Sigma-Aldrich, St. Louis, MO, USA S5
TEMED N,N,N",N"-Tetramethylendiamir]  Sigma-AldricBt. Louis, MO, USA T9281

TNFa, recombinant human R&D Systems, Inc., Minneapdlil, USA 210-TA/CF
TPA 25mg/ml, 1000x Invitrogen, Inc., Carlsbad, QfSA, T6882

Tris American Bioanalytical, Natick, MA, USA AB020605000
Tris-HCI American Bioanalytical, Natick, MA, USA 202005-05000
Triton®X-100 Sigma-Aldrich, St. Louis, MO, USA T8787
Trizma Base Sigma-Aldrich, St. Louis, MO, USA T-852
Trizol® Reagent Invitrogen, Inc., Carlsbad, CA, USA, 15526
Trypsin Invitrogen, Inc., Carlsbad, CA, USA, 252004
Tryptone Fisher Chemicals, Loughborough, UK BP1500-
Tween 20 Sigma-Aldrich, St. Louis, MO, USA P7949

Urea Mallinckrodt, Inc., Hazelwood, MO, USA 8648

Yeast Extrakt Fisher Chemicals, Loughborough, UK 18#2-500
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2.1.3.1 Inhibitors

Aprotinin, Sigma-Aldrich, St. Louis, MO, USA, Cat.-No. A-827Protease inhibitor, from bovine lung, inhibits
Serinproteases and human leukozytéare Elastase

Phosphatase Inhibitor Cocktail .1 Sigma-Aldrich, St. Louis, MO, USA, Cat.-No. P285fbntains Cantharidin,
Bromotetramisole and Microcystin LR; for Serine/r@bnine Protein Phosphatases and L-Isozymes ofliddka
Phosphatases

Phosphatase Inhibitor Cocktail 2 Sigma-Aldrich, St. Louis, MO, USA, Cat.-No. P5726ontains Sodium
orthovanadate, Sodium molybdate, Sodium tartratel, lanidazole; for Tyrosine Protein Phosphatasesd Amnd
Alkaline Phosphatases

Protease Inhibitor Cocktail Sigma-Aldrich, St. Louis, MO, USA, Cat.-No. P834¢bntains [4-(2-Aminoethyl)
benzenesulfonyl fluoride hydrochloride], AprotiniBestatin hydrochloride, E-64-[N(trans-Epoxysuctjflyleucine
4-guanidinbutylamide], Leupeptin hemisulfate s@kpstatin A

Tpl2 Kinase Inhibitor, Calbiochem, EMD Biosciences, Inc., La Jolla, C©SA, Cat.-No. 616373,
4-(3-Chloro-4-fluorophenylamino)-6-(pyridine-3-ylethylamino)-3-cyano-[1,7]-naphthyridine

Casein Kinase Il Inhibitor II, DMAT, Calbiochem, EMD Biosciences, Inc., La Jolla, CISA,
Cat.-No. 218699, 2-Dimethylamino-4,5,6,7-tetrabrebktbenzimidazole

Calmodulin Kinase Il Inhibitor, Sigma-Aldrich, St. Louis, MO, USA, Cat.-No. C1368at, recombinant

IKK g Inhibitor 1V, Calbiochem, EMD Biosciences, Inc., La Jolla, C/SAJ Cat.-No. 401481,
[5-(p-Fluorophenyl)-2-ureido]thiophene-3-carboxamide]

IKK g Inhibitor 1ll, BMS-345541 Calbiochem, EMD Biosciences, Inc., La Jolla, C/SA)
Cat.-No. 401480, 4-(2'-Aminoethyl)amino-1,8-dimeliidazo[1,2-a]quinoxaline

IKK g Inhibitor, SC-514,Calbiochem, EMD Biosciences, Inc., La Jolla, CAAJ
Cat.-No. 401479, §gN,0S

p38 Inhibitor SB 203580 Calbiochem, EMD Biosciences, Inc., La Jolla, C©/SA, Cat.-No. 559389,
4-(4-Fluorophenyl)-2-(4-methylsulfinylphenyl)-5-(@ridyl) 1H-imidazole

Caspase Inhibitor Q-VD-OPhCalbiochem, EMD Biosciences, Inc., La Jolla, CSA, Cat.-No. 551476,
non —O— methylated, N-(2-Quinolyl)valyl-aspartylg§alifluorophenoxy)methyl ketone

2.1.4 Buffer and Solutions

Buffer and Solution Composition

BCA Protein Assay Reagent

BCA Reagent A contains sodium carbonate, sodiuarbanate, BCA detection reagent and
tartrate in 0,1 N sodium hydroxide

BCA Reagent B contains 4% cupric sulfate

Cesiumchlorid-Purification DNA

Buffer A 50mM EDTA, 25mM Tris, pH 8,0; 1% Glucose

Buffer B 0,2N NaOH, 1% SDS

Buffer C 3M KOAc, 115ml Acetic Acid

Nuclear-Cytoplasmic Fractionation

Buffer A 10mM Hepes, pH 7,9; 10mM KCI; 1,5mM MgClmM PMSF,
1mM Sodium orthovanadate, 50mM NaF, 1:100 Protedshitor cocktail,
(5mM DTT)

Buffer B 20mM Hepes, pH 7,9; 420mM NaCl; 1,5mM MgQR2mM EDTA,
20%Glycerol, 1mM PMSF, 1mM Sodium orthovanada@nb! NaF,
1:100 Protease inhibitor cocktail, (5mM DTT)
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Buffer and Solution

Composition

Buffer for Mass-spectrometry

8M GnHCI, 5% n-Propladi00mM NHHCO;. pH 8,6

Blockbuffer for Western blots

5% non-fat dry mitk1x TBST buffer

Colony Hybridization/ Northernblot
Buffer 1

Buffer 2

Buffer 3

Prehybridization Solution
Hybridization Solution

50x Denhardt’s solution
20x SSC

0,1% SDS
0,5M NaOH; 1,5M NacCl
0,5M Tris, pH 8,0; 1,5M NacCl
6x SSC, 5x Denhardt'sufioh, 0,2% SDS
50ml/l 20x SSC, 100ml/I 5Bxenhardt’s solution, 50ml/l 10% SDS,
100ml/l HT-DNA (10mg/ml stock)
109/l Ficoll, 10g/I Polgyipyridione, 10g/ BSA

3M NacCl, 300m Trisodium Citrate; pH 7,0

Coomassie Blue staining
Staining solution

Destaining solution

30% Methanol, 10% Acetic Aci®%6 ddHO,
0,025% Coomassie Brilliant Blue R250
30% Methanol, 10% Acetic aéid% ddHO

Dephosphorylation buffer (10x) for

alkaline Phosphatase

0,5M Tris-HCI, 1mM EDTA; p}3 8

DNA sample loading buffer (10x)

0,21% BromopheBhle, 0,21% Xylene Cyanol, 0,2M EDTA pH 8,0,
50% Glycerol

DNA sample loading buffer, orang

50% Glycerol, 50% ddpD, Orange G to taste

DEPC-water

0,1% v/iv DEPC

EMSA buffer
EMSA buffer 1 (1x Totex)

EMSA buffer 2 (1x Lysis
EMSA buffer 3 (5x Binding)

1% Nonidet P-40, 20mMgés, pH 7,9; 350mM NaCl, 1mM Mggl
0,5mM EDTA, 0,1mM EGTA, 20% Glycerol

100ul Totex-buffer (10%9mM DTT, 5mM PMSF, 1% Aprotinin

0,5% Triton X-100; 2,5@ycerol, 4mM DTT, 10mM Hepes, pH 7,5;
80ug/ml poly (dI-dC)

Ethidiumbromid Solution

10g/l Ethidium bromideddH,O

Fixing sol. for Immunfluorescence

50% Aceton, 5PBéthanol

Galacto-Light Plus" System
Galacto Lysis Solution

Galacto Reaction Buffer Diluent

100mM potassium phosphalte7,8; 0,2% Triton X-100
100mM sodium pHuse, pH 8,0; 1mM MgGl

His-IP buffer
His-IP buffer A (pH 6,3 or 8,0)

His-IP buffer G

His-IP elution buffer

8M Urea, 0,1M MO/ NaH,PO, 10mM Tris 8,0,
10mM p-mercaptoethanol

6M Guanidine hydrochloride, 0,1Nia,HPO,/ NaH,PO, 10mM Tris 8,0,
10mM p-mercaptoethanol
150mM Tris pH 6,8; 250mM ithazol

Immunoprecipitation (IP)-buffer

0,5% NP40, 100mM@a20mM Tris pH 7,5; 0,5mM EDTA,
1:100 Protease inhibitor cocktail; 0,5mM PMSF

In-vitro kinase assay
Buffer PD
Kinase buffer

20mM Tris pH 8,0; 250mM NacCl; 0.05% NP&mM EDTA, 3mM EGTA
20mM Hepes pH7.6; 20nMglycerophosphate; 0,21mM $O,
10mM MgCh, 50mM NaCl, 1ImM DTT

IKK in- vitro kinase assay (IVK) buffers (Nick Shimers)

IVK buffer A

IVK buffer 2 (1x ELB)
IVK buffer 3 (kinase buffer)

10mM Hepes, pH 7,4; 10mM KCI; 0,1mM HI3, 0,21mM EGTA, 1,5mM

MgCl,, 300mM Sucrose, 0,4% NP40, 1ImM DTT (fresh), 0,5mMISF (fresh)

50mM Hepes (sodium salt),@BM NaCl, 5mM EDTA, 0,1% NP40
10mM Hepes, 5mM MgdimM MnCl. 12,5mMp-glycerophosphate,
2mM NaF, 250uM N&/O, 1mM DTT
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Buffer and Solution

Composition

IKK o-IP buffer (Bayon et al.)

50mM Tris, pH 8,0; 1nBBDTA, 0,1% NP40, 250mM NacCl, 10% Glycera
1mM NaVO, 20mM B-glycerophosphate, 0,5mM PMSF

Kodak GBX developer &
replenisher

contains Hydroquinone, Didéime glycol, Potassium sulfite, Sodium sulfite
4-hydroxymethyl-4-methyl-1-phenyl-3-@golidinone

Kodak GBX fixer & replenisher

contains Sodium bfgal Ammonium bisulfite, Ammonium thiosulfate,
Aluminium sulphate, Sodium tetraborate-pentahydrat

LB Broth, Miller Luria Bertani (LB)
LB Agar

10g/l Tryptone, 10g/ NaCl, 5g/l Yeast Extrakt
10g Tryptone, 10g NaCl, 5g Yeast Extrd&g Agar, 40g LB Agar

MCLB buffer for TAP purification
(Mat Sowa)

50mM Tris pH 7,8,50mM NaCl, 0,5% NP40, 10mM NaF; 0,5mM PMSF,
1:100 Phosphatase inhibitor cocktail |1 & 1, 1:1Bfbtease inhibitor cocktail,
4mM N-Ethylmaleimide, 4mM 1,10-Phenanthroline

10x MOPS 0,4M MOPS, 0,1M Sodiumacetate, 0,01M EDTA

NEBuffer 1 10mM Bis Tris Propane-HCI, 10mM MgClmM DTT; pH 7,0

NEBuffer 2 10mM Tris-HCI, 20mM MgGl50mM NaCl, 1mM DTT; pH 7,9

NEBuffer 3 50mM Tris-HCI, 10mM MgG|100mM NaCl, 1ImM DTT; pH 7,9
NEBuffer 4 20mM Tris-acetate, 10mM Magnesiumtates 50mM Potassium acetate,

ImM DTT,; pH 7,9

NETN buffer (GST)

1mM EDTA, 150mM NaCl, 20mM Tnig18,0; 0,5% NP40,

PBS (10x)

137mM NacCl, 2,7mM KClI, 4,3mM pPO, 1,47mM KHPO,. pH 7,4

10x PCR Buffer
(Tag DNA Polymerase)

200mM Tris-HCI pH 8,4; 500mM KCI

QIAGEN Buffer and Solutions
Buffer EB

Buffer P1 (resuspension buffer)
Buffer P2 (lysis buffer)

Buffer P3 (neutralization buffer)
Buffer QBT (equilibration buffer)

Buffer QC (wash buffer)
Buffer QN (elution buffer)

10mM Tris-HCI, pH 8,5
50mM Tris-Cl, pi9;8.0mM EDTA, 100ug/ml RNase A
200mM NaOH, 1% SDS v/
3M Potassianetate, pH 5,0
750mM NacCl, 50mM MOPS, pH 7,0; 15% Isopropanol \v/v
0,15% Tritof? X-100 (v/v)
1M NaCl, 50mM MOPS, [#0; 15% Isopropanol (v/v)
1,6M NaCl, 50mM MOPBH 7,0; 15% Isopropanol

RIPA lysis buffer

50mM Tris, pH 8,0; 2mM EDTA, 2HONP40, 150mM NaCl, 0,1% SDS,
0,25% NaDOC, 1:100 Proteaseinhibitor cocktail, 5Si&F, 1mM NaVO,
0,5mM PMSF, 12,5mM-glycerophosphate, 2mM Sodiumpyrophosphate

SDS PAGE Sample Buffer

10ml Glycerol, 10ml SDS¥2023,75ml ddHO, 6,25ml Tris (1M, pH 6,8),
Bromphenol Blue to taste; fresh: §tMercaptoethanol/ 1ml Sample Buffer

SDS Running buffer (5x)

729/l Glycine, 15g/I Trigy/l SDS

S.0.C. medium

2% Tryptone, 0,5% Yeast Extract, 10N8\CI, 2,5mM KCI, 10mM MgCI2,
10mM MgSO04, 20mM Glucose

SuperScript" 1l First-Strand Synthesis System for RT-PCR, Intvdgen, Inc., Carlsbad, CA, USA

Superscript 10x RT buffer
T4 DNA Ligase Buffer (1x)

200mM Tris-HCI pH 8,4080M KCI
50mM Tris-HCI pH 7,5; &M MgCl, 10mM DTT, 1mM ATP, 25ul/ml BSA

Tandem Flag-HA IP Buffer (Guilla
Lysis/ Flag IP buffer

ume Adelmant 2008)
150mM NacCl, 50mM Tris pH 7 BnM EDTA, 0,5% NP40, 10% Glycerol,
1:100 Protease inhibitor cocktail

HA — IP buffer 150mM NacCl, 50mM Tris pH 7,5, ImMDEA, 0,05% NP40, 10% Glycerol
1:100 Protease inhibitor cocktail

TBE (10x) 890mM Tris, 890mM Boric acid, 20mM EDTAH 8,3

TBE (0,5x) 45mM Tris, 45mM Boric acid, 1mM EDTAHp3,0

TBST (1x) 10mM Tris-HCI, pH 7,5; 150 mM NacCl, 0,1Pween-20

TE (1x) 10mM Tris-HCI, 1mM EDTA
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Buffer and Solution

| Composition

TOPO TA Cloning® Kit for Sequencing, Invitrogen, Inc.,

10x PCR buffer
Salt solution

1,2M NaCl, 0,06M Mggl

100mM Tris-HCI pH8,3; 500mM KClI, 28hivigCl,, 0,01% Gelatin

Transferbuffer for Western blots

14,25¢/1 GlyciBg/l Tris, 200ml/l Methanol

Tryphan blue (stock)

Tryphan Blue (working solution)

0,02g Tryphan Blue
Stock + Ethanob (@ ; 1:2 v/v)

10g Phenol, 10ml GlyceroinlQactic Acid, 10ml ddHO,

2.1.5 Antibiotics

Antibiotic Stock |Final |Mode of action Mode of resisance
conc. | conc.
mg/ml | pg/ml
Ampicillin 100 100- bacteriocidal; only kills gromy B-lactamase hydrolyzes ampicillin
1000 | E.cali; inhibits cell wall synthesis before it enters thedl
by peptidoglycan cross-link
Blasticidin S 100 3-50 inhibits protein synthesibth three Blasticidin S resistance genes:
prokaryotes and eukaryotes through 1. acetybfemase gendjs,
inhibition of peptide-bond formation froBtreptoverticillum sp.
in the ribosomal machinery 2. two deaminase gidise, from
Bacillus cereus, andbsd from
Aspergillusterreus
Hygromycin B | 50 200 aminoglycoside that kills bai@te | Hygromycin B phosphotransferase (Hp
fungi and eukaryotic cells by catalyzes thegphmrylation of the
inducing misreading of amino- 4-hydroxyl grougthee cyclitol ring
acyl-tRNA by distorting the (hyosamine)
ribosomal A-site (decoding center
Kanamycin 10 30 bacteriocidal; inhibits protein aoglycoside phosphotransferase, al
synthesis; inhibits translocation, known as ngamphosphotransferase
elicits miscoding, aminoglycoside acetyltranager, and
affects 30S ribosomal subunit, aminoglycosideleotidyltransferase;
causes frameshift mutation inactivates kanamyci
Neomycin 50 500 is an aminonucleoside antibiotic | sistance is conferred by either one of
G418 1000 | prod. bgreptomycesfradiae, two aminoglycoside phosphotransferas
(Geneticin) inhibits protein synthesis; geneso)
Neomycin for prokaryotes,
G418 (Geneticin) for eukaryotes
Plasmocin 25 12-38| contains two bactericidal reistance in liquid cultures has ever
components: one interferes been identified
with ribosome translation, the
other acts on DNA replication by
interfering with the replication fork
Puromycin 10 1-10 is an aminonucleoside antibiotic | Fungi and Gram negative bacteria are

prod. byStreptomyces alboniger,
inhibits peptidyl transfer on both
prokaryotic and eukaryotic
ribosomes

resistant due to low permeability;
the expremsibpac gene encoding
puromycin N-acetystierase (PAC)
confers resistance to transfected

mammalian cells expressing it
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2.1.6 Bacteria Strains

Bacteria Genotyp Company Catalog-
Strain number
DH5a™ F-®80lacZA(lacZYA-argF)U169 Invitrogen, Inc., Carlsbad, CA, USA 1826301
recAl endAl hsdR17(x ,mc") New England Biolabs, Ipswich, MA,| C2988
phoA supE44thi-1 gyrA96 relAl A New England Biolabs, Ipswich, MA,| C2987
One Shdt | F-mcrA A(mrr-hsdRMS-merBC)®80lacZAM15 | Invitrogen, Inc., Carlsbad, CA, USA| C4040-1
TOP10 AlacX74 recAl araD139 A(ara-leu)7697galU
galK rpsL (Str™) endAl nupG
XL1- Blue |[recAl endAl gyrA96 thi-1 hsdR17supE44relA | Stratagene, La Jolla, CA, USA 200519
lac [F' proAB lacl%ZAM15 Tn10 (Ted]
BL21(DE3)| B F-dcm ompT hsdS(r,’,m,") gal A (DE3) Stratagene, La Jolla, CA, USA, 200131

2.1.7 Tissue Culture Material and Solutions

Tissue Culture Material Company Catalognumber

Material

Cell Lifter Corning, Inc., Corning, NY, USA 3008

Cryogenic Vials Corning, Inc., Corning, NY, USA 66

Cryospin vials Marsh Bio Products, Rochester, N8A V9015-W

Filter Nalgene Nunc Thermo Fisher, Rochester, NY 5-0@20
Whatman Inc., Piscataway, NJ, USA 6722-5000

Flasks Becton Dickinson and Co., Franklin Lakes,|l8$53136; 353112

Glass Plates for Acrylamid-gels

Bio-Rad LaborasyriHercules, CA, USA

1653312, 1653308

Pipettes

Becton Dickinson and Co., Franklin Lakés,

357521, 357507; 357543
357551, 357535, 357550

Pipette Tips Corning, Inc., Corning, NY, USA 48@809

Plates Becton Dickinson and Co., Franklin Lakes,|[8$3046; 353043; 353072
353025; 353003

Reservoir Corning, Inc., Corning, NY, USA 4870

Storage Bottle Corning, Inc., Corning, NY, USA 838396

Syringes and Needles

Becton Dickinson and Co., Franklin Lakes,

NJ09603; 309604; 305190

Tubes Becton Dickinson and Co., Franklin Lakes, Nd52098, 352097
Solutions

DMEM medium Invitrogen, Inc., Carlsbad, CA, USA B3040
RPMI 1640 Invitrogen, Inc., Carlsbad, CA, USA 158185
Trypsin (with 0.5% EDTA) Invitrogen, Inc., CarlshadA, USA 25300-054
Neugem Serum

(replaced by Fetalplex) GEMINI Bio-Products, WoodlaCA, USA | 100602
Fetalplex* Animal Serum ComplexGEMINI Bio-Products, Woodland, CA, USA| 100602
Newborn Calf Serum (NCS) HyClone/ Peribo, LogarghJt ALM15201
Tet System approved fetal

bovine serum (FBS) Clontech Lab., Inc.Mountain Vi€, USA | 631106
Blasticidine S hydrochloride Sigma-Aldrich, St. liguMO, USA 15205
G418 GEMINI Bio-Products, Woodland, CA, USA  400-P11
L-Glutamine Invitrogen, Inc., Carlsbad, CA, USA 300081
Hygromycin EMD Biosciences, Inc., La Jolla, CA, USA | 400052
Penicillin-Streptomycin Invitrogen, Inc., CarlshaziA, USA 15070-063
Plasmocif” Invivogen, San Diego, CA, USA ant-mpt
Puromycin Invivogen, San Diego, CA, USA ant-pr-1
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2.1.8 Cell Lines and Media

Cell Line Organism/ Disease Properties Morphology Mdia
HEK 293 Homo Sapiens adherent, epithelial DMEM,
embryonic kidney transformed with 10% Fetalptexum,
adenovirus 5 DNA 2mM glutamin
HEK 293 Homo Sapiens adherent, epithelial DMEM,
(Tet-system) embryonic kidney transformed with %l Uet-free FBS,
adenovirus 5 DNA, 2mM glutamin
contains stably integrated
GFP-LMP1-TES2 under the
control of a Tet-system
HEK 293T Homo Sapiens adherent, epithelial DMEM,
embryonic kidney cells contain Adeno- and 10%akpdex serum,
SV-40 viral DNA sequences, 2mM glutamin
express SV40 T antigen
Hela Homo Sapiens adherent, epithelial DMEM,
cervix, produces keratin, 10% Fetalplex serun
adenocarcinoma cells contain human papilloma 2mM glutamin
virus 18 (HPV-18) sequencegq
Jurkat WT Homo Sapiens suspension, lymphoblast RPMI
T lymphocyte, produces interleukin-2 10% Fetaigerum,
acute T cell 2mM glutamin
leukemia
Jurkat A45 Homo Sapiens suspension, lymphoblast RPMI
(NEMO/ T lymphocyte, chemically mutagenized with 10% Fetalplex serum,
IKKy mutant) | acute T-cell- ICR 191, 2mM glutamin
leukemia cells contain NkB-CD14,
NF«B-GFP, NF«B-
Nils Jacobsen, Puromycin, Bcl-2, CrmA,;
(B. Seed selected for defect in TNé-
Laboratory) signaling (CD14-)
Jurkat 2@ Homo Sapiens suspension, lymphoblast RPMI
T lymphocyte, produces interleukin-2; 10% Fetpterum,
acute T-cell- = 2C reconstituted with 2mM glutam
leukemia NEMO
Jurkat 2C Homo Sapiens suspension, lymphoblast RPMI
(NEMO/ T lymphocyte, chemically mutagenized with 10% Fetalplex serum,
IKKy mutant) | acute T-cell- ICR 191, 2mM glutamin
leukemia cells contain NkB-CD14;
selected for defect in HTLV-I-
(Harhaj, Sun, Tax (CD14-) signaling and a
2000, Ref. 153) defect in NF«B activation by
PMA/ CD28
MEF Mus musculus adherent fibroblast DMEM,
10% Fetalplex serum,
2mM glutamin
50pumB-ME
MEF Mus musculus adherent, fibroblast DMEM,
(NEMO/ knockout of NEMO by 10% Fetalplex serum
IKKy ko) homologous recombination; 2mM glutamin
(Makris C, defective in activation of 50umME
2000, Ref. 243) NF-«B
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Cell Line Organism/ Disease | Properties Morphology Media
Rat-1 Rattus norvegicus adherent, fibroblast DMEM,
parental cell line of 5R 10% Fetalplex,
2mM glutamin
+ 10% old medium
5R Rattus norvegicus adherent, fibroblast DMEM,
(NEMO/ transformed with HTLV-Tax; 10% Fetalplex,
IKKy mutant) defective in activation of 2mM glutamin
(Yamaoka S, NF«B by LPS, PMA, IL-1, + 10% old medium
1998, Ref. 400) and HTLV-I-Tax
U-2 OS Homo Sapiens adherent, epithelial DMEM,
bone, produces osteosarcoma 10% Fetalplex serd
osteosarcoma derived growth factor (ODGF) 2mMt&hin
70Z.3 Mus musculus suspension, lymphoblast RPMI
B-cell lymphoma parental cell line of 1.3E2 10% 8!
2mM glutamin
50pmp-ME
1.3E2 Mus musculus suspension, lymphoblast RPMI
(NEMO/ B-cell lymphoma isolated by immunoselectior 10% NCS,
IKKy mutant) from 70Z.3 cells (LPSFN); 2mM glutamin
(Rooney JW, defective in activation of 50umME
1990) NF«B by LPS, PMA

Freeze medium for all cells (exept 293 with Tetayy was growth medium containing 10% DMSO.
293 cells containing the Tet system were frozehenhfree fetal bovine serum containing 10% DMSO.

2.1.9 Antibodies

m!

Antibody Company Catalognumber
Anti-A20 BD Biosciences, Palo Alto, CA, USA 550859
Anti-Bax, NT upstate cell signalling solutions, NYSA 06-499
Anti-Bcl 3 (C-14) Santa Cruz Biotech. Inc.,Santaif; CA, USA | sc-185
Anti-Bcl 10 (331.3) Santa Cruz Biotech. Inc.,Sa@taz, CA, USA| sc-5273
Anti-DBC1 Center for Advanced Biotechnology and

Medicine (CABM), Eileen White Ref. 340
Anti-FIP3 (NEMO) M. Horwitz Ref. 229,230
Anti-FLAG® M2 Stratagene, La Jolla, CA, USA 200470-21
Anti-GAPDH Chemicon International, Temecula, CA,AJS|LV 1366182
Anti-GAPDH (FL-335) Santa Cruz Biotech. Inc.,Sa@aiz, CA, USA| sc-25778
Anti-HA-Probe (F-7) Santa Cruz Biotech. Inc.,Sa@taz, CA, USA| sc-7392
Anti-HA-Probe (Y-11) Santa Cruz Biotech. Inc.,Saffruz, CA, USA| sc-805
Anti-lxBa Cell Signaling TecH, Inc., Danvers, MA,USA 9242
Anti-1kB-o (C-21) Santa Cruz Biotech. Inc.,Santa Cruz, CBAU sc-371
Anti-1kB-o (C-21)-G Santa Cruz Biotech. Inc.,Santa Cruz, G8A | sc-371-G
Anti-lxBe Cell Signaling TecH, Inc., Danvers, MA,USA 9249
Anti-IKK o BD Biosciences, Palo Alto, CA, USA 556532
Anti-IKK a (M-110) Santa Cruz Biotech. Inc.,Santa Cruz, O8A | sc-7183
Anti-IKK B (H-4) Santa Cruz Biotech. Inc.,Santa Cruz, CAAUSc-8014
Anti-IKK B (H-470) Santa Cruz Biotech. Inc.,Santa Cruz, G8A | sc-7607
Anti-IKK y (FL-419) Santa Cruz Biotech. Inc.,Santa Cruz, O8A | sc-8330
Anti-IKK y (NEMO, FIP3) BD Biosciences, Palo Alto, CA, USA 5% 75
Anti-IKK y/ NRP (NEMO, FIP3) eBioscience, Inc., USA 14-6335-6
Anti-IKK y (NEMO, FIP3) Imgenex, San Diego, CA, USA IMG-4044
Anti-IKK y (NEMO, FIP3) Imgenex, San Diego, CA, USA IMG-4045
Anti-IKK ¢ Cell Signaling TecH, Inc., Danvers, MA USA 2686
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Antibody Company Catalognumber
Anti-IRAK-1 (F-4) Santa Cruz Biotech. Inc.,Santeug, CA, USA | sc-5288
Anti-IRAK-1 (H-273) Santa Cruz Biotech. Inc.,Sai@auz, CA, USA| sc-7883
Anti-JNK1 (FL) Santa Cruz Biotech. Inc.,Santa GrGA, USA | sc-571
Anti-LMP1 S12C10 Ref. 155
Anti-mouse CD16/ CD23 (Fglll/ 1l Receptor) | BD Biosciences, Palo Alto, CASA 553142
Anti-NFkB p50 (H-119) Santa Cruz Biotech. Inc.,Santa C@, USA | sc-7178
Anti-NFxB p50 (NLS) Santa Cruz Biotech. Inc.,Santa Cruk, GSA | sc-114
Anti-NFxB p52 Abcam, Cambridge, MA, USA ab 7972-1
Anti-NFxB p52 upstate cell signalling solutions, NY, USA -85
Anti-NFxB p65 (A) Santa Cruz Biotech. Inc.,Santa Cruz, O8A | sc-109
Anti-NFkB p65 (C-20) Santa Cruz Biotech. Inc.,Santa C@u#, USA | sc-372
Anti-NFxB p65 (F-6) Santa Cruz Biotech. Inc.,Santa Crug, TSA | sc-8008
Anti-NIK (A-12) Santa Cruz Biotech. Inc.,Santa €rCA, USA | sc-8417
Anti-p38 MAPK Cell Signaling Tecf, Inc., Danvers, MA,USA 921
Anti-p38 MAPK (C-20)-G Santa Cruz Biotech. Incr&aCruz, CA, USA| sc-535-G
Anti-p-300 (N-15) Santa Cruz Biotech. Inc.,Santa£;ICA, USA | sc-584
Anti-PAK1/2/3 Cell Signaling Tech, Inc., Danvers, MA,USA 2604
Anti-y-PAK (N-19) Santa Cruz Biotech. Inc.,Santa Crua, OSA | sc-1872
Anti-Rel B (C-19) Santa Cruz Biotech. Inc.,Santaz; CA, USA| sc-226
Anti-c-Rel (C) X Santa Cruz Biotech. Inc.,SantaiGrCA, USA | sc-71
Anti-RIP BD Biosciences, Palo Alto, CA, USA 51-6559-GR
Anti-RIP (K-20) Santa Cruz Biotech. Inc.,Santa £@QA, USA | sc-1169
Anti-Sp1 (PEP 2) Santa Cruz Biotech. Inc.,SantazCCA, USA | sc-59
Anti-TANK (C-20) Santa Cruz Biotech. Inc.,SantaugrCA, USA | sc-1997
Anti-TRADD (N-19) Santa Cruz Biotech. Inc.,Santeug, CA, USA| sc-1165
Anti-TRAF2 (H-10) Santa Cruz Biotech. Inc.,Santa; CA, USA | sc-7346
Anti-TRAF6 Cell Signaling Tecf, Inc., Danvers, MA,USA 4743S
Anti-TRAF6 (C-20) Santa Cruz Biotech. Inc.,Santaz; CA, USA | sc-6223
Anti-TRAF6 (H-274) Santa Cruz Biotech. Inc.,Sa@taiz, CA, USA| sc-7221
Anti-TRAF6 (D-10) Santa Cruz Biotech. Inc.,Santa; CA, USA| sc-8409
Anti-a-Tubulin (aN-18) Santa Cruz Biotech. Inc.,SantazZCCA, USA | sc-12836
Anti-a-Tubulin, clone B-5-1-2 Sigma-Aldrich, St. LoulO, USA-Aldrich | T 5168
Anti-Ub (P4D1) Santa Cruz Biotech. Inc.,Santa C@&, USA | sc-8017
Anti-Phospho-IKKx (Ser180)/ IKKp (Ser1s1) | Cell Signaling Tech, Inc., Danvers, MA,USA 55515
Anti-Phospho-IKKe (Ser176)/ IKK3 (Ser180) | Cell Signaling TecHi, Inc., Danvers, MA,USA 5697
Anti-Phospho- tBe (Ser 18/ 22) Cell Signaling Teck, Inc., Danvers, MA,USA 4924S
Anti-Phospho-NRB p65 (Ser 276) Cell Signaling Teclf, Inc., Danvers, MA,USA 3037S
Anti-Phospho-NRB p65 (Ser 468) Cell Signaling Teck, Inc., Danvers, MA,USA 3039S
Anti-Phospho-NRB p65 (Ser 536) Cell Signaling Teck, Inc., Danvers, MA,USA 3036S
Anti-Phospho-p38 MAPK (Thr180/Tyr1g2) | Cell Signaling Tech, Inc., Danvers, MAUSA 95155
Anti-Phospho-p38 MAPK (Thr180/Tyr182) New EnglanBbs, Ipswich, MA, USA 9211S
Anti-Phospho-PAK1 (Ser-144)/ PAK2 (Ser141 Cellrgiting Tech?, Inc., Danvers, MA,USA sc-2606
Anti-Phosphoy-PAK (Ser-141) Santa Cruz Biotech. Inc.,Santa C@#, USA | sc-16775
Anti-Phospho-SAPK/ JNK (Thr183/Tyr185) Cell SigmajiTech?, Inc., Danvers, MA,USA 9255S
Jackson Immuno Research Lab., Inc., West
Anti-Mouse 1gG Peroxidase-conjugated Grove, PBAU 715-035-151
Jackson Immuno Research Lab., Inc., West
Anti-Rabbit 1gG Peroxidase-conjugated Grove, BSA 711-035-152
Streptavidin-Peroxidase Polymer Sigma-Aldrich,L8uis, MO, USA S2438
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Antibody Company Catalognumber
Anti-Mouse 1gG TrueBldt' HRP eBioscience Inc., San Diego, CA, USA 18-8837-
Anti-Rabbit 1IgG TrueBlot' HRP eBioscience Inc., San Diego, CA, USA 18-8836-
Anti-Mouse IgG (H+L) Alexa Fludt 488 Molecular Probes, Eugene, OR, USA, A-11029
Anti-Rabbit IgG (H+L) Alexa Flud? 488 Molecular Probes, Eugene, OR, USA, A-11034
Anti-Mouse IgG (H+L) Alexa Fludt 568 Molecular Probes, Eugene, OR, USA, A-11031
Anti-Rabbit IgG (H+L) Alexa Flud? 568 Molecular Probes, Eugene, OR, USA, A-11011
2.1.10 Beads

Beads Company Catalognumber
Anti-FLAG-M2 Sigma-Aldrich, St. Louis, MO, USA A-Z0
GST-kBa-beads (Ellen Cahir-McFarland)

GST-kBa-SSAA-beads (Ellen Cahir McFarland)

HA-probe (F-7) AC Santa Cruz Biotech. Inc.,SantazZCCA, USA| sc-7392-AC
Protein A Sepharo¥eCL-4B Invitrogen, Inc., Carlsbad, CA, USA, 10-04
Protein G Sepharo8e4 Fast Flow GE Healthcare, Piscataway, NJ, USA 0818-02
Ni-NTA Agarose QIAGEN Inc., Valencia, CA, USA 10182
Ni-NTA Superflow QIAGEN Inc., Valencia, CA, USA 18611

2.1.11 Enzyms

Name Source Recognition Site Reaction Conditions

BamHI E. coli strain that carries the 5"...G/IGATCC...3 NEBuffelBBA
BamHI gene fronBacillus 3'...CCTAG/G...5 Incubate at 37°C
amyloliquefaciens H (ATCC 49763)

EcoRlI E. cali strain that carries 5°...G/AATTC...3’ NEBuffer 1-4, U
the cloned EcoRI gene from 3...CTTAA/G...5 Incubat 37°C
E. coli RY13 (R.N Yoshimori)

EcoRV E. coli strain that carries the 5°...GAT/ATC...3’ NEBufferB$A
EcoRV gene from plasmid J62 3...CTAITAG...5 Incubat 37°C
pLG74 (L.l. Glatman).

Hindlll E.coli strain that carries 5...A/AGCTT...3" NEBuffer 2
the Hind 11l gene from 3...TTCGA/A...5 Incubate&t°C
Haemophilus influenzae Rd

Ndel E. coli strain that carries the 5...CAITATG...3’ NEBuffepe4
Ndel gene fronNeisseria 3"...GTAT/AC...5° Incubate at 37°C
denitrificans (NRCC 31009)

Notl E. coli strain that carries the 5...GC/GGCCGC...3 NEBufeBSA
Notl gene fromNocardia 3'...CGCCGG/CG...5 Incubate at 37°C
otitidis-caviarum (ATCC 14630)

Smal E.coli strain that carries 5'...CCC/GGG...3 NEBuffer 4
the Sma | gene from 3'...GGG/CCC...5 Incubate 4€25
Serratia marcescens

Xhol E. coli strain that carries the 5...C/ITCGAG...3 NEBuffelB5A

Xhol gene fromXanthomonas
holcicola (ATCC 13461)

3'...GAGCT/C...5

Incubate at 37°C
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Name

Source

Recognition Site

Reaction Conditions

Phosphatase,
alkaline (CIAP)

Calf intestine

removal of terminal
monoesterified phosphat
from both ribo- and
deoxyribo-oligonucleotide

0 pmol DNA
e lunibfhatase
37°C for 60min

T4 DNA Ligase

E.coli C600 pcl857 pPLc28 lig8

catalyzes the formation

dfx Ligase buffer

a phosphodiester bond 0.1-1uMin

between 5 phosphate 5’termini

and 3 hydroxyl termini 16°C, 4hrs
DNA Polymerase | E.cali strain containing a 1x NEBuffer 2
(Klenow Fragment, | plasmid with a fragment of the emdw Fragment 33uM dNTPs

3'a5’ exo-) E.coli polA (D355A, E357A) (3'a5’ exo-)* incubated at 37°C
gene starting at codon 324

Taq DNA E.coli expressing a cloned *x 1x PCR buffer

Polymerase, Thermus aquaticus 1.5mM MgClI2

recombinant DNA polymerase gene 1-2.5 umhég

1u

0.8mM dNTP mix

M Primer mix

Taq DNA
Polymerase, native

Thermus aquaticus YT1

*%

15

1y

1x PCR buffer

mM MgClI2

1-2.5 unitsraq
0.8mM dNTP mix

M Primer mix

*Klenow Fragment (325’ exo-) is a N-terminal truncation of DNA Polymeeal which retains polymerase
activity, but has lost the 33’ exonuclease activity and has a mutation (D356357A) which abolishes the

3'>5’ exonuclease activity .

**Tag DNA Polymerase has both a-»3’ DNA polymerase and a 33’ exonuclease activity but lacks a

3'>5’ exonuclease activity.

Enzym Company Catalognumber
BamHlI New England Biolabs, Ipswich, MA, USAR0136L
EcoR| New England Biolabs, Ipswich, MA, USAR0101L
EcoRV New England Biolabs, Ipswich, MA, USAR0Q195L
HindlII New England Biolabs, Ipswich, MA, USAR0104L
Ndel New England Biolabs, Ipswich, MA, USAR0111L

Notl New England Biolabs, Ipswich, MA, USAR0189L
Smal New England Biolabs, Ipswich, MA, USAR0141L
Xhol New England Biolabs, Ipswich, MA, USAR0146L
Phosphatase, alkaline (CIAP) Boehringer Mannheiprn@any 713023

T4 DNA Ligase New England Biolabs, Ipswich, MA, USAM0202S
DNA Polymerase (Klenow Fragment, 3'a5’ exof)lew England Biolabs, Ipswich, MA, USAM0212L

Taq DNA Polymerase, recombinant Invitrogen, Inc., Carlsbad, CA, USA 10342-020
Taq DNA Polymerase, native Invitrogen, Inc., Carlsbad, CA, USA 18038-042
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2.1.12 Peptides

Peptides/ Sequence

Company

Catalognumber|

FLAG-Peptide

Sigma-Aldrich, St. Louis, MO, USA

F3290

Influenza Hemagglutinin (HA) Peptide Sigma-Aldri&t, Louis, MO, USA 12149-1MG
N-Tyr-Pro-Tyr-Asp-Val-Pro-Asp-Tyr-Ala-C

Inhibitory Peptide to human NEMO, 1KK Imgenex, San Diego, CA, USA IMG-2000
DRQIKIWFQNRRMKWKK TALDWSWLQTE IPG012610

(underlined = IKI§/ NEMO binding sequence)

Control Peptide Imgenex, San Diego, CA, USA IM@Q0
DRQIKIWFQNRRMKWKK H012913P

2.1.13 Nucleotids

Nucleotides Company Catalognumber

dldC (deoxinosin-deoxycytosin) Invitrogen, Inc.rShad, CA, USA, 16335-092

dNTP-Mix* Invitrogen, Inc., Carlsbad, CA, USA, 184-088

p*2a-dATP- (2'-desoxyadenosin-5-triphosphat] Perkimé&i Corp., Wellesley, MA, USA BLU512H

p*0-dCTP (2"-desoxycytidine-5-triphosphat) Perkin EinCorp., Wellesley, MA, USA BLU513H

p*0-dGTP (2 -desoxyguanosine-5'-triphosphalt) ~ PerkeEICorp., Wellesley, MA, USA | BLU514H

*dNTP-Mix = Mix of 2"-deoxynucleoside 5 -triphospiea: dATP, dCTP, dGTP, dTTP, 10mM each

2.1.14 Plasmids

Plasmid

Reference/ Provider/ Company

GFP-RelA (p65)

HA-Ub-K63 only

His-Ub

pBABE-hygro h-tert
pBABE-puro

pBluescript I KS/ SK (+)
pcDNA3 empty
pcDNA-Flag-h-TRAF6
pPcDNAS-FIKKp

pPcDNA3-TAX

pCMV-SPORT6
pCMV4-AN-lkBa
pPCMV4-1kBa-SSAA (SA/S:6A)
pCMV6-XL4/5/6- NEMO/ IKKy
pCR4-TOPO
pDsRed-Monomer-C1
PGEX-KG

pGK2-LMP1

pGK2-LMP1-ID (YYD384-3861D)
pGK2-LMP1-PQ (P204A/ Q206A)
pGK2-LMP1-CD40CT
pGK-B-galactosidase
pGK2-3xLuc

pmaxGFP

pNFkB-d2EGFP
pRK5-Flag-RIP

pSG5

D. Ballard, Vanderbilt Universityashville, TN, USA

ZJ. Chen, University of Texas Souttstern Medical Center, TN, USA

Eric Johannson, BWH Boston, MA, USA

Karl Miinger, BWH Boston, MA, USlbtained from Weinberg laboratory)

Karl Minger, BWH Boston, MA, USA

Invitrogen, Inc., CarlahaCA, USA,

Invitrogen, Inc., Carlsbad, CA, USA,

Washington University
91,343
Ellen Cahir Mc-Farland, BWH Boston, MAISA
Open Biosystems, Boston, MA, USA
47
66, D.Ballard, Vanderbilt University, Nashvill&éN, USA
OriGene Technologies, Inc., Rockville, MD, USA
Invitrogen, Inc., Carlsbad, CA, USA,

BD Biosciences, Palo Alto, CAAJEat.-No. 632466
Eric Johannson, BWH Boston, MA, USA

91,343

91,343

91,343

155

91

260

Amaxa/ Lonza, Inc., KéIn, Germany

BD Biosciences, Palo Alto, CA, USAL.&¥o0. 6054-1
166, David Goeddel (Tularik)

Invitrogen, Inc., Carlsbad, CA, USA,
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The pGK2 vector was constructed from pcDNA3. Thedifications are: the pCMV promoter of pcDNA3-
plasmid is sensitive to NiB inhibition. Therefore this promoter was replagdth the NF«xB-insensitive pGK
promoter (phosphoglucokinase) using the restrickomymes Bglll and Hindlll (Ref: Cahir McFarland ED
The pCMV and T7 promoter was cut out (Fig.14).

Bsml

Figure 14.pcDNA3 and pGK2 plasmids

2.1.15 Primer and Constructs

Primer

Sequence

Abinl_HAforw_Hindlll

Abinl_HArev_EcoRV
pGK2_forwl

pGK2_forw2

pGK2_forw3

Nemo 1 forward

Nemo 2 forward

Nemo 3 forward

Nemo 4 forward

Nemo 5 forward

Nemo 6 reverse

Nemo 7 reverse

Nemo 8 reverse

Nemo 9 reverse

Nemo 10 reverse

GSTprimer

GSTforwHindlll

GSTrevBamHlI
NemolGST_forw_aa372_ BamHI
Nemo2GST_forw_aa394 BamHI
Nemo3GST _rev_aa419 Notl

Nemo4GST_forw_aal33 BamHI
Nemo5GST_rev_aa200_Notl
Nemo6GST_rev_aa224 Notl
Nemo7GST_rev_aa250_Notl

Nemo8GST_forw_aal BamHI
Nemo9GST _rev_aa50_Notl

5-TGACCCAAGCTTACCACCATGTATCCAATGACGTCCC
AGACTATGCCGAAGGGAGAGGACCGTACCGGATC-3'
5-ACTCGGGATATCTCACTGAGGCCCCTCACGICATTTTTTGG-3'
5-TGTTCTCCTCTTCCTCATCTCCGGGCCTTTCGACGT-
5-GCACGCTTCAAAAGCGCACGTCTGCCGCGCTGTTCY -
5'-GCAATGGAAGCGGGTAGGCCTTTGGGGCAGCGGCCAAGC-3'
5-TATAGTTTGGCAGCTAGCCCTTGCC -3’
5-GGAGTTCCTCATGTGCAAGTTCCA -3’
5-GCTGCAGCAGCAGCACAGCGTGCA -3
5-GCACAAGATTGTGATGGAGACCGT -3
5-GGAGCCACCTGACTTCTGCTGTCC -3
5-GGGCACGTCCTCGGCAGGCAG -3
5-GCTCCAGCTGCTCCTGCAGGAGCT -3
5-GATAGGCCACCTGCAACTGGGCCA -3’
5-TCTGCTGCTGGCATCTCTTCAGGT -3
5-TCCCCAGAGGAGACTCTTCGCCCA -3’
5-CCTTTGCAGGGCTGGCAAGCC-3'
5'-GATCAAGCTTACCACCATGTCCCCTATACTAGGTAT-3'
5-CCCGGGGATCCCACGACCTTCGATCAGATCCGATI
5-GGTCGAGGATCCGCCTACCBCITCTCCCCTGGCCCTG-3'
5-GGTCGAGGATCCTTCTGCTERAAGTGCCAGTATCAG-3'
5-TGAATTGCGGCCGCCTACTCAATEBCTCCATGAC
ATGTATCTG-3'
5-GGTCGAGGATCCCAGCAGATGIEAGGACAAGGCCTCT-3
5-TGAATTGCGGCCGCCTAGTCCAGWTACGCTGTGCTGCTGCT-3'
5-TGAATTGCGGCCGCCTACCTCTOCTCCGAGGCGGCCTGGC-3'
5-TGAATTGCGGCCGCCTACACCACI&CTCTTGAT
GTGGTTGTCGTA-3'
5-GGTCGAGGATCCATGAATAGGCBTCTGGAAGAGCCAA-3'
5-TGAATTGCGGCCGCCTAGGTCTEMISCGCCCTGT
TCTGAAGGCAG-3'

41




Material and Methods

Primer

Sequence

Nemol forwHA BamHI_WT

Nemo2_rev_Notl

Nemo3_rev_Stop_aa372
Nemo4_rev_Stop_aa303
Nemo5_rev_Stop_aa245

Nemo6_forwHA BamHI_aa51
Nemo7_forw_del
Nemo8_rev_del
Nemo9_rev_stop_aa394_ Notl
NemolGST_forw_aa372_Xhol
Nemo2GST_forw_aa394 Xhol
Nemo3GST_rev_aad419 Hindlll
Nemo4GST_forw_aal33_Xhol
Nemo5GST_rev_aa200_Hindlll
Nemo6GST _rev_aa224 Hindlll
Nemo7GST_rev_aa250_ Hindlll
Nemo8GST_forw_aal Xhol
Nemo9GST _rev_aa50_Hindlll
DeletionofNemo303-372_forwl
DeletionofNemo303-372_revl
DeletionofNemo0133-372_forwl
DeletionofNemo0133-372_revl
Forw2NemoS31A
Rev2NemoS31A
Forw2NemoS43A
Rev2NemoS43A

ForwNemoE315A
RevNemoE315A
NemoHISforw_Hindlll_Ndel
NemoHISrev_Hindlll_Ndel

HisHAforw_HindIll_EcoRI

NemoFlagHAforw_H3_BamHI
NemoFlagHArev_H3_ BamHI
ForwHindlll_Flag BamHI
NemoFLAGforw_Hindlll_Ndel
NemoFLAGrev_5pr
NemoFLAG_PCRforw

IKK B Hind 11l sense

IKK B Smal antisense

5-GATCGGATCCACCACCATGTATCCAMTGACGTCC
CAGACTATGCCAATAGGCACCTCTGGAAGAGC-3'
5-AGAGGCGGCCGCCTAAGGGGCGGGGGGCAAGGGLC-3'
5-GATAGCGGCCGCCTACTTCAGCACGBGGGTCTC-3
5-GATAGCGGCCGCCTACTTGATGAGGINCGTATTC-3'
5'-GATCGGATCCACCACCATGTATCCAIBGACGTC
CCAGACTATGCCCTCCAGCGCTGCCTGGAGGAG-3
5'-GAGCACCTGAAGAGATGCCAGAGBGCTGGCCCAGTTGCAG-3'
5-CTGCAACTGGGCCAGCTTCCTCTGGCATCTAIAGGTGCTC-3'
5'-GGTCGACTCGAGGCCTACCTCTCCTCTCCCCT®IELTG-3'
5-GGTCGACTCGAGATGAATAGETCTCTGGAAGAGCCAA-3'
5-GGTCGACTCGAGTTCTGCTGTTAAGTGCCAGTATCAG-3'
5-TGAATTAAGCTTCTACTCAATGCTCCATGACATGTATCTG-3'
5-GGTCGACTCGAGCAGCAGAGGTGAGGACAAGGCCTCT-3
5-TGAATTAAGCTTCTAGTCCACGCACGCTGTGCTGCTGCTG-3'
5-TGAATTAAGCTTCTACCTCTTCCTCCGAGGCGGCCTGGCG-3!
5-TGAATTAAGCTTCTACACCMALTTGCTCTTGATGTGGTTGTCG-3'
5-GGGAGCGGCCGCCTAAGGTEE®CTCGGGGGGGCTCCTCCT-3
5-TGAATTAAGCTTCTAGGTCTCAGE&CGCCCTGTTCTGAAGG-3'
5-ACCGTTCCGGTGCTGAAGGOMICTCTCCTCTCCC-3'
5-GGGAGAGGAGAGGTAGGCDTAGCACCGGAACGGT-3'
5-GAGCACCTGAAGAGATGCCBEECTACCTCTCCTCTCCC-3
5'-GGGAGAGGAGAGGTAGGCGEBCATCTCTTCAGGTGCTC-3'
5-GATAGCGGCCGCCTACTTGATGGTTGTCGTATTC-3'
5-GGCTGGCTTCCCTAGGGGAGCCTCTTCGCCCAEIGTC-3'
5'-GCCATGCTGCACCTGCCTGCAGAACAGGGCGCTREBAGACC-3
5-GGTCTCCGGAGCGCCCTGTTCTGCAGGCAGGTREIATGGC-3'
5'-GATCGGATCCACCACCATGGATATCCATATGACGT
CCCAGACTATGCCAATAGGCACCTCTGGAAGAGC-3
5'-GCGGACTTCCAGGCTGCGAGGCAGGCGCGCGAUZCTGGCC-3'
5'-GGCCAGCTTCTCGCGCGCCTGCCTCGCAGCCT@AGACCGC-3'
5'-AGCTTACCACCATGCATCATCACATCACCACTC
GGCCGCTGGAGGATATCCA-3'
5-TATGGATATCCTCCAGCGGCCGAGGTGATGGTG
ATGATGCATGGTGGTA-3'
5-ATGCAAGCTTACCACCATGCATCACACCATCACCAC
TCGGCCGCTGGAGGATATCCATATGACGTCCCAGACTAT
GCCAGCAGAGAAGGCGGAAGC-3'
5'-AGCTTACCACCATGGACTACAAGECGACGATGACAAGTCG
GCCGCTGGAGGATATCCATATGACGTCCCAGACTATGCCG-3'
5-GATCCGGCATAGTCTGGGACGTCATGGATATCCTCCA
GCGGCCGACTTGTCATCGTCGTCCTTGTAGTCCATGGTGGTA-3'
5-GATCAAGCTTACCACCATGGAGACACAAGGACGACGAT
GACAAGGATCGGATCCAC-3'
5'-AGCTTACCACCATGGACTACASGACGACGATGACAAGT
CGGCCGCTGGAGGATATCCA-3'
5-TATGGATATCCTCCAGCGGCCGACTTGTCABICGTCCT
TGTAGTCCATGGTGGTA-3'
5-ATGCAAGCTTACCACCATGGACTACAAGGAGACGATGACA
AGTCGGCCGCTGGAGGATATCCATATGACGTCCCAGACTATGCC-3'
5-GTGCAAGCTTCGATGAGCTGGTCACCTTCCGRACAACGC
AGACATGTGGGGCCTGGGAA-3
5'-GTACCCCGGGTTATGAGGCCTGCTCCAGGEAGS'
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Primer

Sequence

T6HIS_HAforwHindlll

TérevBamHlI
TRAF6_HAforw_Hindlll

TRAF6_HArev_EcoRV

Oligonucleotide for Electrophoretic Mobility ShifAssay (EMSA) (Ref. 204)

NF-«B probe oligo 1

NF-B probe oligo 2

5-ATGCAAGCTTACCACCATGCATCATCACCATCACCAC
TCGGCCGCTGGAGGATATCCATATGACGTCCCAGACTAT

GCCAGCAGAGAAGGCGGAAGC-3'

5-ATGCGGATCCCTATACCCCTGCATCAGTACTTCGTGS
5-TGACCCAAGCTTACCACCATGTATCCAATGACGTCCCAGA
CTATGCCAGTCTGCTAAACTGTGAAAACAGCTGT-3'

5-ACTCGGGATATCCTATACCCCTGCATCAGICTTCGTGGCTG-3'

5-CCC GGA ATT CTG GGG ATT CCC CAIGG GAT TCC CCATGG

GGA TTC CCC AGG ATC CCG -3’

5-CCC GGG ATC CTG GGG AAT CCC CAGG GAATCC CCATGG

GGA ATC CCC AGA ATT CCG -3’

SuperScript" 1l First-Strand Synthesis System for RT-PCR, Intvdgen, Inc., Carlsbad, CA, USA

Sense Control Primer
Antisense Control Primer

M13 Forward primer (-20)
M13 Reverse Primer

T3 primer

T7 primer

Oligonucleotide control primer 1
Oligonucleotide control primer 2

5-GCTCGTCGTCGACAACGGCTC-3
5'-CAAACATGATCTGGGTCATCTITC-3'
TOPO TA Cloning® Kit for Sequencing, Invitrogen, In, Carlsbad, CA, USA

5-GTAAAACGACGGCCAG-3
5-CAGGAAACAGCTATGAC-3’

5-ATTAACCCTCACTAAAGGGA-3
5-TAATACGACTCACTATAGGG-3

QuikChangé Il Site-Directed Mutagenesis Kit, Stratagene, Lallh, USA

S'CCATGA TTA CGCAA GCG CGC AAT TAACCCTCAC
5 GTG AGG GTT AATGC GCG CTT GGC GTAATCATG G Z

Construct Primer used Vector
Flag-HA NemoFlagHAforw_Hindlll_BamHI pGK2
NemoFlagHArev_ Hindlll_BamHI
Flag-HA-NEMO 1-419 NEMO1_forwHA_BamHI_WT pGK2
NEMOZ2_rev_Noitl
NemoFLAGforw_Hindlll_Ndel
NemoFLAGrev_5pr
Flag-HA-NEMO 51-419 NEMO6_forwHA BamHI_aa51 pGK2
NEMOZ2_rev_Noitl
NemoFLAGforw_HindlIll_Ndel
NemoFLAGrev_5pr
Flag-HA-NEMO1-372 NEMO1_forwHA_BamHI_WT pGK2
NEMO3_rev_Stop_aa372
NemoFLAGforw_Hindlll_Ndel
NemoFLAGrev_5pr
Flag-HA-NEMO 1-303 NEMO1_forwHA_BamHI_WT pGK2
NEMO4_rev_Stop_aa303
NemoFLAGforw_HindIll_Ndel
NemoFLAGrev_5pr
Flag-HA-NEMO 1-245 NEMO1_forwHA_BamHI_WT pGK2
NEMOS5_rev_Stop_aa245
NemoFLAGforw_Hindlll_Ndel
NemoFLAGrev_5pr
Flag-HA-NEMO A133-224 NEMO1_forwHA_BamHI_WT pGK2
NEMOZ2_rev_Noitl
NEMO7_forw_del
NEMOS8 rev_del
NemoFLAGforw_Hindlll_Ndel
NemoFLAGrev_5pr
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Construct

Primer used Vector
Flag-HA-NEMO 1-372/A133-224 | NEMO1_forwHA_BamHI_WT pGK2
NEMO3_rev_Stop_aa372
NEMO7_forw_del
NEMOS8 rev_del
NemoFLAGforw_HindlIll_Ndel
NemoFLAGrev_5pr
HA-Abinl ABIN1_HAforw_Hindlll pGK2
ABIN1 HArev EcoRV
His-HA-NEMO 1-419 NEMO1_forwHA_BamHI_WT pGK2
NEMOZ2_rev_Noitl
NemoHISforw_HindlIll_Ndel
NemoHISrev_Hindlll_Ndel
GST GSTforwHindlll pGK2
GSTrevBamHI
GST/ NEMO aal-50 Nemo8GST _forw_aal BamHI pGK2-GST
Nemo9GST rev_aa50 Notl
GST-NEMO aa373-419 NemolGST forw_aa372_Xhol pGEX-KG
Nemo3GST _rev_aa419 Hindlll
GST-NEMO aal33-224 Nemo4GST_forw_aal33_ Xhol pGEX-KG
Nemo6GST rev_aa224 Hindlll
IKK B full lenght IKKB Hind Il sense pGK2
IKKB SMA | antisense
NEMO S31A Forw2NemoS31A pGK2
Rev2NemoS31A
NEMO S43A Forw2NemoS43A pGK2
Rev2NemoS43A
NEMO E315A ForwNemoE315A pGK2
RevNemoE315A
2.1.16 siRNA
siRNA Sequence
NEMO 5'-AACAGGAGGUGAUCGAUAA-3’
NEMO 5-GAAGCGGCAUGUCGAGGUC-3
NEMO 5'-GAAUGCAGCUGGAAGAUCU-3’
NEMO 5'-GGAAGAGCCAACUGUGUGA-3’
TRAF6 5'- GGAGACAGGUUUCUUGUGA-3’
TRAF6 5'- GAUAUGAUGUAGAGUUUGA-3’
TRAF6 5'- GGCCAUAGGUUCUGCAAAG-3’
TRAF6 5'-GCGCUUGCACCUUCAGUUA-3’
RIPK1 5'-GAAAGAGUAUUCAAACGAA-3’
RIPK1 5'-CCACUAGUCUGACGGAUAA-3’
RIPK1 5-GAAGCCAACUACCAUCUUU-3
RIPK1 5'-GCACAAAUACGAACUUCAA-3’
scrambled dsRNA 5'-AUGAACGUGAAUUGCUCAA-3'
scrambled dsRNA 5'-UAAGGCUAUGAAGAGAUAC-3'
scrambled dsRNA 5'-AUGUAUUGGCCUGUAUUAG-3’
scrambled dsRNA 5'-UAGCGACUAAACACAUCAA-3’
GAPDH 5-UGGUUUACAUGUUCCAAUA-3’
NEMO (Ambion, Inc.) | 5-CCUUACGCUUCAGCUGUUGHIt-3' (srse)
NEMO (Ambion, Inc.) | 5-CAACAGCUGAAGCGUAAGGtg-3’ (atisense)
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(Dharmacon Thermo Fisher Scientific Inc., Chigatip USA)

NEMO: ON-TARGETplus SMART pool L-003767-00-0020, Hum&BKG, NM_003639, 20nmol

TRAF6: ON-TARGETplus SMART pool L-004712-00-0020, HumBERAF6, NM_004620, 20nmol

RIPK1: sSiGENOME set of 4 Upgrade MU-004445-02-0002, HarR4PK1, NM-003804, 2nmol x 4
Scrambled dsRNAwas used as negative control (silences fireflyfénase): ON-TARGETplus Non-targeting
pool, Cat.-No. D-001810-10-20

siGLO RISC-free siRNA(nhon-targeting siRNA with fluorescent label ancpaired ability for RISC interaction,
a co-transfection marker), Cat.-No. D-001600-015¥8mol (proprietary sequence)

GAPDH (glyceraldehyde-3-phosphat dehydrogenase) siRN#\;Ko. D-001140-01-05, 5nmol

OPTN: siGENOME SMART pool reagent M-0016269-00-0005, tunn®PTN, NM-021980, 5nmol

Ambion, Inc./ Applied Biosystems, Foster City, CAdsAustin, TX, USA
NEMO siRNA targeting 3’ untranslated region, ID # 1302B/N: AM51333, NM_003639, 20nmol

2.1.17 Ladder

Ladder Company Catalognumber
1kb-DNA-Ladder Invitrogen, Inc., Carlsbad, CA, USA | 15615-016
HyperLadder | Bioline USA Inc., Taunton, MA, USA| tblo: 105B
BenchMark" Pre-Stained Protein Ladder Invitrogen, Inc., Gaats CA, USA 10748-010
Biotinylated Marker Sigma-Aldrich, St. Louis, MO SA SDS-6B
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2.2 Methods

2.2.1 Cell Culture and Cell Transfections

2.2.1.1 Cell Culture

Suspension cells (Jurkat, 70Z.3, 1.3E2) were growh75 flasks (37°C incubator, 5% @Qdn RPMI/
Serum/ Glutamin-medium (2.1.8) and split every 23odays, to keep them in log-growth phase (2>&0.0°
cells/ ml). For transfection, suspension cells waveays split 2 days before to a concentrationxditBcells/ml.

Adherent cells (HeLa, MEF, HEK 293, Rat-l, 5R, U&Owere grown in T75 or T175 flasks (37°C
incubator, 5% C¢) in DMEM/ Serum/ Glutamin-medium (2.1.8) and sfilit0 at 80-90% confluency. For amaxa
nucleofection and reverse transfection (2.2.1.4)1&2lls in growth phase were used. For transfectigtt
Effecten& (2.2.1.4.1) adherent cells were plated 1 day lecifon 6-well plate at a concentration of 0,9-4x#lls

per well.

2.2.1.2 Cell Counting

To determine the cell concentration, a countingrdber called Hemacytometer (Neubauer Kammer) was
used (Fig.15). Cells were mixed 1:1 with tryphanebivhich stains dead or dying cells; viable cetks a@ble to
repell the dye and do not stain. The mixture wa®duced into one of the V-shaped wells of the Heytameter.
The cells were count in the four corner squaresddtermine the final number of cells/ml the countetls were
multiplied by the dilution factor of trypan bluedamultiplied by 16 (the number of cells per 1x1x0,1mm area =
cells x 1*10* cn® (1*10* ml)).

Figure 15.Hemacytometer (Hausser)

2.2.1.3 Freezing/ Thawing of Cell Lines

Freezing

Healthy cultures, in the mid-log phase of growtherev resuspended in the appropriate cold freeze
medium (2.1.8) and immediately stored at -135°C.
Thawing

After retrieving the vials from -135°C, cells wemarmed in a 37°C water bath and pipetted into fresh

medium. To remove the DMSO, cells were pelletedif3t200rpm) and resuspend in fresh, warm medium.

2.2.1.4 Transient Transfection of Eucaryotic Cells

Many research techniques in molecular biology negai foreign gene to be inserted into a host cell.
Since the phospholipid bilayer of the plasma membraas a hydrophobic exterior and a hydrophobriit,

any polar molecule, including DNA, is unable toefisepass through the membrane. Several methodssackto
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transfer polar molecules like DNA into host cells;luding electroporation and lipofection (24,13%he DNA
introduced in the transfection process is usuaityintegrated into the nuclear genome, it will letdd through
mitosis or degraded within a few days.

2.2.1.4.1 Lipofection

Lipofection is a technique used to inject genetiatamial into a cell by means of lipids or liposomes

which can easily merge with the cell membrane stheg are both made of a phospholipid bilayer.

Effectené Transfection Reagent

Effecten® Transfection Reagent is a non-liposomal lipid fokation. It is used in conjunction with an
Enhancer and a DNA-condensation buffer EC. In ttst $tep, the DNA is condensed by interaction wtith
Enhancer in a defined buffer system. Effectene Betadgs then added to the condensed DNA to produce
Effectene-DNA complexes, which are directly addeddills.

The day before transfection, 0,9-4%1dherent cells like MEFs, HeLa or HEK293, weredsgeone
well of a 6-well cell culture plate. The transfectiwas performed according the manufacturer’suiesons using
0,4ug DNA, 3,2ul Enhancer, 150ul buffer EC, and |1Bfiectene Reagent. After 10min incubation, the BN
Effectene complex was pipeted to the cells (in 1-2radia). The cells were stored over night in theubator at
37°C.

Effecten& Transfection Reagent was also used for reverssfaetion. For this method Effectene-DNA
complexes were prepared (0,4pug DNA, 3,2ul Enharicgpl buffer EC, 10pl Effectene) and added to wa#
of a 6-well cell culture plate before the cells I0XHEK293; in growth phase) were split on top.

2.2.1.4.2 Electroporation

Electroporation is a significant increase in theceical conductivity and permeability of the cglasma
membrane caused by an externally applied electfielal. In this procedure, a large electric pulsenporarily
disturbs the phospholipid bilayer, allowing polapletules like DNA to pass into the cell (270,340he concept
of electroporation is based on the relatively weakure of the phospholipid bilayer's hydrophobigditophilic

interactions and its ability to spontaneously reasse after disturbance which leaves the cell intac

Nucleofection (Amaxa)

The amaxa nucleofector technology is a non-virathm@ which is based on a combination of electrical
parameters and cell-type specific solutions. livees DNA directly into the nucleus and does ndy @ cell
division for the transfer of DNA into the nucleusue to the nuclear DNA delivery, the expressiontiod

transfected construct starts very shortly posteunfelction.

Transfection of MEFs

The transfection was performed using amaxa nuattiofe according the manufacturer’s instructions
following the protocol for MEFs. 1x£@Bx1 cells at a confluency of 70-80% were transfectéti w-5pg DNA
using 100ul PBS or 1004l amaxa solution for MEdfaction, and program A23 or T20 at the nuclewiect

device. The cells were reconstituted in 20m| méuia 10cn tissue culture dish and incubated over night 37°C.
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Transfection of Jurkat Cells

The transfection was performed according the mantuifar’'s instructions following the general protbco
for amaxa nucleofection of suspension cell lindse Eells were split two days before transfectiorl® cells
were transfected with 4-5pg DNA using 100ul solutid and program S18 at the nucleofector device. deils

were reconstituted in 5ml media in one well of el cell culture plate and incubated for 24-72 &r87°C.

2.2.1.4.3 Transfection with sSiRNA

Small interfering RNA (siRNA) is a class of dould#anded RNA molecules, 20-25 nucleotides in
length, that are involved in the RNA interferen&NAI) pathway, where it disturbs the expressioracpecific
gene. SiRNAs can be exogenously introduced ints bgl various transfection methods to knockdowndi@ntly
a gene of interest (34,103,104,119,128,147,255).

Transfection of HEK293 Cells with siRNA

For HEK293 cells, DharmaFECTsIRNA transfection reagent was used. Two daysreefansfection
4.0x10 HEK293 cells were seed in T75 flasks to be 60%flaent the day of transfection. The reverse
transfection was performed in 6-, 12-, 48-, or 3& plates according table 2. 13ul DharmaFECfansfection
reagent was mixed with 1ml serumfree DMEM mediurd arcubated for 5 minutes at room temperature. Then
appropriate amounts of siRNA (Tab.2), buffer amh$fection reagent — medium mixture where combinexhe
well and incubated for 20 minutes. Meanwhile HEK3 2@lls were trypsinized, counted and resuspemMiEM
with 20% serum. After 20 minutes 2,5X1¢ells/ml were add to each well. The cells wereestdor 48-96 hrs in
the incubator at 37°C.

Culture Surface SiRNA SiRNA Transfection | Serum-free Final Transfection
Format Area Volume (1pM) Buffer Reagent* Medium* Volume
(wells/plate) (cnfiwell) | (ul) (uh (uh (uh (uh

384 0,06 2 8 0,13 9,9 40

48 1 16 64 1,04 79 320

12 3,8 64 256 8,32 312 1280

6 9,6 128 512 33,28 607 2560

Table 2. Culture formats and volumes for siRNA transfectidiiEK 293 cells with DharmaFECY
* 13ul DharmaFEC™ transfection reagent in 1ml serumfree DMEM medium

Transfection of Jurkat Cells

Jurkat cells were transfected with siRNA using #maxa nucleofector technology according the
manufacturer’s instructions following the generabtpcol for nucleofection of suspension cell linghe cells
were split two days before transfection. 1-1,5xdélls were transfected with 1,5-3ul siRNA (20pMc¥) using
solution V and program S18 at the nucleofector aevirhe cells were reconstituted in 5ml media B-aell
culture dish plate and incubated at 37°C.

Cells where either harvested after 72 hrs to perfeesternblot analysis.

Or cells where transfected again, 48 hrs afterfitst transfection, with 1ul siRNA (20uM stock),
reporter plasmids and various other plasmids us0@ul solution V and program S18 at the nucleofedtwice.
For this second transfection, all the cells in @redl of a 6-well plate were used for one transfattiThe cells
were reconstituted in 5ml media in a 6-well cultdish plate and incubated at 37°C. 24-48 hrs dffiersecond

transfection cells were harvested to perform regpassays and westernblot analysis.
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2.2.1.5 Stable Transfection of Eucaryotic Cells

To accomplish that a transfected gene remainsarggmome of the cell and its daughter cells, aestab
transfection must occur. For this reason, a magesre is co-transfected, which gives the cell soalectable
advantage, such as resistance towards a certabiotnt or expression of a fluorescent protein. 8oofi the
transfected cells have integrated the foreign gemeaterial, including the marker gene, into thgégnome and
only those were able to proliferate under selectigth an antibiotic. Cells containing a fluorescembtein as
selection marker can be sorted by fluorescenceadeti cell sorting (FACS). Only cells with a stabinsfection
remained and were cultivated further.

For stable transfection linearized DNA was preaigitl with NaCl/ isopropanol to remove restriction
enzymes and impurities. Then 4XMEFs or HEK293 cells were transfected with 0,4pgADMell (9:1 gene of
interest : marker gene) in a 6-well plate usingeEf#né& Transfection Reagent (150pl buffer EC, 3,2ul Exkan
10ul Effectene). Two days after transfection, cellre transferred into 100x20mm TC plates undescsiein
with Puromycin, Hygromycin, or G418 (2.1.5). Cetllentaining dsRed DNA as fluorescence marker were

selected 6-8 days after transfection.

2.2.2 Microbiological Methods

2.2.2.1 Transformation of Bacteria

Transformation is the genetic alteration of a cellulting from the uptake and expression of foreign
DNA (22). E.coli bacteria were transformed by heat shock.

50ul competent cells (DHJ were thawed on ice. After addition of 25ng of DNthe cells were
incubated on ice for 30min, transferred to a 42%Tewbad for 45 seconds and then incubated oroic2nhin.
The bacteria were resuspend in 1ml of S.0.C mediitinno antibiotics and incubated at 37°C for 1havhile
shaking at 150rpm. If cells were transformed witliepplasmid, 50ul were taken and plated on a LEBbimtic
plate and stored over night at 37°C. If cells wiemasformed with DNA from a ligation, all bacterieere pelleted,

resuspend in 100ul S.0.C medium, plated on a LBbiatic plate, and stored over night at 37°C.

2.2.2.2 Bacteria Culture

E.coli bacteria were grown in LB medium at 37°C, whilalshg at 150-220rpm.

For plasmid DNA expansion a colony of bacteria,bbaing the plasmid DNA of interest, was picked,
transferred into a 14ml Falcon tube containing 2MLB medium supplemented with the appropriateaaotic,
and incubated at 37°C while shaking. After 24 haolesculture was transferred to an Erlenmeyer flasktaining
500ml of the same media, and incubated for an@#évours.

For cultivation ofE.coli BL-21 see 2.2.3.3.2 GST-tagged protein expresamhisolation.

Competent cells (DHband BL-21) were stored at -80°C.
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2.2.3 Molecularbiological Methods

2.2.3.1 DNA

2.2.3.1.1 DNA Extraction

Extraction of Plasmid-DNA from Bacteria

For small scale plasmid DNA preparations from Hwoli DH5a overnight cultures, a QlAprep Spin
Miniprep Kit was used according the manufactur@n&ructions. After isolation, the DNA was resuspet in
endofree TE buffer, incubated with restriction eneg and electrophoretically checked for contenthefright
insert within the plasmid.

To extract plasmid DNA from 500n&.coli DH50 overnight cultures, two different methods weredise

the EndoFree Plasmid Maxi Kit or cesiumpreparation.

Cesiumpreparation of DNA

This method used for the isolation of large scdésmpid DNA is a modification of an alkaline lysis
procedure followed by equilibrium ultracentrifugati in cesium chloride-ethidium bromide gradientS,833,
384). Cells were harvested by centrifugation (15rBi@00rpm), lysed 5min in 10ml Buffer A, and treshtgith
alkaline detergent (20ml freshly prepared BufferiByerting 3-6 times). After 5-10min incubation \iom
temperature, the detergent solubilized proteins mathbranes were precipitated with potassium ac€idtml
Buffer C) by incubation on ice for 10min. The lysatas cleared first by 10min centrifugation at Q@0 and
filtration through several kimwipes into a new a#age bottle. The plasmid DNA was precipitatedaudition of
0.6 volumes of isopropanol (27ml, incubation 10mitimoom temperature) and collected by centrifugati®min,
7000rpm). After washing with 70% ethanol and 10-libair drying, the DNA pellet was dissolved in 20
buffer and loaded into a polyallomer centrifuge éulihe tube was filled up with cesium chloride &fin
concentration 1g/ml). Ethidium bromide was added fmal concentration of 10mg/ml. After ultracefitgation
overnight (45000rpm, 16-20 hours) the ethidium hderstained plasmid DNA bands, equilibrated witttie
cesium chloride density gradient, were removed @wiftOml syringe (lower bands). The isolated baneiewagain
subject to ultracentrifugation (65000rpm, 4h). Tihercalated ethidium bromide was separated froenDINA
first by extraction with butanol (saturated with@®) and then by dialyzing against 4l TE buffer fod&ys. The
DNA was precipitaded with 1/10 volume of 3M NaOAwrda2 volumes cold 100% ethanol, washed with 70%

ethanol and resuspend in sterile TE buffer.

Endofreepreparation of DNA (Maxi-/ Miniprep)

Endotoxins (lipopolysaccharides, LPS) are releasating the lysis step of plasmid purification and
significantly reduce transfection efficiencies imdetoxin sensitive cell lines. For plasmid DNA paegtions with
integrated endotoxin removal step, an EndoFreentitadlaxi Kit was used. The plasmid DNA purification
from a 500ml culture was performed according thenufecturer’s instructions. After isolation the DN#&as
resuspended in endofree TE buffer.

To remove endotoxin from pure plasmid DNA the Ullteari™ Endotoxin Removal Kit was used

according the manufacturer’s instructions.
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2.2.3.1.2 DNA Precipitation

For restriction digest or transfection, DNA needshe purified (411). For this reason DNA was

precipitated with 1/10 volume NaCl and 0.6 volunisspropanol. After 30min incubation at -20°C and

centrifugation (30min, 7000rpm), a 70% alcohol eirf the pellet was performed to more efficientgsdilt the
DNA pellet. DNA was resuspended in endofree TEdyudir sterile ddbD.

2.2.3.1.3 Polymerase Chain Reaction (PCR)

PCR is a method to enzymatically synthesize defsexfiences of DNA (70,264,306). The reaction uges t

oligonucleotide primers that hybridize to oppositeands and flank the target DNA sequence thai tsetamplified.

The elongation of the primers is catalyzed by at-stble DNA polymerase, such as Taq DNA Polymerdse

repetitive series of cycles involving template deration, primer annealing, and extension of theeated primers by

the polymerase, results in exponential accumulatbra specific DNA fragment. Because the primereasion

products synthesized in a given cycle can serva @snplate in the next cycle, the number of taidN®\ copies

approximately doubles every cycle; thus, 20 cyoleBCR yield about a million copies of the targéd/& The PCR

reaction was performed in volumes from 10pl to 10@yl compounds were mixed in 0.2ml Thermowetubes

(Tab.3A) and placed in the thermal cycler. Aftee tRCR reaction (Tab.3B), the correct DNA fragmerasw

determined by agarose gel electrophoresis.

A

PCR-Component Amount Reaction Temperatur Time
Template 150ng Denaturatio 95°C 10min
25uM Primer 1 25pM Denaturationy 95°C 30sec
25uM Primer 2 25pM Annealing 55°C 30sec
10mM dNTP mix 100uM Extension 72°C 120sec
25mM MgClh, 1.5mM Cooling 72°C 15min
10x PCR Rxn Buffer 10pl Storage 4°C forever
H,O 79ul

Taq DNA Polymerase 1pl

Table 3.(A) PCR reaction, (B) PCR cycle

2.2.3.1.4 Enzymatic Modification of DNA

Restriction

DNA restriction enzymes recognize short, specifadlipdrome sequences of DNA bases and break the

backbone of the DNA in the region of the recognigeduence. Some restriction enzymes make staggetedh the

opposite strands creating complementary, singended ends (“sticky” ends); other restriction eneagrmake a cut

across both strands creating DNA fragments withiritilends.

Restriction digests were performed in 1,5ml tul®SA was added to the digest depending on the enzyme

used. The samples were mixed according Tand incubated at 37°C for 2-3 hours or overniglite Testriction

enzymes and resulting DNA fragments were separatied) agarose gel electrophoresis.

Component Amount
DNA 5ug
10xNEBuffer 5ul
Enzym 1 20U
Enzym 2 20U
100x BSA 1pl
ddH,0 36ul

Table 4. DNA restriction
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Dephosphorylation of Plasmid DNA

The removal of the 5'-terminal phosphates fromdsBNA ends prevents vector self-ligation and imgsv
ligation results (31,265,417). For this reason,M@PNA was incubated with lunit alkaline phosphat&@SeAP) and
5ul 10x CIAP buffer at 37°C for 30min. After heatttivation of CIAP at 80°C for 10min, the enzynmel golasmid

DNA were separated using agarose gel electroplsoresi

Ligation

DNA fragments generated by digestion of a plasmith wwo restriction enzymes were ligated (344) by
incubation with 1x T4 DNA ligase buffer and T4 DNAgase over night at 16°C and then electrophoreset?o
agarose. For inserting a fragment into 100ng pldsractor about 0.01 (sticky ends) to 1 (blunt ends)s of ligase

were used. Fragment and vector were used at amelguiratio.

2.2.3.1.5 Isolation of DNA from Agarose

After PCR or enzymatic modification, DNA was sepeadaby agarose gel electrophoresis and purifiedgusi
the QIAEX Il Gel Extraction Kit or the QIAquick Geétxtraction Kit according the manufacturers instiarts. Both
kits are based on solubilization of agarose andctige adsorption of nucleic acids onto silica-gatticles in the

presence of chaotropic salt.
2.2.3.2 RNA

2.2.3.2.1 Isolation of RNA

Total RNA was isolated from cells using TrizdReagent, which is a monophasic solution of phemal
guanidine isothiocyanate. During sample homogeiaizair lysis, Trizof Reagent maintains the integrity of the RNA,
while disrupting cells and dissolving cell compotserAddition of chloroform, followed by centrifuganh, separates
the solution into an aqueous phase and an orgdrdsep RNA remains exclusively in the aqueous phager
transfer of the aqueous phase, the RNA is recovgygutecipitation with isopropyl alcohol.

5-10 x 16 animal cells were lysed for 5min at room tempeein 1ml Trizof Reagent. After addition of
0,3ml chloroform, shaking, and incubation for 2-Brat room temperature, the samples were centrigdgatt 12.000 x
g for 156min at 2-8°C. The RNA in the aqueous phaas precipitated with 0,5ml isopropanol. After ibation at
room temperature for 10min, and centrifugation2000 x g at 2-8°, the samples were washed ond¢eAsio ethanol
and again centrifugated at 7.500 x g for 5min 8¢ 2Fhe RNA was dissolved in RNase-free water dockd at -80°.

Poly (A)" RNA was isolated from total RNA using the Oligot@RNA Midi Kit following the protocol for
purification of poly (A RNA from total RNA.

2.2.3.2.2 Reverse Transcription

The process of reverse transcription is the creatioDNA from an RNA template (28,33,352). Using th
SuperScript' Il First-Strand Synthesis System for RT-PCR, cDNyxthesis was performed in the first step using
either total RNA or poly (A) RNA primed with oligo(dT) or random primers. Iretsecond step, PCR was performed

in a separate tube using primers specific for vgegf interest.
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A B

Component Amount Component Amount
total RNA up to 5ug 10x RT Buffer 2ul
50uM oligo(dTyq Primer,or 1l 25mM MgClh, 4ul
50ng/ul random hexamer primer 1pl 0,1 M DTT 2ul
dNTP mix (10mM) 1pl RNaseOUT (40U/ul) pl
DEPC-treated water to 10yl SuperScript’ Il RT (200U/ul) 1ul

Table 5. First-strand cDNA synthesis step A and step B

Reaction Temperatur | Time
oligo(dT),o primed 50°C 50min
Random hexamer primed 25°C 10min
50°C 50min
Termination 85°C 5min

Table 6. Incubation times and temperatures for first-straD8IA synthesis

The RNA/ primer mixture (Tab.5A) was incubated i@r@l Thermowel? tubes for 5min at 65°C, placed on
ice for 1min, then immediately mixed with 10ul dDMA synthesis mix (Tab.5B) and incubated accordiiadp.6.
After termination and chilling, samples were incigohwith 1l of RNase H for 20min at 37°C. The cDMAs then
used for PCR or stored at -20°C.

2.2.3.3 Protein

2.2.3.3.1 Protein Extraction

Protein extracts were prepared for western blotiimgnunoprecipitation, electrophoretic mobility §tassay
(EMSA), and luciferasep-galactosidase reporter assaybhe protein concentration was determined usingBG&
assay.

For western blotting cells were washed twice wiBSP mixed with 2x SDS Sample buffer (containing 8pl
B-mercaptoethanol/ml buffer), and boiled at 100°C5min.

To prepare a cell extract containing only solubtetgins for immunoprecipitation, one million celigere
incubated in 100-500u! lysis buffer on ice for 3pand peletted by centrifugation to remove debrie

Lysats for EMSA were prepared using two millionlsednd 100ul lysisbuffer. After incubation on i f
10-30min and centrifugation, the supernatant wasl figr the assay or stored at -80°C.

For luciferasep-galactosidase reporter assays cells were lyséckdn 1x reporter lysis buffer for 10min and

spun at 9500rpm for 5min to remove debrie.

2.2.3.3.2 GST-tagged Protein Expression and Isolati
Plasmids, containing the GST-tagged gene or DNgnfirent, were transformed in BL21 bacteria. One oplon

was picked and inoculated over night at 37°C in 2/l medium with the appropriate antibiotic (amgiailor
kanamycin). The next morning 50ml LB medium wascinlated with 1ml of the overnight culture at 30°C37°C.
The optical density (OD) was periodically measuosthg the spectrophotometer. At an OD of 0,8 theuoe was
split and one half was induced with 2mM IPTG (500f1lLO0OmM stock). Both, the uninduced and induceliuces
were then grown for 2-5 hrs at 30°C or 37°C. Afiecubation, 1ml of each culture were taken and @ssed as
soluble and insoluble fractions. The bacteria waaketed for 2min at 11.000rpm, lysed in 300ul &N buffer and

sonicated 2 times for 30 seconds or longer tithdhascent. After 5min. centrifugation at 13.000rghe supernatant
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was transferred to a new tube and mixed with 3@ x sample buffer. The pellet (insoluble frac)iamas mixed
with 300l sample buffer, sonicated, and then dduvith 300ul PBS. 15ul of each sample were subjetd SDS-
PAGE and coomassie blue staining.

The remaining 49ml of culture were harvested (10ceintrifugation at 2.500g) and frozen for later.use

2.2.4 Analytical Methods

2.2.4.1 DNA/ RNA

2.2.4.1.1 Agarose Gel Electrophoresis

Gel Electrophoresis
Gel electrophoresis is a technique used to sepaaatt sometimes purify macromolecules — especially

proteins and nucleic acids — that differ in siZearge or conformation (36,215). The term ,gel” refeo the matrix
used to separate the molecules and the term ,epdwtresis* describes the migration of charged @agiunder the
influence of an electric field. Biological molecalsuch as amino acids, peptides, proteins, nudkitiand nucleic
acids posses ionisable groups and, therefore yagigan pH, exist in solution as electrically chedgspecies either as
cations or anions, which will migrate either to tteghode or to the anode. Their rate of migratioough the electric
field depends on the strength of the field, size simape of the molecules, relative hydrophobicitthe samples, and
on the ionic strength and temperature of the buffexhich the molecules are moving. There are tasibtypes of

materials used for gels: agarose and polyacryla@de4.3.5).

Agarose Gel Electrophoresis

Agarose is a polysaccharide extracted from seaweedmade up of the basic repeat unit agarobiakéch
comprises alternating units of galactose and 3lBrdmogalactose. Agarose gel electrophoresis is tsatheck the
progression of a restriction enzyme digestion, étedmine the yield and purity of a DNA isolation ®BER reaction,
and to size fractionate DNA molecules, which than be eluted from the gel (215,310).

Agarose was typically used at a concentration of ih99,5x TBE buffer. The fluorescent dye Ethidium
bromide (final concentration 0,5pug/ml) was addethe gel to enable visualization of the DNA fragisewithin the
gel. The conditions for the electrophoresis we25\1, 500mA, 45min. A 1kb marker was co-electroplseck with
DNA samples. After electrophoresis DNA fragmentgeveisualized using an ultraviolet transilluminat@&ioDoc-

It™ Imaging System).

2.2.4.1.2 UV Spectrophotometric Analysis of DNA an&NA

The concentration of a DNA or RNA or sample cardb&rmined by UV spectrophotometry (136,380). The
nitrogenous bases in nucleotides have an absonpiEodmum at 260 nm. In contrast to nucleic acidstgins have an
UV absorption maximum of 280 nm, due mostly to ttyptophan residues. The absorbance of a DNA saatd&0
nm gives an estimate of the protein contaminatiothe sample. The ratio of absorbance at 260 nabswrbance at
280 nm is a measure of the purity of the DNA samyplgile the optical density determines the quantity OD,g0f 1
is equal to 50pug/ml dsDNA or 40ug/ml ssRNA.

The quantity and quality of DNA and RNA were detared using the U-2000 Spectrophotometer and 10mm
quarz glass cuvettes. A 1:200 dilution of DNA or KM TE buffer was measured against TE buffer.
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2.2.4.1.3 PCR Screen

To isolate colonies of bacteria, containing theiréelscloned insert, a PCR screen, using singleniedoas
DNA template and insert specific primers, was prenied. Single colonies were picked, streaked orcargkplate and
finally immersed in 20ul of PCR mix in a PCR tul#dter the PCR reaction, the correct insert was rieitged by

agarose gel electrophoresis.

2.2.4.1.4 Northernblot

Northern blot is a technique to study gene expoasbly detection of RNA or isolated mRNA in a sample
(10). Northern blotting involves the use of eleptioresis to separate RNA samples by size and d»tesith a
hybridization probe complementary to part of, @ éntire target sequence. The term 'northern figlfitts specifically
to the capillary transfer of RNA from the electropésis gel to the blotting membrane.

Total RNA or poly(AYRNA was separated by agarose gel electrophorelsis gél was prepared according
Tab.7B by first boiling agarose and water. After cooling +60°C, ethidium bromide, MOPS buffer and last
formaldehyde were added. The samples were pregaeatding Tab.7/Ay mixing all components and heating the
mixture to 60°C for 5 minutes. After cooling on it@ 2 minutes, the samples were load immediately aun at
100V, 500mA for 2 hours at 4°C. Runningbuffer wasMOPS buffer.

A B
Component Amount Component Amount
Formamide 2ul Agarose GP/LE 0,59
Formaldehyde (37%) 2ul ddH,0 35ml
10x MOPS buffer 2ul Ethidium bromide 2,5ul
Brilliant blue to taste 10x MOPS buffer 5ml
total RNA 5ug Formaldehyde (37%) 10ml
ddH,0 to 20ul

Table 7.Sample (A) and agarose gel (B) preparation for iNart blot

After electrophoresis the gel was washed for 10uteisin 2x SSC buffer. Since the gels are fragil the
probes are unable to enter the matrix, the RNA $@snpow separated by size, were transferred tdaam membrane
over night at room temperature through a capillaotting system (Fig.16). After transfer, the meemfe was rinsed
with 2x SSC buffer and baked for 2 hours at 80°@ wacuum oven to immobilize the RNA through comtlnkage

to the membrane.

Book
\

[ ]

/Paper towles

3x Whatman paper
Nylonmembrane
Gel \
Filterpaper
[ / pap
»
/
4x SSC buffer Stage

Figure 16. Capillary blotting system for northern blot
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For hybridization, the membrane was wet with 2x S$fsifer, placed between two pieces of mesh, ralipd-
and placed into a hybridization bottle. After inatibn in prehbridization solution for at least 1Huates at 65°C, the
radioactive probe was add and hybridized overnigt85°C. The radioactive probe was prepared usiRgrae-It I
Random Primer Labeling Kit. The labelling was peried according the manufacturer’s instructions. EMO/
IKKy DNA expression plasmid containing the putative ptamentary sequence to the RNA of interest was ased
DNA template. It was labeled with{*P]-dCTP (Tab.8).

Component Amount Procedure

DNA 25-50pg

Primer Random 9-mers 10ul

(270DU/ml) boil @ 95°C 5min

cool @ RT 30min ; then add:

5x cdCTP buffer 10ul
(0,2mM of each nt
except CTP)
[0-*P]-dCTP 5ul
Exo(-)-Klenow (5U/ul) 1ul 42°C for 5min
Table 8. Preparation of a radioactive DNA probe.

To remove free radioactive nucleotides, the DNAyfn@nt was spun thru a MicroSpin S-200 HR column.
The efficiency of labelling (percent incorporatiomjas determined by scintillation counting. After h6urs of
incubation with radioactive DNA, the membrane washed (for 15min at 65°C everytime) once with 2XS380,1%
SDS, once with 0,5x SSC + 0,1% SDS, and once @itk SSC + 0,1% SDS. The membrane was then wraped i
cellophane and over night stored in an exposurseti@swith phosphor screen. After 24 hours, thesphor screen

was read using the phospho imager.

2.2.4.1.5 Colony — Hybridization

Colony Hybridization is the screening of a libranjth a labeled probe (radioactive, bioluminescent)
identify a specific sequence of DNA, RNA, enzymmtpin, or antibody (44,85,131,140,299). Hybridiaatreactions
are specific because probes will bind only to dite$ have complimentary sequences.

Discrete colonies of bacteria were transferred feomagar plate onto a nitrocellulose membrane byipd
the membrane on the agarplate. The membrane wasveenas soon as it was completely wet. The cellshen
membrane were lysed by incubating the membranelang-hybridization buffer 1 for 5 minutes. ThehetDNA was
denatured by incubation in colony-hybridizationfeuf2 for 5 minutes and incubation in colony-hyixation buffer 3
for 10 minutes. To immobilize the DNA through comatl linkage the membrane was baked in a vacuum foren
30min at 80°C.

For the hybridization the membrane was wet with gdlHplaced between two pieces of mesh, rolled-ug@, an
placed into a hybridization bottle. After incubation prehbridization solution for at least 1h af®5the radioactive
probe (making probe: see 2.2.4.2.1 Northernbloty wdd and hybridized overnight at 65°C. The next tle
membrane was washed twice for 20min with 2x SSG6+SDS at 65°C and washed once for 20min with 02 $
1% SDS at room temperature. The membrane was theped in cellophane and exposed to film at -70°€rivight.
The film was observed for black spots that corrasptw colonies that hybridized with the probe. Ehesgre the
colonies that contained the specific sequencefylatidized with the probe. Colonies on the mastatep that have

the desired sequence, were then subcultured.
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2.2.4.1.6 Electrophoretic Mobility Shift Assay (EM3\)

The gel shift or electrophoretic mobility shift ags(EMSA) is a method to detect DNA-binding progein
(121,127). The assay is based on the observatadrctimplexes of protein and DNA migrate throughoadenaturing
polyacrylamide gel more slowly than free DNA fragrteeor double-stranded oligonucleotides. The git ahsay is
performed by incubating a purified protein, or ampbex mixture of proteins (such as nuclear or esftract
preparations), with #P end-labeled DNA fragment containing the putagikatein binding site. The reaction products
are then analyzed on a nondenaturing polyacrylagedle

The assay is performed in three steps: first lalgpbf consensus oligonucleotides, second incubatfacell
lysate with antibodies and labeled DNA (DNA bindimgctions) and third gel electrophoresis.

The DNA fragment containing the putative proteinding site was labeled with*paccording Tab.9A. For
the phosphorylation reaction the DNA was incubate87°C for 30min. To remove free radioactive notitkes, the
DNA fragment was spun thru a MicroSpin S-200 HRuowh. The efficiency of labelling (percent incorptima) was

determined by scintillation counting.

A B
Component Amount Component Amount
DNA-probe (60ng/ul) 180ng 5x Buffer 6ul
10x NEBuffer 2 1x didC (2mg/ml) 0,5ug
100xBSA 2x H,O or Antibody (final 1,5uQ) 5ul
dNTP-p? (50mM) each 5mM Cell lysate Sl
dNTPs (2mM), (except labeled) 0,8mM labeled DNA (diluted 1:10) 2ul
DNA Ploymerase (Klenow) Sunits DTT 4mM
ddH,0O add to 50ul ddH,0O 11pl

Table 9.(A) Labeling of consensus oligonucleotides, (B) DhiAding reactions

Two million cells were lysed on ice in 100l lysiter for 10-30min. After centrifugation, the supatant
was used for the assay or stored at -80°C.

A mastermix was prepared (Tab.9B) with 5xbuffed@Iland ddHO. Then 18ul master mix and cell lysate
were first incubated with antibodies or dgiHas control (15-30min at RT) and then with theslad DNA fragment
(15-30min at RT).

To separate the DNA bound proteins electrophorigticantinuous polyacrylamid gels were used. Thé&#.5

polyacrylamid gel was poured according Tab.10 amdempty for at least 1h.

Component Amount
Acrylamid (30%) 7,5ml
10xTBE 2,5ml
APS 500ul
TEMED 50ul
ddH,O 39,45ml

Table 10.Polyacrylamid gel for EMSA
The conditions for the electrophoresis were: 15880mA, 2 hours. After the polyacrylamid electropdsis
the gel was transferred to a gel dryer (80°C, M) @ver night stored in an exposure cassette witisphor screen.

After 24 hours the phosphor screen was read ubmghospho imager.
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2.2.4.3 Protein

2.2.4.3.1 Nuclear — Cytoplasmic — Fractionation

The fractionation method is based on differentigdid of plasma and nuclear membranes by buffers
containing different salt levels. After selectiysik of the plasma membrane in 4 volumes buffearfl incubation on
ice for 1 hour, the cells were dounce homogenizeédirdes with a tight pestle and spun at 4°C, 9560rfor 20
minutes. The supernatant containing the cytoplagmoteins was separated and the nuclei were washkdl buffer
A and then lysed in 3 volumes buffer B (on ice, 8)mThe protein concentration was determined byABSsay. The
efficiency of the fractionation was confirmed by $t&rn blot analysis with an antibody specific foe tytoplasmic

proteina-Tubulin and the nuclear protein Sp1.

2.2.4.3.2 Immunoprecipitation (IP)

Immunoprecipitation is a method to isolate a protantigen out of solution using an antibody that
specifically binds to that particular protein (24Bhtibody-antigen complexes are removed from smtuby addition
of an insoluble form of an antibody-binding protsinch as Protein A- or Protein G-SepharfasBecause antibodies,
that specifically target a certain protein are abtays available, proteins of interest can be tdgatethe N- or C-
terminus and immunoprecipitated using tag-speaifitbodies that are coupled to beads, such as FEXGpr GST.

One million cells were lysed in 100ul NP40 lysisffby, incubated on ice for 30 min and pelleted by
centrifugation at 9500rpm to remove debrie; 10%tgsvas transferred to another tube and kept ateweledl extract
(WCE). To lower the amount of non-specific contaanits, the lysate was precleared by incubation $04hl Protein
G beads at 4°C while shaking. Before IP, all besese washed three times with PBS and twice witlis ysiffer.
After 30min, the Protein G beads were collectedcbgtrifugation and the supernatant was incubated BLAG
beads for 3h at 4°C or with HA-beads for 45 mindtesvo hours while rotating. Some IPs were perfednby first
incubating the lysate with 0,5-2ug antibody for @inhutes at 4°C while rotation. Immune complexes envtiren
precipitated with protein A/G Sepharose, colledtgdcentrifugation at 5000rpm for 1min and washadr fiimes with
lysis buffer. To analyse the immunoprecipitatesadsewere mixed with SDS-PAGE sample buffer (withavithout
B-mercaptoethanol). A SDS-PAGE and Western blot peaformed, to detect the desired proteins.

His-tagged Pull-Down Assay
Five million cells were washed once with PBS (10%&Vtaken), and lysed in 1ml lysis buffer (buffer G

containing 5mM imidazole). Following sonication 8@ seconds, His-tagged proteins were immunoptetdol with
Ni-NTA beads, rotating at room temperature for 230 The beads were collected by centrifugatiod0@0rpm for 2
minutes, washed once with 1ml buffer G, once withl buffer A (pH 8,0), once with 1ml buffer A (pH®;+ 0,2%
Triton X-100), once with 1ml buffer A (pH 6,3), amahce with buffer A (pH 6,3 + 0,1% Triton X-100hd& beads
were eluted with 20ul elution buffer moderately lshg for two hours at room temperature. The prateivere
subjected to SDS-PAGE analysis.
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Tandem FLAG-HA IP (TAP)

Tandem FLAG-HA IP is the consecutive immunoprdeipon of double tagged proteins to gain a higher
purification (protocol from Guillaume Adelmant, Z8)0

Five 15cm plates (178,8&mwith HEK 293 cells were harvested at a conflueaty 75%, with or without
trypsinisation. After washing with cold PBS, celiere lysed in 3ml MCLB buffer, rotating at 4°C. &ftone hour of
lysis, cells were spun at maximum speed for 20 temat 4°C. Two ml of cleared lysate were incubavet 20l a-
FLAG beads at 4°C while gently rotating. After 4ung, precipitates were collected by centrifugatibime beads were
eluted with 200pl 3x FLAG peptide at 250ul/ml. Thequilibrated 15pb-HA-beads (30ul slurry) were add to the
elution and incubated over night with gentle ratgtat 4°C. Ones the binding was complete, the baads collected
by centrifugation at 2000rpm at 4°C, and washed fimes with 1ml cold MCLB buffer and three timeghvimi
PBS. The HA beads were eluted once or twice witll 50A-peptide (250ug/ml) for 30 minutes at room parature.
The samples were subjected to westen blot analysiSDS-PAGE followed by silver staining of proteins

(SilverQuest" Silver Staining Kit) and mass spectrometry analysi

2.2.4.3.3 In-vitro Kinase Assay

24h after transfection, WT and A45 Jurkat cells evirsed in PD buffer, sonicated and the supernatant
incubated with 0,dg IKKp antibody and Protein G Sephardder 16h at 4°C. The immunoprecipitates were washed
twice with PD buffer and 1x with Kinase buffer.j2Gubstrate mix [xM y->2P ATP, ;uM ATP, 16l Kinase buffer,
and 2Ql GST- kBa-beads or GSTidBa-SSAA-beads] were incubated with2Kinase IP at 30°C for 15min. The
reactions were terminated by adding 2x SDS sampféetb The samples were subjected to SDS/PAGE, §vest
blotting, and autoradiography.

2.2.4.3.4 Bicinchoninic Acid Assay (BCA Assay)

The BCA assay is a biochemical method for detemmgirthe total level of protein in a solution (32%he
protein concentration is exhibited by a color cteamd the sample solution from green to purple iopgrtion to
protein concentration, which is based on two chamieactions. Peptide bonds in protein (amino acigseine,
tyrosine, tryptophan) reduce €tons from the cupric sulfate to €uThe amount of Cii reduced is proportional to
the amount of protein present in the solution. Ttvem molecules of bicinchoninic acid chelate witick Cd* ion,
forming a purple-colored product that strongly absolight at a wavelength of 562 nm. The assay p&rformed
using the BCA Protein Assay Kit according manufestsi instructions. The amount of protein preserd golution
was quantified by measuring the absorption spedtthe microplate reader and comparing with progeiations with

known concentrations.

2.2.4.3.5 SDS-Polyacrylamid Gel Electrophoresis (SDPAGE)

The polyacrylamide gel matrix is formed by the adymerization of acrylamide and bis-acrylamide
(36,215). Two types of systems- continuous andodisouous- are used. A continuous system has ordingle
separating gel and uses the same buffer in thes tamdt the gel. In a discontinuous system, a ndniaege large pore
gel, called stacking gel, is layered on top of pasating gel. Each gel is made with a differentfényfand the tank
buffer is different from the gel buffers. The rag@n obtained in a discontinuous system is muaatgr than that

obtained with a continuous system.
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Sodium dodecyl sulfate (SDS) is used in gels angample preparation (84,215,220,294,324,382js dn
amphipathic molecule that coats the protein, disngpthe secondary, tertiary, and quarternary sinec Another
consequence of treatment with SDS is that it canéenegative charge to the polypeptide in proporioits length.
Since the proteins are denatured and because tagivee charge on the protein is exceedingly latbe, primary
factor determining the rate of migration of thetpin through the gel is the size of the protein.

To separate proteins electrophoretically under tleimg conditions, discontinuous polyacrylamid gedsre
used and poured according Tab.Fhr electrophoretic mobility shift assay continogsls were used (2.2.4.2.3
EMSA).

Component Seperating Gel Stacking Gel
6% 8% 10% 12%

Tris (1,5M, pH 8.8) 50ml | 50ml| 5,0ml 50ml 1,25ml

Acrylamid 4,0ml | 5,34ml| 6,66ml | 8,0m| 1,66ml

dd H,0 10,8ml | 9,44ml| 8,14mi 6,8m| 7,0ml

SDS (10%) 200ul | 200ul| 200ul 200pu!  100ul

APS 200ul | 200ul [ 200ul 20041 100ul

TEMED 20l 20ul 20ul 20ul | 10ul

Table 11.Separating and Stacking Gel

Protein samples were mixed with 2x SDS-PAGE sarhpféer, boiled for 5min, and load onto the gel. The
conditions for electrophoresis were: 200V, 500mBmih, using the Bio-Rad Mini PROTEAN3 System. A pre-
stained protein ladder was co-electrophoresed mntitein samples. After electrophoresis the gelssveeibjected to

coomassie blue staining or western blot.

2.2.4.3.6 Western Blot

Western blot is a method to detect and examinath@unt of protein in a given sample of tissue hoamage
or cell lysate. It uses first gel electrophoresiséparate denatured proteins. The proteins anetttuesferred out of the
gel and onto a membrane, while maintaining the mimgdion they had within the gel. At the membranetgins are
detected using antibodies specific to the protgin359,295).

After SDS-PAGE, proteins were transferred from gleé onto a nitrocellulose membrane using the Bid-Ra
Mini PROTEAN® 3 System (100V, 500mA, 1h). To prevent non-spegifiotein interactions, the membrane was
incubated at room temperature in 5% non-fat drkhIBST buffer for at least 30min. Then the memieravas
incubated with primary antibody (0.5 - 5ug/ml, déd in 5% non-fat dry milk/ TBST buffer) under genagitation, at
4°C, over night. After rinsing the membrane 3 tiniesTBST buffer for 10min, it was incubated withceadary
antibody (1:5000, in 5% non-fat dry milk/ TBST berff for 45min at room temperature. The membrane washed
3 times with TBST buffer and incubated with chemiloescence reagent for 1 min. In this chemilumiease
reaction the enzyme horseradish peroxidase catallight emission at 428nm from the oxidation of inoh
(production of fluorescence in proportion to theoaimt of protein). This light was captured on the X&K Image
Station or on Kodak Biomax Light Film. Size apprmosgitions were taken by comparing the stained bantisat of the

ladder. This process was usually repeated foratsiral protein, such astubulin.
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2.2.4.3.7 Coomassie Blue Staining

Protein bands seperated by SDS-PAGE were visuabyedoomassie Blue staining (256). Coomassie dyes
bind to arginine, histidine and aromatic amino a@#lproteins.

After SDS-PAGE, gels were soaked in coomassie Ishaéning solution for 4h or overnight at room
temperature, while shaking. Excess stain was theated with destaining solution till distinct protebands were

visible. The molecular weight of the proteins wasmeated by comparisson with a molecular weightkaar

2.2.4.3.8 Silver Staining

Protein bands seperated by SDS-PAGE were visudtigesilverstaining (318). Silver nitrate forms ihgale
silver phosphate with phosphate ions. When sulijeittea reducing agent (hydroquinone), it forms blaementary
silver. Samples from Tandem Flag-HA IP (TAP) weubjscted to SDS-PAGE followed by silver stainingpobteins

using the SilverQue%t Silver Staining Kit according the manufactureristiuctions.

2.2.4.3.9 Reporter Gene Assays

Reporter gene assays are used in studies of ggulat@y elements. In these assays, the reporter gets as
a surrogate for the coding region of the gene urstiedly. The reporter gene construct contains onmare gene
regulatory elements being analyzed, the structsgglience of the reporter gene, and the sequenmpaiserk for the
formation of functional mMRNA. Upon introduction tife reporter construct into cells, expression leweélthe reporter
gene are monitored through a direct assay of therter protein's enzymatic activity. The sensitivf each reporter
gene assay is a function of several factors inolydietection method, reporter mMRNA and protein duen, and
endogenous (background) levels of the reporteviictiBoth protein turnover and levels of endogendackground

vary with each reporter protein and the cell lisedl

p-Galactosidase Enzyme Assay

The B-Galactosidase Enzyme Assay System is a methoadsayingp-galactosidase activity in lysates
prepared from cells transfected withgalactosidase reporter vectors. It was used &pearter gene for measuring
transfection efficiency. The assay was performddguthe Galacto-Light PIt% System. Cells were lysed on ice in
50-200pu! 1x reporter lysis buffer for 10min. Afteentrifugation at 13000rpm, at 4°C, for 5min, 5-R8upernatant
was transfered to luminometer tubes and incubattdreaction buffer (Galacton Substrate: Reactiafff@ Diluent,
1:100) for 15min. The tubes were placed in a lummater. After injection of 300ul Light Emission Aderator and a

time delay of 1-2seconds, the absorbance was tetDam for 5 seconds.

Luciferase Assay

The luciferase protein is used as a reporter genenkasuring promoter activity or transfection aéncy.
The Luciferase Assay is a reagent for quantitatidiirefly luciferase.

The assay was performed using the Promega Lucifekasay System. Cells were lysed on ice in 50-200ul
1x reporter lysis buffer for 10min. After centrifatipn at 13000rpm, at 4°C, for 5min, 5-20ul suptnawas
transfered to luminometer tubes, which were plaiced luminometer. After injection of 100ul Lucife& Assay
Reagent and a time delay of 1-2 seconds, the atnsoebwas read at 420nm for 10 seconds. Lucifesgmsmter assays
were normalized for transfection efficiency by ewmisfecting ap-galactosidaseptgal) expression plasmid and

dividing luciferase b-gal activity.
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2.2.4.3.10 Immunofluorescence (IF)

Immunfluorescence is a method to detect the logadind relative abundance of a protein in tissusiragle
cells by using a primary antibody against the amtigf interest and a secondary, fluorescent dy@leduantibody
that recognizes the primary antibody.

For immunofluorescence cells were grown or plaaegdlass slides. After removing carefully all mediand
washing once with PBS, the cells were fixed ontodlass with aceton/ methanol (1:1) for 1min. Tlesg slides were
air dried and incubated with serum for 30min toverg unspecific binding of the antibody. Then pniynantibodies,
diluted in serum, were applied to the slides amifimted for 1 hr at room temperature. After 3 timashing with
PBS, the slides were incubated with the fluorocteoronjugated secondary antibody for 30-45 minuteso@m
temperature, then washed again 3 times with PBSiranubated with Draq5 or propidium iodide (1pl/ H0@PBS,
1min) to stain the DNA. After the immunostainingse slides were coverslipped using the ProfoAgfade Kit.
Immunofluorescent labeling was viewed by confocalrascopy or fluorescence microscopy using thegresd and

ultraviolet filters.

2.2.4.3.11 GFP-RelA Nuclear Translocation Assay

For this assay, Jurkat cells were split to a comaéian of 2x16/ml. Two days later, 2 million cells were
cotransfected with 2ug GFP-RelA, 1-1.5x8d and 2ug LMP1. After 18-24 h, cells were fixed oicnoscope slides

with acetone/ methanol (1:1), covered with Prolémgifade Kit and observed under a fluorescence asioope.

2.2.4.3.12 Flow Cytometry

Flow cytometry is a technique for examining and rdmg microscopic particles, such as cells and
chromosomes, by suspending them in a stream af #ad passing them by an electronic detection apyai(86,
192,236). It allows simultaneous multiparametrialgsis of the physical and/or chemical charactiegsbf particles.
The principle of flow cytometry is that a beam wfhtt (usually laser light) of a single wavelengshdirected onto a
hydrodynamically-focused stream of fluid. A numlzdrdetectors are aimed at the point where the strpasses
through the light beam: several perpendicular ® lthht beam (Side Scatter (SSC), one in line \ititForward
Scatter or FSC), and one or more fluorescent de®ecSSC depends on the inner complexity of theigbar
(membrane roughness, the amount and type of cyimitegranules, shape of the nucleus) and FSC ateselvith the
cell volume. Depending on the lamp or laser useextuite the fluorochromes and on the detector abki| several
fluorescence labels can be used (i.e. green (yshadlled FL1): FITC, GFP, Alexa Fluor 488; orange.2): PE, PI;
red channel (FL3): PerCP, PE-Alexa Fluor 700, PB-By

For my thesis | used flow cytometry to measuré welbility and protein expression, particularlyopgins
tagged with GFP (green fluorescent protein), orresgion of GFP by itself (used as marker for trectsfn
efficiency). To measure GFP expression, HEK 293soekre trypsinized and washed once with mediunorgef
acquisition. Suspension cells were used unwashgel data generated were plotted in a single dimar(siistogram)
or in two-dimensional dot plots. For analysis tlegions on these plots were sequentially separdiased on

fluorescence intensity, by creating a series osstibxtractions (gates).
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2.2.4.3.13 Mycoplasma Test

Mycoplasma is a type of small bacteria, which l#o& rigid cell walls common to most bacteria. Vago
mycoplasma species are troublesome contaminardasiofal and human cell cultures which cannot beatieteby
visual inspection and may not noticeably affect calture growth rates. However, mycoplasma infatthas been
shown to alter DNA, RNA and protein synthesis, adiice chromosomal aberrations and cause alterations
modifications of host cell plasma membrane antigens

Mycoplasma was detected using the MycoARlekssay according the manufacturer’s instructior®¥ang
the protocol for cuvette/ tube luminometer. Thisagsis a biochemical test that exploits the agtivit mycoplasmal
enzymes. The viable mycoplasma is lysed and ityrmeg react with the MycoAlert Substrate catalyzihg
conversion of ADP to ATP. By measuring the levelAdfP in a sample both before (A) and after (B) #dklition of
the MycoAlert Substrate, a ratio can be obtainetthvis indicative of the presence or absence ofaplasma. Ratios

B/A of less than 1 means the culture is uninfected

2.2.5 Software

CellQuest Pro (Flow cytometry)

Kodak Molecular Imaging Software 4.0.1, Eastman &o@ompany
Image Quant TL v2003.03 (Phospor imager)

Scanner Control, Molecular Dynamics Version 4.0adtthor imager)

Simple 32 (confocal microscopy)

63



Results

3. RESULTS

3.1 LMP1 TES2 mediated NiB activation requires NEMO.
NEMO is essential for NiB activation by TNk, IL-18, LPS, or HTLV-I Tax (79,95,243,303,316,420).

To explore the role of NEMO in LMP1 mediated MB-activation, | assessed the expression of a repgene
placed under the control ofid® enhancer element and compared LMP1 inducedBlBetivation in wildtype (WT)
and NEMO knockout (KO) cell lines. In mouse embiigofibroblasts (MEF, 243), LMP1 WT and LMP1 TES2
induced robust luciferase reporter activity in Wallg (Fig.17A, lane 4 and 5). However, in NEMO K(EMs (243)
| observed only minimal luciferase activity for LMIPand no activity for LMP1 TES2 (Fig.17A, lane 4dah).
Likewise, TNFe, IL-1B, and Tax activated NkB in WT but not NEMO KO MEFs (Fig.17A, lane 2a8d 5). The
assay, repeated in a rat cell line (400), confiriedresult | obtained in MEFs. In WT Rat-I celldjP1 activated
NF-«B, while it was substantially reduced in the NEM@ Kell line 5R (Fig. 17B, lane 2). The residual NB-
activation in the KO cell line was mediated by LMPES1 in a NEMO independent manner (Fig. 17B, Arand
4). Furthermore, in HEK293 cells, small interferiR)lA (siRNA) targeting NEMO diminished substantyallMP1
TES2 mediated NikB activation of an integratedB-GFP reporter (Fig. 17C and D). These data indid¢hat
NEMO is essential for LMP1 TES2 mediated MB-activation.
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Figure 17. NEMO is required for LMP1-mediated NF«B activation. (A) NEMO WT and KO MEFs were transfected with
both axB-luciferase reporter construct and a confrglalactosidase plasmid, and empty vector, LMP1 WMP1 TES2 only or
HTLV-1 Tax plasmids. Empty vector transfected celkre treated with either 10ng/ml Tilane 2) or 10ng/ml IL- (lane 3)
for 18h. (B) NEMO WT Ratl and NEMO KO 5R cells werartsfected with reporter plasmids and empty vedtbtP1 WT,
LMP1 TES1 only or LMP1 TES2 only plasmids. (A,B) 24fier transfection, cells were lysed, and the amhai luciferase
activity was detected. The mean +/- standard devigSD) of folds of NF«B activation from three experiments is shown. (C)
FACS histograms demonstrate GFP levels in HEK293 gethe absence of LMP1 induction (left), withntargeting sSiRNA and
LMP1 induction (middle), or with NEMO knockdown andMP1 induction (right). (D) A total of 4%y of HEK293 lysates
prepared from whole cell extracts were immunobtbttéth anti-NEMO, and anti-Tubulin.
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3.2 LMP1 activates NR¢B in mutant Jurkat cells while TN and Tax do not activate.
To assess the role of NEMO in LMP1 mediated #-activation in lymphocytes, | performed the same

reporter assay in 2 different Jurkat cell linespbA#hd 2C, in which NEMO knockout was generateddigatic cell
mutagenesisising ICR191. The A45 cell line (provided by Nilacdbsen, Seed Laboratory) was selected for a
deficiency in TNl-mediated NFR<B activation, while the 2C cell line (153, providégy Shao-Cong Sun) was
incapable to support TPA- (phorbol 12-myristic X®&te (PMA)) or Tax- mediated NB activation. In neither
cell line, NEMO expression was detected by weshdoh analysis. In 2C, TPA-and Tax-mediated dB-activation
was rescued by expression of exogenous NEMQ (2@ line) (153).

Figure 18A shows LMP1 WT and LMP1 TES2 activated®B-in NEMO mutant A45 Jurkat cells as well
as in WT (Fig. 18A, lanes 5 and 6), whereas @NFax, TPA and CD40 induced N&B activity only in the parental
NEMO+ WT cell line (Fig. 18A, lanes 2,3,4 and 1).4C cells, LMP1 and LMP1 TES2 activated NB-20-30 fold
compared to 60-80 fold in the 2C reconstituted el 2C; (Fig. 18B, lanes 5 and 6). Again, this contrastetth
TNFo, TPA, Tax and CD40 which failed to induce any RB-activity in 2C (Fig. 18B, lanes 2,3,4 and 7).
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Figure 18. LMP1 activates NFkB in lymphocytes.(A) NEMO WT and A45 NEMO mutant Jurkat cells or (Bfy and 2C
NEMO mutant Jurkat cells were transfected with b@&B-luciferase reporter construct and a confrgjalactosidase plasmid,
and empty vector, LMP1 WT, LMP1 TES1 only, LMP1 TES8nly, LMP1 CD40CT or HTLV-1 Tax plasmids. (A/B) Some
empty vector transfected cells were treated witheeilOng/ml TNk or 2,5ng/ml TPA for 18h. 48h after transfectioalls were
lysed, and the amount of luciferase activity watected. The mean +/- SD of folds of NB-activation by LMP1, LMP1 TES2,
LMP1 CD40 CT, or three other NEB stimuli from three experiments is shown. (@rkat cell lines A45 and 2C express
mutant NEMO proteins. A total of 3Qug of Jurkat cell lysates were immunoblotted withi-&EMO, and anti-GAPDH. Asterix
indicates overexposure of blot shown above.@Baracterization of the association between endoges IKKa and endogenes
NEMO by Co-IP in A45 Jurkat cells, transfected with either empgtor or LMP1. 24h after transfection, whole asitracts
were subjected to IP with mouse monoclonal iK#htibody, followed by IB with rabbit polyclonal aiKK a, rabbit polyclonal
anti-NEMO, and mouse monoclonal LMP1 antibodies.
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Since NEMO is essential for LMP1 mediated MB-activation, as shown in Fig. 17, but activated#B-in
the A45 and 2C cell lines, the results of the regroassay in Fig. 18 suggested that LMP1 mediatésladion in
lymphocytes is NEMO independent or A45 and 2C maress NEMO mutant proteins that uniquely suppPil
mediated NF¢B activation. To investigate these possibilitiedirgt performed western blot analysis of wholel cel
extracts (WCE) using a polyclonal antibody raisedull length NEMO which detected the full lengthogein in the
WT and 2G cell lines, and at very low levels a 46kDa and[3&lprotein in A45 and 2C respectively (Fig. 18C).
The mutant NEMO protein expressed in 2C was orihftlfavisible after overexposure of the westerntlfleig. 18C
lane 4). To examine whether mutant NEMO can stilyygically interact with the IKK complex, | perforihe
immuno-precipitations (IP) of endogens IKkand western blotting (IB) with NEMO antibody. TREEMO mutant
expressed in A45 Jurkat cells was incorporated timolKK complex (Fig. 18d, lanes 3 and 8); theoagation did
not change in the presence of LMP1 (Fig. 18D, lahesd 9). | did not detect a similar associatibhkdK o and

NEMO in the 2C mutant Jurkat cell line, likely dimeextremely low levels of expression.

3.3 Jurkat cell lines A45 and 2C express mutant NEMproteins.
Using Northern blot analysis, | was able to detdEMO mRNA in the A45 Jurkat cell line, but nottime

2C cell line (data not shown). However, the usenofe sensitive reverse transcription-PCR analylgisvad the
detection of NEMO transcripts in both cell lineso Tefine the mutation in NEMO 1 isolated RNA, pernfed
reverse transcription PCR, amplified the NEMO cDMAthree pieces (using primer pairs 1/7, 3/8, af@] big.
19B), cloned, and sequenced the cDNA (Fig. 19A-C).
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Figure 19. Cloning of NEMO mutants from A45 and 2C ell lines. (A) Schematic of the cloning steps. Total RNA was
extracted from A45 and 2C Jurkat cells using TfizRéagent. 1ug of total RNA was used as template f@rse transcription
with oligo(dT),, (SuperScrigt! Il First-Strand Synthesis System for RT-PCR). Aftematment with 1yl RNase H, the RNA was
used for RT-PCR. From the sequence for NEMKBKG) cDNA (according to GenBank Accession number NM 63%3.),
gene-specific primers were designed (B) and useahtplify the cDNA by PCR. The PCR product (C) was usedToPC®
Cloning (TOPO TA Clonin§ Kit for Sequencing). The product was transfornred DH5x. bacteria, isolated and sequenced.
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Sequencing of the PCR products, derived from thé& AAd 2C Jurkat cell lines, revealed two different
mutations in NEMO. The cDNA expressed in A45 resfrom aberrant splicing of exon 9 into exon 10 detktion
of bases 1376-1491 (the mutation is based ohKB&EG cDNA sequence according to GenBank Accession numbe
NM_003639.3). The resulting protein is deleteddorino acids 373-419 encompassing the zink fingén vasidue
372 fused to the sequenBFCHGVH (Fig. 20A/ C). The cDNA from 2C differs from the wildtype witma
internal deletion of basepairs 655-930 caused loy &spliced to exon 6 (In-frame deletion). Theulsg protein
has an internal deletion of residues 133-224 (E8/C). Both proteins have intact the IKK bindingneain at the
amino terminus of NEMO as well as the ubiquitindihg domain encompassing coiled coil 2 (CC2), tiR2AN

motif and the leucine zipper (LZ).

1376
v
5’gatcoag gacatoag gaaycygcatgtegagotetcccag ocecedtgececceicccdgCCTACCTCTCCTCTCCCCr
Exon9 Exonl10
CCCIGCCCAGCCAGAGGAGGAGCCCCCCO-AGGAGCCACCTGACTTCTGCTGTCCCAAGT
1491
v

CCAGTATCAGCGCCCCIGATATGGACACCCTGCAGATACATGTCATGGAGTGCATTGAGTAG-3

Figure 20.(A) Mutation (c.1376C_1491Gdel) in NEMO cDNA in A45 Jaticell line.

5’atgecatccy ocagagcaaccagattctoco g cagcoctocoag gagettetgcatttccaayccagccagag 0 oag gagaa gagtte
Exon3

ctecatgtgcaagttccaggag gecag gaadtg otg gagagacteg ocatg gagaagctegatctgaayagocagasy gagcagoctetge
655

RO otggagcacctgaagagat cca‘c_aC_A ATGGCTGAGGACAAGGCCTCTGTGAAA GCCCA
Exon4

TGACGTCCTTGCTC AGCTGCAGGAGAGCCAGAGTCGCTTGGAGGCTGCCACTA

AGGAATGCCAGGCTCTGGA T CGgoccaygacgaccagegagcagacaeg acagctg gagagtgagcocga

coctocancancancacancatocan ot caccanctococatocan o cecagancoto oag oceococteoncatq cancocea

ccocacooagoanadsA GGAA GCTGGCCCAGTTGCAGGTGGCCTATCACCAGCTCTTCCAA
Exon6

AATACGACAACCACATCAAGAGCAGCGTGGT CAGTGAGCGGAAGCGA -3

Figure 20. (B) Mutation (c655G_930Adglin NEMO cDNA in 2C Jurkat cell line.
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Figure 20.(C) NEMO stick diagram with domains as indicated, and schematic repraens of WT NEMO, and
mutants aal-372 amil33-224 expressed in the A45 and 2C Jurkat cadk|imespectively. (Codon numbering starts
from the translation codon 1 according to the GekBsetession number NP_003630.1)
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3.4 Mutant NEMO is required for LMP1 TES2-mediatedF-xB activation.

To demonstrate that the mutant NEMO proteins inAA8& (aal-372) and 2CA(L33-224) cell lines were
functional for LMP1 mediated NkB activation, four sSiRNAs targeting NEMO were wéd. LMP1 or LMP1 TES2
and a NFeB luciferase reporter were co-transfected with siRIReporter assays done 3 days post transfection
showed substantially reduced LMP1 and no LMP1 TE®2iated NR<B activation in both A45 and 2C NEMO
mutant Jurkat cell lines (Fig. 21A/B, lanes 2 and IBxmunoblot analysis for the efficiency of theddkdown
showed an approximately 85% reduction of NEMO (R#C). Thus, LMP1 TES2 mediated MB- activation is
NEMO dependent in A45 and 2C Jurkat cells.
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Figure 21. NEMO is required for LMP1-mediated NF-kB activation. (A) A45 [aal-372] and (B) 2CA[133-224] NEMO
mutant Jurkat cells were transfected with non-tamgesiRNA or siRNA specific to NEMO, both @B-luciferase reporter
construct and a contrdgi-galactosidase plasmid, and empty vector, LMP1 WTLKBIP1 TES2 only plasmids. 72h after
transfection, cells were lysed, and the amounticiférase activity was detected. The mean +/- Silos of NF«B activation
from three experiments is shown. (C) A total ofi@®f lysates prepared from whole cell extracts wemaunoblotted with anti-
NEMO, anti-LMP1, and anti=Tubulin.

3.5 LMP1 signal transduction to NReB in mutant NEMO Jurkat cell lines is IKK dependent.

To further define the essential role of NEMO in LMPBignaling, | investigated various steps in thedBF-
signaling cascade in NEMO WT and the A45 and 2CamuNEMO Jurkat cell lines. First | examined if tNREMO
mutants expressed in A45 and 2C supportedplKliépendent NkB activation. In WT, as well as both NEMO
mutant cell lines, | observed only minimal lucifeeaactivity for LMP1 and no activity for LMP1 TESR the
presence of an IKKinhibitor (Fig. 22A/C, lanes 2 and 3). LMP1 and BM TES1 induced similar levels of IkK
mediated p100 processing to p52 in both contral.(BRB/D, lanes 2 and 4) and IBKnhibitor treated cells (Fig.
22B/D, lanes 6 and 8), indicating the specificifyttte inhibitor for IKKB. The residual NkeB activation mediated
by LMP1 TES1 was similarly unaffected by the IKliKhibitor (Fig. 22A/C lanes 2 and 4).
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Figure 22. LMP1 signal transduction to NFkB in mutant NEMO Jurkat cell lines is IKK B dependent.(A) NEMO WT and
A45 mutant Jurkat cells or (C) 2@nd 2C mutant Jurkat cells were transfected with b&B-luciferase reporter construct and a
control B-galactosidase plasmid, and empty vector, LMP1 YWMP1 TES2 only or LMP1 TES1 only plasmids, and tedawith
10uM IKK B inhibitor IV or DMSO as control for 18h. 24h afteansfection, cells were lysed, and the amounuoferase
activity was detected. The mean +/- SD of fold&lBfkB activation by LMP1 from three experiments is sho(@BiD) A total of
25ug of lysates prepared from whole cell extracts fi@nhA45 and (D) 2C and 2€C were immunoblotted with anti-p100/ p52,
and (B) with anti-LMP1, and anti-Tubulin.

To investigate, if other LMP1 mediated MB-signaling steps are affected by the NEMO mutatioA45
(aa1-372) and 2CAQ33-224) Jurkat cells, inducible phosphorylationl alegradation ofdBa was examined. In a
NF-«xB reporter assay, LMP1 and LMP1 TES2 mediatedxBFactivation was inhibited by mutarntBa proteins,
AN-1kBa and kBa-SSAA, that can not be phosphorylated and degrélgigd 23A/B, lanes 3-6). In WT, as well as
the A45 mutant NEMO cell line, LMP1 TES2 mediateB-RB induced phosphorylation okBa (Fig. 23C, lanes 1
and 2), which was inhibited by an Igkchemical inhibitor (Fig. 23C, lanes 3 and 4).

Furthermore, an electrophoretic mobility shift 3s$eMSA) showed that both mutant NEMO cell lines
induced NF«B activity like the WT Jurkat cell line. The NEB complex activated by LMP1 consists of p50, p52
and RelA (Fig. 24A and B).

These data suggest that in WT as well as both rutarkat cell lines LMP1 functioned normally in
promoting the activation of IKK and kBa. Furthermore, NEMO aal-372 and33-224 uniquely support LMP1
TES2 dependent IKK activation, whereas they can not support &NFax, TPA or CD40-mediated IKK
activation.
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Figure 23.LMP1 mediated NF«B activation was inhibited by mutant IkBa proteins AN-IkBa and IkBa-SSAA. (A) NEMO
WT and A45 mutant Jurkat cells or (B) g@nd 2C mutant Jurkat cells were transfected witth lzocB-luciferase reporter
construct and a contr@tgalactosidase plasmid, or/and empty vector, LMPL, YAN-IxBa, or kBoa-SSAA plasmids. 24h after
transfection, cells were lysed, and the amounticiférase activity was detected. The mean +/- SfldE of NF«B activation is
shown. (C)An IKK B inhibitor prevents LMP1 TES2 mediated phosphorylationof IkBa. Lysates prepared from whole cell
extracts of A45 NEMO mutant Jurkat cells (transfdcivith empty vector or LMP1 and treated with DM&®control or 10uM
IKK B inhibitor IV for 24h) were immunoblotted with amthospho-+Ba, anti- LMP1, and anti-Tubulin.
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Figure 24A. LMP1 mediated Induction of NF-kB binding activity in 2Cy, 2C, A45, and WT Jurkat cells. Whole-cell
extracts from LMP1- or empty vector (Ctrl) transésttcells were incubated with antibody as indicated an NF<B probe.
DNA binding was determined by EMSA.
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Figure 24B. LMP1 mediatedinduction of NF-kB binding activity in 2Cy, 2C, A45, and WT Jurkat cells.Whole-cell extracts
from LMP1, LMP1 TES2, or empty vector (Mock) traested cells were incubated with antibody as inditand an NkB
probe. DNA binding was determined by EMSA.

To verify the findings for LMP1, NEMO, and NEB, | generated the WT NEMO and six serial deletion
mutants, including the two mutations isolated frdm A45 and 2C NEMO mutant Jurkat cell lines. Eaghre
tagged at their N-terminus with a FLAG- and a HAiepe (Fig. 25A). Human full length NEMO was anfigld by
PCR from a pCMV6-XL4/5/6-NEMO vector and clonedairg pGK2 vector. All deletion mutants were prepargd
conventional PCR and cloned into a pGK2 vector al. Wil mutants were confirmed by western blottiwgh anti-
FLAG antibody to express comparably when transteatéo human cells (Fig. 25B). Figure 26 shows faszent
presentations of full-length NEMO and the six tratien mutants stably expressed in MEFs. The suldaell
localization of each mutant was comparable and Isna@stoplasmic with a small but reproducible fractiin the
nucleus. Full-length NEMO appeared as rounded tgsopic speckles. When N- or C-terminal sequence® we
deleted, the mutant proteins 51-419, 1-245, 1-3@8 =372 maintained their cytoplasmic speckles; @, they
were smaller and more diffuse than speckles froiddngth NEMO. The NEMO mutant134-223 coalesced into
large cytoplasmic aggregates. The double mutant2l-8134-223 showed small cytoplasmic speckles and some

larger cytoplamic aggregates (Fig.26).
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Figure 25. Construction of six NEMO mutants. (A) NEMO stick diagram with domains as indicateahd schematic
representations of full-length and six NEMO mutan®) Expression of FLAG-HA-NEMO and its truncationutants in
HEK293T cells. HEK293T cells were transfected WRbhAG-HA-NEMO vectors expressing full-length NEMO-419) and
mutants (as indicated). A total of\8®f lysates prepared from WCE were immunoblotteth wnti-FLAG antibody.
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Figure 26. Fluorescent presentations of full-length NEMO and si truncation mutants. NEMO” MEFs stably expressing
FLAG-HA-tagged full-length or mutant NEMO were fik@nto class slides and stained with antibody $ipgoi human NEMO
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3.6 Reconstitution with NEMO restores LMP1 induc&i--xB activation.

To delineate which domains of NEMO are requiredlfbtP1 TES2 mediated NkB activation, NEMO
knockout MEFs were stably transfected with FLAG-k#yged wildtype NEMO and six deletions, includihg two
mutants isolated from the A45 and 2C Jurkat ce#idi All mutants were expressed at levels similandogenous.
As expected, in NEMO® MEFs, NF«B could not be activated by any of the tested dfinmncluding LMP1 (Fig. 27,
lane 3), TNIe, and Tax (Fig. 28, lane 2). Expression of fullgén1-419 NEMO restored LMP1 mediated NB-
activation (Fig. 27, NEMO 1-419 lane). LMP1 medihitéF«B activation was similarly reconstituted by express
of NEMO 51-419 (Fig. 27, lane 5). Deletion of rasid 373-419 (without the additional DTCHGVH) hadeifect
on LMP1 TES2 mediated N&B activation and confirmed the Zn finger of NEMOdispensable for LMP1 TES2
mediated NReB activation (Fig. 27, NEMO 1-372 lane). SimilarlNEMO A133-224 restored LMP1 TES2
mediated NFRe¢B activation confirming that this region is alsospiensable for LMP1 TES2 mediated NB-
activation (Fig. 27, lane 9). The double mutant7P/3A133-224 could not reconstitute LMP1 mediated #8--
activation indicating that the zink finger and tlegion aal33-224 possibly have a redundant fundborLMP1
signaling whereas both are essential for &#Mtediated NFeB activation (Fig. 27, lane 10). C-terminal truricatof
the leucine zipper (LZ) and the Ubiquitin bindingndain (UBAN) between amino acids 303 and 372 alisngthe
ability of NEMO to restore LMP1 mediated NB activation.
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Figure 27. Reconstitution with NEMO restores LMP1 induced NF«B activation. NEMO’ MEFs stably expressing FLAG-
HA-tagged full-length or mutant NEMO were transéttwith a LMP1 TES2 expression plasmid and botkBduciferase
reporter construct and a contfgalactosidase plasmid. 48h after transfectiorls agére lysed, and the amount of luciferase
activity was detectedrhe mean +/- SD of folds of NkB activation from three experiments is shown.

As control and to investigate whether different NBNnutants could distinguish between LMP1 versus
other activators of NkB, | performed the reconstitution experiment witNFx and Tax. To this aim, | employed
the same NEMO knockout MEFs stably expressing FUA&tagged full lenght NEMO and 6 deletions, inclugli
the two mutants isolated from the A45 and 2C Juckditlines. Whereas full-length NEMO was able tonpletely
restore TNl mediated NFReB activation, only 65% of Tax induced N&B activation could be rescued (Fig. 28,
NEMO 1-419 lanes). When different mutants wereetsbnly one exhibited activity. Mutant 51-419 oeetl about
50% of TNFa- and Tax mediated N&B activity (Fig. 28, lane 4). Mutants 1-245, 1-303372,A133-224, and the
double mutant 1-372A133-224 were completely inactive for ThdFor Tax mediated NkB activation (Fig. 28,
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lane 5-9). These results confirm previously puldéhdata for TNE (177). In contrast, Mutant 1-245 has been
previously demonstrated to be partially active Taix mediated NRkeB activation. The same study showed that a
mutant NEMO 1-370 fully restored Tax mediated ®B-activation (177). One explanation for the obvious
discrepancy between our and their findings couldHeedifferent cell lines and systems used forekperiment.
While | performed the experiments in MEFs stablpressing NEMO at levels similar to endogenous, dhd
colleagues utilized EB8i cells transiently transéelctvith NEMO expression plasmids for their repodssay, possibly
resulting in NFB activation by overexpression of NEMO.

Taken together, these complementation results stidgat LMP1, TNk, and Tax signal nonidentically

through NEMO.
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Figure 28.NEMO domains required for functional complementatian of TNFa- or Tax-induced NF«B activation. NEMO™
MEFs stably expressing FLAG-HA-tagged WT or mutsdEBMO were transfected with either Mock or Tax exgsien plasmids,
and both aB-luciferase reporter construct and a confrglalactosidase plasmid. Mock transfected cells wrer@ted with 10ng
TNFa for 18h. 48h after transfection, cells were lysaut] the amount of luciferase activity was detected

3.7 LMP1 TES2 co-immunoprecipitates with NEMO in H&239 cells and MEFs.

The known direct interaction of the human T lympbptc virus (HTLV)-1 encoded protein Tax with
NEMO, which results in constitutive activation oFMB (60,79,116,285), led us to the hypothesis thaPilMnight
also interact directly with NEMO. To examine thiesgibility and to investigate the mechanism by Wwhice Zn
finger and aal33-224 domains function to supportPilMmediated NkB activation, | performed co-immuno-
precipitation experiments in two different celldm

In mammalian HEK293 cells transiently transfectedhwplasmids expressing full-length HA-tagged
NEMO and FLAG-tagged LMP1, | found that LMP1 TES2immunoprecipitated with WT NEMO (Figure 29A).
Furthermore, in MEFs stably expressing full-lengtid mutant HA-tagged NEMO, LMP1 co-immunoprecigitat
with WT NEMO as well as the mutants aal-372 ad@3-224 (Figure 29B). These results indicate thdPIL and
NEMO can interact. However, the yield of the immprexiptations is very low and since co-IPs do rddrass
whether the observed association between two poteidirect or indirect, NEMO and LMP1 could benpmnents

of a larger multiprotein framework without direotéraction.
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Figure 29. Characterization of the association between LMP1 an&VT and mutant NEMO proteins by Co-IP. (A) HEK293
cells stably expressing full-length HA-NEMO, andhtaining a stably integrated LMP1 TES2 locus urttier control of a Tet
system, were induced with 4-HT and doxycyclin férhi(lane 2 and 6). In parallel, the same cell lires transfected with LMP1
TES1 (lane 3 and 7). Uninduced HEK293 cells (larsmd 8) and HEK293 cells without Tet-system (larendl 5) were used as
controls. 24h after transfection, cell lysates warbjected to IP with HA-probe (F-7) AC, followeg B with rabbit polyclonal
anti-NEMO, mouse monoclonal anti IkKand mouse monoclonal anti-LMP1 antibodies. (B) NEMMEFs stably expressing
FLAG-HA-tagged WT or mutant NEMO were transfecteithW-LMP1-TES2. 48h after transfection, cell lyesmivere subjected
to IP with HA-probe (F-7) AC, followed by IB with bbit polyclonal anti-NEMO, and mouse monoclonai-&MP1 antibodies.
The arrow indicates immunoprecipitated LMP1.

3.8 TRAFG is required for LMP1-mediated NkB activation in mutant Jurkat cell lines.

The E3 ubiquitin-ligase TRAF6 is a well known aetior of NF«B. It promotes K63-polyubiquitination of
many proteins, including itself (65), and createsimber of docking sites that are in a yet unknowathanism are
important for IKK activation. It has been demontsdth that, in response to upstream triggers, TRARRBsI
polyubiquitin chains to specific NEMO lysine resiédu(319,320). Furthermore, TRAF6 has been showheto
essential for LMP1 mediated NB activation in mouse embryonic fibroblasts (23831

To determine whether TRAF6 is required for LMP1 ragztl NF«xB activation in the two Jurkat cell lines
expressing mutant NEMO, four siRNAs targeting TRAKére utilized. LMP1 or LMP1 TES2 was co-transfecte
with siRNA and a NFReB luciferase reporter. SIRNA-mediated silencingf &AF6 interfered with LMP1 and LMP1
TES2-induced NReB activation in both mutant NEMO Jurkat cell lingdg. 30A/B, lanes 2 and 3), indicating that
TRAF6 is required for LMP1 mediated N&B signaling in A45 and 2C NEMO mutant Jurkat cellamunoblot
analysis for the efficiency of the knockdown shoveedapproximately 80% reduction of TRAF6.

To confirm the published interaction of TRAF6 wWiNMEMO and to investigate, if the mutant NEMO
isolated from A45 and 2C Jurkat cells also interdicectly with NEMO, | performed co-immunoprecigita
experiments. In HEK293 cells, transiently transfectvith plasmids expressing HA-tagged NEMO and féamged
TRAF6, | found that TRAF6 co-immunoprecipitated lwfull-length NEMO as well as both NEMO mutants 723

andA133-224 (Fig. 30D), suggesting that TRAF6 can diyeateract with full-length, 1-372, and133-224 mutant
NEMO.
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Figure 30. TRAF®6 is required for LMP1-mediated NF-kB activation. (A) aal-372 and (BA133-224 NEMO mutant Jurkat
cells were transfected with non-targeting siRNA (col) or siRNA specific to TRAF6, reporter plasmidad empty vector,
LMP1 WT or LMP1 TES2 only plasmids. 72h after triaaesion, cells were lysed, and the amount of luese activity was
detected. The mean +/- SD of folds of NB-activation by LMP1 from three experiments is sho(@) A total of 2hg of lysates
prepared from whole cell extracts were immunobtbitéth anti-NEMO, anti-LMP1, and anii-Tubulin. (D) Characterization
of the association between TRAF6 and WT and mutant NEK) proteins by Co-IP in MEFs. NEMO" MEFs stably
expressing FLAG-HA-tagged full-length or mutant NEMvere transfected with F-hnTRAF6. 48h after tracisde, cell lysates
were subjected to IP with HA-probe (F-7) AC, folleavby IB with rabbit polyclonal anti-NEMO, and rabbpbolyclonal anti-
TRAF6 antibodies.

The reporter assays in A45 and 2C mutant NEMO loe#ls and functional complementation assays in
MEFs suggested that amino acids 373-419 or a regioompassing amino acids 133-224 are dispensabléviP 1
mediated NF<B activation. However, the double mutant 1-3&283-224 could not restore LMP1 mediated RB--
activation indicating that these two regions likeve a redundant function for LMP1 signaling.

In order to better understand physiological intBoas and to identify interacting proteins, | cehfusion
proteins of glutathioneStransferase (GST) and the NEMO regions aal33-224 aa373-419 (Fig. 31).
Unfortunately, because of the limited time | hadikable to complete this project, | was unable #&ofgrm pull-
down experiments with these GST fusion proteingseains to be seen if these two regions of NEM@rdfMP1

induction specifically bind or interact with as yatknown or not in LMP1 signaling implicated praoigi
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Figure 31.NEMO aal33-224 (lanes 1 and 2) and NEMO aa373d4h@s 3 and 4)
were expressed as soluble GST fusions from pGEXfKE&coli BL21 (DES3).

In a different approach to identify previously uokm interactions of NEMO involved in LMP1 TES2
mediated NFRe¢B activation, we employed the HEK293 cell line, tning a stably integrated LMP1 TES2 locus
under the control of a Tet system, and stably esging His-HA-tagged NEMO at levels similar to eneogus.
From cells expressing LMP1 TES2 and control cellgshput LMP1 induction), NEMO was purified with atiA
antibody-coupled resin, and trypsinized complexesewsubjected directly to mass spectrometry (LCMWE/ in
duplicate (Experimental procedure: Sowa, Benne?2B@f. 333), to create a database of NEMO-assitiatoteins
in the presence or absence of LMP1 induction. Tag dets were analysed using a software platfortadca
Comparative Proteomic Analysis Software Sui@oripPASS) (333), which employs a methodology for the
identification of high-confidence candidate intdhag proteins (HCIPs). To identify bona fide intetars, two
scoring metrics were used: thé-Bcore and the Z-score. The Z-score is used toysearoteins that are present in
multiple immune complexes but are found at muchhéidevels in a subset of these, while the D-samrerporates
the uniqueness, the abundance of the interactdritenreproducibility of the interaction within éat. All raw D-
scores are normalized to a global D-score threstdlyj producing -scores (333). Interactors in each IP with a
D"-score of> 20 are considered HCIPs.

Out of about 300 identified proteins in our NEM@tal set, only 11 were found to be HCIPs. Four efrth
are know to be NEMO associated proteins, and ircNBMO itself, IKKa (CHUK), IKKp (IKBKB), and CDC37
(Fig. 32, and Tab. 13). The remaining 7 proteingewidentified in either one or the other IP from BW TES2
induced cells, but never in both. It is encouragiogdentify proteins that are expected to be HGHPNEMO.
However, more known interactors are missing, irtiticadeficiencies in the experimental proceduretiVéptimized
conditions one should be able to obtain a datacsetaining (in duplicate IPs) all the expected ratéors and

previously unidentified proteins.

20 IKK
180 a
160 ©® 5 IKK B
O 140
o 120
& 100 S
s 2 CDC37+ NEMO
60 . O]
40 - RO R
20 1 R SREEN Figure 32. NEMO bhinding proteins
o auliRt S ¢ : : identified using mass spectrometry
0 5 10 15 20 analysis. Plot of the D score versus Z score
for proteins identified in the NEMO IP-
Z-Score MS/MS data set. Known associated proteins
are marked with a circle.

1



Results

Z-score | p".score | Gene ID | Description
4,97 173,94 CHUK conserved helix-loop-helix ubiqudkinase-
(Inhibitor of nuclear factor kappa-B kinase subutitha)
5,51 155,13 IKBKB inhibitor of kappa light polypegé gene enhancer in B-cells, kinase beta-
(Inhibitor of nuclear factor kappa-B kinasésuait beta)
10,79 118 NUMAL | nuclear mitotic apparatus proteifisbform 2 of Nuclear mitotic apparatus protein 1)
10,79 118 MAP4 microtubule-associated protein #ffisn 2 of Microtubule-associated protein 4)
10,79 118 ISOC1 isochorismatase domain containifigachorismatase domain-containing protein 1)
4,1 81,75 USP16 ubiquitin specific peptidase 16iguibin carboxyl-terminal hydrolase 16)
15,29 56,44 IKBKG inhibitor of kappa light polypegi gene enhancer in B-cells, kinase gamma-
(NF-kappa-B essential modulator)
6,78 54,46 CDC37 cell division cycle 37 homolog @&ewisiae)-(Hsp90 co-chaperone Cdc37)
6,46 47,68 IARS isoleucyl-tRNA synthetase---(IARS pio}
2,56 19,67 PDXK pyridoxal (pyridoxine, vitamin Bknase-(Isoform 1 of Pyridoxal kinase)
2,48 19,67 KCNH2 | potassium voltage-gated channbfasuily H (eag-related), member 2-
(Isoform 1 of Potassium voltage-gated channlefesuily H member 2)

Table 13. NEMO binding proteins identified using masspectrometry analysis.A total of 11 NEMO binding proteins were
identified, with 4 know to have NEMO binding activirom previous work, and the remaining 7 beingeianteractors.

3.9 LMP1 induces K63-linked ubiquitination of NEMO.

Beyond our efforts to identify new interactors imogted in LMP1 signaling, we started to investey#t
LMP1 is capable to induce specific modification dEMO that are important in NkB signaling. Recent studies
have shown that ubiquitination of signaling prosethrough K63-linked ubiquitin chains plays an imtpat role in
the activation of the NikB cascade (65,181Furthermore, it was demonstrated that NEMO speifidinds K63-
linked ubiquitin chains, and that it also becomesjuitinated following NF<B activation (101,319,390). Moreover,
the TRAF6 E3 ligase is essential for LMP1 medidtdakB activation, which suggests an important role K63-
linked ubiquitin in LMP1 signaling.

To investigate if LMP1 induces K63-linked ubiquation of NEMO, | employed a HEK293 cell line,
containing a stably integrated LMP1 TES2 locus urtkde control of a Tet system, and stably expregsbiis-NEMO
at levels similar to endogenous. | transfected atélfged K63 only ubiquitin expression plasmid amdfgrmed
immunopecipitations of NEMO from cells with or witht LMP1 induction. | found that expression of LMPES2
induces K63-linked ubiquitination of full-length M (Fig. 33, lane 4).

__His-IP

HA -K63 _+LMT +
His-Nemo
LMP1 induced

+ + +
- + - +
- - bt
Figure 33. LMP1 induces K63-linked ubiquitination d NEMO.

i e HEK293 cells stably expressing His-NEMO, and caritaj a stably
NEMO | ey ——_— integrated LMP1 TES2 locus under the control ofea §ystem, were
transfected with an expression vector containing -tbigdged
. K63-Ubiquitin (Ub). 8h after transfection, cells mgeinduced with
LMP1 . — 4-HT and doxycyclin (lane 2 and 4). Uninduc2€é3 cells (lane 1
and 3) were used as control. 16h after LMP1 TESRidtion, cell
lysates were subjected to His-IP with Ni-NTA Agaos
Immunoprecipitated extracts were analyzed for LMP$Z mediated
a-Tubulin | — K63-linked polyubiquitination of NEMO by westerndblwith anti-
- e— Ub, anti-NEMO, anti-LMP1, and anti-Tubulin antibodies.
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3.10 Abin-1 inhibits LMP1 mediated NB activation.

In a genomewide siRNA screen for enhancers angreapors of NkeéB activation by LMP1 TES2 (carried
out by Ben Gewurz from our laboratory), Abin-1 wigentified as negative regulator. Knockdown of Afin
enhances NkB activation by LMP1 TES2.

Abin-1 (A20 binding inhibitor of NF-xB) is a 71kDa protein that physically links A20,K&3-specific
deubiquitinase (DUB), which negatively regulates thF«B pathway, to NEMO and facilitates A20-mediated
de-ubiquitination of NEMO, thus resulting in inHibin of NF«B (251,277). It is, however, unclear whether Abins
act as competitors, or whether they recruit ottegative regulators to the IKK complex. Recently |sited data
indicate that the region between amino acids 50f(MEMO is required for interaction with Abin-1.

The identification of Abin-1 as negative regulasord the known interaction between Abin-1 and NEMO
led us to investigate how Abin-1 was involved in BMmediated signaling. To this aim, | performed ®-reporter
assays by transfecting HEK293 cells witB-luciferase ang-galactosidase plasmids in the presence or abs#nce
Abin-1 and various activators of N&. Consistent with previously published data, oxpression of Abin-1
inhibited TNFr- and Tax-mediated activation of NdB. Furthermore, Abin-1 also diminished MB- activation
induced by LMP1 (Fig.34). These results indicat #bin-1 interferes with activation of NiEB induced by LMP1
and LMP1 TES2.
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Figure 34. Abin-1 inhibits LMP1 mediated NkB activation HEK293 cells were transfected with botlB-luciferase reporter
construct and a contr@lgalactosidase plasmid, empty vector and (A) LMBRd @ax expression plasmids, or (B) a LMP1 TES2
only expression plasmid. Some empty vector tramsfecells were treated with 10ng TilFor 18h. 48h after transfection, cells
were lysed and the amount of luciferase activitg deatected. The mean +/- SD of folds of Ractivation is shown. (C) A total
of 25ug of lysates prepared from whole cell extracts viemaunoblotted with anti-HA, anti-LMP1, and amtiTubulin
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4. DISCUSSION

Various mammalian cell viruses, including EBV, @xéeir cytotoxic effects by interfering with tharfction
of specific host factors and associated cellulagnaing pathways. Therefore, elucidation of the eunalar
mechanisms by which viral proteins engage spebifist factors and modulate cellular signaling patsaa the key
to the understanding of virus-associated diseases.

As reviewed in the introduction, EBV is associateih a number of human malignancies, including
lymphoproliferative diseases in immune-compromigexbple (LPD), Burkitt's lymphoma (BL), nasopharyage
carcinoma (NPC), and Hodgkin's disease (HD) (208)vivo, EBV infects epithelial and B cells. In lymphocgte
EBV establishes a latent infection. The four red¢pgth forms of latency are characterized by the e&sgion of
different EBV-encoded proteins. Among these praeltMP1 is the only one known to be indispensableEBV-
mediated B cell transformation (201). LMP1 is conmhyoexpressed in above mentioned malignanciesxdtte its
functions mainly through two subdomains in its @#smic carboxyl tail: TES1 and TES2. By interactiwith
specific cellular factors, LMP1 TES1 and TES2 aativwwarious signaling pathways, including JNK, p38] NF«B.

The dimeric transcription factor NEB plays multiple roles in diverse biological proses, including
development, stress responses, cell growth andhdemtcinogenesis, and is a major regulator ofteaad adaptive
immunity and inflammatory responses (197). The lgdtnplex, which consists of IKi IKK, and NEMO, has been
suggested to be the critical component for canbriifaxB activation. Although devoid of catalytic activitthe
regulatory subunit of the IKK complex, NEMO, plags important role in activation of NEB. The N-terminus of
NEMO is required both for the binding of IkKand IKKB and their assembly into a complex essential forxBF
activation (252,300). Current thinking is that NEM@nctions as a scaffold protein by adapting vasiopstream
NF-kB-activating signals into the IKK complex. Howevegw NEMO is contacted by and integrates variogaas
remains incompletely elucidated.

LMP1 strongly activates NkB. Mutations in LMP1, that affect NkB activation, are defective for
outgrowth of lymphoblastoid cell lines (LCL), anatérruption of NF«B activation causes LCL apoptosis, indicating
that LMP1 is critical for NReB activation in EBV infected lymphocytes (54,55)codrdingly, the prevention or
treatment of EBV associated LPD and HD in immuneysmmised people would be greatly benefit fromlition of
LMP1 mediated NReB activation. However, global NkB inhibitory approaches may be counterproductivieces
such treatments could abrogate d¥'s oncogenic potential but affect other dB-activities used for normal cellular
proliferation, immunity, or for protecting healtloglls from TNF induced killing. Therefore, interdiction againsteo
NF-«B activity, while preserving others, would be highdesirable. Such an interruption could be achigved
structure/ function of components of the NB-pathway, such as NEMO, could be dissected in anerathat
segregates oncogenic stimuli from proinflammatofpkine activation.

The experiments reported here investigate thealodEMO in LMP1 mediated NkB activation. Previously
published data from our lab reported, that LMP1 istedl NF«xB activation can be NEMO independent while it is
dependent of IKIR (238,239). However, this study demonstrates thiatassumption was incorrect. We now find that
NEMO is essential for LMP1 TES2 mediated NB-activation. Beyond that, we identified two diéet NEMO
mutations that uniquely support LMP1 TES2 dependi#rkB activation, whereas they can not support &NFax,
TPA or CD40-mediated NKkB activation.

Using a mouse and a rat cell line deficient for NEM showed that LMP1 mediated NdB- activation is

abolished in the absence of NEMO. These findingsewsonfirmed by a different experiment utilizingR8IA
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targeting NEMO in a human cell line. One explamafior the different results obtained by Lufegal. (238,239) lies

in the Jurkat cell line A45 they used for their eximents. As | showed in this study, this A45 diele expresses a
mutant NEMO protein that uniquely supports LMP1 ratztl NFxB activation. It does not support TNFnediated

NF-«B activation as tested by Luftig al. (239). Furthermore, the mutant NEMO protein espegl in A45 Jurkat
cells was only detectable by one antibody which erdg recently made available.

The different results obtained by Lufteg al. in mouse embryonic fibroblasts (MEF) are moreidlift to
explain. The NEMO knockout MEF cell line used byftigi et al. (provided by M. Pasparakis, 316) was made by
homologous recombination and has been demonstsatetal times to be defective for NB-activation by various
stimuli, including TPA, LPS, IL-f, and TNF. However, when | started working with this celidi | noticed that
these MEFs activated NEB in response to TNE suggesting that the NEMO KO cell line may haverbswitched or
contaminated with the WT. As mentioned above, at time it was difficult to detect NEMO by westdsiot (even
the full-length protein) with the available antibesl

However, utilizing different other NEMO KO cell ks, | was able to show that NEMO is essential fdPiL
mediated NFReB activation. Beyond that, | identified in two difent Jurkat cell lines, A45 and 2C, two different
mutations in NEMO that uniquely support LMP1 depemd\F«B activation.

The first mutation 1-372, identified in A45 Jurlalls, generates a truncated NEMO protein whickddhe
putative zink finger located at the C-terminus. WINF«B activation by various stimuli including TNFTPA, and
Tax is significantly decreased or abolished by resthof the zink finger, it is at wild type levely linduction with
LMP1. Moreover, NR¢B activation by LMP1 TES2 was slightly hyperactimeA45 cells which could be explained
by the missing interaction of NEMO with CYLD. Thanor suppressor CYLD, which has been proposed as a
negative regulator of NEMO, is a deubiquitinatimgyme (DUB) capable of cleaving linear and K63-&dkubiquitin
chains (216). It contains binding sites for TRAR®& &has been shown to interact with NEMO residu€x8&93
located within the zink finger (307). SuppressidrC¥' LD expression by RNA interference causes amease in the
activity of NF«B which is attributed to defective removal of K68Ked ubiquitin chains from TRAF2 and NEMO by
CYLD (217). In a mechanistically analogous mani@¥LD was found to inhibit signaling from Toll-likeeceptor 2
by removing K63-linked ubiquitin from TRAF6 (405Jhe missing interaction of NEMO and CYLD may besagson
why LMP1 is capable to support NdB activation in A45 Jurkat cells. However, it caheaplain why other stimuli
failed to activate NReB. It has been shown that siRNA-mediated silen@figCYLD results in elevated NkB
activity after TNFe induction (174), suggesting that other or addailoimteractions, modification, or mechanisms
contribute in a stimulus dependent manner to siggadia the NEMO zink finger.

The analysis of the NEMO mutation 1-372 also intisahat the zink finger is neither required farding to
IKK o or IKKB, nor for activation of the IKK complex after LMPihduction, as mutant NEMO 1-372 is still
incorporated in the IKK complex (Fig.18C) and méesathe activation ofkBo (Fig.23C). However, a number of
studies demonstrated that deletions or mutationkeofink finger of NEMO are associated with seygathologies in
humans, and strongly interfere with its ability tactivate NF«B by various stimuli (15,126,150,
188,224,348,353,418). Recently, Cordieal. showed that the M415S mutation, which preventdibimof NEMO to
ubiquitin, severely impairs NkB activation by TNl (76). Further, a mutation associated with sevErpdthology,
M407V, also interferes with binding of the zinkdier to ubiquitin and activation of NiEB by TNFa. (77,328). These
findings and several other studies suggest thaditgnto ubiquitin is an important function of thénk finger
(222,353). Beyond that, Laplantieeal. and Cordieet al. demonstrated that the NEMO zink finger is capableind
K48-, K63-linked and linear polyubiquitin chainsitivsimilar affinity). Importantly, they demonsteat that NEMO
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specific high-affinity binding to K63-linked polyiduitin chains requires both the UBAN domain and @rterminal
zink finger, whereas the zink finger is not necegdar binding to linear polyubiquitin chains (722). Together,
these findings and the data presented here sugbaestfor LMP1 mediated NkB activation NEMO binding to
K63-linked polyubiquitin chains is not required.

The second mutation133-224, identified in 2C Jurkat cells, generatémiacated NEMO protein which has
an internal deletion within coiled coil (CC) 1 att region between CC1 and CC2. The mutated prtateks, among
others, the binding site for RIP. The finding thddP1 induces NFReB activation inA133-224 mutant NEMO Jurkat
cells supports a previous study that showed th& RIdispensable for LMP1 mediated NB-activation (185).
However, this mutant is only partially active. Theduction in LMP1 induced NkB activation exceeds 50%,
suggesting that a part of, or the entire missimggpre makes an important, although not essentialtribution to LMP1
signaling. On the other hand, the mutant could ipbsde misfolded or misdistributed intracellularlgll mutants
expressed robustly in HEK293 cells and MEFs whesayed by western blot, indicating that intraceliidgnthesis
was intact. However, when | visualized stably expesl NEMOA133-224 in MEFs by immunofluorescence, it more
than any other mutant that | surveyed, formed ualusytoplasmic aggregates (Fig.26). This particpl@sentation
could explain why this mutant is capable to suppdfP1l mediated NReB activation. Three different recent studies
suggested that some amount of NEMO may constifytiggist as oligomers without requiring stimuluslirction
(177,300,289). By contrast, partially active NEM@tamts such agd134-223 may be constitutively oligomerization
inefficient, but could be driven to oligomerize the appropriate stimuli such as LMP1. However,dbable mutant
1-372/ A133-224 also forms, although to a lesser extenthptasmic aggregates, but failed to reconstitutePiM
mediated NFReB activation.

The reconstitution assay further confirmed theifigd in the A45 and 2C NEMO mutant Jurkat cell $ine
While the mutants 1-372 andl33-224 supported LMP1 mediated NB-activation, neither 1-372133-224, nor the
double mutant 1-3724133-224 supported TNFmediated NF<B activation. Collectively, these findings suggdbtst
the zink finger and the region aal33-224 likely dha redundant function for LMP1 signaling, wherbash are
essential for TN& mediated NFReB activation

Several other findings of the present study hidtilithe importance of the ubiquitin binding domaih o
NEMO. In the reconstitution assay, | found thate@xtinal truncation of the leucine zipper (LZ) ata tUbiquitin
binding domain (UBAN) between amino acids 303 ai@ 8brogated the ability of NEMO to restore TiNFax, or
LMP1 mediated NReB activation, indicating that ubiquitin modificatie within the ubiquitin binding domain and/ or
the ability of NEMO to recognize ubiquitin chairege essential for activation of NéB by all stimuli tested. These
results are consistent with those of previous rspdescribing mutations of NEMO in this region whicave been
shown to impair NReB activation by various stimuli and cause serioutinked diseases. The mutations L322P,
L326P, L329P, and L336P within the leucine zippavehbeen shown to severely affect dB-activation induced by
TNFo and IL-1 (244). The E315A and R319Q mutations weeatified as immunodeficiency against mycobaeteri
infections and severely affect IL-12 production {L1The anhidrotic ectodermal dysplasia with imnuaefaciency
(EDA-ID) causing mutations A288G, D311N, and A32@Bult in impaired NkeB activation in response to TNF
IL-1, LPS, and serum-lysophosphatidic acid (LPA3,820).

The molecular analysis of the A323P mutation, whigsults in impaired polyubiquitination of NEMO and
NF-«B activation, has allowed the identification ofehrlysine residues K314, K318, and K319, whichrarpiired
for TRAF6 dependent NEMO polyubiquitylation in resise to IL-1, LPS, and LPA-induced MB- activation (320).
Utilizing siRNA, | found that TRAF6 is required farMP1 mediated NReB activation in WT and the two NEMO
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mutant Jurkat cell lines. These results supporteatteind previous studies demonstrating that LMPdiated NF«xB
activation is defective in TRAF6cells (238,389). Furthermore, | found that TRABGImmunoprecipitated with full-
length NEMO as well as and both NEMO mutants 1-and A133-224 (Fig. 30D), suggesting that TRAF6 can
directly interact with full-length, 1-372, amil33-224 mutant NEMO. As reviewed in the introducti®d RAF6 is an
E3 ubiquitin-ligase that, together with an E2 comxplcomposed of Ubcl3 and UevlA, promotes K63-poly-
ubiquitination of many proteins (89). Furthermosé&RNA-mediated silencing of Ubcl13 results in defextTNFo
mediated NFReB activation in insect cells and HEK293T cells,igating the importance of K63-linked polyubiquitin
chains in NFeB activation (12,419). However, the role of K63kigd polyubiquitin chains in NkB activation has
been questioned in several recent studies. The URBANTF of NEMO, which was suspected to be a K63dbig
motif (101,390), shows a substantially higher afffidor linear chains (235,293). Further, in Ubddr®ockout MEFs,
the linear ubiquitin chain assembly complex (LUBAN still activate NReB after TNFe induction, indicating that
K63-linked polyubiquitination has a distinct roleofn LUBAC-mediated linear ubiquitination in TNHnduced
NF-«xB activation (357).

Despite the many studies, the different functiofidieear and K63-linked polyubiquitin chains in kel
signaling are still poorly understood. Recentlynadel for activation of signaling by the TNF-R1-@sisited protein
complex (TNF-RSC) has been proposed, whereby TRAD® TRAF2 recruit clAPs to the TNF-R1 complex. Then
clAPs ubiquitylate several components in the compleading to recruitment of LUBAC which recognizel\P
generated polyubiquitin chains. LUBAC is thoughtatitach linear polyubiquitin chains to NEMO whiasults in
recruitment of more NEMO, thereby stabilizing theie complex and increasing the retention time&lBMO and
other signaling components (144).

However, previous data and the experiments repdmtd, highlight the differences between TiN&nd
LMP1 in their respective activation of NéB. In contrast to TNé&, LMP1 requires TRAF6 for NikB activation. This
finding, and the experiment, that showed that LMRduces K63-linked polyubiquitination of full-lefgtNEMO
(Fig.33), suggest that K63-linked polyubiquitin atf®@have an important role in LMP1 mediated ®B--activation.
The co-immunoprecipitation experiments further ssighat TRAF6 can mediate K63-linked polyubiquition of
NEMO after LMP1 induction, as TRAF6 directly inteta with NEMO. However, this statement is somewhat
speculative, since | have not been able to cleteiponstrate, that LMP1 induces K63-linked polyuliigation of the
NEMO mutants 1-372 and133-224, and that the non-functional NEMO doubleanti1-372/A133-224 does not
interact with TRAF6. Therefore, the requirement T®]AF6 may be somewhere else in the LMP1#8-pathway. It
has been shown that TAB2 and TAB3 bind to K63-lohimlyubiquitin chains which are generated by TRA8S),
resulting in recruitment of TAK1 to the receptourthermore, the TAK1-TAB2-TAB3 complex has beenvamndo
be an essential component of NB-activation (375). Moreover, TAK1 has been showbt critical for LMP1
mediated NF<B (389).

Collectively, these experiments suggest that TRAREdiated K63-linked polyubiquin chains (possibly
attached to NEMO) are required for LMP1 mediatedd®Factivation. In contrast or additionally, the rasttution
assay suggests different models: (1) the lack ghirement of the NEMO zink finger suggests thatdbig to K63-
linked polyubiquitin chains is not required for LMPmediated NReB activation and that binding to linear
polyubiquitin chains may be sufficient, or (2) ttegion aal33-224 interacts with a protein that perates with the
UBAN domain to mediate recognition and binding t63Klinked polyubiquitin chains similar to the fuiwt of the

zink finger. Furthermore, in immunoprecipitationpeximents, | found that LMP1 co-immunoprecipitateit WT
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NEMO as well as the mutants aal-372 #i83-224. However, the yield of the immunoprecimasi is very low
suggesting that NEMO and LMP1 are likely componeifiz larger multiprotein framework without direateraction.

In a separate study, | found that Abin-1 interfenéth activation of NF«B induced by LMP1 and LMP1
TES2. Abin-1 has recently been shown to links A2K63-specific deubiquitinase, to NEMO and facita A20-
mediated de-ubiquitination of NEMO, thus resultingnhibition of NF«B (251,277). A different study demonstrated
that Abin-1 is a novel K63-linked and linear ubitjuisensing protein that inhibits FADD—caspase $aistion in the
death inducing signaling complex, and protectsscajainst TNé-induced apoptosis (277).

Taken together, these results indicate, that utiigunodifications play a major role in NEB signaling.
Therefore, understanding the different functionsirdar and K63-linked ubiquitin chains in cell saing remains an
outstanding issue. Future experiments, includin@d2Q (HOIL-1L and HOIP) knockout, or overexpressistudies
will provide an insight, if linear polyubiquitin efins are required for LMP1 mediated NB-activation. Recently, the
A323 mutation has been shown to cause a confornatichange of the NEMO protein that inhibits sipesfic
SUMO attachment at residues Lys277 and Lys309 tmip&IF«B activation (170). Therefore, it is likely thather
modifications within the ubiquitin binding domairf NEMO play an important role in LMP1 mediated NB-
signaling. GST-pulldown experiments and immunogpiaiions followed by mass spectrometry will idénthew
interactors of NEMO that are important for LMP1rsdjng. The results, obtained from the experimegp®rted here,
provide some clues to the function of NEMO in LMP#&diated NFRe¢B activation. However, a more detailed analysis

is still necessary.
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5. SUMMARY

Epstein-Barr virus (EBV) is an oncogenic herpesuwithat causes human disease including Hodgkin’s
disease (HD), and Naso-Pharyngeal Carcinoma (NR&gnt infection integral membrane protein 1 (LMP1)
commonly expressed in these malignancies, mimicsretitutively active TNF receptor (TNFR). LMP1 htxgo
C-terminal cytosolic domains, transformation effectites (TES)1 and -2, that engage TNFR-assoc@dath domain
proteins (TRADD and RIP) and TNFR-associated factdrRAFs), which interact with signaling moleculdst
mediate activation of several signaling pathwaysuiding JNK, p38, and NkB.

The transcription factor NkB regulates expression of numerous genes congoilmmune and stress
responses, cellular proliferation, inflammatory até@ns, and protection against apoptosis. DysrégdlaNF«B
activation results in aberrant expression of itggagenes. Therefore, constitutively active dB-has been implicated
in various lymphoid malignancies. NdB activation relies on thecB kinase (IKK) complex which is composed of
IKK o, IKK B, and the regulatory subunit NEMO. NEMO has be@pgpsed as a universal adaptor of the IKK complex
for various stimuli such as TNEIL-1, HTLV-1 Tax, and KSHV v-FLIP.

This study demonstrates that NEMO is essentialLfdP1 TES2 mediated NkB activation. Beyond that,
we identified two NEMO mutations that uniquely soppLMP1 dependent NkB activation, whereas they can not
support TNk, Tax, TPA or CD40-mediated NEB activation. The first mutation 1-372, isolatedrfr A45 Jurkat
cells, generates a truncated NEMO protein whickddhe putative zink finger located at the C-teusinThe second
mutationA133-224, isolated from 2C Jurkat cells, generatesrecated NEMO protein which has an internal defet
Reconstitution experiments in NEMO knockout mous#eyonic fibroblasts, stably expressing full-lengthmutant
NEMO, indicate that the NEMO zink finger and thgion aal33-224 are dispensable for LMP1 mediateekBIF
activation, but are required for TNFmediated NFR<B activation. The double mutant 1-372133-224 failed to
reconstitute LMP1 mediated N&B activation, suggesting that the zink finger ahne tegion aal33-224 likely have a
redundant function for LMP1 signaling, whereas terh essential for TNFmediated NFeB activation.

C-terminal truncation of the leucine zipper (LZ)datme Ubiquitin binding domain (UBAN) between amino
acids 303 and 372 abrogated the ability of NEMOrdstore TNk, Tax, or LMP1 mediated NkB activation,
indicating that ubiquitin modifications within théiquitin binding domain and/ or the ability of NEMto recognize
ubiquitin chains, are essential for activation &-RB by all stimuli tested.

In siRNA experiments, TRAF6 was found to be reqliifer LMP1 mediated NkeB activation in wildtype,
and the two mutant NEMO Jurkat cell lines, A45 &@ Furthermore, TRAF6 co-immunoprecipitated witili-f
length NEMO as well as and both NEMO mutants 1-87@A133-224.

Collectively, these experiments suggest that, imrest to TNk, TRAF6 mediated K63-linked polyubiquin
chains (possibly attached to NEMO) are required fdiP1 mediated NReB activation. Additionally, the
reconstitution assay suggests different modelsthé)lack of requirement of the NEMO zink fingedicates that
binding to K63-linked polyubiquitin chains is naquired for LMP1 mediated NEB activation and that binding to
linear polyubiquitin chains may be sufficient, &) (he region aal33-224 interacts with a proteit do-operates with
the UBAN domain to mediate recognition and bindiagk63-linked polyubiquitin chains similar to tharfction of

the zink finger.
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6. ZUSAMMENFASSUNG

Epstein-Barr virus (EBV) ist ein krebserregendespds Virus, dal3 Krankheiten im Menschen, einsclidibf3
Hodgkin's disease (HD) und Naso-Pharyngeal Carcan@PC), auslost. Das ,latent infection integralnmbeane
protein 1* (LMP1), welches in all diesen Krankheitexprimiert ist, ahmt einen Tumor Necrose Faki{bNK)-
Rezeptor nach, der permanent aktiv ist. An seinemb@xylende hat LMP1 zwei wichtige Doménen, TESH 2
welche mit verschieden Proteinen, wie zum BeispMFR-assoziierten Todes Doméane Proteinen (TRADD RiR)
und TNFR-assoziierten Faktoren (TRAFs), interagietmd auf diese Weise mehrere intrazellulare Swgegd
aktivieren, einschlielich JNK, p38, und XB-

Der Transkriptions Faktor NkB reguliert die Expression zahlreicher Gene dieesurinderem wichtige
Funktionen in der Regulierung von Immunitat, Zéllteg, Entziindungsprozessen und dem Schutz vor
programmiertem Zelltod haben. Fehlgesteuerte Adting von NFReB fuhrt zu UbermaRiger Expression von
Zielgenen. UberméaRige Aktivierung von NB- steht in Zusammenhang mit mehreren Krankheiteis de
Lymphsystems (Leukemien). Wichtig fur die Aktiviewivon NF«B ist der kB Kinase (IKK) Komplex, der sich aus
den zwei Kinasen IKK und IKKpB, sowie der regulatorischen Untereinheit NEMO zusamsetzt. Nach derzeitigem
Model funktioniert NEMO als ein universeller Adaptder verschiedene NEB aktivierende Signale, einschliel3lich
TNFo, IL-1, HTLV-1 Tax und KSHV v-FLIP in den IKK Komglx integriert.

Diese Arbeit demonstriert, dass NEMO fir LMP1 TE®&2mittelte Aktivierung von NReB notwendig ist.
Weiterhin wurden zwei Mutationen in NEMO identigrf, welche ausschliel3lich LMP1 vermittelte Aktiviag von
NF«B bewirken, nicht jedoch TNE Tax, TPA oder CD40 vermittelte. Die erste Mutatid-372, erzeugt ein
verkirztes NEMO Protein, dem der vermeintliche fimger am Carboxylende fehlt. Die zweite Mutatiad,33-224,
filhrt zu einem verkiirzten Protein dem intern 91 Aesiuren fehlen. Rekonstruktionsexperimente in NEMW@us
Embryo Fibroblast Zellen offenbaren, dass der NEKIakfinger und die Region aal33-224 fur LMP1 vetsite
NF-«B Aktivierung entbehrlich sind, jedoch fir TNMFvermittelte NFkB Aktivierung benétigt werden. Der
Doppelmutant, 1-372A133-224, konnte LMP1 vermittelte NEB Aktivierung nicht wiederherstellen, was darauf
hinweist, dass der Zinkfinger und die Region aa238-moglicherweise eine austauschbare Funktion MiPL
Signalweg haben, wahrend beide Regionen fird M#verzichtbar sind. Die Verkirzung des NEMO Pregaim den
Leucine zipper und die Ubiquitin bindungs DomaneBABN) zwischen den Aminoséauren 303 und 372, hob die
Fahigkeit von NEMO auf, TNk Tax, oder LMP1 vermittelte NkB Aktivierung wiederherzustellen. Dies weist
darauf hin, dass Ubiquitin Modifizierungen an dsiquitin bindungs domane und / oder die Fahigkeit NEMO,
Ubiquitin Modifizierungen zu erkennen, unverzichtfizr alle getesteten Stimuli sind, um KB-zu aktivieren.

Weiterhin fanden wir in sSiRNA Experimenten, dassAH8 fir LMP1 vermittelte Aktivierung von NkB in
Wildtyp und den beiden Jurkat Zelllinen notwendity Weiterhin stellten wir fest, dass TRAF6 mit Wip NEMO
und den beiden Mutanten 1-372 umd33-224 co-immunoprezipitiert. Zusammenfassendsedi&xperimente
demonstrieren, dass im Gegensatz zu dNWon TRAF6 hergestellte (mdglicherweise an NEMQyebrachte)
K63-verbundene Ubiquitin Ketten fir LMP1 vermiteelktivierung von NFeB unverzichtbar sind.

Die Rekonstruktionsexperimente legen 2 Modelle nghg da der NEMO Zinkfinger entbehrlich ist, ist
Erkennung und Bindung an K63-verbundene Ubiquitiett&h fir LMP1 vermittelte NkB Aktivierung nicht
erforderlich, oder (2) die Region aal33-224 intemdgnit einem Protein, dal mit der UBAN doméane p@mgert und
Bindung an K63-verbundene Ubiquitin Ketten vernfiiftéhnlich der Funktion des Zinkfingers.
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8. LIST OF ABBREVIATIONS

aa

aminoacid

aminoacids (one letter code)

<Xs<J0nITVOTVZZIrXATIOMmMTO>

Ab
Abin-1
Amp
AgR
APS
ATL
ATP
approx.

bp
BCIG (x-Gal)
BSA

°C

cc
clAP
conc.
Cozi
CYLD

ddH,O
DEPC

DMEM
DMSO
DNA
didC
dNTP
ds
DTT
DUB

alanine (Ala)
cysteine (Cys)
aspartic acid (Asp)
glutamic acid (Glu)
phenylalanine (Phe)
glycine (Gly)
histidine (His)
isoleucine (lle)
lysine (Lys)
leucine (Leu)
methionine (Met)
asparagine (Asn)
proline (Pro)
glutamine (GIn)
arginine (Arg)
serine (Ser)
threonine (Thr)
valine (Val)
tryptophane (Trp)
tyrosine (Tyr)

antibody

A20 binding inhibitor of NReB-1
ampicilin

antigen receptor
ammoniumpersulfate

adult T cell ymphoma
adenosintriphosphate
approximately

basepairs
bromo-chloro-indolyl-galactopyranoside
bovine serum albumin

grad celsius

coiled coll

cellular inhibitor of apoptosis
concentration

NEMO (domains CC2 and LZ)
cylindromatosis

day/ days

double destilled water

Dalton

diethylpyrocarbonate, (diethyl dicarbonate, diethwydiformate,
ethoxyformic anhydride, or pyrocarbonic acid digtester)
Dulbeccos Modified Eagle Medium

dimethylsulfoxid

deoxyribonucleicacid
Poly(deoxyinosinic-deoxycytidylic) acid, sadi salt
deoxynucleosidtriphosphate

double stranded

dithiotreitol

deubiquitinating enzyme
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El ubiquitin-activating enzyme

E2 ubiquitin-conjugating enzyme

E3 ubiquitin ligase

EBV Epstein-Barr Virus

E.coli Escherichia coli

EDA-ID anhidrotic ectodermal dysplasia with immadediciency

EDTA ethylenediaminetetraacetic acid

EGFP enhanced green fluorescent protein

FADD Fas-associated death domain

FBS fetal bovine serum

Fig. figure

VvFLIP viral FLICE [FADD (Fas-associated death dom)-like interleukin B-converting enzyme]-
inhibitory protein

g gram

g = rcf (relative centrifugation force) g=11,18* (rpm/1000)"2

G dGMP=deoxyguanosinmonophosphate

GFP green fluorescent protein

GST Glutathioné&-transferase

G418 neomycin

h hour

HCI hydrochloric acid

HEK293 human embryonic kidney cells

HelLa adenocarcinoma cell line (cervix)

HOIL-1L longer isoform of haem-oxidized iron-regtory protein ubiquitin ligase 1

HOIP HOIL-1L interacting protein

HRP horseradish peroxidase

hrs hours

HTLV human T lymphotropic virus

B immunoblot

IBR in-between RING

ID immunodeficiency

IF immunofluorescence

Ig immunoglobulin

kB inhibitor ofkB

IKK inhibitor of kappa €) B kinase

IL-1 (B) interleukin-1 )

IL-1R interleukin-1 receptor

P immunoprecipitation

P incontinentia pigmenti

IPTG isopropyjs-D-thiogalactoside

IRAK IL-1 receptor associated kinase

JNK Jun amino-terminal kinase

kbp kilobasepairs

kD (kDa) kilodalton

KO knock out

KSHV Kaposi sarcoma-associated herpesvirus

I liter

LMP1 latent membrane protein 1

LUBAC linear ubiquitin chain assembly complex

LPA serum-lysophosphatidic acid

LPS lipopolysaccaride

LZ leucine zipper
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m

M

mA
MAPK
MCLB
ME (B-ME)
MEF
MEKK3
mg

min

Mio

ml

mM
MOPS
MRNA

NaDOC
NCS
NEM
NEMO
NF-«B
nm

nM
NOA
NOAZ
NP40
nt
NUB
NZF

oD
ORF

p*%a-dATP
p*2a-dCTP
p*%a-dGTP
PBS

PEL

PKC

PMA /=TPA
pmol

PMSF

rcf
RING
RIPA
RIP1
RNA
RNAse
rem
RT

RT

SCRBTICP
SD

sec

SDS

SS

milli

mol

milliampere

mitogen-activated protein kinase
mammalian cell lysis buffer
B-mercaptoethanol

mouse embryonic fibroblasts
MAPK kinase kinase 3
milligramm

minute

million

milliliter

millimol

3-(N-morpholino) propanesulfonic acid
messenger RNA

microgramm

microliter

micromol

nucleotides

Sodiumdeoxycholate

newborn calf serum
N-Ethylmaleimide

NF«B essential modulator

nuclear factorB

nanometer

nanomol

NEMO Optineurin Abin (domains CC2 and LZ)
NOA (CC2 and LZ) plus linker and ZF
Nonidet P-40 or Igepal CA-630
nucleotide

NEMO ubiquitin binding

novel zinc finger

optical density
open reading frame

2’-desoxyadenosin-5"-triphosphat
2 -desoxycytidine-5"-triphosphat

2 -desoxyguanosine-5’-triphosphat
phosphate buffered saline

primary effusion lymphoma

protein kinase C

phorbol 12-myristate 13-acetate/ 12-Orddéecanoylphorbol-13-acetate

pikomol
phenylmethylsulfonyl fluoride

relative centrifugation force = g

really interesting new gene

radio immunoprecipitation assay buffer

receptor interacting protein 1

ribonucleicacid

ribonuclease

revolutions per minute g =11,18 * r * (rpm)"2
room temperature

reverse transcriptase

Skpl—cullin—F box3{TrCP)ubiquitin ligase
standard deviation

second

sodium dodecyl sulphate

single stranded
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T
Tab.

TAB

TAK1

TBE

TE

TEMED

Tet

TLR

TNFa
TNF-R1
TNF-RSC
TPA/ =PMA
TRAF

tRNA
Tris-HCI

U

U
UBA
UBAN
UBC
UBD
UBL
U-box
Uev

Vol

WCE
WT

x-Gal (BCIG)
XR-MSMD

ZF

dTMP=deoxythymidinmonophosphat

tabelle

TAK1-binding protein

transforming growth factdd-activated kinase 1
tris-borate-EDTA buffer

tris-EDTA buffer
N,N,N",N"-Tetramethylendiamin

Tetracycline

Toll-like receptor

tumor necrosis factor

TNFe receptor 1

TNF-R1 signaling complex
12-O-Tetradecanoylphorbol-13-acetate/rpbb12-myristate 13-acetate
TNF receptor-associated factor

transfer-RNA
tris-(hydroxymethyl)-amminomethane hydrtmide

unit

dUMP = uridinmonophosphat
ubiquitin-associated
ubiquitin-binding in ABIN and NEMO
ubiquitin conjugating enzyme
ubigitin binding domain

ubiquitin-like

UFD2-homology domain

ubiquitin E2 variant

volume

whole cell extract
wild type

bromo-chloro-indolyl-galactopyranoside
X-linked recessive Mendelian susceptiilib mycobacterial diseases

zinc finger
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