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LMP1 SIGNALING MODULATION AT LATE-ENDOSOMES
ABSTRACT | The Epstein Barr virus encoded oncoprotein LMP1 constitutively
activates NFκB from intracellular membranes to promote cell growth and survival.
LMP1 associates with CD63 in intracellular membranes partially explaining its
release via exosomes. If TNF receptor-associated factors (TRAFs) mediate LMP1
NFκB signaling from endosomes and modulate exosomal sorting is unknown.
Here we show that LMP1-TRAF2 signaling complexes accumulate at endosomes in
a
palmitoylation-dependent
manner
thereby
driving
LMP1-dependent
oncogenicity. We recapitulated intracellular trafficking of activated LMP1-TRAF2
signaling complexes by ectopic LMP1 expression in HEK293 cells. Palmitoylation is
a reversible post-translational modification and considered to function as a
membrane anchor for proteins. Mutagenesis studies and chemical inhibition
showed that LMP1-TRAF2 trafficking to endosomes is dependent on one single
cysteine residue (C78), a known palmitoylation site of LMP1. Notably, growth
assays in soft agar revealed that oncogenic properties of the C78 palmitoylationdeficient LMP1 mutant were diminished compared to wild type LMP1. Since LMP1
recruitment of TRAF2 and downstream NFκB signaling were not affected by a
disturbance in palmitoylation, the specific localization of LMP1 at endosomal
membranes appears crucial for its transforming potential. The importance of
palmitoylation for trafficking to and signaling from endosomal membranes was
not restricted to LMP1 as similar observations were made for the cellular
oncoproteins Src and Fyn. Despite abundant LMP1-TRAF2 association at
endosomal membranes TRAF2 could not be detected in exosomes by western
blotting or proteomics. Interestingly, point mutations in TRAF-binding sites
strongly promoted the sorting and release of LMP1 via exosomes. These
observations reveal that LMP1-TRAF2 complexes at endosomes support
oncogenic NFκB activation and suggest that LMP1 dissociates from the activated
signaling complexes upon sorting into intraluminal vesicles. We propose that
‘signaling endosomes’ in EBV-infected tumor cells can fuse with the plasma
membrane explaining LMP1 release via exosomes.
	
  
Introduction
Endocytosis of signalling receptors has been traditionally viewed as the main pathway
for the attenuation of signal transduction1. Recently, endosomes themselves are
increasingly considered as integral platforms for signal prolongation, initiation and
cellular transformation1,2. For example, the signalling activity of the Receptor Tyrosine
kinase receptor (RTK) c-Met results from activation of the receptor by ligand binding at
the plasma membrane (PM). However, oncogenic Met prolongs signalling after
endocytosis from the PM by accumulating at endosomal membranes2. This may have
other consequences as well since exosomes that carry activated Met promote
metastatic niche formation in mice and have been found in circulation of cancer
patients3. In addition, a naturally occurring EGFR mutant, EGFRvIII, expressed in some
cancers cycles between the PM and recycling endosomes and escapes downregulation due to impaired trafficking and sorting to lysosomes4. Apart from RTKs, the
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Figure 1 | LMP1 accumulates at and signals from CD63+ endosomes
(A
A ) Immuno-fluorescent labeling of wtLMP1 (red) and CD63 (green) in HEK293 cells. (B
B ) Immunofluorescent labeling of wtLMP1 in HEK293 cells with endogenous CD63 levels or overexpression of
CD63. White and red arrowheads indicate LMP1 localized at the plasma membrane or endosomal
C ) Reporter assay for effect of CD63 on LMP1-wt
membranes respectively, and N indicates nucleus. (C
NFκB-activity. Cell lysates of HEK293 cells transfected for 24h with wtLMP1 (LMP1-WT) and increasing
D)
amounts of CD63 plasmid or empty vector (control), together with a NFκB-reporter construct. (D
Immuno-fluorescent labeling of LMP1-wt or LMP1ΔTM1-2 (LMP1 ΔTM) (both in red) in HEK293 cells coE ) Immuno-fluorescent
transfected with Rab5- or Rab7-GFP (both in green). N indicates nucleus. (E
labeling of lysotracker (red) in LMP1-wt or LMP1 ΔTM (green) transfected HEK293 cells. N indicates
F ) Reporter assay for LMP1-wt or LMP1-ΔTM1-2 NFκB-activity. Cell lysates of HEK293 cells
nucleus. (F
transfected with wtLMP1 (LMP1-WT), LMP1-ΔTM1-2 (LMP1-ΔTM1-2) or empty vector (ctrl), together with
an NFκB-reporter construct.

signaling of oncogenic Src family kinases (SFKs), originally identified in Rous Sarcoma
Virus in chickens, is strongly linked to endosomal trafficking5.
The first discovered human tumor virus, Epstein Barr (EBV), encodes for the
constitutively activated oncoprotein Latent Membrane Protein 1 (LMP1), a signaling-
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homolog of human CD40 that is expressed in EBV-associated tumors. LMP1 can
escape degradation through association with CD63 which is required for its release via
exosomes6 and may thus control non cell-autonomous functions of LMP17. In newly
EBV-infected proliferating B cells, LMP1 provides essential survival signals during
normal B cell development into memory B cells8. LMP1 is unique in that it can signal
without a ligand explaining its oncogenic properties caused by chronic NFκB activation
9
. Indeed, studies in transgenic mice have shown that human CD40 without the control
of an external ligand causes lymphomagenesis10,11. Since EBV essentially infects the
entire world population, in healthy EBV carriers, the NFκB signaling activity of LMP1
must be tightly constrained to prevent lymphomagenesis12.
The LMP1 protein has six transmembrane domains that are involved in trafficking and
self-aggregation through recruitment of TNF receptor-associated factors (TRAF) at
cytoplasmic C-terminal Activating Regions (CTARs)13–15. Immuno-precipitation (IP-)
studies in various cell lines of different species show binding of LMP1 to TRAF1, 2, 3,
5, and 616,17. In contrast, only siRNA inhibition of endogenous TRAF2 seems to abolish
NFκB activation and concomitantly increases apoptosis in various human lymphoma
and LCL cell lines18. Thus TRAF2 seems crucial for LMP1 mediated NFκB activation,
which does not exclude binding of other TRAFs per se. It should be noted, however,
that many IP-results have not been confirmed in intact cells by localization studies, for
example using confocal microscopy.
To control the downstream signalling activity of cellular surface receptors such as EGF
and MET, these proteins are endocytosed from the plasma membrane upon external
ligand binding, and recycled back to the PM or degraded in lysosomes19,20. LMP1,
lacks ligand control and previously we discovered that LMP1 escapes lysosomal
degradation via association with CD63 and sorting into exosomes6. Exosomes are
extracellular vesicles (EVs) produced through inward budding of the limiting
membrane of multivesicular bodies (MVBs). These intraluminal vesicles (ILVs) are
released from cells when the MVBs fuse with the plasma membrane21. Sorting of
proteins into ILVs of signalling endosomes may terminate signalling by shielding
catalytic domains from the cytoplasm22. How LMP1 traffics towards MVBs, what sorting
requirements determine incorporation into ILVs and what the effect is on its TRAF
clustering is not fully understood.
In this report we studied the role of palmitoylation as likely membrane anchor that
targets LMP1 to tetraspanin (CD63) enriched exosomes23. We demonstrate that LMP1TRAF2 complexes localize at and signal from endosomal membranes while only LMP1
is sorted into exosomes. We discuss our findings in the context of ‘signalling
endosomes’ as a platform for signal initiation and termination19,24 and how this may
effect the properties of exosomes.
Results
LMP1 traffics directly to (late) endosomes for downstream signalling
Figure
LMP1 strongly associates with endosomes marked by the presence of CD63 (F
1 a ), and this association with CD63 is important for LMP1 subcellular trafficking,
exosomal sorting and signalling6. To study how LMP1 trafficking in the endosomal
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Figure 2 | LMP1-TRAF2-association at endosomal membranes controls signaling and sorting
(A
A ) Immuno-fluorescent labeling of endogenous TRAF2 and TRAF3 (all in green) in wtLMP1 (red)
transfected HEK293 cells. Lower panel: Immuno-fluorescent labeling on EBV-negative BJAB cells
carrying a tetracyclin- inducible (TET-Off) LMP1 expression construct, induced for 24h (LMP1 in red) and
B ) Immuno-fluorescent labeling of
labeled for endogenous TRAF2 (green). N indicates nucleus. (B
endogenous TRAF2 (green) in HEK293 cells transfected with LMP1 constructs with point-mutations in
C ) Reporter assay for LMP1-wt
(LMP1 DM) the suspected TRAF-binding sites (red). N indicates nucleus. (C
or LMP1-DM NFκB-activity. Cell lysates of HEK293 cells transfected for 24h with wtLMP1, LMP1-DM or
D ) Western blotting analysis on TRAF2
empty vector (ctrl), together with a NFκB-reporter construct. (D
and LMP1 protein levels in EBV-infected LCL cell- and exosome-lysates (left) and in wtLMP1 transfected
E ) Western blotting analysis on LMP1 protein levels in
HEK293 cell- and exosome-lysates (right). (E
wtLMP1 or LMP1-DM transfected HEK293 cell- and exosome-lysates.

pathway is coupled to downstream signaling, LMP1 was co-transfected with increasing
amounts of a CD63-expression plasmid. We observed increased levels of LMP1 in the
plasma membrane (PM) compared to wtLMP1 (Figure 1b). Since the signalling activity
of certain RTK-receptors critically depends on accumulation at endosomal
membranes19, we examined signalling of mislocalized LMP1 using dual NFκB-luciferase
reporter assays. Accumulation of LMP1 in the PM due to CD63 overexpression
reduced NFκB signalling up to 3-fold depending on the dose (Figure 1c). Next, we
analyzed a mutant form of LMP1, LMP1∆TM1-2, that lacks the first 2 transmembrane
domains important for membrane aggregation13,14. Fluorescent confocal analysis
(CLSM) analysis showed that the LMP1∆TM1-2 mutant accumulated at the PM,
phenotypically mimicking LMP1 localization under CD63 overexpressing conditions
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(Figure 1d). LMP1∆TM1-2 is endocytosed from the PM, as shown by co-localization
with Rab5-GFP and Rab7-GFP, indicative of early- and late endosomes respectively25,26.
In contrast, wtLMP1 does not accumulate at the PM and does not co-localize with
either of these Rab-GFP proteins (Figure 1d). Prior studies showed that exogenously
expressed LMP1 and endogenous LMP1 expressed in naturally EBV-infected B
lymphoblasts associates with the late endosomal protein CD63 and escapes lysosomal
degradation through release via exosomes6,7,27. To investigate whether LMP1∆TM1-2,
similar to wtLMP1, escapes degradation by lysosomes, we performed co-localization
experiments with LysotrackerTM. Neither wtLMP1 nor LMP1∆TM1-2 showed extensive
co-localization with lysotracker in HEK293 cells (Figure 1e), suggesting that
LMP1∆TM1-2 escapes lysosomal degradation by incorporation into exosomes or is
shed directly from the PM23,28. Finally, to study whether the altered distribution of
LMP1∆TM1-2 has an affect on NFκB activation, we performed luciferase-reporter
assays. Indeed, the LMP1∆TM1-2 mutant showed roughly a 2-fold decreased
signalling activity in HEK293 cells compared to wtLMP1 (Figure 1f).
Altogether, these results suggest that LMP1 by default does not traffic to the plasma
membrane but directly traffics to late endosomes while escaping degradation by
lysosomes through exosomal release. Endosomal membranes thus represent the main
site for LMP1-NFκB activation.
LMP1 specifically clusters TRAF2 via its CTAR domains but is not sorted in exosomes
Since a significant pool of LMP1 escapes endo-lysosomal degradation, we sought to
decipher how LMP1 signaling is controlled as NFκB overstimulation is associated with
inflammation, pro-tumorigenicity, but also cytotoxicity29,30. To this end, we first studied
which TRAFs are recruited by LMP1 as these are the critical mediators of NFκB
activation16,17. CLSM analysis in HEK293 showed strong co-localization between LMP1
and endogenous TRAF2 but not with endogenous TRAF3 (Figure 2a). The recruitment
of TRAF2 was also examined in EBV-negative B-cells that can be induced to express
LMP1 (BJAB-LMP1), where we confirmed that LMP1 clusters endogenous TRAF2
( F i g u r e 2 a , lower panel)) . Thus LMP1 specifically recruits TRAF2 in epithelial and Bcells, consistent with siRNA knock-down studies in human lymphoma and LCL cells18.
To explore whether the CTAR domains are involved in the TRAF2 association with
LMP1, we performed CLSM experiments on HEK293 cells expressing a LMP1 mutant
(LMP1-DM) with point mutations in the suspected TRAF-binding domains. As expected
from prior biochemical experiments31 mutations in these domains abolished TRAF2 colocalization with LMP1 in intact cells (Figure 2b). We confirmed with dual NFκBluciferase reporter assays that mutation of these domains were functional in that they
diminished LMP1-mediated NFκB activation (Figure 2c).
LMP1 incorporation into exosomes contributes to the regulation of its NFκB signaling
activity6. To investigate whether the CTAR domains of LMP1 are critical for lateendosomal sorting, we collected exosomes from the supernatant of HEK293 cells
transfected with wtLMP1 or LMP1-DM. Surprisingly, LMP1-DM was strongly enriched in
the exosomal fraction as compared to wtLMP1 (Figure 2d), suggesting that
dissociation of TRAF2 is a prerequisite for the internalization of LMP1 into MVBs. To
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Figure 3 | Palmitoylation controls subcellular trafficking of LMP1 but not TRAF2 association
(A
A ) Immuno-fluorescent co-labeling of transfected wtLMP1 or LMP1-C78A (red) in HEK293 cells. N
B ) Immuno-fluorescent labeling of endogenous TRAF2 (green) in HEK293 cells
indicates nucleus. (B
transfected with wtLMP1 or LMP1-C78A (red). To the right, reporter assay for LMP1-wt or LMP1- C78A
NFκB-activity. Cell lysates of HEK293 cells transfected for 24h with wtLMP1 or LMP1- C78A, together
C ) Immuno-fluorescent labeling of transfected
with a NFκB-reporter construct. N indicates nucleus. (C
wtLMP1 in 2BPA and ctrl treated HEK293 cells. N indicates nucleus. (D
D , E ) Immuno- fluorescent labeling
of constitutive active Src-wt CA, Src-S3C CA, Fyn-wt CA or Fyn-C3S CA (all in green) transfected HeLaF ) Table showing the enrichment of protoCIITA cells, co-labeled for CD63 (red). N indicates nucleus. (F
oncogenes in exosomes vs cell lysates from 6 different B-cell lines referenced to the total number of
peptides identified in each analysis.

verify whether TRAF2 is co-sorted into exosomes, we purified exosomes from EBV
transformed B-cells and HEK293 cells transfected with wtLMP1 as described
previously32–34. Western blotting showed that whereas LMP1 is present in both celllysates and exosomes as expected, TRAF2 is not detectable in exosomes (Figure 2e),
indicating that TRAF2 dissociates from LMP1 at endosomal membranes before sorting
into exosomes.
Thus, LMP1 selectively recruits TRAF2 via its CTAR domains for downstream signalling
at endosomal membranes. At this location, LMP1-TRAF2 signaling complexes
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dissociate before LMP1 is incorporated into MVBs, restricting NFκB activation and
explaining release via exosomes.
Mutation of LMP1’s active palmitoylation site diminishes its exosomal sorting and
transformation capacity
To establish a functional role for palmitoylation in the targeting of oncoproteins to late
endosomes, we generated an EBV-LMP1 mutant (LMP1-C78A) in which cysteine 78, a
confirmed LMP1 palmitoylation site, is changed into an alanine35. We transfected
HEK293 cells with wtLMP1 or LMP1-C78A and visualized both LMP1 and CD63 with
fluorescent antibodies. Mutation of the only active palmitoylation site of LMP1 resulted
in a pronounced peri-nuclear accumulation, although co-localization with CD63 was
retained (Figure 3a). Next, we determined whether LMP1-C78A still recruits TRAF2 in
HEK293 cells. Indeed LMP1-C78A was seemingly equally efficient in recruiting TRAF2
when compared to wtLMP1, suggesting the mutant may still activate NFκB (Figure
3b). Somewhat surprisingly dual NFκB-luciferase reporter assays revealed that LMP1C78A activated NFκB at comparable levels as wtLMP1 (Figure 3b). Moreover, we
found a comparable localization defect using a chemical inhibitor for palmitoylation, 2bromopalmitate (2BPA) (Figure 3c).
To investigate whether observations made on the influence of palmitoylation on LMP1
trafficking could be extended to cellular oncoporoteins we studied Src-family kinase
(SFK) members. Non-palmitoylated, constitutively active (CA) SFKs are more
oncogenic then their palmitoylated counterparts36. To determine if endosomal
localization is related to the oncogenicity of SFKs, we performed CSLM analysis. For
this we used CA c-Src and CA Fyn C3S (loss of palmitoylation mutant), and their less
oncogenic counterparts CA c-Src S3C (gain of palmitoylation) and CA Fyn constructs,
transfected in HeLa-CIITA cells that where co-labeled for CD63. The strongly
oncogenic CA c-Src showed pronounced endosomal association in ring-like structures.
In contrast, its less oncogenic counterpart CA c-Src S3C showed a predominant
cytoplasmic localization (Figure 3d). Notably, these endosomal ring-like structures are
reminiscent of “swollen” endosomes observed in activated Rab5 (or Rab5-Q79L)
endosomes in v-Src expressing cells37,38. Comparable results were found for CA Fyn
C3S (Figure 3e). SFKs are suggested to localize at the plasma membrane or at Rab7+
(late) endosomal/lysosomal structures39,40. To study the effect of palmitoylation on
trafficking we wished to define the endosomal CD63+ structures associated with the
oncogenic Src and Fyn variants in the absence of palmitoylation. To this end we
performed CSLM analysis on HeLa-CIITA cells transfected with CA c-Src, CA Fyn-C3S,
and Rab5-GFP. The endosomal-associated ring structures of CA forms of c-Src and
Fyn-C3S were decorated with early-endosomal Rab5 (Supplemental Figure 2a,b))
suggesting PM localized Src/Fyn are internalized and retained at Rab5/CD63+ earlyendosomal structures where signalling is sustained.
Overall these studies confirm that palmitoylation is a critical modification that supports
trafficking of both cytoplasmic (Fyn and Src) and the integral membrane protein (LMP1)
to signalling endosomes.
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Figure 4 | Palmitoylation controls LMP1 transformation capacity
(A
A ) Western blotting analysis on LMP1 protein levels in wtLMP1 or LMP1-C78A transfected HEK293 cellB , C ) Soft-agar assay for anchorageand exosome-lysates, β- actin and HSP70 as loading controls. (B
independent growth of HEK293 cells transfected with wtLMP1, LMP1-C78A or GFP control (ctrl)
D ) Hypothetical model showing that newly synthesized LMP1 (blue) assembles with CD63 in
construct. (D
the ER, traffics to the Golgi (G) where it is palmitoylated (red) and buds off in CD63 positive transport
vesicles that form or assemble at limiting membranes of signaling endosomes (SE). While palmitoylation
targets LMP1 to SE membranes, non-palmitoylated LMP1 is retained in the ER/Golgi region. Wild-type
LMP1 recruits TRAF2 and the activated signaling complexes accumulate at endosomal membranes
activating NFκB. Upon LMP1 sorting into the intra luminal vesicles, LMP1 is then secreted via exosomes
while TRAF2 dissociates and is presumably left behind in the cytosol.

Recent studies suggest a link between oncogene trafficking to and signalling from
endosomal membranes6,41. If signalling endosomes produce exosomes as suspected,
than the proteome of exosomes may provide clues into the composition of endosomal
signalling platforms. To explore this possibility, we performed label-free quantitative
proteomics (LTQ-FTMS) on highly purified endosome-derived exosomes that are
derived from various B-cell lines, including LMP1-positive and negative tumor cells. We
identified 2100 proteins, including numerous well-known proto-oncogenes and
exosomal marker proteins. Consistent with our hypothesis, among the proteins
identified were SFK family members including Src, Fyn, Lck, Fgr, and tyrosine-protein
kinase JAK1 (Figure 3f). These results are consistent with endosomal membranes
having a role as signalling platforms. Of the proteins listed in (Figure 3f) Fyn, Lck, Fgr
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Supplemental Figure 1 |
TRAF2 recruitment of plasma
membrane localized LMP1 is
unaffected
compared
to
endosomal LMP1
Immuno-fluorescent
colabeling of wtLMP1 (red) and
TRAF2 (green) in HEK293 cells
with endogenous CD63 levels
or overexpression of CD63. N
indicates nucleus.

and JAK1 are naturally
occurring signalling proteins
with an active palmitoylation
site36,42,43, consistent with
palmitoylation
being
a
regulatory mechanism for
targeting certain signalling
proteins to late endosomes.
Palmitoylation controls LMP1 transformation capacity
The proteomic data we obtained (Figure 3f) revealed the presence of palmitoylated
(proto-)oncogenes in exosomes, suggesting that palmitoylation may control signal
termination of signalling molecules at endsomal membranes. To study whether
palmitoylation of LMP1 is required for sorting into exosomes, we performed western
blotting analysis on cell-lysates and corresponding exosomes purified from
supernatant of HEK293 cells transfected with wtLMP1 or LMP1-C78A. The results show
that LMP1-C78A is precluded from sorting into exosomes while the levels of HSP70, a
common exosomal marker, were not affected (Figure 4a).
The subcellular localization of mutated signaling proteins can elicit strong oncogenic
capacity19. To investigate if the altered distribution of LMP1-C78A affects oncogenicity,
we performed transformation assays of HEK293 cells upon transfection with wtLMP1
and LMP1-C78A. Surprisingly, the wtLMP1-transfected cells formed many more
colonies compared to LMP1-C78A, indicating that despite its TRAF2 clustering and
NFκB activation potency, the trafficking mutant of LMP1 has reduced transformation
efficiency (Figure 4b,c).
Thus the post-translational modification palmitoylation on cysteine 78 controls the
downstream signaling and oncogenicity of LMP1 by targeting it into the (late)endosomal pathway. Overall our studies indicate that palmitoylation is a critical
modification that supports endosomal membrane trafficking of cytoplasmic and
integral membrane signalling proteins required for signal termination. Disturbances in
palmitoylation disrupt proto-oncoprotein trafficking to and from endosomal
membranes causing over-stimulation and transformation.
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Supplemental Figure 2 | Lack of palmitoylation retains oncogenic SFKs at early-endosomal
CD63+/Rab5+ structures
A ) Immuno-fluorescent labeling of c-Src-wt CA (green) transfected HeLa- CIITA cells for endogenous
(A
b)
CD63 (red), or of c-Src-wt CA (red) co-transfected with Rab5-GFP (green). N indicates nucleus. (b
Immuno-fluorescent labeling of c-Fyn-CS CA (green) transfected HeLa-CIITA cells for endogenous
CD63 (red), or Fyn-CS CA (red) co-transfected with Rab5-GFP (green). (cc ) Immuno-fluorescent labeling
of c-Src-wt CA (red) transfected HeLa-CIITA cells co- transfected with Rab7-GFP (green). N indicates
nucleus.

Materials & Methods
Cell Lines and culture conditions | HEK293 cells are derived from human embryonic kidney cells
grown in tissue culture. Hela-CIITA cells are Hela cells stably transduced with CIITA, a key
regulator of the MHC class II promoter44 and selected for HLA-DR expression. Both HEK293 and
Hela-CIITA were cultured in Dulbecco’s modified eagle’s medium (DMEM, Lonza) containing 10%
fetal bovine serum (Perbio science HyClone), 100 U/ml penicillin G, 100 μg/ml streptomycin
sulphate and 2mM glutamine. RN, an EBV transformed human B-cell line (HLA-DR15, kind gift
from W. Stoorvogel), was cultured as previous described33. The BJAB-LMP1 cell line, a cell line
expressing LMP1 under control of an inducible promoter, and its LMP1-negative counterpart
(BJAB-tTA, kind gifts from M. Rowe) were cultured in RPMI-1640 (Lonza) containing 10% fetal
bovine serum (Perbio science HyClone), 100 U/ml penicillin, 100 μg/ml streptomycin sulphate and
2mM glutamine. For induction of LMP1 expression cells were washed 5 times with PBS and
cultured in the absence of tetracycline.
Plasmids and Transfections | Transfections were done using Lipofectamine 2000 reagent
(Invitrogen), typically with 500 ng plasmid unless noted otherwise. Cells were seeded at a density
of 40,000 cell/well in a 24 wells plate and transfected the following day using Lipofectamine 2000
(Invitrogen). For transfections in a T75 flask, typically 10 μg plasmid was used with 30 μl
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Lipofectamine 2000 (Invitrogen)45. Plasmids pGK2-LMP1 wild type (wt), pSG5-LMP1-PQAA, pSG5LMP1-ID, pSG5-LMP1-DM and pSG5-LMP1wt and pCDNA3-LMP1wt were kind gifts from Ellen
Cahir-McFarland and Rajiv Khanna. pCDNA3-LMP1∆TM1-2 was described before46. pGK2-LMP1C78A was constructed by targeted mutagenesis of pGK2-LMP1wt, using the QuikChange
Lightning Site-Directed Mutagenesis Kit protocol (Agilent, CA, USA) and 5’TTCAGAAGAGACCTTCTCGCTCCACTTGGAGCCCTTTG - 3’ as primer. pEGFP-Rab5 and
pEGFP-Rab7 were kind gifts of Jolanda Smit. FU-CRW vectors containing wild type Src, Src
(Y529F), Src (S3C/S6C), Src (Y529F/S3C/S6C), wild type Fyn, Fyn (Y528F), Fyn (C3S/C6S) or Fyn
(Y528F/C3S/C6S) were described before36.
Antibodies and reagents | Mouse-anti-LMP1 OT21C is a non-commercial monoclonal antibody
that reacts with a conformational epitope mapping at residues 290-318 described previously47.
Non-commercial polyclonal antibodies HLA-DR (NKI-C3) were produced in the laboratory of Dr.
Jacques Neefjes (NKI, Amsterdam). Rabbit polyclonal antibody against TRAF2 and mouse
monoclonal antibodies against HSP70 and β-actin were purchased from Santa Cruz. Rabbit
polyclonal antibodies against Src and Fyn were purchased from Cell Signaling. Secondary
antibodies swine-anti-rabbit FITC, swine-anti-rabbit HRP and rabbit-anti-mouse HRP were
purchased from DAKO and goat-anti-mouse Alexa594 and goat-anti-rabbit Alexa594 were from
Molecular Probes. Poly-L-lysine was obtained from Sigma. For western blotting, cells or exosomes
were lysed in a 1% SDS buffer and equal amounts of protein were loaded onto an SDS/PAGE gel.
All gels were run under reducing conditions. 2-bromopalmitate (2BP) was purchased from Sigma.
Confocal laser scanning microscopy | For immunofluorescense and CLSM analysis, HEK293 or
HeLa-CIITA cells were seeded on 10 mm poly-L-lysine coated cover slips, and transfected the
following day. 24 hours after transfection cells were fixed with 4% paraformaldehyde (20 min RT).
For lysosome (co-) staining, lysotracker Red (Invitrogen) was added 60 min before fixation to the
medium at 1μM concentration and incubated at 37°C. After fixation, cells were permeabilized
with 0.1% Triton x-100 in PBS for 10 min at 4°C, then blocked with 10% FCS/PBS (30 min RT). After
blocking the first antibody was diluted in 0.1% BSA/PBS and incubated for 30 min at RT. Cells
were washed 3 times with PBS before incubation with the secondary antibody diluted in 0.1%
BSA/PBS and incubated for 30 min at RT. Finally, cells were washed three times with PBS before
the coverslips were embedded in Vectashield reagent (Vector laboratories Inc., CA, USA) and
sealed with nail polish. Slides were imaged with Leica DMRB microcope (Leica, Cambridge, UK).
All confocal images were obtained through sequential scanning with a pinhole of 1 AE.
Fluorophores were excited using 488 nm (FITC) and 561 nm (Alexa594) laserlines. ImageJ software
was used to process the images.
NFκB reporter assays | Dual luciferase reporter assays were normalized for transfection efficiency
by co-transfecting a Gaussia luciferase expression plasmid and dividing Firefly luciferase by
Gaussia luciferase activity at 20–24h after transfection of cells. Luciferase activities in the presence
of the plasmid of interest were plotted relative to luciferase reporter construct (p3X-kB-L)48 in the
presence of a control vector,typically at 500ng plasmid unless otherwise noted, or LMP1-wt was
set at 100%. Luciferase assays were performed according to the manufacturer’s protocol
(Promega).
Exosome isolation | Exosomes were purified from the cultured media with exosome-free serum by
differential centrifugations at 500 g (2x 10 min), 2000 g (2x 25 min), 10000 g (2x 30 min) removed
cellular debris and centrifugation at 70000 g (60 min) pelleted exosomes. The exosome pellet was
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washed once in a large volume of PBS followed by a centrifugation step of 70000 g for 1 hr and
resuspended in sample buffer for western blot analysis45.
Soft-agar transformation assay | HEK293 cells were transfected as described above with pGK2LMP1wt or pGK2LMP1-C78A or pEGFP-N1. After 24 hours, a soft-agar plate (in a six wells plate)
was prepared with a bottom layer of 0.6% agarose (Sea Plague, Lonza) in DMEM, on the top cells
were diluted in a concentration of 1•10^5 cells/ml in 2.4% agarose/DMEM solution. After 1.5
weeks the top medium was refreshed and after 3 weeks pictures were made and colonies count.
Nano-LC separation | Peptides were separated by an Ultimate 3000 nanoLC system (Dionex LCPackings, Amsterdam, The Netherlands) equipped with a 20 cm × 75 µm ID fused silica column
custom packed with 3 µm 120 Å ReproSil Pur C18 aqua (Dr Maisch GMBH, AmmerbuchEntringen, Germany). After injection, peptides were trapped on a 1 cm × 100 µm ID precolumn
packed with 5 µm ReproSil Pur C18 aqua. Peptides were separated in a 60 minutes gradient at
300 nl/min (8-32% acetonitrile in 0.05% formic acid).
Mass spectrometry | Intact peptide MS spectra and MS/MS spectra were acquired on a LTQ-FT
hybrid mass spectrometer (Thermo Fisher, Bremen, Germany) as described in detail in49,50. Intact
masses were measured at 50.000 resolution in the ICR cell. The top 5 most intense signals
(charge-state 2+ and higher) were subjected to collision induced dissociation (CID) in the linear
ion-trap. Dynamic exclusion was applied with a repeat count of 1 and an exclusion time of 30 sec.
Protein identification | MS/MS spectra were searched against the Uniprot human reference
reference proteome (release September 2012) using MaxQuant 1.3.0.551. Enzyme specificity was
set to trypsin and up to two missed cleavages were allowed. Peptide precursor ions were
searched with a maximum mass deviation of 6 ppm and fragment ions with a maximum mass
deviation of 0.5 Da. Peptide and protein identifications were filtered at an FDR of 1% using the
decoy database strategy. The minimal peptide length was 7 amino-acids. Proteins that could not
be differentiated based on MS/MS spectra alone were grouped to protein groups (default
MaxQuant settings).
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