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Abstract 

Extracellular vesicles released by tumor cells contribute to the reprogramming of the tumor 
microenvironment and interfere with hallmarks of cancer including metastasis. Notably, melanoma 
cell-derived EVs are able to establish a pre-metastatic niche in distant organs, or on the contrary, 
exert anti-tumor activity. However, molecular insights into how vesicles are selectively packaged 
with cargo defining their specific functions remain elusive.  

Methods: Here, we investigated the role of the chaperone Bcl2-associated anthogene 6 (BAG6, 
synonym Bat3) for the formation of pro- and anti-tumor EVs. EVs collected from wildtype cells and 
BAG6-deficient cells were characterized by mass spectrometry and RNAseq. Their tumorigenic 
potential was analyzed using the B-16V transplantation mouse melanoma model.  

Results: We demonstrate that EVs from B-16V cells inhibit lung metastasis associated with the 
mobilization of Ly6Clow patrolling monocytes. The formation of these anti-tumor-EVs was 
dependent on acetylation of p53 by the BAG6/CBP/p300-acetylase complex, followed by 
recruitment of components of the endosomal sorting complexes required for transport (ESCRT) 
via a P(S/T)AP double motif of BAG6. Genetic ablation of BAG6 and disruption of this pathway led 
to the release of a distinct EV subtype, which failed to suppress metastasis but recruited 
tumor-promoting neutrophils to the pre-metastatic niche.  

Conclusion: We conclude that the BAG6/CBP/p300-p53 axis is a key pathway directing EV cargo 
loading and thus a potential novel microenvironmental therapeutic target. 

Key words: extracellular vesicles, exosomes, BAG6/CBP/p300-p53, metastasis, melanoma 

 
Ivyspring  

International Publisher 



Theranostics 2019, Vol. 9, Issue 21 
 

 
http://www.thno.org 

6048 

Introduction 
Extracellular vesicles (EVs) are known to 

stimulate tumor progression and to interfere with 
hallmarks of cancer including immune evasion and 
metastasis [1]. Importantly, the recruitment of innate 
immune cells to distant organs emerged as a key 
process in the EV-dependent promotion of metastasis 
[2]. A critical step in EV-mediated liver metastasis of 
pancreatic ductal adenocarcinomas is the 
MIF-dependent attraction of bone marrow-derived 
macrophages [3]. Another example is the 
TLR3-mediated activation of lung epithelial cells 
through exosomal RNAs causing chemokine release 
and neutrophil recruitment [4]. On the contrary, 
several studies propose an anti-tumor activity of EVs 
mainly via engagement of NK cells [5-8]. Given their 
immune activiating potential, extracellular vesicles 
and exosomes are promising tools for potential 
clinical interventions [9-11]. The molecular basis for 
different and opposite activities of EVs either 
counteracting tumor progression or supporting tumor 
initiation, development and metastasis [12,13] is 
largely unknown.  

Here, we investigated the role of the chaperone 
Bcl2-associated anthogene 6 (BAG6, synonym Bat3) 
for the formation of pro- and anti-tumor EVs. BAG6 
was identified as a regulator of T cell [14] and NK cell 
activity [15] via interaction with the TIM-3 and the 
NKp30 receptor, respectively. Regulation of NK cell 
activity depends on the presentation of BAG6 on the 
surface of EVs released in response to cellular stress, 
which triggers NK cell-mediated anti-tumor activity 
in vitro and in vivo [5-7]. However, NKp30 is a 
pseudogene in the murine system and not expressed 
as a functional receptor [16], suggesting that the 
anti-tumor activity of BAG6-presenting EVs in mouse 
models depends on NKp30-independent acitivities.  

Given the function of intracellular BAG6 in 
many crucial biological processes such as 
protein targeting and degradation [17], we 
hypothesize that its anti-tumor activity relies on 
BAG6-dependent recruitment of other effector 
molecules to EVs.  

Not much is known about the mechanisms that 
regulate the formation of EVs, but ESCRT (endosomal 
sorting complex required for transport)-dependent 
and ESCRT-independent pathways are described. The 
cytosolic ESCRT protein complexes enable endosomal 
membrane remodeling that results in membrane 
budding and vesicle formation [18].  

Using an experimental metastasis melanoma 
model we show that BAG6 is indispensable for the 
formation of anti-metastatic EVs, which are 

characterized by the presence of TIMP3, an inhibitor 
of metalloproteinases involved in the re-modelling of 
the extracellular matrix. These EVs from 
BAG6-proficient cells were able to inhibit lung 
metastasis associated with the accumulation of 
patrolling monocytes, which control metastasis [19]. 
The release of these anti-tumor EVs required the 
BAG6/CBP/p300-dependent acetylation of p53 
followed by the recruitment of the ESCRT machinery. 
Loss of BAG6 triggered a switch in the release of EVs 
from anti- to pro-tumorigenic EVs, which contained 
among others the mRNA encoding the oncogene 
α-catulin. Of note, these EVs generated in the absence 
of cellular BAG induced a neutrophil gene signature 
in the lungs of mice, which is indicative for the 
establishment of a pre-metastatic niche [20]. These 
data provide a previously unidentified pathway, 
which regulates the formation of EVs.  

Results 
Cellular stress induces the release of 
BAG6-positive EVs.  

The enhanced release of EVs was previously 
shown to be associated with cellular stress, such as 
DNA damage [21] or with the inhibition of cellular 
de-acetylases [6]. To analyze the underlying 
molecular pathways, the model cell lines HEK293 and 
B-16V were treated with non-lethal doses of the 
cytostatic drug doxorubicin (doxo) and with the 
histone de-acetylase inhibitor (HDACi) panabinostat 
(LBH) prior to purification of EVs from the cell 
supernatant (methods and further characterization of 
purified samples Figure S1). The treatment with these 
drugs resulted in a higher protein yield of EV 
preparations, which correlated with an increase of 
particle number in both cell lines (Figure 1A). 
Previous work suggested that the EV-associated 
ligand BAG6 is enriched on EVs released by cells 
upon cellular stress [5-7]. In line, EVs from doxo- or 
LBH-treated cells were characterized by an increased 
amount of BAG6, irrespective of the basal expression 
level (Figure 1B). The inducibility of BAG6 on EVs in 
response to hypoxia as a melanoma-relevant stress 
factor has not been analyzed before. Culturing B-16V 
cells under 1% O2 for 48h increased the expression of 
BAG6 on EVs, while the overall secretion of EVs was 
not significantly enhanced (Figure 1C and S2C). 

These data indicate that cellular stress induced 
by doxo, the HDACi LBH and hypoxia triggered the 
release of BAG6-enriched EVs. These EVs are referred 
to as stress-induced, BAG6-presenting EVs.  
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Figure 1. Cellular stress induces the release of BAG6-positive EVs. (A) Determination of EV protein concentration (normalized to cellular protein concentration) and particle 
number by NTA (normalized to cell number) of HEK293 and B-16V EVs isolated by ultracentrifugation (100k x g) of supernatants from cells either non-treated or treated with 
100nM doxo or 100nM LBH for 16 hours. Bar graphs represent mean ±SEM of three independent experiments. (B) Quantification of EV-associated BAG6 by ELISA (normalized 
to EV protein concentration) purified by ultracentrifugation at 100k x g from HEK293 and B-16V cells that were either non-treated or treated with 100nM doxo or 100nM LBH 
for 16 hours. Bar graphs represent mean ±SEM of three (B-16V) and two (HEK293) independent experiments. (C) Analysis of EVs released from B-16V cells under hypoxic 
conditions. Left: Conditioned medium was analyzed by NTA (normalized to cell numbers) from B-16V cells incubated at either non-treated (NT) or hypoxic (1% O2) conditions. 
Right: Quantification of EV-associated BAG6 by ELISA (normalized to particles/ml by NTA) purified by ultracentrifugation at 100k x g from conditioned medium of B-16V cells 
either non-treated (NT) or cultured under hypoxic conditions (1% O2). Data represent mean ± SEM of three independent experiments (see Figure S2C for knock out data). (D) 
Representative particle size distribution graphs by NTA of B-16V WT- and BAG6KO-EVs and particle size quantification of the mean and mode size. The graph depicts mean 
±SEM of three independent experiments. (E) Immunoblot analysis of B-16V cell lysates and EVs using the indicated antibodies. A higher exposure time was required for the 
detection of BAG6 in EVs. Each lane was loaded with 20 µg protein. Data are representative of two independent experiments. Two-tailed, unpaired Student’s t-tests: *p < 0.05, 
**p < 0.01, ***p < 0.001; SEM, standard error of the mean; EVs, extracellular vesicles; kDa, kilodalton; NT, non-treated; doxo, doxorubicin; LBH, LBH-589/Panobinostat; WT, 
wild-type. 

 

mRNA and protein cargo of BAG6-proficient 
and -deficient EVs define different 
EV-subtypes. 

To investigate the functional role of BAG6 for EV 
formation, EVs were purified from wild-type 
(WT-EVs) and BAG6-deficient (BAG6KO-EVs) B-16V 
cells, which were cultured under hypoxia (1% O2 for 
48h) (characterization of cell lines see Figure S2).  

Interestingly, a slight but significant reduction of 
mean particle size was observed for BAG6KO-EVs 
compared to WT-EVs as monitored by Nanoparticle 
Tracking analysis (NTA) (Figure 1D), indicating that 
BAG6 might impact on the release of EV 
subpopulations. Western blot analysis of cell and EV 
lysates confirmed the absence of cellular and 
EV-associated BAG6 in BAG6KO samples, while EV 
markers including ESCRT components TSG101, ALIX, 
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FLOTILLIN-1, and processed ADAM10 were 
detectable in both preparations (Figure 1E). 

Next-generation sequencing revealed under- 
representation of mRNAs and over-representation of 
418 mRNAs in BAG6KO-EVs compared to WT 
(Figure S2D). Functional gene enrichment analyses 
revealed that genes encoding mRNAs that were 
significantly decreased, or not detectable in 
BAG6KO-EVs, clustered predominantly in 
mitochondria-associated metabolic pathways (Figure 
S2E). In contrast, mRNAs enriched in BAG6KO-EVs 
were characterized by functional clusters specifically 
associated with immune responses, melanoma and 
tumour progression, the latter including vascular wall 
signaling, extracellular matrix remodelling and 
platelet activation (Figure S2E and mRNA list in Table 
S1). 

Selected mRNAs encoding disease-related, 
tumor-promoting factors that were enriched in 
BAG6KO-EVs were analyzed by qRT-PCR (Figure 
2A). This analysis confirmed a higher abundance of 
these mRNAs in BAG6KO-EVs than in WT-EVs e.g. 
for Ctnnal1 (encoding a-catulin, Catenin alpha-like 
protein 1), which is known to contribute critically to 
the invasive behavior of metastatic cells [22,23]. 
Collectively, these data indicate that the presence of 
BAG6 in the EV-releasing cell impacts on the EV 
mRNA cargo. 

Next, mass spectrometry (MS) was applied to 
comprehensively characterize the EV proteome under 
hypoxic conditions. As depicted in a volcano plot and 
a heat map (Figure 2B,C), 315 of about 3000 detected 
proteins were significantly (p<0.01) up- or 
downregulated and 33 were only detectable in either 
WT or BAG6KO samples (among these was BAG6 as 
expected) (MS data see Table S2).  

Of note, differentially expressed proteins, either 
decreased (subcluster WT up) or increased (subcluster 
BAG6KO up) in BAG6KO-EVs clustered into distinct 
endosomal vesicle signatures (DAVID, functional 
annotation clustering; https://string-db.org(24)) 
(Figure 2B,C). In these subclusters, 12 out of 28 
proteins (43%) were specifically upregulated in 
WT-EVs (but not in WT compared to BAG6KO whole 
cell lysates), while 22 out of 32 proteins (69%) were 
specifically enriched in BAG6KO-EVs (but not in 
corresponding whole cell lysates) (Figure S2F-H). This 
refers to a regulated EV cargo loading pathway 
dependent on BAG6 instead of an unspecific 
enrichment of cellular proteins in EVs.  

WT-EVs-associated proteins such as RAB27, 
MREG, MYO5a or MYO7a are indicative for 
specialized vesicles, termed melanosomes, which are 
released by differentiated melanocytes [25], whereas 
these proteins were less abundant or not detectable in 

BAG6KO-EVs. Instead, specific proteins of the ESCRT 
complex, including ESCRT-I (TSG101), ESCRT-II 
(SNF8), as well as the ESCRT-III (CHMP2a, CHMP2b, 
CHMP4b and CHMP5) were significantly 
upregulated in BAG6KO-EVs. These proteins were 
previously identified in association with bona fide 
exosomes isolated from human dendritic cells [26] 
(Figure 2C).  

Finally, further analysis revealed that proteins 
enriched in BAG6KO-EVs clustered into the processes 
of migration and angiogenesis. Upregulated 
angiogenesis-related proteins included SEMA3C, 
EDIL3, ADCY9, SRC, PRKCA, and SPHK1. On the 
contrary, TIMP3, an inhibitor of metalloproteinases 
involved in the re-modelling of the extracellular 
matrix via targeting ADAM10, ADAMts1 and 
ADAMts4 [27] and thereby counteracting metastasis 
was significantly higher in WT-EVs compared to 
BAG6KO-EVs.  

Thus, RNAseq and MS analysis revealed that 
both WT-EVs and BAG6KO-EVs originate from the 
endosomal compartment but represent distinct EV 
subtypes, probably generated via a BAG6-dependent 
pathway.  

BAG6-presenting but not BAG6-deficient EVs 
inhibit metastasis to the lung.  

Given the differences in mRNA and protein 
cargo loading of EVs isolated from WT and BAG6KO 
cells, we analyzed the in vivo activity of these EVs 
using an experimental B-16V lung metastasis model. 
Initially, WT-EVs or BAG6KO-EVs (20 μg, i.v., tail 
vein, protein/particle ratio see Figure S3B) or PBS 
(ctrl) were injected into tumor free C57BL/6 mice 
weekly over a five-week period (Figure 3A). 24 hours 
following the last injection, the lung tissue was 
isolated and subjected to next generation RNA 
sequencing. 

A significant upregulation of 50 transcripts was 
observed in the lungs from animals treated with 
WT-EVs compared to untreated controls and among 
these 6 transcripts were also significantly upregulated 
compared to BAG6KO-EV treated animals (Table 
S3A). These enriched mRNAs were involved in 
immunological defense pathways (DAVID, functional 
annotation clustering) and included the transcription 
factor Spic, which controls the development of red 
bone marrow and pulp macrophages. In line, the 
macrophage soluble defense receptor Cd5l; the 
interleukin IL10; the chemokine CxCl13, which is 
chemotactic for B cells and weakly for monocytes and 
macrophages and the Fc receptor-like scavenger 
receptor Fcrls were significantly increased. Secondly, 
transcripts for the NK cell lectin receptors Klri1 and 
Klrc3 were significantly higher expressed in lungs of 
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WT-EVs-treated animals compared to PBS controls, 
although the comparison to BAG6KO-EV treatment 

did not reach significance (Figure S3A and Table 
S3A).  

 

 
Figure 2. mRNA and protein cargo of BAG6-proficient and -deficient EVs define EV-subtypes. (A) qRT-PCR analysis of the indicated pro-tumorigenic markers in EVs derived 
from hypoxia-stressed WT or BAG6KO B-16V cells. Equal amounts of cDNA were used and the graph depicts relative expression of BAG6KO-EV Ct values normalized to the 
WT-EV Ct values. Bar graphs represent mean ± SEM and qRT-PCR was performed in three independent runs with three biological EV preparation replicates. (B) Volcano plot 
showing the log2 fold change versus p-value of the mass spectrometric analysis comparing proteins detected in EVs isolated by ultracentrifugation from the supernatant of 
hypoxia-stressed B-16V WT and BAG6KO cells, each measured in three independent biological replicates. The dotted lines indicate cut off lines at a p-value of 0.01 and log2 fold 
change of 1.5 used for analysis (significantly up- and downregulated marked in purple and green, respectively). A list of unchanged endocytic protein markers is shown. (C) Heat 
map showing the hierarchical clustering of WT- and BAG6KO-EV proteomic data (three independent biological replicates each, LFQ value-transformed Z scores), using 
Spearman Rank Correlation and Average Linkage. The tables summarize the endocytic proteins differentially enriched in WT (melanosome-like) and BAG6KO (exosome-like) 
B-16V EVs as analyzed using DAVID software and corresponding interaction networks generated by STRING are shown. Proteins in bold are deregulated in EVs but not in the 
corresponding cell lysate. Figure S2G shows validation of selected hits by western blotting. A list comparing EV and whole cell lysate protein levels by mass spectrometry is 
provided in Figure S2H. Two-tailed, unpaired Student’s t-tests: ns, not significant, *p < 0.05, **p < 0.01, ***p < 0.001; SEM, standard error of the mean; WT, wild-type. 
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The analysis of animals treated with 
BAG6KO-EVs showed a significant upregulation of 27 
transcripts in comparison to both untreated and 
WT-EVs-treated animals (Supplementary Table S3B). 
Most strikingly, almost half of the upregulated 
transcripts were indicative for the accumulation and 
activity of neutrophils (Figure 3B and Table S3B). 
Neutrophils are known to promote metastasis 
formation before cancer cell arrival [28, 29], although 
anti-tumor activity was obeserved in a 
immunodeficient model [15]. Depicting these hits in 
an interaction enrichment network 
(https://string-db.orgstring) confirmed specific and 
functionally meaningful interactions (PPI enrichment 
p value of 1x10-16) (Figure 3B). The upregulation of 
selected neutrophil-associated hits (S100a9, Elane, 
MPO, Prtn3) was confirmed by qRT-PCR and 
immunohistochemistry (Figure S3C-D).  

Taken together, EVs derived from WT or 
BAG6KO cells caused distinct gene expression 
changes in mouse lungs either corresponding to an 
anti- or pro-tumorigenic phenotype. 

To investigate the impact of EVs on lung 
metastasis, animals were pre-treated with either 
WT-EVs or BAG6KO-EVs (10 µg every day for 14 
days) or injected with PBS followed by the i.v. 
injection of wildtype B-16V tumor cells (Figure 3C).  

EVs from WT cells inhibited lung metastasis 
significantly compared to untreated animals (Figure 
3D). The inhibition of metastasis correlated with the 
accumulation of bone marrow monocytes, which 
corresponded to the Ly6Clow phenotype of anti-tumor 
patrolling monocytes [19] and a decrease of 
metastasis-promoting neutrophils in the bone marrow 
(Figure 3E, gating strategy presented in Figure S3E).  

Surprisingly, treatment with BAG6KO-EVs had 
no significant effect compared with untreated 
controls. An increase of metastasis was not observed, 
although BAG6KO-EVs induced a pre-metastatic 
niche phenotype in the lungs (Figure 3B). This might 
be due to an interference of BAG6KO-EVs with 
WT-EVs released from the injected WT B-16V 
melanoma cells (which were not present in the 
experiment presented in Figure 3A,B). 

TIMP3 was identified as a top hit among the 
proteins specifically enriched in WT-EVs (Table S3A) 
and therefore a candidate to execute the 
anti-metastatic function of WT-EVs compared to 
BAG6KO-EVs. TIMP3 is an inhibitor of the matrix 
metalloproteinases involved in migration, 
degradation of the extracellular matrix and 
macrophage polarization [27]. Human cancers 
including melanoma show consistently that a high 
TIMP3 expression level is associated with a 
favourable patient survival (proteinatlas.org). B-16V 

melanoma cells incubated with BAG6KO-EVs 
exhibited an increase in wound closure as compared 
to WT-EV incubation and the PBS control (Figure 
S3F), consistent with the pro-tumor characterisation of 
the EV content (Figure 2A). This phenotype was 
reversed by overexpression of TIMP3, which is in line 
with a previous study showing that TIMP3 
suppresses melanoma cell migration [31]. In addition, 
in vitro differentiation of bone marrow-derived 
monocytes in the presence of WT-EVs polarized 
towards an inflammatory M1 macrophage phenotype 
characterised by increased mRNA expression of IL-12, 
Nos2 and Cxcl10 and characteristic dendritic 
morphology (Figure S3G). This phenotype was 
abrogated by incubation with BAG6KO-EVs and 
rescued by overexpression of TIMP3. These results 
suggest that the anti-metastatic activity might be at 
least partially mediated through BAG6-dependent 
recruitment of functional TIMP3 to EVs. 

p53 is critically involved in the inducible 
release of BAG6-presenting EVs.  

The next set of experiments was performed to 
further analyze the molecular mechanisms 
responsible for distinct cargo loading and thus 
functional differences between WT- and 
BAG6KO-EVs. The release of BAG6-positive EVs 
could be induced by the inhibition of cellular 
de-acetylases (Figure 1A), suggesting that acetylation 
might be involved in the secretion. It is known that 
BAG6 is an essential co-enzyme for the major 
CBP/p300 acetyltransferase, first reported for the 
acetylation of p53 in a mouse model [32]. This 
prompted us to test whether a BAG6/CBP/p300 
complex formation was involved in the regulation of 
EV release. Immunoprecipitation (IP) of BAG6 from 
HEK293 cell lysates treated with doxo allowed the 
co-precipitation of p53 and vice versa (Figure 4A). 
Moreover, CBP/p300 antibodies co-precipitated both 
BAG6 and p53, suggesting that an acetyltransferase 
complex was formed upon doxo treatment (Figure 
4A). IPs with BAG6-deficient cells confirmed the 
specificity of the antibodies used (Figure S4A). The 
interaction of in vitro translated proteins obtained in a 
cell free system confirmed binding of p53 and BAG6 
(Figure 4B). Speculating that p53 and its acetylation in 
response to DNA damage was crucial for the 
inducible release of BAG6-presenting EVs, we tested 
the basal and inducible release from HCT116 cells and 
their p53-deficient (p53KO) derivative. As expected, 
p53KO cells failed to release increased amounts of 
EVs in response to both doxo- or LBH-treatment 
(Figure 4C). This phenotype could be rescued with 
p53WT but not with an acetylation-deficient p53 
mutant (p53K372R/K373Rp53lys372/lys373) indicating 
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that acetylation of p53 is indispensable for the EV 
release (Figure 4D; Figure S4C). Similarly, the 
inducible release of BAG6-positive EVs upon doxo 
treatment was abrogated in HEK293 cells with a 
siRNA-mediated p53 knock down (Figure S4B). To 
verify the in vivo relevance of this pathway, p53WT or 

p53KO splenocytes isolated from the established 
Tcl1-driven CLL mouse model were used [33]. In line 
with the in vitro data, an induction of the secretion of 
BAG6-positive particles was restricted to p53WT cells 
(Figure 4E) confirming the impact of p53 on EV 
release. 

 

 
Figure 3. BAG6-presenting but not BAG6-deficient EVs inhibit metastasis to the lung. (A) Experimental treatment plan of EV injections (tumor cells were not injected). (B) Pie 
chart illustrating the enrichment analysis of RNAs upregulated in lungs of mice treated with BAG6KO B-16V EVs as compared to treatment with WT B-16V EVs or PBS 
(treatment plan provided in (A) with n=3 mice per group. The protein-protein interaction network of neutrophil-associated hits was constructed by STRING. Only two proteins 
did not show a direct functional interaction within this network, i.e. neutrophil integrin beta 2 like protein (Itgb2), which interacts with the extracellular matrix [64] and ficolin-B 
(FcnB), a neutrophil enriched lectin detecting pathogen associated molecular pattern (PAMPs) [65]. A table summarizing all hits is provided in Figure S3A. (C) Experimental 
treatment plan of EV education prior to i.v. injection of B-16V cells to form experimental metastases. (D) Representative macroscopic appearance of lung metastases and 
quantification of lung metastases formed by B-16V WT cells intravenously injected into the tail vein of WT BJ/6 mice either educated with WT-EVs, BAG6KO-EVs or treated with 
PBS as control according to the treatment plan provided in (C). n=8 mice (PBS control), n=8 mice (injected with WT-EVs), n=10 mice (injected with BAG6KO-EVs). Statistical 
analysis was performed using non-parametric Kruskal-Wallis test (mean ranks compared with WT-EVs group) and Dunn’s multiple comparisons test. Data are shown as mean ± 
SEM. (E) Flow cytometric analysis of isolated bone marrow cells, gated on CD11b+ cells and stained for neutrophils (Ly6C+ Ly6G+) and monocytes (Ly6C+ Ly6G– and Ly6Clow 
Ly6G–) from educated mice according to the treatment plan in (C) (analysis of n=8 mice (PBS control), n=6 mice (injected with WT-EVs), n=7 mice (injected with 
BAG6KO-EVs)). Statistical analysis was performed using non-parametric Kruskal-Wallis test (mean ranks compared with WT-EVs group) and Dunn’s multiple comparisons test. 
Data are shown as mean ± SEM. The gating strategy of myeloid cells is provided in Figure S3E. ns, not significant, *p < 0.05, **p < 0.01, ***p < 0.001, ****p<0.0001; SEM, standard 
error of the mean; EVs, extracellular vesicles; i.v., intravenously injected; WT, wild-type; kDa, kilodalton; RBC, red blood cells. 
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Figure 4. p53 is critically involved in the inducible release of BAG6-presenting EVs. (A) Immunoblot analysis of BAG6 and p53 in HEK293 cell lysates immunoprecipitated with 
anti-BAG6, anti-p53 or anti-p300 specific antibodies after treatment with 1 µM doxo for 1h or left untreated. Immunoprecipitation with either mouse (ms) or rabbit (rb) IgG 
isotype controls was performed as control and cell lysate was loaded as the input. Data are representative of 3 three independent experiments. The same experiment was 
conducted using HEK293 BAG6KO cells as a control (Figure S4A). HEK293 cells that were used to analyze the physical interaction of p53 with BAG6 and CBP/p300 are 
Ad-transformed cells and contain accumulated active p53(66) which is not further stabilized in reponse to doxo treatment as observed for B-16V (Figure S4D). (B) Immunoblot 
analysis of in vitro translated BAG6 and p53 mixed as indicated and incubated for 1h at 25° followed by precipitation using anti-BAG6 or anti-p53 antibodies. Data are 
representative of two independent experiments. (C) NTA analysis of EVs derived from HCT116 WT and p53-deficient cells that were either non-treated or treated with 100nM 
doxo or LBH for 16 hours. Particle measurements were normalized to protein concentration of corresponding total cell lysates and graphs represent mean ± SEM of three 
independent experiments. (D) NTA analysis of EVs derived from HCT116 p53-deficient cells that were either mock transfected or re-transfected with either WT p53 or a 
K373R/K373R acetylation-site mutant of p53 (p53 K372R/K373R) and non-treated or treated with 100nM doxo for 16h. Immunoblot analysis of the p53 reconstitution is 
provided in Figure S4C. (E) Detection of BAG6-associated EVs that were isolated from Eµ:Tcl1a;Cd19:Cre;Tp53 WT (p53+/+) or Eµ:Tcl1a;Cd19:Cre;Tp53fl/fl (p53-/-) mouse 
splenocytes (n=5) and either non-treated or treated ex vivo for 16h with 100nM doxorubicin using a BAG6-specific ELISA. Values were normalized to total protein amount 
determined by BCA assay. Two-tailed, unpaired Student’s t-tests: ns, not significant, *p < 0.05, **p < 0.01, ***p < 0.001; SEM, standard error of the mean; EVs, extracellular 
vesicles; NT, non-treated; doxo, doxorubicin; LBH, LBH-589/Panobinostat; WT, wild-type; kDa, kilodalton; IP, immunoprecipitation; ms, mouse; rb, rabbit; IgG, immunoglobulin 
G. 

 

BAG6 and CBP/p300 are crucial for the 
acetylation of p53 and regulate the release of 
EVs.  

To address the impact of BAG6/CBP/p300 for 
p53-acetylation and subsequent EV release, we used 
HEK293 and B-16V BAG6KO and CBP/p300 double 
KO (dKO) cells (characterization of CBP/p300 dKO 
cell lines [34]. As expected, dKO of the 
acetyltransferases CBP/p300 abrogated the 
acetylation of p53 at Lysine 373 (p53K373) nearly 

completely and the depletion of BAG6 affected this 
acetylation in a similar manner (Figure 5A) 
confirming that BAG6 was crucial for p53K373 
acetylation. The p53-acetylation could be restored 
upon re-expression of WT BAG6 in BAG6KO cells, 
which was not observed upon transfection of an 
N-terminal deleted BAG6 mutant (constitutive 
nuclear mutant, nucBAG6 aa555-1132) (Figure 5B and 
S5A,B). Subsequently, the release of EVs from human 
HEK293 and mouse B-16V BAG6 cells was analyzed. 
Surprisingly, we observed a significantly higher basal 
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release of EVs in the BAG6KO cell line compared to 
their WT parental cells, indicating that BAG6 
inhibited EV release under non-stress conditions 
(Figure 5C, white bars).  

This phenotype could be rescued in both 
BAG6KO cell lines upon expression of an N-terminal 

BAG6-deletion mutant (nucBAG6), which reduced the 
EV release significantly (Figure 5C, black bars). The 
nucBAG6 mutant is strictly nuclear and, unlike the 
WT BAG6 protein, does not translocate to the 
cytoplasm e.g. upon doxo treatment [15, 35] (Figure 
5D and S5B,C).  

 

 
Figure 5. BAG6 and CBP/p300 are crucial for the acetylation of p53 and regulate the release of EVs. (A) Intracellular flow cytometric analysis of p53-acetylation (K373) in WT, 
BAG6KO or CBP/p300dKO HEK293 cells either non-treated or treated with 100 nM LBH for the indicated time. Bar graphs represent mean ± SEM of three independent 
experiments. A specific anti-p53K373 antibody and DylightTM 649 secondary antibody were used. (B) Intracellular flow cytometric analysis of p53-acetylation (K373) in BAG6KO 
HEK293 cells either non-treated or treated with 100 nM LBH for 16h upon mock-transfection or transfection with full-length BAG6 (+ WT BAG6) or with a N-terminal deleted 
BAG6 mutant (+nucBAG6). Bar graphs represent mean ± SEM of three independent experiments. A specific anti-p53K373 antibody and DylightTM 649 secondary antibody was 
used. (C) NTA analysis of 24h EV release from WT or BAG6KO HEK293 and B-16V cells that were either mock-transfected, transfected with full-length BAG6 (+WT BAG6) 
or with an N-terminal deleted BAG6 mutant (+nucBAG6). An immunoblot of the myc-tag transfected BAG6 is shown Figure S5A. A cartoon illustrating the impact of BAG6 
expression and subcellular localization on the EV release is shown in Figure S5D. (D) Immunofluorescence microscopic analysis of HEK293 cells transfected with either full length 
BAG6 (+WT BAG6) or N-terminal deleted BAG6 mutant (+nucBAG6) and treated with 1 µM doxo for 1h. Transfected BAG6 was visualized by a GFP-tag, the nucleus and cell 
membrane were visualized by staining with DAPI and PKH, respectively, and merged images are shown. Scale bar: 2 µm. The analoguous experiment using non-treated HEK293 
cells is shown in Figure S5B. (E) Immunoblot analysis of CBP/p300 in cytoplasmic fractions extracted from WT, BAG6KO and CBP/p300dKO-HEK293 cells that were either 
non-treated or treated with 1µM Doxo for the indicated time. The bar graph represents quantification of two independent immunoblots from biological replicates normalized 
to actin as the loading control. Two-tailed, unpaired Student’s t-tests: *p < 0.05, **p < 0.01, ***p < 0.001; SEM, standard error of the mean; NT, non-treated; WT, wild-type; EV, 
extracellular vesicles; doxo, doxorubicin; kDa, kilodalton; AC, acetylation; DAPI, 4′,6-Diamidin-2-phenylindol, GFP, green fluorescent protein. 
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In line, the overexpression of WT BAG6, which is 
able to shuttle between the nucleus and the 
cytoplasm, did not reduce the EV release (Figure 5C, 
grey bars and cartoon in Figure S5D). 

To account for the possibility of differences in EV 
release due to single cell clones heterogeneity, we 
have generated several WT and BAG6KO B-16V 
clones (Figure S2A) and consistently observed an 
increase in EV release from BAG6KO cell clones 
compared to WT clones supporting a mechanistic 
rather than stochastic regulation. 

BAG6 was previously identified as a 
nuclear-cytoplasma shuttle for CBP/p300 [35]. To 
investigate whether the inhibition of the EV release by 
nuclear BAG6 was associated with the capture of 
CBP/p300 in the nucleus, we analyzed the CBP/p300 
translocation in HEK293 WT and BAG6KO cells. 
Western blots of cytoplasmic HEK293 cell fractions 
revealed an increase of cytoplasmic CBP/p300 upon 
doxo treatment, which was diminished in BAG6KO 
cells (Figure 5E).  

These results suggest that the BAG6/CBP/p300 
acetyltransferase complex directs the release of EVs. 
Under basal conditions BAG6 localized 
predominantly in the nucleus and the release of EVs 
was low. Doxo treatment induced the nuclear export 
of BAG6 and CBP/p300 to allow the acetylation of 
p53, which triggered the release of BAG6-positive 
exosomes with anti-metastatic activity. Depletion of 
BAG6 abolished the inhibitory activity of nuclear 
BAG6 and allowed an increased release of 
BAG6-negative EVs with pro-tumorigenic cargo 
(Figure 5C), which in turn was blocked by 
overexpression of a nuclear BAG6 mutant unable to 
shuttle to the cytoplasm. 

Doxo treatment induces complex formation 
between BAG6 and ESCRT proteins. 

We next addressed the molecular link of the 
BAG6-acetylation complex and EV release. The 
best-studied pathway involved in EV biogenesis and 
secretion is the ESCRT pathway formed by four 
complexes, ESCRT-0, ESCRT-I, ESCRT-II, and 
ESCRT-III acting successively and in concert with 
accessory proteins [36].  

Co-immunoprecipitation experiments revelead 
an association of BAG6 with endogenous 
ESCRT-proteins HRS, TSG101 and Alix and this 
interaction was increased in response to doxo 
treatment (Figure 6A). In line, sequence analysis of the 
BAG6 gene revealed a late endosomal motif P(S/T)AP 
within the sequence, which is known to recruit 
TSG101 (Figure S6A). Late endosomal motifs LYPXnL 
and the P(S/T)AP motif were initially discovered in 
HIV-1 (human immunodeficiency virus) and EIAV 

(equine infectious anaemia virus) and are required for 
viral recruitment of the ESCRT-complex to ensure the 
efficient release of nascent virions from the infected 
cells [37]. Direct binding of BAG6 to TSG101 was in 
fact mediated and dependent on this P(S/T)AP motif 
as shown by yeast two hybrid experiments with a WT 
BAG6 and a PSAP/PTAP-deletion mutant, 
respectively (Figure 6B). Altogether, these 
experiments suggest the involvement of the ESCRT 
complex in the BAG6-mediated EV release.  

 

 
Figure 6. Doxo treatment induces complex formation between BAG6 and ESCRT 
proteins. (A) Immunoblot analysis of cell lysates and BAG6 immunoprecipitations of 
HEK293 cells that were either non-treated or treated with 1µM doxorubicin for the 
indicated time probed with specific antibodies against BAG6, the ESCRT proteins 
HRS, TSG101 and ALIX and actin as a loading control. The blot represents one out of 
two independent experiments. (B) Analysis of the interaction of BAG6 and TSG101 
using the Yeast two hybrid method. BAG6, BAG6 without TSG101 binding motif 
(BAG6del with deleted PSAP/PTAP motifs at amino acid positions 471-475 and 
496-499, see Figure S6A) and TSG101 were subcloned in pGADT7 and pGBT9 
expression vectors transformed into yeast lines Y2H Gold and Y187 or control 
vectors and mated. NKp30 and BAG6 were used as a positive control for interaction 
analysis and experiments were performed in two independent runs. doxo, 
doxorubicin; kDa, kilodalton; DDO, Minimal Media Double Dropouts; QDO, Minimal 
Media Quadruple Dropouts (QDO) 

 

Relevance of BAG6-dependent EV formation 
in human melanoma. 

Based on our in vitro and in vivo mouse data, we 
speculate that late, metastatic melanoma stages are 
characterized by the presence of pro-metastatic EVs 
resembling BAG6KO-EVs isolated from B-16V 
BAG6KO cells. Consistent with this hypothesis, 
analysis of TCGA data deposited at proteinatlas.org 
(/ENSG00000204463-BAG6/pathology/tissue/ 
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melanoma#12000001big) showed that the expression 
of BAG6 declined in melanomas with tumor 
progression and was significantly lower in metastatic 
stages III/IV compared to early stages (Figure 7A). 
Moreover, transcripts for the oncoprotein CTNNAL1 
(α-Catulin) which is known to drive malignant 
invasion and metastasis [22, 23] were clearly 
detectable and significantly enriched in EVs from the 
plasma of metastatic late stage patients compared to 
EVs from stage I patients (Figure 7B). A similar 
phenotype was observed in EVs collected from 
BAG6KO mouse cells (Figure 2A).  

Mutations in the BAG6 gene, which we consider 
a novel tumor suppessor gene, are rarely detected in 
melanoma and other tumors, but we investigated a 
specific mutation described in a melanoma and a 
pancreatic cancer patient (uniprot/BAG6_HUMAN, 
stop gained BAG6 R786*). This mutation at codon 786 
generates a stop codon and resulted in the expression 
of a truncated protein upon transfection (Figure S7B 
and S7C). BAG6R786* was unable to rescue the 
p53K373 acetylation null phenotype upon transfection 
in BAG6KO cells. Instead it diminished the 
p53-acetylation in WT BAG6 cells significantly (Figure 
7C) and can thus be considered as a dominant 
negative mutant of BAG6, which is known to form 

dimers [38] (control experiment in Figure S7A). In line 
with our finding of the requirement for p53 
acetylation in EV release (Figure 4), transfection of 
BAG6R786* resulted in a reduced number of particles 
secreted by WT cells (Figure 7D). Taken together, 
these data suggest that a diminished expression or 
defects in the activity of BAG6 impact on the 
formation and release of anti- versus pro-metastatic 
EVs.  

Discussion 
Recent research on tumor cell-released, and 

specifically on melanoma cell-derived EVs, highlight 
their crucial role for tumor progression and for the 
formation of pre-metastatic niches [39-41]. On the 
contrary, several studies reported the existence of EVs 
promoting melanoma tumor cell clearance 
predominantly via immune cell activation [7,8]. 
However, little is known about the mechanisms that 
are involved in EV formation and cargo loading, 
which regulate distinct functions of EVs. Here we 
present evidence that the chaperone BAG6 is a 
molecular switch directing the release of EVs with 
either anti- or pro-metastatic activity (see summary 
model, Figure S9).  

 

 
Figure 7. Relevance of BAG6-dependent EV formation in human melanoma. (A) TCGA data analysis comparing BAG6 RNA tissue expression level of stage II (n=71) versus stage 
III/IV (n=29) melanoma patients. * indicates p = 0.0462 of unpaired t-test with Welch’s correction. (B) qRT-PCR analysis of Ctnnal1 in EVs isolated from the plasma of melanoma 
patients comparing stage I and stage IV disease. The graph depicts the comparison of Ctnnal1 expression levels as fold change between stage I (n=10) and stage IV (n=10) patients. 
* indicates p = 0.0002 of unpaired t-test with Welch’s correction. A control experiment using cDNA made from isolated patient plasma EV-RNA is shown in Figure S7A. (C) 
Intracellular flow cytometric analysis of p53-acetylation (K373) depicted for WT or BAG6KO-HEK293 cells either mock-transfected or transfected with the BAG6R786* mutant 
and 24h later treated with 100 nM LBH for 16h. Bar graphs represent mean ± SEM of three independent experiments. Statistical analysis was performed using two-tailed, unpaired 
Student’s t-tests. A schematic and an immunoblot showing the expression of the BAG6R786* mutant protein is shown in Figure S7B and S7C, respectively. (D) NTA analysis of 
16h EV release from WT HEK293 cells that were either mock-transfected or transfected with the BAG6R786* mutant 24h prior to the treatment with 100 nM LBH during EV 
collection. Bar graphs represent mean ± SEM of four independent experiments. Statistical analysis was performed using two-tailed, unpaired Student’s t-tests. *p < 0.05, 
**p < 0.01, ***p < 0.001; SEM, standard error of the mean; WT, wild-type; BAG6R786, BAG6 mutant with stop codon at Arginin position 786. 
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This is initially based on the finding that EVs 
from BAG6-proficient and BAG6-deficient melanoma 
cells were characterized by distinct protein and 
mRNA cargo loading (Figure 2). Both EV types 
changed the gene expression profile in the lungs of 
mice (Figure 3), which is compatible with the detected 
similar level of integrin-6, known to be associated 
with an exosomal tropism to the lung [42]. However, 
we observed distinct molecular changes in the lungs 
of mice conditioned with these specific EV subtypes 
reflecting either anti- or pro-metastatic activity. 
WT-EVs not only induced the expression of genes 
with reported anti-tumor activity but also caused 
accumulation of patrolling Ly6Clow monocytes, which 
are known to cause tumor clearance at the metastatic 
niche in a NK cell-dependent manner [8, 19]. 
Moreover, EVs collected from the B-16V WT cells 
suppressed lung metastasis whereas EVs from 
BAG6KO cells failed to inhibit lung metastasis in the 
B-16V experimental transplantation model (Figure 3). 
In contrast, BAG6KO-EVs induced a neutrophil gene 
signature indicative for the formation of a 
pre-metastatic niche [20]. Recently, the 
overexpression of the serine protease inhibitor and 
tumor suppressor PEDF (although not detectable in 
the murine B-16V EVs) was shown to turn 
metastasis-promoting EVs into tumor-inhibiting 
melanoma EVs [8]. Notably, the targets of PEDF, elane 
(elastase) and cathepsin G, which are indispensible for 
melanoma metastasis [43] were both significantly 
induced upon B-16V BAG6KO-EVs treatment in 
mouse lungs (but not in response to WT-EVs). We 
observed direct uptake of B-16V EVs by neutrophils in 
the lung of reporter mice using the Cre-loxP method 
of EV transfer (Figure S8, [44] and expect that effects 
mediated by WT- and BAG6KO-EVs might be both 
direct and indirect as observed in other studies [45].  

Analyzing the top hit enriched in WT-EVs, we 
identified TIMP3 as one of the strong candidates, 
which might contribute to their anti-metastatic 
activity (Figure S3F,G). However, it seems unlikely 
that the anti-metastatic activity is mediated 
exclusively by the action of a single candidate 
molecule (such as BAG6 or TIMP3), but is rather 
determined by the interplay of the specific EV cargo 
composition defined by the biogenesis pathway.  

The EV content and immune-alert activity 
changes in response to cellular stress stimuli 
including doxorubicin, HDAC-inhibition and hypoxia 
(this study), receptor activation (RIGI) or cytokines 
(IFNg). Here we established a direct molecular link of 
BAG6 to the formation of such stress-induced EVs. 
Mechanistically, the release required the concerted 
and inducible translocation of BAG6 and CBP/p300 
into the cytoplasm and the acetylation of p53 (Figure 4 

and 5). The acetyltransferase cofactor activity of BAG6 
regulating CBP/p300 is involved in different cellular 
processes including metabolic regulation [46] or 
apoptosis [32]. Recently, a role for BAG6 and 
p300-dependent acetylation in autophagy was 
reported [35]. Nuclear import of BAG6 and p300 in 
response to starvation allowed the acetylation of 
nuclear p53, which triggered autophagy, whereas 
basal cytoplasmic BAG6 level was sufficient to 
acetylate ATG7, in turn inhibiting this process. The 
nuclear-cytoplasmic shuttle of BAG6 together with 
the associated acetyltransferases might explain that 
autophagy and the release of exosomes are considered 
as mutually exclusive cellular responses [47]. In line, 
cytoplasmic p53, but not nuclear p53 was shown to 
inhibit autophagy [48], although the underlying 
mechanisms are still discussed controversely [49].  

A role for p53 in exosome secretion was already 
suggested [50] and recent work confirmed that p53 
deficiency or mutations lead to the enrichment of 
tumor-promoting proteins in released EVs [51]. In line 
with a link of BAG6 and p53 in EV biogenesis it was 
reported that p53 deficiency reduced the amount of 
the ESCRT component HRS (which interacts with 
BAG6, Figure 5) in exosomes of colon carcinoma cells. 
Notably, gene enrichment analysis using CPDB 
performed on the proteomic EV data of HCT116 
p53null and wildtype cells showed that p53null EVs 
also up-regulated pathways associated with tumor 
progression (e.g. angiogenesis p=0.000352 and TGFβ 
p=0.00399). In addition, exosomes from p53null cells 
of this study were smaller in size compared with their 
WT counterparts, a phenotype reminiscent to the 
BAG6KO-EVs phenotype shown in our study (Figure 
1). Interestingly, previous studies have also shown 
that different stress stimuli like heat shock and 
cisplatin treatment induced the release of EVs with 
smaller size based on EM measurements and these 
EVs exhibited enhanced ability to induce invasive 
behavior [52, 53]. Furthermore, acidity, known to 
contribute to the immune escape of cancer cells [54,55] 
has been reported as another important stress factor 
within the tumour microenvironment to induce 
increased amounts of EVs from melanoma cells 
[56,57].  

The ability of BAG6 to recruit to the exosomal 
pathway via association with components of the 
ESCRT-complex (Figure 6) may explain its regulatory 
role on EV cargo loading. We found the late 
endosomal motif P(S/T)AP of BAG6 to be important 
for the direct association with TSG101, an interaction 
mechanism reminiscent to the ESCRT recruitment 
during virus assembly [37]. Recently, the recruitment 
of galectin-3 to exosomes was shown to be dependent 
on a P(S/T)AP motif [58] suggesting that this 
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sequence can be regarded as an exosomal targeting 
sequence directing the packaging of soluble proteins 
in or on exosomes. Recently, BAG6 was reported to 
control the activity of Rab GTPases, which are known 
regulators of intracellular vesicle trafficking [59]. 
Notably, the regulation of specific Rab GTPases is an 
attractive hypothesis to explain the surprising 
increase in EV release in the absence of cellular BAG6 
under non-stress conditions and requires further 
investigations.  

In view of the important role of BAG6 together 
with CBP/p300/p53 in tumor immune surveillance, 
an impaired function of BAG6 and CBP/p300 might 
be expected, as generally observed for p53. However, 
mutations in these genes in tumors are rather rare and 
defects might be related to posttranslational 
modifications or epigenetic aberrations. In fact, 
re-expression of BAG6 and CBP/p300 upon inhibition 
of the transcriptional repressor BCL6 rendered B cell 
lymphoma cells and xenografts susceptible to HDACi 
and HSP90 therapy [60]. Tumor suppressor features 
for BAG6 were previously described and BAG6 
polymorphisms were associated with lung cancer risk 
e.g. based on genome-wide association studies [61]. In 
line with tumor-suppressing activity, we observed 
that a rare BAG6 mutation identified in a melanoma 
and pancreatic cancer patient encoding a truncated 
protein had dominant negative activity affecting the 
acetyltransferase activity of CBP/p300/BAG6 (Figure 
7). Highlighting the importance of BAG6-regulated 
EVs, we detected (tumor-promoting) vesicular 
α−catulin mRNA (enriched in mouse BAG6KO-EVs 
compared to WT-EVs) exclusively in late stage EVs 
from metastatic melanoma patients, and this 
correlated inversely with the cellular BAG6 transcript 
expression. More extensive dissection of the 
BAG6/CBP/p300-p53 pathway, e.g. by stratifying 
tumor patients and their p53 status as well as analysis 
of additional cell and patient settings will be 
necessary in future studies. We hypothesize that the 
described pathway might be affected by p53 
mutations, but might also be influenced by mutations 
in other stress-related pathways, for instance a 
deregulated Retinoblastoma pathway which is often 
observed in melanoma patients. 

In conclusion, our findings identify BAG6 as a 
crucial regulator of immune alert, anti-metastatic EVs 
via BAG6/CBP/p300-mediated acetylation of p53 and 
direct association with the ESCRT machinery via its 
P(S/T)AP motif. Loss of BAG6 allowed the release of 
EVs with pro-tumorigenic cargo and activity. This 
renders BAG6 a potential therapeutic tool to 
specifically interfere with the biogenesis of exosomes, 
which can re-program the biological activity of 
tumor-cell derived EVs into anti-cancer moieties. 

Materials and Methods 
Human samples 

Plasma was obtained with informed written 
consent by the patients and approval by the local 
ethics committee of the University Hospital Essen [ref. 
no. 11-4715]. 

In vivo treatment experiments and sample 
preparation from experimental mice 

8-12 weeks old C57BL/6J mice, housed and fed 
under pathogen-free conditions, were injected with 
EVs or cells intravenously into the tail vein. Dissected 
mouse lungs were either frozen in 
optimal-cutting-temperature compound (OCT Tissue 
Tec) on dry ice and stored at -80°C for 
immunohistochemistry or directly taken up in RNA 
stabilization solution and frozen at -20°C until further 
processed.  

Cell treatment 
Cell lines were treated for 16 h with 100 nM 

doxorubicin or 100nM LBH, respectively. For short 
term (5– 120 min) DNA damage induction, cells were 
treated with 1 or 10 µM doxorubicin (as stated in the 
figure legends).  

Plasmids and transfection  
pcDNA3.1 wild-type BAG6 (BAT3) and 

nucBAG6 are described (15). pcDNA3.1 BAG6R786* 
was generated by site-directed mutagenesis using 
QuickChange II Site-Directed Mutagenesis Kit and the 
expression plasmid pcDNA3.1 wild-type BAG6 as a 
template. HRS expression vector pCS2 was obtained 
from Addgene (#29685) and pcDNA3.1 for p53 was 
kindly provided by Dr. Pattingre (INSERM, France).  

Antibodies 
All antibodies used are listed in Table S4. 

In vitro expression assay 
In vitro expression experiments were performed 

using cell-free protein expression kit based on 
Leishmania tarentolae. Recombinant proteins were 
obtained by cloning in pLEXSY-invitro vector. 

Immunoprecipitation 
Cell lysates or in vitro expressed proteins were 

precipitated using specific antibodies against BAG6, 
p53, CBP/p300, HRS, ubiquitin or acetyl-lysine. A 
minimum of 1 µg of antibody were used for 100 µg of 
total protein and Protein A magnetic beads were used 
for pull-down. 

EV preparation 
EVs were collected in cell culture for either 24 or 

48h in either EV-depleted medium or protein-free 
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CD293 medium. For purifcation, consecutive 
pre-centrifugation steps at 300 x g (10 min), 2,000 x g 
(10 min) and 3,500 x g (20 min) for clearance of cells 
and cellular debris was performed before 
ultracentrifugation at 10,000 x g (60 min) and/or 
100,000 x g (90 min) using SW 41 Ti rotor or Type 45Ti 
for at least two times with intermediate resuspension 
in PBS or HBSS and ultra-centrifugation at the 
respective g force using TLA-45 rotor in the last 
centrifugation. EVs were resuspended in PBS or 
HBSS. The amount of EV protein was quantified by 
Nanodrop 1000 and/or using BCA assay. The number 
of particles was determined by Nanoparticle Tracking 
Analysis.  

Quantitative RT-PCR  
RNA from EVs or lung tissue was reverse 

transcribed with RevertAid First Strand cDNA 
Sysnthesis Kit using oligo-d(T) primers and/or 
random primers. Quantitative PCR measurements 
were performed on a 7500 real-time PCR system using 
SYBR Green. Initial heat inactivation was 95°C for 15 
min and 40 cycles of 15 sec at 94°C, 30 sec at 56°C, and 
30 sec at 72°C were performed followed by melting 
curve analysis. All primers used are listed in Table S5. 

Mass spectrometry bioinformatics and 
statistical analysis 

All mass spectrometric raw data were processed 
with Maxquant using default parameters. Briefly, 
MS2 spectra were searched against the Uniprot 
MOUSE database, including a list of common 
contaminants. False discovery rates on protein and 
PSM level were estimated by the target-decoy 
approach to 1% (Protein FDR) and 1% (PSM FDR), 
respectively. The minimal peptide length was set to 7 
amino acids and carbamidomethyolation at cysteine 
residues was considered as a fixed modification. 
Oxidation (M) was included as variable modification. 
The match-between runs option was enabled. LFQ 
quantification was enabled using default settings. 
Downstream data processing was conducted within 
the Perseus computational platform. Briefly, protein 
groups flagged as „reverse“, „potential contaminant“ 
or „only identified by site“ were removed from the 
data. LFQ data were log2 transformed. Statistical 
analysis of differentially regulated proteins was 
performed using a two-sided t-test (fudge factor s0 
was adjusted to 0.1). Resulting p values were 
corrected for multiple testing using a 
permutation-based FDR approach. 

RNAseq  
RNA quality was assessed using the Experion 

RNA StdSens Analysis Kit. RNA-seq libraries were 
prepared from total RNA using the TruSeq Stranded 

mRNA LT kit according to the manufacturer’s 
instructions. Quality of sequencing libraries was 
controlled on a Bioanalyzer 2100 using the Agilent 
High Sensitivity DNA Kit. Pooled sequencing 
libraries were quantified with digital PCR 
(QuantStudio 3D) and sequenced on the HiSeq 1500 
Illumina platform in Rapid-Run mode with 50 base 
single reads. RNAseq was performed from RNA 
isolated using the RNAeasy mini kit with the Illumina 
Truseq mRNA kit v2 on an Illumina Hiseq 1500 
according to the manufacturer’s instructions. 

RNA-Seq Bioinformatic Analysis 
Raw transcriptome reads were aligned to the 

mouse genome from Ensembl 89 using STAR version 
2.4.1a [62]. Gene expression was quantified on gene 
models that included only protein coding transcripts 
for protein coding genes using custom python scripts. 
Differential genes were called using edgeR [63] at a 
threshold of FDR <= 0.05; |log2FC| >= 1 and counts 
per million >= .3. 

Statistical analysis 
Statistical analyses were performed using 

Graphpad Prism software. Two-tailed, unpaired 
Student’s t-tests were performed to analyze the 
significance of mean values between two variables, if 
not otherwise stated. Statistical analysis of EVs 
education animal experiments was performed using 
non-parametric Kruskal-Wallis test (mean ranks 
compared with WT-EVs group) and Dunn’s multiple 
comparisons test. An unpaired Welch’s t-test was 
performed to analyze TCGA data to account for 
unequal sample sizes. 

Data deposition 
The mass spectrometry proteomics data have 

been deposited to the ProteomeXchange Consortium 
via the PRIDE partner repository with the dataset 
identifier PXD010677. RNAseq data of mouse lungs 
were deposited at ArrayExpress accession 
E-MTAB-7119. RNAseq data of B-16V EVs were 
deposited at ArrayExpress accession E-MTAB-7119.  

Supplementary Material  
Supplementary figures, table S4-S5, materials and 
methods. http://www.thno.org/v09p6047s1.pdf  
Supplementary table S1. 
http://www.thno.org/v09p6047s2.xls 
Supplementary table S2. 
http://www.thno.org/v09p6047s3.xlsx 
Supplementary table S3A. 
http://www.thno.org/v09p6047s4.xlsx 
Supplementary table S3B. 
http://www.thno.org/v09p6047s5.xlsx 



Theranostics 2019, Vol. 9, Issue 21 
 

 
http://www.thno.org 

6061 

Acknowledgements 
We thank Clothilde Thery, INSERM France for 

discussing the proteomics data and Sophie Pattingre, 
INSERM, France for providing p53 mutants. We 
thank the CECAD proteomics facility, Cologne, for 
mass spectrometry measurements and in particular 
Christian Frese for help with the data analysis. We 
thank Gergard Weber, FFE Service GmbH, 
Feldkirchen, for assistance with the FFE separation. 

Financial support 
This study was funded by grants of the Deutsche 

Forschungsgemeinschaft (KFO325, 1408/14-1; 
1408/13-1) and the Wilhelm Sander Stiftung 
(2015.145.1) to EPvS. 

Competing Interests 
The authors have declared that no competing 

interest exists. 

References 
1.  Ruivo CF, Adem B, Silva M, Melo SA. The Biology of Cancer Exosomes: 

Insights and New Perspectives. Cancer Res. 2017;77(23):6480-8. 
2.  Becker A, Thakur BK, Weiss JM, Kim HS, Peinado H, Lyden D. Extracellular 

Vesicles in Cancer: Cell-to-Cell Mediators of Metastasis. Cancer Cell. 
2016;30(6):836-48. 

3.  Costa-Silva B, Aiello NM, Ocean AJ, Singh S, Zhang H, Thakur BK, et al. 
Pancreatic cancer exosomes initiate pre-metastatic niche formation in the liver. 
Nat Cell Biol. 2015;17(6):816-26. 

4.  Fabbri M, Paone A, Calore F, Galli R, Gaudio E, Santhanam R, et al. 
MicroRNAs bind to Toll-like receptors to induce prometastatic inflammatory 
response. Proc Natl Acad Sci U S A. 2012;109(31):E2110-6. 

5.  Besse B, Charrier M, Lapierre V, Dansin E, Lantz O, Planchard D, et al. 
Dendritic cell-derived exosomes as maintenance immunotherapy after first 
line chemotherapy in NSCLC. Oncoimmunology. 2016;5(4):e1071008. 

6.  Reiners KS, Topolar D, Henke A, Simhadri VR, Kessler J, Sauer M, et al. 
Soluble ligands for NK cell receptors promote evasion of chronic lymphocytic 
leukemia cells from NK cell anti-tumor activity. Blood. 2013;121(18):3658-65. 

7.  Dassler-Plenker J, Reiners KS, van den Boorn JG, Hansen HP, Putschli B, 
Barnert S, et al. RIG-I activation induces the release of extracellular vesicles 
with antitumor activity. Oncoimmunology. 2016;5(10):e1219827. 

8.  Plebanek MP, Angeloni NL, Vinokour E, Li J, Henkin A, Martinez-Marin D, et 
al. Pre-metastatic cancer exosomes induce immune surveillance by patrolling 
monocytes at the metastatic niche. Nat Commun. 2017;8(1):1319. 

9.  Viaud S, Thery C, Ploix S, Tursz T, Lapierre V, Lantz O, et al. Dendritic 
cell-derived exosomes for cancer immunotherapy: what's next? Cancer Res. 
2010;70(4):1281-5. 

10.  Robbins PD, Morelli AE. Regulation of immune responses by extracellular 
vesicles. Nat Rev Immunol. 2014;14(3):195-208. 

11.  Pitt JM, Kroemer G, Zitvogel L. Extracellular vesicles: masters of intercellular 
communication and potential clinical interventions. J Clin Invest. 
2016;126(4):1139-43. 

12.  Zhang L, Yu D. Exosomes in cancer development, metastasis, and immunity. 
Biochim Biophys Acta Rev Cancer. 2019;1871(2):455-68. 

13.  Wortzel I, Dror S, Kenific CM, Lyden D. Exosome-Mediated Metastasis: 
Communication from a Distance. Dev Cell. 2019;49(3):347-60. 

14.  Rangachari M, Zhu C, Sakuishi K, Xiao S, Karman J, Chen A, et al. Bat3 
promotes T cell responses and autoimmunity by repressing Tim-3-mediated 
cell death and exhaustion. Nat Med. 2012;18(9):1394-400. 

15.  Pogge von Strandmann E, Simhadri VR, von Tresckow B, Sasse S, Reiners KS, 
Hansen HP, et al. Human leukocyte antigen-B-associated transcript 3 is 
released from tumor cells and engages the NKp30 receptor on natural killer 
cells. Immunity. 2007;27(6):965-74. 

16.  Hollyoake M, Campbell RD, Aguado B. NKp30 (NCR3) is a pseudogene in 12 
inbred and wild mouse strains, but an expressed gene in Mus caroli. Mol Biol 
Evol. 2005;22(8):1661-72. 

17.  Casson J, McKenna M, High S. On the road to nowhere: cross-talk between 
post-translational protein targeting and cytosolic quality control. Biochem Soc 
Trans. 2016;44(3):796-801. 

18.  Babst M. MVB vesicle formation: ESCRT-dependent, ESCRT-independent and 
everything in between. Curr Opin Cell Biol. 2011;23(4):452-7. 

19.  Hanna RN, Cekic C, Sag D, Tacke R, Thomas GD, Nowyhed H, et al. Patrolling 
monocytes control tumor metastasis to the lung. Science. 
2015;350(6263):985-90. 

20.  Tüting T, de Visser KE. CANCER. How neutrophils promote metastasis. 
Science. 2016;352(6282):145-6. 

21.  Yu X, Harris SL, Levine AJ. The regulation of exosome secretion: a novel 
function of the p53 protein. Cancer Res. 2006;66(9):4795-801. 

22.  Cao C, Chen Y, Masood R, Sinha UK, Kobielak A. alpha-Catulin marks the 
invasion front of squamous cell carcinoma and is important for tumor cell 
metastasis. Mol Cancer Res. 2012;10(7):892-903. 

23.  Kreiseder B, Orel L, Bujnow C, Buschek S, Pflueger M, Schuett W, et al. 
alpha-Catulin downregulates E-cadherin and promotes melanoma 
progression and invasion. Int J Cancer. 2013;132(3):521-30. 

24.  Szklarczyk D, Morris JH, Cook H, Kuhn M, Wyder S, Simonovic M, et al. The 
STRING database in 2017: quality-controlled protein-protein association 
networks, made broadly accessible. Nucleic Acids Res. 2017;45(D1):D362-D8. 

25.  Chi A, Valencia JC, Hu ZZ, Watabe H, Yamaguchi H, Mangini NJ, et al. 
Proteomic and bioinformatic characterization of the biogenesis and function of 
melanosomes. J Proteome Res. 2006;5(11):3135-44. 

26.  Kowal J, Arras G, Colombo M, Jouve M, Morath JP, Primdal-Bengtson B, et al. 
Proteomic comparison defines novel markers to characterize heterogeneous 
populations of extracellular vesicle subtypes. Proc Natl Acad Sci U S A. 
2016;113(8):E968-77. 

27.  Jackson HW, Defamie V, Waterhouse P, Khokha R. TIMPs: versatile 
extracellular regulators in cancer. Nat Rev Cancer. 2017;17(1):38-53. 

28.  Landsberg J, Tuting T, Barnhill RL, Lugassy C. The Role of Neutrophilic 
Inflammation, Angiotropism, and Pericytic Mimicry in Melanoma Progression 
and Metastasis. J Invest Dermatol. 2016;136(2):372-7. 

29.  Park J, Wysocki RW, Amoozgar Z, Maiorino L, Fein MR, Jorns J, et al. Cancer 
cells induce metastasis-supporting neutrophil extracellular DNA traps. Sci 
Transl Med. 2016;8(361):361ra138. 

30.  Lozupone F, Luciani F, Venditti M, Rivoltini L, Pupa S, Parmiani G, et al. 
Murine granulocytes control human tumor growth in SCID mice. Int J Cancer. 
2000;87(4):569-73. 

31.  Das AM, Bolkestein M, van der Klok T, Oude Ophuis CM, Vermeulen CE, 
Rens JA, et al. Tissue inhibitor of metalloproteinase-3 (TIMP3) expression 
decreases during melanoma progression and inhibits melanoma cell 
migration. Eur J Cancer. 2016;66:34-46. 

32.  Sasaki T, Gan EC, Wakeham A, Kornbluth S, Mak TW, Okada H. 
HLA-B-associated transcript 3 (Bat3)/Scythe is essential for p300-mediated 
acetylation of p53. Genes Dev. 2007;21(7):848-61. 

33.  Knittel G, Rehkamper T, Korovkina D, Liedgens P, Fritz C, Torgovnick A, et al. 
Two mouse models reveal an actionable PARP1 dependence in aggressive 
chronic lymphocytic leukemia. Nat Commun. 2017;8(1):153. 

34.  Sauer M, Schuldner M, Hoffmann N, Cetintas A, Reiners KS, Shatnyeva O, et 
al. CBP/p300 acetyltransferases regulate the expression of NKG2D ligands on 
tumor cells. Oncogene. 2017;36(7):933-41. 

35.  Sebti S, Prebois C, Perez-Gracia E, Bauvy C, Desmots F, Pirot N, et al. BAT3 
modulates p300-dependent acetylation of p53 and autophagy-related protein 7 
(ATG7) during autophagy. Proc Natl Acad Sci U S A. 2014;111(11):4115-20. 

36.  Juan T, Furthauer M. Biogenesis and function of ESCRT-dependent 
extracellular vesicles. Semin Cell Dev Biol. 2018;74:66-77. 

37.  Hurley JH, Odorizzi G. Get on the exosome bus with ALIX. Nat Cell Biol. 
2012;14(7):654-5. 

38.  Binici J, Hartmann J, Herrmann J, Schreiber C, Beyer S, Guler G, et al. A 
soluble fragment of the tumor antigen BCL2-associated athanogene 6 (BAG-6) 
is essential and sufficient for inhibition of NKp30 receptor-dependent 
cytotoxicity of natural killer cells. J Biol Chem. 2013;288(48):34295-303. 

39.  Lobb RJ, Lima LG, Moller A. Exosomes: Key mediators of metastasis and 
pre-metastatic niche formation. Semin Cell Dev Biol. 2017;67:3-10. 

40.  Peinado H, Aleckovic M, Lavotshkin S, Matei I, Costa-Silva B, Moreno-Bueno 
G, et al. Melanoma exosomes educate bone marrow progenitor cells toward a 
pro-metastatic phenotype through MET. Nat Med. 2012;18(6):883-91. 

41.  Dror S, Sander L, Schwartz H, Sheinboim D, Barzilai A, Dishon Y, et al. 
Melanoma miRNA trafficking controls tumour primary niche formation. Nat 
Cell Biol. 2016;18(9):1006-17. 

42.  Hoshino A, Costa-Silva B, Shen TL, Rodrigues G, Hashimoto A, Tesic Mark M, 
et al. Tumour exosome integrins determine organotropic metastasis. Nature. 
2015;527(7578):329-35. 

43.  El Rayes T, Catena R, Lee S, Stawowczyk M, Joshi N, Fischbach C, et al. Lung 
inflammation promotes metastasis through neutrophil protease-mediated 
degradation of Tsp-1. Proc Natl Acad Sci U S A. 2015;112(52):16000-5. 

44.  Zomer A, Maynard C, Verweij FJ, Kamermans A, Schafer R, Beerling E, et al. 
In Vivo imaging reveals extracellular vesicle-mediated phenocopying of 
metastatic behavior. Cell. 2015;161(5):1046-57. 

45.  Boelens MC, Wu TJ, Nabet BY, Xu B, Qiu Y, Yoon T, et al. Exosome transfer 
from stromal to breast cancer cells regulates therapy resistance pathways. Cell. 
2014;159(3):499-513. 

46.  Jiang W, Wang S, Xiao M, Lin Y, Zhou L, Lei Q, et al. Acetylation regulates 
gluconeogenesis by promoting PEPCK1 degradation via recruiting the UBR5 
ubiquitin ligase. Mol Cell. 2011;43(1):33-44. 

47.  Baixauli F, Lopez-Otin C, Mittelbrunn M. Exosomes and autophagy: 
coordinated mechanisms for the maintenance of cellular fitness. Front 
Immunol. 2014;5:403. 



Theranostics 2019, Vol. 9, Issue 21 
 

 
http://www.thno.org 

6062 

48.  Tasdemir E, Maiuri MC, Galluzzi L, Vitale I, Djavaheri-Mergny M, D'Amelio 
M, et al. Regulation of autophagy by cytoplasmic p53. Nat Cell Biol. 
2008;10(6):676-87. 

49.  Naidu SR, Lakhter AJ, Androphy EJ. PIASy-mediated Tip60 sumoylation 
regulates p53-induced autophagy. Cell Cycle. 2012;11(14):2717-28. 

50.  Yu X, Riley T, Levine AJ. The regulation of the endosomal compartment by 
p53 the tumor suppressor gene. FEBS J. 2009;276(8):2201-12. 

51.  Sun Y, Zheng W, Guo Z, Ju Q, Zhu L, Gao J, et al. A novel TP53 pathway 
influences the HGS-mediated exosome formation in colorectal cancer. Sci Rep. 
2016;6:28083. 

52.  Samuel P, Mulcahy LA, Furlong F, McCarthy HO, Brooks SA, Fabbri M, et al. 
Cisplatin induces the release of extracellular vesicles from ovarian cancer cells 
that can induce invasiveness and drug resistance in bystander cells. Philos 
Trans R Soc Lond B Biol Sci. 2018;373(1737):20170065.  

53.  Bewicke-Copley F, Mulcahy LA, Jacobs LA, Samuel P, Akbar N, Pink RC, et al. 
Extracellular vesicles released following heat stress induce bystander effect in 
unstressed populations. J Extracell Vesicles. 2017;6(1):1340746. 

54.  Calcinotto A, Filipazzi P, Grioni M, Iero M, De Milito A, Ricupito A, et al. 
Modulation of microenvironment acidity reverses anergy in human and 
murine tumor-infiltrating T lymphocytes. Cancer Res. 2012;72(11):2746-56. 

55.  Pilon-Thomas S, Kodumudi KN, El-Kenawi AE, Russell S, Weber AM, Luddy 
K, et al. Neutralization of Tumor Acidity Improves Antitumor Responses to 
Immunotherapy. Cancer Res. 2016;76(6):1381-90. 

56.  Parolini I, Federici C, Raggi C, Lugini L, Palleschi S, De Milito A, et al. 
Microenvironmental pH is a key factor for exosome traffic in tumor cells. J Biol 
Chem. 2009;284(49):34211-22. 

57.  Logozzi M, Mizzoni D, Angelini DF, Di Raimo R, Falchi M, Battistini L, et al. 
Microenvironmental pH and Exosome Levels Interplay in Human Cancer Cell 
Lines of Different Histotypes. Cancers (Basel). 2018;10(10):370. 

58.  Banfer S, Schneider D, Dewes J, Strauss MT, Freibert SA, Heimerl T, et al. 
Molecular mechanism to recruit galectin-3 into multivesicular bodies for 
polarized exosomal secretion. Proc Natl Acad Sci U S A. 
2018;115(19):E4396-E405. 

59.  Takahashi T, Minami S, Tsuchiya Y, Tajima K, Sakai N, Suga K, et al. 
Cytoplasmic control of Rab family small GTPases through BAG6. EMBO Rep. 
2019;20(4):e46794. 

60.  Cerchietti LC, Hatzi K, Caldas-Lopes E, Yang SN, Figueroa ME, Morin RD, et 
al. BCL6 repression of EP300 in human diffuse large B cell lymphoma cells 
provides a basis for rational combinatorial therapy. J Clin Invest. 2010:4569-82. 

61.  Chen J, Zang YS, Xiu Q. BAT3 rs1052486 and rs3117582 polymorphisms are 
associated with lung cancer risk: a meta-analysis. Tumour Biol. 
2014;35(10):9855-8. 

62.  Dobin A, Davis CA, Schlesinger F, Drenkow J, Zaleski C, Jha S, et al. STAR: 
ultrafast universal RNA-seq aligner. Bioinformatics. 2013;29(1):15-21. 

63.  Robinson MD, McCarthy DJ, Smyth GK. edgeR: a Bioconductor package for 
differential expression analysis of digital gene expression data. Bioinformatics. 
2010;26(1):139-40. 

64.  Garrison S, Hojgaard A, Patillo D, Weis JJ, Weis JH. Functional 
characterization of Pactolus, a beta-integrin-like protein preferentially 
expressed by neutrophils. J Biol Chem. 2001;276(38):35500-11. 

65.  Hunold K, Weber-Steffens D, Runza VL, Jensenius JC, Mannel DN. Functional 
analysis of mouse ficolin-B and detection in neutrophils. Immunobiology. 
2012;217(10):982-5. 

66.  Lober C, Lenz-Stoppler C, Dobbelstein M. Adenovirus E1-transformed cells 
grow despite the continuous presence of transcriptionally active p53. J Gen 
Virol. 2002;83(Pt 8):2047-57. 

 


