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The intratumoral microenvironment, or stroma, is of major importance in the pathobiology of pancreatic ductal
adenocarcinoma (PDA), and specific conditions in the stroma may promote increased cancer aggressiveness. We
hypothesized that this heterogeneous and evolving compartment drastically influences tumor cell abilities, which in turn
influences PDA aggressiveness through crosstalk that is mediated by extracellular vesicles (EVs). Here, we have
analyzed the PDA proteomic stromal signature and identified a contribution of the annexin A6/LDL receptor-related
protein 1/thrombospondin 1 (ANXA6/LRP1/TSP1) complex in tumor cell crosstalk. Formation of the ANXA6/LRP1/TSP1
complex was restricted to cancer-associated fibroblasts (CAFs) and required physiopathologic culture conditions that
improved tumor cell survival and migration. Increased PDA aggressiveness was dependent on tumor cell–mediated
uptake of CAF-derived ANXA6+ EVs carrying the ANXA6/LRP1/TSP1 complex. Depletion of ANXA6 in CAFs impaired
complex formation and subsequently impaired PDA and metastasis occurrence, while injection of CAF-derived ANXA6+

EVs enhanced tumorigenesis. We found that the presence of ANXA6+ EVs in serum was restricted to PDA patients and
represents a potential biomarker for PDA grade. These findings suggest that CAF–tumor cell crosstalk supported by
ANXA6+ EVs is predictive of PDA aggressiveness, highlighting a therapeutic target and potential biomarker for PDA.

Research Article Cell biology Oncology

Find the latest version:

https://jci.me/87734/pdf

http://www.jci.org
http://www.jci.org/126/11?utm_campaign=cover-page&utm_medium=pdf&utm_source=content
https://doi.org/10.1172/JCI87734
http://www.jci.org/tags/51?utm_campaign=cover-page&utm_medium=pdf&utm_source=content
http://www.jci.org/tags/16?utm_campaign=cover-page&utm_medium=pdf&utm_source=content
http://www.jci.org/tags/33?utm_campaign=cover-page&utm_medium=pdf&utm_source=content
https://jci.me/87734/pdf
https://jci.me/87734/pdf?utm_content=qrcode


The Journal of Clinical Investigation   R E S E A R C H  A R T I C L E

4 1 4 0 jci.org   Volume 126   Number 11   November 2016

Introduction
Pancreatic ductal adenocarcinoma (PDA) is one of the dead-
liest human malignancies with a 5-year relative survival rate 
of 6% (1). It currently represents the fourth-leading cause of 
cancer-related deaths in Western countries and, according to 
recent opinion, is expected to become second in rank by 2030 
(2). The absence of early symptoms and the lack of noninva-
sive diagnostic tools with which to grade PDA tumors (3) and 
accelerate patient access to adequate care are some reasons for 
the currently dramatic epidemiologic data on this silent killer. 
Recent efforts have led to the development of combined ther-
apies that have significantly increased patient survival rates (4, 
5). Unfortunately, these therapies are available only for patients 
presenting an advanced disease who meet several global health 
criteria that ensure their likelihood to withstand important sec-

ondary effects. These treatments are associated with a median 
overall survival of less than 12 months (4, 5), making the search 
for more effective, less toxic treatments crucial.

Increasing evidence suggests that the architecture and cellu-
lar composition of PDA could represent 1 possible explanation for 
global treatment failure. Indeed, some reports have highlighted 
impacts relating to the limitation of drug delivery (6) as well as 
chemoresistance mechanisms (7). Actually, PDA is characterized 
by an extensive desmoplastic reaction that can account for up to 
90% of the tumor mass. This hallmark feature of PDA consists 
of an intratumoral microenvironment (stroma), which is mainly 
composed of fibroblasts and immune cells (8). Among the fibro-
blasts, cancer-associated fibroblasts (CAFs), also named activated 
pancreatic stellate cells, have been largely reported as impacting 
PDA development (9). Moreover, CAFs are predominantly respon-
sible for the secretion of various molecules that lead to highly 
fibrous tumors (10) and enhance tumor growth (11, 12). Because of 
this fibrotic density, PDAs are characterized by numerous areas of 
low vascular density (13) and hypoxic regions, where tumor cells 
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we explore a new cellular crosstalk between CAFs and tumor cells, 
based on extracellular vesicles (EVs), and investigate the inhibi-
tion of a related candidate therapeutic target as well as detecting 
it in serum as a diagnostic biomarker to discriminate PDA grade.

Results
Identification of the ANXA6/LRP1/TSP1 complex as potentially 
involved in stroma/tumor cell communication. To determine spe-
cific factors involved in the crosstalk between stromal and tumor 
cells in PDA, we generated and characterized the proteomic sig-
nature of both compartments (Supplemental Figure 1A; supple-
mental material available online with this article; doi:10.1172/
JCI87734DS1). This analysis revealed 484 versus 1,187 proteins 
in stromal cells versus tumor cells, together with 406 common 

are subjected to nutrient and oxygen starvation (14). Evidence 
suggests that tumor cells evolving in this hostile environment are 
prone to increased aggressiveness and associated with poor prog-
nosis in PDA patients (15). Altogether, those studies hypothesize 
that a hostile niche within PDA favors specific cell interactions. In 
this context, intercellular communications, involving stromal and 
tumor cells, reported in several solid tumors as affecting cancer 
aggressiveness (16), form an intricate network and appear as an 
important niche of potent therapeutic targets (17).

Given the crucial need to develop new therapeutic approach-
es to treat PDA and regarding its specific tumor architecture, we 
hypothesized that studying the intratumoral microenvironment 
proteomic signature of PDA would highlight specific communi-
cation modes leading to tumor cell aggressiveness. In this study, 

Figure 1. Human PDA microdissection followed by mass spectrometry coupled to bioinformatics analyses identifies a new complex in stroma PDA. 
(A) Number of proteins (and representative total percentage) obtained after mass spectrometry analysis of stroma and tumor cell areas microdissected 
from frozen human PDA slides (patients, n = 4; microdissected areas ranged from 30 to 50 mm2). (B) Graphical representation explaining how the complex 
comprising ANXA6, LRP1, and TSP1 was highlighted. (C) Twenty-two proteins belong to the same network of “cytoplasmic membrane-bound vesicles” 
obtained in Supplemental Figure 1D. Proteins in yellow boxes are specific to the stromal compartment, and proteins in yellow boxes surrounded by a red 
line are complex proteins obtained. (D) Western blot analysis of ANXA6, LRP1, and TSP1 in human healthy pancreas (#1–3) and PDA (#1–6). Amido black 
staining served as loading control. (E) Western blot analysis of ANXA6, LRP1, and TSP1 in murine healthy pancreas (#1–4) and PDA (#1–4). Amido black 
staining served as loading control. (F and G) Coimmunoprecipitation of LRP1 with ANXA6 and TSP1 in protein extracts from human (F) healthy pancreas 
(#2, #4) and PDA (#1, #7) and from murine (G) healthy pancreas (#5, #6) and PDA (#1, #4). Total cell lysate and nonrelevant antibody (NR) were used 
as loading and negative control, respectively. Data are representative of 3 independent experiments. Throughout the article, each “#” represents 1 PDA 
patient or mouse or 1 healthy donor or mouse.
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ANXA6, LRP1, and TSP1 expression in PDA is mainly driven 
by cancer-associated fibroblasts. We next assessed which cell type 
was expressing the 3 complex-associated proteins ANXA6, LRP1, 
and TSP1. Immunolocalization suggested their stroma-restricted 
expression in human (Figure 2A) as well as in mouse PDA samples 
(Supplemental Figure 3A). Using specific cell markers (KRT19: 
tumor cells; α-SMA: CAFs; CD68: macrophages), we found that all 
3 complex-related proteins were mostly expressed in stroma cells 
(22%–65%), with higher prevalence in CAFs (39%–65%) than in 
macrophages (22%–61%), the 2 main stroma cell types in PDA (24, 
25) (Figure 2B and Supplemental Figure 3, B and C).

In order to study cellular crosstalk in vitro, we first isolated 
and characterized human PDA-derived CAFs (Supplemental Fig-
ure 3, D and E). Analyses of ANXA6, LRP1, and TSP1 expression 
level revealed that PDA-derived CAFs and fibroblasts strongly 
expressed ANXA6, LRP1, and TSP1 at both mRNA and protein 
levels compared with tumor cells or macrophages (Figure 2, C and 
D), therefore correlating with previous data (Figure 2B). Interest-
ingly, by testing the expression level of each complex-related pro-
tein on 15 PDA-derived CAFs, we observed a positive correlation 
between ANXA6 and α-SMA expression (R2 = 0.85, P < 0.001), 
suggesting that the activation status of CAFs is associated with 
ANXA6 expression (Figure 2E). These experiments demonstrate 
that ANXA6, LRP1, and TSP1 are mostly expressed by intratumor-
al microenvironment cells in PDA and more specifically by CAFs, 
a well-known secretor of EVs (26).

ANXA6/LRP1/TSP1 complex formation in CAFs requires phys-
iopathologic conditions. Surprisingly, while each protein was pres-
ent in CAFs in vitro, we were unable to detect the complex for-
mation (Figure 2F and Supplemental Figure 4A) as observed in 
human and mouse PDA (Figure 1, F and G). We hypothesized that 
ANXA6, LRP1, and TSP1 could interact together in CAFs when 
culture conditions would mimic the physiopathologic environ-
ment of activated CAFs in vivo. Thus, we integrated 3 parameters 
to PDA-derived CAF cultures: first, the coculture with macro-
phages, a potent modulator of CAF activity (12), present in PDA 
(Supplemental Figure 3, B and C); second, hypoxia, a hallmark 
of PDA (14) that localizes in vivo with ANXA6, LRP1, and TSP1 
expression (Supplemental Figure 4B) and enhances EV-mediat-
ed crosstalk (27); third, lipid starvation, considering that hypoxia 
is associated with nutrient starvation, that lipid consumption by 
cancer cells is increased under hypoxia (28, 29), and that EVs are 
a potential source of lipid for starved cells. Based on those criteria, 
we set up (Figure 2G) and validated (Supplemental Figure 4, C –G) 
all cell culture conditions as well as other metabolic deprivations 
(Supplemental Figure 4H). Interestingly, formation of the terna-
ry complex was only observed in PDA-derived CAFs cocultured 
with macrophages under hypoxia and lipid starvation (Figure 2H). 
Overall, these experiments revealed that ANXA6, LRP1, and TSP1 
can form a complex in PDA-derived CAFs in vitro only under phys-
iopathologic culture conditions.

Physiopathologic conditions provide survival and migratory ben-
efits to tumor cells. We next added tumor cells to the previous in 
vitro model and observed that stromal cells cultured under phys-
iopathologic conditions were enhancing tumor cell viability (Fig-
ure 3A and Supplemental Figure 5A). This was correlated with a 
decreased activation of caspase 3 in tumor cells (Supplemental 

proteins (Figure 1A and Supplemental Figure 1B), and showed 
correct cellular localization enrichment according to Gene Ontol-
ogy annotations (Supplemental Table 1 and ref. 18). To interrogate 
the shared functions of the 890 proteins identified as stromal or 
common, we evaluated their belonging to multiprotein complex-
es and mapped them on the human protein interaction network 
(19). Among them, 655 stromal or common proteins were present 
in the interactome, and 51 were annotated as “cytoplasmic mem-
brane-bound vesicles” (Supplemental Table 2), with 22 proteins 
forming a subnetwork containing 11 stromal-specific proteins (in 
yellow, Figure 1, B and C). Among these 11 proteins, ANXA6 and 
TSP1, known to be associated with membrane-related events or 
cell-to-cell contact (20, 21), were also found overexpressed in the 
stromal compartment in our previously reported study (12) (Gene 
Expression Omnibus GSE50570) and present in the enriched 
“extracellular vesicular exosome” annotation (P = 2.34 × 10–16; 
Supplemental Figure 2).

Considering the above data alongside the increasing impor-
tance of “extracellular vesicles” (EVs) in cellular dialogue and 
carcinogenesis (22), we hypothesized that ANXA6 and TSP1, as 
well as their shared interactor LRP1 (Figure 1, B and C), involved 
in cellular lipid homeostasis (23), could represent potent molecu-
lar actors in the crosstalk between stroma and tumor cells via EVs. 
Following observation of each protein presence in human (Figure 
1D) and mouse PDA tumors, using Pdx1Cre/+ KrasG12D/+ Ink4afl/fl mice 
(Figure 1E and Supplemental Figure 1C), we validated the predict-
ed multiprotein complex in human (Figure 1F) and mouse (Fig-
ure 1G and Supplemental Figure 1D) PDA samples. Altogether, in 
PDA, our data reveal the existence of a protein complex compris-
ing at least ANXA6, LRP1, and TSP1. Using robust bioinformatics 
analyses, we hypothesized that its possible role in cellular cross-
talk might be associated with EVs.

Figure 2. Microenvironment cells, and mainly CAFs, express ANXA6, 
LRP1, and TSP1 in PDA. (A) Representative micrographs and quantifi-
cation of ANXA6, LRP1, or TSP1 staining in human healthy pancreas or 
PDA (median value ± interquartile range, n = 3). Asterisks, tumor cells; 
triangles, stromal compartment. (B) Representative micrographs and 
quantification of ANXA6, LRP1, or TSP1 staining with KRT19, α-SMA, or 
CD68 (median value ± interquartile range, n = 3). (C) Relative expression 
of ANXA6, LRP1, and TSP1 mRNA in established PDA tumor cell lines  
(n = 3, MIA PaCa-2, PANC-1, and Capan-2), primary PDA tumor cells  
(n = 4), macrophages (Raw, n = 2), primary PDA CAFs (n = 9), and normal 
human fibroblasts (NHF, n = 3). Data are expressed as fold increase com-
pared with MIA PaCa-2 (median ± interquartile range). *P < 0.05,  
**P < 0.01, Mann-Whitney U test. (D) Western blot of the indicated 
proteins in lysates from PDA tumor cell lines (PANC-1), primary PDA 
tumor cells (n = 3), macrophages (Raw), primary PDA CAFs (n = 3), and 
normal human fibroblasts (NHF). Quantifications are expressed as 
fold increase compared with either PANC-1 or primary PDA tumor cells 
#1. (E) Linear regression of α-SMA versus ANXA6 expression levels in 
primary PDA CAFs (n = 15, from different #’s). Dashed lines represent 
95% CI. (F) Western blot of the indicated proteins following endogenous 
coimmuno precipitation with anti-LRP1 antibody in CAF lysates. TCL, 
total cell lysates. (G) Graphical representation of the various culture con-
ditions. HYPO, hypoxia (1% O2); NOR, normoxia (20% O2). (H) Western 
blot of the indicated proteins following endogenous coimmunoprecipi-
tation with nonrelevant antibody (NR) as negative control or anti-LRP1 
antibody in lysates from CAFs cultured under various conditions. (C, D, 
F, H) Data are representative of 3 independent experiments.
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Figure 3. CAF-mediated support to cancer cells depends on ANXA6 present within the ternary complex. (A) Graphical representation of the 
culture protocol for measuring PANC-1 cell viability (median ± interquartile range, n = 3). ***P < 0.001, Mann-Whitney U test. (B) Graphical repre-
sentation of the culture protocol for measuring PANC-1 migration ability (median ± interquartile range, n = 3). **P < 0.05, Mann-Whitney U test. 
(C) Graphical representation of the culture protocol for measuring PANC-1 adhesion ability (median ± interquartile range, n = 3). ***P < 0.001, 
Mann-Whitney U test. (D) Western blot of the indicated proteins in lysates established from CAFs infected with shRNA control (shCtr, #7 and #3) 
or shRNAs against ANXA6 (shANXA6-1 and shANXA6-2, #7 and #3). Quantifications are expressed as fold increase compared with CAFs infected 
with shCtr, n = 3. (E) Western blot of the indicated proteins following endogenous coimmunoprecipitation with nonrelevant antibody (NR) as nega-
tive control or anti-LRP1 antibody in protein lysates from CAFs infected with shCtr or shANXA6s under pathophysiologic conditions. TCL, total cell 
lysates. Quantifications are expressed as fold increase compared with the NR condition; data are representative of 3 independent experiments. (F) 
PANC-1 viability assay as in A with CAFs infected with shCtr or shANXA6s under pathophysiologic conditions (median ± interquartile range, n = 3). 
**P < 0.01, Mann-Whitney U test. (G) PANC-1 migration assay as in B with CAFs infected with shCtr or shANXA6s under pathophysiologic condi-
tions (median ± interquartile range, n = 3). ***P < 0.001, Mann-Whitney U test. (H) PANC-1 adhesion assay as in C with CAFs infected with shCtr or 
shANXA6s under pathophysiologic conditions (median ± interquartile range, n = 3). *P < 0.05, **P < 0.01, Mann-Whitney U test. For A–C and F–H, 
data are expressed as fold increase compared with PANC-1 alone.
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Figure 5B). Tumor cell aggressiveness was also affected, as their 
migration ability increased under physiopathologic conditions 
(Figure 3B and Supplemental Figure 5C). This was consistent with 
the increased level of SNAIL, a transcription factor promoting 
epithelial–mesenchymal transition and migration in cancer cells 
(Supplemental Figure 5B). Furthermore, we found an associated 
decrease in tumor cell adhesion under similar culture conditions 
(Figure 3C and Supplemental Figure 5D). Altogether, these data 
demonstrate that stromal cells (CAFs and macrophages) under 
physiopathologic culture conditions support tumor cell survival 
and aggressiveness.

ANXA6/LRP1/TSP1 complex in CAFs is mandatory for the 
increased aggressiveness potential of tumor cells under physiopatho-
logic conditions. We previously highlighted that PDA-derived CAFs 
cultured under physiopathologic conditions promoted tumor cell 
survival and aggressiveness on the one hand, while exhibiting the 
formation of a complex involving ANXA6, LRP1, and TSP1 on the 
other hand. In view of its correlation with α-SMA status (Figure 
2E), we decided to focus on ANXA6, and, using the shRNA tech-
nology to target its expression, we showed that efficient loss of 
ANXA6 in CAFs (Figure 3D) resulted in a strong decrease of inter-
action among ANXA6, LRP1, and TSP1 (Figure 3E), suggesting 
that ANXA6 loss leads to the destabilization of the complex. We 
then analyzed tumor cell behaviors as above (Figure 3, A–C) and 
revealed that CAFs, in which ANXA6 expression was impaired 
(shANXA6), could not support tumor cell abilities. Indeed, it was 
resulting in a complete reversal of tumor cell viability (Figure 3F), 
migration (Figure 3G), and adhesion (Figure 3H) compared with 
the use of CAFs infected with an shRNA control (shCtr). Altogeth-
er, these data demonstrate that the complex involving ANXA6, 
LRP1, and TSP1 formed in CAFs under physiopathologic condi-
tions is required for the increased tumor cell aggressiveness.

Loss of ANXA6 expression in CAFs decreases PDA tumorigen-
esis and metastasis onset in vivo. To test the requirement for the 
ANXA6/LRP1/TSP1 complex in CAFs in PDA tumorigenesis, we 
examined PDA development following orthotopic coinjection of 
tumor cells and CAFs. We observed that coinjection of shCtr CAFs 
and tumor cells increased PDA tumor weight (Figure 4A) as well 
as metastasis occurrence (Figure 4B and Table 1). In contrast, 
mice coinjected with shANXA6 CAFs and tumor cells (Figure 4C) 
exhibited no such increase in PDA tumor weight (Figure 4A) nor 
in metastasis occurrence, following histologic counting or Alu 
sequencing (Table 1). This suggests that loss of ANXA6 expres-
sion and consequently ANXA6/LRP1/TSP1 complex formation 
in CAFs in vivo alters the ability of CAFs to promote tumor cell 
aggressiveness and survival. We then analyzed tumor cell death 
in these orthotopic xenograft tumors and observed a decreased 
trend in the percentage of caspase-3+ tumor cells when coinject-
ed with shCtr CAFs in comparison with tumor cells alone (Figure 
4, D and E). Furthermore, the use of shANXA6 CAFs increased 
the fold changes of caspase-3+ tumor cells, even compared with 
tumor cells alone (Figure 4D; see complete unedited blots in the 
supplemental material), suggesting that tumor cells were less able 
to resist cell death that might be induced by outgrowth and hypox-
ic/necrotic areas present in orthotopic tumors. Concomitantly, we 
observed that the accelerated proliferation of tumor cells follow-
ing coinjection with shCtr CAFs was lost upon coinjection with 

shANXA6 CAFs (Figure 4, E and F). These in vivo studies indicate 
that ANXA6 present within a complex involving LRP1 and TSP1 in 
PDA-derived CAFs enhances PDA tumorigenesis and metastasis 
onset by improving tumor cell survival.

CAF-derived ANXA6+ EVs mediate the increased tumor cell 
aggressiveness under physiopathologic conditions. Based on the 
above findings (Figure 3, A–H), Gene Ontology annotations for 
ANXA6, LRP1, and TSP1 (Figure 1B and Supplemental Figure 2), 
and previous reports in the field (26), we speculated that CAFs 
were impacting on tumor cell behavior through EV-mediated 
communication. To test this hypothesis, we recovered stromal 
cell supernatants and separated soluble factors (SFs) from the 
high-speed pellet (HSP) containing EVs (Supplemental Figure 
6A). Using several markers (refs. 30, 31, and Figure 5A), as well 
as size measurement by electron microscopy (Supplemental Fig-
ure 6B), our data suggested that the HSP from CAFs/macrophages 
under physiopathologic culture conditions is enriched in EVs that 
meet most exosome criteria and that contain ANXA6, LRP1, and 
TSP1, compared with the soluble fraction (Supplemental Figure 
6C). Interestingly, we showed, due to the presence of a GFP tag in 
shRNA constructs inserted in CAFs (Figure 5A, bottom line), that 
CAFs increased their secretion of EVs under physiopathologic cul-
ture conditions. We further observed the ANXA6, LRP1, and TSP1 
complex in those EVs (Figure 5B) and so validated their CAF ori-
gin (within the CAF/macrophage cocultures), as only CAFs were 
expressing ANXA6 and TSP1 (Figure 5A, cell lysates).

We next revealed that CAF-derived ANXA6+ EVs improved 
tumor cell migration while the SF fraction was less efficient (Fig-
ure 5C). As shown previously with physiopathologic culture con-
ditioned media (Figure 3G), the increased tumor cell migration 
using EVs (HSP) from those cultures was dependent on ANXA6 
expression in CAFs. Indeed, we showed that HSP from shANXA6 
CAFs (Supplemental Figure 6D) led to a significant decrease in 
migration ability (Figure 5D). Rescue experiments revealed that 
HSP from shCtr CAFs increased migration of tumor cells incu-
bated with conditioned media from physiopathologic cultures of 
shANXA6 CAFs (Figure 5E). In vivo, i.p. injection of HSP from 
physiopathologic cultures with shCtr CAFs increased tumor 
weight of established tumors (Figure 5F) with a trend similar to 
that following direct coinjection with CAFs (Figure 4A), while 
injection of HSP from physiopathologic cultures with shANXA6 
CAFs failed to promote tumor growth (Figure 5F). Interestingly, 
we further showed that loss of ANXA6 in CAFs led to changes in 
the protein composition of EVs, characterized by a reduction in 
TSP1 and an increase in LRP1. In contrast, we observed no signif-
icant change in EV quantity as shown by unchanged levels of syn-
tenin, ALIX, and TSG101 (Supplemental Figure 6, D and E). This 
would suggest that loss of ANXA6 induces changes in loading/
composition of EVs but not in their biogenesis or secretion. Inter-
estingly, the uptake by tumor cells of EVs from physiopathologic 
cultures of shANXA6 CAFs was significantly reduced (Figure 5G 
and Supplemental Figure 6F), suggesting that ANXA6 and the 
complex ANXA6/LRP1/TSP1 are involved in EV internalization. 
Altogether, our data suggest that ANXA6+ EVs secreted by CAFs 
are key transmitters of cancer cell aggressiveness. Moreover, 
ANXA6, in complex with LRP1 and TSP1, is necessary for the 
uptake of these EVs by cancer cells.
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ANXA6+ circulating EVs constitute a PDA biomarker for PDA 
grade, while increased ANXA6 expression levels correlate with shorter 
survival. In view of recent reports (32), we investigated the poten-
tial for detection of ANXA6 in circulating EVs in PDA diagnosis and 

prognosis. Strikingly, we revealed that the level of ANXA6, analyzed 
as described earlier (Figure 5A and Supplemental 6D), is signifi-
cantly increased in circulating EVs from patients with histological-
ly validated PDA (n = 108) and distinguished from healthy donors  

Figure 4. Impact of ANXA6 loss on PDA aggressiveness in vivo. (A) Expression of ANXA6 in CAFs promotes pancreatic tumor growth of PANC-1. Two 
months after injection of cells, mice were euthanized, and cancerous pancreas dissected and weighed (median ± interquartile range; for mice injected with 
PANC-1, n = 16; for mice injected with PANC-1 + CAF shCtr, n = 14; for mice injected with PANC-1 + CAF shANXA6-1, n = 11; for mice injected with PANC-1 + 
CAF shANXA6-2, n = 11). **P < 0.01, ***P < 0.001, Mann-Whitney U test. (B) Representative micrograph of H&E-stained liver from mice coinjected with 
PANC-1 and shCtr CAFs0029. Dashed line delimits healthy liver (bottom) from PDA metastasis (top). (C) Western blot of the indicated proteins in lysates 
established from 6 orthotopic xenografts from each group obtained in A. Amido black level was used for normalization, and quantifications noted below 
are expressed as fold increase compared with mice #1 injected with PANC-1 alone. (D) Caspase-3+ cells numbered by immunochemistry on orthotopic 
xenografts obtained in A (median ± interquartile range, n = 3). *P < 0.05, **P < 0.01, Mann-Whitney U test. (E) Representative micrographs of dual immu-
nofluorescence using caspase-3 or Ki67 staining with α-SMA or KRT19 on slides made up from orthotopic xenografts obtained by coinjection of PANC-1 and 
shCtr CAFs. Data are representative of 3 independent experiments. (F) Ki67+ cells numbered by immunochemistry on orthotopic xenografts obtained in A 
(median ± interquartile range, n = 3). *P < 0.05, **P < 0.01, Mann-Whitney U test.
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expression and complex formation are impaired, as if ANXA6+ 
EVs were not secreted. These biological interactions between 
CAF-derived ANXA6+ EVs and improvement of tumor cell abil-
ities in PDA are mirrored by statistical evidence that increased 
ANXA6 expression in PDA as well as ANXA6 level in EVs from 
serum of PDA patients is associated with the worst clinical stages 
and shortened survival.

Within PDA, stromal and cancer cells are known to engage a 
crosstalk mediated by SFs, cell-cell contact, and EV trafficking. 
However, the impact of CAFs, a major cell component of PDA, on 
cancer cell abilities is still underestimated, particularly in strin-
gent pancreatic tumor areas where oxygen as well as nutrient sup-
plies are under crisis and where stromal components and CAFs 
are in the majority. At present, most studies deciphering the cross-
talk between cancer and stromal cells mediated by EV trafficking 
have focused on EVs produced by cancer cells and their impact 
on tumor progression. However, recent studies revealed that 
fibroblasts, through exosome secretion, potentiate breast can-
cer cells and therapy resistance (34, 35). Santi et al. showed that 
CAFs transfer lipid and proteins to prostate and melanoma cancer 
cells through cargo vesicles that support tumor growth (36). Those 
studies revealed the important impact of stromal and tumor cell 
crosstalk through EV trafficking on tumor development; however, 
they did not evaluate the impact of the CAF environment. Indeed, 
the possible modifications of this environment, during tumor evo-
lution or following treatments (37), could induce changes in CAFs’ 
abilities and consequently in nearby tumor cells.

Regarding the cellular and acellular structure of pancreatic 
cancers, this intratumoral environmental context is even more 
relevant and of crucial importance for the development of new 
therapeutic options. Indeed, in PDA, a well-reported heteroge-
neous tumor (38), hypoxia (39), inflammatory response (40), 
and extracellular matrix (8) are predominant factors that could 
modulate such dialogue. At present, most PDA patients are 
following one of the baseline therapies made of gemcitabine, 
FOLFIRINOX, or gemcitabine plus nab-paclitaxel (except for 
patients enrolled in phase 2/3 protocols). Unfortunately, no spe-
cific second-line therapy exists for responders for whom impacts 
on crosstalk changes due to modifications of contextual intratu-
moral environment following therapies are of specific concern. 
Indeed, PDA patients classified as responders following chemo-
therapy protocol show either reduction or stagnation of the pri-
mary tumor (41). This is often associated with tumor cell death 
and appearance of necrotic areas associated with drastic modi-
fications of the nearby environment of the resistant tumor cells 
(42, 43). Indeed, this reactive stroma is associated with a new 
structural environment where CAFs and immune cells exhibit 
different abilities. Understanding how those hostile conditions 
modify stromal and tumor cell abilities could lead to the elabora-
tion of treatments used as second-line therapy or to reduce tumor 
cell resistance in order to improve induction chemotherapy for 
patients with nonresectable PDA. Moreover, data that would 
emerge from studying this cellular dialogue could improve our 
ability to cluster and stratify PDA patients into several PDA sub-
types, a field in which pancreatic cancer is far behind other solid 
cancers such as breast cancer. Indeed, using stromal or extra-
cellular proteins, highlighted in such studies, could lead to the 

(n = 30), patients with benign pancreatic diseases (n = 14), and 
patients with other cancers (n = 11) (Figure 6A). We found consistent 
data using serum from healthy or PDA-bearing mice (Supplemental 
Figure 7A). Interestingly, ANXA6 level in circulating EVs was signifi-
cantly higher for patients with a grade 2 (nonresectable and locally 
advanced) or grade 3 (nonresectable and metastatic) PDA than for 
those with a grade 1 (resectable) PDA (Figure 6B). This observation 
thus correlates ANXA6 levels with survival (Figure 6C). Finally, we 
compared the specificity and sensitivity of ANXA6 levels in circu-
lating EVs versus levels of carbohydrate antigen 19-9 (CA 19-9), 
the clinical standard tumor biomarker for patients with PDA (33), in 
serum of healthy donors and PDA patients. We observed a signifi-
cant increase in AUC value using ANXA6 levels in circulating EVs 
(0.979 for circulating EVs’ ANXA6 level vs. 0.928 for CA 19-9), with 
a positive improvement of specificity and sensitivity (Figure 6D).

The impact of ANXA6 expression and CAF markers (vimentin 
and ACTA2, encoding α-SMA) on PDA patients’ survival was con-
firmed using transcriptomic analysis of patient-derived xenografts  
(n = 60). This revealed a higher level of ANXA6 expression, as well as 
CAF markers, in tumors of patients with the shorter survival rate (Fig-
ure 6, E–G, and Supplemental Figure 7, B and C). Altogether, these 
data demonstrate that increased ANXA6 expression level is associ-
ated with shortened survival and that ANXA6 level in circulating EVs 
could be used as a diagnostic and a predictive marker in PDA.

Discussion
We demonstrate that, under a hostile environment, CAFs within 
the intratumoral microenvironment of PDA improve cancer cell 
aggressiveness through specific ANXA6+ EV crosstalk (Figure 7). 
First, CAFs under physiopathologic culture conditions (i.e., cocul-
tured with macrophages, under hypoxia and lipid deprivation) 
exhibit a complex involving ANXA6, LRP1, and TSP1. It is inter-
esting to note that these proteins are not found in a stoichiomet-
ric manner within physiopathologic conditions, as well as under 
ANXA6 loss, suggesting that these proteins can be part of the 
complex while still having an independent function. This complex 
is then exported onto EVs secreted by CAFs under those specific 
conditions. Second, PDA cancer cells uptake those EVs to improve 
their aggressive potential under physiopathologic conditions. The 
presence of the complex in CAF-derived EVs is necessary for an 
efficient uptake by cancer cells. Consistent with this, the presence 
of CAFs and physiopathologic conditions improve PDA cancer cell 
spreading and metastasis, 2 abilities that are lost when ANXA6 

Table 1. Liver metastasis occurrence in xenografts

Histology Alu sequences
<1 pg 1–5.5 pg 5.5–100 pg >100 pg

PANC-1 0% 14% 29% 57% 0%
PANC-1 + CAF shCtr 43% 14% 14% 43% 29%
PANC-1 + CAF shANXA6-1 0% 25% 38% 38% 0%
PANC-1 + CAF shANXA6-2 0% 0% 50% 50% 0%

Livers from mice used in Figure 4A were recovered to screen for PDA 
metastasis by H&E (Histology column) or by PCR to detect human  
Alu sequences.
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Methods
Human samples. Freshly frozen tissue samples of PDA (n = 4) were 
obtained from patients who underwent surgery. Three patients under-
went pancreaticoduodenectomy and 1 a left pancreatectomy. No dis-
tant metastases were revealed at initial diagnosis. Histologic exam-
ination confirmed diagnosis of PDA in all cases. Tumor staging was 
performed according to the International Union Against Cancer TNM 
system (6th edition).

Patient-derived xenografts. Patient-derived pancreatic tumor piec-
es (1 mm3) were embedded in 100 μl of Matrigel and implanted with 
a trocar (10 gauge; Innovative Research of America) in the subcutane-
ous right upper flank of an anesthetized and disinfected mouse (adult 
male Swiss nude mice; Charles River Laboratories). To stain hypoxic 
areas, mice were injected s.c. with pimonidazole hydrochloride (40 
mg/kg; Hydroxyprobe) within the peritumor cavity 4 hours before 
their euthanasia (14).

Sample collection and clinicopathologic data. Blood samples were 
collected from the vena cava and the central catheter on the day of 
the first chemotherapy cycle. For the patients with pancreatic ade-
nocarcinoma undergoing curative surgical resection, blood samples 
were collected after the surgery, the day of the first cycle of adjuvant 
chemotherapy. For those with an advanced pancreatic adenocarci-
noma (locally advanced or metastatic), blood samples were collect-
ed the day of the first cycle of chemotherapy. Two EDTA tubes and 2 
BD P100 tubes were used. After the blood sampling, as soon as pos-
sible and always within 3 hours, the EDTA and BD P100 tubes were 
centrifuged at 3,200 g for 15 minutes at 4°C. Plasma was collected 
and stored at –80°C in several aliquots (2-ml Eppendorf tubes) at the 
biological resources center (CRB) of our center. Data from medical 
records were reported in a database. The following information was 
collected prospectively: characteristics of the patients and tumor at 
inclusion (sex, age, medical history, date of diagnosis, location of 
the primary tumor, primary tumor diameter, tumor differentiation 
grade, stage of the disease), biological data before first chemothera-
py cycle (adriamycin, cyclophosphamide, etoposide, CA 19-9, albu-
minemia, bilirubinemia), and data from follow-up (date of primary 
resection, date and type of relapse, date of diagnosis of metastasis, 
date and type of chemotherapy regimen, date and type of chemo-
radiotherapy, date of death or last follow-up). Blood samples of 
healthy persons were collected by Etablissement Français du Sang 
(Marseille, France).

Isolation of EVs from human sera. We purified EVs from 300 μl of 
the patients’ sera with Total Exosome Isolation Reagent (Invitrogen), 
according to the manufacturer’s protocol.

Animal studies and tissue collection. Pdx1-Cr, Ink4afl/fl LSL-KrasG12D 
mice were obtained by crossing of the following strains: Pdx1-Cre, 
Ink4afl/fl, and LSL-KrasG12D mice provided by D. Melton (Harvard 
Stem Cell Institute, Cambridge, Massachusetts, USA), R. Depinho 
(Dana-Farber Cancer Institute, Boston, Massachusetts, USA), and 
T. Jacks (David H. Koch Institute for Integrative Cancer Research, 
Cambridge, Massachusetts, USA), respectively. PDA-bearing 8- to 
12-week-old male mice were euthanized with their mating control lit-
termates. Pieces of tumor or control pancreata were fixed in 4% (wt/
vol) formaldehyde for immunochemistry, frozen in cold isopentane 
for protein extraction, or directly homogenized in 4 M guanidinium 
isothiocyanate lysis buffer for efficient extraction of RNA from pan-
creatic cells according to the procedure of Chirgwin et al. (46).

establishment of new biomarkers to stratify PDAs and anticipate 
future responders, leading on to a more personalized therapy.

Our study also revealed the unexpected finding that CAF-secret-
ed EVs are not only cargo that impact on tumor cells once internal-
ized but can also be used as diagnostic or prognostic tools. Here, we 
do not reveal that the amount of those EVs is changed in serum in the 
PDA context, but rather that their loading and cargo functions are 
modified, as previously shown in melanoma (44). Indeed, we clear-
ly showed that detection of a higher level of ANXA6 in circulating 
EVs extracted from serum is associated with more invasive disease 
and shorter survival, while the presence of ANXA6 and the ternary 
complex in those vesicles is necessary for internalization by tumor 
cells. So, we highlight that specific clustering of EVs has interesting 
potential to improve clinicians’ available tools. Determining the 
exact genomic, proteomic, and metabolomic composition of these 
ANXA6+ EVs could highlight specific pathways activated in tumor 
cells. This information could be used to stratify patients in order 
to propose adjuvant or second-line therapies targeting the specific 
pathway involved in tumor cells’ response to CAF-derived EVs. It 
could also give some insights into their biogenesis in CAFs as well as 
the internalization mode used by tumor cells to integrate messages 
transmitted by those cargos, a yet misunderstood field (45).

Taken together, our results revealed that cellular crosstalk 
and hostile environment lead to profound modifications of CAF 
activity and consequently impact on tumor cell abilities, tumor 
evolution, and patients’ fate. Those results identify a CAF-specific 
complex made of ANXA6, LRP1, and TSP1 that is involved in the 
cellular crosstalk between stromal and tumor cells, through the 
establishment of an EV-mediated support. Such results suggest 
that mimicking ANXA6 loss in CAFs or CAF-derived EVs leading 
to the inhibition of this EV-mediated crosstalk could provide an 
effective adjuvant therapy for PDA patients.

Figure 5. CAF-derived ANXA6+ EVs enhance cancer cell aggressiveness. 
(A) Western blot of the indicated proteins in total cell lysate (TCL, left 
panel) or high-speed pellet (HSP) extractions (right panel) established from 
shCtr CAFs, macrophages (M), shCtr CAFs* cocultured with macrophages, 
or macrophages* cocultured with shCtr CAFs. Marker specificity of each 
antibody used in immunoblots is labeled by *. Data are representative of 
3 independent experiments. ER, endoplasmic reticulum. (B) Coimmuno-
precipitation of LRP1 with ANXA6 and TSP1 in protein extracts from HSP 
extractions established from macrophages cocultured with shCtr CAFs or 
macrophages cocultured with shANXA6-1 CAFs. HSPs were used as loading 
control. Data are representative of 3 independent experiments (C) Graphical 
representation of culture protocol for measuring PANC-1 migration ability 
(median ± interquartile range, n = 3). *P < 0.05, **P < 0.01, Mann-Whitney 
U test. (D) PANC-1 migration assay as in C with HSPs from CAFs infected 
with shCtr or shANXA6s under physiopathologic conditions (median ± 
interquartile range, n = 3). **P < 0.01, Mann-Whitney U test. (E) Rescue of 
PANC-1 migration assay designed as in C using HSPs from CAFs infected 
with shCtr under physiopathologic conditions (median ± interquartile range, 
n = 3). *P < 0.05, **P < 0.01, ***P < 0.001, Mann-Whitney U test. (F) PANC-1 
orthotopic xenografts in mice following i.p. injections of PBS (n = 7), or HSP 
shCtr (n = 4) or HSP shANXA6-1 (n = 8). Two months after cell injection, 
mice were euthanized and tumors dissected and weighed (median ± 
interquartile range). *P < 0.05, Mann-Whitney U test. (G) Quantification of 
PKH26+ PANC-1 cells after culturing for the indicated time with PKH26-
stained HSPs from CAFs infected with shCtr or shANXA6s cultured under 
physiopathologic conditions (median ± interquartile range, n = 3). *P < 0.05, 
Mann-Whitney U test. (C–E) Data are expressed as fold increase compared 
with PANC-1 alone.
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Microdissection laser. Laser capture microdissection was performed 
in the microdissection laboratory of the PRIMACEN platform, Universi-
ty of Rouen (Rouen, France), with the collaboration of Magalie Bénard. 
Frozen sections (20 μm) were obtained from selected tissue samples. 
After a brief staining with H&E, sections were dehydrated. A surface area 
of approximately 50 mm2 for the epithelial compartment and 30 mm2 for 
the stromal compartment was microdissected using the PALM system 
(P.A.L.M. Microlaser Technologies AG).

Isolation and primary culture of CAFs. Small pancreatic tissue blocks 
were obtained during pancreatic surgery from patients with resectable 
pancreatic adenocarcinoma. The experimental procedure relating to 
the use of patient-derived pancreatic tumor pieces was performed after 

Study approval. For microdissection, freshly frozen tissue samples 
of PDA (n = 4) were obtained from patients who underwent surgery at 
the Department of Digestive Surgery, North Hospital, Marseille, France 
between 2009 and 2010. Before surgery, all patients had signed an 
informed consent form that had been approved by the local ethics com-
mittee (agreement reference of CRO2 tissue collection: DC-2013-1857; 
Marseille). Samples of PDA were obtained from patients included in 
this project under the Paoli Calmettes Institute (Marseille) clinical trial 
2011-A01439-32 (41), and all patients had signed an informed consent.

All animal care and experimental procedures were performed 
in agreement with the Animal Ethics Committee of Marseille under 
reference 01527.02.

Figure 6. ANXA6+ EVs are a biomarker for pancreatic cancer. (A) Quantification of ANXA6+ EVs purified from serum obtained from healthy donors (n = 30, as 
baseline), patients with benign pancreatic disease (n = 14), patients with PDA (n = 108), and those with other cancers (n = 11) (median ± interquartile range). 
**P < 0.01, ***P < 0.001, Mann-Whitney U test. (B) Quantification of circulating ANXA6+ EVs obtained from healthy donors (n = 30, as baseline) and PDA 
patients with grade 1 (resectable, n = 18), grade 2 (nonresectable and locally advanced, n = 29), and grade 3 (n = 53, nonresectable and metastatic) (median 
± interquartile range). *P < 0.05, **P < 0.01, ***P < 0.001, Wilcoxon test. (C) Kaplan-Meier overall survival curves for PDA patients with grade 1 (resectable, 
n = 18), grade 2 (nonresectable and locally advanced, n = 29), and grade 3 (n = 53, nonresectable and metastatic). (D) Receiver operating characteristic curve 
analyses of CA 19-9, with AUC = 0.928, and ANXA6, with AUC = 0.979. Analysis realized on 27 healthy donors and 78 patients with PDA. (E) Linear regression of 
ANXA6 versus vimentin expression level using transcriptomic analysis on patient-derived xenografts (n = 60). Dashed lines represent 95% CI. (F) Kaplan-Meier 
survival curve using transcriptomic analysis on patient-derived xenografts, divided into high (>373) and low (<373) ANXA6 expression groups based on the log-
rank statistic test (n = 10 and n = 50, respectively). P = 0.0003. (G) Decision tree using transcriptomic analysis on patient-derived xenografts (n = 60). First node 
is based on ANXA6 level (>377, n = 10, or <377, n = 50), second on α-SMA level (>58.5, n = 18, or <58.5, n = 32), third on LRP1 level (>946, n = 17, or <946, n = 15).
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cell type even when those cell types were cocultured. For modeling 
of intratumoral microenvironment cell interactions, 75,000 PANC-
1 cells were plated in 12 wells. The day after, 25,000 cells (PANC-1, 
Raw 264.7, CAF, or coculture Raw 264.7 + CAF) were plated into 
0.4-μm-diameter culture inserts (Millipore; PIHT15R48) above the 
PANC-1 cells to perform coculture experiments. After 2 washes in PBS 
1X, specific media comprising DMEM F12, 1% serum, or DMEM F12, 
1% delipidated serum (Lonza; DE14-840E), were added 24 hours lat-
er, and hypoxia was introduced at 1% (vol/vol) O2 and 5% (vol/vol) 
CO2 in a nitrogen atmosphere in a subchamber system (Biospherix).

Isolation of EVs. For coculture experiments, 600,000 CAFs were 
first plated in 6 wells, and the day after, 300,000 Raw 264.7 cells were 
plated in a culture insert of 0.4 μm (Millipore; PIHT15R48). Cells were 
then washed twice 24 hours later in PBS 1X, before addition of specif-
ic media (EV-free): DMEM F12, 1% serum, or DMEM F12, 1% delipi-
dated serum (Lonza; DE14-840E); and hypoxia was introduced at 1% 
(vol/vol) O2 and 5% (vol/vol) CO2 in a nitrogen atmosphere in a sub-
chamber system (Biospherix). Cell-conditioned media were collected 
48 hours later. EVs were isolated from these media by 3 sequential 
centrifugation steps at 4 °C: 10 minutes at 500 g, to remove cells; 30 
minutes at 10,000 g, to remove cell debris and large EVs; and 3 hours 
at 100,000 g, to pellet EVs; followed by 1 wash (suspension in PBS/
centrifugation at 100,000 g), to remove soluble serum and secreted 
proteins. The high-speed pellet (HSP) was then resuspended in 100 μl 
of PBS and, if necessary, lysed in lysis buffer 5 times (300 mM Tris HCl 
pH 6.8, 10% SDS, 50% glycerol, 500 mM DTT, 0.01% bromophenol 
blue, and 5% β-mercaptoethanol) to be analyzed by Western blot. For 
comparative analyses, the HSP was collected from equivalent amounts 
of culture medium, conditioned by equivalent amounts of cells. The 
corresponding cell layers were washed and lyzed as described below.

Intrapancreatic injections. In all groups of mice, anesthesia was 
induced by inhalation of isoflurane (Vetflurane; Virbac) in 30% air 
and 70% O2. NMRI-Nude mice (Janvier Labs) under anesthesia were 

approval from the South Mediterranean Personal Protection Com-
mittee, under the reference 2011-A01439-32. The tumors were cut 
into small pieces of 1 mm3 using a razor blade. The tissue pieces were 
dissociated using the Tumor Dissociation Kit (Miltenyi Biotec; 130-
095-929) according to the manufacturer’s recommendations. Cells 
were then resuspended, passed through a cell strainer (100 μM), and 
finally plated into a T75 flask. Tissue blocks trapped in the cell strain-
er were seeded in 10-cm2 culture dishes in order to isolate more CAFs 
by outgrowth. Cells were cultured in DMEM/F12 medium (Invitrogen; 
31330-038), 10% serum (Sigma-Aldrich; F7524), 2 mmol/l l-gluta-
mine (Invitrogen; 25030-024), 1% antibiotic-antimycotic (Invitrogen; 
15240-062), and 0.5% sodium pyruvate (Invitrogen; 11360-039) and 
used between passages 4 and 8. Primary CAF features were verified 
by immunofluorescence by a positive α-SMA staining and a negative 
KRT19 staining. At each passage, β-galactosidase staining (Cell Signal-
ing; 9860) was performed according to the manufacturer’s recommen-
dations, to ensure cells were not in senescence.

In vitro modeling of intratumoral microenvironment cell interactions. 
The PANC-1 human cell line was used for the epithelial compartment. 
Normal human primary fibroblasts (NHFs) and human CAFs as well 
as murine macrophages (Raw 264.7) were used for the stromal com-
partment. All cell lines, which were tested for mycoplasm content each 
month, were obtained from the American Type Culture Collection, 
except for CAFs, which were derived from primary cell lines obtained 
in our laboratory (see previous section), and NHFs, which were pro-
vided by C. Gaggioli (INSERM U1081, Nice, France). All cell types 
(except CAFs) were maintained in DMEM Glutamax medium (Invit-
rogen; 61965), 10% serum (GE Healthcare; A15-151), and 1% antibi-
otic-antimycotic (Invitrogen; 15240-062) in a humidified atmosphere 
with 5% CO2 at 37°C. The combination of human and murine cell lines 
was important in our model as it permitted the determination, via 
quantitative PCR (qPCR) analysis and the design of specific human 
or mouse primers, of which gene expressions were modified in each 

Figure 7. Model of the intricate 
relationship between stromal 
and tumor cells in PDA. Following 
environmental stresses, such as 
hypoxia and nutrient deprivation, 
CAFs and macrophages modify 
their partnership, leading to drastic 
changes in CAFs’ abilities. Indeed, 
they secrete ANXA6+ EVs, carrying 
a complex involving ANXA6, LRP1, 
and TSP1, which is necessary for EV 
uptake by nearby pancreatic tumor 
cells. Consequently to ANXA6+ EV 
uptake, cancer cells enhance their 
aggressiveness and metastatic 
potential. Moreover, detection 
of ANXA6+ EVs in sera meets 
stringent criteria for an efficient 
biomarker improving PDA progno-
sis and stratification.
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used were threshold for precursor selection, 500 counts; activation Q 
value, 0.25; and activation time, 10 milliseconds. The identification 
of peptides and proteins was performed using Spectrum Mill software 
(Rev B.04.00.127; Agilent Technologies). The following parameters 
were used for data extraction: MH+ mass range from 600 to 4,000, 
scan time range from 0 to 300 minutes, similarity merging of scan 
with same precursor (± 15 seconds and 0.05 m/z) and minimum MS 
s/n set to 25. The searches were performed with the following specific 
parameters: enzyme specificity, trypsin; 2 missed cleavages permit-
ted; variable modifications, methionine oxidation, cysteine carbam-
idomethylation, and Gln pyro-Glu (N-ter Q); maximum ambiguous 
precursor charge set to 3; mass tolerance for precursor ions, 20 ppm; 
mass tolerance for fragment ions, 50 ppm; electron spray ion trap 
mass spectrometer (Thermo Fisher Scientific) as instrument; taxon-
omy, human; database, Swiss-Prot downloaded December 2012; 50% 
minimum scored peak intensity; calculated reversed database scores 
and dynamic peak thresholding. Identified proteins and peptides were 
autovalidated with default parameters (peptide FDR > 1.2% and pro-
tein > 1%). Validated peptides were then exported in an .ssv Excel file 
for further data analysis.

Bioinformatics analysis and interactome. The recently reported 
human protein-protein interaction network (19) containing 74,388 
interactions between 12,865 human proteins was used for the inter-
actome analysis. Networks were represented using Cytoscape 3 (47), 
and Gene Ontology annotation enrichment analyses were performed 
using the DAVID suite (48).

shRNA design and infection. shRNA sequences for ANXA6 
(TRCN0000011461 and TRCN0000008687 labeled as shANXA6-1 
and shANXA6-2, respectively) were obtained from the RNAi Consor-
tium collection (MISSION shRNA; Sigma-Aldrich), ordered as oligos 
and cloned into pLKO.1-GFP vector using AgeI and EcoRI restriction 
sites. A scramble nontargeting control shRNA was also created with 
the sequence 5′-CCGGTCCTAAGGTTAAGTCGCCCTCGCTC-3′, 
5′-GAGCGAGGGCGACTTAACCTTAGGTTTTTG-3′. Two differ-
ent shRNAs against ANXA6 were designed: shANXA6-1, 5′-CCGGC-
GGGCACTTCTGCCAAGAAATCTCGAGATTTCTTGGCAGAAGT-
GCCCGTTTTTG-3′, 5′-AATTCAAAAACGGGCACTTCTGCCAAG 
AAATCTCGAGATTTCTTGGCAGAAGTGCCCG-3′; and shANXA6-2, 
5′-CCGGGCCTATCAGATGTGGGAACTTCTCGAGAAGTTCCCA-
CATCTGATAGGCTTTTTG-3′, 5′-AATTCAAAAAGCCTATCAGAT-
GTGGGAACTTCTCGAGAAGTTCCCACATCTGATAGGC-3′. Viral 
particles containing shRNA were produced by transient transfection of 
HEK 293T cells with packaging system vectors and pLKO.1-shRNAs-
GFP. Viral supernatants were harvested 48 hours after transfection, fil-
tered, and used to infect CAFs in the presence of 4 μg/ml of Polybrene. 
Infection efficiency was controlled by GFP expression in infected cells, 
and shRNA efficiency was controlled by Western blot.

Counting live cells. After 48 hours of treatment, PANC-1 cells in 
coculture were counted by trypan blue exclusion using the Countess 
Automated Cell Counter (Invitrogen).

Migration assay. PANC-1 migration in coculture was studied using 
Boyden chambers. Culture inserts of 0.8 μm (BD Falcon; BD353097) 
with a porous membrane at the bottom (8-μm pores) were coated with a 
mix made of 1% gelatin and 10 μg/ml fibronectin, before being seeded 
with PANC-1 cells from coculture after 24 hours of treatment (50,000 
cells per insert) and placed into the wells containing the coculture 
media. Migration was performed during 4 hours. After cleaning and 

injected s.c. with 0.2 mg/kg buprenorphine (Vetergesic; Sogeval) and 
were administered lidocaine (Xylovet; Ceva) at 3.5 mg/kg by infiltra-
tion at the abdominal cavity. A first incision of 10 mm was made at 
the top left of the abdomen and a second at the peritoneum to reach 
the stomach and attached pancreas. PANC-1 cells alone (500,000) or 
PANC-1 plus CAF (500,000, 1,500,000) cells were injected into the 
pancreas. The abdominal musculature of the mouse was then closed 
with a few braided 4-0 sutures using a cutting needle and the external 
skin closed with inverted stitches. The mice were euthanized 8 weeks 
later and the cancerous pancreas and liver removed and weighed. 
These organs were fixed in 4% formaldehyde for immunochemistry 
or frozen in cold isopentane for protein extraction.

To test the effect of exosome injection, PANC-1 cells (500,000) 
were first injected, 4 weeks after which exosomes obtained from 1.5 
× 106 CAFs in physiopathologic culture conditions were injected i.p. 
twice a week for 4 weeks. Mice were euthanized 3 days after the last 
injection; then pancreatic tumor and liver were removed and weighed.

Protein extraction and in-gel trypsin digest. Protein from cells iso-
lated by laser capture microdissection were extracted by 100 μl of 
HEPES (50 mM, pH 7.5)/NaCl 150 mM lysis buffer supplemented 
by 1 mM EDTA, 1 mM EGTA, 10% glycerol, 1% Triton, 25 mM NaF, 
1% SDS, PMSF 1:200 (vol/vol), 1 mM Na3VO4, and 1% SDS. After the 
extraction, samples were reduced with 5 mM Tris-(2-carboxyethyl) 
phosphine (Sigma-Aldrich) at 60°C for 60 minutes, before their alkyla-
tion with 55 mM iodoacetamide (Sigma-Aldrich) at room temperature 
(in the dark) for 30 minutes. Proteins in each sample were separated 
on a 10% SDS gel and stained with Coomassie blue G-250. The entire 
lane was cut into 12 pieces, followed by in-gel trypsin digestion. Briefly, 
gel pieces were washed 3 times for 15 minutes in destain solution con-
taining 50 mM ammonium bicarbonate and 50% methanol (vol/vol). 
The spots were then dried in a SpeedVac concentrator (Thermo Fisher 
Scientific) for 5 minutes, which was followed by overnight in-gel diges-
tion in 100 μl of 50 mM ammonium bicarbonate buffer containing 6 
ng/μl sequencing-grade modified porcine trypsin (Promega, Char-
bonnières, France). The digestion mixture was extracted with 50% 
acetonitrile and 5% formic acid (vol/vol). SpeedVac-dried peptide 
extracts were then resuspended in 15 μl of 3% acetonitrile/0.1% for-
mic acid (vol/vol) before liquid chromatography–tandem mass spec-
trometry (LC-MS/MS) analysis.

MS analysis and database searching for protein identification. For 
MS analysis, peptides were analyzed with a nano-LC system (Easy-
nLC II; Thermo Fisher Scientific) coupled to a linear ion trap Orbitrap 
mass spectrometer (LTQ Orbitrap Velos; Thermo Fisher Scientific) 
equipped with a nano-electrospray ionization source. Briefly, pep-
tides were enriched and desalted on a trap column (Cap Trap C8, 0.5 
× 2 mm; Bruker-Michrom) and separated on a reversed-phase column 
(C18, L153, internal diameter 5 μm, 100-Å pore size; Nikkyo Technos). 
A 45-minute linear gradient (15%–40% acetonitrile in 0.1% formic 
acid) at a flow rate of 300 nl/min was used. Eluted peptides were 
ionized under high voltage (1.5 kV) and detected in a full MS survey 
scan from m/z 300 to 2,000 in the Orbitrap with a resolution of r = 
30,000. The mass spectrometer was operated in the data-dependent 
mode to automatically switch between Orbitrap-MS and LTQ-MS/
MS acquisition. In every cycle, a maximum of 20 precursors sorted by 
charge state (2+ preferred and single-charged ions excluded) were iso-
lated for fragmentation, and active exclusion of these precursors was 
enabled after 1 spectrum within 0.5 minutes. General MS parameters 
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of 2 secondary antibodies in blocking solution (Alexa Fluor 568–con-
jugated or Alexa Fluor 488–conjugated antibody, 1:500; Molecular 
Probes). Stained tissue sections were mounted using Prolong Gold 
Antifade reagent with DAPI (Life Technologies) before being sequen-
tially scanned at a ×20 magnification under a fluorescent microscope 
(Nikon Eclipse 90i) equipped with a CCD camera (Nikon DS-1QM). 
The percentage of each double-positive marker (epithelial, mesenchy-
mal, or immune) was determined using ImageJ software (NIH).

Immunocytofluorescence. Cells were plated on glass slides and fixed 
in 4% of paraformaldehyde for 10 minutes. After washing, they were 
then permeabilized with a solution containing 0.2 M glycine, 3% BSA, 
and 0.01% saponin for 45 minutes. Cells were then incubated in the 
diluted antibody in 3% BSA and 0.01% saponin in a humidified cham-
ber for 1 hour at room temperature. After washing, they were then incu-
bated with a secondary antibody in 3% BSA and 0.01% saponin for 1 
hour at room temperature in the dark. After 3 washes in PBS, cells were 
mounted in VectaShield with DAPI (Vector Laboratories; H1500).

Cell or tissue lysate preparation. Cells were plated in 6-cm2 dish-
es and lysated in lysis buffer (50 mM HEPES, 150 mM NaCl, 1 mM 
EDTA, 1 mM EGTA, 10% glycerol, 1% Triton X-100, 25 mM NaF, 10 
μM ZnCl2) supplemented with 0.5 mM PMSF, 1 mM orthovanadate, 
1 mM β-glycerophosphate, and protease inhibitor cocktail (Roche 
Applied Science). Frozen tissues were homogenized with TissueRup-
tor (Qiagen) in RIPA buffer supplemented with 1 mM PMSF, 100 μM 
orthovanadate, 40 mM β-glycerophosphate, 1 mM NaF, and protease 
inhibitor cocktail (Roche Applied Science). Then the lysates were cen-
trifuged at 26,450 g for 10 minutes at 4°C. Pellets were discarded, and 
protein concentration in the supernatant was adjusted using a Brad-
ford assay (Bio-Rad).

Silver coloration. Silver coloration was adapted from the Shevchen-
ko method (49).

Coimmunoprecipitation. Tissue lysates (3 mg) or cell lysates (250 
μg) were cleared using protein G–Sepharose beads (Invitrogen) for 45 
minutes at 4°C. The cleared lysates were then incubated with either 
LRP1, ANXA6, or Tag-HA as nonrelevant antibody (1 μg) overnight at 
4°C, followed by 45 minutes of incubation with 20 μl of protein G–Sep-
harose beads. After washing of the beads 5 times in cold lysis buffer, 
the complexes were dissolved in Laemmli sample buffer and boiled for 
10 minutes. Eluates were analyzed by Western blot as described below.

Western blot. Proteins were resolved by SDS-PAGE, transferred 
to nitrocellulose filters, blocked for 1 hour at room temperature in 
Tris-buffered saline/5% nonfat dry milk/0.1% Tween-20, and blot-
ted overnight with primary antibodies in blocking solution (ANXA6 
1:500, LRP1 1:2,000, TSP1 1:1,000, α-SMA 1:2,000, FAP 1:2,000, 
β-tubulin 1:5,000, syntenin 1:3,000, ALIX 1:1,000, TSG101 1:500, 
β1 integrin 1:1,000, calnexin 1:1,000, VDAC1 1:1,000, GFP 1:2,000). 
After extensive washings in TBS/0.1% Tween-20, filters were incubat-
ed for 1 hour at room temperature with an HRP-conjugated secondary 
antibody at 1:5,000 before being revealed with an ECL substrate (Mil-
lipore). Acquisition was performed with a Fusion FX7 imager (Vilber 
Lourmat), and measurements of band intensities were determined 
using ImageJ software (NIH).

Quantitative real-time PCR. Isolation of total RNA from control 
pancreata and PDA was performed according to the Chirgwin et al. 
method (46) and RNA quality controlled using Agilent’s 2100 Bioana-
lyzer. For RNA xenografted tumors, refer to the protocol of Duconseil 
et al. (41). Total RNA from cells was isolated with Trizol reagent (Life 

brief staining of inserts with Coomassie blue, migration was assessed 
by counting of the number of colored cells in 10 high-power fields with 
the EVOS microscope (Ozyme; magnification ×20).

Cell adhesion assay. Wells were coated with 10 μg/ml of fibronec-
tin; noncoated wells were used as negative control. Wells were then 
washed with PBS and then blocked with PBS containing 2% BSA. After 
24 hours of treatment, 25,000 PANC-1 cells from coculture were plat-
ed. After 30 minutes of incubation at 37°C, cells were washed with PBS 
and stained with Coomassie blue. Adhesion was assessed by counting 
of the number of colored cells in 10 high-power fields under an EVOS 
microscope (Ozyme; magnification ×20).

EV labeling and uptake by tumoral cells. EVs were labeled with 
PKH26 (Sigma-Aldrich), according to the manufacturer’s protocol, 
with some modifications. Briefly, EV-containing pellets were resus-
pended in 1 ml Diluent C. Separately, 1 ml Diluent C was mixed with 2 
μl of PKH26. The EV suspension was mixed with the stain solution and 
incubated for 4 minutes. The labeling reaction was stopped by addi-
tion of an equal volume of 1% BSA. Labeled EVs were ultracentrifuged 
at 100,000 g for 70 minutes, washed with PBS, and ultracentrifuged 
again. In parallel, 70,000 tumor cells were plated on glass for immu-
nofluorescence analysis or in 12 wells for flow cytometry analysis. 
After 24 hours, the cells were washed twice in PBS 1X, before addition 
of specific media (EV free): DMEM F12, 1% serum, or DMEM F12, 1% 
delipidated serum (Lonza; DE14-840E); and hypoxia was introduced 
at 1% (vol/vol) O2 and 5% (vol/vol) CO2 in a nitrogen atmosphere in 
a subchamber system (Biospherix) during 24 hours. Then, cells were 
exposed to EVs in the indicated concentrations and the according 
particle-free supernatants in normoxia during 2, 4, 6, or 8 hours. For 
immunofluorescence, glass coverslips were fixed with 4% paraformal-
dehyde for 10 minutes, washed in PBS, mounted using Prolong Gold 
Antifade reagent with DAPI (Life Technologies), and observed with 
a Zeiss Meta confocal microscope (LSM 510 META) with a UV laser 
and ×40 objectives. For flow cytometry, trypsinized cells were resus-
pended in PBS 1X, and EV uptake was analyzed in 1 × 104 cells using a 
MACSQuant VYB instrument (Miltenyi Biotec).

Immunochemistry. Formalin-fixed, paraffin-embedded human or 
mouse sections (5 μm) were deparaffinized in xylene and rehydrated 
through a graded ethanol series. An antigen retrieval step (Dako) was 
performed before quenching of endogenous peroxidase activity (3% 
[vol/vol] H2O2). Tissue sections were then incubated with primary 
antibody, and immunoreactivities were visualized using the Vectastain 
ABC kit (PK-4001; Vector Laboratories) or streptavidin-HRP (Dako; 
P0397) according to the manufacturers’ protocol. Peroxidase activity 
was revealed using the liquid diaminobenzidine substrate chromogen 
system (Dako; K3468). Counterstaining with Mayer hematoxylin was 
followed by a bluing step in 0.1% sodium bicarbonate buffer, before 
final dehydration, clearance, and mounting of the sections.

Immunofluorescence. Formalin-fixed, paraffin-embedded human 
or mouse sections (5 μm) were deparaffinized in xylene and rehydrated 
through a graded ethanol series. An antigen retrieval step (10 mM sodi-
um citrate, 0.05% Tween 20, 95°C) was then performed before tissue 
sections were preincubated in blocking solution (3% [wt/vol] BSA/10% 
[vol/vol] goat serum) for 1 hour. Tissue sections were incubated in a 
mixture of 2 primary antibodies against ANXA6, LRP1, or TSP1 with 
cytokeratin 19 (KRT19, 1:50), α-smooth muscle actin (α-SMA, 1:200), 
or cluster of differentiation 68 (CD68, 1:50) in blocking solution over-
night at 4°C. After washing in PBS, slides were incubated with a mixture 
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tron microscope at 200 kV (Tecnai G2 FEI, Netherlands). Images 
were taken with a camera (Veleta, Olympus, Japan) using the soft-
ware TIA (Tem Imaging Analysis). Electron microscopy images were 
segmented using dedicated MATLAB (MathWorks) scripts. Briefly, 
images were sequentially treated by median filtering over 15 pixels, 
thresholding at 110% of the automatic threshold value and soothing 
(dilatation followed by erosion) over 9 pixels. Objects were detected 
from the resulting binary images, and vesicle diameters d (in nm) were 
extrapolated from their area a (in nm2), using d = 2(a/π)1/2. The median 
diameter was assessed from 3,700 vesicles, measured over 24 images.

Statistics. Statistical analysis was performed with Mann-Whitney 
U test to detect significant differences between 2 experimental groups, 
with the exception of Figure 6B, in which Wilcoxon test was used, and 
Supplemental Figures 4C and 5A, in which 2-way ANOVA was used 
for multiple comparisons in cell analyses. When there is a statistically 
significant difference between the groups, Tukey’s honest significant 
difference post hoc tests were carried out. P values less than 0.05 were 
considered to be statistically significant, and data are presented as the 
median ± interquartile range or mean + SEM. Graphs were generated 
with Prism 5 (GraphPad Software). Images were analyzed in collabo-
ration with the anatomical pathology laboratory of Hôpital Nord, Mar-
seilles, France, using Calopix software (TRIBVN). The PDX cohort 
was separated into 2 groups, based on the level of ANXA6 expression 
in their tumors (high- and low-ANXA6-expression groups) using a 
procedure that maximizes the difference in survival distributions. 
Overall survival was considered as the survival time between date of 
surgery and the last follow-up or death. Receiver operating character-
istic curves and AUC were computed using the ROCR package, and 
statistical analyses were computed using the statistical software envi-
ronment R, version 3.2.1.
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Technologies) according to the manufacturer’s recommendations. 
cDNA was produced from 1 μg of total RNA using ImProm-II Reverse 
Transcription System (Promega) according to the manufacturer’s 
instructions and provided oligo-deoxythymidin primers. cDNA ampl-
icons were amplified with specific primers (Table 1) and GoTaq qPCR 
Master Mix kit (Promega) using an Mx3000P Stratagene system. Rel-
ative expression was calculated as the ratio of expression of the partic-
ular gene to a housekeeping gene (36B4).

Cell cycle analysis. CAF cells (1 × 106) were fixed in 70% (vol/
vol) ethanol before removal of RNA by RNase digestion (100 μg/ml). 
The cells were then stained with propidium iodide (50 μg/ml; Sigma- 
Aldrich) and analyzed by flow cytometry using a MACSQuant VYB 
instrument (Miltenyi Biotec).

Apoptosis analysis. The CAF cells (1 × 105) were washed twice in 
PBS, then incubated for 15 minutes in the dark in 100 μl of Annexin V 
Binding Buffer 1X (10X solution: 0.1 M HEPES pH 7.4, 1.4 M Nacl, 25 
mM CaCl2) containing 5 μl of annexin V (Biolegend; 640918) and 5 μl 
of propidium iodide (1 mg/ml, P4864; Sigma-Aldrich). Then, 400 μl of 
Annexin V Binding Buffer 1X was added, and the cells were analyzed by 
flow cytometry using a MACSQuant VYB instrument (Miltenyi Biotec).

Primary antibodies. Antibodies used were those against α-SMA 
(Sigma-Aldrich; A2547), β1 integrin (Santa Cruz Biotechnology; 
sc-9936), β-tubulin (Sigma-Aldrich; T4026), ANXA6 (Annexin A6; 
Santa Cruz Biotechnology; sc-1931), calnexin (Santa Cruz Biotech-
nology; sc-46669), caspase-3 (Cell Signaling; 9661), CD68 (Dako; 
M0840), KRT19 (Abnova; PAB12676), FAP (Abcam; ab28246), GFAP 
(Abcam; Ab7260), GFP (Roche; 11814460001), HA-tag (Santa Cruz 
Biotechnology; sc7392), Ki67 (Abcam; ab92742), LRP1 (LDL receptor–
related protein 1; Abcam; ab92544), PDGF (Abcam; Ab32570), phal-
loidin (Invitrogen; A22287), pimonidazole (Hydroxyprobe), SNAIL 
(Abcam; Ab70983), TSG101 (Santa Cruz Biotechnology; sc-7964), 
TSP1 (thrombospondin 1; Abcam; 85762), VDAC1 (Abcam; Ab14734), 
and vimentin (Sigma-Aldrich; V6389). The syntenin and ALIX anti-
bodies used have been described previously (50).

Analysis of human Alu sequences by PCR. Genomic DNA was 
extracted from liver xenografts of mice. Thirty nanograms of DNA 
was analyzed by qPCR, with specific primers for human Alu sequenc-
es, on a CFX96 Touch machine (Bio-Rad) using SsoAdvanced Univer-
sal SYBR Green Supermix (Bio-Rad). Each sample was done in trip-
licate. In each plate, 3 different concentrations of standard (genomic 
DNA extract from HCT116 cells) were used, to make the standard 
curve. This standard curve has been made previously with more dilu-
tion to verify the range of linearity. For this standard curve, linearity is 
observed from 15 ng to 0.06 pg dilution of genomic human DNA. This 
analysis was realized by Inovotion.

Electron microscopy analyses of EVs. The EVs were fixed for 1 hour 
at 5°C in a mixture of 2% (wt/vol) paraformaldehyde and 2.5% (wt/
vol) glutaraldehyde prepared in PBS buffer containing 0.1% tannic 
acid centrifuged at 55,000 g. EVs were washed in the same buffer, 
postfixed in OsO4 concentrated in 2% (wt/vol), dehydrated in alcohol 
in steps, and then embedded in epon. Slides were cut on a Leica EM 
UC7 (Leica Austria), and samples were observed with a transmission 
electron microscope at 200 kV with a Tecnai G2 FEI (FEI, Nether-
lands). For negative staining of EVs, 4-μl drops of purified EVs were 
adsorbed onto carbon-coated copper EM grids, stained for 3 minutes 
with 2.0% phosphotungstic acid in distilled water, and washed with 
filtered water. The samples were analyzed with a transmission elec-
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