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Despite recent advances in radiotherapeutic strategies, acquired resistance
remains a major obstacle, leading to tumor recurrence for many patients. Once
thought to be a strictly cancer cell intrinsic property, it is becoming increasingly
clear that treatment-resistance is driven in part by complex interactions
between cancer cells and non-transformed cells of the tumor
microenvironment. Herein, we report that radiotherapy induces the
production of extracellular vesicles by breast cancer cells capable of
stimulating tumor-supporting fibroblast activity, facilitating tumor survival
and promoting cancer stem-like cell expansion. This pro-tumor activity was
associated with fibroblast production of the paracrine signaling factor IL-6 and
was dependent on the expression of the heparan sulfate proteoglycan CD44v3
on the vesicle surface. Enzymatic removal or pharmaceutical inhibition of its
heparan sulfate side chains disrupted this tumor-fibroblast crosstalk.
Additionally, we show that the radiation-induced production of CD44v3"
vesicles is effectively silenced by blocking the ESCRT pathway using a soluble
pharmacological inhibitor of MDA-9/Syntenin/SDCBP PDZ1 domain activity,
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PDZ1i. This population of vesicles was also detected in the sera of human
patients undergoing radiotherapy, therefore representing a potential biomarker
for radiation therapy and providing an opportunity for clinical intervention to
improve treatment outcomes.

KEYWORDS

cancer associated fibroblasts (CAF), cancer stem cell (CSC), extracurricular vesicles
(EVs), radiotherapy, radioresistance, ESCRT pathway, CD44, heparan sulfate (HS)

Introduction

Fibroblasts are versatile cells contributing to the structural
integrity and wound healing responses of most tissues. As a
critical component of the tumor microenvironment (TME),
cancer associated fibroblasts (CAFs) support tumors by
stimulating angiogenesis, metastasis, immunosuppression, and
resistance to therapy (1). This is mediated by CAF secretion of
dense extracellular matrix, expression of immunosuppressive
surface proteins, and the production of paracrine signaling
factors such as IL-6 which have been independently linked to
treatment failure (2-6). For these reasons, CAFs have long been
considered to be a tumor supporting population of stromal cells
and their therapeutic modulation has been the focus of much
effort (7). Evidence also suggests that CAF phenotypes might be
plastic and responsive to complex signals present in the
microenvironment, exhibiting both tumor supportive and
tumor restrictive activity (8). Elucidating what signals
determine the pro-tumor or anti-tumor function of fibroblasts
in the TME may yield new therapeutic strategies.

Accumulating evidence suggests that tumor-derived
extracellular vesicles (tEVs) play a critical role in the
recruitment and education of CAFs (9). tEVs classically
achieve these effects by the delivery of cancer cell-derived
molecules such as noncoding RNA and proteins, capable of
“reprogramming” fibroblasts to take on a cancer-associated
phenotype (9). It has recently become clear that
transmembrane proteins associated with the vesicular surface
are also capable of eliciting robust signaling in target cells that
leads to changes in cell character (10). One pathway thought to
be responsible for the selective loading of transmembrane
proteins onto tEVs is the Endosomal Sorting Complex
Required for Transport (ESCRT) (11). Although an inhibitor
of this vesicular production pathway has been reported
previously, this has been disputed and may require
clarification (12-14). Interestingly, it has been demonstrated
that tEV production and characteristics can be altered by cellular
stress such as that caused by chemotherapy and radiotherapy
(15, 16). Other groups have investigated changes in the protein
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content and microRNA expression of IR-tEVs (17-19). It
remains less well studied whether these stress-induced tEVs
have differential effects on the function of stromal cells in
the TME.

The part-time proteoglycan CD44 is detectable on the
surface of tEVs from multiple cancer cell types where it has
been reported to mediate the acquisition of cancer-associated
phenotypes by mesenchymal cells (20, 21). In addition, this
protein has been reported to be enriched in tEVs derived from
breast cancer cells after exposure to DNA-damaging
chemotherapy (22). Herein we demonstrate that ionizing
radiation (IR) stimulates the production of heparan sulfate
(HS)"CD44v3"* tEVs (IR-tEVs) from breast cancer cell lines
and patients. These IR-tEVs in turn elicit enhanced pro-tumor
activity of fibroblasts in the form of enhanced IL-6 production,
induced radioresistance of breast cancer cells, and the expansion
of a cancer stem-like cell (CSC) population. Furthermore, we
show that the activity of IR-tEVs is dependent upon vesicular
CD44v3 as well as its HS side chains and that their effects can be
inhibited using pharmaceutical inhibitors of glycosaminoglycan
function or by using a small molecule inhibitor of the MDA-9/
Syntenin-1/SDCBP PDZ1 domain, PDZ1i (23-25) to block the
ESCRT pathway.

Materials and methods
Antibodies and reagents

The following antibodies were used in this study: APC anti-
human CD44v3 antibody (AB5088A, 1:300) was purchased from
R&D Systems, (Minneapolis, MN). AF700 anti-mouse/human
CD44 antibody (103025, 1:300), FITC anti-human CD81
antibody (cat. 349503, 1:300), APC anti-mouse/human CD44
Antibody (103012, 1:300), PE-Cy7 anti-human CD133 Antibody
(393910, 1:300), and APC anti-mouse CD81 (104909, 1:300),
and Zombie Aqua (423101), were purchased from Biolegend
(San Diego, CA). Human FITC-Heparan Sulfate antibody
(H1890-10, 1:300) was purchased from US Biological (Salem,
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MA). Human IL-6 ELISA kit and Mouse IL-6 ELISA kit were
purchased from Biolegend (San Diego, CA).

Neutralizing anti-human IL-6 antibody (mabg-hil6-3) was
purchased from In vivogen (San Diego, CA). Heparinase I/III
blend (H3917-50UN), chondroitinase ABC (C2905-2UN), and
JSI-124 (C4493-1MG) were purchased from Sigma-Aldrich
(Saint Louis, MO). PDZ1i was generously provided by Dr.
Paul B. Fisher (23).

Cell lines

E0771, LLC, and MRC5 cell lines were purchased from
ATCC. All WT and genetically modified MDA-MB-231 and
BT-549 cell lines were generously provided by the Koblinski lab
(26, 27). MDA-MB-231 and E0771 CD44 KO cells were
generated using the Synthego CRSPR KO kit version 2
according to the manufacturers protocol. DMEM (Gibco),
RPMI (Gibco), PBS (Gibco), NEAA (Gibco), Pen/Strep
(Gibco), and L-Glutamine (Gibco) were all purchased from
ThermoFisher Scientific (Waltham, MA). FBS was purchased
from R&D Systems (Minneapolis, MN). All cells were cultured
with 5% CO, at 37C. All cell lines were regularly tested
for contamination with Mycoplasma using a PCR-based
Mycoplasma Detection Kit (ATCC). Xylt1/2 KO cell lines were
generously provided by the Koblinski and Farrell labs (28).
Complete media refers to DMEM or RPMI supplemented with
FBS Pen/Strep. Fibroblast media refers to complete RPMI
supplemented with L-Glutamine.

tEV isolation

Human breast cancer lines (MDA-MB-231, BT-549), mouse
mammary cancer cell line E0771, and the mouse lung cancer cell
line LLC were grown to 20% confluency. Human or mouse cells
were then exposed to either a single dose of 4 or 10 Gy radiation
respectively using the GammaCell Cesium Irradiator. After 48
hours, the media was replaced with fresh EV-depleted cDMEM
(100k xg, 18 hours) and cells were incubated for 72 additional
hours, until the cells approached 90% confluency. For isolation
of tEV from untreated cells, cell lines were grown to 20%
confluency and the media was changed to fresh DMEM and
incubated for 72 hours, collected and centrifuged at 2000 xg for
10 minutes. After transfer to fresh 50 mL tubes, the media was
centrifuged at 10k xg for 30 minutes, passed through a 0.22 um
vacuum filter followed by ultracentrifugation at 100k xg for 3
hours. The resulting pellet was resuspended in 40 mL PBS and
centrifuged again at 100k xg for 3 hours. The pellet was
resuspended in 1 mL PBS and protein concentration was
measured by Bradford assay.
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tEV preparation from tumor-bearing
mice and patients

2 x 10° E0771 cells were washed twice in PBS and injected
subcutaneously into the flank of C57BL/6 mice aged 6-12 weeks
from The Jackson Laboratory (Bar Harbor, ME). Once tumors
had reached 1 cm in size, they were given a single dose of
radiation using the Small Animal Radiation Research Platform
(Xstrahl North America, Suwanee GA). Mice were sacrificed 5
days later and whole blood was collected into a tube containing
EDTA to prevent clotting. Blood was centrifuged at 3000 xg for
25 minutes to obtain the serum. After dilution of 1 mL of serum
with 9 mL PBS, tEVs were extracted as described above. All
experiments were conducted in accordance with animal protocol
AD20158 approved by VCU Institutional Animal Care and
Use Committee.

tEVs were also extracted from deidentified serum samples
from 6 consenting breast cancer patients of diverse histology and
ER/PR/HER?2 status in an institutional review board approved
study, HM-12181. Blood was collected before the initiation of
therapy and two weeks into treatment at 2 Gy daily doses of RT
(20 Gy total). Serum (0.5 ml) was diluted in 9.5 mL PBS and
tEVs were extracted as described above.

Fibroblast stimulation

Whole mouse lungs from WT C57Bl/6 mice were minced
and digested in FBS-free RPMI containing 1 mg/mL Collagenase
IV (Sigma-Aldrich) and 20 ug/mL DNase I (Sigma-Aldrich) for
30 minutes at 37C with shaking. After incubation, the digested
tissue fragments were passed through a sterile 70 um filter and
centrifuged at 400 xg. The resulting pellet was resuspended and
plated in 10 cm dishes in cRPMI supplemented with glutamine
until the cells reached 90% confluency. Cells were then passaged
and grown in 12 well plates until they reach 80% confluency,
washed once in PBS, and the media replaced with fresh cRPMI
containing 5 ug/mL cell line derived tEV or 50 ug/mL patient
derived tEVs. 48 hours later, IL-6 was measured by ELISA and
the resulting fibroblast conditioned media (FCM) was stored at
-20C for future use in clonogenic assays.

THP-1 stimulation

2 x 10° THP-1 cells were plated in each well of a 6 well plate
and incubated overnight in cRPMI containing 200 nM Phorbol
12-Myristate 13-Acetate (PMA). The cells were then washed
with PBS and the media changed to fresh, cRPMI and the cells
were allowed to settle for 24 hours before replacing media with
fresh cRPMI containing 5 ug/mL MDA-MB-231 tEVs or IR-
tEVs and conditioned media were collected 48 hours later.
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Mouse bone marrow derived
macrophages

2 x 10® mouse bone marrow cells were plated in each well of
a 6 well plate and incubated in cDMEM supplemented with 20%
1929 conditioned media and nonessential amino acids. The
media was changed to fresh media on day 3 and day 5. On
day 7, the cells were washed with PBS and the media was
changed to ¢cDMEM containing 5 ug/mL tEVs and
conditioned media was collected after 48 hours.

Cancer cell-fibroblast coculture

MDA-MB-231 cells were irradiated with 4 Gy using the
GammaCell Cesium Irradiator. 1 x 10* cancer cells were then
incubated in a 12 well plate with 1 x 10* MRCS5 cells for 48 hours.
Cells were washed once in PBS and the media was changed to
fresh cRPMI with or without inhibitors. After 24 hours 100 uL of
media was removed from the coculture and IL-6 was measured
by ELISA. After 7 total days of coculture, CD44 and CD133
expression was measured by flow cytometry.

Bead assisted flow cytometry

Fifty mg tEVs were incubated with 0.5 mL of 4 mm
aldehyde/sulfate-latex beads (ThermoFisher, Waltham, MA)
for 15 minutes at room temperature in a total volume of 50 ul
before dilution with 1 mL PBS supplemented with 0.1% BSA and
0.01% NaNj; (BCB) and incubation overnight on rotation at 4°C
for the purpose of blocking. Bead-coupled tEVs were then
washed in BCB 2x to remove unbound material and then
incubated with conjugated antibodies for 30 minutes at 4°C.
Samples were washed in 1 mL BCB and resuspended in 250 mL
BCB and analyzed with the BD LSRFortessa-X20 flow cytometer.

Clonogenic assay

One hundred untreated or 2000 4-Gy-treated MDA-MB-231
cells were plated in 6 cm dishes. After 48 hours, the media was
changed to 1/5 fibroblast conditioned media diluted in fresh
c¢DMEM and allowed to incubate for another 72 hours. Culture
media was changed to fresh cDMEM and the cells cultured for 1-
2 weeks. Cells were then fixed in methanol and dyed with
methylene blue. Data was reported as total number of counted
colonies compared to non-irradiated, untreated controls (29).

Blyscan assay
tEVs (50 mg) were stained with 1mL blyscan dye reagent for

30 minutes according to the manufacturers protocol (BioVendor
R&D, Asheville, NC). The tEVs were diluted in 10 mL of PBS
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and centrifuged at 100k xg overnight. The resulting pellet was
dried and resuspended in dissociation buffer and incubated
overnight at 37°C. Absorbance was determined at 656 nM
using a spectrophotometer.

Statistical analysis

Statistical analysis was performed using GraphPad Prism 9.
Data are expressed as mean + SD. For assays comparing two
groups, statistical significance was assessed using a student’s t-test.
For assays comparing more than 2 groups, statistical significance
was determined via ANOVA with multiple comparisons.

Data availability

All data produced in this study was generated by the authors
and is available upon request.

Results and discussion

Radiation stimulates tEV production
leading to pro-tumor fibroblast activity

In vitro coculture with fibroblasts has been demonstrated to
enhance radioresistance in cancer cells of multiple origins. One
possible reported mechanism is the activation of fibroblasts by
cancer cell secreted factors and the subsequent production of
fibroblast-derived paracrine signaling factors such as IL-6 (30).
Whether this phenomenon can be stimulated by irradiation
directly requires further investigation. To investigate whether
breast cancer-fibroblast coculture induced IL-6 expression is
enhanced by tumor irradiation, we cultured human fibroblasts
with irradiated MDA-MB-231 cells and measured subsequent
IL-6 production (Figure 1A). We found that irradiation of
cancer cells immediately before coculture with fibroblasts did
enhance IL-6 expression to a degree that could not be explained
by induced IL-6 expression by the irradiated cells alone. This
suggests that cancer cell irradiation stimulates the expression of
a factor capable of activating fibroblasts within the TME.

CSCs are a radioresistant cancer cell population that may
expand within tumors undergoing RT, a process thought to be
facilitated by IL-6 expression derived from a potential fibroblast-
CSC niche (31, 32). In order to demonstrate the biological
relevance of the above finding, we tested whether IR-induced
IL-6 expression from cocultured fibroblasts could induce the
expansion of CSCs in vitro. Consistent with previous reports (33,
34), the frequency of CD44"CD133" CSCs present in the
coculture correlated with IL-6 expression (Figure 1B) and this
phenomenon was greatly reduced in the presence of an IL-6
neutralizing antibody or pharmaceutical inhibition of STAT3
activation (Figure 1C). At the same time, blocking IL-6 in the
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FIGURE 1

IR-tEV stimulate pro-tumor fibroblast activity. (A) MDA-MB-231 breast cancer cells were cocultured with fibroblasts. IL-6 expression was
measured via ELISA (A) and CD44 and CD133 expression levels were quantified via flow cytometry (B, C) MDA-MB-231 cocultured with MRC5
cells with or without anti-IL-6 antibody or JSI-124. CD44 and CD133 expression were quantified via flow cytometry. Statistical significance for
(A-C) assessed with ANOVA * = P < 0.05. (D-F) Human or mouse tEVs were collected from breast cancer cell conditioned media before or after
exposure to 4 Gy or 10 Gy gamma radiation, respectively. Total particle number was assessed via particle tracking with the Zetaview Particle
Tracker. (G-I) Fibroblasts were incubated with breast cancer cell line tEV or IR-tEVs as indicated. IL-6 levels were measured via ELISA. Statistical
significance for (D-1) was assessed via students T test. * = P < 0.05. (J) Irradiated MDA-MB-231 were exposed to fresh media containing FCM
described in (G) and radioresistance was assessed via clonogenic assay. X axis indicates which FCM from (G) was used in the incubation. (K)
MDA-MB-231 were exposed to fresh media containing IR-tEV stimulated FCM described in (G), in the presence or absence of STAT3 activation
inhibitor or IL-6 neutralizing antibody, and radioresistance was assessed via clonogenic assay. Statistical significance for (J, K) was assessed with
ANOVA * = P < 0.05. (L) The size distribution of tEVs collected from irradiated and untreated breast cancer cells was assessed via particle
tracking with the Zetaview Particle Tracker. (M) Expression of the exosomal marker CD81 was assessed via bead assisted flow cytometry. **

denotes a P value < 0.005. *** denotes a P value < 0.0005. **** denotes a P value < 0.00005. These values were the results of ANOVA analyses
performed on GraphPad.
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coculture enhanced overall cell death by IR, indicating that IL-6
plays an active role in CSC expansion and the apparent CSC
expansion is not simply an artifact of preferential killing of non-
CSC cells under different conditions (Supplemental Figure 1B).

Cellular stress has been demonstrated to induce the
expression of tEVs, in some cases mediating interactions with
stromal cells that lead to enhanced cancer cell radioresistance
(16). Considering this, we hypothesized that radiation may
induce the secretion of tEVs capable of stimulating nearby
fibroblasts, potentially explaining the enhanced fibroblast
activity observed in our coculture. First, we examined the
effect of IR on the production of tEVs. tEV were isolated from
cancer-cell-line-conditioned media via ultracentrifugation and
filtration before or after exposure to IR. Particle tracking analysis
confirmed that IR stimulates the production of EVs by human
and mouse mammary cancer cell lines MDA-MB-231, BT-549,
and E0771 (Figures 1D-F). Mouse lung adenocarcinoma cells
were also used to show that this phenomenon is not restricted to
breast cancer cells (Supplemental Figure 8A). The size range of
the particles collected before and after radiation was found to be
comparable for these breast cancer line-derived tEVs (Figure 1L)
as well as those collected from LLC (Supplemental Figure 8C).
These particles were positive for the small vesicle marker CD81
(35) as assessed by bead assisted flow cytometry (Figure 1M,
Supplemental Figures 2E, 3F, 4D, 5E, 6G, 7E, 8D).

EVs produced by tumor cells exposed to DNA damaging
agents such as radiation and chemotherapy have been reported
to stimulate cells of the immune system (36, 37). However,
whether these therapy-induced vesicles are capable of
influencing other stromal cells such as fibroblasts has not been
explored. To test whether radiation-induced tEVs mediate the
enhanced fibroblast stimulation observed in our coculture
model, human and mouse fibroblasts were exposed to tEVs
and IR-tEVs collected from breast cancer cells for 48 hours.
Fibroblasts produced significantly more IL-6 when exposed to
tEVs derived from irradiated breast cancer cells when compared
to those from non-irradiated counterparts (Figures 1G-I).
However, this was not seen when macrophages, another
critical stromal cell type, were exposed to the same tEVs
(Supplemental Figures 1F-G), indicating a cell specific effect.
To further examine potential pro-tumoral fibroblast effects in
the context of IR, we prepared fibroblast conditioned media
(FCM) after their incubation with IR-tEV or non-IR tEV. Not
surprisingly, exposure of breast cancer cells to IR tEV-stimulated
FCM significantly enhanced post-radiation survival (Figure 1]),
which was abrogated by both IL-6 neutralizing antibody and
STATS3 inhibition (Figure 1K). The plating efficiency of these
cells was not altered by the addition of the same FCM
(Supplemental Figures 1H-I). These data suggest that
fibroblast activation by IR-tEV represents a previously
unreported mechanism for stimulation of the IL-6-STAT3
signaling pathway implicated in supporting tumor relapse and
recovery from radiation damage (38, 39).
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The stimulatory activity of IR-tEV
depends on vesicular CD44v3 expression

The activation of the ¢cGAS-STING pathway has been
implicated in stromal cell activation by RT, including in
response to IR-tEVs (40, 41). However, using the soluble
STING inhibitor H151 we found that STING plays little role
in the response of breast cancer-fibroblast coculture to radiation
(Supplemental Figures 1C-E). Preliminary unpublished studies
in our laboratory suggested that IR-tEV's were associated with an
increase in vesicular GAG content. This was intriguing because
vesicular proteoglycans have been shown to be uniquely capable
of mediating stimulation of mesenchymal cells by tEVs (42, 43).
It has been previously observed that genotoxic agents can
enhance the vesicular expression of the part-time proteoglycan
CD44 on breast cancer derived tEVs (19, 22) where it has been
demonstrated to mediate interaction with mesenchymal cells of
the TME (20, 21). Considering our observation that IR enhances
the expression of CD44 on the cell surface, the possibility that it
might increase vesicular expression of CD44 was also examined.
IR does indeed enhance expression of CD44 on the tEV surface
(Supplemental Figures 2G-I).

To explore and confirm this finding, we tested the possibility
that the GAG-associated isoform of CD44, CD44v3, was present
on IR-tEVs. Bead assisted flow cytometry demonstrated
significantly increased CD44v3 protein levels on IR-tEVs
compared to tEVs collected from the same cell lines without
IR exposure (Figure 2A), suggesting that expression of this
isoform may be stimulated directly by radiation. We were able
to demonstrate that IR-tEVs from human breast cancer cell lines
are indeed positive for HS (Figure 2B), a common substitution
for CD44v3. Because CD44v3 can also be substituted with
chondroitin sulfate, we incubated tEV derived from MDA-
MB-231 with degradative enzymes specific for either HS or
chondroitin sulfate ABC and then measured the resulting
presence of GAG using a blyscan assay (Figure 2C). Because of
the reported association between IR-tEVs and dsDNA, which
can potentially bind to the blyscan dye, tEVs were also incubated
with DNase I overnight and assessed for the presences of GAG
(Supplemental Figure 2B). Incubation with heparanase
abolished the surface presence of GAGs on IR-tEV while
incubation with chondroitinase or DNase I had no effect.
Because there is not a commercially available antibody specific
for mouse HS, this strategy was also used to confirm the
presences of HS on tEVs derived from irradiated E0771 cells
(Supplemental Figure 3B) and LLC cells (Supplemental
Figure 8B). Sulfated GAGs are linked to their protein cores via
a short linker sequence ending in a Xylose (Xyl) residue via the
activity of Xylosyl transferases 1 and 2 (44). We took advantage
of Xylt1/2 KO MDA-MB-231 cell model to further validate the
presence of GAG on IR-tEVs (Supplemental Figure 2B). To
confirm that the presence of vesicular CD44 is necessary for HS
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FIGURE 2

Radiation stimulates vesicular CD44v3 expression. (A, B) tEVs from breast cancer cells were assessed for CD44v3 (A) and HS (B) expression via
flow cytometry. Control represents unbound beads incubated with antibody cocktail. (C) tEVs from MDA-MB-231 cells were treated overnight
with either heparanase, chondroitinase ABC, or both. Gag levels were assessed via blyscan assay. Data points represent technical replicates. (D)
MRC5 were incubated with tEVs collected from WT or CD44 KO MDA-MB-231. IL-6 levels were measured via ELISA. (E) MDA-MB-231 were
exposed to fresh media containing FCM described in (D) and radioresistance was assessed via clonogenic assay. X axis indicates which fibroblast
CM from (D) was used in the incubation. Statistical significance for (A-E) assessed with ANOVA * = P < 0.05. (D, E) Data points represent
biological replicates. ** denotes a P value < 0.005. *** denotes a P value < 0.0005. **** denotes a P value < 0.00005. These values were the
results of ANOVA analyses performed on GraphPad. "'ns” represents a value for P that is greater than 0.05 and stands for "Not Significant”.

expression on IR-tEVs, tEVs were collected from irradiated
MDA-MB-231 (Supplemental Figure 2B) and E0771 CD44KO
cells (Supplemental Figure 3B) and a blyscan assay was
performed. In these cell lines, the absence of CD44 correlated
with the absence of vesicular HS. To determine the biological
significance of vesicular CD44 expression, MRC5 cells were
incubated with IR-tEV isolated from WT or CD44 KO MDA-
MB-231 cells. In the absence of CD44, IR-tEV lost the ability to
stimulate fibroblasts, indicated by the loss of IL-6 expression by
CD44KO IR-tEV stimulated fibroblasts compared to those
stimulated by WT IR-tEVs (Figure 2D). As a result, FCM
prepared following IR-tEV stimulation was no longer capable
of enhancing the survival of irradiated MDA-MB-231
cells (Figure 2E).

To demonstrate that IR-tEVs accumulate in the bloodstream
following RT, tEV's were isolated from the blood of breast cancer
patients of multiple subtypes and histologies before and during
RT and assessed for particle concentration and CD44v3 and HS
expression. As shown in Figure 3A, an increase in the overall
number of particles present in the sera of patients undergoing
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RT was observed. In addition, the fraction of particles displaying
expression of CD44, CD44v3, and HS also increase significantly
in patients during RT (Supplemental Figure 21, Figures 3B, C).
Finally, tEVs collected from patients during RT were more
capable of stimulating MRC5 cell IL-6 expression than those
isolated from the same patients before the start of therapy
(Figure 3D). These particles were determined to fall within the
appropriate EV size range and were positive for CD81
(Figures 3E, F). A mouse mammary cancer model was used to
further validate this finding. WT and CD44KO E0771 cells were
implanted into the flanks of C57BL/6 mice and the resulting
tumors were given a single 10 Gy radiation dose using the Small
Animal Radiation Research Platform (SARRP). Five days after
radiation, serum was collected and circulating tEV's were isolated
and assessed for particle number and the presence of GAG
(Supplemental Figures 4A, B). We found that, similar to the
human patient tEVs, the tEVs from irradiated tumor-bearing
mice were clearly more abundant in the serum and positive for
HS. However, this was not observed in mice bearing CD44 KO
E0771 tumors. This finding was unexpected as irradiated
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Radiation stimulates CD44v3" IR-tEV circulation in breast cancer patients. (A) Total particle number of circulating breast cancer patient vesicles
was assessed via particle tracking with the Zetaview Particle Tracker. (B, C) tEVs derived from breast cancer patient sera tEVs were bound to
sulfoxide beads and HS and CD44v3 expression was measured via flow cytometry. Statistical significance for (a-c) was assessed with a paired T
test. N=6. (d-h) Data points represent biological replicates. (D) MRC5 were incubated with tEVs collected and pooled from breast cancer
patients. IL-6 levels were measured via ELISA Data points represent biological replicates. Statistical significance for was assessed with an
unpaired T test. (E) The size distribution of tEVs collected from patients was assessed via particle tracking with the Zetaview Particle Tracker.
(F) Expression of the exosomal marker CD81 was assessed via bead assisted flow cytometry. * denotes a P value < 0.05. These values were the

results of ANOVA analyses performed on GraphPad.

CD44KO E0771 cells were observed to produce a similar level of
particles compared to WT cells in vitro (Supplemental
Figure 3A). We speculate that the change in surface charge
that accompanies the loss of HS on the surface of these particles
in vivo may alter their interactions with cell types known to filter
tEVs from the blood such as myeloid cells in the lung and liver.
Although radiation exposure of normal tissue was found to
increase the overall number of circulating tEVs, these tEVs did
not show enhanced expression of HS, suggesting that this
phenomenon may be specific to cancer cells, although further
analysis is needed.

Secretion of CD44v3* IR-tEVs is
dependent upon ESCRT pathway
components

Radiation-induced tEV secretion has been suggested to be
dependent upon the DNA damage-dependent activation of p53
and its gene product tumor suppressor-activated pathway 6
(TSAP6) (45). However, the mechanism of interaction
between TSAP6 and tEV biogenesis machinery is unknown.
The ESCRT pathway is one of the best described molecular
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mechanisms for intraluminal budding required for small vesicle
biogenesis, involving the ordered assembly of multimeric
complexes at the cytoplasmic surface of the endosome and the
energy dependent budding and dissociation of intraluminal
vesicles (11). This process relies on the binding of SDC
proteoglycans to the PDZ1 domains of the scaffolding protein
syntenin/MDA9 (11, 24, 25, 46-48). Using three different breast
cancer models deficient for syndecan (SDC) protein function, we
validated the necessity of the ESCRT pathway for the production
of CD44v3"HS" IR-tEVs (Figures 4A, B, Supplemental
Figures 6A-C, 7B). SDC knockdown also clearly inhibited IR-
induced stimulation of overall tEV production (Supplemental
Figures 5A, 6C, 7A). Similar to CD44 KO, SDC knockdown also
inhibited tEVs-stimulated IL-6 production by fibroblasts
(Figure 4C) and these ESCRT deficient cells do not stimulate
more IL-6 in coculture in response to radiation compared to
untreated cells (Supplemental Figure 5G). Furthermore, the
ability of these ESCRT deficient cells to stimulate CSC
expansion in response to radiation was impaired (Figure 4D).
This phenotype could be rescued by providing WT IR-tEVs in
the culture media, but not in the presence of IL-6 neutralizing
Ab (Figure 4E). These results suggest that IR-tEVs represent an
exosomal phenomenon and that the ESCRT pathway may
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IR-tEV secretion is dependent upon the ESCRT pathway. (A, B) tEVs were collected from WT or SDC1, SDC2, or SDC4 KO MB-MDA-231 cells and
CD44v3 (A) and HS (B) levels were assessed via bead assisted flow cytometry. X axis indicates from which parent cells the tEVs were derived.
Control represents unbound beads incubated with antibody cocktail. (C) MRC5 cells were incubated with tEVs collected from WT or SDC1, SDC2,
or SDC4 Kd MB-MDA-231 cells. IL-6 levels were measured via ELISA. (D) WT or SDC1 kd (tEV Deficient) MDA-MB-231 cells were cultured with
fibroblasts with or without supplementation with WT tEVs. Protein surface markers were assessed via flow cytometry. (E) WT or SDC1 kd (tEV
Deficient) MDA-MB-231 cells were cocultured with fibroblasts with supplementation of WT IR-tEVs in the presence of an IL-6 neutralizing antibody.
Protein surface markers were assessed via flow cytometry. Statistical significance assessed with ANOVA P < 0.05. (C-E) Data points represent
biological replicates. ** denotes a P value < 0.005. *** denotes a P value < 0.0005. **** denotes a P value < 0.00005. These values were the results
of ANOVA analyses performed on GraphPad. "ns” represents a value for P that is greater than 0.05 and stands for "Not Significant”.

represent a viable pharmaceutical target for enhancing the
response of breast cancer to RT.

Considering this, we tested whether pharmaceutical
inhibition of this process mitigates the effects of IR-tEVs.
Inhibition of ESCRT-dependent tEV production with the PDZ
domain inhibitor PDZ1i (23, 25) caused the loss of both HS and
CD44 expression in breast cancer cell derived IR-tEVs
(Figures 5A, B, Supplemental Figure 7B) as well as overall IR-
enhanced tEV production (Figure 5C, Supplemental Figure 7A).
Similar to IR-tEVs collected from to SDC1 Kd cells, the IR-tEV's
from PDZ1i treated cells were also incapable of simulating IL-6
expression from human fibroblasts (Figure 5D) or stimulating
breast cancer cell radioresistance (Figure 5E). Finally, IR-tEVs
collected from breast cancer cells exposed to PDZIi failed to
rescue SDC1 Kd CSC expansion in response to radiation in the
co-culture model (Figure 5F). These results suggest that PDZ1i
may represent a novel strategy for inhibiting ESCRT pathway-
mediated IR-tEV production.

It is possible that the apparent enrichment of HS"CD44v3"
tEVs during RT is caused by proteoglycan shedding and
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subsequent contamination of the tEV preparation. In addition,
contamination of the EV preparation with fragments of
apoptotic bodies or plasma membrane-derived microvesicles
could potentially cause the presence of HS and confound our
investigation. However, neither proteoglycan shedding, nor
apoptotic body or microvesicle formation has been reported to
be dependent upon SDC family proteins or their binding partner
syntenin as shown in the current study. This supports the
conclusion that HS"CD44" tEVs produced in the setting of
radiation exposure are true exosomes, although further
analysis is needed to confirm this.

IR-tEV activity is dependent upon
CD44v3 heparan sulfate side chains

The activity of proteoglycans is often critically dependent
on the presence of their associated GAGs. We next explored the
possibility that HS present on the vesicular surface may be a
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viable target for neutralizing IR-tEV activity. First, we found
that the ability of IR-tEV to stimulate IL-6 expression
(Figures 6A, B) by fibroblasts as well as the ability of that
FCM to stimulate post-radiation survival in breast cancer cells
(Figure 6C) were silenced by either enzymatic removal or
genetic ablation of HS. In addition, enzymatically treated IR-
tEVs as well as IR-tEVs from Xyltl/2 KO failed to rescue
ESCRT-dependent tEV deficient cells cocultured with
fibroblasts (Figure 6D). The highly positively charged cobalt
and platinum coordination compounds Werner’s Complex
(WC) and Triplatin (TriPt) have been demonstrated to bind
to HS, neutralizing its ability to interact with its molecular
targets (28, 49). Due to the dependence of IR-tEV activity on
the HS side chains attached to CD44v3, we also examined
whether these drugs might be able to mitigate their effects.
Preincubation of IR-tEV with either TriPt or WC inhibited
their IL-6-stimulatory capacity (Figure 6E). In addition, both
TriPt and WC inhibited the capacity of IR-tEV stimulated
FCM to enhance breast cancer radioresistance (Figure 6F).
These results confirm that, similar to other proteoglycans, the
activity of tEV-associated CD44v3 is critically dependent upon
its heparan sulfate side chains.
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Conclusions and future directions

A major factor limiting the success of RT is acquired
radioresistance by surviving tumor cells, a process in which
stromal fibroblasts or CAF have been heavily implicated (1, 50).
However, recent clinical trials aimed at CAF ablation prior to or
during therapy have failed to yield a clinical benefit, in some
cases actually accelerating tumor progression (1). It has been
suggested that this may reflect the underappreciated but critical
tumor-restrictive role of certain CAF subpopulations present in
the TME (8). New strategies that limit the tumor supportive
functions of fibroblasts without limiting their tumor-restrictive
capacity may allow for greater radio-sensitization of tumors.
Herein, we report that RT stimulates the production of a distinct
population of CD44v3" tEVs by breast cancer cells which are
capable of directly stimulating tumor-supportive fibroblast
activity, resulting in enhanced cancer cell radioresistance and
an expansion of breast CSCs. We also confirm the presence of
these tEVs in the circulation of breast cancer patients during RT,
suggesting an opportunity for clinical intervention. Additionally,
we have provided two different strategies by which this might be
achieved- via the inhibition of tEV-associated HS activity or
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IR-tEV activity is dependent upon exosomal heparan sulfate. (A) MRC5 cells were stimulated with MDA-MB-231 derived tEVs enzymatically
stripped of HS. IL-6 levels were measured via ELISA. (B) MRC5 cells were stimulated with tEVs collected from WT or Xylt1/2 KO MDA-MB-231
cells. IL-6 levels were measured via ELISA. (C) MDA-MB-231 were exposed to fresh media containing tEV stimulated MRC5 conditioned media
described in (A, B) and radioresistance was assessed via clonogenic assay. X axis indicates which fibroblast CM from (A, B) was used in the
incubation. (D) WT or SDC1 KO (tEV Deficient) cells were plated with MRC5 cells with or without the addition of WT IR-tEVs pretreated with
heparanase. Protein surface markers were assessed via flow cytometry. (E) MRC5 cells were incubated with tEVs pretreated with 50 uM Triplatin
or Werner's Complex. IL-6 levels were measured via ELISA (F) MDA-MB-231 were exposed to fresh media containing IR-tEV stimulated MRC5
conditioned media described in (E) and radioresistance was assessed via clonogenic assay. X axis indicated what FCM from (E) was used in each
incubation. Statistical significance assessed with ANOVA P < 0.05. Data points represent biological replicates. ** denotes a P value < 0.005. ***
denotes a P value < 0.0005. **** denotes a P value < 0.00005. These values were the results of ANOVA analyses performed on GraphPad.

inhibition of ESCRT pathway-mediated vesicle production.
These findings represent an underappreciated pathway by
which breast cancer develops radioresistance as well as a novel
avenue by which the pro-tumor activity of CAFs can be
restrained during RT.

The role that GAGs play in tumorigenesis and the tumor
response to therapy has begun to receive significant attention
due to the recent recognition of their impact on the character
and development of the TME (51). Accordingly, anti-cancer
therapeutics with GAG binding properties are currently in
development. Our data suggests that IR-tEV activity is
dependent upon the vesicular transmembrane proteoglycan
CD44v3 and its associated HS side chains. Furthermore, we
have shown that IR-tEV activity is neutralized by two drugs with
GAG-neutralizing properties- TriPt and WC, thereby limiting
breast cancer-fibroblast interplay during RT. This indicates a
novel therapeutic strategy for enhancing the response of breast
cancer to RT. As TriPt has also been demonstrated to be an
effective cytotoxic chemotherapeutic (28), future studies are
warranted to determine if concomitant therapy with TriPt and
RT may produce a synergistic effect.

The molecular mechanisms of how HS or CD44 mediate the
effects of IR-tEV on fibroblasts were not addressed by our study.
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Given the diverse interactions and binding partners reported for
these molecules, many possibilities exist and elucidating this
mechanism represents an important direction for future
research. One critical function of HS is derived from its ability
to simultaneously bind soluble and membrane associated growth
factors and their tyrosine kinase receptors, stabilizing the
resulting ternary complexes (52). One possible explanation for
the role played by HS on the surface of IR-tEVs is that they
initiate or enhance stimulation of fibroblasts by binding to an as
yet unknown growth factor or cytokine, a mechanism common
to GAG interactions with this cell type (53-55). Alternatively, it
is possible that the HS associated with IR-tEVs stimulates
fibroblasts more directly. GAG sulfation, length, and
epimerization patterns are cell-and-tissue-specific and have
been demonstrated to change with stress, in some cases
leading to a gain of function (52). Finally, others have
demonstrated that tEVs are capable of delivering functionally
active CD44 to the mesenchymal cell membrane, resulting in an
activated, pro-tumor phenotype (21, 56). It is possible that
vesicular delivery of functional CD44v3 to fibroblasts by IR-
tEVs could also explain our observations.

Using multiple human and mouse models, we have shown that
the production of HS"CD44v3" IR-tEVs is dependent upon SDC
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family proteins and that their activity can be pharmaceutically
targeted using a soluble inhibitor of the MDA-9/Syntenin-1/
SDCBP PDZ1 domain activity, PDZ1i (23). We would like to
note that the utility of this approach may not be limited to
inhibiting the activity of CD44v3" IR-tEVs, as other vesicular
components such as CD81 have also been implicated in mediating
resistance to therapy (57). To our knowledge, this is the first report
of a therapeutic antagonist of ESCRT-dependent tEV production
targeting this protein interaction. The SDC-syntenin complex has
also been demonstrated to play a role in the selective loading of
proteins into the vesicular membrane (11). Thus, a more nuanced
interaction between these proteins and CD44v3 than we have
illustrated in this study is possible. For example, syntenin has been
reported to interact with ubiquitinated membrane proteins,
representing a potential mechanism by which SDC-syntenin
complexes might select cargo for incorporation into EVs (58,
59). In addition, the cytoplasmic domains of SDC proteins
represent the dominant form of bait tethering syntenin to the
plasma membrane and are necessary for the interactions of its PDZ
domains with alternate cargo (11). Therefore, we do not rule out
the possibility that CD44 recruitment and delivery to the vesicular
membrane could occur via a mechanism that involves
ubiquitination of CD44 and subsequent binding by syntenin.
Such a mechanism would not by itself, however, explain the loss
of overall IR-tEV production caused by SDC KO or treatment with
PDZ1i observed in our study. Further studies that include
inhibition of alternative components of this pathway, such as
inhibitors of PIP2 (60, 61) or the small GTPases RAB7 (62) and
ARF6 (63), might help further elucidate this mechanism.

In summary, the targeting of IR-tEVs or their effects
represents a novel opportunity to limit the recruitment of pro-
tumor CAF activity stimulated by RT. We have demonstrated that
this is feasible using two different approaches, both by inhibition
of ESCRT pathway mediated vesicle production as well as
neutralization of HS activity. In addition, based on our data, we
speculate that other strategies could also be useful if given
concurrently with RT, such as the use of anti-CD44 or anti-IL-6
neutralizing antibodies. Given the unique property of these IR-
tEVs, additional studies of their effects on the TME, especially the
behavior of other cell types such as immune cells are warranted.

Data availability statement

The raw data supporting the conclusions of this article will
be made available by the authors, without undue reservation.

Author contributions

GC was responsible for designing and executing
experiments, data interpretation, writing the manuscript, and
generating hypotheses. JH and EP were responsible for designing

Frontiers in Oncology

12

10.3389/fonc.2022.913656

and executing experiments, interpreting data, and generating
hypotheses. SM and OM were responsible for executing
experiments and interpreting data. JK, BQ, and NF were
responsible for interpreting data, generating hypotheses,
designing experiments, and supplying materials. PBF was
responsible for interpreting data, supplying materials, and
editing. X-YW and RM were responsible for interpreting data,
generating hypotheses, designing experiments, editing, funding
support, and supplying materials. All authors contributed to the
article and approved the submitted version.

Funding

The study was supported in part by Ruth L. Kirschstein
Individual Predoctoral NRSA for MD/PhD and other Dual
Degree Fellowships (1F30CA239564), National Institute of
Health grants (CA175033, AI133595), VCU Massey Cancer
Center Research Development Funds, and National Cancer
Institute Cancer Center Support Grant to VCU Massey Cancer
Center P30CA16059.

Acknowledgments

We would like to thank Dr. Wenjie Liu, Dr. Jinyang Cai, and
Dr. Zheng Liu for their wonderful advice and support.

Conflict of interest

PBF is a scientific co-founder and has equity in InterLeukin
Combinatorial Therapies, Inc. (ILCT). VCU also has equity in ILCT.

The remaining authors declare that the research was conducted
in the absence of any commercial or financial relationships that
could be construed as a potential conflict of interest

Publisher’s note

All claims expressed in this article are solely those of the
authors and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed
or endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/
fonc.2022.913656/full#supplementary-material

frontiersin.org


https://www.frontiersin.org/articles/10.3389/fonc.2022.913656/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fonc.2022.913656/full#supplementary-material
https://doi.org/10.3389/fonc.2022.913656
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org

Clark et al.

References

1. Chen Y, McAndrews KM, Kalluri R. Clinical and therapeutic relevance of
cancer-associated fibroblasts. Nat Rev Clin Oncol (2021) 18(12):792-804.
doi: 10.1038/s41571-021-00546-5

2. Chen MF, Chen PT, Lu MS, Lin PY, Chen WC, Lee KD. IL-6 expression
predicts treatment response and outcome in squamous cell carcinoma of the
esophagus. Mol Cancer (2013) 12:26. doi: 10.1186/1476-4598-12-26

3. Jinno T, Kawano S, Maruse Y, Matsubara R, Goto Y, Sakamoto T, et al.
Increased expression of interleukin-6 predicts poor response to chemoradiotherapy
and unfavorable prognosis in oral squamous cell carcinoma. Oncol Rep (2015) 33
(5):2161-8. doi: 10.3892/0r.2015.3838

4. Chang CH, Hsiao CF, Yeh YM, Chang GC, Tsai YH, Chen YM, et al
Circulating interleukin-6 level is a prognostic marker for survival in advanced
nonsmall cell lung cancer patients treated with chemotherapy. Int ] Cancer (2013)
132(9):1977-85. doi: 10.1002/ijc.27892

5. Dufty SA, Taylor JM, Terrell JE, Islam M, Li Y, Fowler KE, et al. Interleukin-6
predicts recurrence and survival among head and neck cancer patients. Cancer
(2008) 113(4):750-7. doi: 10.1002/cncr.23615

6. GaoJ, Zhao S, Halstensen TS. Increased interleukin-6 expression is associated
with poor prognosis and acquired cisplatin resistance in head and neck squamous
cell carcinoma. Oncol Rep (2016) 35(6):3265-74. doi: 10.3892/0r.2016.4765

7. Jain RK. Normalizing tumor microenvironment to treat cancer: Bench to
bedside to biomarkers. J Clin Oncol (2013) 31(17):2205-8. doi: 10.1200/
JCO.2012.46.3653

8. Simon T, Salhia B. Cancer-associated fibroblast subpopulations with diverse
and dynamic roles in the tumor microenvironment. Mol Cancer Res (2022) 20
(2):183-92. doi: 10.1158/1541-7786.MCR-21-0282

9. Liu T, Hooda J, Atkinson JM, Whiteside TL, Oesterreich S, Lee AV.
Exosomes in breast cancer - mechanisms of action and clinical potential. Mol
Cancer Res (2021) 19(6):935-45. doi: 10.1158/1541-7786.MCR-20-0952

10. Robbins PD, Morelli AE. Regulation of immune responses by extracellular
vesicles. Nat Rev Immunol (2014) 14(3):195-208. doi: 10.1038/nri3622

11. Friand V, David G, Zimmermann P. Syntenin and syndecan in the
biogenesis of exosomes. Biol Cell (2015) 107(10):331-41. doi: 10.1111/
boc.201500010

12. Im EJ, Lee CH, Moon PG, Rangaswamy GG, Lee B, Lee JM, et al.
Sulfisoxazole inhibits the secretion of small extracellular vesicles by targeting the
endothelin receptor a. Nat Commun (2019) 10(1):1387. doi: 10.1038/s41467-019-
09387-4

13. Fonseka P, Chitti S, Sanwlani R, Mathivanan S. Sulfisoxazole does not
inhibit the secretion of small extracellular vesicles. Nat Commun (2021) 12(1):977.
doi: 10.1038/s41467-021-21074-x

14. Lee CH, Bae JH, Kim JI, Park JM, Choi EJ, Baek MC. Reply to ‘Sulfisoxazole
does not inhibit the secretion of small extracellular vesicles. Nat Commun (2021) 12
(1):976. doi: 10.1038/s41467-021-21075-w

15. Yu X, Harris SL, Levine AJ. The regulation of exosome Secretion: a novel
function of the p53 protein the regulation of exosome Secretion: A novel function
of the p53 protein. Cancer Res (2006) 66(9):4795-801. doi: 10.1158/0008-
5472.CAN-05-4579

16. Ni J, Bucci J, Malouf D, Knox M, Graham P, Li Y. Exosomes in cancer
radioresistance. Front Oncol (2019) 9:869. doi: 10.3389/fonc.2019.00869

17. Malla B, Zaugg K, Vassella E, Aebersold DM, Dal Pra A. Exosomes and
exosomal MicroRNAs in prostate cancer radiation therapy. Int J Radiat Oncol Biol
Phys (2017) 98(7):982-95. doi: 10.1016/j.ijrobp.2017.03.031

18. Jelonek K, Widlak P, Pietrowska M. The influence of ionizing radiation on
exosome composition, secretion and intercellular communication. Protein Pept
Lett (2016) 23(7):656-63. doi: 10.2174/0929866523666160427105138

19. Mutschelknaus L, Azimzadeh O, Heider T, Winkler K, Vetter M, Kell R,
et al. Radiation alters the cargo of exosomes released from squamous head and neck
cancer cells to promote migration of recipient cells. Sci Rep (2017) 7(1):12423. doi:
10.1038/541598-017-12403-6

20. MuW, Xu'Y, Gu P, Wang W, LiJ, Ge Y, et al. Exosomal CD44 cooperates
with integrin a:6B4 to support organotropic metastasis via regulating tumor cell
motility and target host cell activation. Engineering (2021) 7(10):1413-23. doi:
10.1016/j.eng.2020.08.013

21. Nakamura K, Sawada K, Kinose Y, Yoshimura A, Toda A, Nakatsuka E.
Exosomes promote ovarian cancer cell invasion through transfer of CD44 to
peritoneal mesothelial cells. Mol Cancer Res (2017) 15(1):78-92. doi: 10.1158/1541-
7786.MCR-16-0191

22. Wang X, Cheng K, Zhang G, Jia Z, Yu Y, Guo J, et al. Enrichment of
CD44 in exosomes from breast cancer cells treated with doxorubicin

Frontiers in Oncology

13

10.3389/fonc.2022.913656

promotes chemoresistance. Front Oncol (2020) 10:960. doi: 10.3389/
fonc.2020.00960

23. Kegelman TP, Wu B, Das SK, Talukdar S, Beckta JM, Hu B, et al. Inhibition
of radiation-induced glioblastoma invasion by genetic and pharmacological
targeting of MDA-9/Syntenin. Proc Natl Acad Sci U.S.A. (2017) 114(2):370-75.
doi: 10.1073/pnas.1616100114

24. Pradhan AK, Maji S, Das SK, Emdad L, Sarkar D, Fisher PB. MDA-9/
Syntenin/SDCBP: new insights into a unique multifunctional scaffold protein.
Cancer Metastasis Rev (2020) 39(3):769-81. doi: 10.1007/s10555-020-
09886-7

25. Pradhan AK, Maji S, Bhoopathi P, Talukdar S, Mannangatti P, Guo C, et al.
Pharmacological inhibition of MDA-9/Syntenin blocks breast cancer metastasis
through suppression of IL-1B. Proc Natl Acad Sci U.S.A. (2021) 118(21):
€2103180118.

26. Sayyad MR, Puchalapalli M, Vergara NG, Wangensteen SM, Moore M, Mu
L, et al. Syndecan-1 facilitates breast cancer metastasis to the brain. Breast Cancer
Res Treat (2019) 178 178(1):35-49. doi: 10.1007/s10549-019-05347-0

27. Puchalapalli M, Mu L, Edwards C, Kaplan-Singer B, Eni P, Belani K, et al.
The laminin- o 1 chain-derived peptide, AG73, binds to syndecans on MDA-231
breast cancer cells and alters filopodium formation. Analyt Cell Pathol (2019)
2019:9192516. doi: 10.1155/2019/9192516

28. Hampton JD, Peterson EJ, Katner SJ, Turner TH, Alzubi MA, Harrell JC,
et al. Exploitation of sulfated glycosaminoglycan status for precision medicine of
triplatin in triple-negative breast cancer. Mol Cancer Ther (2021) 21(2):271-81.
doi: 10.1158/1535-7163.mct-20-0969

29. Lammering G, Valerie K, Lin PS, Mikkelsen RB, Contessa JN, Feden JP, et al.
Radiosensitization of malignant glioma cells through overexpression of dominant-
negative epidermal growth factor receptor. Clin Cancer Res (2001) 7(3):682-90.

30. Kumari N, Dwarakanath BS, Das A, Bhatt AN. Role of interleukin-6 in
cancer progression and therapeutic resistance. Tumor Biol (2016) 37(9):11553-72.
doi: 10.1007/s13277-016-5098-7

31. Liu Y, Yang M, Luo J, Zhou H. Radiotherapy targeting cancer stem cells
“awakens” them to induce tumour relapse and metastasis in oral cancer. Int ] Oral
Sci (2020) 12(1):19. doi: 10.1038/s41368-020-00087-0

32. Arnold CR, Mangesius J, Skvortsova II, Ganswindt U. The role of cancer
stem cells in radiation resistance. Front Oncol (2020) 10:164. doi: 10.3389/
fonc.2020.00164

33. Dethlefsen C, Hojfeldt G, Hojman P. The role of intratumoral and systemic
IL-6 in breast cancer. Breast Cancer Res Treat (2013) 138(3):657-64. doi: 10.1007/
510549-013-2488-z

34. 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. doi: 10.1016/j.cell.2014.09.051

35. Theéry C, Zitvogel L, Amigorena S. Exosomes: Composition, biogenesis and
function. Nat Rev Immunol (2002) 2(8):569-79. doi: 10.1038/nri855

36. Lian Q, XuJ, Yan S, Huang M, Ding H, Sun X, et al. Chemotherapy-induced
intestinal inflammatory responses are mediated by exosome secretion of double-
strand DNA via AIM2 inflammasome activation. Cell Res (2017) 27(6):784-800.
doi: 10.1038/cr.2017.54

37. Diamond MS, Kinder M, Matsushita H, Mashayekhi M, Dunn GP,
Archambault JM, et al. Type I interferon is selectively required by dendritic cells
for immune rejection of tumors. J Exp Med (2011) 208(10):1989-2003. doi:
10.1084/jem.20101158

38. Zang C, Liu X, Li B, He VY, Jing S, He Y, et al. IL-6/STAT3/TWIST inhibition
reverses ionizing radiationinduced EMT and radioresistance in esophageal
squamous carcinoma. Oncotarget (2017) 8(7):11228-38. doi: 10.18632/
oncotarget.14495

39. Johnson DE, O’Keefe RA, Grandis JR. Targeting the IL-6/JAK/STAT3
signalling axis in cancer. Nat Rev Clin Oncol (2018) 15(4):234-48. doi: 10.1038/
nrclinonc.2018.8

40. Diamond JM, Vanpouille-Box C, Spada S, Rudqvist NP, Chapman JR,
Ueberheide BM, et al. Exosomes shuttle TREX1-sensitive IFN-stimulatory dsDNA
from irradiated cancer cells to DCs. Cancer Immunol Res (2018) 6(8):910-20. doi:
10.1158/2326-6066.CIR-17-0581

41. Liang H, Deng L, Hou Y, Meng X, Huang X, Rao E, et al. Host STING-
dependent MDSC mobilization drives extrinsic radiation resistance. Nat Commun
(2017) 8(1):1736. doi: 10.1038/s41467-017-01566-5

42. Schmid TE, Multhoff G. Radiation-induced stress proteins - the role of heat
shock proteins (HSP) in anti- tumor responses. Curr Med Chem (2012) 19
(12):1765-70. doi: 10.2174/092986712800099767

frontiersin.org


https://doi.org/10.1038/s41571-021-00546-5
https://doi.org/10.1186/1476-4598-12-26
https://doi.org/10.3892/or.2015.3838
https://doi.org/10.1002/ijc.27892
https://doi.org/10.1002/cncr.23615
https://doi.org/10.3892/or.2016.4765
https://doi.org/10.1200/JCO.2012.46.3653
https://doi.org/10.1200/JCO.2012.46.3653
https://doi.org/10.1158/1541-7786.MCR-21-0282
https://doi.org/10.1158/1541-7786.MCR-20-0952
https://doi.org/10.1038/nri3622
https://doi.org/10.1111/boc.201500010
https://doi.org/10.1111/boc.201500010
https://doi.org/10.1038/s41467-019-09387-4
https://doi.org/10.1038/s41467-019-09387-4
https://doi.org/10.1038/s41467-021-21074-x
https://doi.org/10.1038/s41467-021-21075-w
https://doi.org/10.1158/0008-5472.CAN-05-4579
https://doi.org/10.1158/0008-5472.CAN-05-4579
https://doi.org/10.3389/fonc.2019.00869
https://doi.org/10.1016/j.ijrobp.2017.03.031
https://doi.org/10.2174/0929866523666160427105138
https://doi.org/10.1038/s41598-017-12403-6
https://doi.org/10.1016/j.eng.2020.08.013
https://doi.org/10.1158/1541-7786.MCR-16-0191
https://doi.org/10.1158/1541-7786.MCR-16-0191
https://doi.org/10.3389/fonc.2020.00960
https://doi.org/10.3389/fonc.2020.00960
https://doi.org/10.1073/pnas.1616100114
https://doi.org/10.1007/s10555-020-09886-7
https://doi.org/10.1007/s10555-020-09886-7
https://doi.org/10.1007/s10549-019-05347-0
https://doi.org/10.1155/2019/9192516
https://doi.org/10.1158/1535-7163.mct-20-0969
https://doi.org/10.1007/s13277-016-5098-7
https://doi.org/10.1038/s41368-020-00087-0
https://doi.org/10.3389/fonc.2020.00164
https://doi.org/10.3389/fonc.2020.00164
https://doi.org/10.1007/s10549-013-2488-z
https://doi.org/10.1007/s10549-013-2488-z
https://doi.org/10.1016/j.cell.2014.09.051
https://doi.org/10.1038/nri855
https://doi.org/10.1038/cr.2017.54
https://doi.org/10.1084/jem.20101158
https://doi.org/10.18632/oncotarget.14495
https://doi.org/10.18632/oncotarget.14495
https://doi.org/10.1038/nrclinonc.2018.8
https://doi.org/10.1038/nrclinonc.2018.8
https://doi.org/10.1158/2326-6066.CIR-17-0581
https://doi.org/10.1038/s41467-017-01566-5
https://doi.org/10.2174/092986712800099767
https://doi.org/10.3389/fonc.2022.913656
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org

Clark et al.

43. Webber JP, Spary LK, Sanders AJ, Chowdhury R, Jiang WG, Steadman R,
et al. Differentiation of tumour-promoting stromal myofibroblasts by cancer
exosomes. Oncogene (2015) 34(3):290-302. doi: 10.1038/0nc.2013.560

44. Esko JD, Kimata K, Lindahl U. Proteoglycans and sulfated
glycosaminoglycans. Essentials Glycobiol (2009), 229-48. doi: 10:0-87969-559-5

45. 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. doi: 10.1158/0008-
5472.CAN-05-4579

46. Baietti MF, Zhang Z, Mortier E, Melchior A, Degeest G, Geeraerts A, et al.
Syndecan-syntenin-ALIX regulates the biogenesis of exosomes. Nat Cell Biol (2012)
14(7):677-85. doi: 10.1038/ncb2502

47. Roucourt B, Meeussen S, Bao ], Zimmermann P, David G. Heparanase
activates the syndecan-syntenin-ALIX exosome pathway. Cell Res (2015) 25
(4):412-28. doi: 10.1038/cr.2015.29

48. Das SK, Maji S, Wechman SL, Bhoopathi P, Pradhan AK, Talukdar S,
et al. MDA-9/Syntenin (SDCBP): Novel gene and therapeutic target for
cancer metastasis. Pharmacol Res (2020) 155:104695. doi: 10.1016/
j.phrs.2020.104695

49. de Paiva REF, Peterson EJ, Malina J, Zoepfl M, Hampton JD, Johnson WE,
et al. On the biology of werner’s complex. Angewandte Chem Int Ed (2021) 60
(31):17123-130. doi: 10.1002/anie.202105019

50. Wang Z, Tang Y, Tan Y, Wei Q, Yu W. Cancer-associated fibroblasts in
radiotherapy: Challenges and new opportunities. Cell Commun Signaling (2019) 17
(1):47. doi: 10.1186/s12964-019-0362-2

51. Nagarajan A, Malvi P, Wajapeyee N. Heparan sulfate and heparan sulfate
proteoglycans in cancer initiation and progression. Front Endocrinol (2018) 9:483.
doi: 10.3389/fendo.2018.00483

52. Monneau Y, Arenzana-Seisdedos F, Lortat-Jacob H. The sweet spot: how
GAGs help chemokines guide migrating cells. J Leukocyte Biol (2016) 99(6):935-53.
doi: 10.1189/jlb.3mr0915-440R

53. Lambaerts K, Wilcox-Adelman SA, Zimmermann P. The signaling
mechanisms of syndecan heparan sulfate proteoglycans. Curr Opin Cell Biol
(2009) 21(5):662-9. doi: 10.1016/j.ceb.2009.05.002

Frontiers in Oncology

14

10.3389/fonc.2022.913656

54. Bernfield M, Gétte M, Park PW, Reizes O, Fitzgerald ML, Lincecum J, et al.
Functions of cell surface heparan sulfate proteoglycans. Annu Rev Biochem (1999)
68:729-77. doi: 10.1146/annurev.biochem.68.1.729

55. Hassan N, Greve B, Espinoza-Sanchez NA, Gétte M. Cell-surface heparan
sulfate proteoglycans as multifunctional integrators of signaling in cancer. Cell
Signalling (2021) 77:109822. doi: 10.1016/j.cellsig.2020.109822

56. Spaeth EL, Labaff AM, Toole BP, Klopp A, Andreeff M, Marini FC.
Mesenchymal CD44 expression contributes to the acquisition of an activated
fibroblast phenotype via TWIST activation in the tumor microenvironment.
Cancer Res (2013) 73(17)5347-59. doi: 10.1158/0008-5472.CAN-13-0087

57. Zheng W, Chen Q, Liu H, Hu S, Zhou Y, Bai Y, et al. Cd81 enhances
radioresistance of glioblastoma by promoting nuclear translocation of rad5I.
Cancers (Basel) (2021) 13(9):1998. doi: 10.3390/cancers13091998

58. Rajesh S, Bago R, Odintsova E, Muratov G, Baldwin G, Sridhar P, et al.
Binding to syntenin-1 protein defines a new mode of ubiquitin-based interactions
regulated by phosphorylation. J Biol Chem (2011) 286(45):39606-14. doi: 10.1074/
jbc.M111.262402

59. Okumura F, Yoshida K, Liang F, Hatakeyama S. MDA-9/syntenin interacts
with ubiquitin via a novel ubiquitin-binding motif. Mol Cell Biochem (2011) 352(1-
2):163-72. doi: 10.1007/s11010-011-0750-4

60. Zimmermann P, Zhang Z, Degeest G, Mortier E, Leenaerts I, Coomans C,
et al. Syndecan recyling is controlled by syntenin-PIP2 interaction and Arf6. Dev
Cell (2005) 9(3):377-88. doi: 10.1016/j.devcel 2005.07.011

61. Zimmermann P, Meerschaert K, Reekmans G, Leenaerts I, Small JV,
Vandekerckhove J, et al. PIP(2)-PDZ domain binding controls the association of
syntenin with the plasma membrane. Mol Cell. (2002) 9(6):1215-25. doi: 10.1016/
$1097-2765(02)00549

62. Vanlandingham PA, Ceresa BP. Rab7 regulates late endocytic trafficking
downstream of multivesicular body biogenesis and cargo sequestration. ] Biol Chem
(2009) 284(18):12110-24. doi: 10.1074/jbc.M809277200

63. Ghossoub R, Lembo F, Rubio A, Gaillard CB, Bouchet J, Vitale N, et al
Syntenin-ALIX exosome biogenesis and budding into multivesicular bodies are
controlled by ARF6 and PLD2. Nat Commun (2014) 5:3477. doi: 10.1038/ncomms4477

frontiersin.org


https://doi.org/10.1038/onc.2013.560
https://doi.org/10:0-87969-559-5
https://doi.org/10.1158/0008-5472.CAN-05-4579
https://doi.org/10.1158/0008-5472.CAN-05-4579
https://doi.org/10.1038/ncb2502
https://doi.org/10.1038/cr.2015.29
https://doi.org/10.1016/j.phrs.2020.104695
https://doi.org/10.1016/j.phrs.2020.104695
https://doi.org/10.1002/anie.202105019
https://doi.org/10.1186/s12964-019-0362-2
https://doi.org/10.3389/fendo.2018.00483
https://doi.org/10.1189/jlb.3mr0915-440R
https://doi.org/10.1016/j.ceb.2009.05.002
https://doi.org/10.1146/annurev.biochem.68.1.729
https://doi.org/10.1016/j.cellsig.2020.109822
https://doi.org/10.1158/0008-5472.CAN-13-0087
https://doi.org/10.3390/cancers13091998
https://doi.org/10.1074/jbc.M111.262402
https://doi.org/10.1074/jbc.M111.262402
https://doi.org/10.1007/s11010-011-0750-4
https://doi.org/10.1016/j.devcel.2005.07.011
https://doi.org/10.1016/s1097-2765(02)00549
https://doi.org/10.1016/s1097-2765(02)00549
https://doi.org/10.1074/jbc.M809277200
https://doi.org/10.1038/ncomms4477
https://doi.org/10.3389/fonc.2022.913656
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org

	Radiation induces ESCRT pathway dependent CD44v3+ extracellular vesicle production stimulating pro-tumor fibroblast activity in breast cancer
	Introduction
	Materials and methods
	Antibodies and reagents
	Cell lines
	tEV isolation
	tEV preparation from tumor-bearing mice and patients
	Fibroblast stimulation
	THP-1 stimulation
	Mouse bone marrow derived macrophages
	Cancer cell-fibroblast coculture
	Bead assisted flow cytometry
	Clonogenic assay
	Blyscan assay
	Statistical analysis
	Data availability

	Results and discussion
	Radiation stimulates tEV production leading to pro-tumor fibroblast activity
	The stimulatory activity of IR-tEV depends on vesicular CD44v3 expression
	Secretion of CD44v3+ IR-tEVs is dependent upon ESCRT pathway components
	IR-tEV activity is dependent upon CD44v3 heparan sulfate side chains
	Conclusions and future directions

	Data availability statement
	Author contributions
	Funding
	Acknowledgments
	Supplementary material
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


