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Extracellular Vesicles in Cancer Progression
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Cancer Metastasis is a multistep process in which cancer cells disseminate from primary site
enter circulation. After surviving the harsh environments of the vasculature, they arrive at a
distal site and colonize it. Development of metastatic lesions diminishes therapeutic options
and often results in patient death. Therefore, understanding the mechanisms that govern the
efficacy of this long process are important in identifying novel targets or improving use of
available drugs to alleviate disease progression.

In 1889, Stephen Paget continued to build on the hypothesis of “seed and soil” after
postmortem examination of women with breast cancer. He determined that sites of
metastasis are not random. Instead, he proposed that cancer cells “the seeds” intrinsically
express proteins that preferentially grown in specific organs “soil”. Overtime, studies

have focused on cell surface proteins mediating cell-cell and/or cell-Extracellular Matrix
interaction to facilitate cancer cell adhesion and proliferation at a new site. In 1928, James
Ewing added to this theory that the options for cancer cell destinations are limited by
vascular flow. For example, prostate cancer metastasizes to bone in over 80% of cases due to
expression of bone tropic proteins, however, their trip is facilitated their route to the lumbar
vertebrae by the Baston’s plexus of draining lymph nodes.

Recent studies demonstrate that cancer cells release secreted factors that promote primary
tumor growth, but also travel through circulation to alter the landscape of distal sites to
facilitate the homing, adhesion, and proliferation of circulating tumor cells. For a while, the
focus has been on soluble factors, such as growth factors, chemokines, and cytokines, this
category has expanded to include another secreted factor: extracellular vesicles. What are
extracellular vesicles?

Extracellular vesicles are vesicles released by all cells of different sizes carrying a variety of
proteins, lipids, nucleic acids (RNA and DNA), and metabolites (1). Extracellular vesicles
can be of various sizes to include apoptotic bodies of 1 um diameter, microvesicles of 30—
300 nm diameter, and smaller exosomes of 10-200 nm diameter (1). Each sized vesicle is
released through different mechanisms (1, 2). Exosomes are released through the exocytosis
of multivesicular bodies via the Rab27a/b pathway, while microvesicles and apoptotic bodies
result from blebbing of the plasma membrane (1, 2). Composition of the extracellular vesicle
surface and the status of the recipient cells determine the route of uptake and the fate of the
extracellular vesicle cargo (3). Together, this suggests that cells release vesicles as a means
of intercellular communication. As cancer cells aberrantly express excess or mutant proteins
and other biomolecules, extracellular vesicles released from cancer cells, thus, potentially
sharing oncogenic material. The cancer cell extracellular vesicles are released throughout
circulation, but what is their effect on proximal and distal tissue?
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In 2012, David Lyden’s group demonstrated that a subset of cancer-derived vesicles

called exosomes were pro-tumorigenic and pro-metastatic effectors (4). They showed that
exosomes from cancer cells are more protein rich than exosomes from normal cells, and that
melanoma patients of advanced stages of disease contain exosomes in circulation that are
more protein rich than patients of early stages (4). To demonstrate the role of exosomes in
cancer progression, they set up the following experiment. GFP mice were treated regularly
treated with 10ug of B16F10 exosomes or PBS over 4 weeks to “educate” the bone marrow
(4). This educated or naive BM was then transplanted to non-GFP mice that had undergone
lethal irradiation (4). The mice were given 4 weeks to recover before inoculated with
B16F10mCherry subcutaneous tumors (4). The differential fluorescent colors allow them to
track the migratory patterns of educated bone marrow derived cells and cancer cells (4).

Their first observation was that tumors in mice with educated bone marrow grew at a
faster rate than tumors in mice with naive bone marrow (4). They then examined the

effect of exosome education on metastatic potential and found that mice with educated
bone marrow had greater infiltration of tumor cells and bone marrow derived cells that
ultimately increased metastatic burden (4). My study then focused on the question: If these
cancer-derived vesicles are in circulation, why are other tissues not affected?

We hypothesized that cells possess an innate protective mechanism against extracellular
vesicle incorporation/ “education”. We posited that loss of this defense facilitates tumor
growth, formation of the pre-metastatic niche, and increased cancer-related death. We
suspected that the defense mechanism would involve a cell surface protein that would
respond to external stimuli. Therefore, we started with plasma membrane profiling using
Stable Isotope Labeling with Amino acids in Cell culture (aka SILAC). Labeling cell surface
proteins with biotin and using streptavidin beads allowed us to examine the differences

in cell surface landscape between cells receiving PBS or cells receiving tumor-derived
extracellular vesicles. When examining proteins that were significantly downregulated by
tumor derived extracellular vesicles, we identified IFNAR1 (5).

We then confirmed using flow cytometry that these vesicles indeed downregulated IFNAR1
on the cell surface of target cells (5). Cells treated with extracellular vesicles from melanoma
patients also resulted in decreased IFNAR1 on the cell surface while extracellular vesicles
from healthy donors did not (5). Loss of protein can be affected by protein degradation

or changes in transcription. However, QPCR analysis of treated cells showed no statistical
difference in IFNAR1 mRNA (5). We then set out to determine role IFNAR1 and type |
interferon played in tumor-derived extracellular vesicle (TEV) driven cancer progression.

IFNARL is a subunit of the type | interferon receptor. It binds type I IFN ligands (such as
IFN alpha and IFN beta) to elicit anti-viral, anti-tumorigenic, and anti-metastatic responses
(6). The FDA approved the use of IFN1 in melanoma patients at risk of developing severe
metastatic disease (6). And while this treatment was curative a subset of patients, many
patients showed no response (6). We now posit that the lack of response to interferon
therapy is due to loss of IFNARZ1 and type | interferon signaling during cancer progression.
IFN1 signaling is regulated to prevent an uncontrollable inflammatory response (7). One
method is ligand-mediated downregulation of IFNARL (in which after ligand binding)
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IFNARL is phosphorylated and then polyubiquitinated before lysosomal degradation (7).
Unfortunately, during tumor progression, cancer cells create an environment that activates
intracellular kinases to induce phosphorylation and ubiquitination of IFNAR1 and its
subsequent degradation (5, 8).

To show that stable IFNARL expression and type | signaling is a defense against cancer
progression mediated by tumor derived extracellular vesicles, | used a mouse generated

by Serge Fuchs at the University of Pennsylvania in which the Serine 526 of IFNAR1 is
mutated to alanine, rendering the molecule exempt from phosphorylation and subsequent
ubiquitination (5, 8). The Serine 526 corresponds to the Serine 535 found in human IFNaR1
(5, 7, 8). The Fuchs laboratory refers to this mouse as SA.

Splenocytes were isolated from WT and SA mice and treated in vitro with extracellular
vesicles from B16F10 cultures. Treatment with the vesicles were able to reduce WT
IFNARL1 but not SA (5). Tumor derived extracellular vesicles from B16F10 cells were
labeled with a lipophilic dye to track in vitro incorporation by WT and SA splenocytes

(5). We found that splenocytes from SA did not incorporate the vesicles as readily as WT
splenocytes (5). Similarly labeled vesicles were injected intravenously into WT and SA.

24 hours after injection, splenocytes and bone marrow were collect. Vesicle uptake was
again limited in SA tissues in vivo compared to WT (5). Because these tumor derived
vesicles cannot downregulate the SA molecule and are not readily incorporated into cells
expressing SA, we posited that SA tissue is exempt from tumor vesicle education (5). If

we recall the experiment from Lyden group, they found that vesicle education drove tumor
growth and metastasis (4). We followed a similar protocol to include our SA mice. We
confirmed that WT mice receiving educated WT bone marrow had faster tumor growth

(5). However, WT mice with educated SA bone marrow did not elicit an increase in tumor
growth compared to naive SA bone marrow (5). We confirmed that mice with WT educated
BM also increased lung metastasis (5). However, WT mice with SA bone marrow, though
also educated with tumor derived extracellular vesicles did not increase metastatic burden
(5). We can, therefore, conclude that TEV incorporation by bone marrow cells over a month
altered IFNAR1 expression and function sufficiently to promote metastatic progression once
engrafted in the bone marrow recipient mice with tumors (5).

In 2011, Peinado and Lyden proposed in a review article that these tumor-derived vesicles
also facilitate the formation of a pre-metastatic niche (9). A place rich in pro-tumorigenic
myeloid cells and extracellular matrix molecules that promote cancer cell adhesion, survival,
and colonization (9). However, this was not tested in their 2012 study. We wondered
however: Do tumor-derived vesicles aid in the formation of the pre-metastatic niche? And is
loss of IFNARL1 part of the signature of this niche?

To examine these possibilities, mice underwentintravenous injections of either PBS or 8ug
of B16F10 vesicles thrice a week for 3 weeks (5). After 3 weeks treatment, lungs were
collected for immunofluorescence. We found that the vesicles induced loss of IFNARL in
WT lungs but not SA (5). Moreover, the WT lungs treated with vesicles exhibited numerous
clusters of myeloid cells and more fibronectin deposition while SA lungs did not (5).

Semin Cancer Biol. Author manuscript; available in PMC 2022 November 14.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Ortiz

Page 4

We, therefore conclude, that during tumor growth, cancer cell release extracellular vesicles
that induce loss of IFNARL1 in the lung, increase myeloid infiltration and fibronectin
deposition (5). Thus creating a pre-met niche to facilitate metastasis. This means that
IFNARL1 expression is needed to limit TEV incorporation to suppress formation of pre-met
niche and subsequent metastatic burden.

We then set out to determine the mechanism by which IFNARL1 is downregulated following
TEV exposure. First, we must remember that during tumor progression, massive cancer cell
proliferation creates a hypoxic, nutrient-limited environment, which activate intracellular
kinases able to phosphorylate IFNAR1 for subsequent polyubiquitination and lysosomal
degradation (5, 7, 8). And we can see how that will affect IFNAR1 downregulation in

the tumor, so we ask: Can tumor derived extracellular vesicles induce ligand-independent
phosphorylation and downregulation of IFNAR1? YES! After 30 minutes treatment

with tumor derived extracellular vesicles, we see increased IFNAR1 phosphorylation
corresponding to increased IFNARZ1-ubiquitination and decrease in total IFNAR1 (5). We
then set out to determine if this loss of IFNARL1 protein correspond also resulted in

loss of type | interferon signaling and expression of interferon stimulated genes (1SGS).
Splenocytes from WT and SA animals were treated with PBS, extracellular vesicles from
primary fibroblasts (FEV), or tumor-derived extracellular vesicles for four hours before
RNA isolation for QPCR (5). We found that tumor-derived extracellular vesicles dampened
the expression of interferon stimulated genes in WT splenocytes but not SA (5). Moreover,
the fibroblast vesicles had no effect on the expression levels of interferon stimulated genes
(5). Similarly, vesicles from melanoma patients dampen expression of interferon stimulated
genes while vesicles from healthy donors do not (5). So far, we know that stable expression
of IFNARL1 (via the expression of the SA mutation) is needed to limit vesicle incorporation.
Thus, we wondered if expression of IFNAR1-SA protein is sufficient or if the receptor need
to be activated by ligand.

Splenocytes from WT and SA mice were pre-treated with interferon beta before treatment
with labeled vesicles (5). We found that pre-treatment with interferon limited vesicle
incorporation in WT splenocytes and was almost non-existent in SA splenocytes (5). To
demonstrate that the limited vesicle incorporation in SA was due to stable signaling and
not due to expression of a mutant protein, we used an anti-IFNAR1 blocking neutralizing
antibody (5). Pre-treatment with the neutralizing antibody made SA susceptible to vesicle
incorporation suggesting that a signaling through IFNAR1 is important (5).

As the antitumorigenic and antimetastatic function of type 1 interferon are mediated by the
expression of ISGS, we set out to determine what ISG is suppressed by vesicle incorporation
that contributes to TEV-mediated cancer progression. In 2013, a study demonstrated that

the enzyme cholesterol-25-hydroxylase was a type | interferon stimulated gene (10).
Cholesterol-25-hydroxylase converts cholesterol into the oxysterol 25-hydroxycholesterol
(10). Treatment with 25-hydroxycholesterol was able to limit viral uptake even in the
absence of the gene (10). Therefore, we wondered if expression of this interferon stimulated
gene is also affected by tumor-derived extracellular vesicles. Cells treated with vesicles from
melanoma patients exhibited lower levels of Ch25h mRNA compared to cells treated with
PBS or vesicles from healthy donors (5). When we analyzed Ch25h mRNA expression in
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peripheral blood leukocytes of healthy donors and melanoma patients, we found patients had
lower levels of Ch25h expression and that patients with verifiable lymph node metastasis
had even lower expression levels (5).

We wanted to understand how loss of Ch25h expression affected vesicle incorporation,

so we isolated splenocytes from WT and Ch25hNull mice and pre-treated them with
interferon beta or 25-hydroxycholesterol. Again, we found that interferon limited vesicle
incorporation in WT cells but had no effect on Ch25h~~ cells (5). However, pre-treatment
with 25-hydroxycholesterol limited vesicle incorporation in WT and in Ch25h™" cells (5).

When DiD-labeled vesicles were injected into mice lacking Ch25h, we found more vesicle
incorporation (5). Even if cells expressed SA, when there is lack of Ch25h there is more
vesicle incorporation in vivo (5). Mice lacking Ch25h are also susceptible to formation of
pre-metastatic niche after prolonged vesicle treatment, via numerous myeloid clusters and
fibronectin deposition (5). Moreover, mice lacking Ch25h are susceptible to lung metastasis
and poor survival, even if they express the SA knock-in molecule (5). When analyzing
peripheral blood leukocytes from melanoma patients in different stages of disease, we found
that patients with low Ch25h corresponded to presence of distal metastasis and poor survival

(5).

Prolonged exposure to the oxysterol 25-hydroxycholesterol induced apoptosis in cells

in vitro and attempts to incorporate thoroughly 25-hydroxycholesterol into solution

for intraperitoneal injection proved difficult. We, therefore, set out to determine if

there was a drug that literature showed affected membrane fluidity and may mimic
25-hydroxycholesterol. We tested several drugs that were FDA approved or under FDA
review (5) to determine which suppressed TEV uptake and suppress TEV-mediated cancer
progression. Therefore, we set up a TEV uptake assay and found reserpine was able to
limit vesicle incorporation in both splenocytes and bone marrow cells (5). Reserpine in an
alkaloid found in the roots of Rauwolfia serpentina and Rauvolfia vomitoria. It functions
as an adrenergic blocking agent used to treat mild to moderate hypertension by disrupting
norepinephrine vesicular storage. We found that reserpine pre-treatment was able to limit
in vivo incorporation of tumor-derived vesicles in splenocytes and bone marrow cells (5).
Moreover, reserpine treatment during frequent tumor-derived vesicle treatment over three
weeks also suppressed vesicle-induced loss of IFNAR1 (5). Reserpine treatment was also
able to suppress formation of myeloid clusters and fibronectin deposition (5).

Considering the efficacy of reserpine in vitro and in vivo to suppress TEV-mediated
downregulation of IFNAR1 and formation of the pre-metastatic niche, we set out to
determine if reserpine also could be used as an adjuvant therapy agent. After various
adjustments of dose, exposure and vehicle, I modified a treatment regimen in which mice are
treated with vehicle or reserpine once tumors are 50mm”2 until they reach a size for surgical
resection (5). After surgery, mice receive weekly treatment until all vehicle treated animals
are moribund. We found that reserpine treatment was able to delay growth of primary tumor
(5). And though the tumors are similar size upon resection, the mice receiving reserpine
adjuvant therapy did not develop lung metastasis and exhibited improved survival (5).
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In summary, cancer cells in primary tumors release extracellular vesicles. If interferon
ligand activates signaling through IFNARL1 to induce cholesterol 25-hydroxylase expression
and increases synthesis of 25-hydroxycholesterol to suppress vesicle education and vesicle-
mediated metastasis. However, tumor-derived vesicles can overtime downregulate IFNAR1
resulting in the loss of cholesterol 25-hydroxylase and 25-hydroxycholesterol and the
subsequent vesicle-induced metastatic progression (Fig. 1). Reserpine treatment can limit
vesicle-mediated education and disease progression (Fig. 1).

Taking all this into account, we set out to expand our understanding of tumor-derived
extracellular vesicles in cancer progression. A tumor is comprised of cancer cells and cancer
associated stromal cells (fibroblasts, endothelial cells, and immune cells). However, even
the cancer cells within the tumor have different protein, genetic and epigenetic profiles. The
variety in cancer cells within a single tumor and between primary and metastatic tumors

is attributed to either a progenitor cancer cells (cancer stem cell-like cell) whose genetic
instability accumulates with each cell division resulting in increased genetic variability in
each resulting cells, as well as changes in the microenvironment along with this genetic
instability. However, it is possible that aggressive cancer cells release extracellular vesicles
that carry oncogenic biomolecules (protein, RNA, DNA, lipids, and metabolites) that when
incorporated by normal cells induce oncogenic transformation resulting in cancer cells

or cancer-like cells that contribute to cancer progression. Primary mouse fibroblasts were
isolated and treated with either PBS or 30 pug of extracellular vesicles isolated from B16F10
mouse melanoma cells for 5 days before the cells were counted and seeded in equal number
(in triplicate) into soft agar. After the cells were incubated for 5 days, the cells treated

with PBS remained as single cells and some appeared as a group of no more than 5 cells.
However, fibroblasts treated with extracellular vesicles from the melanoma cells formed
large spheres in the soft agar. The experiment was repeated reducing the extracellular vesicle
treatment from 30 g to 10 pg for 7 days before plating into soft agar and in the second
experiment we treated primary fibroblasts from WT, SA, Ch25h~/~ and Ch25~;SA mice.
Cells lacking Ch25h formed larger colonies that WT and the cells lacking Ch25h and SA.
The B16F10 melanoma cell line is riddle with various mutations and expresses a variety

of oncogenic material, so we also isolated extracellular vesicles from a cell line derived
from KPC mouse pancreatic adenocarcinoma tumor. These vesicles were also able to confer
all primary fibroblasts (except SA) with anchorage independent growth in soft agar. This
suggests that extracellular vesicles carry oncogenic material with the capacity to transform
normal cells to cancer cells, thus contributing to the diversity of cancer cells within a tumor
and promoting cancer progression.
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Figure 1. Summary Figure.
Cartoon depicts the role of extracellular vesicles from cancer cells on altering distal

tissue to promote colonization of cancer cells, and how suppressing extracellular vesicle
incorporation using reserpine can be suppress cancer progression.

CH25H= cholesterol 25-hydroxylase;

25HC= 25-hydroxycholesterol
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