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Cancer cells actively release extracellular vesicles, including exosomes, into the surrounding

|

microenvironment. Exosomes play pleiotropic roles in cancer progression and metastasis,

including invasion, angiogenesis, and immune modulation. However, the proteome profile of
' on wn Y

exosomes isolated from cells with different metastatic potential and the role of these
v W

exosomes in driving metastasis remains unclear. Here, we conducted a comparative

|

proteomic analysis of exosomes isolated from several genetically related mouse breast
el

tumour lines with different metastatic propensity. The amount of exosomes produced and the

extent of cancer-associated protein cargo varied significantly between non-metastatic and

metastatic cell-derived exosomes. Metastatic cell-derived exosomes contain proteins that

promote migration, proliferation, invasion and angiogenesis while the non-metastatic cell-
y N

derived exosomes contain proteins involved in cell-cell/cell-matrix adhesion and polarity
-

maintenance. The metastatic exosomes contain a distinct set of membrane proteins including

W

Ceruloplasmin and Metadherin which could presumably aid in targeting the primary cancer
I

cells to specific metastatic sites. Hence, it can be concluded that the exosomes contain
—_

different protein cargo based on the host cells metastatic properties and can facilitate in the
A Y

dissemination of the primary tumours to distant sites.

Breast cancer i

e most common cancer in women worldwide with nearly 1.7 million new
cases d in 2012 [1]. Breast cancer alone accounts to about 15% of all cancer deaths
in women [1]. ile some therapies are highly effective in removing primary tumours and
preventing disease recurrence; advanced metastatic disease in distant organs is often

untreatable and is the primary cause of mortality [2]. Breast cancer has a propensity to
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metastasize to various organs including the lymph nodes, bone, lung, liver and brain [3].
However, factors that influence metastasis to certain organs are largely unknown. Recently,
integrin su-btypes in exosomes have been shown to regulate the distant site of metastasis [4,
5]. Exosomes are extracellular vesicles that are secreted by multiple cell types into the
extracellul.ar spac‘e [6-9]. The importance of exosomes in tumour progression and metastasis
has been made quite evident in recent times [4, 10, 11]. Knockdown or overexpression of the
integrin 51;)types in the cells and thereby the secreted exosomes either attenuated metastasis
or increased organ-speciﬁc metastasis, respectively [4]. However, how exosomes regulate
these pl’O(;SSCS 1‘s largely unclear. Here, exosomes were isolated from a panel of Balb/c
mammary Tunar lines with different metastatic potential [12]. A follow up quantitative
proteomic analysis was performed on the exosomes isolated from the tumour cells. The
generated proteomic data was analysed to identify potential regulators of breast cancer

. L 4
metastasis.

Exosomes%solated from the supernatants of breast cancer cells cultured in exosome
depleted medium. The tumor lines used in the study were non-metastatic (67NR), weakly
metastatic to lung (66¢l4), or highly metastatic to lymph node, lung, and rarely bone (4T1).
4T1.2 arare variant of 4T1 with preferential metastasis to the bone was also used in the study
[12, 13]. To confirm the isolation of exosomes, Western blot analysis of exosomal enriched
proteins TSG101 and Alix [14] was performed. As shown in Figure 1A, Alix and TSG101
were enriched in exosomes isolated from 4T1 and 4T1.2 compared to exosomes isolated from
67NR and 66c¢l4. However, the exosome marker CD9 was enriched in all exosomes
compared to breast cancer cell lysates. In order to confirm the presence of exosomes (small
EVs) by biophysical methods, the pellets obtained from differential centrifugation followed
by ultracentrifugation were subjected to transmission electron microscopy (TEM). A
homogenous population of membranous vesicles within the range of 30—150 nm in diameter,
characteristic of exosomes [15], was present in the pellets obtained from all four breast
cancer cells. TEM analysis revealed no significant differences in morphology/size of
exosomes secreted by metastatic and non-metastatic cells (Figure 1B). Furthermore,
nanoparticle tracking analysis (NTA) showed that the average peak for all the vesicles were
in the range of 101-116 nm (Figure 1C). However, the number of particles secreted by the
metastatic cells (4T1 and 4T1.2) were significantly more than that of non-metastatic (67NR)
and weakly metastatic (66cl4) cells. The observation with the Western blotting (Figure 1A)
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and the NTA (Figure 1C) is consistent with previous articles suggesting that metastatic cells
secrete more exosomes compared to non-metastatic cells [11, 16, 17]. The amount of proteins
per particles were significantly less in 66¢l4 cell-derived exosomes compared to the other

three cell line-derived exosomes (Figure 1D).

Next, the isolated exosomes were subjected to in-gel quantitative proteomics and analysed
using FunRich tool [18, 19]. A total of 1950, 1399, 1496 and 1706 proteins were identified in
exosomes isolated from 67NR, 66cl4, 4T1 and 4TI1.2, respectively (Figure 2A)
(Supplementary Table 1). Among these, 991 proteins were commonly detected in all
exosomal proteomes. Spectral counting based label-free quantitation was performed to
identify the relative abundance of proteins in exosomes. Exosomal protein abundance profile
of metastatic cells 4T1 and 4T1.2 were similar to the non-metastatic cells based on
hierarchical clustering (Figure 2B). Next, we focussed on the proteomic difference between
the non-metastatic 67NR and highly metastatic (4T1 and 4T1.2) exosomes. Based on
comparison between the non-metastatic and highly metastatic cell line-derived exosomes,
363 proteins were enriched in exosomes isolated from 4T1 compared to 67NR exosomes
(Figure 2C). Out of these 363, 168 proteins are unique to 4T1 cell-derived exosomes while
the remaining 195 is shared between the exosomes but more abundant in 4T1. Similarly, 358
proteins were enriched in exosomes isolated from 4T1.2 compared to 67NR exosomes
(Figure 2D). Out of these 358, 211 proteins are unique to 4T1.2 cell-derived exosomes while

the remaining 147 is shared between both types of exosomes but more abundant in 4T1.2.

Recently, integrins on exosomes are shown to regulate organ-specific metastasis [4].
Consistent with this finding, the exosomes from metastatic cells contained multiple integrins
(Figure 2E). Next, to identify proteins that are differentially abundant in non-metastatic and
metastatic exosomes, proteome profiles of 67NR and 4T1 were compared. 4T1 cell-derived
exosomes were enriched with proteins implicated in cell migration (Cdc42, Krt14 and Rhoa)
while 67NR cell-derived exosomes were enriched with proteins implicated in cell adhesion
(Figure 2F). Proteins implicated in cell adhesion including Ctnnal (47-fold), Lama5 (12-
fold), Ctnna2 (10-fold), Fatl (7.5-fold), Pcdhl (6.5-fold), Lamc1 (5-fold), Cdhl (4.4-fold),
Ctnndl (3.7-fold) and Dsp (2.3-fold) were enriched in 67NR non-metastatic cell-derived
exosomes. Western blotting analysis confirmed an increase in Ctnnd1l and Laminin, alpha 5

(Lama5) in 67NR cell-derived exosomes compared to those derived from 4T1 cells (Figure
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2@G). On the contrary, proteins implicated in migration such as Cdc42, Keratin 14 and Itgbl
were enriched in metastatic (4T1) cell-derived exosome (Figure 2G). While Ctnnd1, Keratin
14 and Lama5 were of similar abundance in cells and exosomes, Itgbl and Cdc42 were

specifically enriched in exosomes compared to the host cells.

Metabolic changes in primary tumours have a significant impact on tumour progression and
on the de:elopment of the metastatic phenotype. Most cancer cells are programmed to
increase gluAcosg uptake, but to reduce the proportion of glucose oxidized in the Krebs cycle
(Warburg:ffect).‘When comparing exosomal proteomic profiles of highly metastatic 4T1 and
non—metasati£7NR, it was evident that there were changes in enzymes involved in
metabolic pathvgys (Supplementary Table 1). Lactate dehydrogenase A (Ldha) levels were
3-fold higher_ir:Tl exosomes compared to 67NR exosomes. Many enzymes implicated in
acetyl—Coeg—muA metabolism were also differentially abundant in metastatic and non-
metastatic exosomes. Compared to 4T1, the enzymes Acacb (5.1-fold), Acat2 (3.7-fold),
Aacs (3.7mAcat3 (3-fold), Acatl (2.3-fold) and Acaca (17.8-fold) were enriched in

67NR exosomes.

J

1

It has been previously established that exosomes shed by highly metastatic cancer cells can

\

be taken up by distant cells to promote pre-metastatic niche formation [11]. To facilitate this

process, exosomes may carry cancer-associated protein cargo [15]. When comparing the
proteomic profiles of highly metastatic 4T1 and non-metastatic 67NR exosomes, it was
evident that this was the case and indeed the 4T1 exosomes were more enriched with cancer-
associated’protezl cargo (Supplementary Table 1). Both the fibroblast growth factor
receptors, Fgﬂand 3 were 14.7-fold enriched in 4T1 exosomes as compared to 67NR
exosomes. 4T1 exosomes were also enriched in other growth factor receptors and accessory

proteins such as Tgfbrl (4.7-fold), Igflr (2.2-fold), Fibp (2.9-fold), Frs2 (3.8-fold) and Il1rap
——

(9.2-fold). In addition, angiogenic factor metadherin was also 8.4-fold enriched in 4T1
exosomes.M_etaEherin plays a very important role in anchorage independent growth of
cancer cells and is known to promote progression and development of various cancers
includingﬁa.st cancer [20]. Ddah1, known to promote angiogenesis in lung cancer [21], was
9.2 fold en@in 4T1 breast cancer exosomes. The 4T1 exosomes were enriched 9.2-fold
for urokinase plasminogen activator (Plau) which could promote ECM degradation and

cancer invasiveness [22]. These results indicate that tumour promoting mitogenic and
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angiogenic factors were enriched in exosomes secreted by the metastatic 4T1 cells compared

to non-metastatic 67NR cell-derived exosomes.

{

To understand whether metastatic cell-derived exosomes can stimulate migration in cancer

cells, a wound healing assay was performed on 67NR and 4T1 cells. The cells were treated
with exosomes and wound recovery area was measured and plotted (Figure 3A). Incubation
of 4T1 ceﬁs with 4T1 exosomes induced significant wound closure compared to that of the
untreated cells (? igure 3A). These data suggest that exosomes secreted by metastatic cells are
enriched V;th ca:cer—associated protein cargo and can influence the migration of the cancer

cells.

IS

As exosomes have been implicated in organotropism [4], the membrane proteins present in

metastatic exosomes might provide clues on critical regulators of organ-specific metastasis.

|

Hence, proteins with transmembrane (TM) domains were predicted by TMHMM tool.

Proteins with a TM domain that are at least 2-fold enriched in 4T1 exosomes compared to
| on w4

67NR exosomes are plotted in Figure 3B. For this analysis, the membrane proteins of non-
v W

metastatic 67NR cell-derived exosomes were compared against the highly metastatic (4T1

|

and 4T1.2) cell-derived exosomes to identify critical regulators of metastasis. Ceruloplasmin
el

(Cp), considered as a biomarker of breast cancer [23], was 31-fold and 19-fold enriched in

exosomes isolated from 4T1 and 4T1.2 cells. Similarly, multiple membrane proteins

including Cd38, Slco2al, Acsl4, Mtdh, Fgfr and Tgfbr were enriched in exosomes secreted

by metastatic cells. These data suggest that exosomes secreted by metastatic cells are
¥y

enriched with membrane proteins that may aid in targeting the primary tumor cells to

metastatic sites.

In sum sed 67NR, 66cl4, 4T1 and 4T1.2 mammary epithelial carcinoma cells to

{

characteri

67NR an

um cxosome proteomic profile. Label-free quantitative proteomic analysis of

t

1l-derived exosomes revealed that 4T1 exosomes are enriched in proteins

with functio ted to migration and invasion whereas 67NR exosomes were enriched in
ed in maintaining cell polarity and adhesion. Furthermore, exosomes secreted
by metastatic cellS were enriched with many membrane proteins. It is unclear whether any of

these proteins may have a role in organ-specific metastasis. Follow up studies are needed to
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understand the role of these membrane proteins in organotropism. These membrane proteins

can be exploited as potential biomarkers for breast cancer and as targets to block metastasis.
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Figure legends s

Figure
Isolation a racterization of exosomes

(A) Western blot analysis (20 pg) of whole cell lysates and pellets obtained by differential

9

., Kamalakar, P. L., Copper and ceruloplasmin levels in serum of women

centrifugation followed by ultracentrifugation from 67NR, 66¢cl4, 4T1 and 4T1.2 cells

showed the presence of exosomal enriched proteins Alix, Tsgl01 and CD9. (B) Transmission

This article is protected by copyright. All rights reserved.



electron microscope images of exosomes isolated from breast cancer cells showed vesicles in
the range of 30-150 nm diameter consistent with exosomes. (C) Nanoparticle tracking
analysis“ss obtained by differential and ultracentrifugation shows the presence of
vesicles im of 30-150 nm. Equal number of cells were used in the analysis to

quantify t of particles present in the exosomal pellet isolated from metastatic and
non-mdfas¥Hemeells. (D) Bar graph showing protein amounts per 10° particles. Error bars

represent error of the mean, n=3, ** denotes significance (p<0.05).
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A Figure 1
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Proteomic profile of exosomes isolated from breast cancer cells with different metastatic
potential

(A) Fown diagram of proteins identified in exosomes isolated from breast cancer
cells. A 991 proteins were identified in common between all the exosomes
irrespecti\mnetastatic potential. (B) Heatmap of proteins that are differentially
abundafit eS8 mes secreted by the breast cancer cells. Exosome proteome profiles of the
most hig static 4T1 and 4T1.2 cells clustered together. (C) Venn diagram of
differentiaﬁr al%dant proteins identified in 67NR and 4T1 exosomes showed 363 proteins

to be enriched in 4T1 exosomes. (D) Venn diagram of differentially abundant proteins

identified fin 67 and 4T1.2 exosomes showed 358 proteins to be enriched in 4T1.2

3

exosomes. (E) Heatmap depicting the integrin profile of the exosomes. (F) Heatmaps

showing 67NR

(DI

xosome are enriched for proteins involved in cell adhesion and 4Tl

exosomes are enriched for proteins associated with migration. (G) Western blot validation of

|

proteins found to be differentially enriched in 4T1 and 67NR exosomes.
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Figure 3

Migrat ial and membrane proteome of exosomes

(A) Woung w g assay of breast cancer cell lines are displayed. Wounds were created post
reaching 108%eee@aflnence and cells were treated with either 67NR or 4T1 exosomes for 24 h.

Migrati®n 5SS 888cssed at 24 h after wounding. Images were taken under the 10x objective of

{

the light pe. Quantification of wound closure showed that 4T1 exosomes induced
more migfation @ompared to 67NR exosomes. Error bars represent standard error of the
mean, n=3; denotes significance (p<0.05). Student’s t-test was used to evaluate

statistical nificant differences between the values. (B) Fold abundance of membrane

S

proteins enriched in exosomes isolated from metastatic cells.
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Figure 3
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