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ABSTRACT

Exosomes mediate intercellular communication in health and disease.
Conventional assays are limited in profiling exosomes secreted from large
populations of cells and are unsuitable for studying the functional consequences
of individual cells exhibiting varying propensity for exosome secretion. Here, we
developed a high throughput single-cell technique that enabled the mapping of
exosome secretion dynamics. By utilizing clinically relevant models of breast
cancer, we established that non-metastatic cancer cells secrete more exosomes
than metastatic cancer cells. We established isogenic clonal cell lines from non-
metastatic cells with differing propensities for exosome secretion and showed that
exosome secretion is an inheritable property preserved during cell division.
Combined in vitro and in vivo studies with these cell lines suggested that exosome
secretion can impede tumor formation. In human non-metastatic breast tumors,
tumors with the higher secretion of exosomes have a better prognosis compared
to tumors with the lower secretion of exosomes. As another application for our
technique and to identify markers relevant to exosome secretion in metastatic cell
lines, we profiled the cellular transcriptome of isogenic metastatic cell lines with
varied exosome secretion rates established with our method. The genes identified
with the highest expression and correlation in the high secretor clone were
significantly associated with poor survival and low CD8 T cell infiltration in breast
cancer patients. Our single-cell methodology can become an essential tool that

enables the direct integration of exosome secretion with multiple cellular functions.
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Chapter 1: Introduction

Extracellular vesicles (EVs) are lipid-bound vesicles secreted from most cell
types and responsible for cellular communication in the extracellular spaces.
Exosomes are one of the main subtypes of extracellular vesicles (EVs) that arise
from the membrane of multivesicular bodies (MVBSs) [1]. Exosomes, initially, were
thought to be a cellular mechanism for the cells to get rid of unneeded materials,
however, the improvement of technologies in characterizing the exosomes showed
that exosomes contain bioactive molecules such as proteins, nucleic acids, and
lipids which can regulate the cell-cell communication and cancer development
[2,3]. Exosomes are found in bodily fluids such as blood and urine, and despite the
invasive biopsy methods, the exosomes have shown outstanding application in
clinical settings as carriers of biomarkers for cancer diagnosis and provide a non-
invasive liquid biopsy method [4]. Exosomes can also act as an antigen-presenting
vesicle and stimulate an immune response [5]. The unique characteristic of
exosomes in providing a wide range of potential applications emphasizes the

importance of exosome characterization and analysis.

1.1. Exosome biogenesis

Formation and release of exosomes consist of several biological pathways
occurring inside the cells. The first step maturation of early endosomes which
forms the multivesicular bodies (MVB). During the formation of MVB, its membrane
goes under invagination and the intraluminal vesicles (ILVs) get formed, which
would be called exosomes upon release to the extracellular environment. Two

primary paths are known for the MVB, either its fusion with the plasma membrane



or fusion with the lysosome and autophagosome. The first leads to the release of
ILVs or exosomes and the second one cause the degradation of MVB content and
ILVs. Understanding the underlying pathways involved in the biogenesis might
provide new options for therapeutic application. Following, | will describe the
mechanisms have been discovered in different steps of exosomes release (Figure

1, reproduced from [6]).
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Figure 1. The pathways and process involved in formation and release of
exosomes

1.1.1. Intraluminal vesicle formation and MVB maturation:

The invagination of late endosomes and forming the ILVs in the MVB is a critical
step in the formation of exosomes. Several mechanisms have been identified in

which the ESRCT is the most described pathway of MVB biogenesis. This process



iIs a membrane-scission machinery that is responsible for the sorting of
ubiquitinated proteins into ILVs. It is initiated by ESCRT-0 which recognizes the
ubiquitinated proteins on the surface of the late endosome. Then, a strong complex
of cytoplasmic proteins and ESCRT-I/Il and ESCRT-IIl forms. Later, the ESCRT-
[l mediates the membrane deformation and scission [7]. Several additional
components are involved in this process such as ATPase VPS4 which regulates
the membrane scission along with ESCRT-III. Also, Biaetti and et al., showed the
key role of syndecan in ESCRT-mediated exosome formation. They showed that
the syndecan is connected to the ESCRT-III associated protein ALIX mediated by

adaptor protein syntenin.

Apart from ESCRT machinery, other mechanisms have been shown to
regulates to the formation of ILVs. In 2008, Trajkovic and et al., showed that the
ceramide, which is generated through sphingomyelin hydrolysis by neutral
sphingomyelinase 2 (nSMase2) can induce a negative membrane curvature
leading to the ILVs budding into MVBs [8]. Later, the Kajimoto and et al., showed
the inhibitory G protein (Gi)- coupled sphingosine 1-phosphate (S1P) receptors
can regulate the MVB maturation [9]. Moreover, the small GTPase ADP
ribosylation factor 6 (ARF6) and its effector protein phospholipase D2 (PLD2) can
control the syntenin-mediated CD63 ILV budding [10].

1.1.2. MVB trafficking and docking:

Once the MVB is formed, it can either fuse with the plasma membrane and

secrete its exosomes or degrade its cargo by fusing with the lysosomes and

autophagosomes. Although it has been shown that the balance between these two



processes is shifted towards the exosomal release, the mechanisms which derive
the MVB fusion or MVB degradation are still unexplored [11]. In both cases, two
steps are involved, the transport of MBV and later the fusion, however, the

underlying effectors in these processes are distinct.

The intracellular transport of MVBs destined to the plasma membrane involves the
molecular motors (dynein, kinesins, and myosins), the cytoskeleton (actin and
microtubules), and molecular switches (small GTPases). It is shown that
anterograde (towards microtubules positive ends) trafficking of MVB can be
mediated by multiple kinesin isoforms [12], and RAB7 protein complexes [13].
Also, the mechanisms of trafficking MVBs to the plasma membrane can be cell
type dependent. For example, activation of RAB35 mediates the MVB docking in
oligodendroglia [14], while the RAB11 induces the release of exosomes in the
K562 cell line [15]. On the other hand, despite the crucial role of RAB11 in K562,
it appears to be replaceable in HelLa cells, and the silencing of RAB27A and
RAB27B showed the highest impact in the reduction of exosome release.
However, despite the effect of RAB27 isoforms in the secretion of exosomes from
multiple cancer cell lines, they are not expressed in all cell type, which implies that
each cell type may adopt its own secretory machinery for the secretion of
exosomes [16,17].

Degradation of MVBs through fusion with lysosome or autophagosome can
reduce the secretion of exosomes and several components are involved to
mediate this process. Recently, it was shown that ISGylation of the ESCRT-I

component TSG101 can promote the fusion of MVB with lysosomes and decrease



the secretion of exosome [18]. The impairment of lysosomal activity by inhibition
of endosomal proton pump V-ATPase increased the secretion of exosomes [19].
Also, the fate of MVB can be regulated by the cellular conditions such as starvation
which lead the fusion of MVB with autophagosomes. In this context, it has been
shown that inhibition of autophagosome formation through interaction of prion
protein (PrP) with caveolin can promote the secretion of exosomes [20]. Despite
the direct effect of autophagy in secretion of exosomes, the underlying
components are still unclear and can be dependent on the cellular conditions. For
example, RAB11 which is shown to induce the transport of MVBs to the plasma
membrane in K562 cell line, it can be colocalized with autophagosome marker LC3
and reduce the secretion of exosomes [15].
1.1.3. MVB fusion with plasma membrane:

At the final step, the MVB loaded with ILVs fuses with plasma membrane and
release the exosomes to the extracellular matrix. Among the components involved
in this exocytosis process, soluble N-ethylmaleimide-sensitive component
attachment protein receptor (SNARE) proteins are the known complexes which
localize to the intracellular membranes and mediate the fusion of MVB with the
plasma membrane [21,22]. Several SNARE proteins such as SNAP23, Syntaxin-
4, and VAMP7 have been shown to regulate the secretion of exosomes [23-25].
The formation of SNARE complex can be controlled by several regulators such as
phosphorylation of SNARE proteins. For example, phosphorylation of SNAP23 at

Ser95 and Ser110 showed increase in the exosome release [24,25]. There are



additional SNARE proteins such as YKT6, Syntaxin-la, and Syntaxin-5 which

modulate the exosome secretion in different cell types and organisms [26-28].

1.2. Exosome in cancer development

Exosomes as one of the mechanisms in the intracellular communication can
regulate the development of cancer in various stages. The content of exosomes
such as mMRNA, miRNA, DNA, and proteins can affect the function of recipient
cells. This signaling pathway can be autocrine or paracrine. The autocrine
pathways will change the fate of exosome-releasing cells themselves and mediate
the survival and growth of the cells. For example, the leukemia cells secrete
exosomes containing TGFB1 which can promote the tumor growth by binding to
TGFB1 receptor on the leukemia cells and activate the ERK, AKT, and anti-
apoptotic pathways in the producer cells [29]. Also, Exosomes showed to contain
the double-stranded DNA which their accumulation in the cells could cause the cell
cycle arrest and apoptosis in the cells. Thus, the secretion of exosomes inhibited
the accumulation of harmful cytoplasmic DNA and supported the cell survival [30]

(Figure 2, reproduced from [31]).
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The paracrine pathways induced by exosomes can regulate the neighboring
cells in the tumor microenvironment and modulate the intercellular communication.
This can be mediated by transfer of the exosome cargo to the recipient cells,
changing the miRNA and RNA expression, activating receptors, and finally altering
their biological phenotypes. For example, transfer of EGFRUVIII to cells lacking this
receptor can activate AKT pathway and enhance the cell growth [32]. In addition,

the exosomes of breast cancer cells can transfer PD-L1 to the cells with low level



of this protein and, thus promote the immune rejection [33]. Also, the colon cancer
with wild-type KRAS can receive the mutant KRAS from exosomes secreted by

other neighboring cells which lead them to an invasive phenotype [34].

1.3. Exosome in metastatic

Metastatic is circulation and spread of primary tumor to the other organs and
several steps are involved in this process. First, the primary tumor starts the
circulation via the blood vessel or the lymphatic system in a process called
intravasation. Once circulated, they cancer cells should survive and exit the
circulation (extravasation) to enter the distant organ. The exosomes can regulate
this process at different steps.

1.3.1. Exosomes in cancer cell migration and invasion

Exosomes secreted by cancer cells can regulate the extracellular matrix (ECM)
and promote the invasion and metastasis. For example, the exosomes secreted
by breast cancer cells highly expressed in RAB27B contained activated matrix
metallopeptidase 2 (MMP2) which degrades the ECM [35]. The CD151/TSPANS-
expressing exosomes secreted by rat pancreatic adenocarcinoma cell line (ASML)
modify the ECM by degrading collagen and fibronectin through integrins and
proteases [36]. Epithelial-mesenchymal transition (EMT) is another essential step
in the tumor invasion which can be promoted by exosomes. Exosomes can deliver
many EMT factors such as casein kinase Il a (CKIIA), annexin A2, HIF1a, matrix
metalloproteinase 13 (MMP13), and latent membrane protein 1 (LMP1) to
contribute in the metastasis of tumor cells [37—40]. Also, exosomes can enhance

the tumor cell intravasation by unlocking the tight junctions. The exosomes



secreted by breast cancer cells expressing miR-105 reduced the ZO1 expression
in endothelial cells and broke up the tight junctions between endothelial cells [41].
Lastly, the exosomes showed to contain anti-metastasis factors such as miR-23b
which its low expression due to loading in the exosomes promoted the metastasis
[42].
1.3.2. Exosomes in pre-metastatic niches

Preparing the metastatic site for accepting the tumor cells and providing a
suitable environment for their growth is an essential step in metastasis. The
exosomes have been shown to manipulate the metastatic site and assist in tumor
growth. For example, the pancreatic-derived exosomes downregulated cadherin-
17 and increased proteases and adhesion molecules to prepare the pre-metastatic
niche for entrance of tumor cells [43]. Also, the exosomes secreted by melanoma
cells prepared lymph nodes for tumor metastasis by modulating ECM deposition
and vascular proliferation [44]. Exosomes showed to predetermine the metastasis
organ in breast cancer cells as the high expression of integrins aesf4 and asf1 in
exosomes primed for lung metastasis, while the high expression of integrin av3s in
exosomes primed for liver metastasis [45]. Also, the Exosomes containing SnRNAs
derived from lung cancer cells prepared the lung pre-metastatic niche by recruiting

neutrophils into lung through activating TLR3 and release of cytokines [46].

Alternatively, exosomes from poorly metastatic cells showed to lack the
capability to promote the metastasis. For example, the exosomes secreted by non-
metastatic melanoma cells induced an immune response in the bone marrow.

These exosomes expressed pigment epithelium-derived factor (PEDF) on their



surface and induced the recruiting the monocytes, natural killers, and
macrophages in the pre-metastatic niche [47]. Also, the lung cancer cell derived
exosomes containing miR-192 inhibited the interleukin 8 (IL8), intercellular
adhesion molecules, and CXCL1 in the endothelial precursor cells of the bone

microenvironment and prevent the successful angiogenesis and colonization [48].

1.4. Exosome isolation and characterization

Exosomes are small vesicles and their visualization is not feasible with
traditional microscopy techniques. Also, Exosomes are specific subtype of vesicles
ranging from 50-150 nm in diameter and distinguishing them from the other vesicle
subtypes is challenging. This includes the purification and characterization of the
exosomes. Therefore, in the last few decades, many researchers have tried to
overcome this challenge and develop novel techniques which can target,
specifically, the exosomes and not the other vesicles. These techniques include
the isolation of exosomes such as ultracentrifugation, density-gradient
centrifugation, immunoaffinity-based assays, and microfluidics devices. Also,
several methods have been developed to characterize and validate the exosomes
including the nanoparticle tracking analysis (NTA), and transmission electron
microscopy (TEM).

1.4.1. Ultracentrifugation

Ultracentrifugation was the first method offered for isolation of exosomes and
yet it is the most preferred method among researchers [49,50]. The method
depends on the density and size of particles and several centrifugation steps are

involved to increase the purity of exosomes (Figure 3). Initially, the cellular debris
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and large particles are removed by a slow speed of 500xg. Then a 0.22 um filter
is used to remove the remaining large particles or EVs and apoptotic bodies.
Finally, by two steps of high-speed centrifugation up to 100,000xg the exosomes
can be isolated. Although the longer time during centrifugation can increase the
yield, it can mechanically damage the exosomes and increase the soluble protein
contamination in the final preparation [51,52]. Also, this method is not suitable for
complete separation of exosomes from other components in extracellular spaces
[1]. In addition, the method is very time consuming and can only work with large
samples (100s of mLs) which makes it inapplicable for processing small clinical
samples in a short amount of time [1]. However, no pretreatment is required for
this method and a little technical expertise is sufficient for isolation of exosomes

[53].
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Figure 3. Workflow of exosome isolation by ultracentrifugation

1.4.2. Density gradient centrifugation

Density gradient centrifugation is another ultracentrifugation technique that

similar to ultracentrifugation separates the particle by their size and density.
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However, the separation occurs in the presence of a preconstructed density
gradient, typically made of iodoxinol and sucrose [53,54]. First, the sample is
placed at the top of the gradient and due to the centrifugation, the sample passes
through the high-to-low density gradient medium. Then, the exosomes can be
collected based on their density which is in the range of 1.1-1.2 g/mL. Even though
the density gradient is effective in separating exosomes from other EVs, similar to
ultracentrifugation, it has a very low exosome recovery [55,56].
1.4.3. Immunoaffinity based techniques

This method relies on the surface marker present on the surface of exosomes.
It applies antibodies targeting the antigens on the surface of exosomes to capture
them. The antibodies can be attached to a plate (ex. ELISA), or magnetic beads,
resins, and microfluidic devices. Since the isolation is based on the antigen on the
surface of exosomes, it allows the capture of exosomes derived from a specific
source [57,58]. For example, the in hepatocyte derived exosomes express the
Asialoglycoprotein receptor 1 (ASGR1) which can be targeted to isolate the liver
derived exosomes [59]. Also, targeting specific markers for exosomes enables the
separation of exosomes from other types of EVs [52]. However, the technique is
limited to the antigen and lack of its expression disables the capture of exosomes.
Besides, depends on the antibody, only specific exosomes can be collected.
Unsimilar to ultracentrifugation, the immunoaffinity based assays results in higher
purity and lower yield [60]. Despite the high purity in isolation of exosomes, this
technique is often used exosomal enrichment by ultracentrifugation technique [57].

ELISA is one of the immunoaffinity based assays in which the antibodies are
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immobilized on the surface of a plate. Exposing the exosome sample to the wells
containing immobilized antibodies results in antibody-antigen interaction and
capture of exosomes in the well. Later, the un-captured exosomes are washed
away and using a detection antibody the exosomes can be tagged. ELISA has
been used for testing the patient’s blood for antibodies against different infections
such as HIV, and Lyme disease [61], however, due to the time-consuming
ultracentrifugation steps before exosome capture, it is not yet applicable in clinical
settings.
1.4.4. Microfluidic devices

The conventional methods for exosome isolation face many challenges in the
clinical settings, therefore, new techniques are required to provide the high-purity
exosomes from small clinical samples. The use of microfluidic devices in the
isolation, detection and analysis of exosomes have become important since these
devices can detect exosomes based on their physical and biochemical properties.
Beside applying the common properties of exosomes such as size, density and
immunoaffinity, novel mechanisms have been used in microfluidic devices to
detect the exosomes such as acoustic, electrophoretic, and electromagnetic
properties of the exosomes [62,63]. The immune-based microfluidic devices are
very similar to ELISA. The antibodies are immobilized on a microfluidic chip and
the interaction of these antibodies with the surface proteins of exosomes enables
their collection. The advantage of microfluidic devices over ELISA is isolation of
exosomes from small amount of serum in short time in compare to ELISA which

requires pre-enrichment of exosomes from serum [64,65]. However, similar to
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ELISA, the assay is limited by the specific antibodies. Several microfluidic devices
are commercially available such as ExoChip which uses the anti-CD63 antibody
to capture exosomes expressing CD63 since CD63 is found to be in exosomes
from many cell types [66]. Since the microfluidic devices require small amount of
sample, their development has been very applicable in clinical setting for bringing

the diagnostic, therapeutic, and prognosis applications (Figure 4, reproduced from

[67]).
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exosomes

1.4.5. Nanoparticle Tracking Analysis (NTA)

The evaluation of exosomes isolated by conventional technique is essential to
determine the biological interactions of isolated exosomes. The characterization
can be done based on the physicochemical properties of exosomes such as size,

shape, surface charge, density, and porosity. Nanopatrticle tracking analysis is one
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of the techniques that allow the measurement of size distribution and concentration
from the isolated exosomes (Figure 5, reproduced without modification from [68]).
The technique follows the Stoke-Einstein equation, where the diffusion coefficient
is based on the Brownian motion of particles [68]. In NTA , a laser light is scattered
upon interaction with particles which can be collected by a microscope equipped
with a camera and allows the tracking of the particles. By tracking the movement
of each particle and measuring its velocity, the particle size is estimated and
collected for all the particles. NTA allows the measurement of particle in the range
of 10 nm to 1000 nm in diameter, which is in the range of exosome size [69]. The
advantage of NTA is the easy sample preparation which makes it suitable for
measuring the exosome size and concentration in few minutes. Also, it can be
applied by fluorescently labeled antibodies to detect the presence of antigens on
exosomes [68]. The NTA includes challenges such as correction of dilution factor,

optimization of data collection and analysis parameters [70].
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Figure 5. (A) Nanoparticle Tracking Analysis (NTA) instrument configuration. (B)
Screenshot of video and size distribution of particles analyzed by NTA.

1.4.6. Transmission Electron Microscopy (TEM)

TEM is a widely used technique for characterization of the structure,

morphology, and size of biological components such as exosomes. The technique
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presents the image created by electron beams passing through the sample, where
the scattered electrons are detected. TEM along with scanning electron
microscopy (SEM) are both used to assess the morphology of exosomes, where
in SEM, electrons are scattered when they interact with the particles, while in TEM,
the electrons that do not interact with the particles are detected [71]. There two
types of electron microscopy which are widely used for biological samples, TEM
and cryo-electron microscopy (cryo-EM). The cryo-EM is applied on the samples
under the liquid nitrogen and keep the morphology of particles intact. However, the
TEM requires extensive sample preparation involving multiple steps such as
glutaraldehyde fixation which can change the morphology of exosomes. For
example, exosomes imaged by TEM showed a cup-shaped morphology, while the
frozen exosomes analyzed by cryo-EM showed a round shape morphology [3].
Cryo-EM is also considered the best method for visualizing the nanoparticles and
proteins and suitable for capturing images of exosomes. Tracing the proteins
inside the exosomes is an important aspect of their biological function. Generally,
the fluorescent dyes are used to visualize the proteins, however, depending on the
size and shape of exosomes , creation of an exaggerated fluorescence signals
disable distinguishing the exosomal proteins [1]. Therefore, an alternative method
such as immunogold EM can be applicable to determines the function of specific

proteins in exosomes.

1.5. Dynamic screening of exosome

The studies into secretion of exosomes and its mechanisms show that it is a

tightly controlled process and multiple factors can modulate it (Section 1.2). The

16



secretion rate varies according to the cellular origin, the extracellular environment
[72], the cell age [73], and metabolic status [74]. It is, also, likely that the release
of exosomes is a dynamic process in which cells in response to internal and
external stimuli adjust the secretion of various exosome subpopulations. Thus, the
exosomes contain a heterogenous population in size, content, and functional
impact. Different steps in exosome formation such as the invagination of
membrane can induce the differences in size [6,75]. This wide range of size
distribution results in different amount of exosomal content. For example, it was
shown that for a given miRNA cargo, not all the exosomes had a similar abundance
of the cargo [76]. Also, the inherent biology of cells and external factors can
influence the content of exosomes and its biological function. This implies that
subpopulations of exosomes can results in different biological outcomes such as
induction of cell survival, or apoptosis, or immuno-modulation. The heterogeneity
can also depend on the tissue source of release whether it is from cancerous tissue
or normal tissue. Altogether, these factors result in a complex heterogeneity in the

exosomes population (Figure 6, reproduced without modification from [77]).
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Figure 6. The complex heterogeneity of exosomes derived from differences in size,
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The biological function of exosomes which is reflected in their content can be
mapped to their cell of origin. For example, the proteomic analysis of breast cancer
cells and their exosomes can predict if the cell of origin is an epithelial like or
mesenchymal like cell [78]. However, since the current studies on the exosomes
is performed on a large pool of exosomes, these conventional methods fail to map
these connections. Recently, the development of novel reporter allowed the real
time monitoring of steps involved in secretion of exosomes [79]. Verweji and et al.,

showed that using a tetraspanin-based pH-sensitive reporter the fusion of MVB
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with the plasma membrane can be monitored in the single cell level (Figure 7,
reproduced without modification from [79]). Applying these novel reporters can
further provide information on the dynamic secretion of exosomes and various

steps.
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Figure 7. Real-time tracking of MVB-plasma membrane fusion. (A) the proposal
model using reporter which scatter fluorescent signal upon change of
pH. (B) real-time tracking of reporter (1) before, (2) during fusion, and
(3) after fusion.

Despite the development of technologies in the exosome field, the direct
connection of exosomes to the single cell is yet challenging and under
development. A few microfluidic devices have been developed in which they
showed the heterogeneity of exosomes secreted from single cells. Chiu and et al.,
applied an immunoaffinity-based method to screen the secretion of exosomes from
single cells in a high-throughput manner. Their results showed that exosomes are
heterogenous in expression of surface markers and single cells can secrete
different number of exosomes depending on the targeted antibody [80]. Also, Son
and et al., applied a microfluidic device to monitor the real time secretion of

exosomes from single cell [81]. However, these techniques fail to map the
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biological function of exosomes secreted form single cells to their cell of origin

(Figure 8, reproduced without modification from [80,81]).
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In my Ph.D. work, | aimed to overcome the challenges in mapping the direct
correlation of exosome secretion and its biological function. First, using an
immunoaffinity-based technique and applying that on a microfluidic device, | was

able to develop a high-throughput technique which can monitor and quantify the
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differences in the secretion rate between single cells. Later, applying a
micromanipulator device, | retrieved selected single cells which showed diversity
in the secretion rate. Finally, | utilized this technique to address the function of

heterogenous exosomes in different steps of cancer development.

My Ph.D. research showed that the secretion of exosomes can impact the tumor
microenvironment differently in breast cancers depending on the metastatic stage
of the cells. The increase in the secretion of exosomes induced an immune
response in primary tumor cells which was shown by a decrease in the tumor
growth. As another application of the developed technique, | was able to profile the
cell lines with different capacity in secretion of exosomes using single-cell RNA
sequencing. The results showed that cell profiling can be helpful in discovery of
new biomarkers involved in secretion of exosomes. Altogether, | developed a
technique in my Ph.D. which can be applicable in directing the function of

exosomes secreted by single cells to their biological functions.
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Chapter 2: Functional single-cell profiling identifies that
exosomes are associated with increased immune cell
infiltration in non-metastatic breast cancer

2.1. Introduction

Exosomes, a subset of extracellular vesicles (EV), comprise a fundamental
mechanism of intercellular communication across distant cells and serve to
transport biological molecules such as lipid, nucleic acids, and proteins.
Encapsulation of molecules into exosomes fundamentally alters their stability,
transport, and trafficking, and characterizing the secretion of exosomal cargo from
cells is of great interest in fundamental cell biology and for targeted drug delivery

[3,11,77,82-84].

In the context of cancer, exosomes are known to affect a variety of biological
events that promote tumor progression such as angiogenesis [85,86], invasion
[87], evasion of immune surveillance [88,89], and drug resistance [90]. Exosomes
from highly metastatic melanoma tumors promoted vascular permeability and
contributed to the formation of the pre-metastatic niche [91]. Also, exosomes can
transfer antigens and enhance the immune response by activating T cells and NK
cells [5,92]. Due to their stability, they have great potential in cancer diagnosis
[93,94] and treatment [95]. Mapping the dynamic secretion of exosomes at the
cellular level can significantly advance our understanding of the role of exosomes

in cancer.

From an analytical standpoint, the size of exosomes (40-150 nm) is in between
the size of proteins and cells. A number of analytical methods including

nanoparticle tracking analysis (NTA) [96], electron microscopy [97], flow cytometry
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[97,98], microfluidic devices [99], and western blotting [100] have been widely used
for characterization of exosomes, some even with the sensitivity of detecting
individual exosomes. Unfortunately, however, these exosomes are derived from
culturing billions of cancer cells and thus represent an averaging of exosomes
secreted by all cells. From the standpoint of disease biology, this is suboptimal
since these might reflect supra-physiological concentrations of these exosomes.
Second, since tumors are heterogeneous populations, these approaches mask the
inherent differences in exosome secretion between individual cells and mapping
the direct relationship between exosome secretion and tumorigenic potential is not
feasible. Not surprisingly, recent advances in microfabrication have revealed that
the rate of exosome secretion from single cells can be very different [79-81].
Despite this progress, however, technological hurdles have prevented us from
answering a number questions at the single-cell level including (1) heterogeneity
of the short-term dynamics of secretion of exosomes, (2) whether exosome
secretion is an inheritable property preserved upon cell division, and (3) whether
there is a difference in tumorigenic potential between isogenic tumor cells with

differences in the rate of exosome secretion.

Here we report a high-throughput single-cell technique for the dynamic
guantification of exosome secretion from single cells. We utilized the 4T1 and
67NR syngeneic mouse mammary tumor models since these are well-validated,
clinically relevant models with vastly different potential for metastasis. 4T1
spontaneously metastasizes to multiple sites, whereas 67NR is incapable of

metastases and is restricted to the formation of the primary tumor [101]. By
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tracking the dynamics of exosome secretion, we demonstrate that in both cell lines,
the dominant secretor cells are capable of continuous secretion over short time
intervals (6-24 hours). Surprisingly, the non-metastatic 67NR cells secreted more
exosomes per cell than 4T1 cells, and this result was consistent with SCRNA-seq
of the same cells, showing an enrichment of the ALIX-Syndecan-Sytenin pathway.
Although the secretion of exosomes from highly secreting 67NR clones caused an
increase in proliferation and migration in vitro, the tumor growth was inhibited in
vivo. Analysis of The Cancer Genome Atlas (TCGA) data illustrated that the
secretion of exosomes is associated with better overall survival of non-metastatic
patients, which was induced by higher secretion of IFN-y, higher infiltration of Th1
cells, the polarization of M1 macrophages, and suppression of the IL6ST/STAT3
pathway. More broadly, the exosome secretion signatures are associated with
better prognosis in non-metastatic melanoma but worse prognosis in non-

metastatic lung cancers.

2.2. Material and Methods
2.2.1. Cell culture
4T1 and 67NR cells were purchased from ATCC. We cultured cells in RPMI

1640 supplemented with 10% FBS, 1% L-glutamine, HEPES, and penicillin-
streptomycin. We cultured GSC20 cells in 50/50 mixture of Dulbecco’s Modified
Eagle’s Medium (DMEM) and Ham’s F-12 medium supplemented with 1%
penicillin-streptomycin, B-27 supplement, and epidermal growth factor. We tested

all cells for mycoplasma contamination using real-time PCR.
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2.2.2. Exosome isolation and measurement

We used ultracentrifugation to isolate exosomes from GSC20 stem cells.
Starting with 250 ml of culture media, we centrifuged the conditioned media at 300
x g for 4 minutes, filtered with 0.22 um filters, and centrifuged at 10,000 x g for 30
minutes followed by ultracentrifugation at 100,000 x g for 70 minutes to pellet the
exosomes. We washed the exosome pellet with PBS twice and centrifuged for
another 100,000 x g for 70 minutes to purify the exosomes. We resuspended the
exosomes in PBS and measured the exosome size distribution using the
nanoparticle tracking analyzer (NTA). We stored the isolated exosomes at 4°C for
one week or at -80°C for long term use.

2.2.3. Bulk exosome detection assay

We performed immunoassays utilizing LumAvidin beads (Luminex, catalog
number L100-L115-01) to capture exosomes with different protein markers. First,
we centrifuged 10° beads and resuspended in PBS with 1% BSA. We next
incubated them with 3.5 pg/ml biotinylated CD81 or CD63 antibody (BioLegend,
clone 5A6, and H5C6) for 30 minutes at room temperature, and washed them twice
in PBS with 1% BSA. We added the exosomes at a 10° particle/ml concentration
and mixed on a rotator for 2 hours at room temperature, followed by washing in
PBS with 1% BSA twice. We mixed the beads with 4 ug/ml PE anti-CD63 antibody
(BioLegend, clone H5C6) and rotated for 45 minutes at room temperature. Finally,
after two washes, we resuspended the pellet in PBS with 1% BSA and imaged
using AL/TIiE inverted confocal microscope (Nikon) equipped with 20x/0.75 NA
objective. We measured the fluorescent intensity of CD63 on the beads using
ImageJ.
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2.2.4. Functionalization of beads with anti-CD81 coating
We washed 10° LumAvidin beads (Luminex, catalog number L100-L115-01) in

PBS with 1% BSA and incubated the beads with 3.5 pg/ml biotinylated anti-CD81
antibody (BioLegend, clone Eat-2) at the room temperature for 40 minutes. Then,
after washing beads thrice in PBS with 1% BSA, we resuspended them in 120 pl
of PBS with 1% BSA.

2.2.5. Exosome quantification using transwell assay

We utilized a Transwell insert with 3 um pore membrane and loaded
functionalized beads at the lower compartment, and cells on the upper
compartment of the insert. For the GW4869 treatment assay, we used exosome-
free complete media containing either 10 uM GW4869 or 10% DMSO. After 48
hours of incubation at 37°C, we collected the beads and labeled them with 4 pug/ml
PE anti-CD63 antibody (BioLegend, clone NVG-2) for 45 minutes at 37°C. We
subsequently washed the beads three times in PBS with 1% BSA and performed
imaging using a Zeiss Axio Observer Z1 microscope equipped with 20x/0.8 NA
objectives. Using ImageJ, we segmented and measured the fluorescent intensity
of CD63 on the beads.

2.2.6. Transmission Electron Microscopy (TEM)

Via exosome quantification using a transwell assay, and after 48 hours
incubation at 37°C, we collected the beads and fixed with 2% glutaraldehyde (Ladd
research, catalog number 20215). We placed the samples on 100-mesh carbon-
coated, formvar-coated copper grids treated with poly-L-lysine for approximately 1
hour. We then negatively stained the samples with Millipore-filtered aqueous 1%

uranyl acetate for 1 minute. The stain was blotted dry from the grids with filter
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paper, and samples were allowed to dry. We examined the samples in a JEM 1010
transmission electron microscope (JEOL, USA, Inc., Peabody, MA) at an
accelerating voltage of 80 kV. We obtained the digital images were using the AMT
Imaging System (Advanced Microscopy Techniques Corp., Danvers, MA).
2.2.7. PDMS nanowell array fabrication and preparation

Applying standard soft lithography techniques, we fabricated the PDMS
nanowell array as previously described [102]. Before loading cells on the nanowell,
we re-oxidized the array with air plasma and incubated with 1.5 ml PLL-g-PEG
(SuSoS, Switzerland) solution dissolved in 10 mM HEPES buffer for 20 minutes at
37°C. After incubation, we rinsed the array with complete media before loading the
cells.

2.2.8. Single-cell exosome detection assay

To perform the single-cell assay for the detection of exosomes, we prepared the
nanowell array and functionalized beads, as described above. We labeled 67NR
or 4T1 cells with PKH67 dye (Sigma-Aldrich, catalog number PKH67GL-1KT) as
directed by the manufacturer. We loaded labeled cells and functionalized beads,
sequentially on the nanowell array. We covered the nanowell with exosome-free
complete media and imaged at its initial time point, incubating at 37°C. Every two
hours, we incubated the nanowell array with 4 pg/ml PE anti-CD63 antibody
(BioLegend, clone NVG-2) for 45 minutes at 37°C. We subsequently washed the
nanowell array three times in PBS with 1% BSA and performed imaging using

microscopy. After each imaging, we returned the nanowell to the incubator at 37°C.
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We acquired all images by Zeiss Axio Observer Z1 microscope equipped with
20x/0.8 NA objectives and a Hamamatsu Orca Flash v2 camera.
2.2.9. Secretion analysis of single-cell exosome detection assay

We analyzed the TIFF images from microscopy, as outlined in Figure 9. Briefly,
(1) TIFF images of 256 field of views (blocks) containing 36 wells were extracted
and merged for the initial time point (O hour) and the detection time points (2, 4, 6
hours). Block 100 is shown as an example for workflow. (2) The numbers of beads
and cells in each well were identified for each block at all the time points. (3) Wells
with a single bead and a single cell were identified. (4) The wells which didn’t
maintained bead:cell = 1:1 ratio in the entire experiment were excluded from the
further analysis. (5) The CD63 pixel values on the surface of cell and bead were
collected. These values were corrected using background subtractions. To
calculate background intensity, average of CD63 pixel values not localized on the
beads and cells in the entire block was calculated. Well 1000506 is shown as an
example for workflow. (6) The overlap pixels between bead and cell were removed
from pixel value sets of cell. This created an annulus shape for the pixels on the
surface of cell. (7) Two-tailed t-test was applied on two set of pixel values, on bead
and on the cell annulus, to identify the secretor cells in which the CD63 intensity

for beads was significantly (p < 0.01) higher than cell annulus intensity.
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Figure 9. Overall workflow of the automate image-analysis for identification of
secretor and non-secretor cells

2.2.10. Kinetic analysis of single-cell exosome detection assay

Using the wells containing a single bead and a single cell identified in the
secretion analysis of single-cell exosome detection assay, we selected the wells
which were detected in all the time points for the kinetic analysis. To determine the
behavior of the cells between time points, we performed a two-tailed t-test on the
CD63 pixel values of the bead between two consecutive time points. We chose an
increase in intensity with a p-value below 0.01 as the criterion for a significant
change in the secretion behavior of the cell.

2.2.11. Establishment of clonal cell lines.

We retrieved the secretor and non-secretor single cells using a
micromanipulator (ALS, CellCelector) equipped with 50 um glass capillaries. We
transferred single cells to a 96-well plate containing complete media. We
monitored the single cells and cultured them in complete media until they

proliferated to 24 population doublings.
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2.2.12. Wound healing assay
We cultured 67NR-S and 67NR-NS cells in a 12-well plate to 90% confluency

with 10% FBS complete media. We subsequently replaced the media with 0.5%
exosome-free FBS complete media for 12 hours. After starvation, we scratched
the cells with 10 pl pipette tips and washed twice with PBS to remove the detached
cells. We cultured the cells with 0.5% exosome-free FBS complete media during
the assay to slow down cell proliferation. We obtained the images from six different
areas per well with Zeiss Axio Observer Z1 microscope equipped with 20x/0.5 NA
objectives at several time points. We analyzed the images with TScratch tool [103].
2.2.13. Soft agar colony formation assay

Performing an anchorage-independent growth assay using SeaPlaque agarose
(Lonza, catalog number 50101), we assessed the transformation capacity of the
67NR-S and 67NR-NS cells in vitro. We used three different conditions in
triplicates to determine the ability of these cells to form soft agar colonies: no
treatment, 10% DMSO, and 10 uM GW4869 (Cayman Chemical, catalog number
13127). We suspended 2.5 x 102 cells in 0.7% top agar in exosome-free complete
media containing the appropriate treatment conditions and placed on top of
solidified 0.8% bottom agar in 6-well plates (Fisher, catalog number 353046). Upon
setting of the top agar with cells, we added 500 pl of fresh exosome-free complete
media containing the appropriate treatment conditions to the wells and incubated
the plates for 14 days at 37°C. We fed the cells with exosome-free complete media
with the appropriate treatments, twice per week. We counted the colonies from ten
different areas per well and acquired the representative 20x images
microscopically using Zeiss Axio Observer A1 microscope.
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2.2.14. Mouse modeling assay
We injected 1 x 10* 67NR-S and 67NR-NS cells subcutaneously into the fourth

left mammary fat pad of five BALB/c mice (Jackson laboratory, strain 0000651
BALB/cJ) for each clone. We monitored the size of the tumor with caliper
measurements weekly and calculated using formula (L x W?) x 0.5, where L and
W are the length and the width of the tumor, respectively. We sacrificed the mice
and harvested the tumors before the onset of necrosis.
2.2.15. Single-cell RNA-sequencing

Following the Illumina Bio-Rad SureCell WTA 3' library prep reference guide,
we prepared the scRNA-seq library. Briefly, we mixed an equal number of the
mouse cell lines in cold PBS with 0.1% BSA in a concentration of 2,500 cells/ul,
then filtered to achieve single-cell suspension. Using a ddSEQ Single-Cell Isolator,
we co-encapsulated with oil the single cells and barcodes into droplets. After
reverse transcribing and breaking the emulsion, we purified the first-strand
products using purification beads, followed by cDNA synthesis and tagmentation.
We PCR-amplified the cDNA and cleaned it up to remove short library fragments.
Later, we sequenced the cDNA library in a NextSeq 500 sequencing system. Using
lllumina BaseSpace Sequence Hub, we analyzed the sequencing data and created
a count matrix containing the number of transcriptomes for every single cell. We
imported these matrices into R and combined them into a single matrix, which was
then cleaned, normalized, and analyzed using the Seurat (v3.1.4) package [104].
We ranked the differentially expressed genes of 4T1 and 67NR cell lines and

transformed into human orthologous using the BiomaRt (v2.38.0) package
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[105,106], and imported to GSEA software [107,108] provided by UC San Diego
and Broad Institute for gene set enrichment analysis.
2.2.16. Bulk RNA sequencing dataset analysis
We downloaded the raw counts of RNA-seq dataset published by Kim et al.,
from GEO (GSE104765) [109]. We filtered the table for three replicates of 4T1 and
67NR cells. To obtain the differentially expressed genes, we used the DESeq2
(v1.22.2) package [110] in R.
2.2.17. Tumor Cancer Genome Atlas (TCGA) analysis
We downloaded all the TCGA data, including raw counts, RSEM gene
normalized expression, and clinical data from the Broad Institute FireBrowse Data

Portal (www.firebrowse.org). To collect the non-metastatic patients without lymph

node metastasis, we used the TNM staging information and selected the patients
with NO and MO for analysis. To perform hierarchal clustering on the breast cancer
dataset, first, we filtered out genes with average RSEM expression < 5 to remove
their effects in the data analysis. Next, we used hclust function in R to identify two
clusters using ward.D2 as the linkage method with manhattan as the distance
measure. Using the DESeq2 (v1.22.2) package, we identified CD63 and CD81
upregulated in cluster 1. Using a set of genes associated with exosome secretion
(Table 1), we identified 13 genes with more than 1.2-fold change in cluster 1 as
exosome signature genes for further analysis. For gene set enrichment analysis,
we used the pre-ranked gene list of genes with a significant fold change of < 0.05
in GSEA software provided by UC San Diego and Broad Institute. For survival

analysis, we used the Kaplan-Meier method to compare the overall survival of
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patients divided by the median expression of 13 exosome signature genes. We
tested the statistical significance of survival curves using the log-rank test. We
calculated the cytolytic activity (Cyt) as the geometric mean of PRF1 and GZMA
as previously described [111]. We performed CIBERSORTX [112] analysis on the
RSEM gene expression of breast cancer patients to estimate the relative fraction
of 22 immune cell types using 1000 permutations. We calculated the ssGSEA
scores via the GSVA (v1.30.0) package [113] using gene signatures collected from
a previously described signature [114]. We calculated in R the Spearman’s rank
correlation coefficient between the median expression of 13 exosome signature

genes and a single gene of interest.

2.3. Results
2.3.1. Establishing a single-cell method for quantifying exosome secretion

We sought to establish a method based on nanowell arrays for identifying the
secretion of exosomes at the single-cell level. We have previously demonstrated
that functionalized beads can serve as biosensors to enable the efficient capture
of analytes from single cells within nanowell arrays [102]. Accordingly, we wanted
to investigate whether beads can serve to capture exosomes secreted by single

cells within nanowell arrays.

The expression of transmembrane proteins, CD63 and CD81 on the surface of
exosomes, has been widely used for isolation and detection of exosomes [115].
We sought to compare the use of either a single marker (CD63) or two markers
(CD63 and CD81) for the capture of exosomes. Accordingly, we isolated

exosomes from GSC20 cancer cell line, using a standard ultracentrifugation
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procedure. Nanopatrticle tracking analyses (NTA) confirmed that the exosomes
had a median diameter of (132 = 6) nm (Figure 10A). Quantitative analyses of the
capture of purified exosomes onto either anti-CD63 or anti-CD81 antibody-coated
beads demonstrated a specific increase in fluorescence when detected using a
fluorescent anti-CD63 antibody (Ab). The beads coated with the anti-CD81 Ab
showed lower background fluorescence in comparison to the anti-CD63-coated
beads in the absence of exosomes (Figure 10B), which resulted in an increased
area under the curve (AUC) (Figure 10C). Moving forward, we thus implemented

the use of antibodies targeting CD81 (for capture) and CD63 (for detection).
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Figure 10. (A) Nanosight analysis of exosomes isolated from GSC20 cells. (B)
CD63 (exosome) intensity of beads functionalized with either anti-
CD63 or anti-CD81 for the capture of exosomes. PBS was used as
negative control. Two-tailed t-test was applied. (C) ROC curve
comparing both capture antibody. DelLong's test was applied for two
ROC curves. Significance levels are shown as **** p < 0.0001.

To determine whether the immunoassay can capture exosomes secreted
directly from cells, we modified the widely utilized transwell assay to harvest
exosomes directly from cells [116—118]. We chose to work with a pair of syngeneic,
isogenic mouse breast cancer cell lines, with differing metastatic potential, 4T1 and
67NR. We incubated the non-metastatic 67NR mouse breast cells in the upper
chamber with anti-CD81-coated beads in the lower chamber of a transwell assay

for 48 hours (Figure 11A). The exosomes isolated using this procedure displayed
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the expected morphology and size as observed by Transmission Electron
Microscopy (TEM) (Figure 11B). Collectively, these results suggest that the bead-
based immunosandwich utilizing anti-CD81 and anti-CD63 Abs can be used to
capture exosomes from cells and could be used for single-cell assays (Figure

11C).
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Figure 11. (A) Overall workflow of transwell assay for capturing exosomes for TEM
visualization. (B) TEM images of exosomes isolated using the transwell
assay. (C) Overall representative schematic of immunoassay showing
higher efficiency of anti CD81 for capturing exosomes.

To analyze the secretion of exosomes from single cells, we utilized a custom
nanowell array containing 9216 wells, and co-incubated beads and breast cancer

cells (Figure 12).
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Figure 12. The overall workflow of the single-cell assay. Cells and anti-CD81
conjugated beads are loaded on the nanowell and incubated for 2-6
hours. The entire array is incubated with fluorescently-labeled antibody
against CD63 and imaged using microscopy.
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At two-hour intervals, we added the fluorescently tagged anti-CD63 Ab and
imaged the entire nanowell array. As expected, individual cells demonstrated
heterogeneity in exosome secretion (Figure 13A). We compared the frequency of
single-cell secreting exosomes between 67NR, and the isogeneic, metastatic
breast cancer cell line, 4T1. To quantify heterogeneity in secretory behavior and
to estimate the relative rate of secretion between individual cells and across the
cell lines, we restricted analyses to nanowells containing a single cell and a single
bead. Within these nanowells, we used a combination of image segmentation,
thresholding, and normalized fluorescent intensities to identify if individual cells
were classified as secretors or non-secretors (detailed description in Figure 9). At
each of the time points tested—two, four, and six hours—there was no difference
in the frequency of single cells secreting exosomes, comparing 4T1 and 67NR
(Figure 13B). Within all cells that secreted exosomes, we also compared the
number of exosomes secreted per cell across 4T1 and 67NR single cells.
Somewhat surprisingly, the non-metastatic cell line 67NR single cells secreted

more exosomes per cell at each of the time points profiled (Figure 13C).
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Figure 13. (A) Representative images of individual nanowells containing 67NR
cells with different exosome secretion capacity. Comparison of the
frequency of exosome secreting cells (B) and the rate of secretion (C)
between 67NR (non-metastatic) and 4T1 (metastatic) breast cancer
cells. Each dot represents a single cell with the median and quantiles.
T-tests were used for comparison. Significance levels are shown as **
p <0.001 and **** p < 0.00001.
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Tracking the kinetics of exosome secretion in individual 4T1 and 67NR cells
during a six-hour period revealed three major classifications for the cells: (1) a
major subpopulation of cells which showed continuous secretion, (2) a
subpopulation of cells that showed burst secretion at two hours, then subsequently
stopped secreting, and (3) cells with burst secretion starting at four hours (Figure
14). Taken together, these results established that while the overall frequencies of
cells secreting exosomes are not necessarily different between metastatic and
non-metastatic cell lines, individual cells showed differences in secretory behavior.
These results also indicate that non-metastatic 67NR cells can secrete more
exosomes per cell in comparison with metastatic 4T1 cells, a characteristic that

cannot be observed by routine ultracentrifugation procedures.
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Figure 14. The kinetics of exosome secretion from single cells. The three
subpopulations are shown as trend lines (mean + SE). Representative
images and contour maps of a single cell showing a continuous
increase of CD63 intensity on the surface of the bead.

2.3.2. Single-cell RNA-sequencing illustrates that 67NR cells are enriched
in exosome secretion pathways compared to 4T1 cells

To gain further mechanistic insights into the pathways that can support the
increased exosome secretion capacity of 67NR cells in comparison to 4T1 cells,
we performed single-cell RNA-sequencing (scRNA-seq). After data processing
(see Methods), the final scRNA-seq dataset used for analyses had an average of

3,386 unique genes per cell and 35,604 transcripts (Figure 15A). Dimensionality
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reduction using t-Distributed Stochastic Neighbor Embedding (t-SNE) showed a

clear separation between the cells comprising each cell line (Figure 15B).
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Figure 15. (A) Number of genes and reads detected in sScRNA-seq for 67NR and
4T1 cells. (B) t-SNE plot of 67NR and 4T1 breast cancer cells clusters.

Hierarchical clustering indicates that a set of 1,647 differentially expressed

genes (= 2-fold change) distinguishes the two cell types (Figure 16A). SCRNA-seq

confirmed that a number of markers associated with epithelial-mesenchymal

transition (EMT) including vimentin (Vim), fibronectin (Fnl), and Axl Receptor

Tyrosine Kinase (Axl) were increased in 67NR cells (Figure 16B). In contrast, a

number of matrix metalloproteinases associated with invasion, including Mmp9

and Mmp14, were increased in 4T1 cells (Figure 16C).
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To test the correlation between the functional single-cell exosome secretion
assay and the transcriptional signatures, we established a core gene signature
using a previously described set of genes known to be involved in exosome

secretion (Table 1) [119].

Table 1. Gene signature associated with exosome secretion

Mouse Human Ref. Mouse Human Ref.
symbol Symbol symbol Symbol

1 Hgs HGS [120] 23 Pkm PKM [24]
2 Stam STAM [121] 24 | Snap23 | SNAP23 [24]
3 | Tsgl01 | TSG101 [121] 25 Rala RALA [26]
4 | Chmp4c | CHMP4C [121] 26 Ralb RALB [26]
5 | Pdcd6ip | PDCD6IP [13] 27 | Rab2b RAB2B [17]
6 Vtal VTAL [121] 28 | Rab5a RABS5A [17]
7 | Vpsda VPS4A [121] 29 | Rab9 RABYA [17]
9 | Sdcbp SDCBP [13] 30 | Rab7 RAB7A [122]
10 | Sdci SDC1 [13] 31 | Rablla | RAB11A [15]
11 | Sdc2 SDC2 [13] 32 | Rab27a | RAB27A [123]
12 | Sdc3 SDC3 [13] 33 | Rab27b | RAB27B [122]
13 | Sdc4 SDC4 [13] 34 | Rab3s RAB35 [14]
14 Cd9 CD9 [124] 35 Cit CIT [125]
15| Cds2 CD82 [124] 36 Cttn CTTN [126]
16 | Cd63 CD63 [127] 37 | Smpd3 SMPD3 (8]

17| Lmp1 LMP1 [128] 38 | Dgka DGKA [129]
18 | Tspan8 | TSPANS8 [130] 39 Pld2 PLD2 [131]
19 |  syt7 SYT7 [16] 40 Arf6 ARF6 [10]
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Table 1 (continued)

20 | Vvamp7 VAMP7 [132] 41 Bst2 BST2 [133]
21 Ykt6 YKT6 [134] 42 | Atgl2 ATG12 [1339]
22 | Stxla STX1A [136] 43 |  Atg3 ATG3 [135]

Gene set enrichment analysis (GSEA) comparing 4T1 and 67NR confirmed that
67NR cells were positively correlated with exosome secretion signatures (Figure
17A). The core set of genes in the GSEA that showed high discrimination between
4T1 and 67NR cells mapped to the known ALIX-Syndecan-Sytenin pathway
(Figure 17B) [13]. The pathway genes consisting of tetraspanins (Cd63), Rab7,
apoptosis-linked gene 2-interacting protein X (Pdcd6ip), syndecans (Sdc2, Sdc4),
and syntenin (Sdcbp) were enriched in 67NR cells compared to 4T1 cells (Figure
17C). By contrast, two proteins that are known exosome secretion inhibitors,
Pikfyve and Isg15, were significantly expressed in 4T1 cells but not in 67NR cells

(Figure 17D) [18,137].
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We performed an independent verification of these results using reanalyzing
population-level RNA-seq data on these same cell lines (GSE104765) [109].
These data also confirmed the higher expression of Cd63, Rab7, Sdc2, Sdc3, and
Sdcbp in 67NR cells in comparison to 4T1 cells (Figure 18). Collectively, these
results from transcriptional profiling further advanced our findings that non-
metastatic breast cancer cells can secrete more exosomes than metastatic breast

cancer cells and suggest that the ALIX-Syndecan-Sytenin pathway supports this

function.
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Figure 18. Expression of genes associate with Alix-Syndecan-Sytenin pathway in
67NR cells in comparison with 4T1 cells based on the bulk RNA
sequencing.

2.3.3. Exosome secretion is an inheritable property during short-term
culture of cancer cells

Our combined functional and transcriptional data illustrated that 67NR cells are
proficient in exosome secretion. We next wanted to investigate the impact of
exosome secretion on the functional properties of the 67NR tumor cells. We
established a simple bioanalytical process to image cells secreting exosomes

using nanowell arrays and microscopy, perform automated segmentation and
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identification of secretor and non-secretor cells, and use an automated

micromanipulator to retrieve single cells to establish clonal cell lines (Figure 19).

Retrieving cell Transferring cell

O[N] #r: OEEECE
Figure 19. Schematic of the overall workflow for the imaging and retrieval exosome
secreting single cells with the aid of an automated micromanipulator.

Since we want to ensure that long-term culture did not alter the properties of
the cells, we grew the cells to no more than 24 population doublings. For the
majority of the cells picked (20 out of 27), we were able to establish clonal cell
lines, classified as secretor (cell population labeled as S, secretor, if the cell of
origin was a secretor) and non-secretor (cell population labeled as NS, non-

secretor, if the cell of origin was a non-secretor) (Figure 20A).

We tested the ability of single cells derived from these expanded populations to
secrete exosomes using the single-cell assay. Consistently, across all six cell lines
tested (three secretor lines and three non-secretor lines), the frequency of single
cells secreting exosomes was higher among the 67NR-S cell lines in comparison
to the 67NR-NS cell lines (Figure 20B). Within all cells that secreted exosomes,
comparisons of the number of exosomes secreted per single cell as a function of
time (two, four, and six hours) confirmed that the 67NR-S cell lines were composed

of individual cells with high rates of exosome secretion (Figure 20C).
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Figure 20. (A) Representative images of 67NR secretor and non-secretor single
cells before retrieval. Comparison of the frequency of cells secreting
exosomes (B) and (C) the rate of secretion of exosomes within 67NR-
NS and 67NR-S cells. . Each dot represents a single cell with the
median and quantiles. T-tests were used for comparison. Significance
levels are shown as **** p < 0.00001.

Kinetic analyses of the dynamics of exosome secretion in these cell lines
revealed two dominant subpopulations: (a) continuous secretors and (b) cells with
burst secretion that stopped secretion after 4 hours (Figure 21). Taken together,
these results establish that the secretion of exosomes is inheritable during cell
division, and this allowed us to investigate the functional consequences of these

exosome secreting cell lines.
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Figure 21. The kinetics of exosome secretion from individual cells that comprise
the 67NR-NS and 67NR-S populations. The three subpopulations are
shown as trend lines (mean £ SEM).
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2.3.4. Secretion of exosomes prevents the tumor formation in non-
metastatic cell lines

Since the expanded cell populations preserved the exosome secretion property
of the cell of origin, we investigated in vitro functions of the 67NR-S and 67NR-NS
cell lines. Phase-contrast microscopy revealed differences in the morphology with
67NR-S cells being more elongated than 67NR-NS cells (Figure 22A). Migration is
a key characteristic of cancer cells essential for metastasis. To test the migratory
behavior of the 67NR-S and 67NR-NS cell lines, we performed a scratch wound
assay. 67NR-S cells were significantly more migratory than 67NR-NS cells (Figure
22B). To test the tumorigenicity potential of these cell lines, we used a soft agar
formation assay [138]. 67NR-S cells formed 2-fold more colonies than the 67NR-
NS cells in soft agar suspension cultures (Figure 22C). These in vitro data illustrate
that the 67NR-S cells were more migratory and had enhanced tumorigenicity

potential compared to 67NR-NS cells.
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Figure 22. (A) The morphology of 67NR-NS and 67NR-S cell populations recorded
using phase-contrast microscopy. (B) Wound healing assays illustrating
the migration of 67NR-S and 67NR-NS clonal cells (mean £ SEM). A
two-way ANOVA test was used (n= 6 for each cell line). (C) The colony
formation assay for 67NR-S and 67NR-NS cell populations (mean +
SEM). The Mann Whitney t-test was used for comparison. Significance
levels are shown as ** p < 0.01, and **** p < 0.0001.
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We have utilized syngeneic models to be able to understand the impact of
exosomes on both intrinsic growth potentials of the tumor and the impact of the
host immune system. Parental 67NR cells are non-metastatic cells with a
heterogeneous population and form primary tumors upon injection into mice. To
determine the in vivo relevance of exosome secretion, we injected two 67NR-S
and one 67NR-NS cell lines into the mammary fat pad of BALB/c mice and
monitored the tumor growth for six weeks (Figure 23A). None of the mice that
received the 67NR-S cells developed tumors (Figure 23B). By comparison,
however, 80% of the mice that received 67NR-NS cells formed large tumors by
week six (Figure 23C). Taken together, these results illustrate that despite having
high tumorigenicity and migratory potential in vitro, the 67NR-S cells are rejected

in vivo.
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Figure 23. (A) The design of mice experiments for comparing the efficacy of tumor
formation by 67NR-S and 67NR-NS cell lines. Tumor growth monitoring
of BALB/c mice injected with (B) 67NR-S clones (two clonal cell
populations, five mice each) and (C) 67NR-NS clone (single clonal cell
population, five mice). A representative image of a single mouse is
shown.
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To directly link exosome secretion to the rejection of tumors in vivo, we

investigated the use of GW4896, a chemical inhibitor of exosome biogenesis.

Treatment of 67NR-S cells with GW4896 significantly inhibited exosome secretion

when profiled using the transwell exosome capture assay (Figure 24A).

Unfortunately, however, the treatment of 67NR-S cells with GW4896 almost

completely abolished colony formation in a soft agar assay (Figure 24B),

precluding its use in vivo. Collectively, studies with these non-metastatic breast

cancer cells demonstrated that despite enhanced tumor-forming potential in vitro,

exosome secreting cell lines are rejected in vivo presumably due to the host

immune system.

Figure 24.
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(A) Exosome secretion within 67NR-S clonal cell populations treated
with GW4869 or DMSO. Each dot represents CD63 (exosomes)
intensity on a single bead (mean + SEM). (B) Colony formation in
67NR-S and 67NR-NS clonal cell populations upon treatment with
GW4869 (mean + SEM). The Mann Whitney t-test was used for
comparison. Significance levels are shown as ** p < 0.01, and **** p <
0.0001.
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2.3.5. Secretion of exosomes improves the survival in non-metastatic
breast cancer patients

Based on the mice data, we sought to directly understand the impact of
exosome secretion and the link to the immune system within human patients with
breast cancer. We analyzed the correlation between gene expression and survival
of non-metastatic breast cancer patients available within The Cancer Genomic
Atlas (TCGA). Since our single-cell method utilizes CD63 and CD81 to detect the
exosomes, we first compared the survival of patients with higher and lower
expression of these markers. Since there was no difference in survival of patients
stratified by CD63 or CD81, we conclude that these single markers are necessary

but not sufficient to identify a complex property like exosome secretion (Figure 25).
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Figure 25. The overall survival of non-metastatic breast cancer patients (NO and
MO in TNM staging system) divided by median CD81 and CDG63
expression.

To identify signatures of exosome secretion, we applied unsupervised
hierarchal clustering (no gene selection) to stratify non-metastatic breast cancer

patients into two groups with 182 and 268 patients each (Figure 26).
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Figure 26
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. t-SNE plot of the clusters identified by unsupervised hierarchal
clustering of non-metastatic breast cancer patients.

A set of 13 genes related to exosome secretion were identified as being

differential

ly expressed between these two groups (Figure 27A). We therefore

utilized the median expression of this 13-gene cluster to stratify patient tumors as

exosome high (BRCA_Exo") and low (BRCA_Ex0%°). Consistent with our SCRNA-

seq data on 4T1 and 67NR cells, the expression of genes in ALIX-Syndecan-

Sytenin pathway was elevated in BRCA_Exo" patients in comparison to the

BRCA _Exo'° patients (Figure 27B).
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(A) Enrichment of the 13 genes with fold change > 1.2 associated with

exosome secretion in the BRCA_Exo" patients. (B) The average
expression of genes in ALIX-Syndecam-Syntenin pathway within
BRCA_Exo" and BRCA_Exo'° patients. The median and quantiles are
shown.
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The overall survival was significantly higher for BRCA_Exo"' patients in
comparison to the BRCA_Exo'° patients (median survival not reached vs. 10.8
years, HR: 0.4, 95% CI: 0.18-0.92), consistent with our findings in mice that non-

metastatic cells secreting exosomes do not form tumors (Figure 28).
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Figure 28. Differences in the survival of non-metastatic breast cancer patients
stratified by the median expression of 13 exosome gene signature.
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To identify if immune cell infiltration is associated with improved overall survival
observed in patients with higher expression of exosomes, we used the previously
published cytolytic score (based on the expression of GZMA and PRF1) as an in
silico metric of immune cell cytolytic activity [111]. The cytolytic activity was
significantly elevated in the BRCA Exo" cohort compared to the BRCA_Exo'°
cohort (Figure 29A). To identify the immune cell type that was responsible for this
signature, we used the normalized gene expression data to quantify the relative
frequencies of the 22 different immune cell types using the CIBERSORTX
algorithm. CD8 T cells were not significantly different between the two clusters

(Figure 29B).
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Figure 29. (A) Cytolytic activity score and (B) infiltration of CD8 T cells in non-
metastatic breast tumors comparing the BRCA_Exo"™ and
BRCA_Exo'° patients. The median and quantiles are shown. two-tailed
t-test was used. Significance levels are shown as ***** p < 0.00001.

The difference in cytolytic activity was reflected with significant differences in
macrophage subsets: a higher frequency of MO and pro-inflammatory M1
macrophages, and a decreased frequency of anti-inflammatory M2 macrophages
were observed in the tumors of BRCA_ExoM patients compared to the
BRCA_Exo'° patients (Figure 30A). Similar to the macrophages, the frequency of
intratumoral memory CD4 T cells was also significantly different between
BRCA_Exo" and BRCA_Exo'° patients. We utilized signatures of helper T cells
within the previously described Immunome signature set [114], to identify that Th1
cells were significantly increased, and Th17 cells were significantly decreased in
the BRCA_Exo"' patients compared to the BRCA Exo'° patients (Figure 30B).
Collectively, these results showed that tumors in BRCA_Exo" patients harbor

MO/M1 macrophages and Th1l cells.
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Figure 30. (A) Macrophage infiltration scores for the BRCA _Exo" and
BRCA_Exo'° tumor with the ratio of M1/M2 macrophages within
these tumors (mean + SEM). (B) The immune score of T helper cells
for BRCA_Exo" and BRCA_Exo'° tumors. The median and quantiles
of the infiltration percentage are shown. A two-tailed t-test was used.
Significance levels are shown ** p < 0.01, ***** p < 0.00001.

We utilized GSEA to identify soluble mediators of the immune cell polarization

within the tumor microenvironment of these patients. Not surprisingly, several

pathways associated with chemokine/cytokine receptor interactions were enriched

in BRCA_Exo" tumors (Figure 31A). Consistent with the high frequency of Thi

cells, interferon-gamma (IFN-y) signaling was significantly elevated within the

exosome high tumors (Figure 31B).
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Figure 31. (A) GSEA of interferon-gamma, cytokines/chemokines receptor
interaction pathways comparing BRCA_Exo™ and BRCA_Exo“°
tumors. (B) Expression of IFNG in BRCA_Exo" and BRCA_Exo'°
patients (mean + SEM). Two-tailed t-test was used. Significance
levels are shown as **** p < 0.0001.
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It is well known that the priming of macrophages in the presence of IFN-y leads
to the differentiation of pro-inflammatory M1 macrophages and downregulation of
the IL6 signaling pathway. Although the expression of the IL6 receptor (IL6R) was
not different, the expression of IL6 signal transducer (IL6ST) and the downstream
signal transducer and activator of transcription 4 (STAT3) were significantly

decreased in the BRCA_ Exo" tumors compared to the BRCA_Exo'° tumors

(Figure 32).
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Figure 32. Normalized expression of STAT3 and IL6ST in BRCA Exo" and
BRCA _Exo-°tumors (mean + SEM).

We also utilized the median expression score of the 13 exosome signature
genes to confirm a significant inverse correlation between the exosome signature
and IL6R, IL6ST, and STAT3 within this entire cohort of patients (Figures 33).
Taken together, the secretion of exosomes likely influences the infiltration of Thl

cells and a skewed ratio of M1/M2 macrophages through the crosstalk between

IFN-y and IL6/STAT3 pathways.
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Figure 33. The anti-correlation of STAT3, IL6R, and IL6ST with exosome score
within non-metastatic breast cancer patients (Spearman correlation).
The heatmap showing the spearman correlation between selected
genes and exosome score within non-metastatic breast cancer
patients. two-tailed t-test was used. Significance levels are shown as *
p <0.05, * p <0.01, *** p <0.001, *** p < 0.0001, ****p < 0.00001.

We investigated the utility of the exosome secretion signature and its
association with patient survival across pan-cancer datasets within the TCGA.
Similar to breast cancer, exosome secretion signatures were associated with
improved overall survival in melanoma (SKCM) patients (14.3 vs. 9.4 years, HR:
0.62, 95% CI: 0.39-0.97) (Figure 34A). By contrast, in both lung squamous cell
carcinoma (LUSC) and stomach and esophageal carcinoma (STES), exosome
secretion signature was associated with worse overall survival for patients (Figure

34B).
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Figure 34. (A) Volcano plot of overall survival of pan-cancers divided by the median
expression of exosome gene signatures. (B) Overall survival of non-
metastatic SKCM, LUSC and STES patients divided by median
expression of exosome gene signatures.
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2.4. Discussion

Exosomes and EVs derived from tumors serve as long-distance messengers

and hence play important roles in the metastatic cascade [139,140]. Exosomes
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derived from metastatic cells have been shown to participate in a broad range of
functions: remodel the extracellular matrix and the transformation of fibroblasts,
promote angiogenesis, prepare the pre-metastatic niche, and alter the nature of
the tumor microenvironment [45,141]. By contrast, the exosomes released by non-
metastatic tumors has been relatively understudied. In both metastatic and non-
metastatic tumors, studies that have aimed to investigate the role of exosomes
have utilized exosomes purified from large numbers of cancer cells isolated from
cell culture. This approach masks the heterogeneity in the secretion of the different
cells that comprise the population. Comprehensive characterization of the
heterogeneity of exosome secretion between the single cells within the same
population has been restricted to only a few reports, and even in these studies, the
ability to isolate and propagate cells with differences in exosome secretion
capabilities is lacking [80,142]. We developed and validated a platform based on
nanowell arrays for directly profiling exosome secretion from single cells and used
these to establish cells derived from a clinically relevant mouse breast cancer
model that have significant differences in the rate of exosome secretion. Our
studies show that, surprisingly, the non-metastatic cell line, 67NR secretes more
exosome per cell than its isogenic, metastatic counterpart, 4T1. Although prior
studies from each of these cell lines have demonstrated that exosomes derived
from 4T1 can facilitate metastasis, these studies utilized supraphysiological
concentrations of purified exosomes [143]. Our results are consistent with studies
in melanoma that showed that purified exosomes from poorly metastatic

melanoma cells could inhibit metastasis [47]. SCRNA-seq suggested that the ALIX-
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Syndecan-Sytenin pathway known to be important for exosome secretion was
enriched in 67NR cells compared to 4T1 cells [13]. In vitro functional studies based
on 67NR-S (high secretor) and 67NR-NS (low secretor) cells illustrated that the
67NR-S cells are more migratory and have enhanced tumorigenic potential;

however, they are deficient at tumor formation in vivo.

To explore the relevance of our results in human breast cancers, we analyzed
the signatures of exosomes with non-metastatic breast cancer patients within the
TCGA. Our results demonstrate that patients with signatures of high exosome
secretion (including the ALIX-Syndecan-Sytenin pathway) have improved survival
compared to patients with signatures of low exosome secretion. To quantify if
immune cells can help explain this difference in survival between the two cohorts
of patients, we quantified the cellular composition in terms of the 22 subtypes of
immune cells using the CIBERSORTX algorithm [112]. The cytolytic score, an in
silico metric of inflammation, was significantly increased in tumors with high
exosome secretion compared to tumors with low exosome secretion [111].
Surprisingly, the cytolytic score was not reflected by the high abundance of CD8 T
cells but correlated with Thl cells (secretion of IFN-y) and M1 macrophages
(suppression of IL6ST/STAT3 pathway). These results are consistent with studies
using purified exosomes that revealed that breast cancer-derived exosomes alter

macrophage polarization via IL6ST/STATS3 signaling [144].

Our platform has direct utility in single-cell studies of profiling the link between
exosomes and function. In the current report, we have defined exosome secretion

based only on abundances of CD63/CD81. This definition only marks a subset of
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all exosomes, but the assay can be easily modified to include additional markers
including CD9 and EpCAM [58]. Second, the ability to isolate cells based on
differences in exosome secretion can be utilized to perform scRNA-seq on the
retrieved cells directly. This method will have great utility to map the molecular
players in the exosome secretion cascade directly. Furthermore, based on the
differentially expressed transcripts, it will be possible to infer the proteins that are
likely enriched in the exosomes secreted by these single cells. Third, the
establishment of cell lines with differences in exosome secretion among metastatic
cells will help map the functional impact of exosome secretion and their role in the
biology of metastasis. We anticipate that our method can be broadly utilized to

map the functional consequences of exosome secretion at the single-cell level.
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Chapter 3: Integrated single-cell functional and molecular
profiling identified a core signature of exosome secretion in
metastatic breast cancer

3.1. Introduction

Exosomes are small extracellular vesicles secreted by all cell types and have
been shown to be involved in cell-cell communication [3,145,146]. Exosomes are
composed of a lipid bilayer and contain biological molecules such as nucleic acids
and proteins [147,148]. They can transfer their content to the other cells in the
tumor microenvironment which can lead to the genetic alteration in the target cell.
This transformation is not limited to the site of secretion and exosomes can transfer

their cargo to the cells in the other sites by spreading through body fluids [149,150].

The transformation of biological molecules can impact the development of
cancer in different stages such as angiogenesis [151,152] , immune suppression
[153-155], and metastasis [47]. For example, tumor-derived exosomes upregulate
the angiogenesis-related genes and enhance the endothelial cell proliferation
[130]. The secretion of tumor-derived exosomes containing PD-L1 upregulates the
expression of PD-L1 in breast cancer cells and blocks the activation of T cells [33].
Exosomes can also trigger the invasion and migration of tumor cells as the
exosomes from metastatic breast cancer cells contained matrix metallopeptidase
2 (MMP2) which degrades the extracellular matrix and promotes the invasion [35].
The exosomes of MDAMB231 cells carrying caveolin-1 can promote the migration
and invasion capability in the recipient cells [156]. Also, primary tumors secrete
exosomes to prepare the metastatic site by downregulating the cadherin-17 in lung

[43]. Taking all together, understanding the function of exosomes and cells they
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originate from can increase our knowledge of the complexity of the cancer

microenvironment.

The formation and release of exosomes involve several steps starting with the
inward budding of the plasma membrane and the formation of early endosomes.
Then, the maturation of early endosomes results in the formation of multivesicular
bodies (MVB) containing intraluminal vesicles which are also called exosomes.
Finally, the MVB fuses with the plasma membrane, if not with the lysosome, and
releases the exosomes. Several mechanisms have been reported in endosomal
and MVB sorting including the endosomal sorting complex required for transport
(ESCRT)-dependent [157,158], and ESCRT-independent machineries such as
sphingolipid ceramide [8] and tetraspanins CD63 [159] which control the exosome
formation. Also, the release of exosomes through the fusion of MVB with plasma
membrane involves several proteins including the soluble N-ethylmaleimide-
sensitive factor attachment protein receptors (SNARESs) [132,160] , and the RAB
family members, RAB27A, RAB27B, and RAB7 [13,17]. Despite extensive
research in the formation of exosomes, the pathways which regulate the secretion
and packaging of exosomes are still unclear [6]. Also, although the content of
exosome reflects to a large extent the biological state of its cell of origin, it does
not necessarily demonstrate the intracellular interactions that lead to their
formation [140]. In other words, the molecules involved in the formation and
release of exosomes do not necessarily need to be incorporated into them [119].

Therefore, the identification of markers associated only with the formation and
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secretion of exosomes in the cells can enhance our understanding of the exosome

increase in the tumor microenvironment.

The current studies on the exosomes are mainly executed through the isolation
of exosomes by techniques such as density gradient centrifugation or ultrafiltration
[161]. Even though these techniques can be used for the identification of molecules
carried by exosomes, they cannot identify the cellular components involved in the
process of exosome formation. Therefore, to address the biological state of cells
upon secretion, an integrated method for profiling the cellular components of cells

upon an increase in the secretion of exosomes is essential.

The development of high-throughput single-cell RNA sequencing (SCRNA-seq)
in the last five years has enabled the characterization of heterogeneous tumor cells
at the single-cell resolution [162,163]. In this study, we used the scRNA-seq
technique to characterize the transcriptome of two monoclonal cell lines with
different rates of secretion. To obtain the monoclonal cell lines, we applied a high-
throughput single-cell technique to identify and retrieve single cells with different
secretion capacity without any external perturbation. We utilized the MDAMB231
cell line which is a well-validated metastatic breast cell line and the secretion of
exosomes from these cells has been reported to enhance the migration and
invasion of cancer [164]. By performing the scRNA-seq analysis we identified 34
gene signatures which can be linked to the secretion and biogenesis of exosomes.
Among these genes, four genes HSP90AAL, HSPH1, EIF5, and DIAPH3 showed
significant correlation and were recognized as core exosome gene sets. This gene

signature was able to predict the secretion rate of exosomes from three different
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breast cancer cell lines which was validated by in vitro analysis. Further, the higher
expression of core exosome genes showed a strong correlation with poor survival
and low CD8 T cell infiltration in breast cancer patients in The Cancer Genome
Atlas (TCGA). Also, the expression of the core signature gene was associated with
the basal-like subtype of breast cancer which is known as the invasive subtype of
breast cancer. Taken together, we identified novel markers that can be associated

with exosome secretion and poor prognosis in breast cancer patients.

3.2. Material and Methods
3.2.1. Cell culture
MDAMB231, HCC70, and MCF7 cells were purchased from ATCC. We cultured

MDAMB231 and HCC70 cells in RPMI 1640 supplemented with 10% FBS, 1% L-
glutamine, HEPES, and penicillin-streptomycin. We cultured MCF7 cells in Eagle's
Minimum Essential Medium with 10% FBS, 1% HEPES, MEM Non-Essential
Amino Acids, and penicillin-streptomycin. We tested all cells for mycoplasma
contamination using real-time PCR.

3.2.2. Single-cell exosome detection assay

We analyze the secretion of exosomes from single cells as previously
described. Briefly, we labeled cells with PKH67 dye (Sigma-Aldrich, catalog
number PKH67GL-1KT) as directed by the manufacturer. For capturing the
exosomes on the surface of LumAvidin beads (Luminex, catalog humber L100-
L115-01), we incubated the beads with 3.5 pg/ml biotinylated anti-CD81
(BioLegend, clone TAPA-1) antibody at the room temperature for 40 minutes,
followed by three washes in PBS with 1% BSA. Then we loaded the labeled cells

and functionalized beads on the PLL-g-PEG (SuSoS, Switzerland) treated
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nanowell. 45 minutes before each detection time point, we covered the nanowell
with 4 pg/ml PE anti-CD63 antibody (BioLegend, clone H5C6) at 37°C. We imaged
the nanowell by Zeiss Axio Observer Z1 microscope equipped with 20x/0.8 NA
objectives and a Hamamatsu Orca Flash v2 camera.

3.2.3. Secretion analysis of single-cell exosome detection assay

We analyzed the TIFF images exported from the microscope as previously
described in chapter 2. Briefly, we segmented, quantified the cell:bead ratio,
identified the cell:bead ratio of 1:1, and calculated the background-subtracted pixel
values for identification of secretors and non-secretor single cells. To analyze the
dynamic of secretion from single cells, the wells which maintained their 1:1 ratio
during the experiment were detected. Then, based on a two-tailed t-test on the
CD63 pixel values, we selected a significant increase with p-value < 0.01 as the
criterion for a change in the secretion behavior of the cell.

3.2.4. Establishment of clonal cell lines.

As previously described in chapter 2, we used a micromanipulator (ALS,
CellCelector) equipped with 50 ym glass capillaries to retrieve the detected
secretor and non-secretor single cells. We transferred the retrieved cells to a 96
well plate containing complete media and cultured the cells up to 24 population
doublings.

3.2.5. Wound healing assay

We cultured MDAMB231-S and MDAMB231-NS cells to 90% confluency in a

12-well plate with 10% FBS complete media. We then replaced the media with

0.5% exosome-free FBS complete media for 18 hours. After starvation, we
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scratched the cells with 10 pul pipette tips and washed twice with PBS. During the
assay, we incubated the cells with 0.5% exosome-free FBS complete media to
slow down cell proliferation. We obtained the images from six different areas per
well with the Zeiss Axio Observer Z1 microscope equipped with 20x/0.5 NA
objectives at several time points. We analyzed the images with the TScratch tool
[103].
3.2.6. Exosome quantification using transwell assay

We utilized a Transwell insert with 3 um pore membrane and loaded
functionalized beads at the lower compartment, and cells on the upper
compartment of the insert. After 48 hours of incubation at 37°C, we collected the
beads and labeled them with 4 pg/ml PE anti-CD63 antibody (BioLegend, clone
H5C6) for 45 minutes at 37°C. We subsequently washed the beads three times in
PBS with 1% BSA and performed imaging using a Zeiss Axio Observer Z1
microscope equipped with 20x/0.8 NA objectives. Using ImageJ, we segmented
and measured the fluorescent intensity of CD63 on the beads.

3.2.7. Surface marker staining

To measure the expression of CD81, we coated the cells with 3.5 pg/ml
biotinylated anti-CD81 (BioLegend, clone TAPA-1) antibody at the 37°C for 30
minutes. After one wash in PBS with 1% BSA, we stained the cells with 4 pg/ml
PE-streptavidin (BioLegend) at the 37°C for 45 minutes. We used a Zeiss Axio
Observer Z1 microscope equipped with 20x/0.8 NA objectives to image the cells

and using ImageJ we measured the intensity of CD81 on the cells.
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3.2.8. Single-cell RNA-sequencing
We labeled HCC70, MCF7, MDAMB231, MDAMB231-S, and MDAMB231-NS

cells separately with the Sample-Tags from the BD Human Immune Single-Cell
Multiplexing Kit (BD Biosciences, San Jose, CA), described in “Single Cell Labeling
with the BD Single-Cell Multiplexing Kits” protocol. Then, we proceeded to library
preparation with a mixture of ~5000 cells (approximately 1000 cells from each
group). We prepared the whole transcriptome following the BD “mRNA Whole
Transcriptome Analysis (WTA) and Sample Tag Library Preparation Protocol”
using the BD Rhapsody System. We assessed the quality and quantity of the final
library by Agilent 4200 TapeStation system using the Agilent High Sensitivity
D5000 ScreenTape (Agilent Technologies, Santa Clara, CA) and a Qubit
Fluorometer using the Qubit dsSDNA HS Assay, respectively. We diluted the final
library to 3 nM concentration and used a HiSeq PE150 sequencer (lllumina, San
Diego, CA) to perform the sequencing.

3.2.9. Sequencing reads alignment

We analyzed the FASTQ files on the Seven Bridges website

(https://www.sevenbridges.com/) by running the “BD Rhapsody WTA Analysis
Pipeline” (BD Biosciences, San Jose, CA). After performing alignment, filtering,
and sample tag detection, we downloaded the sample tag calls and molecule count
information for further analysis in R (v 4.0.1) using Seurat Package [104] (v 3.0).
3.2.10. Data processing and differentially gene expression analysis
By following the standard processing workflow in Seurat Package, we
performed the clustering. Briefly, we removed cells with < 8000 gene count and

high mitochondrial gene expression (> 20% of the reads). Upon clustering, we
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removed the cells in clusters that contained a mixture of sample tags, and we
ended up with 3431 single-cell profiles (773 MDAMB231-S, 815 MDAMB231-NS,
971 MDAMB231, 645 MCF7, and 227 HCC70). Next, we identified the differentially
expressed genes using Findmarkers function in Seurat. We selected the markers
with > 1.2-fold change higher expression in MDAMB231-S in comparison to
MDAMB231-NS as the gene signature for exosome secretion.
3.2.11. Gene correlation analysis and ExoCarta analysis
To calculate the spearman correlation between genes, we used cor.test function
in R to calculate the significant correlations. Later, we plotted the heatmap of
spearman coefficients with pheatmap package (v 1.0.12). We downloaded the list
of proteins and mMRNA in the ExoCarta dataset from their website

(http://exocarta.org/download).

3.2.12. Gene set enrichment analysis for breast cancer cell lines

To perform pathway analysis between breast cancer cell lines, we pre-ranked
the significant genes (p-value < 0.05) between each pair of cell lines calculated by
findmarkers function in Seurat package. We ran the GSEA software provided by
UC San Diego and Broad Institute using Broad Institute C2: curated gene sets.

3.2.13. Core signature identification and network analysis

We calculated the spearman correlation between the identified gene signature
among the MDAMB231-S cells. We used ward.D2 as a hierarchal clustering
method along with Euclidean distance method to cluster the markers. Using the

pvclust package (v 2.2-0) [165], we assessed the uncertainty in clustering analysis.
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we used the approximately unbiased (AU) value > 95 as the criteria for a significant

cluster. We plotted the heatmap using pheatmap package.

To build the network between markers, we used igraph package (v 1.2.5) [166].
First, we created an undirected network containing a list of links and nodes. The
size of nodes represented the average gene expression of each marker and the
links represented the spearman coefficient between each marker. Next, we
removed the negative links, and to simplify the network, we removed the links
which showed a smaller coefficient than the average of positive links. To visualize
the network, we used the layout algorithm of layout_with_graphopt.

3.2.14. Cancer Cell Line Encyclopedia (CCLE) analysis

We downloaded the CCLE log2 transformed RNAseq TPM gene expression

and the cell line information from the DepMap portal

(https://depmap.org/portal/download/). To perform the correlation analysis, we

filtered the gene expression matrix for the exosome gene signature and performed
the spearman correlation among all 1304 cell line. For analyzing the correlation of
gene signature with breast cancer subtype, first, we selected breast cancer cell
lines using the primary disease information of cell lines. Then, using the
lineage_molecular_subtype, we grouped the cell lines into different subtypes.
3.2.15. Tumor Cancer Genome Atlas (TCGA) analysis

We downloaded all the TCGA data, including raw counts, RSEM gene

normalized expression and clinical data from the Broad Institute FireBrowse Data

Portal (www.firebrowse.orqg). For PAM50, tumor size, and stages analysis, we

downloaded the BRCA_clinicalMatrix file from University of California Santa Cruz
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Xena Hub Portal (https://xena.ucsc.edu/) and we used

PAM50_mRNA_nature2012, Tumor_nature2012, and AJCC_Stage nature2012
for PAMS50, tumor size and stages information, respectively. We calculated the
spearman’s rank correlation coefficient using cor.test function between the
markers upregulated in MDAMB231-S and plotted using pheatmap package in R.
For survival analysis, using the Kaplan-Meier method we compared the overall
survival of patients divided by the median expression of four core exosome
signature genes. Using the log-rank test We calculated the statistical significance
of survival curves. To perform pathway analysis, first, we calculated the
differentially expressed genes between patients divided by the median expression
of four core signature genes using DESeq2 (v 1.22.2) package [110]. We next used
the pre-ranked gene list of genes with a significant p-value of < 0.05 to run GSEA
software provided by UC San Diego and Broad Institute using Broad Institute C2:
curated gene sets. We used the RSEM gene expression of breast cancer patients
to estimate the relative fraction of 22 immune cell types using 1000 permutations
in CIBERSORTXx analytical tool. We calculated the cytolytic activity (Cyt) as the

geometric mean of PRF1 and GZMA as previously described.

3.3. Results

3.3.1. Establishing monoclonal cell lines with divergent rates of exosome
secretion.

To directly map the heterogeneity in exosome secretion rates within clonal cells,
as | explained in chapter 2, we developed a high-throughput single-cell technique

based on nanowell arrays that can detect the secretion of exosomes. The
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exosomes are identified using a combination of two separate markers, CD63 and

CD81 via the formation of an immunosandwich (Figure 35).
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Figure 35. The workflow of single-cell analysis and monoclonal cell establishment.

We mapped the heterogeneity in exosome secretion within the metastatic triple-
negative breast cancer cell line, MDAMB231. Not surprisingly, single-cell profiling
identified individual cells with vastly different rates of exosome secretion within this

population of MDAMB231 cells (Figure 36).
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Figure 36. Representative images of MDAMB231-S and MDAMB231-NS single
cells. The inserts show single cells and the contour map of CD63
(exosome) intensity.

To quantify if exosome secretion is a stably inheritable property of these single
cells, we retrieved individual exosome secretor (labeled MDAMB231-S) and non-
secretor cells (MDAMB231-NS) using an automated robot and expanded them to

establish clonal populations. After limited expansion (<20 generations) we tested
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the secretion rates of these clonal populations using our single assay and
confirmed that individual cells from the MDAMB231-S population can secrete more
exosomes compared to MDAMB231-NS cells. The differences in the exosome

secretion capacity increased as a function of time (Figure 37).
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Figure 37. The rate of secretion of exosomes by cells within the MDAMB231-S and
MDAMB231-NS population. Each dot represents a single cell with the
median and quantiles. T-tests were used for comparison. Significance
levels are shown as **** p < 0.00001.

Tracking the kinetics of exosome secretion, showed that more than 85% of
MDAMB231-S cells secrete exosomes continuously over the six-hour period. By
contrast, however, the MDAMB231-NS showed a higher percentage of cells with

an initial burst secretion that stalled after four hours (Figure 38).
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Figure 38. The kinetics of exosome secretion from individual cells that comprise
the MDAMB231-S and MDAMB231-NS cell lines. The two
subpopulations are shown as trend lines (mean £ SEM).
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Since it has been previously shown that exosome secretion can be associated
with increased migration in metastatic breast cancer cells, we compared the
migratory potential of these clonal lines with divergent exosome secretion rates.
To test the migratory capacity, we used a wound healing assay, and as expected
MDAMB231-S cells were significantly more migratory than MDAMB231-NS cells
(Figure 39). Taken together, these results showed that we can directly identify
single cells with differences in rates of exosome secretion and that the exosome
secretion property is maintained upon clonal expansion. The availability of the
clonal populations allowed us to rapidly compare the transcriptional differences

across thousands of single cells by scRNA-seq.
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Figure 39. Wound healing assays showing the migration of MDAMB231-S and
MDAMB231-NS cell lines (mean + SEM). A two-way ANOVA test was
used (n= 7 for each cell line). Significance levels are shown as * p <
0.05, *** p < 0.001, and**** p < 0.0001.

3.3.2. Identification of exosomes gene signature in breast cancer cells

To derive a genetic signature associated with exosome secretion, we performed
ScRNA-seq on cells from the MDAMB231-S and MDAMB231-NS populations

using the Rhapsody platform (Figure 40).
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Figure 40. The workflow of single-cell RNA sequencing and whole transcriptome
profiling for monoclonal cell lines.

Cell Line Tagging

After data processing and filtering, we identified 1970 single cells with an
average of 4710 unique genes and 24,219 transcripts per cell (Figure 41A).
Dimensionality reduction showed a clear separation between the two cell lines

(Figure 41B).

;. 60000 o 2

4 Ly _
£ 6000 e S <
3 2 3 =
= & 5 40000/ . 2
put T UMAP1
3 e £
€ 4000 i s ikt
4 W Z
= 3 20000

2000] ST AT

X{g ,\,c—’ ’é’ﬁ ,\fo
Q?’\ (brib q:b\ Q)q’{b
® S
\&OV" X\ QOV ® MDAMB231-S

Figure 41. (A) The violin plot showing the number of genes and transcriptome per
cells. (B) UMAP plot of the all detected single cells from MDAMB231-S
and MDAMB231-NS cell lines.

By clustering the single cells, we were able to identify two clusters which solely

consisted of the secretor and non-secretor clones (Figure 42).
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Figure 42. UMAP plot of MDAMB231-S and MDAMB231-NS cells clusters selected
for further downstream analysis.

Differential gene expression analysis identified 322 genes were significantly (p-
adjusted-value < 0.05) enriched in the MDAMB231-S cells compared to
MDAMB231-NS cells (Supplementary table 2). To investigate if these differentially
expressed genes (DEGSs) are known to be associated with exosome secretion, we
compared them to the molecules within the exosome database, ExoCarta [167—
169]. Out of 322 DEGs, 211 DEGs were annotated within ExoCarta as mRNA,

proteins, or both (Figure 43, Supplementary table 3).

HSPOOAAT 4 ACTN1

ACTG1
S e [ ok

=

]

ExoCarta_Protein

o~

ExoCarta_mRNA

w

Expression
Expression
Expression

N w
e
o -
N
A

845

NS §

DIAPH3

ol ol L 0’,

NS S NS S NS S

Figure 43. (A) Venn diagram of the overlap of differentially expressed genes
between MDAMB231-S genes and mRNA and proteins in the
ExoCarta dataset. (B) Violin plot of selected top genes upregulated in
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When we restricted the DEGs with > 1.2-fold change in the MDAMB231-S cells,
we identified a set of 34 genes that are known to be associated with exosome
secretion, metastasis and invasion (Figure 44). For example, exosomes
expressing CAV1 have been show to transport adhesion proteins and promoted
the invasion in breast cancer [156]. Similarly, FXYDS5 is a glycoprotein known to
reduce the cell adhesion and promote the metastasis in breast cancer cells [170],
and SKA3 is a microtubule-binding subcomplex of the outer kinetochore and its
expression is associated with breast cancer growth [171] and brain metastasis

[172].
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Figure 44. The heatmap of the top 34 genes upregulated in MDAMB231-S cells.
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dataset and previously linked to breast cancer or other cancer types.
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To further refine the core gene signature, we posited that the genes associated
with exosome secretion, or packaging within the exosomes, are regulated in a
coordinated manner. Accordingly, we calculated the spearman coefficient between
the DEGs and applied a hierarchical clustering to identify the cluster of genes that
were significantly correlated with each other. By applying a multiscale bootstrap
resampling method, we identified the clusters which showed the approximately
unbiased (AU) value > 95. Among these clusters, HSP90AA1 was significantly
correlated with HSPH1, EIF5, and DIAPHS3 (Figure 45A, B), and these four genes

were also significantly correlated with the exosome marker, CD81 (Figure 45C).
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Figure 45. The heatmap of spearman coefficients correlation (A) and the
connection network (B) between top genes in MDAMB231-S cells with
four core exosome genes highlighted. (C) The spearman coefficient
correlation between the four core exosome genes and surface
markers CD63, CD81, and CD9 in MDAMB231-S cells.

Previously, it is shown that DIAPH3 can activate the beta-catenin/TCF signaling
by binding to HSP90 which results in growth, migration, epithelial-mesenchymal
transition, and metastasis in hepatocellular carcinoma cells [173]. Taken together,
scRNA-seq on MDAMBZ231 secretor and non-secretor cells identified a core gene

cellular signature (Exo-sig) of CD81-expressing exosomes.
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3.3.3. Rate of exosome secretion in breast cancer cells

To validate whether Exo-sig can predict the secretion of exosomes we
investigated three breast cancer cell lines, MDAMB231, MCF7, and HCC70 with
differences in metastatic potential. MDAMB231 and HCC70 cell lines are both
triple-negative cancer cells while the MCF7 is an estrogen-receptor (ER) and
progesterone-receptor (PR) positive cancer cell line [174]. We performed scRNA-
seq on MDAMB231, MCF7, and HCC70 cell lines, and we obtained an average of
4459 unigue genes and 22,071 transcripts per cell (Figure 46A). After
dimensionality reduction, all three cell lines clustered separately (Figure 46B), and

a total of 2634 DEGs (> 1.2-fold change) were identified.
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Figure 46. (A) The violin plot showing the number of genes and transcriptome per
cells. (B) The UMAP plot of MDAMB231, MCF7, and HCC70 cells
clusters analyzed by scRNA-seq.

To validate the phenotype of the cancer cell lines in the scRNA-seq data, we
compared the expression of DEGs with known markers for breast cancer subtypes
including luminal, basal-A, and basal-B [174]. The gene expression showed that
markers for luminal (e.g. GATA3, FOXA1, KRT18, and KRT19), basal-A (e.g. SLPI,

KRT16, and KRT6B) and basal-B (e.g. AXL, CAV1, VIM, and SEPRINE1) subtype
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were, respectively, upregulated in MCF7, HCC70

(Figure 47).
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Figure 47. The heatmap of expression of genes associated with luminal, basal A
and, basal B breast cancer subtypes in MDAMB231, MCF7, and

HCC70 cell lines.

Similarly, pathway analysis confirmed that MDAMB231 and MCF7 cell lines are

enriched for genes enriched in pathways corresponding to basal and luminal

phenotype, respectively (Figure 48).
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Consistent with the fact that HCC70 was derived from a primary tumor, pathway
analysis showed a lower score for metastatic and epithelial-mesenchymal
transition pathways in comparison to the MDAMB231 and MCF7 cell lines (Figure

49).
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Figure 49. The normalized enrichment score (NES) of pathways associated with
metastasis, luminal, and basal breast cancer subtypes by pairwise
comparison between MDAMB231 vs HCC70, and MCF7 vs HCC70

cells.

To validate the invasion phenotype of cell lines, we used a wound healing assay,

and as expected MDAMB231 cells the highest motility, while the HCC70 cell lines

completely failed in migration and closing the wound (Figure 50).
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Figure 50. Wound healing assays showing the migration of MDAMB231, MCF7,
and HCC70 cell lines (mean £ SEM). A two-way ANOVA test was used
(n=7 for each cell line). Significance levels are shown as * p < 0.05, ***

p <0.001, and **** p < 0.0001.
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To predict the secretion of exosomes from these three cell lines, first, we
compared the number of DEGs shared between HCC70, MCF7 and MDAMB231-
S cells. The results showed that MCF7 and HCC70 shared 33 and 29 DEGs with

the MDAMBZ231-S, respectively (Figure 51).
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Figure 51. Venn diagram of overlap of differentially expressed genes between
MDAMB231, MCF7, HCC70, and MDAMB231-S.

Comparing the average expression of Exo-sig showed ordered expression
across the three cell lines: HCC70 has the lowest expression, MCF7 had an

intermediate expression and MDAMB231 had the highest expression (Figure 52).
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Figure 52. The violin plot showing the average expression of four core exosome
genes in MDAMB231, MCF7, and HCC70 cell lines.
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Consistent with this observation, the spearman correlation between these
markers showed a significant correlation in the MDAMB231 cell line while these

correlations were smaller in MCF7 and HCC70, respectively (Figure 53).
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Figure 53. The spearman coefficient correlation of four core exosome genes in
MDAMB231, MCF7, and HCC70 cell lines.

As shown above, since Exo-sig is associated with CD81/CD63 exosomes, we
compared the expression of CD63/CD81 within the scRNA-seq data. Not
surprisingly, while both MDAMB231 and MCF7 showed expression of CD63 and

CD81, HCC70 cells showed low expression of CD81 (Figure 54).
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Figure 54. The violin plot showing the expression of exosome surface markers,
CD63 and CD81 in MDAMB231, MCF7, and HCC70 cell lines.

Taken together, based on Exo-sig, scRNA-seq predicted that exosome
secretion rate was likely to increase in an order manner from HCC70 (lowest) to

MDAMBZ231 (highest) (Figure 52).

We utilized our single cell assay to directly profile the rates of exosome secretion
from each of these three cell lines. As predicted, HCC70 cells had a very low rate
of exosome secretion, MCF7 cells had an intermediate rate of secretion and

MDAMB231 cells had a high rate of exosome secretion (Figure 55).
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Figure 55. The rate of secretion of exosomes by cells within the MDAMB231,
MCF7, and HCC70 cell lines at six hours. Each dot represents a single
cell with the median and quantiles. T-tests were used for comparison.
Significance levels are shown as **** p < 0.00001.
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We also independently validated these results using a transwell assay to
capture the exosome secreted from the entire population of cells (Figure 11A).

These results again showed that HCC70 secreted fewer exosomes compared to

MDAMB231 cells (Figure 56).
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Figure 56. The rate of secretion of exosomes by cells in the culture media of the
MDAMB231 and HCC70 cell lines at 48 hours. Each dot represents the
CD63 (exosome) intensity on the bead (mean + SEM). T-tests were
used for comparison. Significance levels are shown as **** p < 0.0001.

To further understand the differences between MCF7 and MDAMB231 cells we
guantified the kinetics of exosome secretion by imaging at two, four and six hours.

Consistently at every time point, MDAMB231 cells showed increased rate of

exosome secretion compared to MCF7 cells (Figure 57).
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Figure 57. The rate of secretion of exosomes by cells within the MDAMB231 and
MCF7 cell lines at two, four, and six hours. Each dot represents a single
cell with the median and quantiles. T-tests were used for comparison.
Significance levels are shown as **** p < 0.00001.
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Tracking the kinetics of exosome secretion, cells secreting exosomes
continuously was the dominant phenotype in both cell lines (Figure 58). In
summary, these combined scRNA-seq and exosome profiling results show that the
more invasive cells have a higher rate of exosome secretion and that Exo-sig can

predict cells with different rates of exosome secretion.
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Figure 58. The kinetics of exosome secretion from individual cells that comprise
the MDAMB231 and MCF7 cell lines. The three subpopulations are
shown as trend lines (mean + SEM).

To generalize the value of Exo-sig, we obtained the gene expression of 1304
cell lines available in the Broad Institute Cancer Cell Line Encyclopedia (CCLE).
Even within this expanded dataset the Exo-sig genes showed high correlation with
each other (Figure 59A). Focusing specifically on breast cancer, Exo-sig showed
highest expression in basal-B phenotypes, followed by Basal-A, HER2-enriched,
and luminal (Figure 59B). This is consistent with the known aggressiveness of
each of these subtypes of breast cancer. The validation of Exo-sig as a core
signature of exosome secretion within these cell lines allowed us to investigate

exosome secretion within cancer patients.
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Figure 59. (A) The spearman coefficient correlation of four core exosome genes in
the CCLE dataset cell lines. (B) The average expression of the top
genes identified from MDAMB231-S cells in breast cancer cell lines
available on the CCLE dataset.

3.3.4. Impact of Exo-sig on clinical breast cancer outcomes

To investigate the translational value of Exo-sig, we took advantage of the
TCGA and interrogated the combined transcriptomic and clinical/pathological
annotations for 1093 patients with breast cancer. We first confirmed using
Spearman correlation that the four genes that comprised Exo-sig are also

significantly correlated with each other within human breast cancers (Figure 60).
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Figure 60. The spearman coefficient correlation of four core exosome genes in
breast cancer patients available on the TCGA dataset.

We stratified the patients into two groups: high exosome expression (Exo™) and

low exosome expression (Exo-°) based on Exo-sig. The overall survival was
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significantly lower for Exot' patients in comparison to the Exo'° patients (median
survival 10.8 vs 7.5 years, HR: 2.3, 95% CI: 1.53-3.45), suggesting that exosome

secretion is associated with worse survival in breast cancers (Figure 61).
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Figure 61. The overall survival of breast cancer patients divided by the median of
the average expression of four core exosome genes, Exot and Exo*°.

Quantification of the pathology of the disease showed that Exo-sig was
associated with increased tumor size and more advanced disease in patients
(Figure 62A, B). This clinical data is consistent with our in vitro cell line data (Figure

50).
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Figure 62. The violin plot showing the average expression of four core exosome
genes grouped by (A) the breast cancer stages, stage I, stage Il, stage
lll, and stage IV (B) the size of the tumor, T1, T2, and T3&T4. One-way
Anova tests were used for comparison. Significance levels are shown
as *p <0.05, *p<0.01, **p <0.001, and **** p < 0.0001.
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We next use Exo-sign and the transcriptomics to stratify the different subtypes
of breast cancers. The Exo° tumors were enriched in normal-like and luminal

breast cancers whereas the Exo" tumors were enriched in basal breast cancers

(Figure 63).
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Figure 63. The violin plot showing the average expression of four core exosome
genes grouped by the breast cancer subtypes, normal-like, luminal A,
luminal B, HER2-enriched, and basal-like. One-way Anova tests were
used for comparison. Significance levels are shown as * p < 0.05, ** p
<0.01, ** p <0.001, and **** p < 0.0001.

Gene set enrichment analysis (GSEA) specifically focused on pathways
associated with tumor cell functions illustrated that the Exo™ tumors are enriched
in pathways associated with invasiveness, metastasis and epithelial to
mesenchymal transition (EMT) in comparison to the Exo° tumors (Figure 64).
Taken together, the clinicopathological data are consistent with our in vitro
observation that exosome secretion is associated with increased aggressiveness

and invasion of tumor cells.
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Figure 64. The normalized enrichment score (NES) of pathways associated with
metastasis in the Exo™ and Exo'° patients.

To identify if the nature and frequency of the immune cell infiltrate is associated
with the decreased overall survival observed in patients with higher expression of
exosomes, we used the normalized gene expression data to quantify the relative
frequencies of the 22 different immune cell types using the CIBERSORTX
algorithm. Exo'° tumors had an increased frequency of CD8 T cells, increased
cytolytic activity (associated with increased expression of both PRF1 and GZMA),
and increased frequency of TBX21 expression in comparison to Exo™ tumors
(Figure 65A-C). Collectively, these results suggest that increased exosome
secretion within tumors is associated with decreased CD8+ T cell infiltration and

this in turn can promote larger and more aggressive tumors.
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Figure 65. (A) CD8 T cells infiltration and (B) cytolytic activity score in the Exo™!
and Exo'° patients. The median and quantiles of the scores are shown.
(C) Normalized expression of CD8 T cells signature, CD8A, PRF1,
TBX21, GZMA in the Exo" and Exo° patients (mean = SEM). T-tests
were used for comparison. Significance levels are shown as * p < 0.05,
**p <0.01, **p<0.001, and **** p < 0.0001.

3.4. Discussion
Exosomes released from tumor cells contain biological molecules which can

modulate the tumor microenvironment and play an essential role in metastasis and
cancer therapy. Marleau and et al., showed that removing the exosomes can
improve the response to trastuzumab in HER2+ breast cancer patients [175].
Delivery of let-7 miR by modified exosomes to EGFR+ breast cancer inhibited
tumor development in mice [176]. Therefore, controlling exosome biogenesis or
altering its content can open up opportunities for developing novel cancer therapy
and drug delivery methods. However, despite our broad knowledge of mechanisms
involved in the secretion of exosomes, there are still unknown machinery systems
to be discovered. Isolation and profiling the exosomes by traditional techniques fail
to map the source of exosomes in the cell of origin and not all the cellular signaling
pathways can be identified. Also, several studies have profiled the exosome
secretion in single cells and showed that single cells secrete diverse and

heterogenous exosomes [80,142]. Therefore, to profile cells upon the secretion of
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exosomes, an integrated technique is needed to simultaneously screen the

secretion and profile the cellular components of cells.

Here, we sought to profile the metastatic MDAMB231 breast cancer monoclonal
cells with different potential in the secretion of exosomes. First, we screened the
single cells for their secretion by a high-throughput single-cell technique we
previously described in chapter 2. Using the high-throughput technique we were
able to distinguish and retrieve single cells for further analysis. Then, we used
scRNA-seq to profile the transcriptome of the two cell lines established from single
cells which showed high and low secretion. We identified several biomarkers were
shown to be associated with exosomes secreted from breast cancer cells. For
example, it was shown that Caveolin-1 (encoded by CAV1) containing exosomes
can enhance the proliferation and invasion of metastatic cells [177]. It has been
also shown that UBL3 can enhance the sorting of cargo in exosomes by acting as
a post-translational modification factor [178]. Jenjaroenpun et al., showed that FTL
and FTH1 are highly upregulated in exosomes isolated from MDAMB231 cell lines
[179,180] and lymphocyte cytosolic protein 1 (encoded by LCP1) secreted from
exosomes of metastatic breast and melanoma cells can mediate the tumor

microenvironment [181,182].

We identified four genes HSP90AA1, HSPH1, EIF5, DIAPH3 as core exosomes
gene signature which can predict the secretion of exosomes. The results showed
that these genes are highly correlated in both MDAMB231-S cells and 1304 cell
lines available in CCLE. Also, all four genes have already been found in exosomes

secreted by cancer cells. HSP90AAL is one of the heat shock proteins (HSPSs) its
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extracellular role has been linked to the increased motility and invasion in cancer
cells [183]. This protein can be secreted by breast cancer cells through exosomes
and increase the migration and metastasis capability of tumor cells [184]. Recently,
Hoshino and et al., showed that HSP90AAL is expressed in exosomes of more
than 80% of cell lines [185]. It has also been shown that HSPHL1 is expressed in
exosomes secreted by melanoma [186], ovarian [187], and colorectal cancer cells
[188]. EIF5 has been associated with hepatocellular carcinoma exosomes [189]
and DIAPH3 was found to be enriched in exosomes secreted by colorectal cancer
cells [34]. Our results showed that the expression and correlation of these genes
can predict the secretion of exosomes from breast cancer cell lines. As we tested
the MDAMB231, MCF7, and HCC70 cell lines, we found that higher expression of
these genes was reflected in the higher secretion of exosomes from the
MDAMBZ231 cell line. MDAMB231 is a triple-negative breast cancer (basal-like) cell
line and associated with tumor invasion and poor survival upon metastasis [190].
Our results showed that the gene expression of exosome markers can predict the
higher secretion of exosomes from basal-like subtype cancer cells. Taken
together, we identified markers that can predict the secretion of exosomes from

breast cancer cells.

Further, we investigated the effect of the core exosome gene signature in the
outcome of patients available on The Cancer Genome Atlas (TCGA). the results
demonstrated a poor survival associated with the high expression of exosome
markers. To explain the poor survival associated with high expression of markers,

we quantified the infiltration of immune cells using the CIBERSORTX
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deconvolution algorithm [112]. The results showed that poor survival is associated
with a significant decrease in the CD8 T cell infiltration. Also, this result was
observed in the low cytolytic score which is known as an index for cancer immunity
[111]. We, further, evaluated whether the exosome markers can predict the cancer
subtype and invasion of patients. The results showed that the expression of
exosome markers was lower in patients with luminal subtype and their expression
increased by more aggressive subtype such as basal-like and HER2-enriched
subtypes. Also, the tumor size and stage of cancer increased as the average
expression of exosomes markers increased, showing the correlation of identified

genes with the invasiveness of cancer.

In conclusion, we aimed to identify the key cellular molecules involved in the
formation and release of the exosome. In this study, we introduced the significance
of exosome markers which are associated with tumor prognosis. Also, using the
scRNA-seq we were able to identify several novel markers that might be
associated with the secretion of exosomes. However, further functional
explorations are required to investigate the functions of these markers in the

secretion of exosomes.
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Supplementary Tables

Supplementary Table 2. DEGs identified in MDAMB231-S cells

p_val avg_logFC | pct.1 pct.2 p_val_ad]

FTL 3.25E-197 0.7202 1 1 6.81E-193
TIMP3 2.65E-189 0.684679 0.772 | 0.039 5.56E-185
SNAPC1 3.72E-105 0.618307 0.994 | 0.972 7.78E-101
FXYD5 4.54E-147 0.613699 0.997 | 0.988 9.50E-143
G0S2 8.52E-39 0.503925 | 0.864 | 0.679 1.78E-34
ACTN1 1.40E-111 0.473523 1 0.988 2.93E-107
RPL21 3.77E-168 0.456343 1 1 7.90E-164
LCP1 4.94E-106 0.450469 0.555| 0.059 1.03E-101
HMGB1 6.96E-174 0.398048 1 1 1.46E-169
POMP 7.94E-134 0.384086 1 0.999 1.66E-129
OGFRL1 7.77E-64 0.383265 | 0.977| 0.869 1.63E-59
HSP90AAL 3.66E-124 0.378335 1 1 7.65E-120
GTF3A 2.52E-84 0.370392 0.992 | 0.948 5.28E-80
TPP2 1.39E-78 0.370058 | 0.836| 0.479 2.90E-74
NQO1 1.21E-43 0.365837 1 0.985 2.54E-39
IPO5 1.00E-66 0.361782 0.975| 0.893 2.10E-62
ADM 2.34E-35 0.356058 | 0.984 | 0.946 4.91E-31
STXBP6 1.97E-73 0.349169 0.708 | 0.309 4.13E-69
UCHL3 9.50E-70 0.337897 0.995| 0.957 1.99E-65
TFDP1 5.84E-65 0.330891 0.991| 0.955 1.22E-60
TPT1 1.18E-130 0.323696 1 1 2.47E-126
HSPH1 1.06E-51 0.314137 0.995| 0.985 2.21E-47
EIF5 1.50E-57 0.313741 1 0.987 3.14E-53
FTH1 2.09E-57 0.313198 1 1 4.39E-53
SAP18 1.90E-81 0.310996 1 0.995 3.98E-77
UBL3 2.45E-45 0.308859 0.887 | 0.72 5.12E-41
ZFP36L1 1.38E-19 0.3067 0.992 | 0.969 2.88E-15
DBN1 9.05E-57 0.304801 0.893| 0.69 1.89E-52
CAV1 7.12E-65 0.294491 1 0.999 1.49E-60
SKA3 5.68E-38 0.293225 | 0.916 | 0.827 1.19E-33
DIAPH3 1.51E-26 0.281176 | 0.942| 0.904 3.15E-22
DNAJC15 1.11E-49 0.273965 0.988 0.95 2.32E-45
ACTG1 4.12E-75 0.271669 1 1 8.63E-71
MRPLS57 1.94E-53 0.269731 0.999 | 0.973 4.06E-49
SLIRP 5.01E-54 0.258274 | 0.999 1 1.05E-49
EMP2 2.55E-44 0.253305 | 0.843| 0.596 5.35E-40
ZYX 3.52E-35 0.252229 0.978 | 0.892 7.36E-31
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Supplementary table 2 (Continued)

EIF2S1 2.24E-42 0.250329 0.984 | 0.951 4.69E-38
TBC1D4 2.74E-30 0.249007 0.642 | 0.398 5.73E-26
PAPOLA 2.14E-34 0.245771 0.99 | 0.973 4.49E-30

KISS1 6.79E-32 0.244231 0.965 | 0.886 1.42E-27
SEC22B 6.92E-36 0.239924 0.966 | 0.91 1.45E-31

LYGE 2.25E-38 0.239817 0.885| 0.707 4.70E-34
SLC9A3R2 1.69E-29 0.239474 0.931| 0.831 3.53E-25
TXN 1.35E-52 0.238684 1 1 2.83E-48

CKAP2 1.35E-06 0.23578 0.829 | 0.773 0.028316
SLC7Al 1.75E-27 0.235318 0.735| 0.521 3.66E-23
PHGDH 8.03E-81 0.233213 0.468 | 0.052 1.68E-76
MRPS31 3.78E-36 0.233093 0.925| 0.793 7.92E-32

TFRC 3.02E-26 0.232459 0.97 | 0.934 6.33E-22
CDCA4 2.62E-19 0.227478 0.933| 0.86 5.48E-15

ERH 1.19E-59 0.22687 1 0.998 2.49E-55
UFM1 1.03E-36 0.226475 0.974| 0.894 2.17E-32

HMGA1 8.99E-58 0.225912 1 1 1.88E-53

ACAT?2 1.62E-28 0.22555 0.951 | 0.853 3.39E-24

ASNS 1.37E-09 0.224951 0.701 | 0.616 2.87E-05

KRT18 2.70E-34 0.221779 0.995| 0.977 5.66E-30

CTSD 6.36E-25 0.221328 0.886| 0.74 1.33E-20
HNRNPA3 1.81E-38 0.217372 0.999 | 0.994 3.78E-34
ARGLU1 2.61E-27 0.216928 0.935| 0.838 5.47E-23

EEF1A1 8.94E-101 0.21651 1 1 1.87E-96

MT1X 6.54E-09 0.216298 0.988 | 0.969 0.000137

MTMRG6 6.83E-25 0.214403 0.801 | 0.623 1.43E-20
PDLIM7 1.15E-27 0.213086 0.966 | 0.883 2.40E-23

ATPSMPL 3.44E-39 0.212619 0.996 | 0.989 7.20E-35
CC2D2A 5.58E-49 0.211519 0.569 | 0.225 1.17E-44

RPS29 2.57E-57 0.210966 1 1 5.39E-53

PSMC1 5.53E-35 0.210714 0.997 | 0.989 1.16E-30

TEX30 1.71E-25 0.21063 0.841| 0.654 3.58E-21
EXOSCS8 1.13E-27 0.210583 0.977| 0.94 2.37E-23

UBR4 7.70E-25 0.207756 0.987 | 0.941 1.61E-20

FCF1 1.31E-27 0.207344 0.944 | 0.853 2.74E-23

SNW1 1.47E-27 0.20647 0.984 | 0.925 3.07E-23

MDK 4.84E-36 0.204032 0.609 | 0.317 1.01E-31

KTN1 7.82E-19 0.202761 0.99 | 0.983 1.64E-14
HNRNPH1 3.81E-24 0.202434 0.991| 0.96 7.98E-20

ITM2B 2.16E-30 0.202241 0.966 | 0.902 4.53E-26
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Supplementary table 2 (Continued)

SRSF5 1.94E-27 0.200972 0.995| 0.99 4.06E-23
KPNAS3 1.68E-26 0.200566 0.97 | 0.917 3.51E-22
PLS3 7.70E-25 0.200289 0.975| 0.918 1.61E-20
DIS3 2.59E-23 0.199927 0.841| 0.685 5.41E-19
DYNC1H1 5.47E-18 0.199504 0.921 | 0.804 1.15E-13
STK24 1.14E-27 0.197317 0.934 | 0.815 2.40E-23
PSMAS 1.17E-34 0.196915 0.999 | 0.995 2.45E-30
TPM4 1.33E-30 0.195069 1 0.998 2.79E-26
NAMPT 7.41E-21 0.19264 0.955| 0.893 1.55E-16
NCL 3.24E-33 0.19235 1 0.999 6.79E-29
TMED10 7.32E-27 0.191719 0.995| 0.974 1.53E-22
TMX1 1.25E-21 0.191648 0.988 | 0.945 2.61E-17
MED4 1.26E-26 0.189841 0.893| 0.731 2.64E-22
SET 5.53E-37 0.188472 1 0.998 1.16E-32
KRT8 1.34E-21 0.186775 0.969 | 0.924 2.80E-17
PLACS8 2.49E-21 0.186575 0.992 | 0.985 5.21E-17
DKC1 7.83E-22 0.186194 0.964 | 0.904 1.64E-17
ERG28 5.20E-28 0.185843 0.805| 0.58 1.09E-23
GLIPR1 1.25E-18 0.18583 0.915| 0.782 2.61E-14
TMOSF2 3.66E-22 0.18568 0.907 | 0.798 7.66E-18
RRP15 4.76E-23 0.185667 0.979 | 0.958 9.97E-19
PDS5B 1.90E-27 0.185606 0.664 | 0.425 3.98E-23
SUGT1 5.53E-24 0.183626 0.969 | 0.913 1.16E-19
CALM1 3.84E-57 0.181678 1 1 8.04E-53
IRS1 1.19E-19 0.180118 0.827 | 0.669 2.49E-15
BZwW1 2.55E-32 0.177366 1 0.999 5.34E-28
CNN2 4.48E-22 0.177052 0.997 | 0.994 9.39E-18
LRR1 1.63E-22 0.175522 0.899 | 0.799 3.42E-18
FOSL1 6.13E-17 0.175207 0.994 | 0.974 1.28E-12
RCOR1 1.66E-17 0.174719 0.7 0.547 3.47E-13
C4BPB 3.66E-22 0.174205 0.505| 0.28 7.67E-18
ALGS 1.50E-23 0.173949 0.904 | 0.775 3.15E-19
RFC3 3.22E-12 0.172084 0.882 | 0.811 6.74E-08
LBR 8.72E-12 0.171848 0.978 | 0.945 1.83E-07
GTF2F2 4.72E-17 0.171645 0.997 | 0.983 9.89E-13
NDUFB1 1.27E-22 0.171424 0.997 | 0.991 2.66E-18
IL11 1.67E-13 0.171315 0.612 | 0.443 3.50E-09
TOP1 8.14E-13 0.171231 0.968 | 0.929 1.70E-08
EFHD2 2.09E-18 0.171115 0.965 | 0.907 4.38E-14
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XRCC5 2.67E-33 0.170791 1 1 5.58E-29
RB1 3.72E-19 0.170415 0.89 | 0.788 7.79E-15
FRMD6 1.58E-14 0.169971 0.965| 0.908 3.30E-10
MPP5 1.90E-14 0.169934 0.882 | 0.796 3.98E-10
RTRAF 7.14E-26 0.169075 0.986 | 0.974 1.50E-21
LASP1 3.28E-18 0.168883 0.97 0.95 6.86E-14
HNRNPD 3.23E-23 0.168063 0.997 | 0.994 6.77E-19
RAB4A 8.00E-22 0.167994 0.802 | 0.621 1.68E-17
PTMA 6.21E-61 0.164524 1 1 1.30E-56
NDUFAF2 4.44E-21 0.164135 0.974 | 0.941 9.29E-17
MZT1 6.69E-16 0.162046 0.911| 0.834 1.40E-11
NDFIP2 2.55E-24 0.161714 0.713 | 0.491 5.34E-20
KRT81 1.46E-21 0.161391 0.308 | 0.119 3.05E-17
SLC1AS5 9.14E-12 0.160861 0.99 | 0.979 1.91E-07
AKT1 4.71E-19 0.160267 0.924 | 0.823 9.87E-15
LAMP1 3.93E-15 0.159981 0.959 | 0.919 8.22E-11
GNPNAT1 1.66E-18 0.159433 0.974 | 0.948 3.49E-14
CDC20 3.66E-07 0.158434 0.854 | 0.805 0.007656
POLR1D 7.64E-19 0.157725 0.973| 0.93 1.60E-14
WARS 2.86E-13 0.157059 0.763 | 0.656 5.99E-09
PABPC1 9.06E-35 0.156553 1 1 1.90E-30
WDR77 1.86E-19 0.156158 0.855| 0.721 3.89E-15
EIF4H 7.46E-18 0.155909 0.984 | 0.955 1.56E-13
PPP2R5C 2.11E-15 0.155846 0.984 | 0.962 4.42E-11
COMMDG6 4.47E-17 0.155602 0.981| 0.962 9.37E-13
NUDT15 2.59E-19 0.154976 0.916 0.8 5.43E-15
MT2A 2.12E-17 0.154886 1 1 4.44E-13
CD55 1.23E-11 0.154848 0.926 | 0.86 2.58E-07
SIVAl 1.58E-16 0.153431 0.959 | 0.89 3.31E-12
RPL36AL 4.47E-23 0.153389 0.996 | 0.995 9.37E-19
P3H2 6.74E-17 0.152812 0.666 | 0.499 1.41E-12
RPSA 7.19E-32 0.151997 1 1 1.51E-27
SPRY4 7.36E-16 0.151958 0.611 | 0.416 1.54E-11
FLNA 2.80E-15 0.151524 0.909 | 0.804 5.85E-11
MAX 3.75E-17 0.151414 0.865 | 0.767 7.85E-13
OAF 2.33E-13 0.151394 0.922 | 0.826 4.88E-09
PPP4R3A 2.37E-19 0.150891 0.713 | 0.507 4.95E-15
ANP32A 9.69E-19 0.150738 0.996 | 0.984 2.03E-14
FBP1 4.75E-18 0.150156 0.675| 0.483 9.95E-14
PARP4 9.56E-16 0.150129 0.805| 0.654 2.00E-11
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HMGN1 7.43E-22 0.149949 0.999 | 0.996 1.56E-17
DDX24 5.91E-17 0.148872 0.992| 0.98 1.24E-12
ARHGDIB 5.17E-19 0.148255 0.996 | 0.985 1.08E-14
FUS 9.89E-21 0.148002 0.999 | 0.996 2.07E-16
COPS6 3.46E-19 0.147952 0.983 | 0.962 7.24E-15
UPF3A 6.48E-17 0.147689 0.858 | 0.728 1.36E-12
TARS 6.40E-18 0.147545 0.999 | 0.991 1.34E-13
MTHFD1 1.10E-14 0.147185 0.939| 0.871 2.30E-10
ATP5MC1 1.18E-17 0.146618 0.997 | 0.982 2.46E-13
IRS2 8.09E-20 0.146501 0.539| 0.32 1.69E-15
GLRX5 4.50E-17 0.146037 0.935| 0.854 9.42E-13
ATF4 1.82E-11 0.145179 0.995| 0.987 3.81E-07
NPM1 8.63E-36 0.144966 1 1 1.81E-31
RPS2 7.46E-33 0.144837 1 1 1.56E-28
RBM26 5.91E-16 0.14482 0.713 | 0.539 1.24E-11
PPP2R5E 2.56E-11 0.144593 0.933 | 0.855 5.37E-07
CHAMP1 1.05E-19 0.144554 0.664 | 0.46 2.19E-15
PTGR1 1.95E-25 0.143626 0.521 | 0.275 4.08E-21
CPSF2 5.97E-15 0.143273 0.937 | 0.869 1.25E-10
ETS1 1.09E-15 0.143263 0.921 | 0.836 2.28E-11
N4BP2L2 6.15E-18 0.143193 0.763 | 0.579 1.29E-13
CCNK 7.84E-16 0.142703 0.836| 0.71 1.64E-11
RPS27 7.24E-27 0.142482 1 1 1.52E-22
EIFAG1 3.35E-11 0.142413 0.864 | 0.778 7.01E-07
ZC3H14 4.38E-13 0.142228 0.906 | 0.827 9.18E-09
WDR43 8.87E-14 0.142142 0.961 | 0.898 1.86E-09
MICU2 5.16E-15 0.142129 0.89 | 0.793 1.08E-10
RASA3 4.28E-23 0.14104 0.552 | 0.318 8.97E-19
ESD 8.89E-16 0.140885 0.986 | 0.966 1.86E-11
CINP 7.27E-17 0.14047 0.926 | 0.849 1.52E-12
AJUBA 1.73E-12 0.14043 0.88 | 0.762 3.62E-08
CCND1 1.42E-10 0.139447 0.981| 0.978 2.98E-06
SUPT20H 2.80E-19 0.139175 0.666 | 0.469 5.87E-15
NDUFAF3 2.89E-16 0.138681 0.855| 0.728 6.05E-12
NUP58 2.74E-14 0.138418 0.812 | 0.667 5.73E-10
GPALPP1 2.80E-16 0.137726 0.735| 0.555 5.86E-12
RPN2 1.24E-16 0.137693 0.997 | 0.987 2.61E-12
SUPT16H 1.73E-11 0.137044 0.969 | 0.945 3.62E-07
KCTD12 6.29E-16 0.136245 0.592 | 0.402 1.32E-11
PSPC1 8.06E-14 0.136121 0.867 | 0.763 1.69E-09
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Sep?2 1.31E-19 0.135831 1 0.995 2.73E-15
GPAT3 6.32E-18 0.135592 0.704 | 0.496 1.32E-13
PLEC 2.72E-14 0.135435 0.761 | 0.593 5.70E-10
NEMF 1.11E-13 0.135408 0.831| 0.675 2.32E-09
PSMC6 3.00E-13 0.13531 0.938 | 0.901 6.27E-09
FERMT?2 1.58E-13 0.135261 0.873 | 0.785 3.32E-09
NOP56 1.31E-14 0.134749 0.997 | 0.991 2.75E-10
HMGCS1 5.06E-09 0.134447 0.471| 0.346 0.000106
TNFRSF10D 5.66E-13 0.133947 0.695| 0.55 1.19E-08
HNRNPA1 1.56E-17 0.132763 1 0.996 3.26E-13
ALCAM 9.76E-11 0.132515 0.981 | 0.966 2.04E-06
CAVIN1 3.61E-10 0.131815 0.996 | 0.995 7.56E-06
TLN1 1.60E-08 0.131518 0.915| 0.865 0.000334
POLR2L 2.26E-18 0.131245 0.999 | 0.996 4.73E-14
EBPL 5.31E-16 0.131197 0.862 | 0.737 1.11E-11
CCDC57 1.22E-25 0.130808 0.488 | 0.236 2.56E-21
YY1 2.01E-12 0.130663 0.972 | 0.942 4.21E-08
ABCE1 1.39E-14 0.130624 0.996 | 0.982 2.91E-10
CAPN2 1.82E-12 0.130331 0.984 | 0.966 3.82E-08
SFPQ 5.97E-11 0.130251 0.992 | 0.985 1.25E-06
PYGL 3.93E-13 0.130189 0.644 | 0.486 8.23E-09
ACTN4 3.12E-13 0.130183 1 1 6.54E-09
BIRC2 2.01E-09 0.129156 0.964 | 0.937 4.21E-05
COL8Al 5.20E-12 0.128714 0.669 | 0.501 1.09E-07
OPN3 6.47E-17 0.128404 0.643 | 0.442 1.35E-12
PPP1R15A 2.82E-11 0.128109 0.962 | 0.936 5.90E-07
PDHA1 2.55E-10 0.127886 0.903 | 0.806 5.35E-06
PSMD2 4.21E-11 0.127094 0.997 | 0.993 8.82E-07
MCM6 9.32E-07 0.126999 0.745| 0.675 0.019507
NEDDA4L 1.04E-10 0.12658 0.886 | 0.771 2.17E-06
ZC3H13 9.42E-11 0.126374 0.669 | 0.545 1.97E-06
IGFBP6 5.69E-14 0.126365 0.699 | 0.52 1.19E-09
ATP6V1D 1.34E-11 0.125828 0.99 | 0.964 2.81E-07
ARF6 7.47E-11 0.125205 0.992 | 0.978 1.56E-06
PFN2 2.24E-11 0.125032 0.829 | 0.709 4.70E-07
PAICS 9.88E-15 0.124818 0.997 | 0.991 2.07E-10
NUMB 1.35E-13 0.124303 0.768 | 0.613 2.82E-09
LMNB1 2.40E-08 0.124047 0.859 | 0.794 0.000502
USP12 1.66E-13 0.123806 0.752 | 0.604 3.47E-09
AATF 1.04E-09 0.1229 0.806 | 0.709 2.18E-05
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DLST 7.90E-12 0.122772 0.899 | 0.823 1.65E-07
AXL 7.13E-13 0.122742 0.999 | 0.998 1.49E-08
ADAM9 4.98E-11 0.122158 0.903 | 0.825 1.04E-06
CAPZAl 1.44E-18 0.121976 0.999 | 0.999 3.02E-14
KPNB1 1.19E-12 0.121888 0.999 | 0.996 2.50E-08
CUL4A 8.63E-13 0.121884 0.743 | 0.599 1.81E-08
PLAUR 3.66E-07 0.121767 0.913 | 0.892 0.007664
RNASEH2B 2.75E-11 0.121592 0.858 | 0.775 5.75E-07
NPC2 1.59E-12 0.121016 1 0.994 3.34E-08
TNPO1 4.46E-10 0.11998 0.918 | 0.836 9.33E-06
NIP7 4.19E-12 0.119978 0.96 | 0.887 8.78E-08
WDHD1 2.26E-09 0.119892 0.737 | 0.607 4.72E-05
FDFT1 7.01E-09 0.119828 0.761| 0.674 0.000147
SYNCRIP 2.29E-12 0.119811 0.992| 0.99 4.79E-08
BAGS5 6.92E-11 0.119741 0.74 | 0.612 1.45E-06
MARS 4.19E-10 0.119512 0.917 | 0.853 8.78E-06
EIFAG2 5.24E-15 0.117541 1 1 1.10E-10
USpP22 1.95E-07 0.116958 0.925| 0.88 0.00408
NAT10 5.31E-10 0.116948 0.763 | 0.652 1.11E-05
PCNX4 4.24E-09 0.116934 0.805| 0.714 8.89E-05
MAP3K20 1.19E-08 0.116501 0.987 | 0.963 0.000249
NRK 1.68E-19 0.115853 0.414 | 0.206 3.52E-15
YWHAB 1.81E-27 0.115201 1 1 3.79E-23
SERBP1 1.58E-13 0.115032 0.999 | 0.999 3.32E-09
SP100 8.68E-11 0.114853 0.957 | 0.904 1.82E-06
PPA2 1.59E-12 0.114744 0.994 | 0.982 3.32E-08
MPHOSPHS8 1.70E-10 0.114436 0.735| 0.604 3.57E-06
WDR1 6.77E-11 0.114097 0.99 | 0.969 1.42E-06
RDH11 1.38E-08 0.113737 0.994 | 0.987 0.000289
IARS 7.22E-10 0.113568 0.814 | 0.718 1.51E-05
RWDD1 6.16E-10 0.113378 0.981 | 0.956 1.29E-05
VRK1 1.07E-08 0.113352 0.887 | 0.818 0.000224
SDCBP 2.87E-08 0.11328 0.987| 0.98 0.000602
ENO1 6.58E-29 0.113184 1 1 1.38E-24
PRRC2C 2.63E-07 0.111835 0.851| 0.788 0.005511
DNAJC3 1.74E-10 0.111601 0.607 | 0.467 3.64E-06
EIF3D 1.04E-11 0.111408 0.986 | 0.974 2.18E-07
GLRX 2.03E-08 0.111313 0.894 | 0.805 0.000426
SMAP1 5.72E-13 0.111078 0.749 | 0.578 1.20E-08
MEDG 6.03E-11 0.111075 0.849 | 0.745 1.26E-06

96
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FBXL3 5.02E-14 0.110745 0.701| 0.53 1.05E-09
ID3 2.65E-08 0.109698 0.7 0.573 0.000555
HMGN?2 4.32E-17 0.109579 1 1 9.04E-13
EEF1D 6.21E-16 0.109543 1 1 1.30E-11
CARS2 1.48E-13 0.109083 0.655| 0.481 3.09E-09
ERO1A 6.91E-09 0.108763 0.869 | 0.833 0.000145
NUFIP1 2.33E-12 0.108335 0.679 | 0.503 4.88E-08
CDH4 1.10E-09 0.108245 0.658 | 0.507 2.30E-05
FLRT2 4.74E-13 0.108227 0.519| 0.34 9.93E-09
FAH 9.50E-14 0.108164 0.718 | 0.556 1.99E-09
MNAT1 6.64E-10 0.108009 0.96 | 0.907 1.39E-05
HNRNPR 6.02E-09 0.107172 0.994 | 0.988 0.000126
DMKN 2.77E-33 0.107118 0.263 | 0.048 5.79E-29
PURA 1.45E-08 0.1071 0.849 | 0.753 0.000304
SMARCA5S 6.47E-09 0.106944 0.846 | 0.746 0.000135
MRPL3 7.17E-12 0.106739 0.978 | 0.952 1.50E-07
SPTLC2 4.47E-11 0.106069 0.609 | 0.458 9.36E-07
MYH9 2.19E-06 0.106018 0.962 | 0.901 0.045772
ACTR3 1.43E-11 0.105475 1 0.996 2.99E-07
EPS8L2 3.13E-12 0.105369 0.633 | 0.477 6.55E-08
NAXD 1.14E-14 0.105341 0.523 | 0.335 2.38E-10
SARS 9.15E-07 0.105319 0.982 | 0.963 0.019158
MATR3 6.94E-10 0.105228 0.994 | 0.991 1.45E-05
CLIC4 1.73E-07 0.104776 0.986 | 0.969 0.003616
METRN 9.39E-14 0.104204 0.59 | 0.404 1.97E-09
CDK4 1.46E-07 0.103809 0.944 | 0.888 0.003052
ILF3 2.79E-08 0.102829 0.966 | 0.936 0.000584
SSRP1 1.76E-10 0.102571 0.994 | 0.987 3.68E-06
SNAI2 4.15E-13 0.102362 0.336 | 0.185 8.69E-09
SDAD1 2.96E-07 0.10184 0.946 | 0.896 0.00619
TFAP2C 5.50E-10 0.101727 0.732 | 0.579 1.15E-05
ZDHHC20 9.23E-10 0.101621 0.69 | 0.564 1.93E-05
CLTB 1.05E-09 0.101069 0.906 | 0.823 2.19E-05
DLEUZ2 1.59E-08 0.101046 0.624 | 0.515 0.000332
TRMTS 1.26E-08 0.100941 0.928 | 0.882 0.000263
EIF2B2 1.43E-09 0.100705 0.921| 0.838 2.99E-05
PCID2 2.51E-09 0.100574 0.781 | 0.655 5.26E-05
PARP1 7.04E-08 0.100566 0.95 | 0.901 0.001475
TRIP11 3.48E-07 0.100509 0.625 | 0.509 0.007279
LPAR1 2.55E-08 0.100493 0.73 | 0.617 0.000534
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HNRNPM 1.37E-08 0.100433 0.996 | 0.99 0.000286
CORO1C 3.08E-08 0.100349 0.987| 0.95 0.000644
ZNF326 3.05E-09 0.100187 0.64 | 0.496 6.38E-05
CTNNAL1 6.85E-08 0.100181 0.997 | 0.987 0.001434
IFRD1 1.54E-12 0.100111 0.587 | 0.421 3.23E-08
HNRNPK 7.95E-13 0.100068 1 0.999 1.67E-08
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Supplementary Table 3. DEGs identified in MDAMB231-S cells which showed
overlap with ExoCarta dataset

ExoCarta_mRNA

ExoCarta_Protein

MDAMB231-S

FTL

1

1

1

TIMP3

TPT1

HSP90AAl

EEF1A1

ACTG1

CAV1

HMGA1

FTH1

CALM1

DBN1

TXN

NQO1

HNRNPA3

SEC22B

PABPC1

PSMA3

KRT18

RPS2

RPSA

TPM4

ITM2B

ENO1

SLC7A1

TFRC

CTSD

UBRA4

HNRNPD

KRTS8

IRS2

AKT1

EFHD2

POLR2L

LASP1

DYNC1H1

N4BP2L2

TARS

RPN2

RiRrRRRPRRPRRRRRPRRPRIRRIRIRR R R R RRRRRRRRRRRRRIRPR IR R R R

RiRRRRPRRPRRPRRRPRRPRRIRRIRIRRRRRRRRRRRRRRRRR R IRPR IR R R R

RiRrRRRRPRRPRRRPRRRIRRIRIRR R R RRRRRRRRRRRRR R IRPR IR R R R
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SPRY4

PARP4

NOP56

TNFRSF10D

AXL

TOP1

CUL4A

KPNB1

EPS8L2

RFC3

DLST

LBR

SLC1A5

EIF3D

CD55

SUPT16H

SFPQ

WDR1

BAG5

MARS

ZNF326

SMARCAS

VRK1

TLN1

ILF3

CORO1C

PARP1

CLIC4

SARS

MCM6

MYH9

GTF3A

ERH

ADM

KPNA3

CCDC57

NDUFB1

IRS1

CDCA4

RB1

RiRrRrRRRRRRRRIRIRRRIRIRRRRIRPRRRIRIRRRIRIRRRIRIRRR IR IR R R~

o|o|lo|lo|lo|lo|o|o|o|kr|kr|kr|kRr|kR|R|R|R|R|RIRIRIRRRRRRRRRRRRIRIRIRIR IR R R

RRrRRPrRIRPRRIRPRRPRIRRRIRPRRIRPRRPRIRRPRIRRPRRRRIRRPRRRRRPRRIRPRRIRPRRIR R R R RP
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DDX24

CPSF2

METRN

OAF

YY1

COL8A1l

SPTLC2

ZC3H13

CCND1

TFAP2C

uSpP22

HMGB1

RPL21

ACTN1

LCP1

SAP18

PHGDH

TPP2

STXBP6

UCHL3

IPOS5

PTMA

EIF5

RPS29

HSPH1

UBL3

EIF2S1

SET

MDK

NPM1

ZYX

PSMC1

XRCC5

NCL

BZW1

SLCY9A3R2

ACAT?2

STK24

PDLIM7

YWHAB

O|O|O0|0|0|0|0|0|0O|O0|0|0|0|0|0|0|0|0|0|0|0|0|Oo|Oo|Oo|0(C|0|O0|F|FP|IFPIFPIFPIFPIFPIFPIFPIFLPEF

RlRrRrRRPRIRPRIR IR RRRPRRRRRRRRRRRPRRRRPRRPRRPRR R IR OlO|O|O|O|O|O|O|O|O|O

RRrRRPrRIRPRRIRPRRPRIRRRIRPRRIRPRRPRIRRPRIRRPRRRRIRRPRRRRRPRRIRPRRIRPRRIR R R R RP
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Supplementary table 3 (Continued)

PDS5B

SRSF5

RPS27

TMED10

DIAPH3

PTGR1

PLS3

HNRNPH1

SUGT1

DIS3

RASA3

TMOSF2

C4BPB

CNN2

DKC1

RAB4A

TMX1

NAMPT

FUS

Sep2

WDR77

SUPT20H

COPS6

ARHGDIB

POLR1D

KTN1

ANP32A

CAPZAl

GNPNAT1

FBP1

EIF4H

HNRNPA1

EEF1D

KCTD12

ESD

PPP2R5C

FLNA

LAMP1

PAICS

MTHFD1

OO0 |0|0|O|0|0|0|0|0|0|0|0|0|0O|0|0|0|0|0O|0|0|0|0|0O|0|0|0|0|0|0|0|0|0|0O|0|O0|O0|O

RIRrRRPRRPRIRIRIR R RRRRRRRRRRRRRRRRRIRIRIR IR R R R R R R R R R RE

RRrRRPrRIRPRRIRPRRPRIRRRIRPRRIRPRRPRIRRPRIRRPRRRRIRRPRRRRRPRRIRPRRIRPRRIR R R R RP
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Supplementary table 3 (Continued)

ABCE1

MPP5

PLEC

IGFBP6

PSPC1

FAH

NUMB

SERBP1

FERMT?2

IL11

WARS

PSMC6

ACTN4

PYGL

HNRNPK

IFRD1

PPA2

CAPN2

SYNCRIP

ATP6V1D

ACTR3

PFN2

PPP2R5E

EIFAG1

PSMD2

ADAM9

ARF6

ALCAM

NEDDA4L

DNAJC3

SSRP1

PDHA1

TNPO1

NAT10

MATR3

IARS

ZDHHC20

CLTB

ASNS

EIF2B2

OO0 |0|0|O|0|0|0|0|0|0|0|0|0|0O|0|0|0|0|0O|0|0|0|0|0O|0|0|0|0|0|0|0|0|0|0O|0|O0|O0|O

RIRrRRPRRPRIRIRIR R RRRRRRRRRRRRRRRRRIRIRIR IR R R R R R R R R R RE

RRrRRPrRIRPRRIRPRRPRIRRRIRPRRIRPRRPRIRRPRIRRPRRRRIRRPRRRRRPRRIRPRRIRPRRIR R R R RP
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Supplementary table 3 (Continued)

PCID2

HMGCS1

HNRNPR

FDFT1

HNRNPM

RDH11

PURA

GLRX

LMNB1

SDCBP

CDK4

TRIP11

PLAUR

OO0 |0|0|O0|0|O0|0|O0|0|0O

RiRRIRIRIRIRRPRIRPRIR IR R,

RRRRRIRRIRRPRR IR RIP
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