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ABSTRACT

Tissue stiffening is central to disease progression and aggressiveness in pancreatic adenocarcinoma (PDAC). Here we report how

the biomechanical characteristics of the cell culture conditions impact the amount, as well as the cargo, of extracellular vesicles

(EVs) produced by pancreatic cancer cells. Cells grown on softer matrices (0.5 kPa) release upwards of 40 times more EVs than

those grown on stiffer surfaces (8 kPa) and their cargo is more enriched in protein-coding RNAs related with mitochondrial and

cytoskeleton pathways. Moreover, cells grown in a 3D conformation release more EVs than those grown in 2D, with the repeat RNA

content being maintained across all different cell culture conditions. Our study provides evidence to support that the mechanical

microenvironment of cells influences EV generation, with distinct consequences for coding and non-coding RNA packaged within

the EVs.

1 | Introduction

Cancers develop in highly complex environments with diverse
characteristics that contribute to tumor progression. The extra-
cellular matrix (ECM) that surrounds the tumors provides
structural support and mechanical cues for cell growth, and
in most solid tumors, increased ECM stiffness contributes to
metastasis, cell invasion, angiogenesis, and immune escape
[1]. Pancreatic ductal adenocarcinoma (PDAC) is characterized
by high stiffness, ranging from 4 to 6kPa [2-4], due to the
extensive stromal desmoplastic response and matrix stiffness,
which is a defining feature of PDAC tumors that is associ-

ated with metastatic propensity, resistance to therapy, and poor
prognosis [2].

Much of our early understanding of cancer pathophysiology
has come from the study of cancer cells growing adherently as
monolayers (2D) in culture dishes, but there has been a greater
appreciation of the importance of 3D culture systems that more
closely recapitulate tumors in vivo including cell morphology and
behavior, responses to therapy, and adaptive growth mechanisms
[5-8]. At the transcriptome level, cancer cells growing in 3D,
when compared with 2D culture, show significant differences in
gene expression [9, 10]. In addition to 2D versus 3D culturing,
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alterations in the mechanical properties, including the elasticity
of the substrate cells are grown on, can alter expression profiles,
cell differentiation and functional phenotypes [11-15]. Despite
this knowledge, we consistently use static models in our labs
that do not reflect the characteristics of tissues in our body or in
tumors.

In the field of extracellular vesicles (EVs), the effects that different
variables in culture conditions may have on in vitro generated
EVs has not been extensively studied [16-18]. EVs consist of a
diverse group of particles that incorporate many characteristics
of the origin cells from which they are released. These cargo
can include proteins, lipids, DNA and RNA molecules [19], and
EVs serve as an important means of local and distal intercellular
communication through the transfer of their cargo to recipient
cells [20, 21]. EVs are abundantly produced by tumor cells
and contribute to tumorigenesis, angiogenesis, invasiveness, and
metastasis by altering the cellular microenvironment in the
tumor and at metastatic sites [22-27]. In particular, tumor-derived
EVs have been found to carry a variety of non-coding RNAs
(ncRNA), some of which mediate their influence on tumor cells
and the tumor microenvironment, and have potential as specific
biomarkers for liquid biopsies [28-33]. While these ncRNAs have
not been extensively studied in the EV field, it has been suggested
that their enrichment in EVs can be a regulated mechanism [34].
We have previously reported the aberrant expression of typically
silenced repeat ncRNAs in epithelial cancer cells, comprising up
to 50% of all cellular transcripts in murine and human PDAC [35].
Repeat ncRNAs encompass retrotransposons (i.e., LINEs, SINEs),
human endogenous retroviruses (ERVs), and satellite repeats; the
expression of some satellite repeat RNAs is exquisitely specific
for cancer cells. Subsequent work from our group and others
has clearly demonstrated an immunomodulatory role of repeat
RNAs expressed in cancer cells through their ability to stimulate
innate immune responses and activate interferon signaling [36-
40]. Given their predominance in cancer cells and the important
implications of their expression, understanding how loading
of repeat ncRNAs into EVs is affected by their environment
could clarify how the mechanical properties contribute to disease
progression.

While EVs have a recognized role in cancer, up to now, most stud-
ies looking into EV cargo and roles in physiological processes are
based on vesicles derived from cells cultured in 2D plasticware.
In the recent years, several studies have worked to address this
issue, with one group showing that 3D cell culture stimulates
EV biogenesis and the secretion of EVs with characteristics more
similar to in vivo, thus strengthening the idea that biomimetic
culture conditions are crucial to reflect the in vivo EVs [16].
Additionally, studies focused on substrate stiffness have shown
that EV biogenesis and cargo are affected by the mechanical
stiffness of the culture conditions [17, 18, 41, 42]. However, when
looking into the cell culture effects on cargo, these studies usually
focus on proteomic analysis and evaluation of protein content, but
do not address gene expression alterations.

In the present study, we aim to define the RNA content of
PDAC-derived EVs and determine the effect of different cell
culture methods on their biogenesis and composition. We took
advantage of the unique characteristics of these PDAC cells,
that were previously established in our laboratory, from ascites

of pancreatic adenocarcinoma patients [43]. Depending on the
substrate provided, these cell lines have the ability to grow both
as 2D monolayers (adherent plates) and 3D spheroids (non-
adherent plates), using suitable media formulations. Accordingly,
they are a robust model to study the same cells under varying
culture conditions, instead of introducing additional variables
such as mechanical confinement, gene editing or major changes
in culture medium. Analysis of overall RNA content of EVs
released by PDAC cell lines using total RNA-Seq revealed an
enrichment of non-coding repeat RNAs compared with the
transcriptome of parental cells in both 2D and 3D cultures.
Notably, we identify a significant increase in EV generation in
3D compared to 2D cultures. This is associated with the relative
stiffness of the substrate that PDAC cancer cells grow on which
has implications on the contribution of biophysical properties of
the tumor microenvironment on EV pathogenesis.

2 | Results

2.1 | EV Characterization and RNA Content
Assessment Between EVs and Parental Cells

To fully define the RNA content of PDAC EVs, we utilized
patient-derived cell lines generated from the ascites fluid of
patients with metastatic PDAC [43]. For these studies, we chose
two cell lines, one more mesenchymal (PDAC3) and another
more epithelial (PDACS) [44]. Each PDAC cell line was grown
in standard adherent 2D culture conditions and supernatant
was collected at 50-70% confluency. EVs were then isolated
following ultracentrifugation in which supernatant was cen-
trifuged for 2 h at 100,000 x g. (Figure 1A). Following the
MISEV23 guidelines [45], a series of quality checks was done
to ensure that a purified population of EVs were collected for
further use in our studies. Isolated EVs were characterized by
Western blot and showed enrichment in classic EV markers
(ALIX and CD9) and absence of cell contaminants such as
endoplasmic reticulum protein Calnexin (Figure 1B; FigureSl),
satisfying MISEV recommendations for evidence of detectable
presence of EVs in our samples. The tetraspanin protein content
of these EVs was further characterized by using dSTORM imaging
(Figure 1C), with CD9, CD63, and CD81 detectable at the EV
surface. Together, these experiments confirmed the presence of
EVs in our isolated samples. Moreover, further characterization
of the EVs by transmission electron microscopy (TEM) showed
classic EV-shaped structures of around 100 nm (Figure 1D).

EVs were then lysed and homogenized in Qiazol buffer, and
RNA was extracted and subjected to total RNA-sequencing
(RNASeq) (Figure 2A). The transcriptomes of the PDAC cell lines
were compared with the transcriptome of their corresponding
isolated EVs. Compared with their parental cell transcriptome,
our isolated EVs possess detectable differences in RNA content
with respect to specific transcripts (Figure 2B; Figure S1A) and
enrichment of cancer-associated pathways (Figure 2C; Figure
S1B). These data suggest that RNAs are selectively loaded into
EVs rather than simply reflecting the same composition of RNAs
in the cytosol of the cells. Given previous findings on non-coding
RNAs (ncRNAs) [32, 33], we next determined the ncRNA profile
of tumor cells and EVs by mapping RNASeq reads to the human
genome (hg38) and Repbase using the STAR aligner [43], followed
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FIGURE 1 | Characterization of EVs isolated from patient-derived cell lines (A) Graphical abstract shows the process, from PDAC cell culture in 2D
plasticware surfaces (~3 GPa), to cell supernatant collection and EV isolation using ultracentrifugation. (B) Western blot shows the presence of ALIX and
CD9, common EV markers, and absence of Calnexin, an endoplasmic reticulum protein. (C) Using dSTORM for single molecule imaging, the presence
of traditional EV proteins was assessed to affirm EV status: CD9-AF488 (yellow), CD63-AF555 (blue) and CD81-AF594 (pink). In the micrograph, two
vesicles are shown, and numbers represent the number of dots detected in each vesicle and are proportional to the protein expression at the EV surface
(scale bars are 100 and 200 nm). (D) TEM image shows distinct vesicles present in our PDAC3 and PDACS preparations, further confirming efficient
purification of EVs (scale bars are 100 and 200 nm).
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FIGURE 2 | Total RNA-seq analysis shows differential packaging of RNA subtypes into EVs compared to their cell of origin. (A) Graphical abstract
shows the process, from PDAC cell culture in 2D plasticware surfaces (~3 GPa), to cell supernatant collection and EV isolation using ultracentrifugation,
followed by RNA-seq. (B) Differential expression analysis was done, and the MA plot plotted in the direction of Cell vs. EVs using DESeq2 package in
R. Cell and EV sequencing results from two cell lines were pooled individually and treated as replicates for this analysis. Each dot represents a single
gene of input, and the differentially expressed genes are shown in red (FDR <0.05). (C) Heatmap of pathway analysis of 11 cancer-associated pathways
by Progeny in R. Analysis shows differential packaging of RNA into EVs compared to their cell of origin. (D) RNA subtypes pooled into four groups.
Repeats, Pseudogene, Protein-Coding, and Non-Coding) (Color legend is shown on the right). Relative expression of four subtypes of EV and cellular
RNA is shown as a percentage of raw counts. The RNA content of cells and EVs shows that non-coding RNA is differentially packaged into EVs, and it is
dominated by Repeat RNA. (E) Repeat RNA was further divided into six groups. (SINE, Simple repeat, SAT, Others, LINE, ERV) (color legend is shown
on the right). Total RNA sequencing was performed with a minimum of two biological replicates.
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Size, concentration, and transcriptome characterization of EVs and parental cells cultured in 2D monolayer and 3D spheroid models.

(A) Graphical abstract shows the process, from PDAC cell culture in 2D plasticware surfaces (~3 GPa) and a 3D spheroid-like conformation, to cell
supernatant collection and EV isolation using ultracentrifugation. (B) Graphs shows EV size (top) and numbers (bottom) for PDAC3 and PDACS-derived
EVs. Data was obtained by tunable resistive pulse sensing (TRPS). EV size distribution is shown by a representative TRPS line graph at the top (n =3
independent captures, mean + S.D). The normalized concentration of paired experiments is shown with dashed line at the bottom (n = 3 independent
experiments, mean + S.E.M). (C) Total and (D) repeat RNA profiles are shown as percentages of total raw counts from EVs isolated from 2D and 3D
conditions. Total RNA sequencing was performed with a minimum of two biological replicates.

by annotation with Gencode and repeatmasker. This method
allows for detection of repetitive elements often omitted from
standard RNASeq alignment protocols [46]. We had previously
shown that PDAC cell lines produce EVs enriched in repeat
ncRNAs as compared to their parental cells [32]. These results
were recapitulated in this study, where we see an enrichment of
repeat ncRNAs in EVs compared with parental cells, with more
than 70% of the total reads derived from repetitive sequences
in EVs (Figure 2D). Further characterization of repeat RNA
subclasses revealed that within the repeat ncRNA family there
is specific enrichment for Long Interspersed Nuclear Element
(LINE), Short Interspersed Nuclear Element (SINE), satellites
(SAT), and Endogenous Retroviruses (ERVs) in EVs compared
with parental cells, which contain proportionally more simple
repeats and other/unannotated repeats (Figure 2E). This abun-
dance of repeat ncRNAs, particularly LINE, SINE, and ERV
elements, and relative lack of mRNAs in EVs was observed in
each of the cell lines tested, suggesting this is a common feature
of PDAC derived-EVs.

2.2 | Cell Culture Substrate Variation Alters EV
Production and Repeat RNA Content Enrichment

Due to the growing interest in cancer derived-EVs as blood-
based biomarkers and as a mechanism to transfer information
within the tumor microenvironment, it is critical to understand
the effects of different growth conditions on EV generation and
content to guide future investigations. Therefore, we next asked
whether culturing these tumor cells under adherent (2D) or non-
adherent (3D) conditions alters the number and size of released
EVs, as well as the EV-RNA content (Figure 3A). For each cell
line, an equal number of cells were used to initiate cultures, and
the entire volume of supernatant was collected for EV isolation by

differential ultracentrifugation. Supernatant was collected from
50-70% confluent 2D cultures and at day 5 for 3D cultures. EV
size and number were quantified using a tunable resistive pulse
sensing (TRPS) gNano instrument as previously described [47].
Cells in culture were counted at the time of EV collection, and the
number was used to normalize EVs. An increased number of EVs
per cell were generated from 3D conditions compared with 2D
across both PDAC cell lines tested (Figure 3B). While the average
EV size varied slightly between cell lines, the cell line-specific
EV size was maintained between 2D and 3D culture, indicating
that 3D culture conditions promote the release of more EVs that
are similar in size to those released from 2D culture. Total RNA
profile revealed again an enrichment of repeat RNAs for both 2D
and 3D conditions, while the loading of protein-coding RNA into
the EV cargo was notably depleted (Figure 3C,D). In addition,
there were detectable differences in overall RNA content between
cells grown in 2D vs. 3D cultures and the EVs isolated from
each condition (Figures S1A and S2A). These data suggest that
the PDAC cancer cell lines grown under 3D conditions produce
a higher number of EVs per cell, without majorly affecting the
ncRNA cargo profiles.

Cancer tumors possess inherent differences in stiffness within
and across cancer types, depending on the composition and abun-
dance of stroma [48]. Therefore, we were interested in exploring
the effect of culture substrate stiffness on generation and content
of tumor derived-EVs using our in vitro PDAC cell line culture
system. To accomplish this, cells were cultured on hydrogels that
can be tuned to present cells with a range of substrate stiffnesses
as previously described [49]. Pancreatic cancer tissue stiffness
usually ranges from 4 kPa to 8kPa [2-4], and therefore, we decided
to choose stiffness values that were lower, and representative of
an in-between range (0.5 kPa, 2 kPa and 8 kPa), with attention
to what was commercially available and thus, fully characterized.
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Size, concentration, and transcriptome characterization of EVs and parental cells cultured in hydrogels of different stiffness. (A)

Graphical abstract shows the process, from PDAC cell culture in hydrogels of different stiffness (0.5, 2, and 8 kPa), to cell supernatant collection and EV
isolation using ultracentrifugation. (B) Graphs shows EV size (top) and numbers (bottom) for PDAC3 and PDAC8-derived EVs. Data was obtained by
tunable resistive pulse sensing (TRPS). EV size distribution is shown by a representative TRPS line graph at the top (n = 3 independent captures, mean

+ S.D). The normalized concentration is shown by dot plots with an overlayed box plot to show the mean at the bottom (n = 3 independent experiments,

mean + S.E.M). (C) Total and (D) repeat RNA profiles are shown as percentages of total raw counts from EVs isolated from 0.5, 2, and 8 kPa conditions.

Total RNA sequencing was performed with a minimum of two biological replicates.

Our adherent 2D culture system used up to this point comprises
regular laboratory plasticware, which has a stiffness on the order
of 1 GPa to 10GPa [50, 51]. Supernatant was collected from cells
grown on hydrogels with defined stiffness levels, and EVs were
isolated through ultracentrifugation (Figure 4A). EV number and
size were determined on the gNano instrument and normalized
to cell number at the time of collection (see Methods). As
demonstrated in Figure 4B, cells grown on the softest substrates
(0.5 kPa) produced 40 times more EVs when compared with
stiffer (8 kPa) surfaces. Similar to the findings between 2D and
3D culture, changing the stiffness of the substrate altered EV
number without significant differences in EV size, in both PDAC
cell lines. EVs isolated from these cells were also measured using
Nanoparticle Tracking Analysis (NTA), which confirmed higher
EV generation from softer hydrogels and conservation of EV size
distribution (Figure S3A,B). Total RNASeq from cells and EVs
revealed several differences in overall RNA content between soft
and stiff substrate conditions (Figures S1A and S2B). With respect
to the total RNA profile, there was a consistent enrichment of
repeat ncRNAs in EVs compared with cells which was compara-
ble in magnitude across all substrate stiffnesses (Figure 4C). Once
again, this enrichment was specifically observed in the LINE,
SINE, SAT, and ERV subclasses (Figure 4D). Taken together, these
data indicate that growing PDAC tumor cells under non-adherent
conditions and under adherent but less stiff substrate conditions
leads to increased EV production but preserves EV size and EV
non-coding RNA content as well as the enrichment of certain
subclasses of repeat ncRNAs within the vesicles.

2.3 | Culture Stiffness Impacts Protein-Coding
Cargo in EVs

Considering the enrichment in repeat ncRNA content within
EVs was not significantly affected by the different cell culture
conditions, we set out to investigate how the protein-coding

cargo changes across EVs derived from cells grown in different
culture substrate/stiffness conditions. Data analyses show that
several genes were differentially expressed across all the stiffness
conditions in EVs isolated from PDAC3 and PDACS cells when
compared with 2D; however, only EVs from cells grown on
the softest hydrogels, i.e., 0.5 kPa, had statistically significant
(adjusted p-value < 0.05) differentially expressed genes (DEGs)
(Figure 5A; Figure S4). We identified 989 genes that were
enriched in softer (0.5 kPa) hydrogels compared to plastic (2D).
Gene-Set Enrichment Analysis (GSEA) comparisons of 0.5 kPa
to 2D revealed an upregulation of various mitochondrial pro-
cesses related to gene expression, respiration and ATP synthesis
(Figure 5B). Despite not reaching significant levels, cytoplasmatic
translation, as well as ribosome biogenesis and assembly, were
identified as potential biological processes in 2 and 8 kPa stiffness
(Figure S5A). Downregulated processes were biologically discrete
and include cell adhesion, homeostasis, and signaling pathways
(Figure 5B). A curated list of genes with biological relevance,
identified from Differential Gene Expression (DGE) and GSEA
results, was selected for further analysis and a heat-map was
created across all conditions (Figure 5C). EVs obtained from
PDACS3 cells revealed several variations in content between the
conditions, with mitochondrial, cytoskeletal, and transcriptional
regulation-associated genes more enriched in the softer hydrogels
while the chemotaxis-related genes were more enriched in the
stiffer conditions (Figure 5C). Interestingly, the 3D cell culture
conditions were comparable with 2D culture conditions for
this selected set of genes. However, for the PDAC8 cell line,
when taking a similar analytical approach for these particular
categories of biological relevance processes, we found the data
to have more variability across replicates (Figure S5B). In the
interest of evaluating if the cell culture mechanical differences
would translate into mechano-transduction signaling changes
in the EV cargo, we further analyzed a curated list of genes
from GSEA mechano-associated biological processes (Figure
S5C). This showed that cell culture changes do not seem to
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FIGURE 5 | Biological relevance and pathway enrichment for PDAC EVs. (A) Volcano plots show the transcriptomic analysis of EVs isolated from

0.5 kPa compared with 2D culture conditions. Genes of interest are highlighted in the plot. (B) Bubble plot of Gene-Set Enrichment Analysis (GSEA) for
the Gene Ontology Biological Processes gene set of PDAC3 and PDACS8 EVs isolated from 0.5 kPa v 2D conditions. In total, this GSEA yields 94 biological
processes significantly downregulated and 165 biological processes significantly upregulated in 0.5 kPa PDAC EVs; here, the top ten downregulated and
top ten upregulated biological processes are depicted. The size of the bubble is proportional to the size of the gene set. The color of the bubble indicates
the pathway upregulation (red) or downregulation (blue) in PDAC EVs isolated from 0.5 kPa compared to 2D culture conditions. (C) Heatmap with
curated gene set for PDAC3 EVs across all cell-culture substrate stiffness conditions. For the gene set curation, genes were extracted from DGE and

GSEA results. Log-2 normalization was applied prior to heatmap generation.

significantly impact biomechanical associated pathways, sug-
gesting that the mitochondrial, cytoskeletal and transcriptional
associated changes observed are genuinely associated with cell
culture stiffnesses changes.

Overall, the vesicle protein-coding RNA content seems to be
dependent on the matrix that the cells are cultured in.

3 | Discussion

It is now well established that EVs carry bioactive molecules
including proteins, lipids and a variety of RNA species which
can be transferred to recipient cells as a means of intercellular
communication [52]. Whether the content of EVs is a stochastic
representation of the RNA content of their parental cells versus
a consequence of specific loading into the vesicle remains an
area of interest in the field. Recent evidence has suggested that
mRNA and miRNA transcripts and proteins are differentially
represented between EVs and their parental cells [53-55]. Fur-
thermore, molecules related to protein [56] and miRNA [54]
loading identified within EVs, suggesting that cargo is selectively
loaded into EVs. Our results are in concordance with this, as we
observed differences in the relative abundance of the different

subclasses of RNA molecules between EVs and their parental
cells. Notably, by performing total RNASeq with computational
platforms that allow detection of repetitive elements, we show
that most of the RNA contained within EVs is repeat RNAs,
whereas the parental cells are carrying primarily protein-coding
mRNA molecules. Further, this enrichment of repeats was
preserved across all culture conditions studied, suggesting this
is likely a conserved phenomenon. These findings extend the
current knowledge in the field, which has been largely focused
on mRNA, miRNA and short non-coding RNAs to date. More
recently, there has been increased interest in vesicular long non-
coding RNAs (IncRNAs) as well, which are enriched in certain
EV types [57, 58]. The cancer-specific human satellite II (HSATII)
RNA has been detected in PDAC patient plasma and found to exist
predominantly within the EV fraction [59], indicating that repeat
RNAs may be a generalizable finding in many tumor-derived EVs
[32, 33]. However, a comprehensive analysis of repeat RNAs in
EVs has remained elusive, largely because of the limited coverage
of repeat sequences in microarray technology and the failure to
capture most subsets of repeats using standard poly(A)-based
RNA-Seq protocols [46]. Here, we show the value of combining
Total RNASeq and mapping of reads to both RepeatMasker and
Repbase to comprehensively define the repeat transcriptome of
PDAC cells and the EVs they generate. The high abundance of
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repeat RNAs in PDAC-derived EVs is not entirely unexpected as
it is known that epithelial cancers, including PDAC, massively
overexpress many classes of repeat RNAs [35, 60, 61]. In cells,
it is known that repeat RNAs, especially satellites [40], LINE-
1 [62] and HERVs [36, 38], activate viral recognition pathways
and induce an interferon response. Therefore, it is likely that
tumor cells acquire adaptive mechanisms to tolerate repeat RNA
expression and avoid triggering a suicidal immune response.

Based on our findings, it is intriguing to consider export of repeat
RNAs packaged in EVs as an additional strategy for cells to survive
under high repeat RNA stress. Further studies into the regulation
of repeat RNA expression in tumor cells and their EVs, as well
as the consequences of inhibiting their packaging into EVs, are
necessary to confirm this hypothesis.

In addition to the potential biological relevance of vesicular non-
coding RNA, we also investigated how cell culture conditions can
influence the protein-coding cargo in PDAC tumor-derived EVs
despite decreased enrichment in these vesicles. We observed that
cell culture conditions seem to influence protein cargo loading,
with varying biological pathways being enriched in different
conditions. Softer conditions seemed to favor cellular pathways
such as cytoskeletal and transcriptional, while stiffer pathways
were enriched for tumor environment modifying pathways such
as chemotaxis. Similar results have been observed by another
group [18] that proposed that EVs from stiffer matrix would
have a microenvironment remodeling role while EVs from softer
subtracts would focus on primary tumor growth.

Furthermore, this study, as well as others [16-18, 63, 64], shows
that the biomechanical conditions in which different cells are
cultured affects not only their EV cargo, but the quantity of EVs
generated per cell. Cells cultured in 3D release more EVs than
those derived from 2D culture, across multiple cancer types, and
it has been shown that 3D-culture-derived EVs are more similar
to patient plasma samples than those derived from cells cultured
in 2D [16, 63, 64]. While the effects of 3D conformation on EV
biogenesis and cargo are in accordance with ours, our study
shows that cells cultured on softer substrates (0.5 kPa) release
more EVs per cell than the stiffer substrates. We note that our
results differ from what others have published in prior work [17,
18]. Specifically, for other cell lines, they reported an increase in
EV production when cells were cultured on stiffer substrates (>
10 kPa) [17, 18]. One group hypothesized that this may be due
to the increase in cell density between the different conditions,
resulting in more EVs [18]. For our work, our data is normalized
to the number of cells present for each condition. Specifically, for
each data point, we enumerated the number of cells in culture
at the time of media collection and normalized our EV data
accordingly (see Methods). Without normalization (looking at
averages across conditions without consideration of cell number),
we observed similar trends to the work previously described.

Nonetheless, our study shows that manipulating cell culture
conditions can have an important and significant impact on EV
generation and cargo. This can directly affect the ability to use
EVs in clinical therapeutical applications, where EV slow release
is a critical limitation and scalability and efficiency are crucial for
success. The knowledge about the effects of culture mechanical
properties can help to better design systems for high yield EV

production within bioreactors, which has started to be explored
by others [65-67].

In light of these in vitro findings, the relative efficiency of EV
generation by cancers with different stiffness and by tumors
with varying degrees of stroma within a cancer type may be
assumed to be different. This is an important consideration if EVs
are to be developed as biomarkers, given that chemotherapeutic
agents [68] and radiation [69] target both the tumor cells and the
tumor microenvironment and result in alterations of the physical
properties of the tumor.

4 | Conclusion

Our findings demonstrate that for our patient-derived cell lines,
the RNA proportions within EV cargo is relatively fixed with
a predominance of repeat RNAs, irrespective of whether they
are released from cells in adherent versus non-adherent culture
or from cells grown on adherent substrates of varying stiffness.
Interestingly, PDAC cells grown in 3D and in 2D on hydrogels
with lower elasticity generated a higher number of EVs compared
with cells grown in 2D on classic culture plastic. However, the
predominance of repeat RNAs in EVs was maintained across all
conditions, suggesting that culture and growth conditions do not
affect the genomic information carried by EVs, and this may
be a conserved process. The finding that EV production can be
increased through manipulation of culture matrices, might be of
value for applications related to EV bioreactor design. Nonethe-
less, we observed that EVs from the different substrate culture
conditions have different coding cargo than those derived from
cells cultured in plasticware. Softer substrates (0.5kPA) are more
enriched in protein-coding RNA related with mitochondrial and
cytoskeletal pathways as well as transcriptional regulation and
chemotactic activity. This suggests that biological information
may be differentially packaged on the EVs as disease progresses.
Further studies are required to elucidate the molecular mech-
anisms linking these biomechanical variables to the effects on
EV generation. Our observations support the hypothesis that
EVs are differently generated by tumors in different stages, and
the understanding of their cargo variations according to disease
progression can help us to better understand and guide biomarker
discovery for disease monitoring.

5 | Materials and Methods

5.1 | Cell Culture

PDAC 3 and PDACS cell lines were generated and provided by
the Ting laboratory at Massachusetts General Hospital [43]. The
2D cell line models for PDAC3 and PDAC8 were cultured in
DMEM (Gibco, Thermo Fisher Scientific, Waltham, MA) with
10% Exosome-depleted fetal bovine serum (System BioSciences,
Palo Alto, CA) and 1% penicillin/streptomycin (Gibco, Thermo
Fisher Scientific). Tissue-treated plastic flasks (Corning, Corning,
NY) and 0.5 kPa, 2 kPa, and 8 kPa hydrogel plated and collagen-
coated plates (Matrigen, Irvine, CA) were used for the 2D culture
experiments. The 3D cell line models for PDAC3 and PDAC8
were cultured in RPMI 1640 (Gibco, Thermo Fisher Scientific),
2% B27 (50%, Gibco, Thermo Fisher Scientific), 0, 025% EGF/FGF
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(100 ng/uL), and 1% penicillin/streptomycin (Gibco, Thermo
Fisher Scientific). Ultra-low attachment surface 6-well plates
(Corning) were used for culture. All cells were grown at 37°C with
5% CO?. 2D cultures were established by seeding 60K cells/well in
6-well plates and 3D cultures were started with 100K cell/ 6-well
plates. Cells were counted using the Cellometer Auto T4 (Revvity,
Waltham, MA) TrypLE Express (Gibco, Thermo Fisher Scientific)
was used to detach cells for subculture in the 2D model, as well
as to dissociate the spheroids in the 3D models, every 2 weeks,
to prevent increased apoptosis in the nutrition starved core of
the spheroid. After collection of cell conditioned media for EV
isolation, cells were dissociated and counted using a brightfield
microscope.

5.2 | EVIsolation and Measurement

EVs were isolated from the conditioned medium of PDAC3
and PDACS cells cultured under 2D and 3D conditions. The
conditioned media collected from each model was centrifuged
at 300 x g for 5 min to eliminate dead cells, supernatant was
collected and followed by a 2000 g spin for 10 min to eliminate
cell debris. Collected supernatant was filtered through a 0.8 um
filter and ultracentrifuged at 100 000 x g for 90 min (Optima
L-90K Ultracentrifuge, Beckman-Coulter, Brea, CA). The EV-
pellet was resuspended with 0.22 um double-filtered PBS and split
for EV characterization, quantification, and RNA isolation.

5.3 | Western Blot

Cell lysates were prepared using 1x RIPA buffer with protease
inhibitor (Halt Protease and Phosphatase Inhibitor Cocktails,
Thermo Fisher Scientific), on ice for 15 min. Sample was
clarified by centrifugation at 12 000 x g for 10 min at 4°C,
and supernatant harvested for protein collection. Cell lysates
and EVs were normalized based on protein loading. Protein
quantification was performed using MicroBCA Protein Assay
kit (Thermo Fisher Scientific). 5 ug of cell lysates or EVs
were boiled with 4X Laemmli sample buffer (Bio-Rad), with
B-mercaptoethanol (Sigma Aldrich) added as reducing reagent,
for 5 min at 95°C. Samples and molecular weight markers
were subjected to SDS-PAGE and then transferred to a PVDF
membrane using the Trans-Blot Turbo Transfer System (Bio-
Rad, Hercules, CA). Membranes were blocked with Intercept
(TBS) Blocking Buffer (LI-COR Biosciences, Lincoln, NE) for
1 h at RT, and primary antibodies incubated in Intercept T20
(TBS) Antibody Diluent (LI-COR Biosciences) overnight at 4°C.
Membranes were washed with TBST (Ix Tris containing 0.1%
tween-20) for 5 min 3 times and incubated with IRDye Secondary
Antibodies (LI-COR Biosciences) for 1 h at RT. Images were
developed using Odyssey CLx (LI-COR Biosciences).

5.4 | Antibodies and Concentrations for Western
Blot Analysis

The following antibodies were used: CD9 (Biolegend, cat# 312102)
1:500; Alix (E6P9B) (Cell Signaling Technology, Danvers, MA,
cat#92880S)1:500 and Calnexin (C5C9) (Cell Signaling, cat#
2679P) 1:500. Goat Anti-Mouse IgG Polyclonal Antibody (IRDye

800CW) (LI-COR Biosciences, cat# 926-32210) 1:5000, Goat
Anti-Rabbit IgG Polyclonal Antibody (IRDye 680RD) (Li-COR
Biosciences, cat# 926-68071) 1:5000.

5.5 | Direct Stochastic Optical Reconstruction
Microscopy (ASTORM) of EVs

The tetraspanin (CD9, CD63, CD81) content of EVs was inves-
tigated using super resolution microscopy (dSTORM) through
the Nanoimager system (Oxford Nanoimager, Oxford, England).
For this, we employed the EV Protein Profiler kit (cat. # EV-
MAN-1.0, ONI). The ONI microfluidic chip provide in the kit
was functionalized for EV immobilization, according to the
protocol recommended by the manufacture, using CD9, CD63
and CD8I capture antibodies provided in the kit. After blocking,
the EV sample was run through the device channels for EV
capture. Channel was washed and captured EVs were fixed. The
tetraspanins at the surface of the captured EVs were tagged
using a combination of CD9-AlexaFluor488 (CD9-AF488), CD63-
AlexaFluor5s55 (CD63-AF555) and CD81-AlexaFluor630 (CDS8I-
AF630) fluorescent antibodies. The microfluidics chip with the
stained EVs was imaged under the ONI microscope using an
imaging buffer provided in the kit and adequate for dASTORM
imaging. The tetraspanin composition of EVs was analyzed using
the CODI software, following analysis guidelines recommended
by the manufacturer.

5.6 | TEM Imaging

PDAC3 EV samples were fixed with 4% glutaraldehyde and
diluted 1:10 with 1x PBS. Each sample (10 ul) was transferred
onto a 200-mesh Formvar/carbon-coated nickel grid and allowed
to adsorb for 15 min. Grids were blotted (to remove excess
suspension solution) and contrast stained for 30 to 60 s using
tylose+uranyl acetate solution. Grids were blotted again, rinsed
once with filtered distilled deionized water, and, allowed to dry
after blotting residual liquid. Analysis of the preparations was
done using a JEOL JEM 1011 transmission electron microscope
at 80 kV. Images were collected using an AMT digital imag-
ing system with proprietary image capture software (Advanced
Microscopy Techniques, Danvers, MA).

5.7 | EV Size and Concentration Measurement

EVs were characterized using tunable resistive pulse sensing
(TRPS) gNano instrument (iZON Science, Christchurch, New
Zealand), and Nanoparticle tracking Analysis (NTA) through the
Nanosight LM10 instrument with 305 mm blue laser (Malvern
Panalytical, Malven, UK). Measurements with qNano were done
according to manufacturer’s protocol using NP300 pore with
CPC400 calibration beads. Briefly, upper and lower fluid wells
were primed with PBS, and then calibration beads were forced
to flow through the nanopore at pressures between 5 and
20 mbar using a variable water-based pressure module. For every
experiment, three measurements under three different pressures
were taken. The nanopore stretch and the measured voltage
at 0 mbar pressure was kept the same between measurements
for compatibility. Obtained data analyzed using Control Suite
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Software v3.3 from the same manufacturer. For NTA analysis
3 measurement of 30 s were taken from the NanoSight LM10
instrument and exported data was plotted on GraphPad Prism
10. For each experiment, three biological replicates were used per
sample.

5.8 | RNA Isolation

RNA was isolated from 37 samples, including 20 EV populations
and 17 cell populations from five cell-culture subtrate conditions
(0.5 kPa; 2 kPa; 8 kPa; 3D; 2D). Total RNA from cells and
cell culture derived EVs was isolated using the miRNeasy mini
kit (Qiagen, Hilden, Germany) according to the manufacturers
protocol. Ultracentrifuge-purified EVs from cell lines and pelleted
cells were lysed with 700 uL of QIAzol Lysis Reagent (Qiagen),
followed by chloroform extraction and purification with the
miRNeasy kit, with an additional optional DNase treatment
(Qiagen). Concentration was assessed by TapeStation (Agilent
Technologies, Santa Clara, CA).

5.9 | Library Preparation and RNA Sequencing
Libraries for total RNA-Seq were generated using the Clontech-
Takara Smarter Stranded Total RNA-Seq kit v2 (catalog 634413)
according to the manufacturer’s instructions. Briefly, RNA sam-
ples were first converted into cDNA, then adaptors for Illumina
sequencing were added through PCR. The PCR products are
purified using AMPure Beads (Beckman Coulter, cat# A63881),
then ribosomal cDNA was depleted. After depletion, the samples
were further amplified using PCR, then purified again using
AMPure Beads. Each sample was then qPCR quantified using
a KAPA Library Quantification Kit (Roche, cat# 07960140001)
and Phix Control Kit V3 (Illumina, cat# FC-110-3001). RNA
sequencing was performed with 150 bp paired-end sequencing
using an Illumina NextSeq 500 System.

5.10 | RNA-Seq Counts Table Generation

For 3 cell sample conditions (PDAC3 0.5, 2, and 8 kPa), biological
replicates were removed due to low RNA quality. Counts tables
were generated by processing reads through a pipeline to deter-
mine the protein-coding and repeat RNA profile of the samples.
Reads were trimmed and quality checked using skewer. Briefly,
ends of the reads were trimmed to remove Ns and bases with
quality less than 20. After that, the quality scores of the remaining
bases were sorted, and the quality at the 20th percentile was
computed. If the quality at the 20th percentile was less than
15, the whole read was discarded. In addition, reads shorter
than 40 bases after trimming were discarded. If at least 1 of
the reads in the pair failed the quality check and had to be
discarded, we discarded the mate as well. Quality filtered reads
were mapped using STAR aligner (https://github.com/alexdobin/
STAR/releases) using human genome (hg38) and assigned to
genes (Gencode annotation) and repeat elements (RepeatMasker
annotation) using the featureCount function of Subread package
with the external Ensembl annotation. Unassigned reads were
then remapped to the Repbase consensus sequence. Repeat

counts from RepeatMasker annotation and Repbase were added
together.

5.11 | Differential Gene Expression Analysis and
Gene-Set Enrichment Analysis

For differential gene expression, raw counts data were filtered
to keep transcripts with at least 1 raw count observed for at
least 1 PDAC sample using DESeq2 (DESeq2 package v1.42.0 in
R version 4.3.2) and normalized with DESeq2 default median
of ratios followed by Wald tests for differential gene expression
on EV subset and the Cell subset separately with the following
comparisons 0.5 kPa v 2D; 2 kPa v 2D; 8 kPa v 2D; and 3D v 2D
(adjusted p-value cut-off of 0.05). Subsequently, the differential
gene expression results (log-fold-change (LFC) values) were
analyzed against the Gene Ontology Biological Processes (GOBP)
gene set with an enrichment p-value cut-off of 0.05 for Gene-
set enrichment analysis (GSEA) (R version 4.3.2, script available
on githublink)(10.18129/B9.bioc.fgsea). Genes of interest were
selected based on the Normalized Enrichment Score (NES) and
the leadingEdge analysis.

5.12 | Statistical Analysis

The p values were calculated using GraphPad Prism 10 (v10.4.1)
student’s ¢ test, one-way ANOVA. Data are expressed as mean
+ S.D or mean +S.E.M, as appropriate. Statistical analysis was
performed in three independent experiments, unless stated
otherwise. Log-2 normalization was applied prior to heatmap
generation.
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