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Abstract
Extracellular vesicles (EVs) are critical mediators of intercellular communication and

promising cancer biomarkers; however, identifying EVs derived from specific tissues or cell
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populations within complex biofluids, and selectively isolating them, remains a major
challenge. The in vitro culture of defined human cell populations offers an accessible source
of cell-specific EVs for their molecular characterization; however, conventional two-
dimensional (2D) culture fails to recapitulate key features of three-dimensional (3D) in situ
tumor architecture. Here, we conducted a controlled comparative analysis of small EVs
derived from the immortalized human cervical cancer cell line Ca Ski cultured as 2D
monolayers and 3D Matrigel-embedded spheroids to investigate how cellular architecture
influences small EV production and molecular composition. Small EVs were isolated from
conditioned media by ultracentrifugation and characterized by Spectradyne nanoparticle
analysis, transmission electron microscopy (TEM), and ONi super-resolution imaging
coupled with Al-guided Nanometrix topological analyses. Small EVs were efficiently
recovered from the conditioned media of both culture conditions, although 3D cultures
yielded approximately ten-fold fewer nanoparticles while exhibiting an increased relative
abundance of vesicles within the 80-110 nm size range compared with 2D cultures.
Topological analyses of small-EV-associated tetraspanins (CD63, CD81, CD9) revealed
distinct profiles between culture conditions, with increased proportions of CD81-positive and
CD63/CDS81 double-positive vesicles in 3D-derived isolates, while CD63 single-positive
vesicles were enriched in 2D-derived isolates. Complementary RNA sequencing and
proteomic analyses revealed that 2D- and 3D-derived small EVs were packaged with distinct
molecular cargo, while supporting consistent detection of miRNAs, tRNA-derived fragments,
and approximately 2,000 proteins across both culture conditions. Notably, miRNAs enriched
in 2D-derived small EVs were predicted to regulate translation of proteins and pathways
enriched in 3D-derived small EVs, suggesting coordinated remodeling of EV cargo in
response to cellular architecture. Collectively, these findings demonstrate that culture
conditions influence both the physical characteristics and molecular composition of small
EV populations and support the use of 3D culture as a relevant model for investigating small

EV biology.
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INTRODUCTION

Cervical cancer remains a significant public health challenge despite advances in screening
and prevention!?]. In the United States, an estimated 13,800 new cases of invasive cervical
cancer and more than 4,300 deaths occur annually, making it a leading cause of cancer-
related mortality among women of reproductive age. Although widespread implementation
of Papanicolaou (Pap) cytology and human papillomavirus (HPV) screening, together with
the introduction of HPV vaccination, has contributed to substantial reductions in cervical
cancer incidence and mortality, these benefits have not been equally realized across all
populations. Disparities in screening access, follow-up care, and disease outcomes persist,
with medically underserved populations and racial and ethnic minorities continuing to

experience a disproportionate burden of cervical cancer!*#],

Persistent infection with high-risk human papillomavirus (HPV) types is the principal driver
of cervical carcinogenesis; however, only a subset of individuals with persistent infection
ultimately develop high-grade cervical lesions or invasive disease>¢l. This biological
heterogeneity highlights a critical limitation of current screening paradigms, which remain
limited in their ability to distinguish transient HPV infections from lesions with a greater
likelihood of malignant progression. Consequently, some patients undergo repeated
surveillance and invasive diagnostic procedures, while others experience delayed diagnosis

and poorer outcomes!’l.

Once cervical cancer progresses beyond early-stage disease, prognosis worsens substantially,
and therapeutic options become increasingly limited. Five-year survival rates decline sharply
with advancing disease stage, underscoring the need for biomarkers that can facilitate earlier
detection, improve risk stratification, and enable real-time monitoring of disease progression
and treatment responsel-8). The development of circulating molecular biomarkers capable of
non-invasively capturing tumor-derived biological signals could therefore significantly

improve cervical cancer detection and management.
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Among emerging biomarker approaches, tissue-specific small extracellular vesicles (small
EVs) have gained increasing attention as a promising source of circulating molecular
biomarkers. Small EVs are membrane-bound nanoscale particles released by virtually all cell
types and present in most biofluids!®!%. These nanoparticles carry diverse molecular cargo,
including proteins, lipids, and nucleic acids, that reflect the active cellular processes of their
cells of origin!'!"!3), Through the transfer of biologically active cargo between cells, small
EVs mediate intercellular communication and have been implicated in numerous biological

processes, including tissue homeostasis, immune modulation, and disease progression!'#18],

Of the diverse molecular cargo carried by small EVs, microRNAs (miRNAs) have received
particular attention because of their ability to coordinately regulate gene expression in
recipient cells, their remarkable stability within EVs, and the association of their expression
profiles with the biological state of their cells of origin!'?l. Notably, the miRNA composition
of tumor-derived small EVs can differ substantially, both qualitatively and quantitatively,
from that of small EVs released by non-malignant cells and tissues!?-?2l. Consequently, cell-
and tissue-specific EV-associated miRNAs are increasingly being explored as minimally
invasive biomarkers for cancer detection, prognosis, and therapeutic monitoring!?3->l. In
addition to RNA cargo, small EV-associated proteins provide complementary information
regarding the cellular state and biological processes of their cells of origin, and proteomic
profiling of small EVs has emerged as an important strategy for identifying disease-
associated molecular signatures and candidate biomarkers?®?7), Importantly, incorporation
of both miRNAs and proteins into small EVs is increasingly recognized as a regulated
biological process rather than a purely passive event. miRNA sorting can be influenced by
RNA sequence motifs, RNA-binding proteins, and intracellular signaling pathways, while
selective protein incorporation is likewise influenced by cellular trafficking and sorting
machinery, post-translational modifications, and interactions with vesicular membrane and

cytosolic components?8-331,

Recent studies suggest that small EV biogenesis, secretion, and molecular cargo composition

may also be influenced by the cellular microenvironment!®*¥. Despite this, most in vitro
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studies of small EV biology continue to rely on conventional two-dimensional (2D)
monolayer culture systems!*l. Although 2D cultures provide a reproducible and accessible
system for EV production, isolation, and characterization, they fail to recapitulate key aspects
of the in vivo tumor microenvironment, including three-dimensional tissue architecture,
extracellular matrix interactions, oxygen and nutrient gradients, cell-to-cell interactions, and

3638] These differences may alter cellular behavior and consequently

mechanical forces!
influence the abundance, physical characteristics, and molecular composition of EV
populations generated under 2D culture conditions. In contrast, three-dimensional (3D)
culture systems have gained increasing attention because they more closely reproduce native
tissue organization and key features of the tumor microenvironment that influence cellular
metabolism, differentiation, signaling, and gene expression**#!l, Emerging evidence
suggests that these environmental differences may also affect small EV biogenesis, secretion,
and molecular cargo composition, including EV-associated miRNAs and proteins!*>47],
Nevertheless, systematic studies directly examining how culture dimensionality influences
small EV abundance, physical properties, surface-marker topology, and associated small

RNA and protein cargo under otherwise matched experimental conditions remain limited.

Understanding the influence of culture dimensionality on small EV composition is
particularly important for translational applications. Small EVs generated from in vitro
cancer models are widely used to investigate tumor biology, identify candidate biomarkers,
and evaluate therapeutic responses*®l. If EV-associated miRNA and protein profiles are
influenced by culture dimensionality, then the cellular environment in which tumor cells are
maintained represents an important experimental variable when interpreting small EV
molecular profiles**>%, Experimental systems that more closely recapitulate in vivo tumor
architecture may therefore improve the biological interpretation of EV-derived molecular
signatures and their use for candidate biomarker discovery. This consideration is particularly
relevant to cervical cancer, where the cellular origins of circulating small EV populations
remain incompletely defined, highlighting the need for controlled model systems that enable
the production and molecular characterization of cervical tumor cell-derived small EVs prior

to their isolation and investigation in patient biofluids.
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In this study, following the Minimal Information for Studies of Extracellular Vesicles
(MISEV) guidelines®!), we performed a controlled comparison of small EVs produced by
the well-characterized human Ca Ski cervical cancer cell line cultured under matched two-
dimensional (2D) monolayer and three-dimensional (3D) Matrigel-embedded spheroid
conditions. To minimize biological and technical variability, identical cell numbers were
seeded using the same six-well culture format, with the principal experimental difference
being the introduction of a three-dimensional extracellular matrix environment using
Matrigel. This controlled design enabled us to investigate the influence of culture
dimensionality and three-dimensional cellular architecture on small EV production, physical
characteristics, and molecular composition. Using complementary analytical approaches,
including nanoparticle analysis, transmission electron microscopy, super-resolution
nanoimaging of EV-associated surface tetraspanins, small RNA next-generation sequencing
(NGS), and mass spectrometry-based proteomics, we characterized small EV populations
generated under both culture conditions. This integrated approach allowed us to determine
whether differences in cellular architecture were associated not only with changes in small
EV abundance and physical characteristics but also with differences in their small RNA and
protein cargo. Importantly, this experimental system also enabled us to establish the
feasibility of isolating small EVs from Matrigel-embedded cervical cancer cultures and to
define experimental parameters for their reproducible production, isolation, and molecular
profiling. Together, these studies provide a foundation for the future investigation of cervical
tumor-derived small EVs and their associated molecular biomarkers using patient-derived

organoid models.

MATERIALS AND METHODS

Ca ski cell culture

Ca Ski cervical cancer cells (ATCC; cat#CRL-1550) were used for in vitro 2-Dimensional
(i.e., 2D in monolayer in 6 well-plates) and 3-Dimensional (i.e., 3D in Matrigel Matrix for
Organoid Culture (Corning, cat#356255) in 6 well-plates) tissue culture experiments. Cells
were maintained in RPMI-1640 medium (Gibco™, Cat#11875093) supplemented with 10%
exosome depleted fetal bovine serum (FBS, Gibco™, Cat#A2720801) and 1% penicillin-
streptomycin (Gibco™, Cat#15140148). For both 2D and 3D cell culture, Ca Ski cells
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(ATCC®) were seeded at a density of 1 x 10° cells per well in 6-well plates, either directly
on the bottom of the wells (2D) or within Matrigel (3D; 500 pL cell suspension containing 3
x 106 cells with 500 uL Matrigel to produce 21 Matrigel domes each of 45 uL, with 7 domes
plated per well). Each 6-well plate was divided into three experimental wells (top row) and
three control wells (bottom row) for 2D and 3D culture. All wells of the 6 well-plates
contained 2 mL media. The control wells contained either 2 mL of cell-free media (2D minus)
or 2 mL of media added onto cell-free Matrigel domes (3D minus). All 6-well plates were
incubated at 37 °C with 5% CO; for 96 h. Conditioned media was collected after 48 h,
followed by replenishment with fresh overlay media, and with a second harvest at 96 h. A
total of 10-12 mL media was collected and combined from the experimental wells (i.e., 3x
~2 mL at 48 h and 3x ~2 mL at 96 h) and 10-12 mL media was collected from the control
wells (i.e.,, 3x ~2 mL at 48 h and 3x ~2 mL at 96 h). Media collected at 48 h was stored at
4°C and then combined with media collected at 96 h to undergo ultracentrifugation. These
experiments were conducted 6 times to produce replicates, with sufficient available
biological material, to conduct our analyses. For 2D cultured cells, 1 mL TrypLE™ Express
Enzyme (Gibco™, Cat#12604013) per well was applied per well and incubated for 10 min
at 37 °C to detach cells, which were washed in 15 mL phosphate-buffered saline (1x PBS;
Gibco™, Cat#10010023), prior to being pelleted, re-suspended in media and re-pelleted.

Ultracentrifugation

Tissue culture media temporarily stored at 4 °C (1 to 4 days) was Ultracentrifuged (UC) using
a SW41 Ti rotor (Beckman Coulter) with Ultraclear 13.2 mL open-top Thinwall Ultra-Clear
UC tubes (Beckman Coulter. Cat#344059) following a previously described procedure>231,
In brief, an average of 10 mL of each type of conditioned media was added to Ultraclear UC
tubes and subjected to 10,000 x g centrifugation for 30 min. The supernatant was then
transferred into fresh Ultraclear UC tubes and underwent an overnight ultracentrifugation
(~16-20 h) step at 100,000 x g. The supernatants were carefully removed and discarded,
while pelleted EV were resuspended with 5 mL of 1x PBS (Gibco™, Cat#10010023), to
undergo a final spin of 100,000 x g for 2 h. The supernatants were discarded, and the small
EV pellets were resuspended in 50 mL 1x PBS and transferred into low bind Eppendorf tubes

for storage at -80 °C until further processing.
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RNA extraction

EV isolated from the media of 2D and 3D culture condition by ultracentrifugation underwent
RNA extraction using the miRNeasy Serum/Plasma Kit (Qiagen, Cat#217184) following the
manufacturer’s protocol. All samples were treated with RNAse A (Thermo Scientific,
Cat#ENO0531) for 15 min prior to RNA extraction. Water controls, media from 2D culture 6
well-plates without cells; and media incubated with matrigel domes without cells for 96 h,
all also underwent RNA extraction using the miRNeasy Serum/Plasma Kit (Qiagen). RNA
bound to the minelute columns of the miRNeasy Serum/Plasma Kit (Qiagen) was eluted using
18 uL of RNase-free water. QPCR analyses of microRNA-21 were conducted on un-diluted
RNA extracts, prior to small-RNA cDNA library preparation. The quality of EV RNA and

RNA from media without cells was also evaluated on the Agilent Tapestation.

Extracellular vesicle (EVs) analyses

EVs isolated by ultracentrifugation were initially quantified using C-400 cartridges (~65-400
nm particle count) on a Spectradyne nCS1 instrument and software. One microliter of EV
solution was diluted with 399 puL of 1x PBS, 1%Tween solution and quantified based on size.
Subsequently, ONi Super Resolution Nanoimaging was conducted using the human EV
profiler 2 kit (ONi, San Diego, USA), with fluorescently labeled anti-CD9 (Alexa Fluor (AF)
488), anti-CD81 (AF-647), and anti-CD63 (AF-568) antibodies. Images generated by the
ONi instrument were initially analyzed using the CODI software provided by ONi, following
manufacturer’s instructions. To enhance the depth of the EV imaging analyses, the
Nanometrix software (Nanometrix, Inc., London, UK) was then utilized by averaging the
values of 6 regions of interest (ROI) per lane (i.e., per sample). Biological repeats were
analyzed together, by combining their ROIs (i.e., 12 ROIs per group). The data extracted by
this software enabled EV size evaluation and the distribution of the CD9, CDS81, and CD63

tetraspanins based on particle size, between different samples and conditions.

Quantitative PCR analyses
Initial JPCR analyses were conducted against miR-21, as an estimated measure of overall

RNA concentration to normalize RNA input prior to cDNA library preparation. The
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Tagman® miRNA reverse transcription kit, Tagman® universal PCR master mix, No
AmpErase® UNG (Applied Biosystems, Cat#4364343), and the Tagman® miR-21 primer kit
were utilized to conduct the RT and then PCR reactions, following manufacturer’s
instructions. PCR quantifications were conducted on a QuantStudio 6.0 instrument.
Comparative thresholds (Ct) were determined by averaging the results of triplicate PCR
reactions. The ACt of each miR-21 was determined by subtracting the mean Ct value of
samples containing RNA (i.e., EVs) from the Ct of RNA isolated from 2D media alone
(incubated without cells), and from 3D media alone (incubated without cells) for 2D and 3D
RNA evaluation analyses. The fold-change differences were calculated using the 2e(AACt)

formula.

Small-RNA cDNA library preparation and next generation sequencing (NGS)

For these analyses we utilized the cDNA library preparation protocol recently described in
Loudig et al. 2024554, which enables the preparation of amplicons compatible with the
[Nlumina NextSeq2000 instrument. In brief, total cellular RNA, quantified by qPCR analysis
of miR-21 in comparison to miR-21 abundance in EVs, was diluted prior to preparation of
cDNA libraries. An average of 1.35-2.4ng of total RNA was utilized for the library
preparation of cellular RNA (i.e., 2D and 3D cells). A total of 16 RNA samples was ligated
to 16 individual barcoded 3’ adenylated adapters using T4 RNA ligase 2, truncated (K227Q)
(NEB; Cat#MO0351S) at 4 °C for 16h. The next day, the 16 reactions were heat-inactivated,
and the ligated products combined, precipitated in presence of NaCl, and size-selected on a
15% polyacrylamide gel (PAGE). The ligated products were excised, purified, and subjected
to a 5 adapter ligation in presence of T4 RNA ligase 1 (NEB; Cat#M0204S) at 37 °C for 1h.
After this second ligation, the products were size-selected on a 15% polyacrylamide gel
(PAGE), purified, precipitated, resuspended, reverse-transcribed, and the cDNA templates
were subjected to 24 PCR cycles. The PCR products were size selected on a 2% agarose gel,
purified, and then used in a second PCR reaction for 9 cycles, in presence of [llumina adapters
compatible with the Illumina NextSeq 2000 sequencer. Two libraries were analyzed during
a single run on a NextSeq 1000/2000 P2 100-cycle cartridge, which produces a total of 490
million reads, of which 230 million were attributed to this library. Calibrator oligonucleotides,

included in the initial ligation, were used as quality control to evaluate the enzymatic and
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experimental steps followed during cDNA library preparation. NGS reads were
demultiplexed with the 16 barcodes and aligned to the HG6 human genome using both the
RNAworld pipeline developed and owned by the laboratory of Dr. Thomas Tuschl and the

miRge3.0 pipelinel?),

Quantitative proteomics analysis of EVs

EV samples from 2-D 3-D cultured CaSki cells were subjected to quantitative proteomics
analysis, by following procedures in our previous work[*®>7, In brief, proteins were extracted
from EVs by using 5% SDS in 50 mM triethylammonium bicarbonate (TEABC), followed
by reduction with 20 mM DTT and alkylation with 45 mM of iodoacetamide. Proteins were
then digested on a S-Trap column (ProtiFi, LLC) with sequencing-grade trypsin/Lys-C
(Promega). The resulting peptides were analyzed with a nanoElute 2 system (Bruker)
coupling with a timsTOF Ultra II mass spectrometer (Bruker) in dia-PASEF mode, with
parameters similar to those described previously®®). The DIA data files were processed by
Spectronaut (Biognosys, v20) using standard settings with slight modifications. In brief,
dynamic retention time prediction with local regression calibration was selected. Interference
correction on MS and MS2 levels was enabled. The Q value cutoff was set to 1% at peptide
precursor and protein levels using scrambled decoy generation and dynamic size at 0.1
fraction of library size. MS2-based quantification by area was used, enabling local cross-run
normalization. We also performed biostatistics for the sample pairs. Proteins showing fold
changes either > 1.5 (increase) or < 0.66 (decrease) and Q values (adjusted p values) < 0.05

were considered as significantly changed ones between groups.

Small-RNA sequencing and differential expression analysis

Raw small-RNA sequencing reads, aligned using both the RNAworld pipelinel®®! and
miRge3.00%%), were compiled into count matrices for microRNAs (miRNAs) and transfer
RNA-derived fragments (tRFs) across all experimental conditions. Low-abundance features
were removed prior to differential expression analysis using the filterByExpr function from
edgeR (version 4.8.0)!°1 which applies an adaptive threshold based on library size and
experimental design. Count matrices were then used to construct objects for downstream

analysis. Differential expression testing was performed using DESeq2 (version 1.50.2)1!, P-
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values were adjusted for multiple testing using the Benjamini-Hochberg procedure, and

AlVi

features with an adjusted p-value < 0.05 were considered statistically significant. For
principal component analysis (PCA) and heat map visualization, count data were transformed
using the variance-stabilizing transformation (VST) implemented in DESeq2. Two
complementary approaches were used for heat map generation. For the global overview heat
maps, TMM-normalized (trimmed mean of M-values) counts were computed using edgeR,
logo-transformed relative to library size, and visualized using the heatmap function from the
NMF R packagel® with Canberra distance and default hierarchical clustering
[Supplementary Figure 2, Supplementary Figure 3b, Supplementary Figure 4, Figure 4d].
For the focused 2D versus 3D small EV comparison heatmaps [Figure 4d], VST-transformed
counts for the top 25 differentially expressed features (ranked by adjusted p-value) were row-
scaled (z-score) and clustered using Euclidean distance with the Ward.D2 agglomeration
method. Volcano plots were generated using ggplot2 to visualize the relationship between
log: fold change and statistical significance (-logio adjusted p-value) for both miRNAs and
tRFs in the 2D versus 3D small EV comparison. All bioinformatic and statistical analyses
were performed in R (version 4.5.2; R Foundation for Statistical Computing, Vienna,

Austria). Code files are available from the authors upon request.

Pathway enrichment and miRNA-protein analysis

To evaluate the functional pathways associated with the significantly altered proteins,
UniProt accession numbers were separately extracted for proteins upregulated in the 2D and
3D EV models. Each protein list was submitted to the Database for Annotation, Visualization,
and Integrated Discovery (DAVID; v2025)[%%! for Gene Ontology (GO) annotation across
three ontologies: molecular function, biological process, and cellular component. The
resulting GO terms and their associated p-values, adjusted for multiple testing using the
Benjamini-Hochberg method, were submitted to Reduce and Visualize Gene Ontology
(REVIGO; v1.8.1) to summarize redundant annotations and visualize inter-term
relationships!®l. REVIGO clustered semantically similar GO terms to identify predominant
biological processes represented by the proteins. Key GO associations were further
investigated using the KEGG Pathways tool in DAVID, which maps proteins to established

biological pathways. This analysis contextualized the condensed GO term data and identified
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metabolic and signaling pathways associated with the proteins. Relevant KEGG pathways,
gene counts, raw p-values, and Benjamini-adjusted p-values were collected and used to

generate pathway enrichment plots in R (v4.6.1).

Potential regulatory relationships between miRNAs enriched in 2D EVs and proteins
enriched in 3D EVs were then evaluated. 2D-enriched miRNAs were identified based on
average log fold ratios, base counts, and p-values. Selection thresholds were set at a raw p-
value < 0.011 and base counts > 135 to expand the candidate miRNA pool while limiting
less-stringent candidates. Selected miRNAs were submitted to miRWalk (v3.0)[6360] to
predict target genes, which were compared with 3D-enriched EV protein-coding genes using
Venny (v2.1.0) to identify overlaps. The overlapping gene set was then analyzed using the
KEGG Pathways tool in DAVID to determine whether predicted miRNA targets were
enriched in pathways represented by 3D-enriched proteins. Relevant KEGG pathways, gene
counts, raw p-values, and Benjamini-adjusted p-values were collected and used to generate

a comparative pathway enrichment plot in R.

RESULTS

Experimental design

In this study, we used the human Ca Ski epithelial-like cervical cancer cell line to perform
comparative analyses of small EVs isolated from conditioned media generated under
traditional two-dimensional (2D) monolayer culture and three-dimensional (3D) spheroid
culture conditions as outlined in Figure 1. Cells were cultured in six well-plates for both 2D
and 3D conditions. For each culture condition, three of the six wells contained media alone
without cells (no cell control; Ctl) and three wells containing Ca Ski cells (see representative
bright-field images in Figure 1). Conditioned media from these four experimental groups (2D
Ctl, 2D Ca Ski, 3D Ctl, and 3D Ca Ski) was collected at both 48 h and 96 h post seeding
(Figure 1; Green square for media without cells in 2D (#1), Pink square for media from Ca
Ski cells in 2D (#2), Dark blue square for media without cells in 3D (#3), and Light blue
square for media from Ca Ski cells in 3D conditions(#4)). At both timepoints (48h and 96h),
2 mL of media was collected from each of the three wells per condition. Collected media was

centrifuged to remove cells and debris, followed by ultracentrifugation to isolate small EVs
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using our previously described procedure®2°3), This experimental design generated four
independent sample types, namely, 1) 2D media alone (2D no cell Control), 2) 2D Ca Ski
cell media, 3) 3D media alone (3D no cell control) and 4) 3D Ca Ski cell media. This side-
by-side 2D and 3D culture model was repeated six independent times, generating technical

replicates 1 through 6, for downstream analyses.

Overview of CaSki Cell Experimental Workflow

2D Seeding (n = 6) 3D Seeding with Matrigel (n = 6)

& Matrigel Mounts (per wall)

El Media Alone (Control) 1 Media + Cells E Media + Matrigel (Control) ! Media + Matrigel + Spheroids
| Media Collections ‘ Media Collections |
| Media at 48 and 96 Hours ) ( Media at 48 and 96 Hours )
gl tamtl iy ]
% ! is

| l | |
Centrifugation

(:Rsmcwe Debris and Callsj k_Remove Debris and Cells
I Ultra-Centrifugation I Ultra-Centrifugation ‘
Pellet Small EVs ) Pellet Small EVs

S nl. .
| : Experimental Analyses
(Spectradyne, ONi, TEM, RNA Extraction, qPCR,
Small RNA, NGS, and Proteomic
: _f“"a”se“)r_r —— Figure 1
Figure 1. Experimental schematic of comparative 2-dimensional (2D) (top left) and 3-
dimensional (top right) tissue culture of Ca Ski cells in 6 well-plates. For both 2D and 3D

culture conditions, three wells were maintained with media alone (No cell control), and three
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wells were maintained with Ca Ski cells for a total of 96 h. Pictures of the 2D and 3D cultured
Ca Ski cells captured by microscope display the cells adhering flat to the bottom of 6 well
plates left (2D) and in suspension in Matrigel domes (i.e., 6 domes per well). Each
experimental (i.e., 2D or 3D) 6 well-plate includes 3 control wells with media only (No Cell
control) and 3 experimental wells with Ca Ski cells. Both 2D and 3D size well-plates were
established at the same time and maintained in tissue culture conditions for 96 h. Four
different media collections (Green square for 2D media alone (No cells), Pink Square for
media from Ca Ski cells maintained in 2D conditions, Dark blue square for 3D media alone
(No cells), and light blue square for media from Ca Ski cells maintained in 3D conditions).
For each of the four conditions, the media from three wells was collected and combined at
48 h 3x ~2 mL) and 96 h (3% ~2 mL). A total of 10 mL from each of the four different
conditions was separately centrifuged to remove debris and cells, and ultracentrifuged,
following a previously described procedure!*4¢), generating four different pelleted samples.
The ultracentrifuged pellets were resuspended in 1x PBS and underwent Spectradyne
Nanoparticle Analysis, ONi Super Resolution Nanoimaging, Transmission Electron
Microscopy (TEM), RNA extraction, quantitative PCR, small RNA cDNA library
preparation followed by Next Generation Sequencing. The described experimental set up was

repeated 6 times, to produce 6 technical replicates for the different analyses.

Analysis of small extracellular vesicles isolated from 2D and 3D culture media of Ca ski
cells

To evaluate the quality of Ca Ski-derived small EVs, which were isolated by
ultracentrifugation, we performed both quantitative and qualitative analyses, including
Spectradyne microfluidic nanoparticle analysis, Transmission Electron Microscopy (TEM)
and ONi Super-resolution nanoimaging. Nanoparticle size distribution was conducted using
the Spectradyne nCS1 instrument with C-400 cartridges. Ultracentrifuged small EVs from
both 2D and 3D conditioned media were analyzed, in comparison to control media samples
(no cells) as baseline detection (Figure 2a, see dark blue and green plots for 2D (top panel)
and 3D (bottom) media isolates). Analysis of ultracentrifuged media from Ca Ski cells
cultured under 2D conditions revealed nanoparticles ranging from 60-250nm in size,

consistent with the expected size range of small EVs (Figure 2a, upper panel; light red and
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light blue curves representing two replicates). Equivalent analyses of culture media from Ca
Ski cells cultured under 3D conditions, also confirmed the presence of nanoparticles ranging
from 80-200nm in size (Figure 2a, see light red and light blue curves on bottom graph). A
~10-fold difference in nanoparticle detection was observed between media of 2D (Figure 2a,
top graph see 1.7 x 10'% and 5.1 x 10'° nanoparticles) and 3D (Figure 2a, bottom graph see
2.4 x 10° and 1.9 x 10° nanoparticles) cultured Ca Ski cells, with control media (no cells)
remaining the same for both 2D and 3D culture conditions (Figure 2a, top and bottom graph
between 4.4 and 7.4 x 10% nanoparticles). Comparison of nanoparticle size distribution
profiles revealed a notable feature in the 3D Ca Ski-derived samples, with a distinct peak
between 80-110 nm (Figure 2a, lower panel). Next, we conducted Transmission Electron
Microscopy (TEM) of Ca Ski cell media isolates, from both 2D and 3D culture conditions,
from two different replicates [Figure 2b]. TEM images revealed the presence of cup-shaped
small extracellular vesicles (small EVs) ranging between 60-250 nm as observed for both 2D
and 3D culture conditions. TEM images of Ca Ski-derived small EVs from 3D culture (Figure
2b; 4 lower panels) also revealed the presence of small EVs ranging between 60-250 nm with
anoticeable peak of smaller EVs within and below 100 nm range. Having visually confirmed
that the nanoparticles detected under the two different culture conditions had morphology
consistent with small EVs, we then sought to validate the presence of surface tetraspanins
CD9, CD63 and CD9 by conducting ONi super-resolution nanoimaging (Figure 2c; See top
schematic). For these analyses we utilized the ONi human EV profiler V2 kit [Figure 2c]
customized to enable the fluorescent detection of the tetraspanins CD9 (red), CD63 (blue),
and CD81 (Green) on the surface of immobilized small EVs. CODI analyses revealed that
single-, double-, and triple-positive immobilized small EVs could be detected in media of Ca
Ski cells cultured in both 2D and 3D conditions (Figure 2¢; See overall scanned grid on left
and individual EVs on right, from two 2D (top four pictures) and two 3D (bottom four
pictures) media isolate replicates). Collectively, these analyses confirmed that small EVs
were successfully isolated by ultracentrifugation from the media of Ca Ski cells cultured
under 2D conditions, as expected, but importantly also from Matrigel embedded Ca Ski 3D

spheroid (Figure 1; see image of domes within six well-plates).
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Enhanced evaluation of small extracellular vesicles isolated from 2D and 3D culture
media

ONIi super resolution nanoimaging enabled direct visualization of tetraspanin CD63, CD81
and CD?9 proteins on the surface of immobilized small EVs as shown in Figure 2c. However,
due to the high density of small EVs immobilized on the imaging grid, comprehensive
evaluation of all possible small EV populations, particularly differences in tetraspanin
distribution, could not be achieved globally using the ONi’s CODI analysis software. Thus,
we sought to perform larger-scale more robust small EV evaluations utilizing the image
analysis software obtained from Nanometrix (Figure 2c; see top schematic displaying
integration of the Nanometrix analysis). Using the Nanometrix software we evaluated the
distribution of CD63, CD81, and CD9 on Ca Ski media-derived small EVs [Figure 2d]
isolated from two biological replicates from 2D and from 3D culture conditions (See ONi
glass array image at the top of Figure 2d for sample distribution). To ensure that a
representative analysis of each individual lane of the ONi chip was conducted, 6 regions of
interest (ROIs) were scanned per lane (i.e., per replicate). Accordingly, Nanometrix analyses
were performed on a total of 12 ROIs for Ca Ski 2D media-derived small EVs (i.e., 2D
replicates #1 and #2), and 12 ROIs for Ca Ski 3D media-derived small-EVs (i.e., from 3D
replicates #1 and #2). The software estimated the size of the immobilized small EVs,
determined the presence of CD63, CD81, and/or CD9 on individual small EVs, and re-
organized them by size within single-, double-, and triple-positive small EVs lanes for 2D
(left) and 3D (right) culture conditions (Figure 2d, see representative “re-organized” grids

shown).

Using the “triple channel EV class analysis” in the Nanometrix software, data from 12 ROIs
per condition were integrated to generate a comprehensive analysis report, including a global
bar graph illustrating the relationship between small EV size and tetraspanin distribution
(Figure 2d, top graphs) and a bar graph showing the overall percentages of single-, double-,
and triple-tetraspanin-positive small EV populations (Figure 2d, bottom graphs). Importantly,
comparison of the 2D and 3D conditions revealed changes primarily in the relative abundance
of tetraspanin-defined small EV populations rather than the emergence of populations with

distinct size distributions. CD63 single-positive small EVs, distributed predominantly
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between 60-200 nm under both conditions, decreased from 30.9% of total small EVs under
2D conditions to 9.1% under 3D conditions [Figure 2d]. Conversely, CD81 single-positive
small EVs, distributed between approximately 40-150 nm and exhibiting a pronounced peak
at approximately 80 nm under both conditions, increased from 17.0% under 2D conditions
to 31.8% under 3D conditions [Figure 2d]. Similarly, CD63/CD81 double-positive small EVs
increased under 3D conditions, while maintaining a comparable size distribution of
approximately 60-250 nm, with a peak at approximately 120 nm under both conditions
[Figure 2d]. Thus, 3D culture was associated predominantly with redistribution in the relative
abundance of tetraspanin-defined small EV populations rather than the generation of EV

populations with new size characteristics.
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Figure 2. Analysis and validation of Ca Ski small extracellular vesicles. (a) The resuspended

pellets isolated by ultracentrifugation from the media of Ca Ski cells cultured in 2D (top
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graph) and 3D (bottom graph), 2D, and 3D media control without cells, for two replicates for
each condition, were evaluated on C-400 microfluidic cartridges on the Spectradyne nCS1
instrument; (b) Resuspended 2D and 3D pellets obtained by ultracentrifugation from the
media of cultured cells were evaluated by transmission electron microscopy (TEM). The top
4 TEM images display detection of small extracellular vesicles for two different
ultracentrifuged pellets from the media of Ca Ski cells cultured in 2D conditions (i.e. 2
images side by side for each replicate, with scale bar of 0.5 mm). The bottom 4 TEM images
display small extracellular vesicles detected from two different ultracentrifuged pellets from
the media of Ca Ski cells cultured in 3D conditions (i.e. 2 images side by side for each
replicate, with scale bar of 0.5 mm); (c) Schematic of the ONi super resolution nanoimaging
for detection of CD63 (blue), CD81 (green), and CD9 (red) tetraspanins and analysis of
immobilized small EVs isolated by ultracentrifugation of two 2D media replicates and two
3D media replicates. At the end of the schematic two different analytical approaches are
described, including the CODI software imaging analysis provided with the ONi instrument
(top), and the Nanometrix software (Independent from the ONi instrument), which was used
to obtain data presented in (d) below. A large view of the ONi grid is provided for each of
the two replicates for 2D small EV samples, along with two enhanced images of single small
EVs for each replicate. A large view of the ONi grid is also provided for each of the two
replicates for 3D small EV samples, along with two enhanced images of single small EVs,
for each replicate; (d) The Nanometrix software was utilized to further evaluate the ONi
imaging data. At the top of the figure an ONi chip is presented to identify the 4 lanes for each
of the four samples, two for small EVs from 2D media, and 2 for small EVs from 3D media.
Out of each lane a total of 6 Regions of Interest (ROIs) were acquired on the ONi instrument.
For the 2D small EVs (left), 6 ROIs from each 2D small EV samples are combined for
analysis (i.e., total of 12 ROIs). Similarly for the 3D small EVs (right), 6 ROIs from each of
the 3D small EV samples are combined for analysis (i.e., total of 12 ROIs). The first two bar
graphs represent the distribution (number of EVs) per size per single, double, and triple
tetraspanin combinations (see graph legend, purple for CD81, green for CD63, pink for CD9,
yellow for CD81 and CD63, blue for CD81 and CD9, orange for CD63 and CD9, and dark
purple for CD81, CD63, and CD9). The lower bar graphs display the overall percentage of
each type of single, double, and triple positive small EVs in percent of the total small EVs
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detected in the combined ROIs, regardless of size. The final lower panel illustrates
tetraspanin colocalization for all double-positive combinations (CD63*/CD9*, CD63*/CD81*,
and CD9*/CD81%), as well as the triple-positive (CD97/CD63*/CD81%) EV population. For
each tetraspanin combination, the average percentage overlap, inter-marker distance, and

number of positive EVs are shown, calculated from a total of 12 ROIs per group.

Importantly, because the same replicates (replicate #1 and replicate #2) were analyzed using
both Nanometrix EV analysis software of ONi data and C-400 cartridges on the Spectradyne
nCS1 instrument [Figure 2a], these datasets could be directly compared. The prominent small
EV peak observed under 3D conditions using the Spectradyne platform (Figure 2, bottom
graph; ~80-110 nm) corresponded closely to the size range identified by Nanometrix analysis
(~50-110 nm), which predominantly comprised CD81 single-positive small EVs (Figure 2d,
right bar graph; pink bars). Together, these independent analyses indicate that 3D culture
alters the relative abundance of tetraspanin-defined small EV populations, with a prominent

enrichment of CD81 single-positive small EVs under 3D conditions.

RNA analyses conducted on 2D and 3D small extracellular vesicles

Next, we conducted RNA extractions from the ultracentrifuged isolates obtained via our four
different conditions (Figure 1, See Green, Pink, Dark blue, and light blue squares). However,
given the low yield and concentration of RNA isolated (< Ing/ 1) from small EVs, we
sought to quantify the abundance and evaluate the quality of small RNAs from these samples
[Figure 3]. First, we obtained representative RNA profiles from our different samples using
the Agilent Tapestation [Figure 3a]. Extremely small quantities of small RNAs were detected
in both 2D (top left graph) and 3D (top right graph) cell-free media, with slightly higher
levels observed under 3D culture conditions. Analysis of RNA isolated from small EVs
derived from Ca Ski cells cultured under 2D (bottom left graph) and 3D (bottom right graph)
conditions exhibited comparable small RNA peak sizes, although concentrations differed
between the samples. RNA species up to 1,500 nucleotides were detected, consistent with
previous reports of EV-associated RNA cargol®’l. As we expected limited amounts of RNA
from our different samples, we selected miR-21 as a surrogate normalization/RNA quantity

marker to comparatively assess RNA abundance and evaluate samples prior to Next
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Generation Sequencing (NGS) analyses [Figure 3b]. The Ct values were calculated prior to
determining fold changes, by subtracting the Ct value of each RNA samples from the
averaged Ct value of RNA isolated from ultracentrifuged 2D (left bar graph) and 3D (right
bar graph) media alone (Figure 1; Media no cells). miR-21 fold-change analyses revealed
that RNA extracted from 2D samples demonstrated relatively uniform representation,
approximately (Supplementary Figure 1, left graph, 240- to 280-fold increase compared to
2D media alone) whereas RNA extracted from 3D samples displayed lower representation
(Supplementary Figure 1, right graph, 100- to 250-fold increase compared to 3D media alone)
of miR-21, consistent with lower small EV representations detected by Spectradyne analyses
[Figure 2a]. To determine whether miR-21 may be a useful proxy for RNA abundance, cDNA
libraries were prepared from water control, ultracentrifuged 2D and 3D media without cells,
and ultracentrifuged 2D and 3D Ca Ski-derived small EVs. Correlation analyses were
performed between miR-21 Ct values and either total RNA reads (Supplementary Figure 2,
top graph) or the total miRNA reads (Supplementary Figure 2, bottom graph). A Pearson
correlation coefficient of approximately 0.79 was observed between miR-21 Ct values and
total RNA reads, while a stronger correlation, » > 0.97, was observed between miR-21 Ct
values and total miRNA reads. Collectively, these results suggest that the quantitation of
miR-21 may provide a robust and reliable estimate of miRNA abundance in low-input small

EV RNA samples prior to conducting NGS library preparations.
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Figure 3. RNA Extraction and Quantification. (a) Agilent Tape Station analysis of total RNA
extracted with the Qiagen miReasy serum/plasma kit from 4 samples (repeat#4 of 6 replicates

produced for these experiments). The top two graphs display the RNA profiles of media
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incubated on 3 wells of a 6 well-plate without cells (2D; top left) and media incubated on 3
wells of a 6 well-plate with Matrigel mounts without cells (3D, top right). The bottom graphs
display the profile of RNA extracted from ultracentrifuged small EVs isolated from the media
of cells cultured in 2D (left) and cells cultured in Matrigel mounts in 3D (right); (b) Pearson
and Spearman correlation analyses of the total RNA reads (upper plot) and the total miRNA
reads (lower plot) obtained by NGS analysis, for samples described in (b), to their respective
Ct values for miR-21. Both Pearson and Spearman values are displayed in the left corners of
the plots. The samples are identified by condition, including two replicates for 2D media
alone (i.e., green inverted triangles), two replicates for 3D media alone (i.e., dark blue
inverted triangles), three replicates for small EVs isolated from the 2D (i.e., pink circles), and
three replicates for small EVs isolated from 3D (i.e., light blue circles) media conditions. The
numbers next to the triangles and circles, within the graphs, identify the sample replicates

utilized for the analyses (i.e., selected from the 6 replicates prepared for this study).

Small-RNA NGS analyses of small extracellular vesicles derived from 2D and 3D media
Next, we conducted small-RNA expression analyses using Next Generation Sequencing data
generated from the samples detailed in Figure 4a, including replicate water controls, replicate
ultracentrifuged 2D and 3D media controls without cells, and triplicate ultracentrifuged small
EVs derived from the media of Ca Ski cells cultured in 2D and 3D conditions. As depicted
in the upper graph, cDNA libraries generated from small EV RNA samples yielded
substantially higher read counts compared to all control samples (Figure 4a, Top bar graph,
see Pink and Light blue bars). Analysis of the proportion of miRNAs relative to total NGS
reads (Figure 4a, Bottom bar graph) demonstrated that small EVs derived from the media of
Ca Ski cells cultured both in 2D and 3D conditions contained greater than 10% miRNA reads,
representing an increase of more than 100-fold compared to water controls and more than
10-fold relative to ultracentrifuged 2D and 3D media controls without cells. We evaluated
299 miRNAs detected across all samples and visualized their differential expression using
an unsupervised hierarchical clustering heatmap [Supplementary Figure 3]. The miRNA
heatmap analysis demonstrated clear segregation of triplicate 2D and triplicate 3D Ca Ski
derived small EV samples from all controls, and one another (Supplementary Figure 3, left).

Next, we identified miRNAs that were differentially expressed between small EVs isolated
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from 2D and 3D culture conditions [Figure 4]. Volcano plot analyses revealed that 12
miRNAs were significantly upregulated in 2D-derived small EVs (Figure 4a, see pink red
dots; miR-194-5p, miR-203a-5p, miR-542-3p, miR-126-3p, miR-190a-5p, miR-545-5p,
miR-545-3p, miR-548ad-5p, miR548ae-5p, miR548ay-5p, miR-548b-5p, miR-548d-5p),
whereas only three miRNAs were significantly enriched in 3D-derived small EVs (Figure 4a,
see light blue dots; miR-200c-5p, miR-499a-5p, and miR-501-3p). To further evaluate
reproducible detection between replicates, we examined the top 25 differentially expressed
miRNAs based on read counts [Figure 4c]. We determined that 19 of these miRNAs were
reproducibly upregulated in 2D-derived small EVs, whereas only 6 were enriched in 3D-
derived small EVs. A similar pattern was observed for tRFs (Figure 5b, bottom left heatmap),
with 20 of the top 25 transcripts preferentially upregulated in 2D-derived small EVs and only
5 upregulated in 3D-derived small EVs. Given that tRNA-derived fragments (tRFs), like
miRNAs, are implicated in the regulation of post-transcriptional gene expression and that
they have been detected in small EVsl®®l we evaluated the 188 tRFs detected across the
samples and similarly represented their differential expression using an unsupervised
hierarchical clustering heatmap (Supplementary Figure 3, right). Although the tRF heatmap
analyses distinguished small EV samples from controls, it showed less differences between
2D and 3D conditions than that seen for the miRNAs, likely reflecting the lower abundance
of tRFs detected in our small EV RNA extracts. However, differential expression analysis of
tRFs identified 8 transcripts significantly upregulated in 2D small EVs (Supplementary
Figure 4, see pink dots) and only 2 significantly upregulated in 3D small EVs (Supplementary
Figure 4, see light blue dots). In both miRNAs and tRF analyses, a larger number of
transcripts appeared to be preferentially expressed in 2D-derived compared with 3D-derived
small EVs. Collectively, these results suggest that while 3D Matrigel-based culture does not
prevent the diffusion of small EVs into conditioned media, our analyses reveal that the small
RNA cargo profiles differ between 2D and 3D culture conditions, with broader enrichment

of detectable miRNAs and tRFs observed in 2D Ca Ski-derived small EVs.
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Figure 4. Differential miRNA profiling of small EVs derived from 2D and 3D Ca Ski cell
cultures. (a) The top bar graph displays the total number of read per sample sequenced,
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including RNA extracts from water #1 and #2 (grey), 2D media without cells #1 and #2
(green), 3D media without cells #1 and #2 (blue), ultracentrifuged small EVs from 2D media
#1 and #2 (pink), and ultracentrifuged small EVs from 3D media #1 and #2 (light blue) as
displayed on the x-axis. The y-axis displays the total number of reads in millions per library;
(b) The bar graph displays the percentage of microRNAs per library on the y-axis, for RNA
extracts from water #1 and #2 (grey), 2D media without cells #1 and #2 (green), 3D media
without cells #1 and #2 (blue), ultracentrifuged small EVs from 2D media #1 and #2 (pink),
and ultracentrifuged small EVs from 3D media #1 and #2 (light blue), on the x-axis; (c)
Volcano plot of miRNAs differentially expressed between small EVs isolated from 2D and
3D cell culture media. Teal nodes indicate miRNAs significantly enriched in 3D EVs, pink
nodes indicate miRNAs significantly enriched in 2D EVs, and gray nodes indicate non-
significant transcripts. Labels identify individual differentially expressed miRNAs; (d)
Heatmap of the top 25 differentially expressed miRNAs isolated from 2D (pink) and 3D (teal)
culture media. miRNA expression is displayed as z-score-normalized values, with blue
indicating relatively lower expression and red indicating relatively higher expression. The

color scale is shown to the left of the heatmap, and miRNA names are listed to the right.

Differential proteomic analyses between 2D and 3D media-derived small EVs

Next, we conducted mass spectrometry-based proteomic analyses of small EVs isolated from
2D and 3D culture media. The three biological replicates from each culture condition
clustered exclusively according to culture condition, with minimal overlap between 2D- and
3D-derived EVs, supporting the high reproducibility of the proteomic measurements
[Supplementary Figure 4]. An average of close to 2,000 proteins was detected per sample.
Across the two culture conditions, 422 proteins were differentially expressed. Volcano plot
analysis [Figure 5a] identified 281 proteins significantly enriched in 3D-derived small EVs
(66.6%), whereas 141 proteins were significantly enriched in 2D-derived small EVs (33.4%).
Consistent with these findings, hierarchical clustering of the 25 most differentially expressed
proteins, comprising seventeen 3D-enriched and eight 2D-enriched proteins, clearly
separated the EV samples according to culture condition and further highlighted high
reproducibility between the proteomic profiles as well as the applicability of protocol®! for

small EV protein identification [Figure 5b]. We next performed separate KEGG pathway
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enrichment analyses for the 141 and 281 proteins enriched in 2D- and 3D-derived small EVs,
respectively [Figure 5c]. The two EV populations exhibited distinct functional enrichment
patterns, indicating that culture dimensionality substantially influences the molecular
composition and functional characteristics of EVs released by Ca Ski cells. Proteins enriched
in 2D-derived EVs were associated primarily with protein processing in the endoplasmic
reticulum, cadherin signaling, tight junctions, ribosome, actin cytoskeleton regulation,
endocytosis, and phagosome-related pathways. In contrast, 3D-derived EV proteins showed
strong enrichment for complement and coagulation cascades, integrin signaling, ECM-
receptor interaction, focal adhesion, PI3K-Akt signaling, and cytoskeletal pathways,
suggesting a distinct EV-associated molecular program characteristic of the three-

dimensional culture environment.
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Figure S. Differential proteomics profiling and KEGG pathway enrichment of small EVs
derived from 2D and 3D Ca Ski cell cultures. (a) Volcano plot of proteins differentially
expressed between small EVs isolated from 2D and 3D cell culture media. Teal nodes

indicate proteins significantly enriched in 3D EVs, pink nodes indicate proteins significantly
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enriched in 2D EVs, and gray nodes indicate non-significant proteins. Labels identify
individual differentially expressed proteins; (b) Heatmap of the top 25 differentially
expressed proteins in small EVs isolated from 2D (pink) and 3D (teal) culture media. Protein
abundance is displayed as z-score-normalized values, with blue indicating relative lower
abundance and red indicating relative higher abundance. The color scale is shown to the left
of the heatmap, and protein names are listed to the right; (c) KEGG pathway enrichment
analysis of biological pathways associated with differentially expressed small EV proteins
between 2D and 3D culture conditions. Bar charts display the top enriched pathways among
2D-enriched EV proteins (left) and 3D-enriched EV proteins (right). Pathways are plotted by
gene count and colored according to statistical significance (-logio adjusted p-value), with

separate color scales shown to the right of each panel.

Finally, to examine whether the differences observed between 2D- and 3D-derived EVs at
the protein level were functionally related to the small-RNA differences identified above, we
performed KEGG pathway analysis of predicted targets of miRNAs enriched in 2D-derived
EVs and compared these pathways with those enriched among proteins identified in 3D-
derived EVs [Figure 6]. Given the loss of specific miRNAs in 3D-derived small EVs, we
hypothesized that their predicted targets may be less negatively regulated and consequently
enriched among proteins detected in 3D-derived EVs. Notably, several pathways enriched
among 3D-derived EV proteins, including integrin signaling, focal adhesion, ECM-receptor
interaction, PI3K-Akt signaling, and cytoskeletal regulation, were also enriched among the
predicted targets of miRNAs that were only upregulated in 2D-derived small EVs. Thus, the
pathways enriched among 3D-derived EV proteins contained multiple predicted targets of
miRNAs that were preferentially present in 2D-derived small EVs but then downregulated
in 3D-derived EVs.

DOI: 10.20517/scierxiv202610.0971.v1 31 https://www.scierxiv.com/



https://www.scierxiv.com/

& ScieRxiv NOT PEER-REVIEWED

KEGG Pathway Enrichment

3D-Enriched EV Protein Cargo

Integrin Signaling
Focal Adhesion
p. adjust p. adjust
ECM-Receptor Interaction s
1.4e-02 00
45602 PI3K-Akt Signaling Pathway 1.0e00
— 1.5e-03
R ion of Actin C ]
§Esin 2.0e-03
Cytoskeleton in Muscle Cells
Complement and
Coagulation Cascades
T T T T T
10 1] 0 10 20
Count Count F|gu re 6

Figure 6. Comparative KEGG pathway enrichment of 2D EV miRNA targets and 3D EV
proteins. Comparative KEGG pathway enrichment analysis integrating predicted targets of
2D-enriched miRNAs with identified 3D-enriched EV cargo proteins. Predicted mRNA
targets of 2D-enriched miRNAs (retrieved via miRWalk) were cross-referenced against 3D-
enriched EV proteins to identify overlapping target genes. The dual bar chart displays top
shared functional biological pathways enriched among predicted 2D-miRNA targets (left
panel) and actual 3D EV proteins (right panel). Pathways are plotted by gene count and
colored by statistical significance (-logio adjusted p-value), with distinct color scale bars

displayed for each panel.

DISCUSSION

In this study, we characterized small extracellular vesicles (small EVs) released by Ca Ski
cervical cancer cells under conventional two-dimensional (2D) monolayer and three-
dimensional (3D) Matrigel-embedded spheroid conditions. Using complementary physical
characterization methods, including Spectradyne nanoparticle analysis, transmission electron
microscopy (TEM), and ONi super-resolution nanoimaging, together with small RNA next-
generation sequencing (NGS) and data-independent acquisition mass spectrometry (DIA-
MS), we demonstrated that small EV populations generated under these two culture
conditions differ substantially in particle abundance and size distribution, surface tetraspanin
composition, and small-RNA and protein cargo. These findings indicate that the culture

environment in which tumor cells are maintained can influence the characteristics and
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molecular cargo of the small EV populations they release. Importantly, despite the reduced
abundance of small EVs recovered from 3D cultures, sufficient material was reproducibly
obtained from Matrigel-embedded spheroids for downstream molecular characterization.
Together, these findings support the use of 3D culture models as a feasible experimental
system for investigating tumor cell-derived small EVs and establish the technical feasibility

needed for future studies using patient-derived cervical tumor organoids.

As a first step in evaluating the suitability of 3D culture for small EV studies, we compared
monoclonal Ca Ski cells grown as Matrigel-embedded spheroids with conventional 2D
monolayer cultures. Small EVs were reproducibly isolated from only 10 mL of 3D-
conditioned media and characterized by nanoparticle analysis, TEM, and ONi super-
resolution nanoimaging. Recovered EV material was sufficient for gPCR and small RNA
NGS, with minimal background RNA from cell-free 3D culture medium, as well as sensitive
proteomic characterization by DIA-MS. These findings establish the feasibility of

molecularly profiling small EVs from limited volumes of 3D-conditioned media.

Given that small EVs comprise heterogeneous populations that differ in size, molecular
composition, and biogenesis pathways!®7!, and that cellular architecture and culture
conditions can alter their miRNA and protein cargo*>#], we first investigated whether
physical differences between small EVs generated under matched 2D and 3D conditions
could be observed. Topology-guided, Al-assisted Nanometrix analysis of ONi super-
resolution imaging datasets revealed marked shifts in the composition of small EV
populations between 2D and 3D culture conditions. CDS81 single-positive small EVs,
predominantly distributed between 30 and 100 nm under both conditions, increased from
17.1% of the population under 2D conditions to 31.8% under 3D conditions. Notably,
independent Spectradyne nanoparticle analysis identified a prominent 80-110 nm population
in 3D-derived small EVs, closely corresponding to the size distribution of the CD81 single-
positive population resolved by ONi/Nanometrix analysis. CD63/CD81 double-positive EVs,
which ranged from approximately 50 to 200 nm under both conditions, were also
proportionally enriched under 3D conditions (30.6% versus 22.7% under 2D conditions). In

contrast, CD63 single-positive EVs, which ranged from approximately 50 to 200 nm, were
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substantially more abundant under 2D conditions (30.9% versus 9.1% under 3D conditions).
Interestingly, although specific small EV subpopulations were proportionally enriched under
3D conditions, approximately ten-fold fewer nanoparticles were recovered from conditioned
medium of Matrigel-embedded spheroids despite seeding identical numbers of cells under
both conditions. This reduction may reflect retention of secreted small EVs within the
Matrigel matrix and/or differences in cell growth, EV production, or secretion under 3D
conditions. Consistent with our observations, Thippabhotla ez al. (2019) reported altered EV
secretion and particle-size distributions following transition of cervical cancer cells from 2D
to 3D culturel’?!, Although their quantitative findings differed from ours, both studies indicate
that EV output and physical characteristics are influenced by culture conditions. The altered
CD63/CDS81 distributions are also consistent with evidence that these canonical tetraspanins
can define partially overlapping but molecularly distinct EV subpopulations!’?>74 and exhibit
distinct intracellular trafficking behaviors. CD63 undergoes constitutive endocytosis and
endolysosomal trafficking, whereas CDS81 is predominantly localized at the plasma
membrane, and perturbation of endocytic trafficking can selectively alter CD63 vesicular
secretion without similarly affecting CD8173l. Together with the known influence of
ESCRT-dependent and -independent pathways, lipid microdomains, and cellular context on
EV biogenesis!’>7%, these differences provide a potential biological context for the altered
CD63- and CD81-positive EV populations observed under 3D conditions, although the

underlying mechanisms remain to be determined.

Relatively few studies have directly compared the small RNA and protein cargo of small EVs
produced by the same cancer cell line under matched 2D and 3D conditions. We first
conducted side-by-side small RNA NGS profiling of small EVs from both conditions,
including water, cell-free culture medium, and medium incubated with Matrigel in the
absence of cells as controlsi*”71. Cell-free medium yielded modest read counts, with slightly
higher RNA and small RNA levels in Matrigel-containing medium; however, these
background signals remained low relative to Ca Ski-derived small EVs and did not interfere
with downstream analyses. Given the low amount of small EV RNA recovered from 10 mL
of conditioned medium, we quantified miR-21 by qPCR to normalize RNA input before NGS

library preparation. miR-21 was negligible in cell-free controls (Ct 33-38), while its levels in
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EV samples strongly correlated with subsequent total (» > 0.79) and miRNA (» > 0.97) read
counts, supporting its use as a practical measure for normalizing small EV RNA input prior

to NGS.

Small RNA profiling revealed reproducible differences in EV-associated miRNAs and
tRNA-derived fragments (tRFs) between 2D and 3D culture conditions, with principal
component analysis separating both EV populations from controls. MiRNAs comprised more
than 10% of total sequencing reads in small EV libraries, representing more than 100-fold
enrichment relative to water controls, and a greater number of miRNAs were more abundant
in 2D- than 3D-derived small EVs. We therefore examined whether this pattern extended to
tRFs, which have emerged as regulators of gene expression and cellular stress responses and
have been detected in EVs across diverse biological systems!’®34l. Although tRF profiles
clearly distinguished EV samples from controls, differences between 2D- and 3D-derived
EVs were less pronounced than for miRNAs, possibly reflecting their lower relative
abundance. Nevertheless, a substantial proportion of tRFs also showed lower abundance in
3D-derived EVs. Consistent with our findings, Thippabhotla et al. (2019) reported
differences in EV miRNA profiles between cervical cancer cells maintained under 2D and
3D conditions and, notably, found that 3D-derived EV profiles showed greater similarity to
circulating EVs from cervical cancer patient plasmal’?l. Our findings extend these
observations to tRFs, indicating that culture-dependent differences encompass multiple

classes of EV-associated small RNAs.

Next, we investigated whether 2D and 3D culture conditions similarly influenced the protein
cargo of Ca Ski-derived small EVs using a highly sensitive proteomic workflow that we
previously developed and validated%37], Triplicate analyses identified up to 1,979 proteins
per sample, of which 422 were significantly differentially expressed, with approximately
twice as many enriched in 3D- as in 2D-derived small EVs (281 versus 141, respectively).
Given the inhibitory role of miRNAs in regulating gene expression, we examined whether
these protein differences exhibited functional relationships with the differentially represented
miRNAs. Integration of the two datasets revealed an inverse pathway-level relationship,

whereby pathways predicted to be targeted by miRNAs enriched in 2D-derived small EVs
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overlapped with those represented among proteins enriched in 3D-derived small EVs. This

AlVi

relationship was particularly evident for pathways associated with extracellular matrix
interactions, tight junctions, cell adhesion, focal adhesion, PI3K-Akt signaling, and
cytoskeletal organization. Although these findings do not establish direct regulatory
relationships between EV-associated miRNAs and proteins, they demonstrate that
differences in small RNA and protein cargo between 2D- and 3D-derived small EVs
converge at the pathway level on biological processes related to cellular architecture and

interactions with the extracellular environment.

Technically, 3D spheroid cultures generated sufficient small EVs for molecular
characterization from approximately three million Ca Ski cells using as little as 10 mL of
conditioned medium collected at 48 and 96 h post-seeding. Given that 3D culture
incorporates aspects of cellular architecture and extracellular matrix interactions absent from
conventional 2D monolayers!®-#7], the differences observed in small EV populations and
molecular cargo highlight the importance of culture context when generating EV datasets for
biomarker discovery. Reliance solely on 2D-derived small EVs may therefore overlook
vesicle populations or molecular signatures associated with three-dimensional growth.
Collectively, our findings demonstrate that 3D tumor cell culture provides a useful
experimental platform for investigating small EV composition and establish a technical

foundation for extending these analyses to patient-derived cervical tumor organoid models.
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