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Abstract

Cellular communication is essential for cell-cell interactions, maintaining homeostasis and 

progression of certain disease states. While many studies examine extracellular proteins, the 

holistic extracellular proteome is often left uncaptured, leaving gaps in our understanding of how 

all extracellular proteins may impact communication and interaction. We used a cellular-based 

proteomics approach to more holistically profile both the intracellular and extracellular proteome 

of prostate cancer. Our workflow was generated in such a manner that multiple experimental 

conditions can be observed with the opportunity for high throughput integration. Additionally, 

this workflow is not limited to a proteomic aspect, as metabolomic and lipidomic studies can be 

integrated for a multi-omics workflow. Our analysis showed coverage of over 8000 proteins while 

also garnering insights into cellular communication in the context of prostate cancer development 

and progression. Identified proteins covered a variety of cellular processes and pathways, allowing 

for investigation of multiple aspects into cellular biology. This workflow demonstrates advantages 

for integrating intra- and extracellular proteomic analyses as well as potential for multi-omics 

researchers. This approach possesses great value for future investigations into the systems biology 

aspects of disease development and progression.
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Introduction

Cellular interaction and communication via proteins is integral in the maintenance of 

normal cell function. Many types of secreted proteins and peptides play critical roles in 

maintaining cellular homeostasis, with disruptions in these processes contributing to disease 

development and progression.[1-4] A greater understanding of these secreted proteins and 

their roles in cellular communication allows for better comprehension of their roles in 

disease development and progression.

Many studies have examined the role of secreted proteins using different methodologies 

and sample types. Some focus on screening biofluids derived from patients or animal 

models, such as urine, serum, or cerebrospinal fluid, depending on disease type and 

state.[5-7] Multiple studies have been described profiling exosomes and other secretory 

vesicles released by cells that interact with neighboring cell populations to modulate activity.
[8-10] However, some proteins – such as cytokines and growth factors – are not always 

confined to these secretory vesicles and may be overlooked in analyses that isolate these 

proteins.[11] Examination of the entire secreted proteome allows for a more holistic look 

into how cellular communication drives certain pathologies. Other strategies focus instead 

on the effects of conditioned media on intracellular processes to determine the crosstalk 

occurring between two cell types.[12] Yet these studies only investigate the effects of 

secretory proteins, leaving the secretory proteins unidentified and thus their potential as 

new therapeutic targets is lost. Thus, there is critical need for additional studies that apply a 

holistic profiling strategy when examining secreted proteins.

Global proteomic profiling approaches are commonly executed using mass spectrometry 

(MS)-based methods. High sensitivity allows for identification of thousands of proteins 

within a single complex sample, demonstrating the utility of MS in global proteomic 

workflows.[13] Additionally, various modes of multiplexing help to reduce spectral 

complexity and instrument time without significant losses in proteomic coverage while 

also allowing for relative quantitation.[14] Global investigations of intracellular proteomes 

are routinely performed with great success, allowing for increased insight into protein 

interactions and cellular processes in various disease states.[15-17] These overarching 

examinations take a discovery-based approach, allowing for the generation of new 

hypotheses in elucidating disease mechanism and progression. Yet these examinations would 

be benefited further with a complementary secretory proteome screening, allowing for 

intracellular and extracellular interactions to be encapsulated within a single study for a 

given biological focus.

One such disease state that would benefit greatly from this complementary analysis 

is prostate cancer. The current standard for diagnosis initially requires a digital rectal 

examination coupled with measuring serum prostate specific antigen (PSA) levels; however, 

this biomarker is not robust and reliable across patient populations. [18] While multiple 

panels for prostate cancer biomarkers have been developed, many are not FDA-approved 

and most require tissue-based biopsy samples which can be invasive for the patient. 
[19] Additionally, many studies focusing on prostate cancer biomarker detection utilize 

only the intracellular or extracellular protein fractions alone rather than examining them 
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simultaneously to gain deeper insights into how these proteomes interact and impact 

each other. [20-22] Complementary analyses of prostate cancer cell models are crucial to 

understanding how signaling networks contribute to disease progression and metastasis, 

especially in later-stage castration resistant cancers.

Here, we demonstrate the utility of a complementary profiling strategy of the intracellular 

and secreted proteomes from cultured prostate cancer cells that allows for in-depth analysis 

of cellular communication networks. This analysis was performed using a model of 

castration resistant prostate cancer (CRPC) to increase our understanding of how this lethal 

subtype progresses. [23] Our strategy utilizes a simplistic workflow so that future researchers 

can easily adapt and optimize based on their specific experimental needs. The integration 

of therapeutic treatments in cell culture allows for determination of therapeutic mechanisms 

relative to normal conditions, furthering the applicability of this complementary analysis 

in assessing efficacy and mechanisms of therapeutic treatments. Further, multiplexing 

comparative quantitation strategies – such as stable isotope labeling in cell culture (SILAC) 

or isobaric labeling – can be easily integrated into our workflow, allowing for a reduction 

in instrument usage and variation. The complementary coverage obtained allows for the 

understanding of how the two proteomes communicate and modulate one another for a more 

holistic view of cellular mechanisms. These deeper insights into cellular communication will 

mold the way we view cellular interactions and shall yield a better understanding of our 

cellular prostate cancer model interactions.

Materials and Methods

Cell Culture.

BCaPMT10 lines were produced from our own stocks as described previously.[23] Cells 

were maintained in DMEM/F-12 (Gibco, Framingham, MA) containing 5% fetal bovine 

serum (HyClone) and 1% penicillin-streptomycin (Gibco) in 75 cm2 flasks at 37°C in an 

atmosphere of 5% CO2 and 98% humidity. Once cells reached full confluency, each flask 

was passaged into two 175 cm2 flasks and allowed to grow overnight. After overnight 

incubation, DMEM/F-12 was removed and cells were washed in 1x phosphate-buffered 

saline (PBS, Cytiva). Cells were treated with 0.1% DMSO in DMEM/F-12 supplemented 

with 1X insulin-transferrin-selenium (ITS, Gibco) and 1% penicillin-streptomycin for 48 

hours with a fresh media change at 24 hours. As a control, BCaPMT10 cells grown in media 

containing fetal bovine serum were harvested and processed for analysis as described to 

ensure no loss in proteome coverage was observed. For these cells, only the intracellular 

proteome was examined, as its variable nature and lack of known composition would 

confound extracellular investigations.

Extracellular Proteome Preparation.

At 48 hours, conditioned media was collected and centrifuged at 4,000rpm for 5 minutes 

to remove dead cells and debris. The supernatant was immediately placed into cold 

80% acetone for overnight precipitation at a ratio of 4:1 acetone to sample by volume. 

After overnight precipitation, proteins were centrifuged at 20,000rpm for 20 minutes at 

4°C. The supernatant was discarded, and the pellets were allowed to dry for 15 minutes 
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before resuspension in 1x PBS. Samples were lyophilized and resuspended in lysis 

buffer containing 8M urea (Sigma) in 50mM Tris-HCl (Sigma) with 0.1X protease and 

phosphatase inhibitors (Roche). Proteins were reduced and alkylated prior to overnight 

trypsin digestion (1:100, Promega) at 37°C. Digested peptides were desalted via Sep-Pak 

Vac 1cc C18 cartridges (Waters) and dried in vacuo. Peptide concentrations were estimated 

via Pierce Peptide Assay.

Cell Sample Preparation.

Once conditioned media was collected, cells were harvested using a cell scraper in 12mL 

PBS before centrifugation at 1,100rpm for 5 minutes. This process of aspiration and pellet 

washing with PBS was repeated once more before freezing on dry ice and subsequent 

storage at −80°C. Cell pellets were briefly thawed on ice before resuspension in 2-4 volumes 

of lysis buffer used for conditioned media samples. Cells were lysed via ultrasonication then 

centrifuged at 14,000rpm for 15 minutes to pellet cell debris. The remainder of cell sample 

preparation was carried out as mentioned above, starting with reduction and alkylation 

prior to overnight trypsin digestion. Digested peptides were desalted, dried in vacuo and 

quantified prior to instrumental analysis as described above.

LC-MS/MS analysis.

Tryptic peptides were resuspended in 0.1% formic acid (Sigma) at a concentration of 

0.5mg/mL for instrumental analysis. Samples were analyzed using a Dionex UltiMate 3000 

UPLC coupled to a Thermo Scientific QE-HF mass spectrometer. Solvents consisted of 

0.1% formic acid in water as buffer A and 0.1% formic acid in 80% acetonitrile as buffer 

B. LC gradients consisted of a trapping phase from 0 to 18 minutes at 4% B moving to 

40% at 120 minutes, 75% B from minutes 120.5 to 130, 97% B from minutes 130.5 to 140, 

and 4% B from minutes 140.5 to 155. Survey scans of peptide precursors from 300 to 1500 

m/z were performed using a resolving power of 60,000 with an AGC target of 1 x 106 and 

maximum injection time of 150 ms. The top 20 precursors were then selected for higher 

energy collisional dissociation fragmentation with a normalized collision energy of 30, an 

isolation width of 2.0 Da, resolving power of 15,000, an AGC target of 5 x 104, a maximum 

injection time of 150 ms and a lower mass limit of 120.0 m/z. Precursors were subject to 

dynamic exclusion for 15 seconds with a 10-ppm mass tolerance. Each sample was acquired 

in technical triplicate.

Database searching and data analysis.

MS analysis of BCaPMT10 intracellular and secreted peptide digests were identified using 

Proteome Discoverer (version 2.5, Thermo Scientific). Raw files were searched against the 

UniProt reviewed human proteome using Sequest HT algorithm with trypsin selected as the 

enzyme and an allowance of two missed cleavages. Precursor mass tolerance of 20 ppm 

and a fragment mass tolerance of 0.2 Da were set for the searching. Carbamidomethylation 

of cysteine residues (+57.021 Da) was chosen as a static modification, while dynamic 

modifications selected consisted of oxidation of methionine residues (+15.995 Da). Search 

results were filtered to 1% FDR at both peptide and protein levels. The INFERYS 1.0 

rescoring algorithm (MSAID) was used after initial search to increase peptide identifications 

and scoring confidence.[24] Functional annotation analyses were performed using DAVID 
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bioinformatics resources and visualized using Cytoscape (version 3.8.2).[25] Further 

statistical analyses and generation of figures and plots was performed using Perseus and 

R.[26]

Results

We sought to examine the utility of a workflow that allows for simultaneous examination 

of the intracellular and extracellular proteomes for deeper insights into systems biology and 

cellular crosstalk. Our aim was to provide a framework method so that future investigations 

can build upon the base method and adjust as their investigations require. Figure 1 shows 

the overall workflow utilized for these preliminary examinations. Cells were cultured for 

48 hours in media with a defined serum supplement to allow for maximal secretion of 

extracellular proteins while also providing a therapeutic window for future pharmacological 

analyses. Although the cell line used in these analyses is normally cultured in RPMI-1640, 

we selected DMEM/F-12 to help alleviate any detrimental effects that may occur when 

using a defined serum supplement over FBS.[27] Harvested media was centrifuged to 

ensure removal of any dead cells and debris that may conflate the extracellular proteome 

identifications.

Overall proteome coverage remained relatively constant across all three sample groups 

(Figure 2, Table S1). Both intracellular fractions had over 90% proteome overlap despite the 

differences in growth media, a good indicator that these experiments are both reproducible 

and can be compared with cells grown with FBS. Intracellular protein fractions from our 

FBS and defined serum supplemented cells were compared to look for any detrimental 

effects on cellular homeostasis (Figure S1). While pathway enrichment showed that cell 

death pathways were not enriched in the significantly upregulated proteins, it did show 

an enrichment in cell cycle regulation pathways within the significantly downregulated 

proteins (Tables S2-S4). Though this may affect cellular proliferation rates, no change in 

cell viability or morphology was noted between the two sample sets at the conclusion of 

treatment (Figure S2). The majority of identified proteins were located across all three 

sample types (Figure 2B). The number of proteins overlapping between the intracellular 

and extracellular proteome fractions is quite high. Secreted proteins should only make up 

approximately 13% of the total human proteome, indicating that intracellular proteins from 

dead and/or lysed cells may be influencing the overall protein number.[28] Additionally, 

any extracellular proteins must be transcribed intracellularly and then transported to the 

extracellular environment during either translation or post-translational processing, so there 

should be fewer proteins unique to this sample group. Although all proteins originate 

intracellularly, the final protein sequence may not be contained intracellularly for the active 

conformation of the protein, as there may only be proprotein sequences intracellularly. Thus, 

for the extracellular fraction analyses, we focused on proteins that were uniquely identified 

within our extracellular fraction to reduce any conflicting identifications.

Confirmation of experimental reproducibility and sample homogeneity across growth 

conditions was necessary, so principal component analysis (PCA) was performed for each 

biological replicate across all treatment types (Figure 3A). Biological replicates from 

each sample type were found to cluster together, indicating high sample reproducibility 
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and robustness of our sample workflow for high throughput studies. Normalized protein 

expression values for each replicate were also plotted and showed small variations in 

median and abundance (Figure 3B). This consistency across both biological replicates and 

sample types further validates the utility of this methodology in future proteomics studies. 

To verify that our harvested conditioned media was capturing more of the extracellular 

proteome, a t-test was performed comparing protein expressions in harvested conditioned 

media versus the intracellular proteome of its corresponding cell fraction in addition to a 

heatmap comparing shared protein abundances (Figure S3, S4). From these analyses, the 

fraction of significantly upregulated proteins was processed using Gene Ontology (GO) 

enrichment analyses via the DAVID bioinformatics and Metascape software (Table S5, 

S6). Figure 4A shows the top five enriched cellular components for these significantly 

upregulated proteins. The top three components all relate to the extracellular proteome, 

indicating that our extracellular sample fraction significantly enriches proteins normally 

located within this region. These top three components had both the highest percentage of 

mapped identifiers as well as the largest log-transformed p-values after Benjamini-Hochberg 

correction, with the remaining two processes having p-values half as large in magnitude. 

Metascape software was used to analyze the entirety of the significantly upregulated proteins 

and protein interaction networks were generated to yield greater insight into how these 

various processes intersect (Figure 4B). From this mapping, we can see how processes 

such as cell growth, regulation and morphogenesis are all interconnected and significantly 

upregulated within our extracellular proteome.

We further examined the 142 proteins identified to be unique to the extracellular fraction. 

Proteins were searched using both Human Protein Atlas and UniProt to confirm their 

subcellular localization or potential for secretion (Table S7). According to Human Protein 

Atlas, approximately 20% of the proteins unique to the extracellular fraction have a 

predicted subcellular localization denoting them as secreted proteins. An additional 31% 

of proteins that did not meet this criteria are either detected within the blood by 

mass spectrometry or membrane associated and potentially shed into the extracellular 

environment, indicating almost 51% of our unique proteins can be found extracellularly 

and thus confirming increased coverage of these proteins. UniProt had a higher percentage 

of proteins with listed extracellular localizations at 30%, while those found to be membrane 

associated comprised just under 29% of this unique fraction. Using both of these sources, we 

filtered out any proteins that had zero evidence of extracellular localization in either source 

or whose localization information was unknown. This filtering yielded a finalized list of 93 

proteins, which is just over 68% of our total proteins in the unique fraction (Table S7).

Using the filtered list of unique extracellular proteins, pathway enrichment was performed 

using Metascape software (Figure 5, Table S8). Cell morphogenesis was the top associated 

pathway, indicating that our extracellular proteins may act on neighboring cells to 

promote proliferation, invasion, or mobilization. Post-translational phosphorylation was 

the second most enriched pathway which points towards activation of signaling cascades. 

Particularly, some of the associated member processes of phosphorylation were directly 

tied to transforming growth factor beta (TGFβ) signaling, which is also involved in 

regulating cell migration, proliferation and plasticity.[29] Hair follicle morphogenesis was 

the third most enriched pathway, which contains the subcategories of epithelial generation 
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and development. The fourth and fifth most enriched pathways were extracellular matrix 

organization or matrisome-associated, indicating a high level of enrichment for extracellular 

content. Coupling these pathways together, we see a clearer picture of what processes and 

pathways these metastatic prostate cancer cells may be utilizing that are unique to cancers 

with little androgen receptor protein expression, thus opening up therapeutic opportunities 

for these AR-negative cancers.

Discussion

A critical aspect of systems biology research is understanding how cellular communication 

and signaling networks operate across model types.[30] While cellular based models may 

seem contradictory to a systems-based approach, they allow for deeper investigations into 

the roles that cellular communication networks play in maintaining homeostasis across 

tissue and organ types. Utility of cellular-based models allows for integration of isotopic 

and/or isobaric labeling, increasing throughput as needed. We utilized a serum-defined 

based approach to study both the intracellular and extracellular proteomes to help determine 

how both aspects contribute to cellular communication and system function. Cells were 

cultured in media containing a small percentage of DMSO to demonstrate that future 

pharmacological analyses can be performed without significant hindrances on proteome 

coverage and depth. Additionally, coculture experiments can be conducted, allowing a 

further glimpse into how cell heterogeneity plays a role in system homeostasis.

These analyses were performed using an aggressive metastatic prostate cancer model that 

has yet to be well defined on the proteomic level.[23] We selected such a model due to 

its unique characteristics of modeling CRPC that has little to no AR protein expression 

as well as no neuroendocrine differentiation. [31] The vast majority of prostate cancers are 

dependent on androgen receptor (AR) expression and will develop resistance to therapies 

that attempt to target AR expression and availability.[32] Clinically, a CRPC subtype known 

as double negative prostate cancer (DNPC) also shares these two characteristics, giving our 

cellular model a unique edge over other more commonly used cell lines. [33,34] Our model 

allows us to delve deeper into the DNPC phenotype that has slowly increased in emergence 

as a response to anti-androgen therapeutics used clinically. By studying the intracellular 

and extracellular proteomes of this cellular model, we can further investigate the signaling 

networks and communication that occurs between cancer cells that may contribute to 

DNPC progression. Further investigations comparing enriched pathways between our cancer 

progression model and other commonly utilized prostate cancer cellular models need to 

be performed to allow for further elucidation of signaling pathways in AR dependent and 

independent cancer subtypes.

As expected, both AR protein and a downstream secreted protein, prostate specific antigen 

(PSA), were not identified across any of our biological and technical replicates. Other 

androgen-regulated genes, such as kallikreins 2 and 4 (KLK2/4), homeobox protein Nkx-3.1 

(NKX3-1) and zinc-α-glycoprotein 1 (AZGP1), were all not identified across any sample 

runs.[35] Interestingly, transforming growth factor beta 1 (TGFβ1) was strongly expressed 

across all sample sets. This particular protein has been demonstrated to be overexpressed 

in advanced prostate cancers and is not androgen dependent.[36] Our overlap with these 
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previous findings indicate that TGFβ1 may be an interesting target for advanced prostate 

cancers.

Analysis of our extracellular proteome fraction indicates potential pathways that require 

investigation in models of androgen independent prostate cancer. Post-translational 

phosphorylation is known to play a role in promoting prostate cancer survival and 

evasion of current therapeutics, though studies targeting extracellular molecules that 

promote these signaling cascades have been seldom performed.[37-39] Enrichment of post-

translational phosphorylation within the extracellular proteome indicates that neighboring 

benign cells may experience an increase in phosphorylation events due to the large 

amount of phosphorylation-promoting proteins secreted from primary cancer cells. Such 

communication may encourage tumor growth and/or crosstalk from neighboring stroma 

that benefits tumor progression and metastasis. Extracellular matrix (ECM) remodeling 

is a common hallmark of carcinogenesis and metastasis, as communication between the 

extracellular matrix and primary tumor is essential for cancer development.[40] Future 

investigations into these specific remodeling mechanisms – such as coculture experiments 

with prostate stroma – will be necessary to determine the specific pathways involved. 

These experiments can be performed using the same workflow described here and allow for 

determination of specific proteins that promote remodeling and tumor progression.

Though our workflow does allow for analysis of multiple treatment groups, integration 

of multiplexing capabilities and the ability to study other groups of interest – such 

as metabolites and lipids – it is limited to a cellular-based analysis method. While 

tissue-based analyses could potentially provide more translational information, the cost to 

separate extracellular and intracellular proteins for tissue samples would far outweigh the 

benefits. On-tissue analyses could potentially be performed in a similar manner using mass 

spectrometry imaging (MSI)-based techniques and still allow for multi-omics investigations 

in a high throughput manner. Coupling such imaging techniques to the methodology used 

here would provide robust and quantitative profiling across multiple model types that would 

deepen our knowledge of how disease works across multiple systems.

The workflow outlined here allows for the analysis of both intracellular and extracellular 

proteomes and can be further expanded to include investigations of metabolites and lipids, 

allowing researchers to answer fundamental systems biology questions. We demonstrated 

that this approach is robust and does not result in significant loss of intracellular proteome 

coverage for our prostate cancer model. The methodology can and is currently being used 

in high throughput studies with equal success, indicating its utility in future proteomic 

investigations. Additionally, insights into cellular communication and interaction were 

unearthed that generate new testable hypotheses, including the role that extracellular 

communicators may play in phosphorylation status of both primary tumor and surrounding 

tissues. Our method is a broadly applicable tool for culture-based experimentation and 

possesses immense value to future multi-omics and systems biology researchers in 

understanding how cellular communication influences disease progression.
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Significance of Study

This research presents a flexible cellular workflow allowing for simultaneous observation 

of intracellular and extracellular proteins. The outlined method can easily enable and 

integrate multiplexing studies, allows for testing of pharmacological agents, and can 

be further expanded to include metabolomic and lipidomic investigations for high 

throughput multi-omics. Observation of extracellular protein changes in relation to 

their intracellular counterparts allows researchers to draw conclusions about how these 

signaling and secretory pathways interact between cells in order to promote disease 

progression that cannot otherwise be concluded in studies that observe these proteomes 

separately. Thus, more complete pictures and a better understanding about these diseases 

and the impact they have on multiple systems can be obtained.
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Figure 1. 
Brief outline depicting the general workflow for sample preparation. Cells were grown in 

serum-free media containing a defined serum supplement for 48 hours, at which point cells 

and media were harvested for preparation. Once proteins were collected and quantified for 

each sample type, a bottom-up sample preparation was implemented using trypsin as the 

enzyme of choice for digestion. Unlabeled peptides were analyzed in technical triplicate on 

a Q Exactive HF with database searching of raw spectra in Proteome Discoverer.
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Figure 2. 
Results detailing the number of proteins identified across sample types. A. Proteins 

identified across intracellular fractions with or without FBS supplementation as well as the 

extracellular proteome fraction. Error bars denote standard deviation of biological replicates. 

While there is a slight decrease in total number of proteins identified in the extracellular 

fraction, there is little change between the two intracellular fractions, indicating good 

proteomic coverage. B. Overlap of identified proteins across the three proteomic fractions. 

As expected, the majority of identified proteins are shared across all three groups, indicating 

that our proposed method provides adequate coverage and does not lead to a reduction of 

protein identifications.
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Figure 3. 
Examination of sample coverage and overlap within and across sample types. A. Principal 

component analysis (PCA) of all biological replicates for each of the three sample types. 

All biological replicates within a treatment group were found to cluster together, indicating 

reproducibility of our method. B. Box plots showing overall proteome coverage in terms of 

normalized protein expression levels. Looking across all three treatment groups, the majority 

of expression levels remain relatively constant against one another, demonstrating that serum 

replacement and analysis of secreted proteins does not substantially alter protein intensities.
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Figure 4. 
Functional annotation and enrichment analyses for the significantly upregulated proteins 

in the extracellular proteome fraction relative to their intracellular counterpart. A. Gene 

Ontology (GO) analysis of the significantly upregulated proteins within the extracellular 

proteome. The top 5 enriched cellular components are plotted above, with plot colors 

indicating the percentage of proteins mapped to a particular process out of the 647 

total upregulated proteins. B. Visualization of enrichment analyses and how these various 

components interconnect to impact the entire system. All mapping was performed using 

Metascape, and proteins used to generate the protein interaction network pertain to those 

significantly enriched within the extracellular proteome samples. Listed processes and 

annotations are in order from most to least significant by Benjamini-Hochberg corrected 

p-value.

Miles et al. Page 17

Proteomics. Author manuscript; available in PMC 2024 February 16.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 5. 
The top five enriched pathways and processes for the 142 proteins identified exclusively 

within the extracellular proteome fraction. Enrichment analysis was performed using open 

source Metascape software.
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