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Abstract

Comorbid Type 2 diabetes (T2D), a metabolic complication of obesity, associates with worse 

cancer outcomes for prostate, breast, head and neck, colorectal and several other solid tumors. 

However, the molecular mechanisms remain poorly understood. Emerging evidence shows that 

exosomes carry miRNAs in blood that encode the metabolic status of originating tissues 

and deliver their cargo to target tissues to modulate expression of critical genes. Exosomal 

communication potentially connects abnormal metabolism to cancer progression. Here, we 

hypothesized that T2D plasma exosomes induce epithelial-mesenchymal transition (EMT) and 

immune checkpoints in prostate cancer cells. We demonstrate that plasma exosomes from subjects 

with T2D induce EMT features in prostate cancer cells and upregulate the checkpoint genes 

CD274 and CD155. We demonstrate that specific exosomal miRNAs that are differentially 

abundant in plasma of T2D adults compared to nondiabetic controls (miR374a-5p, miR-93-5p 
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and let-7b-3p) are delivered to cancer cells, thereby regulating critical target genes. We build on 

our previous reports showing BRD4 controls migration and dissemination of castration-resistant 

prostate cancer, and transcription of key EMT genes, to show that T2D exosomes require BRD4 

to drive EMT and immune ligand expression. We validate our findings with gene set enrichment 

analysis of human prostate tumor tissue in TGCA genomic data. These results suggest novel, non-

invasive approaches to evaluate and potentially block progression of prostate and other cancers in 

patients with comorbid T2D.

Keywords

Epithelial-mesenchymal transition; Epithelial plasticity; Prostate cancer; Castration-resistant; 
Epigenetic regulators; BET proteins; Next-generation BET degrader; BRD4

1. Introduction

The incidence of obesity-driven diabetes continues to increase worldwide, and parallel to 

this trend, an increase in incidence of several obesity-related cancers has been reported [1]. 

Already in the U.S., for example, >100 million adults have been diagnosed with diabetes or 

pre-diabetes [2], about 90% as Type 2 diabetes (T2D) [3], a frequent metabolic complication 

of obesity, emphasizing the scale of the public health challenge. The severity of comorbid 

T2D also predicts worse cancer outcomes; associations are well established for breast cancer 

[4], head and neck cancer [5], colorectal cancer [6] and several other solid tumors. In 

prostate [7,8] and other cancers [9], increased burden of comorbidities also correlates with 

advanced age [10] and worse outcomes. Yet, the cellular and molecular mechanisms that 

explain these associations remain poorly understood. Although comorbidity is considered in 

clinical decision making, most cancer clinical trials exclude such patients, leaving us with a 

weak understanding of how tumor microenvironment factors may drive tumor progression. 

These knowledge gaps are important for medically underserved patient populations, where 

obesity and T2D are prevalent [11,12], often in association with food deserts and an 

obesogenic built environment [13]. There is urgent need for novel, robust biomarkers 

to evaluate risks for cancer progression and assist clinical decision making for such 

underserved patients [14,15].

New work in molecular endocrinology is revealing that cancer patients with comorbid 

chronic obesity and/or metabolic complications have adverse signaling in the adipose 

microenvironments of breast [16–19] or prostate cancers [20–22], compared to patients 

with the same type and stage of cancer, who are otherwise metabolically normal. In prostate 

cancer, obesity and its metabolic complications have been studied intensively to identify 

serological and histological data that would help detect cases at high risk for failure of 

androgen deprivation therapy (ADT), progression and metastasis in patients with these co-

morbid conditions. Metabolic biomarkers that include elevated insulin-like growth factor-1, 

insulin and C-peptide [23,24], leptin, glucose [25,26], pro-inflammatory cytokines, lipid 

profiles [27] and androgen levels have all been associated with worse outcomes [28,29], but 

opinion has long been divided about which factors are most critical. Metabolic status is also 

a concern because ADT is known to induce insulin resistance [30]. However, clinical trials 
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have not yet established which serological markers of metabolism are most informative for 

the wide range of patients with prostate cancer on various ADT and metabolic medications, 

and at which stages of disease progression specific markers would have greatest value. 

Innovative directions would be helpful.

We took as a starting point the clinical observation that poor control of T2D in prostate 

cancer associates with rapid emergence of resistance to the anti-androgens abiraterone 

acetate and enzalutamide, compared to patients with prostate cancer who have well 

controlled blood glucose [26]. Non-invasive biomarkers have been explored for diagnostic, 

prognostic and therapeutic utility, including most recently circulating tumor DNA [31] and 

microRNAs (miRNA) [32]. In particular, miRNA biomarkers have gained attention because, 

unlike other nucleic acid biomarkers, these factors may be functional in prostate cancer [33]. 

Upon delivery to target tissues, miRNAs are capable of reprogramming cell metabolism 

and fate to affect the course of progression, metastasis and therapeutic responses. Deeper 

understanding of miRNA mechanism and gene targets may suggest novel therapeutics 

or prognostic biomarkers [34] to understand progression risks. We wondered whether 

circulating miRNAs might differ between T2D and non-diabetic (ND) subjects.

Significant evidence implicates exosomes as carriers of miRNAs in blood [35], saliva [36] 

or other body fluids that can be sampled non-invasively for biomarker assessment in cancer. 

Several studies have investigated blood miRNAs derived from tumors as an approach 

to evaluate cancer diagnosis [37,38], prognosis [39] and recurrence [40]. However, we 

took a converse approach, and investigated plasma exosomal miRNAs as biomarkers of co-

morbid T2D that instead might have functional impact on prostate cancer progression. Our 

rationale is that obesity-driven metabolic disease has long been studied in prostate cancer 

incidence [41,42], progression [43] and prostate cancer-specific mortality [44], although 

diabetes has been shown to be protective in some prostate cancer studies [45,46]. Despite 

intensive investigation, the mechanisms and clinical variables most strongly associated 

with incidence, progression, distant metastasis and mortality [41,47], and the impact of 

metabolic medications [48], have not been settled. We considered that plasma exosomes 

in subjects with obesity-driven T2D might be leveraged to assess risk of progression and 

treatment resistance in prostate cancer, and might have functional significance to understand 

mechanisms of tumor progression.

We recently showed that the metabolic status of mature adipocytes determines the payload 

of released exosomes. Adipocytes that have been rendered insulin resistant by exposure to 

pro-inflammatory cytokines, or that were isolated from adipose tissue of adult subjects 

with T2D, release exosomes that drive increased migration, invasiveness, epithelial-to-

mesenchymal transition (EMT), gene expression associated with cancer stem-like cell 

formation and aggressive, pro-metastatic behavior in breast cancer cell models, compared 

to adipocytes that are insulin sensitive or isolated from adipose tissue of ND subjects [49]. 

We built on these observations and hypothesized that similar phenotypes would be observed 

for plasma exosomes from T2D subjects compared to ND controls, using prostate and breast 

cancer cell lines as a readout.
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Here, we report that exosomes from peripheral blood plasma of subjects with T2D induce 

EMT in DU145 cells, a model for hormone-refractory and aggressive prostate cancer. 

Additionally, we tested the upregulated T2D exosomal miRNAs on SNAI1 and AHNAK 
expression in PC3 and DU145 prostate cancer cells, as representative EMT genes. We 

performed immunofluorescence imaging to verify vimentin expression as a protein marker 

of EMT in these two cell types, and verified results in 22Rv1 and LNCaP systems as 

additional forms of androgen receptor-expressing prostate cancer models.

Surprisingly, exosomes purified from the plasma of ND subjects suppressed transcription of 

classical EMT genes in the same model, suggesting that ND exosomes may harbor cancer 

chemopreventive miRNAs. We noted in the same system that T2D exosomes also induce 

expression of the immune checkpoint gene CD274, which encodes the immune checkpoint 

protein PD-L1. We had previously shown that the somatic members of the Bromodomain 

and ExtraTerminal (BET) family of proteins (BRD2, BRD3, BRD4) are positive co-

regulators of the PD-1/ PD-L1 axis in triple negative breast cancer models [50]. We have 

also shown that BRD4 regulates migration and dissemination of castration-resistant prostate 

cancer and transcription of key EMT genes [51,52]. Using the pan-BET inhibitor JQ1 and 

the BRD4-selective PROTAC degrader MZ-1, we further demonstrate here that BRD4 is a 

critical effector for plasma exosome-driven prostate cancer aggressiveness, and functionally 

couples EMT and immune checkpoint gene expression in prostate cancer. Functional 

miRNAs that block pro-metastatic behavior of tumor cells could be valuable tools for 

discovery of novel therapeutics for advanced cancers. Our results lay the groundwork for a 

deeper, clinical translational investigation of plasma exosomes as functionally critical drivers 

of prostate tumor progression in patients with comorbid T2D, and as potential biomarkers 

that are both robust and non-invasive.

2. Materials and methods

2.1. Cell lines and reagents

Cell lines were as previously described [51,52]. The DU145, 22Rv1 and LNCaP prostate 

cancer cell lines were cultured in RPMI-1640 medium (Gibco). PC3 cells were cultured 

in F12K (Kaighn’s) medium (Gibco, 21127022). All culture media were supplemented 

with 10% fetal bovine serum (FBS, Corning) and 1% antibiotics (penicillin/streptomycin, 

Gibco). As positive controls for induction of EMT genes or PD-L1, we treated the cells with 

transforming growth factor (TGF)-β or interferon (IFN)-γ (5 ng/mL), respectively, as we 

previously published [53]. Paraformaldehyde solution (AAJ19943K2, Thermo Scientific) 

and 4′,6-diamidino-2-phenylindole dihydrochloride (DAPI; FluoroPure grade; D21490, 

Thermo Scientific) were used to fix and stain the nuclei. Recombinant Human Interferon 

gamma protein (Active) (ab259377), and Recombinant human TGF beta 1 protein (ab50036) 

were purchased from Abcam.

2.2. RNA staining and immunofluorescence imaging

Exosomal RNA was stained using SYTO™ RNASelect™ from Thermofisher (cat 

number: S32703) according to the manufacturer’s protocol. Alexa Fluor™ 568 Phalloidin 
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(Thermofisher, A12380) was used to stain the actin fibers. Cellular nuclei were stained by 

DAPI, FluoroPure™ grade (Thermofisher, D21490).

2.3. qRT-PCR

Procedures were as previously described [51,52]. Briefly, total RNA was extracted from 

tumor cells using an RNAeasy Kit (Qiagen). Reverse transcription reactions were performed 

with 1 μg of total RNA with the QuantiTect Reverse Transcription kit (Qiagen). Gene 

expression was measured using TaqMan™ master mix (Thermofisher, 4369510) and human 

gene probes as follows: SNAI1 (Hs00195591_m1), SNAI2 (Hs00950344_m1), CDH1 
(Hs01023895_m1), ACTB (Hs00357333_g1), CD274 (encodes PD-L1, Hs01125301_m1), 

CD155 (encodes PVR or TIGIT ligand, Hs00197846_m1), VIM (Hs00958111_m1), TGFB1 
(Hs00998133_m1), TWIST1 (Hs01675818_s1) and AHNAK (Hs01102463_m1). Methods 

and primers were as previously published [49].

2.4. PCR array

RNA was isolated using QuantiTect Reverse Transcription Kit (Qiagen), and 1 μg of each 

sample was used to prepare 20 μL cDNA using RNeasy Plus Mini Kit (Qiagen). Human 

RT2 Profiler™ PCR Array, including eighty-four Epithelial to Mesenchymal Transition 

(EMT) genes (PAHS-090Z), Cancer Stem Cell genes (PAHS-176ZC), and miRNA Array 

were purchased from Qiagen and used as previously published [49]. For human immune 

exhaustion genesets used in informatics analyses, we chose PD-1 (PDCD1), PD-L1 

(CD274), CTLA4 (CD152), TIM-3 (HAVCR2), TIGIT, ICOS, TNFRSF4, CD27, B- and 

T-lymphocyte attenuator (BTLA), ADORA2A, CD40LG and CD28. Reverse transcription 

reactions were performed with RT2 SYBR Green ROX qPCR Mastermix (Qiagen). 

Exosomal miRNAs were profiled using Human Serum/Plasma miRCURY LNA miRNA 

PCR array (Qiagen, #YAHS-106Y, Plate Format: 2 × 96-well).

2.5. Gene expression analysis

All Ct values of the genes were normalized to the respective ACTB gene (ΔCt). Then ΔCt of 

each gene was subtracted from the control gene ΔCt (Δ.ΔCt). For the control groups Δ.ΔCt 

was calculated using this formula: ΔΔCt = ΔCt (C1 or C2 or C3) – ΔCt (control average). 

Then, fold change was calculated using 2^-ΔΔCt, (2 to the power of negative ΔΔCt).

Next, the Z score was calculated based on this formula:

Z score = (x-mean)/SD, in which X is the fold change. Bio Vinci software (San Diego, 

CA) was used to cluster the genes. In order to predict disease and function, data were 

analyzed through the use of Ingenuity Pathway Analysis, IPA (QIAGEN Inc., https://

www.qiagenbioinformatics.com/products/ingenuity-pathway-analysis).

2.6. Exosome isolation and characterization

Patient whole blood was obtained commercially from Research Blood Components, LLC 

(Watertown, MA), preserved on ice packs. Table 1 shows blood donor demographic 

information (Table 1). Samples were centrifuged (16k rpm, 4 °C, 30’) to separate plasma, 

which was clarified again by centrifugation and filtration (0.2 μm) to remove large vesicles 

Jafari et al. Page 5

Adv Cancer Biol Metastasis. Author manuscript; available in PMC 2023 January 12.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

https://www.qiagenbioinformatics.com/products/ingenuity-pathway-analysis
https://www.qiagenbioinformatics.com/products/ingenuity-pathway-analysis


or apoptotic bodies. Exosomes were purified by size exclusion using qEV columns by 

automatic fractionation collector. The columns were packed with spherical beads (35 nm 

pore size) such that the spaces between the pores fractionate exosomes with size range of 

35 nm–150nm. The exosomes were eluted using PBS with 1 mM EDTA and stored at 4 

°C for exosome size distribution and concentration measurements using a NanoSight NS300 

system. Exosomal preparations underwent quality control analysis as previously published 

[49]. T2D and ND plasma origin exosomes were normalized to 109 particles added per cell 

culture well.

2.7. MiRNA profiling of plasma exosomes

Exosomal RNA was isolated using exoRNeasy Midi Kit (Qiagen, 77144). For miRNA-

specific first-strand cDNA synthesis, miRCURY LNA RT Kit (Qiagen, 339340) was used. 

After cDNAs were synthesized, the PCR array analysis was conducted using miRCURY 

LNA SYBR Green PCR Kit (Qiagen, 339346) and Human Serum/Plasma miRCURY LNA 

miRNA PCR array (Qiagen, Catalog Number: YAHS-106Y, Plate Format: 2 × 96-Well) to 

detect plasma exosomes.

2.8. miRNA delivery to DU145 cells

Differentially expressed miRNAs in T2D exosomes were transfected using Lipofectamine 

RNAiMAX Transfection Reagent (13778150, Invitrogen). The human homologs 

of the synthesized miRNA mimics were purchased from Thermofisher. The 

miRBase Accession numbers are as follows: hsa-miR-374a-5p (MIMAT0000727), hsa-

miR-93-5p (MIMAT0000093), hsa-let-7b-3p (MIMAT0004482), and hsa-miR-424-5p 

(MIMAT0001341). After transfection, cells were incubated for 48 h at 37 °C, whereupon 

cellular total RNA was isolated and expression of SNAI1, CD274 (encoding PD-L1), CDH1 
or other genes compared to ACTB control was analyzed in transfected cells.

2.9. Flow cytometry analysis

Single-cell suspensions were washed after collection and stained in ice-cold Ca+2/Mg+2-free 

PBS with a viability dye (Zombie NIR, BioLegend) for 20 min at 4 °C in the dark. Cell 

suspensions were then washed twice with ice-cold flow cytometry buffer (Ca+2/Mg+2-free 

PBS, supplemented with 2% FBS and 2 mM EDTA). Cell suspensions were then stained 

for PD-L1 (PE-conjugated, BD Biosciences). All cell suspensions were washed twice in ice 

cold flow cytometry buffer before analysis. Unstained cells and single-stained controls were 

used to calculate flow cytometry compensation. Data acquisition (typically 1 million events) 

was performed on a BD LSRII instrument at the Boston University Flow Cytometry Core 

Facility. Data analysis was carried out using FlowJo Software (version 10.6.1, Tree Star).

2.10. RNA sequencing

Total RNA was isolated from DU145 cells or PC-3 cells that were untreated controls or were 

treated with exosomes isolated from the plasma of three ND subjects or three T2D subjects. 

Each experimental group was represented in biological triplicate. RNA sequencing workflow 

was conducted by Boston University School of Medicine Microarray and Sequencing 

Core. FASTQ files were aligned to human genome build hg38 using STAR [54], (version 
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2.6.0c). Ensembl-Gene-level counts for non-mitochondrial genes were generated using 

featureCounts (Subread package, version 1.6.2) and Ensembl annotation build 100 (uniquely 

aligned proper pairs, same strand). Separately, SAMtools (version 1.9) was used to count 

reads aligning in proper pairs at least once to either strand of the mitochondrial chromosome 

(chrM) or to the sense or antisense strands of Ensembl loci of gene biotype “rRNA” or 

of non-mitochondrial RepeatMasker loci of class “rRNA” (as defined in the RepeatMasker 

track retrieved from the UCSC Table Browser). FASTQ quality was assessed using FastQC 

(version 0.11.7), and alignment quality was assessed using RSeQC (version 3.0.0).

Variance-stabilizing transformation (VST) was accomplished using the “Variance Stabilizing 

Transformation” function in the DESeq2 R package (version 1.23.10) [55]. (Principal 

Component Analysis (PCA) was performed using the prcomp R function with variance 

stabilizing transformed (VST) expression values that were z-normalized (set to a mean of 

zero and a standard deviation of one) across all samples within each gene. Differential 

expression was assessed using the likelihood ratio test and Wald test implemented in the 

DESeq2 R package. Correction for multiple hypothesis testing was accomplished using the 

Benjamini-Hochberg false discovery rate (FDR). All analyses were performed using the R 

environment for statistical computing (version 4.0.2).

2.11. Immunofluorescence imaging

For immunofluorescence imaging, 100,000 cells were cultured in 27-mm glass bottom 

dishes (Thermo Fisher Scientific, 150682). For staining, cells were washed with PBS 

including MgCl2 and CaCl2 and then fixed with 4% paraformaldehyde for 10 min. Then, 

cell membranes were permeabilized with 0.5% Triton X-100 for 15 min. Cellular binding 

sites were blocked with 2% (w/v) BSA (bovine serum albumin) for 50 min. Afterwards, 

cells were stained with vimentin primary antibody (Cell Signaling, Cat number: 5741), 

(1:100 dilution, v/v) for 2 h, washed five times, and then stained with immunofluorescence 

conjugated secondary antibody, Alexa Fluor Plus 488 (Thermo fisher, A32731), (1:200 

dilution, v/v), Alexa Fluor™ 568 phalloidin (Thermo fisher, A12380), (1:1000 dilution, 

v/v), and DAPI counterstain as we previously published [49]. Finally, images were captured 

using a Nikon Deconvolution Wide-Field Epifluorescence System at the Boston University 

Cellular Imaging Core. Images were analyzed using ImageJ, with differences in means 

evaluated by comparison of a minimum of 10 individual representative cells for each 

condition. Immunofluorescence stain intensity was quantified by selecting the whole cell 

and comparing across samples. Images were assembled in Adobe Illustrator.

2.12. Migration assay

DU145 cells were cultured in Eagle’s Minimum Essential Medium (EMEM), supplemented 

with 10% FBS and 1% Penicillin-Streptomycin, and transfected with individual miRNAs, 

combination, or negative control miRNA (non-target) 45 nM for 48 h. Cells were then 

switched to serum-free media for 3 h and subsequently plated in 24-well, 8-μm pore size 

transwell plates (Thermo Fisher Scientific) for 16 h. The cells were plated in the upper well 

of the transwell inserts with serum-free media, and the bottom well was filled with EMEM 

complete media to serve as a chemoattractant. Cells that stayed in the upper side of the 

membrane and did not migrate by the end of the assay were removed with a cotton swab, 
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and the cells that migrated were fixed with ice-cold methanol for 5 min at −20 °C. After 

fixation, cells were stained with 1% crystal violet (v/v) in 2% ethanol for 10 min at room 

temperature. Images were captured by an EVOS XL Core digital inverted microscope. The 

percentage of migration was determined by first calculating the sum of the area of total 

migrated/invaded cells on the entire membrane with ImageJ software (National Institutes 

of Health, Bethesda, MD) and then converted to relative percent migration/invasion by 

comparing each condition to the control condition.

2.13. Statistical analysis

To identify genes whose expression changes coordinately with respect to exosome treatment 

groups, a one-way analysis of variance (ANOVA) was performed using a likelihood ratio 

test to obtain a p value for each gene. Benjamini-Hochberg False Discovery Rate (FDR) 

correction was applied to obtain FDR-corrected p values (q values), which represent the 

probability that a given result is a false positive based on the overall distribution of p 

values. Corrected/adjusted p values such as the FDR q are the best measure of significance 

for a given test when many hypotheses (genes) are tested at once. The FDR q value was 

also recomputed after removing genes that did not pass the “independent filtering” step 

in the DESeq2 package. Genes with low overall expression are more strongly affected by 

random technical variation and more likely to produce false positive results. Wald tests were 

then performed for each gene between experimental groups to obtain a test statistic and p 

value for each gene. Statistical analyses of the in vitro experiments were performed using 

Student’s t-test or ANOVA as indicated, and were generated by GraphPad Prism software, p 
< 0.05 was considered statistically significant.

3. Results

3.1. Exosomes from plasma of T2D subjects induce EMT in prostate cancer cell lines

We built on our previous report that exosomes from conditioned media of human mature 

adipocytes induce transcription of EMT genes in breast cancer cell lines. This induction is 

more pronounced if the adipocytes are insulin resistant or obtained from the adipose tissue 

of subjects with T2D [49]. First, we tested whether human plasma exosomes phenocopied 

this behavior, and induced EMT genes in prostate cancer cell lines. We purified exosomes 

from EDTA-treated, anti-coagulated peripheral blood plasma of three T2D subjects and 

treated DU145 cells with equal numbers of exosomes (109 in all cases) for two days, 

then isolated total RNA and assayed gene expression by RT-PCR with TaqMan probes. As 

hypothesized, T2D plasma exosomes induced expression of the classical EMT genes Snail 

(SNAI1) (Fig. 1A), AHNAK and vimentin (VIM) (Fig. S1), compared to equal numbers of 

exosomes purified from plasma of ND subjects or media (complete growth media containing 

RPMI-1640 + 10% FBS) control exosomes. The mesenchymal-to-epithelial (MET) gene 

CDH1, which encodes E-cadherin, behaved in the opposite manner, as expected (Fig. 1B). 

We checked the ability of T2D plasma exosomes to induce EMT genes in a different prostate 

cancer cell line, 22Rv1, but found that patterns were not conserved (Fig S2A), which 

prompted deeper investigation. Having validated the DU145 cell responses by RT-PCR, we 

next analyzed these same total RNAs on a commercial array for well-established EMT genes 

[49] and observed that the T2D plasma exosomes induced a coherent, pro-EMT signature 

Jafari et al. Page 8

Adv Cancer Biol Metastasis. Author manuscript; available in PMC 2023 January 12.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



in the DU145 cells compared to ND controls (Fig. 1C). Of the significantly differentially 

expressed genes in the commercial microarray, the T2D exosomes most strongly repressed 

CDH1, in agreement with our previous report for this gene, which is associated with 

maintenance of the epithelial program and opposition to the mesenchymal program [49].

Ingenuity pathway analysis (IPA) of disease and function based on Fig. 1C revealed that 

plasma exosomes from T2D subjects strongly induced tumor cell aggressive features, such 

as cell spreading, protrusions, metastasis, cell motility and invasion compared to plasma 

exosomes from ND subjects (Fig. 2A), whereas pathways related to cell death by apoptosis 

or necrosis were downregulated by T2D exosomes, recapitulating our previous results in 

breast cancer models [49]. To confirm that T2D plasma exosomes also induce mesenchymal 

features (increased perimeter and elongation, and reduced circularity) as we previously 

reported [49], morphological parameters were analyzed using ImageJ. DU145 cells treated 

with T2D plasma exosomes showed increased perimeter and elongation, and decreased 

circularity, compared to cells treated with ND plasma exosomes and control cells treated 

with media-only exosomes (Fig. 2BCE).

3.2. Exosomes from plasma of T2D subjects induce PD-L1 expression in DU145 prostate 
cancer cells

Gene signatures of EMT have been associated in several tumor types with immune infiltrates 

that express interferon-gamma (IFN-γ)-induced genes, and correspondingly with elevated 

expression of immune checkpoint proteins, such as PD-L1 [56–58]. These associations 

prompted us to explore whether, in addition to inducing EMT networks, T2D plasma 

exosomes also upregulate expression of immune checkpoint genes compared to ND plasma 

exosomes. We found that plasma exosomes from T2D subjects did indeed upregulate genes 

that encode receptors important in cancer immunotherapy, including CD274 (Fig. 3A), 

which encodes PD-L1, and CD155 (Fig. 3B), which encodes the poliovirus receptor and is 

associated with resistance to immune checkpoint therapy in several cancer types. Next, we 

analyzed the effect of T2D exosomes on DU145 cells, using a commercial array focused on 

genes involved in inflammation and cancer immune crosstalk. The T2D plasma exosomes 

induced a coherent, pro-inflammatory signature in DU145 cells compared to ND plasma 

exosomes (Fig. 3C). IPA analysis of the immune/inflammation microarray data from Fig. 

3C showed that T2D plasma exosomes strongly upregulated major pathways associated 

with angiogenesis [49], immune dysfunction and tumor progression, compared to plasma 

exosomes from ND subjects (Fig. S3).

3.3. MiRNA profiling of plasma exosomes

Our previous studies on payload differences between exosomes released into conditioned 

media by mature adipocyte cultures from T2D vs ND subjects employed mass spectrometry 

and proteomics to show that several proteins, particularly TSP5, were overrepresented in 

T2D exosomes [49]. Functional studies then showed that recombinant TSP5 alone was 

able to induce transcription of EMT gene signatures [49]. Therefore, we undertook a 

similar proteomics-based approach to investigate peptide differences between T2D and ND 

exosomes purified from human plasma. However, proteomics profiling of three ND and 

three T2D exosome isolates revealed no distinct pattern of peptides that were significantly 
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differentially expressed between the groups (Table S1). We considered an alternative 

hypothesis that miRNAs might be differentially expressed instead of proteins, and might 

encode functional activities that drive the observed EMT and immune checkpoint gene 

expression. We compared miRNA profiles of plasma exosomes from T2D and ND subjects 

by a human serum/plasma miRNA PCR array and found that the metabolic differences 

associate with a different miRNA signature. The seven miRNAs that clustered as the most 

increased in T2D plasma exosomes compared to ND plasma exosomes were: miR-374a-5p, 

miR-93-5p, miR-28-3p, miR532-5p, miR375, miR-133b and let-7b-3p (Fig. 4A). Other 

miRNAs showed reduced differential expression in T2D plasma exosomes compared to ND 

plasma exosomes. The five miRNAs that clustered as the most decreased were: miR-326, 

miR424-5p, miR-27a-3p, miR320b and miR320d (Fig 4A).

For subsequent functional studies, we focused on miRNAs with known importance for 

cancer. Specifically, miR-374a-5p, which was highly elevated in T2D exosomes compared 

to ND controls, has been reported to contribute to liver cancer EMT and metastasis [59]. 

Additionally this miRNA is known to promote tumor progression by targeting ARRB1 
in triple negative breast cancer [60]. miR-93-5p, another miRNA that is highly expressed 

in T2D exosomes, has been identified as an oncogenic miRNA in a variety of human 

malignancies and is involved in tumor angiogenesis [61]. Bioinformatics analysis suggests 

that miR-93-5p has important oncogenic functions in prostate cancer [62].

A systematic reanalysis of public data revealed that let-7b is one of top five miRNAs that 

is consistently associated with prostate cancer progression in multiple cohorts [63]. This 

systematic review provides evidence from multiple publications and datasets that let-7b 

can serve as a biomarker for aggressive prostate cancer. Moreover, it has been shown 

that upregulation of let-7b in tumor-associated macrophages (TAMs) mediates angiogenesis 

and prostate cancer cell mobility [64]. We also examined miRNAs that were significantly 

under-represented in T2D exosomes compared to ND controls. Among these, miR-326 

has been reported to function as a tumor suppressor in human prostatic carcinoma by 

targeting Mucin1 [65] and miR326 has also been shown to inhibit melanoma progression 

by suppressing the AKT and ERK signaling pathways [66]. These reports provided a strong 

rationale to test individual miRNAs for function.

We obtained three of Fig. 4A miRNAs from commercial sources and treated DU145 cells 

with 25 nM of each, for 2 days. Then total cellular RNA was isolated, cellular cDNA 

synthesized and fold-changes of SNAI1, CD274 and CDH1 were compared to ACTB 
as measured by RT-PCR with TaqMan probes (Fig. 4BCD). We found that miR374a-5p 

upregulated CD274 (Fig. 4C) but not SNAI1 (Fig. 4B) and slightly downregulated CDH1 
(Fig. 4D); miR-93-5p upregulated SNAI1 (Fig. 4B) but not CD274 (Fig. 4C) and did not 

affect CDH1 (Fig 4D); and miR-424-5p down-regulated CDH1 (Fig. 4D) but had no effect 

on SNAI1 (Fig. 4B) or CD274 (Fig. 4C). When tested in two other, androgen-dependent 

prostate cancer cell lines, 22Rv1 and LNCaP, we found similar patterns for induction of 

SNAI1, TWIST1 and CD274 (Fig. S2BC).

In order to partially mimic the miRNA payload of T2D exosomes, we selected upregulated 

miRNAs that previous publications established have a functional role in tumor cell 
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progression. DU145 cells provide a rigorous model for migration assay under 24 h, thus we 

tested the functional role of combined miRNAs on migratory potential in this model. MiR-

Let-7b-3p is upregulated in T2D plasma exosomes (Fig. 4A), thus we tested whether miR-

let-7b-3p alone plays a critical role in DU145 cell migration. A transwell assay showed that 

miR-let-7b-3p transfection into the cells stimulated migration (Fig. S4). We also tested an 

equimolar combination of the top three upregulated miRNAs, miR-let-7b-3p, miR-374a-5p 

and miR-93-5p, which were pooled and transfected into DU145 prostate cancer cells. The 

combination of miRNAs increased the migration of DU145 cells compared to negative 

control miRNA (Fig. S4). Surprisingly, two other upregulated miRNAs, miR-374a-5pand 

miR-93-5p transfected as individual miRNAs did not stimulate migration. The migration 

induced by the combination is attributable primarily to miR-let-7b-3p.

Next, we tested whether miR-let-7b-3p transfection also increases protein expression of 

vimentin, an EMT marker in DU145 cells. Immunofluorescence (IF) analysis showed 

that miR-let-7b-3p increased vimentin expression in DU145 cells as detected by confocal 

microscopy (Fig. S5), and although the other two miRNAs (miR-93 and miR-374) did 

not significantly upregulate vimentin expression, the combination of all three miRNAs at 

equimolar concentration still significantly upregulated vimentin. Thus, vimentin expression 

induced by the combination is attributable primarily to miR-let-7b-3p. We further tested 

whether miR-let-7b-3p upregulates transcription of selected EMT genes. qPCR TaqMan 

analysis showed that miR-let-7b-3p upregulated SNAI1, AHNAK and CD274 (encoding 

PD-L1) mRNA in DU145 cells (Fig. S6).

To further test whether these miRNAs in combination upregulate vimentin expression in 

prostate cancer cells, we transfected the combined miRNAs into two prostate cancer cell 

lines. IF analysis showed that the three-miRNA combination increased vimentin expression 

in DU145 (Fig. S5), and PC3 cells (Fig. S7). Additionally, transcription assay confirmed 

that the combined miRNAs upregulated SNAI1 and Vimentin mRNA in the same cell 

lines (Fig. S8). These results supported the overall hypothesis that T2D exosomal miRNAs 

are functionally active in tumor cell line models, when assayed as individual recombinant 

miRNAs or in combination.

We also performed a control experiment to prove that exosomal RNAs are taken up by 

DU145 cells. Exosome RNA was stained with RNA selective dye, then the stained exosomes 

were added to DU145 cells and visualized by fluorescence microscopy over several hours to 

track localization. Time course analysis showed that after 16 and 24 h, the plasma exosomes 

RNA became concentrated in the nuclei (Fig. S9). Uptake reached a plateau by 16 h.

3.4. RNA sequencing and Principal Component Analysis (PCA)

Next, we investigated the global transcriptional changes in prostate cancer cell lines caused 

by T2D exosomes in comparison to the ND exosomes. RNA sequencing and Principal 

Component Analysis of all signals showed that total RNA transcripts from DU145 cells 

treated with exosomes isolated from plasma of ND subjects had similar global transcription 

patterns. The transcripts from cells treated with media-only control exosomes and ND 

plasma exosomes clustered together well. However, transcripts from DU145 cells treated 

with exosomes from T2D subjects were widely separated and unique. T2D samples 1 and 
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2 clearly separate from the other samples along PC1 (24% of variance) and PC2 (14% of 

variance), respectively, suggesting that there is significant biological variability with respect 

to treatment with the T2D exosomes (Fig. S10A). Our interpretation of this result is that 

ND plasma exosomes did not induce significant variation in genome-wide patterns of RNA 

expression compared to negative controls, but different T2D patient exosomes differ widely 

from ND controls, each in their own way. Furthermore, when T2D plasma exosomes are 

compared to ND, we identified a group of genes upregulated specifically by miR-103 (Fig. 

S10B), that has known functional roles in EMT and immune exhaustion.

We undertook IPA analysis of differential expression of all the genes in the datasets. 

Network analysis revealed that miR103a and SOX2-OT induce EMT and PD-L1 expression.

MiR-103a and SOX2-OT were upregulated 28.8 and 21.8 times in DU145 cells treated 

with T2D exosomes compared to ND exosomes (Table S2, Fig. S10C). Interestingly, these 

two genes were downregulated (5 and 3.6-fold, respectively) in the ND exosome group 

compared to the media-only exosome control group (Table S2). The RNA seq datasets were 

further analyzed by IPA and the potential connections of dysregulated genes and cancer cell 

EMT and immune exhaustion through BET proteins were explored. IPA analysis revealed 

that miR103a and SOX2-OT induce Cav1 and VIM respectively, which ultimately promote 

EMT and PD-L1 expression through BRD4 (Fig. 5A). Additionally, RNA seq data showed 

that SNAI1 and CAV1 had an upregulated trend although it was not significant (Fig. S10B).

Although we showed that the top upregulated miRNAs in T2D plasma exosomes (miR-

let-7b-3p, miR-374a-5p and miR-93-5p) were capable of inducing selected EMT genes, 

such as SNAI1 and VIM alone (Fig. 4B; Fig. S6), or in combination, in both PC3 (Fig. 

S8A) and DU145 (Fig. S8B) cell lines, as well as Vimentin expression by IF (Fig. S5; 

Fig. S7) and prostate cancer cell migration (Fig. S4), we wanted to know whether the 

genome wide signature of EMT was robust across cell lines for these specific miRNAs. 

We therefore used RNA seq to analyze genome wide transcription of DU145 and PC3 

cells alone, and as combined datasets, when challenged with the three top hit miRNAs 

in triplicate, compared to three non-targeted miRNAs in triplicate. Expression values for 

439 differentially expressed genes in the DU145 model (Fig. S11A), the PC3 model (Fig. 

S11B) and both cell types combined (Fig S11C) showed reproducible and coherent effects 

of the miRNA combination. The EMT hallmark signature was enriched in DU145 cells, 

PC3 cells, and when signals from both cell types were combined (Fig. S11D). Although the 

specific, representative EMT genes most strongly differentially expressed were different in 

each cell type, presumably because the two human prostate cancer cell lines harbor intrinsic 

differences, this result confirmed that the triple combination of top-hit miRNAs from T2D 

plasma exosomes is sufficient to induce an EMT signature in human prostate cancer cell 

models, interpretable by genome-wide analysis of transcription.

Our previous work has shown that the somatic BET bromodomain proteins BRD2, BRD3 

and BRD4 play critical roles in transcriptional control of classical EMT genes [53,67,68], 

as well as control of immune checkpoint genes, such as PDCD1 and CD274, which encode 

PD-1 and PD-L1, respectively. These findings have since been confirmed by others [69–71]. 

We therefore hypothesized here that the BET protein family functions as a central node 
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in exosome-driven signal transduction, linking EMT to immune checkpoint function, and 

demonstrated here in prostate cancer cells. We have previously established in DU145 cells 

that low concentrations of the BRD4-selective PROTAC degrader MZ-1 (50 nM) are indeed 

selective to eliminate BRD4 protein while preserving BRD2 and BRD3, whereas high doses 

(400 nM) eliminate all three somatic BET proteins [51]. The small molecule JQ1 inhibits 

BET bromodomain activity through a different mechanism by competitively binding to the 

histone binding pocket of the bromodomain, and is not highly selective among BRD2, 

BRD3 and BRD4, thus we used it as a positive control for inhibition of all BET proteins, not 

just BRD4. We built on Fig. 4BCE and measured transcription of SNAI1 and CD274 genes 

by RT-PCR. We found that MZ-1 at BRD4-selective concentrations in DU145 cells inhibited 

expression of SNAI1 induced by T2D plasma exosomes, and the pan-BET inhibitor JQ1 

was not able to reduce expression below the BRD4-selective level (Fig 5A). These results 

suggested that BRD4 is required for T2D exosome induction of EMT genes. Interestingly, 

MZ-1 had the same inhibitory effect on CD274, but JQ1 was able to inhibit transcription to 

below baseline (Fig. 5A). We then verified by flow cytometry that PD-L1 protein expressed 

on the surface of treated DU145 cells was induced by T2D exosome treatment, and inhibited 

by MZ-1 or JQ1 (Fig. 5BCE).

3.5. Gene Set Variation Analysis of TCGA prostate cancer samples

Lastly, we tested the clinical translational significance of these findings by projecting 

prostate cancer expression data from The Cancer Genome Atlas (TCGA) onto the EMT 

gene sets using Gene Set Variation Analysis (GSVA). GSVA calculates gene set enrichment 

for each sample independent of its labels. GSVA scores calculated with respect to the top 

three T2D exosomal miRNA set from above (miR-374, mi-R93, Let7b) were compared with 

corresponding GSVA scores calculated with respect to three EMT miRNA genesets from 

dbEMT2: oncogenic, tumor suppressive and dual acting (oncogenic or tumor suppressing) 

miRNAs in EMT. We found that GSVA scores for our T2D miRNA set were most 

correlated, as measured by Spearman correlation, with the oncogenic miRNAs (oncomirs) 

from dbEMT (coefficient of 0.5), similarly correlated with the dual acting miRNA EMT set 

(coefficient of 0.4), and the least correlated with the tumor suppressing miRNA EMT set 

(coefficient of 0.1). This result lends in vitro support to our overall hypothesis that the T2D 

exosomal miRNAs induce EMT and tumor progression.

Then, we performed Gene Set Enrichment Analysis (GSEA) on RNA seq data from DU145 

cells or PC3 cells treated with the top three T2D exosomal miRNAs and observed that 

the EMT hallmark signature was enriched in the differentially expressed genes across both 

cell lines (analyzed singly or jointly) (Fig. 6). We also noted enrichment of gene sets 

associated with DNA damage, stress responses, metabolic reprogramming and angiogenesis, 

consistent with our previous report on the transcriptional signatures induced by T2D plasma 

exosomes in human breast cancer cell models [49]. Matrices to test the correlation between 

the signature induced by the limited miRNA show that immune exhaustion signatures were 

not as strongly correlated in these cell lines as the EMT gene sets (data not shown). These 

results suggest that the three miRNAs both up-regulate a similar set of genes in prostate 

cancer cell lines that have elsewhere been observed to be upregulated during EMT, and 
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reflect similar EMT miRNA signatures in processes of tumor progression that are observed 

in TCGA clinical samples.

4. Discussion

Prostate cancer exhibits significant genomic and histologic heterogeneity that complicates 

prognostic assessment and clinical decision making. Disease can be indolent and localized, 

oligoclonal with non-overlapping mutational profiles among nearby clones [72], or 

aggressive with rapid progression and metastatic dissemination of a lethal clone [73]. A 

large subgroup of cases appears to be indolent at the early stage; thus, it is important to 

resolve the indolent cases from aggressive cases that demand immediate treatment. Although 

serum level of Prostate Specific Antigen (PSA) has proven utility in combination with 

digital rectal examination for diagnostic screening [74,75], PSA accuracy is suboptimal to 

understand cancer risks [76,77]. Additional, non-invasive biomarkers have been explored 

for diagnostic, prognostic and therapeutic utility, including most recently circulating tumor 

DNA [31] and miRNAs [32]. In particular, miRNA has gained attention because, unlike 

other biomarkers, these factors may be functional in prostate cancer [33], and upon delivery 

to target tissues, are capable of reprogramming cell metabolism, gene expression and cell 

fate to redirect the course of progression, metastasis and therapeutic responses. Deeper 

understanding of miRNA mechanism and gene targets may suggest novel therapeutics or 

prognostic biomarkers [34] to understand progression risks.

Here, we took a new approach of exploring plasma exosomes for functional biomarkers 

that could prove useful for patients with prostate cancer. This report is the first to describe 

how plasma exosomes from subjects with Type 2 diabetes (i) drive pro-EMT transcriptional 

shifts and (ii) elevate immune checkpoint expression in human prostate cancer models. 

Surprisingly, we also found that plasma exosomes from ND controls showed activity to 

downregulate certain classical, pro-EMT genes, such as SNAI1, and to upregulate certain 

classical anti-EMT genes, such as CDH1, in prostate cancer cell lines (Fig. 1C). This 

observation suggests that ND status may encode chemopreventive factors that are packaged 

into plasma exosomes that circulate and may protect against prostate cancer progression.

Our initial approach to use differential proteomics analysis of the exosomes to 

identify peptides with significantly different abundance between T2D and ND exosomes 

recapitulated our previous approach, where we used proteomic analyses of exosomes 

purified from conditioned media of insulin-resistant vs. insulin-sensitive mature adipocytes 

[49]. However, peptide differences between the two types of plasma exosomes were not 

significant to warrant deeper investigation. We turned instead to analysis of miRNAs to 

identify potential differences. Here, we found that commercial array kits were adequate to 

reveal strikingly different miRNA profiles.

To investigate this model, we compared the RNA seq data of DU145 cells treated with 

plasma exosomes from T2D and ND subjects. We found that the T2D exosomes upregulated 

a subset of genes that play critical roles in both EMT and immune exhaustion (Table S2). In 

order to illustrate the pathway, genes and their fold change values were imported to IPA. By 

using the path explorer feature of the software, the connections among upregulated genes, 

Jafari et al. Page 14

Adv Cancer Biol Metastasis. Author manuscript; available in PMC 2023 January 12.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



EMT genes and immune exhaustion genes were revealed (Fig. 5A). IPA output revealed that 

miR103 and SOX2-OT stimulate CAV1 and VIM respectively. Downstream in the pathway, 

BRD4 acts as the critical node, and activates SNAI1 and CD274, which subsequently drive 

EMT and immune checkpoint expression. Other studies have proven that miR-103 promotes 

metastasis of colorectal cancer by targeting the metastasis suppressors DAPK and KLF4 

[78]. Moreover, it has been reported that tumor derived miR-103 enhances cellular motility, 

invasion and EMT in esophageal squamous cell carcinoma [79] and oral squamous cell 

carcinoma [80]. In addition to miR-103, SOX2-OT was significantly upregulated in DU145 

cells treated with T2D plasma exosomes. Published studies report that SOX2-OT facilitates 

proliferation and migration [81], invasion and metastasis of prostate cancer cells [82]. Taken 

together, these data suggest a new signaling map to link the pro-EMT effect of T2D plasma 

exosomes with PD-L1 expression through BRD4 (Fig 7).

Principal Components Analysis (Fig. S10A) suggests that most nondiabetic patients share 

similar exosomal payloads and signaling to prostate cancer target cells, but patients with 

T2D may differ from each other, each exacerbating risk of progression in their own way. 

We suspect that individual-level differences among prostate cancer patients (with respect to 

their personalized profile of mutations, for example), and other differences in T2D status 

(duration of T2D since onset, degree of glucose control, patient age and other factors like 

metabolic medications), are likely critical contributors to personalized risk of prostate cancer 

progression. The deduced EMT signature of individual T2D patients likely also depends on 

the choice of prostate cancer cell line for the exosome readout. Sorting out these systemic 

differences to identify the most important factors will require a large clinical trial.

PD-L1 targeting is a major treatment strategy for several current cancer clinical trials of 

checkpoint inhibitors. The PD-L1 findings may have clinical relevance related to utility 

of checkpoint inhibitors for treatment of advanced prostate cancer. Although checkpoint 

inhibitors have demonstrated significant efficacy in other advanced malignancies, the 

outcomes in advanced prostate cancer have been disappointing. Randomized phase III 

studies have failed to demonstrate an overall survival benefit in advanced prostate cancer 

[83,84]. These studies, as well as several smaller studies with PD-1/PD-L1 inhibitors, did 

demonstrate clinical benefit in a small percentage of patients, yet there is ongoing need 

to identify markers to predict response or resistance. As we show here, T2D may work 

through plasma exosome crosstalk to increase the plasticity of prostate cancer primary cells 

and induce immune exhaustion markers important for microenvironment interactions with 

tumor-infiltrating T cells. The consequences of this crosstalk for therapeutic agents, such 

as atezolizumab, are unknown and stratification by metabolic status in clinical trials using 

PD1/PD-L1 inhibitors may provide further insights.

We were also able to project TCGA data for human primary and metastatic prostate cancer 

onto genome wide EMT genesets of the human prostate cancer models DU145 and PC3, 

treated with the top three miRNAs that are upregulated in T2D plasma exosomes. We found 

good concordance between our induced EMT gene sets and the clinical datasets [85]. Our 

hypothesis is supported: a limited set of T2D exosomal miRNAs are clinically important for 

prostate cancer progression and EMT. The ‘PC3 up’ and ‘DU145 up’ gene sets are similar to 

other established EMT gene sets. Validation of the functional importance of these miRNAs 
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in TCGA databases for prostate cancer clinical samples confirms that our conclusions have 

real world importance for prostate cancer prognosis and outcomes, and are not restricted 

to in vitro or ex vivo model systems. Overall, we are able to make two major conclusions: 

1. Specific plasma exosomal miRNAs could be useful as non-invasive, clinical biomarkers, 

when viewed through the lens of EMT; and 2. Specific exosomal miRNAs (miR-374, 

miR-93, Let-7b) promote tumor aggressiveness in prostate cancer cell lines, when viewed 

through the lens of EMT.

Considered together, our findings show that T2D plasma exosomes induce prominent 

EMT signatures and immune checkpoint markers in prostate cancer cell models. Social 

determinants, including the built environment, contribute to obesity, metabolic syndrome 

and T2D, which are known to associate with worse prostate cancer outcomes. Specifically, 

we have shown that poorly controlled blood glucose strongly stratifies risk of progression 

to resistance to the anti-androgen therapies abiraterone and enzalutamide [26]. Our results 

identify plasma exosomal microRNAs that are differentially expressed in blood of adults 

with T2D compared to non-diabetic adults, which are functional in cellular assays and 

drive prostate cancer aggressiveness. These features are highly correlated with progression 

signatures in human clinical samples. We suggest that our approach has value to identify 

novel blood-based biomarkers that may link obesogenic/diabetogenic built environments 

with biochemical progression of prostate cancer. Longitudinal monitoring of plasma 

exosome payloads in prostate cancer patients who are being treated with ADT may reveal 

important shifts in miRNA profile that could inform clinical decision making about altered 

risk for progression. Our study is the first report to unravel the oncogenic function of T2D 

plasma exosomes that could drive metastatic progression and treatment failure in castration-

resistant prostate cancer in people with comorbid metabolic disease.
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Fig. 1. 
Human plasma exosomes from T2D subjects induce EMT genes in prostate cancer cell lines. 

The DU145 human prostate cancer cell line was treated with either ND or T2D plasma 

exosomes (109) for 2 days. (A) Plasma exosomes from four, independent T2D subjects 

(▴) increased SNAI1 mRNA expression after normalizing to ACTB of the respective 

sample and compared to the control cells that were treated with growth media exosomes. 

(●). Exosomes from four, independent ND subjects (∎) did not increase SNAI1 mRNA 

expression relative to ACTB control. TGF-β (TGFB, 5 ng/mL) was used as a positive 
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control (▾) for induction of pro-EMT gene transcription or repression of pro-MET gene 

transcription. (B) Plasma exosomes from T2D subjects did not induce CDH1 expression. 

ND plasma exosomes increased CDH1 mRNA expression. Data in A and B were obtained 

from four biological replicates of ND and T2D, and each biological replicate was conducted 

in three technical replicates, that are averaged in the graph. Data were analyzed by two-way 

ANOVA with statistical significance presented as: *, P = 0.0244; and ****, P < 0.0001; 

ns, not significant. (C) Expression of selected EMT genes were analyzed by commercial 

PCR array from Qiagen. Relative expression of significantly differentially expressed genes 

in three independent, T2D exosome-treated samples was compared to three independent, ND 

exosome-treated samples. Equal numbers of exosomes (109) from each sample were used. 

The heatmap of the PCR array result was calculated by hierarchical clustering. Scale bar 

(right) shows fold change, with red color to identify upregulation and blue color to identify 

downregulation. (ND, non-diabetic; T2D, Type 2 diabetic; TGFB, TGF-β positive control). 

(For interpretation of the references to color in this figure legend, the reader is referred to the 

Web version of this article.)
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Fig. 2. 
Plasma exosomes from T2D subjects induce major features of tumor cell aggressive 

behavior. (A) Ingenuity pathway analysis (IPA) of disease and function based on Fig. 

1C. IPA prediction shows that plasma exosomes from independent T2D subjects strongly 

induced tumor cell signatures associated with cancer aggressiveness compared to plasma 

exosomes from independent ND subjects. (B) Morphology of DU145 cells treated with 

equal number of plasma exosomes ND and T2D (109) compared to the control cells treated 

with growth media (RPMI-1640 + 10% FBS) exosomes. One representative field of view 

is shown, out of 25 images collected for each of the three experimental conditions with 

three replicates. Scale bar, 20 μm. (C) Quantification of cell morphology, including cellular 

perimeter, circularity and elongation (a parameter that is converse to circularity) measured 

in images from B. Expression in each experimental was compared to control (n = 25 cells 

each from N = 3 independent experiments). Data were analyzed by one-way ANOVA, with 

statistical significance presented as: ****, p < 0.0001. (ND, non-diabetic; T2D, Type 2 

diabetic; Control, media-only exosomes).
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Fig. 3. 
T2D plasma exosomes upregulate genes that encode immune checkpoint ligands in prostate 

cancer cells. Plasma exosomes from T2D subjects (▴) upregulated CD274 (A) and CD155 
(B) mRNA expression in DU145 cells after 2 days, compared to ND control (∎). Treatment 

with IFN-γ (5 ng/mL) was the positive control for CD274 induction (▾), as we previously 

published [53]. Treatment with growth media exosomes was the negative control (●). 

Data in A and B were obtained from two biological replicates of ND and T2D, and each 

biological replicate was conducted in three technical replicates. Data were analyzed by 
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two-way ANOVA with statistical significance presented as: *, P μ 0.05; ns, not significant. 

(C) Hierarchical clustering of genes involved in inflammation and cancer immune crosstalk, 

analyzed by commercial PCR array. DU145 cells were treated with plasma exosomes from 

three T2D subjects or three ND subjects. Equal numbers of exosomes (109) from each 

sample were used. The heatmap of the PCR array result was calculated by hierarchical 

clustering. Scale bar (right) shows fold change, with red color to identify upregulation and 

blue color to identify downregulation. (ND, non-diabetic; T2D, Type 2 diabetic; Control, 

media-only exosomes; IFNgamma, interferon-γ). (For interpretation of the references to 

color in this figure legend, the reader is referred to the Web version of this article.)
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Fig. 4. 
T2D plasma exosomes have distinct miRNA profile compared to ND plasma exosomes. (A) 

Heatmap of differentially expressed miRNAs in plasma exosomes of two T2D subjects 

compared to plasma exosomes of ND subjects. Total RNA was isolated from plasma 

exosomes of T2D and ND subjects, and miRNAs were profiled by a commercial PCR array. 

DU145 cells were transfected with individual miRNAs from (A) (25 nM), selected based 

on their functional significance for EMT and immune exhaustion. The mRNA expression of 

SNAI1 (B), CD274 (C) and CDH1 (D) was tested and expression relative to β-actin (ACTB) 
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is shown. Scale bar (A, right) shows fold change, with red color to identify upregulation 

and blue color to identify downregulation. Data were analyzed by one-way ANOVA with 

statistical significance presented as: *, P < 0.05; ***, P < 0.001; ****, P < 0.0001; ns, 

not significant. (Control, media-only exosomes; TGFB, TGF-β positive control at 5 ng/mL 

for SNAI1 induction; IFNgamma, interferon-γ positive control at 5 ng/mL for CD274 
induction). (For interpretation of the references to color in this figure legend, the reader is 

referred to the Web version of this article.)
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Fig. 5. 
T2D plasma exosomes require BRD4 to upregulate EMT genes and PD-L1 expression. 

(A) Expression of SNAI1 and CD274 genes in DU145 cells measured by RT-PCR of 

cellular RNA after exosome treatment. T2D exosomes (109; T2D Exo) were compared to 

media-only control exosomes (Control), or T2D Exo + JQ1 or MZ1. (JQ1 is a pan-BET 

inhibitor (400 nM) and MZ-1 is a BRD4-selective degrader (50 nM)). (B) Expression 

of PD-L1 was measured by flow cytometry after treatments. One million events were 

analyzed by Flow-Jo and presented as overlaid histograms (control, red trace; experimental, 
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black trace). (C) Flow cytometry data of B were quantified with PD-L1 as percent of 

parent population. The experiment was conducted in triplicate with differences between 

means represented as bar graphs. Data were analyzed by two-way ANOVA with statistical 

significance presented as: ****, P < 0.0001 (TGFB, TGF-β positive control at 5 ng/mL 

for SNAI1 induction; IFNgamma, interferon-γ positive control at 5 ng/mL for CD274 
induction). (For interpretation of the references to color in this figure legend, the reader is 

referred to the Web version of this article.)
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Fig. 6. 
T2D exosomal miRNAs induce hallmark EMT signatures. Specific exosomal miRNAs 

(miR-374, miR-93, Let7b) promote tumor aggressiveness in prostate cancer cell lines, 

when considered as an EMT signature, shown by geneset enrichment analysis. (du_up, 

differentially expressed genes that showed increased expression in DU145 cells; pc3_up, 

differentially expressed genes that showed increased expression in PC-3 cells; all_up; 

the union of the DU145 and PC-3 datasets of upregulated genes; du_down, differentially 

expressed genes that showed decreased expression in DU145 cells; pc3_down, differentially 

expressed genes that showed decreased expression in PC-3 cells; all_down; the union of the 

DU145 and PC-3 datasets of downregulated genes; FDR, false discovery rate).
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Fig. 7. 
Model for T2D exosome delivery of miRNAs that reprogram transcription of tumor cell 

genes important for cancer aggressiveness. Circulating exosomes in plasma arrive at the 

tumor cell surface where they are internalized and release their cargo of miRNAs. These 

miRNAs are trafficked to the nucleus where they reprogram signal transduction pathways. 

In this case, miR-93-5p and miR374a-5p are shown signaling through BRD4, which is 

an essential transcriptional co-regulator of genes important for tumor cell aggressiveness, 

SNAI1, CDH1 and CD274.
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Table 1

Demographic information of blood donors.

ID Age Gender Ethnicity

ND #1 31 Male White

ND #2 39 Male White

ND #3 47 Male White

ND #4 22 Female South Asian

ND #5 23 Male Asian

T2D #1 56 Female African American

T2D #2 37 Female African American

T2D #3 53 Female African American

T2D #4 64 Female White

T2D #5 64 Female African American
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