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ABSTRACT 

Tumor Microenvironment Derived Exosomes Pleiotropically Modulate 
Cancer Cell Metabolism 

by 

Hongyun Zhao 

Exosomes are extracellular vesicles responsible for efficient cell-to-cell 

communications. We intended to investigate the role of tumor microenvironment 

(TME) derived exosomes in regulating cancer cell metabolism. We found that the 

isolated exosomes from cancer-associated fibroblasts (CAFs), a major cellular type 

in TME were uptaken by cancer cells efficiently. Viability assays proved that CAF

derived exosomes (CDEs) enhanced cancer cells viability in nutrient deprived 

medium to a large extent. In the followed metabolic tests, we found that CD Es 

downregulate mitochondrial function in both prostate and pancreatic cancer cells, 

which causes compensatory upregulation of glycolysis in these cells. We found that 

the possible mechanism of this metabolic regulation is through transfer of miRNAs 

by CDEs into the cancer cells. We showed that miRNAs contained in CDEs induced 

mitochondrial dysfunction. Considering that cancer cells in vivo reside in a nutrient

deprived microenvironment of nutrients deprivation and cancer cells' avid growth 

needs huge amounts of nutrients, we proposed that CDEs were able to supply 

nutrients such as lipids, TCA cycle metabolites and amino acids to cancer cells. To 

prove this, we cultured cancer cells in nutrients deprived medium which is deprived 

of glutamine, pyruvate, lysine, phenylalanine, and leucine. CDEs were added to the 



iv 

medium to prove that CDEs can maintain cancer cells growth in nutrient deprived 

conditions similar to complete medium. Surprisingly, the CDEs added to the 

nutrient-deprived medium endowed cancer cells ability to maintain growth similar 

to complete medium. The direct rationale to explain it is that CDEs transferred 

nutrients to and were being utilized by cancer cells. The high throughput 

metabolomics methods showed that CDEs contained lipids, TCA cycle metabolites, 

and amino acids. Our results convincingly demonstrate that not only do exosomes 

enhance the phenomenon of "Warburg effect" in tumors, but remarkably, contain de 

novo "off-the-shelf' metabolites within their cargo that can contribute to the entire 

compendia of central carbon metabolism within cancer cells. Disruption of this 

CDEs-induced metabolic adaptation in cancer cells might provide a novel 

therapeutic avenue for exploitation. 
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Chapter 1 

Introduction 

Exosome, with size of 30nm-100nm in diameter, was discovered in 1980s. As 

extracellular vesicles, its discovery was recognized as one of the most groundbreaking 

discoveries in cell biology in the past thirty years 1. Originated from endosomal 

compartment, exosomes contain characteristic contents such as proteins, mRNAs, 

miRNAs, transcription factors, lipids, amino acids, etc 2'3. A brunch of studies showed 

critical roles of exosomes in cell-to-cell communication, especially in the tumor 

microenvironment 4- 12• Cancer, one of the most lethal diseases in the world, seems to 

utilize as many opportunities as they can, to proliferate, tum healthy cells to cancerous 

ones, and move to normal organs, resulting in abnormal functions in the body. Exosome 

is an important tool for them to use or reprogramme the components in the tumor 

microenvironment. To obtain enough nutrients for their avid proliferation, cancer cells 

uptake exosomes from the tumor microenvironment; these exosomes help cancer cells to 

move to distant tissues in the body, avoid drug treatment in multiple mechanisms. 

1 



1.1. Exosome 

1.1.1. Extracellular vesicles 

Cell-to-cell communication depends on soluble factors or direct contact. Initially 

identified as non-functional debris, extracellular vesicles did not cause researchers' 

attention. Almost all cells have the ability to secrete extracellular vesicles, including 

mammalian cells, lower eukaryotes and prokaryotes. According to the size distribution, 

researchers define extracellular vesicles as apoptotic bodies (lµm-5µm), ectosome 

(lOOnm-lµm), exosome (30-lOOnm, sucrose density of l.13-l.19g/ml), and other 

vesicles 13- 17_ Different from others either in biogenesis or physical/chemical 

characteristics 18, exosome was first discovered by Johnstone et al in 1987 when they 

observed that sheep reticulocytes secreted exosomes to remove the transferrin receptor 

during mutation 19 . 

Compared to other vesicles, exosomes have more homogeneous shape and lower 

sucrose density. It is composed of enzymes, structural proteins, adhesion molecules, lipid 

rafts, and miRNAs, lncRNAs, etc (Figure 1.1) . With specific composition of proteins 

of being enriched, such as tumor susceptibility gene (TSG 101 ), heat shock proteins 

(Hsp70), and tetraspanins (CD63, CD81 and CD9) 20,21 , exosomes can be identified from 

other microvesicles or cell debris by western blotting or flow cytometry. 

Tons of studies on exosome in the cancer research implicate its high potential in 

cancer therapy. It can be used as (i) diagnostic markers 22- 25; (ii) a tool of drug delivery 

26--30; (iii) treatment monitor due to its recycling property 31 '32• Douglas D. Taylor et al, in 

2 



2008, found that EpCAM-positive exosomes isolated from sera of patients with ovarian 

cancer contained distinct expression levels of some miRNAs from that of patients with 

benign tumor 22, which indicates that specific miRNAs may be efficient biomarker to 

distinct cancer from benign tumor. Exosomes can be engineered to contain specific tissue 

or cell type ligands to dock accurately 33; endogenous (overexpression of siRNAs in 

source cells) or exogenous loading (such as electroporation) of siRNAs or small 

molecules in exosomes can be used to treat disease individual 34,35 . Huilin Shao et al 

monitored protein typing of circulating microvesicles from glioblastoma mice to obtain 

the treatment efficacy in vivo 36• 

Lipid Rafts: cholesterol/ Flotil in 
PS/Pl/ PC/ PE 

Tsg 101 / Alix/Clathrin 

MVB formation Cytoskeleton molecules: actin/tubulin 
/cofillin 

Rabs 

Nucleic acid: mRNA/ microRNA 
,_ ~ 

Enzymes: peroxidases/ pyrvate kinases 
/ GAPDH ~ 

CD 

immunosuppressive 
molecules 

nte rins Hsp90/ HSC70 

Heat shock proteins/Chaperones 

Figure 1.1-The structure of exosome. 

Exosome is composed of lipid biolayer. It contains miRNAs, mRNAs; proteins such as 
MVBs formation protein, integrin, immunosuppressive proteins etc.; lipid drafts. 

3 
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1.1.2. Exosome biogenesis and secretion 

As most microvesicles are extruded to the extracellular space by simply outward 

budding of plasma membrane, exosomes are formed through a series of finely regulated 

process (i) invagination of the plasma membrane into endosomes, (ii) inward vesiculation, 

and (iii) released into the extracellular space 2'37 (Figure 1.2). 

Although exosome biogenesis and secretion mechanism is poorly understood, 

several proteins have been identified to play important roles in this process. The 

important membrane trafficking organizers, Rab family guanosine triphosphatases 

(GTPases) together with their regulators have been found to act importantly in exosome 

biogenesis and secretion. In HeLa cells, silencing either Rab27a or Rab27b decreased 

exosome secretion in different mechanisms: Rab 27a silencing increased the size of 

microvesicles, while Rab27b silencing resulted in MVEs redistributed toward the 

perinuclear region; after silencing two known Rab27 effectors, S1p4 (synaptotagmin-like 

4) and S1ac2b (exophilin 5), exosome secretion was inhibited 38. Rabll was found to 

induce exosome secretion in K562 cells, albeit the mechanism remains unclear 39. 

Inhibition ofRab35 in oligodendrocyte resulted in accumulation of endosomal vesicles in 

cells and impaired exosome secretion 40• Syndecan heparin sulphate proteoglycans and 

their cytoplasmic adaptor syntenin were found to control the formation of exosomes: 

syntenin interacts directly with ALIX through LYPX(n)L motifs (three motifs in the N

terminal domain of syntenin), and supports the intraluminal budding of endosomal 

membranes 41 . The microdomains that contain high concentrations of sphingolipids from 

which ceramides are formed were identified to be critical in exosome biogenesis: 



ceramide can induce the coalescence of small microdomains spontaneous negative 

curvature by creating anarea difference between the membrane leaflets 42 . 

Inhibitors to decrease exosome biogenesis and secretion were listed in Table 1.1. 

Exosome secretion 

Figure 1.2-Exosome biogenesis and secretion 

Exosome formation was originated from endosome and is finely tuned by cells. In this 
process, cellular proteins, RNAs, etc was incorporated into MVBs and then released to 
extracellular space. Other MV s formed through membrane budding and released as more 
heterogenous vesicles. 

Table 1.1-Inhibitors to decrease exosome bio enesis and secretion. 
Inhibitor Target Treatment 
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GW4869 A cell-permeable, potent, Oli-neu cells 4 ", liver 
specific, non-competitive nonparenchymal cells 
inhibitor ofN-SMase (LNPCs)43, HEK293 cells44, 

(neutral sphingomyelinase) colorectal cancer 45, breast 
that regulates packing of cancer 46 

cargoes into exosomes and 
inhibit ceramide 
biosynthesis 

Spiroepoxide A selective irreversible Liver nonparenchymal cells 
inhibitor of neutral (LNPCs )43, Prostate cancer 
sphingomyelinase 47 

Flotillin-1 siRNA, Flotillin- Inhibit ceramide Prostate cancer 47 

2 siRNA, biosynthesis 

manumycin-A Inhibitor ofN-SMase T cells 411 

1.1.3. Cells uptake exosomes through multiple pathways 

Exosome uptake by cells could be a very rapid process. After introduction, it could 

be uptaken and detected in recipient cells as early as 15 minutes 49. Several mechanisms 

have been identified for exosomes uptaken by recipient cells (Figure 1.3), and relevant 

inhibitors were summarized as Table 1.2. 

(I) Clathrin-mediated endocytosis 

6 

It is also called receptor-mediated endocytosis and is the best-studied mechanism by 

which cells uptake extracellular ligands or receptors. Ligands bind and activate the 

receptors on the cell membrane, following by diffusion through the cell membrane and 

then being captured by clathrin-coated pit. When the pit becomes mature, it will pinch off 

from the membrane to form intracellular vesicles, following by fusion with late 

endosome. 



(II) Caveolin-mediated endocytosis 

It is a source of clathrin-independent endocytosis that caveolin participates in the 

process. Caveolin is a 21kD protein, and has three homologous genes expressed in 

mammalian cells, named as Cavl, Cav2, and Cav3. Caveole is small flask-shape pits in 

the membrane, and is reported to be rich in fibroblasts, adipocytes, endothelial cells, type 

I pneumocytes, smooth muscle 50. 

(III) Lipid-rafts mediated endocytosis 

As highly ordered and tightly packed microdomains enriched in protein receptors 

and sphigolipids, lipid rafts play organizing roles in the assembly of signaling molecules 

51 • Several critical components have been identified in involving EVs uptake, such as 

cholesterol, flotillins, annexin II, annexin VI. It largely requires cholesterol 52; flotillins 

were found to bind to GPI-anchored proteins in the process of their internalization 53- 56; 

annexin II may help anchor EV s to lipid raft domains of the plasma membrane 57; 

annexin-VI may help the trafficking of EV s to the late endosomal compartment 57. 

(IV) Macropinocytosis 

7 

Macropinocytosis is another form of endocytosis, involving membrane ruffling that 

can be regulated 58. It is non-selective process of uptaking solute macromolecules. Points 

of regulation of macropinocytosis are: (i) initiation and formation of ruffles; (ii) closure 

of ruffles at their outermost margins to form vesicles; (iii) removal of F-actin from the 

macropinosome; (iv) interaction with other endocytic compartments; (v) disposal by 

recycling to the cell surface. Refer to the record of Andrei I. Ivanov, three major types of 
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pharmacological inhibitors have been used to disrupt macropinocytosis: (i) inhibitors of 

sodium-proton exchange. Amiloride and its derivatives EIPA, DMA; (ii) F-actin

depolymerizing drugs such as cytochalasin D (Cyto D) and latrunculins; (iii) inhibitors 

of phosphoinositide metabolism. 

(V) Phagocytosis 

Phagocytosis is the process by which a cell engulfs solid particles to form internal 

vesicle called phagosome. It is triggered by ligand binding to the receptors on cell surface, 

following by cluster formation of the receptors; solid particles are then uptaken into cells. 

Du feng et al. 49 found that phagocytic cells uptake exosomes mainly through 

phagocytosis while non-phagocytic cells hardly uptake exosomes through this process. 

Four critical components were explored to control the efficiency of exosome uptake 

through phagocytosis: (i) Actin polymerization. The polymerization of actin cytoskeleton 

is required for phagosome formation. Cyto D or latrunculin B (Lat B) are inhibitors of 

actin polymerization. Du Feng et al found that exosome internalization was significantly 

restricted in a dose-dependent manner following treatment with Cyto D or Lat B. (ii) 

PI3K. Researchers believed that PI3K might play important roles in facilitating 

membrane insertion to form phagosome. Two potent PI3K inhibitors, wortmannin and 

LY294002 both inhibited exosome uptake efficiently in Du Feng and his collegues' 

research. (iii) Dynamin. In contrast to what showed in dynamin-negative cells, exosomes 

were efficiently uptaken by dynamin-positive cells. (iv) TIM. TIM-4 antibody coculture 

reduced exosomes uptake by phagocytosis. 

(VI) Membrane fusion 



Although a bunch of studies support that exosomes are uptaken by vanous 

endocytosis pathways, membrane fusion cannot be ruled out. When exosomes come close 

to cell membranes, fusion of the two lipid bilayers begin to occur in an aqueous 

environment. The outer-leaflets in the two lipid layers come into direct contact, resulting 

in formation of a hemi-fusion stalk that expands to produce the hemi-fusion diaphragm 

bilayer from which a fusion pore opens. Once a consistent structure is created, the fusion 

process becomes easier. Several protein families such as Rab proteins, SNARESs 

participate in this process. 

Extracellular 

Phagocytosis Caveolae mediated 
endocytosis 

Solid particl,;, Macropinocytosis 

• Ruffling .... 
!~ F>"'"A-c-tin-Jl [! 

0 §2~ 

Caveolae 

Caveolin 

Ligand 
Receptor 

' 0 
Caveosome 

Early Phagosome l' 6 ev<2~~-
Late P.hagosome l 

Clathrin mediated 
endocytosis 

Clathrin-ooated : c \ 
vesicle (CCV} \ . 1 

'
1 

1·---" 

~ . ~ 
Phago/ysosome intracellular 

Clathrin and caveolae 
independent 
endocytosis 

• 

Lipid ra 

Figure 1.3 - Exosomes can be uptaken by multiple pathways 59• 

Clathrin mediated endocytosis is the most studied way for exosomes to be uptaken. Other 
pathways are also involved in the process, such as caveolin-mediated endocytosis, 
membrane fusion, phagocytosis, macropinocytosis, lipid rafts mediated endocytosis, etc. 

9 
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T bl 12 C d h . I d "d a e - ompoun s, c em1ca s an pept1 es use d . h"b" EV tom 1 1t k 60 upta e 
Pathways Inhibitor Target Treatment 
blocked 

Endocytosis Heparin Heparansulphate Glioblastomamultiforme 
proteoglycans . 11 61 pnmary tumour ce s ; 

SW-780 bladder cancer 
cells 62 

Endocytosis a- Heparansulphate Glioblastomamultiforme 
difluoromethylomith proteoglycans primary tumour cells61 

ine (DMFO) 

Endocytosis Asialofetuin Galectin-5 Macrophagest,5 

Endocytosis Human receptor CD91 Dendritic cells!J'I 
associated protein 
(RAP) 

Endocytosis RGD (Arg-Gly-Asp) Fibronectin Macrophages 65, 

peptide Dendritic cells 66 

Endocytosis Ethylenediaminetetr Calcium Macrophages t,_;, 
a acetic acid (EDT A) Dendritic cells 66•67 

Endocytosis Cytochalasin D Actin Human macrophages t,:,, 
SKOV-3 ovarian cancer 
cells 68, RA W-264. 7 
macrophao/(es 69, 

Micro~lia O, Dendritic 
cells 6 •67 Bone marrow 

' derived dendritic cells 71, 

human A549 alveolar 
epithelial cells 72, Human 
umbilical cord 
endothelial cells 73, HeLa 
cells 73 

Endocytosis Cytochalasin B Actin Macrophages t,_; 

Endocytosis Latrunculin A Actin Human umbilical cord 
endothelial cells 73, 

HeLacells 73 
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Endocytosis Latrunculin B Actin RAW-264.7 
macrophages 69 

Clathrin- and NSC23766 Dynamin Microglia iu 

caveolin-
dependent 

endocytosis 

Clathrin- and Dynasore Dynamin-2 Macropha9est,5 , 

Microglia 0 

caveolin-
dependent 

endocytosis 

Clathrin- and Chlorpromazine Dopamine receptors, SKOV-3 ovarian cancer 
serotonin receptors, cells 68, RA W-264. 7 

caveolin- histamine receptors, a 1- macrophages 69 

dependent and a2-adrenergic 

endocytosis 
receptors and M 1 and 
M2 muscarinic 
acetylcholine receptors 

Macropinocytosis 5-(N-Ethyl-N- Sodium/proton SKOV-3 ovarian cancer 
isopropyl)amiloride exchanger cells 68, RA W-264. 7 
(EIPA) macrophages 69 

Macropinocytosis Amiloride Sodium/proton Microglia tu 

exchanger 

Macropinocytosis Bafilomycin A H (+)-ATPase activity Microglia1u 

Monensin and (increase pH) 
Chloroquine 
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Phagocytosis and Annexin-V Phosphatidylserine Microglia1u,o", Ovarian 
macropinocytosis cancer patient ascites-

derived EVs 74, Neuro-
2Amouse 
neuroblastoma cells 62 

Phagocytosis Wortmannin Phosphoinositide 3- RAW-264.7 
kinases (PI3Ks) macrophages 69 

Phagocytosis LY294002 Phosphoinositide 3- RAW-264.7 
kinases (PI3Ks) macrophages 69 

Lipid raft Methyl-b- Cholesterol SKOV-3 ovarian cancer 
mediated cyclodextrin cells 68, RA W-264. 7 

(MbCD) macrophages 69, BT-549 
endocytosis breast cancer cells 57, 

Human umbilical cord 
endothelial cells 73, U87-
MG glioblastoma cells 73 

Lipid raft Filipin Cholesterol Bone marrow derived 
mediated dendritic cells 71, 

Melanoma cells 75, 

endocytosis Human umbilical cord 
endothelial cells 73 

Lipid raft Simvastatin Cholesterol Human umbilical cord 
mediated endothelial cells 73 

endocytosis 

Lipid raft Fumonisin B 1 and Glycosphingolipid Pre-treatment of EV-
mediated N- producing Jurkat cells 69, 

butyldeoxynojirimyc HEK-293T kidney cells 
endocytosis in hydrochloride 

69 
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Lipid raft U0126 ERK.1/2 Human umbilical cord 
mediated endothelial cells 73, HeLa 

cells 73, Mouse 
endocytosis embryonic fibroblasts 73 

Membrane fusion Proton pump Sodium reabsorption Melanoma cells 1' 

inhibitor ( decrease pH) 
(AstraZeneca) 

1.1.4. Exosome in the tumor microenvironment 

Lara Milane et al, in 2015, introduced the discovery of exosomes as one of the most 

groundbreaking discoveries in cell biology in the past thirty years 1. Both in vitro and in 

vivo studies showed that cancer cells increased rate of exosomes secretion compared to 

healthy cells 76•77. Andrew Riches et al reported that in a 24 hr period, the normal cell line 

secreted exosomes of (4.5±2.3) x 108 per 106 cells while the cancer cell line secreted 

exosomes of (53.2±1.6) x 108 per 106 cells 76• In addition to the difference on secretion 

rate, cancer cells secrete exosomes with special contents such as miRNAs that are related 

to the RISC loading complex. RISC loading complex play an essential role in processing 

of pre-miRNA to mature miRNA 78. These special contents help us identify exosomes 

(Table 1.3). Exosomes were found to act in the following aspects. 

Exosomes enhance drug resistance in cancer cells. Exosomes secreted from drug 

resistant cancer cells may carry out high concentration of the treatment drug 79•80 • Cancer 

cells can induce stromal cells to secrete special exosomes to activate drug resistance 



pathway in cancer cell itself 79•80• The exosome-mediated transfer of miRNA from drug 

resistant cells to drug sensitive cells, leading to a drug resistant phenotype 81 . 

Exosomes confer stronger metastatic capability to cancer cells. Exosomes help 

digest extracellular matrix 82. Exosomes recruit to the invadopodia of the plasma 

membrane. Invadopodia are actin-rich protrusions of cancer cells that initiate invasion 

through degradation of the extracellular matrix. Invasion is the first step of metastasis. 

Exosomes transfer metastatic potential to non metastatic cells 83 .Exosomes transfer 

miRNAs that can confer metastasis to other cells 84. 

Table 1.3-Exosome biomarkers 1. 

Bio marker Type Source Analysis Disease 

PDCD6IP, FASN, XPOl and ENOl Protein Cells LC-MS/MS Prostate 85 

PCA-3, TMPRSS2:ERG mRNA Urine RT-PCR Prostate 80 

MiR-141, MiR-375 mRNA Serum RT-PCR Prostate 81 
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EGFR, EGFRvIII, TGF-~ Protein Serum SDS-PAGE Glioblastoma 1111 

EGFRvIII mRNA Serum RT-PCR Glioblastoma 8':J 

EGFR, EGFRvIII, PDPN, IDHl Protein Blood µ-NMR, Glioblastoma Jo 

R132H ELISA 

MiR-21 MicroRNA CSF RT-PCR Glioblastoma Yu 

MiR-21 MicroRNA Blood RT-PCR ESCC ':Jl 

MiR-155, MiR-210, MiR-21 MicroRNA Serum RT-PCR Lymphoma ':JL 

MiR-21, MiR-141, MiR-200a, MiR- MicroRNA Serum Microarray Ovarian u 

200c, MiR-200b, MiR-203, MiR-205, 
MiR-214 

EpCAM,CD24 Protein Ascites nPLEX Ovarian y:; 

MiR-718 MicroRNA Serum Microarray HCC':)4 
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MiR-17-3p, MiR-21, MiR-106a, MiR- MicroRNA Plasma Microarray Lung y:, 

146, MiR-155, MiR-191, MiR-192, 
MiR-203, 

MiR-205, MiR-210, MiR-212, MiR-
214 

EpCAM Protein Plasma Magnetic Lung y:, 

cell sorting 

LRGl Protein Urine LC-MS/MS LunglJ0 

Apbblip, Daf2, Foxpl, Incenp, Aspn, mRNA Saliva Microarray Pancreatic lJt 

BC031781, Gng2 

NT5E/CD73 Protein Ascites MS/MS Pancreatic Yis 

NT5E/CD73 Protein Cells MS/MS CRCYY 

CD63, Caveolin-1 Protein Plasma Exotest(ELI Melanoma iuu 

SA) 

1.2. Cancer and cancer metabolism 

1.2.1. Cancer 

Cancer is a family of diseases of unregulated cell growth and/ or invasion into other 

parts of the body. The world's first recorded cancer case can be traced back to 2500 BC, 

when Imhotep, an Egyptian physician reported it as "bulging mass in the breast". More 

than 2000 years later, the Greek physician Hippocrates first named this type of diseases 

as "crab" based on its appearance of a mass of cancerous cells. The "crab" in Greek was 

later translated to "cancer" in Latin word. 

In general, cancer types are named for the organs or tissues where they form. There 

are more than 100 types of cancer in record. Prostate cancer is a disease occurred in men, 



and is estimated to have 180, 890 new cases in 2016. Over the past 25 years, the 5-year 

relative survival rate for all stages combined in prostate cancer has increased from 68% to 

99%. And 53,070 new cases of pancreatic cancer are estimated to occur in the US in 

2016.The 1- and 5-year relative survival rates for all stages combined in pancreatic 

cancer are 29% and 7%, respectively. Acute myeloid leukemia (AML) is generally a 

disease of older people and is uncommon before the age of 45. There are about 19,950 

new cases of acute myeloid leukemia (AML) in 2016. The above statistics come from the 

recordings of American Cancer Society. 
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Before the 15th century when it was not acceptable for doctors to dissect body to 

explore the causes of death, they could hardly conclude the causes of cancer or suggested 

diverse therapeutic methods. Later, doctors were able to conclude some reasons for 

cancer. Wilhelm Fabry believed that breast cancer was caused by a milk clot in a 

mammary duct. Francois de la Boe Sylvius, a follower of Descartes, believed that that 

acidic lymph fluid was the cause of cancer that was the outcome of chemical processes. 

His contemporary Nicolaes Tulp believed that cancer was a poison that slowly spreads 

and it was contagious. In the 18th century, the widespread use of microscope allowed 

researchers to be able to observe the spreading behavior of cancer cells from one part of 

the body to other parts, which is called metastasis. 

With the unprecedented technical revolution in biology, researchers are able to 

detect multiple aspects of cancer. Douglas Hanahan and Robert A. Weinberg highlighted 

common traits of cancer on cellular level in 2000 and 2011 101•102, and reduced the 

complexity of cancer to ten hallmarks, that is, (1) sustaining proliferative signaling; (2) 

evading growth suppressors; (3) avoiding immune destruction; (4) enabling replicative 



immortality; (5) tumor-promotion inflammation; (6) activating invasion & metastasis; (7) 

inducing angiogenesis; (8) genome instability & mutation; (9) resisting cell death; (10) 

deregulating cellular energetics. The ten hallmarks are tightly connected. For instance, 

activating point mutations of Kras, found in human PDAC, leads to persistent stimulation 

of signaling pathways that drive multiple hallmarks of cancer, such as sustaining 

proliferation, avoiding immune destruction, resisting cell death, deregulating cellular 

energetics and so on. 

Although cancer can be simplified by the ten hallmarks, it is still of many 

difficulties to cure. In an article on Dec 1, 2015, Mark Wanner answered why cancer was 

so difficult to cure. He summarized it in three points (i) Heterogeneity (ii) Evolution (iii) 

Structural variation. Heterogeneity means the differences existed between the individual 

cells even within the same tumor, which implicates that any single targeted treatment is 

highly impossible to kill all cancer cells. Cancer cells ' rapid growth and division endure 

damage to their DNA, resulting in a very rapid evolution process, which makes it harder 

to hit such a highly moving target. Structural variants are changes of stretches of DNA, 

such as duplications, deletions, insertions and so forth, which result in deletion of tumor 

suppressor genes in some case, or lead to rise of oncogenes. 

Taken together, cancer is a diverse disease that needs a host of efforts to study and 

complex therapeutic strategy to cure. 

1.2.2. Cancer metabolism 

In the 1920s, Otto Warburg proposed the typical metabolic profile of cancer that 

utilizes glycolysis as the main path to produce energy even in the presence of oxygen, 
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which is termed "the Warburg effect". Warburg proposed that the change in metabolism 

is a fundamental cause of cancer. Glycolysis is an oxygen independent metabolic 

pathway that cells uptake glucose and produce pyruvate in the cytosol (Figure 1.4). One 

molecule of glucose produces two molecules of ATP and two molecules of NADH 

(Table 1.4). 

Another arm of metabolism occurring in mitochondria is TCA cycle in which 

NADH, F ADH2 and multiple-carbon metabolites are produced (Figure 1.4 ). In 

mitochondria, there is a highly efficient energy-producing way is termed oxidative 

phosphorylation carried out by a series of protein complexes where electrons are 

transferred from electron donors (NADH and FADH2) to electron acceptors (oxygen) in 

redox reactions and release energy to form ATP (Table 1.5). Glucose and glutamine are 

main sources of TCA cycle. Under hypoxic conditions, glutamine can go through 

reductive carboxylation for lipogenesis (Figure 1.4). 

In 2009, Vander Heiden et al explained why cancer chose a less efficient metabolic 

way to produce energy and summarized the following two points: (i) inefficient ATP 

production is a problem only when resources are scarce, which is not the case for 

proliferating mammalian cells since they are exposed to a continual supply of glucose 

and other nutrients in circulating blood. Experiments showed that proliferating Cells are 

able to maintain high ratio of ATP/ADP and NADH/NAD+ by aerobic glycolysis. (ii) 

For proliferating cells, there are more important metabolic needs beyond ATP. Besides 

ATP, cells growth needs building blocks such as amino acids, nucleotides, lipids. Thus, 

they concluded that it was clear that converting all of the glucose to CO2 via OXPHOS to 

maximize ATP production countered the needs of a proliferating cell and some glucose 
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must be diverted to macromolecular precursors such as acetyl-CoA for fatty acids, 

glycolytic intermediates for nonessential amino acids, and ribose for nucleotides. 

Besides that cancer cells need large amounts of nutrition and energy to support their 

avid proliferating potential, researchers found another function of altered metabolism in 
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cancer, that is, the avoidance of apoptosis. In 2007, Colell et al found glyceraldehyde-3-

phosphate dehydrogenase (GAPDH, an enzyme in glycolysis) mediated protection of 

cells from death due to stimulating glycolysis, enhancing cellular ATP levels and 

increasing autophagy. 

Glucose 

Glycolysis fatty acids ~ 
y t Lipolysis Lipogenesis 

PEP fatty acyl-CoA 

.i .i 
lactate ++ pyruvate ----+ acetyl-CoA ----+ Malonyl CoA 

en7 enous AAs ,/ ~ t 
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Figure 1.4- Summary of metabolic pathways 103• 

Cancer cells utilize glucose, glutamine and other sources to supply carbon, nitrogen, ATP 
etc. to satisfy the needs to proliferate, invade and so forth. Proteins can be uptaken into 
cells and degraded into amino acids, further replenishing nitrogen pool and carbon 
sources. 



Ta bl f l l h e 1.4- Summary o glyeolvtic pat way steps. 
Step Reaction Enzyme Number of Number of 

NADH/FADH2 ATP 
produced produced(+) 

or used(-) 
1 Glucose-? Glucose-6- Hexokinase -1 

Phosphate 

2 Glucose-6-Phosphate-? Phosphoglucose 
Fructose-6-Phosphate isomerase (PGI) 

3 Fructose-6-Phosphate-? phosphofructokinase -1 
Fructose-1, 6-Biphosphate (PFK-1) 

4 Fructose-1, 6-Biphosphate""? fructose-
Dihydroxyacetone phosphate bisphosphate 
+ Glyceraldehyde-3-phosphate aldolase (ALDO) 

5 Dihydroxyacetone phosphate triosephosphate 
"7 Glyceraldehyde-3- isomerase (TPI} 
phosphate 

6 Glyceraldehyde-3- glyceraldehyde 2(used twice) 6 
phosphate-? 1,3- phosphate 
Bisphosphoglycerate dehydrogenase 

(GAPDH) 

7 1,3-Bisphosphoglycerate "7 3- phosphoglycerate 1 
Phosphoglycerate kinase (PGK) 

8 3-Phosphoglycerate "7 2- phosphoglycerate 
Phosphoglycerate mutase (PGM) 

9 2-Phosphoglycerate "7 enolase (ENO) 
Phosphoenolpyruvate 

10 Phosphoenolpyruvate "7 pyruvate kinase (PK) 1 

Pyruvate 
Total 2 6 

Note: Assume that 1 molecule of NADH can be used to produce 3 molecules of ATP; 1 molecule 

of FADH2 can be used to produce 2 molecule of ATP. NADH gives up its electron to Complex I. 

When Complex I transfers the electron to Complex Ill, energy is given off to pump protons 

across the membrane, creating a gradient. The electron moves further to Complex IV and again 

pumps more electrons across the membrane. Because NADH started with Complex I, it had 

more chances to pumps more protons across the gradient, which powers the ATP synthase and 

gives us 3 ATP per molecule of NADH. FADH2 produces 2 ATP during the ETC because it gives up 

its electron to Complex II, bypassing Complex I, so fewer protons have been pumped by the time 

it gets to Complex IV. Protons still have been pumped, enough to fuel 2 ATP created by ATP 

synthase. 

T bl 15 S a e - ummaryo fTCA eye e. 
Step Reaction Enzyme Number of Number of ATP 

NADH/FADH2 produced(+) or 
produced used(-) 
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1 pyruvate7Acetyl CoA Pyruvate 2 6 
dehydrogenase 
(PDH) 

2 Oxaloacetate + Citrate 
Acetyl CoA7 synthase 
Citrate 

3 Citrate7cis-Aconitate Aconitase 
4 cis-Aconitate7 Aconitase 

lsocitrate 

5 lsocitrate7Qxalosuccinate lsocitrate 2 6 
dehydrogenase 

6 Oxalosucci nate "7 lsocitrate 
a-Ketoglutarate dehydrogenase 

7 a- a- 2 6 
Ketogluta rate7Succi nyl- Ketoglutarate 
CoA dehydrogenase 

8 Succinyl-CoA7Succinate Succinyl-CoA 2 
synthetase 

9 Succinate7Fumarate Succinate 2 4 
dehydrogenase 

10 Fumarate7 Fumarase 
Malate 

11 Malate7 Malate 2 6 
Oxaloacetate dehydrogenase 

2 Oxaloacetate + Citrate 
Acetyl CoA7Citrate synthase 

Total 6NADH, 30 
2FADH2 

Note that 1 molecule of glucose will produce 2 molecules of pyruvate (equal to 2 molecules of 
Acetyl COA). Calculation is done according to the metabolism of starting from 1 molecule of 
glucose. 

1.3. Tumor microenvironment 

Attention needs to be paid on that cancer is a tissue-level disease so that tumor 

microenvironment has to be emphasized to an important extent in the field. In 1889, 

Stephen Paget put forward "seed and soil" theory to describe the relations between cancer 

and its microenvironment. Tumor microenvironment, the cellular environment where the 

tumor exists, is composed of surrounding blood vessels, immune cells, fibroblasts, 
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inflammatory cells, cytokines, growth factors and the extracellular matrix (ECM), etc 

(Figure 1.5). 

Fibroblast is important cellular component in the microenvironment. It synthesizes 

extracellular matrix and plays an important role in wound healing. Once activated 

through the interactions with cancer cells, it is called cancer-associated fibroblasts 

(CAFs). The communications between CAFs and cancer cells may occur directly or 

indirectly through physical contact, or miRNAs, cytokines, growth factors, microvesicles 

and others. Accumulating evidence suggests that cancer cells recruit CAFs to increase 

tumorigenesis 104-106. Previous reports indicate that CAFs (a) secrete stromal cell-derived 

factor 1 (SDF-1) promote tumor growth and angiogenesis 107, (b) secrete CXCL-12 to 

induce epithelial to mesenchymal transition 108, (c) secrete high levels of FGF-2 which 

initiated signaling cascade reducing ability of malignant cells to respond to virus 109, (d) 

secrete hepatocyte growth factor which increases invasion in cancer cells no, and (e) play 

an important role in drug resistance of tumor cells lll-113. 

After realizing that cancer is not a solo performance, researchers started to try 

targeting tumor microenvironment in cancer therapy. One advantage to target tumor 

microenvironment is its relatively stable genetic characteristic compared to extremely 

unstable genetic situation in cancer. Besides, different cancer may have similar tumor 

microenvironment, which may contribute to general therapeutic strategy. 
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Figure 1.5- Interactions between cancer and tumor microenvironment. 

Cancer cells develop from one cell and can invade into distant body tissue. In the process, 
cancer cells can modulate fibroblasts to become CAFs. CAFs secrete different levels or 
types of cytokines, growth factors etc. to support cancer cells. 
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Chapter 2 

Tumor microenvironment derived 
exosomes modulate cancer cell 

metabolism 

Cancer-associated fibroblasts (CAFs) are a major cellular component of the tumor 

microenvironment (TME) in most solid cancers. While the recruitment and activation of 

CAFs within the TME via paracrine signaling from cancer cells is well established, the 

functional basis for the reverse interactions has been less well studied. Altered cellular 

metabolism is a hallmark of cancer, and much of the published literature has focused on 

neoplastic cell-autonomous processes for these adaptations. Here, we demonstrate that 

exosomes secreted by patient-derived CAFs can strikingly reprogram the metabolic 

machinery following their uptake by cancer cells. Specifically, we find that CAP-derived 

exosomes (CDEs) inhibit mitochondrial oxidative phosphorylation, thereby increasing 

glycolysis in cancer cells, consistent with a "Warburg-enhancing" effect. Our work 
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reveals a novel role for exosomes within the TME in regulating the metabolic adaptation 

observed in cancer cells, and uncovers the underlying mechanism of this regulation. 

2.1. CDEs are internalized by prostate cancer cells 

To illustrate that CAFs secrete exosomes, and that cancer cells internalize these 

exosomes, we first isolated exosomes from conditioned media obtained from patient

derived prostate CAFs. The particle size analysis of isolated exosomes showed particles 

with size distribution from 30 to 100 nm (Figure 2.1A), which is consistent with previous 

observations 114• Since exosomes are below the size range to allow direct detection by 

flow cytometry, we confirmed exosomes' expression of CD63, a surface antigen marker, 

through flow analysis of Dynabeads conjugated with anti-CD63 antibody (Figure 2.1B). 

To examine if CDEs are taken up by prostate cancer cells (PC3), we pre-labeled CDEs 

with PKH green dye and added them to PC3 cells for 3 hr and analyzed their 

internalization by cancer cells. As indicated by shift in the peaks, CDEs are indeed taken 

up by cancer cells (Figure 2.lC). Examination by fluorescence microscopy also 

confirmed the uptake of PKH red labeled exosomes by PC3 cells, evidenced through 

colocalization of red fluorescence and DAPI (Figure 2.1D). Furthermore, we estimated 

the saturable concentration of CDEs taken up by cancer cells (Figure 2.lE). The maximal 

uptake concentration for CDEs in PC3 cells was approximately 200 µg/ml and was 

consistent with previous studies 115. Hence, in subsequent experiments we used 200 

µg/ml of CD Es as the working concentration 115. 
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Figure 2.1-Exosomes secreted by CAF-derived from prostate cancer patients 
are internalized by prostate cancer cells. 

A. Size analysis of CDEs. Three samples of exosomes derived from prostate cancer 
patient CAFs were analyzed with the Zetaview instrument. The profiles indicate that the 
size distribution of CDEs is within the range of 30-100 nm. For CDEs isolation, 
conditioned medium was obtained from CAFs cultured with exosomes-depleted FBS. B. 
Flow analysis of CDEs bound to Dynabeads conjugated with anti-CD63 antibody (anti
CD63) or an irrelevant control antibody (anti-Rabbit IgG antibody, RblgG). The graph 
and table show that these microvesicles express CD63, an exosome surface antigen 
biomarker. C. Flow cytometry analysis shows uptake of CDEs by prostate cancer cells. 
Prostate cancer cells were incubated with PKH67-labeled CDEs for 3 hr. Freshly 
prepared exosomes were used in this and subsequent experiments. Exosome-depleted 
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serum was used for cell culture. D. Representative fluorescence image shows CDEs were 
uptaken by prostate cancer cells. Prostate cancer cells were incubated with PKH26-
labeled CDEs for 3 hr. Blue, cell nuclei; Red, PKH-Exo. E. Flow cytometry analysis 
shows saturable uptake curve of CDEs in prostate cancer cells. (n=4). 

2.2. CDEs downregulate mitochondrial function of prostate 

cancer cells 

Since CAFs have been shown to regulate cancer cell growth 80, we first examined 

influence of CDEs on cancer cell viability. We isolated exosomes from the conditioned 

medium of CAFs derived from a prostate cancer patient and cultured prostate cancer cells 

in the presence of freshly isolated exosomes. CD Es enhanced viability of PC3 cells with 

increasing exosomes concentration (Figure 2.2A). To determine whether CDEs induce 

metabolic rewiring in cancer cells, we cultured PC3 cells in CDEs for 24 hr and measured 

the oxygen consumption rate (OCR) with increasing amounts of exosomes. Surprisingly, 

we observed that basal oxidative phosphorylation (OXPHOS, indicated by OCR) was 

significantly inhibited with increasing concentration of CD Es added to PC3 cells (Figure 

2.2B). To ascertain whether the inhibition of mitochondrial respiration of cancer cells is 

specific to CDEs and to prove similar behavior is not exhibited with exosomes derived 

from other cells, we isolated exosomes from prostate cancer cell line (PC3), human 

fibroblasts (IMR-90), and also used blank media for isolation method control (Figure 

2.3). As seen in Figure 2.3, exosomes from control conditions were ineffective in 

modulating cancer cells' OCR. To expand our observations, we next isolated exosomes 

from three independent prostate cancer patient CAFs and cultured four prostate cancer 

cell lines (PC3, DU145, 22RV1 and E006AA) in presence or absence of the exosomes 

(Figure 2.2C). Remarkably, exogenous addition of CDEs reduced OCR in all prostate 
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cancer cell lines. To confirm if this reduction of OCR in cancer cells was indeed because 

of uptake of CDEs, we added the endocytosis inhibitor CytoD in PC3 culture media 

along with CDEs. CytoD has been shown to inhibit exosome uptake in various cell 

system 49,116. Notably, CytoD could partially rescue this reduction of OCR in PC3 cells, 

thus confirming the CAF exosomes mediated reduction of OCR in cancer cells (Figure 

2.2D). 

To conclusively associate CDEs induced metabolic reprogramming with metabolic 

content of exosomes, we verified if synthetic liposomes (DO PC/CHOL liposomes labeled 

with DiO, size 85-110 nm; DOPC: 1, 2-dioleoyl-sn-glycero-3-phosphocholine, CHOL: 

cholesterol) with a size distribution similar to exosomes could similarly modulate cancer 

cells. Our data suggests that liposomes did not alter cell viability, OCR and ECAR in 

both prostate (PC3) and pancreatic cancer cells (MiaPaCa-2 and BxPC3) (Figure 2.4). 

These results implicate metabolic content of exosomes towards observed changes in 

CDEs-induced increase in cancer cell viability, mitochondrial dysfunction and increased 

glycolysis. 
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The mitochondrial respiratory capacity inhibition in prostate cancer cells by prostate 

CAF-exosomes was further confirmed by measuring maximal and reserve mitochondrial 

capacity using oligomycin, the protonophoric uncoupler FCCP, and the electron transport 

inhibitor rotenone (Appendix A). Both maximal and reserve mitochondrial capacity of 

cancer cells were significantly reduced in presence of CDEs (Figure 2.2E). These results 

suggest that CAFs downregulate mitochondrial OXPHOS in cancer cells and CDEs play 

a key role in this reprogramming. To further examine the effect of these exosomes on 

mitochondrial activity, we measured the mitochondrial membrane potential of PC3 cells 



with and without exosomes. As seen in Figure 2.2F, exogenous addition of CD Es 

significantly reduced mitochondrial membrane potential within cancer cells. 

To unravel the mechanism behind OCR reduction in cancer cells by CDEs; we 

performed microarray and q-PCR analysis to estimate the changes in mitochondrial gene 

expression levels of PC3 cells with and without exogenous CDEs (Figure 2.SA-Figure 

2.5 E). Microarray data revealed that transcript levels for OXPHOS related ATP synthase 

complex genes were downregulated in cells cultured with CDEs. Gene Set Enrichment 

Analysis (GSEA) on microarray data corroborates these observations by estimating a 

negative enrichment score (p-value < 0.05) for the entire set of 109 OXPHOS-related 

genes in cancer cells cultured in presence of CDEs relative to control (Figure 2.SA). 

Furthermore, we found that both cytochrome B (CYTB) and cytochrome C oxidase I 

(COXI), which are components of Complexes III and IV of the electron transport chain, 

respectively, have lower transcript expression levels when PC3 cells were cultured with 

exogenous CDEs (Figure 2.SB). 

It is well established that exosomes contain noncoding RNAs (e.g. miRNAs) which 

can serve as a communication mechanism between stromal and cancer cells. We 

measured miRNA levels in the CDEs to determine whether miRNA underlay the 

molecular mechanism by which the exosomes exert the metabolic changes we observed. 

We extracted miRNAs from purified CDEs from three patients and measured the levels 

of a panel of 800 human miRNAs using N anoString technology. We grouped the miRNA 

by whether or not they target genes involved in oxidative phosphorylation (miRNA

mRNA interactions taken from starBase v2.0, starbase.sysu.edu.cn). The relative 

abundance of miRNAs that target oxidative phosphorylation genes is higher in exosomes 
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than most other miRNA as seen in the density distribution plot (Figure 2.SC). The top 30 

most abundant miRNAs across the exosomes sampled, target one or more OXPHOS 

genes, which is validated by measuring the decrease in mRNA levels of these genes after 

treatment with exosomes (Figure 2.SD). The miRNAs and their targets that we have 

identified are based on experimental miRNA abundance data from Nanostring assays 

followed by miRNA target prediction integrated with AGO-CLIP-SEQ data 117• In order 

to confirm the inhibition of OXPHOS through miRNA we co-transfected mir-22, let7a 

and mir-125b present in the group of miRNA targeting OXPHOS, in PC3 cells, and 

measured OCR (Figure 2.SE). In line with our hypothesis, we see a decrease in OCR in 

PC3 cells co-transfected with miRNAs. Although, the reduction of OCR is moderate, this 

is due to the technical limitation of co-transfection experiments which can only allow 

using a small subset of the miRNAs that target OXPHOS in PC3. In summary, these 

results suggest that CDEs reduced mitochondrial oxidative phosphorylation and induced 

metabolic alterations in cancer cells mimicking hypoxia-induced alterations. 
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Figure 2.2 -CDEs increase viability of prostate cancer cells but significantly 
downregulate their mitochondrial function. 
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A. Effect of CAFs-derived exosomes on viability of prostate cancer cells, 48h culture 
period (PC3) (n2::9). B. Prostate cancer cells show reduced basal mitochondrial 
oxygen consumption rate (OCR) when cultured with range of concentrations of 
CD Es for 24 hr. Basal OCR is a measure of OXPHOS activity. The OCR was normalized 
with protein content inside cells. PC3 cells were cultured with patient-1 derived 
CAFs' exosomes (n2::9) . C. Basal OCR was measured for PC3, DU145, 22RV1, E006AA 
prostate cancer cell lines cultured with patient derived CD Es and control conditions. 
Six patient-derived CAFs were used for exosomes isolation. (n2::9). D. OCR of 
prostate cancer cells were measured after 24 hr culture with and without CDEs. 
Cytochalasin D (CytoD), an inhibitor of exosomes uptake through actin 
depolymerization, rescues reduced OCR in prostate cancer cells when cultured with 
CAFs exosomes. CytoD disturbs actin filament inside cells, thus inhibit phagocytosis. 
CytoD concentration of 1.5 µg/ml was used. (n2::5). E. Maximal and reserve 
mitochondrial capacities were measured using FCCP and antimycin. Maximal OCR is 
maximal capacity of mitochondrial OCR. (n2::9). F. Role of CAFs secreted exosomes in 
regulating mitochondrial membrane potential (MMP) of prostate cancer cells. MMP 
is an important indicator of mitochondrial functions. ( n2::5). 

Data information: data in (A), (BJ, (CJ, (F) are expressed as mean± SD, data in (DJ, 
(E) are expressed as mean± SEM; *p<0.05, **p<0.01, ***p<0.001. 
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Figure 2.3 -Specificity of CD Es in regulating mitochondrial respiration of 
cancer cells is demonstrated. 

A. PC3 secreted exosomes (100 µg/ml) were isolated according to the same procedure as 
used in Figure 2, and added to PC3 cells. OCR of the PC3 cells cultured with PC3 cells
derived exosomes was measured after 24 hr. B. IMR90 secreted exosomes ( 100 µg/ml) 
were isolated and added to PC3 cells. OCR of the PC3 cells cultured with IMR-90-
derived exosomes was measured after 24 hr. C. Fresh CAF culture medium was 
incubated for 48 hr, and collected to perform the same steps as for isolating exosomes. 
Next, RPMI medium was used to dissolve any trace amount of chemicals which may be 
left from exosomes isolation to culture PC3 cells. OCR of the PC3 cells cultured with 
blank media-derived isolates was measured after 24 hr. No difference in OCR was 
observed between experimental and control conditions, while OCR of PC3 showed more 
than 50% decrease when cultured with CDEs. 

Data information: data in (A-C) are expressed as mean ± SD, *p<0.05, **p<0.01 , 
***p<0.001. (n=3). 
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A, B. Synthetic liposomes were uptaken by PC3 cells. C, D. Synthetic liposomes did not 
enhance PC3 cells viability in complete medium or in deprivation condition. E-G. 
Synthetic liposomes did not downregulate OCR of BxPC3, MiaPaCa-2, PC3 cells. H-J. 
Synthetic liposomes did not upregulate ECAR of BxPC3, MiaPaCa-2, PC3 cells. 

Data information: data in (C-J) are expressed as mean ± SD, *p<0.05, **p<0.01, 
***p<0.001. (n:::3). 
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Figure 2.5-Potential mechanisms of metabolic regulation of cancer cells by 
CDEs 

A. Reduced OXPHOS genes expression in cancer cells cultured with exogenous CDES. 
B. qPCR results show that mitochondrial OXPHOS genes of prostate cancer cells were 
downregulated when cultured with CDEs. (n=3). C. Most abundant miRNAs targeting 
OXPHOS genes were abundant in CAFs exosomes. (n=4). D. miRNAs in CAFs 
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exosomes targeting specific OXPHOS genes. Nanostring was used to measure miRNA 
expression levels in stromal exosomes. (n=4). E. OCR of PC3 were measured after 
transfection of targeted miRNAs together into cells. (n=5). miRNAs were transfected into 
cells according to the manufacturer's protocol (Lipofectamine 2000 Transfection Reagent, 
Thermofisher). Cells were seeded in 6-well plate for 24 hr. Transfection was performed 
followed by incubation for 48 hr. Cells were then reseeded onto Seahorse plates for OCR 
measurements after the cells were attached. 

Data information: data in (B) are expressed as mean ± SD, data in (E) are expressed as 
mean± SEM; *p<0.05, **p<0.01, ***p<0.001 

2.3. CDEs upregulate glucose metabolism in cancer cells 

The above experiments showed that CDEs downregulate mitochondrial activity. We 

further investigated whether this reduced mitochondrial activity leads to increased 

glycolysis in cancer cells in presence of CDEs. We first measured levels of basal 

glycolysis (indicated by extracellular acidification rate, ECAR) in four prostate cancer 

cell lines in presence of exosomes from three independent prostate cancer patient CAFs 

(Figure 2.6A). As seen in the figure, these exosomes significantly increased glycolysis in 

cancer cells when compared to cancer cells cultured without exosomes. Notably, CytoD 

partially inhibited this increase of ECAR, thus confirming the role of exosomes in 

increase of glycolysis in cancer cells (Figure 2.6B). To expand our findings on the 

exosomes mediated increase of glycolysis in cancer cells; we measured both glucose 

uptake and lactate secretion in cancer cells cultured with and without CDEs for 24 hr 

(Figure 2.6C-Figure 2.6D). Consistent with the above results, CDEs increased glucose 

uptake and lactate secretion when compared to cancer cells cultured without exogenously 

added exosomes. 



To understand the underlying changes in metabolite abundances induced by CAF 

exosomes in cancer cells, we performed 13C GC-MS based isotope tracer analysis using a 

1: 1 mixture of U-13C6 glucose and l-13C1 glucose (Figure 2.6E-Figure 2.6N). GC-MS 

results are reported as mass isotopomer distributions (Mills), which represent the relative 

abundance of different mass isotopomers of each metabolite; where MO refers to the 

isotopomers with all 12C atoms and Ml and higher refer to heavier isotopomers with one 

or more Be atoms derived from the tracer. It is well established that isotope tracer 

analysis can reveal the alterations in contributions of a substrate within a particular 

metabolic pathway (Figure 2.6E).We found that the CDEs increased the lactate levels in 

the cancer cells (Figure 2.6F). Further, the percentage of M3 pyruvate and M3 lactate 

was increased due to CDEs; however, there is a corresponding decrease in the percentage 

ofM2 citrate and M3 citrate (Figure 2.6G-Figure 2.6I). The increase ofM3 pyruvate and 

M3 lactate indicates higher contribution of glucose to pyruvate and lactate in prostate 

cancer cells conditioned with CDEs. Moreover, there was a decrease of MO pyruvate and 

MO lactate with a corresponding increase of Ml pyruvate and Ml lactate, thus suggesting 

that the exosomes enhance glycolysis, while reducing the entry of glucose into the 

oxidative pentose phosphate pathway (PPP). The latter conclusion was based on the 

principle that Ml pyruvate is only produced by glucose-6-phosphate metabolized by 

phosphoglucoisomerase, thus bypassing the PPP. Consistent with the decreased 

OXPHOS observed in cancer cells due to CDEs, the percentage of M2 a-ketoglutarate, 

M2 fumarate, M2 malate, and M2 glutamate was also significantly reduced in cancer 

cells in presence of CD Es (Figure 2.6I-Figure 2.6M). In line with our observations, the 

percentage of 13C a-ketoglutarate from Be labeled glucose was significantly reduced 
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(Figure 2.6N).This further confirms that CDEs decreased the percentage contribution of 

glucose to a-ketoglutarate in cancer cells and instead diverted it towards lactate. The 

above results conclusively show that CDEs induce a Warburg type phenotype in cancer 

cells, by disabling normal oxidative mitochondrial function with a compensatory increase 

in glycolysis. 
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Figure 2.6-CDEs upregulate glycolysis in cancer cells. 

A. Extracellular acidification rates (ECAR) of prostate cancer cells were measured after 
24 hr culture with and without CAFs exosomes. ECAR is a measure of glycolytic 
capacity of cells. The ECAR was normalized with protein content inside cells. Four 
prostate cancer cell lines: PC3, DU145, 22RV1, E006AA were used. Six patients derived 
CAFs were used for exosomes isolation (n2:9). B. ECAR of prostate cancer cells was 
measured. CytoD increased ECAR in prostate cancer cells when cultured with CAFs 
exosomes. CytoD concentration of 1.5 µg/ml was used. (n2:6). C, D. Effect of CAFs
secreted exosomes on glucose uptake (C) and lactate secretion fluxes (D) in prostate 
cancer cells. (n=9). E. Schematic of carbon atom transitions using 1: 1 mixture of 13C6 
glucose and 1-13C 1 -labeled glucose. F. Relative lactate abundances were measured using 
GC-MS in PC3 cells cultured with and without CAFs-secreted exosomes for 24 hr. (n=4). 
G-M. Contribution of glucose towards TCA cycle metabolites and glycolysis is 
measured using the labeled glucose. Comparison of mass isotopologue distributions 
(MID) of lactate, pyruvate, citrate, a-ketoglutarate, malate, fumarate, and glutamate in 
PC3 cancer cells cultured with and without CAFs-secreted exosomes. (n=4). N. 
Percentage of glucose contribution to a-ketoglutarate in PC3 cells with and without 
CAFs-secreted exosomes. (n=4). 

Data information: data in (A, C and D) are expressed as mean± SD, data in (B, F-N) are 
expressed as mean± SEM; *p<0.05, **p<0.01, ***p<0.001. 
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Figure 2. 7-Total ion currents of metabolites in PC3 with or without coculture 
ofCDEs. 

Data information: data are expressed as mean mean ± SEM; *p<0.05, **p<0.01, 
***p<0.001. (n=4). 
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2.4. Discussion 

Altered cell metabolism is one of the hallmarks of cancer. While much of the 

mechanistic underpinnings in this regard have focused on cell autonomous means of 

metabolic reprogramming, the objective of this study was to examine the critical role of 

TME, and in particular, CAFs, might be playing in this adaptive phenomenon. CAFs 

comprise the majority of cell types within the TME, and their reciprocal interactions with 

cancer cells have been well documented 106' 118'119• Recently, Hu et al. have discovered 

that CDEs enhance drug resistance in colorectal cancer stem cells by regulating the Wnt 

pathway and this effect can be reversed by inhibiting exosome secretion 45. These studies 

suggest that CDEs may not only enhance cancer growth but may also induce 

chemoresistance. However, there continues to be sparse data vis-a-vis the role, if any, of 

the effects CAFs might have on altered cancer cell metabolism, and the channels of 

communication that enable such paracrine effects. The objective of our study was to 

determine whether exosomes released from CAFs might play a role in modulating cancer 

cell metabolism. 

To determine this metabolic regulation, we first cultured CDEs with prostate cancer 

cells and performed 13C based isotope tracing of metabolic fluxes and bioenergetics 

analysis. We have used 200 µg/ml for the different types of experiments conducted herein 

(viability assays, metabolic assays and tracer experiments). The working concentration 

was chosen to maintain a physiological ratio of CAFs to cancer cells which is reported to 
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be between 1 and 10 45•120•121 • A concentration of 200 µg/ml corresponded to ratio 

between 1 and 5 CAFs per cancer cell and hence, is within the range reported in the 

literature. However, for different CAFs and cancer cells system this ratio should be 

individually estimated based on the functional effect of stromal cells on cancer cells. It is 

to be noted that due to protracted purification steps during exosome isolation, degradation 

of metabolites can occur and hence, replenishment of exosomes for functional studies 

was followed and recommended. Additionally, to minimize degradation of metabolites in 

exosomes, we used fresh exosomes for all the experiments and avoided any freeze-thaw 

cycle in exosomes that were introduced to cancer cells cultures. Intriguingly, cancer cells 

cultured with exosomes had significantly reduced OXPHOS with a concomitant increase 

in glycolysis. Our results were further corroborated by observations regarding higher 

glucose uptake and lactate secretion by cancer cells in the presence of exosomes. We 

show for the first time that stromal exosomes shift cellular metabolism towards glycolysis 

in cancer cells (Figure 4.4 ). In Figure 2.5, we observe a reduction of OCR in PC3 cells 

co-transfected with miR-22, let7a and miR-25b, in line with our hypothesis of the 

inhibitory effect of miRNAs from CD Es. However, the caveat associated with this is that 

due to limitations in genome engineering technologies, it is extremely difficult to insert 

multiple miRNAs in exosomes or transfect multiple miRNAs together without causing 

significant toxicity. Nonetheless, our results show that abundant miRNAs in exosomes 

that have been previously shown to target OXPHOS, indeed cause inhibition of oxygen 

consumption in our system. In light of these results we believe further studies are needed 

to uncover the mechanism of ETC inhibition by CDEs-derived miRNAs that are out of 

scope for this study. 
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Chapter 3 

CDEs enhance reductive pathway of 
glutamine metabolism in cancer cells 

3.1. The impact of CD Es on glutamine metabolism in cancer cells 

Glutamine serves as an anaplerosis substrate to fuel the TCA cycle for energy 

generation and also provides nitrogen for protein synthesis 122- 130• To further unravel the 

mechanistic links between disabled normal oxidative mitochondrial function in cancer 

cells by CDEs and its influence on cancer cells' mitochondrial metabolism, we analyzed 

glutamine's contribution to the TCA cycle metabolite pools in cancer cells using labeled 

U-13C5 glutamine (Figure 3.1A). Proliferating cells under both normoxia and hypoxia can 

utilize glutamine by oxidative metabolism and produce pyruvate through malic enzyme 

and further combine oxaloacetate with acetyl-CoA to form M4 citrate (obtained by 

condensing of labeled oxaloacetate obtained from glutamine and unlabeled acetyl CoA). 

Alternatively, proliferating cells under hypoxia have been reported to predominantly 

reductively carboxylate glutamine generated a-ketoglutarate through IDH 1/2 to generate 
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M5 citrate (Figure 3.1A) 131 . M5 citrate is further catalyzed to M3 fumarate and M3 

malate in this reductive glutamine metabolism. Our MID data reveals that addition of 

CDEs increased M5 glutamate and a-ketoglutarate in cancer cells thereby indicating that 

exosomes enhanceD M5 glutamine's entry into TCA cycle (Figure 3.lB-Figure 3.lC). 

Notably, there was significant increase in M5 citrate, M3 fumarate and M3 malate in 

cancer cells in the presence of exogenously added exosomes thus suggesting that cancer 

cells rely critically on reductive glutamine metabolism when normal mitochondrial 

function is disrupted by stromal microenvironment (Figure 3.1D-Figure 3.lF). 
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Figure 3.1-CDEs increase glutamine driven reductive carboxylation in prostate 
cancer cells 

A. Schematic of carbon atom transitions using 13C5 glutamine. Black color represents 
labeled carbon of glutamine before entering into TCA cycle. Blue color represents 
glutamine's direct effect on canonical TCA cycle and red color represents glutamine's 
effect on TCA cycle through reductive carboxylation. B-F. Mass isotopologue 
distribution (MID) of glutamate, a-ketoglutarate, citrate, malate, and fumarate in PC3 
cancer cells cultured with and without CDEs in u-13C5 glutamine (n=4). 



Data information: data in (B-F) are expressed as mean ± SEM, *p<0.05, **p<0.01, 
***p<0.001. 
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3.2. Potential mechanisms to explain CDEs' impact on glutamine 

metabolism in cancer cells 

To obtain mechanistic understanding of CDEs induced increased reductive 

carboxylation in cancer cells; we measured the ratio of a-ketoglutarate to citrate 

abundance in cancer cells and found that exosomes increased this ratio significantly 

(Figure 3.2A). The increased ratio of a-ketoglutarate to citrate was recently shown to 

promote reductive glutamine metabolism and it correlated with reductive glutamine's 

contribution to citrate 132• The inhibition of respiratory chain components, or hypoxic 

conditions, was found to increase this ratio. Consistent with previous reports, the ratio of 

M4/M5 citrate, which represents the ratio of glutamine to citrate through oxidative 

metabolism over reductive metabolism, confirmed our above results that there is a 

significant increase in glutamine's reductive metabolism in presence of exosomes 

(Figure 3.2B-Figure 3.2C). This is further substantiated through significant increase in 

the percentage contribution of glutamine through reductive pathway in the TCA cycle in 

cancer cells in presence of exosomes when compared to control condition. Also, there 

was concomitant decrease in the percentage contribution of glutamine through oxidative 

pathway in the TCA cycle. 
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Figure 3.2-Mechanistic understanding ofCDEs induced increased reductive 
carboxylation in cancer cells. 

A. Ratio of a-ketoglutarate and citrate pools in PC3 cancer cells cultured with and 
without CDEs measured using GC-MS. Higher ratio correlates with higher glutamine 
driven reductive carboxylation (n=4). B-C. Ratio of glutamine contribution to citrate via 
oxidative and reductive pathways. Lower ratio indicates higher reductive carboxylation. 
CDEs increased reductive glutamine metabolism in PC3 cells(C). Oxidative contribution 
to citrate is determined by calculating M4 citrate percentage; reductive contribution to 
citrate is determined by M5 citrate percentage (n=4). 

Data information: data in (B-C) are expressed as mean ± SEM, *p<0.05, **p<0.01, 
***p<0.001. 

3.3. CDEs have a significant effect on fatty acid synthesis in cancer cells 

One of the key metabolic requirements of rapidly dividing cancer cells pertains to 

availability of adequate pool of fatty acids for enabling membrane synthesis. Therefore, 

to further investigate the effect of exogenous CDEs on nutritional substrates' 

incorporation into lipogenesis; we used U-13C6 glucose or u-13C5glutamine to estimate 

their conversion to cytosolic acetyl-CoA, which is the precursor for palmitate (fatty acid) 

synthesis. Similar to our earlier observation that CDEs reduced glucose contribution to 
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TCA cycle metabolites in cancer cells, we found that exosomes also decreased glucose 

contribution to palmitate. This is evident from the shift in high mass isotopomers of 

palmitate to lower mass isotopomers derived from U-13C6 glucose, when cells are 

cultured with exosomes (Figure 3.3A). Conversely, there is a shift in the reverse 

direction, i.e. from low to high mass palmitate isotopomers derived from U-13C5 

glutamine, in presence of CD Es (Figure 3.3B). To quantify the percentage contribution 

of these substrates to the lipogenic acetyl-CoA pool, we performed isotopomer spectral 

analysis(ISA) 131' 133• In line with above results, ISA (Figure 3.4) indicated a significant 

decrease in the fraction of glucose contribution to lipogenic acetyl-CoA in cancer cells 

cultured with exosomes (Figure 3.3C). More importantly, there is a two-fold increase in 

glutamine's contribution to lipogenic acetyl-CoA via the reductive carboxylation 

pathway. Additionally, these intriguing results suggest that there are likely to be other 

sources apart from glucose and glutamine that contribute to fatty acid synthesis. 

Recently it was shown that acetate could be an important source for lipogenic 

acetyl-CoA in cancer cells, especially under hypoxic conditions 133. To ascertain if acetate 

contributed to fatty acid synthesis, we measured acetate content in media (Figure 3.3D). 

Indeed, acetate concentrations were detected in our cancer cell media at significant levels. 

Since pyruvate was available in significant amounts in our cancer cell culture media, we 

included it in our estimates for palmitate synthesis. In order to quantify contribution 

from these alternative sources, we performed tracer experiments with U-13C3 pyruvate 

and U-13C2 acetate in cancer cells cultured with and without exosomes. We found that 

their contribution to lipogenic acetyl-CoA is significantly lower when compared to that of 

glucose and glutamine. This is evident from the low mass isotopomers of palmitate 



generated when cells are cultured with U-13C3 pyruvate or U-13C2 acetate (Figure 3.3E

Figure 3.3F) in both control and exosomes-treated conditions. Interestingly, we noticed 

from the shift in palmitate mass isotopomers that CDEs increased acetate contribution to 

lipids (Figure 3.3E) but decreased the pyruvate contribution (Figure 3.3F). ISA results 

confirm these observations, where cancer cells cultured with CDEs showed an increase in 

acetate's contribution with a concomitant decrease in pyruvate's contribution to palmitate 

production (Figure 3.3G). These experiments collectively substantiate that exosomes 

have a significant effect on fatty acid synthesis in cancer cells by switching the carbon 

source from the oxidative glucose pathway to glutamine via the reductive carboxylation 

pathway in the TCA cycle. 
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Figure 3.3-CDEs increase glutamine driven lipogenesis in prostate cancer cells. 

A. Glucose contribution to palmitate synthesis in PC3 cells cultured with or without 
CAFs exosomes for 72 hr was measured using GC-MS (n=6). B. Glutamine contribution 
to palmitate synthesis in prostate cancer cells with or without CAFs exosomes measured 
using GC-MS (n=6). C. Isotopologue spectral analysis (ISA) of both glucose and 
glutamine contribution to lipid synthesis in PC3 cells under control or CAFs exosomes 
culture conditions. CAFs exosomes enhance reductive carboxylation to lipid synthesis. 
However, total percentage of glucose and glutamine contribution to palmitate is about 
60%. D. Acetate concentration in cancer cell culture medium. E. Acetate contribution to 
palmitate synthesis in PC3 cells with or without CAFs exosomes. Acetate spiked 
concentration was 500 mM (n=4). F. Pyruvate contribution topalmitate synthesis in PC3 
cells with or without CAFs exosomes (n=4). G. ISA analysis of both pyruvate and acetate 
contribution to lipid synthesis in PC3 cancer cells under control or CAFs exosomes 
culture conditions. CAFs exosomes enhance acetate contribution to palmitate synthesis. 

Data information: data in (A-G) are expressed as mean ± SEM, *p<0.05, **p<0.01, 
***p<0.001. 
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Isotopomer spectral analysis (ISA) is used to determine the contribution of 13-
carbon labeled sources (e.g. U-13C6·Glucose and U-13Cs-glutamine) to lipogenic 
Acetyl-CoA, which produces fatty acids 134. Cells are cultured with 13-carbon tracers 
to produce labeled fatty acids of different mass isotopomers. The mass isotopomer 
distribution (MID) of these fatty acids depends on the rate of de novo synthesis 
(represented by the parameter g (t)) and fraction of Acetyl-CoA pool (represented 
by parameter D) enriched by tracers. The ISA method is designed to estimate the 
parameters D and g(t), by minimizing error between MID of fatty acids measured 
with GC-MS and MID generated from binomial functions based on the 
aforementioned parameters. 

The MID of Acetyl-CoA derived from tracers is denoted by vector T and the naturally 
labeled Acetyl-CoA pool by vector N. The MID of mixed pool Xis 

X = D. T + (1-D).N 

The vectors T and N are of size (3x1) with No, To and N1, T1 and N2, T2 denoting 
fractions of (M+O), (M+l) and (M+2) labeled acetyl-CoA, respectively. The 
probability of production of individual mass isotopologues of palmitate are derived 
from binomial functions 

Where [M+x is probability function of generating (M+x) labeled palmitate from 
combinations of labeled acetyl-CoA in pool X or naturally labeled pool N. For e.g. the 
(M+3) mass isotopologue of palmitate can be derived from either 5 (M+O) molecules 
or 3 (M+l) molecules of acetyl-CoA; or 6 (M+O) molecules, 1 (M+l) molecule and 1 
(M+2) molecule of acetyl-CoA. Therefore the probability function for (M+3) 
palmitate will be 

M+3 (8) 5 (8) 3 (8) 6 (8) 1 (8) 1 f = S (Xo) . 3 (X1) + 6 (Xo) . l (X1) . l (X2) 

3.4. Discussion 

The Warburg effect, commonly observed characteristic of many cancer types, is 

identified as the reliance of cancer cells on aerobic glycolysis even under normoxia. This 



leads to diversion of glucose to lactate thereby creating low PH conditions which 

modulates TME 135•136. Although recent studies 137•138, including our own 139, implicate 

mitochondrial activity in cancer metastasis, literature is abound with previous studies 

based on the hypothesis that aerobic glycolysis may be an outcome of impaired 

mitochondrial functions. Mitochondrial dysfunction could 1mpa1r oxidative 

phosphorylation, the TCA cycle, fatty acid oxidation, the urea cycle, gluconeogenesis, 

and apoptotic pathways 140•141 . TCA cycle dysfunction leads to oncogenesis by regulating 

signaling pathway and stabilizing HIF-a 142. While many studies in cancer cell 

metabolism have highlighted higher compensatory glycolysis because of mitochondrial 

dysfunction; recent studies show that some tumors predominantly use glutamine under 

hypoxia or conditions mimicking hypoxia such as electron transport chain inhibition 

through reductive carboxylation for biosynthetic needs 139•143• In reductive carboxylation, 

glutamine is converted to a-ketoglutarate, followed by the conversion of a-ketoglutarate 

to isocitrate through isocitrate dehydrogenase (IDH), and isocitrate is converted to acetyl

CoA used for lipid synthesis. The upregulation of the reductive carboxylation pathway 

enhances cancer cells proliferation 131'144'145• Although less studied, pyruvate or acetate 

can act as an alternative source to glucose and glutamine for lipid biosynthesis. Pyruvate 

is converted to acetyl-CoA through mitochondrial pyruvate dehydrogenase (PDH), 

whereas acetate is transported into cells and converted to acetyl-CoA through acetyl-CoA 

synthase 146--151 • Acetyl-CoA is the first step in lipid biosynthesis, which serves 

biosynthetic needs of proliferating cells. Recent findings implicate TME in the induced 

metabolic rewiring in cancer cells152- 154. However, role of exosomes in the metabolic 

crosstalk between cancer cells and TME is still unknown. 
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Previous studies reported that under disabled mitochondrial metabolic conditions 

such as hypoxia, or inhibition of electron transport complexes, cancer cells increasingly 

rely on reductive glutamine metabolism as compared to oxidative glutamine metabolism. 

To unravel the contribution of major nutrients to cancer cells, we performed 13C based 

metabolite tracing and isotopologue spectral analysis (ISA). Indeed, CDEs upregulated 

reductive carboxylation of glutamine in cancer cells. Previous reports showed that 

reductive carboxylation is a critical pathway to support the growth of tumor cells under 

hypoxia 131•144. This suggests that CDEs create hypoxia mimicking environment in cancer 

cells leading to an increase in reductive carboxylation of glutamine in cancer cells. Our 

ISA results of glucose and glutamine contribution to acetyl-CoA, a precursor for fatty 

acid synthesis, confirmed the increased reliance of cancer cells on reductive glutamine 

metabolism in presence of stromal exosomes. However, we were not able to balance 

palmitate synthesis through glucose and glutamine in cancer cells cultured with CDEs, 

which led us to measure contributions of acetate and pyruvate. Consistent with recent 

reports that acetate in media could serve as source of lipid synthesis in cancer cells, we 

found that acetate could contribute between 10-15% towards lipogenesis. However, 

pyruvate contribution was much lower and was between 3-8% in cancer cells. These 

results suggested that exosomes themselves might be acting as source of metabolites in a 

manner similar to macropinocytosis observed recently in Kras expressing pancreatic 

cancer cells 155• CDE-mediated metabolic changes in cancer cells, metabolic flux analysis 

is warranted. 
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Chapter 4 

CDEs supply 'off-the-shelf cargo to cancer 
cells 

4.1. Intra-exosomal metabolomics reveal that CDEs contain an 

'off-the-shelf pool of metabolite cargo 

Exosomes are known to carry a complex cargo that includes proteins, lipids, and 

miRNAs 156•157. Results from the previous sections indicate that exosomes may act as a 

source of metabolites and proliferating cancer cells use these metabolites for lipogenesis. 

To ascertain whether exosomes contain significant amount of de novo metabolites, we 

first measured lactate and acetate contained inside the prostate and pancreatic CDEs. We 

included intra-exosomal metabolic measurements of pancreatic CAFs in order to 

generalize our conclusions. Notably, we found high amounts of lactate and acetate in 

both prostate and pancreatic CDEs (Figure 4.lA-Figure 4.1B). This suggests that 

exosomes can not only replenish TCA cycle metabolites but also act as source of lipids. 
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To prove these hypotheses we performed GC-MS analysis for intra-exosomal metabolites 

and found high concentrations of citrate and pyruvate along a-ketoglutarate, fumarate 

and malate (Figure 4.1C). To further expand our findings, we performed ultra-high

performance liquid chromatography (UPLC), and found markedly high levels of 

glutamine, arginine, glutamate, proline, alanine, threonine, serine, asparagine, valine, and 

leucine in prostate CAF exosomes (Figure 4.1D). Additionally, in pancreatic CDEs, we 

found high levels of glutamine, threonine, phenylalanine, valine, isoleucine, glycine, 

arginine, and serine (Figure 4.1E). Remarkably, through GC-MS analysis of intra

exosomal lipids, we found intact stearate (Figure 4.1F) and palmitate (Figure 4.1G) at 

high levels in both prostate and pancreatic CDEs. Our results offer definitive proof for 

the first time that exosomes harbor an "off-the-shelf'' pool of metabolite cargo, TCA 

cycle metabolites, amino acids, and lipids, which can fuel the metabolic activity of the 

recipient cells. 
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Intra-exosomal lactate (A) and acetate (B) concentrations were measured in 
exosomes isolated from three prostate and two pancreatic CAFs using enzymatic 
assays. lntra-exosomal metabolites were extracted by methanol/chloroform method 
and protein concentration was used for normalization. (n=3). C. TCA cycle 
metabolites, including pyruvate, citrate, aketoglutarate, fumarate and malate were 
measured using GC-MS in exosomes isolated from pancreatic CAF35. (n=3). D, E. 
Amino acids were measured using ultra-high performance liquid chromatography 
(UPLC) inside CDEs (prostate CAFs: [D]; pancreatic CAFs: [E]). Significant levels of 
aminoacids were detected inside CDEs. (n=3). F-G. Stearate and palmitate were 
detected at high levels using GC-MS inside pancreatic and prostate CD Es. (n ~ 3). 

Data information: data in (A-C), (F-G) are expressed as mean± SEM. 

4.2. CDEs can supply amino acids to cancer cells in a manner 

similar to macropinocytosis 

Recent studies have shown that macropinocytosis of circulating proteins ( especially 

albumin) could supply amino acids to nutrient-deprived cancer cells155• Having 

established that CDEs could act as a source of metabolites, we further postulated that 

CD Es could act as source of TCA cycle metabolites for cancer cells. To establish whether 

metabolites contained in exosomes could fuel TCA cycle, we cultured patient-derived 

fibroblasts with 13C-labeled glucose, glutamine, pyruvate, leucine, lysine, and 

phenylalanine for 72 hr. We selected leucine, lysine and phenylalanine for labeling, 

because these were the most abundant amino acids in human serum albumin. The 

extended timescale of 72 hr was adopted to allow detectable incorporation of labeling in 

proteins, amino acids, and lipids, and their compartmentalization within exosomal cargo. 

We then isolated labeled exosomes from the CAF culture spent medium. We postulated 

that nutrient deprived conditions will enhance cancer cells' dependence on the nutrient 

cargo in exosomes and therefore tested our hypothesis under both nutrient replete and 

nutrient deprived conditions. The isolated CDEs were then spiked into complete or 



nutrient-deprived (without lysine, leucine, phenylalanine, glutamine, and pyruvate) 

cultures of prostate cancer cells for 48hr. The intracellular metabolites were isolated from 

cancer cells and their Mills were determined. Notably, our results substantiate that 

exosomes can supply metabolites to cancer cells under both complete and nutrient 

deprivation conditions (Figure 4.2A). However, and in concordance with hypothesis, we 

found that there is a significant increase in the contribution of eDEs to cancer cells' 

metabolites pools in nutrient deprived conditions, as compared to complete medium 

cultures. To definitively prove the direct export of metabolites by exosomes, we 

measured MIDs of metabolites in cancer cells when cultured with Be labeled exosomes. 

We detected substantial labeling of intracellular amino acids in cancer cells, which 

included MS glutamine, M6 lysine, and M6 leucine. We also detected MS glutamate 

derived from mitochondrial glutaminolysis and labeled TeA cycle metabolites from 

labeled Be_glutamine supplied by eDEs (Figure 4.2B). Moreover, we detected labeled 

glutamine-derived oxoproline, which suggests that exosomes provide amino acids for 

glutathione synthesis. Further, it is important to note that substrates within eDEs will not 

be fully Be labeled since 72 hr are not sufficient for eAFs to undergo at least one 

replication, and hence labeled metabolites in eDEs may be diluted with pre-existent 

unlabeled (MO) isoforms. This results in small, but significant levels of labeled 

metabolites within the cancer cells. However, it provides a compelling proof-of-concept 

that eDEs can supply TeA cycle metabolites to cancer cells. 

To estimate the contribution of eDEs in labeling cancer cells' metabolites, we 

determined MIDs of metabolites derived from isolated labeled eDEs and also from 

cancer cells cultured with labeled exosomes under nutrient deprivation conditions 
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(Figure 4.3). The deprivation and labeling conditions used were similar to Figure 4.2A 

and Figure 4.2B.In order to quantify the contribution of metabolites from exosomes to 

cancer cells, we calculated the mean enrichment of 13C labeled amino acids and 

normalized them with their corresponding enrichment in exosomes. We observed that 

exosomes account for approximately 16% of phenylalanine, 14% of glutamine, 12% of 

lysine, 9% of oxoproline and 5% of leucine pools in PC3 cells (Figure 4.3A). 

Furthermore, exosome contribution to rapidly metabolized central carbon intermediates 

were 29% fora-ketoglutarate, 19% for fumarate, 11 % for malate, 7% for citrate, 4% for 

glutamate and 1 % for alanine (Figure 4.3B). Mean enrichments were estimated after 

correcting MIDs for natural abundance (Figure 4.3C) and hence only indicated13C 

metabolites derived from labeled exosomes. Since MIDs are measured 48 hr after 

introduction of exosomes to cancer cells, several of the supplied metabolites would have 

been catabolized into other intermediates or incorporated into biomass precursors. 

Therefore, it is important to note the contributions of essential amino acids estimated 

would be lower than their total contribution from exosomes over the course of 48hr. In 

order to achieve higher detection of labeled isoforms, CAFs will have to be cultured with 

labeled substrates for multiple passages to completely replace unlabeled metabolite pools 

with their labeled isoforms. Nevertheless, these results substantiate that CDEs are key 

player in enriching metabolite pools in cancer cells under nutrient deprived conditions 

seen in the TME. 

To evaluate the requirement of metabolites derived from exosomes for promoting 

tumor growth under nutrient deprivation conditions (without leucine, lysine, glutamine, 

pyruvate, and phenylalanine), we cultured cancer cells with exosomes under nutrient 



deprivation and complete media conditions with and without CytoD and heparin. Similar 

to CytoD, heparin has been recently shown to inhibit uptake of exosomes by cells61 . 

CD Es were able to rescue reduction of proliferation under nutrient deprivation conditions 

(Figure 4.2C). However, this rescue effect was reduced with addition of CytoD or 

heparin, thereby suggesting the role of exosomes in maintaining the growth rate under 

conditions of nutrient deprivation. Taken together, these results provide evidence that 

CDEs can reprogram cancer cells' metabolism by acting as source of amino acids under 

nutrient depleted conditions in the TME. 
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CAFs were cultured in RPMI with labeled 13C3 pyruvate (pyr), 13Cs glutamine (gln), 
13C6 leucine (leu), 13C6lysine (lys), 13C9-phenylalanine (phe) and U-13C6 glucose. 
After 72 hr of CAFs cultures, sufficient labeling should be observed in metabolites, 
proteins and lipids contained in exosomes. After 48 hr, supply of metabolites to 
prostate cancer cells from labeled CDEs were measured under complete or 
deprivation culture media without labeling. A. Percentage labeling ( mean 
enrichment) observed in metabolites inside PC3 cells cultured with labeled CDEs. 
n=4. Mean enrichment is calculated as ME= (If=1 ix Ma/N. Where N is number of 
carbons in the metabolite and Mi is abundance of (M+i) isotopologue. B. Labeled 
CD Es directly enriched TCA cycle metabolites in prostate cancer cells cultured under 
complete or deprivation (without lys, phe, gin, pyr, leu) unlabeled medium. n=4. C. 
Effect of CDEs on PC3 cell proliferation under deprivation (without lys, phe, gln, pyr, 
leu) conditions. CDEs rescue loss of PC3 cells proliferation under deprivation 
medium. CytoD and heparin inhibited this rescue of proliferation under deprivation 
conditions. n=lO. 

Data information: data are expressed as mean±SEM, *P<0.05, **P<0.01, ***P<0.001. 
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A. Mean enrichment after natural abundance correction is calculated for amino 
acids not synthesized by PC3 cells. Contribution of these metabolites from exosomes 
is estimated by normalizing mean enrichment in PC3 with enrichment in labeled 
exosomes. n=4. B. Contribution of these metabolites from is calculated for central 
carbon metabolites as done in A. Labeled exosomes are the only source of 13-C in 
these metabolites. n=3. Mean enrichment is calculated as ME = (If=1 ix MJ/N. 
Where N is number of carbons in the metabolite and Mi is abundance of (M+i) 
isotopologue. Contribution from exosomes is estimated as MEPC3+Exo/MEExo .C. 
Mass isotopologue distributions of amino acids and central carbon metabolites were 
measured by GC-MS in labeled exosomes (Exo) and PC3 cells cultured with labeled 
exosomes (PC3+Exo) in deprivation condition. n=3. 

Data information: data are expressed as mean±SEM, *P<0.05,**P<0.01, ***P<0.001. 

4.3. Discussion 
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Since exosomes contained carbon sources such as proteins and lipids, we inquired if 

exosomes could act as source of building blocks for biosynthesis and proliferation. To 

our remarkable surprise, we found that exosomes from pancreatic and prostate CAFs 

contained intact components of the intracellular metabolite pool, including amino acids, 

acetate, stearate, palmitate, and lactate. We provide previously unidentified evidence that 

these nutrients can enrich cancer cells under nutrient deprived or nutrient stress 

conditions. To label the metabolites, proteins and lipids contained in exosomes, we 

cultured CAFs in media supplemented with 13C-labeled amino acids dominantly found in 

the serum (lysine, leucine, phenylalanine, and glutamine) along with nutrients such as 

glucose and pyruvate. We then cultured cancer cells under nutrient deprived conditions 

with these labeled exosomes and found that these labeled exosomes could indeed 

contribute to TCA cycle metabolites in cancer cells. These results conclusively showed 

that TME can supply metabolites directly to cancer cells through exosomes and these 

metabolites indeed can fuel TCA cycle in cancer cells. Recently published article by 



Lyden et al 7, showed that exosomes precondition specific organs for metastatic invasion. 

Hence, future studies may be directed towards determining organ-specific metabolic 

reprogramming of CD Es in cancer cells. 
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Figure 4.4-Pleiotropic regulation of cancer cell metabolism by CDEs. 

Schematic shows the metabolic regulation of CDEs in cancer cells through oxidative 
phosphorylation inhibition and metabolite cargo based enrichment mechanism. This 
regulation leads to significant increase of reductive glutamine metabolism in cancer cells 



in presence of exosomes. CDEs are cargo of amino acids, TCA cycle metabolites, and 
lipids. In nutrient starved TME exosomes derived metabolites enrich cancer cells with 
biosynthesis building blocks and thereby promote tumor growth. 
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Chapter 5 

CDEs supply metabolites to pancreatic 
cancer cells via Kras-independent 

mechanism 

5.1. CDEs modulate pancreatic cancer metabolism via Kras

independent mechanism 

We have shown that prostate CDEs can supply metabolites to prostate cancer cells. 

Our results were similar to the process of macropinocytosis, which was revealed as a 

mechanism to supply amino acids through extracellular proteins in oncogenic Ras

expressing pancreatic cancer cells. To expand the scope of our findings and understand 

whether Ras can similarly promote the supply of metabolites by CDEs in pancreatic 

cancer cells, we isolated exosomes from pancreatic CAFs cell line (CAF-19) and used 

them to study their metabolic influence in two pancreatic cancer cell lines: BxPC3 (wild 

type Kras) and MiaPaCa-2 (homozygous Kras). Since it was observed that CDEs supply 
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metabolites to prostate cancer cells, we cultured both BxPC3 and MiaPaCa-2 cell lines, 

with and without CDEs under complete media and nutrient deprivation (without 

glutamine, leucine, lysine, phenylalanine, and pyruvate) conditions (Figure 5.1A). 

Notably, CDEs could rescue loss of viability in both cancer cell lines, thereby suggesting 

that internalization or uptake and supply of exosomes derived metabolites in cancer cells 

is Kras independent. Furthermore, this rescue of viability by CDEs in pancreatic cancer 

cell lines was inhibited by receptor mediated endocytosis inhibitor heparin (Figure 5.1B, 

C). 
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Further, since both EIP A and CytoD could also inhibit rescue effect of viability in 

BxPC3 and MiaPaCa-2 cells (Figure 5.2), suggesting that endocytosis pathway 

dependent on macropinocytosis and caveolae mediated endocytosis are also associated 

with uptake of CDEs in pancreatic cancer cells. Additionally, CQ reduced rescue of 

viability by CDEs (Figure 5.2), thereby suggesting that release of exosomal content 

through lysosomes may play a role in some cancer cells. Nevertheless, these data suggest 

that CD Es internalization may happen to various modes of internalization. 

To further substantiate the role of KRAS, we used doxycycline inducible Kras

G 12D cell line (iKras-1 158) to test if enhancement of viability by CD Es indeed was 

KRAS independent. As shown in Figure 5.3, iKras-1 cells with or without doxycycline 

showed similar proliferation increases with CDEs, thereby suggesting that internalization 

or uptake and supply of exosome-derived metabolites in cancer cells is Kras independent. 

Clearly, these results suggest that exosomes derived from TME could drive proliferation 

of PDAC cells by supplying metabolites independent of activated Kras expression. 



67 

Previous studies have suggested that Kras can upregulate glycolysis and 

glutaminolysis. To further evaluate if exosomes mediated metabolic reprogramming is 

Kras mediated, we measured mitochondrial respiration in PDAC cells with and without 

pancreatic CDEs. In line with results obtained in prostate cancer cells, we found that 

OCR of both BxPC3 and MiaPaCa-2 cells were decreased in presence of pancreatic 

CDEs (Figure S.1D). Both maximal and reserve mitochondrial capacity of pancreatic 

cancer cells were significantly reduced in presence of pancreatic CDEs further 

confirming mitochondrial respiratory capacity inhibition in cancer cells by CAF 

exosomes (Figure 5.1D). These results suggest that CDEs' action of disabling normal 

oxidative mitochondrial function is exhibited also in pancreatic cancer and that this 

regulation is similar in both wild-type (BxPC3) and activated Kras (MiaPaCa-2) 

expressing cells. Furthermore, there was a corresponding increase in ECAR in both 

pancreatic cancer cell lines in presence of CD Es (Figure 5.1E). This was corroborated by 

increased lactate levels in the cancer cells in presence of exosomes using U-13C6 glucose 

labeling based isotope tracer analysis of pancreatic cancer cells in presence of CAF 

exosomes (Figure 5.1F). Concomitantly, CDEs decreased percentage contribution of 

glucose to a-ketoglutarate in both pancreatic cancer cell lines (Figure 5.1G, Figure 5.4). 

To further elucidate the metabolic reprogramming induced by pancreatic CDEs in 

PDAC cells, we performed GC-MS based isotope labeling experiments using 13C5 

labeled glutamine. In line with the results obtained in prostate cancers, we found that 

exosomes from pancreatic CAFs significantly increased the reductive glutamine 

metabolism (Figure 5.1H- Figure 5.1J, Figure 5.5). Remarkably, this CAF exosomes

mediated increase of reductive glutamine metabolism was detected in both wild-type and 



activated Kras expressmg pancreatic cancer cells, thus suggesting that metabolic 

reprogrammmg induced by stromal exosomes m cancer cells is not only Kras 

independent but is broadly observed in many cancers. 
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Figure 5.1 -Pancreatic CD Es' metabolic reprogramming of pancreatic cancer 
cells is Kras independent. 

A. Effect of pancreatic CDEs on pancreatic cancer cell proliferation under nutrient 
deprivation (without lys, phe, gln, pyr, leu) condition. CD Es rescue loss of both wild
type and activated Kras expressing pancreatic cancer cells proliferation under 
deprivation condition. Proliferation rate of cancer cells with and without exosomes 
in deprivation condition was measured after 48h. n=10. B-C. Heparin inhibits 
exosomes uptake and thus inhibits the rescue of proliferation by exosomes under 
nutrient deprived conditions. Heparin (SOµg/ml) disrupts receptor-mediated 
endocytosis. Before adding exosomes, heparin was added to wells for incubation for 
at least 0.5 h. n=S. D. Basal OCR were measured for BxPC3 and MiaPaCa-2, 
pancreatic cancer cell lines cultured with pancreatic CAFs (CAF19) exosomes. OCR 
of both BxPC3 and MiaPaCa-2 were downregulated by CAF19 exosomes. 
n=10.Maximal OCR and reserve OCR of BxPC3 and MiaPaCa-2 were downregulated 
by CAF19 exosomes. n=10. E. ECAR of both BxPC3 and MiaPaCa-2 were upregulated 
by CAF19 exosomes. n=10. F. Relative lactate abundances were measured using GC
MS in BxPC3 and MiaPaCa-2 cells cultured with and without CAF19-secreted 
exosomes for 24 h. n=4. G. Percentage of glucose contribution a-ketoglutarate in 
BxPC3 and MiaPaCa-2cells with and without CAF19-secreted exosomes. n=4. H. 
Pancreatic CDEs increased reductive glutamine metabolism in wild-type and 
activated Kras expressing pancreatic cancer cells. Oxidative contribution to citrate is 
determined by calculating M4 citrate percentage; reductive contribution to citrate is 
determined by MS citrate percentage. n=4. I. Ratio of oxidative to reductive 
glutamine contribution to citrate in wild-type and activated Kras expressing 
pancreatic cancer cells with CAF19-secreted exosomes. n=4. J. a-ketoglutarate, 
citrate, Mass isotopologue distributions (MID) of glutamate, malate, and fumarate in 
BxPC3 and MiaPaCa-2 cancer cells cultured with and without CAF19-secreted 
exosomes in U-13Cs glutamine. n=4. Higher reductive glutamine metabolism is 
detected through higher MS citrate, M3 fumarate, M3 malate, M3 aspartate in 
pancreatic cancer cells cultured in presence of exosomes. Reductive glutamine 
metabolism n=4. 

Data information: data in (D), (E) and (J) are expressed as mean±SEM,*P<0.05, 
**P<0.01, ***P<0.001. 
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Figure 5.2 -Effect of drugs inhibiting CD Es uptake and utilization on BxPC3 or 
MiaPaCa-2 cell proliferation under deprivation (without lys, phe, gin, pyr, leu) 

conditions. 

EIPA, CytoD, and CQ (chloroquine) inhibited the rescue of proliferation by CDEs under 
deprivation conditions to different extents. Working concentrations used: EIPA (25 µM), 
CytoD, (1.5 µg/ml), CQ (chloroquine, 20 µM) (n~7). 
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Data information: data are expressed as mean± SEM, *p<0.05, **p<0.01, ***p<0.001. 
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Figure 5.3 -Effect of pancreatic CD Es on pancreatic cancer cell proliferation 
under nutrient deprivation (without lys, phe, gin, pyr, leu) conditions. 

CD Es rescue loss of both Kras+ and Kras- expressing pancreatic cancer cell viability 
under nutrient deprivation conditions. Viability of cancer cells with and without 
exosomes in deprivation condition was measured after 48 hr (n=3). 

Data information: data are expressed as mean ± SD, *p<0.05, **p<0.01, ***p<0.001. 
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Figure 5.4 -Effect of pancreatic CDEs on glycolysis in pancreatic cancer cells 
using labeled glucose. 

M3 

Comparison of mass isotopologue distributions (MIDs) of intracellular lactate, pyruvate, 
citrate, a-ketoglutarate, fumarate, malate, glutamate in pancreatic cancer cells with or 
without pancreatic CAF19-derived exosomes. Two pancreatic cancer cell lines (BxPC3 
and MiaPaCa-2) and one CAF cell line (CAF19) were used for isotope tracing 
experiments. CAF19 cells were cultured for 48 hr to obtain supematants for exosomes 
isolation. Pancreatic cancer cells were cultured for 24 hr to obtain intracellular 
metabolites for GC-MS measurement. 

Data information: data are expressed as mean ± SEM, *p<0.05, **p<0.01, ***p<0.001. 
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Figure 5.5 -Effect of pancreatic CDEs on glutamine metabolism in pancreatic 
cancer cells using labeled glutamine. 

Comparison of mass isotopologue distributions (MIDs) of intracellular citrate, a
ketoglutarate, fumarate, malate, glutamate and aspartate in pancreatic cancer cells with or 
without pancreatic CAFI9-derived exosomes. Two pancreatic cancer cell lines (BxPC3 
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and MiaPaCa-2) and one CAF cell line (CAF19) were used for isotope tracing 
experiments. CAF19 cells were cultured for 48 hr to obtain supematants for exosomes 
isolation. Pancreatic cancer cells were cultured for 24 hr to obtain intracellular 
metabolites for GC-MS measurement. 

Data information: data are expressed as mean± SEM, *p<0.05, **p<0.01, ***p<0.001. 

5.2. Discussion 
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Having established that exosomes can fuel TCA cycle in a manner similar to 

macropinocytosis in prostate cancer, we further showed that this exosomes derived 

metabolites enrichment is independent of activated Kras expression. Previous studies 

have shown that tumor cells uptake extracellular nutrients through a mechanism regulated 

by Kras. From observations made in our pancreatic tumor cell lines, BxPC3 (wild type 

Kras) and MiaPaCa-2 (activated Kras) we showed that exosomes uptake pathways were 

independent of Kras expression levels. In our results, BxPC3 and MiaPaCa-2 showed 

similar extents of metabolic profile regulation as well as enhanced growth rate because of 

stromal exosomes. These results along with our exosomes uptake inhibition experiments 

suggest that exosomes uptake occurs in cancer cells through multiple pathways that are 

independent of activated Kras expression levels. Through endocytosis inhibitors CytoD 

and receptor mediated endocytosis inhibitor heparin, we inhibited exosomes uptake, and 

thereby repressed exosomes' influence on increasing growth rates of pancreatic cancer 

cells BxPC3 and MiaPaCa-2. 

In summary, our results reveal insights into intercellular communication between 

tumor microenvironment and cancer cells. For the first time, we provide evidence that 

CAFs derived exosomes can reprogram cancer cell metabolism through a metabolite 



cargo based nutrient enrichment mechanism. Our results will invigorate development of 

targeted methods for disrupting the exosomes-mediated communication between cancer 

and stromal cells for in vivo studies and therapeutics based on the targeted inhibition of 

this crosstalk. 
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Chapter 6 

MSCs derived exosomes regulate 
metabolism in AML cells 

As is shown in the previous chapters, CAFs derived exosomes (CDEs) 

regulate cancer cells metabolism in prostate cancer and pancreatic cancer, through 

multiple ways including mitochondrial dysfunction and 'off-the shelf metabolites 

replenishment. In the future, we would like to study if Mesenchymal stromal cells 

(MSCs) derived exosomes regulate metabolism of acute myeloid leukemia (AML). 

AML starts in the bone marrow, and in most cases it quickly moves into the blood. It 

can sometimes spread to other parts of the body including the lymph nodes, liver, 

spleen, central nervous system (brain and spinal cord), and testicles, according to 

the information provided by American Cancer Society. MSCs are reported to play an 

important role in AML growth, development, drug resistance 159-161. 
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6.1. MSCs derived exosomes upregulate glucose metabolism in 

AML cells 

As shown in Figure 6.lA, we can see that MSCs derived exosomes enhanced 

AML cells proliferation. Further, to test if MSCs derived exosomes could regulate 

metabolism in AML cells, we first measured levels of basal glycolysis (indicated by 

extracellular acidification rate, ECAR) in two AML cell lines in presence or absence 

of exosomes from patient derived MSCs (Figure 6.lD). As seen in the figure, these 

exosomes significantly increased glycolysis in AML cells when compared to those 

cultured without exosomes. To expand our findings on the exosomes mediated 

increase of glycolysis in cancer cells; we measured both glucose uptake and lactate 

secretion in AML cells cultured with and without exosomes for 48 hr (Figure 6.lB, 

C). Consistent with above results, MSCs derived exosomes increased glucose uptake 

and lactate secretion when compared to AML cells cultured without exogenously 

added exosomes. 
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Figure 6.1-MSCs derived exosomes enhance glucose uptake, lactate secretion 
in AML cells. 
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A. Proliferation of OCI-AML3 cells with or without coculture of MSCs derived 
exosomes; B. Glucose uptake test in AML cells with or without coculture of MSCs 
derived exosomes; C. Lactate secretion rate in AML cells with or without coculture of 
MSCs derived exosomes; D. Extracellular acidification rate (ECAR) in AML cells with 
or without coculture of MSCs derived exosomes. 

Data information: data in (A-C) is expressed as mean± SD, n~3. 



6.2. MSCs derived exosomes enhance glutamine metabolism in 

AML cells. 

80 

The important roles of CDEs in prostate cancer and pancreatic cancer make 

us think if CDEs could play similar actions in other cancer system. So we isolated 

CDEs from patient derived mesenchymal stromal cells (MSCs) and coculture them 

with AML cells. 13Cs glutamine tracing result is shown in Figure 6.2. The level of 

highest MID of TCA metabolites from glutamine was enhanced by CDEs. Since 

enhanced glutamine utilization can be used to synthesize lipid through reductive 

carboxylation, in the future we will trace lipid metabolism with glutamine tracing 

under the influence of exosomes. 
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Figure 6.2-Metabolism of glutamine is enhanced by CD Es in AML cells. 

13C5-glutamine was used in the tracing experiment. AML cells were cultured with or 
without MSCs derived exosomes for 48 hr. Then intracellular metabolites were extracted 
and the levels of MIDs were measured. 

6.3. Potential applications in AML treatment 

In 2016, Ye Chen et al examined the role of miRNAs in targeting the stromal

derived CXCR4 axis to overcome chemoresistance in AML cells 162 (Figure 6.3). Here, 

we put forward the question of whether exosomes playing a role in CXCR4 delivery 

to AML cells. Kai Kang et al provided the evidence that exosomes could carry CXCR4 
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163. If MSCs derived exosomes are responsible to deliver CXCR4 to enhance 

chemoresistance in AML cells, a more efficient therapeutic strategy can be 

structured as shown Figure 6.3. Exosome secretion inhibitor such as GW4869 can be 

conjugated to specific protein antibody of MSCs for targeting MSCs to decrease 

exosomes secretion; or exosome uptake inhibitor such as EIPA can be conjugated to 

specific protein antibody of AML cells to hinder exosomes uptake by AML cells. 
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Figure 6.3-Improved strategy to treat AML cells 

Exosome uptake or secretion inhibitor can be used to treat AML, combined with CXCR4 
inhibitor, which could sensitize AML cells to chemodrugs. 
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Chapter 7 

Future studies 

In the above results, we have shown that CDEs play important roles in 

metabolic regulation of cancer cells. Next, we plan to depict the role of CD Es in more 

detail. In 2011, Aled Clayton and his colleagues found that cancer exosomes express 

CD39 and CD73 to suppress T cells through producing adenosine 164. This indicates 

that exosomes may act as intercellular transporter to deliver purinergic ligands to 

enhance beneficial microenvironment for cancer cells to develop, which linked the 

initial project that we proposed to do. Initially, we proposed that extracellular ATP 

or ADO would regulate cancer cells metabolism due to their higher concentrations 

outside cancer cells than that around healthy tissues 165. If we directly added 

extracellular ATP or ADO to culture cancer cells, we did not see evident beneficial 

results produced (Figure 7.1-Figure 7.3). 

Therefore, we proposed the role of extracellular ATP/ ADO combined with 

exosomes from another angle. We hypothesize that exosomes in the tumor 
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microenvironment will catalyze ATP to ADO more efficiently due to their surface 

expression of CD73 and CD39, which can be used as a diagnostic marker to detect 

cancer. To prove this hypothesis, different exosomes will be isolated from different 

types of components in the tumor microenvironment. Specific amount of ATP will 

be added to exosomes pellet and the level of adenosine will be measured after 

certain period of reactions (Figure 7.4). The ratio of ADO over ATP can be used to 

describe cancer development. Further, we can test exosomes isolated from in vivo 

fluid such as urine, blood etc. to see if the ratio of ADO over ATP will characterize 

cancer development and how detailed it can be used to get cancer development 

information. 
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Figure 7 .1 -Proliferation of PC3 or LNCAP with or without ATP/ ADO 
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A. PC3 proliferation rate under different concentrations of ATP; B. PC3 proliferation rate 
under different concentrations of ADO; C. LNCAP proliferation rate under different 
concentrations of ATP; D. LNCAP proliferation rate under different concentrations of 
ADO. 
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Figure 7.2 -Glucose uptake or lactate secretion of PC3 or LNCAP with or 
without ATP/ ADO 

A. PC3 glucose uptake rate under different concentrations of ATP; B. PC3 lactate 
secretion rate under different concentrations of ATP; C. PC3 glucose uptake rate under 
different concentrations of ADO; D. PC3 lactate secretion rate under different 
concentrations of ADO. 
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Figure 7 .3 -Effects of ATP/ ADO on cells metabolism in ultra low attachment 
condition 

A. PC3 glucose uptake rate under different concentrations of ATP under low attachment 
culture condition; B. PC3 lactate secretion rate under different concentrations of ATP 
under low attachment culture condition. 

~~ :~•.•:I medium after culturing 
:;;.~.-~ cells -
. ·' "··· ··•·· ··•·· I 

Low-speed centrifugatio n 
..(., 

- p elletcells 
. 

• 

t 
Supernatant subject ed to medium speed 
centrifudation 

-pellet ce ll debris 

. . 
t 

Supernatant subjected to high speed 
ultracentrifudation 

:· .. ::·:· .. / 
- pellet exosomes 

Exosome 

Q 
Cancer cell m 
different stages 

Time 

Figure 7.4-Exosomes convert ATP to ADO 

Ultracentrifugation 

ADO 

ATP 

86 



87 

Different types of exosomes isolated from different categories of cells. ATP is mixed 
with each type of exosomes to produce ADO. The reaction rate is measured and ratios of 
ATP over ADO can be used to depict cancer development. 



Chapter 8 

Materials and methods 

8.1. Cells and cell culture 

PC3, DU145, 22RV1, BxPC3 and MiaPaCa-2 were received from ATCC and 

authenticated by STR profiling with online ATCC profile. E006AA was kindly povided 

by Dr. Denis Wirtz (Johns Hopkins University). Patient derived fibroblast cells were 

kindly provided by Drs. Donna Peehl and Anirban Maitra of Stanford University and MD 

Anderson, respectively and internal STR profiling is maintained and checked annually. 

All cell lines were mycoplasma free based on PCR based assays run every three months 

in the lab. 

Prostate cancer cells and BxPC3 cells were cultured in RPMI containing 1 mM 

pyruvate, supplemented with 10% fetal bovine serum (Invitrogen, Carlsbad, CA), 100 

U/ml penicillin and 100 U/ml streptomycin. Exosome-depleted FBS (Systems 

Biosciences, Palo Alto, CA) was used for cell culture when metabolic analysis or 

88 



89 

proliferation rate measurements were performed. MiaPaCa-2 cells were cultured in 

DMEM with 10%FBS, lOOU/ml penicillin and lOOU/ml streptomycin. CAF19, CAF35 

cells were cultured in DMEM with 15% FBS, lOOU/ml penicillin and lOOU/ml 

streptomycin. Prostate cancer patient derived fibroblast cells were cultured in MCDB105 

(Sigma) supplemented with 5% fetal bovine serum (Invitrogen), 5 ng/ml fibroblast 

growth factor (FGF) (PeproTech, Rocky Hill, NJ), 5 ng/ml insulin (Sigma), 100 µg/ml 

gentamicin. All cells were incubated in 5% CO2, and 37°C incubator. CAFs were seeded 

in T75 flasks, and when the CAFs were 70% confluent, PBS was used to wash cell twice, 

then the fresh MCDB medium with exosomes depleted FBS (Systems Biosciences) was 

added to the flask. After 48 hr, exosomes were isolated from the spent medium, and 

added into the medium incubating prostate cancer cells. For 13C labeled RPMI medium, 

we used RPMI without amino acids and supplemented it with appropriate levels of 

labeled 13C3-pyruvate, 13C6-glucose, 13C5-glutamine, 13C6-leucine, 13C6-lysine, 13C9-

phenylalanine; ultracentrifugation was used to remove possible exosomes in FBS of this 

medium; CAFs were cultured in this medium for 72 hr and labeled exosomes were 

isolated. 

8.2. Material 

PKH26 and PKH 67 fluorescent cell linker kits were from Sigma (St. Louis, MO). 

Exosome-Dynabeads Human CD63 Detection kit (10606D), sheep anti-rabbit lgG 

Dynabeads (11203D) were from Life technologies (Carlsbad, CA). 13C carbon-labeled 

isotopes were from Cambridge Isotope Laboratories (Tewksbury, MA). MiRCURYM 



RNA Isolation Kit was from Exiqon (Vedbaek, Denmark). Cytochalasin D was from 

Sigma. Cell counting kit-S was from Dojindo (Rockville, MD). 3000 W spin columns 

were from Life technologies. Heparin and EIP A were from Sigma. Chloroquine was from 

VWR (Radnor, PA). Synthetic liposomes (F60103F-DO) were from FormuMax 

Scientific (Sunnyvale, CA). 

The material of RNA purification and amplification for Illumina Microarrays is as 

following: Quick-RNA MiniPrep was from Zymo Research, Irvine, CA; Illumina 

TotalPrepTM RNA amplification kit (AMILl 791) was from Life Technologies; the 

HumanHT-12 v4 Expression BeadChip Kit was from Illumina, San Diego, CA. 

8.3. Exosomes isolation and utilization 

To isolate exosomes, cells were cultured with exosome-depleted serum. We 

collected the conditioned medium to isolate exosomes according to the instructions of the 

protocol (Life technologies). The collected medium was centrifuged in 2000 xg for 30 

min to remove cells and debris. We then transferred the supernatant containing the cell

free culture media to a new tube without disturbing the pellet. Next, we transferred the 

required volume of cell-free culture media to a new tube and added 0.5 volumes of the 

Total exosomes isolation (for cell culture media) reagent and mixed the culture 

media/reagent mixture well by vortexing until there was a homogenous solution. Incubate 

samples at 2°C to S°C overnight. After incubation, the samples were centrifuged at 

10,000 x g for 1 hr at 2°C to S°C. The supernatant was aspirated and discarded. 

Exosomes were contained in the pellet at the bottom of the tube. Re-suspended the pellet 
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in a convenient volume of working medium with exosomes depleted FBS (Systems 

Biosciences). The concentration of CDEs was measured by BCA kit, which represents 

the protein concentration of CDEs. The exosome concentration of 200 µg/ml was 

obtained by diluting an average yield of 270 µg exosome protein (which is equivalent to 

5.5x1010 particles) which was produced from 120 ml of supernatant. This corresponds to 

28000 particles per CAF over a period of 48 hr. Equivalent particle of exosomes was 

obtained from a measurement of 4.9 µg for 109 particles. 
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The utilization of exosomes in cancer cell cultures were based on application of 

100-400 µg/ml of exosomes concentration that has been reported in literature 61 •115. A 

working concentration of 200 µg/ml was chosen for most of the experiments in this study 

to maintain a physiological ratio of CAFs to cancer cells which is reported to be between 

1-1 O 45•120•121 • Hence, the number of CAFs required to secrete the amount of exosomes 

that the cancer cells are exposed to should reflect the ratio of CAFs to cancer cells in 

tumor. For the different types of experiments conducted herein (proliferation assays, 

metabolic assays and tracer experiments), this ratio was maintained between 1 and 5 

CAFs per cancer cell, and hence is physiologically relevant. 

8.4. Exosomes size distribution measurement 

Exosomes size and particles density were measured by Zetaview (Particle Metrix, 

Diessen, Germany). Exosomes resuspended in PBS were diluted 1000 fold for 

measurement and size distribution. Briefly, 5 µ1 of exosomes in medium or PBS were 

added to the measurement system. According to particles' Brownian motion, the 



diffusion constant is calculated and transferred into a size histogram via the Einstein 

Stokes relation between diffusion constant and particle size. 

8.5. Flow cytometry 

Enriched exosomes were captured using the CD63+ Dynabead exosomes isolation 

kit (Invitrogen, Life Technologies #10606D). The Flow Analysis of stromal exosomes 

bound to Dynabeads conjugated with antibody was done according to the manufacture's 

protocol. Briefly, 10 µl of exosomes (200 µg/mL) were incubated with 90 µl of CD63+ 

Dynabeads overnight at 4°C. Dynabead magnet was then used to positively select for 

bound exosomes which were then stained with PE Mouse Anti-Human CD63 (BD 

Bioscience). Isotype control was stained by Simultest IgG2a/IgG 1 (BD Bioscience, 

340394). Flow cytometry was performed on a Accuri C6 System (BD Bioscience) and 

analyzed on Flow Jo software. 

To analyze exosomes uptaken by prostate cancer cells, exosomes were pre-labeled 

by PKH67 dye, and 3000 spin columns were used to remove extra dye. The dyed 

exosomes were added to RPMI medium to culture cancer cells for 3 h and then flow 

cytometry was performed to measure fluorescence intensity of cells. 
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8.6. Fluorescence Microscopy to Image exosomes uptake by 

prostate cancer cells 

Exosomes were pre-labeled according to PKH26 cell linker kit. 3000 spin columns 

were used to remove extra dye. PC3Cells were grown to 50% confluence in 8-well 

chamber slides and incubated with PKH26 labeled exosomes (200 µg/mL) for 3 h. Cells 

were then washed two times with PBS solution and fixed with 4% PF A for 10 minutes. 

Nuclei were stained with 4', 6-diamidino-2-phenylindole (DAPI) and slides were viewed 

under a Axio Observer Zl Inverted fluorescence microscope (Zeiss) and analyzed on Zen 

software. 

8.7. Viability assay 

Cells viability was measured by Cell counting kit-8. Cells were cultured on 96-well 

plate in the indicated conditions. Viability assay solution was added to the plate for 

incubation of 3 h and absorbance was measured at 450 nm. 

8.8. RNA purification and amplification for Illumina Microarrays 

Total RNA was extracted from cells usmg the Quick-RNA MiniPrep (Zymo 

Research, Irvine, CA), following the manufacturer's instructions. RNA amplification was 

performed using Illumina Total PrepTM RNA amplification kit (AMILl 791 , Life 

Technologies), according to the manufacturer's instructions. Briefly, 500 ng total RNA 

was used to synthesize the first strand cDNA using a MyCycler thermal cycler (Bio-Rad, 
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Hercules, CA). Subsequently, the second strand cDNA was synthesized and cDNA was 

purified with 20 µ1 of 55°C nuclease-free water. In vitro transcription for cRNA synthesis 

was carried out using 14 hr incubation at 37°C. cRNA was then eluted with 200 µ1 of 

55°C nuclease-free water. Hybridization and imaging were done using the HumanHT-12 

v4 Expression BeadChip Kit (Illumina, San Diego, CA) according to manufacturer's 

protocol. 

8.9. Analysis of gene expression using real-time PCR. 

Total RNA was isolated using a Zymo mini kit (Qiagen, Valencia, CA). High 

Capacity cDNA Reverse Transcription Kit (Applied Biosystems, Foster City, CA) was 

used to synthesize cDNA from 1 µg of total RNA. The levels of COX-1 and CYTB were 

examined by real-time PCR using 50 ng of the synthesized cDNA. Real-time PCR was 

performed with the SYBR Green PCR MasterMix (Applied Biosystems, Warrington, 

UK). All reactions with COX-1 and CYTB were normalized against glyceraldehyde-3-

phosphate dehydrogenase (GAPDH). Specific primer sets were as follows (listed 5'-3'; 

forward and reverse, respectively): COX-1, TCGCATCTGCTATAGTGGAG and 

ATTATTCCGAAGCCTGGTAGG; CYTB, TGAAACTTCGGCTCACTCCT and 

AATGTATGGGATGGCGGATA. Reactions were performed in a volume of20 µl. 

8.10. miRNA measurements from Exosomes 

Isolation of miRNA from exosomes was done with the MiRCURY TM RNA 

Isolation Kit. In brief, steps of lysis, precipitation, repeated washing, and elution were 



performed to isolate purified small RNAs and then miRNA expression levels were 

measured by NanoString miRNA assays. miRNA levels were measured usmg the 

nCounter Human V2 miRNA expression analysis kit (Nanostring), according to the 

manufacturer's instructions. The data were corrected for loading usmg the relative 

geometric means of endogenous miRNA levels as a correction factor. The miRNA were 

ranked by their average count across all exosomes samples. 

8.11. Metabolic assays 
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Glucose assay was done according to the instructions of assay kit (Wako Glucose 

kit). In brief, a 250 µl of reconstituted Wako glucose reagent was added to a 96-well 

assay plate followed with 2 µ1 sample addition in each well. The plate was incubated at 

37°C for 5 min. The change in absorbance, which indicates the amount of glucose present, 

was measured at 505 nm and 600 nm by using a spectrophotometer (SpectraMax M5; 

Molecular Devices). 

Lactate secretion was determined using the Trinity Lactate Kit. Media samples were 

diluted 1: 10 in PBS, and lactate reagent was reconstructed and added to the diluted 

samples in an assay plate. The plate was incubated for 1 hat 37°C, protecting from light. 

Afterwards the change in absorbance was read on a spectrophotometer at 540 nm. 

Protein assays are used to do normalization in our experiment and is done according 

to Bicinchoninic Acid Protein Assay protocol. In brief, protein reagent was added to a 96-
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well assay plate and mix with samples or standard, and then incubated at 37°C for 30 min. 

The absorbance was read on a spectrophotometer at 562 nm. 

Acetate concentration was measured according to manufacturer's instructions for 

acetate colorimetric assay kit (Bio Vision #K658). Briefly, samples or acetate standards 

were mixed with reaction mixtures, incubated at room temperature for 40 mins, and 

measured at 00450nm. 

8.12. Measurement of mitochondrial membrane potential 

Mitochondrial permeability transition was determined by staining the cells with 

TMRM (Molecular Probes).The mitochondrial membrane potential was quantified by 

SpectraMax M5 (Molecular Devices). 

8.13. Measurements of oxygen consumption rate and 

extracellular acidification rate 

Mitochondrial oxygen consumption was monitored with an XF24 Extracellular flux 

Analyzer (Seahorse Bioscience). The cells were seeded in Seahorse 24 well microplates 

at a cell density of 70% confluent cells per well in 100 µL of culture media with indicated 

conditions. After overnight incubation at 37 °C with 5% CO2, the media was replaced 

with 700 µL of assay medium. Then incubate the plate at 37 °C without CO2 for at least 

1 h. The oxygen consumption rate (OCR) was then measured. The endogenous coupling 

degree of the OXPHOS system was assessed using oligomycin (2 µg/ml), an inhibitor of 



the FlFO-ATPsynthase. The uncoupled OCR was also measured in presence of 2.5 µM 

of FCCP. Finally, the cells were treated with a mitochondrial complex I inhibitor, 

Rotenone (2µM) in order to assess the mitochondrial contribution to OCR. Extracellular 

acidification rate (ECAR) can be measured in a similar way to OCR. All OCR or ECAR 

value was normalized with protein content of cells. 

8.14. Isotope labeling analysis using GC-MS 

8.14.1. Metabolites extraction 

Cancer cells were seeded in 6-well plates overnight, and replaced with medium 

containing U-13C6 glucose or U-13C5 glutamine. After 24//48/72 hr, medium were 

aspirated, and cells were washed with cold PBS once and quenched with 400 µl of cold 

methanol. Same volume of water containing 1 µg of norvaline(internal standards) was 

added, and cells were scraped into Eppendorf tubes. 800 µ1 of chloroform was added into 

the tubes, and vortexed at 4 °C for 30 min, centrifuged at 7,300 rpm for 10 min at 4 °C. 

The aqueous layer was collected for metabolite analysis and the chloroform layer was 

collected for fatty acids analysis. 

8.14.2. Derivatization 

Aqueous samples were dried and dissolved in 30 µl of 2% methoxyamine 

hydrochloride in pyridine (Pierce), and sonicated for 10 mins. Afterwards, samples were 

kept in 37°C for 2 hr. Samples were kept for another 1 hour at 55°C after addition of 45 

µl of MBTSTFA+1% TBDMCS (Pierce).Chloroform samples were dried and dissolved 
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in 75 µ1 Methyl-8 Reagent (Pierce), and incubate at 60 °C for 1 hour. Samples were 

transferred into vials containing 150 µ1 of insert (Thermo Fisher Scientific). 

8.14.3. GC/MS measurements 

GC/MS analysis was performed using an Agilent 6890 GC equipped with a 30-m 

Rtx-5 capillary column for metabolites samples or 30 m DB-35 MS capillary column for 

fatty acids samples, connected to an Agilent 5975B MS. For metabolite samples, the 

following heating cycle was used for the GC oven: 100°C for three minutes, followed by 

a temperature increase of 5°C/min to 300°C for a total run time of 48 min. For fatty acid 

samples, the following heating cycle was used for the GC oven: 100°C for 5 minutes 

increased to 200 °C at 15° min-1, then to 250 °C at 5° min-1 and finally to 300 °C at 15° 

min-I .Data was acquired in scan mode. The abundance of relative metabolites was 

calculated from the integrated signal of all potentially labeled ions for each metabolite 

fragment. 

8.14.4. Intra-exosomal metabolites extraction 

The exosomes pellet was extracted by adding 75 µl of cold methanol; 150µ1 of cold 

water (with norvaline for GC-MS measurement, without norvaline for UPLC 

measurement) was added, which dissolved exosomes completely. 20µ1 of the liquid was 

stored for protein assay. Then 150 µ1 of cold chloroform was added into the tubes and 

vortexed at 4°C for 30 min, centrifuged at 7,300 rpm for 10 min at 4°C. The aqueous 

layer was collected for intra-exosomal metabolite analysis. Chloroform layer was stored 

for lipid analysis. 
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8.15. Amino acid uptake and secretion 

Ultra - high - performance liquid chromatography was used to assess ammo acid 

uptake and secretion using Waters Acquity UPLC device. Briefly, media samples were 

deproteinized, and MassTrak Reagent was added to the samples, along with Borate 

Buffer/NaOH. Samples were then heated and analyzed using the Waters ACQUITY 

UPLC system. Eluents were prepared according to Waters' protocol. MassTrak AAA 

eluent A concentrate was diluted 1: 10 in milli-Q water, and MassTrak AAA eluent B was 

inputted in undiluted form. Flow rate of eluents was 0.4 ml/min, and UV detection was at 

260nm. 

8.16. Statistical analysis 

The results presented are expressed in mean value of N experiments ± S.D (unless 

specified as SEM), with N :'.::': 2, n:'.::':5. Comparison of the data sets obtained from the 

different experiment conditions was performed with the Student t test. In the bar graphs, 

single asterisk (*) represents P<0.05, double asterisks (**) represent P<0.01 and triple 

asterisks(***) represent P<0.001. 
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Name 

Oligomycin 

FCCP 

AntimycinA 

Rotenone 

Appendix A 

Small molecules used in this study 

Chemical structure 

R:¢O /CH, ;yo r fl .. :~ .... ~ "' 
H,C~ O ,. --< I ,& 

0 HO 
CH, 

NHCHO 

Function 

Inhibit ATP synthase; 

An uncoupling agent, disrupts 
ATP synthesis by transporting 
hydrogen ions through a cell 
membrane before they can be 
used to provide the energy for 
OXPHOS; 

Antimycin A binds to the Qi site 
of cytochrome c reductase, 
thereby inhibiting the oxidation 
of ubiquinone in the Qi site 
thereby disrupting the Q-cycle 
of enzyme turn over, thus 
inhibit the function of 
mitochondrial Com lex III; 
Inhibit the transfer of electrons 
from iron-sulfur centers in 
complex I to ubiquinone; 
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EIPA 

CytoD 

Chloroquine 

Heparin 

ADO 

MN~c 
~ 

CIVN) 

HO'v~x5 
;_; N 

OH OH 

Inhibit Sodium-hydrogen 
exchangers; 

cell-permeable and potent 
inhibitor of actin 
polymerization; 

Lysosomal inhibitor; 

Inhibit hyaluronic acid 
receptor; 

Energy transfer, signal 
transduction; 
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ATP cellular energy currency. 

0 0 0 
II II II 

HO-P- O- P- O- P-
1 I I 

OH 0~ OH 

OH OH 
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Appendix B 

Cells information 

Cell Name Oreanism Source 
PC3 Human Prostate 
22RV1 Human Prostate 
DU145 Human Prostate 
E006AA Human Prostate 
LNCAP Human Prostate 
CAFs Human Prostate 
CAF19 Human Pancreas 
CAF35 Human Pancreas 
BxPC3 Human Pancreas 
MiaPaCa-2 Human Pancreas 
iKras+/- Mouse Pancreas 
OCI-AML3 Human Blood 
MOLMI3 Human Blood 
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