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Metabolic reprogramming of 
stromal fibroblasts by melanoma 
exosome microRNA favours a pre-
metastatic microenvironment
Shin La Shu1, Yunchen Yang2, Cheryl L. Allen1, Orla Maguire3, Hans Minderman3, 

Arindam Sen4, Michael J. Ciesielski5, Katherine A. Collins6, Peter J. Bush7, Prashant Singh8, 

Xue Wang9, Martin Morgan10, Jun Qu8, Richard B. Bankert11, Theresa L. Whiteside12, Yun Wu2 

& Marc S. Ernstoff1

Local acidification of stroma is proposed to favour pre-metastatic niche formation but the mechanism 
of initiation is unclear. We investigated whether Human Melanoma-derived exosomes (HMEX) could 
reprogram human adult dermal fibroblasts (HADF) and cause extracellular acidification. HMEX were 
isolated from supernatants of six melanoma cell lines (3 BRAF V600E mutant cell lines and 3 BRAF 
wild-type cell lines) using ultracentrifugation or Size Exclusion Chromatography (SEC). Rapid uptake of 
exosomes by HADF was demonstrated following 18 hours co-incubation. Exposure of HDAF to HMEX 
leads to an increase in aerobic glycolysis and decrease in oxidative phosphorylation (OXPHOS) in HADF, 
consequently increasing extracellular acidification. Using a novel immuno-biochip, exosomal miR-155 
and miR-210 were detected in HMEX. These miRNAs were present in HMEX from all six melanoma cell 
lines and were instrumental in promoting glycolysis and inhibiting OXPHOS in tumour cells. Inhibition 
of miR-155 and miR-210 activity by transfection of miRNA inhibitors into HMEX reversed the exosome-
induced metabolic reprogramming of HADF. The data indicate that melanoma-derived exosomes 
modulate stromal cell metabolism and may contribute to the creation of a pre-metastatic niche that 
promotes the development of metastasis.

A high rate of cancer mortality (>90%) is associated with metastasis of primary tumour to distal organs. Among 
metastatic cancers, melanoma is the most lethal, with stage IV melanoma patients having a 5-year survival rate of 
less than 15%1. �ere is now a better appreciation that metastasis is intricately linked to the tumour microenvi-
ronment (TME) that not only allows tumour cell extravasation and circulation but helps to create a pre-metastatic 
niche in distal regions to aid in the implantation and survival of tumour cells2–5. �e TME is continuously con-
ditioned by the tumour to sustain immunosuppressive, in�ammatory and metabolic activities of stromal cells in 
support of its invasive characteristics6. Nevertheless, some preclinical models continue to overlook the critical 
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in�uence of the TME on metastasis7,8, discounting or minimising the role of the TME in clinical interventions, 
such as chemotherapy-induced metastasis9 and TME-assisted metastasis10–12. Increased extracellular acidi�cation 
of the TME from glycolysis-driven metabolism13, known as the “Warburg e�ect”14, places an enormous burden on 
the immune response leading to anergy or incapacitation of T lymphocytes15. As observed in an in vivo melanoma 
metastasis study, acidic extracellular pH promotes metastasis and systemic correction of pH is su�cient to inhibit 
spontaneous metastases16,17. Likewise, initial acidi�cation of the local milieu is proposed as a prognostic marker 
for a metastasis-permissive, pre-metastatic microenvironment18.

Despite many advances in understanding the cellular and molecular interactions that occur within the TME, 
the underlying mechanism contributing to the generation of the pre-metastatic niche at distal sites remains elu-
sive. Emerging evidence suggests that cancer-derived extracellular vesicles (EVs) play a major role in not only 
conditioning the TME but also preparing the “soil” in the pre-metastatic niche for metastasis5,19. �ere are several 
types of EVs in the TME: microvesicles (MVs), apoptotic bodies and exosomes. In contrast to larger MVs and 
apoptotic bodies, exosomes are small (30–150 nm) membrane-bound vesicles that originate from multivesicu-
lar bodies (MVBs) through endosomal packaging. Exosomes released into extracellular space serve an essential 
role in cell-to-cell communication via the biologically-active payload that they carry, including proteins, lipids 
and metabolites as well as RNA and DNA species20–23. An example of this communication is seen in melanoma 
exosomes that can travel to distal regions to recruit bone-marrow derived cells to promote a pre-metastatic niche 
and predispose the site for metastasis5. In melanoma, BRAF mutation is a central driver in cancer and has led 
to the evaluation of BRAF inhibitors being evaluated in clinical trials. Exosomes derived from a BRAF (V600) 
mutation have been reported to harbor a di�erent payload compared to exosomes from wild-type BRAF mela-
noma cells24.

Normal stromal cells such as �broblasts play a critical role in inhibiting early-stage melanoma develop-
ment25. Over time, such tumor suppressing activity of �broblasts is lost through the in�uence of TME and these 
TME-conditioned �broblasts instead induce increased tumorigenesis26 and metastasis27. �erefore identifying 
elements within the TME that conditions the stroma and revoking their in�uence is an attractive therapeutic 
intervention strategy for preventing pre-metastatic niche formation12. A human adult dermal �broblast (HADF) 
cell line is an in vitro model for studying potential e�ects mediated by human melanoma exosomes (HMEX). 
Using normal HADF, we modeled the e�ects of the �broblast-rich stroma to examine the contribution of HMEX 
in acidi�cation of microenvironments in distal regions accessible to exosomes.

Micro RNAs (miRNAs) are approximately 22 nucleotides long, single stranded, non-protein-coding RNA 
molecules that can recognise and bind 3′-untranslated regions of mRNA, e�ectively blocking translation of the 
gene. �ere is increasing evidence that circulating miRNA in melanoma patients can be used in surveilling cancer 
progression28. Circulating miRNAs such as miR-210 have been used in a direct plasma assay to identify early 
systemic metastasis recurrence in melanoma patients29. �ere is now evidence that circulating miRNAs are not 
“free-�oating” but are primarily packaged into exosomes30. miRNA can also directly regulate energy metabolism 
critical for cancer progression. For instance, miR-155 can upregulate glucose metabolism, leading to increased 
glycolysis31 while upregulation of miR-210 is capable of decreasing OXPHOS under non-hypoxic conditions32.

Proteomic analysis of melanoma exosomes has provided clues to the capacity of melanoma exosomes to redi-
rect the host’s metabolic programming to favor the less e�cient production of ATP by the anaerobic glycolytic 
pathway over oxidative phosphorylation (OXPHOS)33. However, it is unclear whether normal �broblasts unex-
posed to factors from TME can also undergo metabolic reprogramming by exosomes alone. We hypothesised that 
miRNA contained within HMEX can drive the modulation of metabolic activities in HADF, and that exosomes 
serve as important vehicles for re-programming and generating an acidi�ed, pre-metastatic microenvironment.

Results
Using NTA-based NanoSight, vesicles isolated by ultracentrifugation were found to have a mean size distribution 
of 51.0 ± 18.1 nm (Fig. 1a). Size distribution was further veri�ed using the nanoparticle sensing technique of 
dynamic light scattering (DLS). NICOMP distribution analysis showed that isolated vesicle sizes have a mean 
diameter of 63.7 ± 7.4 nm (Fig. 1b). To visualise these particulates as discrete circular vesicles, scanning electron 
microscopy (SEM) was used (Fig. 1c). Transmission electron microscopy (TEM) revealed the presence of intact, 
nonpermeable membranous vesicles approximately 50 nm in size (Fig. 1d). �ese results con�rmed that the phys-
ical properties of isolated vesicles are consistent with exosomes, based on size distribution34.

For the initial study, two melanoma cell lines 1770-Her4 and 2183-Her4 were used. One standard method of 
quantifying exosomes has been to use a CD63-based ELISA (EXO-ELISA) that correlates CD63 on the surface of 
exosomes to the number of exosomes isolated. It was observed that the two di�erent melanoma cell lines secreted 
drastically di�erent numbers of exosomes (Fig. 1e). A Western blot for CD63 expression was then performed 
using 14 ug protein isolated from 1770-Her4 and 2183-Her4 ultracentrifuged exosomes (Fig. 1f). CD63 expres-
sion via Western blot also varied dramatically between the 2 cell lines and correlated to the EXO-ELISA data. 
Hence, there was a need to identify melanoma cell lines that produced a substantial number of exosomes to obtain 
su�cient exosomes for the study.

In order to perform downstream applications on exosomes, another isolation method was sought that would 
yield a greater number of exosomes than ultracentrifugation-based isolation. �us the REIUS method (Rapid 
Exosome Isolation using Ultra�ltration and Size Exclusion Chromatography) of isolating exosomes was estab-
lished in our lab. �is method reliably yields 6-fold higher quantities of exosomes compared to ultracentrifuga-
tion, with a mean particle size between 40 and 60 nm. Using this method, six cell lines (2183-Her4, 1300-mel, 
HMCB, 526-mel, 888-mel and Hs 294 T) that consistently produced substantial numbers of exosomes were iden-
ti�ed and chosen for further study (Fig. 2a).

Isolated exosomes were observed under SEM and found to have a consistent, individually spaced, vesicular 
and rounded morphology (Fig. 2b). �e REIUS method resulted in no detectable loss of exosomes a�er the SEC 
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isolation process compared to ultra�ltration alone (Fig. 2c). �e isolated exosomes had very little cytoplasmic 
protein contamination, as demonstrated by little β-tubulin expression (Fig. 2c,d), β-actin expression (Fig. 2d) and 
no detectable cyclophilin B expression (Supplementary Fig. S3b).

Next, it was examined whether stromal cells such as HADF could uptake HMEX. �is was con�rmed by inter-
nalisation as measured by ImageStream (Fig. 3a). �e Internalisation Score (IS) of HMEX by HADF was found 
to be 3.81, demonstrating that CellVue dye-stained melanoma exosomes internalised by HADF (Fig. 3b). Uptake 
of HMEX is observed in 56% of HADF a�er 15 minutes and 90% a�er 1 hour co-culture with HMEX and steadily 
increases to 99% over 24 hours (Supplementary Fig. S4).

To determine whether isolated HMEX are by themselves capable of reprogramming normal stromal cells, the 
Seahorse Mito Stress test analysis was used to measure aerobic respiration rate in HADF, i.e. oxidative phosphoryl-
ation (OXPHOS). Since downstream analyses required large numbers of exosomes, 888-mel was chosen as it had 
an inherently high proliferation rate and produced the most exosomes among the six cell lines previously tested. 
Addition of 100 µg of HMEX were capable of downregulating the basal respiration of HADF by 32.2% (46.5 ± 2.58 
pmol/min to 31.6 ± 0.30 pmol/min), maximal respiration by 15.9% (155 ± 6.29 to 130 ± 1.19 pmol/min) and 
ATP synthesis by 37.4% (42.0 ± 2.27 to 26.3 ± 0.25 pmol/min) (Fig. 4a–d). Moreover, HADF that were exposed 
to HMEX also increased extracellular acidi�cation (ECAR) of HADF when compared to control (Fig. 5a). With 
increased glycolysis by HMEX being a possible mechanism of acidi�cation, a glycolysis-speci�c assay (GlycoRate) 
was used to measure the basal and compensatory glycolysis in HADF cells (Fig. 5b). Compared to the control, 
HMEX exposed HADF exhibited increased basal glycolysis by 41.0% (from 616 ± 24.6 to 868 ± 45.6 mpH/min) 
and compensatory glycolysis by 136.8% (from 301 ± 34.4 to 714 ± 25.7 mpH/min), indicating a metabolic shi� 
towards glycolysis (Fig. 5c). �is was further con�rmed by use of an L-lactate glycolysis assay to measure the 
byproduct of glycolysis, which increased by 13.5% (from 7854 ± 112 to 8914 ± 480 µM) in HMEX exposed HADF 
cells compared to control (Fig. 5d).

As the study focuses on the potential of HMEX in traversing distal regions possibly through known channels 
of dissemination such as blood vessels, the concentration of exosomes used in our study had to be kept physiologi-
cally relevant. �e number of exosomes used in our study (100 µg) correlates with approximately 1011 exosomes/ml.  
Given that serum can carry approximately 1012 exosomes/ml35, the amount of exosomes used in this study is a 
physiological concentration that does not impact viability of HADF a�er exposure (Supplementary Fig. S5).

We next determined whether this observation is due to an exosomal payload that may be unique to V600E 
BRAF mutant cell lines and not wild-type. However, the same observations were also true for wild-type BRAF 
2183-Her4 cell line HMEX, indicating that the elevation of L-lactate is not limited to BRAF V600E mutant cell 
line HMEX alone. In light of previous �ndings, we hypothesised that microRNA was involved due to its rapid 
in�uence on cellular programming. To test this hypothesis, we examined melanoma exosomes for the presence 
of miRNA and observed a distinct peak at 25 nucleotide using a 2100 Bioanalyzer (Fig. 6a). A literature search 
yielded 2 miRNA candidates: miR-155, capable of driving metabolic reprogramming to increase glycolysis36,37 
and miR-210, capable of metabolic reprogramming by decreasing mitochondrial OXPHOS activity38. To con-
�rm the presence of these miRNAs within the exosomes, an immune-biochip technology adapted from a pre-
viously developed tCLN biochip was employed39. Exosomes derived from six melanoma cell lines (2183-Her4, 

Figure 1. (a) ZetaView result of HMEX isolation (2183-Her4). Peak vesicle size is 54.4 nm. (b) Dynamic 
light scattering (DLS) result of HMEX isolation (2183-Her4). Peak vesicle size is 58 nm. (c) Scanning electron 
microscopy of HMEX isolation (2183-Her4). (d) TEM image of HMEX isolation (2183-Her4). �e internal 
region of vesicles remains white, inaccessible to staining during negative staining. (e) Exosome count based on 
Exo-ELISA kit. Number of exosomes is based on a predetermined titration of CD63 antibody binding exosomes. 
(f) Western blot of HMEX. Infrared-based western blot staining with exosome-enriched marker anti-CD63 and 
cytoplasmic marker anti-β-tubulin antibodies. Full-length blots are presented in Supplementary Fig. S1.
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1300-mel, HMCB, 526-mel, 888-me and, Hs 294 T) were found to contain miR-155 and miR-210 (Fig. 6b,c). We 
further tested the hypothesis that the presence of these metabolically modulating miRNAs are responsible for 
the metabolic reprogramming observed in HADF by transfecting HMEX with miRNA inhibitors. �e capacity 
of exosomes to carry RNA cargo into the HADF was con�rmed by the red �uorescence signal in HADF incu-
bated with exosomes transfected with red �uorescent protein RNA (Fig. 7a). Using the same technique exosomes 
were transfected with miRNA inhibitors speci�c for miR-155 and/or miR-210 (TF-HMEX) and the level of 
glycolysis was examined using an extracellular �ux assay (Fig. 7b). Consistent with our hypothesis, TF-HMEX 
with miR155 inhibitor (TF-HMEX-155), miR210 inhibitor (TF-HMEX-210) and both miR155 and miR210 
inhibitors (TF-HMEX-155 + 210) reversed the signi�cant increase in glycolysis when compared to TF-HMEX 
with miRNA inhibitor negative control (TF-HMEX-neg). Speci�cally, the basal glycolysis that is signi�cantly 
increased in TF-HMEX-neg by 58.8% vs control (506.6 ± 37.9 vs 350.3 ± 16.9 pmol/min) is no longer observed 
in TF-HMEX-155 (368.7 ± 19.4 pmol/min), TF-HMEX-210 (357.2 ± 36.0 pmol/min) or TF-HMEX-155 + 210 
(411.5 ± 24.1 pmol/min) (Fig. 7c). Compensatory glycolysis by TF-HMEX was also reversed, i.e. the compensa-
tory glycolysis that is signi�cantly increased in TF-HMEX-neg by 38.8% vs control (754.4 ± 4.6 vs 543.2 ± 21.9 
pmol/min) is no longer observed (rather, signi�cantly decreased) in TF-HMEX-155 (381.7 ± 19.6 pmol/min), 
TF-HMEX-210 (339.5 ± 3.0 pmol/min) or TF-HMEX-155 + 210 (441.1.5 ± 28.5 pmol/min) compared to control 
(Fig. 7d). �is signi�cant reduction of glycolytic capacity in TF-HMEX treated HADF clearly demonstrated the 
capacity of TF-HMEX to nullify the HMEX-based glycolysis-enhancement.

Figure 2. Isolation of exosomes using the REIUS method. (a) Physical characteristics of HADF and melanoma 
cell line exosomes based on NTA (Zetaview). Exosome polydispersity index (NePdi) is the ratio of standard 
deviation over mean exosome size based on NTA (Zetaview). (b) Scanning electron microscope images of 
HADF exosomes and six HMEX. REIUS method isolated exosomes consistently resemble circular vesicles in 
shape. (c) Infrared-based western blot staining with exosome-enriched marker anti-CD63 and cytoplasmic 
marker anti-β-tubulin antibodies. Lane 1: 25 µg HMEX protein following REIUS method using a 100 kDa 
ultra�ltration spin column. Lane 2: 25 µl �ow-through following SEC of REIUS method. Absence of CD63 
expression indicates no loss of exosomes following entire REIUS method. Lanes 3 and 4: same as lanes 1 and 
2 except that a 3 kDa ultra�ltration spin column was used. Similar intensity of CD63 expression in lanes 1 and 
3 indicate exosomes are not lost during the REIUS method when a 100 kDa spin column is used. Lanes 5 and 
6: same as lanes 1 and 2 but with HADF exosomes. Lane 7: 25 µl HMEX supernatant following REIUS that 
did not include SEC. �e increased lane width indicates presence of non-exosomal protein that would have 
been removed if SEC had been utilized. Lane 8: 2183-Her4 cell lysate. β-tubulin expression is only seen in this 
lane, indicating preparations in other lanes are not contaminated by cellular protein. (d) HADF exosomes and 
HMEX from 6 cell lines: infrared-based western blot staining with anti-CD63, anti-TSG101, anti-β-tubulin and 
anti-β-actin antibodies. 25 µg protein was loaded per lane. Full-length blots for are presented in Supplementary 
Figs S2 and S3.
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Not only is increase in glycolysis by HMEX on HADF reversed after miR-155 and/or miR-210 inhibi-
tion, downregulation of OXPHOS by HMEX on HADF is also reversed when compared to TF-HMEX-neg. 
TF-HMEX-neg exhibited a signi�cant decrease of 61% in basal respiration (19.5 ± 0.3 pmol/min vs 31.4 ± 2.0 
pmol/min), 39.3% decrease in maximal respiration (57.5 ± 2.2 vs 94.8 ± 5.0 pmol/min) and 36.5% decrease ATP 
production versus control (16.9 + 1.3 vs 26.5 ± 1.0 pmol/min). �e decrease was reversed in TF-HMEX-155 
(Basal: 26.1 ± 1.8 pmol/min, Maximal:86.6 ± 5.9 and ATP production: 22.7 ± 1.2), TF-HMEX-210 (Basal: 
24.6 ± 3.8 pmol/min, Maximal:88.1 ± 5.2 and ATP production: 21.2 ± 3.0) and TF-HMEX-155 + 210 (Basal: 
30.9 ± 2.1 pmol/min, Maximal:102.6 ± 0.1 and ATP production: 24.8 ± 2.4) compared to control (Supplementary 
Fig. S6). We conclude that melanoma-derived exosomes are biologically active, and capable of delivering miR-
155 and miR-210 to the recipient HADF, leading to a change in metabolic preference in HADF by upregulating 
glycolysis and downregulating OXPHOS and in these recipient stromal cells.

Figure 3. Con�rmation of uptake of HMEX by HADF using ImageStream. (a) Representative images of the 
internalized exosomes were de�ned using Internalization feature with the Erode mask on Bright�eld (BF) of 
5 pixels. Examples of 3 di�erent HADF. BF = HADF images under Bright�eld microscopy. CSFE = staining 
of cytoplasm. exo = staining of exosomes with CVM. (b) Measuring internalization of HMEX by HADF. �e 
internalization score for a target that is not expected to be internalized (CD3 on T cells) as well as one that is 
(HMEX in HADF).
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Discussion
�is study clearly demonstrates that HMEX and speci�cally its miRNAs are capable of reprograming the metabo-
lism of stromal �broblasts to increase aerobic glycolysis. A recent concept coined “reverse Warburg e�ect”, unlike 
its implied meaning, is rather a continuation of the “Warburg e�ect” by reprogrammed stromal cells (e.g. �bro-
blasts) favoring aerobic glycolysis to produce high energy fuels (e.g. lactate) which are then transported back 
for use by the cancer cells40–42. �e �nding updates our current understanding that instigators of extracellular 
acidi�cation that favours conducive microenvironment or “soil” for cancer progression may not be solely con-
�ned to the speci�c site of cancer, and that such a metastasis-favoring niche can also be generated by normal 
stromal �broblasts in distal regions that are exposed to metabolic reprogramming factors of TME such as cancer 
exosomes. �ere is greater anticipation for future research to re-examine the consequences of an acidi�ed, immu-
nosuppressive microenvironment created beyond the TME where cancer exosomes can interact with normal 
stromal �broblasts, as exosomes have unrestricted access to the lymphatic system and blood vessels23,37,43.

Cancer exosomes can promote metastasis by conditioning stromal cells15,19,43,44. The number of cancer 
exosomes produced by cell lines varies. 2183-Her4 from a primary site of melanoma (subcutaneous, shoulder) 
expressed signi�cantly greater quantities of exosomes than 1770-Her4 derived from a secondary metastatic site of 
melanoma (jejunum). It would be interesting to examine in the future whether melanoma cell lines that generate 
more exosomes have a more aggressive metastatic potential.

Figure 4. HMEX isolated through REIUS method reprograms metabolic pro�le of HADF to reduce mitochondria 
OXPHOS as demonstrated by the Mito Stress Test. HADF cells were cultured with HADF exosomes (25 µg) 
or HMEX (17.5 µg, 25 µg. 50 µg or 100 µg) for 18 h and examined for oxygen consumption rate (OCR) and 
extracellular acidi�cation rate (ECAR). (a) Measuring OCR before and a�er addition of oligomycin, an ATP 
synthase (complex V) inhibitor, correlates to the mitochondrial respiration from ATP production. FCCP 
uncouples oxygen consumption from ATP production and the resultant spike in OCR measures maximal 
respiration. Rotenone and antimycin A inhibits mitochondrial respiration, demonstrating the extent of 
mitochondrial respiration. HADF alone: HADF in RPMI 5% exosome depleted FBS. HADF + sup: supernatant 
of 888-mel following ultra�ltration. HADF + HADF exo: HADF cultured with their own isolated exosomes. 
888-mel exo: HADF cultured with increasing amounts of HMEX exosomes (b). Analysis of basal respiration of 
HADF following HADF exosomes or HMEX treatment based on OCR. Basal respiration is the di�erence in value 
between last rate measurement before �rst injection of oligomycin and non-mitochondrial respiration rate (c). 
Analysis of maximal mitochondrial respiration of HADF following HADF exosomes or HMEX treatment based 
on OCR. Maximal mitochondrial respiration is the di�erence in value between maximum rate measurement a�er 
FCCP injection and non-mitochondrial respiration. (d) Analysis of ATP production of HADF following HADF 
exosomes or HMEX treatment based on OCR. ATP production is the di�erence in value between highest rate 
measurement a�er oligomycin injection and minimum rate measurement a�er oligomycin injection.
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Obtaining puri�ed, functionally-active exosomes is challenging yet critical to understanding the e�ects these 
exosomes have on the metabolic reprogramming of stromal cells. To date, studies on exosomes have dedicated 
substantial e�ort to determine a method to isolate exosomes with minimal contamination by other extracellular 
signaling protein45,46. Among the prevailing isolation methods, ultracentrifugation (including sucrose gradient 
fractionation method), polyethylene glycol (PEG) and SEC are three distinct methods frequently employed to 
isolate exosomes, each with its own advantages and limitations. In this investigation, polyethylene glycol (PEG) to 
precipitate lipid extracellular vesicles was avoided as PEG has traditionally been used to extract glucose metabolic 
enzymes and antibodies47–49. �e use of SEC has been extensively examined for its superior capacity to eliminate 
common protein contaminants such as albumin50–53. Using the REIUS method, ultra�ltration spin columns that 
have been used to traditionally remove soluble factors below 100 kDa in size coupled with SEC drastically reduces 
extracellular protein contamination.

We investigated whether melanoma-derived exosomes could reprogram normal HADF metabolism, thus con-
tributing to the favourable conditions of a pre-metastatic niche54. Our demonstration of increased glycolysis and 
decreased OXPHOS in normal HADF exposed to HMEX and promotion of “Warburg e�ect” is consistent with 
recent �ndings on the ability of tumour exosomes to reprogram stromal cells41,55,56.

Identifying miRNA within exosomes apart from “free-�oating” miRNA and other contaminants has been a 
challenge for exosome miRNA-based studies. To address this challenge, we used an immuno-biochip technology 
developed from our previous tethered cationic lipoplex nanoparticle (tCLN) biochip39. �e immuno-biochip 
identi�es and captures exosomes based on exosome enriched surface proteins, such as CD63. CD63 was chosen 
as melanoma patients express high levels of CD63 in plasma57. �e anti-CD63 antibodies tethered on the surface 
of biochip captures and binds exosomes expressing CD63, further purifying the exosome isolate when unbound 

Figure 5. HMEX exosomes increase extracellular acidity of HADF. (a) HADF cells were cultured with either 
exosomes from HADF or HMEX for 18 h and examined for extracellular acidi�cation rate (ECAR) during 
Mito Stress Test. ECAR is signi�cantly increased in 100 µg 888-mel exosome-treated HADF compared to 
controls (vs HADF exosomes) (b). HMEX isolated through REIUS method reprograms metabolic pro�le of 
HADF to increase glycolysis, as demonstrated by the Glycolytic Rate Test. Rotenone and antimycin A inhibits 
mitochondrial respiration and the resultant ECAR increase correlates with the complete metabolic shi� from 
OXPHOS to glycolysis. Addition of 2-deoxy-glucose (2-DG) inhibits glycolysis, resulting in ECAR decrease, 
con�rming the ECAR produced in the experiment is due to glycolysis. HADF alone: HADF in RPMI 5% 
exosome depleted FBS. HADF + HADF exo: HADF cultured with their own isolated exosomes. 888-mel 
exo: HADF cultured with 100 µg 888-mel exosomes. (c) Basal glycolysis and compensatory glycolysis of 
HADF following HADF exosome or HMEX treatment, based on Glycolytic Proton E�ux Rate (glycoPER) 
converted from OCR and ECAR data through Seahorse XF Glycolytic Rate Assay Report. (d) L-lactate assay 
on HADF treated with HMEX isolated through REIUS method. d. L-lactate is synthesized as an end-product 
for glycolysis. Addition of HMEX from 888-mel (V600E mutant BRAF) and 2183 (wild-type BRAF) both 
signi�cantly increase the amount of L-lactate synthesized by HADF over 18 h period compared to HADF 
exosomes added to HADF.
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particles are washed o�. �rough the fusion of captured exosomes with CLN containing molecular beacons by 
electrostatic interaction, the hybridization of molecular beacons with miRNAs can be used to measure the levels 
of miRNAs based on restored �uorescence signals from molecular beacons. With this immuno-biochip, we have 
successfully detected and measured exosomal miR-155 and miR-210 in exosomes derived from six melanoma 
cell lines. Exosomal miR-155 and miR-210 have been reported to favour tumour progression. Exosomal miR-155 
have been implicated in breast cancer chemoresistance58, and exosomal miR-210 from hepatocellular carcinoma 
and breast cancer cells taken up by cells in the TME lead to increased angiogenesis59,60.

We have shown that the exosomal miR-155 and miR-210 play a pivotal role in supporting a pre-metastatic 
microenvironment by changing the metabolic conditioning of the normal stroma by favouring glycolysis and 
dampening the OXOPHOS, hence engendering the “Warburg e�ect.” We �nd that these miRNAs encased within 
exosomes are generated by the tumour cells, showing a clear link between tumour exosomes, miRNA and the 
in�uence of TME in distal sites (summarised in Fig. 8). miR-155 and miR-210 may not be the only molecules 
involved in reprogramming energy metabolism of normal stromal cells by HMEX, as there are other tumour 
exosomal miRNAs that were not examined54. �is data provides new insight that the initiation of metabolic 
reprogramming of normal stroma begins with uptake of melanoma exosomes and o�ers new therapeutic oppor-
tunities to study exosomes and exosomal miRNA as targets of intervention to reduce the likelihood of metastasis 
in cancer patients.

Material and Methods
Cell culture. Human Adult Dermal Fibroblast (HADF) cell lines were obtained from the America Type Culture 
Collection (ATCC). BRAF wild-type melanoma cell lines (1770-Her4, 2183-Her4, 1300-mel and HMCB) and 
BRAF V600E mutant melanoma cell lines (526-mel, 888-mel and Hs 294 T) were either acquired from ATCC or 
the National Institutes of Health. Cell lines were submitted for authentication at the Genomic Shared Resource 
Center (Roswell Park Comprehensive Cancer Center) by short tandem repeat (STR) DNA �ngerprinting using 
the AmpFLSTR® Identi�ler® Plus PCR Ampli�cation Kit (�ermoFisher Scienti�c, catalog #A26182). ATCC STR 
database (https://www.atcc.org/STR_Database.aspx) and DSMZ STR database (http://www.dsmz.de/fp/cgi-bin/
str.html) were used for STR pro�ling. Cell lines HMCB and Hs 294 T were con�rmed to have 100% match for 
both ATCC and DSMZ STR pro�ling. For cell lines without STR pro�le in the databases (1770-Her4, 2183-Her4, 
1300-mel, 526-mel, and 888-mel) the STR data was saved to serve as a reference for future work. Cells were main-
tained in RPMI 1640 without glutamine or 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES) but sup-
plemented with GlutaMAX Supplement, 5–10% fetal bovine serum (FBS) (all from �ermoFisher Scienti�c) and 
20 µg/ml Gentamicin Sulfate (Corning). All cell lines were adherents and thus passaged by washing in Dulbecco’s 

Figure 6. miR-155 and miR-210 is present in HMEX across six melanoma cell lines. (a) mRNA electrophoresis 
of 888-mel HMEX. A distinct peak of approximately 25 nucleotides is observed, a typical nucleotide size for 
miRNA. (b) Total Internal Re�ection Fluorescence (TIRF) microscopy images of HMEX from six melanoma 
cell lines. (c) miRNA expression was correlated to total signal intensity using known standards as controls.
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phosphate-bu�ered saline (DPBS) without calcium or magnesium (�ermo) followed by incubation with TrypLE 
Express Enzyme (�ermo). Prior to the last 18 hours of each experiment, cells were washed with PBS and medium 
was changed to RPMI/Glutamax/Gentamicin containing 5% exosome depleted FBS (exo− FBS) (Gibco).

Isolation of exosomes. Exosome isolation was modi�ed from previously published methods61,62. 30 ml of 
cell culture supernatant was centrifuged at 300 g for 5 min (Eppendorf 5810 R, Germany) to discard the cell pellet. 
�e supernatant was transferred to a fresh 50 ml tube and centrifuged at 3000 g for 15 min to remove cell debris 
and apoptotic bodies. �e supernatant was then �ltered using a 0.20 µm syringe �lter (Corning, Germany) to 
remove remaining cells, debris and EV larger than exosomes. �e resultant supernatant was isolated for exosomes 
using two methods: ultracentrifugation or Rapid Exosome Isolation using Ultra�ltration and Size Exclusion 
Chromatography (REIUS). In the �rst method, supernatant was ultracentrifuged at 200,000 g for 90 min at 4 °C 
(SW41 Ti Rotor, Swinging Bucket in Beckman Coulter L8-80M Ultracentrifuge). Following centrifugation steps, 
all subsequent steps were processed at 4 °C. �e ultracentrifuged supernatant was carefully decanted and the 
pellet was suspended in an appropriate volume of PBS. For REIUS method, all steps were performed at 22 °C. 
�e supernatant was transferred to an Amicon® Ultra-15 100 kDa (Millipore, USA) device (approximately 10 nm 
pore size) that serves the dual purpose of removing soluble factors that are less than 100 kDa and concentrating 
supernatant to approximately 200 µl using an Eppendorf 5810 R centrifuge at 3000 g for 15 min. �e resultant 
concentrate was desalted and bu�er exchanged by adding 1.5 ml of 0.20 µm �ltered DPBS and centrifuged at 
3,000 g for 5 min. 100 µL of �ltered exosome fraction was Puri�ed using Exo-spin™ Size Exclusion Columns (Cell 
Guidance Systems, USA) by centrifuging at 50 g for 60 seconds. �e eluent was discarded and 200 µL of PBS was 
applied to each column. �is was centrifuged at 50 g for 60 seconds and the eluate containing exosomes was either 
stored at 4 °C overnight or used immediately for experiments.

Western blotting. Following incubation with exosomes for 24 h, cells and isolated exosomes were collected, 
washed with DPBS and lysed in radio-immunoprecipitation assay (RIPA) bu�er with Halt protease and phos-
phatase inhibitors (all from �ermo Scienti�c). Protein concentration was determined using the Pierce BCA 
Protein Assay (Thermo Scientific). Equivalent amounts of protein lysates were loaded on to 4–20% 

Figure 7. Transfected HMEX carrying miRNA inhibitors can reverse the glycolysis-driven metabolism 
programming in HADF. (a) Successful transfection of HMEX with RFP RNA and detection of RFP �uorescence 
compared to HADF without RFP RNA transfection. (b) GlycoRate Test. HADF cells were cultured with 
HADF exosomes ( + HADF exo), miRNA negative control (TF-HMEX-neg), HMEX transfected with miR-
155 inhibitor (TF-HMEX-155), miR-210 inhibitor (TF-HMEX-210) or miR-155 and miR-210 inhibitor (TF-
HMEX-155 + 210) or for 18 h and examined for extracellular acidi�cation rate (mPER). (c) Basal Glycolysis. 
(d) Compensatory Glycolysis is reversed in HMEX transfected with miR-155 and miR-210 inhibitors when 
compared to HADF incubated with HMEX (TF-HMEX-neg).
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Mini-PROTEAN® TGX gels (Bio-Rad) and transferred to EMD Millipore Immobilon™-FL PVDF (Fisher 
Scienti�c). Primary antibodies CD63 (HPA010088, Sigma), β-tubulin (T5201, Sigma), cyclophilin-B (43603S, 
Cell Signaling) and β-actin (3700S Cell Signaling) were used for detection. Secondary IRDye antibodies (LI-COR) 
were used together with the Odyssey® Fc Imaging System (LI-COR).

Zetaview Tracking Analysis. Nanoparticle tracking analysis (NTA) was performed on exosomal samples 
using ZetaView (Particle Metrix, USA). �e samples were run at 25 degrees using 0.20 µm �ltered DPBS as a 
diluent. Size and concentration of vesicles were measured using the ZetaView Nanoparticle Tracking Analyzer 
(Particle Metrix, Germany) with a 488 nm laser light source. For video acquisition, a shutter speed of 600 and a 
frame rate of 60 were used and the sensitivity was set according to the system’s so�ware guidance algorithms. 
Before measurements were taken, accuracy of the ZetaView was veri�ed by measuring with 100 nm standard 
beads. Samples were diluted in PBS with a dilution factor of 1:1000–1:5000 to achieve a particle count in the range 
of 200–500.

Dynamic light scattering. Dynamic light scattering (DLS) analyses on purified exosomes were per-
formed using NICOMP 380 ZLS (Particle Sizing System-NICOMP, Port Richey FL). �e samples were run at 
25 °C using 0.20 µm �ltered DPBS as a diluent. DLS correlation data were averaged over 5 min/cycle for 2 cycles. 
Number-weighted analysis was used for exosome size determination.

Transmission electron microscopy (TEM). Negative staining technique was employed to visualise the 
exosomes. An enriched exosome suspension in �ltered DPBS was dispensed on carbon-coated electron micros-
copy grids on para�lm and le� to absorb for 10 min at room temperature then transferred to a drop of Uranyless® 
solution for 1 min and le� to air dry. Excess stain was blotted away. Imaging was performed using a JEOL 100CX 
II transmission electron microscope (TEM) at 100 kV.

Scanning Electron Microscopy (SEM). For scanning electron microscopy, cells were fixed in in 2% 
EM grade glutaraldehyde (Electron Microscopy Sciences, USA) for 90 mins. Post �xation, cells were collected 
by syringe-passage onto 0.1 µm pore 13 mm polycarbonate track-etched membrane �lters (Whatman, USA). 
Washing and �xation were done through the �lter as follows: 5 ml 2.5% glutaraldehyde in PBS allowing rest of 
10 mins; 10 ml PBS rest 10 mins; 5 ml 30% v/v, 50% v/v, 70% v/v, 90% v/v ethanol in water 5 mins each; 5 ml 100% 
ethanol twice for 5 mins each. Samples were then dried with hexamethyldisilazane (HMDS, 5 ml, 5 mins). Filters 
were removed, air dried, and coated with evaporated carbon at high vacuum (Denton 502 evaporator). Cells were 

Figure 8. Proposed model for the modulation of pre-metastatic niche by HMEX in distal sites. HMEX generated 
by melanoma are taken up by normal stromal �broblasts in distal sites where HMEX can travel through 
lymphatic system and blood vessels. �ese distal sites are slowly preconditioned into pre-metastatic sites through 
the metabolic reprogramming of �broblasts by miR-155 and miR-210 delivered by HMEX to increase glycolysis 
and decrease the use of OXPHOS for cellular metabolism, leading to increased acidity of the microenvironment 
which inevitably turns into an immune sanctuary site for metastatic migration of tumor cells.
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imaged with a Hitachi SU70 FESEM at 20 KeV using combined signals from a conventional Everhart-�ornley 
detector (adjusted to maximise backscattered electron component) and in-lens secondary electron detector.

Measurement of exosome quantity using ExoELISA-ULTRA kit. ExoELISA-ULTRA (System 
Biosciences Inc., USA) was used in accordance to manufacturer’s instructions (https://www.systembio.com/
wp-content/uploads/Manual_ExoELISA-ULTRA-1.pdf). Brie�y, standards and exosome samples are incubated 
on the provided micro-titer plate for 1 h at 37 °C, washed 3 times with 100 µl of wash bu�er, and incubated with 
CD63 primary antibody for 1 hour. �ree washes are performed for 5 minutes each with 100 µl of wash bu�er 
followed by addition of 50 µl of secondary antibody diluted 1:5,000 in blocking bu�er for 1 hour incubation with 
shaking. �e plate is again washed 3 times with 100 µl of wash bu�er before addition of TMB ELISA provided by 
the kit and incubated at room temperature for 15 minutes with shaking followed by addition of 50 µl of stop bu�er 
and read immediately at 450 nm using a spectrophotometric plate reader (Synergy HTX Multi-Mode Reader, 
BioTek, USA). Number of exosomes were extrapolated from standard curve and was divided by the number of 
cells to obtain the number of exosomes per cell.

Labelling and coculture of melanoma exosomes with fibroblasts for ImageStream. Exosomes 
from melanoma cell lines were isolated using REIUS method as described above. �e resultant exosome-enriched 
pellet was suspended in 0.20 µm-filtered PBS or diluent C for labelling using CellVue Maroon (CVM, PTI 
Research Inc, USA) to yield an exosome isolate. For labelling of exosomes with CVM, an aliquot of CVM in etha-
nol was mixed with exosomes resuspended in diluent C for 5 min at room temperature. CVM-labelled exosomes 
were then diluted in 1:20 volume of 1% exosome-depleted FBS RPMI with 1% exo− FBS. A 5 kDa molecular 
weight cut-o� (MWCO) spin column (Millipore, USA) was used to remove and separate unbound free CVM dye. 
HADF cells were labelled with Carboxy�uorescein succinimidyl ester (CFSE, Invitrogen, USA) to a �nal concen-
tration of 1 µM for 20 min at 37 °C. �e cells were washed with PBS prior to use. CSFE-labelled HADF cells were 
then exposed to CVM-labelled exosomes resuspended in RPMI with 1% exo− FBS for 10 min. Cells were again 
washed with PBS, trypsinized and resuspended in RPMI with 1% exo− FBS for ImageStream analysis.

ImageStream data acquisition and analysis. Cell images were acquired using an ImageStream MK-II 
Imaging Flow Cytometer (MilliporeSigma). 10,000 images were analysed using ImageStream Data Exploration 
and Analysis So�ware (IDEAS). Spectral compensation was digitally performed. �e Internalization Score (IS) 
is de�ned as the ratio of the intensity inside the cell to the intensity of the entire cell. �e higher the score, the 
greater the concentration of intensity inside the cell. �e ratio is mapped to a log scale to increase the dynamic 
range to values between [-inf, inf]. Cells with a high degree of internalization typically have positive scores while 
cells with little internalization have negative scores. Cells with scores around 0 have a mix of internalization and 
membrane intensity. �e inside of the cells was de�ned by eroding the default bright�eld mask (M01) by 5 pixels. 
By applying the thus-de�ned mask to the analysis of the �uorescence imagery of interest (CD3 or CVM), the 
internalization score was calculated on an individual cell basis.

Detection of exosomal miRNAs via immuno-biochip technology. An immuno-biochip technology 
was used to capture exosomes and quantify intravesicular miR-155 and miR-210. A 15 nm gold coated cover glass 
was �rst coated with the mixture of methyl-polyethylene glycol-thiol (PEG200, MW = 200 g/mol, �ermoFisher 
Scienti�c, Rockford, IL, 26132) and biotinylated-polyethylene glycol-thiol (biotin-PEG1000, MW = 1000 g/mol, 
Nanocs, Boston, MA, PG2-BNTH-1K) at molar ratio of 3:1 and the concentration of 10 mM in PBS by incubation 
at room temperature for 1 h. A�er unbound PEG was washed o� by PBS, 50 ng/mL NeutrAvidin (�ermoFisher 
Scienti�c, 31000) was added to react with biotin for 1 h at room temperature. �e anti-CD63 antibody was teth-
ered on the surface of the biochip through avidin-biotin interaction. �en exosomes were added at 8 × 1010 
exosomes/mL and incubated on the biochip for 1 h at room temperature to allow the capture of CD63-expressing 
melanoma exosomes. A�er unbound exosomes were washed o� by PBS, we added cationic lipoplex nanoparticles 
(CLN) containing molecular beacons (MBs) that detect miR-155 and miR-210. �e CLN/exosome fusion through 
electrostatic interaction led to the hybridization of exosomal miR-155 and miR-210 to MBs and restored the �u-
orescence of MBs. Sequences of molecular beacon probes used are [6FAM]CGCGATC[+A]CC[+C]CT[+A]
TC[+A]CG[+A]TT[+A]GC[+A]TTAAGATCGCG[BHQ1] (miR-155) and [Cyanine5]CGCGATC[+T]
CA[+G]CC[+G]CT[+G]TC[+A]CA[+C]GC[+A]CAGGATC-GCG[BHQ3] (miR-210), where [+A], [+T], 
[+G] and [+C] represent the locked nucleic acids. Total internal re�ection �uorescence (TIRF) microscopy was 
used to detect �uorescent signals. �e averaged �uorescence intensities of a total of 100 images were used as the 
expression of exosomal miR-155 and miR-210.

Extracellular flux assays. For all extracellular �ux assays, cells were plated at a density of 4 × 105 cells per 
well in Seahorse XF96 cell culture microplates (Agilent Technologies, USA) the day prior to the assay. �e assay 
plates were washed three times with assay media using the XF Prep Station and incubated at 37 °C without CO2 
for 45 min prior to performing the assay on the Seahorse Bioscience XFe96 (Agilent Technologies, USA). �e 
Mitochondrial Stress Test was performed in XF Base Media containing 10 mM glucose, 1 mM sodium pyruvate 
and 2 mM L-glutamine and the following inhibitors were added at the �nal concentrations: oligomycin (2 µM), 
carbonyl cyanide 4-(tri�uoromethoxy)phenylhydrazone (FCCP) (1.5 µM) and rotenone/antimycin A (0.5 µM 
each). �e Glycolytic Rate Assay was performed in XF Base Media without phenol red containing 5 mM HEPES, 
10 mM glucose, 1 mM sodium pyruvate, and 2mM L-glutamine and the following inhibitors were added at the 
�nal concentrations: Rotenone/Antimycin A (0.5 µM each) and 2-deoxy-glycose (50 mM). Results were analyzed 
using WAVE version 2.6.0.31 (Agilent Technologies, USA).
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Transfection of miRNA inhibitors. Ready-to-use, human miRNA inhibitors for miR-155, miR-210 and 
miRIDIAN miRNA hairpin inhibitor negative control (#1) were purchased from Dharmacon, USA. 20 nM of 
negative control, miR-155 and/or miR-210 inhibitors were used during transfection of HMEX. Exosomes isolated 
using the REIUS method were incubated with Exo-Fect reagent (System Biosciences Inc.) with either miRNA 
inhibitors at 37 °C for 10 min or Red �uorescent protein (RFP) RNA positive control provided with kit and placed 
on ice for 30 min followed by washing three times with PBS using 100 kDa Amicon Ultra�ltration columns. Cells 
were observed using EVOS-FL imaging system for �uorescence. Successful direct transfection was con�rmed 
using RFP �uorescence and the transfected exosomes were directly used for further experiment.

Lactate assay. 3 µl of culture media were collected 48 h a�er co-incubation of HADF with exosomes and 
were incubated with 50 µl of Assay Reaction Master Mix for 30 min at 22 °C (L-Lactate Assay Kit, Cayman 
Chemical, USA). Lactate concentrations in the various samples were quanti�ed by absorbance at 450 nm and 
values were normalised based on cell number.

miRNA QC. Quantitative assessment of the purified total RNA was accomplished using a Qubit Broad 
Range RNA kit (�ermo�sher). �e RNA was further evaluated qualitatively by a 2100 Bioanalyzer (Agilent 
technologies).

Statistical analysis. Student’s t-test was used for statistical analysis, with P < 0.05 de�ned as signi�cant. All 
experiments were done in triplicate, at least three separate times. All numerical values represent the mean ± S.E. 
Number of asterisks denote minimum statistical significance, i.e. *p < 0.05, **p < 0.01, ***p < 0.005 and 
****p < 0.001.

Data Availability
Data sharing not applicable to this article as no datasets were generated or analysed during the current study.

References
 1. Fleming, N. H. et al. Serum-based miRNAs in the prediction and detection of recurrence in melanoma patients. Cancer 121, 51–59 

(2015).
 2. Chambers, A. F., Groom, A. C. & MacDonald, I. C. Dissemination and growth of cancer cells in metastatic sites. Nat Rev Cancer 2, 

563–572 (2002).
 3. Seyfried, T. N. & Huysentruyt, L. C. On the origin of cancer metastasis. Crit Rev Oncog 18, 43–73 (2013).
 4. Fidler, I. J. �e pathogenesis of cancer metastasis: the ‘seed and soil’ hypothesis revisited. Nat Rev Cancer 3, 453–458 (2003).
 5. Nogues, L., Benito-Martin, A., Hergueta-Redondo, M. & Peinado, H. �e in�uence of tumour-derived extracellular vesicles on local 

and distal metastatic dissemination. Mol Aspects Med (2017).
 6. Whiteside, T. L. �e tumor microenvironment and its role in promoting tumor growth. Oncogene 27, 5904–5912 (2008).
 7. Singh, M. & Ferrara, N. Modeling and predicting clinical e�cacy for drugs targeting the tumor milieu. Nat Biotechnol 30, 648–657 

(2012).
 8. Peiris-Pages, M., Sotgia, F. & Lisanti, M. P. Chemotherapy induces the cancer-associated �broblast phenotype, activating paracrine 

Hedgehog-GLI signalling in breast cancer cells. Oncotarget 6, 10728–10745 (2015).
 9. Karagiannis, G. S., Condeelis, J. S. & Oktay, M. H. Chemotherapy-induced metastasis: mechanisms and translational opportunities. 

Clin Exp Metastasis (2018).
 10. Salvatore, V. et al. �e tumor microenvironment promotes cancer progression and cell migration. Oncotarget 8, 9608–9616 (2017).
 11. Murata, T., Mekada, E. & Ho�man, R. M. Reconstitution of a metastatic-resistant tumor microenvironment with cancer-associated 

�broblasts enables metastasis. Cell Cycle 16, 533–535 (2017).
 12. Quail, D. F. & Joyce, J. A. Microenvironmental regulation of tumor progression and metastasis. Nat Med 19, 1423–1437 (2013).
 13. Asgharzadeh, M. R. et al. Molecular machineries of pH dysregulation in tumor microenvironment: potential targets for cancer 

therapy. Bioimpacts 7, 115–133 (2017).
 14. Koppenol, W. H., Bounds, P. L. & Dang, C. V. Otto Warburg’s contributions to current concepts of cancer metabolism. Nat Rev 

Cancer 11, 325–337 (2011).
 15. Zhao, H. et al. �e key role of extracellular vesicles in the metastatic process. Biochim Biophys Acta 1869, 64–77 (2017).
 16. Rofstad, E. K., Mathiesen, B., Kindem, K. & Galappathi, K. Acidic extracellular pH promotes experimental metastasis of human 

melanoma cells in athymic nude mice. Cancer Res 66, 6699–6707 (2006).
 17. Robey, I. F. et al. Bicarbonate increases tumor pH and inhibits spontaneous metastases. Cancer Res 69, 2260–2268 (2009).
 18. Penet, M. F., Chen, Z. & Bhujwalla, Z. M. MRI of metastasis-permissive microenvironments. Future Oncol 7, 1269–1284 (2011).
 19. Suetsugu, A. et al. Imaging exosome transfer from breast cancer cells to stroma at metastatic sites in orthotopic nude-mouse models. 

Adv Drug Deliv Rev 65, 383–390 (2013).
 20. Tkach, M. & �ery, C. Communication by Extracellular Vesicles: Where We Are and Where We Need to Go. Cell 164, 1226–1232 

(2016).
 21. �ery, C., Zitvogel, L. & Amigorena, S. Exosomes: composition, biogenesis and function. Nat Rev Immunol 2, 569–579 (2002).
 22. Raposo, G. & Stoorvogel, W. Extracellular vesicles: exosomes, microvesicles, and friends. J Cell Biol 200, 373–383 (2013).
 23. De Toro, J., Herschlik, L., Waldner, C. & Mongini, C. Emerging roles of exosomes in normal and pathological conditions: new 

insights for diagnosis and therapeutic applications. Front Immunol 6, 203 (2015).
 24. Lunavat, T. R. et al. BRAF(V600) inhibition alters the microRNA cargo in the vesicular secretome of malignant melanoma cells. Proc 

Natl Acad Sci USA 114, E5930–E5939 (2017).
 25. Zhou, L., Yang, K., Randall Wickett, R. & Zhang, Y. Dermal �broblasts induce cell cycle arrest and block epithelial-mesenchymal 

transition to inhibit the early stage melanoma development. Cancer Med 5, 1566–1579 (2016).
 26. Valencia, T. et al. Metabolic reprogramming of stromal �broblasts through p62-mTORC1 signaling promotes in�ammation and 

tumorigenesis. Cancer Cell 26, 121–135 (2014).
 27. Wei, M. et al. Malignant ascites-derived exosomes promote proliferation and induce carcinoma-associated �broblasts transition in 

peritoneal mesothelial cells. Oncotarget 8, 42262–42271 (2017).
 28. Behrmann, I., Margue, C. & Kreis, S. Circulating microRNAs as Candidate Biomarkers for the Surveillance of Melanoma Patients. 

EBioMedicine 2, 625–626 (2015).
 29. Ono, S. et al. A direct plasma assay of circulating microRNA-210 of hypoxia can identify early systemic metastasis recurrence in 

melanoma patients. Oncotarget 6, 7053–7064 (2015).

https://doi.org/10.1038/s41598-018-31323-7


www.nature.com/scientificreports/

13SCIENTIFIC REPORTS | (2018) 8:12905 | https://doi.org/10.1038/s41598-018-31323-7

 30. Chevillet, J. R. et al. Quantitative and stoichiometric analysis of the microRNA content of exosomes. Proc Natl Acad Sci USA 111, 
14888–14893 (2014).

 31. Kim, S. et al. microRNA-155 positively regulates glucose metabolism via PIK3R1-FOXO3a-cMYC axis in breast cancer. Oncogene 
37, 2982–2991 (2018).

 32. Grosso, S. et al. MiR-210 promotes a hypoxic phenotype and increases radioresistance in human lung cancer cell lines. Cell Death 
Dis 4, e544 (2013).

 33. Mears, R. et al. Proteomic analysis of melanoma-derived exosomes by two-dimensional polyacrylamide gel electrophoresis and mass 
spectrometry. Proteomics 4, 4019–4031 (2004).

 34. Xu, R., Greening, D. W., Zhu, H. J., Takahashi, N. & Simpson, R. J. Extracellular vesicle isolation and characterization: toward clinical 
application. J Clin Invest 126, 1152–1162 (2016).

 35. Li, M. et al. Analysis of the RNA content of the exosomes derived from blood serum and urine and its potential as biomarkers. Philos 
Trans R Soc Lond B Biol Sci 369 (2014).

 36. Bacci, M. et al. miR-155 Drives Metabolic Reprogramming of ER+ Breast Cancer Cells Following Long-Term Estrogen Deprivation 
and Predicts Clinical Response to Aromatase Inhibitors. Cancer Res 76, 1615–1626 (2016).

 37. Qin, X., Xu, H., Gong, W. & Deng, W. �e Tumor Cytosol miRNAs, Fluid miRNAs, and Exosome miRNAs in Lung Cancer. Front 
Oncol 4, 357 (2014).

 38. Chen, Z., Li, Y., Zhang, H., Huang, P. & Luthra, R. Hypoxia-regulated microRNA-210 modulates mitochondrial function and 
decreases ISCU and COX10 expression. Oncogene 29, 4362–4368 (2010).

 39. Wu, Y. et al. Detection of extracellular RNAs in cancer and viral infection via tethered cationic lipoplex nanoparticles containing 
molecular beacons. Anal Chem 85, 11265–11274 (2013).

 40. Yan, W. et al. Cancer-cell-secreted exosomal miR-105 promotes tumour growth through the MYC-dependent metabolic 
reprogramming of stromal cells. Nat Cell Biol 20, 597–609 (2018).

 41. Roy, A. & Bera, S. CAF cellular glycolysis: linking cancer cells with the microenvironment. Tumour Biol 37, 8503–8514 (2016).
 42. Fu, Y. et al. �e reverse Warburg e�ect is likely to be an Achilles’ heel of cancer that can be exploited for cancer therapy. Oncotarget 

8, 57813–57825 (2017).
 43. Kahlert, C. & Kalluri, R. Exosomes in tumor microenvironment in�uence cancer progression and metastasis. J Mol Med (Berl) 91, 

431–437 (2013).
 44. Lindoso, R. S., Collino, F. & Camussi, G. Extracellular vesicles derived from renal cancer stem cells induce a pro-tumorigenic 

phenotype in mesenchymal stromal cells. Oncotarget 6, 7959–7969 (2015).
 45. Witwer, K.W. et al. Standardization of sample collection, isolation and analysis methods in extracellular vesicle research. J Extracell 

Vesicles 2 (2013).
 46. Lotvall, J. et al. Minimal experimental requirements for de�nition of extracellular vesicles and their functions: a position statement 

from the International Society for Extracellular Vesicles. J Extracell Vesicles 3, 26913 (2014).
 47. Grimonprez, B. & Johansson, G. Liquid-liquid partitioning of some enzymes, especially phosphofructokinase, from Saccharomyces 

cerevisiae at sub-zero temperature. J Chromatogr B Biomed Appl 680, 55–63 (1996).
 48. Azevedo, A. M., Rosa, P. A., Ferreira, I. F. & Aires-Barros, M. R. Optimisation of aqueous two-phase extraction of human antibodies. 

J Biotechnol 132, 209–217 (2007).
 49. He, J. et al. Development of indirect competitive ELISA using egg yolk-derived immunoglobulin (IgY) for the detection of 

Gentamicin residues. J Environ Sci Health B 51, 8–13 (2016).
 50. Muller, L., Hong, C. S., Stolz, D. B., Watkins, S. C. & Whiteside, T. L. Isolation of biologically-active exosomes from human plasma. 

J Immunol Methods 411, 55–65 (2014).
 51. Hong, C. S., Funk, S. & Whiteside, T. L. Isolation of Biologically Active Exosomes from Plasma of Patients with Cancer. Methods Mol 

Biol 1633, 257–265 (2017).
 52. Caradec, J. et al. Reproducibility and e�ciency of serum-derived exosome extraction methods. Clin Biochem 47, 1286–1292 (2014).
 53. Pietrowska, M. et al. Isolation of Exosomes for the Purpose of Protein Cargo Analysis with the Use of Mass Spectrometry. Methods 

Mol Biol 1654, 291–307 (2017).
 54. Cha�er, C. L. & Weinberg, R. A. A perspective on cancer cell metastasis. Science 331, 1559–1564 (2011).
 55. Yamauchi, M., Barker, T. H., Gibbons, D. L. & Kurie, J. M. �e �brotic tumor stroma. J Clin Invest 128, 16–25 (2018).
 56. Zhao, H. et al. Tumor microenvironment derived exosomes pleiotropically modulate cancer cell metabolism. Elife 5, e10250 (2016).
 57. Logozzi, M. et al. High levels of exosomes expressing CD63 and caveolin-1 in plasma of melanoma patients. PLoS One 4, e5219 

(2009).
 58. Santos, J. C. et al. Exosome-mediated breast cancer chemoresistance via miR-155 transfer. Sci Rep 8, 829 (2018).
 59. Lin, X. J. et al. Hepatocellular Carcinoma Cell-Secreted Exosomal MicroRNA-210 Promotes Angiogenesis In Vitro and In Vivo. Mol 

�er Nucleic Acids 11, 243–252 (2018).
 60. Jung, K. O., Youn, H., Lee, C. H., Kang, K. W. & Chung, J. K. Visualization of exosome-mediated miR-210 transfer from hypoxic 

tumor cells. Oncotarget 8, 9899–9910 (2017).
 61. Hong, C. S., Funk, S., Muller, L., Boyiadzis, M. & Whiteside, T. L. Isolation of biologically active and morphologically intact 

exosomes from plasma of patients with cancer. J Extracell Vesicles 5, 29289 (2016).
 62. Benedikter, B. J. et al. Ultra�ltration combined with size exclusion chromatography e�ciently isolates extracellular vesicles from cell 

culture media for compositional and functional studies. Sci Rep 7, 15297 (2017).

Acknowledgements
We would like to thank Ju H. Joh, M.P.H., M.D. and Y-Axis Editorial for their assistance in editing the manuscript. 
This work was supported by The Katherine Anne Gioia Endowed Chair in Cancer Medicine, Roswell Park 
Comprehensive Cancer Center; National Cancer Institute (NCI) grant P30CA016056 involving the use of Roswell 
Park Comprehensive Cancer Center’s Flow and Image Cytometry Shared Resources, Genomics and Biomedical 
Data Science Shared Resources; NIH grants 5R33CA191245 (Y.W.), 1R50CA211108 (H.M.), S10OD018048 
(H.M.), RO-1 CA168628 (T.W.) and R-21 CA205644 (T.W.).

Author Contributions
S.S. and C.A. carried out the exosome isolation, molecular, biochemical and cell biology work; Y.Y. and Y.W. 
performed the tCLN experiments; O.M. and H.M. performed the ImageStream experiments; P.J.B. performed 
the SEM experiments; A.S. performed the DLS experiments; K.C. performed the Seahorse experiments; P.S. 
performed the RNA experiments; T.L.W. provided isolated exosomes for initial study; Y.W., T.W., R.B., M.J.C., 
X.W., J.Q. and M.M. discussed the study and contributed to the experimental design; M.S.E. supervised the 
research, designed experiments, analysed data and contributed to the writing and revision of the paper; all 
authors contributed to manuscript editing.

https://doi.org/10.1038/s41598-018-31323-7


www.nature.com/scientificreports/

1 4SCIENTIFIC REPORTS | (2018) 8:12905 | https://doi.org/10.1038/s41598-018-31323-7

Additional Information
Supplementary information accompanies this paper at https://doi.org/10.1038/s41598-018-31323-7.

Competing Interests: Dr. Bankert’s work has been funded by Center for Protein �erapeutics. S.S., Y.Y., C.A., 
O.M., H.M., A.S., M.J.C., K.A.C., P.J.B., P.S., X.W., M.M., J.Q., T.L.W., Y.W. and M.S.E declare no potential 
con�ict of interest.

Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional a�liations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. �e images or other third party material in this 
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the 
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.
 
© �e Author(s) 2018

https://doi.org/10.1038/s41598-018-31323-7
https://doi.org/10.1038/s41598-018-31323-7
http://creativecommons.org/licenses/by/4.0/

	Metabolic reprogramming of stromal fibroblasts by melanoma exosome microRNA favours a pre-metastatic microenvironment
	Results
	Discussion
	Material and Methods
	Cell culture. 
	Isolation of exosomes. 
	Western blotting. 
	Zetaview Tracking Analysis. 
	Dynamic light scattering. 
	Transmission electron microscopy (TEM). 
	Scanning Electron Microscopy (SEM). 
	Measurement of exosome quantity using ExoELISA-ULTRA kit. 
	Labelling and coculture of melanoma exosomes with fibroblasts for ImageStream. 
	ImageStream data acquisition and analysis. 
	Detection of exosomal miRNAs via immuno-biochip technology. 
	Extracellular flux assays. 
	Transfection of miRNA inhibitors. 
	Lactate assay. 
	miRNA QC. 
	Statistical analysis. 

	Acknowledgements
	Figure 1 (a) ZetaView result of HMEX isolation (2183-Her4).
	Figure 2 Isolation of exosomes using the REIUS method.
	Figure 3 Confirmation of uptake of HMEX by HADF using ImageStream.
	Figure 4 HMEX isolated through REIUS method reprograms metabolic profile of HADF to reduce mitochondria OXPHOS as demonstrated by the Mito Stress Test.
	Figure 5 HMEX exosomes increase extracellular acidity of HADF.
	Figure 6 miR-155 and miR-210 is present in HMEX across six melanoma cell lines.
	Figure 7 Transfected HMEX carrying miRNA inhibitors can reverse the glycolysis-driven metabolism programming in HADF.
	Figure 8 Proposed model for the modulation of pre-metastatic niche by HMEX in distal sites.


