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Simple Summary: Cancer changes cell metabolism. In this study, we explored if the metabolic
rewiring also alters the metabolite content of cancer-derived extracellular vesicles (EVs). For this,
metabolomes of EVs from di � erent cancers (prostate, cutaneous T-cell lymphoma, and colon cancer cell
lines) were compared with the metabolomes of control EVs derived from matched non-cancerous cell
lines. The metabolomes of EVs from all three cancer types signi�cantly di � ered from their respective
control EVs by elevated levels of proline and succinate. Additionally, prostate and cutaneous T-cell
lymphoma cell line –derived EVs contained elevated levels of creatinine and folate when compared
to controls. In conclusion, this study presents the �rst evidence that a shared panel of metabolites in
EVs re�ects the altered metabolic state of multiple cancer cell types in vitro . These results warrant
further studies of the signi�cance and usability of a metabolic �ngerprint in cancer studies and for
biomarker discovery.

Abstract: Cancer alters cell metabolism. How these changes are manifested in the metabolite cargo of
cancer-derived extracellular vesicles (EVs) remains poorly understood. To explore these changes,
EVs from prostate, cutaneous T-cell lymphoma (CTCL), colon cancer cell lines, and control EVs
from their noncancerous counterparts were isolated by di � erential ultracentrifugation and analyzed
by nanoparticle tracking analysis (NTA), electron microscopy (EM), Western blotting, and liquid
chromatography-mass spectrometry (LC-MS). Although minor di � erences between the cancerous and
non-cancerous cell-derived EVs were observed by NTA and Western blotting, the largest di � erences
were detected in their metabolite cargo. Compared to EVs from noncancerous cells, cancer EVs
contained elevated levels of soluble metabolites, e.g., amino acids and B vitamins. Two metabolites,
proline and succinate, were elevated in the EV samples of all three cancer types. In addition, folate and
creatinine were elevated in the EVs from prostate and CTCL cancer cell lines. In conclusion, we present
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the �rst evidence in vitro that the altered metabolism of di � erent cancer cells is re�ected in common
metabolite changes in their EVs. These results warrant further studies on the signi�cance and usability
of this metabolic �ngerprint in cancer.

Keywords: extracellular vesicles; cancer metabolism; cutaneous T-cell lymphoma; prostate cancer;
colon cancer

1. Introduction

In cancer, activated protein products of oncogenes and mutant tumor suppressor genes can
modify various metabolic pathways. The altered metabolic pathways allow tumor cells to better take
up nutrients, generate biosynthetic precursors and macromolecules, and tolerate redox stress and
hypoxia, thus supporting their proliferation and survival [ 1,2]. Such deregulation of cellular energetics
is considered as one of the hallmarks of cancer [3]. The best-characterized metabolic phenomenon in
cancer is the “Warburg e� ect”, namely aerobic glycolysis where glucose is converted to lactate even
when oxygen is present. The excess of cellular lactate is secreted to the microenvironment, leading to
acidi�cation or incorporation into biomass which in turn facilitates rapid cell division [4].

Oncometabolites are common cell metabolites that aberrantly accumulate in cancers compared
to non-proliferating cells and have pro-oncogenic functions. Consequently, metabolites produced
from altered metabolic pathways and the dysregulated enzymes producing them present attractive
biomarkers and therapeutic targets for cancer treatment [ 5]. Thus far, four oncometabolites (succinate,
D-2-hydroxyglutarate, L-2-hydroxyglutarate, and fumarate) have been identi�ed. Accumulation of
these oncometabolites in cancer cells leads to metabolic and epigenetic alterations, post-translational
modi�cations, and other pro-tumorigenic functions [6].

EVs are lipid bilayer encapsulated nanovesicles with multimolecular cargo that participate in
intercellular communication. EVs harbor nucleic acids, proteins, lipids, and metabolites derived from
their parent cell of origin [ 7,8], but can also carry on their surface extravesicular cargo [9]. In cancer,
EVs have been shown to mediate intercellular transfer of these molecules between the di� erent cells
at the primary tumor site, but also systemically between organs [ 10]. Thus, EVs are considered to
participate in cancer progression by modulating angiogenesis, immune cell function, thrombosis,
epithelial to mesenchymal transition, and pre-metastatic niche formation [ 11,12]. A recent study by
Hoshino et al. [ 13] identi�ed novel cancer biomarkers from tumor tissue- and plasma-derived EVs using
proteomics and machine learning, con�rming that EVs are a potential source of cancer biomarkers.

The majority of the EV cargo studies have focused on proteins and nucleic acids; only a few
studies have addressed metabolite content (reviewed in [ 14]). The potential of the EV metabolome as a
source for biomarker discovery was �rst shown by comparative metabolomics of plasma-derived EVs
from endometrial cancer patients and healthy controls, which distinguished these two groups from
each other [15]. Another study showed that the alteration of metabolite pro�les of urine-derived EVs
could be associated with the severity of prostate cancer (PCa), suggesting that EV metabolomics could
o� er a new tool for the detection of PCa [ 16]. In another supporting study, a comparison of urinary
EVs obtained from patients with PCa or benign prostate hyperplasia revealed 76 signi�cantly altered
metabolites, from which �ve exhibited di � erential abundance in high-grade tumors [ 17]. Furthermore,
a comparison of EVs of aggressive and non-aggressive hepatocellular carcinoma cell lines showed
that EVs from the aggressive cell lines were enriched in molecules for glycolysis I, gluconeogenesis,
and pentose phosphate pathways [18]. These pioneering studies suggest that the altered metabolism
of the tumor is mirrored in the cancer-derived EVs, and thus EV metabolites are not only a promising
source of biomarkers but could also help elucidate the molecular basis of cancer progression.

In this study, we explored whether any of the metabolome changes in EVs would be shared
irrespective of cancer type. Cell lines chosen for this study represented metastatic prostate carcinoma,
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primary cutaneous anaplastic large cell lymphoma (pcALCL), a subtype of cutaneous T-cell lymphoma
(CTCL), and colon carcinoma. The majority of prostate cancers are carcinomas, which originate
from epithelial cells. Despite the high survival rate in localized prostate cancer, metastatic prostate
cancer remains largely incurable [19]. CTCLs are a heterogeneous group of non-Hodgkin lymphomas,
characterized by a malignant population of mature T lymphocytes homing to the skin. The clinical course
of CTCL varies greatly depending on the subtype [ 20]. Most colon carcinomas are adenocarcinomas
that originate from epithelial cells of the colon mucosa [ 21]. We utilized two di � erent metabolomic
approaches. We used liquid chromatography-mass spectrometry (LC-MS) to identify changes in the
metabolite cargo of cancer cell-line derived EVs to detect cancer-related metabolite signatures. First,
an untargeted approach was applied to reveal di � erences between prostate cancer cell -derived EVs
and noncancerous EVs. Next, we analyzed the metabolites of EVs from two di � erent cancer types and
their respective control EVs in a targeted manner. Despite the many di � erences in the cancer types,
our data revealed that metabolomics can identify common cancer-associated metabolite cargo changes
in EVs. Interestingly, succinate (a well-known oncometabolite [ 22]) and proline (a key metabolite
whose pathway supports cancer cell survival, proliferation, and metastasis [ 23]) were upregulated in
all studied cancer cell line -derived EVs compared to controls. Additionally, folate (a metabolite that
supports enhanced DNA synthesis in cancers [24]) and creatinine (a byproduct of ATP production
from phosphocreatine [ 25]) were shared upregulated metabolites in prostate carcinoma and CTCL cell
line -derived EVs.

2. Results

2.1. Characterization of EVs

In this study, we sought to analyze whether any shared metabolite changes could be found from
the EVs of prostate carcinoma, colon carcinoma, and T-cell lymphoma cell lines to identify the cancerous
vs. non-cancerous state of cells when compared to their benign counterparts. To achieve this, EVs were
isolated according to previously established methodologies and characterized for particle number, size,
morphology, and typical EV protein signatures according to the MISEV guidelines [ 8]. A �owchart
of the study is presented in Figure 1. According to Nanoparticle tracking analysis (NTA), prostate
and colon carcinoma cell lines yielded more EVs than their normal cell line-derived counterparts.
However, fewer EVs were generated from CTCL cells than from equal numbers of peripheral blood
mononuclear cells (Figure 2A). No di � erences in EV size were observed between the six cellular sources
of EVs, and most of the EVs were 101–250 nm in size (Figure 2A). Common EV markers, the cytosolic
protein TSG101, and the transmembrane protein RAB5 were present in all EVs when analyzed by
Western blot (equal loading of 1.0E10 EVs per well). The mitochondrial protein TOM20, a negative
control, was only detected in cell lysates (Figure 2B, original WB �gures in Supplementary Materials
Figure S1). The presence of the transmembrane EV marker, CD63, was observed on the surface of EVs
by immunoelectron microscopy (IEM). IEM also con�rmed the typical EV morphology (Figure 2C).

2.2. Non-Targeted Metabolite Pro�le Analysis of EVs from Prostate Cancer PC-3 and Normal Prostate
Epithelial PNT2 Cell Lines

We �rst investigated if EVs derived from cancer cells carried any metabolic cargo distinguishable
from the metabolites in EVs derived from non-cancerous cells. To test this, we chose the PC-3 prostate
cancer cell line as a model for cancerous cells and PNT2 for normal cells, as we had previous evidence
for altered nucleic acid cargo in the EVs from these two cell lines [ 26,27]. The EVs derived from PC-3 and
PNT2 cells were subjected to non-targeted metabolomics to obtain broad-spectrum metabolite coverage
to reveal any di � erences. For the same reason, large (20K pellet from ultracentrifugation) and small
(110K pellet) EVs were isolated separately by di� erential ultracentrifugation to reveal any population
di � erences. From the LC-MS analysis of these EV samples, more than 6000 molecular features were
extracted; 197 of these features were identi�ed (Table S1). The results of the PC-3 derived EVs have
































