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Abstract 
Extracellular vesicles (EVs) are emerging as key players in breast 
cancer progression and hold immense promise as cancer biomarkers. 
However, difficulties in obtaining sufficient quantities of EVs for the 
identification of potential biomarkers hampers progress in this area. 
To circumvent this obstacle, we cultured BT-474 breast cancer cells in 
a two-chambered bioreactor with CDM-HD serum replacement to 
significantly improve the yield of cancer cell-associated EVs and 
eliminate bovine EV contamination. Cancer-relevant mRNAs BIRC5 
(Survivin) and YBX1, as well as long-noncoding RNAs HOTAIR, ZFAS1, 
and AGAP2-AS1 were detected in BT-474 EVs by quantitative RT-PCR. 
Bioinformatics meta-analyses showed that BIRC5 and HOTAIR RNAs 
were substantially upregulated in breast tumours compared to non-
tumour breast tissue, warranting further studies to explore their 
usefulness as biomarkers in patient EV samples. We envision this 
effective procedure for obtaining large amounts of cancer-specific EVs 
will accelerate discovery of EV-associated RNA biomarkers for cancers 
including HER2+ breast cancer.
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           Amendments from Version 2
We have replaced the previous TEM image with an improved TEM 
image consisting of multiple EVs in Figure 1B.

Any further responses from the reviewers can be found at 
the end of the article

REVISED

Introduction
Interactions between tumour and stromal cells sculpt the 
tumour microenvironment and contribute to cancer malignancy, 
metastasis and immune evasion. Extracellular vesicles (EVs)1 
mediate one of the key intercellular interactions by shuttling 
biomolecules in micro and nanoscale lipid-enclosed packages. 
EVs have been associated in many studies with resistance of 
cancer to chemo or radio therapies2.

EVs contain cargo specific to their parental cell, are very  
stable, and circulate in blood and other bodily fluids. These 
properties make EVs prime candidates for cancer detection in 
liquid biopsies3, either alone or combined with the detection of 
circulating tumour DNA (ctDNA) or circulating tumour cells 
(CTCs)4. Upregulation of RNA transcripts including long- 
noncoding RNA (lncRNA) offers a means for distinguishing  
EVs originating from tumour and non-tumour cells. LncRNAs 
are greater than 200 nucleotide-long transcripts constituting 
two thirds of the transcriptome and appear to play a critical 
role in carcinogenesis of many cancers including breast 
malignancies5–11, and constitute an understudied class of EV 
cargo12,13. HER2-positive breast cancers were reported to dif-
ferentially express over 1,300 unique lncRNAs compared to 
non-tumour breast tissue14,15. Some of the HER2-associated 
lncRNAs identified to date include ZFAS1 which was found 
to associate with ribosomes in breast cancer cells16,17; HOX  
transcript antisense intergenic RNA (HOTAIR) which is 
involved in regulation of chromatin states and targets genes related 
to tumour metastasis and correlates with poor prognosis18,19; 
and AGAP2 antisense RNA 1 (AGAP2-AS1) which promotes 
resistance of breast cancer cells to trastuzumab through EV  
signalling20. Some mRNAs specific to or upregulated in breast 
cancer cells may also serve as HER2-EV biomarkers, includ-
ing EpCAM which affects intercellular adhesion and is relevant 
to tumour progression21; BIRC5 (baculoviral IAP repeat- 
containing protein 5, the gene that encodes the survivin  
protein and a member of Inhibitor of apoptosis family) which is 
involved in regulation of mitosis and apoptotic inhibition22; and 
YBX1 (the Y-box binding protein) which is an oncogenic tran-
scription and translation regulator that regulates cell invasion 
and migration23. The overexpression of these mRNAs (EpCAM,  
BIRC5 and YBXI) were all associated with poor outcomes 
for breast cancer patients24. RNAs represent promising  
EV-associated biomarkers but difficulties in producing sufficient 
amounts of pure cancer associated EVs complicate validation  
of RNA presence in EVs.

Here, we present a simple solution for obtaining high quanti-
ties of cancer-associated EVs by culturing the HER2-positive 

breast cancer cell line BT-474 in a CELLine AD 1000  
two-chamber bioreactor flask. The CELLine bioreactor system  
mimics physiological growth conditions by allowing three  
dimensional (3D) cell growth on a fibre-mimetic surface, result-
ing in increases in cell number and EV production25. This  
strategy allowed us to obtain sufficient EV yields to demon-
strate that tumour cells release EVs associated with several  
potential breast cancer biomarkers.

Methods
Bioreactor culture
To prevent bovine EVs present in foetal calf serum (FCS) 
from contaminating the cancer-specific EVs, we cultured 
BT-474 cells from ATCC (ATCC® HTB-20™) (seeded at 
4.5 × 108 cells/mL) in 15 mL Advanced DMEM/F-12 medium 
(Gibco, ThermoFisher Scientific, Waltham, USA) supplemented 
with 2% CDM-HD serum replacement (FiberCell Systems, 
New Market, USA) in the lower cell chamber of a CELLine 
AD 1000 bioreactor flask (Argos, Elgin, USA). The same 
media (150 mL) was used in the upper media chamber but 
supplemented with 2% FCS (Figure 1A). The dialysis  
membrane that separates the cell and media compartments 
allows FCS-specific nutrients <10 kDa but not EVs to pass 
through and nourish the cells. Every three to four days, the  
15 mL of conditioned medium from the cell chamber was 
harvested for EV isolation, and the media from the upper  
chamber was replaced.

EV isolation and purification
EVs were isolated using differential centrifugation and size 
exclusion chromatography (SEC) as outlined in Figure 1. 
Conditioned medium (15 mL) was first centrifuged at 
2,000 x g for 10 min to remove large debris, 10,000 x g for 
30 min to isolate large EVs, and 100,000 x g for 70 min to  
isolate small EVs (Figure 1A). The resulting small EV suspension 
(in 500 µL PBS) was loaded onto a 35 nm qEV original size 
exclusion column (Izon, Christchurch, New Zealand), and frac-
tions 7 through 24 were collected using an automated fraction 
collector (500 µL per fraction). BCA protein quantitation 
assay (Cat # 23225, Pierce, ThermoFisher Scientific, Waltham, 
USA) and Nanosight NS300 nanoparticle tracking analysis 
(NTA; Malvern Panalytical, Malvern, UK) were performed to 
quantitate protein and particle concentrations in each fraction, 
respectively. EV concentrations and size distributions were 
quantified on NTA by recording three 30 seconds videos 
under low flow conditions, with large EVs diluted at 1:100 in 
PBS and small EVs diluted at 1:500 in PBS. Small EV-rich 
fractions (7–11) were pooled, quantified again using NTA and 
BCA, and concentrated by ultracentrifugation (Avanti, Beckman  
Coulter, Brea, USA) at 100,000 x g for 70 min.

EV visualisation by transmission electron microscopy 
(TEM)
Negative staining TEM of pooled EV fractions was conducted 
by adsorption onto Formvar-coated copper grids (Electron 
Microscopy Sciences, Hatfield, USA) for 2 min, then treated 
with 2% uranyl acetate for 2 min. Grids were then visualised on 
a Tecnai G2 Spirit TWIN (FEI, Hillsboro, OR, USA) transmission 
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Figure  1. Purification and characterisation of BT-474 EVs. (A) experimental procedure employed for extracellular vesicle (EV) 
production, isolation, and purification; (B) transmission electron microscopy image of a small EV; (C,D) hydrodynamic diameter distribution 
profiles of isolated large and small EVs measured by nanoparticle tracking analysis (NTA) wherein red vertical lines and blue numbers 
denote standard deviation and particle diameters at specific peaks, respectively; (E) EV concentration (empty squares) determined by 
NTA, and protein levels (filled squares) determined by BCA assay of fractions acquired during separation on a qEV Original size exclusion 
chromatography (SEC) column; and (F) immunoblot with antibodies specific for HER2, EpCAM, α-tubulin and TSG101 proteins. Tetraspanin 
TSG101 is a loading control expected to be present in both EVs and cells. The α-tubulin should be present only in the cell lysates but not 
in purified EVs. MDA-MB-231 cell lysate serves as the negative control for HER2 and EpCAM proteins. Representative images/data from 
three independent experiments were shown in B–F.

electron microscope at 120 kV accelerating voltage and 
images were captured using a Morada digital camera (SIS 
GmbH, Munster, Germany).

Protein analysis by western blotting
This procedure was carried out as described previously26. 
Breast cancer cell lines were grown to log-phase, washed twice 
with ice-cold PBS, and lysed in an sodium dodecyl sulphate 
(SDS) lysis buffer [60 mM Tris-HCl (pH 6.8 at 25°C), 2% (w/v) 
SDS, 10% glycerol]. Proteins (25 µg) were separated by 
SDS-polyacrylamide gel electrophoresis (PAGE) and trans-
ferred to PVDF membranes. Membranes were subsequently 
immunoblotted with antibodies recognising human HER2  
(mouse monoclonal, anti-Neu, Santa Cruz, Cat # sc-33684, RRID: 
AB_627996), human EpCAM (rabbit monoclonal, AbCAM, Cat 

# ab223582, RRID:AB_2762366), human alpha-Tubulin (mouse 
monoclonal, Sigma-Aldrich Cat# T6074, RRID:AB_477582) 
and human TSG101 (rabbit polyclonal, AbCAM, Cat # ab30871, 
RRID:AB_2208084) and corresponding secondary antibodies. 
Bound antibodies were visualized using Pierce™ ECL West-
ern Blotting Substrate (ThermoFisher Scientific, Waltham, USA) 
and the chemiluminescence was measured using a BioRad 
ChemiDoc MP imaging system (Bio-Rad Laboratories, 
Inc., Hercules, USA).

RNA quantitation by qRT-PCR
Technical triplicates of Trizol-purified RNA from each 
experimental condition were reverse transcribed into cDNA 
using qScript Flex cDNA kit (Cat # 95049, Quantabio, Beverly, 
USA) primed with equal molar ratio of oligo-dT and random 
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primers according to the manufacturer’s instructions. Quantita-
tive RT-PCR was carried out using SYBR Green MasterMix 
(Life Technologies, Carlsbad, USA) and gene-specific primers 
previously validated in the literature (Table 1). These included 
protein-coding mRNAs EpCAM21, BIRC522, YBX123, GAPDH, and 
HPRT1, and lncRNAs ZFAS117, HOTAIR19, and AGAP2-AS120. 
Three independent experiments were performed with dupli-
cate PCR reactions per sample. RT-qPCR data were presented as 
cycle threshold (CT) values. Expression values were normalized 
relative to GAPDH mRNA expression. Statistical analysis 
was performed using multiple T-test. 

Bioinformatic meta-analyses
For this meta-analysis, the “RSEM expected count (DESeq2 
standardized)” dataset was downloaded on 31st March 2020 
from the TCGA_GTEx_TARGET cohort included in the UCSC 
Xena portal (https://xenabrowser.net/datapages/) and was 
manually annotated. This procedure has resulted in a dataset 
called “Figure 2B and C_meta_analysis_rawdata.xlsx” deposited 
in the DRYAD Digital Repository and used for all subsequent 
analyses. All data manipulations, plotting and statistical analy-
ses were carried out in R computing environment (v 3.5.3) 
running in R Studio (v 1.1.414) on a Windows 10 x64 machine. 
The ggplot2 package (v 3.3.0) was used to render Figures 2B 
and 2C. Magnitude of the gene expression difference between 
non-tumour breast tissues and breast tumours (Hedges g effect 
size) was calculated using the cohen.d function included in the 
effsize R package (v 0.8.0). The R script containing the 
code for all the above computations and visualisations is 
available in the DRYAD Digital Repository. 

An earlier version of this article can be found on bioRxiv 
(doi: https://doi.org/10.1101/2020.09.27.309252).

Results
EV production and isolation
The CELLine AD 1000 bioreactor increased the cell density 
and EV production due to the unique growth surfaces and fluid 
interactions25,27. In addition, the common issue of contaminating 

bovine EVs28,29 was avoided by using the serum replace-
ment CDM-HD, which is chemically defined, protein free, 
and animal component free. From three independent experi-
ments, we obtained an average of 1.9 ± 0.3 × 1011 large EVs 
of a mean diameter 150 ± 3 nm and 8.5 ± 0.7 × 1011 small EVs 
of a mean diameter 127 ± 5 nm. Negative-stained transmission 
electron microscope imaging showed the expected round EV 
morphology, and NTA size distributions resemble those seen 
from EVs produced in conventional culture flasks (Figure 1B–D). 
Low levels of contaminating proteins were observed in  
fractions 11–24 due to 2% CDM-HD serum replacement instead 
of the standard 5–10% FCS (Figure 1E). This allowed the  
accurate quantification of EV-associated protein markers without 
the concern of contaminating cellular proteins and demon-
strated that the small EVs obtained using ultracentrifugation 
are suitable for RNA analysis.

EV molecular characterization
Both the BT-474 cell lysates and BT-474 EVs of all sizes and 
purities isolated contained TSG101, EpCAM, and HER2 proteins 
(Figure 1F). Consistent with the literature, the triple-negative 
MDA-MB-231 breast cancer cell line did not express detect-
able levels of HER2 and EpCAM30. TSG101 is a regulator of 
the endosomal sorting and trafficking process and is expected 
to be present in both cells and EVs31. EpCAM is a cell  
adhesion glycoprotein that has been used extensively as a liquid 
biopsy marker for several epithelial cancers32, whilst HER2 
plays an important role in breast cancer subtyping. Interestingly, 
HER2-positive EVs appear to increase tumour proliferation 
and resistance to trastuzumab therapy33.

Quantification of the abundance of several EV-associated 
RNAs, including protein-coding mRNAs EpCAM, BIRC5, 
YBX1, GAPDH, and HPRT, as well as lncRNAs ZFAS1, 
HOTAIR, and AGAP2-AS1, was then performed using RT-qPCR 
from small EVs purified by ultracentrifugation. Despite well- 
documented differential expression in breast cancer, EpCAM 
mRNA was not found to be associated with the BT-474 
EVs, while BT-474 small EVs were clearly associated with  

Table 1. Primers used for quantitative RT-PCR.

Gene Forward primer (5’ → 3’) Reverse primer (5’ → 3’)

EpCAM AATCGTCAATGCCAGTGTACTT TCTCATCGCAGTCAGGATCATAA

BIRC5 CTGCCTGGCAGCCCTTT CCTCCAAGAAGGGCCAGTTC

YBX1 GGAGTTTGATGTTGTTGAAGGA AACTGGAACACCACCAGGAC

HPRT1 TGAGGATTTGGAAAGGGTGT GCACACAGAGGGCTACAATG

GAPDH ACGGGAAGCTTGTCATCAAT TGGACTCCACGACGTACTCA

ZFAS AAGCCACGTGCAGACATCTA CTACTTCCAACACCCGCATT

HOTAIR GGTAGAAAAAGCAACCACGAAGC ACATAAACCTCTGTCTGTGAGTGCC

AGAP2-AS1 TACCTTGACCTTGCTGCTCTC TGTCCCTTAATGACCCCATCC
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Figure 2. Bioinformatics meta-analysis of BT-474 extracellular vesicle (EV)-associated RNAs in tumour and non-tumour tissue. 
(A) Mean mRNA abundance (Ct value) of five protein-coding genes (EpCAM, BIRC5, YBX1, GAPDH, HPRT1) and three long non-coding RNAs 
(ZFAS1, HOTAIR, AGAP2-AS1) in BT-474 cells and their EVs. Each data point represents an average Ct value obtained in a PCR experiment using 
technical duplicates of an independently prepared sample. Three independent experiments were performed. Error bars denote standard 
errors of the mean. (B) Comparison of RNA expression of the gene panel studied in (A) between human tumours and their respective non-
tumour tissues deposited in TCGA and GTEx portals. Data were manually classified into 20 different organ categories (y-axis) including 8,867 
samples across 28 different cancer types and 6,874 samples across 24 non-tumour tissue types. Colour and area of the circles represent 
median RNA abundance; darker and larger circles indicate higher RNA expression. (C) Distribution of RNA expression of studied genes in 
breast tumours and breast non-cancer tissues. Open diamonds denote means of each population. Hedges g effect sizes indicate a number 
of standard deviations that separates the tumour and non-tumour groups. Hedges g > 0.8 demonstrates large effect size, i.e., difference 
between the means clearly stands out from the “noise” within the groups.

established breast cancer-specific RNAs, including mRNA  
BIRC5 and lncRNA HOTAIR (Figure 2A). Apart from EpCAM, 
no significant difference (unpaired T-test) was found between  
cells and EVs in the RNA analysed (Figure S1).

Differential expression of selected RNAs in cancer and 
normal tissues
We then explored the expression of the identical set of 
RNAs in 15,741 tumour and non-tumour tissue samples included 
in The Cancer Genome Atlas (TCGA) and Genotype Tissue 

Expression (GTEx) databases, respectively. Tumour and non-
tumour tissues in all 20 tissues analysed expressed similar 
levels of YBX1, GAPDH, HPRT1, ZFAS1, and AGAP2-AS1 
RNAs. The result indicates a limited use of these RNAs for  
differentiating tumour and non-tumour EVs. This result is con-
sistent with the canonical “housekeeping” role of HPRT1 and 
GAPDH and suggests potential use of ZFAS1 and AGAP2-AS1 
as housekeeping genes for analyses of lncRNAs in samples 
including tumour and non-tumour tissues, as well as cultured 
cells. Of the six candidate biomarkers investigated in this study, 
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only BIRC522, EpCAM21 and lncRNA HOTAIR19 were found 
to be differentially expressed in a wide range of cancer types 
including breast cancer (Figure 2B and 2C).

Discussion
While EVs hold promise as liquid biopsy targets for breast  
cancer, efficient production of EVs for molecular characterisa-
tion of EV-associated RNA can be challenging using conven-
tional culture systems. In this technical feasibility study, we 
circumvented this obstacle by culturing BT-474 cells, a com-
monly used HER2-positive cell line, in a CELLine AD 1000 
two-chambered bioreactor, which increased the cell density and 
EV production due to the unique growth surface and fluid 
interactions27. In addition, the common issue of contaminating 
bovine EVs29 was avoided by using the serum replacement 
CDM-HD, which is chemically defined, protein free, and  
animal component free. This bioreactor system provided highly 
enriched EVs in 15 mL of conditioned media, avoiding the 
sample loss and extra time associated with pre-centrifugation 
concentrators. Bioreactors were shown to improve the EV yield 
by over ten-fold (per volume) compared to conventional cell 
culture25,27,34. Cell lines including those from prostate cancer, 
mesothelioma, oral squamous cell carcinoma, melanoma and 
breast cancers were shown to grow in CELLine bioreactor25,27,34,35. 
Although it has been reported that cell morphology and surface 
markers are comparable, cells cultured in the bioreactor and 
conventional flasks appear to produce EVs with different metab-
olite content35. This could be due to 3D arrangement of cells 
in the bioreactor compared to monolayers in conventional 
flasks. The main drawback is the inability to visually observe 
the cells. Although the CELLine flask can be used for over 
3 months of continuous cell culture, the initial cost of the 
CELLine flask is significantly higher than the conventional 
flask. 

We verified that the EVs contained HER2, EpCAM, and 
TSG101 proteins. Transmission electron microscope imaging 
also allowed us to be confident that we had truly isolated 
small and large EVs in accordance with the MISEV 
guidelines36. We then demonstrated that the BT-474 small EVs 
were associated with lncRNAs ZFAS1, HOTAIR, and AGAP2-AS, 
as well as mRNAs BIRC5, YBX1, HPRT, and GAPDH using 
qRT-PCR.

Interestingly, the cancer-specific EpCAM mRNA was not 
detected in the small EVs although the EpCAM protein was 
detectable in the corresponding cell lysates, large EVs, and 
small EVs. Differential RNA expression in cancer, especially 
upregulation, has potential to infer a gene’s utility as a 
biomarker. Our finding indicates that RNAs BIRC5 and HOTAIR 
are promising EV-biomarkers, particularly in breast cancer, 
where they are substantially upregulated compared to non-tumour 
breast tissue. Of interest, EV associated lncRNA HOTAIR 

was reported to correlate with HER2-positive breast cancer37. 
Upregulation of serum exosomal HOTAIR was also reported 
to associate with poor response to chemotherapy in breast 
cancer patients38.

Currently, proteins dominate the EV biomarker field. 
However, novel EV-associated breast cancer biomarkers like 
lncRNAs and other RNAs are being explored more thoroughly 
to aid in detection and management. RNA biomarkers have 
higher sensitivity and specificity than proteins because PCR 
can amplify traces of RNA sequences with high specificity 
and sensitivity39. Further, it is more economical to detect RNA 
than protein biomarkers because each protein biomarker 
requires a specific antibody. These findings demonstrate the effi-
cient production of enriched BT-474 EVs and highlight their 
unique cargo, especially BIRC5 mRNA and HOTAIR lncRNA. 
Further studies to determine their clinical significance are 
warranted.

Data availability
Underlying data
DRYAD: Towards establishing extracellular vesicle-associated 
RNAs as biomarkers for HER2+ breast cancer. https://doi.
org/10.5061/dryad.jdfn2z39340.

This project contains the following underlying data:

-    Figure 1B_image_57.tif (Raw data for TEM image)

-    Figure_1C_NTA_Capture_MEV_ExperimentReport.pdf 
(Raw data from hydrodynamic diameter distribution 
profiles of isolated large and small EVs measured by 
nanoparticle tracking analysis (NTA) with red vertical 
lines and blue numbers denote standard deviation and 
diameters at specific peaks, respectively)

-    Figure_1D_NTA_Capture_SEV_ExperimentReport.pdf 
(Raw data from hydrodynamic diameter distribution 
profiles of isolated large and small EVs measured by 
nanoparticle tracking analysis (NTA) with red vertical 
lines and blue numbers denote standard deviation and 
diameters at specific peaks, respectively)

-    Figure_1E_qEV_BCA_and_particle_data.xlsx (EV 
concentration determined by NTA, and protein levels 
determined by BCA assay of fractions acquired 
during separation on a qEV Original size exclusion  
chromatography (SEC) column)

-    Figure_1F_raw_not_cropped.pptx (Raw western blot 
images)

-    Figure 2A_RT_qPCR raw data.xlsx

     For Figure 2A (Sheet 1: Raw data for RT-qPCR to examine 
the mRNA expression level of five protein-coding genes 
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(EpCAM, BIRC5, YBX1, GAPDH, HPRT1) and three 
long non-coding RNAs (ZFAS1, HOTAIR, AGAP2-AS1) 
in BT-474 cells and their EVs.)

     For Figure S1 (Sheet 2: Expression of RNA normalised 
to GAPDH to examine the mRNA expression level 
of five protein-coding genes (EpCAM, BIRC5, YBX1, 
HPRT1) and three long non-coding RNAs (ZFAS1, 
HOTAIR, AGAP2-AS1) in BT-474 cells and their EVs.)

-    Figure 2B and C_meta_analysis_rawdata.xlsx (DeSeq2 
normalised log2 (x+1) expression values of 10 genes 
in 8,867 tumours and 6,874 normal tissues downloaded 
on 31st March 2020 from the UCSC Xena portal) 

     The R script containing the code for all the above  
computations and visualisations

Data are available under the terms of the Creative Commons 
Zero “No rights reserved” data waiver (CC0 1.0 Public domain 
dedication).
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Figure S1. Fold change in the RNA expression of five protein-coding genes (EpCAM, BIRC5, YBX1, HPRT1) and three long non-
coding RNAs (ZFAS1, HOTAIR, AGAP2-AS1) in BT-474 EVs versus cells (control). Error bars denote standard errors of the mean.

Page 8 of 19

F1000Research 2021, 9:1362 Last updated: 04 MAY 2021

https://toil.xenahubs.net/download/TCGA-GTEx-TARGET-gene-exp-counts.deseq2-normalized.log2.gz
https://creativecommons.org/publicdomain/zero/1.0/
https://creativecommons.org/publicdomain/zero/1.0/


References

1. Xu R, Rai A, Chen M, et al.: Extracellular vesicles in cancer - implications 
for future improvements in cancer care. Nat Rev Clin Oncol. 2018; 15(10): 
617–638.  
PubMed Abstract | Publisher Full Text 

2. Keklikoglou I, Cianciaruso C, Güç E, et al.: Chemotherapy elicits pro-metastatic 
extracellular vesicles in breast cancer models. Nat Cell Biol. 2019; 21(2):  
190–202.  
PubMed Abstract | Publisher Full Text | Free Full Text 

3. Zhang W, Xia W, Lv Z, et al.: Liquid Biopsy for Cancer: Circulating Tumor Cells, 
Circulating Free DNA or Exosomes? Cell Physiol Biochem. 2017; 41(2): 755–768.  
PubMed Abstract | Publisher Full Text 

4. Chang L, Ni J, Zhu Y, et al.: Liquid biopsy in ovarian cancer: recent advances 
in circulating extracellular vesicle detection for early diagnosis and 
monitoring progression. Theranostics. 2019; 9(14): 4130–4140.  
PubMed Abstract | Publisher Full Text | Free Full Text 

5. Wu Y, Shao A, Wang L, et al.: The Role of lncRNAs in the Distant Metastasis of 
Breast Cancer. Front Oncol. 2019; 9: 407.  
PubMed Abstract | Publisher Full Text | Free Full Text 

6. Turchinovich A, Drapkina O, Tonevitsky A: Transcriptome of Extracellular 
Vesicles: State-of-the-Art. Front Immunol. 2019; 10: 202.  
PubMed Abstract | Publisher Full Text | Free Full Text 

7. Zhang P, Zhou H, Lu K, et al.: Exosome-mediated delivery of MALAT1 induces 
cell proliferation in breast cancer. Onco Targets Ther. 2018; 11: 291–299.  
PubMed Abstract | Publisher Full Text | Free Full Text 

8. Sun Z, Yang S, Zhou Q, et al.: Emerging role of exosome-derived long non-
coding RNAs in tumor microenvironment. Mol Cancer. 2018; 17(1): 82.  
PubMed Abstract | Publisher Full Text | Free Full Text 

9. Cabili MN, Trapnell C, Goff L, et al.: Integrative annotation of human 
large intergenic noncoding RNAs reveals global properties and specific 
subclasses. Genes Dev. 2011; 25(18): 1915–1927.  
PubMed Abstract | Publisher Full Text | Free Full Text 

10. Wang G, Liu C, Deng S, et al.: Long noncoding RNAs in regulation of human 
breast cancer. Brief Funct Genomics. 2016; 15(3): 222–226.  
PubMed Abstract | Publisher Full Text 

11. Iyer MK, Niknafs YS, Malik R, et al.: The landscape of long noncoding RNAs in 
the human transcriptome. Nat Genet. 2015; 47(3): 199–208.  
PubMed Abstract | Publisher Full Text | Free Full Text 

12. Kung JTY, Colognori D, Lee JT: Long noncoding RNAs: past, present, and 
future. Genetics. 2013; 193(3): 651–669.  
PubMed Abstract | Publisher Full Text | Free Full Text 

13. Djebali S, Davis CA, Merkel A, et al.: Landscape of transcription in human 
cells. Nature. 2012; 489(7414): 101–108.  
PubMed Abstract | Publisher Full Text | Free Full Text 

14. Yang F, Lyu S, Dong S, et al.: Expression profile analysis of long noncoding 
RNA in HER-2-enriched subtype breast cancer by next-generation 
sequencing and bioinformatics. Onco Targets Ther. 2016; 9: 761–772.  
PubMed Abstract | Publisher Full Text | Free Full Text 

15. Su X, Malouf GG, Chen Y, et al.: Comprehensive analysis of long non-coding 
RNAs in human breast cancer clinical subtypes. Oncotarget. 2014; 5(20): 
9864–76.  
PubMed Abstract | Publisher Full Text | Free Full Text 

16. Askarian-Amiri ME, Crawford J, French JD, et al.: SNORD-host RNA Zfas1 is a 
regulator of mammary development and a potential marker for breast 
cancer. RNA. 2011; 17(5): 878–891.  
PubMed Abstract | Publisher Full Text | Free Full Text 

17. Hansji H, Leung EY, Baguley BC, et al.: ZFAS1: A long noncoding RNA 
associated with ribosomes in breast cancer cells. Biol Direct. 2016; 11(1): 62.  
PubMed Abstract | Publisher Full Text | Free Full Text 

18. Lu R, Zhang J, Zhang W, et al.: Circulating HOTAIR expression predicts the 
clinical response to neoadjuvant chemotherapy in patients with breast 
cancer. Cancer Biomark. 2018; 22(2): 249–256.  
PubMed Abstract | Publisher Full Text 

19. Botti G, Scognamiglio G, Aquino G, et al.: LncRNA HOTAIR in Tumor 
Microenvironment: What Role? Int J Mol Sci. 2019; 20(9): 2279.  
PubMed Abstract | Publisher Full Text | Free Full Text 

20. Zheng Z, Chen M, Xing P, et al.: Increased Expression of Exosomal AGAP2-AS1 
(AGAP2 Antisense RNA 1) In Breast Cancer Cells Inhibits Trastuzumab-
Induced Cell Cytotoxicity. Med Sci Monit. 2019; 25: 2211–2220.  
PubMed Abstract | Publisher Full Text | Free Full Text 

21. Keller L, Werner S, Pantel K: Biology and clinical relevance of EpCAM. Cell 
Stress. 2019; 3(6): 165–180.  
PubMed Abstract | Publisher Full Text | Free Full Text 

22. Asanuma H, Torigoe T, Kamiguchi K, et al.: Survivin expression is regulated by 

coexpression of human epidermal growth factor receptor 2 and epidermal 
growth factor receptor via phosphatidylinositol 3-kinase/AKT signaling 
pathway in breast cancer cells. Cancer Res. 2005; 65(23): 11018–11025.  
PubMed Abstract | Publisher Full Text 

23. Lasham A, Samuel W, Cao H, et al.: YB-1, the E2F pathway, and regulation of 
tumor cell growth. J Natl Cancer Inst. 2012; 104(2): 133–146.  
PubMed Abstract | Publisher Full Text | Free Full Text 

24. Shibata T, Tokunaga E, Hattori S, et al.: Y-box binding protein YBX1 and its 
correlated genes as biomarkers for poor outcomes in patients with breast 
cancer. Oncotarget. 2018; 9(98): 37216–37228.  
PubMed Abstract | Publisher Full Text | Free Full Text 

25. Guerreiro EM, Vestad B, Steffensen LA, et al.: Efficient extracellular vesicle 
isolation by combining cell media modifications, ultrafiltration, and size-
exclusion chromatography. PLoS One. 2018; 13(9): e0204276.  
PubMed Abstract | Publisher Full Text | Free Full Text 

26. Leung EY, Askarian-Amiri ME, Singleton DC, et al.: Derivation of Breast Cancer 
Cell Lines Under Physiological (5%) Oxygen Concentrations. Front Oncol. 
2018; 8: 425.  
PubMed Abstract | Publisher Full Text | Free Full Text 

27. Mitchell JP, Court J, Mason MD, et al.: Increased exosome production from 
tumour cell cultures using the Integra CELLine Culture System. J Immunol 
Methods. 2008; 335(1–2): 98–105.  
PubMed Abstract | Publisher Full Text 

28. Lehrich BM, Liang Y, Khosravi P, et al.: Fetal Bovine Serum-Derived 
Extracellular Vesicles Persist within Vesicle-Depleted Culture Media. Int J 
Mol Sci. 2018; 19(11): 3538.  
PubMed Abstract | Publisher Full Text | Free Full Text 

29. Auber M, Frohlich D, Drechsel O, et al.: Serum-free media supplements carry 
miRNAs that co-purify with extracellular vesicles. J Extracell Vesicles. 2019; 
8(1): 1656042.  
PubMed Abstract | Publisher Full Text | Free Full Text 

30. Schneck H, Gierke B, Uppenkamp F, et al.: EpCAM-Independent Enrichment of 
Circulating Tumor Cells in Metastatic Breast Cancer. PLoS One. 2015; 10(12): 
e0144535.  
PubMed Abstract | Publisher Full Text | Free Full Text 

31. Willms E, Johansson HJ, Mäger I, et al.: Cells release subpopulations of 
exosomes with distinct molecular and biological properties. Sci Rep. 2016; 6: 
22519.  
PubMed Abstract | Publisher Full Text | Free Full Text 

32. Hisey CL, Dorayappan KDP, Cohn DE, et al.: Microfluidic affinity separation 
chip for selective capture and release of label-free ovarian cancer 
exosomes. Lab Chip. 2018; 18(20): 3144–3153.  
PubMed Abstract | Publisher Full Text 

33. Jia Y, Chen Y, Wang Q, et al.: Exosome: emerging biomarker in breast cancer. 
Oncotarget. 2017; 8(25): 41717–41733.  
PubMed Abstract | Publisher Full Text | Free Full Text 

34. Palviainen M, et al.: Metabolic signature of extracellular vesicles depends on 
the cell culture conditions. J Extracell Vesicles. 2019; 8(1): 1596669.  
PubMed Abstract | Publisher Full Text | Free Full Text 

35. Griffiths SG, Cormier MT, Clayton A, et al.: Differential Proteome Analysis of 
Extracellular Vesicles from Breast Cancer Cell Lines by Chaperone Affinity 
Enrichment. Proteomes. 2017; 5(4): 25.  
PubMed Abstract | Publisher Full Text | Free Full Text 

36. Thery C, Witwer KW, Aikawa E, et al.: Minimal information for studies 
of extracellular vesicles 2018 (MISEV2018): a position statement of 
the International Society for Extracellular Vesicles and update of the 
MISEV2014 guidelines. J Extracell Vesicles. 2018; 7(1): 1535750.  
PubMed Abstract | Publisher Full Text | Free Full Text 

37. Wang YL, Liu LC, Hung Y, et al.: Long non-coding RNA HOTAIR in circulatory 
exosomes is correlated with ErbB2/HER2 positivity in breast cancer. Breast. 
2019; 46: 64–69.  
PubMed Abstract | Publisher Full Text 

38. Tang S, Zheng K, Tang Y, et al.: Overexpression of serum exosomal HOTAIR 
is correlated with poor survival and poor response to chemotherapy in 
breast cancer patients. J Biosci. 2019; 44(2): 37.  
PubMed Abstract | Publisher Full Text 

39. Xi X, Li T, Huang Y, et al.: RNA Biomarkers: Frontier of Precision Medicine for 
Cancer. Noncoding RNA. 2017; 3(1): 9.  
PubMed Abstract | Publisher Full Text | Free Full Text 

40. Hisey CL, Tomek P, Nursalim YNS, et al.: Towards establishing extracellular 
vesicle-associated RNAs as biomarkers for HER2+ breast cancer. Dryad. 
Dataset, 2020.  
http://www.doi.org/10.5061/dryad.jdfn2z393

Page 9 of 19

F1000Research 2021, 9:1362 Last updated: 04 MAY 2021

http://www.ncbi.nlm.nih.gov/pubmed/29795272
http://dx.doi.org/10.1038/s41571-018-0036-9
http://www.ncbi.nlm.nih.gov/pubmed/30598531
http://dx.doi.org/10.1038/s41556-018-0256-3
http://www.ncbi.nlm.nih.gov/pmc/articles/6525097
http://www.ncbi.nlm.nih.gov/pubmed/28214887
http://dx.doi.org/10.1159/000458736
http://www.ncbi.nlm.nih.gov/pubmed/31281536
http://dx.doi.org/10.7150/thno.34692
http://www.ncbi.nlm.nih.gov/pmc/articles/6592165
http://www.ncbi.nlm.nih.gov/pubmed/31214490
http://dx.doi.org/10.3389/fonc.2019.00407
http://www.ncbi.nlm.nih.gov/pmc/articles/6555305
http://www.ncbi.nlm.nih.gov/pubmed/30873152
http://dx.doi.org/10.3389/fimmu.2019.00202
http://www.ncbi.nlm.nih.gov/pmc/articles/6404625
http://www.ncbi.nlm.nih.gov/pubmed/29386907
http://dx.doi.org/10.2147/OTT.S155134
http://www.ncbi.nlm.nih.gov/pmc/articles/5767090
http://www.ncbi.nlm.nih.gov/pubmed/29678180
http://dx.doi.org/10.1186/s12943-018-0831-z
http://www.ncbi.nlm.nih.gov/pmc/articles/5909226
http://www.ncbi.nlm.nih.gov/pubmed/21890647
http://dx.doi.org/10.1101/gad.17446611
http://www.ncbi.nlm.nih.gov/pmc/articles/3185964
http://www.ncbi.nlm.nih.gov/pubmed/26582840
http://dx.doi.org/10.1093/bfgp/elv049
http://www.ncbi.nlm.nih.gov/pubmed/25599403
http://dx.doi.org/10.1038/ng.3192
http://www.ncbi.nlm.nih.gov/pmc/articles/4417758
http://www.ncbi.nlm.nih.gov/pubmed/23463798
http://dx.doi.org/10.1534/genetics.112.146704
http://www.ncbi.nlm.nih.gov/pmc/articles/3583990
http://www.ncbi.nlm.nih.gov/pubmed/22955620
http://dx.doi.org/10.1038/nature11233
http://www.ncbi.nlm.nih.gov/pmc/articles/3684276
http://www.ncbi.nlm.nih.gov/pubmed/26929647
http://dx.doi.org/10.2147/OTT.S97664
http://www.ncbi.nlm.nih.gov/pmc/articles/4758788
http://www.ncbi.nlm.nih.gov/pubmed/25296969
http://dx.doi.org/10.18632/oncotarget.2454
http://www.ncbi.nlm.nih.gov/pmc/articles/4259443
http://www.ncbi.nlm.nih.gov/pubmed/21460236
http://dx.doi.org/10.1261/rna.2528811
http://www.ncbi.nlm.nih.gov/pmc/articles/3078737
http://www.ncbi.nlm.nih.gov/pubmed/27871336
http://dx.doi.org/10.1186/s13062-016-0165-y
http://www.ncbi.nlm.nih.gov/pmc/articles/5117590
http://www.ncbi.nlm.nih.gov/pubmed/29630518
http://dx.doi.org/10.3233/CBM-170874
http://www.ncbi.nlm.nih.gov/pubmed/31072041
http://dx.doi.org/10.3390/ijms20092279
http://www.ncbi.nlm.nih.gov/pmc/articles/6539022
http://www.ncbi.nlm.nih.gov/pubmed/30910994
http://dx.doi.org/10.12659/MSM.915419
http://www.ncbi.nlm.nih.gov/pmc/articles/6446658
http://www.ncbi.nlm.nih.gov/pubmed/31225512
http://dx.doi.org/10.15698/cst2019.06.188
http://www.ncbi.nlm.nih.gov/pmc/articles/6558934
http://www.ncbi.nlm.nih.gov/pubmed/16322251
http://dx.doi.org/10.1158/0008-5472.CAN-05-0491
http://www.ncbi.nlm.nih.gov/pubmed/22205655
http://dx.doi.org/10.1093/jnci/djr512
http://www.ncbi.nlm.nih.gov/pmc/articles/4817305
http://www.ncbi.nlm.nih.gov/pubmed/30647855
http://dx.doi.org/10.18632/oncotarget.26469
http://www.ncbi.nlm.nih.gov/pmc/articles/6324687
http://www.ncbi.nlm.nih.gov/pubmed/30260987
http://dx.doi.org/10.1371/journal.pone.0204276
http://www.ncbi.nlm.nih.gov/pmc/articles/6160036
http://www.ncbi.nlm.nih.gov/pubmed/30370249
http://dx.doi.org/10.3389/fonc.2018.00425
http://www.ncbi.nlm.nih.gov/pmc/articles/6194255
http://www.ncbi.nlm.nih.gov/pubmed/18423480
http://dx.doi.org/10.1016/j.jim.2008.03.001
http://www.ncbi.nlm.nih.gov/pubmed/30423996
http://dx.doi.org/10.3390/ijms19113538
http://www.ncbi.nlm.nih.gov/pmc/articles/6275013
http://www.ncbi.nlm.nih.gov/pubmed/31552133
http://dx.doi.org/10.1080/20013078.2019.1656042
http://www.ncbi.nlm.nih.gov/pmc/articles/6746277
http://www.ncbi.nlm.nih.gov/pubmed/26695635
http://dx.doi.org/10.1371/journal.pone.0144535
http://www.ncbi.nlm.nih.gov/pmc/articles/4687932
http://www.ncbi.nlm.nih.gov/pubmed/26931825
http://dx.doi.org/10.1038/srep22519
http://www.ncbi.nlm.nih.gov/pmc/articles/4773763
http://www.ncbi.nlm.nih.gov/pubmed/30191215
http://dx.doi.org/10.1039/c8lc00834e
http://www.ncbi.nlm.nih.gov/pubmed/28402944
http://dx.doi.org/10.18632/oncotarget.16684
http://www.ncbi.nlm.nih.gov/pmc/articles/5522217
http://www.ncbi.nlm.nih.gov/pubmed/31007875
http://dx.doi.org/10.1080/20013078.2019.1596669
http://www.ncbi.nlm.nih.gov/pmc/articles/6461113
http://www.ncbi.nlm.nih.gov/pubmed/28991197
http://dx.doi.org/10.3390/proteomes5040025
http://www.ncbi.nlm.nih.gov/pmc/articles/5748560
http://www.ncbi.nlm.nih.gov/pubmed/30637094
http://dx.doi.org/10.1080/20013078.2018.1535750
http://www.ncbi.nlm.nih.gov/pmc/articles/6322352
http://www.ncbi.nlm.nih.gov/pubmed/31100572
http://dx.doi.org/10.1016/j.breast.2019.05.003
http://www.ncbi.nlm.nih.gov/pubmed/31180050
http://dx.doi.org/10.1007/s12038-019-9861-y
http://www.ncbi.nlm.nih.gov/pubmed/29657281
http://dx.doi.org/10.3390/ncrna3010009
http://www.ncbi.nlm.nih.gov/pmc/articles/5832009
http://www.doi.org/10.5061/dryad.jdfn2z393


Open Peer Review
Current Peer Review Status:    

Version 3

Reviewer Report 04 May 2021

https://doi.org/10.5256/f1000research.56245.r84381

© 2021 Simoes B. This is an open access peer review report distributed under the terms of the Creative Commons 
Attribution License, which permits unrestricted use, distribution, and reproduction in any medium, provided the 
original work is properly cited.

Bruno M. Simoes   
Manchester Breast Centre, Division of Cancer Sciences, University of Manchester, Manchester, UK 

No further comments.
 
Competing Interests: No competing interests were disclosed.

I confirm that I have read this submission and believe that I have an appropriate level of 
expertise to confirm that it is of an acceptable scientific standard.

Version 2

Reviewer Report 24 February 2021

https://doi.org/10.5256/f1000research.49630.r79670

© 2021 Simoes B. This is an open access peer review report distributed under the terms of the Creative Commons 
Attribution License, which permits unrestricted use, distribution, and reproduction in any medium, provided the 
original work is properly cited.

Bruno M. Simoes   
Manchester Breast Centre, Division of Cancer Sciences, University of Manchester, Manchester, UK 

I don't have any further comments. Authors have addressed some of my comments so I'm happy 
to approve it.
 
Competing Interests: No competing interests were disclosed.

I confirm that I have read this submission and believe that I have an appropriate level of 

 
Page 10 of 19

F1000Research 2021, 9:1362 Last updated: 04 MAY 2021

https://doi.org/10.5256/f1000research.56245.r84381
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
http://orcid.org/0000-0003-1253-6657
https://doi.org/10.5256/f1000research.49630.r79670
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
http://orcid.org/0000-0003-1253-6657


expertise to confirm that it is of an acceptable scientific standard.

Reviewer Report 23 February 2021

https://doi.org/10.5256/f1000research.49630.r79669

© 2021 Kannan N. This is an open access peer review report distributed under the terms of the Creative 
Commons Attribution License, which permits unrestricted use, distribution, and reproduction in any medium, 
provided the original work is properly cited.

Nagarajan Kannan   
Division of Experimental Pathology, Department of Laboratory Medicine and Pathology, Center for 
Regenerative Medicine, Mayo Clinic, Rochester, MN, USA 

No further comments.
 
Competing Interests: Co-author on a publication with Dr.Leung >10 years ago.

Reviewer Expertise: Breast biobanking, Mammary gland development, Breast cancer prevention

I confirm that I have read this submission and believe that I have an appropriate level of 
expertise to confirm that it is of an acceptable scientific standard.

Version 1

Reviewer Report 21 December 2020

https://doi.org/10.5256/f1000research.30272.r75232

© 2020 Simoes B. This is an open access peer review report distributed under the terms of the Creative Commons 
Attribution License, which permits unrestricted use, distribution, and reproduction in any medium, provided the 
original work is properly cited.

Bruno M. Simoes   
Manchester Breast Centre, Division of Cancer Sciences, University of Manchester, Manchester, UK 

The authors report a novel culture model to isolate and increase the yield of extracellular vesicles 
(EVs) using a breast cancer cell line. They also claim that some RNA molecules present in EVs are 
predominantly expressed in tumour tissues compared to their normal tissues’ counterparts. 
 
My major concerns are the following: 
 
In Figure 1 – Experiments comparing the results with conventional 2D culture system should be 
shown to support the statements in the paper. And comparison using bovine serum should be 

 
Page 11 of 19

F1000Research 2021, 9:1362 Last updated: 04 MAY 2021

https://doi.org/10.5256/f1000research.49630.r79669
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
http://orcid.org/0000-0002-8825-2178
https://doi.org/10.5256/f1000research.30272.r75232
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
http://orcid.org/0000-0003-1253-6657
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Authors state “RNAs BIRC5 and HOTAIR are promising EV-biomarkers” but this is not proven by the 
data. The housekeeping genes GAPDH and HPRT are also expressed in EVs. Testing the presence 
of BIRC5 and HOTAIR RNAs in tumour vs non-tumour EVs is warranted. 
 
Number of independent experiments and replicates needs to be stated throughout the 
manuscript. 
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Extracellular vesicles (EV) are fast emerging as both therapeutic agents and biomarkers. Low 
yields of EVs in commonly used experimental models have somewhat diminished interest and 
their further scrutiny. Methodologies to improve EV yield in short term cultures are desirable and 
much needed for this field. 
 
In this brief communication, the authors report a culture method to enrich EV from low EV yielding 
breast cancer cell line, and using public datasets of tissues to bioinformatically demonstrate that 
these EVs are associated with RNA species enriched in tumors compared to their respective 
normal tissues. 
 
The EV enrichment method appears to be simple and straightforward, and therefore the 
applications in cancer field is apparent. I have the following comments for the authors.

Please provide the rate of EV production using standard 2D culture method vs your novel 
bioreactor-based method. It may perhaps appeal to labs working in this area to know the 
rate of production of EV per ml media per 1million seeded cells per hour in culture (both 
standard vs bioreactor).  
 

1. 

 
Page 14 of 19

F1000Research 2021, 9:1362 Last updated: 04 MAY 2021

https://doi.org/10.5256/f1000research.30272.r75230
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
http://orcid.org/0000-0002-8825-2178


Figures: It is not clear how many times these experiments were repeated or number of 
samples used. Please state them in the Figure Legends. Figure 1C-D showing hydrodynamic 
diameter distribution profiles should have intervals in Y-axis. 
 

2. 

The authors should discuss possible drawbacks to this method or choice of cell lines used in 
this study.  
 

3. 

Could you further elaborate on how the TCGA data was analyzed in your methods in order 
to help reproduce your findings by others.

4. 

 
Is the work clearly and accurately presented and does it cite the current literature?
Yes

Is the study design appropriate and is the work technically sound?
Yes

Are sufficient details of methods and analysis provided to allow replication by others?
Yes

If applicable, is the statistical analysis and its interpretation appropriate?
Yes

Are all the source data underlying the results available to ensure full reproducibility?
Yes

Are the conclusions drawn adequately supported by the results?
Yes
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Reviewer 1 - Nagarajan Kannan: 
 
Extracellular vesicles (EV) are fast emerging as both therapeutic agents and biomarkers. Low yields of EVs 
in commonly used experimental models have somewhat diminished interest and their further scrutiny. 
Methodologies to improve EV yield in short term cultures are desirable and much needed for this field.  
In this brief communication, the authors report a culture method to enrich EV from low EV yielding breast 
cancer cell line, and using public datasets of tissues to bioinformatically demonstrate that these EVs are 
associated with RNA species enriched in tumors compared to their respective normal tissues.  
The EV enrichment method appears to be simple and straightforward, and therefore the applications in 
cancer field is apparent. I have the following comments for the authors.

Please provide the rate of EV production using standard 2D culture method vs your novel 
bioreactor-based method. It may perhaps appeal to labs working in this area to know the rate of 
production of EV per ml media per 1million seeded cells per hour in culture (both standard vs 
bioreactor).

1. 

We agree such comparison would be highly valuable but it is not trivial to accurately 
quantify. It is difficult to normalize the EV production per amount of cells as the cells are 
cultured continuously in the CELLline flasks for months with two harvests (15ml of media 
from the cell chamber) per week. We cannot easily remove and count the cells while they are 
embedded in the growth surface of the CELLline flask. In the absence of the above data, we 
have added to the discussion a statement that “Bioreactors were shown to improve the EV 
yield by over ten-fold (per volume) compared to conventional cell culture in various cell lines 
6,14,21.”

Figures: It is not clear how many times these experiments were repeated or number of samples 
used. Please state them in the Figure Legends. Figure 1C-D showing hydrodynamic diameter 
distribution profiles should have intervals in Y-axis.

1. 

We apologize for the missing information. We have now added the sample size where 
appropriate and a number of independent experimental repeats in the figure legends. We 
have added ticks to the Y-axis of the hydrodynamic diameter distribution profiles in Figure 
1C-D. For Figure 2A, we have now included a statement “Each data point represents an 
average Ct value obtained in a PCR experiment using technical duplicates of an 
independently prepared sample. Three independent experiments were performed. Error bars 
denote standard errors of the mean.”

The authors should discuss possible drawbacks to this method or choice of cell lines used in this 
study.

1. 

We have added the possible drawbacks and choice of cell lines used in the discussion. “Cell 
lines including those from prostate cancer, mesothelioma, oral squamous cell carcinoma, 
melanoma, and breast cancers were shown to grow in CELLine bioreactor. Although it has 
been reported that cell morphology and surface markers are comparable, cells cultured in 
the bioreactor and conventional flasks appear to produce EVs with different metabolite 
content. This could be due to the 3D arrangement of cells in the bioreactor compared to 
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monolayers in conventional flasks. The main disadvantage is the inability to visually observe 
the cells in the CELLline bioreactor flask.

Could you further elaborate on how the TCGA data was analyzed in your methods in order to help 
reproduce your findings by others.

1. 

Thank you for the suggestion. We have added more details in methods describing the meta-
analysis and the R script containing the code for all the above computations and 
visualizations is now available in the DRYAD Digital Repository. 
 
 
Reviewer 2 - Tracy K. Hale: 
 
The identification of extracellular vesicle (EV) biomakers is certainly of interest in breast cancer research. 
This paper presents methodology to grow and isolate sufficient EVs to enable the investigation of their 
cargo. This study describes the growth of the breast cancer BT474 cell line in a CELLine AD 1000 
bioreactor flask with media containing CDM-HD serum. This allowed the cells to be grown in 3D 
conditions and large numbers of EVs to be isolated without contamination from bovine EVs.  
 
1. Figure 1 could be improved by enlarging region of Fig 1A focusing on the part of the chamber growing 
the cells and the isolation of EVs.  
 
That is an excellent suggestion. We have now added an additional illustration to Figure 1A, 
that details a portion of the chamber flask where the cells are growing. 
 
2. Could an antibody directed against a histone or tubulin be used in the western blot (Fig 1F) to show 
that the isolated EVs are not contaminated with any cellular debris?  
 
A great idea. We have now included tubulin in Fig 1F, demonstrating that EVs were not 
contaminated by cellular debris. 
 
3. In Figure 2A are the differences in HOTAIR (and the others) significant between BT474 cells and EVs? To 
what p-value?  
 
We have now expressed the RNA expression values in Figure 2A as fold changes relative to 
GAPDH to enable comparing RNA expression in cells and EVs (Figure S1). We assume that 
GAPDH expression is comparable between EVs and cells. Unpaired T-tests were performed to 
assess the statistical significance of differential RNA expression between EVs and cells. 
Except for EpCAM,  no significant difference in RNA expressions was found between cells and 
EVs. 
 
4. The growth of cells in this system shows that there are differential levels of HOTAIR in the cells vs EVs, 
and gene expression data is presented to demonstrate the over expression of HOTAIR in tumours. It will 
be of interest to test the presence of HOTAIR in malignant vs non-malignant EVs, to support the HOTAIR 
as a breast cancer EV biomarker.  
 
This is a very relevant hypothesis but testing it is beyond the scope of the current study. We 
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have included in the discussion a statement that “Upregulation of serum exosomal HOTAIR 
was also reported to associate with poor response to chemotherapy in breast cancer patients 
(PMID: 31180050)”. 
  
Reviewer 3 - Bruno M. Simoes: 
 
In Figure 1 – Experiments comparing the results with conventional 2D culture system should be 
shown to support the statements in the paper. And comparison using bovine serum should be 
shown too. 
 
This is a great point that has also been raised by Referee 1, and we have discussed the 
caveats of accurately comparing the EV production in the bioreactor and conventional flasks 
in our response to Referee 1. As for the comparison between CDM-HD serum replacement 
and bovine serum, this comparison is not included in the current study as bovine EVs from 
regular FCS has previously been shown to contaminate EV preparations from mammalian 
cells (DOI: 10.1039/C7NR08360B). 
 
Use of specific EV markers is needed to confirm the presence of EVs – see Gonzalez et al, Plos One, 
20141. 
 
We have now included tubulin in Fig 1F, demonstrating that EVs were not contaminated by 
cellular debris. We are convinced that excluding the presence of cellular debris in the EV 
preparation is essentially equivalent to confirming the presence of EVs by specific markers. 
 
The use of at least another cell line is warranted to validate the data and the use of primary cells 
would be ideal to assess potential clinical translation of the data. 
 
Yes, we agree. We are in the process of characterising the EV protein expression profile in 
several other cell lines cultured in Bioreactor flasks for another project. These data will be 
published as a separate manuscript. 
 
Figure 2A – The rational for selection of this list of EV-associated RNAs is not clear and needs to be 
defined. Real-time PCR data should be normalized to a reference transcript. 
Also, it is not clear if these experiments were done with large EVs, small EVs or both? If data 
corresponds only to small EVs then the experiments should be repeated with large EVs too. 
 
Thanks for these great suggestions for improvement. The RNAs studied in our paper were 
selected on the basis of their association with HER2+ breast cancer. We have now normalized 
the RNA expression with GAPDH and expressed the data as fold changes relative to GAPDH 
(Figure S1). The qPCR experiments in Figure 2A were conducted with small EVs purified by 
ultracentrifugation (Figure 1D) as we have now indicated in the manuscript. As the small EVs 
purified by ultracentrifugation also contains a small number of large EVs, the RNA 
expression data could not be reliably associated with large EVs. Therefore, we argue that 
conducting qPCR experiments on large EVs may generate confusing and hard to interpret 
results. Large EVs are difficult to purify due to their large size and can contain plenty of 
cellular debris when purified by ultracentrifugation.   
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Authors state “RNAs BIRC5 and HOTAIR are promising EV-biomarkers” but this is not proven by the 
data. The housekeeping genes GAPDH and HPRT are also expressed in EVs. Testing the presence of 
BIRC5 and HOTAIR RNAs in tumour vs non-tumour EVs is warranted. 
 
We base this statement on the bioinformatics analysis presented in Figure 2C. BIRC5 and 
HOTAIR satisfy two requirements for a suitable biomarker. i) They are expressed higher in 
breast cancer relative to non-tumour breast tissue. ii) Normal tissues express the lowest 
levels of both genes (especially HOTAIR) compared to other RNAs studied. This low RNA 
abundance in normal tissues presents a potential benefit in differentiating their cancer-
associated RNA expression. 
Testing the presence of BIRC5 and HOTAIR RNAs in tumour vs non-tumour from plasma is a 
superb suggestion and is being pursued in collaboration with another research group. 
 
Number of independent experiments and replicates needs to be stated throughout the 
manuscript. 
 
We have included in Figure 1 legend "Representative images/data from three independent 
experiments were shown in B– F." and Figure 2A legend “Each data point represents an 
average Ct value obtained in a PCR experiment using technical duplicates of an 
independently prepared sample. Three independent experiments were performed. Error bars 
denote standard errors of the mean.”
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