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ABSTRACT
Chemotherapy remains the most common modality of cancer treatment, used both independently and in combination with other 

systemic or localized therapies. It has been shown that patient response to chemotherapeutics is a potent predictor of prognosis and over 
90% of cancer patient mortalities are related to drug resistance. Resistance to chemotherapy can develop during the course of treatment 
when tumor cells become less sensitive to therapy and is particularly dangerous to patient survival due to the difficulty of detection. As such, 
it has become essential to develop efficient methods of monitoring changes in patients’ response to treatment. Our research demonstrates 
the potential of extracellular vesicles (EVs) in rapid, noninvasive monitoring of tumor response to chemotherapeutics. Through analysis 
of EV mRNA cargo, trends in gene expression observed in cells are shown to be conserved in their derived EVs. To determine tumor re-
sponse to treatment, we devised a model system to mimic interactions between tumor cells, chemotherapeutic(s), and gene expression 
alterations that confer resistance. We isolated EVs from MCF7/wt and MCF7/ADR cell culture supernatant to model EVs derived from 
doxorubicin-sensitive and resistant tumors, respectively. We then extracted mRNA from EVs and quantified the expression of top2a. We 
observed downregulation of top2a, which confers resistance to doxorubicin, in MCF7/ADR (doxorubicin resistant) EVs relative to MCF7/
wt EVs. Our findings establish the feasibility of using mRNA in tumor-derived EVs to assess drug sensitivity of tumors via liquid biopsy.
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INTRODUCTION
Cancer treatment often employs an array of modalities utilized 

independently, in sequence, or concurrently. Treatment modali-
ties include surgery, radiation, and systemic therapies such as che-
motherapy or immunotherapy. Chemotherapy remains the most 
common form of cancer treatment in the US (Figure 1A).1 Patient 
response to administered chemotherapeutics is a strong predictor 
of prognosis, and over 90% of cancer patient mortalities are related 
to drug resistance.2,3

Chemotherapeutic resistance is categorized as either intrin-
sic or developed. Intrinsic resistance inhibits a drug’s mechanism 
of action and exists in tumor cells prior to exposure. Developed 
resistance occurs when tumors evolve decreased sensitivity after 
initial or prolonged exposure. In conjunction with the difficulty of 
detection, this makes developed resistance particularly threatening 

to positive patient outcomes. At present, determination of tumor re-
sponse to chemotherapy treatment typically requires invasive tumor 
biopsies. This demonstrates the need for more efficient, noninvasive 
mechanisms for monitoring tumor response to treatment frequently 
throughout the treatment course.

As a result of the frequency of chemotherapy use and the im-
plications of losses in sensitivity to treatment, much research has 
gone into elucidation of the mechanisms and gene expression al-
terations conferring chemotherapeutic resistance (Figure 1B). Sim-
ilarly, pathways and gene targets of many chemotherapeutics are 
well understood. For example, the chemotherapy drug doxorubicin 
acts by inhibiting topoisomerase-IIα (TOP2A) function within the 
nucleus of tumor cells (Figure 1C), and decreases in TOP2A gene 
expression are indicative of doxorubicin resistance. Broadly, altered 
gene expression within drug-resistant tumor cells provides clear ev-

Figure 1. Chemotherapeutics remain the most prescribed cancer treatment and accordingly, mechanisms of drug action and drug 
resistance are well-characterized for many drugs. Chemotherapy utilized in breast cancer treatment (A) demonstrates its prevalence, par-
ticularly in late-stage cases. This prevalence has led to research into the different mechanisms of drug resistance (B). Likewise, much research 
has further illuminated the different mechanisms of action of given drugs. In a specific example (C), doxorubicin is shown entering the cell 
and nucleus to inhibit the TOP2A enzyme.
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idence of resistance when compared to that of drug-sensitive tumor 
cells.4 However, this method is limited in its clinical potential because 
probing for altered gene expression in tumor cells fails to eliminate 
the need for invasive biopsy procedures. 

To address this limitation, we put forth a method for the efficient 
and noninvasive monitoring of altered gene expression through the 
examination of mRNA cargo within extracellular vesicles (EVs) de-
rived from tumor cells. EVs are lipid bilayer-delimited nanoparticles 
secreted by cells and heralded as a primary mechanism for cell-to-
cell communication. As a result of their formation via exocytosis 
or membrane budding, EVs display protein surface markers and 
contain mRNA cargo conserved from their cell of origin. In addition, 
it has been shown that EVs travel throughout the body within bioflu-
ids.5 These characteristics of EVs highlight their potential application 
in a method for noninvasively monitoring tumor cell sensitivity to 
cancer treatment.

For our research, a model system was devised to mimic the 
development of chemotherapeutic resistance in tumor cells (Table 
1). The system was comprised of a chemotherapy drug, sensitive 
and resistant tumor cells, and a target gene known to be differen-
tially expressed in association with drug resistance. We utilized the 
common anthracycline antibiotic, doxorubicin, as the model che-
motherapeutic. We used the MCF7 (MCF7/wt) breast cancer cell 
line to model drug-sensitive tumor cells, and we used the MCF7/
ADR cell line—known to be multi-drug resistant—to model tumor 
cells with developed drug-resistance. We then isolated EVs from the 
cell culture supernatant of the drug-sensitive and drug-resistant cell 
lines. Finally, we selected top2a as the target gene because it is highly 
downregulated in doxorubicin-resistant MCF7 cells, top2a codes for 
TOP2A, an enzyme involved in DNA repair, and is a primary target 
in the doxorubicin mechanism.4

With this model, we demonstrated mRNA within tumor-de-
rived EVs reflects the gene expression alterations observed in tumor 
cells associated with developed resistance to doxorubicin. This find-
ing indicates the highly impactful clinical motivation and potential 
of our research.

RESULTS
Using RT-qPCR, we measured top2a expression in both cells 

and EVs derived from the MCF7/ADR and MCF7/wt cell lines. In 
MCF7/ADR cells, we observed a 3.58-fold downregulation relative 
to MCF7/wt cells; in MCF7/ADR EVs, we observed a 24.29-fold 
downregulation relative to MCF7/wt EVs (Figure 2). We normalized 
top2a expression in cells and EVs derived from both cell lines to base-
line expression of the glyceraldehyde-3-phosphate dehydrogenase 
(gapdh) housekeeping gene.

These data strongly support the notion that gene expression 
alterations in cells can be detected through quantification of the 

Table 1. A model system was devised to measure gene expression alterations associated with developed chemotherapeutic resistance. 
MCF7/wt and MCF7/ADR cell lines were used to model doxorubicin-sensitive and resistant tumors, respectively. TOP2A is an enzyme that 
acts in DNA repair and has been shown to be downregulated in doxorubicin resistant cells.
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Figure 2. Relative expression of top2a in doxorubicin-resistant tu-
mor cells and their derived EVs compared to MCF7/wt cells and 
EVs, respectively. Comparison of the ΔCt values (normalized to gap-
dh) of (A) cells and (B) EVs reveals decreased expression of top2a in 
both MCF7/ADR cells and EVs. (C) A 3.58-fold downregulation was 
observed in MCF7/ADR cells compared to MCF7/wt cells. A 24.29-
fold downregulation was observed in MCF7/ADR EVs compared to 
MCF7/wt EVs.
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mRNA cargo of their derived EVs. In particular, decreased top2a ex-
pression in MCF7/ADR cells agrees with established trends observed 
in MCF7 cells with developed doxorubicin resistance and further 
underscores the potential of using EVs to noninvasively monitor 
tumor resistance development.4

DISCUSSION
Through our research, we have presented a novel method for 

noninvasively monitoring gene expression alterations in tumor cells 
through quantification of a target gene in the mRNA cargo of their 
derived EVs. Observation of differential expression of the target 
gene, top2a, demonstrates the conservation of trends in gene expres-
sion from cells to EVs (Figure 3).

Our findings illuminate clear next steps for the implementation 
of this method into a clinical setting. In addition to tumor-derived 
EVs, biofluids contain abundant healthy-cell-derived EVs, as well as 
cells, proteins, and free oligonucleotides. Accordingly, future work 
should improve upon the current EV isolation protocols to more 
effectively address complex biofluid samples. Coupled with the prop-
erties of EVs, including their ability to travel great distances from the 
site of their genesis and their conserved biomarkers derived from 
their cell of origin, it is possible to select for tumor-derived EVs 
among samples comprised of EVs secreted from a diverse range of 
cell types.5,6 

A potential mechanism for this selection is immuno-capture 
where antibody-functionalized microbeads bind EVs based on sur-
face markers differentially expressed on tumor cells. This is possible 
because these surface markers are inherited by EVs secreted from 
tumor cells and may be used to differentiate them from other EV 
populations. 

Implementation of a two-step immuno-capture procedure has 
previously been shown to increase selectivity.6 The primary step 
aims to diminish background and consists of negatively selecting 
for EVs from non-tumor cell types with a first round of microbeads 
coated with surface markers known to be generally expressed. This 
is then followed by a secondary step which utilizes functionalized 
microbead interactions with known tumor surface markers yielding 
positive selection of tumor-derived EVs. Captured EVs can be lysed 

on the bead to release their cargo, enabling subsequent isolation of 
their mRNA and quantification of target genes. 

The addition of tumor-derived EV selection furthers the clinical 
potential of utilizing EVs in liquid biopsy applications. Additional 
future directions include developing a streamlined protocol incorpo-
rating isolation/selection of tumor-derived EVs, extraction of their 
mRNA cargo, and quantification of target genes that confer drug 
resistance. All together, this would fulfill the need for an efficient, 
noninvasive method of determining patient prognosis through the 
rapid evaluation of response to chemotherapy. 

As long as drug therapies remain a prominent tool for limiting 
disease progression, there will likewise remain the need to verify 
tumor sensitivity to prescribed drugs. To assess this, we have pre-
sented a novel method to noninvasively monitor tumor response 
to chemotherapeutics through examination of tumor-derived EV 
mRNA. Our findings highlight the potential use of EVs in liquid 
biopsy applications that may be performed at frequent timepoints 
throughout a cancer treatment course to support improved patient 
outcomes.

METHODS
Cell culture and growth conditions

The MCF7/wt and MCF7/ADR cell lines were obtained from the 
UCB Cell Culture Facility supported by the University of California, 
Berkeley. Both cell lines were cultured in an attached monolayer in 
DMEM media (Thermo Fisher Scientific, USA) supplemented with 
10% exosome depleted fetal bovine serum (Thermo Fisher Scientific, 
USA) and 1% penicillin-streptomycin (Roche Molecular Systems, 
USA). Additionally, cells were grown in either T25, T75, or T175 
attached type, filter-cap culture flasks (Thermo Fisher Scientific, 
USA). Cells were incubated in a 37 °C humidified atmosphere with 
5% CO2.

EV isolation
EVs were isolated from cell culture supernatant using a mem-

brane-affinity-based commercial isolation method (ExoEasy Maxi, 
Qiagen, Germany). Briefly, cell culture supernatant was clarified by 
centrifugation at 3000 rcf for 15 minutes, and the resulting superna-
tant was mixed with a binding buffer and added to the spin column. 

Figure 3. Conservation of gene expression from cells to EVs. Decreased top2a expression was observed in EVs derived from cell types in 
which top2a expression was similarly decreased. This demonstrates the conservation of trends in gene expression from cells to their derived 
EVs.
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EVs were captured on the column, washed, and lysed using QiaZOL. 

RNA isolation
RNA from both EVs and cells was isolated using a phenol-chlo-

roform method with the RNeasy® Mini Kit (Qiagen, Germany) ac-
cording to the manufacturer’s protocol. An additional RNase-free 
DNase step was performed according to manufacturer’s protocol 
and utilizing an RNase-free DNase kit (Qiagen, Germany). This 
step was carried out to ensure total elimination of genomic DNA. 
Finally, to ensure purity of RNA, optical density was measured using 
a NanoDrop® spectrophotometer at 260 and 280 nm and 260/280 
ratios were compared to published qualifications of purity (Thermo 
Fisher Scientific, USA). 

Gene quantification
The top2a gene was quantified in the isolated RNA of both cells 

and EVs using a 48-well RT qPCR assay. Each well containing sam-
ples also contained the components necessary for the PCR reaction 
(New England BioLabs, USA) as well as a primer for either top2a 
or gapdh. RT-qPCR was performed following the manufacturer’s 
protocols. The gapdh housekeeping gene was used to normalize 
top2a expression. top2a and gapdh primers (Integrated DNA Tech-
nologies, USA) were used at an in-well concentration of 40 nM.7 
This primer concentration was found to minimize primer dimer 
formation observed in initial testing. Initial testing also produced an 
empirical top2a primer efficiency value of 99.43% which translates to 
an amplification value of 1.99 used in gene expression fold-change 
calculations. 

Data analysis
Data analysis was performed using the delta delta cycle thresh-

old method (ΔΔCt) and an amplification factor of 1.99. Fold-in-
creases or -decreases in gene expression were calculated using the 
following equation:

fold-increase or decrease = (amplification value)- ΔΔCt
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