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BACKGROUND: Liquid biopsies are discussed to provide
surrogate markers for therapy stratification and monitor-
ing. We compared messenger RNA (mRNA) profiles of
circulating tumor cells (CTCs) and extracellular vesicles
(EVs) in patients with metastatic breast cancer (MBC) to
estimate their utility in therapy management.

METHODS: Blood was collected from 35 hormone
receptor-positive/HER2-negative patients with MBC at
the time of disease progression and at 2 consecutive stag-
ing time points. CTCs were isolated from 5 mL of blood
by positive immunomagnetic selection, and EVs from 4
mL of plasma by a membrane affinity-based procedure.
mRNA was reverse transcribed, preamplified, and ana-
lyzed for 18 genes by multimarker quantitative polymer-
ase chain reaction (qPCR) assays. RNA profiles were nor-
malized to healthy donor controls (n � 20), and results
were correlated with therapy outcome.

RESULTS: There were great differences in mRNA profiles
of EVs and CTCs, with only 5% (21/403) of positive
signals identical in both fractions. Transcripts involved in
the PI3K signaling pathway were frequently overex-
pressed in CTCs, and AURKA, PARP1, and SRC signals
appeared more often in EVs. Of all patients, 40% and
34% showed ERBB2 and ERBB3 signals, respectively, in
CTCs, which was significantly associated with disease
progression (P � 0.007). Whereas MTOR signals in
CTCs significantly correlated with response (P � 0.046),
signals in EVs indicated therapy failure (P � 0.011). The
presence of AURKA signals in EVs seemed to be a marker
for the indication of unsuccessful treatment of bone
metastasis.

CONCLUSIONS: These results emphasize the potential of
CTCs and EVs for therapy monitoring and the need for
critical evaluation of the implementation of any liquid
biopsy in clinical practice.
© 2018 American Association for Clinical Chemistry

Among all patients with breast cancer (BC)6, the largest
group presents with hormone receptor (HR)-positive
(pos)/HER2-negative (neg) tumors (65%–70%), with
about 15%–30% of patients developing distant metasta-
sis within 10 years (1 ). Metastatic BC (MBC) is a non-
curative situation combating the challenge of de novo and
acquired resistance to therapy. Moreover, selection pres-
sure under therapy favoring expansion of drug-resistant
clones results in intratumor heterogeneity (1 ). Predictive
markers harbor the advantage of individually identifying
the most effective treatment regimen and, thus, are highly
desired.

In this context, circulating tumor cells (CTCs) are
candidate analytes, as their prognostic relevance in MBC
has already been proven (2–6 ); their multiple character-
istics, including stem cell-like, resistance, and epithelial-
to-mesenchymal transition (EMT) properties, have been
extensively described (7–11) and their transcriptional
content has been shown to display predictive information
(12 ). Besides CTCs, secreted lipid bilayer-enclosed lu-
mens, called extracellular vesicles (EVs), are purported to
be useful as liquid biopsy biomarker reservoirs. EVs, EV-
associated proteins, and microRNAs have been shown to
be diagnostic markers in BC (13, 14); the relevance of
vesicular messenger RNAs (mRNAs) in BC, however, is
vague (15 ).
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At present, either CTCs or EVs are feasible bio-
marker reservoirs for therapy stratification and monitor-
ing of BC. However, no comparison study has been
published that unravels differences between these com-
partments. Here, we isolated EVs and CTCs from blood
samples of 35 HR-pos/HER2-neg patients with MBC at
3 time points during therapy by an affinity-based method
for EVs or positive immunomagnetic selection mecha-
nism for CTCs, followed by mRNA analysis using a new
multimarker reverse transcription (RT)-qPCR panel. We
compared CTCs and EVs with regard to their mRNA
profiles to determine whether their transcriptional signa-
tures (a) were concordant, (b) offered monitoring and/or
prognostic markers, and (c) differed with regard to the
given therapy.

Patients and Methods

PATIENT POPULATION AND CHARACTERISTICS

The study was carried out at the Department of Gyne-
cology and Obstetrics in collaboration with the Depart-
ment of Internal Medicine (Cancer Research), both at
the University Hospital Essen, Germany, and the
Marienhospital Bottrop, Germany, for specimen recruit-
ment. In total, 105 blood samples from 35 patients with
MBC were studied between August 2015 and May 2017.

ELIGIBILITY CRITERIA

Eligibility criteria of the patients have been previously
published (16 ), and patient characteristics are listed in
Table 1 in the Data Supplement that accompanies the
online version of this article at http://www.clinchem.org/
content/vol64/issue7. All patients had estrogen (ER)
and/or progesterone receptor (PR)-positive primary tu-
mors, no ERBB27 overamplification, and no HER2 over-
expression. Patients had a documented progressive MBC
before receiving a new anti-hormonal, chemo- or tar-
geted therapy. Prior neoadjuvant and adjuvant treat-
ment, radiation, and all kinds of surgical intervention
were permitted. Written informed consent was obtained
from all participants at enrollment, and specimens were
collected in accordance with protocols approved by the
institutional review board (12–5265-BO).

RESPONSE CRITERIA

Therapy success was evaluated by computed tomography
or magnetic resonance imaging and according to the Re-
sponse Evaluation Criteria in Solid Tumors (RECIST)
guidelines (17 ). Nonresponders were classified as having
progressive disease that was characterized by at least a
20% increase in the sum of the longest diameter of target
lesions. Responders showed the following RECIST eval-
uation: complete response, partial response, or stable
disease.

STUDY DESIGN

Blood specimens collected at the following 3 time points
across the course of treatment were analyzed (Fig. 1): at
the initial time point (TP0), which was the time of pro-
gressive metastatic disease under a given therapy or first
diagnosis of new metastasis, and at the 2 consecutive
staging time points (TP1 and TP2).

STRATIFICATION OF PATIENTS

Patients were stratified into 4 cohorts (Fig. 1) as previ-
ously described (16 ): (a) overall responders (response at
TP1 and TP2), (b) late nonresponders (response at TP1
but not at TP2), (c) late responders (response at TP2 but
not at TP1), or (d) overall nonresponders (no response at
TP1 or TP2).

Treatment included chemotherapy (CTX; doxoru-
bicin, capecitabine, carboplatin, eribulin, vinorelbine,
paclitaxel, docetaxel, oxaliplatin, nab-paclitaxel), anti-
hormonal therapy (HTX; exemestane, letrozole, fulves-
trant, tamoxifen, goserelin), and targeted therapy [TTX;
lapatinib, bevacizumab, everolimus, and/or in case of
HER2 positive metastasis (n � 2) trastuzumab, pertu-
zumab, trastuzumab emtansine or margetuximab]. Pa-
tients with bone metastasis were treated with denosumab
or zoledronic acid (OTX).

SAMPLING OF BLOOD AND ISOLATION OF PLASMA

At each time point, 2 � 9 mL of peripheral blood was
collected in S-Monovettes® 9 mL of K3E (1.6 mL of
EDTA/mL; Sarstedt AG), stored at 4 °C, and processed
within 4 h after blood draw. For CTC isolation, 5 mL of
whole blood was used. The remaining blood was centri-
fuged at 3000g for 8 min, and the obtained plasma was
frozen at �80 °C.

ENRICHMENT OF CTCs

CTCs were isolated from 5 mL of blood by positive
immunomagnetic selection targeting EpCAM, EGFR,
and HER2 (AdnaTest EMT-2/StemCell SelectTM,
QIAGEN), as described in detail elsewhere (16 ).

ISOLATION OF EVs AND VESICULAR RNA

Thawed plasma was centrifuged at 3000g for 8 min at room
temperature and subsequently passed through a 0.8-�m-

7 Human genes: ERBB2, erb-b2 receptor tyrosine kinase 2; AKT2, AKT serine/threonine
kinase 2; ALK, ALK receptor tyrosine kinase; AR, androgen receptor; AURKA, aurora ki-
nase A; BRCA1, DNA repair associated; CDK4, cyclin-dependent kinase 4; CDK6, cyclin-
dependent kinase 6; EGFR, epidermal growth factor receptor; ERCC1, ERCC excision
repair 1, endonuclease noncatalytic subunit; EpCAM, epithelial cell adhesion molecule;
ESR1, estrogen receptor 1; ERBB3, erb-b2 receptor tyrosine kinase 3; GAPDH,
glyceraldehyde-3-phosphate dehydrogenase; KIT, KIT proto-oncogene receptor tyrosine
kinase; KRT5, keratin 5; MET, MET proto-oncogene, receptor tyrosine kinase; MTOR,
mechanistic target of rapamycin kinase; NOTCH1, notch 1; PARP1, poly(ADP-ribose)
polymerase 1; PIK3CA, phosphatidylinositol-4,5-bisphosphate 3-kinase catalytic sub-
unit alpha; PTPRC, protein tyrosine phosphatase, receptor type C; SRC, SRC proto-
oncogene, nonreceptor tyrosine kinase.
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pore size syringe filter (Sartorius) to ensure removal of apo-
ptotic bodies and cell debris. EVs were isolated from 4 mL of
prefiltered plasma by affinity-based binding to a spin col-
umn (exoEasy spin column, QIAGEN) (18). The vesicles
were bound onto a membrane independent of their size or
cellular origin and lysed on the column; subsequently, the
total RNA was isolated and purified.

mRNA ISOLATION AND REVERSE TRANSCRIPTION

mRNA was isolated from the entire cell lysates and from
the vesicular total RNA by oligo(dT)25-coated magnetic
beads. Purified mRNA was reverse transcribed (Adna-
Test EMT-2/StemCell DetectTM, QIAGEN) (16 ) with
a final reaction volume of 40 �L, and cDNA was stored
at �20 °C.

QUANTITATIVE PCR

The AdnaTest TNBC Panel prototype, consisting of
in-house– designed multimarker RT-qPCR assays
(QIAGEN), required transcript-specific preamplifica-
tion of 6.25 �L cDNA using the TATAA Multiplex
Grand Master Mix (TATAA Biocenter AB). PCR was
performed as follows: denaturation at 95 °C for 15 min,
followed by 18 cycles of 95 °C for 20 s, 60 °C for 20 s,
and 72 °C for 3 min. Preamplified cDNA (2 �L; 1:10
diluted) was analyzed in duplicates for 1 of the 18 tran-
scripts (namely, AKT2, ALK, AR, AURKA, BRCA1,
EGFR, ERCC1, ERBB2, ERBB3, KIT, KRT5, MET,
MTOR, NOTCH1, PARP1, PIK3CA, SRC, GAPDH).
Mentioned RT-qPCR assays, included in the AdnaTest
TNBC Panel prototype (reference numbers and ampli-
con sizes listed in Table 2 in the online Data Supple-
ment), were used with a volume of 2 �L in addition to
5 �L of iTaq Universal Supermix SYBR Green Mix™

(Bio-Rad Laboratories) and 1 �L of RNase-free water
(QIAGEN). RT-qPCR was performed with the
StepOnePlus™ (Life Technologies) real-time system
as follows: PCR activation at 95 °C for 10 min, fol-
lowed by 35 cycles 95 °C for 10 s, 60 °C for 10 s, and
75 °C for 10 s. Fluorescence readout was performed at
75 °C. Additionally, melting curves were obtained.
Analytical and clinical specificity, homogeneity, effi-
cacy, and reproducibility were analyzed according to
MIQE guidelines (see Tables 3 and 4 and Figs. 1, 2,
and 3 in the online Data Supplement).

DATA EVALUATION

To examine potential PCR inhibition, a synthetic RNA
fragment (RNA Spike I, TATAA Biocenter AB) was
added into the sample lysates and into only lysis buffer.
�Cq values [calculated by Cq RNA Spike (sample ly-
sate) � Cq RNA Spike (lysis buffer plus RNA Spike)] of
�1 (CTC samples) or �1.5 (EV samples) resulted in the
exclusion of potentially false-negative data points. Re-
sults of primer pairs showing Cq values �35 in the neg-
ative reverse transcription control, results of nontarget
amplicons [�Tm (positive control � sample) � 2 °C],
and results of dimers [Tm � 76.6 °C] were excluded from
the analysis.

Transcripts not exclusively expressed in CTCs but
also in the 100–200 contaminating leukocytes (revealed
by leukocyte titration experiments; see Fig. 1 in the on-
line Data Supplement) were normalized to the leukocyte-
specific transcript PTPRC. Some transcripts were inde-
pendent of a growing number of leukocytes (namely,
ALK, AR, AURKA, KIT, KRT5, MET, EGFR, and
ERBB3). The quantification cycle was defined to be
reached at the threshold of 0.5 in all cases (programmed

Fig. 1. Study design.
Blood was drawn at 3 staging time points. According to the RECIST guidelines, patients were defined as responders or nonresponders and as
overall responders (response at TP1 and TP2), late nonresponders (response at TP1 but not at TP2), late responders (response at TP2, but not
at TP1), and overall nonresponders (no response at TP1 and TP2).

1056 Clinical Chemistry 64:7 (2018)

D
ow

nloaded from
 https://academ

ic.oup.com
/clinchem

/article/64/7/1054/5608895 by guest on 24 M
ay 2023



with StepOne Software v2.3). CTC and EV expression
data of patients with MBC were normalized to matched
expression data of healthy donor controls (HDs; n � 20;
see Table 3 in the online Data Supplement). Subse-
quently, for all transcripts analyzed in CTCs, those not
expressed in leukocytes, and for all transcripts accessed in
the EV samples, the �Cq value was calculated as follows:
�Cq � [Cutoff(gene) � Sample Cq(gene)]. For tran-
scripts expressed in leukocytes, the CTC signals were
calculated by the following formula: ��Cq � [Cutoff-
(gene) � Sample Cq(gene)] � [Cutoff(PTPRC) � Sam-
ple Cq(PTPRC)]. Positive �(�)Cq values were regarded
as evaluable signals, and signals were analyzed binary.

STATISTICAL ANALYSIS

Correlations were calculated by 1-tailed Fisher’s exact
test. Significant values were indicated as asterisks (* P
value � 0.05; ** P value �0.005). Statistical analysis was
performed by SPSS, version 11.5 (SPSS). The �-value
was calculated by GraphPad QuickCalcs. The Venn di-
agram was produced with the online tool BioVenn (19 ).

Results

NORMALIZATION AND EXCLUSION OF DATA AND SENSITIVITY

OF THE WORKFLOWS

Using the AdnaTest EMT-2/StemCell SelectTM in 20
HDs resulted in the detection of 14/19 transcripts in at
least 1 donor (see Table 3 in the online Data Supple-
ment). AR, ERBB3, KIT, KRT5, and MET were not de-
tectable in any HD sample. RNA profiles of EVs from 20
HDs were determined as well (see Table 3 in the online
Data Supplement). EVs of HDs enclosed a high quantity
of ERCC1, PIK3CA, and SRC mRNA. The expression
variation within the healthy cohort was high for vesicular

AKT2, BRCA1, ERBB2, and SRC. The terms “expres-
sion” and “overexpression” in this study were used for not
only cells but also analyzed extracellular compartments,
as the term “overexpression” in EVs represents overrep-
resentation of a transcript in the EV population of a
patient in comparison to HDs. Reasons may include
overexpression of the transcript in donor cells, selective
export of the transcript into EVs, increased stability of
those EVs carrying the transcript, or enhanced release of
EVs of the cell population expressing the transcript.

In 5 patients, the available amount of plasma at 1
time point was limited, excluding these samples from EV
analysis. The exclusion of potentially false-negative sig-
nals, revealed by comparison of the RNA Spike-In of the
positive control and samples, resulted in the removal of
negative signals of 8 CTC samples and of 3 EV samples
from the analysis.

OVEREXPRESSION FREQUENCIES IN CTCs AND EVs OF MBC

PATIENTS

The mRNA expression was examined in 105 CTC sam-
ples from 35 patients with MBC (Fig. 2). Every studied
transcript was found to be overexpressed in at least 1
patient’s CTC sample. MTOR signals were detected in
33 out of 35 patients (94%), and PIK3CA signals in 17
out of 35 patients (49%).

The mRNA quantity in EVs was measured in 100
samples from 35 patients with MBC (Fig. 2). Large dif-
ferences (defined as overexpression frequency of 1 tran-
script in 1 fraction that was at least 70% lower than the
overexpression frequency of the same transcript in the
other fraction) in signal frequencies occurred for PARP1,
EGFR, ALK, AURKA, KIT, AKT2, ERBB2, PIK3CA,
and MTOR in the EV vs the CTC fraction of the same
patient cohort. The most prominent transcript in EVs

Fig. 2. Signal frequencies in patient cohort.
The relative frequencies of patients with MBC (n = 35), showing positive signals of the 17 assessed transcripts in at least 1 of the 3 samples
analyzed per patient, separated in the CTC and EV fraction. Of all patients, 94% showed MTOR overexpression in CTCs; in the EV fraction, AURKA
signals were common (77%).

mRNA Profiles of CTCs and EVs in MBC Patients
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was AURKA (27/35; 77%); PARP1 and SRC signals were
present in 12 out of 35 (34%) samples. In the patients
with only HR-pos/HER2-neg primary tumors, ERBB2
and ERBB3 were found overexpressed in CTCs in 40%
and 34% of the patients, respectively, and ERBB3 signals
were present in the EV fraction of 29% of the patients.

CONSISTENCY OF CTC AND EV SIGNALS

We analyzed the overexpression concordance of 17 tran-
scripts in the EV and CTC fraction within the 100

matched samples (Fig. 3). In 1148 events, no overexpres-
sion signal was observed in either fraction. In total, 221
signals were exclusively found in CTCs, whereas 140
signals were detectable in only EVs. Of all 403 overex-
pression signals in both fractions, 21 overexpression sig-
nals were identical in the CTC and EV fractions, mean-
ing that the same transcript was found overexpressed in
CTCs and EVs at the same time point in the same pa-
tient. This resulted in a concordance of 5.2% positive
signals. To consider the probability of imbalance toward
the absence of signals, the � value was calculated to be
greater than zero, so that the degree of agreement could
be expected to be coincidentally generated.

DIFFERENCE OF CTC OR EV EXPRESSION PROFILES IN

OVERALL RESPONDERS VS OVERALL NONRESPONDERS

The number of experienced therapy failure time points
increased from overall responders, late nonresponders,
and late responders to overall nonresponders (Fig. 1).
According to this order, the frequency of MTOR signals
in CTCs decreased and was significantly correlated with
overall responders in comparison to overall nonre-
sponders (P � 0.046; Fig. 4A). MTOR signals in EVs,
however, related to overall nonresponders with a signifi-
cance of P � 0.011 (Fig. 4B).

OVEREXPRESSION SIGNALS IN EV OR CTCs AS SURROGATE

MONITORING MARKERS

RNA profiles of EVs and CTCs of all response time
points (at TP0, n � 0; TP1, n � 24; TP2, n � 21; Fig.
1) and nonresponse time points (at TP0, n � 35; TP1,
n � 11; TP2, n � 14; Fig. 1) were compared. A signifi-
cant difference between the 2 response groups was ob-
served by analysis of ERBB3 signals in CTCs, which cor-
related with therapy failure (P � 0.011; Fig. 5A). The
significance of signals related to nonresponders increased
by combinational analysis of ERBB3 signals in CTCs
and/or EVs (P � 0.007), of ERBB2 and/or ERBB3 in

Fig. 3. Venn diagram (A) and cross table (B) of 100 matched
EV and CTC samples.
The expression of 17 different transcripts was examined; 137/
1530 signals were exclusively found in EVs and 223/1530 in CTCs.
At the same time point, 23 signals matched in CTCs and EVs of the
same patients. The proportional Venn diagram was produced with
the online tool BioVenn (19 ).

Fig. 4. Overexpression frequency of MTOR in CTCs (A) or EVs (B) in correlation to therapy outcome.
The signal proportion of MTOR signals significantly differed between overall responders and overall nonresponders in both compartments but
to contrary clinical outcomes.
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CTCs (P � 0.007), and of ERBB2 and/or ERBB3 in
CTCs and/or EVs (P � 0.001) (Fig. 5, B–D), revealing
the additive value of both blood compartments and dif-
ferent transcripts of the human epidermal growth factor
receptor.

THERAPY-SPECIFIC RESPONSE MONITORING

The overall responsiveness to the therapeutic regimens
applied was significant either for chemotherapy (CTX�)
or treatment against bone metastasis (OTX�) (see Ta-
ble 5 in the online Data Supplement). To further in-
vestigate any correlation of our frequently overex-
pressed transcripts (AURKA in EVs, PIK3CA in
CTCs, and MTOR in CTCs) to therapy outcome, we
analyzed their influence in the above-mentioned
therapy-specific groups (CTX� or OTX�). This
analysis was enabled by a missing correlation between
the given therapy and the different transcripts (see
Table 6 in the online Data Supplement).

As a result, the overall significant response rate for
the OTX� subset (P � 0.001) was missing in the EV-
AURKA� group (P � 0.133; see Table 7 in the online
Data Supplement). Likewise, the presence of PIK3CA
signals in CTCs (CTC-PIK3CA�; P � 0.129) and ab-
sence of MTOR signals in CTCs (CTC-MTOR�; P �
0.175) seemed to interfere with the general significant
overall response to OTX treatment (see Table 7 in the

online Data Supplement). For the PIK3CA signals and
MTOR signals in CTCs, this finding was also observed in
the cohort receiving only CTX (see Table 8 in the online
Data Supplement).

USE OF RNA EXPRESSION PROFILES IN BLOOD

COMPARTMENTS AS PROGNOSTIC MARKERS

When CTC or EV signals at TP0 were correlated with
therapy outcome at the consecutive staging time points
(n � 45 therapy success; n � 25 therapy failure), MTOR
signals in EVs before therapy initiation significantly cor-
related with subsequent therapy failure (P � 0.017;
Fig. 6).

Discussion

To adapt therapy as early as possible to clonal tumor
evolution for patients with MBC, clinically sensitive
monitoring markers are urgently needed. Here we
showed substantial differences between CTC and EV
mRNA profiles with a concordance of positive identical
signals in only 5% of cases. Whereas MTOR signals sig-
nificantly correlated with response to therapy, MTOR
signals in EVs correlated with therapy failure. In our
HR-pos/HER2-neg patients, ERBB2 and ERBB3 signals
in CTCs were frequently detected, which significantly
associated with disease progression, whereas AURKA sig-

Fig. 5. Overexpression frequency of ERBB transcripts in CTCs and/or EVs in correlation to therapy outcome.

mRNA Profiles of CTCs and EVs in MBC Patients
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nals in EVs seemed to be a marker for the indication of
unsuccessful treatment with denosumab or zoledronic
acid.

MTOR, PIK3CA, and AKT transcripts were com-
monly overexpressed in CTCs, in concordance with
other reports (20 ). MTOR signals in CTCs significantly
correlated with overall response, which appears to be
counterintuitive with regard to the influence of MTOR
on tumor cell migration- and metastasis-initiating prop-
erties (21 ). However, therapy pressure in RECIST-
responsive cases may select cells with induced MTOR
expression as a resistance mechanism, suggesting that
these signals could be used as an early sign of resistance,
but this result must be confirmed by further follow-up
and larger cohort studies. In accordance with other stud-
ies showing the expression of PIK3CA, AKT2, TWIST1,
ALDH1, ERCC1, ERBB2, and ERBB3 in CTCs to be
indicative for therapy resistance in patients with MBC
(7, 16), we identified the presence of ERBB3 overexpres-
sion in CTCs to be a potential marker for the indication
of unsuccessful treatment. Although discrepancies in
HER2 amplification between CTCs and the primary tis-
sue have already been demonstrated (22 ), it is notewor-
thy that in the investigated cohort of exclusively HR-pos/
HER2-neg patients with MBC, overexpression of ERBB2
and ERBB3 was observed in 40% and 34% of the patients,
respectively. These results stress the importance of previ-
ously published data showing a significant correlation be-
tween ERBB2 expression of CTCs and the HER2 pheno-
type of the corresponding metastatic tissue (4). Thus,
monitoring tumor evolution during treatment by molecular
analysis of (circulating) tumor cells may enable new perspec-
tives for targeted therapy (23, 24).

Mostly vesicular microRNAs and proteins influence
EV functions (such as tumor proliferation, induction of
EMT, niche formation, and mediation of resistance) in
BC (13, 25). Despite ongoing discussion about the exis-

tence of mRNA in specific subgroups of EVs (26 ) and
the similarity of the mRNA content of donor cell and
secreted EVs (26 ), Rodriguez et al. described a transcrip-
tional stemness/metastatic signature in EVs of BC pa-
tients to correlate with worse prognosis (15 ). In our pa-
tients, the evaluation of other transcripts that mediate
stemness and metastatic seeding (MTOR and AURKA)
seems to be useful and important for estimating progno-
sis or response to treatment as well. AURKA was the most
commonly overexpressed transcript in EVs. In BC, the
AURKA protein has been shown to promote genetic
instability, self-renewal of stem cells, and EMT (27 ).
Despite a low number of patients in each subset,
AURKA-positive EVs seem to interfere with anti-
RANKL therapy; thus, an influence of such EVs by
stabilization of �-catenin/WNT signaling to over-
come RANKL inhibition in bone metastasis may be
considered (27, 28 ). Vesicular PARP1 and SRC signals
were the second most common genes expressed in our
patients. Hoshino et al. showed the promotion of vas-
cular leakiness in the lung of patients with BC to be
triggered by EVs activating the SRC kinase signaling
(29 ), and SRC plays a critical role in invasiveness. In
particular, triple-negative BC cell lines of mesenchy-
mal character were sensitive to SRC inhibitors (30 ).
MTOR signals in EVs of investigated patients showed
prognostic value concordant with p-MTOR and
EGFR protein coproduction in BC tissue (31 ). In ac-
cordance with the PI3K/MTOR-signaling cascade
promoting tumor cell motility, intravasation, and me-
tastasis (21 ), MTOR signals in EVs significantly cor-
related with overall nonresponse in our patients.

Information drawn from different blood analytes
has only been tentatively compared in the past (32–34).
We found a discrepancy between the transcriptional in-
formation of EVs and CTCs in patients with MBC. Con-
sidering that CTCs are malignant cells released by tumor
tissues undergoing EMT (11 ), and EVs are released by
malignant and nonmalignant cells (26 ), these differences
can be explained. EV signals may, therefore, originate not
only from the tumor-derived EVs but also from EVs
secreted by other cells, such as immune cells (13 ), influ-
enced by the metastatic BC setting. Not only was the
prevalence of RNA signals highly different, but, depend-
ing on the compartment analyzed, MTOR signals corre-
lated with contrary clinical outcomes. This implies that
the analysis of CTCs might not be replaced by the anal-
ysis of EVs and vice versa. However, MTOR expression in
EVs and CTCs may lead to the similar consequence,
namely, resistance. EVs may be released as therapy-
specific reaction, and the vesicular content may impede
the drug mechanism (35 ). EVs with MTOR signals
might have caused existing mechanisms for therapy es-
cape, evaluated as nonresponse according to RECIST. In
contrast, CTCs still viable under therapeutic conditions

Fig. 6. Overexpression frequency of MTOR in EVs in correla-
tion to consecutive staging results.
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can be regarded as the seeds of prospective metastasis
(36 ). A resistance mechanism, like induced MTOR ex-
pression in these CTCs, may lead in the future to pro-
spective lesions not sensitive to the current treatment,
which is not clinically documentable by RECIST at pres-
ent. Thus, CTCs and EVs may synergistically enable
drug resistance at different time points. Nevertheless,
ERBB overexpression measured in EVs and CTCs
pointed similarly to therapy failure, and the multicombi-
national approach using ERBB transcripts in both frac-
tions may be used as a new blood-based monitoring strat-
egy in this cohort.

For patients with HR-pos/HER2-neg BC, a variety
of novel drugs have been applied to overcome resistance
mechanisms, such as activation of HER2 or PI3K/
MTOR/AKT signaling, which have resulted in longer
progression-free survival periods but often accompanied
increased toxicities (37 ). SRC and AURKA inhibitors are
further novel strategies in the treatment of HR-pos/
HER2-neg MBC patients (38, 39). Most clinical studies
evaluate predictive biomarkers for treatment decision-
making. CTCs have been included in multiple clinical
BC studies as a prognostic or predictive parameter (36 ),
but publications observing the potential of blood-based
RNAs for therapy management in MBC patients are rare
(40 ). In the future, evaluating diverse blood components

in clinical studies will help to identify the most relevant
marker to treat patients accordingly.
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