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Abstract

Serial analysis of biomarkers in the circulation of patients undergoing treatment (“liquid 
biopsies”) can provide new insights into drug effects. In particular the analysis of cell-free, 
circulating nucleic acids such as microRNAs (miRs) can reveal altered expression patterns 
indicative of mechanism of drug action, cancer growth, and tumor-stroma interactions. 
Here we analyzed plasma miRs in patients with hormone receptor positive, metastatic 
breast cancer with prior disease progression during aromatase inhibitor therapy (n = 8) in a 
phase I/II trial with the multiple tyrosine kinase inhibitor dovitinib (TKI258). Plasma miR 
levels were measured by quantitative RT-qPCR before and after treatment with dovitinib. 
A candidate miR signature of drug response was established from a 379 miR screen for 
detectable plasma miRs as well as from the published literature. Changes in miR expression 
patterns and tumor sizes were compared. In this analysis we identified miR-21-5p, miR-
100-5p, miR-125b-5p, miR-126-3p, miR-375 and miR-424-5p as potential indicators of a 
response to dovitinib. The altered expression patterns observed for the six circulating miRs 
separated patients with resistant disease from those with drug responsive disease. There was 
no relationship between adverse effects of dovitinib treatment and identifiable changes in 
miR patterns. We conclude that changes in the expression patterns of circulating miRs can 
be indicators of drug responses that merit prospective studies for validation.
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Introduction

One of the hallmarks of cancer is the oncogenic activation of receptor tyrosine kinases 
(RTKs) that control cell growth and survival [1-3]. In addition to the autocrine cancer cell-
autonomous effects, RTKs mediate the paracrine crosstalk between tumor cells and host 
stroma that controls fibrosis, tumor angiogenesis and the immune environment [4-8]. Thus, 
small molecule kinase inhibitors or antibodies that target ligands or receptors have become 
a mainstay of RTK targeted cancer therapy.

A recently added kinase inhibitor is dovitinib (TKI258 or CHIR-258), an orally available 
inhibitor of multiple RTKs that include FGFR1, FGFR3, VEGFR, KIT, and PDGFRβ with 
IC50 values < 30 nmol/L [9]. Integrated analysis of clinical and preclinical studies indicates 
that inhibition of FGFR signaling by dovitinib disrupts the paracrine interaction between 
prostate cancer and stromal cells and thus mediates the antitumor effect [10]. In some men 
with metastatic prostate cancer, dovitinib treatment led to improvements in bone scans 
and lymphadenopathy [10]. Furthermore, in pretreated patients with metastatic renal cell 
carcinoma, dovitinib showed significant antitumor activity in a phase-I study [11]. More-
over, in patients with metastatic renal cell carcinoma that were previously treated with a 
VEGFR tyrosine kinase inhibitor and an mTOR inhibitor, dovitinib treatment resulted in 
two partial responses (3.6%) and 29 stable diseases (52.7%) in a phase-II setting [12]. In a 
phase I/II and pharmacodynamic study in patients with advanced melanoma dovitinib was 
found to decrease levels of soluble VEGFR2 in plasma, consistent with FGFR and VEGFR 
inhibition [13]. Additionally, melanoma patients showed dose dependent changes in the 
vascularity of liver metastases after 2 days of dovitinib treatment [13]. Finally, in patients 
with breast cancer dovitinib showed more antitumor activity in tumors with high levels of 
FGFR1 amplification. In the FGFR1-amplified breast cancer group, a 20.2% reduction in 
tumor size was found after dovitinib but no reduction in tumors with less than six copies 
of FGFR1 [14].

Blood based molecular analyses (“liquid biopsies”) are used for serial monitoring of cancer 
progression as well as the response to treatment [15]. Here we focus on the analysis of mi-
croRNAs (miRs) in the circulation, which are transcribed, processed, packaged and released 
from cells in normal and in diseased tissues as part of the local and at-a-distance cellular 
crosstalk [16,17]. Distinct alterations in circulating miRs can reflect dysregulation of cell 
proliferation, immunity and stromal interactions. As shown in numerous studies, circulat-
ing miRs can serve as predictors of cancer outcome [18-22] and may allow for a real-time 
assessment of treatment responses after surgical resection [23], chemotherapy [24-27] or 
pathway targeted therapy [28]. Drug treatment impacts both cancerous lesions and the host 
tissues. Therefore, changing patterns of miRs in the circulation should reflect the impact of 
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the treatment on the cancer lesion as well as the host organism and makes circulating miRs 
suitable biomarkers [15].

Here we analyzed cell-free miRs in the plasma of breast cancer patients in a phase I/II 
trial of dovitinib. We hypothesized that changes in circulating miR patterns can indicate 
dovitinib treatment responses, resistance to treatment, or adverse effects.

Material and Methods

Patient eligibility
Post-menopausal women with hormone receptor positive, HER2 negative metastatic breast 
cancer 18 years or older were included in this phase I/II open-label single arm trial evalu-
ated dovitinib in combination with an aromatase inhibitor (AI), i.e. anastrozole, exemestane 
or letrozole. Index tumors had to be 10 mm or greater on a CT scan and had previously been 
sensitive to endocrine therapy followed by disease progression after > 2 years of adjuvant 
endocrine therapy. At entry into the study evidence of disease resistance to an AI, defined 
as documented disease progression while receiving an AI, or development of disease recur-
rence < 6 months after completing adjuvant therapy with an AI. Patients had to have a good 
performance status (eastern Cooperative Group 0–1), adequate organ function and had to 
have life expectancy of > 3 months. All patients gave written consent for the clinical trial 
protocol that had been approved by the IRB at Medstar Georgetown University Hospital 
(IRB #2010-535). The trial is registered at clinicaltrials.gov as NCT01484041.

Study design and treatment
Dovitinib was given at an oral dose of 500 mg daily 5 days on/2 days off in combination with 
the standard dose of AI (either anastrozole 1 mg daily, exemestane 25 mg daily, or letrozole 
2.5 mg daily). One treatment cycle was defined as 4 weeks. After each cycle, peripheral 
venous blood samples were collected and after removal of personal identifiers plasma was 
separated and stored at – 80 °C until further processing. For the phase I portion of the 
study, if more than 2 dose-limiting-toxicities (DLT) were seen in the first 6 subjects, the 
dose of dovitinib was reduced to 400 mg daily 5 days on/2 days off in combination with 
the fixed dose of AI. Eventually 3 subjects remained on the initial dose of 500 mg and dose 
de-escalation was performed for 9 patients that were treated at 400 mg after the first cycle. 
Tumor responses to treatment with dovitinib were evaluated every 2 cycles (8 weeks) as 
determined by CT scans of patients’ index lesions. The trial was stopped after 12 patients 
had enrolled when the decision was made to discontinue development of dovitinib. Plasma 
samples before and after treatment were collected for only 8 out of 12 patients due to early 
exit from the study by 2 patients, and logistical difficulties.
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Circulating miR analysis
Plasma miR extraction and RT-qPCR analysis was conducted as previously reported [22,29]. 
Briefly, two replicates of 170 µL of plasma were thawed, mixed with 5 volumes of Qiazol lysis 
reagent and vortexed. For one patient, 500 µL plasma pre and post treatment was used to 
extract miRs for a broader analysis of 379 miRs in an array format. The miRs were extracted 
with chloroform and the aqueous phase was further processed using the miRNeasy Mini 
kit (Qiagen, Valencia, CA). MiRs were converted to cDNA using the miScript II RT kit 
(Qiagen Valencia, CA, cat. # 218160). This kit contains a miScript HiSpec buffer MiR to 
enable either mature miRNA profiling (using miScript miRNA PCR Arrays) or mature 
miRNA quantification using individual miScript Primer Assays. In this reverse transcrip-
tion reaction with miScript HiSpec Buffer, mature miRNAs are polyadenylated by poly(A) 
polymerase and converted into cDNA by reverse transcriptase with oligo-dT priming. The 
cDNA is then used for real-time PCR quantification of mature miRNA expression. MiR 
expression was quantified by qRT-PCR, using the SYBR green PCR Master mixture (Qiagen 
cat. # 218073) in an ABI7900HT Real-Time PCR system using (Applied Biosystems, Foster 
City, CA) with 95 °C for 15 min followed by 40 cycles (94 °C for 15 s, 55 °C for 30 s and 
72 °C for 30 s) followed by a melting curve step to evaluate specificity of amplification. A 
broad miR expression array (379 miRs + U6) was performed for global miR profiling using 
one randomly selected patient (# 101) that required 500 µL plasma at baseline and post 
dovitinib treatment (Qiagen Valencia, CA). The miR expression values from the array were 
normalized to the mean expression level of all miRs in the respective sample, to adjust for 
the different quality of RNA preservation and extraction. MiR specific primers were used 
for the panel of six miRs selected for further study (Qiagen Valencia, CA). Expression values 
were calculated using the comparative Ct method. Levels of a panel of six selected signa-
ture of miRs were measured in the plasma of eight patients before and after treatment and 
normalized to U6 levels [30,31]. The data was processed with Prism 5.0 Graphpad software 
for t test analysis and the display of data. Reproducibility of the miRNA assays within and 
across studies supports that these assays are specific for mature miRNAs, as also claimed by 
the manufacturer.

Statistical analysis
Principal component analysis (PCA) and the agglomerative hierarchical clustering were 
performed with the miR measurements from all 8 patients and included the levels of the 
selected six miRs before and after treatment. The XLSTAT Version 2014.6.01 from Addin-
soft was used for these analyses. From the PCA and clustering of the miR measurements, 
distinct patterns of patients’ responses to the drug treatment were visualized and patients 
were assigned to distinct response groups. The investigators performing the miR panel 
selection, and the PCA-based assignment of patients to treatment response groups were 
blinded to the clinical outcomes and the measurements of tumor sizes during the trial. 
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Expression level changes of the six selected miRs between groups of patients based on their 
response to dovitinib were compared to baseline levels in Prism Graphpad Version 5.03 by 
using unpaired Student t-test.

Results

Patients undergoing dovitinib treatment
Out of the 12 patients enrolled in the trial, 6 patients came off study for disease progression, 
4 patients for toxicity, and 2 patients chose to discontinue treatment. Patient enrollment 
stopped after the 12th patient due to limited clinical benefits and the company’s strate-
gic decision not to develop the drug further. Sufficient amounts and quality of pre- and 
post-treatment plasma samples for miR analysis were available from 8 of 12 patients. The 
comparative miR analysis was done with the pre-treatment and the earliest available plasma 
sample after initiation of dovitinib treatment. For 2 out of 8 patients blood samples were not 
collected after the first cycle of dovitinib (patients 101, 301), therefore miRs were analyzed 
after the second cycle of dovitinib for these patients.

The clinical characteristics of the 8 patients studied as well as their treatments and adverse 
effects are compiled in Table 1. Baseline index tumor size of target lesions before dovitinib 
treatment, obtained from the computerized tomography (CT) measurements are shown in 
Fig. 1a. The change in tumor sizes over the course of dovitinib treatment is shown in Fig. 1b. 
Tumor responses after 8 weeks of treatment were not correlated with tumor sizes at baseline. 
The change in index tumor size based on the CT measurements after 8 weeks of treatment 
were used to separate patients into subgroups, i.e. tumors that had increased in size by more 
than 8% (n = 3; red symbols), decreased in size by more than 8% (n = 3; green symbols), and 
those that were not changed (n = 2; grey symbols) relative to baseline.

Selection of circulating microRNAs impacted by dovitinib treatment
We followed the approach and rationale of our recent study on the selection of a panel of 
circulating miRs in patient samples [22]: Six miRs were selected based on the following 
criteria in order of priority: (a) abundance of the miR: Measurable levels in the plasma be-
fore and after treatment; (b) references in the published literature that relate the respective 
miR to breast cancer and/or to FGF, VEGF or PDGF signaling, i.e. the pathways targeted 
by dovitinib; (c) detectable change relative to dovitinib treatment by at least threefold up 
or down. The workflow of the miR analysis is shown in Fig. 1c. To support the selection 
of a small panel of miRs, a screen for 379 miRs and U6 was run on paired plasma samples 
that were obtained before and after treatment of a patient that was randomly selected and 
also contained sufficient amounts of U6 for the assay. In this qRT-PCR based miR expres-
sion array, 135 of 379 miRs were detectable above the threshold expression level in samples 
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collected before and after dovitinib treatment (Additional file 1: Table S1). After data nor-
malization using the mean expression value of all miRs detectable in the respective samples, 
60 miRs showed a down-regulation and 33 miRs an upregulation of at least threefold after 

Table 1. Patients with hormone positive metastatic breast cancer treated with dovitinib.

pt # age

index 
lesion 

tumor size 
at baseline

aromatase 
inhibitor

total #
cycles of
dovitinib

dovitinib
dose

AE after first cycle

change in 
tumor size 

after 8 w 
dovitinib

sites of 
metastases

001 61 6.5 cm Exemestane 6 500 mg

fatigue
GI: nausea, dry mouth
Neuromusc: myalgia, 
dizziness

- 9.23%

lymph 
nodes, bone, 

skin/soft 
tissue

002 32 15 cm Anastrozole 1 500 mg

fatigue
GI: nausea, vomiting, 
diarrhea, dehydration, 
poor appetite,
Neuromusc: headaches,
blurred vision, 
lightheadedness,
Liver: ALP↑

+ 6.0%
lymph 

nodes, lung, 
bone

004 65 2.9 cm Letrozole 2 400 mg

fatigue, hypertension, bone 
pain,
GI: anorexia, nausea, 
dyspepsia

+ 24.14% lung, liver

005 58 5.7 cm Exemestane 3 400 mg

fatigue,
GI:, nausea, vomiting, 
anorexia, dysgeusia,
Neuromusc: muscle 
weakness
Liver: ALP↑ , AST↑

+ 24.56%
lymph 

nodes, soft 
tissue, liver

101 64 1 cm Anastrozole 4 500 mg
serum amylase↑, 
creatine↑, magnesium↑
Liver: GGT↑

- 30.0%
lymph 

nodes, bone

102 57 4.8 cm Letrozole 2 400 mg
GI: nausea,
Liver: GGT↑

0%
lymph 

nodes, bone

103 52 13.1 cm Anastrozole 7 400 mg
GI: diarrhea,
Neuromusc: backpain,
Liver: GGT↑, ALT↑, ALP↑

- 21.37%
lymph 

nodes, bone, 
pleura, liver

301 51 1 cm Letrozole 3 400 mg

hypokalemia
GI: diarrhea, dyspepsia
Neuromusc: arthralgia,
Liver: triglycerides↑, 
ALT↑, ALP↑, GGT↑ 
Anemia, Cholesterol↑

+ 10% lung

pt, patient; cm, centimeter; mg, milligram; AE, adverse events; GI, gastro-intestinal; Neuromusc, neu-
romuscular; PD, progressive disease;
ALP, alkaline phosphatase; ALT, alanine aminotransferase; GGT, gamma-glutamyl transpeptidase; AST, 
aspartate aminotransferase; w, weeks.

Circulating miRs in breast cancer patients treated with dovitinib 7



the treatment. Six circulating miRs i.e. miR-21-5p, miR-100-5p, miR-125b-5p, miR-126-3p, 
miR-375 and miR-424-5p were selected based on the three criteria that were outlined above. 
Th e expression of the 6 miRs was then measured by qRT-PCR before and aft er dovitinib 
in all patients. Th e change in expression aft er treatment relative to baseline is shown in 
Fig. 2. A > 100-fold concentration range of these six miRs was found in the circulation of 
the patients. Th e response to dovitinib was distinct amongst patients indicating diff erential 
drug eff ects between patients.
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Figure 1. Breast cancer lesion sizes, treatment responses and design of the miR analysis.
a. Patient numbers are color coded to indicate changes in tumor sizes after 8 weeks of treatment (red = 
increase, green = decrease, grey = no change). The sizes of the index lesions were measured by CT before 
treatment with dovitinib (baseline).
b. Change in tumor size of the index lesion during the course of dovitinib treatment.
c. Flow chart of plasma miR analysis design. From a genome wide miR expression array with samples 
collected before and after dovitinib treatment in a single patient, 6 signature miRs were selected and 
tested for their indication of a dovitinib response in 8 patients. Further criteria for selection of the miRs 
are provided in the ‘Results’ section.
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Plasma mir levels as indicators of response to dovitinib treatment
To evaluate whether the circulating miRs could indicate patient’s responses based on the 
change in expression aft er dovitinib, we used principal component analyses (PCA) and 
clustering analysis. Th e PCA in Fig. 3a indicates the pattern changes per patient changes 
based on the miR levels before and aft er the initial dovitinib treatment (4–8 weeks). Th e 
closed circles in the PCA (Fig. 3a) indicate the expression signature of six miRs at baseline 
per patient. We found three categories of patients based on the change in miR levels aft er the 
initial dovitinib treatment as indicated by the direction of the arrows pointing from baseline 
to post treatment. A cluster analysis of miR patterns (Fig. 3b) separated the patients into 
two major

groups with one group split further into two subgroups (P < 0.05). PCA and cluster analyses 
of miR expression patterns were carried out by investigators that were blinded to the disease 
outcome. Aft er completion of these analyses, the patient treatment responses were matched 
to the miR response data and are shown with a color code indicative of treatment responses 
(see Fig. 1b). Th e three patients with tumors that were resistant to dovitinib treatment 
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Figure 2. Eff ect of dovitinib treatment on plasma miR levels of patients with metastatic breast cancer. 
MiRs were measured in plasma samples of patients collected before and after dovitinib treatment. The 
change in expression levels of six miRs relative to U6 in eight patients at diff erent treatment times (in 
weeks; w) is shown. The dashed lines indicate two fold up- or down-regulation of miR expression levels 
after treatment. The numbers on the x-axis indicate the patients. The color code of patients indicates 
changes in tumor sizes during treatment (red = increase, green = decrease, grey = no change).
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showed distinct changes of plasma miR expression in the PCA and in the cluster analysis 
relative to patients with stable disease or tumor regression in the fi rst 8 weeks. Interestingly, 
the baseline miR signatures did not separate responding from non-responding patients 
(closed circles in Fig. 3a). Moreover, no relationship was found between the adverse eff ects 
of dovitinib listed in Table 1 and the changes in miR patterns aft er dovitinib.
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A comparison of the changes in miR expression after initial treatment in patients with 
tumor progression (n = 3) versus patients with stable disease or tumor regression (n = 5) 
shows that 5 out of 6 miRs were differentially expressed. In patients with treatment-resistant 
tumors relative to patients with stable disease or sensitive tumors miR-125b-5p, -126-3p, 
-375, 424-5p, and -100-5p were significantly down-regulated after the initial dovitinib treat-
ment (Fig. 3c). This suggests that miR patterns after initial treatment can serve as response 
indicators. This could then support a decision to continue or terminate a planned treatment. 
For example, patient 001 showed a 9.23% reduction in tumor size after 2 cycles of dovitinib. 
However, acquired resistance became evident on the CT measurements at 24 weeks (see 
Fig. 1b). The lack of a response based on CT measurements is obvious at 24 weeks but was 
already evident based on the circulating miR patterns at 16 weeks, as seen in the PCA (Fig. 
3d). Additionally, patient 103 had a long-term anti-tumor response to dovitinib (Fig. 1b). 
However, when this anti-tumor response began to diminish at 24 weeks, the circulating 
miR pattern was already similar to that of the resistant group of patients (Fig. 3d). Thus, the 
change in expression levels of six miRs selected here may serve as biomarkers of anti-tumor 
responses during treatment with a TKI in patients with metastatic breast cancer.

Discussion

Here we report that distinctly altered patterns of circulating miR expression are observed 
in patients after treatment with dovitinib. Plasma miRs have a major potential as cancer 
biomarkers [30,32-34]. MiRs are deregulated as a result of the uncontrolled cell prolifera-
tion, stromal remodeling and immune regulation that define cancer and are stably exported 
into the circulation. Distinct alteration in circulating miRs reflects dysregulation of cell 
growth and stroma recruitment and the impact of therapy. Generally speaking, the six miRs 
selected as potentially informative miRs for a dovitinib effect will reflect the effects of the 
drug on the host as well as on the tumor and serial blood sampling relative to treatments 
may capture the dynamics of these events.

The function of the five miRs that show a significant change in dovitinib-responsive tu-
mors (Fig. 3c) and a possible relation with drug efficacy is discussed next. Recent work 
indicates that elevated miR-125b expression predicts poor prognosis in breast cancer and 
is a candidate therapeutic target in AI-resistant breast cancers [35]. Interestingly, miR-125b 
expression is transiently induced in endothelial cells upon stimulation with VEGF or by 
ischemia [36]. Also, miR-125b inhibits translation of vascular endothelial (VE)-cadherin 
mRNA, in vitro tube formation by endothelial cells, and induced nonfunctional blood ves-
sel formation in vivo resulting in inhibition of xenograft tumor growth [36]. This matches 
with an antiangiogenic effect of dovitinib treatment expected from an inhibitor that targets 
FGF and VEGF pathways.
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MiR-126 is considered the prototype of an endothelial-specific miRNA. VEGF-A is a target 
for miR-126 and studies suggested that miR-126 could suppress tumor growth and tumor 
angiogenesis through VEGF-A signaling [37,38]. Others described miR-126 as an inde-
pendent suppressor of the sequential recruitment of mesenchymal stem cells and inflam-
matory monocytes into breast cancer stroma to inhibit lung metastasis [39]. This study 
also demonstrated a correlation between miR-126 downregulation and poor metastasis-free 
survival of breast cancer patients [39]. The expression of miR-126 has been shown to be 
downregulated in breast metastases [40], as well as different cancers acting as a tumor sup-
pressor by inhibiting tumor growth [41,42]. The treatment related upregulation in patients 
with dovitinib-responsive tumors fits with this role of miR-126.

Circulating miR-375 is negatively correlated with disease relapse and resistance to neoad-
juvant chemotherapy in stage II–III breast cancer patients [43]. Wu et al. also identified 
miR-375 as the most significantly different miRNA, whose prevalence in the circulation 
appeared to reflect better clinical outcome of breast cancer [43]. miR-424 was reported to 
directly control the expression of FGFR1 and MAP2K1 in the human trophoblast through a 
discrete 3’UTR site [44]. Thus, the increase observed in patients with dovitinib-responsive 
tumors suggests a relationship between the altered circulating miR-424 levels and the ef-
ficacy of dovitinib towards one of its known targets, the FGF receptor pathway.

MiR-100 was the most differentially upregulated miR in patients with dovitinib-responsive 
tumors (Fig. 3c). It has been shown that miR-100 inhibits the maintenance and expansion 
of breast cancer stem cells in basal-like cancer and plays a role in cancer free-survival, as 
confirmed by a cohort analysis of patient tumors implicating low expression of miR-100 as 
a negative prognostic factor [45]. Thus, the upregulation in patients with treatment respon-
sive tumors matches with the role ascribed to this miR.

Given the complex interplay of cancer and stroma that includes distinct drivers in different 
cancers as well as genetic and environmental differences in the patient, analysis of patterns 
of miRs can provide a more reliable read-out than individual miRs and will compensate for 
this heterogeneity. Also, rather than evaluating absolute levels of single miRs in patients 
with different genetic backgrounds, co-morbidities and lifestyle, our study suggests that 
it is more informative to evaluate changes in the expression patterns of a set of miRs due 
to therapy and during the course of the disease. Here, we assessed miR expression pattern 
changes in response to therapy, and evaluated whether this differs amongst patients with 
different courses of their disease.

As a caveat, the small size of the current study limits the potential for general conclusions. 
However, we have attempted to follow the guidelines of McShane et al. [46] and were sur-
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prised by the robustness of the relationship between the change in tumor size and circulating 
miR pattern changes. Rather than trying to find a correlation between miR pattern changes 
and cancer lesion treatment responses we opted to use the miR pattern changes to assign 
patients to different response groups in an analysis of miRs that was blinded to the patient 
outcome. This blinded assignment of patients to distinct response groups also strengthens 
the conclusions one can draw from the findings.

In conclusion, altered patterns of serially analyzed circulating miR expression patterns can 
indicate the impact of treatment on the whole organism as well as cancer lesion. Changes in 
the pattern changes after treatment will be informative on the potential long-term benefit 
of the therapy and thus can provide an early decision point for continuation of a given 
treatment [15]. The current study suggests that the use of circulating miRs for treatment 
monitoring could be useful in treatment decisions though a prospective trial will be neces-
sary to unanimously confirm the utility of the approach described here.

Authors’ contributions
EEV, NS and AW wrote the manuscript. EEV, NS and AW analyzed the data. NS measured 
the microRNAs. EC and CI compiled and analyzed the clinical data. All authors edited and 
commented on the manuscript. All authors read and approved the final manuscript.

Acknowledgements
The Lombardi Comprehensive Cancer Center Clinical Trials Core supported data and 
sample collection. We are grateful to the patients who participated in this trial. We would 
like to thank Aamir Javaid and Sarah Martinez Roth from Georgetown University for criti-
cal reading of the paper.

Competing interests
The authors are employees of Georgetown University. The authors generated and analyzed 
the data and wrote the manuscript independent of influence by the funding agencies. The 
authors declare that they have no competing interests.

Ethics approval and consent to participate
All patients gave written consent for the clinical trial protocol. The protocol was approved 
by the IRB at Medstar Georgetown University Hospital (IRB #2010-535). The registration at 
clinicaltrials.gov is under NCT01484041.

Circulating miRs in breast cancer patients treated with dovitinib 13



Funding
The studies were supported in part by grants from the NIH/NCI (CA71508 (A.W.); 
CA51008 (A.W. and C.I.)), by institutional funds of the Cancer Center and by Novartis (for 
the microRNA measurements and the clinical trial).

14 Erasmus Medical Center Rotterdam



Supplemental Table 1. Genome wide miR expression screen before and after dovitinib treatment. An 
RT-qPCR assay was performed on a paired set of one patient’s (#101) plasma samples. Abundant miRs 
with cycle numbers (Ct) below 32 are listed.

Ct before treatment Ct after treatment

mean Ct value 26.08 28.76

miR

hsa-let-7a-5p 21.18 28.84

hsa-let-7b-5p 21.13 29.23

hsa-let-7c 24 27.32

hsa-let-7d-3p 24.98 30.29

hsa-let-7d-5p 23.88 28.66

hsa-let-7e-5p 23.34 30.57

hsa-let-7f-5p 22.39 28.14

hsa-let-7g-5p 23.18 28

hsa-let-7i-5p 24.69 30.52

hsa-miR-1 26.26 29.68

hsa-miR-100-5p 25.84 25.96

hsa-miR-101-3p 28.89 31.75

hsa-miR-105-5p 23.97 28.92

hsa-miR-106b-5p 25.34 29.53

hsa-miR-107 28.24 31.2

hsa-miR-1180 28.44 30.7

hsa-miR-122-5p 24.41 29.22

hsa-miR-124-3p 30.76 29.45

hsa-miR-125a-5p 24.19 30.75

hsa-miR-126-3p 22.06 28.27

hsa-miR-126-5p 21.01 25.53

hsa-miR-127-3p 26.79 24.73

hsa-miR-128 27.53 30.96

hsa-miR-1290 27.65 30.44

hsa-miR-130a-3p 26.20 29.52

hsa-miR-130b-3p 30.16 28.34

hsa-miR-132-3p 28.72 30.42

hsa-miR-132-5p 18.40 22.68

hsa-miR-134 28.10 25.74

hsa-miR-135a-5p 26.52 28.35

hsa-miR-142-3p 26.69 26.95

hsa-miR-142-5p 29.40 30.56

hsa-miR-144-3p 23.24 28.89

hsa-miR-144-5p 28.05 30.54

hsa-miR-146a-5p 23.17 28.52
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Supplemental Table 1. Genome wide miR expression screen before and after dovitinib treatment. An 
RT-qPCR assay was performed on a paired set of one patient’s (#101) plasma samples. Abundant miRs 
with cycle numbers (Ct) below 32 are listed. (continued)

Ct before treatment Ct after treatment

hsa-miR-146b-5p 25.78 30.07

hsa-miR-148a-3p 25.57 28.82

hsa-miR-148b-3p 25.73 30.86

hsa-miR-150-5p 23.16 24.2

hsa-miR-151a-3p 24.99 30.77

hsa-miR-151a-5p 26.59 30.68

hsa-miR-152 27.94 31.8

hsa-miR-155-5p 27.62 30.84

hsa-miR-15b-3p 26.59 30.58

hsa-miR-15b-5p 30 28.89

hsa-miR-16-5p 20.35 25.82

hsa-miR-17-5p 25.37 30.13

hsa-miR-181a-5p 30.10 28.25

hsa-miR-181c-3p 27.52 26.2

hsa-miR-183-3p 29.46 24.87

hsa-miR-185-5p 24.96 29.12

hsa-miR-186-5p 23.05 26.68

hsa-miR-187-5p 29.66 28.44

hsa-miR-18a-3p 27.53 30.61

hsa-miR-18a-5p 25.86 29.3

hsa-miR-18b-5p 26.56 30

hsa-miR-191-5p 22.90 26.49

hsa-miR-192-5p 28.10 30.63

hsa-miR-193a-5p 28.23 31.38

hsa-miR-194-5p 28.82 31.82

hsa-miR-195-5p 20.69 25.43

hsa-miR-197-3p 24.89 30.34

hsa-miR-199a-3p 23.43 29.72

hsa-miR-19a-3p 24.67 30.01

hsa-miR-19b-3p 24.57 28.62

hsa-miR-200b-3p 29.35 28.78

hsa-miR-200c-3p 29.95 29.95

hsa-miR-200c-5p 28.11 28.87

hsa-miR-205-3p 31.50 28.2

hsa-miR-20a-5p 24.31 30.28

hsa-miR-20b-5p 25.46 31.56

hsa-miR-21-5p 20.53 22.91
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Supplemental Table 1. Genome wide miR expression screen before and after dovitinib treatment. An 
RT-qPCR assay was performed on a paired set of one patient’s (#101) plasma samples. Abundant miRs 
with cycle numbers (Ct) below 32 are listed. (continued)

Ct before treatment Ct after treatment

hsa-miR-210 31.13 30.21

hsa-miR-22-3p 23.56 18

hsa-miR-22-5p 28.9 30.72

hsa-miR-221-3p 20.89 25.28

hsa-miR-221-5p 31.13 31.18

hsa-miR-222-3p 26.92 30.08

hsa-miR-223-3p 20.93 25.44

hsa-miR-223-5p 27.47 30.39

hsa-miR-23b-3p 24.68 30.7

hsa-miR-24-3p 22.73 28.22

hsa-miR-25-3p 22.19 25.1

hsa-miR-25-5p 28.73 30.21

hsa-miR-26a-5p 22.54 28.48

hsa-miR-26b-5p 23.99 30.02

hsa-miR-27a-3p 24.28 30.39

hsa-miR-27b-3p 23.96 31.57

hsa-miR-28-3p 28.58 28.57

hsa-miR-29a-3p 27.09 28.32

hsa-miR-30a-5p 25.49 30.78

hsa-miR-30c-5p 24.43 30.2

hsa-miR-30d-5p 24.70 29.46

hsa-miR-30e-3p 26.54 31.72

hsa-miR-30e-5p 25.31 28.94

hsa-miR-31-5p 31.75 30.52

hsa-miR-320a 22.70 27.08

hsa-miR-320b 26.99 28.49

hsa-miR-324-5p 28.80 30.8

hsa-miR-328 27.10 25.24

hsa-miR-330-3p 30.11 28.12

hsa-miR-342-3p 24.57 26

hsa-miR-34c-3p 30.18 31.46

hsa-miR-34c-5p 30.76 32

hsa-miR-361-5p 26.24 31.96

hsa-miR-370 28.46 27.48

hsa-miR-373-5p 28.32 31.92

hsa-miR-374b-5p 24.95 30.92

hsa-miR-375 28.81 28.46
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Supplemental Table 1. Genome wide miR expression screen before and after dovitinib treatment. An 
RT-qPCR assay was performed on a paired set of one patient’s (#101) plasma samples. Abundant miRs 
with cycle numbers (Ct) below 32 are listed. (continued)

Ct before treatment Ct after treatment

hsa-miR-382-5p 26.41 31.61

hsa-miR-411-5p 30.34 24.96

hsa-miR-421 28.64 26.86

hsa-miR-423-3p 27.85 31.73

hsa-miR-424-5p 27.03 27

hsa-miR-431-5p 28.45 25.94

hsa-miR-433 27.18 23.85

hsa-miR-451a 20.63 25.1

hsa-miR-484 24.07 28.61

hsa-miR-486-5p 19.30 24.83

hsa-miR-489 25.67 20.59

hsa-miR-495-3p 26.41 24.73

hsa-miR-497-5p 30.11 30.95

hsa-miR-539-5p 29.31 21.08

hsa-miR-551b-3p 31.74 30.66

hsa-miR-652-3p 24.95 31.68

hsa-miR-661 28.82 27.68

hsa-miR-7-5p 25.79 30

hsa-miR-720 23.97 31.37

hsa-miR-744-5p 24.12 30.61

hsa-miR-92a-3p 21.04 27.99

hsa-miR-92b-3p 27.24 30.67

hsa-miR-93-5p 25.75 28.65

hsa-miR-99b-5p 28.62 31.29

RNU6-2 27.26 30.76

18 Erasmus Medical Center Rotterdam



References
	 1	 Krause, D. S. & Van Etten, R. A. (2005) Tyrosine kinases as targets for cancer therapy. N Engl J Med 

353, 172-187
	 2	 Hojjat-Farsangi, M. (2014) Small-molecule inhibitors of the receptor tyrosine kinases: promising 

tools for targeted cancer therapies. Int J Mol Sci 15, 13768-13801
	 3	 Weinstein, I. B. & Joe, A. K. (2006) Mechanisms of disease: Oncogene addiction--a rationale for 

molecular targeting in cancer therapy. Nat Clin Pract Oncol 3, 448-457
	 4	 Turner, N. & Grose, R. (2010) Fibroblast growth factor signalling: from development to cancer. Nat 

Rev Cancer 10, 116-129
	 5	 Park, C. K., Jung, W. H. & Koo, J. S. (2016) Expression of cancer-associated fibroblast-related proteins 

differs between invasive lobular carcinoma and invasive ductal carcinoma. Breast Cancer Res Treat 
159(1):55-69

	 6	 Katoh, M. (2016) FGFR inhibitors: Effects on cancer cells, tumor microenvironment and whole-body 
homeostasis (Review). Int J Mol Med 38, 3-15

	 7	 Holdman, X. B. et al. (2015) Upregulation of EGFR signaling is correlated with tumor stroma remod-
eling and tumor recurrence in FGFR1-driven breast cancer. Breast Cancer Res 17, 141

	 8	 Brown, W., Tan, L., Smith, A., Gray, N. S. & Wendt, M. (2016) Covalent targeting of fibroblast growth 
factor receptor inhibits metastatic breast cancer. Mol Cancer Ther 15(9):2096-106

	 9	 Lee, S. H. et al. (2005) In vivo target modulation and biological activity of CHIR-258, a multitargeted 
growth factor receptor kinase inhibitor, in colon cancer models. Clin Cancer Res 11, 3633-3641

	 10	 Wan, X. (2014) Prostate cancer cell−stromal cell crosstalk via FGFR1 mediates antitumor activity of 
dovitinib in bone metastases. Science Translational Medicine, 1-14

	 11	 Angevin, E. et al. (2013) Phase I study of dovitinib (TKI258), an oral FGFR, VEGFR, and PDGFR 
inhibitor, in advanced or metastatic renal cell carcinoma. Clinical cancer research : an official journal 
of the American Association for Cancer Research 19, 1257-1268

	 12	 Escudier, B. et al. (2014) Phase II results of Dovitinib (TKI258) in patients with metastatic renal cell 
cancer. Clin Cancer Res 20, 3012-3022

	 13	 Kim, K. B. et al. (2011) Phase I/II and Pharmacodynamic Study of Dovitinib (TKI258), an Inhibitor 
of Fibroblast Growth Factor Receptors and VEGF Receptors, in Patients with Advanced Melanoma. 
Clinical cancer research : an official journal of the American Association for Cancer Research 17, 
7451-7461

	 14	 André, F. et al. (2013) Targeting FGFR with Dovitinib (TKI258): Preclinical and Clinical Data in 
Breast Cancer. Clinical cancer research : an official journal of the American Association for Cancer 
Research 19, 3693-3702

	 15	 Rapisuwon, S., Vietsch, E. E. & Wellstein, A. (2016) Circulating biomarkers to monitor cancer pro-
gression and treatment. Comput Struct Biotechnol J 14, 211-222

	 16	 Kosaka, N. et al. (2010) Secretory mechanisms and intercellular transfer of microRNAs in living cells. 
J Biol Chem 285, 17442-17452

	 17	 Cortez, M. A. et al. (2011) MicroRNAs in body fluids--the mix of hormones and biomarkers. Nat Rev 
Clin Oncol 8, 467-477

	 18	 Kleivi Sahlberg, K. et al. (2015) A serum microRNA signature predicts tumor relapse and survival in 
triple-negative breast cancer patients. Clin Cancer Res 21, 1207-1214

	 19	 Stuckrath, I. et al. (2015) Aberrant plasma levels of circulating miR-16, miR-107, miR-130a and 
miR-146a are associated with lymph node metastasis and receptor status of breast cancer patients. 
Oncotarget 6, 13387-13401

Circulating miRs in breast cancer patients treated with dovitinib 19



	 20	 Eichelser, C., Flesch-Janys, D., Chang-Claude, J., Pantel, K. & Schwarzenbach, H. (2013) Deregulated 
serum concentrations of circulating cell-free microRNAs miR-17, miR-34a, miR-155, and miR-373 
in human breast cancer development and progression. Clin Chem 59, 1489-1496

	 21	 Madhavan, D. et al. (2012) Circulating miRNAs as surrogate markers for circulating tumor cells and 
prognostic markers in metastatic breast cancer. Clin Cancer Res 18, 5972-5982

	 22	 Shivapurkar, N. et al. (2014) Recurrence of early stage colon cancer predicted by expression pattern 
of circulating microRNAs. PLoS One 9, e84686

	 23	 Kodahl, A. R., Zeuthen, P., Binder, H., Knoop, A. S. & Ditzel, H. J. (2014) Alterations in circulating 
miRNA levels following early-stage estrogen receptor-positive breast cancer resection in post-
menopausal women. PLoS One 9, e101950

	 24	 Muller, V. et al. (2014) Changes in serum levels of miR-21, miR-210, and miR-373 in HER2-positive 
breast cancer patients undergoing neoadjuvant therapy: a translational research project within the 
Geparquinto trial. Breast Cancer Res Treat 147, 61-68

	 25	 Li, Q. et al. (2014) Circulating miR-19a and miR-205 in serum may predict the sensitivity of luminal 
A subtype of breast cancer patients to neoadjuvant chemotherapy with epirubicin plus paclitaxel. 
PLoS One 9, e104870

	 26	 Bovy, N. et al. (2015) Endothelial exosomes contribute to the antitumor response during breast 
cancer neoadjuvant chemotherapy via microRNA transfer. Oncotarget 6, 10253-10266

	 27	 Wang, H. et al. (2012) Circulating MiR-125b as a marker predicting chemoresistance in breast cancer. 
PLoS One 7, e34210

	 28	 Jung, E. J. et al. (2012) Plasma microRNA 210 levels correlate with sensitivity to trastuzumab and 
tumor presence in breast cancer patients. Cancer 118, 2603-2614

	 29	 LaConti, J. J. et al. (2011) Tissue and serum microRNAs in the Kras(G12D) transgenic animal model 
and in patients with pancreatic cancer. PLoS One 6, e20687

	 30	 Zheng, G. et al. (2013) Identification and validation of reference genes for qPCR detection of serum 
microRNAs in colorectal adenocarcinoma patients. PLoS One 8, e83025

	 31	 Rice, J., Roberts, H., Rai, S. N. & Galandiuk, S. (2015) Housekeeping genes for studies of plasma 
microRNA: A need for more precise standardization. Surgery 158, 1345-1351

	 32	 Huo, D., Clayton, W. M., Yoshimatsu, T. F., Chen, J. & Olopade, O. I. (2016) Identification of a 
circulating MicroRNA signature to distinguish recurrence in breast cancer patients. Oncotarget 
7(34):55231-55248

	 33	 Casey, M. C., Sweeney, K. J., Brown, J. A. & Kerin, M. J. (2016) Exploring circulating micro-RNA in 
the neoadjuvant treatment of breast cancer. Int J Cancer 139, 12-22

	 34	 Schwarzenbach, H., Nishida, N., Calin, G. A. & Pantel, K. (2014) Clinical relevance of circulating 
cell-free microRNAs in cancer. Nat Rev Clin Oncol 11, 145-156

	 35	 Vilquin, P. et al. (2015) MicroRNA-125b upregulation confers aromatase inhibitor resistance and is a 
novel marker of poor prognosis in breast cancer. Breast Cancer Res 17, 13

	 36	 Muramatsu, F., Kidoya, H., Naito, H., Sakimoto, S. & Takakura, N. (2013) microRNA-125b inhibits 
tube formation of blood vessels through translational suppression of VE-cadherin. Oncogene 32, 
414-421

	 37	 Chen, H. et al. (2014) Reduced miR-126 expression facilitates angiogenesis of gastric cancer through 
its regulation on VEGF-A. Oncotarget 5, 11873-11885

	 38	 Kong, R. et al. (2016) The crucial role of miR-126 on suppressing progression of esophageal cancer by 
targeting VEGF-A. Cell Mol Biol Lett 21, 3

	 39	 Zhang, Y. et al. (2013) miR-126 and miR-126* repress recruitment of mesenchymal stem cells and 
inflammatory monocytes to inhibit breast cancer metastasis. Nat Cell Biol 15, 284-294

20 Erasmus Medical Center Rotterdam



	 40	 Tavazoie, S. F. et al. (2008) Endogenous human microRNAs that suppress breast cancer metastasis. 
Nature 451, 147-152

	 41	 Saito, Y. et al. (2009) Epigenetic therapy upregulates the tumor suppressor microRNA-126 and its 
host gene EGFL7 in human cancer cells. Biochem Biophys Res Commun 379, 726-731

	 42	 Yanaihara, N. et al. (2006) Unique microRNA molecular profiles in lung cancer diagnosis and prog-
nosis. Cancer Cell 9, 189-198

	 43	 Wu, X. et al. (2012) De novo sequencing of circulating miRNAs identifies novel markers predicting 
clinical outcome of locally advanced breast cancer. J Transl Med 10, 42

	 44	 Mouillet, J. F. et al. (2013) The unique expression and function of miR-424 in human placental 
trophoblasts. Biol Reprod 89, 25

	 45	 Petrelli, A. et al. (2015) By promoting cell differentiation, miR-100 sensitizes basal-like breast cancer 
stem cells to hormonal therapy. Oncotarget 6, 2315-2330

	 46	 McShane, L. M. et al. (2006) REporting recommendations for tumor MARKer prognostic studies 
(REMARK). Breast Cancer Res Treat 100, 229-235

Circulating miRs in breast cancer patients treated with dovitinib 21


