
Theranostics 2018, Vol. 8, Issue 18 
 

 
http://www.thno.org 

5178 

TThheerraannoossttiiccss  
2018; 8(18): 5178-5199. doi: 10.7150/thno.27798 

Research Paper 

Targeted imaging and inhibition of triple-negative breast 
cancer metastases by a PDGFRβ aptamer 
Simona Camorani1, Billy Samuel Hill2, Francesca Collina3, Sara Gargiulo2, Maria Napolitano4, Monica 
Cantile3, Maurizio Di Bonito3, Gerardo Botti3, Monica Fedele1, Antonella Zannetti2, Laura Cerchia1 

1. Istituto per l’Endocrinologia e l’Oncologia Sperimentale "G. Salvatore" (IEOS), CNR, Naples, Italy.  
2. Istituto di Biostrutture e Bioimmagini, CNR, Naples, Italy. 
3. Pathology Unit, Istituto Nazionale Tumori-IRCCS-Fondazione G. Pascale, Naples, Italy. 
4. Functional Genomics, Istituto Nazionale Tumori-IRCCS-Fondazione G. Pascale, Naples, Italy.  

 Corresponding author: Laura Cerchia, Istituto per l’Endocrinologia e l’Oncologia Sperimentale "G. Salvatore", CNR, Via S. Pansini 5, 80131 Naples, Italy; Tel.: 
+390815455751; E-mail: cerchia@unina.it; Antonella Zannetti, Istituto di Biostrutture e Bioimmagini, CNR, Via T. De Amicis 95, 80145 Naples, Italy; Tel.: 
+390812203431; E-mail: antonella.zannetti@cnr.it. 

© Ivyspring International Publisher. This is an open access article distributed under the terms of the Creative Commons Attribution (CC BY-NC) license 
(https://creativecommons.org/licenses/by-nc/4.0/). See http://ivyspring.com/terms for full terms and conditions. 

Received: 2018.06.11; Accepted: 2018.09.03; Published: 2018.10.06 

Abstract 

While the overall mortality for breast cancer has recently declined, management of triple-negative breast 
cancer (TNBC) is still challenging because of its aggressive clinical behavior and the lack of targeted 
therapies. Genomic profiling studies highlighted the high level of heterogeneity of this cancer, which 
comprises different subtypes with unique phenotypes and response to treatment. Platelet-derived 
growth factor receptor β (PDGFRβ) is an established mesenchymal/stem cell-specific marker in human 
glioblastoma and, as recently suggested, it may uniquely mark breast cancer cells with stem-like 
characteristics and/or that have undergone epithelial-mesenchymal transition. 
Methods: Immunohistochemical analysis for PDGFRβ expression was performed on a human TNBC 
tissue microarray. Functional assays were conducted on mesenchymal-like TNBC cells to investigate the 
effect of a previously validated PDGFRβ aptamer on invasive cell growth in three-dimensional culture 
conditions, migration, invasion and tube formation. The aptamer was labeled with a near-infrared (NIR) 
dye and its binding specificity to PDGFRβ was assessed both in vitro (confocal microscopy and flow 
cytometry analyses) and in vivo (fluorescence molecular tomography in mice bearing TNBC xenografts). 
A mouse model of TNBC lung metastases formation was established and NIR-labeled PDGFRβ aptamer 
was used to detect lung metastases in mice untreated or intravenously injected with unlabeled aptamer.  
Results: Here, we present novel data showing that tumor cell expression of PDGFRβ identifies a 
subgroup of mesenchymal tumors with invasive and stem-like phenotype, and propose a previously 
unappreciated role for PDGFRβ in driving TNBC cell invasiveness and metastases formation. We show 
that the PDGFRβ aptamer blocked invasive growth and migration/invasion of mesenchymal TNBC cell 
lines and prevented TNBC lung metastases formation. Further, upon NIR-labeling, the aptamer 
specifically bound to TNBC xenografts and detected lung metastases.  
Conclusions: We propose PDGFRβ as a reliable biomarker of a subgroup of mesenchymal TNBCs with 
invasive and stem-like phenotype as well as the use of the PDGFRβ aptamer as a high efficacious tool for 
imaging and suppression of TNBC lung metastases. This study will allow for the significant expansion of 
the current repertoire of strategies for managing patients with more aggressive TNBC. 
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Introduction 
Triple-negative breast cancer (TNBC), which 

comprises ~15% of all breast cancers, lacks expression 
of the estrogen receptor, progesterone receptor and 

human epidermal growth factor receptor 2 (HER2), 
thus excluding targeted therapy against these proteins 
[1]. Still, no single best target has been so far 
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identified, and cytotoxic chemotherapy remains the 
only available treatment for patients with TNBC in 
both the early and advanced stages [2]. Unfortunately, 
after an initial response, recurrent tumors, which are 
resistant to therapy and highly metastatic, commonly 
develop, leading to shorter overall survival than other 
breast cancer subtypes [3].  

The major obstacle in TNBC management is the 
high heterogeneity of this disease consisting of several 
subtypes with a unique biological pathway and 
distinct clinical behavior and response to current 
therapies [4-6]. Thus, discovering biomarkers for 
patient stratification is a prioritized issue to establish 
specific intervention for TNBC. 

Platelet-derived growth factor receptor β 
(PDGFRβ) is a transmembrane receptor tyrosine 
kinase required for the mesenchymal lineage 
commitment during embryogenesis [7]. Its expression 
in normal adults is restricted to fibroblasts, vascular 
smooth muscle cells, endothelial and perivascular 
cells, where it plays important roles in wound healing 
and tissue repair, inflammation and angiogenesis [8]. 
It has been ascertained that overexpression of 
PDGFRβ in endothelial cells and tumor-associated 
stromal cells occurs in different human cancers, where 
PDGFRβ-dependent signaling contributes to 
angiogenesis and tumor progression [9-12]. More 
recently, PDGFRβ expression in cancer cells, mainly 
in populations characterized by a mesenchymal/stem 
and poorly differentiated phenotype, has been 
correlated with aggressiveness, resistance to therapy 
and/or recurrence in heterogeneous human cancers, 
including glioblastoma (GBM) [13, 14], colorectal 
cancer [15], tongue squamous cell carcinoma [16], 
medulloblastoma [17] and pancreatic neuroendocrine 
tumors [18]. Still, PDGFRβ has been shown to be a 
potent mediator of Foxq1-promoted stemness traits 
and chemoresistance in mammary epithelial cells [19] 
and its expression is induced during 
epithelial-to-mesenchymal transition (EMT) in breast 
cancer cells [20]. These experimental evidences 
suggest that the expression of PDGFRβ in breast 
cancer may be a unique feature of cancer cells that 
possess stem cell characteristics and/or that have 
undergone EMT, two features associated with 
chemoresistance and aggressiveness, thus 
encouraging therapeutic options in targeting this 
receptor. More recently, PDGFRβ has been shown to 
mediate endothelial cell differentiation of 
mesenchymal TNBC cells and vasculogenic mimicry 
(VM) [21].  

To date, several tyrosine kinase inhibitors 
against PDGFRβ have been tested in TNBC treatment, 
but they failed to produce the expected results [22, 
23]. Thus, developing new strategies to specifically 

target PDGFRβ-positive TNBC is crucial to improve 
patient’s chances of survival. 

An emerging class of compounds for anti-cancer 
therapy are single-stranded oligonucleotide aptamers, 
which interact with high affinity with their specific 
protein targets [24]. We previously generated a 
nuclease-resistant RNA aptamer, named Gint4.T, 
targeting PDGFRβ with high affinity with a 
dissociation constant (Kd) value of 9.6 nM for the 
extracellular domain of PDGFRβ in a soluble form 
(EC-PDGFRβ). We validated it as an inhibitor of 
GBM-derived tumor growth [25] and a delivery agent 
for drug-loaded nanoparticles to intracranial GBM in 
mice [26]. This aptamer resulted in highly efficacious 
targeting and inhibition of PDGFRβ expressed on 
bone marrow-derived mesenchymal stem cells 
(BM-MSCs), thus blocking their homing to the tumor 
and pro-metastatic action in TNBC [12].  

Here, by analyzing a large cohort of human 
TNBC samples for PDGFRβ expression in tumor cells, 
we found that PDGFRβ expression identified a 
specific patient subgroup, characterized by 
mesenchymal tumors with invasive phenotype. 
Importantly, the treatment of mesenchymal-like (ML) 
TNBC cell lines with PDGFRβ aptamer blocks their 
invasive growth in three-dimensional (3D) culture 
conditions, cell migration and invasion, and shows 
strong anti-metastatic activity in a mouse model of 
TNBC lung metastases. Still, a near-infrared (NIR) 
fluorescent version of the aptamer is able to 
specifically bind to TNBC xenografts and detect lung 
metastases. To the best of our knowledge, this is the 
first report of a highly efficacious agent for molecular 
targeted noninvasive imaging and suppression of 
metastatic TNBC in the lungs.  

Together, our findings indicate a crucial role for 
PDGFRβ in the metastatic behavior of ML TNBC and 
provide critical endpoints for the clinical translation 
of a cell-targeted RNA smart drug to manage 
PDGFRβ-positive TNBC. 

Methods 
Patients and specimens, tissue microarray 
(TMA) building and immunohistochemistry 
analysis  

From 2003 to 2013, 200 patients who underwent 
a tumorectomy, quadrantectomy or metastectomy at 
the National Cancer Institute ″Fondazione Giovanni 
Pascale″ of Naples, Italy, were enrolled into this 
study. All cases of TNBC and non-TNBC samples 
were reviewed according to WHO classification 
criteria, as previously reported [27]. The cohort 
included patients with an average age of 57 years, 
ranging from 24 to 93. The histological samples 
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included 178 (89%) grade III and 22 (11%) grade II. 
Tumor size was lower than 2 cm in 44.7% (85/190) of 
the samples, between 2 and 5 cm in 46.3% (88/190) 
and larger than 5 cm in 8.9% (17/190). For 10 cases, 
we were not able to retrieve that information. 
Metastatic lymph nodes (LNM) were found in 42.3% 
of patients (83/196) at surgery. This information for 4 
patients was lost. Distant metastases were found in 
27.5% of patients (38/138) and were not present in 
72.5% of cases (100/138). For 62 cases we were unable 
to recover this information. The expression of 
proliferation factor Ki-67 was high (>20%) in 82.3% 
(158/192), and low (≤20%) in 17.7% of cases (34/192). 
This information for 8 patients was lost.  

TMA was built as previously reported [27] using 
the most representative areas from each single case 
with one replicate.  

Immunohistochemical staining was done on 
TMA slides (4 μm) from formalin-fixed, paraffin- 
embedded tissues, as previously reported [27], by 
using primary antibodies against PDGFRβ on a total 
of 200 samples (dilution 1:50, rabbit monoclonal 
antibody, Cell Signaling Technology Inc., Danvers, 
MA) and vimentin on a total of 178 samples (dilution 
1:700, mouse monoclonal antibody, Leica Biosystem, 
Wetzlar, Germany) for 1 h. The remaining 22 samples 
were not evaluable for vimentin staining for technical 
reasons. 

The PDGFRβ-positive cases were also stained for 
matrix metallopeptidase 9 (MMP-9, dilution 1:150, 
overnight incubation, goat polyclonal antibody, R&D 
System Europe, Ltd, Abingdon, UK) and aldehyde 
dehydrogenase 1‑A1 (ALDH1A1, dilution 1:100, 1 h 
incubation, rabbit monoclonal antibody, Abcam, 
Cambridge, MA), on whole sections. 

Results were interpreted using a light 
microscope. Ten fields on each of two cores and at 
least >500 cells were analyzed for each sample. Two 
pathologists independently evaluated the intensity, 
extent and subcellular distribution of the 
immunostaining. PDGFRβ expression was interpreted 
as positive when membranous and/or cytoplasmic 
staining was observed. Staining was scored as 
follows: negative (absence of staining) and positive 
(≥1%) in tumor cells. 

For PDGFRβ mRNA expression analysis and 
correlation with molecular subtypes and specific gene 
signatures, the Genomics Analysis and Visualization 
platform [28] was used as previously described [29]. 
The data set used (GSE76124) included 198 TNBC 
tumors from MD Anderson Cancer Center (Houston, 
Texas) [6]. 

Cell culture 
Growth conditions for human TNBC 

MDA-MB-231 and BT-549 cells, and HER2-positive 
breast cancer BT-474 cells (American Type Culture 
Collection, Manassas, VA) were previously reported 
[30]. MDA-MB-231 cell line expressing green 
fluorescent protein (GFP), herein indicated as 
MDA-MB-231/GFP, was produced as previously 
described [12]. 

Western blot 
Cell lysates preparation and Western blot 

analyses were performed as previously reported [31]. 
Filters were probed with the indicated primary 
antibodies: anti-phospho-PDGFRβ (Tyr771, indicated 
as pPDGFRβ), anti-PDGFRβ, anti-phospho-Akt 
(Ser473, indicated as pAkt) (Cell Signaling 
Technology Inc.) and anti-vinculin (N-19) (Santa Cruz 
Biotechnology, Santa Cruz, CA).  

RNA extraction and reverse transcription 
quantitative polymerase chain reaction 
(RT-qPCR) 

RT-qPCR was performed as previously 
described [31]. Primers used were: PDGFRβ, Fwd 
5′-AGGACACGCAGGAGGTCAT-3′, Rev 5′-TTCTGC 
CAAAGCATGATGAG-3′; MMP-9, Fwd 5′-GACTT 
GGCAGTGGAGACTGCGGGCA-3′, Rev 5′-GACCCC 
ACCCC TCCTTGACAGGCAA-3′; Snail, Fwd 5′-CCT 
CCCTGTCAGATGAGGAC-3′, Rev 5′-CCAGGCTGA 
GGTATTCCTTG-3′; Caldesmon, Fwd 5′-GAGCGTCG 
CAGAGAACTTAGA-3′, Rev 5′-TCCTCTGGTAGGC 
GATTCTTT-3′. The following primers were used for 
internal control: β-actin, Fwd 5′-CAAGAGATGGCC 
ACGGCTGCT-3′, Rev 5′-TCCTTCTGCATCCTGTCG 
GCA-3′; Glyceraldehyde-3-phosphate dehydrogenase, 
Fwd 5′-AAACAGAAGGCAGCTTTACGATG-3′, Rev 
5′-AAATGTTCTGATCCAGTAGCG-3′. 

Aptamers and NIR labeling 
2′ F-Pyrimidines (2′F-Py) RNA anti-PDGFRβ 

Gint4.T aptamer, the scrambled (Scr) sequence used 
as a negative control, and the corresponding versions 
containing a C6-NH2 5′ terminal modification were 
synthesized by TriLink Biotechnologies (San Diego, 
CA). The sequences of the aptamers and handling 
protocols prior to each treatment were previously 
reported [12].  

For imaging studies, 5′-(C6-NH2)-Gint4.T and 
5′-(C6-NH2)-Scr were labeled with VivoTag-S 680 
NIR-dye (MW: 1439 g/mol) (PerkinElmer, Waltham, 
MA). RNAs were incubated with VivoTag-S 680 
(RNA/dye ratio, 1/20) in 50 mM carbonate- 
bicarbonate buffer (pH 8.5) for 2 h at 25 °C under slow 
mixing conditions. Non-reacted free dye was 
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removed by using centrifugal filter devices (Amicon 
Ultra-0.5 mL 10,000 MW-cutoff centrifugal filter, 
Millipore, Billerica, MA). Aptamer labeling with 
NIR-dye was confirmed by ultraviolet-visible 
(UV-Vis) spectroscopy and by electron spray 
ionization (ESI) mass spectrometry (MS) using an 
Agilent 6230 time-of-flight (TOF) mass spectrometer 
(Agilent Technologies, Cernusco Sul Naviglio, Italy). 
Direct infusion analysis was performed on a 30 µM 
solution of the conjugate derivative in 50 mM 
carbonate-bicarbonate buffer (pH 8.5). 

RNA stability in human serum 
Human serum stability of NIR-Gint4.T and 

NIR-Scr was evaluated by incubating 10 μM 
NIR-2′F-Py-RNAs in Dulbecco’s phosphate-buffered 
saline (DPBS) containing 80% human serum at 37 °C 
up to 72 h. RNA from all time points was mixed with 
formamide RNA loading dye and stored at -80 °C. All 
samples were resolved by polyacrylamide gel 
electrophoresis (PAGE) under denaturing condition 
(15% polyacrylamide with 7 M urea). The gel was 
stained with ethidium bromide and UV exposed to 
visualize the RNA bands. 

Cell growth in 3D cultures 
MDA-MB-231 and BT-549 cells (7×104 cells/well) 

in RPMI-1640 containing 2% fetal bovine serum (FBS) 
(Invitrogen, Carlsbad, CA) and 2% growth 
factor-reduced Matrigel (BD Biosciences, Franklin 
Lakes, NJ) were seeded into 6-well plates pre-coated 
with Matrigel (500 µL per well) with or without 
aptamer. After 3 and 7 days, cells were analyzed 
under a phase-contrast microscope. Colonies having 
two or more invasive protrusions were counted as a 
measure of invasive behavior in at least 10 fields per 
condition. Following 7 days, cell/Matrigel mixture 
was recovered from the plates using cold DPBS-EDTA 
(5 mM) and a polyethylene cell lifter and transferred 
to a 15 mL conical tube. The tubes were gently shaken 
in a cold room for 1 h to dissolve the Matrigel and 
then centrifuged for 5 min at 200 ×g at 4 °C. RNA was 
extracted from cell pellets by TRIzol and then 
processed for RT-qPCR, as described above. 

Tube formation assay  
Tube formation assay and immunofluorescence 

analysis of vascular endothelial (VE)-cadherin (Cell 
Signaling Technology Inc.) were performed on 
MDA-MB-231 and BT-549 cells, as previously 
reported [30].  

Cell migration and invasion 
For transwell migration assay, MDA-MB-231, 

BT-549 and BT-474 cells were serum starved 
overnight in the presence of Gint4.T or Scr. After 

starvation, cells (5×104 in 100 μL serum-free medium 
per well) were seeded into the upper chamber of a 
24-well transwell (Transwell filters 8 μm pore size; 
Corning Incorporate, Corning, NY) in the presence of 
Gint4.T or Scr and exposed to medium containing 
10% FBS (lower chamber), as inducer of migration.  

The transwell invasion assay was performed as 
the migration assay except that cells (1×105 in 100 μL 
serum-free medium per well) were plated on the 
Matrigel-coated (diluted 1:3 in serum-free medium) 
filters of a transwell chamber. After incubation at 
37 °C in humidified 5% CO2 for the indicated times, 
cells were visualized by staining with 0.1% crystal 
violet in 25% methanol and photographed. Stained 
cells were lysed in 1% sodium dodecyl sulfate and 
absorbance at 595 nm was measured on a microplate 
reader.  

Cell viability and proliferation  
Viability of MDA-MB-231 and BT-474 cells 

(4.0×103 cells/well, 96-well plates) was assessed by 
CellTiter 96 AQueous One Solution Cell Proliferation 
Assay (Promega BioSciences Inc., San Luis Obispo, 
CA) according to the manufacturer’s instructions. 

For growth curves experiments, MDA-MB-231 
cells (5×103 cells/3.5-cm plate) were either mock- 
treated or treated with Gint4.T or Scr and then 
counted through the Bürker chamber at the indicated 
time points. 

Cell targeting with NIR-aptamer 
Binding of NIR-Gint4.T to the cells was assessed 

by confocal microscopy and flow cytometry. 
For confocal microscopy, MDA-MB-231 and 

BT-474 cells (105 cells/well in 24-well), previously 
seeded on a coverslip for 24 h, were incubated with 
NIR-Gint4.T or NIR-Scr (500 nM-final concentration) 
in the presence of 100 μg/mL polyinosine (Sigma- 
Aldrich, Milan, Italy) as nonspecific competitor. After 
5 min at room temperature (RT), cells were fixed with 
4% paraformaldehyde in DPBS for 20 min. In 
co-localization experiments, non-permeabilized cells 
were subjected to blocking in 10% FBS/DPBS for 20 
min at RT. Cells were incubated with anti-PDGFRβ 
(R&D system) antibody, washed three times in DPBS 
and incubated with Alexa Fluor 488 Anti-Goat 
(Invitrogen). Finally, after three further washes in 
DPBS, cells were incubated with 1.5 μM 
4′,6-Diamidino-2-phenylindole (DAPI, D9542, 
Sigma-Aldrich) and mounted with glycerol/DPBS. 
Samples were visualized by Zeiss LSM 700 META 
confocal microscopy equipped with a Plan- 
Apochromat 63x/1.4 Oil DIC objective.  

For flow cytometry, MDA-MB-231 and BT-474 
cells were trypsinized and washed twice with 500 μL 
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DPBS. MDA-MB-231 cells (3.5×105) were mock 
treated or incubated with increasing concentrations of 
NIR-Gint4.T or NIR-Scr (5 nM, 10 nM, 25 nM, 50 nM, 
100 nM, 200 nM and 500 nM) in the presence of 100 
μg/mL polyinosine (Sigma-Aldrich) as nonspecific 
competitor. After 15 min at RT, cells were washed 
twice with 500 μL DPBS, suspended in 500 μL DPBS 
and analyzed by flow cytometry (BD Accuri™ C6). 
The mean fluorescence intensity (MFI) of the cells 
labeled by NIR-Gint4.T was used to calculate specific 
binding by subtracting the MFI of nonspecific binding 
from NIR-Scr. The apparent Kd of PDGFRβ 
aptamer-cell interaction was obtained by fitting the 
dependence of fluorescence intensity of specific 
binding on the aptamer concentration to the equation 
Y = Bmax × X / (Kd + X), using GraphPad Prism version 
6.00. Binding of NIR-Gint4.T or NIR-Scr to negative 
control BT-474 cells (3.5×105) was analysed as above 
by using 500 nM aptamer concentration.  

Tumor targeting with NIR-aptamer 
All experimental procedures complied with the 

European Communities Council directives 
(2010/63/EU) and national regulations (D.L. 116/92) 
and were performed in accordance with National 
Institutes of Health (NIH) recommendations. The 
present study was approved by the Italian Ministry of 
Health (authorization number 38/2015-01-28). All 
efforts were made to minimize animal suffering and 
the number of animals necessary to produce reliable 
results. All experimental procedures described were 
performed under general anesthesia with 2% 
isoflurane in 100% oxygen at 0.8 L/min. All mice were 
maintained on a diet with a purified, alfalfa-free 
rodent chow for 15 days before fluorescence imaging 
to minimize fluorescence in the gut. 

Subcutaneous TNBC xenograft models were 
realized as previously described [32, 33]. Briefly, 
10×106 MDA-MB-231 target cells or BT-474 non-target 
cells were re-suspended in 0.1 mL of 1:1 mix of 
physiological saline and Matrigel and subcutaneously 
(s.c.) injected into the right (MDA-MB-231 cells) or left 
flank (BT-474 cells) of five-week-old female Balb/c 
nude mice that weighed around 18-20 g (Charles 
River, Milan, Italy). Once tumors became palpable 
(established), approximately 50 mm3 [volume = 0.5 × 
long diameter × (short diameter)2], mice were 
randomized into groups (five animals per group). 
NIR-Gint4.T or NIR-Scr (1 nmol/70 µL) were injected 
into the lateral tail vein of mice maintained under 
isoflurane anesthesia using a catheter to improve the 
likelihood of a successful injection. The body 
temperature of the animals was held constant during 
probe administration with a heating pad. At the 
specified time (15 min, 2 h, 4 h and 24 h) post 

NIR-Gint4.T or NIR-Scr injection, isoflurane- 
anesthetized mice were subjected to fluorescence 
molecular tomography (FMT) scanning using an FMT 
4000 imaging system (PerkinElmer) as previously 
reported [12]. Briefly, mice were placed in a biplanar 
imaging cassette supplied with the instrument and 
trans-illuminated with laser light. A single 
fiber-coupled laser diode scans the surface of the 
animal at a user-adjustable pitch and span in X and Y. 
The laser power and exposure time at each scan point 
are automatically adjusted by the system to provide 
high signal-to-noise while avoiding saturation. 
Resulting transmission and fluorescence patterns 
were captured with a thermoelectrically cooled CCD 
camera (excitation, Ex: 670; emission, Em: 690). The 
total scan times were on the order of 2-4 min 
(depending on the region-of-interest). FMT 4000 has 4 
distinct laser diodes provided at 635 nm, 670 nm, 750 
nm and 785 nm and it has a laser output power of 80 
mW for each wavelength. The entire laser spectral 
energy is condensed within <3 nm FWHM to ensure 
sufficient spectral power density for deep tissue 
penetration and subsequent quantification. The 
position and intensity of fluorescence sources were 
reconstructed in two-dimensions (2D, 
epifluorescence) and/or 3D (tomography) using the 
TrueQuant software package (PerkinElmer), supplied 
with the FMT4000. Three-dimensional volumes-of- 
interest (VOIs) were drawn around tumor and 
adjoining background non-tumor area, and the total 
amount of fluorescence (pmol) was automatically 
calculated relative to internal standards generated 
with known concentrations of the appropriate probe 
(NIR-Gint4.T, NIR-Scr or VivoTag-S 680). A threshold 
was applied to all animals equal to 30% of the 
maximum value of fluorescence in the adjoining 
non-tumor area. As a control, mice injected with 1 
nmol VivoTag-S 680 were analyzed under the same 
experimental conditions.  

To confirm the specificity of in vivo uptake of 
NIR-Gint4.T, blocking studies with a large excess of 
unlabeled Gint4.T were done in nude mice bearing 
MDA-MB-231 tumors. Briefly, animals underwent a 
first FMT scan following the injection of NIR-Gint4.T 
(100 pmol). After 48 h, when the tumor-specific 
fluorescence signal became undetectable, they were 
pretreated for 20 min with unlabeled Gint4.T (5000 
pmol) and then subjected to a second FMT scan using 
the same NIR-Gint4.T (100 pmol). In all imaging 
studies, the scan area was focused in close proximity 
to the tumor area to improve the spatial resolution of 
acquired images and a VOI was drawn around the 
tumor. Statistical significance was determined using 
the two-tailed unpaired Student’s t-test. Differences 
were considered significant at P < 0.05. 
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Imaging and inhibition of TNBC lung 
metastases with PDGFRβ aptamer 

To assess the ability of NIR-Gint4.T to detect 
lung metastases, a TNBC model of lung metastases 
was established by injecting MDA-MB-231/GFP cells 
(6×105 in 100 μL DPBS) into the tail vein of female 
Balb/c nude mice. After 42 days, mice (three per 
group) were injected with 1 nmol NIR-Gint4.T or 
NIR-Scr and imaged at the specified time by FMT, as 
described above. In addition, 1 nmol VivoTag-S 680 or 
ProSense 680 (PerkinElmer) were intravenously (i.v.) 
injected in mice and used as negative and positive 
controls, respectively, for lung metastases detection. 

To assess the effect of Gint4.T on the inhibition of 
lung metastases, female Balb/c nude mice were 
randomized into Gint4.T and Scr treatment groups 
(n=4) and injected in the tail vein with 
MDA-MB-231/GFP cells (6×105 in 100 μL DPBS) prior 
to being incubated with 400 pmol Gint4.T or Scr for 30 
min at 37 °C. Systemic i.v. administration of the 
aptamers (1400 pmol) was continued as schematized 
in Figure 8. After 42 days from cell injection, mice 
were i.v. injected with 1 nmol NIR-Gint4.T and 
imaged at 2 h by FMT, as described above.  

Ex vivo analysis 
After imaging studies, mice were euthanized 

and tumors, liver, kidney, spleen, muscle and heart 
(tumor targeting study) or lungs (metastases 
imaging/inhibition study) were excised and imaged 
by 2D FMT analysis.  

For the metastases imaging/inhibition analyses, 
one lung from each animal was stored in 10% neutral 
buffered formalin for paraffin embedding, sectioning 
(4 μm) and staining for hematoxylin and eosin (H&E), 
PDGFRβ, Ki-67, MMP-9 and vimentin, at the same 
experimental conditions as for human tissues. The 
other lung was embedded in O.C.T. (optimal cutting 
temperature) compound for sectioning, and 10 μm 
frozen sections were incubated with DAPI to stain 
nuclei. Subsequently, sections were prepared for GFP 
detection by a Zeiss LSM 700 META confocal 
microscope equipped with a N-Achroplan 10×/0.25 
objective. Liver and axillary lymph nodes were 
stained for H&E, as described above. 

In vivo pharmacokinetic (PK) of NIR-Gint4.T 
NIR-Gint4.T (1 nmol/70 µL) was administered 

intravenously through the tail vein of three Balb/c 
nude mice. Blood was collected from the orbital sinus 
immediately before administration (0 h) and at 0.083, 
0.25, 0.5, 1, 3, 5 and 24 h after administration. Samples 
were centrifuged for 10 min at 1000 ×g and plasma 
was stored at -80 °C until the assay. For the detection 
of aptamer, 5 μL plasma was directly reverse 

transcribed and PCR amplified with iQ SYBR Green 
Supermix (Bio-Rad, Hercules, CA) in the presence of 
Gint4.T 5′ and 3′ primers, as previously described [26]. 
Reactions were all done in triplicate. The quantity of 
the amplified product was extrapolated from a 
standard amplification curve obtained with 
NIR-Gint4.T.  

Statistical analysis 
Student’s t-test and Pearson’s χ2 test were used 

to determine whether a relationship exists between 
the categorical variables included in the TMA-related 
study by Statistical Package for Social Science v. 20 
software (SPSS Inc., Chicago, IL, USA). All 
correlations within the public dataset were assessed 
by Pearson’s χ2 test or one-way analysis of variance 
(ANOVA) through the R2 platform [28]. 

All other statistical values were defined using 
GraphPad Prism version 6.00 for Windows by t-test. P 
value < 0.05 was considered significant for all 
analyses. 

Results 
PDGFRβ expression in tumor cells identifies a 
subgroup of human mesenchymal TNBC  

To analyze PDGFRβ expression in TNBC and 
correlate it with clinicopathological and molecular 
features, we performed immunohistochemical 
analyses on a human TNBC tissue microarray 
comprising 200 TNBC samples [27]. As expected, in 
all TNBC samples, PDGFRβ expression was detected 
in mesenchymal stromal cells and vascular 
endothelial cells (see the arrows in Figure 1A), which 
was used as internal positive control for staining. 
Importantly, we found that tumor cells of 11 TNBC 
samples (5.5%) expressed PDGFRβ either at the cell 
membrane or cytoplasmic level (Figure 1B and 
Table 1), whereas in all the other samples there was 
no expression of PDGFRβ in tumor cells (Figure 1A). 
Despite the low number of PDGFRβ-positive cases, a 
significant correlation was found between PDGFRβ 
expression and the pre-menopausal status, and a 
linear-to-linear association was found between 
PDGFRβ expression and the age and grading (Table 
1). We also stained the TMA for the mesenchymal 
marker vimentin and considered its expression on 
tumor cells (Figure 1D), using stromal/endothelial 
cells, stained positively (Figure 1C, see the arrows), as 
internal positive control. A significant positive 
correlation between vimentin and PDGFRβ 
expression on tumor cells (Figure 1E) was found, 
suggesting the association of PDGFRβ expression in 
TNBC tumor cells with the mesenchymal TNBC 
subtype. The 11 PDGFRβ-positive cases were also 
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stained for either matrix metallopeptidase MMP-9 
(Figure 1F) or aldehyde dehydrogenase ALDH1A1 
(Figure 1G): all were positive for at least one of them 
(Table 2), thus indicating a high invasive and 
stem-like phenotype for this subgroup of TNBC.  

Table 1. PDGFRβ expression in TNBC and correlation with 
clinicopathological features. 

PDGFRβ-positive expression 
TNBC cases n. 200 11  
Variables   pa 
Age    
<40 23 3 0.043 
40-60 93 6  
>60 84 2  
Menopausal status    
Pre-menopause 74 8 0.015 
Post-menopause 126 3  
Histotype    
CDI 168 7 0.126 
CLI 10 2  
Medullary 8 0  
Metaplastic 7 1  
CDLI 7 1  
Grading    
1 1 1 0.001 
2 22 3  
3 177 7  
LN metastases    
Negative 115 5 0.278 
Positive 82 6  
NA 3   
Distant metastases    
Absent 68 4 0.350 
Present 37  4  
NA 95   
Tumor size    
1 85 4 0.698 
2-3 100 7  
NA 15   
a Fisher exact test value is indicated for groups of two variables, while 
linear-to-linear association value is indicated for groups with more than two 
variables. NA: not available 

Table 2. Summary of the immunohistochemical results for MMP-9 
and ALDH1A1 staining in the 11 PDGFRβ-positive cases (T1-T11).  

 MMP-9 ALDH1A1 
T1 Neg Pos 
T2 Pos Pos 
T3 Pos Pos 
T4 Pos Neg 
T5 Pos Neg 
T6 Neg Pos 
T7 Pos Neg 
T8 Pos Pos 
T9 Pos Pos 
T10 Pos Pos 
T11 Pos Neg 

ALDH1A1: aldehyde dehydrogenase 1‑A1; MMP-9: matrix metallopeptidase-9. 
 

To further study the correlation of PDGFRβ with 
a specific TNBC subtype, we analyzed PDGFRβ gene 
expression in a public dataset of 198 TNBC samples 
molecularly characterized and subdivided in four 
subtypes, including luminal-androgen receptor 
(LAR), mesenchymal (MES), basal-like immune- 

suppressed (BLIS), and basal-like immune-activated 
(BLIA) [6]. As shown in Figure 2A, PDGFRβ gene 
expression significantly correlates with the TNBC 
molecular subtype and, as expected, is highest in the 
mesenchymal subtype. Consistently, 70% of genes 
belonging to the signature of the mesenchymal TNBC 
subtype are significantly correlated to PDGFRβ 
expression (Figure 2B and Table S1). Besides these, 
we found that PDGFRβ positively correlates with 
mesenchymal markers, such as vimentin (Figure S1A) 
and alpha-smooth muscle actin (Figure 2C), as well as 
with genes associated with an invasive phenotype, 
such as those encoding for MMP-2 (Figure 2D) and 
MMP-9 (Figure S1B), while negatively correlating 
with epithelial markers, such as desmoplakin, 
E-cadherin, CD24, occludin (Figure 2E, Table S1 and 
Figure S1C) and many others that are downregulated 
in the mesenchymal TNBC subtype (Table S1). 
Further, by restricting our analyses to the 
mesenchymal TNBC subtype, we found many highly 
significant associations between PDGFRβ expression 
and mesenchymal stem cell-specific markers, 
including Endoglin (ENG), Thy-1 cell surface antigen 
(THY), and others (Table 3).  

Taking together protein and gene expression 
data, PDGFRβ appears to be a specific biomarker of a 
TNBC subgroup with mesenchymal/stem phenotype.  

Table 3. Mesenchymal/stem cell-specific genes [4, 34] correlated with 
PDGFRβ in the mesenchymal subtype.  

Correlations were analyzed by Pearson’s χ2 test through the R2 platform [28]. 
Significance of correlation was assessed by r-value (R) and P value (P). 
ENG: endoglin; ITGAV: integrin alpha V; KDR: kinase insert domain receptor; 
MCM4: minichromosome maintenance 4; NT5E: 5'-nucleotidase ecto; THY1: Thy-1 
cell surface antigen. 

Effect of PDGFRβ aptamer on invasive cell 
growth in 3D culture conditions 

Due to the propensity of tumor cells with a 
mesenchymal phenotype to migrate and invade, and 
the under-explored role of PDGFRβ in TNBC 
progression, we asked whether inhibition of PDGFRβ 
activity by a specific PDGFRβ aptamer would result 
in inhibition of TNBC cell invasiveness and 
metastases formation. To this aim, we took advantage 
of MDA-MB-231 and BT-549 cell lines, which are 
representative of the mesenchymal subtype [4]. In 
agreement with their poorly differentiated phenotype, 
these cells share high expression levels of PDGFRβ 
and vimentin, and undetectable E-cadherin ([30] and 
Figure S2).  

 R P 
ENG 0.709 2.5e-08 
THY1 0.707 2.7e-08 
MCAM 0.539 9.1e-05 
NT5E 0.533 1.2e-04 
ITGAV 0.528 1.4e-04 
KDR 0.422 3.2e-03 
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Figure 1. Tumor cells expression of PDGFRβ is associated with a mesenchymal/stem phenotype in TNBC patients. Images of representative human 
TNBC cases stained for PDGFRβ (A-B) and vimentin (C-D). In (A) and (C), the arrows identify stromal/endothelial cells with PDGFRβ and vimentin expression, 
respectively. (E) Statistical association between PDGFRβ and vimentin expression on tumor cells. Data were analyzed by Pearson’s χ2 test and the resultant P value 
and R coefficient are reported. (F-G) Images of representative PDGFRβ-positive TNBCs stained for MMP-9 (F) and ALDH1A1 (G). (A) Magnification 20 ×, scale bar 
= 100 μm. (B-D, F-G) Magnification 40 ×, scale bar = 50 μm. ALDH1A1: aldehyde dehydrogenase 1‑A1; MMP-9: matrix metallopeptidase-9; NA: not analyzed; 
PDGFRβ: platelet-derived growth factor receptor β. 

 
Gint4.T aptamer was previously validated as a 

specific inhibitor of PDGFRβ on human BM-MSCs 
[12] and GBM cells [25, 26, 31]. First, we verified, in 
MDA-MB-231 and BT-549 cells, the ability of the 
aptamer to inhibit platelet-derived growth factor-BB 
(PDGF-BB)-dependent activation of PDGFRβ and 
downstream PI3K-Akt pathway (Figure S3), reported 
to be involved in metastases formation from breast 
cancers [35, 36]. Next, we determined whether the 
inhibition of PDGFRβ activation results in 
impairment of invasive growth of MDA-MB-231 and 
BT-549 cells embedded in Matrigel (the standard 3D 
culture environment). When cultured in 3D, these cell 
lines acquire a typical invasive phenotype, which 
strictly stems from their remarkable degree of 
plasticity, and have a different response to various 
signaling inhibitors and chemotherapeutics compared 
to when grown as monolayers on tissue culture plastic 
[37]. Thus, the two cell lines were grown in Matrigel 
in the absence or in the presence of 200 nM Gint4.T or 
a scrambled sequence (Scr) used as negative control, 
and their invasive growth was assessed up to 7 days. 
As shown, starting from 3 days, mock- and Scr-treated 
cells displayed invasive growth and developed 
spider-like protrusions extending into the Matrigel 
(Figure 3A-B, upper left and middle panels). The 
invasive morphological phenotype, for both cell lines, 
with stellate projections that bridge multiple cell 
colonies became prominent after 7 days in culture 
(Figure 3A-B, lower left and middle panels). 

Interestingly, Gint4.T (Figure 3A-B, right panels) 
inhibited the formation of cell projections at both 3 
and 7 days, impairing the development of colonies 
that were drastically fewer, smaller in size and with 
no protrusions as compared with well-developed 
branching colonies observed in control cells (Mock 
and Scr). In the presence of Gint4.T, we observed 
more than 70% reduction of colonies having two or 
more invasive protrusions compared to the controls 
(Figure 3C). Previous studies have shown that 
MDA-MB-231 cells express MMP-9, which is 
up-regulated by cell contact to Matrigel during cell 
invasiveness [38, 39]. Accordingly, we found that 
MMP-9 expression was favored in Matrigel-based 3D 
with respect to 2D cell cultures, as assessed by 
RT-qPCR analyses on RNA extracted from cells 
harvested from Matrigel following 7 days of culture 
(Figure 3D). Importantly, inhibiting PDGFRβ by 
Gint4.T aptamer caused a strong reduction of MMP-9 
mRNA, while no decrease was obtained in the 
presence of Scr treatment. Further, we got similar 
results when we analyzed mRNA expression of Snail 
(Figure 3E), a transcription factor critical for EMT, 
which has been found to be associated with the 
transition from a non-invasive to an invasive 
phenotype and regulation of MMPs in different 
human cancers [40]. Conversely, we found opposite 
results for the expression of Caldesmon (Figure 3F), in 
perfect agreement with its role in inhibiting invasion 
and MMPs release [41]. 
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Figure 2. In silico meta-analysis of PDGFRβ gene expression in human TNBC tissues. (A) Box-plot comparing PDGFRβ expression in four TNBC 
subtypes according to Burstein MD et al. [6] and statistical analysis of the differences among them. The data were analyzed by one-way analysis of variance (ANOVA) 
through the R2 web platform. (B) Schematic representation of the overlap between the MES signature and genes correlated to PDGFRβ in the MES subtype (the 
dotted circle). The top ten shared genes (5 upregulated and 5 downregulated) are framed on the side. For the complete list of the shared genes see Table S1. (C-E) 
XY-plots correlating PDGFRβ and alpha-smooth muscle actin (C), MMP-2 (D) and desmoplakin (E) in the MES subtype. Correlations were analyzed by Pearson’s χ2 
test through the R2 platform [28]. Significance of correlation was assessed by r-value (R) and P value (P). ANGPTL2: angiopoietin-like protein 2; ATAD2: ATPase 
family, AAA domain containing 2; BLIA: basal-like immune-activated; BLIS: basal-like immune-suppressed; GINS1: GINS Complex Subunit 1; KIF11: kinesin family 
member 11; LAR: luminal-androgen receptor; LRRC32: leucine rich repeat containing 32; MCAM: melanoma cell adhesion molecule; MCM10: minichromosome 
maintenance 10; MES: mesenchymal; MMP-2: matrix metallopeptidase-2; PCOLCE: procollagen c-endopeptidase enhancer; PDGFRβ: platelet-derived growth factor 
receptor β; PRSS23: protease serine 23; SERPINF1: serpin family F member 1; TNBC: triple-negative breast cancer.  
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Figure 3. PDGFRβ aptamer inhibits invasive growth of mesenchymal TNBC cells in 3D cultures. Representative phase-contrast images of 
MDA-MB-231 (A) and BT-549 (B) cells grown in Matrigel in the absence (Mock) or in the presence of 200 nM Gint4.T or Scr for the indicated times. The aptamers 
treatment was renewed every 48 h. At least three independent experiments were performed. Magnification 10 ×, scale bar = 200 μm. (C) Invasive ability of 
MDA-MB-231 and BT-549 cells is expressed as percentage of invading colonies at 7 days considering the mock-treated control cells as 100%. (D-F) RNA extracted 
from MDA-MB-231 cells grown in 2D (left untreated) or in Matrigel (mock-treated or treated as in (A)) for 7 days was analyzed by RT-qPCR for the indicated genes 
and mRNA relative expression was reported. (C-F) Bars depict mean ± SD of three independent experiments. ***P < 0.001; **P < 0.01. MMP-9: matrix 
metallopeptidase-9; 3D: three-dimensional; 2D: two-dimensional. 
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It has been shown that the plasticity of TNBC 
with a mesenchymal phenotype is essential for VM, a 
perfusion mechanism distinct from classical 
angiogenesis and associated with metastatic 
progression [42]. In agreement with their poorly 
differentiated phenotype, MDA-MB-231 and BT-549 
cells have a high tendency to transdifferentiate into 
endothelial cells, thus forming VM [30], and PDGFRβ 
is involved in mediating their endothelial 
differentiation capability [21, 43]. Accordingly, we 
found that PDGFRβ aptamer strongly prevented the 
ability of these cells, grown on Matrigel monolayer, to 
form VE-positive channel structures, a hallmark of 
VM (Figure S4).  

Effect of PDGFRβ aptamer on TNBC cell 
migration and invasion  

As a next step, we investigated whether PDGFRβ 
aptamer affects the migration and invasion of TNBC 
cells. Migration was analyzed by a transwell 
migration assay, which assesses the chemotactic 
capacity of cells. In the presence of Gint4.T, cell 
migration stimulated by serum was reduced by 
approximately 80% in MDA-MB-231 and 65% in 
BT-549 cells at 24 h, as compared to Scr-treated cells 
(Figure 4A). Then, we examined the effect of Gint4.T 
on the ability of the cells to invade through a 
Matrigel-coated membrane using a transwell invasion 
assay, which mimics the whole process of cell 
invasion of basement membranes. Using this assay, 
we observed that the MDA-MB-231 and BT-549 cell 
invasion rate in the presence of Gint4.T was decreased 
by 80% at 72 h, compared to Scr-treated cells (Figure 
4B). Consistent with previous results [44], a human 
epithelial HER2-positive breast cancer cell line, 
BT-474, lacking detectable levels of endogenous 
PDGFRβ (Figure S2 and [30]) displayed very poor 
migration (Figure 4C) and invasion (Figure 4D) 
capability, which was not affected by Gint4.T 
treatment (Figure 4C-D). We checked that the 
aptamer-mediated decrease in migration and invasion 
of TNBC cells occurred independently of cell 
proliferation. Indeed, as shown in Figure S5A, no 
effect on viability of MDA-MB-231 cells was observed 
up to 72 h in the presence of Gint4.T treatment, 
whereas about 20% inhibition occurred at 96 h. 
Conversely, no effect was observed up to 96 h with 
the scrambled aptamer. Importantly, Gint4.T did not 
affect viability of BT-474 control cells (Figure S5A). 
Furthermore, as assessed by growth curve 
experiments, the prolonged treatment of MDA- 

MB-231 cells with Gint4.T caused about 60% 
inhibition of cell proliferation at day 9 with respect to 
mock- and Scr-treated cells (Figure S5B).  

Altogether, these results show that Gint4.T 
aptamer drastically hampers the migration and 
invasion capability of mesenchymal PDGFRβ-positive 
MDA-MB-231 and BT-549 cells, and has an effect on 
MDA-MB-231 cell proliferation only after a prolonged 
treatment.  

Determination of the tumor-targeting 
selectivity of the NIR-labeled PDGFRβ 
aptamer  

In order to evaluate the ability of Gint4.T to 
target PDGFRβ in TNBC animal models, we labeled 
the aptamer, which contains an amino group at its 5´ 
extremity, with an amine-reactive fluorescent NIR dye 
(VivoTag-S 680), which allows for minimal scattering, 
low autofluorescence and deep tissue penetration. We 
checked the labeling efficiency of NIR-Gint4.T and 
NIR-Scr negative control prior to performing our 
studies (Figure S6A-B). First, we verified the capacity 
of NIR-Gint4.T to specifically bind to PDGFRβ- 
expressing TNBC cells. Analysis of binding by flow 
cytometry of MDA-MB-231 cells incubated with 
different concentrations of NIR-Gint4.T gave an 
apparent Kd of 57.48 ± 7.8 nM (Figure 5A, left panel), 
thus confirming that the aptamer, upon conjugation to 
NIR dye, maintains high-affinity targeting to 
PDGFRβ-positive TNBC cells. Further, we observed 
that the binding of NIR-Gint4.T to MDA-MB-231 cells 
was competed by EC-PDGFRβ (Figure 5A, right 
panel), thus supporting the ability of the aptamer to 
specifically recognize cancer cells through binding to 
the extracellular domain of PDGFRβ. Accordingly, no 
binding of NIR-Gint4.T to non-mesenchymal 
PDGFRβ-negative BT-474 cells was assessed at 
concentrations as high as 500 nM (Figure 5B). The 
specific binding of NIR-Gint4.T to MDA-MB-231 cells 
was further confirmed by confocal imaging. As shown 
in Figure 5C and Figure S7A-B, NIR-Gint4.T aptamer 
specifically localized at the membrane level with 
PDGFRβ on MDA-MB-231 cells after 5 min 
incubation. As expected, very little to no 
NIR-Gint4.T-associated signal was observed on 
PDGFRβ-negative BT-474 cells (Figure 5D).  

To definitively confirm that the labeling of the 
aptamer does not affect its target recognition, we also 
verified its inhibiting effect on ligand-dependent 
phosphorylation of the receptor and downstream Akt 
in both MDA-MB-231 and BT-549 cells (Figure S7C).  
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Figure 4. PDGFRβ aptamer inhibits mesenchymal TNBC cell migration and invasion. (A) MDA-MB-231 and BT-549 (PDGFRβ-positive) cell migration 
toward 10% FBS was analyzed by transwell migration assay in the presence of 200 nM Gint4.T or Scr for 24 h. (B) Invasion of MDA-MB-231 and BT-549 cells toward 
10% FBS through Matrigel was carried out in the presence of 200 nM Gint4.T or Scr for 72 h. (C) Migration and (D) invasion of control BT-474 (PDGFRβ-negative) 
cells were analyzed as in (A) and (B), respectively. (A-D) Photographs of a representative experiment are shown. Magnification 10 ×, scale bar = 200 μm. Data are 
presented as percentage of migrated or invaded cells in the presence of Gint4.T compared with Scr control. Bars depict mean ± SD of three independent 
experiments. ***P < 0.001. 
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Figure 5. NIR-Gint4.T aptamer specifically binds to human PDGFRβ-positive TNBC cells. (A) Left panel: Binding curve of NIR-Gint4.T on 
MDA-MB-231 cells for calculation of the apparent Kd of aptamer-cell interaction. Binding was analyzed using flow cytometry. The nonspecific binding value for NIR-Scr 
sequence was subtracted from every data point. Bars depict mean ± SD of three independent experiments. Right panel: MDA-MB-231 cells were mock-treated or 
incubated with 25 nM NIR-Gint4.T prior to incubation with 50 nM EC-PDGFRβ for 30 min at RT, and binding was analyzed by flow cytometry. (B) Control BT-474 
(PDGFRβ-negative) cells were mock-treated or incubated with 500 nM NIR-Gint4.T or NIR-Scr and binding was analyzed by flow cytometry. (C) Following 5 min 
incubation with 500 nM NIR-Gint4.T or NIR-Scr, MDA-MB-231 cells were fixed and labeled with anti-PDGFRβ antibody without permeabilization, visualized by 
confocal microscopy and photographed. Representative 2D and 3D images constructed using Z-scan are shown. NIR-aptamer, PDGFRβ and nuclei are visualized in 
red, green and blue, respectively. Co-localization results appear yellow in the merged images. (D) Following 5 min incubation with NIR-Gint4.T or NIR-Scr, BT-474 
cells were visualized by confocal microscopy and photographed. (A-D) At least three independent experiments were performed. All digital images were captured at 
the same setting to allow direct comparison of staining patterns. Magnification 63 ×, scale bar = 20 μm. DAPI: 4′,6-Diamidino-2-phenylindole; Kd: dissociation 
constant; MFI: mean fluorescence intensity; NIR: near-infrared; PDGFRβ: platelet-derived growth factor receptor β; 3D: three-dimensional; 2D: two-dimensional. 
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Figure 6. Selective imaging of PDGFRβ-positive tumors by NIR-Gint4.T. (A) Nude mice bearing MDA-MB-231 xenografts were i.v. injected with 1 nmol of either 
NIR-Gint4.T or NIR-Scr and analyzed with FMT at the indicated times. Top: Representative volume renderings taken at the same color gating for NIR-Gint4.T and NIR-Scr (n = 
5)-injected mice are shown. Bottom, left: The amount of fluorescence (pmol) was quantified in specific VOIs encompassing the tumor in the animal. Bars depict mean ± SD. ***P 
< 0.001; **P < 0.01; *P < 0.05 (n = 5). Bottom, right: Shown are representative images of the tumors excised from mice 24 h post NIR-Gint4.T and NIR-Scr injection. (B) Mice 
bearing PDGFRβ-positive (left flank) or PDGFRβ-negative (right flank) tumors were i.v. injected with 1 nmol of either NIR-Gint4.T (MDA-MB-231 and BT-474 tumors) or 
NIR-Scr (MDA-MB-231 tumors) and analyzed with FMT at 2 h following injection. (C) Representative images of FMT obtained 2 h after injection of 100 pmol NIR-Gint4.T in the 
absence (left) or in the presence (right) of pretreatment with a large excess of unlabeled Gint4.T. Notably, the ten-fold reduced amount of NIR-Gint4.T is efficacious to detect 
the tumor. (D) Analyses of the in vitro serum stability of the NIR-RNAs. Denaturing PAGE of NIR-Gint4.T and NIR-Scr following incubation with 80% human serum at the 
indicated times. Depicted results represent one of three typical experiments performed. Gint4.T and Scr contain 2´F-Py in all the sequence to increase nuclease resistance. (E) 
Plasma pharmacokinetic profile of NIR-Gint4.T aptamer. Concentration of aptamer is shown as a function of time following a single i.v. injection in Balb/c mice. Data are presented 
as the mean ± SD (n = 3 for each administration). Note that we obtained a pharmacokinetic profile of unlabeled Gint4.T aptamer superimposable to that of NIR-Gint4.T. Em: 
emission; Ex: excitation; NIR: near-infrared; PDGFRβ: platelet-derived growth factor receptor β.  
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Next, to determine whether NIR-Gint4.T retains 
its recognition ability in vivo, NIR-Gint4.T and 
NIR-Scr (1 nmol or approximately 0.59 mg 
aptamer/kg mean body-weight) were i.v. injected into 
mice bearing subcutaneous MDA-MB-231 tumors and 
3D non-invasive imaging was performed over 24 h by 
FMT (Figure 6A). This technique allows 
quantification of the total amount of fluorescence in 
the tumor VOI. As shown, NIR-Gint4.T-associated 
fluorescence signal was strongly detected in the 
tumors at 15 min after administration, maintained 
high up to 2 h and significantly decreased starting 
from 4 h up to 24 h post-injection, but remained still 
higher compared to NIR-Scr control. Indeed, 
NIR-Scr-associated signal, at the same experimental 
points, was very low or undetectable in the tumors, 
thus revealing that NIR-Gint4.T, but not the control 
sequence, efficiently targeted tumor sites in vivo. 
Fifteen minutes after injection, the amount of 
NIR-Gint4.T in the tumor (approximately 2.15% of the 
injected dose) was around 7.4-fold higher compared 
to NIR-Scr (21.44 ± 3.29 vs. 2.90 ± 1.9 pmol) (Figure 
6A). Accordingly, ex vivo 2D imaging of the tumors, 
harvested 24 h after NIR-labeled RNAs injection, 
revealed higher fluorescence intensity from 
NIR-Gint4.T than from NIR-Scr (Figure 6A). 
Furthermore, the biodistribution of NIR-Gint4.T in 
major organs other than the tumor was also examined 
at 24 h post-injection by ex vivo imaging. As shown in 
Figure S8, mice injected with NIR-Gint4.T exhibited 
more accumulation in tumor than heart, muscle, liver 
or spleen. A strong fluorescence signal was observed 
in the kidney due to non-specific accumulation caused 
by the small size of the aptamers that makes them 
susceptible to renal filtration.  

We verified that VivoTag-S 680 dye alone failed 
to visualize tumors (Figure S9A). Further, when mice 
bearing s.c. tumors derived from PDGFRβ-negative 
BT-474 cells were injected with NIR-Gint4.T, no 
fluorescence signal was detected (Figure 6B), thus 
indicating the tumor-targeting selectivity of the probe. 
To further confirm the specificity of NIR-Gint4.T in 
visualizing PDGFRβ-expressing cells in vivo, we 
performed competitive studies using the unlabeled 
Gint4.T aptamer. As shown (Figure 6C), the tumor 
accumulation of NIR-Gint4.T was prevented by 
pre-treatment of mice with a large excess (1/50 molar 
ratio of NIR labeled-to-unlabeled Gint4.T) of the 
corresponding unlabeled aptamer. In the blocking 
studies, 3D non-invasive imaging at 24 h revealed that 
NIR-Gint4.T was predominantly cleared from the 
body via the kidneys (data not shown).  

Because of the presence of 2'F-Py in the entire 
sequence of the RNAs, NIR-Gint4.T and NIR-Scr are 
highly resistant to nucleases. As shown (Figure 6D), 

they were stable at least up to 8 h in human serum and 
then slowly degraded with a similar stability profile. 
Further, the plasma pharmacokinetic profile of 
NIR-Gint4.T (Figure 6E) following a single i.v. 
injection in Balb/c mice was compatible with the 
absence of bulky moieties appended to the aptamer 
sequence [45, 46].  

Overall, these data indicate that, upon labeling 
with a NIR probe, the Gint4.T aptamer is able to 
specifically image TNBC xenografts provided they 
express PDGFRβ.  

NIR-labeled PDGFRβ aptamer detects TNBC 
metastases 

With the promising results obtained in the 
xenograft model, we extended the use of NIR-Gint4.T 
to the detection of TNBC metastases by using a lung 
metastases model established by tail vein injection of 
GFP-labeled MDA-MB-231 cells into athymic nude 
mice [47]. Forty-two days after cell injection, mice 
were imaged for metastases formation by FMT at 
different time points (starting from 2 h up to 72 h) 
after injection of NIR-Gint4.T or NIR-Scr. As shown in 
Figure 7A, there was high uptake of NIR-Gint4.T in 
metastatic lungs, as assessed by the strong 
fluorescence signal detected at 2 h, which then slowly 
declined but was still detectable at 72 h. Indeed, ex 
vivo imaging analysis showed a persistent signal in 
lungs dissected at 72 h (inset). As expected, no signal 
was revealed in metastatic lungs of mice injected with 
VivoTag-S 680 alone (Figure S9B) and, in addition, 
NIR-Gint4.T did not detect lungs of healthy mice 
(Figure S9C).  

The presence of metastases was confirmed by the 
lung uptake of ProSense 680 (Figure 7B), a 
cathepsin-activatable fluorescent imaging agent 
commonly used to detect the metastatic process [48]. 
In addition, the metastases originating from 
GFP-labeled TNBC cells in the lungs of NIR-Gint4.T 
imaged mice were verified by confocal microscopy 
analysis (Figure 7C) and H&E staining (Figure 7D) 
of lung sections. 

Effect of PDGFRβ aptamer on the inhibition of 
TNBC metastases  

To assess whether Gint4.T aptamer was able not 
only to detect lung metastases upon NIR conjugation 
but also to inhibit metastases formation, GFP-labeled 
MDA-MB-231 cells were pre-treated with Gint4.T or 
Scr (400 pmol) prior to being injected into nude mice. 
Then, systemic i.v administration of the aptamers 
(1400 pmol) was continued for 28 days as schematized 
in Figure 8A. Two weeks after the last treatment (at 
day 42), metastases formation was analyzed by FMT 
using NIR-Gint4.T as the probe. Importantly, a 
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significant reduction of NIR-Gint4.T amount (about 
80%) was detected in the lungs of mice that received 
Gint4.T treatment compared to those treated with Scr 
(Figure 8A). This result indicates the ability of 
PDGFRβ aptamer to drastically inhibit metastases 
formation. In order to confirm the anti-metastatic 
function of Gint4.T, soon after imaging mice were 

sacrificed and lungs were explanted and analyzed for 
fluorescence and histological examination. 
Accordingly, we detected a strong reduction of both 
GFP-labeled (Figure 8B) and PDGFRβ-positive 
(Figure 8C) metastatic TNBC cells in the lung sections 
from Gint4.T-treated mice (bottom row) compared to 
the Scr group (top row).  

 

 
Figure 7. Selective imaging of TNBC lung metastases by NIR-Gint4.T. (A) Forty-two days following i.v. injection of MDA-MB-231/GFP cells, nude mice 
were i.v. injected with 1 nmol of either NIR-Gint4.T or NIR-Scr and analyzed with FMT at the indicated times. Representative volume renderings taken at the same 
color gating from NIR-Gint4.T and NIR-Scr (n = 3)-injected mice are shown. Inset: Representative image of lung excised at 72 h post-injection of NIR-Gint4.T. (B) 
In vivo imaging of ProSense 680 in lungs. Representative sections of lungs excised at 72 h post-injection of NIR-Gint4.T were analyzed by (C) confocal microscopy 
(GFP) and (D) H&E staining as indicated. In (C), Nuclei were stained with DAPI. (C) Magnification 10 ×, scale bar = 200 μm. (D) Magnification 20 ×, scale bar = 100 
μm. Em: emission; Ex: excitation; GFP: green fluorescent protein; H&E: hematoxylin and eosin; NIR: near-infrared. 
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Figure 8. PDGFRβ aptamer inhibits TNBC lung metastases. (A) Mice were injected with MDA-MB-231/GFP cells prior to being subjected to a short 
incubation with 400 pmol of either Gint4.T or Scr, and then i.v. injected (black arrows) with 1400 pmol aptamers every 24 h until day 3, after which, administration 
was reduced to three times for the second week and once for the following two weeks. At day 42, mice were analyzed with FMT at 2 h post-injection of 1 nmol 
NIR-Gint4.T. Right: Representative images of Scr (n = 4) and Gint4.T (n = 4)-treated mice are shown. Left: Quantification of the amount of in vivo 
NIR-Gint4.T-associated fluorescence (pmol) in the lungs. Bars depict mean ± SD. **P < 0.01 (n = 4). Representative sections of lungs from Gint4.T and Scr-treated 
mice after NIR-Gint4.T imaging analyzed by (B) confocal microscopy (GFP), (C) immunostaining with PDGFRβ antibodies and (D) H&E staining. (E) Metastatic foci 
in H&E lung sections (≥5 random fields per section, two sections per animal) were counted under magnification 10 ×. **P < 0.01. In (B), Nuclei were stained with 
DAPI. In (B) and (D), bottom row, the arrows identify cancer cells dispersed in the lung tissue. Representative sections of lungs from Scr-treated mice after 
NIR-Gint4.T imaging analyzed by immunostaining with (F) Ki-67, (G) MMP-9 and (H) vimentin antibodies. (B-D, F-H) Magnification 10 ×, scale bar = 200 μm. Inset: 
magnification 40 ×, scale bar = 50 μm. Em: emission; Ex: excitation; GFP: green fluorescent protein; H&E: hematoxylin and eosin; MMP-9: matrix metallopeptidase-9; 
NIR: near-infrared; PDGFRβ: platelet-derived growth factor receptor β. 
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Moreover, H&E staining confirmed the dramatic 
reduction of the number of metastatic foci upon 
treatment with PDGFRβ aptamer (Figure 8D-E). 
Interestingly, large metastases with high proliferative 
potential (Figure 8F) that were positive for human 
MMP-9 (Figure 8G) and vimentin (Figure 8H) 
expression were present in the lungs from the control 
group and undetectable in those from the Gint4.T 
group, where just a few cancer cells dispersed in the 
lung tissue were present (Figure 8B, D, bottom row). 
Despite the fact that it is well-accepted that tail-vein 
injection of MDA-MB-231 cells leads to metastases in 
lungs [46], we also checked that the reduction of lung 
metastases by Gint4.T did not result in a relocation of 
metastases to the liver and axillary lymph nodes 
(Figure S10), two other common metastatic sites of 
MDA-MB-231 cells when orthotopically injected into 
the mouse mammary fat pad [49, 50].  

Together, these data indicate NIR-Gint4.T as a 
specific probe for non-invasive detection of lung 
metastases reduction induced by Gint4.T treatment. 

Discussion  
TNBC usually affects younger patients and is 

characterized by tumors that are larger, of higher 
grade and biologically more aggressive than other 
breast cancers [51]. While the mortality from breast 
cancer has recently declined, management of TNBC is 
still challenging because of a lack of targeted therapy. 
It has been recognized that tumor-driving pathways 
significantly differ among TNBC subtypes; thus, 
deciphering the high heterogeneity of these tumors is 
imperative to treatment outcomes [52]. Unique to the 
mesenchymal TNBC subtype are patterns of gene 
expression associated with EMT and stemness [4, 53], 
features correlating with metastatic spread and 
chemoresistance [54]. Consistent with the unique 
tumor biology of each subtype are differences in 
tissue tropism of metastasis, with the M and LAR 
subtypes displaying a significantly higher frequency 
of lung and bone metastases, respectively, compared 
to the other subtypes [5]. This suggests that 
innovative and more personalized imaging 
approaches are needed for monitoring metastatic 
disease in newly diagnosed M and LAR patients [5]. 

In agreement with the role of PDGFRβ in GBM 
tumors, where the receptor acts as a critical mediator 
of the stem-like phenotype of these tumors [13], recent 
studies have suggested that the expression of 
PDGFRβ in breast cancer may be a unique feature of 
cancer cells that possess stem cell characteristics 
and/or that have undergone EMT [19, 55]. Moreover, 
it has been found that PDGFRβ signaling is involved 
in mediating the VM of MDA-MB-231 cells, a 
phenomenon strictly depending on their 

mesenchymal phenotype. Accordingly, expression of 
PDGFRβ marks tumor cells engaged in vascular 
lacunae [21]. 

A recent study reporting immunohistochemical 
analyses of a cohort of 550 human breast cancer 
samples including 30 TNBCs reported expression of 
PDGFRβ in the stroma and not in tumor cells [56], and 
suggested that the paracrine crosstalk existing 
between basal-like mammary cancer cells, expressing 
the PDGF-CC ligand, and cancer-associated 
fibroblasts, expressing both PDGFRβ and the cognate 
PDGFRα [57], could be the most prominent route of 
PDGFR-dependent signal transduction in breast 
cancer. Herein, by extending the analysis on a TMA 
comprising 200 cases of human TNBC, we present 
novel data showing that PDGFRβ is also expressed in 
tumor cells belonging to a restricted subgroup of 
tumors of the mesenchymal subtype expressing either 
MMP-9 or ALDH proteins that appears as a highly 
invasive and stem-like phenotype. Standing on the 
above protein and gene expression data, this study 
explored the role of PDGFRβ on TNBC lung 
metastases formation, thus providing the first report 
on the use of PDGFRβ-targeted aptamer as a selective 
tool for imaging and inhibition of metastases. 

The Gint4.T aptamer is a nuclease-resistant 
2′F-Py RNA (33-nucleotide) that we previously 
selected by a cell-internalization SELEX approach on 
human GBM cells [25]. It acts as a neutralizing ligand 
for PDGFRβ in GBM cell lines, primary cultures of 
GBMs and GBM implanted in mice, discriminating in 
vivo between PDGFRβ-positive tumors and non-target 
tumors [25, 31]. Further, given its exquisite targeting 
efficacy, the aptamer was used to deliver drug-loaded 
nanoparticles to intracranial GBM by crossing the 
blood-brain barrier [26]. Recently, according to the 
tumor stimulatory roles of PDGFRβ expressed by 
tumor stroma cells [58], we proved the ability of 
Gint4.T to modulate the interaction between TNBC 
and its microenvironment. Specifically, in an 
orthotopic TNBC mouse xenograft model of 
spontaneous breast metastases, by inhibiting the 
receptor expressed on BM-MSCs, the aptamer blocked 
the tropism of BM-MSCs to TNBC, thus counteracting 
BM-MSCs’ role in enhancing multifocal lung 
metastatic lesions [12]. 

We now show that the anti-PDGFRβ aptamer 
strongly reduced the migration and invasion of 
mesenchymal TNBC cells in culture as well as their 
growth and acquisition of an invasive phenotype in a 
3D culture environment. Importantly, we prove the 
use of a noninvasive approach, based on NIR 
fluorescence imaging technology for tracking the 
aptamer in preclinical mouse models of human TNBC 
and formation of lung metastases. The use of in vivo 
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NIR fluorescence imaging for sensitive cancer early 
detection is highly desirable, because biological 
tissues show very low absorption and 
autofluorescence in the NIR spectrum window [59]. In 
comparison with other imaging techniques, NIR 
fluorescence technology does not require the use of 
ionizing radiation or radioactive materials and is 
low-cost, safe and easy to use. Progress in NIR 
fluorescence for cancer imaging has rapidly increased 
in recent years thanks to newly developed NIR dyes 
and optical imaging instruments [60-62]. Although 
nowadays the main application of NIR probes is to 
facilitate the identification and resection of malignant 
lesions during surgery, many studies are attempting 
to use these molecules to early detect tumor response 
to treatment as well as early metastasis occurrence 
upon conjugation to molecular targeted agents 
[63-66]. In this respect, the highly specific and 
sensitive PDGFRβ-targeted aptamer represents an 
ideal candidate for NIR conjugation, thus improving 
the selectivity of non-targeting NIR probes towards 
the target sites in living systems. NIR-labeled Gint4.T 
systemically i.v. administrated to TNBC-bearing mice 
revealed high target specificity (as assessed by 
competitive studies with unlabeled aptamer and by 
injection in mice bearing PDGFRβ-negative BT-474 
tumors), rapid tumor uptake (~2% injected dose at 15 
min) and durable tumor retention (at least 24 h). 
Further, it efficiently detected metastatic lungs in a 
well-established model for lung metastases formation 
obtained through the tail vein injection of 
MDA-MB-231 cells into nude mice [47]. Remarkably, 
Gint4.T PDGFRβ aptamer at a low therapeutic dose 
(eight treatments at ~0.74 mg/kg) suppressed the 
formation of lung metastases, and NIR-labeled 
Gint4.T was able to image the metastatic suppression 
in mice. Ex vivo fluorescence and histological 
examination confirmed the in vivo results showing 
that large metastases, which were evident in control 
groups, were undetectable in the lung tissue from 
Gint4.T-treated mice. It is likely that this dramatic 
anti-metastatic effect of the aptamer may be due both 
to an impaired cell arrest and invasion and a reduced 
proliferation of TNBC cells in the metastatic site, 
taking into account the anti-proliferative effect 
observed in vitro. 

To date, only one antibody (Olaratumab) 
targeting PDGFRα has entered the clinic for the 
treatment of certain solid tumors [67], while no 
anti-PDGFRβ antibody [68-70] has been translated 
into clinical use.  

Importantly, the properties of Gint4.T aptamer 
qualify this molecule as a very promising agent for 
imaging and therapy of PDGFRβ-positive TNBC. The 
aptamer exhibits high tissue penetration due to its 

small size and does not elicit immune stimulation 
upon administration to immune-competent mice [25]. 
Further, the potential clinical impact of Gint4.T is 
strongly highlighted by the undoubted advantages of 
aptamers. Indeed, because of their nucleic acid nature, 
the rational design of advanced strategies to 
manipulate aptamers for biosensing, bioimaging, and 
targeted cancer therapy is greatly simplified over 
antibodies [71, 72]. Such advantages include: 1) easier 
manufacturing, greater reproducibility, lower costs of 
aptamers compared to protein antibodies; 2) 
structural stability; 3) ready chemical modifications 
for overcoming nuclease susceptibility and rapid 
excretion through renal filtration [24]. In addition, 
because of its ability to rapidly internalize into target 
cancer cells, Gint4.T aptamer appears as a prime 
candidate tool for delivering existing or novel drugs 
(or molecular imaging probes) specifically to the 
diseased site in TNBC and other PDGFRβ-positive 
human cancers [26]. Recently, aptamers have been 
proven superior to antibodies in cancer theranostics 
due to their better tumor penetration and longer 
retention in tumor sites [73]. Future investigation will 
explore whether Gint4.T aptamer also displays 
superior performance over antibody as a 
therapeutic/imaging agent.  

Overall, the work described herein is important 
since we provide new insights into the role of 
PDGFRβ in driving TNBC cell invasiveness and 
suggest a novel combination of NIR fluorescence 
imaging and RNA aptamer targeting to human 
PDGFRβ for recognition and inhibition of TNBC 
metastases in lung. These findings may significantly 
expand the current repertoire of strategies used to 
manage patients with mesenchymal aggressive 
TNBC.  

Conclusions 
Previous genomic studies have advanced the 

understanding of biologic heterogeneity of TNBC. 
Nevertheless, actionable biomarkers for subtype 
stratification and treatment of TNBC patients still 
need to be identified. Here, we investigated 200 TNBC 
samples using protein expression and found that 
PDGFRβ expression, previously reported only on 
endothelial and tumor-associated stromal cells, marks 
tumor cells belonging to a subgroup of mesenchymal 
TNBC with stem-like and invasive phenotype. 
Importantly, we prove that aptamer-mediated 
PDGFRβ inhibition combined to molecular 
fluorescence imaging using the NIR dye-conjugated 
version of the aptamer could be a very effective 
approach for non-invasive imaging and suppression 
of TNBC lung metastases.  
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