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Abstract
PDGF-BB/PDGFRβ signaling plays an important role during vascularization by mediating pericyte
recruitment to the vasculature, promoting the integrity and function of vessels. Until now it has not been
possible to assess the specific role of PDGFRβ signaling in tumor progression and angiogenesis due to lack
of appropriate animal models and molecular tools.
Methods: In the present study, we used a transgenic knock-in mouse strain carrying a silent mutation in
the PDGFRβ ATP binding site that allows specific targeting of PDGFRβ using the compound 1-NaPP1. To
evaluate the impact of selective PDGFRβ inhibition of stromal cells on tumor growth we investigated four
tumor cell lines with no or low PDGFRβ expression, i.e. Lewis lung carcinoma (LLC), EO771 breast
carcinoma, B16 melanoma and a version of B16 that had been engineered to overexpress PDGF-BB
(B16/PDGF-BB).
Results: We found that specific impairment of PDGFRβ kinase activity by 1-NaPP1 treatment efficiently
suppressed growth in tumors with high expression of PDGF-BB, i.e. LLC and B16/PDGF-BB, while the
clinically used PDGFRβ kinase inhibitor imatinib did not suppress tumor growth. Notably, tumors with
low levels of PDGF-BB, i.e. EO771 and B16, neither responded to 1-NaPP1 nor to imatinib treatment.
Inhibition of PDGFRβ by either drug impaired tumor vascularization and also affected pericyte coverage;
however, specific targeting of PDGFRβ by 1-NaPP1 resulted in a more pronounced decrease in vessel
function with increased vessel apoptosis in high PDGF-BB expressing tumors, compared to treatment
with imatinib. In vitro analysis of PDGFRβ ASKA mouse embryo fibroblasts and the mesenchymal
progenitor cell line 10T1/2 revealed that PDGF-BB induced NG2 expression, consistent with the in vivo
data.
Conclusion: Specific targeting of PDGFRβ signaling significantly inhibits tumor progression and
angiogenesis depending on PDGF-BB expression. Our data suggest that targeting PDGFRβ in the tumor
stroma could have therapeutic value in patients with high tumor PDGF-BB expression.
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Introduction
The last few decades have witnessed an
explosive development of small molecule inhibitors of

receptor tyrosine kinases for targeted cancer therapy.
It has also become clear that the tumor
http://www.thno.org
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microenvironment, including infiltrating immune
cells, cancer-associated fibroblasts, endothelial cells
and pericytes of the tumor vasculature, play
important roles for tumor growth, invasion and
metastasis [1–4].
Induction of angiogenesis is a pivotal step in
progression of solid tumors and therefore targeted
therapy against the vascular compartment is an
attractive strategy in anti-cancer treatment. Pericytes
are smooth muscle-like cells, which are closely
wrapped around capillary endothelial cells and have
a key role in vascular development, stabilization,
maturation and remodeling [5]. The function and
homeostasis of pericytes are regulated to a large
extent by the platelet-derived growth factor
(PDGF)/PDGF β-receptor (PDGFRβ) signaling
pathway [6–9]. Mice genetically deficient of PDGF-B
or PDGFRβ display abnormal development and
maturation of the vascular tree due to inefficient
recruitment of pericytes and smooth muscle cells
[5,10], which leads to lethality around the time of
birth.
PDGF is a family of mitogens that stimulate, for
example, the division of smooth muscle cells,
pericytes, fibroblasts and glial cells in the brain. The
PDGF isoforms (PDGF-AA, -BB, -AB, -CC and -DD)
signal through activation of two structurally related
receptor tyrosine kinases, PDGFRα and PDGFRβ [11–
13]. The different receptors bind the ligands with
different affinities. PDGFRα binds preferentially
PDGF-A, -B and -C, whereas PDGFRβ binds PDGF-B
and -D [14]. Activated PDGFRα and β subsequently
trigger overlapping but also unique signaling
outcomes [15].
Under physiological conditions, PDGF signaling
regulates embryonic development [16], wound
healing [17], interstitial fluid pressure [18], and the
integrity of the blood brain barrier [19]. On the other
hand, overactive PDGF signaling has been observed
in certain pathological conditions, including
atherosclerosis, various fibrotic conditions and
malignancies [20]. Autocrine PDGF-BB signaling
promotes growth of the skin tumor dermatofibrosarcoma protuberans (DFSP), and mutations of
PDGF receptors drive certain gastrointestinal stromal
tumors (GIST), hypereosinophilic syndrome and
gliomas [21]. Paracrine stimulations involving PDGF
isoforms also play an important role in the
development of stromal cancer-associated fibroblasts
and promotion of tumor vascularization by
stimulation of vascular smooth muscle cells or
pericytes [20,22,23].
The prototypical PDGFRβ kinase inhibitor,
imatinib (also named Glivec/Gleevec or STI571), is an
ATP-competitive agent which is used clinically for the
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treatment of chronic myeloid leukemia (CML), GIST,
DFSP as well as other tumor types [13,20,24]. In
addition to targeting the activity of the PDGFRs,
imatinib also inhibits the kinase activities of c-Kit,
Abl/Bcr-Abl and CSF1R; other registered PDGFR
kinase inhibitors, such as sunitinib and sorafenib are
even less selective [25]. Overactive PDGF signaling
has also been reported to be involved in various other
tumor types and efforts have been made to target
PDGFRs using imatinib, sorafenib or sunitinib among
others [25,26]. The multi-targeting characteristic of the
available inhibitors, makes it difficult to uncover the
specific importance of PDGFRβ in tumorigenesis,
since the observed effects may be due to inhibition of
other kinase targets.
Selective targeting of host kinases can be
elegantly achieved by analogue-sensitive kinase allele
(ASKA) technology, where the wild-type kinase is
replaced by a kinase that is mutated in the
ATP-binding pocket so that it can be specifically
inhibited by a compound (1-NaPP1) that interferes
uniquely with the ASKA mutant and does not inhibit
other kinases. Animals bearing this silent mutation
carry an otherwise fully functional kinase [27–29].
To determine the specific role of PDGFRβ in the
tumor microenvironment, we have studied four
tumor cell lines, with no or low PDGFRβ expression.
These cell lines were grown in an ASKA mouse model
with a mutant PDGFRβ kinase (Taconic Artemis). We
have compared the effect of selective PDGFRβ kinase
inhibition with the effects of the broader kinase
inhibitor imatinib.

Material and methods
PDGFRβ ASKA mice and animal
experimentation
PDGFRβ ASKA C57BL/6 mutant mice were
kindly provided by Taconic Artemis and all animal
experiments described were approved by the local
committees for animal care and experimentation.
Eight to twelve weeks old PDGFRβ ASKA mice
received subcutaneous inoculation of 1×106 B16,
B16/PDGF-BB or LLC cells in the left dorsal skinfold.
EO771 metastatic breast cancer cells (5×105) were
orthotopically injected into the 4th left mammary fat
pad of female mice. When the tumors became
palpable, the mice were randomized into different
treatment groups to receive 150 µL oral gavage of
either vehicle (sterilized phosphate-buffered saline
(PBS)) or imatinib (75, 150 or 250 mg/kg/day) for 10
days, or intraperitoneal injection (100 µL) of vehicle
(5% ethanol, 70% PEG400, 25% saline) or 1-NaPP1 (15,
30 or 45 mg/kg/day) for 10 days. The tumors were
measured using calipers, and the tumor volume was
http://www.thno.org

Theranostics 2020, Vol. 10, Issue 3
calculated using the formula π/6 × length × width ×
width. All experiments were terminated whenever
one of the experimental groups reached the ethically
approved experimental endpoint of 1000 mm3 tumor
volume or the day after treatment was finished. The
mice were anesthetized with Avertin (Sigma) and
perfused with 10 mL PBS followed by 10 mL 4%
paraformaldehyde (PFA). Tumors were harvested
and kept in 30% sucrose for 24 h, embedded in OCT
cryopreservation medium (Bio-Optica), or kept in 4%
PFA followed by 70% ethanol for paraffin embedding.
No animals were excluded from the analysis.

FITC-lectin perfusion assay
FITC-lectin perfusion was performed as
described previously [30]. The degree of perfusion
was determined by the ratio FITC-lectin-positive
area/CD31-positive area, analyzed automatically
with
CellProfiler
(www.cellprofiler.org;
[31]),
revealing the proportion of perfused vessels with
functional blood flow.

Isolation of mouse embryonic fibroblasts
(MEFs) from PDGFRβ ASKA mice
Pregnant PDGFRβ ASKA mice were sacrificed at
day 13 or 14 postcoitum by cervical dislocation and
mouse embryonic fibroblasts was isolated as
described elsewhere [32]. After two days in culture,
when the cells were 80-90% confluent, they were
harvested, and frozen for future use.

Cell culture
MEFs from both wild-type and ASKA PDGFRβ
mutants, as well as the 10T1/2 mouse embryonic cell
line, MOVAS mouse smooth muscle cells, BJ foreskin
human fibroblasts, Lewis Lung Carcinoma (LLC) cell
line, EO771 metastatic breast cancer cell line, B16 and
B16/PDGF-BB melanoma cell lines, were cultured in
Dulbecco’s Modified Eagle Media (DMEM; Sigma)
containing 10% fetal bovine serum (FBS; 20% for
EO771 cells), 100 units penicillin and 100 μg/mL
streptomycin in a humidified incubator at 37°C. The
medium used to culture the B16 and B16/PDGF-BB
melanoma cell lines was supplemented with 150
μg/mL zeocine. PAE-PDGFRα cells were cultured in
F12 media (Sigma), supplemented with 10% FBS and
2 mM L-glutamine. For serum starvation, all cells
were cultured overnight in medium containing 0.1%
FBS.

PDGFRβ+ cell isolation
LLC and B16/BB tumors from all three treated
experimental groups (vehicle, 1-NaPP1, imatinib)
were excised and minced, following heart perfusion
with PBS and PFA. The tissue was then digested for 20
minutes at 37°C with constant stirring with
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collagenase A (Roche), Hyaluronidase (Sigma), and
DNase I (Invitrogen) dissolved in Hank’s Balanced
Salt Solution (Gibco/Invitrogen) supplemented with
0.1% BSA. PDGFRβ+ cells were isolated by overnight
incubation with magnetic beads coated with
biotinylated PDGFRβ antibodies (BD Biosciences).
RNA extraction was then performed of the isolated
population and the purity of the fraction was
analyzed by quantitative PCR.

Quantitative PCR
Total RNA was extracted from B16, EO771 and
LLC cells with the RNeasy Mini kit (Qiagen). One μg
(or 500 ng) of total RNA was reverse-transcribed
using IScript cDNA synthesis kit (Bio-Rad) to create
cDNA templates. Quantitative PCR was performed
using KAPA SYBR Fast qPCR Kit (Kapa Biosystems)
in triplicates by the CFX96 system (Bio-Rad)
according to the manufacturer’s instructions.
Expression levels of Pdgf-b and chondroitin sulfate
proteoglycan (Cspg4), X-linked inhibitor of apoptosis
protein (Xiap) and vascular endothelial growth factor-a
(Vegf-a) were quantified by using glyceraldehyde-3phosphate dehydrogenase (Gapdh) and mitochondrial
ribosomal protein L19 as housekeeping reference genes,
respectively. The primer sequences for Cspg4, Xiap
and Vegf-a are shown in Table S1, whereas the
primers for L19, Gapdh and Pdgf-b have been reported
previously [33,34].

Immunostaining
Twelve μm cryosections were fixed with ice-cold
acetone, methanol or 4% PFA. After blocking with
serum-free protein block (Dako) or 5% donkey serum
in PBS for 90 min at room temperature, the sections
were incubated overnight at 4°C in a humidified dark
chamber with primary antibodies (shown in Table
S2) in PBS supplemented with 1% bovine serum
albumin (BSA). Samples were then washed three
times with PBS-1% BSA, incubated with appropriate
Alexa conjugated fluorescent secondary antibodies
(Life Technologies) for >1 h at room temperature,
washed three times in PBS supplemented with 1%
BSA, and finally mounted in Vectashield
DAPI-containing
mounting
medium
(Vector
Laboratories).

Image analysis
Imaging was performed using an Axio Imager
M2 (Zeiss) with an AxioCam MRm digital camera and
the ZEN 2012 software. Vascular parameters were
measured using the AngioTool software, which can
be used to determine morphological and spatial
parameters, such as the overall size of the vascular
network, the total and average vessel length, and
vessel junctional density. Quantification of pericyte
http://www.thno.org
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coverage, vessel perfusion and vessel apoptosis was
performed using the open-source CellProfiler
software version 2.2.0 [http://www.cellprofiler.org;
[31]].

Immunoblotting
Subconfluent cells were starved overnight and
then stimulated for different time periods with 20
ng/mL PDGF-BB. In case of treatment with inhibitors,
the cells were incubated for the indicated times with
either vehicle (dimethyl sulphoxide; DMSO) or the
inhibitors mentioned in Table S3, 1 h prior to
stimulation with PDGF-BB. The stimulation was
stopped by washing cells twice in ice-cold PBS. Cell
lysis, SDS-PAGE and immunoblotting were
performed as described elsewhere [35]. The
antibodies used for immunoblotting are described in
Table S2.
Liquid nitrogen frozen tumors from mice treated
with vehicle, imatinib or 1-NaPP1 were grinded with
mortar and pestle, and tumor lysates were prepared
in RIPA buffer (0.5% deoxycholate, 0.1% sodium
dodecyl sulphate (SDS), 1% Triton X-100, 10%
glycerol, 20 mM Tris, pH 7.4, 150 mM NaCl),
supplemented with 100x Halt protease and
phosphatase inhibitor cocktail (ThermoFisher), 1 mM
Pefa Block, 1 mM sodium orthovanadate and 1 mM
EDTA. Lysates were then centrifuged at 16000 x g for
30 minutes at 4oC, supernatants were collected and
protein concentration was measured by using BCA
protein assay (Pierce, Rockford, IL). Incubation with
agarose bound WGA beads (Vector Laboratories) was
performed overnight, followed by three washing
steps with lysis buffer. Retained proteins were
desorbed by boiling for 5 minutes in SDS sample
buffer containing 10 mM dithiothreitol (DTT), and
subjected to SDS-PAGE, followed by immunoblotting,
as described elsewhere [35].

Statistical analysis
Statistical analyses were carried out using
GraphPad Prism version 7.0. The statistical
significance of differences among mean values was
determined by one-way ANOVA analysis and
two-tailed t-test; *, p <0.05; **, p < 0.01; ***, p < 0.001.
All the sample sizes were tested for normality and
were appropriate for assumption of normal
distribution and variance was similar between the
groups. In one case, in which the sample size was
tested negative for normality, Kruskal-Wallis and
Mann-Whitney non-parametric tests were performed
(Figure 2SI). In vitro analyses were repeated at least
three times.
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Results
The ASKA PDGFRβ kinase activity is inhibited
by both 1-NaPP1 and imatinib
In the present study, we made use of a PDGFRβ
kinase switch mouse model (Taconic Artemis). This
model consists of a mouse line carrying a threonine to
alanine point mutation at codon 680 in the
ATP-binding pocket of PDGFRβ. Receptors harboring
this mutation show specific inhibition of the PDGFRβ
kinase upon administration of a specific compound,
1-NaPP1 (Figure 1A).
To confirm that the PDGFRβ kinase is functional
in this mouse model and to investigate whether it
could be inhibited by 1-NaPP1 and other PDGFRβ
kinase inhibitors, we isolated MEFs from ASKA and
wild-type littermate mice for in vitro analysis.
PDGF-BB stimulation induced PDGFRβ autophosphorylation in both wild-type and ASKA mutant
MEFs to the same extent. PDGF-BB-induced
phosphorylation of PDGFRβ in wild-type MEFs was
not affected by treatment with 1-NaPP1, while it was
inhibited in ASKA mutant MEFs in a dose-dependent
manner (Figure 1B). Furthermore, 1-NaPP1 was
found not to inhibit PDGFRα in porcine aortic
endothelial cells (Figure S1A). Imatinib inhibited the
PDGF-BB-induced phosphorylation of PDGFRβ in
both wild-type and ASKA MEFs (Figure 1C).
Since 1-NaPP1 selectively inhibited the kinase
activity of ASKA PDGFRβ, the ASKA PDGFRβ
mutant mouse model represents a useful tool to
dissect the impact of exclusively targeting PDGFRβ
kinase activity.

Selective inhibition of PDGFRβ inhibits growth
of LLC and B16/PDGF-BB tumors
Overexpression of PDGF-BB in tumor cells has
been shown to generate increased pericyte coverage
in solid tumors, resulting in better vessel perfusion
and increased tumor growth [36]. High tumor
PDGF-BB expression has been shown to be associated
with increased angiogenesis and to correlate with
decreased patient survival [37]. We compared tumor
cells expressing high levels of PDGF-BB, such as
Lewis Lung carcinoma cells (Figure S1B and S1F) and
B16 melanoma cells stably transfected with PDGF-BB
(Figure S1C) [38], with tumors with low PDGF-BB
content (B16 melanoma and EO771; Figure S1D-F).
Previous studies have reported that LLC and B16 cell
lines do not express PDGFRβ [39,40]; by
immunoblotting of lysates of cultured cells we found
low (B16, B16/PDGF-BB, EO771) or no (LLC)
expression of PDGFRβ on these cells (Figure S1G).
Additionally, all tumor models are syngeneic to
C57BL/6 background, the same genetic background
http://www.thno.org
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as the ASKA mutant mice; tumor cells were grown
subcutaneously in the ASKA PDGFRβ mice, apart
from EO771 that was orthotopically injected into the
4th mammary fat pad.
To identify the 1-NaPP1 dose that efficiently
inhibits PDGFRβ signaling, we tested three different
doses, one that should keep detectable levels of
1-NaPP1 in the mouse circulation for 24 h, i.e. 30
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mg/kg of body weight (data not shown, Taconic
Artemis communication), as well as a lower (15
mg/kg) and a higher (45 mg/kg) dose. After 10 days
of treatment, both doses of 30 and 45 mg/kg had
caused significant tumor growth impairment
(p<0.001) with the most efficient inhibition of tumor
progression by 30 mg/kg, while the lowest dose
provided no therapeutic benefit (Figure 2A).

Figure 1. Inhibition of PDGFRβ kinase activity by 1-NaPP1 and imatinib in wild-type and ASKA PDGFRβ MEFs. (A) Schematic illustration of the PDGFRβ kinase
switch mouse model carrying a silent point mutation from threonine to alanine in codon 680 of the ATP binding pocket of PDGFRβ. (B, C) ASKA and wild-type MEFs were
serum-starved overnight and pre-treated with different concentrations of 1-NaPP1 (B) or 3 µM imatinib (C) for 1 h at 37°C, and then stimulated with 20 ng/mL PDGF-BB for 10
min. Total cell lysates were collected and PDGFRβ kinase activity was evaluated by immunoblotting (IB) using a pY857 PDGFRβ antibody. α-tubulin was used as a loading control.
Panels B and C show representative immunoblots out of three independent experiments.

http://www.thno.org
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Figure 2. Selective inhibition of PDGFRβ inhibits growth of LLC and B16/PDGF-BB tumors with paracrine PDGF-BB signaling. (A, B) Dose-response analysis
of treatment with 1-NaPP1 (15, 30 and 45 mg/kg/day) (A) or imatinib (75, 150 and 250 mg/kg/day) (B) of mice with Lewis lung carcinoma cells grown subcutaneously. (C, D) Effect
of 1-NaPP1 (30 mg/kg/day) and imatinib (150 mg/kg/day) on growth of LLC (C) and B16/PDGF-BB tumors (D) in ASKA mice for 10 days (n= as stated in the figure). *** p<0.001.
(E) LLC tumor lysates from mice treated with vehicle, 1-NaPP1 (30 mg/kg) or imatinib (150 mg/kg) were prepared and incubated overnight with WGA-beads. Retained proteins
were analyzed by immunoblotting (IB) using a pY857 PDGFRβ antibody. Representative immunoblots out of two independent experiments are shown.

In most animal studies with imatinib, a standard
dosage of 150 mg/kg body weight per day is used. In
order to determine the optimal dose for ASKA
PDGFRβ mutant mice with LLC tumors, we
investigated in addition to the 150 mg/kg, also 75
mg/kg and 250 mg/kg per day. This dose-response
analysis revealed that 150 mg/kg/day gave a small
but not significant reduction in LLC tumor growth,
whereas doses of 75 mg/kg and 250 mg/kg had no

effect on tumor growth (Figure 2B). Based on these
results we selected daily doses of 30 mg/kg for
1-NaPP1 and 150 mg/kg for imatinib for all
subsequent experiments.
We next investigated the effect of specifically
inhibiting PDGFRβ kinase activity using 1-NaPP1, in
comparison with the less selective kinase inhibitor
imatinib. After 10 days of daily treatment, 1-NaPP1
suppressed growth of LLC tumors in the ASKA
http://www.thno.org
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PDGFRβ mutant mouse model (Figure 2C) compared
to vehicle-treated tumors (p<0.001), while imatinib
did not exhibit any appreciable therapeutic benefit.
Strikingly, the growth tumors expressing low
amounts of PDGF-BB, such as B16 melanoma and
EO771 breast cancer tumors, were not affected by
treatment with 1-NaPP1 or imatinib (Figure S2A-B).
Given these observations, we further investigated the
possibility that targeting PDGFRβ kinase activity only
renders therapeutic benefit in the presence of
enhanced PDGF-BB/PDGFRβ signaling. Similarly, to
the LLC tumors, 10 daily treatments of the PDGF-BB
overexpressing tumor model B16/PDGF-BB with
1-NaPP1 unveiled a decreased tumor growth rate
(p<0.001) in the ASKA PDGFRβ mutant mouse
model, whereas imatinib gave no effect (Figure 2D).
To confirm that the kinase activity of PDGFRβ was
inhibited in vivo, we analyzed LLC tumor lysates from
mice treated with vehicle, 1-NaPP1 or imatinib, by
immunoblotting using an antibody against pTyr857;
the PDGF-BB-induced phosphorylation of PDGFRβ
was suppressed in mice treated with either 1-NaPP1
or imatinib (Figure 2E).
Thus, selective inhibition of host PDGFRβ in
ASKA mice by 1-NaPP1 significantly inhibited tumor
growth in LLC and B16/PDGF-BB tumor models that
express high levels of PDGF-BB. Surprisingly,
imatinib, which has a broader inhibitory profile, did
not affect tumor growth in either of the tumor models
studied.

Selective inhibition of PDGFRβ impairs tumor
vascularization in LLC and B16/PDGF-BB
tumors
Given the well-documented importance of
PDGF-BB and PDGFRβ signaling for pericyte
recruitment to the vasculature, we analyzed the
effects of impairing PDGFRβ activity on the tumor
vasculature. Vasculature was visualized by CD31 or
podocalyxin
immunostainings
and
vascular
parameters, including vessel density, average vessel
length and vessel branching, were measured using
Angiotool, a software validated for studies on
angiogenesis and vascular development [41].
Immunostaining of LLC tumors for the endothelial
marker podocalyxin showed that vessel density,
vessel branching and number of vessel junctions,
were significantly decreased (Figure 3A-B and 3D-E)
by either 1-NaPP1 or imatinib. In contrast, the
vascular lacunarity, i.e. the irregularity and the size of
gaps between blood vessels, was significantly higher
after treatment with 1-NaPP1 than imatinib (Figure
3F). Moreover, specific targeting with 1-NaPP1
elicited a much stronger effect on the vascular tree
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compared to imatinib, as a significant decrease in
vessel length was observed compared to both vehicleand imatinib- treated tumor vessels (Figure 3C).
Analysis of several tumors revealed a positive
correlation between tumor volume and vessel density
(Figure S3A). Furthermore, similar analysis of the
B16/PDGF-BB tumor vasculature with the widely
used vascular markers CD31 (Figure 3G) and
podocalyxin (data not shown) revealed an inhibitory
effect of 1-NaPP1 on vessel density, length, branching
and number of junctions as well as a significant
increase in vascular lacunarity, thus corroborating the
strong impact on the vasculature upon PDGFRβ
signaling inhibition (Figure 3H-L). In contrast, the
tumor vasculature (Figure S2C-H) was neither
significantly affected by 1-NaPP1 nor by imatinib in
B16 tumors having low expression of PDGF-BB,
although a trend towards decreased vessel density
was observed (Figure S2C-D).
In conclusion, inhibition of PDGFRβ signaling
strongly affects the vascularization of LLC and
B16/PDGF-BB tumors, most likely through
interfering with pericyte function and concomitant
negative effects on the endothelium.

Selective inhibition of PDGFRβ impairs
vascular function and increases vessel
apoptosis in tumors with high PDGF-BB
expression
Since selective targeting of PDGFRβ by 1-NaPP1
strongly affected tumor growth and vasculature
leading to a significant decrease in vessel size in both
LLC and B16/PDGF-BB tumors, we studied the effect
of 1-NaPP1 treatment on tumor vasculature
perfusion. By injection of FITC-conjugated lectin upon
treatment with 1-NaPP1, a significantly impaired
vascular perfusion was seen, compared with both
vehicle and imatinib-treated tumors (Figure 4A). As
vessel size and perfusion were strongly affected in
1-NaPP1-treated LLC tumors, we further examined
the possibility that endothelial cells undergo
apoptosis
in
the
presence
of
1-NaPP1.
Immunostaining for the vessel marker CD31 and the
apoptosis marker cleaved caspase 3 revealed a
significant increase in apoptotic endothelial cells after
1-NaPP1 treatment, but not after treatment with
vehicle or imatinib (Figure 4B). This observation
suggests that selective PDGFRβ inhibition by
1-NaPP1 prevents tumor growth by inducing
endothelial cell apoptosis. Analysis of several tumors
showed positive and negative correlations between
vessel perfusion and tumor volume (Figure S3B) and
endothelial cell apoptosis (Figure S3C), respectively.

http://www.thno.org
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Figure 3. Selective inhibition of PDGFRβ impairs tumor vascularization in LLC and B16/PDGF-BB tumors. LLC (A-F) and B16/PDGF-BB (G-L) tumors were
grown in ASKA PDGFRβ mutant mice. After treatment with 1-NaPP1 or imatinib for 10 consecutive days, sections from tumors were immunostained for podocalyxin (LLC
tumors; A) and CD31 (B16/PDGF-BB; G); podocalyxin/CD31, green; DAPI, blue; >20 field 200x magnification images were scored for each mouse (n=5 or more animals). Scale
bar, 50 µM. Vascular parameters were analyzed using the Angiotool software. Vessel density expressed as a percentage of the tumor area (B, H), average vessel length (C, I),
branching (junction density; D, J), number of junctions (E, K) and average lacunarity (F, L) of LLC (B-F) and B16/PDGF-BB tumors (H-L), are shown. *p<0.05, **p<0.01,
***p<0.001 and ****p<0.0001. Each data point corresponds to one individual mouse (n=5 or more animals).
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Figure 4. Selective inhibition of PDGFRβ impairs vascular function and increases vessel apoptosis in tumors with high PDGF-BB expression. (A) Tumor
blood vessel perfusion was assessed by injection of FITC-lectin in LLC tumor-bearing ASKA mice treated with vehicle, 1-NaPP1 or imatinib daily for 10 consecutive days. Tumor
sections were then stained for CD31 and vessel perfusion was examined in more than 20 field 200x magnification images for each mouse (n=6 or more animals); FITC-lectin,
green; CD31, red; DAPI, blue. Scale bar, 50 µM. Quantification of vessel perfusion is shown where each data point corresponds to one individual mouse. ***p<0.001. (B)
Endothelial cell apoptosis was analyzed by co-immunostaining of cleaved caspase 3 and CD31; cleaved caspase 3, red; CD31, green; DAPI, blue. Quantification of the vessels
positive for the apoptosis marker is depicted. *p<0.05; each data point corresponds to one individual mouse (n=6 or more animals).

Selective inhibition of PDGFRβ differentially
affects tumor pericyte populations depending
on PDGF-BB levels
We next evaluated the impact of inhibiting
PDGFRβ kinase activity on the PDGFRβ+ pericyte
population. Targeting of PDGFRβ kinase activity led
to a significant decrease of PDGFRβ+ pericyte
coverage of tumor vessels in LLC and B16/PDGF-BB
tumors treated with either 1-NaPP1 or imatinib
(Figure 5A and B). However, neither 1-NaPP1 nor
imatinib influenced the α-SMA+ pericytes of LLC
(Figure 5C) or B16/PDGF-BB tumors (Figure 5D),
probably because this marker is most predominantly
expressed in high caliber well established vessels, and
therefore less sensitive to the inhibitors. In contrast, a
significant reduction in NG2+ pericyte coverage of
tumor vessels was seen in both LLC and
B16/PDGF-BB tumors treated with 1-NaPP1 (Figure
5E-F). Treatment with imatinib also suppressed NG2+
pericyte coverage, but only in LLC tumors.
B16 tumors, which comprise low PDGF-BB
paracrine signaling, showed a trend towards
decreased PDGFRβ+ pericyte coverage of tumor
vessels after treatment with 1-NaPP1 as well as
imatinib, whereas no change was observed on NG2+
pericyte coverage (Figure S2I-J).
To summarize, selective and unselective
impairment of PDGFRβ kinase function rendered
similar effects on the tumor pericyte populations in
the ASKA PDGFRβ mutant mice, although in most
cases stronger effects were observed upon selective
PDGFRβ signaling inhibition. While α-SMA+ pericyte

coverage seemed unaffected by either treatment, a
reduction of PDGFRβ+ pericytes was shown in the
presence of either of the two PDGFRβ kinase
inhibitors. Interestingly, upon PDGFRβ kinase
inhibition the NG2+ pericyte coverage was
substantially reduced, suggesting a role of PDGFRβ
signaling in the regulation of NG2 expression.

PDGF-BB induces expression of NG2 in
pericyte precursor cells
To further investigate the effects of 1-NaPP1 and
imatinib on the expression of NG2, we employed
PDGFRβ mutant ASKA MEFs. PDGF-BB stimulation
of these cells promoted a substantial increase in NG2
protein levels, which was strongly blunted by
1-NaPP1 treatment, suggesting that PDGF-BB
promotes NG2+ pericyte differentiation (Figure 6A).
We further attempted to validate the effect of
PDGF-BB on NG2 expression in MOVAS vascular
smooth muscle cells, HBVP brain pericyte primary
cells and the 10T1/2 pericyte precursor cell line.
PDGF-BB only induced NG2 expression in the
mesenchymal pericyte precursor cell line 10T1/2
(Figure 6B-C), suggesting that only mesenchymal
precursor cells still retain the capacity to induce NG2
expression upon PDGF-BB stimulation. Using a panel
of selective inhibitors that target different signaling
pathways known to function downstream of
PDGFRβ, we found that NG2 expression in response
to PDGF-BB stimulation was inhibited by the Mek1/2
inhibitor CI-1040 (Figure 6D-E), suggesting a role for
Mek/Erk1/2 pathway in the regulation of
PDGF-BB-induced NG2 expression.
http://www.thno.org
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Figure 5. Selective inhibition of PDGFRβ differentially affects tumor pericyte populations in LLC and B16/PDGF-BB tumors. LLC (A, C, E) and B16/PDGF-BB
(B, D, F) tumors were grown in ASKA PDGFRβ mutant mice after treatment with vehicle, 1-NaPP1 or imatinib for 10 consecutive days; sections from tumors were
co-immunostained for CD31/podocalyxin and PDGFRβ. PDGFRβ+ pericyte coverage was quantified in LLC (A; CD31, green; PDGFRβ, red) and B16/PDGF-BB (B; podocalyxin,
red; PDGFRβ, green). CD31 and α-SMA were co-immunostained and α-SMA+ pericyte coverage quantified in LLC (C) and B16/PDGF-BB (D) tumors (CD31, green; α-SMA,
red). Podocalyxin or CD31 and NG2 were co-immunostained and NG2+ pericyte coverage quantified in LLC (E) and B16/PDGF-BB (F) tumors (LLC: CD31, green; NG2, red;
B16/PDGF-BB: podocalyxin, red; NG2, green). >20 field 200x magnification images were scored for each mouse (n=5 or more animals). Scale bar, 50 µm. *p<0.05, **p<0.01 and
***p<0.001.
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Figure 6. In vitro inhibition of PDGFRβ affects expression of pericyte markers in ASKA MEFs and 10T1/2 cells. (A) Immunoblotting of pericyte markers in ASKA
MEFs, serum-starved and treated with either DMSO, 1-NaPP1 (1 µM) or imatinib (3 µM) in the presence or absence of 20 ng/mL PDGF-BB for 24 h. Total cell lysates were
collected and subjected to SDS-PAGE, followed by immunoblotting (IB) for different pericyte markers (NG2, PDGFRβ and α-SMA). IB for Alix was used as a loading control.
Representative immunoblots out of three independent experiments, are shown. (B) Immunoblotting for NG2 pericyte marker in 10T1/2 cells, serum-starved and treated with
DMSO or imatinib (3 µM) in the presence or absence of 20 ng/ml PDGF-BB for 24 h. Total cell lysates were collected and subjected to SDS-PAGE and the expression of NG2
and phosphorylated pAkt were evaluated by IB. IB for phosphorylated Akt was used to verify receptor stimulation and IB for Alix to verify equal protein loading. Experiment was
performed in triplicates and representative immunoblots are presented. (C) To measure Cspg4 (NG2) mRNA expression in 10T1/2 cells, serum-starved and treated with DMSO
or imatinib (3 µM) in the presence or absence of 20 ng/ml PDGF-BB for 24 h, we performed quantitative real-time PCR. Error bars indicate standard deviation from triplicate
samples. All mRNA expression is relative to L19 ribosomal gene expression. Three independent experiments were performed and statistical analysis was performed by using
student t-test. **p<0.01. (D) PDGF-BB induces NG2 expression in a Mek1/2-dependent manner. 10T1/2 cells were serum-starved and treated for 24 h with inhibitors targeting
PDGFRβ kinase activity (imatinib, 3 µM) or Mek1/2 (CI-1040, 3 µM) in the presence or absence of 20 ng/mL PDGF-BB. Total cell lysates were collected and the expression of
NG2 and phosphorylated pErk1/2 were evaluated by immunoblotting. IB for Alix was used as a loading control and IB for pErk1/2 as a control for the effect of CI1040.
Representative immunoblots out of three independent experiments, are shown. (E) To measure Cspg4 mRNA expression, we performed quantitative real-time PCR. Error bars
indicate standard deviation from triplicate samples. All mRNA expression is relative to L19 ribosomal gene expression. Three independent experiments were performed and
statistical analysis was performed by using student t-test. ***p<0.001.

Discussion
The aim of the present study was to dissect the
effects of specific targeting of the PDGFRβ kinase
activity on tumor growth and vascularization. We
studied cancer cell lines with no or low
PDGFRβ expression, and used the ASKA mouse
model, which provided an opportunity to elucidate
the specific role(s) of PDGFRβ signaling in the host
during tumor growth and explore the value of highly

selective PDGFRβ kinase inhibitors as anti-cancer
drugs.
We found that specific inhibition of PDGFRβ
activity strongly reduced tumor growth and
angiogenesis in tumors with high PDGF-BB
expression, while the less specific kinase inhibitor
imatinib rendered negligible suppression of tumor
growth even though it affected the vascularization of
tumors. Indeed, it has previously been shown that
imatinib monotherapy does not inhibit tumor growth
http://www.thno.org
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in different tumor models, such as the B16/PDGF-BB
melanoma [38], the human gastric carcinoma
orthotopic nude mouse xenograft [42], the pancreatic
neuroendocrine tumor model [43] and the human
MA-11 breast carcinoma [44]. Imatinib is used as first
line therapy in CML and GIST, based on its ability to
target Bcr-Abl, c-Kit and PDGFRβ expressed by the
tumor cells. It has also been reported to be efficacious
as monotherapy in a cervical mouse model of cancer
by targeting PDGFR signaling and infiltration of
cancer-associated fibroblasts [22].
We found that tumors with high expression of
PDGF-BB, i.e. LLC and B16/PDGF-BB, and hence
elevated PDGFRβ kinase activity, did respond to
1-NaPP1 treatment in the ASKA mutant mice,
whereas low PDGF-BB expressing tumors, such as
B16 and EO771 did not. A previous report on tumor
response and PDGF-BB dose-dependency suggested
that anti-PDGF drugs had an inhibitory effect on
tumors with high PDGF-BB content [45]. One possible
explanation for the dose-dependency is that tumors
become addicted to high PDGF-BB levels and
therefore susceptible to PDGFRβ inhibition, similar to
the well-established oncogene addiction [46]. The
levels of tumor PDGF-BB may thus serve as a
biomarker for selection of cancer patients for
anti-PDGF therapy.
High PDGF-BB expression correlated with poor
progression-free survival in a phase II clinical trial on
patients with non-small cell lung cancer treated with
imatinib [37], consistent with our findings that
imatinib does not provide therapeutic benefit in the
high PDGF-BB expressing lung cancer model LLC.
However, our finding that selective targeting of
PDGFRβ in cancer models with high PDGF-BB
expression did have a therapeutic effect, suggests that
specific PDGFRβ kinase inhibitors may have a value
in cancer therapy. The lack of therapeutic benefit of
imatinib is counter intuitive, since it inhibits the
activity of PDGFRβ as well as other kinases [47],
hence one may have expected stronger anti-tumor
effect by imatinib treatment. The exact reason for the
limited effect by imatinib remains to be explained, but
it is possible that imatinib simultaneously inhibits
both tumor promoting and inhibiting pathways
induced by different kinases. The observation that
1-NaPP1, but not imatinib, induced apoptosis is
compatible with the possibility that imatinib, but not
1-NaPP1, inhibits pro-apoptotic or enhances
anti-apoptotic pathways. A potential mechanism for
the differential effects on tumor angiogenesis and
growth may be related to the observation that while
both 1-NaPP1 and imatinib reduced the Vegf-a
expression in cell lines and tumor tissue, only
imatinib treatment upregulated the anti-apoptotic
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gene Xiap that could possibly protect from apoptosis
(Figure S4). This finding is in concurrence with
studies showing that expression of XIAP is associated
with imatinib resistance in chronic myeloid leukemia
[48,49].
Not much is known about the regulation of
expression of different pericyte markers. Here we
showed that PDGF-BB induced the expression of the
pericyte marker NG2 in ASKA MEFs. Tumor pericyte
markers are not mutually exclusive, and several
different markers can be concomitantly expressed in
the same pericyte. Interestingly, it has been shown
that PDGFRβ-positive progenitor cells from the bone
marrow are able to differentiate into α-SMA- and
NG2-positive pericytes during tumor angiogenesis
[50]. It is plausible that 1-NaPP1 directly inhibits bone
marrow PDGFRβ-positive progenitor cells, thereby
preventing their differentiation into NG2-positive
pericytes and PDGF-BB-induced pericyte recruitment
to the tumor. Importantly, the induction of NG2 by
PDGF-BB, or its suppression by PDGFRβ kinase
inhibition, was only found in the ASKA MEFs and
10T1/2 cells, but not in differentiated perivascular
cells such as human brain vascular pericytes (HBVP)
or the vascular smooth muscle cells (MOVAS) (data
not shown). One reason could be that the ASKA MEFs
are still in a primary state maintaining mesenchymal
precursor cell properties, while the other more
differentiated cell lines are no longer prone to NG2
regulation in vitro.
A previous study using the pancreatic
neuroendocrine tumor model Rip1Tag2 identified 3
populations of pericytes in pancreatic tumors based
on expression of PDGFRβ and NG2: PDGFRβ+ only,
NG2+ only, and cells expressing both PDGFRβ+ and
NG2+ [50]. Although PDGFRβ and NG2 expression
does not always overlap, our results suggest that there
is a strong link between PDGFRβ signaling and NG2
expression. These observations further suggest that
PDGFRβ signaling is involved in the regulation and
maintenance of at least some NG2-positive pericyte
populations. However, the α-SMA-positive pericytes
neither responded to selective nor to unselective
PDGFRβ inhibition, even if bone marrow PDGFRβ+
progenitor cells have been shown to also differentiate
into α-SMA-positive pericytes [50].
The pericytes sustain important support
functions for the endothelial cells by providing both
physical protection and scaffolding to the vasculature,
but also through intimate cellular crosstalk with the
endothelial cells through paracrine signaling. Since
we could not observe a direct effect of 1-NaPP1 or
imatinib on the expression of PDGFRs or VEGFR2 in
endothelial cells (data not shown), it is likely that the
observed effect on the vasculature is due to
http://www.thno.org
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interference with the crosstalk between PDGFRβ
expressing pericytes, or other PDGFRβ expressing
cells, and endothelial cells. In fact, pericytes are
known to provide important survival cues to the
endothelium [51]. This notion is supported by our
finding that inhibition of PDGFRβ kinase activity with
1-NaPP1 led to a significant decrease in pericyte
coverage, and to a significant increase in endothelial
cell apoptosis. This observation was further
supported by the strong inhibitory effect of 1-NaPP1
on vessel density, size and perfusion, suggesting that
specific PDGFRβ inhibition impairs tumor growth by
inducing endothelial cell apoptosis, and thus
decreasing blood vessel function. Although
imatinib-treated tumors also demonstrated a
significant decrease in vessel density, no change was
observed either on vessel size, perfusion or
endothelial cell apoptosis. In this context, it is of
interest to note that imatinib has been shown to
promote vessel normalization, modulate the
extracellular matrix composition, increase vessel
perfusion,
and
increase
the
delivery
of
chemotherapeutic agents [52–55].
Our data support the notion that selective
targeting of host PDGFRβ gives a treatment benefit in
preclinical tumor models with strong paracrine
PDGF-BB stimulation. Therefore, it is possible that
treatment with specific PDGFRβ kinase inhibitors
preferentially is effective for cancers with high
PDGF-BB expression. Thus, for use of selective
PDGFRβ future kinase inhibitors for treatment of
epithelial tumors, stratification of patients based on
tumor PDGF-BB expression may be necessary.

Acknowledgements
We thank Taconic Artemis for kindly providing
the PDGFRβ ASKA C57BL/6 mice and the selective
inhibitor 1-NaPP1 used in this study, as well as
Novartis for providing us with imatinib. We also
thank Dr. Masato Morikawa and Dr. Michael
Vanlandewijck for the kind supply of the 10T1/2 and
HBVP cell lines, respectively, and Prof. Ola
Söderberg, Dr. Axel Klaesson and Dr. Johan Heldin
for advice and assistance with methods. This work
was supported by the Ludwig Institute for Cancer
Research, the Swedish Cancer Society (grant 2018/425
to JL and 2015/445 to CHH), Stiftelsen Längmanska
kulturfonden and Lars Hiertas Minne grants to SIC.

Authors’ contributions
Conception and design: MT, SIC, CHH, JL.
Acquisition of data: MT, SIC, HM, AÅ, JC. Analysis
and interpretation of data: MT, SIC, HM, AKO, CHH,
JL. Writing the manuscript: MT, SIC, CHH, JL.

1134

Supplementary Material
Supplementary figures and tables.
http://www.thno.org/v10p1122s1.pdf

Competing Interests
The authors have declared that no competing
interest exists.

References
1.
2.
3.
4.
5.
6.
7.
8.
9.

10.
11.
12.
13.
14.
15.
16.
17.
18.
19.
20.
21.

22.
23.
24.
25.
26.
27.

Balkwill FR, Capasso M, Hagemann T. The tumor microenvironment at a
glance. J Cell Sci. 2012; 125: 5591–6.
Chen F, Zhuang X, Lin L, Yu P, Wang Y, Shi Y, et al. New horizons in tumor
microenvironment biology: challenges and opportunities. BMC Med. 2015; 13:
45.
Ren J, Ding L, Zhang D, Shi G, Xu Q, Shen S, et al. Carcinoma-associated
fibroblasts promote the stemness and chemoresistance of colorectal cancer by
transferring exosomal lncRNA H19. Theranostics. 2018; 8: 3932–48.
Qin X, Yan M, Wang X, Xu Q, Wang X, Zhu X, et al. Cancer-associated
Fibroblast-derived IL-6 Promotes Head and Neck Cancer Progression via the
Osteopontin-NF-kappa B Signaling Pathway. Theranostics. 2018; 8: 921–40.
Lindahl P. Pericyte loss and microaneurysm formation in PDGF-B-deficient
mice. Science. 1997; 277: 242–5.
Pietras K, Sjöblom T, Rubin K, Heldin CH, Östman A. PDGF receptors as
cancer drug targets. Cancer Cell. 2003; 3: 439–43.
Abramsson A, Lindblom P, Betsholtz C. Endothelial and nonendothelial
sources of PDGF-B regulate pericyte recruitment and influence vascular
pattern formation in tumors. J Clin Invest. 2003; 112: 1142–51.
Lindblom P, Gerhardt H, Liebner S, Abramsson A, Enge M, Hellström M, et al.
Endothelial PDGF-B retention is required for proper investment of pericytes in
the microvessel wall. Genes Dev. 2003; 17: 1835–40.
Hellstrom M, Kalen M, Lindhal P, Abramsson A, Betsholtz C. Role of PDGF-B
and PDGFR-β in recruitment of vascular smooth muscle cells and pericytes
during embryonic blood vessel formation in mice. Development. 1999; 126:
3047.
Soriano P. Abnormal kidney development and hematological disorders in
PDGF beta-receptor mutant mice. Genes Dev. 1994; 8: 1888–96.
Andrae J, Gallini R, Betsholtz C. Role of platelet-derived growth factors in
physiology and medicine. Genes Dev. 2008; 22: 1276–312.
Kazlauskas A. PDGFs and their receptors. Gene. 2017; 614: 1–7.
Heldin CH, Lennartsson J, Westermark B. Involvement of platelet-derived
growth factor ligands and receptors in tumorigenesis. J Intern Med. 2018; 283:
16–44.
Bergsten E, Uutela M, Li X, Pietras K, Östman A, Heldin CH, et al. PDGF-D is a
specific, protease-activated ligand for the PDGF β-receptor. Nat Cell Biol.
2001; 3: 512–6.
Wu E, Palmer N, Tian Z, Moseman AP, Galdzicki M, Wang X, et al.
Comprehensive dissection of PDGF-PDGFR signaling pathways in PDGFR
genetically defined cells. PLoS One. 2008; 3: e3794.
Betsholtz C. Insight into the physiological functions of PDGF through genetic
studies in mice. Cytokine Growth Factor Rev. 2004; 15: 215–28.
Robson MC, Phillips LG, Thomason A, Robson LE, Pierce GF. Platelet-derived
growth factor BB for the treatment of chronic pressure ulcers. Lancet. 1992;
339: 23–5.
Rodt S a, Ahlén K, Berg A, Rubin K, Reed RK. A novel physiological function
for platelet-derived growth factor-BB in rat dermis. J Physiol. 1996; 495: 193–
200.
Armulik A, Genové G, Mäe M, Nisancioglu MH, Wallgard E, Niaudet C, et al.
Pericytes regulate the blood-brain barrier. Nature. 2010; 468: 557–61.
Östman A, Heldin CH. PDGF receptors as targets in tumor treatment. Adv
Cancer Res. 2007; 97: 247–74.
Wang Y, Appiah-Kubi K, Wu M, Yao X, Qian H, Wu Y, et al. The
platelet-derived growth factors (PDGFs) and their receptors (PDGFRs) are
major players in oncogenesis, drug resistance, and attractive oncologic targets
in cancer. Growth Factors. 2016; 34: 64–71.
Pietras K, Pahler J, Bergers G, Hanahan D. Functions of paracrine PDGF
signaling in the proangiogenic tumor stroma revealed by pharmacological
targeting. PLoS Med. 2008; 5: 1–16.
Anderberg C, Li H, Fredriksson L, Andrae J, Betsholtz C, Li X, et al. Paracrine
signaling by platelet-derived growth factor-CC promotes tumor growth by
recruitment of cancer-associated fibroblasts. Cancer Res. 2009; 69: 369–78.
Papadopoulos N, Lennartsson J. The PDGF/PDGFR pathway as a drug target.
Mol Aspects Med. 2017; 62: 75–88.
Heldin CH. Targeting the PDGF signaling pathway in tumor treatment. Cell
Commun Signal. 2013; 11: 97.
Bergers G, Hanahan D. Modes of resistance to anti-angiogenic therapy. Nat
Rev Cancer. 2008; 8: 592–603.
Denzel A, Hare KJ, Zhang C, Shokat K, Jenkinson EJ, Anderson G, et al.
Cutting edge: A chemical genetic system for the analysis of kinases regulating
T cell development. J Immunol. 2003; 171: 519–23.

http://www.thno.org

Theranostics 2020, Vol. 10, Issue 3
28. Shokat K, Velleca M. Novel chemical genetic approaches to the discovery of
signal transduction inhibitors. Drug Discov Today. 2002; 7: 872–9.
29. Halazy S. Designing heterocyclic selective kinase inhibitors: from concept to
new drug candidates. Arkivoc. 2006; 2006: 496–508.
30. Cedervall J, Zhang Y, Huang H, Zhang L, Femel J, Dimberg A, et al.
Neutrophil extracellular traps accumulate in peripheral blood vessels and
compromise organ function in tumor-bearing animals. Cancer Res. 2015; 75:
2653–62.
31. Carpenter AE, Jones TR, Lamprecht MR, Clarke C, Kang IH, Friman O, et al.
CellProfiler: image analysis software for identifying and quantifying cell
phenotypes. Genome Biol. 2006; 7: R100.
32. Durkin ME, Qian X, Popescu NC, Lowy DR. Isolation of mouse embryo
fibroblasts. Bio Protoc. 2013; 3: e908.
33. Eger G, Papadopoulos N, Lennartsson J, Heldin CH. NR4A1 promotes
PDGF-BB-induced cell colony formation in soft agar. PLoS One. 2014; 9:
e109047.
34. Cunha SI, Pardali E, Thorikay M, Anderberg C, Hawinkels L, Goumans M-J, et
al. Genetic and pharmacological targeting of activin receptor-like kinase 1
impairs tumor growth and angiogenesis. J Exp Med. 2010; 207: 85–100.
35. Tsioumpekou M, Papadopoulos N, Burovic F, Heldin CH, Lennartsson J.
Platelet-derived growth factor (PDGF)-induced activation of Erk5 MAP-kinase
is dependent on Mekk2, Mek1/2, PKC and PI3-kinase, and affects BMP
signaling. Cell Signal. 2016; 28: 1422–31.
36. Furuhashi M, Sjöblom T, Abramsson A, Ellingsen J, Micke P, Li H, et al.
Platelet-derived growth factor production by B16 melanoma cells leads to
increased pericyte abundance in tumors and an associated increase in tumor
growth rate. Cancer Res. 2004; 64: 2725–33.
37. Bauman JE, Eaton KD, Wallace SG, Carr LL, Lee SJ, Jones D V, et al. A phase II
study of pulse dose imatinib mesylate and weekly paclitaxel in patients aged
70 and over with advanced non-small cell lung cancer. BMC Cancer. 2012; 12:
449.
38. Hasumi Y, Kłosowska-Wardȩga A, Furuhashi M, Östman A, Heldin CH,
Hellberg C. Identification of a subset of pericytes that respond to combination
therapy targeting PDGF and VEGF signaling. Int J Cancer. 2007; 121: 2606–14.
39. Yang Y, Andersson P, Hosaka K, Zhang Y, Cao R, Iwamoto H, et al. The
PDGF-BB-SOX7 axis-modulated IL-33 in pericytes and stromal cells promotes
metastasis through tumour-associated macrophages. Nat Commun. 2016; 7:
11385.
40. Suzuki S, Heldin C-H, Heuchel RL. Platelet-derived growth factor receptor-β,
carrying the activating mutation D849N, accelerates the establishment of B16
melanoma. BMC Cancer. 2007; 7: 224.
41. Zudaire E, Gambardella L, Kurcz C, Vermeren S. A computational tool for
quantitative analysis of vascular networks. PLoS One. 2011; 6: e27385.
42. Sumida T, Kitadai Y, Shinagawa K, Tanaka M, Kodama M, Ohnishi M, et al.
Anti-stromal therapy with imatinib inhibits growth and metastasis of gastric
carcinoma in an orthotopic nude mouse model. Int J Cancer. 2011; 128: 2050–
62.
43. Pietras K, Hanahan D. A multitargeted, metronomic, and maximum-tolerated
dose “chemo-switch” regimen is antiangiogenic, producing objective
responses and survival benefit in a mouse model of cancer. J Clin Oncol. 2005;
23: 939–52.
44. Rappa G, Anzanello F, Lorico A. Imatinib mesylate enhances the malignant
behavior of human breast carcinoma cells. Cancer Chemother Pharmacol.
2011; 67: 919–26.
45. Hosaka K, Yang Y, Seki T, Nakamura M, Andersson P, Rouhi P, et al. Tumour
PDGF-BB expression levels determine dual effects of anti-PDGF drugs on
vascular remodelling and metastasis. Nat Commun. 2013; 4: 2129.
46. Pagliarini R, Shao W, Sellers WR. Oncogene addiction: pathways of
therapeutic response, resistance, and road maps toward a cure. EMBO Rep.
2015; 16: 280–96.
47. Hantschel O, Rix U, Superti-Furga G. Target spectrum of the BCR-ABL
inhibitors imatinib, nilotinib and dasatinib. Leuk Lymphoma. 2008; 49: 615–9.
48. Silva KL, de Souza PS, de Moraes GN, Moellmann-Coelho A, da Cunha
Vasconcelos F, Maia RC. XIAP and P-glycoprotein co-expression is related to
imatinib resistance in chronic myeloid leukemia cells. Leuk Res. 2013; 37:
1350–8.
49. Xie Q, Lin Q, Li D, Chen J. Imatinib induces autophagy via upregulating XIAP
in GIST882 cells. Biochem Biophys Res Commun. 2017; 488: 584–9.
50. Song S, Ewald AJ, Stallcup W, Werb Z, Bergers G. PDGFRβ+ perivascular
progenitor cells in tumours regulate pericyte differentiation and vascular
survival. Nat Cell Biol. 2005; 7: 870–9.
51. Franco M, Roswall P, Cortez E, Hanahan D, Pietras K, Pietras K, et al. Pericytes
promote endothelial cell survival through induction of autocrine VEGF-A
signaling and Bcl-w expression. Blood. 2011; 118: 2906–17.
52. Vlahovic G, Ponce AM, Rabbani Z, Salahuddin FK, Zgonjanin L, Spasojevic I,
et al. Treatment with imatinib improves drug delivery and efficacy in NSCLC
xenografts. Br J Cancer. 2007; 97: 735–40.
53. Falcon BL, Pietras K, Chou J, Chen D, Sennino B, Hanahan D, et al. Increased
vascular delivery and efficacy of chemotherapy after inhibition of
platelet-derived growth factor-B. Am J Pathol. 2011; 178: 2920–30.
54. Burmakin M, van Wieringen T, Olsson PO, Stuhr L, Åhgren A, Heldin CH, et
al. Imatinib increases oxygen delivery in extracellular matrix-rich but not in
matrix-poor experimental carcinoma. J Transl Med. 2017; 15: 47.
55. Bhattacharyya S, Ishida W, Wu M, Wilkes M, Mori Y, Hinchcliff M, et al. A
non-Smad mechanism of fibroblast activation by transforming growth factor-β

1135
via c-Abl and Egr-1: Selective modulation by imatinib mesylate. Oncogene.
2009; 28: 1285–97.

http://www.thno.org

