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Abstract: Aim: The aim of the present study was to explore the role of receptor tyrosine kinases (RTKs) in the regu-
lation of expression of PTX-3, a protector in atherosclerosis. Methods: Human monocytic U937 cells were infected
with a shRNA lentiviral vector library targeting human RTKs upon LPS stimuli and PTX-3 expression was determined
by ELISA analysis. The involvement of downstream signaling in the regulation of PTX-3 expression was analyzed by
both Western blotting and ELISA assay. Results: We found that knocking down of ERBB2/3, EPHA7, FGFR3 and RET
impaired PTX-3 expression without effects on cell growth or viability. Moreover, inhibition of AKT, the downstream
effector of ERBB2/3, also reduced PTX-3 expression. Furthermore, we showed that FGFR3 inhibition by anti-cancer
drugs attenuated p38 activity, in turn induced a reduction of PTX-3 expression. Conclusion: Altogether, our study
demonstrates the role of RTKs in the regulation of PTX-3 expression and uncovers a potential cardiotoxicity effect
of RTK inhibitor treatments in cancer patients who have symptoms of atherosclerosis or are at the risk of athero-

sclerosis.
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Introduction

Treatment of patients with cancer has changed
radically over the last several years with the
advent of “targeted therapeutics.” This target-
ed approach, predominantly via inhibition of
tyrosine kinase activity, has markedly improved
the management of cancers. Given the initial
success of this approach, the number of tar-
geted therapy drugs entering into development
in the last 5 years has increased dramatically.
And so far, there are hundreds of kinase inhibi-
tors somewhere in between discovery and mar-
ket, with 80% of drug development being in
cancer [1].

Although target therapy has an improve antitu-
mor activity with fewer toxic side effects than
traditional anticancer therapies including radia-
tion therapies and chemotherapies, many
approved RTK inhibitors have been found to
evoke cardiac dysfunction in some cancer
patients [2-4]. Furthermore, there is a strong
link between kinase pathway inhibition and car-
diotoxicity as compared with other organ toxici-

ties [5-7]. However, in many cases, adverse car-
diac events in the clinic were not anticipated
based on the fact that predefined cardiac end-
points was not included in early clinical trials
and the difficulties to diagnose heart failure in
patients with cancer. Since kinase inhibition
has revolutionized the treatment of cancer,
which can be managed effectively for years and
could be eventually regarded as a chronic dis-
ease, one could except that the rate of cardio-
toxicity in cancer patients treated with kinase
inhibitors would increase in future.

Dysfunctions of cardiovascular system induced
by kinase inhibitor therapy are varied and have
included heart failure, LV dysfunction, conduc-
tion abnormalities, QT prolongation, acute coro-
nary syndromes, myocardial injury, arterial
thromboses and hypertension [8]. Since athero-
sclerosis is considered as the significant under-
lying cause of cardiovascular disease (CVD) [9,
10], inhibition of driver kinases might therefore
potentially compromise the cardiovascular sys-
tem function by accelerating atherosclerosis.
However, the side effects of treatment with
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kinase inhibitors on atherosclerosis in cancer
patients have not been fully investigated due to
lack of appropriate preclinical model.

Given the critical role of inflammation in athero-
sclerosis, circulating factors related to inflam-
mation and atherosclerosis therefore attracted
attention [11]. Of interest, pentraxin protein
family is highly associated with CVD [11].
Pentraxin protein family consists of C-reactive
protein (CRP), serum amyloid P component
(SAP) and pentraxin-3 (PTX-3) [11-13], all of
which have the features of pattern recognition
receptors and are involved in human humoral
immune response [14, 15]. In contrast to CRP,
PTX-3 demonstrates to be more specifically
associated with advanced atherosclerosis [15-
17]. PTX-3 is highly expressed in advanced ath-
erosclerosis tissues [18, 19], including macro-
phages, surviving endothelial cells, activated
monocytes and infiltrating neutrophils [19].
Amounts of evidence suggest the possibility
that the increased levels of PTX-3 in subjects
with CVD may reflect a protective physiologic
response that correlates with the severity of
the disease [20-22]. More importantly, defi-
ciency of the long pentraxin PTX-3 promotes
vascular inflammation and atherosclerosis
[23].

To systematically investigate the function of
receptor tyrosine kinases (RTKs), the main tar-
gets in target cancer therapies, on atheroscle-
rosis, we set out to screen a short hairpin RNA
(shRNA) library representing the full comple-
ment of 56 human RTKs (Table 1) for genes
whose inhibition could impair PTX-3 expression
in U937 cells. Our results revealed multiple
functionally important pathways, particularly
the FGFR/p38 signaling in the regulation of
PTX-3 expression. Our study suggests that clini-
cally used kinase inhibitor might contribute to
atherosclerosis, in turn inducing cardiotoxicity,
by interfering with PTX-3 expression. These
findings could provide a preclinical model for
studying the side effects of kinase inhibitors on
atherosclerosis.

Materials and methods
Cell culture

293T cells (ATCC) were cultured in DMEM medi-
um supplemented with 10% FBS (Hyclone).
U937 cells (ATCC, CRL-1593.2) were grown in
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RPMI 1640 medium supplemented with 10%
FBS (Hyclone). All media were supplemented
with penicillin (100 IU-ml?) and Streptomycin
(100 pg:ml?) (Life Technologies).

Induction of PTX-3 expression by LPS stimuli

The cells were washed and incubated in endo-
toxin-free RPMI 1640 (10% FBS) at 5 X 10% cells
each well in 24-well plate, with or without LPS
(lipopolysaccharide, Escherichia coli 0127:BS8,
Sigma, L4516 ) stimuli for 6 hrs at 37°C in the
presence of 5% CO,. The optimized concentra-
tion of LPS to induce PTX-3 expression was
tested with 0, 20, 50 and 100 ng- ml™.

U937 cells induced by series of concentration
of LPS were homogenized with 0.5 ml Trizol (life
technologies) and total RNA was isolated as
instruction manual (life technologies). Reverse
transcription was carried out at 42°C for 1 hour
with oligo dT. Real-time PCR primers were
designed as follows: forward primer: tgtatgt-
gaatttggacaacgaa; reverse primer: cattccgagt-
gctectgac. Reaction program was 2 min at
95°C, 40 cycles of 95°Cfor 30s, 60°Cfor 30 s
and 72°C for 30 s. The concentration of LPS
induced the maximal expression of PTX-3 was
selected to carry out RNAi screening.

RNAIi screening

U937 cells were incubated in endotoxin-free
RPMI 1640 (10% FBS) at 1 x 10* cells each well
in 96-well plates, and then infected respective-
ly with 55 RTK lentiviral shRNAs in the pres-
ence of polybrene to the final concentration of
8 ug-mlt, each gene in the library was duplicate
in two plates. LPS was added to cell culture to
final concentration 100 ng- ml* 120 h after
infection for 6 hrs. After the treatment, cells
were pelleted and divided into two parts: the
supernate was collected to measure PTX-3 lev-
els by ELISA, and the pellets were used to
detect cell viability by MTS assay (Promega,
G3580) according to the operation manual.

Determination of PTX-3 expression by ELISA
assay

PTX-3 levels were measured by the Sandwich
ELISA as previously described. Briefly, ELISA
plates were coated with 100 ng each well of
mouse anti-human PTX-3 antibody diluted in
PBS by overnight incubation at 4°C. Washing
buffer (PBS containing 0.05% Tween 20) was
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Table 1. RTKs genes for screen

Gene symbol  Official Full Name Inhibitor Associated with
cardiotoxicity (Ref)
ERBB4 v-erb-a erythroblastic leukemia viral oncogene homolog 4  NA NA
MST1R macrophage stimulating 1 receptor NA NA
RYK receptor-like tyrosine kinase NA NA
KDR kinase insert domain receptor sorafenib/sunitinib [8, 32]
NTRK1 neurotrophic tyrosine kinase, receptor, type 1 NA NA
STYK1 serine/threonine/tyrosine kinase 1 NA NA
EPHA3 EPH receptor A3 NA NA
FLT1 fms-related tyrosine kinase 1 sorafenib/sunitinib [8, 32]
FGFR1 fibroblast growth factor receptor 1 PD-173074 NA
AXL AXL receptor tyrosine kinase NA NA
NTRK2 neurotrophic tyrosine kinase, receptor, type 2 NA NA
TEK TEK tyrosine kinase, endothelial NA NA
EGFR epidermal growth factor receptor erlotinib/gefitinib/lapatinib  [1, 8]
ROR2 receptor tyrosine kinase-like orphan receptor 2 NA NA
FLT3 fms-related tyrosine kinase 3 sorafenib/sunitinib [8, 32]
ALK anaplastic lymphoma receptor tyrosine kinase crizotinib NA
ERBB3 v-erb-b2 erythroblastic leukemia viral oncogene homolog 3 AZD8931 NA
(avian)
ERBB2 v-erb-b2 erythroblastic leukemia viral oncogene homolog 2 Lapatinib [1, 32]
INSRR insulin receptor-related receptor NA NA
EPHAG EPH receptor A6 NA NA
EPHAS EPH receptor A5 NA NA
EPHA7 EPH receptor A7 NA NA
FGFR3 fibroblast growth factor receptor 3 Linifanib/AZD4547 NA
MUSK muscle, skeletal, receptor tyrosine kinase NA NA
RET ret proto-oncogene Motesanib [8, 32]
IGF1R insulin-like growth factor 1 receptor NVP-ADW742 NA
CSF1R colony stimulating factor 1 receptor Linifanib [8]
MET met proto-oncogene (hepatocyte growth factor receptor) AMG-208 NA
EPHA2 EPH receptor A2 NA NA
PDGFRB platelet-derived growth factor receptor, beta polypeptide Dasatinib/nilotinib [1, 8, 32]
INSR insulin receptor NA NA
FGFR2 fibroblast growth factor receptor 2 AZD4547 NA
PTK7 PTK7 protein tyrosine kinase 7 NA NA
KIT v-kit Hardy-Zuckerman 4 feline sarcoma viral oncogene nilotinib/sorafenib [1, 8, 32]
homolog
PDGFRA platelet-derived growth factor receptor, alpha polypeptide  Dasatinib/sunitinib [1, 8, 32]
TIEL tyrosine kinase with immunoglobulin-like and EGF-like NA NA
domains 1
DDR2 discoidin domain receptor tyrosine kinase 2 NA NA
DDR1 discoidin domain receptor tyrosine kinase 1 NA NA
LTK leukocyte receptor tyrosine kinase NA NA
EPHB3 EPH receptor B3 NA NA
FGFR4 fibroblast growth factor receptor 4 BGJ398 NA
EPHA8 EPH receptor A8 NA NA
NTRK3 neurotrophic tyrosine kinase, receptor, type 3 NA NA
FLT4 fms-related tyrosine kinase 4 sunitinib [8, 32]
EPHB4 EPH receptor B4 NA NA
LMTK2 lemur tyrosine kinase 2 NA NA
EPHA1 EPH receptor A1 NA NA
AATK apoptosis-associated tyrosine kinase NA NA
MERTK c-mer proto-oncogene tyrosine kinase NA NA
TYRO3 TYRO3 protein tyrosine kinase BMS 777607 NA
ROS1 c-ros oncogene 1, receptor tyrosine kinase NA NA
EPHA4 EPH receptor A4 NA NA
EPHB6 EPH receptor B6 NA NA

Ref, reference; NA, not available.

used to wash plates thoroughly after each step.
Non-specific binding to the plates was blocked
with 2% BSA in PBS for 2 h at room tempera-
ture before adding unknown samples. After
incubation for 2 h at room temperature, 10 ng
each well of biotin conjugated anti-PTX-3 goat
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IgG were then added (1 h at room temperature)
followed by the addition of 50 ul of streptavi-

din-peroxidase. Finally, 100 ul of Substrate
Solution (1:1 mixture of Color Reagent A (H,0,)
and Color Reagent B (Tetramethylbenzidine),
R&D Systems Catalog # DY999) were added
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Figure 1. Schematic of RNAi screen. A. U937 cells were treated with 100 ngml* of LPS for 6 hrs and PTX-3 expres-
sion was determined by qPCR analysis. B. Schematic outline of high-throughput RNAi screen. The human RTKs
lentiviral vector library was used to infect U937 cells for 4 days to allow efficient knocking down of RTKs and was
then treated with LPS at 100 ngml* for 6 hrs. The supernatant media and U937 cells were collected by centrifuged
and analyzed by ELSIA and MTS assay, respectively. In total, all human 55 RTKs were analyzed.

and absorbance values were read at 450 nm in
an automatic ELISA reader.

Protein isolation and western blotting

Cell pellets were resuspended in 1xSDS load-
ing buffer (1 mmol-L* Na_VO,, 10 mmol-L* NaF,
1 mmol-L* PMSF) containing protease inhibi-
tors. Lysates (20 ug each lane) were applied to
SDS-PAGE. Immunoblotting of Abs specific for
GAPDH (Abmart, 080922), p38 (A-12, Santa
Cruz, sc-7972) and p-p38 (D-8, Santa Cruz,
SC-7973) were detected using HRP-conjugated
anti-mouse (Promega) and visualized by chemi-
luminescence detection system (Millipore,
WBKLS0500).

Results

Loss-of-function screen for RTKs regulating
PTX-3 expression

PTX-3 is produced by macrophages and a vari-
ety of tissue cells upon exposure to LPS, which
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has been commonly used as a reagent to
induce inflammatory response [15]. Consistent
with previous reports, we found a dose-depen-
dent induction in PTX-3 expression after LPS
stimulation in monoblastic U937 cells (Figure
1A). We therefore analyze PTX-3 expression in
U937 cells after treatment with LPS at 100 ng:
ml? for 6 hrs with or without other treatment in
our experiments.

Given that RTKs have been widely demonstrat-
ed as most important driver genes for tumor
development, many small molecular inhibitors
are designed to inhibit RTKs and a bunch of
RTK inhibitors have been extensively used in
both cancer treatment and clinical trials.
Hence, the lost-of-function screen used a
shRNA library targeting human RTKs involved in
cancer, in which each shRNA induces strong
and specific suppression of gene expression
over prolonged period of time. We configured
the screen to allow the identification of RTKs
that regulate the expression of PTX-3 in U937
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Figure 2. RNAi screen for RTKs required for PTX-3 se-
cretion induced by LPS. A. Scatter plot of PTX-3 rela-
tive secretion levels for each RTK gene in U937 cells
infected by two independent shRNAs per gene. The
relative secretion levels of PTX-3 were represented
by ratio of the ELISA absorbance to the MTS absor-
bance. B. Candidate genes with an inhibition rate of
>30% were listed.

cells (Figure 1B). The output of the screen is
described in Table S1 available online. The
screen was carried out in duplicate and the
expression of PTX-3 was detected by ELISA as
described in Material and Methods. Genes that
could affect survival and proliferation of U937
cells were also obtained by MTS assay (Table
S1). The ratio of the ELISA to MTS value after
infection with RTKs shRNA lentiviral libraries
and the mean value of the reduction of ELISA/
MTS was calculated (Table S1 and Figure 2A).
We set a cutoff for gene with > 30% of reduc-
tion in the value of ELISA/MTS to be considered
potential candidates, and 5 genes were
obtained (Figure 2B).

Characterization of RTKs with respect to PTX-3
expression

Several of the positive regulators of PTX-3
expression we identified were already shown to
have cardiotoxicity. Of particular interest were
ERBB2 and ERBBS3, inhibitors of which are
widely used in breast cancer target therapy
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Figure 3. The downstream signaling involved in RTKs
regulating PTX-3 secretion induced by LPS. U937
cells were pretreated with AKT inhibitor MK2206 for
24 hrs and then added with LPS for another 6 hrs.
U937 cells were centrifuged and analyzed by MTS
assay. The supernatant were collected and PTX-3 se-
cretion was determined by ELISA assay. The ELISA/
MTS value was calculated as described in Materials
and methods.

[24]. Expression of both ERBB2 and ERBB3 is
usually enhanced during tumorigenesis, result-
ing in promotion of cell proliferation and inhibi-
tion of apoptosis [25]. We found a 30-40% of
reduction in PTX-3 expression after either
ERBB2 or ERBB3 inhibition (Table 1), indicating
the potential toxicity of ERBB2/3 signaling inhi-
bition by influencing atherosclerosis regulation.
Additionally, we identified RET as a regulator of
PTX-3 expression (Figure 2B). Knocking down
of RET expression induced a 40% of reduction
in PTX-3 expression (Table 1). Interestingly, RET
inhibitor, sunitinib, has also been widely recog-
nized as an inducer of cardiotoxicity [3, 26].

Since AKT is a canonical downstream signaling
of ERBB2/3 signaling and AKT inhibitor is a
promising anti-cancer drug on clinical trials, we
examine whether inhibition of AKT signaling
could also impair PTX-3 expression. We treated
U937 cells with AKT inhibitor, MK2206, which
is on clinical trials and found that, similar with
inhibition of ERBB2/3 signaling, AKT signaling
inhibition reduced PTX-3 expression (Figure 3),
suggesting that ERBB2/3 might regulate PTX-3
expression via AKT signaling and could in turn
influence atherosclerosis.

Identification of p38 signaling in the regulation
of atherosclerosis dysfunction

FGFR3 has been shown to drive oncogenesis in
a subset of patients with multiple myeloma and
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Figure 4. FGFR3-p38 signaling regulates PTX expression. A.
p38inhibitor LY2228820 reduced the PTX-3 secretion induced
by LPS in U937 cells.( **, p<0.01; ***, p<0.001), Error bars
show data tstandard error. Means were derived from three
replicates. B. Western blot analysis of p38 phosphorylation in
U937 cells treated by RTK inhibitor Linifanib. U937 cells were
treated with FGFR3 inhibitor, Linifanib, with different doses for
24 hrs and centrifuged for western blot analysis. Whole cell
lysates were loaded for the expression analysis of phosphory-
lation of p38 and total p38. C. Optical density analysis of west-
ern blot in B. PTX-3 secretion and U937 cell viability was de-
tected by ELISA and MTS assay, respectively. The ELISA/MTS
value was calculated as described in Materials and methods.
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some epithelial cancers. We found that knock-
ing down of FGFR3 expression induced a 30%
of reduction in PTX-3 expression (Figure 2B).
Notably, FGFR3 inhibition had no effect on cell
viability (Figure S1), indicating that the inhibi-
tion of PTX-3 expression is not due to
cytotoxicity.

Next, we explored the mechanism by which
FGFR3 regulates PTX-3 expression. Since p38
signaling has an important role in the regula-
tion of atherosclerosis [27], we examined p38
signaling activity after FGFR3 inhibition. We
found that treatment of Linifanib, a potent
FGFR3 inhibitor, induced a dose-dependent
reduction of phosphorylation of p38 (Figure
4B, C). Consistently, p38 inhibitor treatment
impaired LPS-induced PTX-3 expression (Figure
4A). Collectively, these data demonstrated a
link between FGFR3-p38 signaling and the reg-
ulation of PTX-3 expression.

Discussion
Cardiovascular disease, a leading cause of

mortality in developed countries, is mainly
caused by atherosclerosis, a chronic inflamma-
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tory disease. Atherosclerosis is referred to as a
hardening or furring of the arteries, in which an
artery wall thickens as a result of the accumula-
tion of fatty materials such as cholesterol. PTX-
3, a molecule acting as the humor arm of innate
immunity, is produced by the major cell types in
atherosclerotic lesion in response to inflamma-
tory stimuli. Previous reports points out a
potential protective effect of PTX-3 in the ath-
erosclerotic, which PTX-3 deficiency is associ-
ated with increased atherosclerosis in apolipo-
protein-E-deficient  mice and increased
macrophage accumulation in the atheroscle-
rotic lesions.

Although growing evidences show a cardiotoxic-
ity induced by target therapies with kinase
inhibitors, little is known about the side effects
on atherosclerosis. In this study, we demon-
strate the utility of an RNAi-based screen to
identify molecules required for the regulation of
PTX-3 expression, which is critical for the pro-
tection of atherosclerosis. The results present-
ed here raise the possibility that treatment with
multiple RTK inhibitors contributes to the accel-
erating process of atherosclerosis because the
expression of PTX-3, an important protector of
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atherosclerosis, is impaired. To our knowledge,
it is the first time to systematically explore the
side effect of RTK inhibition on
atherosclerosis.

Previous report which studied FGFR3 expres-
sion between normal and athermanous human
arteries show that FGFR3 exhibited more
restricted patterns of distribution within the
plaque [28], suggesting an important role of
FGFR3 in the regulation of atherogenesis.
Consistent with this, we demonstrate that
depleting FGFR3 expression induced a reduc-
tion of PTX-3 expression via p38 signaling.
While FGFR3 functions in tumor development
and therefore is a promising drug target for can-
cer therapy [29, 30], our evidence suggests a
possibility of cardiotoxicity side effect when
treating cancer patients with FGFR3 inhibitor.
Further analysis about the markers associated
with atherosclerosis in either animal models or
target therapy treated cancer patients who
have less severe atherosclerosis are needed to
demonstrate in vivo effects.

Moreover, we provide a novel explanation about
the cardiotoxicity effect of cancer therapies tar-
geting ERBB2/3. Retrospective studies have
reported incidences of symptoms of heart fail-
ure or LV dysfunction as high as 35% causing
discontinuation of therapy in 20% of cancer
patients with ERBB2/3 inhibition treatment
[31]. Here, we found that ERBB2/3 inhibition
impairs PTX-3 expression, indicating a highly
possibility that ERBB2/3 inhibition therapy
might accelerate the risk of atherosclerosis
and in turn induce cardiotoxicity. Importantly,
we also explored the potential mechanism by
which  ERBB2/3 inhibition impairs PTX-3
expression and found the involvement of AKT
signaling in this side effect. It is worth noting
that our results suggest the therapy involving
an AKT inhibitor need to be careful when can-
cer patients either have symptoms of athero-
sclerosis or are at high risk of atherosclerosis.

In conclusion, we have used a RTKs-based
loss-of-function screening approach to system-
atically explore the link between RTKs, com-
mon cancer drug targets, and atherosclerosis,
one of the most common cardiovascular dis-
eases. Our study has unearthed a novel mech-
anism by which multiple RTK inhibition-based
cancer therapies could induce cardiotoxicity via
accelerating atherosclerosis.
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Supplementary information

Table S1. The relative PTX-3 secretion of U937 cells after the RTKs
genes knockdown

ELISA/MTS (relative to shCtrl)

Gene symbol
shRNA1 shRNA2

ERBB4 0.745 0.818
MST1R 0.944 1.258
RYK 1.256 1.858
KDR 1.453 1.457
NTRK1 1.046 1.275
STYK1 2.301 1.657
EPHA3 1.46 1.705
FLT1 1.149 1.29
FGFR1 0.727 1.331
AXL 1.797 1.923
NTRK2 1.269 1.296
TEK 1.011 1.003
EGFR 0.753 0.883
ROR2 0.942 0.858
FLT3 1.189 1.008
ALK 1.38 1.409
ERBB3 0.902 0.702
ERBB2 0.618 0.732
INSRR 0.789 0.83
EPHAG 0.895 1.013
EPHA5 0.806 0.814
EPHA7 0.709 0.682
FGFR3 0.668 0.949
MUSK 0.846 1.259
RET 0.614 0.759
IGF1R 0.768 0.78
CSF1R 0.923 1.273
MET 1.564 1.883
EPHA2 2.592 2.95
PDGFRB 1.841 1.885
INSR 1.697 1.941
FGFR2 2.07 1.819
PTK7 2.3 2.236
KIT 1.176 1.624
PDGFRA 1.847 2.137
TIEL 2.652 2.28

DDR2 2.198 2.176
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DDR1 1.146 1.357
LTK 1.381 1.702
EPHB3 1.128 1.326
FGFR4 1.267 1.426
EPHA8 1.046 1.534
NTRK3 1.377 1.128
FLT4 0.964 1.258
EPHB4 1.516 0.986
LMTK2 1.261 1.738
EPHA1 1.189 1.012
AATK 0.884 1.052
MERTK 1.506 1.05

TYRO3 1.256 1.553
ROS1 1.064 1.006
EPHA4 1.156 1.132
EPHB6 1.247 1.444
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Figure S1. FGFR3 knockdown has no effect on U937 cell viability. U937 cells were infected with either shRNA con-
trol lentiviral vectors or FGFR3 shRNA lentiviral vectors for 120 hrs and cell viability was determined by MTS assay.



