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KEY WORDS Abstract HuR (human antigen R), an mRNA-binding protein responsible for poor prognosis in nearly
all kinds of malignancies, is a potential anti-tumor target for drug development. While screening HuR

g}l: i;mbo ag: inhibitors with a fluorescence polarization (FP) based high-throughput screening (HTS) system, the clin-
Anti—tumtp))r‘g’ ically used drug eltrombopag was identified. Activity of eltrombopag on molecular level was verified
Angiogene;is; with FP, electrophoretic mobility shift assay (EMSA), simulation docking and surface plasmon resonance

mRNAs stability (SPR). Further, we showed that eltrombopag inhibited in vitro cell proliferation of multiple cancer cell
lines and macrophages, and the in vivo anti-tumor activity was also demonstrated in a 4T1 tumor-bearing
mouse model. The in vivo data showed that eltrombopag was efficient in reducing microvessels in tumor
tissues. We then confirmed the HuR-dependent anti-angiogenesis effect of eltrombopag in 4T1 cells and
RAW264.7 macrophages with qRT-PCR, HuR-overexpression and HuR-silencing assays, RNA stability
assays, RNA immunoprecipitation and luciferase assays. Finally, we analyzed the in vitro anti-

Abbreviations: ARE, AU-rich element; ELB, eltrombopag; ELISA, enzyme linked immune sorbent assay; EMSA, electrophoretic mobility shift assay;
FP, fluorescence polarization; HTS, high-throughput screening; HuR, human antigen R; HUVEC, human umbilical vein endothelial cell; IHC, immuno-
histochemistry; qRT-PCR, quantitative real-time PCR; RIP, RNA immunoprecipitation; SPR, surface plasmon resonance.
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angiogenesis effect of eltrombopag on human umbilical vein endothelial cells (HUVECs) mediated by
macrophages with cell scratch assay and in vitro Matrigel angiogenesis assay. With these data, we re-
vealed the HuR-dependent anti-angiogenesis effect of eltrombopag in breast tumor, suggesting that the
existing drug eltrombopag may be used as an anti-cancer drug.

© 2020 Chinese Pharmaceutical Association and Institute of Materia Medica, Chinese Academy of Medical
Sciences. Production and hosting by Elsevier B.V. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Eltrombopag is an oral drug approved for the treatment of chronic
immune thrombocytopenia', thrombocytopenia in patients with
hepatitis C°, and severe aplastic anemia’ as agonist of thrombo-
poietin receptor (TpoR). Thrombocytopenia is also a common
problem in patients with cancer, and recent studies have shown the
efficiency of eltrombopag in managing thrombocytopenia associ-
ated with cancer chemotherapy™. During studies of eltrombopag in
cancers, its ability to inhibit the proliferation of cancer cell lines
was also reported’ °. However, the anti-tumor effect and mecha-
nism of eltrombopag remain elusive. In continuation of our project
exploring anticancer drugs with a high-throughput screening (HTS)
system based on HuR-RNA interaction, eltrombopag was screened
out. As the advantage of eltrombopag in controlling thrombocyto-
penia induced by cancer chemotherapy, exploring its anticancer
effects and mechanisms is of great significance.

The target HuR used in our HTS system is an mRNA-binding
protein that regulates the stabilization of AU-rich element (ARE)-
controlled mRNAs involved in the cellular response to prolifera-
tive, apoptotic, inflammatory and immune stimuli'’. Cumulative
data have shown that elevated HuR levels are correlated with
advanced clinical pathological parameters in various cancer
types''. The ubiquitous expression of HuR in malignant clinical
samples and its consistent role in tumor formation and progression
make it a suitable drug target for cancer therapy. In recent years,
several HuR inhibitors have been identified: dehydromutactin,
okicenone and MS-444 could inhibit HuR oligomerization and
disrupt HuR-targeted mRNA interaction (Tnfe, II-2, Cox-2)'%;
quercetin and other flavonoids could disrupt HuR binding to Tnfw,
C-fos, 1I-2 and Cox-2 mRNAs'’; mitoxantrone and DHTS-I
disrupt HuR binding to Thfa mRNA'*; CMLD 1-6 disrupt HuR
binding to Msil and Xiap mRNAs'; tanshinone and its derivatives
disrupt HuR binding to Erbb2, Ctnbl and Vegf-a mRNAs'C.
Among these inhibitors, MS-444'7 and DHTS-I'® have been
identified with efficient anti-tumor effect in mouse models. Thus,
the employment of HuR in drug discovery still needs more efforts.

Tumor angiogenesis is one of the vital aspects for cancer
development regulated by HuR, which is involved in the regulation
of angiogenesis-related genes, such as Vegf-a, Mmp9, Hif-1oe and
Cox-2""*. HuR-dependent regulation of tumor angiogenesis occurs
mainly in cancer cells and tumor-associated macrophages. The
proangiogenic role of HuR in macrophages has been demonstrated
in macrophage-specific Hur knockout mice, in which microvascular
angiogenesis was significantly attenuated”'>*.

In this study, we reported HuR as a new target for the clinical
drug eltrombopag, and the in vitro anticancer effect of eltrombopag
was confirmed in multiple cancer cell lines. Meanwhile, the in vivo
inhibitory activity of eltrombopag on tumor growth and tumor
angiogenesis was verified in mice bearing 4T1 cell allografts.
Furthermore, the HuR-dependent molecular mechanism of

eltrombopag in tumor angiogenesis was studied in detail in 4T1
cells and RAW264.7 macrophages, and the impact of eltrombopag
on HUVEC phenotypes mediated by macrophages was also
described. With these data, we suggest the potential of eltrombopag
as a valuable anti-cancer angiogenesis drug in the clinic.

2. Materials and methods

2.1.  Plasmids construction and proteins purification

The GST-HuR expression plasmid was a kind gift from Dr.
Myriam Gorospe, and the HuR RRM12 (residues of 18—186)
sequence was cloned into a pET30a(+) vector to produce a His6-
RRM12 expression plasmid. Full-length Hur gene was cloned into
pPCMV6 vector to generate pCMV6-HuR plasmid. The 45-bp ARE
sequence (5-AAUUC UACAU ACUAA AUCUC UCUCC
UUUUU UAAUU UUAAU AUUUG-3') of Vegf-a mRNA
(AREY¥*) was inserted into the 3’ UTR of the Firefly luciferase
gene in the dual luciferase reporter plasmid pmirGLO (VT1439,
Youbao Biotechnology, Chongqing, China) to obtain a pmirGLO-
ARE plasmid (Fig. 5D).

GST-HuR and His6-RRM12 expression plasmids were trans-
formed into Escherichia coli Rosetta (DE3) competent cells, and
the HuR or RRMI12 proteins were induced and purified as
described previously®. Purified HuR proteins were cleaved by
recombinant thrombin to remove the GST tags. Fractions of pure
proteins were pooled together and concentrated by ultrafiltration
before being stored at —80 °C.

2.2.  Fluorescence polarization (FP) assays

5'-FAM-labeled ARE"¥“ sequence was synthesized by Sangon
Biotech (Shanghai, China). The HTS system based on HuR and
ARE"#"“ interaction was established with FP technique. For the
screening, a previously described HuR inhibitor DHTS-I'® was
used as positive control, and DMSO was used as negative control.
The HTS system was evaluated with Z’ factor for quality control:
7' = 1—(3 SD of positive control+3 SD of negative control)/
|mean of positive control—mean of negative control|**.

A library includes 4200 compounds were screened, and details
of the compound library are shown in Supporting Information
Table S1, which includes clinical drugs and derivatives. For the
primary screening, the reaction includes 20 nmol/L. FAM-labeled
AREY¥™ 500 nmol/L full-length HuR and 100 pmol/L com-
pound in Tris buffer (25 mmol/L Tris, pH 8.0). The reactions were
incubated at room temperature for 10 min, and then detected with
Multiscan Spectrum (Tecan M1000Pro, Tecan, Switzerland) at the
wavelength of excitation 470 nm and emission 518 nm. Eltrom-
bopag was selected out from the screening for further study. Dose-
dependent assays of eltrombopag were carried out using the FP
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method with 20 nmol/L. FAM-labeled ARE"“", 500 nmol/L full-
length HuR or HuR RRM12 protein, and different concentrations
of eltrombopag in Tris buffer.

2.3.  Electrophoretic mobility shift assays (EMSA)

The disruption effects of eltrombopag or DHTS-I were confirmed
by EMSA. The reaction system contained 20 nmol/L. FAM-labeled
ARE and 500 nmol/L HuR protein in the presence or absence of
active compounds. The reaction was resolved by a 1% native
agarose gel at 4 °C and 50 V for 50 min in 0.5 x TBE buffer as
described previously with slight modification””. The resulting gels
were visualized by fluorescence imaging using a Typhoon FLA
9500 imager (Typhoon FLA 9500, GE Healthcare, Piscataway, NJ,
USA) at wavelength of 470 nm.

2.4.  Molecular docking

Molecular docking was performed using the X-ray crystal struc-
ture of HuR RRM12 (PDB ID: 4ED5) in the RNA-free form”®.
Preparations of RRM12 and eltrombopag were carried out by the
plugin using scripts from the AutoDock Tools package, and the
binding site was defined manually according to the RNA-binding
area'’. Then, the docking run was started with AutoDock, and the
interaction maps were obtained”’. The conformation with the
lowest docking energy was included in our study, and finally, the
surface electrostatic potential of the model was calculated, and an
image was generated with PyMol*®.

2.5.  Surface plasmon resonance (SPR) assay

The interaction between eltrombopag and RRM12 domain of HuR
protein was evaluated by SPR with a BIAcore T200 instrument
(BIAcore T200, GE Healthcare, Chicago, IL, USA) as
described”. Purified His-tagged RRM12 protein was immobilized
on a sensor chip CMS5, and a blank channel was used as negative
control. Eltrombopag was serially diluted to different concentra-
tions with PBS buffer, and flowed through the chip. The Ky, value
was calculated with a steady affinity state model by the BIAcore
T200 analysis software.

2.6. Cell lines and cell culture

Murine mammary 4T1 carcinoma cells (ATCC® CRL-2539T™),
homo sapiens A549 lung carcinoma cells (ATCC® CCL-185™),
homo sapiens NCI-H1299 lung carcinoma cells (ATCC® CRL-
5803™) and homo sapiens SMMC7721 liver carcinoma cells were
cultured in RPMI 1640 medium; murine LLC1 lung carcinoma
cells (ATCC® CRL-1642™) and murine RAW?264.7 macrophage
cells (ATCC® TIB-71) were cultured in Dulbecco’s modified
Eagle’s medium (DMEM); and human umbilical vein endothelial
cells (HUVECs, ATCC® CRL-1730) were cultured in F-K12
medium. All media were supplemented with 10% fetal bovine
serum (FBS) and 1% penicillin-streptomycin, and the cells were
cultured at 37 °C in a 5% humidified CO, incubator. HuR over-
expressing (HUROE) cells of 4T1 were obtained by transient
transfection of pCMV6-HuR vector with LipoHigh liposome
efficient transfection reagent (Sangon Biotech), 4T1 cells trans-
fected with empty pCMV6 vector were used as control. Stable
HuR-silenced 4T1 (AHuR) cells were obtained with CRISPR/
Cas9-mediated knockout as described”. Detailed characterization
and identification of the stable 4T1 AHuR cells were shown in

Supporting Information Section 1.5. HuR protein levels of 4T1,
4T1 HuROE and 4T1 AHuR cells were analyzed with Western
blot method (Supporting Information Fig. S6a).

For cell viability assays, MTT method was used. Cells were
seeded in a 96-well tissue culture plate, incubated for 12 h, and
then treated with different concentrations of eltrombopag. After
48 h of incubation, MTT solution (0.5 mg/mL) was added to the
wells. The cells were then incubated for 4—5 h at 37 °C, and
formazan crystals in viable cells were dissolved in 100 pL
DMSO. The solubilized formazan was spectrophotometrically
quantified with a Tecan M1000Pro Multiscan Spectrum (Tecan)
at 490 nm.

2.7.  Tumor allograft experiments

Six-week-old BALB/c mice were purchased by the Shanghai
University of Traditional Chinese Medicine Institutional Animal
Care and Use Committees (Shanghai, China). 4T1 cells (5x 10°)
resuspended in PBS were injected into the axillary subcutaneous
tissue (five mice per group). When palpable tumors (~ 150 mm?)
were observed, the mice received intraperitoneal (i.p.) injections
of eltrombopag (75 and 150 mg/kg body weight) dissolved in
PBS, gemcitabine (75 mg/kg body weight) dissolved in PBS or
vehicle control every three days. The tumor volumes and body
weight were measured every two days, and the tumor volumes
were calculated as described previously’'. At the termination of
the experiment, the mice were euthanatized, and tumors were
harvested.

IHC was performed using formalin-fixed, paraffin-embedded
(FFPE) tumors sectioned at a thickness of 5 um with monoclonal
anti-CD31 antibody (Abcam, Cambridge, UK), polyclonal anti-F4/
80 antibody (Santa Cruz Biotechnology, Santa Cruz, CA, USA) and
polyclonal anti-VEGF antibody (Santa Cruz Biotechnology). CD31,
F4/80 and VEGF staining represented microvessel, macrophage and
VEGF protein density, respectively. Staining and imaging were
performed as described previously”>*. Tumor section images were
analyzed with ImagePro Plus software.

2.8.  Quantitative real-time PCR (qRT-PCR)

For mRNA analysis, cells were seeded in 6-well plates and treated
with eltrombopag (10 pmol/L) for 12 h. Total RNA was extracted
using TRIzol reagent (Sangon Biotech). For qRT-PCR assays,
total RNA was used for reverse transcription with a PrimeScript™
RT reagent kit (TaKaRa, Tokyo, Japan) and with TB Green™
Premix Ex Taq™ (TaKaRa) for qRT-PCR. The mRNA levels were
normalized to the 3-actin mRNA level. Relative quantification was
performed using the 272" method. The amplification primers
were as follows: Vegf-a (F: 5'-TAGAG TACAT CTTCA AGCCG
TC-3, R: 5-CTTTC TTTGG TCTGC ATTCA CA-3'), Mmp9 (F:
5'-CGTCG TGATC CCCAC TTACT-3', R: 5-AACAC ACAGG
GTTTG CCTTC-3') and f-actin (F: 5-GTCCC TCACC CTCCC
AAAAG-3', R: 5-GCTGC CTCAA CACCT CAACC C-3').

2.9.  Western blots

Cells were seeded in 6-well plates and treated with eltrombopag
(10 pmol/L) for 24 h. Cells were collected and lysed with NP40
buffer (Beyotime Biotechnology, Shanghai, China) according to
the manufacturer’s instructions. Protein concentrations were
determined with the Enhanced BCA Protein Kit (Beyotime
Biotechnology). Western blots were performed as described™
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using antibodies (Santa Cruz Biotechnology) against VEGF-A
(sc-152), MMP9 (sc-6840), HuR (sc-5261), and (-actin (sc-
8432). Detections were analyzed with Azure Biosystem (Azure
¢600, Azure Biosystem™, Dublin, CA, USA).

2.10. RNA stability assays

4T1 and RAW264.7 cells were treated with eltrombopag
(10 pmol/L) or DMSO for 12 h. Then, 40 pmol/L 5,6-
dichlorobenzimidazole riboside (DRB) was added to the cells,
and total RNA was extracted at five time points (0, 0.5, 1, 1.5, and
2 h) thereafter”. The residual levels of target mRNAs were
determined by qRT-PCR and were normalized to the $-actin level.
The relative amounts of the target mRNAs at time O before the
addition of DRB were set to 100%.

2.11.  Luciferase assays

Transient transfections of 4T1 cells were performed in 24-well

LipoHigh liposome efficient transfection reagent (Sangon
Biotech) in accordance with the manufacturer’s instructions. After
5 h of transfection, 10 pmol/L eltrombopag or an equal amount of
DMSO were added to the system, and cell lysates were tested for
Firefly and Renilla luciferase activity after 24 h of incubation. The
Renilla luciferase activity was used as a control for the trans-
fection efficiency. Transfection with the pmirGLO plasmid was
used as the blank control.

2.12.  RNA immunoprecipitation (RIP)

RIP was performed as described®® using 4T1 and RAW264.7 cells
grown in 10 cm dishes and treated with 10 umol/L eltrombopag
(DMSO for control) for 12 h. The cells were lysed with polysome
lysis buffer: 100 mmol/L KCIl, 5 mmol/LL MgCl,, 10 mmol/L
HEPES, pH 7.0, 0.5% Nonidet P-40, 1 mmol/L. DTT, 100 U/mL
RNasin RNase inhibitor (Sangon Biotech) and 2 pL/mL protease
inhibitor cocktail (Sangon Biotech). Equal amounts of cyto-
plasmic lysates (300 pg protein) were first incubated with Protein

plates using the constructed pmirGLO-ARE plasmid and A/G beads (Santa Cruz Biotechnology) for preclearing, and then,
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Figure 1  Identification of eltrombopag from an FP-based screening system. (A) Confirmation of the HuR-ARE "% interaction and disruption

by the positive compound DHTS-I in EMSAs. (B) Binding assays of different concentrations of HuR protein and 20 nmol/L. FAM-labeled
ARE Y& using the FP method. (C) FP assays treated with DMSO (for compound dissolution). (D) Evaluation of the established FP
screening system with the Z' factor. (E) FP-based HTS of the 4200 compounds. (F) Chemical structure of eltrombopag. (G) FP-based ICsq assay of
the effect of eltrombopag on the interaction between full-length HuR and ARE"¢“, (H) EMSA showing the disruption effect of eltrombopag on
the interaction between full-length HuR and ARE"*#™_ Data are presented as mean + SD, n = 3.
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Eltrombopag disrupts the interaction between HuR RRMI12 and ARE"#. (A) Confirmation of the RRM12-ARE"*¥" interaction and

disruption by DHTS-I in EMSAs. (B) Binding assays of different concentrations of RRM12 protein and 20 nmol/L. FAM-labeled ARE"*#" using FP
method. (C) FP-based ICs assay of the effect of eltrombopag on the interaction between the RRM12 protein and ARE"¢, (D) Computer simulation
of eltrombopag binding to RRM12. (E) SPR analysis of eltrombopag binding to RRM12 protein. Data are presented as mean + SD, n = 3.

Protein A/G beads coated with mouse anti-HuR or IgG antibody
(Santa Cruz Biotechnology) were mixed with the lysates overnight
at 4 °C. The reactions were washed with polysome lysis buffer and
total RNA was isolated from the immunoprecipitates with phenol/
chloroform/isoamyl alcohol. The analysis of Vegf-a and Mmp9
mRNA levels was performed with qRT-PCR as described above,
and fold enrichment was calculated as 244",

2.13.  Enzyme-linked immune sorbent assays (ELISA)

The cultured RAW?264.7 cells were centrifuged at 5000 rpm
(Sorval Legen Micro 21R Microcentrifuge, Thermo Scientific™)
for 5 min at 4 °C, and the supernatants were collected for VEGF
and MMP9 detection. VEGF and MMP9 protein levels were
measured by ELISA according to the manufacturer’s instructions
(NeoBioscience, Shanghai, China).

2.14.  Cell scratch assays

To detect the migration capacity of HUVECsS treated with super-
natant from eltrombopag-treated RAW264.7 macrophages, scratch
assays were performed as described previously’’. The cell
monolayers were scratched with pipet tip to create a straight line
“scratch”, and the cells were incubated with medium containing
50% supernatant from eltrombopag-treated (10 pmol/L) or non-
eltrombopag-treated RAW264.7 macrophages for 24 h. Images
were captured with a cell culture microscope (N-SIM, Nikon,
Tokyo, Japan), and the scratch area was evaluated to determine the
migration rates using ImageJ software (NIH, Bethesda, MD,
USA). The supernatants from RAW264.7 cells were collected

after incubation with 10 pmol/L eltrombopag (or DMSO) for 24 h.
HUVECs were also analyzed for migration capacity impacted
directly by 10 pmol/L eltrombopag with the scratch assays.

2.15.  Invitro Matrigel angiogenesis assays

In vitro Matrigel angiogenesis assays were performed as
described’® in 24-well plates coated with Matrigel. HUVECs were
incubated with medium containing 50% supernatant from
eltrombopag-treated (10 pumol/L) or non-eltrombopag-treated
RAW264.7 macrophages for 6 h. Tube formation was observed
and captured with Nikon cell culture microscope, and the
quantification of the biological activity was measured by deter-
mining the junction number, segment number and total length of
tubes with Image] software. The direct effect of eltrombopag
(10 pmol/L) on HUVECs was also detected.

2.16.  Statistical analysis

Two-tailed Student’s #-test was used to determine the significance
of the differences in the in vitro and in vivo assay results between
the control and eltrombopag treatment groups. The raw data were
analyzed using GraphPad Prism 6.0 software. All values are
presented as the mean + standard deviation (SD). P value was
taken to indicate statistical significance.

2.17.  Ethics statement

All animal protocols and procedures were approved by the
Shanghai University of Traditional Chinese Medicine Institutional
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activity in tumor-related cell lines (n = 3). (B) Body weight changes of tumor-bearing mice during treatment with eltrombopag (n = 4). (C)
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Animal Care and Use Committees and were carried out in
accordance with the guidelines outlined in the Guide for the Care
and Use of Laboratory Animals published by National Institute of
Health. All experiments were carried out in compliance with
ARRIVE guidelines™.

3. Results

3.1.  Identification of eltrombopag from an HTS system based on
HuR-ARE™*"* interaction

We established an in vitro FP-based screening system for potential
inhibitors of HuR-ARE"%*“ interaction. The affinity activity of
purified HuR protein and the synthetic FAM-labeled ARE"*%/™
was confirmed via EMSA analysis (Fig. 1A). To optimize the
concentration of HuR protein used in the FP assays, 20 nmol/L
labeled ARE'®™ and different concentrations of HuR
protein were added to each reaction, and FP assays
were performed. As shown in Fig. 1B, the FP value reached a

plateau when 500 nmol/L of HuR was added to the reaction.
In addition, no obvious impact to FP values was found within 2%
DMSO (v/v) (Fig. 1C). Finally, to determine the well-to-well
variation in FP-based binding assays, 40 negative controls
(1%, v/v, of DMSO only) and 40 positive controls (100 pmol/L
DHTS-I) were evaluated, resulting in a Z' factor of 0.83 (>0.5)
(Fig. 1D), which is considered acceptable for the HTS system.
With the established HTS system, a primary screening was
performed for a set of 4200 compounds, among which eltrom-
bopag (Fig. 1F) was a positive hit (Fig. 1E). FP assays shown ICs,
of eltrombopag was 2.2 pmol/L (Fig. 1G). The activity was also
supported by EMSA results (Fig. 1H), which also indicate that
eltrombopag could block the binding of RNA to HuR protein.

3.2.  Eltrombopag binds HuR RRM12 by competing with
AR EVegf-a

As RRM12 is the main ARE-binding domain of HuR protein, we
further expressed and purified RRM12 protein. We first confirmed
the binding activity of RRM12 and ARE"*¢"“ sequence via EMSA
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Eltrombopag’s effect in 4T1, 4T1 HuROE and 4T1 AHuR cells. (A) and (B) gRT-PCR showing relative mRNA amounts of Vegf-a and

Mmp9 in 4T1, 4T1 HuROE and 4T1 AHuR cells after exposure to 10 pmol/L eltrombopag for 12 h, normalized to $-actin mRNA levels. (C)
VEGF-A and MMP9 protein levels impacted by 10 pmol/L eltrombopag in 4T1 cells. (D) VEGF-A and MMP9 protein levels impacted by
10 umol/L eltrombopag in 4T1 HuROE cells. (E) VEGF-A and MMP?9 protein levels impacted by 10 pmol/L eltrombopag in 4T1 AHuR cells.
Data are presented as mean £+ SD, n = 3; **P < 0.01. n.s., no significant difference.

(Fig. 2A), and 500 nmol/L. optimized RRM12 protein (Fig. 2B)
was used for FP detection. The ICsy value for eltrombopag to
disrrupt RRM12-AREY¥ interaction was determined using the
FP assays to 2.9 umol/L (Fig. 2C), which is similar to that of HuR-
AREY#"“ interaction, and indicates the possibility that RRM12
contains the site at which eltrombopag acts. Thus, we then
simulated the interaction mode of eltrombopag and RRM12 using
AutoDock4.2.6. As shown in Fig. 2D, the eltrombopag molecule
could bind through hydrogen bond interactions to the positively
charged cleft formed by the two RRM domains, which is also the
binding position of U-rich RNA”®. We also detected the interac-
tion between eltrombopag and RRM12 protein with SPR assay.
The result shows that eltrombopag was able to bind to RRM12
protein with a Kp value of 2.5 umol/L (Fig. 2E). These data show
that eltrombopag could block the binding of HuR to RNA by
targeting the HuR RRM12 domain.

3.3.  Eltrombopag exhibits anti-tumor effects in vitro and in vivo

We firstly detected eltrombopag’s cell toxicity to five cancer cell
lines and one macrophage cell line: 4T1, A549, H1299, LLC,
SMMC7721 and RAW264.7. As shown in Fig. 3A, eltrombopag
could inhibit the in vitro cell viability of all the detected cell lines.
As eltrombopag was most effective to 4T1 cells, we selected 4T1
cells for further in vivo anti-tumor and mechanistic analyses.
Meanwhile, macrophages are crucial drivers of tumor progression,
especially tumor angiogenesis, thus the macrophage-mediated
anti-tumor mechanism of eltrombopag is also discussed below.

To detect the in vivo anti-tumor effect of eltrombopag, we
established mice bearing allografts with 4T1 cell lines. Over the
course of the experiment, eltrombopag was well tolerated, and no
signs of acute toxicity were observed (Fig. 3B and Supporting
Information Fig. S2). Obvious anti-tumor effects of eltrombopag
were observed for the 75 mg/kg dose (P < 0.01) and 150 mg/kg
dose (P < 0.01) (Fig. 3C and D). A clinical used chemotherapy
drug gemcitabine (75 mg/kg) was used as positive control, which
showed similar anti-tumor effect to eltrombopag. As eltrombopag
is a drug used for thrombocytopenia, we thus detected blood
platelet levels in tumor-bearing mice treated with eltrombopag
(Fig. 3E), and normal blood platelet levels were obtained, while a
significant decrease was observed in tumor-bearing mice treated
with gemcitabine.

The anti-angiogenesis effect of eltrombopag in 4T1 tumor
tissue was surveyed. Microvessels were stained with anti-CD31
antibody, which revealed that eltrombopag treatment highly
decreased the microvessel density in tumor tissues (P < 0.01,
Fig. 3F). The tumor sections were also immunostained for mac-
rophages, as illustrated in Fig. 3G, the macrophage number in
tumor tissues was dramatically decreased in the eltrombopag-
treated groups (P < 0.05). Meanwhile, IHC analysis indicated
dramatically reduced VEGEF protein levels in eltrombopag-treated
tumor tissue (P < 0.01, Fig. 3H). The anti-angiogenesis effect of
eltrombopag was also demonstrated in zebrafish model (Sup-
porting Information Fig. S3) and polyvinyl alcohol (PVA) sponge
implantation mouse model (Supporting Information Fig. S4).
Collectively, eltrombopag inhibited tumor growth and
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angiogenesis in vivo, and macrophages might have an important
role in the effect of eltrombopag.

3.4.  Eltrombopag regulates tumor angiogenesis-related genes in
4TI cells through HuR-dependent mechanism

To investigated whether the in vitro and in vivo anti-tumor effect
of eltrombopag is due to targeting of HuR protein, we constructed
4T1 HuROE clone and 4T1 AHuR clone. The mRNA and protein
levels of Vegf-a and Mmp9 genes were detected respectively in
4T1, 4T1 HuROE and 4T1 AHuR cells. As shown in Fig. 4A and
B, eltrombopag could greatly reduce mRNA amount of Vegf-a and
Mmp9 in both 4T1 cells (P < 0.01) and 4T1 HuROE cells
(P < 0.01), while no significant change of mRNAs amounts was
observed in 4T1 AHuR cells. Similar changes were observed for
the protein levels, VEGF-A and MMP9 protein levels were
dramatically decreased by eltrombopag in wild type 4T1 cells
(Fig. 4C) and 4T1 HuROE cells (Fig. 4D), while in 4T1 AHuR
cells the effect was disappeared (Fig. 4E).

For further confirmation, we also detected the mRNAs stability
of Vegf-a and Mmp9 gene impacted by eltrombopag in 4T1 cells,
which all shown obvious reduced by eltrombopag (Fig. SA and B).
Correspondingly, to test whether the reduced mRNA stabilization

induced by eltrombopag was mediated by HuR, RIP analysis was
performed. The results revealed that eltrombopag reduced the
number of Vegf-a (P < 0.05) and Mmp9 (P < 0.05) mRNA copies
selectively bound by HuR in 4T1 cells (Fig. 5C). In addition, with
a dual luciferase reporter system (Fig. 5D), we found that the
Firefly luciferase (with ARE sequence at the 3’ end) activity was
dramatically decreased by eltrombopag (P < 0.05, Fig. 5D). With
these results, we confirmed the mechanism that eltrombopag
regulates angiogenesis-related mRNA levels by targeting HuR
protein and reduce its binding to mRNAs in 4T1 cells.

3.5.  Eltrombopag regulates macrophage-mediated angiogenesis
in HuR-dependent manner

Macrophages play a critical role in HuR-dependent regulation of
tumor angiogenesis, and thus, we also explored the HuR-
dependent mechanism of eltrombopag in RAW264.7 cells. As
shown in Fig. 6A, Vegf-a (P < 0.01) and Mmp9 (P < 0.05) mRNA
expression was downregulated by eltrombopag. In addition,
VEGF and MMP?9 proteins released by RAW264.7 cells were also
reduced by eltrombopag (Fig. 6B and C). Furthermore, the sta-
bility of their mRNAs was significantly reduced when cells were
incubated with eltrombopag (Fig. 6D and E). With RIP assays, we
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confirmed that the amount of Vegf-a and Mmp9 mRNAs pulled by
HuR was also obviously reduced by eltrombopag (Fig. 6F).

We then investigated if the HuR-dependent mRNA decay
induced by eltrombopag in RAW264.7 macrophages could affect
the functions of downstream vascular endothelial cells
(HUVECs). HUVECs were incubated with supernatants from
eltrombopag-treated RAW264.7 (s-ELB) or non-eltrombopag-
treated RAW?264.7 (s-Ctrl) macrophages, and HUVEC cell
viability, migration and tube formation were measured. When
incubated with supernatant from eltrombopag-treated RAW264.7
macrophages, the cell viability of HUVECs was significantly
inhibited (Supporting Information Fig. S7a). However, eltrombo-
pag had no obvious effect on HUVEC viability (Fig. S7b). Next,
HUVEC migration was examined with in vitro scratch assays.
Compared with the 38.7% migration rate in the s-Ctrl group, the
migration rate in the s-ELB group (14.7%) was dramatically
reduced (Fig. 7A). Subsequently, using a Matrigel matrix, we
found that tube formation was inhibited by supernatant of ELB-
treated RAW264.7 (Fig. 7B). In contrast, HUVEC migration and
tube formation were unaffected when cells were directly incubated
with eltrombopag (Fig. 7C and D). These results indicate that the
angiogenesis functions of HUVECs are impacted by eltrombopag
through a macrophage-mediated manner.

4. Discussion

The RNA-binding protein HuR is a widely studied regulator of
eukaryotic posttranscriptional gene expression that binds to AREs

of mRNAs and shuttles from the nucleus to the cytoplasm to
regulate the half-life and/or translation of cargo mRNAs*’.
Elevated HuR expression levels or increased cytoplasmic HuR
levels have been correlated with advanced clinicopathological
parameters and altered protein expression levels in malignancy,
which makes HuR a putative drug target for cancer therapy''. In
recent years, a series of HuR inhibitors have been designed for
cancer therapy, including not only drugs that directly inhibit HuR
translocation”' but also inhibitors of the ARE-binding function of
HuR. The existing inhibitors mainly disrupt HuR binding to
tumor-promoting genes, including Tnf-a, Cox-2, II-18, II-2,
etc.'***; however, HuR inhibitors to regulate tumor angio-
genesis have rarely been studied. As HuR protein plays a critical
role in the stability of pro-angiogenesis cytokine mRNA in
different cancers‘”, we established an HTS system based on the
interaction of HuR and the ARE of Vegf-a, a widely studied pro-
angiogenesis cytokine®’. From the screening system, a positive
hit eltrombopag was identified, with an ICso of 2.2 pmol/L to
HuR-ARE"#* interaction. As for other HuR inhibitors, DHTS-I
possesses the best activity, with an ICsy of 149 nmol/L for
REMSA assay’’; MS-444 with an ICs, of approximately
10 pmol/L for FP assay'?, and CMLD-2 with an ICsq of 2.4 pmol/
L for FP assay'”.

Our data showed that eltrombopag is effective in disrupting
the interaction between HuR protein and ARE sequence of Vegf-
a mRNA (Fig. 1G). Structurally, HuR contains three RNA
recognition motifs (RRM1, RRM2 and RRM3) and a specific
nuclear-cytoplasmic shuttling sequence (HNS) between RRM2
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Eltrombopag regulated angiogenesis-related genes in RAW264.7 with HuR-dependent manner. (A) Relative Vegf-a and Mmp9 mRNA
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and RRM3. RRM1 and RRM2 are the most widely studied
domains and contain the main ARE-binding region by forming a
positively charged cleft for RNA binding®®*. We measured the
effect of eltrombopag on the RRM12 protein and ARE inter-
action with FP and EMSA assays, which revealed RRM12 might
be the main target region of eltrombopag. Then, with computer-
aided drug modeling and SPR analysis, we found that eltrom-
bopag likely binds directly to the positively charged cleft of
HuR RRM12, implying competitive binding activity with the
ARE sequence.

We also detected the in vitro tumor-inhibiting activity of
eltrombopag, which exhibited a wide spectrum of cell toxicity
in multiple cancer cell lines but no visible toxicity toward
normal HUVECs, which is also supported by previous
studies®’. Next, we confirmed the in vivo anti-tumor effect of
eltrombopag in 4T1 tumor-bearing mice, from which we
observed obvious anti-angiogenesis activity of eltrombopag.
The tumor angiogenesis involves not only cancer cells but also
various tumor-associated leukocytes and stromal cells, among
which macrophages are representative®’. Thus, in this study, we
explored the HuR-dependent anti-angiogenesis effect of
eltrombopag in both the 4T1 cancer cell line and the RAW264.7
macrophage line. Two HuR-targeted mRNAs closely related
with tumor angiogenesis, Vegf-a and Mmp9***°, were used to
investigate the effect of eltrombopag on mRNA decay, and the
half-lives of mRNAs of the two genes were found to be
dramatically declined in both 4T1 and RAW264.7 cells
by eltrombopag (Figs. 5 and 6). Other experiments, including
RIP, luciferase assays and knockdown of HuR, demonstrated
that eltrombopag affects 4T1 and RAW?264.7 cells by targeting
HuR protein, which is consistent with our molecular
experiments.

To confirm that the anti-angiogenesis effect of eltrombopag
was not through direct action on endothelial cells’’, an in vitro
simulation test was designed in which HUVECs were incubated
with supernatants from eltrombopag-treated RAW264.7 cells,
and the results showed that HUVEC cell viability, migration and
tube formation were all dramatically altered. However, we did
not observe a direct effect of eltrombopag on HUVECs, in
which HuR expression is not elevated. These results support our
view that HuR inhibitors could exert effects through macro-
phages, which has not been discussed previously. In addition,
our study confirmed that HuR might be a useful anti-
angiogenesis target for tumor treatment, and this finding em-
phasizes the importance of HuR in the anti-cancer drug
screening field.

5. Conclusions

We elucidated the anti-tumor effect and new mechanism of the
clinical drug eltrombopag, where eltrombopag exhibited anti-
angiogenesis effect through targeting HuR in cancer cells and
macrophages. With these results, we not only find out new protein
target of eltrombopag, we also exhibit the possible anti-
angiogenesis mechanism in cancer mediated by macrophages.
More importantly, this study further emphasizes the efficiency of
HuR inhibitors for tumor inhibition, especially angiogenesis in-
hibition, which also promote us to develop new anti-cancer drugs
based on molecular structure of eltrombopag.
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