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Purrosk. Retinoblastoma is the most common primary intraocular malignant tumor in
children. Although intra-arterial chemotherapy and conventional chemotherapy have
become promising therapeutic approaches for advanced intraocular retinoblastoma, the
side effects threaten health and are unavoidable, making the development of targeted
therapy an urgent need. Therefore, we intended to find a potential drug for human
retinoblastoma by screening an in-house compound library that included 89 purified
and well-characterized natural products.

MetHoODS. We screened a panel of 89 natural products in retinoblastoma cell lines to
find the inhibitor. The inhibition of the identified inhibitor xanthatin on cell growth was
detected through half-maximal inhibitory concentration (ICsy), flow cytometry assay, and
zebrafish model system. RNA-seq further selected the target gene PLK1.

Resurts. We reported the discovery of xanthatin as an effective inhibitor of retinoblas-
toma. Mechanistically, xanthatin selectively inhibited the proliferation of retinoblastoma
cells by inducing cell cycle arrest and promoting apoptosis. Interestingly, xanthatin
targeted PLK1-mediated cell cycle progression. The efficacy of xanthatin was further
confirmed in zebrafish models.

Concrusions. Collectively, our data suggested that xanthatin significantly inhibited tumor
growth in vitro and in vivo, and xanthatin could be a potential drug treatment for
retinoblastoma.
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etinoblastoma is the most common and aggressive
Rprimary intraocular malignant tumor in children, and
the age of onset is under 3 years old in most patients.!2
In developing countries, delayed diagnosis leads to seque-
lae and high patient mortality.>-® At present, enucleation is
less frequently used in developed countries. According to
the size, location, and scope of the tumor, intravenous and
ophthalmic arterial interventional chemotherapy and local
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treatment (laser, transpupillary thermotherapy, cryotherapy,
and radionuclide therapy) are used to preserve the eyeballs
and even vision. The carboplatin, etoposide, and vincristine
(CEV) regimen is a common chemotherapeutic approach
for the treatment of middle- or late-stage retinoblastoma.”-8
When the risk of tumor metastasis is high and the applica-
tion of conventional chemotherapy is not feasible, enucle-
ation must be considered.
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Intra-arterial chemotherapy (IAC), also known as super-
selective ophthalmic artery chemotherapy, has become a
main technology for the treatment of advanced intraocular
retinoblastoma to protect children’s eyeballs.”1® However,
melphalan and topotecan often exert strong cytotoxic
effects. In addition, drug resistance and the side effects
of chemotherapy increase in response to prolonged treat-
ment.'12 In severe cases, enucleation and even removal of
the orbital content must be performed. These consequences
could seriously impair children’s appearance and quality of
life. Retinoblastoma may even lead to death from systemic
metastasis as the disease progresses.!® Therefore, there is
still opportunities for improving the treatment of retinoblas-
toma to meet clinical needs.

Traditional Chinese medicine (TCM) has been practiced
for thousands of years in China and East Asia. In some
areas, it is a predominant medical practice to prescribe
Chinese herbal medicine due to its efficient curative power
and mild side effects, as well as economic reasons and reli-
gious beliefs.'*"!> A large number of natural drugs have been
used in clinical applications, which are derived originally
from natural sources in human history. For example, the
arsenic trioxide (As203) therapy used for acute promye-
locytic leukemia, homoharringtonine for chronic myeloid
leukemia, the antibiotic penicillin for bacterial infection, the
aspirin for secondary prevention of cardiovascular diseases,
and artemisinin for combating malaria.'®'” The components
of Chinese herbal medicine are complex mixtures and often
have multiple cellular targets. In many cases, it is difficult to
understand the main active ingredients of herbal medicine
or elucidate the molecular mechanism of action. This situ-
ation often hinders the further development and optimiza-
tion of Chinese herbal medicine in vivo. Nevertheless, we
aimed to investigate the utility of natural compounds in
treating retinoblastoma with the hope of providing poten-
tial systemic therapies.

Here, we screened a panel of 89 natural products in
retinoblastoma cell lines. This in-house compound library
is composed of single components purified from Chinese
herbal medicine. We aimed to determine whether Chinese
herbal medicines currently used in the clinic might have
potential activity against retinoblastoma. Xanthatin has been
identified as an effective inhibitor of retinoblastoma. Further
studies showed that xanthatin exerted its pharmacological
effects by inhibiting the PLK1-mediated G2/M pathway and
inducing apoptotic death of retinoblastoma cells. Collec-
tively, xanthatin showed the potential to be developed as
a novel therapeutic agent for patients with retinoblastoma.

MATERIALS AND METHODS
Cell Culture

The retinoblastoma cell line Y79 was obtained from ATCC,
and the cell line WERI-Rb1 was obtained from the Cell
Bank/Stem Cell Bank (Chinese Academy of Sciences). The
uveal melanoma (UM) cell lines OMM2.3 and MEL290 were
kindly provided by Professor Martine J. Jager (Leiden Univer-
sity Medical Center, Leiden, The Netherlands). The adult
retinal pigment epithelium cell line ARPE-19 was obtained
from the Cell Bank/Stem Cell Bank (Chinese Academy of
Sciences). The cells were cultured in RPMI-1640 medium
(Gibco, USA). All the media were supplemented with 10%
fetal bovine serum (Gibco, USA), 1% penicillin and strepto-
mycin, and the cells were incubated at 37°C with 5% CO,.
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Drug Screening

To identify retinoblastoma-specific compounds, the
retinoblastoma cell lines Y79 and WERI-Rbl and the
UM cell lines OMM2.3 and MEL290 were subjected to
viability screening after exposure to an in-house compound
library that included 89 purified and well-characterized
natural products (Supplementary Table S1). Retinoblastoma
cells were seeded at 3000 cells/well and UM cells were
seeded at 800 cells/well in a 384—well plate using automated
plate filler. Subsequently, a 2-uM concentration of each drug
was added to the plate via pin transfer, and the plates
were incubated for an additional 72 hours at 37°C. The
pharmacological efficacy of the compounds was measured
via cell viability using a CellTiter-Glo Luminescence assay
(Promega) and an EnVision plate reader (PerkinElmer).

Cell Viability

Based on the results of the initial drug screen, two
retinoblastoma cell lines (Y79 and WERI-Rb1) and two UM
cell lines (OMM2.3 and MEL290) were selected for addi-
tional analysis of the drug xanthatin. The cells were seeded
at 3000 cells/well in 96-well plates and subjected to 10
doses of xanthatin in 3 biological replicates. Cell viabil-
ity was measured after incubation with the drugs for 72
hours at 37°C using a CCK-8 assay (Dojindo). An equiva-
lent volume of DMSO was used as a control, and the results
were normalized to the DMSO control. The half maximal
inhibitory concentration (ICsy) values were calculated using
GraphPad Prism software (version 7.0), and the comparison
of ICs, values between the retinoblastoma and UM cell lines
was performed by using unpaired #-tests.

Analysis of In Vivo Toxicity

To test compound toxicity, six zebrafish embryos (3 days
post fertilization [dpf]) per well were placed into a 24-
well plate containing 1 mL egg water, in which the
compound was diluted at different concentrations. The
embryos were incubated at 28°C. The drug-containing
medium was refreshed every 2 days, and survival was eval-
uated up to 8 dpf. If the survival rate of the zebrafish
embryos was higher than 80%, the compound was consid-
ered nontoxic.'® To analyze the treatment effect, a dose of
300 Y79-mCherry cells was implanted in the 2-dpf yolk sac.
At 1 day post injection (dpi), treatment of the implanted
embryos was initiated with 5 pM xanthatin. Embryos were
fixed with 4% paraformaldehyde (PFA) at 6 dpi.!?

Apoptosis Assay

Annexin V-FITC/propidium iodide (PI) double staining was
used to detect apoptosis by flow cytometry. Y79 transfected
of PLK1 siRNA negative control siRNA for 48 hours and
Y79 cells preincubated with xanthatin (0, 0.5, 1, and 2 pM)
for 24 hours were collected by centrifugation, washed with
PBS, and then stained with 0.3% Annexin V-FITC in binding
buffer for 15 minutes at room temperature in the dark. After
centrifugation and resuspension in 1x binding buffer, PI was
added to the cells before flow cytometry analysis (Beckman
CytoFLEX flow cytometer). The software CytExpert was used
for data analysis.
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Cell Cycle Assay

Y79 cells were treated with xanthatin (0, 0.5, 1, and 2 pM)
for 24 hours, washed with PBS, and fixed with 66% ethanol
overnight. The cells were washed with PBS and pelleted
by centrifugation. Subsequently, the pellets were resus-
pended in PBS and stained with PI (50 pg/mL) and RNase
(2.5 pg/mL) for 30 minutes at room temperature. The
DNA content was analyzed by flow cytometry (Beckman
CytoFLEX flow cytometer). The software CytExpert was used
for data analysis.

Total RNA Sequencing

Total RNA from the Y79 and WERI-Rb1 cells treated with
xanthatin (0 and 1 pM) for 24 hours was extracted with
Trizol (Invitrogen) and assessed with Agilent 2100 BioAna-
lyzer (Agilent Technologies, Santa Clara, CA, USA) and Qubit
Fluorometer (Invitrogen). Total RNA samples that met the
following requirements were used in subsequent experi-
ments: RNA integrity number (RIN) >7.0 and a 28S:18S
ratio >1.8.RNA-seq libraries were generated and sequenced
by CapitalBio Technology (Beijing, China). The triplicate
samples of all assays were constructed in an independent
library, and did the following sequencing and analysis. The
NEB Next Ultra RNA Library Prep Kit for Illumina (NEB)
was used to construct the libraries for sequencing. The NEB
Next Poly(A) mRNA Magnetic Isolation Module (NEB) kit
was used to enrich the poly(A) tailed mRNA molecules from
1 pg total RNA. The mRNA was fragmented into ~200 base
pair pieces. The first-strand cDNA was synthesized from the
mRNA fragments reverse transcriptase and random hexamer
primers, and then the second-strand cDNA was synthe-
sized using DNA polymerase I and RNaseH. The end of the
cDNA fragment was subjected to an end repair process that
included the addition of a single “A” base, followed by liga-
tion of the adapters. Products were purified and enriched by
polymerase chain reaction (PCR) to amplify the library DNA.
The final libraries were quantified using KAPA Library Quan-
tification kit (KAPA Biosystems, South Africa) and an Agilent
2100 Bioanalyzer. After quantitative reverse transcription-
polymerase chain reaction (RT-qPCR) validation, libraries
were subjected to paired-end sequencing with pair end 150-
base pair reading length on an Illumina NovaSeq sequencer
(Illumina).

RNA-seq: Data Analysis

The genome of human genome version of hg38 was used
as the reference. The sequencing qualities were assessed
with FastQC (version 0.11.5) and then low quality data were
filtered using NGSQC (version 2.3.3).29 The clean reads were
then aligned to the reference genome using HISAT2 (version
2.1.0) with default parameters. The processed reads from
each sample were aligned using HISAT2 against the refer-
ence genome. The gene expression analyses were performed
with StringTie (version 1.3.3b).?! DESeq (version 1.28.0)*?
was used to analyze the DEGs between samples. Thousands
of independent statistical hypothesis testing was conducted
on DEGs, separately. Then a P value was obtained, which
was corrected by the false discovery rate (FDR) method.
In addition, the corrected P value (g-value) was calculated
by correcting using the Benjamini-Hochberg (BH) method.
The P value or g-value were used to conduct significance
analysis. Parameters for classifying significantly DEGs are
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>2-fold differences (|log2FC|>1, FC: the fold change of
expressions) in the transcript abundance and P < 0.05.

The annotation of the DEGs were performed based on
the information obtained from the databases of ENSEMBL,
National Center for Biotechnology Information (NCBD),
Uniprot, Gene Ontology (GO), and Kyoto Encyclopedia of
Genes and Genomes (KEGG).

RNA Extraction and Real-Time PCR Analysis

Total RNA was extracted using TRI-Reagent (Invitrogen,
USA), and cDNA was synthesized using the PrimeScript
RT reagent kit according to the manufacturer’s instruc-
tions (Takara, Japan). Real-time PCR was performed using
primers specific for PLK1, CCNB1, CDK1, UBE2C, and
CENPA (Table). The relative expression of individual tran-
scripts was normalized to GAPDH. The fold change of target
mRNA expression was calculated based on the threshold
cycle (Ct), where ACt = Ct target - Ctl8S and A (ACH =
ACt Control - ACt Indicated condition.

Western Blot Analysis

The antibodies used in Western blot analysis were PLK1
(CST, 4513T, 1:1000), CCNB1 (CST, 4138T, 1:1000), CDK1
(CST, 9116T, 1:1000), UBE2C (Abcam, ab252940, 1:1000),
CENPA (CST, 2186T, 1:1000), and GAPDH (Bioworld, MB001,
1:5000). The immunoblots were visualized with the Odyssey
infrared imaging system (LI-COR).

siRNA Assay

The sequences of two siRNA used to target PLK1 were listed
as follows:

siPLK1-2: 5'- CGAUACUACCUACGGCAAA- 3/,
siPLK1-3: 5- CGAGGUGCUGAGCAAGAAA- 3'.

Cells were incubated in Opti-MEM I Reduced Serum
Medium (Gibco, USA) containing 50 nM siRNA and Lipo-
fectamine 2000 (Invitrogen) at 37°C. Six hours after trans-
fection, the medium was exchanged for RPMI-1640 medium
supplemented with 10% fetal bovine serum (FBS), and the
cells were maintained at 37°C for 48 hours.

CCKS8 Assay

To determine cell viability, cells were seeded in 96-well
plates at a density of 3000 cells per well. After incubation
with 10 pL CCK-8 reagent (Dojindo Laboratories, Japan)
per well, the absorbance was measured at a wavelength of
450 nm at the indicated time points. The data were recorded
and analyzed. The results were presented as the mean (SD).
The treatment groups were compared by an ANOVA using
GraphPad Prism software (version 7.0).

Statistical Analysis

Statistical analysis was performed using graphing and statis-
tical software (GraphPad Prism software, version 7.0; Graph-
Pad, San Diego, CA, USA). The data are expressed as the
mean (SD). Differences between two or more means were
determined using unpaired #-test and 1-way ANOVA with
Dunnett’s post-test. Statistical significance was indicated in
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TaBLe. Real-Time PCR Was Performed Using Primers Specific for PLK1, CCNB1, CDK1, UBE2C, and CENPA

Gene Forwards (5'-3) Reverse (5'-3') Product
PLK1 CATGTATACCTTGTTAGTGGGCAA AGTAAAGAACTCGTCATTAAGCAGC 199bp
CCNB1 AATAAGGCGAAGATCAACATGGC TTTGTTACCAATGTCCCCAAGAG 111bp
CDK1 GGATGTGCTTATGCAGGATTCC CATGTACTGACCAGGAGGGATAG 100bp
UBE2C GACCTGAGGTATAAGCTCTCGC CAGGGCAGACCACTTTTCCTT 150bp
CENPA GCCCTATTGGCCCTACAAGA ACAGCAAAGTCCAGACAGCA 276bp
GAPDH GGAGCGAGATCCCTCCAAAAT GGCTGTTGTCATACTTCTCATGG 197bp

the following way: *P < 0.05, **P < 0.01, **P < 0.001, and
P < (0.0001.

REsuLTs
Xanthatin Selectively Inhibited Retinoblastoma

To identify specific inhibitors of retinoblastoma from
Chinese herbal medicine, we performed differential cyto-
toxic drug screening on a panel of 89 natural products
with 4 cancer cell lines, two retinoblastoma cell lines,
Y79 and WERI-Rb1, and 2 UM cell lines, OMM2.3 and
MEL290. This panel of 89 in-house compound libraries
is composed of single components purified from Chinese
herbal medicine (Fig. 1a). UM was used as the control
cell line because it is the most common primary intraoc-
ular tumor among adults that is anatomically similar to
retinoblastoma. Xanthatin was the top hit with a signifi-
cantly higher inhibitory effect on retinoblastoma than other
screened compounds. In retinoblastoma, the normalized cell
viability of xanthatin was 27% (Y79) and 9% (WERI-Rb1; see
Figs. 1b, ¢, Supplementary Table S1). In UM, the normal-
ized cell viability of xanthatin was 39% (OMM2.3) and 46%
(MEL290; see Figs. 1d, e, Supplementary Table S1). Thus,
compared with UM, xanthatin preferentially inhibited the
proliferation of retinoblastoma cells (see Fig. 1f).

We further evaluated the pharmacological efficacy of
xanthatin by determining the ICs, values of the compound.
Xanthatin effectively inhibited the proliferation of Y79 and
WERI-Rb1 cells with ICs, values of 0.692 uM and 0.393 pM,
respectively (Figs. 2c, d). The ICs, values of xanthatin for
OMM2.3 and MEL290 cells were 2.811 pM and 2.289 pM,
respectively (see Figs. 2e, f). The comparison of the ICs
values between retinoblastoma and UM clearly indicated that
xanthatin selectively suppressed retinoblastoma growth in
vitro (see Figs. 2g, h).

Xanthatin Inhibited the Proliferation of
Retinoblastoma In Vivo

Xanthatin is an active ingredient isolated from TCM (see
Fig. 2a) with reported antifungal and insecticidal activi-
ties and is used in the treatment of rhinitis, rheumatism,
eczema, cancer, ulcer, and malaria.?® To evaluate the phar-
macological efficacy of xanthatin in vivo, we established a
zebrafish xenograft model of retinoblastoma (Fig. 3a). The
optical transparency of zebrafish combined with mCherry
dye could help to detect tumor development within 1 week,
and this model provided a unique possibility for high-
resolution, noninvasive real-time imaging of fluorescently
labeled cancer cells. In addition, when zebrafish embryos are
immersed in water containing drugs, zebrafish can absorb
small molecules directly from the water without requiring
intravenous injection or other drug delivery methods.?* We

first determined the safe dose of xanthatin that had mini-
mal impact on animal survival. The data indicated that the
maximal safe dose of xanthatin in zebrafish was 5 uM (see
Fig. 2b).

The 1-dpi (day post injection) embryos were treated with
5 uM xanthatin. At 6 dpi, the fluorescence intensity, which
indicated a therapeutic effect, was recorded. The average
fluorescence intensity was 99% (n = 10) in the control
group and 19% (# = 10) in the drug treatment group, which
showed that xanthatin significantly inhibited the growth
of retinoblastoma cells in vivo by statistical analysis (see
Fig. 3b).

Xanthatin Arrested the Cell Cycle and Induced
Apoptosis in Retinoblastoma Cells

To elucidate the mechanism by which xanthatin inhibits the
growth of retinoblastoma cells, we used flow cytometry to
analyze the distribution of the cell cycle and apoptosis. The
number of apoptotic cells increased in a dose-dependent
manner in the xanthatin-treated group compared to the
control group. Early apoptosis was predominant (annexin
V+/PI-; Fig. 4a). The retinoblastoma protein (pRB) is a
key governor of G1 progression. The loss of pRB func-
tion leads to uncontrolled cell division, recurrent genomic
changes, and tumorigenesis.?>?° As the concentration of
xanthatin (0, 0.5, 1, and 2 uM) increased, the percentage
of cells in the G2/M phase gradually increased, whereas the
number of cells in the G1 phase gradually decreased (see
Fig. 4b). The arrest of Y79 cells in the G2/M phase might
be one of the underlying mechanisms by which xanthatin
targets retinoblastoma. Taken together, xanthatin effectively
arrested the cell cycle of retinoblastoma cells, induced early
cellular apoptosis, and inhibited tumor growth.

Xanthatin Targeted the PLK1-Mediated G2/M Cell
Cycle Pathway

Xanthatin has been reported to play a role in tumor suppres-
sion by inhibiting the STAT3-JAK2 signaling pathway in
hepatocellular carcinoma and breast cancer.”’ Intriguingly,
Western blot analysis showed that STAT3-JAK2 signaling
was not affected in Y79 and WERI-Rb1 cells treated with
xanthatin (Supplementary Fig. S1). The data suggested that
xanthatin apparently did not exert its antitumor effect
through the STAT3-JAK2 pathway in retinoblastoma cells.

To elucidate the potential mechanism of xanthatin in the
treatment of retinoblastoma, we used comparative pharma-
cogenomic analysis to search for molecular evidence. By
comparing the transcriptomes of Y79 and WERI-Rb1 cells
treated with control or 1 pM xanthatin for 24 hours, we found
that 70 genes were downregulated (Fig. 5a).
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UM cell lines.



Investigative Ophthalmology & Visual Science

Xanthatin Selectively Targets Retinoblastoma IOVS | December 2021 | Vol. 62 | No. 15 | Article 11 | 6

a b .
Xanthatin
1201
100
§ 80~ B - B . e . ... ...
g
S 601
; 40-
7]
20-
o T L] L] L] L] L] T
O N D » S ©
Consentration, yM
c d
150+ Y79 150+ WERI-Rb1
1254 1254 o
=] IC50=0692|JM = IC50—0393|.|M
Eg 100 Eg 100
5t 5t {
g8 75 g8 75
=% =%
8= 51 8. 501
254 254 g
e [ ]
0 T T T T 1 0 T T T Ll 1
10° 102 10"  10° 10" 102 10° 102 10"  10° 10" 102
Concentration, pM Concentration, uM
e L oMM2.3 LI MEL290
= IC5o=2.811uM & IC5p=2.289uM
= 50=4:011H = 50=4.209
§'§1oo--i°°"!‘ 28 100 .
S c S c
£ 8 75 28 751
=% =%
8 ¢ 501 8. 50
25- 25
0 : : , 5 ’ 0 . , . L] .
10% 102 10"  10° 10" 102 10° 102 10"  10° 10" 102
Concentration, yM Concentration, yM
g h
3.0+
2.5 {
ICs0 (M) 20
Retinoblastoma Y79 0.692 .
= 1.54
WERI-Rb1 8
= 1.0 .
Uveal melanoma OMM2.3 }
0.5-
MEL290 2.289
0.0 . :
2 2
‘}0& QO'(°
N B
Av)
. &
& &

Ficure 2. Antiproliferative effect of xanthatin on retinoblastoma. (a) Chemical structure of xanthatin (C;5H1303; average mass: 246.302
Da). (b) Survival ratio of embryos after treatments with compounds at different concentrations. Uninjected 3-dpf embryos were placed in
24-well plates exposed to various concentrations of xanthatin. The survival of the embryos was examined until 8 dpf, 7 = 12; error bars show
the standard error of the mean. (c, d, e, f) IC5¢ of xanthatin in two retinoblastoma and two UM cell lines. (g) Mean half maximal inhibitory
(IC5¢ in [uM]) concentrations of xanthatin in the retinoblastoma and UM cell lines. (h) Comparison of the mean ICsy values between the
retinoblastoma and UM lines. The P values are from unpaired ¢ test, *P < 0.05.



Investigative Ophthalmology & Visual Science

Xanthatin Selectively Targets Retinoblastoma

a
Xanthatin (uM)

| - -
| - -

150+

-

(=}

o
1

Fluorescence (%)
(3]
o o
L 1

&
)

IOVS | December 2021 | Vol.62 | No. 15 | Article 11 | 7

kekekk
am

Q 1)
Xanthatin, yM

Ficure 3. Xanthatin inhibited retinoblastoma growth in vivo. (a) TG(flk:eGFP) embryos (2 dpf) injected with Y79 cells with red fluores-
cence for easy observation. Zebrafish was treated with xanthatin (0 and 5 pM), n = 10. Six days after treatment, image capture, processing,
and adjustment were performed. Scale bars, 200 pm for magnification images. (b) Statistical analysis showed that the fluorescence of the
5 pM xanthatin group was lower than that of the 0 pM xanthatin group. The P values are from unpaired ¢ test, ****P < 0.0001.

Next, we aimed to verify the results of the pharmacoge-
nomic profile of the DEGs (differentially expressed genes)
in these samples, which were processed in the same way
as sequencing samples. We found that the expression of
polo-like kinase 1 (PLK1) was steadily downregulated (see
Figs. 5b, o) after treatment with xanthatin, whereas the
expression of other candidates could not be confirmed.
Therefore, we hypothesized that PLK1 was the primary
target of xanthatin in retinoblastoma cells.

We then examined whether the expression of other
genes in the PLK1-mediated G2/M cell cycle pathway (PLK1,
CCNB1, CDK1, UBE2C, and CENPA) was changed after
xanthatin treatment. As expected, we found that the mRNA

and protein levels of the above genes decreased in a
concentration-dependent manner (see Figs. 5d, e). These
results indicated that xanthatin inhibited cell proliferation
through the PLK1-mediated G2/M cell cycle pathway in
retinoblastoma (Fig. 6f).

Suppression of PLK1 Inhibited Retinoblastoma
Progression In Vitro

PLK1 plays important roles throughout the M phase during
cell cycle. To clarify the role of PLK1 in retinoblastoma, we
collected tumor tissues from three patients, as well as the
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Ficure 4. Xanthatin induced apoptosis and cell cycle arrest in Y79 cells. (a) The apoptosis of retinoblastoma cells was detected using
FITC-AV/PI staining after treatment with xanthatin (0, 0.5, 1, and 2 pM) for 24 hours. (b) The cell cycle of retinoblastoma cells treated with
xanthatin (0, 0.5, 1, and 2 pM) for 24 hours was detected using flow cytometry. The distribution of cells in the G1, G2/M, and S phases. The
P values are from unpaired ¢ test, *P < 0.05, *P < 0.01, ***P < 0.001, and ***P < 0.0001.

paired normal tissue (GEO, https://www.ncbi.nlm.nih.gov/
geo/, GEO accession number: GSE111168). Bioinformatics
analysis showed that the level of PLK1 was higher in tumor
tissues than that in normal tissues (see Fig. 6a). We next
examined the expression of PLK1 in retinoblastoma cell
lines. As expected, compared with the control cell ARPE-
19, PLK1 was highly expressed in retinoblastoma cells (see
Fig. 6b). The tumor characteristics upon PLK1 knockdown
was further investigated. First, the expression level of PLK1
was knockdown by using three siRNAs and the efficiency
was confirmed by Western blot (see Fig. 6¢). Next, we esti-
mated the role of PLK1 in Y79 cells. In CCK8 assay, tumor
cell growth was significantly decreased in two siPLK1 Y79
cells, whereas the control cells retained a higher cell viabil-
ity (see Fig. 6d). In addition, apoptosis was evaluated using
flow cytometry by staining cells with APC-Annexin V and PI.
Knockdown of PLK1 increased apoptosis in Y79 cells (see
Fig. 6e). These data indicated that PLK1 played an important
regulatory role in cell death through apoptosis.

DISCUSSION

Xanthatin is an anti-inflammatory compound derived from
the plant Xanthium L.*® Xanthatin has been used as a

Chinese herbal medicine in the treatment of rhinitis for
thousands of years in China. Xanthatin has been shown
to effectively inhibit the proliferation of many cancer cells,
such as melanoma cells, lung cancer cells, and hepatocel-
lular carcinoma cells.®=% By using differential cytotoxic
drug screening, we discovered that xanthatin arrested cell
cycle progression and induced apoptosis in retinoblastoma
cells by suppressing the PLK1-mediated G2/M cell cycle
pathway. Remarkably, xanthatin is an outstanding sesquiter-
pene lactone compound with impressive antitumor activity
that exhibits little toxicity in zebrafish. Therefore, xanthatin
might be used as an effective antitumor compound to
expand its clinical indications.

Natural products are an abundant source of drug candi-
dates for cancer treatment.!> Identification of individual
components with favorable pharmacological profiles may
offer beneficial outcomes. Here, we used an unbiased drug
screening system, which provided an opportunity to explore
the biological behavior of cancer cells at the cellular level
and to identify a number of clinical stage drugs with anti-
cancer properties. Our compound library could identify
new bioactivities of previously approved drugs, which is
known as drug repurposing. This new use of old drugs
could provide us with comprehensive insight into dynamic
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Ficure 5. Xanthatin targeted PLK in Y79 cells. (a) Seventy downregulated genes were differentially expressed in two retinoblastoma cell
lines (fold change > 1.5, FDR < 0.05). (b) Heatmap of total 238 DEGs in two cell lines. (¢) Volcano plots of DEGs. The X-axis represents
log fold changes. The Y-axis represents log P values. The blue points denote the significantly downregulated genes, and the red points
denote the significantly upregulated genes. (d, ) The efficiency of the PLK1-mediated G2/M cell cycle pathway in Y79 cells was verified
by real-time PCR d and Western blot e. Error bars represent the SD of three replicates. The P values were from 1-way ANOVA, *P < 0.05,

#P < 0.01, **P < 0.001, and ***P < 0.0001.

pharmacogenomics interactions across multiple cancer
types. In addition, the advantages of this approach include
cost-effectiveness, parallel data generation, and rapid drug
development.®*37 We first used this compound screening
system for repurposing natural products as drug candi-

dates on retinoblastoma cell lines. The results show that

this method is useful for the discovery of new drugs against
retinoblastoma.

We also used the zebrafish system to assess drug efficacy
and toxicity in vivo to determine the safety and effective-
ness of natural products. Zebrafish is an ideal animal model
system.’® The Zebrafish xenograft model has already been
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Figure 6. PLK1 contributed to tumor progression. (a) RNA-sequence analysis was performed to evaluate the transcriptome of three
retinoblastoma samples and normal retina samples. (b) The expression level of PLK1 in the retinoblastoma cells was verified by Western
blot. (c) Efficiency of PLK1 knockdown in Y79 cells by siRNAs was verified by Western blot. (d) CCK8 assay showing tumor cell growth after
PLK1 knockdown. Cell growth was restrained in PLK1 KD Y79 cells. The absorbance values were detected at 0, 24, 48, 72, and 96 hours,
and the control was arbitrarily set at 100% on 0 hour. ***P < 0.0001. (e) siPLK1 Y79 cells were more prone to apoptosis. The percentage of
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widely accepted for investigating cancer and cancer thera-
peutics. It is also used in ocular cancer studies.'®3-%> The
general advantages of this model included relatively low
cost, transparency, and easy manipulation of the embryo.
In recent years, high-throughput technology has improved
the role of zebrafish embryos in screening for chemi-
cal drugs.% Because zebrafish can autonomously absorb
small molecular weight compounds from water, the opera-
tion was simple and effective.’>%’ Qur results showed that
zebrafish could be an important model for the discovery of
new drugs and new therapeutic strategies.

We found that xanthatin exerted its antiproliferative
effects by arresting retinoblastoma cells in the G2/M phase.
It is well known that cell growth is controlled by the cell
cycle process, which is highly regulated.”® Unlike normal
cells, which rely on the G1 checkpoint to prevent DNA
damage, cancer cells rely more on the G2 checkpoint
to repair DNA damage.”” Therefore, the cell cycle G2
checkpoint has been proposed to be a specific target for
cancer treatment.’*->? Further experimental data revealed
that xanthatin targeted PLK1 and its related signaling path-
ways. PLK1 plays important roles throughout the M phase of
the cell cycle, including the regulation of centrosome matu-
ration and spindle assembly, the removal of cohesins from
chromosome arms, the inactivation of anaphase-promoting
complex/cyclosome (APC/C) inhibitors, and the regulation
of mitotic exit and cytokinesis.”> Previous studies have
shown that PLK1 is overexpressed in a variety of human
tumors and is a potential biomarker for cancer progno-
sis. It is involved in the development of cancer and has
potential as a therapeutic target.>*>> Furthermore, role of
PLK1 has also been reported in retinoblastoma. The expres-
sion level of PLK1 was related to histopathological high-
risk factors and poor tumor differentiation.’® Combined
hyperthermia (HT) therapy with PLK1 knockdown could
enhance the sensitivity of retinoblastoma cells toward HT-
associated apoptosis.’’ This suggested that the inhibition
of PLK was effective in inducing death of retinoblastoma
cells.

It has been reported that PLK1 is a target of the
retinoblastoma tumor suppressor (RB) pathway in cancers.
The activation of RB and the related pocket proteins
Pp107/p130 results in the repression of PLK1 promoter activ-
ity. Conversely, the loss of RB released the suppression
of PLK1.5%% Importantly, 95% of patients with retinoblas-
toma have loss-of-function RBI mutations.®®®" Thus, the
specificity of RB1 genetic status mediated the sensitivity of
retinoblastoma to PLK inhibitors.

In conclusion, we discovered a natural compound,
xanthatin, that could effectively inhibit the proliferation of
retinoblastoma. Mechanistically, xanthatin inhibited the cell
cycle and induced the apoptosis of human retinoblastoma
cells by targeting the PLK1-mediated G2/M cell cycle path-
way. We also proposed a new method to identify anti-
retinoblastoma drugs and evaluate their efficacy in vivo with
a zebrafish model.
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