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Carboplatin-based chemotherapy is the primary treatment 
option for the management of retinoblastoma, an intraocular 
malignant tumor observed in children. The aim of the present 
study was to establish carboplatin-resistant retinoblastoma 
cell lines to facilitate future research into the treatment of 
chemoresistant retinoblastoma. In total, two retinoblastoma 
cell lines, Y79 and SNUOT-Rb1, were treated with increasing 
concentrations of carboplatin to develop the carboplatin-
resistant retinoblastoma cell lines (termed Y79/CBP and 
SNUOT-Rb1/CBP, respectively). To verify resistance to 
carboplatin, the degree of DNA fragmentation and the 
expression level of cleaved caspase-3 were evaluated in 
the cells, following carboplatin treatment. In addition, the 
newly developed carboplatin-resistant retinoblastoma cells 
formed in vivo intraocular tumors more effectively than 
their parental cells, even after the intravitreal injection of 
carboplatin. Interestingly, the proportion of cells in the G0/G1 
phase was higher in Y79/CBP and SNUOT-Rb1/CBP cells than 
in their respective parental cells. In line with these data, the 
expression levels of cyclin D1 and cyclin D3 were decreased, 
whereas p18 and p27 expression was increased in the 
carboplatin-resistant cells. In addition, the expression levels of 
genes associated with multidrug resistance were increased. 
Thus, these carboplatin-resistant cell lines may serve as a 
useful tool in the study of chemoresistance in retinoblastoma 
and for the development potential therapeutics.
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INTRODUCTION

The primary treatment option for retinoblastoma, the most 

common intraocular malignant tumor in children, is intra-

venous or intra-arterial chemotherapy and focal treatment 

(Abramson et al., 2015). Although a primary chemotherapy 

regimen based on carboplatin, vincristine and etoposide is 

usually sufficient (Kaliki and Shields, 2015), enucleation (the 

total removal of the eyeball) is still performed in select pa-

tients in which the tumor is or has become chemoresistant. In 

this context, there is a need for the development of effective 

second-line treatment options for chemoresistant retinoblas-

toma. To facilitate research into the mechanisms of chemore-

sistant tumors and develop counteractive measures to inhibit 

their progression, it is necessary to create a series of chemo-

resistant cell lines, similar to those that exist in the fields of 

breast and lung cancer. However, there have unfortunately 

only been limited attempts to develop chemoresistant ret-

inoblastoma cell lines, which were not well characterized 

(Stephan et al., 2008; Wang et al., 2013).

 In the present study, two carboplatin-resistant retinoblasto-

ma cells were developed by treating two retinoblastoma cell 
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lines, Y79 and SNUOT-Rb1, with increasing concentrations 

of carboplatin in a stepwise fashion. The carboplatin resistant 

Y79 and SNUOT-Rb1 cells were termed Y79/CBP and SN-

UOT-Rb1/CBP. The resulting Y79/CBP and SNUOT-Rb1/CBP 

lines exhibited both in vitro and in vivo resistance to carbopla-

tin. In addition, in the carboplatin-resistant cells, there was an 

increase in the proportion of cells in the G0/G1 phase when 

compared with their respective parental cell lines. Further-

more, ATPase copper transporting (ATP7) α (ATP7A), ATP7B, 

ATP binding cassette subfamily (ABC) B member 1 (ABCB1), 

ABCC1, ABCC2, and ABCG2 expression was increased in 

the Y79/CBP cells, and ATP7B, ABCB1, ABCC1, ABCC2, and 

ABCG2 expression was increased in the SNUOT-Rb1/CBP 

cells, suggesting the presence of multidrug resistance (MDR) 

in the carboplatin-resistant cells.

MATERIALS AND METHODS

Cell culture
Retinoblastoma cell lines, Y79 (American Type Culture Col-

lection; ATCC, USA) and SNUOT-Rb1 (Kim et al., 2007) cells 

were cultured in RPMI-1640 medium (Welgene, Korea) 

supplemented with 10% fetal bovine serum (Thermo Fisher 

Scientific, USA), penicillin (100 U/ml) and streptomycin (100 

µg/ml) at 37°C in a humidified incubator with 95% air and 

5% CO2. Culture medium was replaced every 3 days and cells 

were observed daily under a phase contrast microscope (Carl 

Zeiss, Germany).

Establishment of carboplatin-resistant cell lines
Carboplatin-resistant cells were established by treating pa-

rental cells with gradually increasing concentrations of car-

boplatin, based on established methods (Asada et al., 1998; 

Behrens et al., 1987; Chen et al., 2013; Dallas et al., 2009; 

Jensen et al., 2015). Carboplatin (Cat. No. C2538; Sigma-Al-

drich, USA) was added when the cells reached 70%-80% 

confluence. After 2 days of carboplatin exposure, medium 

was replaced with fresh carboplatin-free medium until the 

living cells had recovered. When the cells reached equal con-

fluence, carboplatin was added again. Each concentration 

was repeated three times. Y79/CBP cells were treated with 

carboplatin at concentrations of 15.4, 46.2, 92.4, and 138.6 

µM, and SNUOT-Rb1/CBP cells were treated with concen-

trations of 10.5, 31.5, 63, and 94.5 µM. Cells grown in each 

final concentration were stored for further investigation. Fi-

nally, resistant cells were maintained in 5 µM carboplatin.

Cell viability assay
Cell viability was evaluated using an EZ-Cytox (WST-1 based) 

assay kit according to the manufacturer’s protocol (DoGen-

Bio, Korea). Cells (1 × 104 cells/well) were seeded into 96-

well plates and cultured overnight. The following day, cells 

were treated with carboplatin at different concentrations (50, 

100, 200, 400, or 800 µM), and incubated for 48 h. WST-1 

solution was added to each well and incubated at 37°C for 

a further 3 h. Absorbance was measured at 450 nm using a 

microplate reader (Thermo Fisher Scientific). Each test was 

performed in triplicate.

DNA fragmentation analysis
Cells (1 × 107 cells/well) were resuspended in 20 µl TES lysis 

buffer (20 mM EDTA, 100 mM Tris, pH 8.0, 10% SDS, 5 

M NaCl). An RNAse cocktail (10 µl; 500 units/ml RNAse A 

and 20,000 units/ml RNAse T1) was added and incubated 

at 37°C for 1 h. Subsequently, 10 µl proteinase K (20 mg/

ml) was added and incubated at 50°C for 1 h. DNA samples 

were mixed with 6× DNA loading buffer, and separated on a 

2% agarose gel at 35 V for 4 h. The gel contained SYBR Safe 

DNA gel stain (Thermo Fisher Scientific) along with a DNA 

ladder, and was visualized using a Molecular Imager Gel Doc 

XR+ system (Cat. No. 1708195; Bio-Rad Laboratories, USA).

Immunocytochemistry
Y79 cells were plated on and allowed to attach to poly-D-ly-

sine coated culture slides. SNUOT-Rb1 cells were seeded onto 

culture slides. After the cells had attached, they were washed 

with phosphate-buffered saline (PBS) and fixed with 4% 

formaldehyde for 15 min at room temperature. Subsequent-

ly, cells were permeabilized with 0.2% Triton X-100 in PBS 

for 5 min and washed with PBS. Slides were incubated with 

Universal Blocking Reagent (BioGenex, USA) for 10 min and 

then incubated with a cleaved caspase-3 antibody (1:1,000, 

Cat. No. 9664; Cell Signaling Technology, USA) overnight at 

4°C. Slides were rinsed with PBS and incubated with an Alexa 

488-conjugated secondary antibody (Thermo Fisher Scien-

tific) for 1 h. Nuclear staining was performed using DAPI. 

Fluorescence images were acquired using a fluorescence mi-

croscope (Leica Microsystems, Germany).

Animals
Male BALB/c nude mice (age, 6 weeks) were purchased from 

the Central Lab Animal (Korea). Mice were provide ad libitum 

access to food and water, and were maintained in a room 

with a 12-h light/dark cycle. All animal experiments were per-

formed according to the ARVO Statement for the Use of An-

imals in Ophthalmic and Vision Research and in accordance 

with the guidelines of the Seoul National University Institu-

tional Animal Care and Use Committee. The present study 

was approved by the Seoul National University on January 8, 

2017 (approval No. SNU-120111-8-4) and the experiments 

were performed between March and June 2017.

Orthotopic transplantation of retinoblastoma cells into 
mice and evaluation of in vivo chemoresistance
For in vivo orthotopic experiments, harvested cells were 

washed with PBS and suspended in serum-free RPMI-1640 

medium at a density of 1 × 107 cells/ml. Zoletil (30 mg/kg; 

Virbac Korea, Korea) and xylazine (10 mg/kg; Bayer Korea, 

Korea) were injected by intraperitoneal injection into mice 

prior to cell injection; the use of Zoletil was supported by a 

previous publication (Khokhlova et al., 2017). After adequate 

anesthesia, 1 × 104 cells (1 µl) was injected into the vitreous 

cavity of the right eye of the mice (Jo et al., 2013; Kaplan et 

al., 2010; Laurie et al., 2005; 2009). A total of six animals 

were used per a group, and a total of 48 animals were used. 

After 2 weeks, carboplatin was injected into the eye at a con-

centration three times greater than its IC50 in the respective 

parental cells (Y79 and Y79/CBP, 400 µM; SNUOT-Rb1 and 
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SNUOT-Rb1/CBP, 300 µM). After 4 weeks, tumor formation 

was evaluated using the visual grading system, as described 

previously (Jo et al., 2017), and mice were sacrificed. Mice 

were exposed to 100% CO2 concentration in an euthanasia 

chamber (54 L) for 10 min following the National Institutes 

of Health ARAC guidelines for euthanasia of rodents (30% 

of the chamber displaced by CO2 per minute). Eyes were 

removed, embedded in paraffin and cut into 4 µm sections. 

These sections were stained with H&E. The tumor area was 

quantified using ImageJ (National Institutes of Health, USA). 

Data were compared using a two-way ANOVA, and are pre-

sented as the mean ± SEM.

Estimation of cell growth rate
Y79 cells were suspended in the culture medium at a density 

of 1 × 104/ml and plated in 12-well microplates. SNUOT-Rb1 

cells were removed from the surface of the culture dish, 

using trypsin-EDTA, and washed with RPMI-1640 medium. 

Next, cells were resuspended in the culture medium at a den-

sity of 1 × 104/ml, and plated onto 12-well microplates. Cells 

from three wells were digested and counted every 2 days for 

a total of 7 days. Doubling time was calculated for each cell 

line according to the following equation: Doubling time = 

duration × log2/log(final concentration) – log(initial concen-

tration).

Cell cycle analysis
Cells were harvested and centrifuged at 1,200 rpm for 5 min 

at 4°C, the supernatant was removed and the cells were care-

fully washed twice with PBS. Next, cells were fixed in 70% 

ethanol for 1 h at 4°C. Fixed cells were washed again with 

PBS and treated with 10 µg/ml RNase for 1 h. Subsequently, 

cells were stained with propidium iodide (PI) dye and exam-

ined using a BD Accuri C6 Plus flow cytometer (BD Bioscienc-

es, USA). Data were analyzed using BD Accuri C6 software 

(BD Biosciences). Each test was performed in triplicate.

Western blot assay
Protein concentrations were determined using a BCA protein 

assay kit (Thermo Fisher Scientific). Equal amounts of protein 

were loaded on a 10% or 12% SDS-gel, resolved using SDS-

PAGE and transferred to a nitrocellulose membrane (Amer-

shamTM ProtranTM; Cytiva, Korea). Membranes containing 

transferred proteins were incubated with antibodies against 

cyclin-D1 (1:1,000, Cat. No. 2978; Cell Signaling Technology), 

cyclin-D3 (1:1,000, Cat. No. 2936; Cell Signaling Technolo-

gy), p18 (1:1,000, Cat. No. 2896; Cell Signaling Technology), 

p21 (1:1,000, Cat. No. 2947; Cell Signaling Technology), and 

β-actin (1:5,000, Cat. No. A2066; Sigma-Aldrich) overnight 

at 4°C. The following day, membranes were washed with 

PBS-Tween and incubated for 1 h at room temperature with 

the appropriate peroxidase-conjugated secondary antibody 

(Santa Cruz Biotechnology, USA). Membranes were then 

washed with PBS-Tween and signals were visualized using 

EZ-Western Lumi Pico solution (DoGenBio). Digital imaging 

was performed using imageQuant LAS4000 (Cytiva).

Reverse transcription-quantitative polymerase chain reac-
tion (RT-qPCR)
Total RNA was isolated using TRIzol® reagent (Thermo Fish-

er Scientific), and reverse transcribed to cDNA using a High 

Capacity cDNA kit, according to the manufacturer’s protocol 

(Thermo Fisher Scientific). RT-qPCR was performed using 

TaqMan Fast Advanced MasterMix and TaqMan probe (Ther-

mo Fisher Scientific). GAPDH was used as the internal control 

for normalization. Primer and probe sets were ABCB1 (as-

say ID, Hs00392137_m1), ABCC1 (assay ID, Hs00967238_

m1), ABCC2 (assay ID, Hs01091188_m1), ABCG2 (assay 

ID, Hs01053790_m1), ATP7A (assay ID, Hs00163707_m1), 

ATP7B (assay ID, Hs00163739_m1), and GAPDH (assay ID, 

Hs0275899_g1) (Thermo Fisher Scientific). The PCR ther-

mocycling conditions were: 40 cycles of 20 s at 95°C for 

polymerase activation, denaturation for 1 s at 95°C, and 20 

s at 60°C for annealing/extension. Fluorescence signals were 

collected at the end of the elongation step of each PCR cycle 

(72°C for 10 s) to monitor the quantity of amplified DNA. Δ

Cq was calculated from the efflux gene – the Cq of GAPDH. 

Next, ΔCq was calculated by subtracting the ΔCq of parental 

cells from the ΔCq of resistant cells. Fold change in gene ex-

pression was calculated using the 2
–ΔΔCq method.

MDR assay
Detailed protocols for MDR analysis can be found in the man-

ual of the EFLUXX-ID Green Multidrug Resistance Assay kit 

(Cat. No. ENZ-51029-K100; Enzo Life Sciences, USA). Cells 

were harvested, counted and diluted to an equal number of 

cells (5 × 105) in RPMI-1640 medium. Each group was inoc-

ulated with inhibitors (verapamil, 50 µM; MK571, 100 µM; 

novobiocin, 100 µM) or DMSO and resuspended, followed 

by incubation at 37°C for 10 min. The green dye (part of the 

kit) was added and cells were incubated at 37°C for 30 min. 

To exclude dead cells from the assay, PI was added to the 

cells for the last 5 min. Cells were washed once with cold PBS 

prior to FACS analysis.

Statistical analysis
Statistical analysis was performed using Prism 9 (GraphPad 

Software, USA). Comparisons between groups were made 

using one-way ANOVA and Tukey’s post-hoc multiple com-

parison tests. P < 0.05 was considered to indicate a statistical-

ly significant difference.

RESULTS

Establishment of carboplatin-resistant retinoblastoma cell 
lines
Y79/CBP and SNUOT-Rb1/CBP cells exhibited similar mor-

phological characteristics to their parent cells, Y79 and 

SNUOT-Rb1, respectively. Only a few Y79/CBP cells were 

found to be enlarged compared to Y79. SNUOT-Rb1/CBP 

cells exhibited a slightly elongated shape. (Fig. 1A). Using 

western blotting, microtubule-associated protein (MAP) 2 

and cone-rod homeobox (CRX) proteins were found to be 

highly expressed in retinoblastoma cells as well as in the pa-

rental cells (Supplementary Fig. S1A). Western blot analysis 

was performed to demonstrate that SNUOT-Rb1 cells were 
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not endothelial cells nor retinal pigment epithelial cells (Sup-

plementary Fig. S1B). Additionally, immunohistochemistry 

staining revealed that MAP2, CRX and synaptophysin, which 

are expressed in retinoblastoma, were expressed in Y79 and 

SNUOT-Rb1 cells. In SNUOT-Rb1 cells, glial fibrillary acidic 

protein was expressed weakly in the tumor and strongly in 

stromal cells (Supplementary Fig. S2). By contrast, there were 

notable differences in carboplatin-sensitivity between the cell 

lines. The IC50 of carboplatin in the Y79 cells was 24 ± 21.46 

µM, compared with 378 ± 4.46 µM in the Y79/CBP resistant 

cells (Fig. 1B, Supplementary Table S1). The IC50 of carboplatin 

in the SNUOT-Rb1 cells was 65 ± 2.23 µM, which increased 

to 325 ± 108.3 µM in the SNUOT-Rb1/CBP resistant cells (Fig. 

1B, Supplementary Table S1). Furthermore, a DNA fragmen-

Fig. 1. Establishment of car-

boplatin-resistant retinoblas-

toma cell lines. (A) Parental and 

resistant cells were observed under 

an inverted microscope. CBP, 

carboplatin; ns, not significant. 

Scale bar = 100 µm. (B) Viability 

of Y79, Y79/CBP, SNUOT-Rb1, 

and SNUOT-Rb1/CBP cells after 

exposure to carboplatin for 48 

h. (C) DNA fragmentation in 

Y79, Y79/CBP, SNUOT-Rb1, 

and SNUOT-Rb1/CBP cells after 

treatment with carboplatin for 

48 h. (D) Quantification of DNA 

fragmentation ladder strength in 

arbitrary units. Statistical analysis 

was performed using a one-way 

ANOVA with a post hoc Newman–

Keuls multiple comparisons test. 

***P < 0.001; ****P < 0.0001. (E) 

Expression of cleaved caspase-3 

in Y79, Y79/CBP, SNUOT-Rb1, 

and SNUOT-Rb1/CBP cells after 

treatment with carboplatin for 48 

h. Scale bars = 50 µm.
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tation assay demonstrated that the Y79 and SNUOT-Rb1 cells 

exhibited DNA fragmentation due to cell death when treated 

with carboplatin at concentrations three times the IC50 value 

of the parental cells, but this did not occur in the resistant 

cells (Figs. 1C and 1D). Under the same treatment conditions, 

intracellular cleaved caspase-3 was highly expressed in the 

parental cells, but relatively lower in the resistant cells (Fig. 

1E). It was also confirmed that the apoptotic rate was lower 

in the resistant cells based on the Annexin V staining and 

flow cytometry analysis (Supplementary Fig. S3).

In vivo carboplatin-resistance of Y79/CBP and SN-
UOT-Rb1/CBP cells
Retinoblastoma cells (1 × 104 cells) were injected into the 

vitreous cavities of mice. Carboplatin was administered 2 

weeks after injection of cells via the intravitreal route, and 

the eyeballs were evaluated for tumor formation (Fig. 2A). 

Carboplatin injection inhibited tumor formation in the mice 

injected with the parental cells, whereas tumors consisting of 

Y79/CBP or SNUOT-Rb1/CBP cells continued to grow after 

the carboplatin treatment (Fig. 2B). H&E staining confirmed 

differences in the in vivo tumor formations between the mice 

Fig. 2. In vivo chemoresistance 

of Y79/CBP and SNUOT-Rb1/

CBP cells. (A) Schematic of the in 

vivo experiments. Retinoblastoma 

cells (1 × 104/µl) were injected 

into the eyeballs, followed by a 

carboplatin injection directly into 

the eyeballs 2 weeks later. A total 

of 4 weeks after the carboplatin 

injection, tumor formation was 

evaluated and eyeballs were 

removed for further analysis. (B) 

Representative photographs of 

mouse eyes showing the different 

degrees of tumor formation. (C) 

Representative images of H&E 

staining of the in vivo orthotopic 

tumors. Scale bar = 100 µm. 

(D) Visual grading of the in vivo 

tumor formations in the different 

treatment groups. Grade 2, 

plaque; Grade 3, mass; Grade 

4, mass filling the eyeball; Grade 

5, eyeball enlargement. CBP, 

carboplatin; Y, Y79; Y/C, Y79/CBP; 

R, SNUOT-Rb1; R/C, SNUOT-Rb1/

CBP.
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injected with the parental and carboplatin-resistant retino-

blastoma cells (Fig. 2C). In addition, the intraocular tumor 

size was measured and quantified for each group. The maxi-

mum tumor size obtained in the study was 9.054 mm2 in the 

Y79/CBP injected mice treated with carboplatin, and 9.615 

mm2 in the SNUOT-Rb1/CBP injected mice (Supplementary 

Fig. S4). The visual grading system was used to assess the 

degree of tumor formation from 0-5 (Jo et al., 2017). Ac-

cording to the visual grading system, the carboplatin injected 

group in the parental cells was classified as Grade 2 (plaque-

like tumor) and Grade 3 (definite mass formation), whereas 

the group injected with carboplatin-resistant cells exhibited 

Grade 3 and 4 tumors (vitreous-filling tumor) (Fig. 2D).

Fig. 3. Growth curves, cell cycle 

distribution and cell cycle protein 

express ion in parental  and 

resistant cells. (A) Number of cells 

under normal culture conditions. 

(B) Doubling time of a cell was 

estimated using the number of 

cells at each designated time point. 

(C) Proportion of cells in each 

cell cycle phase in Y79, Y79/CBP, 

SNUOT-Rb1, and SNUOT-Rb1/CBP 

cell populations. Statistical analysis 

was performed using an unpaired 

Student’s t-test. (D) Expression 

of proteins associated with the 

cell cycle. (E) Semi-quantitative 

analysis of cell cycle-related protein 

expression. (F) Semi-quantitative 

analysis of SNUOT-Rb1 cell cycle-

related protein expression. Statis-

tical analysis was performed using 

an unpaired Student’s t-test. *P < 

0.05; **P < 0.01; ***P < 0.001; 

****P < 0.0001. CBP, carboplatin; 

Y, Y79; Y/C, Y79/CBP; R, SNUOT-

Rb1; R/C, SNUOT-Rb1/CBP.
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The proportion of cells in the G0/G1 phase is increased in 
the carboplatin-resistant retinoblastoma cells
Under normal culture conditions, Y79/CBP cell counts in-

creased 3.2× and the SNUOT-Rb1/CBP increased 1.4× more 

slowly than their respective parental cells (Figs. 3A and 3B). 

FACS showed that the proportion of cells in the G0/G1 phase 

was higher than the respective parental cells (Fig. 3C, Sup-

plementary Fig. S5). Western blot analysis revealed that the 

expression levels of cyclin D1 and cyclin D3, cell cycle proteins 

associated with the G0/G1 phase, were reduced in the resis-

tant cells when compared with the parental cells. By contrast, 

the expression levels of p18 and p27, inhibitors of cyclin D1 

and cyclin D3, were significantly increased in the resistant 

cells when compared with the parental cells (Fig. 3D). Exper-

iments were repeated three times, and semi-tquantification 

was performed (Figs. 3E and 3F).

Increased drug efflux in carboplatin-resistant retinoblasto-
ma cells
To characterize the Y79/CBP and SNUOT-Rb1/CBP cells 

further, RT-qPCR was used to evaluate the expression of 

MDR-related genes in the carboplatin-resistant cells com-

pared with the parental cells. Interestingly, the expression 

levels of ABCB1, ABCC1, ABCC2, ABCG2, ATP7A, and ATP7B 

were increased in Y79/CBP cells, and the expression levels of 

ABCB1, ABCC1, ABCC2, ABCG2, and ATP7B were increased 

in the SNUOT-Rb1/CBP cells compared with their parental 

cells (Fig. 4A). In line with these results, the Y79/CBP and SN-

UOT-Rb1/CBP cells exhibited increased drug efflux compared 

with their parental cells, which was reversed by treatment 

with verapamil (an MDR1 inhibitor), MK-571 (an MRP inhibi-

tor), or novobiocin (a BCRP inhibitor) (Fig. 4B).

DISCUSSION

The cells used in the present study were the Y79 and SN-

UOT-Rb1 cell lines. MAP2, CRX and synaptophysin are 

strongly expressed in Y79 and SNUOT-Rb1 cells. These mark-

ers are also highly expressed in retinoblastomas (Bond et al., 

2013; Glubrecht et al., 2009; Katsetos et al., 1991; Torbidoni 

et al., 2015). Using the Y79 and SNUOT-Rb1 cell lines, carbo-

platin-resistant retinoblastoma cell lines were established in 

the present study.

 The two carboplatin-resistant retinoblastoma cell lines, 

Y79/CBP and SNUOT-Rb1/CBP, were developed by treating 

cells with increasing concentrations of carboplatin. The cells 

were subsequently characterized in terms of the cell cycle 

kinetics and MDR. The Y79/CBP and SNUOT-Rb1/CBP cells 

exhibited strong in vitro and in vivo resistance to carboplatin. 

They exhibited decreased DNA fragmentation and reduced 

cleaved caspase-3 expression upon carboplatin treatment 

when compared with the parental cells. In addition, follow-

ing intravitreal injection of carboplatin, the tumors formed 

of the resistant cell lines grew to a larger size compared with 

the tumors formed of their parental cell lines. Further charac-

terization revealed that this in vitro and in vivo resistance to 

carboplatin could be linked to changes in the cell cycle ma-

chinery and the MDR-related properties.

 The first characteristic of the carboplatin-resistant retino-

blastoma cells that was observed in the present study was the 

Fig. 4. Increased drug efflux 

in carboplatin-resistant retino-

blastoma cells. (A) Expression of 

MDR-associated genes. Statistical 

analysis performed using an 

unpaired Student’s t -test. (B) 

Relative fluorescein intensity of 

cells in the MDR assay. Statistical 

analysis was performed using the 

Student’s t-test. *P < 0.05; ***P < 

0.001. CBP, carboplatin; Y, Y79; 

Y/C, Y79/CBP; V, verapamil; M, 

MK571; N, novobiocin; R, SNUOT-

Rb1; R/C, SNUOT-Rb1/CBP.
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change in their proliferative rate. Y79/CBP and SNUOT-Rb1/

CBP cells exhibited decreased growth compared with their 

parental cells, similar to paclitaxel- or cisplatin-resistant 

esophageal carcinoma cell lines (Wang et al., 2013; Wen et 

al., 2009). FACS analysis showed that a greater proportion 

of the Y79/CBP and SNUOT-Rb1/CBP cells were in the G0/

G1 phase compared with their parental cells. It is been shown 

that cisplatin and carboplatin cause DNA damage and in-

duce a potent S-phase arrest (Cruet-Hennequart et al., 2009; 

Longley and Johnston, 2005). After cell cycle arrest, the cells 

begin to regenerate by activating or deactivating genes re-

lated to DNA repair (Longley and Johnston, 2005). Similarly, 

the proportion of cells in the G0/G1 stage in the Y79/CBP 

and SNUOT-Rb1/CBP cells was compared with the respective 

parental cells. In agreement with these results, expression 

of the cyclin-dependent kinase inhibitors, p18 and p21, was 

higher in the carboplatin-resistant retinoblastoma cells. This is 

likely due to the fact that arrest at the G0/G1 phase allows for 

cells to repair any DNA damage and activate the endogenous 

drug resistance mechanisms. It was also reported that tumor 

cells in the G0/G1 phase exhibited a higher rate of metastasis 

and higher resistance to anticancer agents than tumor cells in 

the S/G2/M phases (Yano et al., 2014).

 Another characteristic of the carboplatin-resistant retino-

blastoma cells that was reported in the present study was the 

increased expression of MDR-related genes. An MDR assay 

was performed using a hydrophobic dye that is pumped out 

of the cell by the ABC transporters to show that drug efflux 

was increased in these cells. ABC transporter expression is 

a key factor in chemotherapeutic resistance (Ishikawa et al., 

2010). Members of this superfamily utilize energy from ATP 

hydrolysis to transport a broad range of substrates, including 

peptides, lipids and anticancer drugs, across the cell mem-

brane (Wu and Ambudkar, 2014). It has been reported that 

in several tumor types, forkhead box M1 (FoxM1) promotes 

drug resistance through the ABC receptor (Hou et al., 2017), 

and FoxM1 regulates ABCC4 gene transcription to increase 

carboplatin resistance in Y79CR cells (Zhu et al., 2018). In the 

present study, Y79/CBP and SNUOT-Rb1/CBP cells exhibited 

increased expression of genes related to ABC transport-

ers and drug efflux, and it was confirmed that FoxM1 and 

ABCC4 gene expression also increased (Supplementary Fig. 

S6).

 Another potential cause of chemotherapy resistance is the 

presence of Cu transporters. It has been reported that two Cu 

efflux transporters, ATP7A and ATP7B, regulate the uptake 

of platinum agents (cisplatin, carboplatin and oxaliplatin) 

into tumor cells (Safaei and Howell, 2005). Overexpression 

of ATP7A in ovarian cancer cell lines increases resistance to 

cisplatin, carboplatin and oxaliplatin (Samimi et al., 2004). 

In another report, ATP7B overexpression in ovarian cancer 

cell lines resulted in resistance to carboplatin, copper and 

cisplatin (Katano et al., 2003). Similarly, increased expression 

of ATP7A and ATP7B in the Y79/CBP and SNUOT-Rb1/CBP 

retinoblastoma cell lines may have contributed to the in-

creased carboplatin resistance observed in the present study. 

In agreement with previous studies demonstrating the im-

portance of MDR-related factors in the therapeutic response 

in retinoblastoma (Chan et al., 1991; 1997), upregulation of 

MDR-related genes in the carboplatin-resistant retinoblasto-

ma cell lines was one of their key characteristics. Represen-

tative treatments for retinoblastoma chemotherapy include 

vincristine and etoposide. The Y79/CBP and SNUOT-Rb1/CBP 

cells established in the present study also exhibited increased 

resistance to these drugs as well (Supplementary Fig. S7).

 In conclusion, in the present study, two carboplatin-resis-

tant retinoblastoma cell lines, Y79/CBP and SNUOT-Rb1/CBP, 

were established, and were shown to exhibit resistance to 

several commonly used chemotherapeutics. These cell lines 

may serve as useful tools in the development of novel treat-

ment options for the treatment of chemoresistant retinoblas-

toma.

Note: Supplementary information is available on the Mole-

cules and Cells website (www.molcells.org).
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