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Abstract. Chemotherapies are used for treating retinoblas‑
toma; however, numerous patients suffer from recurrence 
or symptoms due to chemotherapy, which emphasizes the 
need for alternative therapeutic strategies. The present study 
demonstrated that protein arginine deiminase Ⅱ (PADI2) was 
highly expressed in human and mouse retinoblastoma tissues 
due to the overexpression of E2 factor (E2F). By inhibiting 
PADI2 activity, the expression of phosphorylated AKT was 
reduced, and cleaved poly (ADP‑ribose) polymerase level was 
increased, leading to induced apoptosis. Similar results were 
obtained in orthotopic mouse models with reduced tumor 
volumes. In addition, BB‑Cl‑amidine showed low toxicity 
in vivo. These results suggested that PADI2 inhibition has 
potential clinical translation. Furthermore, the present study 
highlights the potential of epigenetic approaches to target 
RB1‑deficient mutations at the molecular level. The current 
findings provide new insights into the importance of retino‑
blastoma intervention by managing PADI2 activity according 
to the treatment of specific inhibitors and depletion approaches 
in vitro and in orthotopic mouse models.

Introduction

Retinoblastoma is a malignant ocular tumor that occurs during 
childhood. Over 95% of the tumors have mutated RB1, which 
is located on chromosome 13 (1). This leads to the deficiency 
of protein retinoblastoma (pRb), the translational product of the 
RB1 gene, which regulates the G1 checkpoint of the cell cycle 
by binding to E2 factor (E2F) (2). Therefore, loss of pRb leads 
to unregulated cell cycle progression, reduced apoptosis and 
uncontrolled cell proliferation (2,3). Several chemotherapies, 
radiotherapies and thermotherapies have been used to treat 
retinoblastoma (4‑6). However, numerous patients experience 
recurrence or symptoms related to the toxicity of chemotherapies, 
and enucleation is still often implemented, which significantly 
affects the quality of life after operation  (4). Therefore, an 
alternative therapeutic strategy is imperative to enhance the eye 
salvation rate and quality of life in young patients. 

The translational product of RB1, pRb, binds to E2F and 
inhibits cell cycle progressive activities. Therefore, deficiency 
of pRb leads to overexpression and hyperactivity of E2F, 
which is also known to interact functionally with specificity 
factor 1 (Sp1) (7,8). The C‑ terminal domain of Sp1 binds to the 
N‑terminus of E2F, which facilitates its activities (7). Another 
study has also reported cooperative relations between these 
two proteins in Drosophila and mice (9). An increase in Sp1 
can lead to increased expression and activity of protein argi‑
nine deiminase II (PADI2) (10,11). A previous study on human 
keratinocytes reported that Sp1 was involved in regulating 
PADI2, and that the activity and binding of Sp1 facilitated the 
transcription of PADI2 (10). Another study reported that Sp1 
facilitated the mRNA expression of PADI2 in bone marrow 
cells in rheumatoid arthritis (11). Therefore, it can be deduced 
that an increase in Sp1 can lead to overexpression of PADI2. 
Since E2F activity is known to be increased in retinoblastoma 
due to RB1 deficiency, this implies that PADI2 may also be 
overexpressed. 

The epigenetic regulator PADI2 is involved in the 
transcription of genes that accelerate cell proliferation, and is 
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overexpressed in numerous cancer types, including breast, skin 
and ovarian cancer (12‑15). PADI2 citrullinates the arginine 
of histone H3, which leads to increased transcription of cell 
cycle‑progressing genes such as RNA polymerase II  (16). 
Previous clinical studies have reported a significant association 
between PADI2 level and survival  (15,17). Furthermore, 
preclinical studies have reported tumor‑suppressive effects of 
PADI2 inhibition (13,17‑20). 

Based on the RB1 deficient characteristics of retinoblastoma 
and previous studies on the role of PADI2 in numerous tumors, 
it was hypothesized that this may be a novel therapeutic target 
in retinoblastoma. The present is a preclinical study on the 
PADI2 inhibitor BB‑Cl‑amidine in in vitro and in vivo models 
of retinoblastoma. Representative cell lines and orthotopic 
xenograft mouse models were used to evaluate the efficacy 
and toxicity of BB‑Cl‑amidine. The results revealed that 
PADI2 expression was upregulated in retinoblastoma, and 
PADI2 inhibition attenuated oncogenic activity. These results 
suggested therapeutic potential and promising prospects for 
further clinical translation.

Materials and methods

Drugs. BB‑Cl‑amidine (cat. no. HY‑111347A) was purchased 
from MedChemExpress, while E2F inhibitor (cat. no. 324461) 
was purchased from Sigma‑Aldrich; Merck KGaA.

Cell lines. Two retinoblastoma cell lines, Y79 and WERI‑Rb‑1, 
were used in the present study. Y79 [cat.  no.  HTB‑18; 
American Type Culture Collection (ATCC)] and WERI‑Rb‑1 
(cat. no. HTB‑169; ATCC) cells were cultured in RPMI‑1640 
medium (cat.  no.  30‑2001; ATCC and cat.  no. LM011‑01; 
Welgene, Inc.) at 37˚C with 5% CO2. A normal retinal pigment 
epithelium cell line, ARPE‑19, was used for comparison. 
ARPE‑19 (cat. no. CRL‑2302; ATCC) cells were cultured 
in DMEM‑F12 medium (cat.  no.  30‑2006; ATCC and 
cat. no. LM002‑04; Welgene, Inc.). 

Orthotopic xenograft mouse model. An orthotopic retino‑
blastoma mouse model was generated by injecting cultivated 
Y79 and WERI‑Rb‑1 cell lines into the vitreous cavity of 
BALB/c‑nude mice (OrientBio Inc.) according to previous 
protocols (21,22). All animal experiments were performed 
with the approval (approval  no.  SNU‑220512‑3) of the 
Institutional Research Ethics Committee of Seoul National 
University College (Seoul, Korea). All mice were 6‑weeks old 
female. A total of 20 mice were used with an average weight of 
20 g. They were kept in cages with individual circulation. The 
temperature was controlled in the range of 20‑25˚C. Remaining 
food and water were monitored daily and refilled whenever 
needed. The light/dark cycle was 14/10 h according to the 
institution's guideline. The health conditions and behavior of 
all animals were monitored 5 times a week with professional 
veterinarian assistance. The number of mice per standard cage 
was restricted to 5 mice according to the institution's animal 
ethics guideline. Cells at a density of 2x104 cells per eye were 
suspended in PBS. Prior to intravitreal cell injection, mice 
were put under complete anesthesia to minimize suffering 
and distress. They were also placed under infrared lighting 
to prevent hypothermia when under anesthesia and were 

monitored carefully until full conscious was confirmed. For 
anesthesia, Zoletil (30 mg/kg; Virbac) and xylazine (10 mg/kg; 
Bayer‑Korea, Ltd.) were injected intraperitoneally according to 
a previous protocol (23). A previous publication supported the 
use of Zoletil for anesthetic purposes (24). After adequate anes‑
thesia, the cell suspension was injected into one eye per mouse 
using a 30‑gauge needle. Control group and an experimental 
group which received BB‑Cl‑amidine injection consisted of 
10 mice. BB‑Cl‑amidine (2 µM) was injected intravitreally 
following the anesthesia 2 weeks after the injection of cells. All 
mice were euthanized, visually graded and enucleated 4 weeks 
after cell injection, making the total duration of 4 weeks. It 
was planned to euthanize any mice that exhibited ≥15% loss of 
body weight, or showed protruded eyeball. However, no mouse 
was succumbed or reached humane endpoints during the dura‑
tion of the experiment. When the pre‑planned termination 
timepoint was reached, all mice were first anesthesized with 
the same protocol implemented before intravitreal injection. 
After full unconsciousness was confirmed, mice were placed 
in a CO2 chamber where they were sacrificed by a flow rate 
of CO2 that caused 50% displacement of the cage volume 
per min. This took place at January 2022. Animal death was 
confirmed by 20 min of observation of full unconscious‑
ness and absence of breathing and heartbeat. All procedures 
followed the guidelines of the National Institutes of Health 
for euthanasia of rodents. Mice were maintained and treated 
in a specific‑pathogen‑free facility, in accordance with the 
Association for Research in Vision and Ophthalmology state‑
ment for the use of animals in ophthalmic and vision research.

pLKO.1 lentiviral infection. The lentiviral pLKO.1 
vector‑small hairpin RNA (shRNA) based on a 2nd genera‑
tion system targeting PADI2 (shPADI2), and negative control 
(shNS) were supplied by Yonsei University. The following 
shRNA sequences were used: shNS, 5'‑CCG​GCA​ACA​AGA​
TGA​AGA​GCA​CCA​ACT​CGA​GTT​GGT​GCT​CTT​CAT​CTT​
GTT​GTT​TTT‑3'; shPADI2 (1), 5'‑GCA​CCT​TCA​TCG​ACG​
ACA​TTT‑3'; and shPADI2 (2), 5'‑GTG​TGC​TGC​ATG​AAG​
GAT​AAT‑3'. To generate stable transfectants, 293T cells were 
seeded in 60‑mm plates and the 1 µg lentiviral pLKO.1 vector 
and virus packing mixture (including 750 ng psPAX2 pack‑
aging plasmid and 250 ng pMD2.G envelope plasmid) were 
co‑transfected into 293T cells (cat. no. CRL‑1573; ATCC) 
with Polyethylenimine (PEI, cat. no. 408727; Sigma‑Aldrich; 
Merck KGaA) for 24 h at 37˚C. 293T cells were changed 
with fresh medium and incubated for 48 h at 37˚C. Next, the 
virus‑containing medium was harvested and concentrated 
using a lenti‑X concentrator (cat. no. 631231; Takara Bio, Inc.) 
according to the manufacturer's instructions. A total of 5 ml 
of lentivirus‑containing medium and 1.5 ml of a concentrator 
were mixed, incubated for 30 min at 37˚C, and centrifuged by 
1,500 x g for 45 min at 4˚C in a centrifuge (cat. no. 1248R; 
LABOGENE). After removing the supernatant, the viral pellet 
was resuspended in fresh medium and added to Y79 cells 
seeded in 60‑mm plates without dilution for lentiviral trans‑
duction. The multiplicity of infection (MOI) value was not 
defined. Culture scales of the packaging cells and the target 
cells were the same, and the virus obtained from one plate of 
293T infected one plate of Y79 cells. The shRNA‑transduced 
Y79 cells were incubated for 24 h at 37˚C. After 24 h, the 
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medium was replaced with fresh medium containing 1 µg/ml 
puromycin (cat. no. P8833; Sigma‑Aldrich; Merck KGaA). 
Puromycin‑resistant clones were selected. Knockdown 
efficiency was evaluated using western blotting.

Reverse transcription PCR (RT‑PCR). Y79 cells were seeded 
in 60‑mm plates at a density of 1x106 cells and treated with 
E2F inhibitor 40 µM. After treating E2F inhibitor for 0, 24 and 
48 h, the cells were harvested. Following harvest, total RNA 
was extracted using QIAzol Lysis Reagent (cat. no. 79306; 
Qiagen, Inc.) according to the manufacturer's instructions. 
Total RNA concentration was measured using a NanoDrop 
2000 spectrophotometer (NanoDrop Technologies; Thermo 
Fisher Scientific, Inc.) at a wavelength of 260 nm. Total RNA 
(1,000 ng) was reverse transcribed to cDNA using amfiRi‑
vert cDNA Synthesis Platinum Master Mix (cat. no. R5600; 
GenDEPOT, LLC) at 42˚C for 1  h, and the reaction was 
quenched by heating at 94˚C for 5 min. RT‑PCR was performed 
using Takara PCR Thermal Cycler Dice (cat.  no.  TP600; 
Takara Bio, Inc.). cDNA (1 µl) was amplified with 2.5 U 
Pfu polymerase, 50  mM KCl, 10  mM Tris‑HCl (pH  8.3), 
1.5 mM MgCl2, 0.02 mM dNTPs (cat. no. E‑2015‑1; Bioneer 
Corporation) and 0.1 µM each primer. The following primer 
sequences were used: PADI2 forward, 5'‑ACA​AAG​TGG​GCG​
TGT​TCT​ACG‑3' and reverse, 5'‑CCA​CCC​GTG​TAC​TTG​ACC​
A‑3'; and HPRT forward, 5'‑TGA​CAC​TGG​CAA​AAC​AAT​
GCA‑3' and reverse, 5'‑GGT​CCT​TTT​CAC​CAG​CAA​GCT‑3'. 
The PCR products were electrophoresed on 2% agarose gels 
at 100 V for 30 min. The HPRT was used as internal control 
for normalization. The PCR products were electrophoresed 
on 2% agarose gels containing SafePinky DNA Gel staining 
solution (cat. no. S1001‑025; GenDEPOT, LLC) at 100 V for 
30 min. The agarose gel was exposed and the bands were 
visualized using Gel Doc™ XR system (cat. no. 170‑8170; 
BIO‑RAD, Inc.).

Cell proliferation assay. Y79 and ARPE‑19 cells were seeded 
in 96‑well plates at a density of 5x103 cells per well and treated 
with DMSO or different concentrations of BB‑Cl‑amidine (0.5, 
1, 1.5, 2 and 2.5 µM) for 48 h. Subsequently, 20 µl MTS reagent 
(cat. no. G3580; Promega Corporation) was added to each 
well, and the cells were incubated at 37˚C for 1 h in the dark. 
Finally, the quantity of the formazan product was measured 
by recording the absorbance at 490 nm using a 96‑well plate 
reader (cat. no. 340PC384; Molecular Devices, LLC).

Cell counting and colony formation assay. For the cell 
counting assay, Y79 cells were seeded in 12‑well plates at a 
density of 1x105 cells/well. The cells were treated with DMSO 
or BB‑Cl‑amidine (2 µM), harvested, and counted at 0, 24, 48 
and 72 h after treatment. Each counting was performed eight 
times, and the mean was obtained. 

For the colony formation assay, Y79 cells were seeded 
in 12‑well plates coated with 100  mg/ml poly‑D‑lysine 
(cat. no. A38904‑01; Gibco; Thermo Fisher Scientific, Inc.) at 
a density of 1x103 cells per well and treated with DMSO or 
BB‑Cl‑amidine (2 µM). The cells were then incubated at 37˚C 
for 2 weeks. After forming colonies, the colonies were washed 
twice with PBS, fixed with 100% methanol for 10 min, stained 
with 1% crystal violet for 30 min, and washed with distilled 

water. Finally, the images of colonies were captured, and 
the colonies were counted using the ImageJ 1.53K software 
(National Institutes of Health).

Immunofluorescence assay. Y79 cells were plated on a 
12‑well plate coated with poly‑D‑lysine and incubated at 37˚C 
for 48 h. For inhibition of PADI2, Y79 cells were treated 
with BB‑Cl‑amidine 2 µM or small hairpin RNA (shRNA). 
Subsequently, the cells were fixed with 4% paraformaldehyde 
at room temperature for 10 min and permeabilized with 0.1% 
Triton X‑100 for 5 min. Next, the cells were treated with 2% 
bovine serum albumin (BSA, cat. no. A0100‑010; GenDEPOT, 
LLC) for 1 h to minimize nonspecific binding and then incu‑
bated with primary antibodies in 2% BSA at 4˚C overnight. 
The next day, the cells were treated with Alexa Fluor 488 goat 
IgG antibody (cat. no. A‑11034; Thermo Fisher Scientific, Inc.) 
in 2% BSA (1:1,000) at room temperature for 1 h. Nuclear 
staining was performed using DAPI solution (cat. no. 62248; 
Thermo Fisher Scientific, Inc.). Finally, the slips were 
observed under a fluorescence microscope (EVOS™ FL Auto 
2 Imaging system, cat.  no. AMAFD2000; Thermo Fisher 
Scientific, Inc.). The primary antibodies used were against 
Ki67 (1:500; cat.  no.  ab15580; Abcam) and BrdU (1:500; 
cat. no. 11296736001; Roche Diagnostics).

Wound healing assay. Y79 cells were cultured overnight in 
12‑well plates coated with poly‑D‑lysine. After Y79 cells were 
100% of confluency, straight wounds were created using 200‑µl 
pipette tips. Next, straight wounds were created using 200‑µl 
pipette tips. After washing with culture medium to remove 
cell debris, the wounded cells were incubated in medium with 
10% FBS (cat. no. F0900‑050; GenDEPOT, LLC) containing 
DMSO or BB‑Cl‑amidine (2 µM). Images of the wound gaps 
were captured at 0, 24, 48 and 72 h. The results were evaluated 
using an EVOS microscope (cat. no. AMAFD2000; Thermo 
Fisher Scientific, Inc.).

Invasion assay. Transwell inserts (24‑well plate; pore size 
8.0 µM; cat. no. 37224; SPL Life Sciences) were coated with 
100 µg/ml fibronectin (cat. no. F2006; Sigma) for 1 h. The upper 
surface of the Transwell insert was then coated with 100 µl 
Matrigel diluted 1:5 in serum‑free RPMI‑1640 medium at 37˚C 
overnight. Y79 cells were seeded at a density of 1x105 cells per 
well in the upper chamber with 200 µl serum‑free medium and 
treated with DMSO or BB‑Cl‑amidine (2 µM). The bottom 
chamber was filled with 800 µl complete medium containing 
10% FBS (cat. no. F0900‑050; GenDEPOT, LLC). After 36 h, 
the invasive cells were fixed with 100% methanol for 10 min 
and stained with 1% crystal violet at room temperature for 
10 min. Finally, images of the Transwell inserts were captured 
using an EVOS microscope (cat. no. AMAFD2000; Thermo 
Fisher Scientific, Inc.) at x20 magnification. The migration 
assay was performed similarly to the invasion assay, with 
the exception of the Transwell inserts, which were not coated 
with Matrigel.

Western blot assay. Upon harvesting, cells were lysed in 
lysis buffer [50  mM Tris‑HCl (pH  8.0), 200  mM NaCl 
and 0.5% NP‑40] containing a protease inhibitor cocktail 
(cat.  no.  11836153001; Sigma‑Aldrich; Merck KGaA) for 
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30 min on ice. The lysates were centrifuged at 15,000 x g 
at 4˚C for 15 min and the supernatants were collected. Total 
protein was quantified by BCA assay (cat. no. 23227; Thermo 
Fisher Scientific, Inc.). Total protein (~20 µg) was separated 
by 10‑14% SDS‑PAGE and transferred to a PVDF membrane 
(cat. no. 1620177; Bio‑Rad Laboratories, Inc.). The membranes 
were blocked in Tris‑buffered saline containing 0.1% Tween 
20 and 5% skim milk (cat. no. CNS109; CELLNEST) at room 
temperature for 30 min, and incubated with primary at 4˚C for 
overnight and secondary antibodies at room temperature for 
1 h. The signal was visualized using an enhanced chemilumi‑
nescence detection system (cat. no. W3652‑020; GenDEPOT, 
LLC). The band intensities were calculated using the ImageJ 
1.53K software (National Institutes of Health).

The following primary antibodies were used: Anti‑β‑actin 
(1:3,000; cat.  no.  A5441; Sigma‑Aldrich; Merck KGaA), 
anti‑PADI2 (1:1,000; cat. no. 12110‑1‑AP; Proteintech Group, 
Inc.) anti‑cleaved poly (ADP‑ribose) polymerase (PARP) 
(1:1,000; cat. no. 5625), anti‑AKT (1:1,000; cat. no. 9272) 
and anti‑phosphorylated (p)‑AKT (1:1,000; cat. no. 9271; all 
from Cell Signaling Technology, Inc.). The HRP‑conjugated 
AffiniPure Goat Anti‑Rabbit IgG (H + L) and HRP‑conjugated 
AffiniPure Goat Anti‑Mouse IgG (H + L) secondary anti‑
bodies were as follows: (1:3,000‑5,000; cat. nos. 111‑035‑003 
and 115‑035‑003; Jackson ImmunoResearch Laboratories, 
Inc.). In addition, the b‑actin was used as a loading control for 
normalization.

Cell apoptosis assay. Cell apoptosis assay was performed 
using Annexin V‑FITC Apoptosis Kit (cat.  no. K101‑100; 
BioVision, Inc.). Cells were treated with DMSO or different 
concentrations of BB‑Cl‑amidine (1 and 2 µM). After washing 
with PBS, the harvested cells were resuspended in 500 µl 
1X binding buffer and 5  µl annexin V‑FITC, propidium 
iodide (PI), or both at room temperature for 5 min in the 
dark. Finally, early (annexin V‑FITC+/PI‑) and late (annexin 
V‑FITC+/PI+) apoptosis was measured by flow cytometric 
analysis (BD FACSCanto II; BD Biosciences) and BD FlowJo 
software (v.10.8.1; FlowJo LLC).

Additionally, Apopxin Green Indicator staining assay 
was performed using Apoptosis/Necrosis Assay Kit 
(cat.  no.  ab176749; Abcam). Cells were seeded in 12‑well 
plates and treated with DMSO or different concentrations of 
BB‑Cl‑amidine (0.5 and 1 µM) at a density of 5x104 cells per 
well. After 48 h, the cells were prepared and treated according 
to the manufacturer's protocol. Images of apoptotic (green, 
GFP channel) and viable cells (blue, DAPI channel) were 
captured using a fluorescence microscope (EVOS‑FL; Thermo 
Fisher Scientific, Inc.).

Cell cycle assay (PI staining assay). Cell cycle assay was 
performed with PI staining. Briefly, cells were treated with 
DMSO or BB‑Cl‑amidine (2 µM) for 48 h and harvested. The 
harvested cells were washed and fixed. Next, 200 µl RNase 
(1 mg/ml; cat. no. 12091021; Thermo Fisher Scientific, Inc.) 
was added. The samples were incubated at 37˚C for 30 min 
and stained with 300  µl PI solution (50  mg/ml in PBS; 
cat. no. P4170; Sigma‑Aldrich; Merck KGaA) in the dark. 
Finally, the cell cycle was measured by flow cytometric 
analysis (BD FACSCanto II and BD FlowJo software v.10.8.1).

Visual grading of tumor. A visual grading system for evalu‑
ating tumor formation was used. Following sacrifice, the eyes 
were evaluated according to the preset grading system and 
images were obtained for further review. The grading system 
consists of grades 0 to 5, and the standards were elaborated by 
our group, as previously described in a previous study (25).

Immunofluorescence of mouse tissue. The enucleated 
eyeballs of mice were formalin‑fixed, embedded in paraffin 
blocks, sectioned (4 µm) and deparaffinized with Shandon 
Xylene Substitute (cat. no. 6764506; Epredia). The sections 
were then stained with a primary antibody against PADI2 
(cat. no. 12110‑1‑AP; Proteintech Group, Inc.) overnight at 
4˚C according to the manufacturer's protocols. After over‑
night incubation, Alexa Fluor 594‑attached antibody (1:400; 
cat. no. A‑11012; Invitrogen; Thermo Fisher scientific, Inc.) 
was used as a secondary antibody. The results were evaluated 
by fluorescence microscopy (Eclipse 90i; Nikon Corporation).

Human tissue microarray. Human retinoblastoma tissue 
slides, including 24 retinoblastoma tissues originated 
from 12 different donors (cat.  no.  BV35111a; Biomax). 
Immunostaining of the purchased slides was performed 
as aforementioned with tissue from mice, using the same 
antibodies and observing the results under a fluorescence 
microscope. The slides were stained with hematoxylin and 
eosin (H&E) for histological analysis and comparison. 
H&E slides were scanned and analyzed using an Aperio 
ImageScope x64 (Leica Microsystems, Inc.).

Toxicity evaluation. Mice (6‑week‑old C57BL/6; Koatech) 
were intravitreally injected with 2  µM BB‑Cl‑amidine 
after general anesthesia. Optomotor response measurement 
(OptoMotry HD; CerebralMechanics) and electroretinography 
(cat. no. UTAS E‑2000; LKC Technologies) were performed 
1 week after injection according to previous guidelines (26). 
Enucleated eyes were prepared and analyzed using H&E 
staining and TUNEL assay. Structure and toxicity evalua‑
tions were performed according to a previously established 
protocol (22). The results of H&E staining were analyzed by 
measuring the a/b ratio, where ‘a’ is the length from the inner‑
most ganglion cell layer to the outermost inner nuclear layer, 
while ‘b’ is the length from the innermost ganglion cell layer 
to the outermost outer nuclear layer. All mice were maintained 
in a specific‑pathogen free facility as previously described, in 
accordance with the ARVO statement.

Statistical analysis. Data from the visual grading of tumors 
were statistically analyzed using the U‑Mann Whitney 
test (27,28). The results of the cell viability, colony forma‑
tion, wound healing and apoptosis assays were analyzed via 
one‑way ANOVA with post‑hoc Bonferroni's test. The results 
of the cell proliferation assay were analyzed by comparing the 
control and BB‑Cl‑amidine groups at different time points 
with unpaired Student's t‑test. Quantification of BrdU, and 
Ki67 staining was also performed with unpaired Student's 
t‑test. The proportion of cell cycle status was analyzed 
using two‑way ANOVA with post‑hoc Bonferroni's test. All 
statistical analyses were performed using GraphPad Prism 
version 9 (GraphPad Software; Inc.).
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Results

PADI2 is highly expressed in retinoblastoma and RB1 
mutation induces PADI2 overexpression. The protein expres‑
sion of PADI2 in ARPE‑19, Y79 and WERI‑Rb‑1 cells was 
first evaluated. Western blotting showed that PADI2 protein 
was highly expressed in the retinoblastoma cell lines Y79 and 
WERI‑Rb‑1 compared with that in human retinal pigment 
epithelium ARPE‑19 cells (Fig. 1A). Immunohistochemistry 
performed on retinoblastoma and normal retina tissue indicated 
that the expression of PADI2 was upregulated in both mouse 
and human retinoblastoma tissues (Figs. 1B and C, and S1A). 
A distinct difference in expression of PADI2 was observed 
between the retina of normal mice and orthotopic retinoblas‑
toma tissue (Figs. 1B and S1A). The expression of PADI2 was 
also elevated in human retinoblastoma tissue (Fig. 1C).

A previous study reported that Sp1‑binding sites were 
highly present in the PADI2 promoter  (10). Indeed, E2F 
becomes free when it is not bound to pRb, which is absent in 
retinoblastoma cells due to RB1 gene mutation, and interacts 
with Sp1 which results in elevation of both proteins  (7‑9). 
Elevated Sp1 then interacts with PADI2 promoter. Therefore, 
it was hypothesized that free E2F may regulate the expression 
of PADI2 in retinoblastoma with mutated RB1. To confirm this 
hypothesis, the mRNA and protein expression of PADI2 was 
confirmed by treatment with an E2F inhibitor. It was found 
that the expression of PADI2 was downregulated when cells 
were treated with an E2F inhibitor for 48 h (Fig. 1D and E), 
and that PADI2 was aberrantly expressed in retinoblastoma.

PADI2 inhibition suppresses proliferation and regulates 
phosphorylated (p)‑AKT expression in  vitro. The present 
study aimed to determine the role of PADI2 in retinoblastoma. 
To confirm whether PADI2 affected the viability of Y79 cells, 
the effects of BB‑Cl‑amidine (a small molecule inhibitor of 

PADI2) were evaluated in Y79 and ARPE‑19 cells. Cells were 
treated with DMSO and BB‑Cl‑amidine for 48 h, and MTS 
assay was performed. The results revealed that BB‑Cl‑amidine 
reduced the viability of Y79 cells in a dose‑dependent manner 
(Fig. 2A); however, ARPE‑19 cells were not affected (Fig. 2B). 
These results demonstrated that PADI2 inhibition explicitly 
attenuated the viability of the aforementioned retinoblastoma 
cell line.

Next, changes in cell proliferation were analyzed to 
investigate whether inhibition of PADI2 regulated the 
proliferation of Y79 cells. When BB‑Cl‑amidine was treated 
time‑dependently, Y79 cells did not proliferate compared 
with control cells (Fig. 2C). Furthermore, PADI2 in Y79 cells 
was depleted using a lentiviral system to determine whether 
PADI2 knockdown had similar effects to BB‑Cl‑amidine 
treatment. PADI2‑depleted Y79 cells proliferated more 
slowly than control cells (Fig. 2D). The fluorescence inten‑
sity of BrdU and Ki67 (cell proliferation markers) was also 
evaluated. The results showed that BrdU incorporation and 
Ki67 levels effectively decreased in BB‑Cl‑amidine‑treated 
Y79 cells (Figs. 2E and S2A). In addition, Ki67 staining was 
performed in PADI2‑knockdown Y79 cells, indicating that 
PADI2 ablation inhibited cancer cell growth (Fig. 2F). To 
further evaluate the oncogenic role of PADI2 in retinoblas‑
toma, colony formation, invasion and wound healing assays 
were performed following BB‑Cl‑amidine treatment and 
PADI2 depletion. PADI2 inhibition reduced colony formation 
(Fig. 2G and H), invasiveness (Fig. S2B) and wound healing 
activity (Fig. S2C) in Y79 cells.

Furthermore, it was hypothesized that the molecular 
mechanism of PADI2 involves cell proliferation and inva‑
sion. AKT kinase regulates cell proliferation and survival 
in numerous human cancer types, including retinoblastoma, 
and breast, colorectal and prostate cancer  (29‑35). p‑AKT 
regulates tumorigenesis and metastasis in breast cancer (30), 

Figure 1. PADI2 is highly expressed in retinoblastoma, and E2F inhibition induces PADI2 overexpression. (A) Protein expression level of PADI2 in the 
human retinoblastoma cell lines Y79 and WERI‑Rb‑1 compared with that in the human retinal pigment epithelial cell line ARPE‑19, as determined by 
western blotting. (B and C) Expression of PADI2 in (B) orthotopic retinoblastoma tissue of mouse (magnification, x200) and (C) human retinoblastoma tissue 
(magnification, x400), as determined by immunostaining assay. Scale bar, 50 µm. (D and E) mRNA and protein expression levels of PADI2 after treatment with 
an E2F inhibitor (40 µM) for 0, 24 and 48 h, as determined by (D) reverse transcription PCR and (E) western blotting. PADI2, protein arginine deiminase II; 
E2F, E2 factor.
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and elevated p‑AKT activity increases tumor progression 
and invasiveness in prostate cancer expressing low levels of 

PTEN (31). In addition, inhibition of methyltransferase‑like 
3 induces apoptotic cell death via the PI3K/AKT/mTOR 

Figure 2. PADI2 inhibition suppresses proliferation and regulates p‑AKT expression in vitro. (A and B) Cell viability of (A) Y79 and (B) ARPE‑19 cells treated 
with BB‑Cl‑amidine (a small molecule inhibitor of PADI2) for 48 h in a dose‑dependent manner by MTS assay (n=4). (C and D) Proliferation rates of (C) Y79 
cells treated with DMSO and 2 µM BB‑Cl‑amidine (n=8) or (D) control and PADI2‑depleted Y79 cells in a time‑dependent manner, as determined by cell 
counting assay (n=4). (E and F) Fluorescence intensity of the proliferation marker Ki67 in (E) Y79 cells treated with DMSO and 2 µM BB‑Cl‑amidine for 
48 h (n=3) or (F) control and PADI2‑depleted Y79 cells, as determined by immunofluorescence assay (n=4). Representative immunostaining images (left) and 
graphs of the Ki67/DAPI fluorescence ratio (right) are shown (magnification, x20). Scale bar, 125 µm. (G and H) Quantitative analysis of colony formation in 
(G) Y79 cells treated with DMSO and BB‑Cl‑amidine (n=3) or (H) control and PADI2‑depleted Y79 cells for 2 weeks (n=4). Representative images of colony 
formation (top) and graphs of colony formation (% of control) (bottom) are shown. (I and J) Protein expression of PADI2, p‑AKT and AKT in (I) Y79 cells 
treated with DMSO and BB‑Cl‑amidine for 48 h or (J) control and PADI2‑depleted Y79 cells, as determined by western blotting. Western blotting images 
(left) and graphs of the P‑AKT/AKT ratio (right) are shown. Bars indicate SEM. *P≤0.05, **P≤0.01 and ***P≤0.001, as determined by (A and F‑H) one‑way 
ANOVA with post‑hoc Bonferroni test, (C and D) two‑way ANOVA with post‑hoc Bonferroni test or (E) unpaired Student's t‑test. PADI2, protein arginine 
deiminase II; p‑, phosphorylated.
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signaling pathway (34), and oncogenes such as tribbles pseu‑
dokinase 3 and ribosome biogenesis regulator 1 homolog 
promote cell proliferation and invasion via the AKT/mTOR 
signaling pathway in retinoblastoma  (33,35). Therefore, it 
is crucial to identify targets that control the AKT signaling 
pathway in cancer. As revealed in Fig. 2I, the p‑AKT levels 
gradually decreased in BB‑Cl‑amidine‑treated Y79 cells. 
When p‑AKT expression in PADI2‑depleted Y79 cells was 
confirmed, the p‑AKT level was reduced compared with that 
in the control cells (Fig. 2J). Thus, PADI2 regulated p‑AKT 
expression, thereby enhancing cancer cell proliferation.

PADI2 inhibition induces cancer cell death in vitro. Next, 
cancer cell death induced by PADI2 suppression was veri‑
fied in Y79 cells. PARP belongs to the NAD+ ADP‑ribosyl 
transferase family, which is essential for the metabolism of 
various biological processes and is involved in apoptosis (36). 
Treatment of Y79 cells with BB‑Cl‑amidine increased the 
level of cleaved PARP in a dose‑dependent manner (Fig. 3A). 
This result was also observed in PADI2‑knockdown Y79 
cells (Fig. 3B). In addition, it was found that the expression 
of cleaved PARP was elevated in WERI‑Rb‑1 cells following 
BB‑Cl‑amidine treatment (Fig. S3A). These results indicated 
that both BB‑Cl‑amidine and PADI2 elimination had 
pro‑apoptotic effects in retinoblastoma cells.

Additional cell death analyses were performed, including 
the Apopxin Green Indicator staining, annexin V‑FITC assay 
and cell cycle analysis. As demonstrated in Fig. 3C, the fluo‑
rescence intensity of the apoptotic phosphatidylserine sensor 
Apopxin Green was significantly enhanced after treatment 
with BB‑Cl‑amidine in Y79 cells. When WERI‑Rb‑1 cells 
were treated with BB‑Cl‑amidine, similar result as in Y79 
cells were confirmed (Fig.  S3B). As the concentration of 
BB‑Cl‑amidine increased, a greater percentage of sub‑G1 
population was observed (Fig. 3D). Furthermore, flow cyto‑
metric analysis of annexin V revealed a similar tendency under 
BB‑Cl‑amidine treatment in Y79 cells (Fig. 3E). When PADI2 
shRNA was introduced, the sub‑G1 population and annexin V 
staining pattern were consistent with those of PADI2 inhibitor 
treatment (Fig. 3F and G). Taken together, these data suggested 
that PADI2 inhibition effectively induced cancer cell death.

PADI2 inhibition suppresses tumor growth in vivo. Orthotopic 
transplantation mouse models were used to examine the in vivo 
effects of PADI2 inhibition. PADI2 inhibition was performed 
with either shRNA introduction or BB‑Cl‑amidine injection. 
Two weeks after intravitreally injecting the representative reti‑
noblastoma cell lines Y79 and WERI‑Rb‑1, BB‑Cl‑amidine 
was administered intravitreally at a dosage of 2 µM, in parallel 
to the in vitro assays. PBS, the solvent of BB‑Cl‑amidine, 
was injected into the control groups. The size of the tumors 
was evaluated after 2 weeks, immediately after euthanasia, 
according to previously described standards of grade (21,25) 
(Fig. 4A). The mean grade of the groups injected with the 
PADI2 inhibitor was significantly lower than that of the control 
in both Y79 and WERI‑Rb‑1‑injected mice. This indicated 
that inhibition of PADI2 suppressed tumor growth in vivo. In 
addition, tumors of grade 5 did not occur in PADI2‑inhibited 
eyes (Fig. 4B and C). Representative images of H&E staining 
in each group also showed histological differences caused 

by PADI2 inhibition (Fig. 4B and C). After 4 weeks, tumors 
transfected with PADI2 shRNA were evaluated using the 
same protocols (21,25), and were compared with control mice 
(which were injected with Y79 cells) without PADI2 shRNA 
transfection. Tumors originating from PADI2‑depleted retino‑
blastoma cells showed attenuated growth, similar to the results 
obtained with BB‑Cl‑amidine (Fig. 4D). Collectively, these 
data demonstrated that PADI2 inhibition suppressed tumor 
growth in retinoblastoma mouse models.

BB‑Cl‑amidine has a low‑toxicity profile. To assess its 
potential for clinical translation, the toxicity profile of the 
PADI2 inhibitor BB‑Cl‑amidine was investigated. Optomotor 
response measurement and electroretinography were used to 
assess the optical function, while H&E staining and TUNEL 
assay were used for histological examination. In total, 3 mice 
were injected with BB‑Cl‑amidine in one eye and PBS in the 
other eye for comparison. There was no significant difference 
in optomotor response between the two groups, indicating 
no definite toxic effects on visual function (26) (Fig. 5A). 
Electroretinography was analyzed using two representative 
points: i) The a‑wave, which is the initial negative deflection 
representing photoreceptor function, and ii) the b‑wave, which 
is the positive deflection representing bipolar, amacrine and 
Muller cell functions (37). The mean of amplitudes of the a‑ 
and b‑waves showed no significant difference between the two 
groups, which together indicated no toxicity in the functional 
aspects of the retina (37) (Fig. 5B).

In agreement with previous results, there was no difference 
in histological integrity between different groups according 
to H&E staining (Fig. 5C and D). TUNEL assay revealed 
similar results, with only three to six TUNEL‑positive cells, 
indicating the presence of only a few apoptotic cells in both 
injection and control groups. These results demonstrated that 
BB‑Cl‑amidine had a markedly low toxicity profile, which 
supported its potential for clinical translation (Fig. 5E and F). 
Collectively, the current study revealed that RB1 deficiency 
upregulated PADI2 expression by E2F activation, and that 
PADI2 inhibition significantly attenuated cancer cell growth 
via p‑ATK inactivation, which resulted in cancer cell death 
(Fig. 5G).

Discussion

Previous studies have reported that PADI2 is upregulated in 
various cancer types and is involved in tumorigenesis (17,20). 
Therefore, PADI2 is considered a potential therapeutic target 
for cancer treatment. However, the role of PADI2 in retino‑
blastoma has not been elucidated to date. The present study 
determined that PADI2 functioned as an oncogenic driver in 
the tumorigenesis of retinoblastoma in vitro and in vivo. Since 
there are numerous binding sites for Sp1 in the promoter of 
PADI2, and activated Sp1 increases the expression of PADI2 
in retinoblastoma (10), it was confirmed in the current study 
that PADI2 was highly expressed in representative retinoblas‑
toma cell lines and samples from patients with retinoblastoma. 
Since the expression of PADI2 is low in human retinal pigment 
epithelium cells and PADI2 inhibition has little effect on the 
viability of these cells, PADI2 has clinical importance as a 
specific therapeutic target in retinoblastoma.
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Figure 3. PADI2 inhibition induces cancer cell death in vitro. (A and B) Expression of cleaved poly (ADP‑ribose) polymerase protein in (A) Y79 cells treated 
with DMSO and BB‑Cl‑amidine for 48 h in a dose‑dependent manner or (B) control and PADI2‑depleted Y79 cells, as determined by western blotting assay. 
(C) Apoptosis‑positive areas in Y79 cells treated with DMSO and BB‑Cl‑amidine (0.5 and 1 µM) for 48 h were analyzed by Apoptosis/Necrosis Assay 
Kit. Apopxin Green+ indicates the apoptotic cells. Representative immunostaining images (left) and graphs of Apopxin Green intensity (right) are shown 
(magnification, x20). Scale bar, 125 µm (n=5). (D) Distributions of the cell cycle at sub‑G1 (black), G1 (dark grey), S (bright grey) and G2 (white) phases in 
Y79 cells treated with DMSO and 2 µM BB‑Cl‑amidine for 48 h, as determined by flow cytometry (n=4). (E) Proportions of total apoptotic cells in Y79 
cells treated with DMSO and 2 µM BB‑Cl‑amidine for 48 h, as determined by annexin V‑FITC/PI staining (n=4). (F) Distribution of the cell cycle in control 
and PADI2‑depleted Y79 cells, as evaluated by flow cytometry (n=4). (G) Proportion of total apoptotic cells in control and PADI2‑depleted Y79 cells, as 
determined by annexin V‑FITC/PI staining (n=4). (D‑G) Statistical graphs (top) and representative cell distribution results (bottom) are shown. Bars indicate 
SEM. *P≤0.05 and ***P≤0.001, as determined by (C, E and G) one‑way ANOVA with post‑hoc Bonferroni test and (D and F) two‑way ANOVA with post‑hoc 
Bonferroni test. PADI2, protein arginine deiminase II; PI, propidium iodide.
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The current study demonstrated that the modulation of 
PADI2 occurred in two directions in retinoblastoma. First, 
upregulation of PADI2 enhanced the growth of retinoblas‑
toma. It was observed that the proliferation of Y79 cells was 
suppressed, and p‑AKT was downregulated by treatment with 
BB‑Cl‑amidine, a potent inhibitor of PADI2 (38). In addition, 
it was confirmed that PADI2‑knockdown Y79 cells exhibited 
similar characteristics as cells subjected to treatment with 
BB‑Cl‑amidine. It was first suggested that BB‑Cl‑amidine 
was a selective inhibitor of PADI2 with an antitumor effect 
in retinoblastoma. In a recent study, p‑AKT was reported to 
be involved in retinoblastoma proliferation by inactivating 
methyltransferase‑like 3, which plays a role in an epigenetic 

modification of RNA and is associated with the development 
of tumors (34). Therefore, further studies on the involvement 
of specific epigenetic regulators or downstream target genes 
affected by the axis of PADI2‑AKT activation are needed. 
Next, PADI2 inhibition was found to induce cancer cell death 
in the present study. It was observed that PADI2 inactivation 
elevated cleaved PARP expression and apoptotic signatures in 
retinoblastoma. These results suggested that PADI2 inhibition 
may be able to simultaneously control cell proliferation and 
death, suggesting that it may be an important regulator of 
retinoblastoma.

Retinoblastoma has been primarily regarded as a genetic 
disease induced by mutations or deletions in the RB1 gene. 

Figure 4. PADI2 inhibition suppresses tumor growth in  vivo. (A)  Timeline of PADI2 inhibition in an orthotopic transplantation mouse model. 
(B‑D) BB‑Cl‑amidine, a PADI2 chemical inhibitor, suppressed tumor growth. (B) Y79 (n=10) and (C) WERI‑Rb‑1 cells (n=9) were injected intravitreally. 
BB‑Cl‑amidine was intravitreally injected after 14 days, followed by euthanasia and evaluation after 14 additional days. (D) PADI2 was knocked down in 
Y79 cells using shRNA (n=10). Intravitreal injection was followed by euthanasia and evaluation after 28 days. Graphs of visual grading of tumors (left) and 
representative hematoxylin and eosin staining images (right) are shown (magnification, x40). Scale bar, 100 µm. Bars indicate SEM. *P≤0.05 and **P≤0.01, as 
determined by (B‑D) U‑Mann Whitney test. PADI2, protein arginine deiminase II; sh‑, short hairpin.
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Various treatments targeting RB1 have been explored, but 
treatment limitations have not yet been overcome. Therefore, 
it is imperative to consider epigenetic factors that are beyond 

the limits of genetic factors. The current study showed that 
enzymatic inhibition or ablation of PADI2 could be a crucial 
epigenetic therapy for retinoblastoma. It is necessary to 

Figure 5. Toxicity profiles of PADI2 inhibitor. Evaluation of histology and function of retina after intravitreal injection of PBS and 2 µM BB‑Cl‑amidine in 
mice. (A) Visual acuity was evaluated through optomotor response in different groups. (B) The a‑wave (left) and b‑wave (right) were measured by electroreti‑
nography in different groups. (C and D) (C) Representative images (magnification, x200) and (D) quantitative analyses of hematoxylin and eosin staining of 
various groups. (E and F) (E) Representative images (magnification, x200) and (F) quantitative analyses of TUNEL assay. The number of apoptotic cells did 
not show a statistically significant difference between the groups. (G) Schematic of summary. Scale bar, 50 µm (n=3). Bars represent SEM. NS, not significant, 
as determined by unpaired Student's t‑test.
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develop and optimize a potent inhibitor of PADI2 or design 
a delivery method that can selectively eliminate PADI2 using 
CRISPR/Cas9 in cancer tissues in an attempt to overcome the 
limitations of the existing treatments.

In conclusion, the present study demonstrated the onco‑
genic function of PADI2 in retinoblastoma. PADI2 expression 
was enhanced by activating the binding of Sp1 to free E2F. 
Treatment with a selective inhibitor of PADI2 and knockdown 
of PADI2 expression led to suppression of cell proliferation 
via p‑AKT inactivation and cancer cell death in vitro. In vivo 
experiments also showed that PADI2 inhibition significantly 
weakened tumorigenic effects. These results provide funda‑
mental considerations for developing a novel therapeutic 
strategy for retinoblastoma.
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