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Retinoblastoma (RB) is a primary ocular malignancy 

with about 1500 new cases diagnosed in India every year 
in children below five years of age [1]. It is caused by a bial-
lelic mutation in the RB1 gene. In 1971, Knudson proposed 
the “two-hit” hypothesis, which states that the develop-
ment of RB requires two chromosomal mutations. The first 
hit occurs as a germline mutation, which is inherited and 
found in all the cells, while the second hit develops only 
in somatic retinal cells [2]. The loss of both alleles of the 
RB1 [3] tumor-suppressor gene leads to uncontrolled retinal 
progenitor cell proliferation due to the over-activation of E2F, 
thereby preventing cell-cycle exit [4]. The occurrence of RB 
can either be bilateral or unilateral. RB1 germline mutation 
accounts for 40% of all RB cases, exhibiting its autosomal 
dominant inheritance. Further, in 60% of the sporadic form, it 

affects only one eye (unilateral) unlike the germline mutation 

(bilateral) [5].

RB, if diagnosed early, can be effectively treated; 
however, in advanced cases, it spreads along the optic nerve 
and invades the brain due to its metastatic properties [6]. The 
incidence of metastasis increases based on various clinical 
risk factors that include the patient’s age, vascularity, later-
ality, and the stage of diagnosis [7]. The therapies currently 
available for RB are non-specific and thus fail to accomplish 
complete remission [8]. External beam radiotherapy, although 
highly effective in many RB tumors, possesses a high risk of 
second primary cancers [9]; therefore, it has been replaced 
with systemic chemotherapy. Chemotherapy is usually 
administered as a combination of etoposide, carboplatin, 
and vincristine. It can be combined with cryotherapy and 
focal laser treatment, which provides improved efficiency 
and reduces the incidence of enucleation. Nevertheless, 
chemotherapy holds disadvantages such as bone marrow 
suppression, infections, and the possibility of developing 
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Purpose: Retinoblastoma (RB) caused by the mutation of the RB1 gene is one of the most common ocular malignancies 
in children The propeptide region of lysyl oxidase (LOX), the enzyme involved in the cross-linking of collagen and elas-
tin, has been identified to be anti-tumorigenic in various cancers. However, this role of lysyl oxidase propeptide (LOX-
PP) in RB is still elusive. This study aims to identify the anti-tumorigenic effect of LOX-PP in human Y79 RB cells.
Methods: LOX-PP was overexpressed in Y79 RB cells, and differential gene expression was assessed by microarray 
followed by pathway analysis using transcriptome analysis console (TAC) software. Additionally, cell proliferation was 
studied by PrestoBlue assay, and DNA content was evaluated by cell cycle and apoptosis assays. The pro-apoptotic and 
anti-proliferative mechanisms induced by the overexpression of/exogenously added LOX-PP was evaluated by western 
blotting and real-time PCR.
Results: The expression of the LOX-PP transcript was significantly decreased in Y79 RB cells compared to human retinal 
endothelial cells. Gene expression analysis in LOX-PP overexpressed Y79 RB cells showed deregulation of pathways 
involved in apoptosis, cell cycle, focal adhesion-PI3K-AKT signaling, and DNA repair mechanisms. Interestingly, LOX-
PP overexpressed Y79 RB cells showed significantly increased apoptosis, decreased proliferation, and cell cycle arrest at 
S-phase with a concordant reduction of proliferative cell nuclear antigen and Cyclin D1 protein expressions. Moreover, 
pAKT (S473) was significantly downregulated in Y79 RB cells, which decreased NFκB leading to significantly reduced 
BCL2 expression.
Conclusions: Our results demonstrate the anti-tumorigenic effect of LOX-PP in Y79 RB cells by inducing apoptosis and 
decreasing proliferation. This effect was mediated by the downregulation of AKT signaling. These results suggest that 
LOX-PP can be explored as a therapeutic molecule in RB.
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secondary cancers such as leukemia [8]. To overcome these 
issues, several groups are working on identifying new drugs 
and/or adjuvant therapies. Liu et al. established a RB organoid 
model derived from genetically engineered human embry-
onic stem cells to test the novel therapeutic agents for human 
RB [10]. Recently, Ping Li et al. established a RB organoid 
model from patient-induced pluripotent stem cells with the 
straightforward evidence of the Knudson two-hit hypothesis 
as a promising alternative, in vivo RB model to test candidate 
therapeutic molecules [11].

Lysyl oxidase (LOX; protein −6-oxidase) is an amine 
oxidase enzyme required for the cross-linking of collagen 
and elastin [12,13]. LOX is secreted as an immature precursor 
(50 kDa), which is then cleaved by bone morphogenetic 
protein −1 (BMP1) into a C-terminal active mature enzyme 
(LOX; 32 kDa) and an N-terminal lysyl oxidase propeptide 
(LOX-PP; 18 kDa) [14-17]. Contente et al. and Kenyon et al. 
identified that LOX acts as the “ras recision gene” [18,19]. 
Prostate, colorectal, lung, and breast cancer-derived cell lines 
show reduced LOX expression [20]. LOX enzyme activity 
is considered to possess tumor-inhibiting properties, and 
a decreased enzymatic activation of LOX was observed in 
several cancerous cell lines compared with non-cancerous 
cell lines [20]. However, when the activity of LOX is inhib-
ited by its classic inhibitor β-aminopropionitrile, it fails to 
re-transform the phenotypic reversion of ras-transformed 
fibroblast. LOX gene silencing experiments increased pheno-
typic reversion and induced tumorigenesis, thus indicating 
that the tumor-suppressor property is not dependent on LOX 
activity but its transcript expression. Further, it was identified 
that the anti-tumorigenic activity of the propeptide region of 
LOX is involved in the inhibition of ras-transformed pheno-
type and ras-mediated signaling in fibroblasts [21] and Her-2/
neu-driven NF639 breast cancer cells [22]. However, so far 
there have been no reports on the role of LOX-PP in ocular 
tumors such as RB. Here, we report that the basal levels of 
LOX-PP are reduced in Y79 RB cells. The overexpression 
of LOX-PP/addition of recombinant LOX-PP (rLOX-PP) 
decreased Y79 cell proliferation, increased apoptosis, and 
reduced the expression of proliferative cell nuclear antigen 
(PCNA) and Cyclin D1, through the downregulation of AKT-
mediated NFκB activity, further inhibiting BCL-2. Thus, our 
data are the first to report an apoptotic and anti-proliferative 
role of LOX-PP in Y79 RB cells.

METHODS

Ethics statement: The Ethics Sub-Committee and the Insti-
tutional Review Board of Vision Research Foundation, 
Chennai, India, approved all experiments using human donor 

eyeball (Approval No: 140–2008-P, dated: 26.03.2009 and 
Approval No: 357–2012-P, dated: 21.02.2013). The experi-
ments were conducted according to the tenets of the Declara-
tion of Helsinki.

Cell culture: Y79 RB cells (NCCS, India) and NCC-RBC51 
(kind gift from Dr. S. Krishnakumar, Department of Ocular 
Pathology, Vision Research Foundation) were cultured in 
RPMI 1640 medium (Hyclone, UK) with 10% fetal bovine 
serum (Gibco) and antibiotic–antimycotic (Gibco) solution 
in 5% CO2 at 37 °C. Human retinal endothelial cells (hRECs) 
were isolated from a human donor eyeball [23] and was 
maintained in EGM-2 medium (Lonza, Switzerland) at 5% 
CO2. The Y79 cell line was authenticated with short tandem 
repeats (STR) analysis. The STR results showed that the DNA 
of the cell line perfectly matched Y79, and no cross contami-
nation of human cells was detected (Appendix 1).

RNA isolation and cDNA synthesis: Total RNA was extracted 
from 2×106 cells using TriZol reagent (Sigma Aldrich). The 
RNA was further treated with DNase (NEB). Total RNA 
was quantified in the Nanodrop spectrophotometer (Thermo 
Scientific). Further, 1 µg of the total RNA was converted 
to cDNA (cDNA) using the iScript cDNA conversion kit 
(Biorad).

Quantitative PCR: LOX-PP transcripts were amplified using 
the primers listed in Table 1. The endogenous LOX and 
LOX-PP transcripts were quantified by quantitative real-time 
PCR (CFX96, Biorad) in Y79 and NCC-RBC51 cell line. The 
data were analyzed based on the 2-∆∆ct method after normal-
izing with the housekeeping gene, 18S rRNA [24].

Cloning of LOX-PP in Y79 RB cells: The human LOX-PP 
was amplified along with the signal peptide from HUVEC 
cDNA using the primers listed in Table 1. The amplified 
LOX-PP cDNA with signal peptide was cloned in-frame into 
the BamHI and HindIII sites of the mammalian expression 
vector pcDNA3.1(+)/His A (Invitrogen). The construct was 
sequenced for confirmation using ABI 3100–Avant Genetic 
analyzer (Applied Biosystems) [25].

Overexpression in Y79 RB cells: Y79 cells were cultured in 6 
well dishes at a cell density of 2×105 per well in RPMI 1640 
medium containing 1% fetal bovine serum (FBS; no antibi-
otic). Transfection complex containing 2 µg of LOX-PP clone 
and 4 µl of X-tremeGENE HP DNA transfection reagent 
(Roche, Canada) was added into 200 µl of plain RPMI 1640 
medium per well. It was incubated for 15 min at room temper-
ature. The transfection complex was then added drop-wise 
into the 6-well plate containing Y79 cells. It was mixed gently 
and incubated in 5% CO2 incubator for 4 h at 37 °C. Next, 
we added 1 ml of RPMI 1640 medium containing 20% FBS 
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without removing the transfection mixture and incubated the 
cells for 24, 48, 72, and 96 h. As a control, we used an empty 
vector (EV). After incubation, the overexpression of LOX-PP 
was examined at the mRNA and protein levels.

Microarray – Sample preparation and data analysis: Total 
RNA was extracted from 2×106 LOX-PP-transfected and 
EV-transfected Y79 cells using Trizol reagent, treated with 
DNase I (NEB) and quantified using Nanodrop spectro-
photometer (Thermo Scientific). RNA samples were then 
subjected to amplification and biotinylation, and hybridized 
using Affymetrix HTA2.0 arrays (Thermo Scientific). These 
arrays were scanned with an Affymetrix gene chip 3000 
fluorescent scanner. Image generation and feature extrac-
tion were performed using Affymetrix gene chip command 
console software. The raw data were analyzed using TAC 2.0 
software, which allows for the identification of differentially 
expressed genes in the sample. We performed an unpaired 
Student t test to compare gene intensities between LOX-PP-
transfected versus EV-transfected cells. Genes were consid-
ered significantly deregulated with a fold change, linear < 
−1.5 or > +1.5. The study was conducted in biologic duplicates 
(Transcriptome Analysis Console (TAC) 4.0 User Guide)

Validation of microarray data by quantitative PCR: Total 
RNA was extracted from 2×106 LOX-PP-transfected and 
EV-transfected Y79 cells. One µg of RNA was converted to 
cDNA using the iScript cDNA conversion kit (Biorad). Real-
time PCR for TP53, MDM2, and BCL2 was performed, and 
the primers used are given in Table 1. The data were analyzed 
using the 2-∆∆ct method after normalizing with 18S rRNA [24].

Proliferation assay: For proliferation assay, 5×103 Y79 RB 
cells were transiently transfected with 0.1 µg of LOX-PP 
clone and EV expression plasmids and were then cultured 

in 96 well dishes for 24 h. After 24 h of transfection, 10 µl 
of PrestoBlue (Thermo Fisher Scientific) was added to the 
wells. Further, the cells were incubated at 37 °C in a 5% CO2 
incubator for 24 h. The fluorescence was quantified using 
SpectraMax M2e (Molecular Devices) at an emission wave-
length of 615 nm and an excitation wavelength of 535 nm. 
The intensity of the color formation is directly proportional 
to cell proliferation.

Apoptosis assay: For apoptosis assay, cell death ELISA, 
which quantifies the extent of mono and oligonucleosomes 
produced in the cytoplasm of lysed cells, was used. Y79 
cells were cultured in 12 well dishes at a cell density of 5×104 
cells per well in 0.4 ml of RPMI 1640 medium consisting 
of 1% FBS. Cells were transiently transfected with 1 µg of 
LOX-PP clone and EV construct, then after 4 h, 0.5 ml of 
RPMI 1640 medium with 20% FBS was added and incubated 
further for 48 h. After centrifugation at 1500 × g for 5 min, 
the cell pellet was lysed with an incubation buffer at 25 °C 
for 30 min and centrifuged at 20,000 × g for 10 min at 4 °C 
to remove nuclear debris. Then 400 µl of the supernatant was 
carefully separated and tested by cell death ELISA as per the 
manufacturer’s instructions (Roche, Canada) and measured 
using SpectraMax M2e (Molecular Devices). For DAPI 
staining, the cells were fixed with 4% paraformaldehyde for 
10 min and stained with DAPI for 3 min. Then the slides were 
observed under Axio vision fluorescence microscopy.

Cell cycle analysis: Y79 RB cells were seeded in 6 wells at a 
density of 2×105 cells per well of RPMI 1640 medium with 1% 
FBS. They were transiently transfected with 2 µg of LOX-PP 
construct and EV plasmid, then after 4 h, 1 ml of RPMI 1640 
medium with 20% FBS was added and was further incubated 
for 48 h. After incubation, cells were permeabilized for 30 

Table 1. Primers lists and it sequences.

S.No Gene name Primers
1 LOX-PP cloning primers FP - 5′GTTTAAACTTAAGCTTATGCGCTTCGCCTGGACC 3′

RP - 5′CCACCACACTGGATCCCTAGCCCACCATGCCGTC 3′

2 LOX-PP
FP –5′AGCGGTGACTCCAGATGAGC 3′
RP –5′GGCTCACAGTACCAGCCTCA 3′

3 BCL2
FP – 5′ATTTGGCAGGGGCAGAAAAC 3′
RP –5′GCTGTGGAGAGAATGTTGGC 3′

4 TP53
FP –5′ACCTATGGAAACTACTTCCTG 3′
RP –5′ACCATTGTTCAATATCGTCC 3′

5 MDM2
FP –5′CCTTAGCTGACTATTGGAAATG 3′
RP –5′TGTTGAGTTTTCCAGTTTGG 3′

6 18S rRNA
FP –5′AAACCGTTGAACCCCATT 3′
RP –5′CCATCCAATCGGTAGTAG 3′
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min with 30% ethanol. Then the cells were washed with 
cold phosphate buffered saline (PBS; NaCl 8 g, KCl 0.2 g, 
Na2HPO4 1.4 g KH2PO4 0.2 g) twice and treated for 20 min 
with RNase (1 mg/ml). Further, the cells were incubated for 
30 min with propidium iodide, and cell cycle analysis was 
done using FACS Calibur (Beckman Dickinson).

Western blot: 2.5×106 Y79 RB cells were transfected/added 
with recombinant LOX-PP (rLOX-PP) for 48 h. The recombi-
nant LOX-PP was generated in our laboratory earlier and was 
used in this study to understand its role in Y79 RB cells [25]. 
rLOX-PP exposed cells were treated with 1 μM wortmannin 
(Cell Signaling Technology, USA) for 24 h. After incubation, 
cells were lysed and protein was extracted in a radioimmu-
noprecipitation assay lysis buffer containing 0.15 M sodium 
chloride, 0.5% sodium deoxycholate, 0.1% TritonX-100, 
50 mM Tris with pH 8.0, and 0.1% sodium dodecyl sulfate 
(SDS) with phosphatase and protease inhibitor cocktail 
(Cell Signaling Technology). Protein quantification was 
performed by the BCA method (Pierce). Protein concentra-
tion containing 50 μg was separated by SDS-Poly acrylamide 
gel electrophoresis and transferred to polyvinylidene fluoride 
membrane (GE Healthcare, USA). Overnight incubation was 
done with LOX-PP (in-house), human AKT, human phospho 
AKT, human NFκB, human BCL2, human Cyclin D1, human 
PCNA (1 in 1000, Cell Signaling Technology), human β – 
actin (1 in 2000, Santa Cruz Biotechnology, Santa Cruz, CA) 
primary antibodies at 4 °C after blocking the membrane in 
Tris buffered saline with tween (TBST; 1x) containing 5% 
BSA for 1 h. Immunoprecipitation of LOX-PP was performed 
to measure the secretary LOX-PP in the overexpressed 
condition medium [25]. Following incubation with primary 

antibodies, the membranes were washed with 1X TBST 
thrice. Then the membranes were incubated with horseradish 
peroxidase conjugated secondary antibodies, respectively, for 
2 h. The membranes were then washed with TBST thrice 
and developed using ECL plus chemiluminescence reagent 
(GE Healthcare), and the images were photographed using 
FluorChem FC3 (Protein Simple) followed by quantification 
using the NIH ImageJ analysis software (NIH).

Statistical analysis: All experiments were performed in trip-
licates independently unless otherwise mentioned. The data 
were expressed as mean ± SD. Student t test and one-way 
ANOVA analysis were conducted to calculate the signifi-
cance. A p value of <0.05 was considered to be statistically 
significant.

RESULTS

Reduced expression of LOX-PP transcript in Y79 and 
NCCRBC51 cells: RNA from both Y79 and NCC RBC51 cells 
were evaluated for the presence of the LOX-PP transcript. 
The Y79 (Figure 1A) and NCC-RBC51 (Appendix 2) cells 
showed ~10 fold decreased expression of LOX-PP transcripts 
when compared with hRECs through real-time PCR. Earlier 
studies have used hRECs as a control to compare relative 
gene expression in RB cells [26]. Our data thus indicate that 
the inherent LOX-PP expression is decreased in Y79 and NCC 
RBC51 cells, thus evoking much interest to overexpress the 
LOX-PP and understand its functional relevance. As both the 
cell lines showed decreased expression LOX-PP, we further 
studied the effect of LOX-PP overexpression in Y79 cells, 
which are widely used for studying RB. Hence, we evaluated 

Figure 1. Expression of LOX-PP in Y79 RB cells and hREC primary cells. A: The bar diagram represents the expression of LOX-PP in fold 
change relative to hRECs with a p value of 0.001. B: Western blot analysis showing LOX-PP protein expression; it was normalized with 
β-actin. C: The bar diagram represents the quantification of LOX-PP expression in Y79 and hRECs with a p value of 0.001. Values were 
expressed as mean ± SD, n=3. (***p<0.001, **p<0.01, and *p<0.05, when compared with hRECs) (hRECs, human retinal endothelial cells; 
RB, retinoblastoma).
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the LOX-PP protein expression in Y79 cells and found it to be 
decreased (Figure 1B, C).

The overexpression of LOX-PP in Y79 cells: LOX-PP 
with the signal peptide was cloned and overexpressed in a 
mammalian expression construct in Y79 cells (pcDNA 3.1/
His A + LOX-PP). The overexpression of LOX-PP in Y79 
cells was confirmed at the transcript and translational levels 
by quantitative PCR and western blotting, respectively. The 

highest expression was seen 48 h post transfection at tran-
script levels (Appendix 3) when compared with other time 
points. The N-glycosylated form of LOX-PP (~25 kDa) was 
observed in cell extracts subjected to western blot analysis 
(Figure 2A). An efficient expression of ~50 fold was found 
in LOX-PP overexpressed cells compared to EV with a 
significant p value of <0.01 (Figure 2B). The immunopre-
cipitation of extracellular LOX-PP overexpressed condition 
medium showed a significant (Figure 2C, D) increase in the 

Figure 2. LOX-PP overexpression in Y79 cells. A: Western blot analysis showing the overexpression of LOX-PP in cell extract normalized 
with a housekeeping gene, β-actin. B: The bar diagram represents LOX-PP overexpression in cell extracts compared to EV in percentage, 
with a p value of less than 0.01. C: Western blot analysis showing the expression of secretary extracellular LOX-PP normalized with a loading 
control. D: The bar diagram represents LOX-PP overexpression in conditioned medium compared to EV in percentage with a p value of 
0.042. Values were expressed as mean ± SD, n=3. (Student t test was used for statistical analysis; ***p<0.001, **p<0.01, and *p<0.05, when 
compared with EV) (EV, empty vector).

Figure 3. Microarray analyses in Y79 cells overexpressed with LOX-PP. A: Heatmap of differentially expressed genes in LOX-PP overex-
pressed Y79 cells. B: List of pathways deregulated upon LOX-PP overexpression. C: Microarray data validation by quantitative PCR for 
TP53 (p<0.05), D: BCL2 (p<0.05), and E: MDM2 (p<0.05). Values were expressed as mean ± SD, n=3. (Student t test was used for statistical 
analysis; ***p<0.001, **p<0.01, and *p<0.05, when compared with EV) (EV, empty vector).
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expression of N-glycosylated LOX-PP (>25 kDa). No cell 
toxicity was observed by the 3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyltetrazolium bromide (MTT) assay (data not 
shown) and hence 48 h were fixed as a time point for the 
subsequent experiments.

Effect of LOX-PP on differential gene expression: Differential 
gene expression profiles of LOX-PP-transfected and EV-trans-
fected cells were performed using HTA2.0 GeneChip Arrays 
(Affymetrix®) that contain 70,523 detectable transcripts 
using TAC 4.0 software. The analysis showed that 212 genes 
were differentially expressed, with 69 genes upregulated and 
143 genes downregulated in LOX-PP-transfected cells when 
compared to EV. The heat map represents the fold change 
of gene expression, where downregulated genes are in blue 
and upregulated genes are in red color (Figure 3A). This data 
are available for download at the gene expression omnibus 
(GEO) database accession (GSE119413). These genes were 
annotated using gene ontology for categorizing based on the 
molecular function and a biologic process. Figure 3B lists 
the major signaling pathways deregulated upon LOX-PP 

overexpression in Y79 cells, namely RB in cancer, focal 
adhesion-PI3K-AKT signaling cell cycle, apoptosis, FGFR2, 
and DNA repair mechanisms. As revealed by the pathway 
analysis in Table 2, the majority of the deregulated genes are 
involved in DNA replication (E2F3, KIF4A, HMG2, HDAC1), 
cell cycle progression (CCNB2, CDKN1A), and apoptosis 
(BCL2L1, MCL1), as shown in Figure 4.

Further, the deregulated genes, TP53, MDM2, and BCL2, 
from the microarray profile were validated by real-time PCR. 
TP53 (Figure 3C) and BCL2 (Figure 3D) were significantly 
decreased, MDM2 (Figure 3E) was significantly increased in 
LOX-PP overexpressed Y79 RB cells. Since LOX-PP over-
expressed Y79 cells showed deregulation in apoptosis, DNA 
replication, and cell cycle progression pathway, we further 
performed in vitro functional assays such as proliferation, 
apoptosis, and cell cycle to confirm the microarray analysis.

LOX-PP decreases cell proliferation in Y79 cells: RB tumors 
are highly angiogenic [7], and the critical event in angiogen-
esis is proliferation. Y79 RB cells that were transfected with 
LOX-PP showed significantly decreased cell proliferation 

Table 2. List of pathways deregulated upon LOX-PP overexpression in Y79 retinoblastoma cells.

Pathway name Upregulated genes Downregulated genes p value

Retinoblastoma (RB) in 
Cancer MDM2,CDKN1A,MIR29B1

H D A C 1 , S K P 2 , T P 5 3 , P L K 4 , C
C N B 1 C C N B 2 , M C M 6 , R F C 5 , 
P O L A 1 , P R I M 1 , O R C 1 , C H E K 1
, T T K , S M C 2 , K I F 4 A , H M G B 1 , 
SMC1A,FAF1,POLD3,RBBP4,E2F3 0

Cell Cycle MDM2

ATR,BUB1,BUB3,HDAC1,HDAC8,CCNB1,
CCNB2,SKP2,SMC1A,E2F3,E2F5,CDC20,A
PC,YWHAG,YWHAB,MCM6,MCM8,ORC1
,ORC2,ORC6

0.000032

Notch Signaling Pathway CDKN1A,HES1 MAML2,APH1A,NCSTN,MAML3,HDAC1,
NUMB,JAK2 0.048418

Focal Adhesion-PI3K-Akt-
mTOR-signaling pathway ITGB5,IL2,MDM2,CDKN1A JAK2,IGF1R,KRAS,RAB10 0.000412

Apoptosis Modulation and 
Signaling MIR29B1,CASP4 CASP2,TRAF6,TP53,MCL1 0.023205

DNA IR-Double St rand 
Breaks (DSBs) and cellular 
response via ATM

MDM2
AT R , E XO1, M R E11 A , AC T L 6 A ,T P 5
3 , D C L R E1C ,T R A F 6 , B L M , B R C A 2 , 
SMC1A,LATS1,BRCA1,RNF8,RIF1

0.000021

DNA IR-damage and cellular 
response via ATR MDM2

AT R , FA NCI , M R E11A ,T P53, SMC1A ,
BLM, X RCC5, BRCA 2 ,EXO1,EEF1E1, 
TDP1,BRCA1,RNF8,TOPBP1,BRIP1,HUS1,W
RN,FOXM1

0.000147

DNA Damage Response GADD45A,CDKN1A,DDB2,MDM2 ATR,SMC1A,CCNB1,CHEK1,TP53,BRCA1,
HUS1,CCNB2 0.004928

Nucleotide Excision Repair  CHD1L,TCEA1,RNF111 0.002604
Signaling by FGFR2  BRAF 0.000011
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(p<0.001) compared with EV (Figure 5A). Besides, to 
investigate the antiproliferative mechanism of LOX-PP, we 
evaluated the effect of LOX-PP on the expression of the 
proliferative marker, PCNA. Interestingly, PCNA expres-
sion was significantly decreased in LOX-PP overexpressed 
Y79 RB cells compared with EV (Figure 5B, C). This was 
further confirmed by the addition of 2.5 µg/mL of recombi-
nant LOX-PP (rLOX-PP) to Y79 RB cells, which showed a 
similar inhibition of PCNA (Figure 5D,E; p<0.01), thereby 
highlighting the proliferation inhibitory role of LOX-PP in 
Y79 RB cells.

LOX-PP induces apoptosis in Y79 cells: Tumor suppressors 
exert their anti-tumorigenic potential by inducing apoptosis 
[27]. Y79 RB cells that were overexpressed with LOX-PP 
showed significantly increased apoptosis (p<0.05) when 
compared with EV at 48 h (Figure 6A). This was also further 

confirmed with apoptotic morphological detection through 
DAPI staining. Further, 2.5 µg/mL of rLOX-PP treated cells 
showed increased apoptosis compared to vehicle control 
(Figure 6B). This validated our findings in microarray anal-
yses (Figure 3B), where LOX-PP overexpression downregu-
lated BCL-2 involved in the anti-apoptotic event. To further 
confirm this effect, the cell cycle analysis was conducted at 
the same time point.

LOX-PP arrested cells in S-phase: We examined the effect 
of LOX-PP overexpression in the cell cycle. LOX-PP overex-
pression significantly arrested cells in the S phase (p<0.01) 
and reduced cells in the G0-G1 phase at 48 h (Figure 7A, B). 
To strengthen the observation, we assessed the Cyclin D1 
expression, which is a cell cycle checkpoint. Y79 RB cells 
overexpressing LOX-PP showed significantly reduced Cyclin 
D1 expression compared to EV (Figure 7C, D). Similar results 

Figure 4. Pathway analysis on microarray data of Y79 RB cells upon LOX-PP overexpression. Representation of RB, cell cycle, and PI3K-
AKT-Focal adhesion pathway highlighting gene regulation upon LOX-PP overexpression. Red indicates upregulation of genes with the 
overexpression of LOX-PP, while green indicates downregulation compared to empty vector. (RB, retinoblastoma).
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were observed upon the addition of rLOX-PP (Figure 7E, F). 
These findings correlate with our microarray results where 
the LOX-PP overexpressed Y79 RB cells showed CCNB1, 
CCNB2, HDAC1, and E2F3 genes involved in the cell cycle 
to be downregulated.

Effect of LOX-PP on pAKT, NFκB, and BCL-2 in Y79 cells: 
The proliferation of Y79 cells was reduced, and apoptosis was 
increased in LOX-PP overexpressed cells. Apoptosis can also 
be regulated by AKT and its constitutive activation of NFκB, 
which is a downstream effector of AKT. We studied the 
effect of LOX-PP in AKT-NFκB signaling. Figure 8A shows 
that LOX-PP overexpression significantly reduced pAKT 
(S473; Figure 8B) compared with EV. NFκB, a downstream 

effector of AKT, was also significantly reduced in LOX-PP 
overexpressed cells compared with EV (Figure 8C). BCL-2, 
an anti-apoptotic protein induced by NFκB, was also signifi-
cantly decreased by the overexpression of LOX-PP in Y79 
cells (Figure 8D). This was further confirmed by rLOX-PP-
treated Y79 RB cells (Figure 9A), which show significantly 
decreased pAKT (S473; Figure 9B), NFκB (Figure 9C), and 
BCL-2 (Figure 9D). Additionally, the rLOX-PP exposed 
cells treated with wortmannin confirmed that the decreased 
expression of BCL2 was mediated through AKT signaling. 
Wortmannin treatment in rLOX-PP-exposed Y79 cells 
(Figure 10A) synergistically reduced the expression of AKT 
(Figure 10B), NFκB (Figure 10C), and BCL-2 (Figure 10D).

Figure 5. Y79 cell proliferation influenced by LOX-PP. A: Quantification of the results of the proliferation assay. B: Western blot analysis 
showing the expression of PCNA in Y79 cells were overexpressed with LOX-PP. C: The bar diagram shows the quantification of PCNA 
normalized with β-actin. D: Western blot for PCNA upon addition of 2.5µg/ml of rLOX-PP in Y79 retinoblastoma cells. E: The bar diagram 
represents the quantification of PCNA normalized with β-actin. Values were expressed as mean ± SD, n=3. (Student t test statistical analysis 
was used; ***p<0.001, **p<0.01, and *p<0.05, when compared with EV and vehicle control) (EV, empty vector).

Figure 6. The role of LOX-PP 
in Y79 cell apoptosis. A: Quan-
tification result of apoptosis by 
using the cell death ELISA kit. B: 
Microscopic image of apoptotic 
cells stained with DAPI upon treat-
ment with rLOX-PP (yellow arrow 
shows apoptotic cells). Values were 
expressed as mean ± SD, n=3. 
(Student t test statistical analysis 
was used; ***p<0.001, **p<0.01, 
and *p<0.05, when compared with 
EV) (EV, empty vector).
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Figure 7. The role of LOX-PP in the cell cycle events in RB. A: Flow cytometric analysis and propidium iodide stain showing the percentage 
of cells in G2, S, and G1. B: Representative bar diagram of cell cycle analysis. C: Western blot analysis showing the expression of Cyclin D1 
in Y79 cells were overexpressed with LOX-PP. D: The bar diagram represents the quantification of Cyclin D1 normalized with β-actin. E: 
Western blot for Cyclin D1 in Y79 cells upon treatment with 2.5µg/ml of rLOX-PP. F: The bar diagram shows the quantification of Cyclin D1. 
Values were expressed as mean ± SD, n=3. (Student t test statistical analysis was used; ***p<0.001,**p<0.01, and *p<0.05, when compared 
with EV and vehicle control) (EV, empty vector; RB, retinoblastoma).

Figure 8. pAKT, NFκB, and BCL-2 protein expression upon LOX-PP overexpression. A: Y79 cells were overexpressed with LOX-PP, and 
whole-cell protein was extracted and subjected to western blot analysis for pAKT (S473), total AKT, NFκB, and BCL-2. B: The bar diagram 
shows the quantification of pAKT normalized with β-actin. C: The bar diagram shows the quantification of NFκB normalized with β-actin. 
D: The bar diagram shows the quantification of BCL-2 normalized with β-actin. Values were expressed as mean ± SD, n=3. (Student t test 
statistical analysis was used; ***p<0.001, **p<0.01, and *p<0.05, when compared with EV) (EV, empty vector).
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DISCUSSION

Recent developments suggest that the primary modality 
for managing RB is chemo reduction, which can lower the 
incidence of enucleation and improve treatment outcomes. 
Marianna et al. have demonstrated that chemotherapeutic 
agents are capable of inducing apoptosis in cells engaged in 
active proliferation [28]. Tumor suppressors and proto-onco-
genes are associated with proteins involved in proliferation 

and apoptosis [29]. LOX has a paradoxical role in tumor 
biology; the tumor-suppressor activity of LOX [30] has been 
delineated to its propeptide region through the inhibition of 
ras signaling in breast, pancreatic, prostate, and lung cancer 
[21,22,31-39]. Recently, Kosa et al. demonstrated that ras acti-
vation in a larger cluster of retinal progenitor cells induces 
tumor formation in the eye [40]. Bautista et al. and Cohen et 
al. reported that ras mutation in sporadic and heritable RB 

Figure 9. pAKT, NFκB, and BCL-2 protein expression on rLOX-PP addition. A: Western blot analysis showing the expression of pAKT 
(S473), AKT, NFκB, and BCL-2 in Y79 cells that were treated with 2.5 µg/ml of recombinant LOX-PP. B: The representative bar diagram 
shows the quantification of pAKT normalized with β-actin. C: The representative bar diagram shows the quantification of NFκB normalized 
with β-actin. D: The representative bar diagram shows the quantification of BCL-2 normalized with β-actin. Values were expressed as mean 
± SD, n=3. (Student t test statistical analysis was used; ***p<0.001,**p<0.01, and *p<0.05, when compared with vehicle control).

Figure 10. pAKT, NFκB, and BCL-2 protein expression on wortmannin-treated rLOX-PP exposed cells. A: Western blot analysis showing 
the expression of pAKT (S473), AKT, NFκB, and BCL-2 in Y79 cells were treated with 2.5 µg/ml of recombinant LOX-PP and 2.5 µg/ml of 
recombinant LOX-PP + 1 μM wortmannin. B: The representative bar diagram shows the quantification of pAKT normalized with β-actin. 
C: The representative bar diagram shows the quantification of NFκB normalized with β-actin. D: The representative bar diagram shows 
the quantification of BCL-2 normalized with β-actin. Values were expressed as mean ± SD, n=3. (One-way ANOVA statistical analysis was 
used; ***p<0.001, **p<0.01, and *p<0.05, when compared with vehicle control).
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tumor tissue [41,42] with ras signaling dysregulated in RB 
[42]. A study by Yang et al. reveals the expression of LOX, 
although not observed in all RB tumor tissues and that upon 
hypoxia treatment, there is increased expression of LOX in 
Y79 and Weri RB1 cells [43]. In this study, we observed a 
lowered basal expression of LOX-PP in Y79 RB cells, and 
when LOX-PP was overexpressed, differential gene regula-
tion was identified in pathways such as RB in cancer, apop-
tosis, cell cycle, FGFR2 signaling, and focal adhesion-PI3K-
AKT. Here, we report for the first time the ability of LOX-PP 
to be pro-apoptotic in Y79 RB cells, thus playing a beneficial 
role. LOX-PP has been shown to sensitize breast cancer 
cells and pancreatic cells to doxorubicin treatment, thereby 
inducing apoptosis without injury of non-targeted tissue [44]. 
Bais et al. reported that rLOX-PP inhibits xenograft prostate 
cancer through the activation of the checkpoint kinase 2 and 
ataxia telangiectasia mutated (ATM) protein kinase, thereby 
increasing DNA fragmentation. rLOX-PP interacts with 
MRE11, which is a complex protein involved in the activa-
tion of ATM in response to DNA repair, and sensitizes the 
prostate cancer cells for ionizing radiation [37]. In concor-
dance, our results show the deregulation of the DNA-repair 
mechanism pathway in LOX-PP-overexpressed Y79 RB cells. 
Chemotherapy-induced cytotoxicity has been reported to be 
less in P53 deficient animals compared to that of wild-type, 
suggesting the role of P53 in the protection of healthy cells 
[45]. We have found that overexpression of LOX-PP signifi-
cantly reduces the transcript levels of TP53 in Y79 RB cells.

Interestingly, MDM2, the regulator of TP53, was also 
increased by LOX-PP in Y79 RB cells. It is reported that 
MDM2 has become an important therapeutic target as it can 
act both as an oncogene and tumor suppressor gene. Func-
tionally, MDM2 reduces the nuclear export of TP53, which is 
transcriptionally active, thereby enhancing cytoplasmic TP53 
interaction with the BCL2 family of proteins leading to apop-
tosis [46]. Further, recent studies report that MDM2 controls 
cell cycle progression through controlling the RB overexpres-
sion [47]. Along similar lines, we found that LOX-PP reduced 
cell proliferation and increased apoptosis in Y79 cells.

The ras gene activates many distinct signal-transduction 
pathways, including RAF/MAPK/ERK and the PI3K/AKT 
pathway [48]. AKT, a serine/threonine-specific protein 
kinase being an essential mediator of ras signaling [34], 
plays a vital role in cellular processes such as apoptosis, cell 
proliferation, and cell migration [49]. NFκB, a downstream 
effector of AKT signaling, is a transcription factor involved 
in DNA transcription, cell proliferation, and apoptosis. The 
abnormal activation of NF-κB is reported in many primary 

cancers [50]. The anti-apoptotic gene, BCL-2, is an NF-κB 
target gene that is upregulated in pancreatic tumors [51]. 
siRNA targeting BCL-2 is reported as anti-proliferative 
and pro-apoptotic in pancreatic cancer cells [52]. Reports 
suggest inhibiting BCL-2 through repressing AKT-NFκB 
induces apoptosis in Y79 cells [49]. LOX-PP overexpression 
reduced BCL-2 mRNA and protein expression by lowering 
the p65 protein levels in PANC-1 and H1299 cells [34]. We 
also found that the overexpression of LOX-PP/exogenous 
addition of rLOX-PP reduced AKT activity and substantially 
reduced the activity of NFκB and thereby decreased BCL-2 
protein expression, implicating increased apoptosis and 
decreased cell proliferation in Y79 cells. Moreover, LOX-PP 
overexpression arrested Y79 cells in S-phase, indicating the 
S-phase-mediated inhibition of cell proliferation by LOX-PP. 
Additionally, the decreased expression of the proliferation 
marker, PCNA [53], and Cyclin D1 in LOX-PP overexpressed/
exogenously added rLOX-PP Y79 cells suggests the inhibition 
of proliferation. LOX-PP has been reported to have multiple 
cellular localizations in various cancer cells and interact with 
intracellular proteins [54]. In our previous publication, we 
showed that LOX-PP localized in the nucleus in endothelial 
cells [25]. In addition, Ozdener et al. found that rLOX-PP is 
primarily taken up through macropinocytosis in MDA-MB-
231, PWR-1E, PC3, and SCC9 cell lines. The ionic strength 
of highly basic rLOX-PP prevents endosomal acidification 
thereby entering into the cytoplasm, interacting with intra-
cellular targets, and executing its function [55]. Therefore, 
we speculate that rLOX-PP can exert its function intracel-
lularly although we have not demonstrated it in this cell. To 
summarize, these results suggest the therapeutic potential of 
LOX-PP in RB. The limitations of the current study are that 
we have not quantified the expression of LOX-PP in a RB 
tumor tissue and the functional assays have been performed 
in only Y79 RB cell lines. In conclusion, our data highlights 
the fact that LOX-PP overexpression/addition in human Y79 
RB cells increases apoptosis and decreases cell proliferation 
through the repression of AKT-NFκB axis, thereby reducing 
BCL-2 protein expression in vitro. Organoid models, which 
mirror in vivo conditions, can be used to further establish the 
anti-tumorigenic activity of LOX-PP. This would add impetus 
to explore the therapeutic potential of LOX-PP in RB.

APPENDIX 1. STR ANALYSIS.

To access the data, click or select the words “Appendix 1.”

APPENDIX 2. SUPPLEMENTARY FIGURE 1.

To access the data, click or select the words “Appendix 2.”

http://www.molvis.org/molvis/v29/125
http://www.molvis.org/molvis/v29/appendices/mv-v29-125-app-1.doc
http://www.molvis.org/molvis/v29/appendices/mv-v29-125-app-2.pdf


136

Molecular Vision 2023; 29:125-139 <http://www.molvis.org/molvis/v29/125> © 2023 Molecular Vision 
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