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A B S T R A C T   

Glaucoma is a common cause of blindness worldwide. Genetic effects are believed to contribute to the onset and progress of glaucoma, but the underlying path-
ological mechanisms are not fully understood. Here, we set out to introduce mutations into the CDKN2B-AS1 gene, which is known as being the closely associated 
with glaucoma, in a human neuronal cell line in vitro. We introduced gene mutations with CRISPR/Cas9 into exons and introns into the CDKN2B-AS1 gene. Both 
mutations strongly promoted neuronal cell death in normal culture conditions. RNA sequencing and pathway analysis revealed that the transcriptional factor Fos is a 
target molecule regulating CDKN2B-AS1 overexpression. We demonstrated that gene mutation of CDKN2B-AS1 is directly associated with neuronal cell vulnerability 
in vitro. Additionally, Fos, which is a downstream signaling molecule of CDKN2B-AS1, may be a potential source of new therapeutic targets for neuronal degeneration 
in diseases such as glaucoma.   

1. Introduction 

Glaucoma, the leading worldwide cause of blindness, is a type of 
neurodegenerative optic neuropathy that results in irreversible visual 
field defects [1]. It shows familial aggregation with varying prevalence 
in different ethnic groups [2]. This has prompted many institutions to 
make sustained efforts to conduct genome-wide association studies 
(GWASs) to discover single-nucleotide variants associated with glau-
coma [3]. Primary open-angle glaucoma (POAG), the most common 
form of glaucoma, has a complex etiology that includes genetic predis-
position [4]. Recently, progress has been made using GWASs to identify 
POAG risk loci across European, Asian, and African ancestries [5,6]. 
Previous GWASs in Japanese subjects also identified several 
POAG-associated loci, some of which overlapped with those in subjects 
of European ancestry [7–9]. 

One of these overlapping genetic regions includes the cyclin-depen-
dent kinase inhibitor 2B antisense 1 (CDKN2B-AS1) gene. This gene, 
located in a genomic region on chromosome 9p21.3, has also been 
shown to be implicated in diseases such as ovarian cancer, glioma, hy-
pertension, coronary artery disease, and chronic lymphocytic leukemia 

[10–14]. Specific to the development of POAG, some research has sug-
gested that CDKN2B-AS1 is involved in mediating senescence, inflam-
mation, and extracellular matrix accumulation [15]. Another study, 
which used a transgenic mouse model, indicated that the deletion of this 
genomic region may predispose retinal ganglion cells to increased 
vulnerability to intraocular pressure (IOP), acting via strengthened 
activation of microglia in the retina and the optic nerve [16]. However, 
the molecular mechanisms underlying the association between 
CDKN2B-AS1 and POAG are still poorly understood, and the effects 
described in previous studies could occur secondarily to other mecha-
nisms related to the gene, as it has a variety of functions throughout the 
body. 

Here, we investigated the direct effect of CDKN2B-AS1 mutations on 
vulnerability in the immortalized human neuroblastoma cell line SH- 
SY5Y. We show that introducing gene mutation into CDKN2B-AS1 pro-
moted apoptotic cell death. Moreover, we found that c-Fos was activated 
downstream of CDKN2B-AS1 in an RNA-seq and pathway analysis, 
suggesting that CDKN2B-AS1 mutation may contribute to the activation 
of c-Fos to promote apoptotic cell death in neuronal cells. 
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2. Materials and methods 

2.1. Cell culture 

The human neuroblastoma cell line SH-SY5Y (ECACC94030304) was 
purchased from ECACC. The cells were cultured in DMEM (Wako 
044–29765) and Ham’s F-12 (Wako, 087–08335) at a 1:1 ratio, sup-
plemented with 10 % FBS, penicillin-streptomycin, and sodium pyru-
vate, at 37 ◦C in a humidified 5 % CO2 incubator. Stable SH-SY5Y cell 
lines for SpCas9 gene overexpression with lentivirus (pLV[Exp]-EF1A >
hCas9(ns):T2A:Puro) were obtained from VectorBuilder (Kanagawa, 
Japan). The cells were cultured in EMEM (Wako, 055–08975) and 
Ham’s F-12 (Wako, 087–08335) at a 1:1 ratio, supplemented with 10 % 
FBS and penicillin-streptomycin, at 37 ◦C in a humidified 5 % CO2 
incubator. For genome editing targeting CDKN2B-AS1, a SpCas9 stable 
cell line was infected with dual gRNA-overexpressing lentivirus (multi-
plicity of infection 20) in the presence of 2 μg/ml polybrene. The me-
dium was replaced 4 h after infection. 

2.2. Lentivirus vector 

The lentiviral vectors used to express gRNA and TagBFP2 in our 
study, pLV[2gRNA]-TagBFP2:T2A:Puro-U6>Scramble[gRNA#1]-U6>
Scramble[gRNA#2], pLV[2gRNA]-TagBFP2:T2A:Puro-U6>{CDKN2B- 
AS1_gRNA#1}-U6>{CDKN2B-AS1_gRNA#2}, and pLV[2gRNA]-TagBF 
P2:T2A:Puro-U6>{CDKN2B-AS1_gRNA#3}-U6>{CDKN2B-AS1_gRNA 
#4}, were constructed and packaged by VectorBuilder. The vector IDs 
were VB210519-1003myp, VB210519-1014cjr, and VB210519-1015 
edw. To evaluate the downstream signaling of CDKN2B-AS1, pLV 
[ncRNA]-EGFP:T2A:Puro-CMV>{hCDKN2B-AS1[NR_003529.3]} was 
used for overexpression of CDKN2B-AS1. As a control vector, we used 
pLV[Exp]-EGFP:T2A:Puro-CMV > ORF_Stuffer. The vector IDs were 
VB211112-1184dvq and VB900122-4425pgj. These IDs can be used to 
retrieve detailed information about the vectors on vectorbuilder.com. 

2.3. RT-PCR 

Total cellular RNA was extracted from stable SpCas9-expressing SH- 
SY5Y cells and cDNA was synthesized using the SuperPrep II Cell Lysis 
and RT Kit for qPCR (Toyobo, SCQ-401). For quantitative RT-PCR, 
primer sets were synthesized with Eurofin genomics. The specific 
primers used to amplify SpCas9 were 5′-GAAGAGAACCGCCAGAA-
GAAG-3′ and 5′-CCACGATGTTGCCGAAGAT-3’. The primers used to 
amplify hGAPDH were 5′-GACTCATGACCACAGTCCATG-3′ and 5′- 
TCAGCTCAGGGATGACCTTG. Quantitative RT-PCR was performed 
using Thunderbird SYBR qPCR Mix (Toyobo, QPS201), and results were 
analyzed on a real-time PCR system (7500 Fast Real-Time PCR System; 
Life Technologies, Inc.). In addition, to confirm the specificity of the 
amplification, we performed a quantitative PCR program followed by a 
melting curve analysis and agarose gel electrophoresis of the PCR 
products. 

2.4. Western blotting 

Protein samples were extracted with PTTS buffer that included a 
protease inhibitor, and concentrations were measured as previously 
described [17]. An anti-SpCas9 antibody was incubated at 4 ◦C over-
night, and a secondary antibody labeled with HRP was incubated for 1 h 
at room temperature. Immunoreactive bands were detected and 
captured with chemiluminescence, as previously described [18]. 

2.5. Immunostaining of SpCas9 

To determine if the obtained viral vectors caused the expression of 
SpCas9, immunocytochemistry was performed. The SpCas9 stable cell 
line was seeded at a density of 1.5 × 105 cells/well 24 h prior to fixing in 

4 % paraformaldehyde. SpCas9 was stained using mouse monoclonal 
anti-SpCas9 for 60 min at room temperature (1:200, anti-SpCas9 
monoclonal [7A9-3A3], Cell Signaling, #14697) in 10 % donkey 
serum as blocking buffer. Goat anti-mouse IgG in blocking buffer was 
used for second staining (1:500, Alexa Flour 488). Mounting was per-
formed with a mounting medium including DAPI for nuclear staining 
(Vector Laboratories Inc., H-1200). Finally, fluorescence imaging was 
performed using the BZ-X810 device (Keyence). 

2.6. Fluorescence-activated cell sorting (FACS) 

TagBFP2-positive SH-SY5Y cells and EGFP-positive SH-SY5Y cells 
were sorted using a BD FACSAria SORP device (BD Bioscience), and the 
data were analyzed using FlowJo software (Tree Star). 

2.7. In-fusion cloning and sequencing 

To test the efficacy of gene editing, the SH-SY5Y cells were infected 
with a lentivirus-based vector expressing dual-guide RNA, genomic DNA 
was extracted, and amplification was performed of the DNA fragment 
containing the target site. PCR amplicons generated with the primers 
(Table S1) were cloned into the pAAV-MCS vector. Cloning plasmids 
were constructed for identifying CRISPR/Cas-induced target mutations 
using the In-Fusion HD Cloning Kit (639633, Takara Bio, Shiga, Japan). 
The cloning vector was transformed into E. coli (DNA-913F, Toyobo, 
Japan), and colonies were isolated for sequencing. Plasmids were 
propagated and were purified using FastGene PlasmidMini (FG-90502, 
Nippon Genetics, Japan). The plasmids were sent for Sanger sequencing 
(Eurofins Genomics K.K.) and BLAST-searched against the human 
genome to identify DNA mutations. 

2.8. T7 Endonuclease 1 (T7E1) assay 

We prepared plasmids expressing SpCas9 and gRNA using the In- 
Fusion HD Cloning Kit (Clontech,639648). In brief, SpCas9 was 
expressed downstream of the hPGK promoter, and each gRNA sequence 
was placed downstream of the U6 promoter. These plasmids were 
transfected into HEK293T cells using PolyJet In Vitro DNA Transfection 
Reagent (SignaGen Labpratories, SL100688), and genomic DNA was 
purified from the harvested cells after 24 h using the QIAamp DNA Mini 
Kit (Qiagen, 56304). Genomic DNA was tested with PCR using primers 
designed to contain the gRNA sequence. For gRNA1 and gRNA3, PCR 
was performed using the following primers: 5′-tgtacttaaccactggac-
tacctgcc-3′ and 5′-gtctcctttatgcattttgctgcaac-3’. For gRNA2 and gRNA4, 
PCR was performed using the following primers: 5′-gaga-
tatccagtcaccaatcc-3′ and 5′-gtgtaagagcagatgtactggag-3’. The PCR prod-
uct was analyzed using a T7 endonuclease 1 (T7E1) mismatch detection 
assay according to the manufacturer’s protocol with the EnGen Muta-
tion Detection Kit (New England Biolabs, E3321S). The density of the 
amplicon and digested band was determined with software (Image Lab 
3.0; Bio-Rad). 

2.9. Dead cell detection 

The vulnerability of cultured SH-SY5Y cells expressing CDKN2BAS-1 
mutations was measured using the Incucyte live-cell imaging system 
(Sartorius). One day prior to lentiviral transduction, SH-SY5Y cells sta-
bly expressing SpCas9 were seeded in a 96-well plate (Incucyte Image-
lock 96-well plate; BA-04856). The cells were infected with dual gRNA- 
overexpressing lentivirus (multiplicity of infection 20) in the presence of 
2 μg/ml polybrene. Four hours after infection, the medium was changed 
to a fresh medium containing Annexin V red dye (4641, Sartorius) and 
Caspase3/7 green dye (4440, Sartorius). Live-cell images were captured 
every 6 h until the end point at 72 h. 
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2.10. Quantitative reverse transcription PCR 

EGFP-positive SH-SY5Y cells were purified after lentivirus vector 
infection to drive CDKN2B-AS1 expression. The purified SH-SY5Y cells 
were used to extract total RNA using the RNeasy Micro kit (74004, 
Qiagen) and cDNA was synthesized using SuperScript III (18080051, 
Invitrogen). Quantitative PCR (qPCR) was performed with the 7500 Fast 
Real-Time PCR System (Life Technologies, Inc.) using TaqMan Fast 
Universal PCR Master Mix (Life Technologies, Inc.). Predesigned primers 
were purchased from Invitrogen and used for RT-PCR, including 
CDKN2B-AS1 (Hs01390879) and GAPDH (Hs02786624). Quantitative 
PCR (qPCR) was performed under the following cycling conditions: 
95 ◦C for 20 s and 40 cycles at 95 ◦C for 3 s and 60 ◦C for 30 s. Relative 
mRNA levels of CDKN2B-AS1 were determined from the ΔCt values and 
normalized to GAPDH expression. 

2.11. RNA-sequencing and pathway analysis 

A quality check of the total RNA was performed with Bioanalyzer 
(Agilent Technologies, California, USA). RNA-seq libraries were syn-
thesized with the SMART-seq HT Kit (634455, Clontech). RNA-seq li-
braries were sequenced using paired end reads (150 nt for read 1 and 2) 
on a DNBSEQ-G400RS (MGI Tech, Shenzhen, China). The obtained reads 
were mapped to the mouse GRCh38.p13 (hg38) genome with STAR 
software (version 2.7.9). Reads of annotated genes were counted using 
featureCounts software (version 2.0.1). FPKM values were calculated 
from mapped reads by normalizing to total counts and the transcript. 
Differentially expressed genes were detected with the DESeq2 software 
package (version 1.20.0). A list of differentially expressed genes detec-
ted by DESeq2 (basemean >5 and fold change <0.25, or basemean >5 
and fold change >4) was used for GO enrichment analysis with the 
clusterProfiler software package (Yu et al., OMICS 2012, 16:5, version 
3.16.0). Pathway analysis was performed using Ingenuity Pathway 
Analysis software (QIAGEN) and a biological triplicate RNA-seq dataset. 

2.12. Statistics 

Statistical significance was determined with a one-way ANOVA fol-
lowed by the Tukey-Kramer test to compare the mean in multiple 
groups. Statistical significance was calculated with the un-paired Stu-
dent’s t-test to compare pairs of groups. The significance level was set at 
p < 0.05. 

3. Results 

3.1. Gene mutations in CDKN2B-AS1 with CRISPR/Cas9 

To confirm the insertion of SpCas9 in SH-SY5Y cells, we used RT- 
PCR, immunoblotting, and immunostaining. For RT-PCR and immuno-
blots, gapdh and beta-actin, respectively, were used as internal controls. 
While normal SH-SY5Y cells do not express SpCas9 at all, we confirmed, 
at both the mRNA and protein levels, that the stable cell line we pre-
pared expressed SpCas9, as the bands show (Fig. 1A and B). In addition, 
immunocytochemistry revealed the expression of SpCas9 in each cell 
(Fig. 1C). With all these results suggesting the successful insertion of 
SpCas9, we moved on to the next procedure: genome editing mutation of 
CDKN2B-AS1 using a dual gRNA lentivirus vector (Fig. 1D). 

We designed four gRNAs targeting exons 2 and 3 of the human 
CDKN2B-AS1 gene (Supplemental Table 1) and constructed lentivirus 
vectors expressing the dual gRNAs and TagBFP2. Each dual gRNA 
lentivirus vector was introduced into human neuroblastoma SH-SY5Y 
cells stably expressing SpCas9, and genome editing efficiency was 
examined 72 h after introduction. Cell sorting was performed to purify 
the TagBFP2-positive cells (Fig. 2A and B). DNA was extracted from the 
sorted cells, and the target site sequences were sequenced according to 
the method described above. One insertion-deletion mutation (2 base 
deletions and 521 base insertions) and 7 base deletions were identified 
in exons from 10 sequenced clonal amplicons targeting #1 gRNA. One 
base substitution and 4 base deletions were identified in introns from 10 
sequenced clonal amplicons targeting #3 gRNA (Fig. 2C and D). In other 

Fig. 1. Materials for CRISPR/Cas9 editing of the CDKN2B-AS1 gene. 
RT-PCR (A), immunoblotting (B), and immunostaining (C) for SpCas9 in SH-SY5Y cells. (D) Scheme of gene mutation targeting human CDKN2B-AS1 using lentivirus 
vector-expressing gRNA. Scale bar = 200 μm. 
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Fig. 2. Genome editing of CDKN2B-AS1 with lentivirus vector infection. 
(A) TagBFP2-expressing SH-SY5Y cells were shown to label lentivirus-infected cells. BF; bright field. (B) TagBFP2-positive cells were purified to confirm editing of the 
CDKB2B-AS1 gene with FACS. (C) The human CDKN2B-AS1 locus and gRNA. (D) Mutation pattern of CDKN2B-AS1. Scale bar = 200 μm. 
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words, we found two mutant clones from 10 sequenced clones with #1 
gRNA, and one mutant clone from 10 sequenced clones with #3 gRNA. 
However, there was no mutation targeting scramble gRNA as a control 
or #2 or #4 gRNA targeted with CDKN2B-AS1. 

To further confirm the genome editing efficiency, we performed a 
T7E1 assay using HEK293T cells. Consistent with the results from Sanger 
sequencing, gRNA #1 and gRNA #3 were similarly effective at intro-
ducing genomic mutations (7.7 % indel at gRNA #1, and 6.8 % indel at 
gRNA #3). On the other hand, there was no cleaved band from gRNA 
#2, gRNA #4, or scramble gRNA in the T7E1 assay, i.e., there was no 
introduction of gene mutation (Supp Fig. 1). There results demonstrate 
that lentivirus vectors packaging either gRNA#1/#2 or gRNA #3/#4 
can successfully introduce gene mutation in CDKN2B-AS1 exons and 
introns, respectively. 

3.2. Neuronal vulnerability caused by CDKN2B-AS1 mutation in vitro 

To investigate whether mutation of CDKN2B-AS1 affects cell prolif-
eration and cell death, we monitored dead cells using a time-lapse sys-
tem (Incucyte). After 4 h of infection with the lentivirus vector, cell 
proliferation, Annexin V red, and caspase3/7 green were monitored 
every 6 h (3 fields of view per well). Cell proliferation was analyzed as 
the confluence of cells in phase contrast images, normalizing the 
confluence per image to 0 h. The cell proliferation rate of stable SpCas9- 
expressing SH-SY5Y cells transfected with gRNA1,2 was slightly, but 
significantly, decreased by 72 h compared to control and #3 or #4 
(Fig. 3A). However, the caspase 3/7–positive cell count (per image) also 
significantly increased in the CDKN2B-AS1 genome-edited cells 
compared to the scramble gRNA-induced cells (gRNA #1,2; p < 0.05 
from 6 h and gRNA #3,4; p < 0.05 from 36 h) (Fig. 3B). Similarly to the 
caspase assay, the Annexin V–positive cell area (per image) significantly 
increased in the CDKN2B-AS1 genome-edited cells compared to the 
scramble gRNA-induced cells (gRNA #1,2; p < 0.05 from 24 h and gRNA 
#3,4; p < 0.05 from 54 h) (Fig. 3C). These results suggest that CDKN2B- 
AS1 mutations involved neuronal cell vulnerability that promoted cell 
death. 

To evaluate molecular mechanisms promoting apoptotic cell death 
related to CDKN2B-AS1 mutation, we analyzed the downstream 
signaling of CDKN2B-AS1 using a lentivirus overexpression vector. The 
transcriptional level of CDKN2B-AS1 in SH-SY5Y cells infected with 
lentivirus overexpressing CDKN2B-AS1 was ~15.6-fold higher than in 
cells infected with a control vector (Fig. 4A). Our pathway analysis 
revealed that the CDKN2B-AS1 molecule suppressed the Fos signaling 
pathway (Fig. 4B), suggesting that CDKN2B-AS1 mutation–induced 
apoptotic cell death may be due to the activation of the Fos signaling 
pathway. 

4. Discussion 

Previously, GWASs have identified glaucoma-related genes and 
found that CDKN2B-AS1 was one of the most important genes in Asian 
and European population. However, the underlying pathological 
mechanisms are not fully understood. Here, we introduced CDKN2B-AS1 
gene mutation with neuronal cells stably expressing Cas9 and used a 
lentivirus vector to express gRNA. We demonstrated that mutation in 
CDKN2B-AS1 promotes neuronal cell death in vitro. This suggests that 
variants of the CDKN2B-AS1 gene may directly explain optic nerve 
vulnerability. A past study showed that alleles of CDKN2B-AS1 SNPs 
were associated with POAG [19], and another study found that risk al-
leles of CDKN2B-AS1 in glaucoma patients were also associated with 
normal-tension glaucoma [20]. Moreover, several haplotypes of the 
CDKN2B-AS1 gene are associated with not only POAG, but also pseu-
doexfoliation glaucoma [21]. In addition, loci of CDKN2B-AS1 have 
been found to be associated with various endophenotypes of glaucoma, 
such as vertical cup-disc ratio (VCDR) and optic cup area [22–24]. 
Interestingly, SNPs of CDKN2B-AS1 are not associated with IOP [23], 
suggesting that risk alleles of CDKN2B-AS1 are associated with glau-
comatous pathology in an IOP-independent manner. These studies 
support our current finding that CDKN2B-AS1 may be involved in optic 
nerve susceptibility. 

This study is the first to introduce the use of genome editing with 
CRISPR/Cas9 in exon and intron regions of the CDKN2B-AS1 gene. 
Interestingly, both mutations induced apoptotic cell death in vitro. This 
suggests that intronic mutations, like exonic mutations, may give rise to 
abnormal mature non-coding RNA in CDKN2B-AS1. In our experiments, 
we designed gRNA #3 to be upstream by 40–50 bp from the 3’ splice 
acceptor site on exon 2 in the CDKN2B-AS1 gene. This region is named 
the polypyrimidine tract; it binds with RNA processing molecules such 
as polypyrimidine tract-binding protein to regulate RNA splicing. Mu-
tation of the polypyrimidine tract leads to aberrant transcripts due to the 
insertion of intron nucleotides and mutant proteins by frameshifting 
[25]. Our genome editing, which targeted introns with gRNA #3, may 
also have led to polypyrimidine tract mutation and produced abnormal 
transcripts, resulting in a pathogenic effect. 

We evaluated the gRNA sequence with the computational tool 
CRISPOR (http://crispor.tefor.net/) to determine the score for genome 
editing efficiency [26]. All four gRNAs (#1-#4) had similar scores for 
targeting CDKN2B-AS1; thus, we do not consider that there was any 
problem with gRNA #2 or #4 themselves. We think that one of the 
reasons for the difference in genome editing efficiency was the locus of 
the gRNA target site. The target site of gRNA #1 and #3 (which were 
successful in genome editing) is around CDKN2B-AS1 exon 2. On the 
other side, the target site of gRNA #2 and #4 (which failed in genome 
editing) is around CDKN2B-AS1 exon 3. This is a distance of a few kbp, 
and there may be differences in gene structure and complexity, such as 
chromatin condensation. It may be hard for the gRNA complex to access 

Fig. 3. Induction of cell death with CDKN2B-AS1 genome editing in vitro. 
Time-lapse data showing cell confluence (A), the Annexin V cell area (B), and the caspase3/7 cell area (C). Error bars denote SD (n = 8). 
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the CDKN2B-AS1 exon 3 region to induce genome editing. 
The biological function of CDKN2B-AS1 in neuronal cells is not fully 

understood. In the current study, we attempted to clarify molecular 
signaling downstream of CDKN2B-AS1. A part of the molecular network, 
the Fos signaling pathway, was identified; we found that CDKN2B-AS1 
may suppress Fos activation. Previously, it has been well known that the 
cFos molecule promotes apoptotic cell death. Our previous work has also 
shown that cFos is activated in RGCs by optic nerve injury in rats [27]. 
These findings suggest that CDKN2B-AS1 mutation may impair cFos 
regulation and that activated cFos may trigger neuronal vulnerability. 
Selective cFos inhibitors, such as T-5224, can suppress inflammatory 
cytokine expression and ameliorate damage in animal models, such as 
models of kidney injury and skin disorders. In addition, T-5224 treat-
ment in vitro has been found to have no significant cytotoxicity. These 
findings suggest that eye drops that include cFos inhibitors may have 
potential as therapeutic agents for glaucoma. Recently, we developed 
new drug delivery systems for sustained release of high-dose drugs into 
the retina. These systems would also be useful for glaucoma treatment 
using cFos inhibitors. 

Long non-coding RNA sequences have roles in modulating gene 
expression via a variety of mechanisms, such as histone modification 
[28–30]. CDKN2B-AS1 transcripts have also has been shown to regulate 
and suppress the expression of CDKN2A/B by epigenetic mechanisms to 
bind polycomb protein complexes [31]. Transcribed CDKN2B-AS1 binds 
with polycomb proteins CBX7 and Suz12. These complexes interact with 
DNA methyltransferase DNMT3B and promote histone modification and 
chromatin remodeling [32]. In fact, the interaction of CDKN2B-AS1 
transcripts and methylation of histone H3 at lysine 27 (H3K27me) me-
diates the silencing of CDKN2A [33]. In an animal model of ocular hy-
pertension and ischemia reperfusion, SIX6-and TBK-mediated CDKN2A 
elevation was associated with RGC death [34,35]. Our previous study 
also showed that CDKN2B promotes RGC death in the retinas of mice 
that undergo N-methyl-D-aspartic acid induced excitotoxicity [36]. 
Other experimental data also show that the silencing of CDKN2B-AS1 
upregulates CDKN2B in vitro [37]. Importantly, a GWAS on morphologic 
characteristics of the optic nerve head found that the CDKN2B locus was 
associated with VCDR [38]. These studies suggest that mutations in 
CDKN2B-AS1 may deleteriously promote the expression of downstream 
genes such as CDKN2A/B, resulting in RGC death. 

Interestingly, CDKN2B-AS1 is highly expressed in atherosclerosis and 
regulates the expression of the cholesterol transporter ABCA1 in 

macrophage-derived foam cells. ABCA1 is also known as a glaucoma- 
associated gene in GWASs, and the deletion of ABCA1 in mice pro-
motes RGC death [39]. Interestingly, ABCA1-deficient astrocytes upre-
gulated chemokines such as CXCL12 and CCL5 with cholesterol efflux, 
resulting in low NR3A expression and RGC degeneration, causing Ca2+

overflow. Thus, dysregulation of the astrocyte-RGC interaction may also 
be involved in the pathogenesis of glaucoma. Our induced gene muta-
tion of CDKN2B-AS1 promoted neuronal cell death, possibly due to 
cholesterol dysregulation. Further investigation will be needed to clarify 
this point in the future. 

This study had three major limitations. First, it was hard to analyze 
the mechanism of cell death due to the low efficiency of genome editing. 
We detected cells that had gene mutations induced with our CRISPR/ 
Cas9 system, but the ratio of cells with these mutations was not high 
(10–20 %), even after the lentivirus-infected cells were purified by 
FACS. One reason for this might be that the cells infected with the len-
tiviral vector had already died before FACS, which was applied 72 h 
after virus infection. The collection of dying cells may be necessary to 
clarify the details of the mutation pattern of the CDKN2B-AS1 gene with 
our CRISPR/Cas9 system. The cell-death mechanisms of CDKN2B-AS1 
were not clear in the current study, and it will thus be necessary to 
clarify these points in the future. Second, it is also hard to discuss SNPs in 
CDKN2B-AS1 that were reported in previous glaucoma GWASs, because 
our gene mutation point in CDKN2B-AS1 did not match the risk allele of 
CDKN2B-AS1 in previous work. The setting of gRNA against SpCas9 is a 
necessary PAM sequence; thus, the mutation point will be limited. 
Finally, we used a human SH-SY5Y neuroblastoma cell line, rather than 
an RGC cell line, because there is no human RGC cell line. To solve this 
problem, the use of induced pluripotent stem (iPS) cells derived from 
RGCs might be considered an appropriate method. Methods for RGC 
differentiation and purification from three-dimensional retinal organo-
ids were established at our laboratory [40]; further investigation will be 
required to clarify the pathological mechanisms of the CDKN2B-AS1 risk 
allele using iPS cells from human glaucoma patients. 

In conclusion, we found that CDKN2B-AS1 gene mutations were a 
direct cause of neuronal cell vulnerability. This finding may have the 
potential to help the development of new therapeutic targets for glau-
comatous optic neuropathy. 

Fig. 4. Downstream analysis of CDKN2B-AS1 in SH-SY5Y cells. 
(A) Transcriptional level of CDKN2B-AS1 in SH-SY5Y cells infected with a lentivirus vector to overexpress CDKN2B-AS1. (B) Gene network analysis with Ingenuity 
Pathway Analysis software showing downstream signaling of CDKN2B-AS1 in an RNA-seq analysis. Error bars denote SD (n = 3). 
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