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A causal variant rs3769823 in 2q33.1 involved in apoptosis
pathway leading to a decreased risk of non-small cell lung
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ABSTRACT Objective: Although our previous genome-wide association study (GWAS) has identified chromosome 2q33.1 as a susceptibility
locus for non-small cell lung cancer (NSCLC), the causal variants remain unclear. The aims of this study were to identify the causal
variants in 2g33.1 and to explore their biological functions in NSCLC.

Methods: CCK-8, colony formation, EdU incorporation, Transwell, and quantitative real-time polymerase chain reaction assays were
applied to examine variant function. The tumor xenograft model was used to examine variant function in vivo. Caspase-8 activity
assays, flow cytometry analysis, and co-immunoprecipitation assays were used to explore the molecular mechanism.

Results: The missense variant rs3769823 (A > G), which caused the substitution of lysine with arginine at amino acid 14 in caspase-8
(caspase-8K14R), was identified as a potential causal candidate in 2q33.1. Compared with the wild type caspase-8 (caspase-
8WT) group, the caspase-8K14R group had higher expression of caspase-8 and cleaved caspase-8. Caspase-8K14R inhibited the
proliferation and metastasis of human lung cancer cell lines in vitro. Moreover, caspase-8K14R repressed lung cancer cell growth
in vivo. Mechanistically, caspase-8K14R was more sensitive than caspase-8W'T to tumor necrosis factor-related apoptosis-inducing
ligand (TRAIL)-mediated apoptosis and showed higher binding of caspase-8 and FADD.

Conclusions: These results suggested that rs3769823 is the causal variant in chromosome 2q33.1 and is involved in an apoptosis
pathway, leading to a decreased risk of NSCLC.
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Introduction cancer, accounting for approximately 85% of all lung cancer

cases™>. Increasing evidence suggests that environmental fac-
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Lung cancer is one of the most commonly diagnosed malig- ) . ) P

. . . s pational exposures, contribute to the risk of lung cancer®. In
nant tumors with the highest mortality rate'~. Non-small cell . ] ) )
. . : . addition, genetic factors play an important role in lung cancer
lung cancer (NSCLC) is the major histological type of lung Qe
susceptibility”™.

In recent decades, genome-wide association studies

(GWASs) have reported 45 lung cancer susceptibility loci®!°.
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Functional annotations are critical in identifying putative
causal variants in complex diseases'>'4. To identify the potential
functional variants in NSCLC susceptibility loci and to eluci-
date the underlying susceptibility mechanisms, we have recently
integrated large-scale genotype, transcriptomic, and epig-
enomic datasets, and have identified 803 functional target genes
and associated credible risk variants for NSCLC. Of all defined
target genes, caspase-8, located in 2q33.1, had the strongest
functional evidence, and the missense variant rs3769823 (c.41A
> G, p.Lys14Arg) was considered the potential causal variant at
2q33.1'%. However, the biological function and mechanism of
rs3769823 in NSCLC remain unclear. Therefore, this study was
aimed at verifying the potential biological role of rs3769823 in

the tumorigenesis of NSCLC via biological experiments.
Materials and methods
Cell lines and cell cultures

The human lung cancer cell lines (A549 and SPCA1) were
obtained from the Institute of Biochemistry and Cell Biology
of the Chinese Academy of Sciences (Shanghai, China). Cell
lines were cultured in RPMI 1640 basic medium (GIBCO-
BRL, Invitrogen, Carlsbad, CA) or DMEM (GIBCO-BRL,
Invitrogen) supplemented with 10% fetal bovine serum (FBS,
Gibco, USA) and 1% antibiotics (100 U/mL penicillin and
100 pg/mL streptomycin) (Invitrogen). These cell lines were
incubated at 37 °C in a humidified atmosphere of 5% CO,.

Plasmid construction

The full-length DNA fragments of the transcript variant
G (ie., isoform 7 in this study)'® of caspase-8 contain-
ing rs3769823[A] or rs3769823[G] were cloned into the
pcDNA3.1(+) vector. The wild type caspase-8 (caspase-8WT)
group was treated with a plasmid containing rs3769823[A],
and the caspase-8K14R group was treated with a plasmid con-
taining rs3769823[G]. Sequences of all constructed plasmids

were verified before experiments.
Transfection

Cells were seeded in a 6-well plate for 24 h. The constructed
plasmid was transiently transfected into A549 and SPCA1 cells
with X-tremeGENE™ HP DNA Transfection Reagent (Roche)

according to the manufacturer’s protocol.
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Western blot assays

At 48 h post-transfection, cells were lysed with RIPA lysis
buffer (Keygen BioTECH) with protease inhibitor cocktail
(MedChemExpress). Cell protein lysates were separated with
4%-20% SurePAGE and then transferred to 0.2 pm PVDF
membranes (Millipore, MA, USA). Membranes were blocked
in 5% BSA albumin fraction V (Biofroxx) and incubated
with specific antibodies (anti-caspase-8: 1:1000, A19549,
ABclonal;  anti-cleaved-caspase-8:  1:1000, 9496S, Cell
Signaling Technology; and anti-B-actin: 1:10000, 66009-1-Ig,
Proteintech). Protein bands were visualized with a molecular
imager (Bio-Rad, Hercules, CA).

Cell proliferation assays

Cell viability was measured with a CCK-8 Cell Counting Kit
(Vazyme, China) according to the manufacturer’s protocol,
and 5-ethynyl-2’-deoxyuridine (EdU) incorporation assays
were performed with a Cell-Light™ EdU Apollo 567 In Vitro
Kit (Ribobio, Guangzhou, China) according to the manu-
facturer’s protocol. The cells were observed under a confocal
laser scanning microscope (ECLIPSE-Ti, Nikon, Japan). The
EdU incorporation rate was used to assess proliferation [EdU-
positive cells (red cells)/total DAPI-positive cells (blue cells)],
and the cells were counted in Image-Pro Plus (IPP) 6.0 soft-
ware (Media Cybernetics).

Colony formation assays

Cells were seeded in 6-well plates and incubated at 37 °C.
After visible colonies appeared, cell colonies were washed with
saline, fixed with methanol, and stained with crystal violet
(Beyotime). The number of clones was counted in imaging

software.
Cell migration assays

Cell migration assays were performed with Costar Transwell
plates (6.5 mm diameter insert, 8.0 mm pore size, polycar-
bonate membrane, Corning Sparks, MD). The upper cham-
bers were filled with cells in 300 L of RPMI 1640 or DMEM
supplemented with 1% FBS. The lower chambers were filled
with 600 uL of RPMI 1640 or DMEM supplemented with
10% FBS. Then the cells were incubated at 37 °C in an atmos-
phere with 5% CO, for 24 h. Afterward, the cells were fixed
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with methanol and stained with crystal violet. Subsequently,
the membranes were washed and dried. Five random fields
in the membranes were captured with an optical micro-
scope (ECLIPSE TS100, Nikon), and the cells were counted
in imaging software. All experiments were repeated 3 times

independently.

RNA extraction and quantitative real-time
polymerase chain reaction (qQRT-PCR)

Total RNA was extracted from the harvested cells with TRIzol
reagent (Invitrogen). RNA was reverse transcribed to obtain
complementary DNA with HiScript II Q RT SuperMix for
qPCR (Vazyme, China). The qRT-PCR analyses were per-
formed with TB Green Premix Ex Taq (Takara, China). The
mRNA expression results were normalized to the expression
of B-actin. The primers are presented in Supplementary
Table S1.

Lentiviral production and infection

For lentiviral production (caspase-8WT and caspase-8K14R),
the full-length complementary DNA of isoform 7 of caspase-8
containing rs3769823[A] or rs3769823 [G] was cloned into
the pSLenti-SFH-EGFR-P2A-Puro-CMV-3xFLAG-WPRE
vector. The lentivirus was purchased from OBIO Technology
(Shanghai, China). For infection, cells were stably trans-
fected with the lentivirus. Afterward, the cells were cul-
tured in medium containing puromycin dihydrochloride
(MedChemExpress). Finally, monoclonal stable transgenic cell

lines were selected for in vivo assays.
Mouse xenograft tumor model

BALB/c nude mice were maintained in specific-pathogen-free
conditions. Cells expressing caspase-8WT and caspase-
8K14R were injected subcutaneously into the left and right
armpits, respectively. The tumor volumes were measured as
length x width? X 0.5. At the indicated number of days after
injection, the mice were killed, and the tumor weights were
measured and analyzed. Animal care and handling procedures
were performed in accordance with the National Institutes of
Health’s Guide for the Care and Use of Laboratory Animals
and were approved by the Committee on the Ethics of Animal
Experiments of Nanjing Medical University (Nanjing, China)
(approval number: IACUC-1812039-2).
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Caspase-8 activity assays

The cells were homogenized in lysis buffer and centrifuged at
16000 x g for 15 min at 4 °C. The supernatants were collected
to detect the activity of caspase-8 with a caspase-8 activity
assay kit (C1152, Beyotime) according to the manufacturer’s
instructions. The activity of caspase-8 was evaluated accord-
ing to the absorbance measured at 405 nm. Then the results
were normalized to the protein concentrations and are shown

as percentages of the specific value.
IC50 assays

The IC50 values of cell lines for tumor necrosis factor (TNF)-
related apoptosis-inducing ligand (TRAIL) were determined
with CCK8 assays. Cells were seeded in 6-well plates. At 24 h
post-transfection, the cells were seeded in 96-well plates.
Afterward, the cells were treated with the indicated concentra-
tions of TRAIL for 72 h, then subjected to CCK8 assays.

Flow cytometry analysis

Transfected cells were harvested after 48 h of transfection and
treated with different concentrations of TRAIL. The cells were
stained with Annexin V-FITC and PI Staining Solution with an
Annexin V-FITC/PI Apoptosis Detection Kit (Vazyme, China)
according to the manufacturer’s protocol. Then the cells were
analyzed with a flow cytometer (FACScan, BD Biosciences)
equipped with Cell Quest software (BD Biosciences).
Differences between the caspase-8WT and caspase-8K14R
groups treated with different concentrations of TRAIL were

compared.
Co-immunoprecipitation (co-IP) assays

Co-IP assays were performed with a Pierce Classic Magnetic
IP/Co-IP Kit (Pierce, Thermo) according to the manufacturer’s
protocol. Pretreated cells were rinsed twice with precooled
PBS and lysed with ice-cold IP lysis/wash buffer on ice for
15 min, then subjected to centrifugation. Supernatants were
incubated with anti-FADD (14906-1-AP, Proteintech) or con-
trol IgG at room temperature, followed by prewashed pro-
tein A/G magnetic beads at 4 °C overnight on a rotator. After
extensive washing with IP lysis/wash buffer, the supernatant
was collected, and 100 UL of protein loading buffer was added.
The mixture was heated at 100 °C for 10 min, and the beads
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were separated and used for Western blot analysis (anti-FADD:
1:200, 14906-1-AP, Proteintech; anti-caspase-8: 1:100, 97468,
Cell Signaling Technology).

Statistical analysis

All data were assayed by comparison of the mean + SD with
Student’s ¢ test for different groups. All the tests were two-
sided, and P values < 0.05 were considered statistically signif-
icant. General analyses were performed in GraphPad Prism 6

software.

Results

Caspase-8K14R has higher expression of
caspase-8 and inhibits cell proliferation and
metastasis in NSCLC

To explore the role of rs3769823 in NSCLC, A549 and SPCA1
cell lines were tested by Sanger sequencing. SNP rs3769823

A A549
Cleaved
caspase-8
B
WT K14R
 WT
1.2+ B K14R

Cleaved
caspase-8

Caspase-8

Protein expression
normalized to B-actin
‘ )

Zhang et al. The mechanism of rs3769823 in NSCLC susceptibility

was a homozygous mutation, and the genotype in A549 and
SPCAL1 cell lines was [GG] (Supplementary Figure S1). We
chose these 2 cell lines for follow-up experiments.

Given that rs3769823 generates the substitution of lysine
with arginine at amino acid 14 in caspase-8 (caspase-8K14R)">,
we first examined the effect of the K14R alteration on caspase-8
expression and found that the expression levels of caspase-8 and
cleaved caspase-8 were higher in the caspase-8K14R group than
the caspase-8WT group (Figure 1A and 1B). Because caspase-8
initiates extrinsic apoptosis'®, caspase-8K14R may be involved
in an apoptosis-associated pathway. Therefore, we examined
the effect of caspase-8K14R on cell phenotypes. CCK8 assays
revealed that caspase-8K14R inhibited the lung cancer cell pro-
liferation than caspase-8WT (Figure 2A). Similarly, colony for-
mation assays showed that the cell colony-forming ability was
lower in the caspase-8K14R group (Figure 2B). The EAU incor-
poration assays also confirmed the effect of caspase-8K14R on
decreasing the cell proliferation rate (Figure 2C). Transwell
assays indicated that the migration ability was repressed in the

caspase-8K14R group (Figure 2D). These findings suggested
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Figure 1 Caspase-8K14R has higher expression than caspase-8WT. (A, B) The expression of caspase-8 (55 kDa) and cleaved caspase-8
(18 kDa) was detected by Western blot after transfection with plasmids containing the rs3769823[A] or rs3769823[G] allele into A549 and

SPCAL1 cells (*P < 0.05, **P < 0.01).
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Figure 2 Caspase-8K14R inhibits lung cancer cell proliferation and metastasis. (A) CCK8 assays were performed to observe the proliferation
of A549 and SPCA1 cells after transfection with plasmids containing the rs3769823[A] or rs3769823[G] allele. (B) Colony formation assays
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were used to investigate the differences in colony formation ability after transfection with the constructed plasmids into A549 and SPCA1

cells. (C) EdU incorporation assays were performed to assess the proliferation of A549 and SPCAL cells after transfection with the constructed

plasmids. (D) Transwell assays were conducted to determine the migration of A549 and SPCAL cells (*P < 0.05, **P < 0.01).

that caspase-8K14R may play an important role in the tumor-
igenesis of NSCLC.

Caspase-8K14R regulates the expression
of genes associated with proliferation and
apoptosis

Next, we detected the expression of 6 molecular marker genes
in the caspase-8K14R group and caspase-8WT group, includ-
ing proliferation- and metastasis- and apoptosis-associated
genes. The caspase-8K14R group had lower mRNA levels of
proliferating cell nuclear antigen (PCNA), matrix metallopro-
teinase 9 (MMP9), matrix metalloproteinase 27 (MMP27),
and the anti-apoptosis factor Bcl2, and had higher mRNA
levels of caspase-3 and Bax (Figure 3A and 3B). These results
indicated that caspase-8K14R down-regulates the expression
of genes associated with promoting proliferation and meta-
stasis, and up-regulates the expression of genes associated with

promoting apoptosis.
Caspase-8K14R represses cell growth in vivo

To explore the role of caspase-8K14R in vivo, we stably
transfected cells with lentivirus and selected monoclonal
stable transgenic cell lines for in vivo assays. The cells were
injected subcutaneously into the bilateral armpits of BALB/c
nude mice. Less growth of xenograft tumors was observed
in the caspase-8K14R group than the caspase-8WT group
(Figure 4A and 4B). Moreover, the average tumor weight at
the end of the experiment was lower in the caspase-8K14R
group (Figure 4C and 4D). Caspase-8K14R had lower Ki-67
positivity (Figure 4E). Therefore, caspase-8K14R regulates

tumor growth in vivo.

Caspase-8K14R is more sensitive to TRAIL-
mediated apoptosis

To explore the effect of the K14R alteration on caspase-8
activity, we tested the activity of caspase-8 in both the caspase-
8K14R and caspase-8WT groups. Caspase-8K14R showed
higher caspase-8 activity than caspase-8WT (Figure 5A). An
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Figure 3 Caspase-8K14R regulates the expression of genes asso-
ciated with proliferation and apoptosis. (A, B) qRT-PCR assays were
performed to detect the mRNA levels of relevant genes in A549
and SPCA1 cells after transfection with the constructed plasmids
(*P < 0.05, **P < 0.01).

important role of caspase-8 is triggering the extrinsic apopto-
sis pathway when TRAIL binds TRAIL-R!7-!°. Thus, we sought
to determine the effects of caspase-8K14R on apoptosis after
treatment with TRAIL. The IC50 value in the caspase-8WT
group was found to be 117.4, whereas that in the caspase-
8K14R group was 49.65 in SPCA1 (Figure 5B). Caspase-8K14R
was more sensitive than caspase-8WT to TRAIL-mediated
apoptosis. In addition, we performed flow cytometry analy-

sis to determine the different effects on apoptosis in both the
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Figure 4 Caspase-8K14R represses cell growth in vivo. (A, B) Nude mice were injected with the SPCA1 cell line overexpressing the rs3769823[A]
or rs3769823[G] allele. Images and growth curves of xenograft tumors are shown. (C, D) Tumor volumes and weights were calculated. (E) Tumor
sections with H&E staining and IHC staining with antibodies against Ki-67 are shown (*P < 0.05, **P < 0.01).

caspase-8K14R and caspase-8WT groups. When treated with difference did not reach statistical significance, caspase-8K14R
a suitable concentration of TRAIL, caspase-8K14R showed also showed a higher apoptosis rate than caspase-8WT after
a higher apoptosis rate than caspase-8WT. Although the treatment with 0 ng/mL or lower concentrations of TRAIL
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Figure 5 The roles of caspase-8K14R in TRAIL-mediated apoptosis.
(A) Effects of the K14R alteration on caspase-8 activity in A549 and
SPCAL cell lines. (B) IC50 assays were preformed, and the IC50
values of the cell lines treated with TRAIL were determined with
CCK8 assays in SPCA1 cells. (C) Flow cytometry was performed to
detect the apoptosis rates of A549 and SPCA1 cells treated with
different concentrations of TRAIL. (D) The expression of caspase-8
(55 kDa) and cleaved caspase-8 (18 kDa) was detected by Western
blot after transfection with plasmids containing the rs3769823[A]
or rs3769823[G] allele into A549 and SPCA1 cells treated with dif-
ferent concentrations of TRAIL (*P < 0.05, **P < 0.01).

(Figure 5C). We then examined the expression of caspase-8
in the caspase-8K14R and the caspase-8WT groups treated
with a suitable concentration of TRAIL, and found that the

A A549

IgG IP

Ty
FADD IP - WB: caspase-8
Input ‘ ' WB: FADD
W

T  KI14R

WB: caspase-8

1393

s =8 Exon:rs3769823(A>G, K14R)

|| ||I Il || || T I: Caspase-8
Controls Cases

|

4k 2

Caspase-8 protemT Q_.J;H\\.J FADD
-

w Fe
[

O

TRAIL

Caspase-8/FADD |

/

Cytomembrane

ApoptosisT ——3 Lung cancer risk l

Cleaved caspase-8 T

Figure 7 Schematic model of this study. The missense variant
rs3769823 was the causal variant in 2g33.1. The K14R alteration
resulted in higher expression of caspase-8, and greater binding of
caspase-8 and FADD, thus promoting TRAIL-mediated apoptosis and
inhibiting NSCLC tumorigenesis (image created with BioRender.com).

expression of caspase-8 and cleaved caspase-8 was higher
in the caspase-8K14R group than the caspase-8WT group
(Figure 5D). Overall, the above results indicated that caspase-
8K14R may inhibit the proliferation of lung cancer cells by
affecting the apoptosis pathway.

The K14R alteration results in greater binding
of caspase-8 to FADD, thus affecting cell
apoptosis in NSCLC

Fas associated death domain (FADD) binds caspase-8 and
forms the death inducing signaling complex (DISC), which

B SPCA1

IgG IP WB: caspase-8

FADDIP ” WB: caspase-8
Input .. WB: FADD

WT K14R

Figure 6 The K14R alteration increases binding of caspase-8 to FADD. (A, B) A549 and SPCAL cell lines were transfected with rs3769823[A]
or rs3769823[G]-expression plasmids. Then the cells were subjected to immunoprecipitation with anti-FADD antibody, followed by immunob-

lotting with anti-caspase-8.
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plays a major role in the transmission of TRAIL-induced
apoptosis signals!®2%2!, To determine the role of caspase-
8K14R in the TRAIL-induced apoptosis pathway, we tested
differences in the binding of caspase-8 and FADD by per-
forming co-immunoprecipitation assays. When cell lysates
were subjected to immunoprecipitation with anti-FADD,
followed by immunoblotting with anti-caspase-8, the bind-
ing of caspase-8 to FADD was higher in the caspase-8K14R
group than the caspase-8WT group (Figure 6A and 6B), thus
suggesting that caspase-8K14R affects the recruitment of
caspase-8 to FADD.

Discussion

As a robust approach, GWASs have been used to identify
a series of genomic loci associated with lung cancer risk;
however, the causal variants and potential biological func-
tions remained unclear. In the present study, we identified
rs3769823, a missense variant, as the causal variant at 2q33.1.
Caspase-8K14R, compared with caspase-8WT, showed higher
expression of caspase-8 and binding of caspase-8 to FADD,
thus subsequently promoting TRAIL-mediated apoptosis and
inhibiting NSCLC tumorigenesis (Figure 7).

Some evidence has indicated a relationship between
rs3769823 and cancers, including lung cancer, breast can-
cer, esophageal squamous cell carcinoma, and basal cell
carcinoma!>?*2>, Notably, Lin et al.?® have conducted a
meta-analysis of GWAS and found that the rs3769823[A]
allele increases the risk of basal cell carcinoma independently
of the [G] allele. This finding is consistent with our results
indicating that the rs3769823[G] allele is protective against
lung cancer. In addition, to our knowledge, the present
study is the first report showing the biological functions of
rs3769823 in NSCLC.

Missense mutations can cause amino acid substitutions,
which may lead to crucial structural alterations, affect protein
stability, or perturb protein binding interfaces. These altera-
tions may impair protein functions*»?’. Stability, as a funda-
mental property of proteins, is strongly affected by missense
mutations?®3!. Singh et al.’?> have revealed that the missense
mutation Lys18Asn (K18N) in dystrophin might trigger
X-linked dilated cardiomyopathy by decreasing protein sta-
bility, increasing protein unfolding, and perturbing protein
structure. Additionally, Liao et al.** have found that PERP-
428 variants (rs648802, c.428C > G, p.Pro143Arg) affect lung
cancer risk by differentially regulating p53 protein stability
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and PTEN/MDM?2/p53-mediated antioxidant activity. In the
present study, the caspase-8K14R group had higher expres-
sion of caspase-8 than the caspase-8WT group. We speculated
that this higher expression might have been due to influences
on protein stability and unfolding. The mechanism through
which caspase-8K14R affects protein levels needs to be further
studied.

Caspase-8 belongs to the cysteine aspartyl protease
(caspase) family. Caspases drive apoptosis by cleaving aspar-
tic acid peptide bonds, thus resulting in cell death!’. Here,
we found that caspase-8K14R inhibited malignancy and
increased apoptosis rates. In addition, we detect the mRNA
levels of relevant molecular markers in the caspase-8K14R
and caspase-8WT groups. PCNA is an essential protein that
participates in a variety of processes of DNA metabolism
and is involved in cell survival®*. Matrix metalloproteinases
(MMPs) are zinc dependent proteolytic metalloenzymes.
Inhibiting MMP9 has anticancer effects, and MMP27 is asso-
ciated with invasion and migration®>*. Bax and caspase-3 are
pro-apoptotic proteins, and Bcl2 suppresses apoptosis®’-3°.
We verified that caspase-8K14R down-regulated the expres-
sion of genes associated with promoting proliferation and
metastasis, and up-regulated the expression of genes associ-
ated with promoting apoptosis.

Caspase-8 is the key initiator caspase in death receptor-
induced apoptosis induced by external stimuli, such as
TRAIL!4041 TRAIL belongs to the tumor necrosis factor
superfamily, and its binding to TRAIL receptors initiates apop-
tosis*2. The adaptor proteins FADD and caspase-8 are then
recruited, thus forming DISC'$2%2!, Subsequently, caspase-8
is cleaved, forming active caspase-8 (heterotetramer - p18, -
p10,), which cleaves and activates caspase-3, which in turn
executes the cell apoptosis pathway'8. We found that caspase-
8K14R, compared with caspase-8WT, inhibited NSCLC malig-
nancy, was more sensitive to TRAIL-mediated apoptosis, and
showed higher binding between caspase-8 and FADD. Hence,
caspase-8K14R appears to suppress lung cancer malignancy by

affecting the cell apoptosis pathway.
Conclusions

In conclusion, we demonstrated that rs3769823 is the causal
variant in chromosome 2q33.1 according to functional exper-
imental verification. Our findings provide additional evidence
supporting an in-depth understanding of the genetic suscepti-
bility mechanisms in NSCLC.
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