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1. Introduction

Lung cancer is one of the most prevalent malignancies
worldwide and a leading cause of cancer-related mor-
tality. According to global cancer statistics, almost
2.5million new cases are diagnosed and 1.8 million
new deaths are registered annually [1]. Most of lung
cancer patients were non-small-cell lung cancer
(NSCLQ) [2,3], of which two major histological sub-
types were lung adenocarcinoma (LUAD) and lung
squamous cell carcinoma (LUSC) [4,5]. Nowadays,
lung cancer survival rates remain low, with a 3-year
survival rate of 13-40% and a 5-year rate around 25%
[2]. However, various clinical outcomes are observed
among early-stage NSCLC patients, even among those
with similar clinical characteristics [6]. This indicates
that there are still hidden mechanisms behind the
development of lung cancer.

Epigenetic alterations, notably DNA methylation,
are recognized as key factors regulating molecular
mechanisms of tumorigenesis and cancer progression
[7,8]. As a reversible epigenetic modification process,
DNA methylation primarily involves the substitution
of the 5'-hydroxyl group of DNA with a methyl group,
known as S5-methylcytosine (SmC). This modification
holds promise as a tool for early detection [9,10], pro-
viding pivotal insights into tumor metastasis and prog-
nosis [11,12] and guiding therapeutic strategies,
including immunotherapy and chemotherapy [6,13,14],
for NSCLC patients. Additionally, gene-gene (G X G)
interactions between methylation traits have been
reported for their pivotal insights into the biological
mechanisms underlying NSCLC [15-17]. Over the past
two decades, epigenetic characteristics have been
proved to be influenced by environmental exposure
such as smoking, which affects the course of cancer
progression [18]. This complex interaction pattern

between smoking and DNA methylation, referred to
as the gene—environment (G X E) interaction, parallels
G x G interactions, both recognized for their crucial
roles in elucidating the intricate molecular mechanisms
underlying various complex diseases [19,20], including
NSCLC [21-23]. Our previous studies have found the
patterns under two-way interaction (pack-year of
smoking x ¢g05293407 rrrar27) and three-way interac-
tion (pack-year of smoking X cg05293407 rgsas27 X ¢g00
60500x74.40226) between DNA methylation and smok-
ing. These patterns may reveal the histologically het-
erogeneous effect of molecular mechanisms of cancer
development in NSCLC [22,23]. Considering that the
progression of tumors constitute a complex biological
process characterized by multifaceted, multistep, multi-
genic, and multifactorial mechanisms, low-order inter-
actions are limited in correctly interpreting complex
composite patterns related to cancer progression [24].
Higher-order interactions deserve to be tested to con-
firm our previous work and explore new interactions,
if they exist [25,26]. Therefore, we performed the first
epigenome-wide four-way gene-smoking interaction
study of NSCLC survival and identified one novel
epigenetic biomarker associated with lung cancer
prognosis.

In this study, we integrated the epigenomic and
demographic data of multiple cohorts and employed a
two-phase study to elucidate the robust four-way inter-
action influencing the overall survival of NSCLC
patients. First, build upon the previously established
three-way interaction involving ¢g05293407 7r7as27,
cg00060500 k7440226, and smoking, we conducted a
four-way interaction analysis involving pack-year of
smoking, ¢g05293407 rrzar27, €200060500x;4 40226 and
an additional CpG probe, using samples from four
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international study centers (USA-Harvard, Spain, Nor-
way, Sweden). Second, we validated these significant
signals by data obtained from the Cancer Genome
Atlas (TCGA) database.

2. Materials and methods

2.1. Study populations of DNA methylation data

The DNA methylation data from early-stage (stage I
and IT) NSCLC patients were collected from five inter-
national consortium: USA-Harvard, Spain, Norway,
Sweden study and TCGA database [27-30]. Cases
from USA-Harvard, Spain, Norway, and Sweden
study were assigned to discovery phase, while cases
from TCGA were assigned to validation phase. All
these studies were approved by each institutional
review board, and patients provided written informed
consent. The study methodologies conformed to the
standards set by the Declaration of Helsinki and was
approved by the local ethics committee.

2.1.1. USA-Harvard

The Harvard Lung Cancer Study cohort was described
previously [27]. Patients were recruited at Massachu-
setts General Hospital between 1992 and 2016, and all
were newly diagnosed and histologically confirmed
with primary NSCLC at the time of recruitment.
Snap-frozen tumor samples were taken from patients
during complete resection of the therapeutic proce-
dure. A total of 149 early-stage patients were selected
in this study with complete survival information.
Tumor DNA was extracted from 5-pm-thick histo-
pathologic sections. Each specimen was evaluated by a
pathologist for amount (tumor cellularity > 70%) and
quality of tumor cells. All specimens were histologi-
cally classified using the Word Health Organization
(WHO) criteria. The study was approved by the Insti-
tutional Review Boards of the Massachusetts General
Hospital (Partners Human Research Committee, Pro-
tocol #1999P004935/MGH).

2.1.2. Spain

As previously described [28], tumors were surgically
collected from 207 early-stage NSCLC patients
between 1991 and 2009. These samples were obtained
from several research institutions, including Spain
(Catalan Institute of Oncology; Center for Applied
Medical Research; and Bellvitge Biomedical Research
Institute), Italy (IRCCS Foundation National Cancer
Institute; and University of Turin), UK (University of
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Liverpool Cancer Research Centre), France (CHU
Albert Michallon), and the United States (University
of Michigan Medical School). Patients provided writ-
ten consent and tumors were surgically collected. This
study was approved by the Bellvitge Biomedical
Research  Institute institutional review boards
(PR0O55/10).

2.1.3. Norway

There were 132 LUAD patients participated in Nor-
way cohort with operable lung cancer tumors enrolled
at Oslo University Hospital, Rikshospitalet, Norway,
between 2006 and 2011 [29]. The project was
developed with the approval of the Oslo University
Institutional Review Board and regional ethics com-
mittee (S-05307). All patients provided informed con-
sent. Tumor tissues were snap-frozen in liquid nitrogen
and stored at —80 °C until DNA isolation.

2.1.4. Sweden

Tumor DNA were collected from 36 patients with
early-stage NSCLC, at Skane University Hospital,
Lund, Sweden [30]. DNA extraction was performed on
tumor specimens (10 pm-thick, tumor cellularity
> 50%). The study was developed under the approval
of the Regional Ethical Review Board in Lund, Swe-
den (Registration no. 2004/762 and 2008/702).

2.1.5. TCGA

TCGA database consisted of 227 LUAD and 241
LUSC cases with complete DNA methylation, overall
survival time and covariates data. Level-1 Human-
Methylation450 DNA methylation data (image data)
of each patient were downloaded at October 1, 2015.

2.2. Quality control procedures for DNA
methylation data

The quality control (QC) procedures outlined here have
been consistently applied in our previous studies
[16,22,23]. DNA methylation was profiled using the Infi-
nium HumanMethylation450 BeadChip (Illumina Inc.,
San Diego, CA, USA). All studies adhered to the same
QC procedures before the association analysis. Raw
image data were converted into beta values (continuous
numbers ranging from 0% to 100%) using the Geno-
meStudio Methylation Module V1.8 (Illumina Inc.) for
background subtraction and control normalization.
Unqualified probes meeting any one of the following cri-
teria were excluded: (a) failed detection (P> 0.05) in
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more than 5% samples; (b) coefficient of variance
(CV) < 5%:; (c) methylated or unmethylated in all sam-
ples; (d) common single nucleotide polymorphisms
(SNP) located in the probe sequence or 10-bp flanking
regions; (e) cross-reactive probes or cross-hybridizing
probes [31]; or (f) did not pass quality control in all cen-
ters. Samples with > 5% undetectable probes or missing
of pack-year of smoking were excluded. Methylation
signals were further processed for quantile normaliza-
tion (betagn function in R package minfi) as well as type
I and II probes correction (BMIQ function in R package
lumi), and were adjusted for batch effects (ComBat func-
tion in R package sva) according to the best pipeline by
a comparative study [32]. The QC processes are detailed
in Fig. S1.

2.3. Study populations and quality control of
gene expression data

Gene expression data for early-stage NSCLC were
derived from the USA-Harvard, Norway, Sweden, and
TCGA database. While, Spanish study center did not
profile gene expression data. The USA-Harvard, Nor-
way, Sweden and TCGA database had 26, 93, 34, 456
individuals, respectively. The TCGA workgroup com-
pleted the mRNA sequencing data processing and QC.
Level 3 gene quantification data were downloaded
from the TCGA data portal and were further checked
for quality. Gene probes were excluded if the missing
rate > 80%, and batch effects were corrected with
ComBat. The expression value of each gene
was transformed on log, scale and standardized
subsequently.

2.4. Study design and statistical analysis

2.4.1. A two-phase design for four-way gene-smoking
interaction study

The flowchart illustrating the analysis was depicted in
Fig. 1, outlining a two-phase design aimed at exploring

L. Chen et al.

the association between four-way interactions and
early-stage NSCLC overall survival on an epigenome-
wide scale. In the discovery phase, we constructed a
histology-stratified Cox proportional hazards model
adjusted for age, sex, smoking status, clinical stage,
and study centers. In current study, we employed a
hill-climbing  algorithm  to  detect  high-order
interactions. Originally, we identified a significant two-
way interaction, i.e., pack-year of smokingX
cg05293407 rrar27, associated with NSCLC survival
[22]. Then, we further recognized a significant three-
way interaction, i.e., pack-year of smoking X
¢g05293407 7rrar27 X 20060500 k7.4 40226 [23]. Here, we
aimed to identify another biomarker contributing to
the significant four-way interaction, i.e., pack-year
of smoking X Cg05293407TRIM27 X Cg0060500KIAA0226 X
CpG probe, among samples from USA-Harvard,
Spain, Norway, and Sweden. This algorithm allows us
to systematically explore significant signals from low-
order interaction to high-order interaction [22,23,33].
Hazard ratio (HR) and 95% confidence interval (CI)
was computed for per 1% level of the methylation
increment. Multiple testing corrections were applied to
control the false discovery rate (FDR) at a 5% level
[34]. In the validation phase, the identified four-way
interactions will be tested in TCGA dataset. Signifi-
cant interactions should meet the following criteria:
(a) FDR-¢ <0.05 in the discovery phase and P <0.05
in the validation phase; and (b) with consistent direc-
tion effect between two phases.

2.4.2. TRIUNE subgroup analysis

An inTegrated covaRIates and foUr-way iNtEraction
score (TRIUNE) was defined by a weighted linear
combination of all components inside the significant
four-way interaction, as well as all covariates, with
weights derived from the aforementioned Cox propor-
tional hazards model. Specifically,

TRIUNE =Y a; x Covariate; + f; x Pack — year of smoking + p, x ¢g05293407 7gsar27 + B3 % cg00060500 k7440226 + B4 X 816658473 571549
+B,, x Pack — year of smoking x ¢g05293407 rriu27 + B3 % Pack — year of smoking x ¢g00060500 k7440226

+B,4 x Pack — year of smoking x c¢g16658473 57549

+BZ3 X Cg05293407TR11\/[27 X chOOéOSOOKIAA()Z_y,; + ﬁ24 X Cg05293407TRIM.27 X Cgl665847351”5,49

+[334 X Cg000605001(]/¢,4()236 X Cg166584733‘]—115,49

+ﬁ]23 x Pack — year of SlTlOkil’lg X Cg052934077‘R1M27 X cg00060500K,AA(;22,;

+B124 x Pack — year of smoking x ¢g05293407 rriar27 % cg16658473sp1549
+B234 X cg052934O7TR1M27 X Cg00060500]([AA()_725 X Cg1665847351-115/19
+P1234 % Pack — year of smoking x ¢g05293407 7gsar27 % cg00060500 k7440226 % €g16658473 511549
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® 311 889 tumor tissue DNA methylation CpG probes

Histology-stratified analysis using Cox proportional hazards model
FDR-¢ <0.05

39 four-way interaction terms passed the threshold

1 four-way interaction retained

Subgroup analysis
(Subgroup divided by quartiles of TRIUNE)

Kaplan—-Meier survival curve analysis

Gene enrichment pathway analysis

e

Gene-smoking interactions in NSCLC survival
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Consistent effect

v
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Cis-regulation and interaction analysis
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Prognostic prediction model

Fig. 1. Flow chart of study design and statistical analysis. Patients diagnosed with lung adenocarcinoma (LUAD) and lung squamous cell
carcinoma (LUSC) from the Harvard, Spain, Norway, and Sweden cohorts were utilized in the discovery phase for screening, whereas data
from the Cancer Genome Atlas (TCGA) were employed for validation. Subgroup analyses were conducted based on quartiles of TRIUNE.

FDR, false discovery rate; NSCLC, non-small lung cancer.

where a; and p; were the coefficient estimated for each
variable in the multivariable Cox proportional hazards
model.

To further evaluate the prognostic value of the TRI-
UNE, we performed the following analyses. (a)
Patients were divided into four subgroups by the quar-
tiles of the TRIUNE, and their survival difference was
compared using Kaplan-Meier survival curves. (b) To
explore the molecular mechanisms underlying the TRI-
UNE, potential genes regulated by CpG probes involv-
ing in TRIUNE were identified by genome-wide DNA
methylation and gene expression correlation analysis
using the linear regression model adjusted for the cov-
ariates aforementioned, with significant significance at

FDR-¢ <0.05. (c) Functional annotation and gene
enrichment pathway analyses, including Gene Ontol-
ogy (GO) and Kyoto Encyclopedia of Genes and
Genomes (KEGG), were conducted to evaluate poten-
tial biological functions of significantly correlated
genes using the WebGestaltR package [35-38].
FDR-¢ <0.05 was considered statistically significant.

2.4.3. Four-way gene-smoking interaction analysis in
gene expression level

We examined the four-way gene-smoking interaction
in gene expression level using genes cis-regulated by
CpG probes. Specifically, the CpG probe located
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within 1kb window of a gene and significantly
(P <0.05) correlated with its expression were defined
as candidate having significant epigenetic cis-regulation
of transcription. The four-way gene-smoking interac-
tion at the gene expression level was tested by Cox
model adjusted for the covariates aforementioned. Sig-
nificant threshold was defined as P <0.05.

2.4.4. Development of a prognostic prediction model

We utilized clinical variables and CpG probes involved
in the four-way interaction to developed a prognostic
prediction model in the combined dataset. The dis-
crimination ability of the prediction model was illus-
trated using time-dependent receiver operating
characteristic (ROC) curves, with the area under the
ROC curve (AUQC) calculated by timeROC package.
The 3- and 5-year overall survival time of cancer
patients are well recognized as important clinical out-
comes in practice [2,39,40]. Therefore, we gave 3- and
S-year ROC and AUC to present model discrimina-
tion. We applied DeLong test to compare the AUCs
of two models with and without the four-way interac-
tion. Also, the concordance index (C-index), an aver-
age accuracy of predictive survival across follow-up
years, which ranges from 0.5 to 1.0, was calculated to
estimate the predictive performance.

2.4.5. Statistical analysis

Continuous variables were expressed as mean + stan-
dard deviation (SD), and categorical variables were
expressed in frequency (n) and proportion (%). Multi-
ple comparisons were adjusted using the false discov-
ery rate (FDR) method, as measured by the FDR-¢
value (false discovery rate-adjusted ¢ value) [34], to
control the overall false-positive rate at 5% level. Sta-
tistical analysis was performed using R version 4.3.1
(The R Foundation of Statistical Computing,
https://www.r-project.org/).

3. Results

3.1. Sample characteristics of the study
population

After quality control, our epigenome-wide DNA meth-
ylation data were composed of 311891 CpG probes
from 992 early-stage NSCLC patients; 524 patients
(NLuap =425 and Npysc =99) were in the discovery
phase and 468 patients (Npyap=227 and
Npusc =241) were in the validation phase. A total of
609 patients had gene expression data. Demographic

L. Chen et al.

and clinical information for these patients is detailed
in Table 1 and Table S1.

3.2. A significant four-way interaction involving
¢g16658473 51549 identified in a two-phase study

In the discovery phase, 39 pairs of significant four-way
interactions were identified (FDR-¢ <0.05); whereas
only one pair of interactions remained significant in
the validation phase (P <0.05) and showed robust
results in the combined data (Table S2). There was a
statistically significant four-way interaction effect of
cgl6658473 51540 With  pack-years of smoking,
¢g05293407 7r1a127, and ¢g00060500 ;4 409226 on NSCLC
survival (discovery set: HRjyeraction = 0.9993, 95% CI:
0.9990-0.9996, P =3.08 x 10°, FDR-q = 0.027; valida-
tion set: HRjyeraction = 0.9992, 95% CI: 0.9986-0.9998,
P =0.014; combined data: HR;,icraction = 0.9995, 95%
CI: 0.9993-0.9997, P=3.06% 10’(’). However, the
identified CpG probe (cg16658473) did not have signif-
icant marginal effects (Table S3). Annotation informa-
tion for three CpG probes located in the genes
TRIM?27, KIAA0226, and SHISA9 was presented in
Table S4.

To visualize the four-way interactions, we generated
a 3D figure. Samples were divided into two subgroups
based on the median level of c¢g00060500x; 440226
Then, the effect of cgl6658473 57540 on NSCLC sur-
vival measured by HR at different combinations of
pack-year of smoking and ¢g05293407 772> methyla-
tion level was exhibited as a 3-D surface in the sub-
group with  high and low expression of
¢g00060500 k7,4 40226, respectively (Fig. 2). In the low
expression subgroup of cg0006050074.40226, as SMOK-
ing intensity increases and methylation levels of
cg05293407 7rar27 decrease, we observed an increased
risk associated with cg166584735y540. Conversely, in
the high expression subgroup of cg00060500 ;4402265
as smoking intensity decreases and methylation levels
of  ¢cg05293407 rria27 increase, the effects of
cgl16658473 51540 are completely reversed.

3.3. Significant survival heterogeneity among
TRIUNE subgroups

As depicted in Fig. 3, patients were stratified into four
distinct subgroups according to the quartiles of TRI-
UNE, wherein Group 1 and Group 4 denoted as the sub-
group with the smallest and largest risk, respectively. For
median survival years, Group 1 was 5.63 years, followed
by a decrease in each subsequent group, with the Group
4 having the shortest median survival (0.94, 95% CI:
0.75-1.18). Furthermore, in line with this trend, patients
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Table 1. Demographic and clinical descriptions for early-stage NSCLC patients with DNA methylation data in five international study centers.
95% Cl, 95% confidence interval; LUAD, lung adenocarcinoma; LUSC, lung squamous cell carcinoma; TCGA, The Cancer Genome Atlas.

Discovery phase Validation Combined
phase dataset
USA-Harvard Spain® Norway Sweden TCGA Overall
Variable (N=149) (N=207) (N=132) (N=36) All (N=524)  (N=468) (N=992)
Age (years) 67.78 £9.92 65.77 £10.66 65.4+9.28 72.25+7.22 66.7+10.04 66.52+9.3 66.61 +9.69
Pack-year of 51.49 + 40.62 43.24+31.72 26.93+17.62 22.64+2519 40.06+33.00 47.05+28.40 43.36+31.10
smoking
Sex
Female 66 (44.30%) 99 (47.83%) 70 (53.03%) 22 (61.11%) 257 (49.05%) 185 (39.53%) 442 (44.56%)
Male 83 (65.70%) 108 (62.17%) 62 (46.97%) 14 (38.89%) 267 (60.95%) 283 (60.47%) 550 (55.44%)
Smoking status
Never 18 (12.08%) 28 (13.53%) 16 (12.12%) 18 (50.00%) 80 (15.27%) 0 (0.00%) 80 (8.06%)
Ever 81 (54.36%) 113 (64.59%) 74 (56.06%) 11 (30.56%) 279 (53.24%) 323 (69.02%) 602 (60.69%)
Current 50 (33.56%) 66 (31.88%) 42 (31.82%) 7 (19.44%) 165 (31.49%) 145 (30.98%) 310 (31.25%)
Clinical stage
I 102 (68.46%) 167 (80.68%) 92 (69.70%) 34 (94.44%) 395 (75.38%) 301 (64.32%) 696 (70.16%)
I 47 (31.54%) 40 (19.32%) 40 (30.30%) 2 (5.56%) 129 (24.62%) 167 (35.68%) 296 (29.84%)
Histology
LUAD 96 (64.43%) 169 (81.64%) 132 (100.00%) 28 (77.78%) 425 (81.11%) 227 (48.50%) 652 (65.73%)
LUSC 53 (35.57%) 38 (18.36%) 0 (0.00%) 8 (22.22%) 99 (18.89%) 241 (51.50%) 340 (34.27%)
Chemotherapy
No 140 (93.96%) 166 (91.21%) 101 (76.52%) 25 (89.29%) 432 (87.98%) 151 (75.88%) 583 (84.49%)
Yes 9 (6.04%) 16 (8.79%) 31 (23.48%) 3(10.71%) 59 (12.02%) 48 (24.12%) 107 (15.51%)
Unknown 0 25 0 8 33 269 302
Radiotherapy
No 130 (87.25%) 172 (94.51%) 131 (99.24%) 28 (100.00%) 461 (93.89%) 190 (95.48%) 651 (94.35%)
Yes 19 (12.75%) 10 (56.49%) 1(0.76%) 0 (0.00%) 30 (6.11%) 9 (4.52%) 39 (5.65%)
Unknown 0 25 0 8 33 269 302
Adjuvant therapy®
No 125 (83.89%) 157 (86.26%) 100 (75.76%) 25 (89.29%) 407 (82.89%) 146 (73.37%) 553 (80.14%)
Yes 24 (16.11%) 25 (13.74%) 32 (24.24%) 3(10.71%) 84 (17.11%) 53 (26.63%) 137 (19.86%)
Unknown 0 25 0 8 33 269 302
Survival year®
Median (95% 6.61 (5.14-7.49) 3.83 5.40 3.25 5.01 0.58 2.31
Cl) (3.21-4.46) (5.16-5.77) (2.09-4.39) (4.53-5.25) (0.50-0.70) (2.00-2.64)
Censoring rate ~ 0.1879 0.5459 0.6894 0.5278 0.479 0.7607 0.6119

“Spain center is a collaborative study center, containing samples from Spain, Italy, the UK, France, and the United States.
DAdjuvant therapy included chemotherapy and/or radiotherapy.
‘Restricted mean survival time was given because median was not available; proportion of samples lost to follow-up or alive at the end of studly.

with higher TRIUNE exhibited a higher risk of mortality
(HRy4 s 1=4.59, 95% CI: 3.40-6.18, P <2.00x10~'°;
HR; s 1=3.02, 95% CI: 2.25-4.07, P=331x10""%;
HR, o 1 =1.71, 95% CI: 1.27-2.31, P=4.57x107%).
For comparison, we also divided patients into four sub-
groups based on the clinical score, a weighted linear com-
bination of clinical variables, as shown in gray lines in
Fig. 3. The risk stratification ability of TRIUNE was
obviously superior to that of clinical scores, and the asso-
ciation between TRIUNE and overall survival remained
significant in all subgroup analyses stratified by different
clinical factors (Fig. 4), indicating it was a robustly sig-
nificant score of lung cancer survival.
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3.4. Cis-regulatory genes were enriched in
biological pathways

Genome-wide correlation analyses identified 892
genes whose expression levels were significantly asso-
ciated with the DNA methylation levels of these
CpG probes involved in TRIUNE (FDR-¢<0.05).
These genes were further found to be enriched in 20
KEGG pathways, which were primarily related to
immune system processes (Fig. S2A). Moreover, GO
enrichment analysis identified 83 significant biological
process pathways, 8 cellular component pathways,
and 12 molecular function pathways, many of which
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Fig. 3. Comparison of overall survival time of patients among TRIUNE subgroups. (A) Kaplan-Meier survival curves for patients grouped by
TRIUNE. Patients were categorized into four subgroups by using the quartiles of TRIUNE as the cutoffs. The number of patients in Group 1
to Group 4 was 248. The gray lines indicate the groups of patients based on the quartiles of the risk scores derived from a clinical model

without the addition of the TRIUNE. (B) Hazard ratios and P values were derived from the Cox proportional hazards model for four groups of
patients, where Group 1 was set to be reference group. Error bars indicate 95% confidence interval (Cl).
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Age < 68

Age>068

Male

Female

LUAD
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Fig. 4. Forest plots of results from
stratification analysis of TRIUNE.
Hazard ratio (HR) with 95%
confidence interval (Cl) of TRIUNE
on non-small-cell lung cancer
(NSCLC) survival in different
subgroups stratified by clinical
characteristics. LUAD, lung
adenocarcinoma; LUSC, lung
squamous cell carcinoma. HR, 95%
Cl, and P value was derived from a
Cox proportional hazards regression
model. Error bars indicate 95% CI.

Stage 1

Stage 11

Never/former smoker

are related to  immune regulation

(Fig. S2B-D).

system

3.5. A significant four-way interaction involving
TRIMZ27, FYTTD1, and SHISA9 identified in genes
cis-regulated by CpG probes

We observed that TRIM27, KIAA0226, FYTTDI, and
SHISA9 were significantly cis-regulated by CpG
probes within 1 kb window (Table S5). For CpG probe
cg00060500, it was mapped to both TRIM27 and
KIAA0226. Meanwhile, there was a significant correla-
tion (r=0.455, P=521x10">%) between KIAA0226
and FYTTDI (Fig. S3). We did not observe significant
(P=0.530) four-way interaction among pack-year of
smoking, TRIM27, KIAA0226, and SHISA9
(Table S6). Anyway, there is significant four-way inter-

Current smoker

Gene-smoking interactions in NSCLC survival

N HR (95% CI) |

. 515 2.81(227-348) .
- 477 2.64(2.06-338) 1.
. 442 3.07(2.33-4.04) 3.
B 550  2.54(2.07-3.12) L.
. 652 3.00(242-3.72) 9.
- 340 231(1.74-3.06) 1.
. 696  2.72(222-333) 1.
- 296 2.77(1.87-4.10) 1.
- 682 3.05(248-3.75) 1.
- 310 2.28(1.74-3.00) 6.
T 1T T T1
051 2 3 445

3.6. Four-way interaction empowered prognostic
prediction model

As depicted in Fig. 5, initially, the predictive capacity of
the model comprising solely demographic and clinical
variables was found to be limited (AUC;_yeqr = 0.649,
95% CI: 0.601-0.694; AUCs.yeor =0.677, 95% CI:
0.633-0.719, C-index = 0.625). Nonetheless, a slight but
discernible improvement of AUC was observed with the
inclusion of all elements of the three-way interaction
(pack-year of smoking X cg05293407 rrsas27 X ¢g000605
00k74.40226), With AUC3.year =0.702 (95% CI: 0.65
6-0.745), AUCs.year = 0.718 (95% CI: 0.676-0.758), C-
index = 0.661. Moreover, the AUC was further improved
through the incorporation of all elements of the four-
way interaction (pack-year of smokingx cg05
293407TRIM27 X Cg00060500K1AA0226 X Cg166584733H15A9),

action among pack-year of smoking, TRIM27, with  AUGC3e,,=0.709  (95% CI:  0.663-0.753),
FYTTDI, and SHISAY (Table S7). AUCs.y0r=0.735  (95% CI:  0.693-0.775), and
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Fig.5. ROC curves were generated to compare the predictive performance of different models. Three models were: (a) one using only
covariates (clinical variables); (b) one incorporating covariates and all elements of three-way interactions (cg05293407 727 pPack-year of
smoking and another CpG probe) with FDR-g<0.05; and (c) another one including covariates and a four-way interaction (pack-year of
smoking, ¢g05293407 rg/n127, 900060500 k440226 and cg16658473 511549 With FDR-g <0.05. (A) ROC for 3-year survival prediction. (B) ROC
for B-year survival prediction. AUC, area under the receiver operating characteristic curve; ROC, receiver operating characteristic. The
dashed line represents the performance of a random classifier, corresponding to an AUC of 0.5. FDR-q, false discovery rate-adjusted

q value.

C-index = 0.673. The addition of the four-way interac-
tion term, compared to the clinical model, resulted in
AUC increases of 9.23% (P=1.74x10"* and 8.52%
(P=200x10"% for 3- and 5-year survival,
respectively.

4. Discussion

To our knowledge, we were among the first to conduct
an epigenomic study on four-way gene-smoking inter-
actions related to overall survival in early-stage
NSCLC patients. We identified one CpG probe
(cgl166584735415.49), by interacting with ¢g052934
07 rrir27, €800060500 k74 40226 and pack-year of smok-
ing, displaying a significant four-way interaction effect
on the overall survival of NSCLC. Moreover, the TRI-
UNE we developed revealed substantial survival het-
erogeneity among subgroups. We also identified a
four-way gene-smoking interaction in gene expression
level using genes cis-regulated by CpG probes. Finally,
the four-way interaction moderately, but significantly,
improved the discrimination ability of the prognostic
prediction model.

Statistical G X G and G X E interactions, particularly
at the epigenetic level, are crucial for understanding

the molecular mechanisms underlying cancer progres-
sion [15,16,21-23,33,41-46]. Taking the two-way inter-
action as an example, the statistical interaction is the
deviation between the joint effect of two factors and
sum of their main effects, indicating a synergistic or
antagonistic effect. On the other way, it can be also
defined as the variation of the marginal effect of one
factor across strata of another factor [41]. In this
study, we focused on investigating these interactions
through a rigorous two-phase study and identified one
four-way G X E interaction. It is a common phenome-
non that interaction effect among several factors is
usually weaker than their own main effects [22,23,33].
Although two-, three-, and four-way interaction effects
are small, but they remain statistically significant,
underscoring their robustness and relevance [22,23].
Moreover, the 3D figure we generated visualized the
differential effects of cgl6658473¢,;540 at different
levels of these variables. These findings underscore the
presence of a complex four-way interaction, which
may offer valuable insights into the epigenetic regula-
tion of lung cancer prognosis. Building on our previ-
ous work with two- and three-way interactions, we
found that including the four-way interaction moder-
ately enhanced the prediction accuracy for both 3- and
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S-year survival. However, the underlying biological
mechanisms of four-way interactions warrant further
investigation.

In current study, we identified one novel gene,
SHISA9 (Shisa Family Member 9), contributing to the
four-way interaction. It was also called CKAM P44,
acting as a protein coding gene whose coding proteins
belongs to the Shisa protein family [47] and constitute
the Cystine-knot AMPA receptor-modulating proteins
(CKAMPs) family [48]. Emerging evidence indicates
that SHISAY is intricately involved in immune modu-
lation, particularly through its interactions with autop-
hagy processes and the inhibitor of nuclear factor kB
kinase subunit epsilon (IKKe) signaling pathway [49].
NF-kB signaling pathway, including IKKe pathway,
supports tumor survival by regulating apoptosis, pro-
moting the formation of an inflammatory microenvi-
ronment, and affect survival outcomes in NSCLC
[50,51]. In 2021, Ke et al. [52] discovered that SHISA9
was an independent risk factor for poor prognosis in
LUSC patients. Therefore, SHISAY9 expression may
modulate the IKKi signaling pathway, ultimately
impacting NSCLC patients.

TRIM?27 played a crucial role in enhancing autop-
hagy flux by activating transcription factor e-box bind-
ing (TFEB), thereby contributing to the host’s immune
defense against intracellular pathogens [53]. Our previ-
ous study found that KI440226 may interact with cig-
arette smoke, regulating the transcription of Beclin-1
and affecting the cross-regulation between apoptosis
and autophagy [23]. Thus, it is plausible that SHISA9
interacts with TRIM27, KIAA0226 and smoking,
influencing the autophagy process and ultimately
affecting lung cancer prognosis [54,55]. Despite these
findings, biological mechanisms underlying the four-
way interaction need to be more systematically
studied.

Since DNA methylation may directly affect gene
expression and impact cancer prognosis [56,57], we fur-
ther test the four-way interaction at the gene expression
level using genes cis-regulated by CpG probes. Any-
way, we merely observed interaction among TRIM?27,
FYTTDI, SHISAY9, and pack-year of smoking.
FYTTDI (Forty-two-three Domain Containing 1), also
called UIF, was found to play a crucial role on mRNA
export [58,59]. Given the interplay between mRNA
export and autophagy [60], the interaction of TRIM?27,
FYTTDI, SHISA9 and pack-years of smoking may
influence autophagy and, in turn, affect lung cancer
prognosis [61]. Interestingly, while cg00060500 was
associated with both KIAA0226 and FYTTDI, only
FYTTDI showed a significant interaction. Despite the
significant  correlation  between FYTTDI and

Gene-smoking interactions in NSCLC survival

KIAA0226, their independent contributions to the
interaction model likely differ due to distinct biological
functions and the complexity of four-way interactions.
FYTTDI likely influenced mRNA transcription
through its role in mRNA export, directly affecting
gene expression and interacting more significantly with
the other three factors to impact NSCLC survival. In
contrast, while KI4A40226 may interact with smoking
to influence autophagy, the complexity of autophagy
likely modulates or dilutes its effect, potentially
explaining the lack of significance in the four-way inter-
action. This difference in biological functions and inter-
action patterns may explain why FYTTDI showed a
significant four-way interaction, while KI4A40226 did
not. These findings underscore the variability in gene-
specific regulatory effects, highlighting the need for fur-
ther investigation in NSCLC.

Notably, alongside the heterogeneous survival
among the four subgroups, genes significantly associ-
ated with CpG probes were enriched in immune-
related pathways, including NF-kB, T cell, and B cell
signaling pathways, which may affect overall survival
in NSCLC [62-64]. Moreover, enriched terms such as
cytokine receptor activity and MHC protein binding,
were reported to play essential roles in modulating
immune responses, which could impact lung cancer
prognosis [65-68]. Our subgroup analysis further indi-
cates that immune-related pathways and biological
functions may play pivotal roles in the progression of
lung cancer.

There are some strengths in our study. First, we were
among the first to conduct an epigenomic study on
four-way gene-smoking interactions related to overall
survival in early-stage NSCLC patients. Next, the false
positives were undergone critically appraised in our
two-phase study. During the discovery phase, the signif-
icant threshold was defined as FDR-¢ <0.05 and mean-
while as P <0.05 in the validation phase. Therefore, the
final false-positive rate is already around 0.0025
(0.05x0.05). Then, we generated the 3-D plot and for-
est plot to facilitate the understanding and interpreta-
tion of four-way interaction. Moreover, incorporating
four-way interaction, we construct a prognostic model,
which may aid in clinical decision-making. Finally, in
addition to identifying interactions between CpG
probes, we also investigated the interactions between
the genes cis-regulated by these CpG probes.

We also have some limitations. First, we have only
made a stratified analysis of TRIUNE and have not
elucidated the biological mechanisms. Next, the TCGA
cohort has a high censoring rate (76.07%) of survival
time and thus the validation phase based on samples
from TCGA population had low statistical power.
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Anyway, these signals confirmed significant in TCGA
indicates what we observed is conservative and robust.
Ultimately, as the majority of population included in
this study was Caucasian (89%), the extrapolation of
conclusions requires caution.

5. Conclusion

We identified a significant CpG probe
(cg166584735175.49), together with ¢g05293407 rr1ar27,
¢g00060500 k74 40226 and pack-year of smoking, to con-
stitute a four-way gene-smoking interaction associated
with NSCLC survival.
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