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Abstract

Rationale: Smoking results in at least a decade lower life expectancy.
Mortality among current smokers is two to three times as high as
never smokers. DNAmethylation is an epigeneticmodification of the
human genome that has been associated with both cigarette smoking
and mortality.

Objectives:We sought to identifyDNAmethylationmarks in blood
that are predictive ofmortality in a subset of theCOPDGene (Genetic
Epidemiology of COPD) study, representing 101 deaths among 667
current and former smokers.

Methods:We assayed genome-wide DNA methylation in non-
Hispanic white smokers with and without chronic obstructive
pulmonary disease (COPD) using blood samples from the COPDGene
enrollment visit. We tested whether DNAmethylation was associated
with mortality in models adjusted for COPD status, age, sex, current
smoking status, and pack-years of cigarette smoking. Replication was
performed in a subset of 231 individuals fromtheECLIPSE (Evaluationof
COPD Longitudinally to Identify Predictive Surrogate Endpoints) study.

Measurements and Main Results:We identified seven CpG sites
associated withmortality (false discovery rate, 20%) that replicated
in the ECLIPSE cohort (P, 0.05). None of these marks were
associated with longitudinal lung function decline in survivors,
smoking history, or current smoking status. However, differential
methylation of two replicated PIK3CD (phosphatidylinositol-4,5-
bisphosphate 3-kinase catalytic subunit delta) sites were associated
with lung function at enrollment (P, 0.05). We also observed
associations between DNA methylation and gene expression for the
PIK3CD sites.

Conclusions: This study is the first to identify variable DNA
methylation associated with all-cause mortality in smokers with
and without COPD. Evaluating predictive epigenomic marks of
smokers in peripheral blood may allow for targeted risk
stratification and aid in delivery of future tailored therapeutic
interventions.
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disease
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Smoking has contributed to 25% of deaths
among women and men 35 to 69 years of
age, resulting in at least a decade lower life
expectancy (1). In addition, mortality
among current smokers is two to three
times as high as never smokers, with the
increased mortality linked to a growing list

of diseases (2), including chronic
obstructive pulmonary disease (COPD).
Comorbidity is common among these
smoking-linked diseases (3).

Genome-wide association studies of
survival in lung cancer (4, 5), heart failure
(6), and smoking stages (initiation,
persistence, tolerance, and cessation) (7)
have identified genetic variants associated
with mortality. Epigenome-wide
associations between DNA methylation
(DNAm) and mortality have been
evaluated in peripheral blood leukocyte
DNA. In a 9-year longitudinal study of 499
subjects in Italy, which included current
and former smokers (56.7% had no history
of smoking), 88 methylation marks were
found to be associated with mortality in a
Cox proportional hazard analysis (8). A
study of 9,949 older adults (age 50–75 yr)
in Germany produced a mortality risk
score based on 10 CpG sites selected
from the 58 replicated sites associated
with mortality in a Cox regression
analysis (9). DNAm levels at 2,806 sites
were found to be significantly associated
with survival using Cox regression in a
cohort of older (age 55–90 yr) Danish twins
followed for up to 20 years (10). In a
genome-wide study of DNAm in 111
nonagenarians, sites associated with
mortality at 4-year follow-up were
identified (11). Within a Scottish
population of 1,425 individuals, a recent
study identified 2,552 CpG sites with
DNAm levels associated with all-cause
mortality using Cox regression (12).
Associations between DNAm and mortality
have also been identified in a targeted study
of the AHRR gene (13) and in sputum
(14). In addition, previous studies have
demonstrated the impact of smoking on
DNAm in peripheral blood (15, 16),
including the effects of smoking intensity
and time since quitting (16). Associations
between smoking and DNAm have also
been observed in buccal mucosa (17).
Previous studies have not examined DNAm
associations with all-cause mortality in only
current and former smokers with and

without COPD while controlling for
smoking history.

Our study sought to highlight DNAm
as a potential biomarker for all-cause
mortality in smokers. Although smoking
cessation remains a primary clinical
intervention in current smokers, our
findings in current and former smokers
may inform targeted, more intensive
interventions for higher risk patients with
yet to be recognized impairments (18). We
performed genome-wide association tests
between DNAm in peripheral blood and
all-cause mortality in smokers using a time-
to-event analysis. We hypothesized that
specific CpG sites in leukocyte DNA would
be associated with increased mortality. This
analysis was replicated using peripheral
blood DNAm in a second cohort
predominantly made up of subjects with
COPD. Some of the results of this study
have been previously reported in the form
of an abstract (19).

Methods

COPDGene Study
COPDGene (Genetic Epidemiology of
COPD) (20) is a longitudinal cohort study
that includes more than 10,000 non-
Hispanic white and African American
individuals enrolled at 21 centers across the
United States. The subjects in this study
were current and former smokers with a
minimum 10 pack-years smoking history,
with and without airflow obstruction.
Written informed consent was obtained
from each subject, and the study was
approved by the institutional review boards
of all 21 participating clinical centers.

DNAm
For each of the samples, DNA was extracted
from peripheral blood and 1 mg of DNA
was bisulfite-converted using the EZ DNA
Methylation Gold Kit (Zymo Research).
The genome-wide methylation levels of the
DNA samples were assayed using the
Infinium HumanMethylation450 BeadChip
array platform from Illumina. The R
statistical environment and the
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At a Glance Commentary

Scientific Knowledge on the
Subject: In the United States,
smoking results in at least a decade
lower life expectancy, and mortality
among current smokers is two to three
times as high as that of never smokers.
Despite significant efforts in genomic
analysis, discovery of biomarkers for
identification of smokers with the
highest risk for death remains elusive.
Evaluating predictive epigenomic
marks of smokers in peripheral blood
may allow for targeted risk
stratification and therapeutic
interventions to modify smoking-
related disease outcomes.

What This Study Adds to the Field:
Our genome-wide analysis revealed
several methylation sites predictive of
all-cause mortality in a cohort of
smokers with and without chronic
obstructive pulmonary disease, and
independent of lung function decline
or emphysema progression. We
replicated findings, including ones for
PIK3CD (phosphatidylinositol-4,5-
bisphosphate 3-kinase catalytic
subunit delta), in a second cohort and
observed differential lung tissue DNA
methylation or gene expression signals
for a subset of the identified CpG
sites. These epigenetic associations
with mortality highlight DNA
methylation marks that may inform
the prediction of smokers at greater
risk for smoking-related death, while
also highlighting future targets for
functional validation.
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Bioconductor package minfi (21) were used
to import and process the methylation data.

Statistical Tests
We performed a time-to-event analysis of
mortality with a Cox proportional hazards
model (Cox model) using the R package
survival (22). The DNAm values for this
analysis were z-score transformed. A
hazard ratio .1 indicates that increased
DNAm (hypermethylation) is associated
with a reduced probability of survival. The
models included DNAm as the predictor
with disease status, age, sex, pack-years of
smoking, and categorical variables for
current smoking status and processing
batch included as covariates. We used the
Benjamini–Hochberg procedure, with a
false discovery rate (FDR) ,5% considered
significant. During discovery, we also
implemented a less stringent FDR threshold
of 20%; these discovery thresholds have
been previously applied in studies of
DNAm (23–25). Kaplan-Meier curves were

produced using the R package survminer.
Additional details regarding the methods
are provided in an online supplement.

Results

Study Populations
DNAm data were available from peripheral
blood leukocyte DNA from COPDGene
phase 1 enrollment for 331 COPD cases and
336 control cases. As of January 2018, 566
subjects were alive and 101 were deceased
(Table 1 and see Table E1 in the online
supplement). There were some notable
differences between the subjects at
enrollment, including higher smoking
intensity (P, 0.0001) and lower lung
function (P, 0.0001) among those who
died. Although the deceased were slightly
younger at enrollment than the survivors,
this result was not statistically significant
(P= 0.16). Lung-function decline and
emphysema progression values were
available for those evaluated at follow-up

(see Tables 1 and E1). The causes of death
for the 101 deceased subjects is summarized
in Table E2.

For the ECLIPSE (Evaluation of COPD
Longitudinally to Identify Predictive
Surrogate Endpoints) replication study,
DNAm data were available from peripheral
blood for 231 subjects. As of January 2019,
185 subjects were alive and 46 were deceased
(see Tables E3 and E4). All subjects were
former smokers. The COPD cases had
higher smoking intensity (P, 0.0001) and
lower lung function (P, 0.0001).

Genome-Wide Cox Regression
Analysis
We performed a genome-wide time-to-
event analysis of mortality using Coxmodels
with the DNAm data from the 667
COPDGene subjects, followed by
replication in ECLIPSE as a second cohort
and integration with previous differential
methylation and gene expression profiling
studies (Figure 1). There were 68 sites
associated with mortality at an FDR
threshold of 20%; two of these CpG sites
annotated to two genes were associated
with mortality at an FDR threshold of 5%
in the time-to-event analysis in COPDGene
(see Tables E5 and E6). For the top site
(cg14157855) annotated to ADGRB2, the
hazard ratio and 95% confidence interval
for 1 SD increase in methylation was 1.42
(1.24–1.61) and these values were 0.68
(0.59–0.79) for the second site
(cg13726962) annotated to TSPYL6. A
hazard ratio .1 indicates that increased
DNAm (hypermethylation) is associated
with a reduced probability of survival.
Time-to-event analyses of mortality using
Cox models were performed in the
ECLIPSE population of 231 subjects. For
7 of the 68 (FDR, 20%) sites in the
COPDGene population (Table 2), we
observed replication among the 6,044
nominal (P, 0.05) results in ECLIPSE (see
Table E5).

The PIK3CD (phosphatidylinositol-
4,5-bisphosphate 3-kinase catalytic subunit
delta) sites (cg03971555 and cg12033075)
separated by two bases had relatively large
effect sizes (absolute adjusted mean
difference in DNAm between deceased and
alive of 5% and 4.7%) with higher DNAm
associated with mortality (Table 3 and see
Table 2). The hazard ratios and 95%
confidence intervals for 1 SD increase in
methylation were 1.58 (1.27–1.95) for
cg03971555 and 1.56 (1.26–1.93) for

Table 1. The COPDGene Demographics Stratified by Survival Status

Demographics
Alive

(n= 566)
Deceased
(n=101) P Value

Age, yr 63.06 6.7 62.066.8 0.16
Sex, F/M 182/384 24/77 0.10
Days followed* 2,409.76 280.8 1,361.96645.5 ,0.0001
Smoking, current/former 174/392 47/54 0.003
Smoking history, pack-years 45.26 23.2 60.2629.2 ,0.0001
Body mass index, kg/m2 29.56 5.4 26.867.2 0.0005
FEV1, % predicted 71.26 31.2 39.7625.8 ,0.0001
FEV1/FVC 0.626 0.19 0.4260.17 ,0.0001
FEV1 decline, ml/yr† 237.96 49.0 266.6668.2 0.27
Percent emphysema‡ 7.46 9.8 18.0615.4 ,0.0001
Change in percent emphysemax 0.96 4.5 4.366.3 0.29
Airway wall thickness, segmental bronchi‡ 1.106 0.23 1.2360.26 ,0.0001
COPD, controls/cases 321/245 15/86 ,0.0001
School completed
8th grade or less 12 1 0.009
High school, no diploma 23 13
High school graduate or General
Educational Development

128 26

Some college or technical school, no
degree

149 25

College or technical school (bachelor’s or
associate’s degree)

173 27

Master’s or doctoral degree 81 8

Definition of abbreviations: COPD=chronic obstructive pulmonary disease; COPDGene=Genetic
Epidemiology of COPD Study.
Data are shown as mean 6 SD or n. Statistical tests: Fisher’s exact test for categorical variables,
Welch’s two-sample t test for continuous variables, and the Wilcoxon-Mann Whitney test for school
completed.
*Number of days to censoring or a mortality event.
†n=417 alive, n=8 deceased.
‡n=546 alive, n=91 deceased.
xn=384 alive, n=5 deceased.

ORIGINAL ARTICLE

Morrow, Make, Regan, et al.: DNA Methylation Predictive of Mortality in Smokers 1101



cg12033075 (see Table 2). We observed
significant (P, 0.05) associations for lung
function and emphysema phenotypes in
COPDGene for these two PIK3CD sites,
where increased DNAm was associated
with COPD at enrollment (see Table 3).
The absolute adjusted mean difference in
DNAm between deceased and alive did not
exceed 1% for any of the other replicated
sites (see Table 3) nor did it exceed 1% for
the two significant sites (0.6% for
cg14157855 and 0.5% for cg13726962).

Box plots illustrate the DNAm
distribution for both alive and deceased
subjects at the replicated sites (Figure 2 and
see Figures E1–E5). The top replicated
PIK3CD site (cg03971555) in ECLIPSE had
a hazard ratio and 95% confidence interval
of 1.59 (1.14–2.20) and the hazard ratio and
95% confidence interval for the second site
(cg12033075) was 1.68 (1.19–2.38) (see
Table 2), concordant with the COPDGene
finding. We further observed evidence of
this replication and similarity of effect
in the plots of DNAm in the two
cohorts, stratified by survival status
(see Figure 2).

Kaplan-Meier curves illustrate the
association between probability of survival
and percent DNAm for the PIK3CD
(cg12033075 and cg03971555) sites
(Figure 3). Similar characteristics are
observed in the curves for these sites in

ECLIPSE (see Figure E6). These sites are
located in genomic regions of DNase
hypersensitivity (Figure 4), highlighting the
potential regulatory relevance of these
DNAm sites as biomarkers of mortality.
We also observed evidence that suggests
possible TF (transcription factor) binding
(ZBTB33, STAT3, POLR2A, and POLR2G)
in the region surrounding these two
PIK3CD sites (see Figure E7). The scores for
these TFs were below the threshold for
representation in the composite TF binding
signal presented in Figure 4.

Sensitivity Analyses
Although the PIK3CD sites and the
FAM178B site were associated with lung
function or emphysema severity at
enrollment, no significant associations
with lung function decline or change in
quantitative emphysema (phenotypes
measured mostly for survivors) were
observed for the seven replicated sites (see
Table E7). We also did not observe a
significant impact of smoking exposure;
associations between these sites and pack-
years of smoking or current smoking status
lacked statistical significance (see Table E7).
Six of the seven replicated sites annotated
to the genes C1orf146, FAM178B, USP2,
SEPT10, and PIK3CD; both significant sites
annotated to ADGRB2 and TSPYL6 were
nominally significant (P, 0.001) in the

analysis of only COPD cases, and the
CDC5L site was not significant.

We repeated the genome-wide
Cox analysis, including FEV1, percent
emphysema, or airway wall thickness, in the
Cox model as the disease covariate in place
of COPD affection status (see Tables
E8–E11). The associations for the replicated
sites retained similar significance in these
models (see Table E8). The association for
the C1orf146 (cg08007647—chromosome 1
open reading frame 146) and USP2
(cg02618319—ubiquitin specific peptidase 2)
sites achieved significance (FDR, 5%)
when adjusting for percent emphysema;
C1orf146 (cg08007647) was also significant
when adjusting for airway wall thickness.
One site (cg13726962) annotated to
TSPYL6 was significant (FDR, 5%) for
all four models (see Figure E8). When
adjusting for socioeconomic status by
including the highest degree or level of
education as a covariate, the replicated sites
retained similar significance (see Table E8),
with the association for C1orf146
(cg08007647) reaching statistical
significance (FDR, 5%).

Owing to its association with smoking
exposure (26), we replaced the pack-years
covariate in our genome-wide Cox analysis
with the DNAm methylation values for the
AHRR site cg05575921 and observed
similar significance in the associations with
mortality across the replicated sites (see
Table E8). Similar significance was also
observed for the replicated sites when
adjusting for cellular heterogeneity by
including ReFACTor/GLINT (https://
github.com/cozygene/glint/releases/)
components in the Cox model (see Table
E8). With these components in the model,
no results met the FDR ,5% threshold.
When excluding the subjects who died due
to lung cancer (11 subjects) or censoring
these subjects at the time of death, similar
levels of significance were observed (see
Table E8), suggesting that the primary
driver of these mortality signals is not lung
cancer. In these lung cancer sensitivity
results, the top replicated finding was
statistically significant (C1orf146:
cg08007647, q= 0.025 and q= 0.019; see
Table E8).

The two replicated PIK3CD sites
associated with survival status in our Cox
model also demonstrated an association
(P, 0.05) with COPD status (see Table 3).
In addition, we observed that COPD status
is significantly (P= 4.393 1028; hazard

Illumina 450K DNAm

CpG sites
and gene

annotations

Epigenome-wide Cox Regression

Intersection Replication

COPDGene

EWAS
DGE ECLIPSE

Figure 1. Overview of the study illustrating the genome-wide analysis, intersection with
previous findings, and replication of the results. COPD= chronic obstructive pulmonary disease;
COPDGene =Genetic Epidemiology of COPD; DGE= differential gene expression; DNAm=DNA
methylation; ECLIPSE= Evaluation of COPD Longitudinally to Identify Predictive Surrogate
Endpoints; EWAS= epigenome-wide association study.
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ratio, 5.30) associated with survival status
in a Cox regression analysis, controlling for
age, sex, pack-years of smoking, current
smoking status, and processing batch (see
Table E12). We sought insight into the
relationship between DNAm of the
replicated sites and survival in the context
of COPD through adjustments to our
models. We tested whether the association
between COPD status and survival is
maintained when controlling for DNAm
(see Table E12) and observed significance
(P, 1. 03 1025) for all seven replicated
sites. In addition, we sought to highlight the
effects of COPD status in our associations
between DNAm and survival (see Table 2)
by evaluating models without adjustment
for COPD status. For this model, we
observed significance (P, 1.03 1023) for
all seven sites. Taken together, these
findings suggest DNAm of the PIK3CD
sites and COPD status may have shared
effects on survival.

Functional Context across Tissues
To provide additional functional insight for
the findings, we sought to reveal the
relationship between DNAm and gene
expression in blood (ECLIPSE) (27), and
lung tissue (28, 29) for the replicated (see
Table 2) and significant sites (ADGRB2:
cg14157855 and TSPYL6:cg13726962). We

performed linear regression analysis using
the DNAm data from this ECLIPSE cohort
and the peripheral blood gene expression
data for the same subjects from a previous
ECLIPSE network-based clustering study
(27) (GEO Accession GSE76705). For lung
tissue, the analysis was performed for the
107 COPD cases and 40 control cases with
both DNAm and gene expression data from
two previous studies (28, 29). Plots of gene
expression and DNAm were created for the
significant (P, 0.05) associations (see
Figures E9–E15). DNAm of both PIK3CD
sites (cg03971555 and cg12033075) were
associated with gene expression in both
peripheral blood and lung tissue. In blood,
DNAm and gene expression were
correlated. In lung tissue, they were
anticorrelated.

To provide lung disease context, we
queried the results from a previous lung
tissue epigenome-wide association study of
114 COPD cases and 46 control smokers, and
a differential gene expression analysis of 111
COPD cases and 40 control smokers (28, 29)
for the seven replicated sites (see Table E13).
DNAm levels at the mortality-associated
PIK3CD (cg12033075) and FAM178B
(cg19828537—family with sequence
similarity 178 member B) CpG sites were
associated (P, 0.05) with COPD status in
lung tissue, with a direction of effect

opposite what we observed in blood
(decrease in DNAm of PIK3CD
[cg12033075] corresponds to increased
disease severity in lung tissue). Additionally,
differential gene expression by COPD status
was observed (P, 0.05) for a probe mapped
to SEPT10 (septin 10). This SEPT10 gene
expression probe was different than the one
demonstrating a significant association with
DNAm (see Figure E13).

Discussion

Our genome-wide time-to-event analysis of
mortality in 667 carefully phenotyped
current and former smokers from the
COPDGene study has revealed epigenetic
markers of mortality in peripheral blood.
Two differentially methylated CpG sites
were found to be significantly associated
with mortality, using models controlling for
COPD affection status and smoking history.
Seven of the nominally significant findings
were replicated in an independent cohort.
The hazard ratios and confidence intervals
were reproduced in ECLIPSE for each of the
seven sites, recapitulating the epigenetic
mortality signal from the COPDGene
discovery cohort. We did not specifically
observe associations between these
mortality-associated sites and lung function

Table 3. Associations between DNAm at the Replicated Sites from the Genome-Wide Cox Proportional Hazard Analysis* and COPD
Status, Baseline Lung Function, Emphysema Phenotypes, and Survival Status

CpG Site
Gene

Symbol

Survival
Status†

(P Value)

Survival Status
(Adjusted Mean
Difference in %

DNAm‡)

COPD
Statusx

(P Value)

COPD Status (Adjusted
Mean Difference in %

DNAmjj)

FEV1%
Predicted¶

(P Value)

Percent
Emphysema**

(P Value)

cg08007647 C1orf146 0.0066 20.2 0.76 20.02 0.7 0.97
cg19828537 FAM178B 0.00062 20.6 0.084 20.2 0.078 0.017
cg02618319 USP2 0.012 20.2 0.36 20.05 0.42 0.59
cg04226365 CDC5L 0.00054 0.2 0.22 0.05 0.2 0.75
cg24542441 SEPT10 0.014 0.3 0.91 0.01 0.83 0.84
cg03971555 PIK3CD 2.3131025 5.0 0.036 2.0 0.023 0.036
cg12033075 PIK3CD 1.5231025 4.7 0.00069 2.9 0.00029 0.00031

Definition of abbreviations: COPD=chronic obstructive pulmonary disease; DNAm=DNA methylation; PIK3CD=phosphatidylinositol-4,5-bisphosphate
3-kinase catalytic subunit d.
Survival status is binary: alive or deceased.
*See Table 2.
†Model 1: DNAm z survival status1COPD1 age1 sex1pack-years1 smoking1batch.
‡Negative DNAm difference corresponds to reduced levels (hypomethylation) with mortality; positive DNAm difference corresponds to increased levels
(hypermethylation) with mortality.
xModel 2: DNAm z COPD1 age1 sex1pack-years1 smoking1batch.
jjNegative DNAm difference corresponds to hypomethylation with COPD, reduced FEV1 and increased emphysema; positive DNAm difference
corresponds to hypermethylation with COPD, reduced FEV1 and increased emphysema.
¶Model 3: DNAm z FEV1% predicted1 age1 sex1pack-years1 smoking1batch.
**Model 4: DNAm z Percent emphysema1 age1 sex1body mass index1pack-years1 smoking1batch.
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decline or changes in percent emphysema.
These decline-related phenotypes were
evaluated predominantly in survivors; fewer
than 10 subjects had phase 2 follow-up visits
before death. We did observe associations
for two sites with baseline lung function and
emphysema. Taken together, this suggests
relevance for these mortality markers in a
population of smokers at risk for lung
disease.

The two replicated sites (cg03971555
and cg12033075) annotated to PIK3CD with
larger effect sizes and perhaps are more
applicable because biomarkers are located
in the northern shores of CpG islands. The
CpG shore region has been identified as
more regulatory in nature (30–32).
Regulatory relevance is also suggested by
the presence of these sites in DNase
hypersensitive regions of the genome. The
significant correlation between percent
DNAm and gene expression for PIK3CD
implies functional relevance of these sites in

peripheral blood. Concordant with our
prior observations regarding opposite
directions of effect in COPD associations
with DNAm in blood and lung tissue, we
observed anticorrelation between DNAm
and gene expression in lung tissue for the
PIK3CD sites. Similar links in peripheral
blood and normal lung tissue have been
observed for DNAm in a study of patients
with cancer and smokers (33). These
PIK3CD sites are in the 39 untranslated
region of the gene. This location may
contribute to the specific DNAm and gene
expression relationship observed, and to the
opposite effect we observe across tissue,
because the complex regulatory effects of
DNAm are yet to be fully understood
(34–36). More concretely, we observed
evidence hinting at possible binding by the
TF ZBTB33 at these sites and it has been
suggested that the direction of the effect of
ZBTB33 on expression can be cell-specific
(37). We identified the PIK3CD gene in our

previous study of the genetic control of
DNAm (31). However, an alternate CpG
site, also located at the north shore of a
CpG island (cg26573321), was the PIK3CD
site highlighted among the significant
methylation quantitative trail loci
(association between DNAm and genetic
variants) in that study of colocalization
with COPD genome-wide association
studies.

In this study, increased DNAm of
PIK3CD (cg03971555 and cg12033075)
in blood was associated with COPD.
Decreased DNAm of PIK3CD
(cg12033075) was associated with COPD in
lung tissue (28), providing disease context
for the peripheral blood mortality signals.
Increased PI3K-delta (phosphoinositide-3-
kinase-delta) contributes to corticosteroid
resistance in COPD (38). We observed
positive correlation between DNAm
(cg03971555 and cg12033075) and gene
expression of PIK3CD in ECLIPSE. We also
observed increased DNAm at these sites in
COPD. Taken together, this supports the
previous PI3K-delta findings because
increased PIK3CD expression is expected in
the blood of the ECLIPSE COPD cases.
Although we observed anticorrelation
between DNAm at cg12033075 and PIK3CD
gene expression in lung tissue, significant
differential expression of PIK3CD with
COPD status was not previously observed
(29). However, the significant anticorrelation
of PIK3CD DNAm (cg03971555 and
cg12033075) and gene expression does hint at
regulatory relevance in the PI3K-delta pathways
for these mortality-associated sites. Additional
data, including protein levels and survival
outcomes, will be required in a lung tissue
cohort to enable more extensive
observations.

One of our findings meeting the strict
FDR threshold was a site annotated to
ADGRB2 (cg14157855-adhesion G
protein–coupled receptor B2). DNAm of a
different site (cg12211691) annotated to
ADGRB2 in peripheral blood mononuclear
cells was found to be associated with age in
African American individuals (39). The
other site meeting this FDR threshold
was annotated to TSPYL6 (cg13726962-
TSPY–like 6). In a previous study in
leukocytes, DNAm of another TSPYL6 site
(cg25249300) was found to be associated
with the intrapair difference in lung function
of middle-aged monozygotic twins (40).
These previous DNAm associations with age
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Figure 2. Distribution of percent DNAm for the PIK3CD (phosphatidylinositol-4,5-bisphosphate
3-kinase catalytic subunit d) CpG sites in both COPDGene (Genetic Epidemiology of COPD)
and ECLIPSE (Evaluation of COPD Longitudinally to Identify Predictive Surrogate Endpoints):
(A) cg03971555 and (B) cg12033075. The distribution for both alive and deceased subjects
is shown. COPD=chronic obstructive pulmonary disease; DNAm=DNA methylation.
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and lung function suggest a link between
both sites and factors relevant to mortality.

Five previous genome-wide studies
have investigated the association between
blood DNAm and mortality using the
Illumina 450K platform (8–11). We
observed additional replication of our
findings in a recent DNAm study of
late-life survival in the peripheral blood
mononuclear cells of 111 nonagenarians
(11). In that study, the PIK3CD sites
(cg12033075; P= 0.0056 and cg03971555;
P= 0.0066) were among their nominal
4-year follow-up results. Although the
study of DNAm and mortality by Zhang

and colleagues was in a population of
.50% former or current smokers, we did
not replicate their top findings (9). In that
study, they controlled for baseline disease
and smoking status in the validation phase.
However, during discovery they did not
include disease status, smoking status, or
smoking history in their models. This
impacts our ability to replicate because our
discovery models include smoking history
in addition to disease and smoking status.
The presence of approximately 30% never
smokers in their study also impacts our
ability to replicate their findings. Our
replicated sites were not found among the

2,552 significant (FDR, 5%) results in a
recent study of all-cause mortality and
aging (12). The prevalence of smoking in
the population from that study was not
presented and disease status was not
included in their models. Additional efforts
are required to assess the specific influences
of smoking, COPD status, and
comorbidities on the identification of
DNAm biomarkers of mortality.

Aging Pathways
PIK3CD and other PI3K family members
play an important role in a broad range of
regulatory processes, including cell growth
and metabolism. Disruption of PI3K
signaling has been implicated in cancer,
immunological disorders, diabetes, and
cardiovascular disease, motivating
development of therapies targeting PI3K
pathways, particularly in cancer (41).
In lungs of patients with COPD, it has
been suggested that accelerated aging is
enhanced through PI3K signaling, whereby
oxidative stress signals lead to senescence,
increased inflammation, and further
oxidative stress (42, 43). In leukocytes, the
PI3Ks typically phosphorylate inositol
lipids as part of their involvement in
immune responses. These kinases are
believed to contribute to disease
progression in the airway through
disruption of normal signaling (44). This
disruption of PIK3CD activity may lead to
immunodeficiency and subsequent airway
damage (45), with possible involvement in
lung cancer development (46). Associated
pathways are important in multiple cell
types, impacting airway epithelial function
and B-lymphocyte and T-lymphocyte
development, with implications in oxidative
stress, inflammation, and corticosteroid
effectiveness. The use of mTOR inhibitors,
targeting a PI3K-related pathway in vitro, has
demonstrated restoration of corticosteroid
sensitivity (47) and reduced cell senescence
(48) in COPD. Together, these results suggest
existing therapeutic approaches targeting
methylation could address aging and
longevity within particular subpopulations
(49), and that PIK3CD has an important role
in this context for smokers with or without
lung disease.

There are several limitations to our
analysis that should be acknowledged.
The ascertainment of COPDGene study
participants based on at least a 10 pack-
year smoking history may limit the
generalizability to populations with less
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Figure 3. Survival curves for PIK3CD (phosphatidylinositol-4,5-bisphosphate 3-kinase catalytic
subunit d) CpG sites in COPDGene (Genetic Epidemiology of COPD). (A) For the site cg03971555, the
subjects alive at enrollment for each bin: n=160 (red), n=159 (green), n=159 (blue), and n=159
(black). Thirty samples have missing DNAm data (total n=637). The subjects alive at last time point:
n=121 (red), n=136 (green), n=143 (blue), and n=144 (black). (B) For the site cg12033075, the
subjects alive at enrollment for each bin: n=167 (red), n=167 (green), n=166 (blue), and n=167
(black). The subjects alive at last time point: n=124 (red), n=144 (green), n=148 (blue), and n=150
(black). Marks show times with data censoring. The time unit is days. COPD=chronic obstructive
pulmonary disease; DNAm=DNA methylation.
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smoke exposure. The smoking status in our
discovery and replication cohorts are
different. The subset of ECLIPSE subjects
with methylation data is all former smokers.
The number of subjects in the ECLIPSE
study subset is smaller (231 for ECLIPSE
and 667 for COPDGene), limiting our
power to detect statistically significant
genome-wide findings. However, the
proportion of deaths (46 of 231; 20%) after
8 years of follow-up is similar (chi-squared
test, P= 0.11) to the COPDGene discovery
cohort (101 of 667; 15%). Although less
stringent discovery thresholds have been
previously applied in studies of DNAm
(23–25), our use of an FDR threshold of
20% during discovery could influence
replication in later studies. Our analysis
of decline phenotypes was performed
primarily in survivors, given the limited
number of subjects with longitudinal
evaluation before death. Samples from
African American subjects were not
available, limiting our ability to generalize
across populations. The lack of associations

of our replicated sites with smoking
status or history suggests that we may
be capturing a signal relevant to
nonsmokers. However, future studies in a
population of nonsmokers will be required
to assess applicability. Comorbidities are
expected in cohorts of COPD cases and
smoking control cases (3), with a broad
range of causes of death. However, we are
only adjusting for lung-related measures of
disease. In genome-wide DNAm studies,
polymorphic regions with rare single
nucleotide genetic variants can bias
methylation levels. We did not observe
compelling evidence of these effects in our
study. Although we have corrected for
cellular heterogeneity using principal
component analysis methods in our
sensitivity analysis, the DNAm values
may remain partially dependent on the
cellular distributions. Having this
variability present in our analyses is a
limitation. However, the variation in
cell type composition captured by the
DNAm measurements could also be

considered part of a relevant biomarker
signal. Last, we are not able to determine
the temporal nature of the DNAm
sites in this cross-sectional study.
Hypermethylation of these sites may
have preceded the onset of COPD and
subsequent death, or this variation may
be concomitant with COPD onset. Our
sensitivity analysis suggested DNAm of
PIK3CD and COPD status have shared
effects on survival. However, understanding
the molecular details of this relationship
will require functional validation. Future
studies of longitudinal DNAm data will
also address this limitation and assess
the prognostic value of these putative
biomarkers, as well as their value as
risk biomarkers in a population of healthy
smokers.

Conclusions
We identified DNAm sites predictive of
all-cause mortality in a cohort of current
and former smokers, with and without
COPD, and independent of longitudinal
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lung function decline or emphysema
progression based on associations
primarily in survivors. These sites were
associated with COPD status at enrollment.
However, they were not associated with
smoking history or status. Among our
replicated findings was the aging-pathway
gene PIK3CD. Although smoking
cessation and abstinence are important
for decreasing mortality related to
smoking, former smokers still demonstrate
elevated mortality, suggesting additional
therapeutic interventions are necessary
to prevent smoking-related diseases.
This study hints at predictive relevance
of methylation marks for the identified
sites in a population of smokers,
irrespective of lung disease presentation,
helping to inform the selection of
smokers at greater risk of death, while
highlighting targets for functional
validation and therapeutic
intervention. n
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