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A B S T R A C T

Purpose
We have investigated the potential of metabolomics to discover blood-based biomarkers relevant
to lung cancer screening and early detection. An untargeted metabolomics approach was applied
to identify biomarker candidates using prediagnostic sera from the Beta-Carotene and Retinol
Efficacy Trial (CARET) study.

Patients and Methods
A liquid chromatography/mass spectrometry hydrophilic interaction method designed to profile a
wide range of metabolites was applied to prediagnostic serum samples from CARET participants
(current or former heavy smokers), consisting of 100 patients who subsequently developed
non–small-cell lung cancer (NSCLC) and 199 matched controls. A separate aliquot was used to
quantify levels of pro-surfactant protein B (pro-SFTPB), a previously established protein biomarker
for NSCLC. On the basis of the results from the discovery set, blinded validation of a metabolite,
identified as N1,N12-diacetylspermine (DAS), and pro-SFTPB was performed using an independent
set of CARET prediagnostic sera from 108 patients with NSCLC and 216 matched controls.

Results
Serum DAS was elevated by 1.9-fold, demonstrating significant specificity and sensitivity in the
discovery set for samples collected up to 6 months before diagnosis of NSCLC. In addition, DAS
significantly complemented performance of pro-SFTPB in both the discovery and validations sets,
with a combined area under the curve in the validation set of 0.808 (P � .001 v pro-SFTPB).

Conclusion
DAS is a novel serum metabolite with significant performance in prediagnostic NSCLC and has
additive performance with pro-SFTPB.

J Clin Oncol 33:3880-3886. © 2015 by American Society of Clinical Oncology

INTRODUCTION

Recently, major efforts have been directed toward
early detection of lung cancer through low-dose
computed tomography (LDCT) scanning. Data
from the National Lung Screening Trial (NLST)
suggest that yearly screening with thoracic LDCT
scanning for high-risk current and former smok-
ers reduces lung cancer mortality by 20% and
total mortality by 7%.1 However, issues including
indeterminate nodules detected by LDCT and ra-
diation exposure impact the practicality of
LDCT-based screening on a national and global
basis. A blood-based biomarker or multiplexed
marker panel that could complement LDCT
would represent a major advance in implement-
ing lung cancer screening.

Efforts to develop blood-based biomarkers for
lung cancer early detection using a variety of method-
ologies are currently ongoing.2 Proteomic studies have
led to the identification of several candidate markers
includingpro-surfactantproteinB(pro-SFTPB),a tar-
get of a lineage-survival oncogene in lung cancer,
NKX2-1.3 Validation studies using blood samples col-
lected at the time of LDCT screening for lung cancer
substantiated the performance of pro-SFTPB. Multi-
variable logistic regression models were used to evalu-
ate the predictive ability of pro-SFTPB. The area under
the curve (AUC) values of the full model with and
without pro-SFTPB were 0.741 (95% CI, 0.696 to
0.783) and 0.669 (95% CI, 0.620 to 0.717), respectively
(difference in AUC, P � .001).4

Single markers are unlikely to have sufficient
performance for implementation in a screening
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setting, hence the need to explore several discovery platforms to
identify markers that provide complementary performance.
Metabolomics represents a global unbiased approach to the profil-
ing of small molecules and has been established as a platform for
biomarker discovery for a variety of human biofluids and tissues.5-7

Here we used an untargeted liquid chromatography/mass spec-
trometry (MS) metabolomics approach to identify metabolites
that distinguish human sera collected before the diagnosis of lung
cancer from matched control sera in a prospective cohort of high-
risk patients from the Beta-Carotene and Retinol Efficacy Trial
(CARET).8,9 We describe for the first time, to our knowledge,
increased serum levels of N1,N12-diacetylspermine (DAS) preced-
ing a diagnosis of lung cancer using matched case-control speci-
mens. We further provide evidence in blinded validation studies in
a second independent patient cohort of its significant additive
performance compared with pro-SFTPB alone.

PATIENTS AND METHODS

Study Population

Participants in this nested case-control study were selected from the
CARET study (Data Supplement).9 In total, 208 patients with lung cancer were
selected from 222 patients with non–small-cell lung cancer (NSCLC) with
serum available in the CARET repository from blood draws that occurred up
to 12 months before diagnosis. Fourteen patients with insufficient sample
available for the study were excluded. Two control individuals who were free of
lung cancer were matched to each patient case on age at baseline (5-year
groups), sex, baseline smoking status (current v former), and study enrollment
phase (pilot [1985 to 1988] or full-scale trial [1989 to 1994], thus accounting
for sample storage time). For one patient, only a single control could be
matched, resulting in a total of 208 patients and 415 controls included in the
study. The samples were divided into two sets; samples from 100 matched sets
were used for biomarker discovery (the discovery set), and the remaining 108
matched sets were reserved for validation of markers identified by the discov-
ery efforts (the validation set). All CARET participants provided informed
consent at recruitment and throughout follow-up, and the institutional review
boards at each of the six study centers approved all study procedures.

Sample Preparation and MS Analysis of Metabolites

Detailed description of the methodology is provided in the Data Supple-
ment. Briefly, serum samples (laboratory personnel were blinded to study
information) were treated with ice cold methanol and prepared for untargeted
metabolomics analysis using hydrophilic interaction chromatography with an
acetonitrile:water gradient. MS analysis and data acquisition were performed
using an Agilent quadrupole time-of-flight 6530 mass spectrometer (Agilent,
Santa Clara, CA) with positive and negative ionization and in full scan mode
with data-dependent MS/MS for compound identification. DAS (CAS No.
61345-83-3) was synthesized according to a previously published method.10

Pro-SFTPB Assay

The pro-SFTPB assay was performed as previously described by
laboratory personnel blinded to the characteristics of the study partici-
pants.4,11 Pro-SFTPB concentrations were determined using anti–pro-
SFTPB mouse monoclonal antibodies developed against the N-terminal
propeptide of human SFTPB. Serum samples with 1:100 dilution and
various amounts of N-terminal propeptide of SFTPB as standards were
added to the wells. Anti– pro-SFTPB mouse monoclonal antibody was
biotinylated with EZ-Link Sulfo-NHS-LC-Biotin (Thermo Fisher Scien-
tific, Waltham, MA) and used for incubation at 0.5 �g/mL. After washing,
each well was incubated with Streptavidin-HRP followed by incubation of
color reagents (eBioscience, San Diego, CA) to which a stop solution was
added. The absorbance was measured at 450 nm and 620 nm as the

reference wavelength with a Versamax microplate reader (Molecular De-
vices, Sunnyvale, CA). All samples were assayed in duplicate.

Statistical Analysis

The performance of 2,161 individual metabolomic mass/retention time
features was assessed using receiver operating characteristic (ROC) curve
analysis in the discovery set. For each metabolomic feature, a total area under
the ROC curve (AUC) was calculated to evaluate overall performance, and a
partial-area-under ROC curve (pAUC) was calculated to evaluate classifica-
tion performance focusing on high specificity. Permutation data sets (N �
1,000) were generated by randomly permuting case-control status from the
original data set. Total AUCs and pAUCs for specificity � 90%, 95%, and 98%
were then calculated on the permuted data sets to obtain a distribution of
AUCs/pAUCs under the null hypothesis that the markers have no association
with cancer. The study set AUCs/pAUCs were evaluated against the distribu-
tion of values from the permuted data sets to calculate false discovery rates
(FDRs) and adjusted P values.12

Potential confounders and effect modifiers on the DAS and lung cancer
association were examined by the Mann-Whitney U test or Kruskal-Wallis
test, stratified by case-control status, to assess association between DAS and
several potential confounders, including sex, age, fasting time (hours since last
meal), body mass index, smoking status (current v former), pack-years, and
CARET exposure population (asbestos-exposed v heavy smoker cohort), as
well as histology, stage of disease, and time of blood draw with respect to
diagnosis (0 to 6 months v � 6 to 12 months prior) among patients with lung
cancer only, as presented in the Data Supplement. DAS and pro-SFTPB were
log2-transformed for development of the combined model. The P values for
significance of the combination of DAS and pro-SFTPB were based on the
likelihood ratio test in a logistic regression analysis. All statistical analyses were
performed using Prism 6 (version 6.01; GraphPad, La Jolla, CA) and R version
3.0.2 (http://www.r-project.org/).

RESULTS

Increased Levels of DAS in Serum From Prediagnostic

Patients With Lung Cancer in the Discovery Set

Theuntargetedmetabolomicsapproachallowedprofilingofabroad
array of blood compounds, ranging from highly polar compounds, such
ascreatinine,aminoacids,andacylcarnitines, to large lipids(DataSupple-
ment). Blinded analysis of sera from 100 prediagnostic patients and 199
matched controls (the discovery set; Table 1) yielded 1.9-fold elevated
levels of an unknown compound with a P � 10�7 and an adjusted P �
.001 after applying a Benjimani-Hochberg FDR correction for multiple
testing (Fig 1A). This compound achieved statistical significance for total
AUC of 0.657, (P � .01 and FDR-adjusted P � .025). The pAUCs for �
90% and 95% specificity were also statistically significant for this com-
pound(pAUC�0.02,P� .001,andFDRP� .001for�90%specificity;
and pAUC � 0.007, P � .006, and FDR P � .007 for � 95% specificity).
The coefficient of variation was 7.8% for within run and 13.4% for be-
tweenrun.NoneoftheothercompoundsachievedsignificanceafterFDR
correction for multiple testing.

The unknown compound was characterized by an accurate mass-
to-charge ratio of 287.2437, and identification was initiated by using the
accurate mass to generate molecular formulas. This yielded a single likely
molecular formula, C14H30N4O2 [M�H]�, which is within 1 ppm of the
measured mass-to-charge ratio. Using the Chemspider database (www
.chemspider.com),13 37 possible compounds were found corresponding
to this single molecular formula. Of these, one compound, DAS, was
judged to be biologically and biochemically the most likely of the candi-
date compounds (Fig 1B). To confirm the identity of this compound,
DASwassynthesizedandanalyzedusingMS.10 Theunknowncompound
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exhibited a match to the synthetic DAS based on the following four
criteria: column retention time, isotope pattern, MS fragmentation
(collision-induced dissociation MS/MS), and accurate mass (Figs 1C and
1D).Thus, theunknowncompoundwasunequivocally identifiedasDAS
based on four orthogonal criteria. The synthesized standard allowed de-
termination of DAS concentration in serum, which was estimated at an
average of 3.75 nmol/L among controls.

Diagnostic Performance of DAS in the Discovery Set

An ROC analysis yielded an AUC of 0.657 (95% CI, 0.586 to 0.727)
for all patients combined (Table 2). DAS levels were significantly elevated
in all subgroups. Of note, the AUC was 0.610 (95% CI, 0.510 to 710) for
serum samples collected 6 to 12 months before diagnosis and 0.710 (95%
CI, 0.613 to 0.808) for sera collected 0 to 6 months before diagnosis. In
addition, DAS levels were significantly higher in samples collected 0 to 6
months before diagnosis than samples collected 6 to 12 months before
diagnosis (P� .0110, Mann-Whitney U test; Data Supplement), suggest-
ing the association of increased serum DAS levels with tumor develop-
ment and progression.

The levels of pro-SFTPB were significantly elevated in prediag-
nostic sera from patients with lung cancer compared with controls
(P � .001, Mann-Whitney U test; AUC � 0.635) in the initial discov-
ery set used for metabolomic profiling (Data Supplement). Levels of
pro-SFTPB increased significantly in both samples collected closer to
diagnosis (0 to 6 months; P � .0142, Mann-Whitney U test; AUC �
0.626) and samples collected farther from diagnosis (� 6 to 12
months; P � .0031, Mann-Whitney U test; AUC � 0.645). Serum
pro-SFTPB levels were also significantly elevated in current smokers
(P � .001, Mann-Whitney U test; AUC � 0.682), patients with ade-
nocarcinoma (P � .0015, Mann-Whitney U test; AUC � 0.677), and
patients with advanced stage (stage III and IV; P � .001, Mann-
Whitney U test; AUC � 0.663).

Validation of DAS and Pro-SFTPB As Single and

Combined Markers in an Independent CARET Test Set

An independent validation set was used that consisted of
108 patients and 216 controls (Table 1), with patients and
controls matched by age, sex, and smoking status at baseline, as

Table 1. Characteristics of Patients and Controls in the Discovery and Validation Sets

Characteristic

Discovery Set Validation Set

No. of Patients (n � 100) No. of Controls (n � 199) No. of Patients (n � 108) No. of Controls (n � 216)

Age, years�

Mean 61.1 60.9 61.9 61.9
SD 5.8 5.9 5.7 5.9

Pack-years
Mean 57 47 54 49
SD 23 22 23 20

Age at diagnosis, years
Mean 66.2 65.1
SD 6.2 6.3

Sex�

Male 75 149 75 150
Female 25 50 33 66

Race
White 94 185 99 200
Black 3 5 6 8
Other 3 9 3 8

Exposure population
Asbestos-exposed worker 31 56 35 53
Heavy smoker 69 143 73 163

Smoking status at baseline�

Current smoker 61 121 72 144
Former smoker 39 78 36 72

Histology
Adenocarcinoma 40 40
SCC 30 38
Other NSCLC 30 30

Stage
I and II 14 26
III and IV 69 64
Unknown 17 18

Months from blood collection
to diagnosis

0-6 48 40
� 6-12 52 68

Abbreviations: NSCLC, non–small-cell lung cancer; SCC, squamous cell carcinoma; SD, standard deviation.
�Matching variables.
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with the discovery set. DAS was assayed using the same MS
approach as for the discovery set. DAS levels were significantly
elevated among patients versus controls, with an AUC of 0.650
(95% CI, 0.585 to 0.716; Table 3). As was observed in the
discovery study, higher DAS levels were observed in samples
from patients with lung cancer collected 0 to 6 months versus 6
to 12 months before diagnosis (P � .0318, Mann-Whitney U
test; Data Supplement). In addition, ROC analysis yielded an
AUC for DAS of 0.740 (95% CI, 0.635 to 0.845) in samples
collected 0 to 6 months before diagnosis and 0.588 (95% CI,
0.505 to 0.671) in samples collected 6 to 12 months before
diagnosis. Pro-SFTPB levels were also significantly elevated in
prediagnostic sera from patients with lung cancer compared
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Fig 1. Identification of a compound with 1.9-fold elevated levels in prediag-
nostic lung cancer sera as N1,N12-diacetylspermine (DAS). (A) Relative intensity
of DAS (originally an unknown with mass-to-charge ratio [m/z] of 287.2437) in
metabolomics data in prediagnostic lung cancer versus matched controls. Bars
indicate mean and standard deviation. (B) Chemical structure of DAS. (C) Top
panel shows total ion chromatogram of serum from a participant later diagnosed
with lung cancer, showing peaks for (1) creatinine, (2) diacyl lipids, (3) lysophos-
phatidylcholine lipids, (4) acetylcarnitine, and (5) carnitine. Gradient profile is
indicated in red. Extracted ion chromatogram for DAS (m/z, 287.24) in serum
from a participant later diagnosed with lung cancer (middle panel) and for
synthetic DAS (bottom panel). (D) Quadruple time-of-flight (QTOF) collision-
induced dissociation (tandem mass spectrometry [MS/MS]) at 20 V of the
unknown ion (m/z, 287.24) isolated from prediagnostic lung cancer serum (top
panel) and QTOF MS/MS at 20 V of synthetic DAS (bottom panel).

Table 2. Performance of DAS in the Discovery Set

Variable P AUC 95% CI

Total � .001 0.657 0.586 to 0.727
Sex

Female .0493 0.640 0.497 to 0.783
Male � .001 0.663 0.581 to 0.744

Smoking status
Current smoker � .001 0.672 0.585 to 0.758
Former smoker .0158 0.637 0.516 to 0.759

Histology
Adenocarcinoma .0349 0.618 0.509 to 0.728
SCC .0013 0.708 0.590 to 0.826
Other NSCLC .0131 0.662 0.521 to 0.802

Stage
I and II .0144 0.735 0.568 to 0.903
III and IV � .001 0.679 0.595 to 0.763

Timing of blood draw, months
0-6 � .001 0.710 0.613 to 0.808
� 6-12 .0257 0.610 0.510 to 0.710

Abbreviations: AUC, area under the curve; DAS, N1,N12-diacetylspermine;
NSCLC, non–small-cell lung cancer; SCC, squamous cell carcinoma.

Table 3. Performance of DAS in the Validation Set

Variable P AUC 95% CI

Total � .001 0.650 0.585 to 0.716
Sex

Female .3057 0.563 0.434 to 0.692
Male � .001 0.692 0.620 to 0.765

Smoking status
Current smoker � .001 0.652 0.569 to 0.735
Former smoker .0151 0.644 0.537 to 0.750

Histology
Adenocarcinoma .3084 0.557 0.448 to 0.667
SCC .0063 0.658 0.547 to 0.769
Other NSCLC � .001 0.754 0.643 to 0.865

Stage
I and II .0124 0.675 0.546 to 0.804
III and IV � .001 0.693 0.613 to 0.773

Timing of blood draw, months
0-6 � .001 0.740 0.634 to 0.846
� 6-12 .0409 0.588 0.505 to 0.671

Abbreviations: AUC, area under the curve; DAS, N1,N12-diacetylspermine;
NSCLC, non–small-cell lung cancer; SCC, squamous cell carcinoma.
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with controls (P � .001, Mann-Whitney U test; AUC � 0.699;
Data Supplement). Pro-SFTPB levels were significantly elevated
in all subgroup analyses in the validation set.

Because pro-SFTPB is an established lung cancer bio-
marker, we assessed the added contribution of DAS to the
performance of pro-SFTPB alone in the validation set. The
performance of the combination of pro-SFTPB and DAS using
logistic regression was significantly improved compared with
pro-SFTPB alone (P � .001, likelihood ratio test) and DAS
alone (P � .001, likelihood ratio test; Table 4 and Fig 2). The

AUC for combination of DAS and pro-SFTPB was 0.808 (95%
CI, 0.724 to 0.891) with a sensitivity of 0.350 at 95% specificity
in the comparison of lung cancer samples collected 0 to 6
months before diagnosis compared with healthy controls and
an AUC of 0.732 overall.

DISCUSSION

This study identified, for the first time to our knowledge, increased
serum levels of DAS, a doubly acetylated polyamine compound, pre-
ceding a diagnosis of lung cancer. Prior studies identified DAS in urine
from patients with colorectal, breast, and bladder cancers14-16; in tis-
sues from colorectal cancer; and in liver metastasis.17

The predictive value of DAS was greater in samples collected 0
to 6 months compared with 6 to 12 months before diagnosis,
suggesting that increased levels of DAS tracked with the develop-
ment and progression of lung cancer up to the time of diagnosis.
Our case-control study establishes the potential contribution of
DAS to early detection of lung cancer. In this study, two control
individuals who were free of lung cancer were matched to each
patient on age at baseline, sex, baseline smoking status, and study
enrollment phase. Matching risk factors (age and smoking) poten-
tially impacts the performance of DAS on sensitivity and specificity
if DAS levels are associated with smoking or age.18 DAS was signif-
icantly associated with age of the control individuals in the discov-
ery set (Data Supplement) but not in the validation set (data not
shown). Therefore, DAS levels are likely independent from these
risk factors, and the potential bias will be minimal. Most relevant to
potential clinical applications is whether DAS and pro-SFTPB
could identify asymptomatic patients with lung cancer in a screen-
ing setting. Assuming a lung cancer annual incidence rate of

Table 4. Performance of the Combination of DAS and Pro-SFTPB in the Validation Set

Measure Total

Timing of Blood Draw

0-6 Months � 6-12 Months

Pro-SFTPB � DAS
AUC 0.732 0.808 0.688

95% CI 0.673 to 0.791 0.724 to 0.891 0.609 to 0.767
Sensitivity at 95% specificity 0.222 0.350 0.176
Specificity at 95% sensitivity 0.181 0.388 0.140
P (v DAS) � .001 � .001 � .001
P (v pro-SFTPB) � .001 � .001 .0634

DAS
P � .001 � .001 .0409
AUC 0.650 0.740 0.588

95% CI 0.585 to 0.716 0.634 to 0.846 0.505 to 0.671
Sensitivity at 95% specificity 0.120 0.275 0.059
Specificity at 95% sensitivity 0.111 0.063 0.088

Pro-SFTPB
P � .001 � .001 � .001
AUC 0.699 0.741 0.675

95% CI 0.639 to 0.760 0.650 to 0.831 0.595 to 0.755
Sensitivity at 95% specificity 0.157 0.175 0.191
Specificity at 95% sensitivity 0.194 0.363 0.169

Abbreviations: AUC, area under the curve; DAS, N1,N12-diacetylspermine; pro-SFTPB, pro-surfactant protein B.
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Fig 2. Receiver operative characteristic curves of pro-surfactant protein B
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0.0625%, as observed in the NLST study,1 and based on the sensi-
tivity of 35% at 95% specificity for the model combining pro-
SFTPB and DAS in prediagnostic sera collected within 6 months
before diagnosis of lung cancer, the positive predictive value is
4.2%. This compares favorably to the positive predictive value of
3.6% observed in NLST for nodules suggestive of lung cancer by
LDCT. Likewise, DAS levels in benign lung disease, such as chronic
obstructive pulmonary disease, will need to be assessed, as a recent
study has indicated the association of higher plasma pro-SFTPB
levels with increased severity of airflow limitation and rapid pro-
gression of chronic obstructive pulmonary disease over 2 years.19

DAS is an acetylated derivative of spermine, a well-known poly-
amine. Polyamines are small cationic molecules that have long been
implicated in regulating key metabolic enzymes in normal and cancer
cells.20 Polyamines are essential in normal mammalian cells with levels
that are controlled through a complex network that regulates their
synthesis, degradation, and transport. Ornithine decarboxylase and
S-adenosylmethionine decarboxylase are two important enzymes in
the polyamine biosynthetic pathway, which are themselves tightly
regulated through various transcriptional, translational, and post-
translational mechanisms.21 Polyamines are also regulated by onco-
genes and tumor-suppressor genes in epithelial tumors and have even
been tested as targets of chemopreventative agents and pharmaceuti-
cal inhibitors in cancer treatment.20,22

The biosynthetic pathway of DAS has not been fully elucidated.
DAS is likely produced from the substrate acetylspermine via the
enzyme spermidine/spermine N1-acetyltransferase.23 Overexpression
of spermidine/spermine N1-acetyltransferase results in high levels of
both acetylspermine and diacetylspermine.24 Polyamine export from
mammalian cells occurs primarily via acetylated polyamines, includ-
ing DAS, by a diamine transporter that has been identified as SLC3A2,
a component of CD9825 more commonly known as the amino acid
transporter LAT1.26 Therefore, SLC3A2 may affect the blood DAS
levels as observed in our study. The transporter coprecipitates with the
spermine acetylase SAT1, thus supporting its role in polyamine me-
tabolism.27 SLC3A2 is also colocalized with SLC7A5, and the complex,
designated CD98, is known to be highly expressed in several human

cancers,28 including lung cancer.29,30 Inhibition of CD98 has antitu-
mor activity in NSCLC.31 CD98 has prognostic significance in
NSCLC29,30,32 and in neuroendocrine tumors.33 Moreover, an in-
creased supply of spermine in the context of glucose restriction in the
tumor microenvironment has been found to increase DAS secretion
by macrophages.34

Unbiased metabolomics profiling has identified 1.9-fold
elevated levels of DAS in a discovery set of prediagnostic lung
cancer sera related to matched controls, which was validated in
an independent blinded set of samples. We further demon-
strated significant additive performance of the combination of
DAS and pro-SFTPB compared with either biomarker alone,
suggesting the utility of this metabolite for lung cancer early
detection as part of a marker panel.
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