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Minimally invasive testing for early detection of lung cancer to
improve patient survival is a major unmet clinical need. This study
aimed to develop and validate a serum multi-microRNA (multimiR)
panel as a minimally invasive test for early detection of nonsmall
cell lung cancer (NSCLC) regardless of smoking status, gender, and
ethnicity. Our study included 744 NSCLC cases and 944 matched
controls, including smokers and nonsmokers, male and female,
with Asian and Caucasian subjects. Using RT-qPCR and a tightly
controlled workflow, we quantified the absolute expression of
520 circulating microRNAs (miRNAs) in a Chinese cohort of 180
early stage NSCLC cases and 216 healthy controls (male smokers).
Candidate biomarkers were verified in two case-control cohorts of
432 Chinese and 218 Caucasians, respectively (including females
and nonsmokers). A multimiR panel for NSCLC detection was de-
veloped using a twofold cross-validation and validated in three
additional Asian cohorts comprising 642 subjects. We discovered
35 candidate miRNA biomarkers, verified 22 of them, and devel-
oped a five-miR panel that detected NSCLC with area under curve
(AUC) of 0.936–0.984 in the discovery and verification cohorts. The
panel was validated in three independent cohorts with AUCs of
0.973, 0.916, and 0.917. The sensitivity of five-miR test was 81.3%
for all stages, 82.9% for stages I and II, and 83.0% for stage I
NSCLC, when the specificity is at 90.7%. We developed a minimally
invasive five-miR serum test for detecting early stage NSCLC and
validated its performance in multiple patient cohorts independent
of smoking status, gender, and ethnicity.

blood biomarker | microRNA | early detection

Lung cancer is the most prevalent cancer and the leading cause
of cancer death worldwide, with 610,000 and 130,000 lung

cancer deaths annually in China and the United States, respectively
(1, 2). This high mortality can be attributed to late detection and
lack of effective treatment for advanced diseases (2, 3). Five-year
survival rate for lung cancer patients diagnosed early (stages I–II)
is 70%, whereas survival is 20% or lower for patients diagnosed in
later stages (4, 5). Nonsmall cell lung cancer (NSCLC) accounts for
over 80% of all lung cancer (3), and early detection of localized
NSCLC for improved patient survival is a major unmet clinical
need.
Low-dose spiral computed tomography (LDCT)-based screen-

ing has shown improved early detection of lung cancer and disease

outcome (6). However, due to low specificity, LDCT leads to high
rates of overdiagnosis (about 18%) and false-positive results (about
96%) (7, 8). LDCT screening also exposes subjects to ionizing ra-
diation, which is known to increase cancer risk (9). Nevertheless,
LDCT-based lung cancer screening has been recommended for
heavy smokers in selected countries. With successful smoke cessa-
tion campaigns and growing lung cancer incidence in never-
smokers, LDCT-based screening alone will have increasingly lim-
ited impact on overall lung cancer prognosis. Therefore, developing
an alternative and complementary means of screening in the form
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of a blood-based, minimally invasive biomarker is highly desirable.
Two large-scale, population-based studies were reported recently,
showing promising results of blood-based protein and microRNA
(miRNA) biomarkers in complementing LDCT-based lung cancer
screening in high-risk Scottish and Italian populations, respectively
(10, 11). Detection of circulating tumor DNA (ctDNA) through
sequencing has also emerged as a promising approach for minimally
invasive early detection of lung cancer (12).
miRNAs are small noncoding RNAs, typically between 19 and

24 nucleotides in length, that regulate gene expression post-
transcriptionally (13). A growing body of evidence has established
the association of both intracellular and cell-free circulating
miRNAs with the tumor burden, diagnosis, and prognosis of lung
cancer, especially that of NSCLC (14, 15). However, the majority
of lung cancer circulating miRNA studies are focused on high-risk
smokers and in populations with single ethnicity. It has not been
established if circulating miRNA biomarkers are consistent be-
tween smokers and nonsmokers, as well as across gender and dif-
ferent ethnicities. Further, since miRNA measurement is prone to
both preanalytical and analytical variability, another key challenge
is integration of data from independent studies that employed
nonstandardized preanalytical protocol and different technology
platform with disparate performances.
We have shown that an analytically validated qPCR method

could generate high-quality expression profiles of circulating
miRNAs in a wide range of concentrations, and the concurrent
implementation of exogenous and endogenous control measures
could effectively minimize the effect of preanalytical and analytical
variables, improving the signal-to-noise ratios and data accuracy in
large-scale miRNA biomarker discovery efforts (16–18). Using
this method, we identified high-performance circulating miRNA
biomarkers associated with heart failure and insulin resistance and
demonstrated consistency of miRNA expression profiles across
Chinese, Malay, and Indian ethnicities.
In this study, we applied the same methodology to evaluate the

performance and consistency of circulating miRNA biomarkers
in distinguishing early stage lung cancer patients from matched
healthy controls in both smokers and nonsmokers of Asian and
Caucasian populations. The aim of this study is to develop a circu-
lating multimiRNA (multimiR) panel that could serve as minimally
invasive biomarkers for early detection of NSCLC independent of
smoking status, gender, and ethnicity.

Results
Identification of miRNA Biomarkers for Early Stage NSCLC. Candi-
date miRNA biomarkers for early stage (stage I and II) NSCLC
were identified through retrospective analysis of a well-defined
Discovery Cohort of Chinese male smokers. Absolute expression
levels of 520 miRNAs were profiled in 104 stage I and 76 stage II
NSCLC patients and compared to those in 216 male Chinese
control subjects (Table 1). Among the 520 miRNAs analyzed,
272 miRNAs were found to be consistently expressed at 500 or
more copies per milliliter of serum in all cancer and control
subjects, above the detection limit and within the dynamic range
of standard curves in this workflow (SI Appendix, Fig. S1 A and
B). Precision of measurement was shown with narrow variability
in repeated measurements of reference serum samples (SI Ap-
pendix, Fig. S1C).Two miRNAs, miR-361-5p and miR-425-5p,
were found to have stable expression across cancer and control
subjects and could thus serve as endogenous references (SI Ap-
pendix, Fig. S2). Among the 272 miRNAs expressed, 35 miRNAs
were found to be either significantly higher (25 miRNAs with
false discovery rate [FDR] adjusted P < 0.01 and z-score > 1) or
lower (10 miRNAs with FDR adjusted P < 0.01 and z-score < −1)
in NSCLC cases than in the matched controls. Only one miRNA
(miR-205-5p) was differentially expressed (with FDR adjusted P <
0.05) between lung squamous cell carcinoma and adenocarci-
noma. Most of the NSCLC subjects were clustered together by

the 35 miRNAs under unsupervised hierarchical clustering
analysis (Fig. 1).

Verification of miRNA Biomarkers. We evaluated the performance
and consistency of the 35 candidate miRNAs and the two ref-
erence miRNAs in two independent Verification cohorts of
Chinese (n = 432) and Caucasians (n = 218). The two cohorts
continued to focus on stage I and II NSCLC cases but included
female and nonsmoker subjects (Table 1). Of 35 candidate bio-
markers, 34 and 22 were verified to have consistent up- or down-
regulation in Verification cohort 1 and 2, respectively, when
using a less tringent z-score (FDR adjusted P < 0.01 and
z-score > 0.4 or z-score < −0.4) to take into account of the in-
clusion of Caucasian, female, and nonsmoking subjects in these
cohorts. Strong positive correlations in miRNA biomarker
z-scores were observed between the Discovery cohort and the
two Verification cohorts. Pearson’s correlation coefficient, r was
0.97 (P < 0.001) for z-scores in the Discovery cohort versus
Verification cohort 1, both from the same source. Pearson’s r was
0.62 (P < 0.001) for z-scores in the Discovery cohort (Asian)
versus Verification cohort 2 (Caucasian) (SI Appendix, Fig. S3).
To investigate if the identified biomarkers were consistently

expressed across gender and smoking history, we performed
correlation analysis of z-scores between males and females as
well as between smokers and nonsmokers in each of the Verifi-
cation cohorts (Fig. 2A). The analysis showed consistent associa-
tions between miRNAs and NSCLC by gender and smoking status
as the z-scores were well correlated between males and females or
between smokers and nonsmokers, suggesting that these bio-
markers are different between early stage NSCLC and healthy
controls regardless of gender, smoking status, and ethnicity. Un-
supervised hierarchical clustering of 523 NSCLC and 523 matched
control subjects across Discovery and two Verification cohorts
showed that most of the NSCLC patients were clustered together
by the 22 verified miRNA biomarkers (FDR-adjusted P < 0.01
and z-score > 0.4 or < −0.4) under (Fig. 2B).

Biomarker Panel Building and Optimization. Next, we selected and
cross-validated multimiR panels based on their AUC in dis-
tinguishing NSCLC. We combined all 1,046 samples (523 NSCLC
and 523 controls) in Discovery and Verification cohorts and par-
titioned the samples into equally sized training and test sets with
matched cancer stage, age, gender, ethnicity, and smoking status.
We derived multimiR panels in training sets using Sequential
Forward Floating Serach (SFFS) and Support Vector Machine
(SVM), built the algorithm through logistic regression, and eval-
uated multimiR panel performance in the test set. An increasing
AUC in the test set was observed when the number of miRNAs in
the panel was increased, but this improvement plateaued at five
miRNAs (Fig. 3A). The median AUC for a five-miR panel from
200 iterations of cross-validation was ∼0.96 in the test set, with a
range of <0.03 between the 25th and 75th percentiles. Incorpo-
rating more miRNAs into the panel did not significantly improve
AUC. The AUC of the final five-miR panel were 0.986 (95% CI,
0.975–0.992), 0.936 (95% CI, 0.910–0.956), and 0.971 (95% CI,
0.942–0.986) in the Discovery cohort, Verification cohort 1, and
Verification cohort 2 (Fig. 3B), respectively. The final five-miR
panel included two miRNAs that were down-regulated in NSCLC
and three miRNAs that were up-regulated in NSCLC according to
our analysis (Fig. 3C).
The selected five-miR panel, with a prespecified prediction

algorithm, was validated in three additional cohorts of Chinese
and Singaporean patients and controls (Table 1). The AUC of
the five-miR panel were 0.973 (95% CI, 0.947–0.987), 0.916 (95%
CI, 0.849–0.951), and 0.917 (95% CI, 0.826–0.964) in Validation
Cohorts 1, 2, and 3, respectively (Fig. 4A). Testing other multimiR
panels in the Validation cohorts showed that the five-miR panel
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gave the optimal AUC across the three cohorts (SI Appendix, Fig.
S4). The five-miR biomarker panel scores for each sample, cal-
culated from a logistic regression model, were able to differentiate
NSCLC cases of all stages from noncancer controls in all six study
cohorts (Fig. 4B).There were no significant differences in five-miR
panel scores between lung adenocarcinoma and squamous cell
carcinoma in five of the six study cohorts (SI Appendix, Fig. S5).
Since Validation cohorts 2 and 3 contained stage III or IV

NSCLC cases, we further tested the performance of the five-miR
panel in stage I and II patients in Validation cohorts 2 (n = 315)
and 3 (n = 57).The AUCs for stage I–II NSCLC were 0.935 (95%
CI, 0.850–0.968) and 0.900 (95% CI, 0.791–0.958), respectively
(Fig. 4C). The AUCs for stage I NSCLC were 0.960 (95% CI,
0.894–0.987) and 0.886 (95% CI, 0.734–0.962), respectively
(Fig. 4C).
We estimated that the sensitivity was 81.3% (95% CI,

78.2–84.1%) for all cancer stages, 82.9% (95% CI, 79.8–85.7%) for
stages I and II, and 83.0% (95% CI, 79.6–85.9%) for stage I NSCLC
when the specificity was at 90.7% (95%CI, 88.3–92.8%) in the three
validation cohorts, demonstrating that the panel has a promising
capacity in differentiating stages I and II NSCLC patients from
matched controls regardless of gender, ethnicity, and smoking status.

Discussion
Lung cancer is clinically detected through chest X-ray, LDCT,
and other imaging methods. Minimally invasive biomarkers, on
their own or in conjunction with imaging, can potentially improve
lung cancer diagnosis by enhancing sensitivity and specificity and
by increasing screening compliance. Potential protein biomarkers,
such as carcinoembryonic antigen (CEA), cytokeratin-19 fragment
(CYFRA21-1), neuron-specific enolase (NSE), cancer-associated
antigens CA125 and CA19-9, and chromogranin A, as well as
molecular markers, such as mutations in cancer-associated genes

KRAS and TP53, have been identified. However, these bio-
markers are limited in sensitivity, specificity, and reproducibility in
detecting lung cancer (19).
Tumor-associated DNA or RNA biomarkers, including miR-

NAs, can help more accurately diagnose and monitor cancer

Table 1. Patient cohorts used in each phase of the study

Phase 1 Phase 2 Phase 3

Discovery Verification 1 Verification 2 Validation 1 Validation 2 Validation 3

Controls Cases Controls Cases Controls Cases Controls Cases Controls Cases Controls Cases

Ethnicity Asian (Chinese) Asian (Chinese) Caucasian Asian (Chinese) Asian (Chinese) Asian (Chinese,
Malay, Indian)

Source Zhejiang Cancer
Hospital and
Keyan City

Zhejiang Cancer
Hospital, Keyan

City and
Hangzhou City

Asterand
(Biobank)

Zhejiang Cancer
Hospital and
Kecheng City

Taizhou Hospital
and Kecheng

City

National
University of
Singapore

No. of subjects 216 180 190 242 117 101 117 120 273 67 31 34
Age
Median age 60.6 56.5 64.0 63.0 55.0 60.0 67.0 67.0 51.0 61.0 60.5 63.5
Age range 49–70 41–65 44–77 44–77 45–64 45–75 46–77 46–77 40–68 35–76 40–71 46–85

Gender
Male 216 180 150 200 88 80 117 120 121 56 21 23
Female 0 0 40 42 29 21 0 0 152 11 10 11

Smoking history
Smoker 216 180 150 153 14 152 117 120 273 61 No data
Nonsmoker 0 0 40 89 109 17 0 0 0 19

Stage
Stage I — 104 — 138 — 71 — 65 — 19 — 17
Stage II — 76 — 104 — 30 — 55 — 23 — 9
Stage III — 0 — 0 — 0 — 0 — 11 — 4
Stage IV — 0 — 0 — 0 — 0 — 3 — 4
Unknown — 0 — 0 — 0 — 0 — 11 — 0

Subtype
Adeno-carcinoma — 48 — 134 — 39 — 97 — 33 — 24
Squamous cell carcinoma — 132 — 103 — 43 — 20 — 16 — 4
Others — 0 — 5 — 19 — 3 — 18 — 6

Clustered using all expressed miRNAs

35
 m

iR
N

A
s

Clustered using candidate biomarkers discovered

s
A

N
Ri

m
272

NSCLC 
Cases:

NSCLC 
Cases:

Fig. 1. Candidate biomarkers segregate NSCLC cases from noncancer con-
trols. Heatmap of normalized miRNA expression levels following unsuper-
vised hierarchical clustering of all 424 subjects in the discovery cohort using
272 expressed miRNAs (Upper) and 35 candidate biomarkers (Lower).The
horizontal axis represents the NSCLC status for the samples, with black color
for NSCLC subjects and white color for non-NSCLC control subjects. The
heatmap shows relative miRNA expression level with red indicating higher
expression and green indicate lower expression.
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(20). In this study, we showed that a five-miR panel was optimal
in detecting NSCLC of all stages, with a validated AUC between
0.91 and 0.97, regardless of gender, ethnicity, and smoking sta-
tus. We further showed that the panel could detect early stage
(stages I and II) NSCLC with an AUC of 0.93 and 0.90 in two
independent cohorts. The accuracy of the five-miR panel in
detecting NSCLC was significantly higher than that of CEA (SI
Appendix, Fig. S6), CYFRA21-1, or NSE (21). In comparison,
ctDNA-based liquid biopsy approaches have shown an AUC of
about 0.8, with 70% sensitivity and 80% specificity in small-scale
validation studies (12).
Multiple circulating miRNA biomarker panels have been pro-

posed for NSCLC detection from studies in different countries
(14, 22–31) (SI Appendix, Table S1). Some proposed miRNA
panels reported high sensitivity and specificity for NSCLC detec-
tion, but none were developed systematically with a robust method
and validated by a large multicenter and multiethnic study. Fur-
thermore, few panels had miRNA biomarkers in common (19, 32).
This discrepancy is likely due to the heterogeneity of patients in
demographics and clinicopathological characteristics. Additionally,
preanalytical and analytical variables may also contribute to the
difference (19).To overcome these challenges, we developed a
miRNART-qPCR assay platform, which was shown to have greater
sensitivity and reproducibility in detecting circulating miRNAs
across ethnicities (16, 18). We observed similar results in unsuper-
vised clustering analysis of the samples from different cohorts in our

study. Our five-miR panel was validated in large and independent
patient cohorts that comprised diverse ethnicities from different
sources. The ability of the serum five-miR panel to detect stage I
NSCLC with 83% sensitivity and 91% specificity means that the
panel may be used as a screening tool prior to confirmatory diag-
nosis using LDCT or other imaging methods with tissue biopsy. A
minimally invasive blood test may improve screening compliance
compared to LDCT screening. There is also potential for the five-
miR panel to be implemented together with LDCT in current lung
cancer screening programs as a blood biomarker to reduce false
positive results and unnecessary biopsies by improving the specificity
of LDCT screening, which has been reported to be 73.4% (33). The
clinical utility of the five-miR panel in NSCLC diagnosis and
screening will be further investigated and validated in large-scale
prospective studies.
The five miRNAs included in our panel have been associated

with lung cancer. Two (let-7a-5p and miR-375) had lower ex-
pression and three (miR-1-3p, miR-1291, and miR-214-3p) had
higher expression in NSCLC compared to healthy individuals.
miR-375 has been reported before as a prognostic biomarker for
NSCLC (23, 31). In addition, miR-375, let-7a-5p, and miR-1291
were also prognostic biomarkers for lung cancer (34–36). Cir-
culating let-7a-5p was shown to suppress lung cancer (37), and
miR-375 was found to have tumor suppressive activities (38),
consistent with our study where the expressions of these miRNAs
were low in NSCLC. MiR-1-3p was shown to have oncogenic
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NSCLC 
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Blue = Discovery Cohort | Green = Verification Cohort 1 | Red = Verification Cohort 2

miRNA expression levels (N=1,046)
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Fig. 2. Biomarkers verified in cohorts including subjects with different ethnicities, gender, and smoking status. (A) Comparison of biomarker fold changes
between female and male subjects and between smokers and nonsmokers in Verification cohorts 1 (Asian) and 2 (Caucasian). (B) Heatmap of normalized
miRNA expression levels following unsupervised hierarchical clustering of all 1,070 subjects in the combined cohort (Discovery, Validation 1 and 2) using 22
validated biomarkers.
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effects in NSCLC (39), which was also consistent with our finding
of high expression in NSCLC. Circulating miR-214 was shown to
affect NSCLC with regard to drug resistance (40), and miR-214-
3p may be oncogenic in NSCLC (41).
Limitations of our study include testing in a research and not

clinical setting, lack of patients with ethnicities beyond Asian and
Caucasian (e.g., African), and the use of retrospective case-control
cohorts, some of which were not completely matched for demo-
graphics and clinicopathological characteristics. Since the study
focused on biomarkers for early stage NSCLC, we had fewer pa-
tients with stage III (n = 14) or stage IV (n = 8) cancers in the
study. Implementing the five-miR panel in the clinic will require
the development of a prediction model to generate as core for risk
stratification. Future work will focus on validating the five-miR
biomarker panel in prospective cohorts, which are designed to
screen for individuals with early stage NSCLC in a clinical setting
and on extending the study beyond Asian and Caucasian patients.

Methods
Study Design and Population. Six case-control cohorts, comprising a total of
744 NSCLC cases and 944 control subjects aged between 40 and 85 y, were
recruited from seven independent sources (Table 1). NSCLC patients were
recruited by convenience sampling between 2004 and 2018 at Zhejiang
Cancer Hospital and Taizhou Hospital in Zhejiang, China; National Univer-
sity Hospital in Singapore; and from various hospitals in Europe (Asterand

biobank). Blood was collected before cancer surgery and treatment.
Matched healthy controls were recruited by convenience sampling between
2011 and 2017 from lung cancer screening programs in Keyan city, Hang-
zhou city, and Kecheng city in Zhejiang, China, as well as from healthy
subjects at the National University Hospital in Singapore, and various hos-
pitals in Europe (Asterand biobank). All of the samples and patient data
were deidentified prior to use. Patients recruited in China were all of Chi-
nese ethnicity while those from the Asterand biobank were all Caucasian.
The Singapore cohort comprised patients of Chinese, Malay, and Indian
ethnicity. Smokers were defined as subjects who smoked more than 10
cigarettes per day for a period of 10 y or longer. All control subjects were
confirmed by CT/LDCT to be nodule-free at the time of blood collection.
All lung cancer cases were confirmed by histopathological examination
of biopsy tissues. All studies were approved by the Institutional Review
Board of the respective site with written informed consent from study
participants.

Blood Collection and Serum Processing. Fasting blood samples (20 mL) were
collected using venipuncture in plain serum tubes (BD vacutainer plus plastic
serum tube). Blood samples were allowed to clot for 30–60 min at room
temperature and centrifuged at 3,000 rpm for 10 min at 4 °C. After centri-
fugation, sera were transferred using syringes and aliquoted into cryotubes
for immediate storage at −80 °C.

RNA Isolation. We extracted total RNA from 200 μL of each serum sample
using the miRNeasy Serum/Plasma Kit (Qiagen). This was done according to the

A

B

C

Fig. 3. Development of five-miR biomarker panel for NSCLC detection. (A) Boxplots of AUC values calculated from 200 rounds of the twofold cross-validation
procedure for biomarker panels comprising two to eight miRNAs. Box represents the 25th, 50th, and 75th percentiles of AUC values calculated for the
detection of NSCLC by the biomarker panels containing miRNAs from 2 to 8. (B) ROC curves of NSCLC detection sensitivity and specificity for the five-miR
biomarker panel in Discovery and Verification Cohorts 1–2. (C) Table of miRNAs included in the final five-miR panel showing their expression in NSCLC and
coefficients used for constructing the panel.
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manufacturer’s recommendations, except for the following modifications. (i)
We added a set of three proprietary spike-in controls (MiRXES), representing
high, medium, and low levels of RNA, into the sample lysis buffer (QIAzol Lysis
Reagent, Qiagen) prior to sample RNA isolation. The spike-in controls are
20-nucleotide RNAs with unique sequences (distinct from any of the 2,588
annotated mature human miRNAs in miRBase version 21). These control RNAs
are used to monitor RNA isolation efficiency and to normalize for technical
variations during RNA isolation. (ii) We added bacteriophage MS2 RNA into
sample lysis buffer (1 μg/mL QiaZol) to improve RNA isolation yield. (iii ) We
centrifuged the samples at 18,000 × g for 15 min at room temperature
after mixing with chloroform. (iv) We eluted the RNA in 25 μL of RNase-
free water.

RT-qPCR Detection of miRNA Expression.We used a tightly controlled RT-qPCR
workflow to quantify the expression of miRNAs in each blood sample. We
reverse-transcribed serum RNA using miRNA-specific reverse transcription
(RT) primers according to the manufacturer’s instructions (MiRXES) on a
Veriti Thermal Cycler (Applied Biosystems). Multiplexed RT reactions were
performed using RT primers specific for each miRNA. For discovery, 520 RT
primers were divided into 10 multiplex primer pools (50- to 60-plex per pool)
to minimize nonspecific cross-overs and primer–primer interactions. For each
RNA sample, we performed 10 multiplex RT reactions, each with 2 μL of
isolated RNA. Synthetic templates for standard curves of each miRNA (6-log

serial dilution of 107 to 102 copies) and a nontemplate control (nuclease-free
water spiked with MS2) were reverse-transcribed concurrently with the se-
rum RNA samples. We preamplified all cDNAs, including those from syn-
thetic miRNA standards, using a 14-cycle PCR with Augmentation Primer
Pools (MiRXES) on the Veriti Thermal Cycler. We then performed single qPCR
on the amplified cDNA samples using a miRNA-specific qPCR assay and
ID3EAL miRNA qPCR Master Mix according to the manufacturer’s instruc-
tions (MiRXES). We carried out the qPCRs with technical duplicates on the
ViiA qPCR system (384-well configuration, Applied Biosystems). We calcu-
lated raw threshold cycle (Ct) values using the ViiA 7 RUO software with
automatic baseline setting and a threshold of 0.5. We assessed RT-qPCR
efficiency and potential cDNA amplification bias by analyzing the Ct val-
ues of the synthetic miRNA standards. We calculated the absolute expression
of each miRNA (number of copies present) in the serum sample by inter-
polation of sample Ct values with synthetic miRNA standard curves after
correcting for variations in RT-qPCR efficiency.

CEA Protein Quantification. CEA protein was quantified using a CEA ELISA Kit
(Elabscience Biotechnology Inc.) according to the manufacturer’s protocol.
NSCLC cases (n = 233) from the Zhejiang Cancer Hospital and healthy
controls (n = 230) from the Keyan city cohort were assayed for CEA
concentration.
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Fig. 4. Validation of five-miR biomarker panel for detection of all stages of NSCLC. (A) ROC curves of NSCLC detection sensitivity and specificity for the five-
miR panel in Validation Cohorts 3–5. (B) Sample scores calculated from the five-miR panel prediction model for every subject in each case-control cohort,
classified by cancer stage where available. (C) AUC for the five-miR biomarker panel in all of the cohorts of this study. The AUCs were calculated for all stage
cancers, early stage cancers (stages I and II), and stage I cancers.
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Biomarker Discovery. We used geNorm (42) and NormFinder (43) software to
identify endogenous reference miRNAs that had stable expression across all
samples and could be used to normalize for varying sample RNA inputs for
RT-qPCR. We used the normalized miRNA expression values to compare the
expression levels of individual miRNAs between NSCLC cases and healthy
controls. Unsupervised hierarchical clustering was carried out based on
Euclidean distance.

Biomarker Panel Building and Optimization. We used a twofold cross-validation
procedure, incorporating a feature selection algorithm and a logistic regres-
sion predictive model, to build and optimize miRNA biomarker panels. Pre-
diction model performance was evaluated using the area under the curve
(AUC) based on the receiver operating characteristics (ROC) curves. We carried
out 200 rounds of the twofold cross-validation procedure for each biomarker
panel comprising two to eight miRNAs. We used the sequential forward
floating search (SFFS) algorithm (44) to select miRNA biomarkers for inclusion
in each biomarker panel. A logistic regression model was used to train pre-
dictive models for calculating the probability of a patient to have NSCLC given
the expression levels of miRNAs included in the biomarker panel (45).

Statistical Analysis. Fold change in absolute miRNA expression (copy number)
was standardized using a z-score (standard score), which was calculated
using the formula: z-score = log2(FC/SD), where FC is the fold change of
miRNA expression between NSCLC and controls, and SD is SD of expression
levels for each miRNA. We determined if changes in miRNA expression were
statistically significant using the Student’s t test. All P values were two-sided
and corrected for multiple hypothesis testing using the FDR adjustment (46,
47). Correlation in miRNA biomarker z-scores between different cohorts
were calculated using Pearson’s correlation coefficient, r.

Data Availability. All study data are included in the article and supporting
information.
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