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Differential miRNA expressions in peripheral blood
mononuclear cells for diagnosis of lung cancer

Jie Ma'?, Yanli Lin®, Min Zhan?, Dean L Mann?, Sanford A Stass® and Feng Jiang?

Tremendous efforts have been made to develop cancer biomarkers by detecting circulating extracellular miRNAs directly
released from tumors. Yet, none of the cell-free biomarkers has been accepted to be used for early detection of non-small
cell lung cancer (NSCLC). Peripheral blood mononucleated cells (PBMCs) act as the first line of defense against malignancy
in immune system, their dysfunction may occur as an early event in cancer immunogenicity or immune evasion. We
proposed to investigate whether analysis of miRNA expressions of PBMCs has diagnostic value for NSCLC. We first used a
microarray to analyze PBMCs of 16 stage | NSCLC patients and 16 cancer-free smokers, and identified seven PBMC miRNAs
with a significantly altered expression level in NSCLC patients. In a training set of 84 NSCLC patients and 69 cancer-free
smokers, a panel of two miRNAs (miRs-19b-3p and -29b-3p) were developed from the seven PBMC miRNAs, producing
72.62% sensitivity and 82.61% specificity in identifying NSCLC. Furthermore, the miRNAs could identify squamous cell lung
carcinoma (SCC), a major type of NSCLC, with 80.00% sensitivity and 89.86% specificity. The expression levels of the
miRNAs were independent of disease stage. In a testing set of 56 NSCLC patients and 46 controls, the performance of the
biomarkers was reproducibly confirmed. The study presents the first in-depth analysis of PBMC miRNA profile of NSCLC
patients. The assessment of PBMC miRNAs may provide a new diagnostic approach for the early detection of NSCLC.
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Non-small cell lung cancer (NSCLC) is the leading causes of
cancer death in the United States and around the world.
NSCLC predominantly consists of two major histological
types: adenocarcinoma (AC) and squamous cell carcinoma
(SCC). Cigarette smoking is the major cause of NSCLC,
particularly SCC. NSCLC is usually diagnosed at late stages
when the prognosis is poor, resulting in an overall 5-year
survival rate of 14%." Yet, the parameter for stage I NSCLC
patients who receive appropriate treatments is up to 83%.!
Therefore, the early detection of NSCLC in smokers can
reduce the mortality of lung cancer. Low-dose computed
tomography (LDCT) provides excellent anatomic informa-
tion and has an increasing role in non-invasive diagnosis of
early NSCLC.? However, it has limited ability to differentiate
between benign and malignant lesions, particularly centrally
located cancers, which are often SCCs.> The development of
non-invasive approaches that can be used alone or comple-
ment CT for more accurately identifying NSCLC, particularly
SCC, is thus clinically important.

During the process of tumor development, cancer cells
undergo apoptosis and necrosis and release tumor-associated

molecules that can circulate in bloodstream. The circulating
extracellular molecules derived from primary, invasive, or
metastatic tumors may provide cell-free plasma or serum
biomarkers for cancer diagnosis. The level of the circulating
extracellular molecules differs tremendously depending on
the tumor burden, such as size, stage, and metastasis of the
tumors.* Early-stage solid tumors may have higher cell
growth potential and lesser frequently undergo apoptosis
and necrosis processes compared with advanced stage tumors,
thus yielding limited amount of the circulating extracellular
molecules. Therefore, the current circulating extracellular
biomarkers usually exhibit a low accuracy for the early
detection of solid tumors, including NSCLC.

Tumors are recognized by the immune system, and cancer
cells can evade the elimination of immunological surveillance
by several mechanisms, including developing resistance to
T cell-induced apoptosis or the local expression of immune-
modulatory molecules and cytokines.®> Furthermore, immune
system suppression and evasion might occur as early as a
pre-malignant event in the development and progression of
cancer.>’ Acting as the immune system’s first line of defense
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against cancer, peripheral blood mononucleated cells
(PBMCs) comprise monocytes, T cells, B cells, and natural
killer cells.® Differential molecular expression of PBMC may
appear as soon as cancer immunogenicity or immune evasion
is established, both of which have been shown to occur as
early as preneoplastic lesions.>!? Indeed, differential mole-
cular changes of PBMCs have been found in the patients
diagnosed with early stage of several types of tumors.®!10!11
Importantly, the molecular changes of PBMCs are not reliant
on substantial tumor burden, which is a major drawback of
the current circulating extracellular biomarkers.!? Therefore,
molecular profiles of PBMCs may provide new biomarkers
for the early detection of malignancies.'”

miRNAs can suppress the translation of mRNA into
protein, and have key roles in the regulation of crucial
biological processes. Furthermore, miRNAs have significant
impacts on the function of antitumor T cells.!?> In addition,
miRNAs involve in mechanisms of cancer cells in the escaping
events in immunological surveillance.!> Recently, Wang
et al'® evaluated PBMC miRNA expression of healthy
individuals and patients with either benign pancreatic diseases
or pancreatic cancer, and further found that measuring
miR-27a-3p expression level in PBMCs could help discrimi-
nate pancreatic cancer from the cancer-free subjects. There-
fore, differential PBMC miRNA expression profiles could be
of use as cancer biomarkers.

With the objective of developing PBMC miRNA biomar-
kers for the early detection of NSCLC, we systema-
tically defined PBMC miRNA expression profiles of
NSCLC patients. From these profiles, we then identified and
validated a panel of PBMC miRNAs that might be used
as potential biomarkers for the early-stage NSCLC,
particularly SCC.

MATERIALS AND METHODS

Patient Cohorts

The study protocol was approved by the Institutional Review
Boards of the University of Maryland Medical Center and the
Baltimore VA Medical Center. All subjects were selected and
consented when they visited the clinics of the Division of
Pulmonary and Critical Care in the two medical centers. Final
clinical diagnoses were confirmed with histopathologic
examinations of specimens obtained by CT-guided transthor-
acic needle biopsy, transbronchial biopsy, videotape-assisted
thoracoscopic surgery, or surgical resection. The surgical
pathologic staging was determined according to the TNM
classification of the International Union Against Cancer with
the American Joint Committee on Cancer and the Interna-
tional Staging System for Lung Cancer. Histopathologic
classification was determined according to the World Health
Organization classification. From the recruited cohort, we
randomly selected 156 patients diagnosed with NSCLC (49
stage I, 36 11, 37 III, and 34 IV), and 131 cancer-free smokers.
All the cancer-free smokers had benign lung diseases and
were diagnosed with granulomatous inflammation (n=72),
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non-specific inflammatory changes (n=40), or lung infec-
tions (n=19). None of the individuals had received any
cancer therapy before blood collection. Subjects with any
prior history of cancer were excluded. All participants with
benign lung diseases remained cancer free for a minimum
2-year follow-up. The demographic and clinical information
were collected including stage and histological diagnosis,
smoking history, and size of pulmonary nodules (PNs). The
samples were allocated to three sequential research phases.
To define PBMC miRNA expression profiles of NSCLC
patients using an array platform, we selected PBMC samples
of 16 stage I NSCLC patients and 16 cancer-free controls
as an exploratory set. The cases and the controls in this
exploratory set were matched 1:1 by age, gender, race, and
smoking status as a nested case-control study. The demo-
graphic and clinical variables of the exploratory set are
shown in Supplementary Table 1. The remaining specimens
were divided into in a training set and a testing set.
The training set consisted of 84 NSCLC patients with
different stages and 69 cancer-free controls. The training
cohort was used to validate the defined PBMC miRNA
profiles of NSCLC from the exploratory cohort, and then
develop a panel of biomarkers for NSCLC. The testing cohort
comprised 56 stage I NSCLC and 46 cancer-free subjects for
validating the panel of biomarkers. The demographic and
clinical variables of the training and testing sets are shown in
Tables 1 and 2.

PBMC Collection and Processing

Peripheral blood was collected in BD Vacutainer spray-coated
K,EDTA Tubes (BD, Franklin Lakes, NJ, USA) as described in
our previous reports.!®!> Within 2 h of blood draw, PBMCs
were isolated by using Ficoll gradient centrifugation as
previously described.!® Furthermore, to eliminate the con-
tamination of red blood cell (RBC) miRNAs in the PBMC
samples, we suspended the PBMC pellets in PharmLyse RBC
lysis solution (BS, San Jose, CA, USA) to completely lyse
RBCs as previously described.!® PBMCs were transferred into
RNAlater (Life Technologies, Grand Island, NY, USA) and
then stored at —80°C until use. Total RNA was extracted
from the cells using the Qiagen miRNeasy Mini Kit (Qiagen,
Valencia, CA, USA) as described in our previous studies. 1416
Briefly, cells were lysed in 700 ul Qiazol lysis reagent. The
lysate was transferred to a new tube with 140 ul chloroform
and centrifuged at 12 000¢ for 15min in a 4°C micro-
centrifuge. The upper aqueous phase was transferred to a new
microcentrifuge tube and 1.5 volume of 100% ethanol was
added. The contents were mixed and 750 ul of the sample was
transferred to a Qiagen RNeasy Mini spin column in a
collection tube followed by centrifugation at 8000 g for 15s.
The Qiagen RNeasy Mini spin column was rinsed with 700 ul
Qiagen RWT buffer and centrifuged at 8000 ¢ for 15s. The
Qiagen RNeasy Mini spin column was transferred to a
new collection tube and centrifuged at 15000 g for 2 min at
room temperature. Total RNA was eluted by adding 50 ul of
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Table 1 The demographic and clinical variables of a training
set of non-small cell lung cancer (NSCLC) patients and cancer-
free smokers
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Table 2 The demographic and clinical variables of a testing set
of non-small cell lung cancer (NSCLC) patients and cancer-free
smokers

NSCLC cases (n=84)  Controls (n=69)  P-value NSCLC cases (n=56)  Controls (n=46)  P-value
Age 64.09 (s.d. 9.26) 62.39 (s.d. 12.44) 0.38 Age 65.12 (s.d. 9.78) 61.28 (s.d. 11.46) 0.33
Sex 0.36 Sex 048
Female 29 23 Female 17 10
Male 55 46 Male 39 36
Race 0.09 Race 045
White 63 52 White 20 16
African American 21 17 African American 36 30
Pack-years 46.36 (range, 0-200) 9.38 (range, 0-83)  <0.001 Pack-years 4823 (range, 0-212)  11.02 (range, 0-89) < 0.001
Nodule size (cm) 545 (range, 96) 0.75 (range, 57.73)  <0.001 Nodule size (cm) 5.56 (range, 98) 0.82 (range, 5846)  <0.001

Stage
| 21
Il 22
Il 21
I\ 20
Histological type
AC 44
SCC 40

Stage
| 12
Il 14
Il 16
[\ 14
Histological type
AC 29
SCC 27

AC, adenocarcinoma; SCC, squamous cell carcinoma.

RNase-free water to the membrane of the Qiagen RNeasy
mini spin column and incubated for 1min. DNase I
treatment was always performed at the same time as the
RNA isolation for removal of genomic DNA from RNA
samples as described in our previous reports.!”>!® The purity
and concentration of RNA were determined by OD260/280
readings using a dual beam UV spectrophotometer (Eppen-
dorf AG, Hamburg, Germany). RNA integrity was determined
by capillary electrophoresis using the RNA 6000 Nano Lab-
on-a-Chip kit and the Bioanalyzer 2100 (Agilent Technolo-
gies, Santa Clara, CA, USA).

Real-Time PCR-Based Microarray Analysis of miRNAs on
the PBMC Samples

The analysis of miRNA expression profiles in PBMCs was
performed by ‘Exiqon Services’ (Exiqon, Vedbak, Denmark)
as previously described.!® Briefly, 6 ul RNA was reversely
transcribed in 30 ul reactions using the miRCURY LNA™
Universal RT miRNA PCR, Polyadenylation and cDNA
synthesis kit (Exiqon). cDNA was diluted 100 X and assayed
in 10 ul PCRs according to the protocol for miRCURY LNA™
Universal RT miRNA PCR; each miRNA was assayed once by
qPCR on the miRNA Ready-to-Use PCR, Haman Panel I
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AC, adenocarcinoma; SCC, squamous cell carcinoma.

using ExiLENT SYBR Green master mix. Negative controls
excluding template from the reverse transcription reaction
were performed and profiled like the samples. The amplifica-
tion was performed in a LightCycler 480 Real-Time PCR
System (Roche, San Francisco, CA, USA) in 384-well plates.
The amplification curves were analyzed using the Roche LC
software, both for the determination of quantification cycle
(Cq) (Cq was calculated as the second derivative) and for
melting curve analysis.

The amplification efficiency was calculated by using
algorithms similar to the LinReg software. All assays were
inspected for distinct melting curves and the Tm was checked
to be within known specifications for the assay. Furthermore,
assays were detected with five Cqgs less than the negative
control, and with Cq <37 to be included in the data analysis.
Data that did not pass these criteria were omitted from any
further analysis. NormFinder was used to identify the best
normalizer according to the average of assays detected in all
samples. All data were normalized to the average of assays
detected in all samples (average —assay Cq). In addition, a #-
test with a cutoff of P-value<0.05 was used to identify
differentially expressed miRNAs between lung cancer patients
and controls.
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Quantitative Reverse Transcriptase PCR Analysis of
miRNAs

Quantitative Reverse Transcriptase PCR (qQRT-PCR) analysis
of miRNAs was performed as described in our previous
studies.>1820-23 Briefly, 100 ng RNA was reversely tran-
scribed by a T100 thermal cycler (Applied Biosystems, Foster
City, CA, USA) using miRCURY LNA Universal cDNA
Synthesis Kit (Exigon). The thermocycler parameters were
as follows: hold for 60 min at 42°C, for 5min at 95°C.
For qPCR analysis, after 40 x dilution, 4 ul of cDNA was
combined with 5ul of miRCURY LNATM Universal RT
miRNA PCR ExiLENT SYBR Green master mix (Exiqon) and
1 ul PCR primers set to produce a PCR in a total volume of
10.0 ul. qPCR was carried out on an CFX96 thermocycler
(Bio-Rad, Hercules, CA, USA) at 95 °C for 10 min, followed
by 40 cycles of 95 °C for 15s and 60 °C for 1 min. gPCR data
were analyzed by using the Manager software (Bio-Rad) with
an automatic Ct setting for assigning the baseline and
threshold for Ct determination. All tests were performed in
triplicates. For the normalization of the miRNA qPCR data,
we screened the expression of all miRNAs represented in the
above array-based panel analysis to find the miRNAs with the
minimal variation between the two groups. miR-423-3p was
chosen as an internal control, since its expression was very
stable in all PBMC samples with no significant difference
between the groups determined by normalizer.!® Relative
expression of a targeted miRNA in a given sample was
computed using the equation 2—ACt, where ACt=Ct
(targeted miRNA) — Ct (miR-423-3p). Ct values were defined
as the fractional cycle number, in which, the fluorescence
crossed the fixed threshold. All assays were performed in
triplicates. Furthermore, two interplate controls and one no-
template control were carried along in each experiment. The
no template control for RT was RNase-free water instead of
RNA sample input, and no template control for PCR was
RNase-free water instead of RT products input. Furthermore,
the release of contaminating miRNAs in PBMCs by hemolysis
of blood cells such as RBCs could yield non-specific results in
the analysis of PBMC-associated miRNA aberrations. Besides
using RBC lysis solution as described above to maximally
reduce the possible contamination,!® we analyzed expression
levels of RBC-related miRNAs (mir-451 and mir-92a) in all
samples using qRT-PCR. The PBMC samples that had
expression levels of the hemolysis-related miRNAs were
considered to have hemolysis and excluded from the study.

Statistical Analysis

Sample size consideration: to find PBMC miRNAs that
differentially expressed between lung cancer patients and
cancer-free controls in the array analysis, we expected the
acceptable number of false positives to be 1.0, fold difference
between normal and tumor of samples at 2.0, standard
deviation of the gene measurements on the base-two
logarithmic scale at 0.7, and desired power at 80%. Given
372 miRNAs included in the real-time PCR panel array, 15
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specimens from each group type were required to achieve the
statistical criteria.?* To develop an optimal miRNA marker
panel that can be detected in PBMCs for distinguishing cancer
patients from normal controls. We used receiver-operator
characteristic (ROC) curve and the area under ROC curve
(AUC) to determine sample size. The AUC of HO (the null
hypothesis) was set at 0.5. H1 represented the alternative
hypothesis; accordingly, at least 25 subjects were required
in each category to show a minimum difference of
interest between an AUC of 0.75 vs an AUC of 0.5 with
90% power at the 5% significance level.”> Therefore, the
sample size of 84 NSCLC patients and 69 cancer-free controls
in the training set, and 56 NSCLC patients and 46 cancer-
free subjects in the training set would provide enough
statistical power for the identification and validation of the
biomarkers.

Data analysis: statistical analysis of RT-qPCR data was done
by using SAA version (SAS Institute, Cary, NC, USA). All
P-values shown were two sided, and a P-value of <0.05 was
considered as statistically significant. Kruskal-Wallis test for
comparing continuous variables or significance test for
Spearman’s rank correlation coefficient was applied to
determine the associations between the expression levels of
the miRNAs with both clinicopathologic and demographic
characteristics of the cases and the controls. ROC curve
analysis was undertaken using expression level for each
miRNA in PBMCs from cancer patients and cancer-free
controls. For each miRNA, we constructed the ROC curve
and computed the AUC value by numerical integration of the
ROC curve. Using this approach, the AUC was used to
determine the accuracy of a biomarker on its ability to
distinguish cases from controls. For each gene, we identified
the point on ROC curve that is closest to the perfect point
with sensitivity = 1 and specificity = 1, yielding corresponding
optimal thresholds defining expression levels of the tested
genes. A stepwise logistic regression model was used to select
the optimal panel of miRNAs.

RESULTS

Identifying Differentially Expressed miRNAs in PBMCs of
NSCLC Patients

Of the 372 mature human miRNAs represented on the
qPCR-based Exiqon miRNA array, 181 were detectable in all
of PBMC samples of 16 NSCLC cases and 16 controls, since
they had a <37 Cq value. Of the 181 miRNAs, seven had
> 2.0 fold-changes (P-value <0.05) in NSCLC patients vs the
cancer-free smokers (Table 3). Of the seven miRNAs, three
miRNAs (miRs-576-3p, 19b-3p, and 766-3p) were over-
expressed, and four miRNAs (miRs-29b-3p, 101-3p, 29a-3p,
and 193b-3p) were underexpressed in PBMCs of NSCLC
patients vs cancer-free smokers. Furthermore, altered expres-
sions of the seven miRNAs were observed in 81.3% (13/16)
PBMC samples of the NSCLC patients compared with those
of the cancer-free controls. Therefore, the seven miRNAs
proceed to the next phase of the study.
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Developing a Panel of PBMC miRNA Biomarkers for
Diagnosis of NSCLC

We first confirmed the miRNA results by using qRT-PCR in
PBMC samples of a training set of 84 NSCLC patients and 69
cancer-free smokers. All targeted seven miRNAs had <35 Ct
values in each PBMC sample, and therefore were reliably
detectable by using a different technique, qRT-PCR. No
product was synthesized in the negative control samples.
Furthermore, the RBC-related miRNAs (mir-451 and mir-
92a) displayed >40 Ct values in all the samples, indicating
that the RBC-related miRNAs were not found in the PBMC
samples. Therefore, there was no contamination of RBC
miRNAs in all the PBMC specimens. Of the seven miRNAs,
four (miRs-576-3p, 19b-3p, 29b-3p, and 29a-3p) exhibited
significantly different level in PBMC specimens of the NSCLC
patients vs cancer-free smokers (all P<0.05) (Table 4;
Figure 1). Furthermore, all the four miRNAs had changes
determined by qRT-PCR in the same statistically significant
direction as by the Exiqon miRNA array. The validation data
created from an independent set of specimens using a

Table 3 miRNAs displayed > 2.0 fold-changes (P <0.05) in
NSCLC patients vs cancer-free smokers by using Exiqon miRNA
array

miRNAs Fold change (NSCLC patients/controls) P-value
hsa-miR-576-3p 3.844590 0.003334
hsa-miR-19b-3p 3.568544 0.017525
hsa-miR-29b-3p —2.645349 0.034577
hsa-miR-766-3p 2132458 0.026767
hsa-miR-101-3p —2.218565 0.036754
hsa-miR-29a-3p —2.347886 0.023568
hsa-miR-193b-3p —2.570955 0.015466

NSCLC, non-small cell lung cancer.
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different approach imply that the four miRNAs could be
PBMC signatures of NSCLC.

We further evaluated the potential of using the four PBMC
miRNAs for diagnosis of NSCLC in this set of 84 cases and 69
controls. As shown in Table 4, the four PBMC miRNAs
exhibited AUC values of 0.61-0.76 in distinguishing NSCLC
patients from cancer-free smokers. A stepwise logistic regres-
sion model was used to select the optimal panel of miRNAs.
Two miRNAs, miRs-19b-3p and 29b-3p, were selected as the
best biomarkers in a panel. The optimal cutoff for the
combined biomarkers was U=0.59898, where U=—7.37883
+4.08104*log (miR-19b-3p) —2.8917*log (miR-29b-3p). Any
subject with U>0.59898 was classified as an NSCLC case.
The combined use of the two PBMC miRNAs produced 0.81
AUC (Figure 2a) in distinguishing NSCLC patients from the
controls, which was significantly higher than that of any single
one of the four miRNAs (Supplementary Table 2) (P<0.05).
Furthermore, combined analysis of all four miRNAs did not
display a higher AUC value compared with this two miRNA-
based biomarker panel (Supplementary Table 2) (P>0.05).
In addition, including any additional miRNA in the small
panel of two miRNAs did not show a greater AUC compared
with the panel of two miRNAs used alone (Supplementary
Table 2) (P>0.05). As a result, the analysis of the two
miRNAs in PBMC samples produced 72.62% sensitivity and
82.61% specificity for diagnosis of NSCLC. Interestingly, the
two miRNAs used in combination created a higher AUC value
(AUC =0.90, 95% CI, 0.85-0.97) in distinguishing SCC cases
compared with AC cases (AUC=0.76, 95% CI, 0.65-0.87)
from controls (P=10.03) (Figure 2b and c). Subsequently, the
panel of the two miRNA biomarkers had 80.00% sensitivity
and 89.86% specificity for SCC, and 75.00% sensitivity and
68.12% specificity for AC. Therefore, the biomarker panel
could better differentiate SCC cases from controls compared
with AC cases. Moreover, the two PBMC miRNAs did not
display statistical differences of expression between stages of
NSCLC (P=0.18 and 0.85, respectively) (Supplementary

Table 4 Expression levels of the miRNAs in PBMC samples of NSCLC patients vs cancer-free smokers by using qRT-PCR assay

MiRNA Mean +s.em. in Mean +s.em. in P-value AUC
cancer-free controls NSCLC patients

miR-576-3p 0.0045 +0.0002 0.0060 £+ 0.00023 <0.0001 0.7576 (Std. Error, 0.0464; 95% confidence interval, 0.6667-0.8486)
miR-19b-3p 24.25+06373 30.09 +0.8643 <0.0001 0.7546 (Std. Error, 0.0457; 95% confidence interval, 0.6651-0.8441)
miR-29b-3p 8.134+0.2778 6.541£0.1923 <0.0001 0.7536 (Std. Error, 0.0483; 95% confidence interval, 0.6589-0.8482)
miR-29a-3p 16.31£0.6789 14.65+£0.4243 0.0325 0.6050 (Std. Error, 0.0551; 95% confidence interval, 0.4969-0.7131)
miR-766-3p 0.2802+£0.0144 0.2741£0.0138 0.7677 0.5296 (Std. Error, 0.0564; 95% confidence interval, 0.4190-0.6401)
miR-101-3p 5412+0.1799 5.805+0.1755 0.1291 0.6060 (Std. Error, 0.0553; 95% confidence interval, 0.4976-0.7143)
miR-193b-3p 0.0661+0.0079 0.0627 £0.0038 0.6786 0.5316 (Std. Error, 0.0556; 95% confidence interval, 0.4226-0.6406)

AUC, the area under receiver-operator characteristic curve; NSCLC, non-small cell lung cancer; PBMC, peripheral blood mononucleated cells; qRT-PCR, quantita-
tive reverse transcriptase PCR; s.e.m., standard error of the mean. The AUC values that have P-values less than 0.05 are indicated in bold characters.
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Figure 1 Expression levels of the four miRNAs ((@) miRs-576-3p, (b) miR-19b-3p, (c) miR-29b-3p, and (d) miR-29a-3p)) in PBMC samples of 46
cancer-free smokers and 64 NSCLC patients. The inside line denotes the median. All the four PBMC miRNAs have statistically significantly different

levels in the NSCLC patients vs cancer-free smokers (all P<0.05).

Table 3). The panel of two biomarkers did not exhibit signi-
ficant association with age and ethnicity of the participants
(all P>0.05) (Supplementary Table 3). The expression level
of the PBMC miR-29b-3p was correlated with size of PNs
(P=0.01). The expression levels of both miR-19b-3p and
miR-29b-3p were associated with smoking history of subjects
(P=0.02).

Validating the Panel of PBMC miRNA Biomarkers in a
Testing Cohort of Specimens

The diagnostic value of the miRNA panel was validated in a
testing cohort in a blinded manner using the optimal threshold
established in the training set. Overall, the combined use of the
two PBMC miRNAs produced 71.43% sensitivity and 82.61%
specificity in distinguishing NSCLC cases from controls.
Furthermore, the small panel of the biomarkers had 77.78%
sensitivity and 89.13% specificity for SCC, whereas 75.86%
sensitivity and 67.39% specificity for AC. The results generated
from a different cohort of specimens confirmed the potential of
the PBMC miRNAs as potential biomarkers for the early
detection of NSCLC, particularly SCC.

DISCUSSION

Our present study may represent the first in-depth analysis of
PBMC miRNA profile of NSCLC patients using a microarray

1202

platform. By following the paradigm for biomarker develop-
ment established by the National Cancer Institute Early
Detection Research Network, we validate the PBMC miRNA
profile and then develop a panel of two biomarkers
(miRs-19b-3p and 29b-3p) for NSCLC in a training cohort
of cases and controls. The panel of the PBMC miRNA
biomarkers can discriminate lung cancer patients from
control subjects with 72.62% sensitivity and 82.61% specifi-
city. Interestingly, the biomarker panel could diagnose SCC
with 80.00% sensitivity and 89.86% specificity. The diagnostic
performance of the biomarkers was further validated in a
testing set of specimens. Moreover, the sensitivity and
specificity of the biomarkers are independent of disease stage.
Therefore, the discovery might be an important characteristic
if they are employed for the diagnosis of NSCLC, particularly
SCC, at the early stage.

Previous reports including our own data have shown that
numerous miRNAs display abnormal expressions in NSCLC
tissues compared with normal lung tissues.!®2¢2° Of the
seven dysregulated PBMC miRNAs of NSCLC patients
profiled by the array analysis, only one (miR-19b-3p) was
previously found to be differentially expressed in primary
NSCLC tissues, suggesting that the PBMC miRNA profile of
NSCLC might have little similarity with those in lung cancer
tissues. The observation implies that the miRNA expression
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Figure 2 Receiver-operator characteristic (ROC) curve analysis of two PBMC miRNAs (miRs-19b-3p and-29b-3p) in a training set of NSCLC patients and
cancer-free smokers. The area under the ROC curve (AUC) for each miRNA conveys its accuracy for diagnosis of NSCLC. The panel of the two PBMC
miRNA biomarkers produces a higher AUC value for identifying SCC (b), compared with NSCLC (a) and AC (c), respectively (all P<0.05).

profile in PBMCs may not be a reflection of the miRNA
expressed in the NSCLC tissues, or mimic that in the primary
tumors. Furthermore, previous reports have shown that the
assessment of circulating extracellular plasma or serum
miRNAs derived from primary tumors could potentially
diagnose lung cancer. For instance, we have identified a panel
of plasma miRs-21, 210, and 486-5p that had 75.00%
sensitivity and 84.95% specificity in distinguishing lung
cancer patients from subject with benign diseases.!> However,
there is no overlap between the PBMC miRNA profile of
NSCLC vs the circulating extracellular plasma or serum
miRNAs from lung tumors.!>3%3! Therefore, miRNA expres-
sion in PBMCs is not likely to be influenced by circulating
tumor cells. In addition, PBMC miRNA profiles have
also been identified to associate with other cancer types.
For examples, Wang et al'3 found that the assessment of
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miR-27a-3p level in PBMCs could discriminate pancreatic
cancer from healthy subjects and patients with benign
pancreatic/peripancreatic diseases. There is no similarity of
the differentially expressed PBMC miRNAs between NSCLC
vs other tumors. Taken together, the differential PBMC
miRNA expression might be specific to NSCLC, and thus
support the potential of using the miRNA expression profiling
of PBMC:s as a diagnostic tool for NSCLC.

Tremendous efforts have been made to develop biomarkers
by detecting circulating cell-free miRNAs that escape from
malignant cells and end up as detectable ejecta in circulation
as a result of apoptotic and necrotic cell death, or active
release.>>?8>1-36 Although showing promise for cancer early
detection, the examination of the circulating extracellular
miRNAs has some pitfalls that limit its application in the
clinical settings. These particularly include (1) low recovery of
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miRNAs in plasma or serum.?’ (2) The release of miRNAs in
plasma or serum by hemolysis of blood cells such as RBCs,
producing non-specific results. (3)Sources of variability of
circulating extracellular plasma miRNAs may lead to incon-
sistent or even contradictory results for the diagnosis of the
same type of cancer between reports.>® The problem becomes
more complicated by the fact that in blood, miRNAs are
either associated with proteins, such as argonaute,3®%°
lipoproteins,* or contained within cellular fragments desig-
nated as exosomes, microparticles, microvesicles, or extra-
cellular vesicles.*1*2 Furthermore, from 2008 to 2013, a total
of 154 circulating extracellular miRNA expression profiles
were identified in 26 different tumor types.*! However, no
single diagnostic signature emerges between the various
reports.’! Particularly, a very weak degree of correlation of
the miRNA expression profiles is observed for diagnostic
signatures in NSCLC.>! Given the lack of concordance
between most miRNA signatures in a given tumor type and
the mixed correlations between circulating and tissue-specific
levels of these reported miRNAs, there is an urgent need for a
new approach that could help develop miRNAs as reliable
non-invasive biomarkers.*!

The analysis of PBMC miRNA biomarkers may overcome
the obstacles, since it is a cell-based and easily performed
approach. Furthermore, PBMCs can yield large amounts of
RNA with high quality for reliable determination of miRNAs
by using qRT-PCR. In addition, RNA is specifically isolated
from the purified PBMCs rather than cell-free or circulating
plasma, and thus may not contain RBC miRNAs. Indeed, our
examination of the hemolysis-related RBC miRNAs in
PBMCs by using specific primers and probes indicates that
there is no erythrocyte miRNA contamination. Moreover,
compared with the circulating extracellular biomarkers that
are reliant on significant tumor burden, PBMC miRNA
biomarkers might theoretically have higher diagnostic value,
because the altered PBMC miRNA expression is involved
in immune system’s recognition of cancer and evasion of
the immune system by tumor cells.!® The immunological
recognition of cancer and surveillance occur as early events in
tumorigenesis.!? Therefore, the determination of differential
PMBC miRNA expression may act as a surrogate window into
cancer status.'® However, conducting a new study to
simultaneously analyze and directly compare miRNA profiles
of paired PBMCs, plasma, and tumor tissues of the NSCLC
patients will determine whether the PBMC miRNAs are
independent from those in blood and tumors of NSCLC
patients, which have a better diagnostic value, and if they
are complementary to each other in the early detection
of NSCLC.

Showe et al*’ previously analyzed gene expression at mRNA
level in PBMCs of 137 patients with NSCLC tumors and 91
patient controls with non-malignant diseases, and identified a
29-gene signature that separates these two patient classes with
91% sensitivity and 80% specificity. The sensitivity of the gene
signature was reduced when validated in an independent
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validation set (76 vs 91% sensitivity). Although consisting of
only two PBMC miRNAs, our developed biomarker panel
produced similar specificity (83 vs 80%) and a slight lower
sensitivity (73 vs 76%) for diagnosis of NSCLC compared
with the 29-gene signature. Furthermore, the performance of
this small panel of PBMC miRNA biomarkers was repro-
ducibly validated in a different set of cases and controls.
Importantly, the panel of the PBMC miRNA biomarkers
could identify SCC with a much higher specificity (89 vs 80%)
compared with the gene signature. Given that LDCT has
limited capability to differentiate between benign and malig-
nant lesions, particularly centrally located SCCs,>? future use
of the PBMC miRNA biomarkers would help make decisions
about the management of CT-detected abnormalities of
undetermined importance. In addition, due to the smaller
size, more stability, and resistance to RNase activity, miRNAs
might be better suited for profiling than mRNAs and large
intergenic non-coding RNAs that are easily subject to
degradation in clinical samples.’’*?> However, identifying
additional PBMC miRNA biomarkers that can be added to
the small panel of biomarkers, and integrating the gene
signatures with the PBMC miRNA biomarkers to improve the
non-invasive biomarkers for NSCLC is required.

Beyond the diagnostic potential, the identified PBMC
miRNAs might have important function in the evasion of
immunological surveillance, and thus contribute to lung
tumorigenesis. Indeed, miR-29 family express in both T and B
cells, and the main accessory cell types of thymic epithelium
and dendritic cells.** Furthermore, the miR-29 family has the
critical role in setting the molecular threshold for essential
events in adaptive immunity.** Interestingly, of the ten
pathways with the most significant enrichment for predicted
targets of miR-29, five have a critical role in the adaptive
immune system.** In addition, miR-29b inhibits IFN-r
production in primary CD4+ and CD8+ T cells by directly
targeting IFN-r mRNA.* miR-29 is upregulated in aggressive
B-cell chronic lymphocytic leukemia (B-CLL), and further
upregulated in indolent B-CLL, indicating an oncogenic
function for miR-29 in B cells. miR-29 downregulation is a
poor prognostic marker in aggressive B-CLL. Furthermore,
miR-29 can downregulate function of Tcll, an important
oncogene in aggressive B-CLL and a direct target of miR-29,
implying a tumor suppressor function of miR-29.** There-
fore, the miR-29 family may have complex nature in B-cell
oncogenesis. Interestingly, dysregulation of miRs-19b-3p has
not been previously reported in the regulation of immune
system. Further study is required to investigate the mechan-
isms, by which the miRNAs involve in cancer cells’ evasion of
immunological surveillance as an early event in tumorigeneis
of NSCLC, particularly SCC.

Five (miRs-576-3p, 766-3p, 29a-3p, 101-3p, and 193b-3p)
of the seven PBMC miRNAs whose expressions are associated
with lung cancer are not included in the small panel
of biomarkers. However, previous studies have suggested
that the five miRNAs might also have important function
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in the progression and development of various malignancies.
For example, the overexpression of miR-576-3p inhibited
bladder cancer cell proliferation via Gl-phase arrest, and
decreased protein levels of cyclin D1 through binding its
3'-UTR sequences.*® Single nucleotide variations of
miR-766-3p were identified in lung adenocarcinoma tumors
and the changes might have the potential to alter the
expression of TNFRSF19.4 miR-29a-3p had a low expression
level in gastric tumor tissues and its enforced expression
inhibited cancer cell proliferation by reducing the expression
of CDK2, CDK4, and CDK6.*¥ miR-101 can suppress cell
proliferation, invasiveness, and self-renewal in aggressive
endometrial cancer cells via modulating multiple critical
oncogenes, including EZH2, MCL-1, and FOS.* miR-193b-
3p could negatively target KRAS, TYMS, ABCC3, CBL-B,
and ERBB2 by a post-transcriptional mechanism, and
was one of the miRNAs whose dysregulation might have
an impact on chemotherapy resistance in esophageal
cancer.>”

Although our results are promising, there are several
limitations in the present study. (1) We use a qPCR-based
array that only target 372 miRNAs to define differentially
expressed PBMC miRNAs of NSCLC patients. Of the 372
miRNAs, only 181 (less than half) could reliably be detectable
in the tested samples. Other important lung cancer-associated
PBMC miRNAs may not be included in the platform or
steadfastly measurable by using the technique. Furthermore,
from the measurable 181 miRNAs, only two biomarkers are
selected. Therefore, the diagnostic efficiency is still not
sufficient to be used in clinical settings. Identifying new
PBMC miRNA signatures of NSCLC by using a comprehen-
sive tool (e.g., whole genome next-generation sequencing)
might provide additional biomarkers to improve the effi-
ciency of the PBMC miRNA-based assay for lung cancer. (2)
The PBMC samples used in this study are obtained from the
hospital-based patients with clinical diagnosis. The indivi-
duals are not representative of the heavy smokers in screening
setting for lung cancer early detection. Plans for the validation
of the biomarkers in a prospective and multisite lung
cancer screening trial are in progress. (3) To refine the
PBMC miRNAs whose changes are specific to lung cancer, we
include NSCLC cases and cancer-free smokers who have
inflammatory diseases in this study. Using the cohorts
consisting of NSCLC cases and cancer-free patients with
benign diseases may allow removing confounding effects of
the benign diseases on PBMC miRNAs changes, and help
identify specific biomarkers for NSCLC. However, the pack-
years of the NSCLC patients were significantly higher than
those of the controls in both training and testing sets
(Tables 1 and 2). Recruiting control subjects who have similar
pack-years compared with cancer patients and analyzing the
PMBC miRNAs in the cases and controls will be necessary to
determine whether the differential miRNA expressions were
specific to NSCLC rather than smoking. Furthermore, it
would be interesting to evaluate whether there is any different
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expression of the PBMC miRNAs between smokers with
benign diseases and healthy non-smokers.

In summary, we have shown that a differential miRNA
expression profile exists in PBMCs of NSCLC patients.
Further, a panel of PBMC miRNA biomarkers has been
established that may have diagnostic potential to improve
the early detection of NSCLC, particularly SCC. Given that
differential molecular changes of PBMCs can occur as an early
event in tumorigenesis,lo the PBMC miRNA biomarkers
might be developed as a screening tool for lung cancer in
high-risk patients in future. Nonetheless, performing an
external validation study of the PBMC miRNA biomarkers for
lung cancer in specimens prospectively collected from
different medical centers is required.

Supplementary Information accompanies the paper on the Laboratory
Investigation website (http://www.laboratoryinvestigation.org)
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