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ABSTRACT
Accurate classification of squamous cell carcinoma (SCC) from adenocarcinoma 

(AC) of non–small cell lung cancer (NSCLC) can lead to personalized treatments of 
lung cancer. We aimed to develop a miRNA-based prediction model for differentiating 
SCC from AC in surgical resected tissues and bronchoalveolar lavage (BAL) samples. 
Expression levels of seven histological subtype-associated miRNAs were determined 
in 128 snap-frozen surgical lung tumor specimens by using reverse transcription-
polymerase chain reaction (RT-PCR) to develop an optimal panel of miRNAs for acutely 
distinguishing SCC from AC. The biomarkers were validated in an independent cohort 
of 112 FFPE lung tumor tissues, and a cohort of 127 BAL specimens by using droplet 
digital PCR for differentiating SCC from AC. A prediction model with two miRNAs 
(miRs-205-5p and 944) was developed that had 0.988 area under the curve (AUC) 
with 96.55% sensitivity and 96.43% specificity for differentiating SCC from AC in 
frozen tissues, and 0.997 AUC with 96.43% sensitivity and 96.43% specificity in FFPE 
specimens. The diagnostic performance of the prediction model was reproducibly 
validated in BAL specimens for distinguishing SCC from AC with a higher accuracy 
compared with cytology (95.69 vs. 68.10%; P < 0.05). The prediction model might 
have a clinical value for accurately discriminating SCC from AC in both surgical lung 
tumor tissues and liquid cytological specimens.

INTRODUCTION

More than 85% of lung cancers are non-small 
cell lung cancer (NSCLC), which is a smoking-related 
disease and the leading cancer killer in the USA and 
worldwide. NSCLC mainly consists of two major 
histological subtypes: squamous cell carcinoma (SCC) 
and adenocarcinoma (AC) [1]. Since chemotherapy 
and radiation therapy of NSCLC differ according to 

the subtypes, accurately differentiating SCC from AC 
is clinically important for the personalized treatment of 
the malignancy [2]. For instance, although AC is more 
susceptible to the antifolate drug pemetrexed, SCC is 
largely unresponsive to it [3]. SCC patients treated with 
the anti-angiogenic agent bevacizumab may suffer from 
pulmonary hemorrhage [4]. NSCLC patients with SCC 
have a higher rate of local failure after stereotactic body 
radiation therapy compared with patients with AC [5]. 

                      Research Paper



Oncotarget50705www.impactjournals.com/oncotarget

Furthermore, as new immunotherapy enters the clinical 
arena, precisely distinguishing SCC from AC becomes 
even more important. For instance, among patients with 
advanced non-SCCs that have progressed during or after 
platinum-based chemotherapy, overall survival would be 
longer with nivolumab that blocks the programmed cell 
death protein 1 (PD-1) immune checkpoint pathway than 
with docetaxel, a chemotherapy medication [6]. 

The standard histopathologic methods, including 
analysis of morphology and protein expression in surgical 
and small biopsy specimens are used for identifying AC 
and SCC subtypes [2]. However, these current methods 
may produce incorrect diagnosis in 15%–35% cases [7, 8]. 
Furthermore, surgical lung tissue and biopsy specimens are 
invasively obtained, which are not suitably for preoperative 
subclassification of NSCLC. Cytological approaches are 
commonly used for collecting specimens in the preoperative 
setting, due to the ease of sample collection and minimal 
trauma to the patients [9–11]. Cytological materials mainly 
include fine-needle aspiration (FNA), bronchial brushing, 
and bronchoalveolar lavage (BAL). FNA provides better 
accuracy than do bronchial brushing and BAL samples. 
However, procedure-related complications and mortality 
are higher for FNAs compared with bronchial brushings 
and BALs [12, 13]. Bronchial brushings and BALs are 
liquid cytological specimens, and may provide appropriate 
materials for the minimal invasive diagnosis of lung cancer, 
particularly, when biopsies and FNAs are not concurrently 
acquired [10]. Among these liquid specimens, bronchial 
brushings might provide high-percentage identification 
for malignant cells compared with BALs. However, since 
bronchial brushings are taken from bronchial lesions 
through catheter-based brushing under direct visualization, 
they are not available if no visible lesions can be targeted. 
By contrast, BALs could be sampled from a larger area 
of the bronchial mucosa, enabling a more satisfactory 
specimen that could not  be collected by bronchial 
brushing [14]. Therefore, examination of BAL specimens 
provides an approach for preoperative diagnosis of lung 
cancer, especially, in many cases BAL samples are the 
only available materials [9]. However, cytological study 
of BALs for accurate subclassification of NSCLC might 
be difficult, because of the absence of the determining 
tissue architectures, paucity of tumor cells, poor cell 
differentiation, and interobserver variability. Instead of 
observing morphologic characterization by cytology, 
molecular study of BALs could identify tumor-related 
molecular aberrations in the specimens, which are specific 
signs of lung cancer cells. Therefore, molecular biomarkers 
that can be detected in BAL samples for discriminating 
SCC from AC are urgently needed.

MicroRNA (miRNA) is a small non-coding RNA 
molecule (containing about 22 nucleotides) and functions in 
RNA silencing and post-transcriptional regulation of gene 
expression [15]. Dysregulation of miRNAs plays a crucial 
role in lung tumorigenesis [16]. Furthermore, miRNA are 

stably preserved and reducibly measurable in a variety of 
clinical specimens [17]. Analysis of lung tumor-associated 
miRNAs provides a potential approach for lung cancer 
diagnosis and classification of the histological types [16, 
18–21]. For example, we have shown that determination 
of miRNA expression in sputum could diagnose lung 
cancer at the early stage [22–29]. Furthermore, using a 
reverse transcription-PCR (RT-PCR)-based assay, we have 
developed a panel of three sputum miRNA biomarkers, 
including miR-205, for specifically diagnosing lung SCC 
[28]. Lebanony et al. demonstrated that analysis of a single 
miRNA, miR-205, could classify AC and SCC subtypes 
in surgical and biopsy tissues specimens with accuracy 
rates of 90%–100% [30, 31]. Patnaik et al further showed 
that combined use of miR-375 and miR-205 could subtype 
NSCLC in paraffin-embedded formalin-fixed (FFPE) 
biopsies and resectates with an accuracy of 96% [2]. In 
addition, Hamamoto et al identified another set of miRNAs 
consisting of miRs-196b, 205 and 375 for distinguishing 
SCC from AC in surgical lung tumor tissues with 76% 
sensitivity and 80% specificity [32]. The previous studies 
demonstrated that miRNAs provided potential classifiers 
for discriminating SCC from AC. Furthermore, miR-205 
has been consistently reported as a useful biomarker for 
distinguishing SCC from AC. Nevertheless, two challenges 
remain. 1), there is an argument about which miRNAs 
could be used in combination with miR-205 to provide a 
high accuracy for reproducibly distinguishing SCC from 
AC, given that a single biomarker could not provide 
sufficient diagnostic power. 2), although the miRNAs 
have been tested in FNAs and bronchial brushings, the 
diagnostic potential has not been investigated in BALs, 
which, in many cases, are the only available materials for 
the diagnosis and subclassification of NSCLC [9]. 

Using next-generation deep sequencing (NGS) 
to comprehensively characterize and compare miRNA 
profiles of surgically resected SCC and AC tissues [33], 
we recently identified four miRNAs (miRs-944, 205-5p, 
135a-5p, and 577) that exhibited distinctive expression 
levels in SCC versus AC. On the basis of our and others’ 
earlier findings [28, 33, 2, 9, 10, 31, 32, 34], here we 
aimed to develop miRNA biomarkers for accurately and 
reproducibly differentiating SCC from AC in surgical 
tissues and BAL samples.

RESULTS

Patients and specimens

The study protocols were approved by the 
Institutional Review Boards of the University of Maryland 
Medical Center (UMMC; Baltimore, MD, USA) and 
Hebei Medical University (Shijiazhuang, China). This 
study consisted of three phases: developmental, validation, 
and application phases. 1), the developmental phase was 
to identify and develop a miRNA-based prediction model 



Oncotarget50706www.impactjournals.com/oncotarget

for distinguishing between SCC and AC in surgical 
resected specimens. Surgical tissues were obtained from 
128 lung cancer patients who had either a lobectomy or a 
pneumonectomy between March 1, 2013 and September 
25, 2015 at the UMMC. All cases were diagnosed with 
histologically confirmed NSCLC, consisting of 62 SCCs 
and 66 ACs. Furthermore, manual macrodissection was 
performed on the tissues as described in our previous 
study [35] to ensure the presence of more than 85% cancer 
cells in each sample. Demographic and histopathological 
characteristics of the NSCLC patients and tumors are 
shown in Tables 1, 2), the validation phase was to 
confirm the prediction model for the subclassification of 
NSCLC in a different set of lung tumor tissue specimens. 
To this end, formalin-fixed paraffin-embedded (FFPE) 
specimens were prepared from the surgical tissues of 
112 lung cancer patients who had either a lobectomy or a 
pneumonectomy at Hebei Medical University. The FFPE 
lung tumor tissues consisted of 55 SCCs and 57 ACs 
(Tables 1, 3), the application phase was to determine if 
the prediction model could be useful in bronchoscopically 
collected BAL samples for distinguishing SCC from 
AC. We prospectively recruited patients who underwent 
bronchoscopy because of suspicious clinical or 

radiological findings at the UMMC. The selection of BAL 
samples for this study was undertaken on the basis of an 
adequate cytology preparation containing endobronchial 
cells and alveolar macrophages, and metaplastic or tumor 
cells [36]. One hundred and twenty seven specimens 
met these criteria and thus were used in this project. Of 
the 127 NSCLC patients with BAL samples, 82 were 
finally diagnosed to have SCC, while 45 have AC of lung 
cancer (Table 1). One half of the resulting BAL fluid was 
immediately centrifuged at 1,000xg for 15 min for routine 
cytological assessments. Other half of the BAL fluid was 
washed in phosphate buffered saline (Sigma-Aldrich, St. 
Louis, MO), from which cell pellets were prepared and 
stored at −80°C until being tested for molecular analysis.

Developing a miRNA-based prediction model for 
distinguishing SCC from AC in surgical tumor 
tissue specimens

Four miRNAs (miRs-944, 205-5p, 135a-5p, and 
577) identified in our previous study [33] and three 
miRNAs (mRs-21, 34a, and 375) identified by others  
[2, 9, 10] whose changes were specifically associated with 
SCC were included in this study. Reverse transcription 

Figure 1: A prediction model based on two miRNAs (miRs-205-5p and 944) was developed for distinguishing SCC from 
AC in frozen lung tumor tissues. (A) the receiver operating characteristic (ROC) curve of miR-205-5p produced an area under the 
ROC curve (AUC) of 0.956. (B) miR-944 created an AUC of 0.948. (C) a prediction model with the two miRNAs produced AUC of 0.988 
for differentiating SCC from AC.
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polymerase chain reaction (RT-PCR) showed that all 
seven miRNAs (miRs-21, 34a, 135a-5p, 205-5p, 375, 577, 
and 944,) and U6 had ≤ 30 Ct (cycle threshold) values 
in each tissue sample. Yet no product was synthesized in 
the negative control samples.  Therefore, the genes were 
reliably detectable in the tissue specimens by using RT-
PCR assay. Of the seven miRNAs, six (miRs-944, 205-5p, 
135a-5p, and 577, 34a, and 375) displayed a significantly 
different level in SCC versus AC tumors (all P < 0.05) 
(Table 2). The expression levels of miRs-34a, 205-5p, 
577, and 944 were higher in SCC compared with AC 
specimens (All P < 0.05) (Table 2). Conversely, a lower 
expression level of miRs-135a-5p and 375 was observed 
in SCC compared with AC samples (All P < 0.05) 
(Table 2). Furthermore, the individual miRNAs exhibited 
AUC values of 0.6612-0.9562 for the classification of 
the two types of NSCLC (Table 2). From the six miRNA 
candidates, we used stepwise logistic regression models 
with backward model selection to construct a logit 
model for discriminating SCC from AC. Probability for 
differentiating SCC from AC = eU/(1+eU), where e is 
the base of the natural logarithm, U = 2.6389 + 1.2662 
× log (miR-205-5p) + 0.3269 × log (miR-944). miRs-
205-5p and 944 were selected in the model, which had 
an AUC of 0.988 for distinguishing SCC from AC tumors 
(Figure 1). The cut-off value for the model was set at 

2.568 by using the highest Youden Index [37]. Moreover, 
including other miRNAs (mRs-21, 34a, 135a-5p, 375, 
and 577) in the model did not improve the efficiency for 
subtyping NSCLC. Subsequently, the use of miRs-205-
5p and 944 in combination generated an accuracy of 
96.48% with 96.55% sensitivity and 96.43% specificity 
for differentiating SCC from AC. The two miRNAs had 
no statistically significant association (All p > 0.05) with 
stages of the NSCLC cases, and the age, gender, and 
ethnicity of the patients. 

Validating the prediction model in an external 
cohort of FFPE specimens 

The two miRNAs defined from the above 
developmental phase were validated in an independent 
cohort of 112 FFPE specimens consisting of 57 SCC 
and 55 AC tissues collected in China. Similar expression 
profiles of the two miRNAs in SCC and AC tumors 
were observed in the validation phase as did in the 
developmental phase: The expression levels of miRs-
205-5p and 944 were significantly higher (All p < 0.05) in 
SCC compared with AC specimens (Figure 2). Applying 
the prediction model consisting of the two miRNAs 
in the FFPE samples produced an AUC of 0.986 in 
discriminating SCC from AC (Figure 2). As a result, the 

Table 1: Demographic and histopathological characteristics of NSCLC patients and specimens
Developmental phase  

(128 frozen tumor 
tissues)

Validation phase  (112 
formalin-fixed, paraffin-
embedded tumor tissues)

Application phase  (127 
bronchoalveolar lavages)

SCC 62 57 82
      Age, year (mean ± SD) 67 ± 9 61 ± 8 66 ± 8
      Sex
         Male 39 42 53
         Female 23 15 29
      TNM stage
        I 25 28 34
        II 18 15 25
        III-IV 19 14 23
AC 66 55 45
      Age, year (mean ± SD) 68 ± 10 61 ± 8 66 ± 8
      Sex
         Male 43 27 29
         Female 23 26 16
      TNM stage
        I 26 31 18
        II 20 10 13
        III-IV 20 14 14

Abbreviations: NSCLC, non-small cell lung cancer. SCC, squamous cell carcinoma; AC, adenocarcinoma; TNM, tumor, node, 
metastasis classification.
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prediction model created 96.43% accuracy with 96.43% 
sensitivity and 96.43% specificity, therefore confirming 
the ability for discriminating SCC from AC.

Applying the prediction model in BAL specimens 
for differentiating SCC from AC of NSCLC

RT-PCR analysis of the two miRNAs (miRs-205-
5p and 944) and U6 was performed in BAL samples of 

127 patients who underwent bronchoscopy by using 
the same RT-PCR protocol as described above. miR-
205-5p had a Ct value of more than 35 in 64% of the 
127 BAL samples. Furthermore, miR-944 and U6 
had a Ct value of more than 35 in all the 127 BAL 
samples. Therefore, amplification curves of the RT-
PCR analysis for the miRNAs and U6 were not reliably 
generated, implying that expression of the genes in 
the BALs might be too low to be detectable by RT-

Table 2: Expression of seven miRNAs in SCC vs. AC tissues of the developmental phase
miRNAs Mean ± SD in SCC tissues Mean ± SD in AC tissues P AUC ± SD

miR-205-5p 3.3890 ± 0.6516 0.1216 ± 0.0252 < 0.0001 0.9562 ± 0.0115
miR-944 0.0031 ± 0.0011 0.0001 ± 2.871e-005 < 0.0001 0.9482 ± 0.0240
miR-34a 5.9053 ± 2.3547 3.2238 ± 1.3036 < 0.0001 0.7649 ± 0.0357
miR-135a-5p 1.2379 ± 0.7716 2.2507 ± 1.0837 0.0013 0.7267 ± 0.0522
miR-375 0.1268 ± 0.0638 0.2648 ± 0.0922 0.0010 0.7206 ± 0.0588
miR-577 0.0013 ± 0.0003 0.0003± 6.871e-005 0.0269 0.6612 ± 0.0549
miR-21-5p 6.2587 ± 1.0835 6.0329± 1.0128 0.8145 0.5027 ± 0.0043

Abbreviations: NSCLC , non-small cell lung cancer; SCC, squamous cell carcinoma; AC, adenocarcinoma; SD, standard 
deviation.

Figure 2: The diagnostic performance of the prediction model with two miRNAs (miRs-205-5p and 944) for the 
discrimination of SCC from AC was successfully validated in formalin-fixed, paraffin-embedded lung tumor tissues 
collected in geographically distant populations. (A) miR-205-5p displayed a significantly higher level in SCC compared with AC 
specimens (P < 0.0001). (B) miR-944 exhibited a significantly higher level in SCC compared with AC specimens (P < 0.0001). (C) the 
prediction model consisting of the two miRNAs produced AUC of 0.986 for differentiating SCC from AC.
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PCR. We have previously demonstrated that Droplet 
Digital PCR (ddPCR) is more sensitive with greater 
precision and reproducibility to detect expression level 
of miRNAs than does the conventional RT-PCR assay 
[38, 39]. Furthermore, ddPCR needs much less RNA 
compared with RT-PCR, and is particularly useful in 
the quantification of the miRNAs that have endogenous 
low-level expression in clinical samples. We, therefore, 
used ddPCR to determine expression level of the two 
miRNAs and U6 in the BAL samples. Each well of the 
samples contained at least 10,000 droplets. By contrast, 
no product was synthesized in the negative control 
samples. Thus, the samples were successfully ‘‘read’’ 
for the absolute quantification of the two miRNAs by 
using a cost-effective, reliable and accurate assay in the 
127 BAL specimens. In addition, the prediction model 
with the two miRNAs generated an AUC of 0.997 for 
the discrimination of SCC from AC. Consequently, 
the miRNA biomarker panel had 96.12% accuracy 
with 95.00% sensitivity and 96.83% specificity for 
classification of SCC from AC. Cytological study was 
also done in the 127 BAL samples. However, due to 
disproportionate amount of bronchial epitheliums that 
had poor cellar morphology, cytology was successfully 
performed on only 58 of the 127 BAL samples. Our 
observation of a low diagnostic rate of cytology in BALs 
was consistent with the previous findings by others [40].  
Therefore, cytological analysis of the BALs had a lower 
diagnostic rate (45.6%) compared with the prediction 
model (100%) (P = 0.01). Of the 58 NSCLC cases that 
had cytological diagnosis in BALs, 39 were SCC and 
19 were AC on the basis of histological diagnosis of 
bronchoscopic biopsies or surgical specimens. In the 
58 BAL samples, cytology had 68.10% accuracy with 
77.59% sensitivity and 58.62% specificity, while the 
prediction model created 95.69% accuracy with 94.83% 
sensitivity and 96.55% specificity for differentiating 
SCC from AC (Table 3). The biomarker-based prediction 
model had higher sensitivity and specificity compared 
with cytology in discriminating SCC from AC (All P 
< 0.05). However, the addition of the cytology study 
in the biomarker panel did not improve the diagnostic 
efficiency for distinguishing SCC from AC in the BAL 
samples. Therefore, the prediction model not only 
subtypes histology of the BAL samples that are not able 
to be analyzed by cytology, but has a higher accuracy for 
discriminating SCC from AC compared with cytology. 

DISCUSSION 

Previous studies including our own work have 
shown that miR-205 is expressed exclusively in SCC 
tissues, and hence acts as a specific biomarker for SCC 
type of NSCLC [2, 10, 27, 31, 33, 34, 41-43]. Analysis 
of miR-205 in surgical tissues, biopsy, and bronchial 
brushings specimens could distinguish SCC from AC 
[2, 10, 31, 34, 41, 42]. Yet a single biomarker could not 
provide sufficient diagnostic value. For instance, using 
miR-205 as a biomarker had 96% sensitivity, whereas 
only 90% specificity for subtyping between SCC and 
AC [34]. Therefore, efforts have bene made to identify 
additional miRNAs, such as miRs-21, 34a, and 375, that 
could be used together with miR-205 to have higher 
accuracy and reproducibility compared with miR-205-
5p alone [2, 10, 31, 34, 41, 42]. However, these recently 
identified miRNAs also exhibited abnormal expressions 
in AC tissues compared with normal lung tissues, 
and therefore might not be SCC-specific molecular 
aberrations. As a result, combined use of these miRNAs 
with miR-205 generated diverse panels of biomarkers, 
which, however, produced widespread inconsistent results. 
Using whole genomic NGS analysis to systematically and 
comprehensively define and compare miRNA profiles 
in SCC and AC tissues [33], we identified SCC-specific 
miRNA aberrations, including miRs-205-5p and 944, 
whose elevated expression was restricted to SCC [33]. 
This present study using three large and independent 
sets of specimens confirms that the high expression level 
of miR-205-5p and 944 is restrained in SCC tissues. 
Furthermore, a simple prediction model consisting of the 
two miRNAs is developed as a classifier for specifically 
distinguishing SSC from AC. The simple equation has 
maximizes sensitivity and specificity with a single cut-
off value. Compared with the previous complex score 
system for analysis of multiple and different variables, the 
friendly used equation could provide a more convenient 
approach for the classification of NSCLC types. In 
addition, the performance of the small panel of miRNAs 
was reproducibly validated in an independent set of FFPE 
tissues collected in geographically distant populations in 
China, further implying the usefulness of the approach for 
distinguishing SCC from AC.

Many patients with NSCLCs present at a stage 
when their tumors are surgically unresectable [44]. The 
only clinical materials from these patients are usually 

Table 3: Comparison of a panel of miRNA biomarkers and cytology for distinguishing lung SCC 
from AC in 58 BAL samples*

 Accuracy (95% CI) Sensitivity (95% CI) Specificity (95% CI)
A prediction model 95.69% (86.27% to 98.65%) 94.83% (85.62% to 98.92%) 96.55% (85.62% to 98.92%)

Cytology 68.10% (56.39% to 78.62%) 77.59% (64.73% to 87.49%) 58.62% (44.93% to 71.40%)

Abbreviations: BAL, SCC, squamous cell carcinoma; AC, adenocarcinoma;  bronchoalveolar lavage. *, All p values < 0.05.
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small cytological specimens, including transbronchial 
FNA biopsy, bronchial brushings, and BALs. Therefore, 
a molecular assay that can accurately classify histological 
types of NSCLC using the cytological samples is clinically 
important. A panel of two miRNAs consisting of miRs-
205 and miR-375 was developed that could be used in 
FNA biopsy specimens for differentiating SCC from 
AC [2]. Furthermore, a different panel of two miRNAs 
(miRs-205 and miR-34a) was developed that could be 
used in bronchial brushing specimens [10]. However, 
many peripheral lung lesions can’t be reached by a 
bronchoscope, by which FNA biopsy and bronchial 
brushing specimens are not collectable. Since BALs are 
obtained by instilling saline into a tumor bearing segment 
and retrieving samples, the specimens are near ideal 
materials for cytological diagnosis of the peripherally 
located lung tumors when FNA and bronchial brushing 
specimens are not available. However, there are two major 
obstacles in the use of BALs for lung cancer diagnosis and 
subclassification. 1), in cases with poorly differentiated 
tumors or distorted BAL specimens, the morphological 
observation for subtyping NSCLC is not always possible 
on the basis of cytology alone [45]. For instance, 
Kawaraya et al collected BAL samples from 81 patients 
with lung cancer having no visible endoscopic findings. 
Of the 81 samples, cytology was successfully done in only 
28 BAL samples, producing a diagnostic rate of 34.6% 
[40].  Rather than observing morphologic characterization, 
molecular study of BALs could identify tumor-related 
miRNA aberrations in BALs, thus provide a more efficient 
tool. Our present study for the first time reports the 
importance of miRNA profiles in BALs for discriminating 
between SCC and AC. 2), due to the low concentration of 
RNA typically obtained from the cytological samples and 
the low abundance of the miRNAs (e.g., miR-944 and U6) 
of interest, measuring the miRNAs by using conventional 
RT-PCR in BAL samples is especially difficult. We have 
demonstrated that ddPCR is 100 times more sensitive with 
greater precision and reproducibility to quantify miRNAs 
compared with RT-PCR [38, 39]. Furthermore, ddPCR 
needs much less (approximately 100 times less) RNA 
compared with RT-PCR.  Therefore, ddPCR is particularly 
useful in determining expression of the miRNAs that 
have endogenous low expression in the liquid cytological 
samples. Indeed, our current study demonstrates that the 
two miRNAs and U6 in BALs could reproducibly be 
determined in BALs by ddPCR rather than conventional 
RT-PCR. Furthermore, limited tumor cell sampling in 
BALs does not diminish the discriminating power of the 
miRNA biomarkers. In addition, ddPCR analysis of the 
two miRNAs showed a similar diagnostic performance 
in BAL samples as in tissue specimens. Moreover, 
the miRNA panel using ddPCR not only analyzes the 
BALs for which cytology has failed at diagnosing or 
subclassifying NSCLC due to disproportionate amount 
of bronchial airway material (epithelial cells), but also 

has a higher accuracy for discriminating SCC from 
AC compared with cytology. Therefore, the miRNA 
biomarker-based prediction model may overcome the 
obstacles in using BAL samples for lung cancer diagnosis 
and classification. 

Elevated miR-205 expression was suggested to 
participate in the development and progression of lung 
SCC [33, 34]. We have shown that miR-205 is one of 
three miRNAs that could be used as sputum biomarkers 
for the early detection of lung SCC [28]. In the miR-205 
family, there are two members (miRs-205-3p and 205-
5p), which may have different biological functions in lung 
tumorigenesis. Our deep sequencing analysis identified 
miR-205-5p rather than miR-205-3p as a unique signature 
for SCC [33]. This present study further suggests that 
the elevated miR-205-5p expression could be a specific 
sign of the subtype of SCC. Like miR-205-5p, miR-944 
is highly expressed in lung SCC but not in AC [33]. We 
have confirmed that miR-944 has oncogenic function in 
pathogenesis of SCC, since its dysregulation contributes to 
cancer cell growth, proliferation and invasion by targeting 
SOCS4, a tumor suppressor [33]. Interestingly, miR-944 
is located in the intron of the tumor suppressor p63, while 
antibody for P63 protein is an immunohistochemistry 
marker for lung SCC [46]. Here we demonstrate that a 
high expression of miR-944 is uniquely restricted to 
SCC, and its combined use with miR-205-5p produces 
a higher accuracy in distinguishing between SCC and 
AC compared with either miR-205-5p or miR-944 used 
alone. However, direct comparison of immunohistological 
analysis of P63 and ddPCR quantification of miR-944 in 
the same set of specimens for the discriminating SCC and 
AC is required.  

In summary, compared with previous reports 
on miRNA expression in subclassifying NSCLC, our 
study is unique for the following reasons: First, from 
the SCC-specific miRNA biomarker candidates, we 
develop a simple prediction model that can accurately 
and reproducibly distinguish SCC from AC. Second, our 
study might be the first to report the importance of miRNA 
profiles in BALs for discriminating between the two major 
histological entities of NSCLC. The prediction model 
would have the clinical potential in optimizing treatment 
strategies based on lung cancer subtypes. Nevertheless, 
a large and prospective study for comprehensively 
validating the biomarkers for discriminating SCC from 
AC in multiple centers is needed. 

MATERIALS AND METHODS

Patients, specimens, and study design

This study consisted of three phases:  developmental, 
validation, and application phases. 1), the developmental 
phase was to identify and develop a miRNA-based 
prediction model for distinguishing between SCC and 
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AC in surgical resected specimens. Surgical tissues 
were obtained from 128 lung cancer patients who 
had either a lobectomy or a pneumonectomy between 
March 1, 2013 and September 25, 2015 at the UMMC. 
Cryostat microtome and hematoxylin-eosin stained 
slides were prepared from the resected specimens for 
histopathological assessment and classified based on WHO 
classification of tumors of the lung [47]. Furthermore, 
manual macrodissection was performed on the tissues as 
described in our previous study [35] to ensure the presence 
of more than 85% cancer cells in each sample. None of the 
patients had received preoperative adjuvant chemotherapy 
or radiotherapy. 2), to confirm the prediction model for 
the subclassification of NSCLC in a different set of lung 
tumor tissue specimens, FFPE specimens were prepared 
from the surgical tissues of 112 lung cancer patients who 
had either a lobectomy or a pneumonectomy at Hebei 
Medical University. 3), to determine if the prediction 
model could be useful in bronchoscopically collected 
BALs for distinguishing SCC from AC, from April 1, 
2010 and July 28, 2013, we prospectively recruited 
patients who underwent bronchoscopy because of 
suspicious clinical or radiological findings at the UMMC. 
Inclusion criteria were the followings: histological 
confirmed diagnosis of NSCLC with endobronchial 
or transbronchial biopsy, age older than 21 years and 
written informed consent of each patient. BAL samples 
were collected from the subjects as previously described 
[36, 48]. Briefly, flexible bronchoscopy was performed in 
the patients. BAL specimens were obtained from the area 
of the suspected lesion (as defined by endoscopy and CT 
scans) after the instillation of 20 cc of sterile saline and 
before the collection of bronchial and/or transbronchial 
biopsy and brushing specimens. One half of the resulting 
BAL fluid was centrifuged at 1,000xg for 15 min for 
immediate routine cytological assessments [11, 22–29, 
38, 49–57]. Briefly, cytospin slides were prepared and 
underwent Papanicolaou staining for evaluating whether 
the specimens were representative of deep bronchial cells 
[58, 59]. To ensure the accuracy of unbiased scoring, 
subtypes of the lung carcinoma in the BAL materials 
were independently determined by two experienced 
cytopathologists. The selection of BAL samples for this 
study was undertaken on the basis of an adequate cytology 
preparation containing endobronchial cells and alveolar 
macrophages, and metaplastic or tumor cells [36]. One 
hundred and twenty seven specimens met these criteria 
and thus were used in this project. 

RNA isolation

Total RNA containing small RNA was extracted 
from frozen tissues and cell pellets of BALs by using a 
mirVana miRNA Isolation Kit (Ambion, Austin, TX, USA) 
as described in our previous study [20, 27, 33, 38, 60]. 
Four μm-thick FFPE sections were deparaffinized by using 

xylene, washed in ethanol, and digested with Proteinase 
K (Sigma-Aldrich) [31], from which total RNA was 
isolated using a RecoverAll Total Nucleic Acid Isolation 
Kit (Ambion). The purity and concentration of RNA 
were determined from OD260/280 readings using a dual 
beam UV spectrophotometer (Eppendorf 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 Technologies, 
Santa Clara, CA, USA). Only RNA samples with integrity 
number values > 6 underwent in further analysis. 

RT-PCR 

The expression levels of miRNAs in tumor tissues 
were analyzed by using real-time RT-PCR with Taqman 
miRNA assays (Applied Biosystems, Foster City, CA, 
USA) as previously described [27]. U6 was used as 
internal control gene. Furthermore, relative expression of 
a targeted miRNA in a given sample was computed using 
the equation 2−ΔCt, where ΔCt = Ct (targeted miRNA) 
– Ct (internal control gene, U6). 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 RNease free water 
instead of RNA sample input, and no template control for 
PCR was RNease free water instead of RT products input.

Droplet digital PCR (ddPCR)

ddPCR for analysis of expression level of the 
miRNAs in BAL samples was performed as described in 
our previous work [38, 39]. Briefly, TaqMan™ reaction 
mix (Applied Biosystems) containing sample cDNA was 
partitioned into aqueous droplets in oil via the QX100 
Droplet Generator (Bio-Rad, Pleasanton, CA, USA), 
and then transferred to a 96-well PCR plate. A two-step 
thermocycling protocol (95°C ×10min; 40 cycles of [94°C 
×30s, 60°C ×60s], 98°C ×10 min) was undertaken in a 
Bio-Rad C1000 (Bio-Rad). The PCR plate was loaded 
on Droplet Reader (Bio-Rad), by which copy number of 
each miRNA per µl PCR reaction mixture was directly 
determined. Expression of a targeted miRNA in a given 
sample was calculated using the same equation as 
described above. However, instead of using Ct, we used 
copy number of gene in the equation: expression of a 
miRNA in a given sample = 2−Δcopy number of gene, 
where Δcopy number of gene = copy number of gene 
(targeted miRNA) – copy number of gene (U6).

Statistical analysis

Based on one-sample with binomially distributed 
outcomes, we needed 45 cases from each histological 
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type of NSCLC at 5% significant level with 80% power 
to discover and validate biomarkers. We computed the 
receiver operating characteristic (ROC) curve and used the 
area under the ROC curve (AUC) as an accuracy index 
for evaluating the diagnostic performance of the miRNAs 
[10]. We used stepwise logistic regression models to 
construct diagnostic biomarker panels, and then used the 
stepwise backward model selection to identify the best 
discriminating combinations of miRNAs for classification 
of SCC from AC. We employed the McNemar chi-
squared test to determine the significant differences 
between cytology and biomarker panel. All P values were 
two-sided, with values < 0.05 considered statistically 
significant.

Author’s contributions

HL, ZJ, QL FB, JW, XD, and YL conducted the 
experiments and participated in data interpretation. JW and 
HGY participated in coordination and acquisition of data. 
HF participated in data analysis. LX and FJ participated 
in study design, coordination, and data analysis and 
interpretation, and prepared the manuscript. All authors 
read and approved the final manuscript.

ACKNOWLEDGMENTS

This work was supported in part by NCI 
R21CA205746, VA Merit Award I01 CX000512, Award 
from the Geaton and JoAnn DeCesaris Family Foundation, 
UMD-UMB Research and Innovation Seed Grant, 
and DoD-Idea Development Award (F.J.), Grants from 
National Natural Science Foundation of China (81572275) 
and International Joint Research Project of Hebei Province 
(15397731D) (L.X.).

CONFLICTS OF INTEREST

The authors declare no conflicts of interest.

REFERENCES

1. Travis WD, Brambilla E, Geisinger KR. Histological 
grading in lung cancer: one system for all or separate 
systems for each histological type? Eur Respir J. 2016; 
47:720–23. 

2. Patnaik S, Mallick R, Kannisto E, Sharma R, Bshara 
W, Yendamuri S, Dhillon SS. MiR-205 and MiR-375 
microRNA assays to distinguish squamous cell carcinoma 
from adenocarcinoma in lung cancer biopsies. J Thorac 
Oncol. 2015; 10:446–53. 

3. Scagliotti G, Hanna N, Fossella F, Sugarman K, Blatter J, 
Peterson P, Simms L, Shepherd FA. The differential efficacy 
of pemetrexed according to NSCLC histology: a review of 
two Phase III studies. Oncologist. 2009; 14:253–63. 

 4. Gressett SM, Shah SR. Intricacies of bevacizumab-induced 
toxicities and their management. Ann Pharmacother. 2009; 
43:490–501. 

 5. Woody NM, Stephans KL, Andrews M, Zhuang T, Gopal P, 
Xia P, Farver CF, Raymond DP, Peacock CD, Cicenia J, 
et al. A Histologic Basis for the Efficacy of SBRT to the 
lung. J Thorac Oncol. 2016.

 6. Kazandjian D, Suzman DL, Blumenthal G, Mushti S, He K, 
Libeg M, Keegan P, Pazdur R. FDA Approval Summary: 
Nivolumab for the Treatment of Metastatic Non-Small Cell 
Lung Cancer With Progression On or After Platinum-Based 
Chemotherapy. Oncologist. 2016; 21:634–42. 

 7. Montezuma D, Azevedo R, Lopes P, Vieira R, Cunha AL, 
Henrique R. A panel of four immunohistochemical markers 
(CK7, CK20, TTF-1, and p63) allows accurate diagnosis 
of primary and metastatic lung carcinoma on biopsy 
specimens. Virchows Arch. 2013; 463:749–54. 

 8. Edwards SL, Roberts C, McKean ME, Cockburn JS, 
Jeffrey RR, Kerr KM. Preoperative histological 
classification of primary lung cancer: accuracy of diagnosis 
and use of the non-small cell category. J Clin Pathol. 2000; 
53:537–40. 

 9. Gilad S, Lithwick-Yanai G, Barshack I, Benjamin S, 
Krivitsky I, Edmonston TB, Bibbo M, Thurm C, 
Horowitz L, Huang Y, Feinmesser M, Hou JS, St Cyr B, 
et al. Classification of the four main types of lung cancer 
using a microRNA-based diagnostic assay. J Mol Diagn. 
2012; 14:510–17. 

10. Huang W, Hu J, Yang DW, Fan XT, Jin Y, Hou YY, Wang JP, 
Yuan YF, Tan YS, Zhu XZ, Bai CX, Wu Y, Zhu HG, Lu SH. 
Two microRNA panels to discriminate three subtypes of 
lung carcinoma in bronchial brushing specimens. Am J 
Respir Crit Care Med. 2012; 186:1160–67. 

11. Jones AM, Hanson IM, Armstrong GR, O’Driscoll BR. 
Value and accuracy of cytology in addition to histology 
in the diagnosis of lung cancer at flexible bronchoscopy. 
Respir Med. 2001; 95:374–78. 

12. Jorda M, Gomez-Fernandez C, Garcia M, Mousavi F, 
Walker G, Mejias A, Fernandez-Castro G, Ganjei-Azar P. 
P63 differentiates subtypes of nonsmall cell carcinomas 
of lung in cytologic samples: implications in treatment 
selection. Cancer. 2009; 117:46–50.

13. Chellapandian D, Lehrnbecher T, Phillips B, Fisher BT, 
Zaoutis TE, Steinbach WJ, Beyene J, Sung L. 
Bronchoalveolar lavage and lung biopsy in patients 
with cancer and hematopoietic stem-cell transplantation 
recipients: a systematic review and meta-analysis. J Clin 
Oncol. 2015; 33:501–09. 

14. Wang C, Duan Q, Kelly M, Duggan MA. Accuracy of 
bronchial brush and wash specimens prepared by the 
ThinPrep method in the diagnosis of pulmonary small cell 
carcinoma. Cancer Cytopathol. 2014; 122:577–85. 

15. Costa FF. Non-coding RNAs: new players in eukaryotic 
biology. Gene. 2005; 357:83–94. 



Oncotarget50713www.impactjournals.com/oncotarget

16. Yanaihara N, Caplen N, Bowman E, Seike M, Kumamoto K, 
Yi M, Stephens RM, Okamoto A, Yokota J, Tanaka T, 
Calin GA, Liu CG, Croce CM, Harris CC. Unique 
microRNA molecular profiles in lung cancer diagnosis and 
prognosis. Cancer Cell. 2006; 9:189–98. 

17. Shen J, Jiang F. Applications of MicroRNAs in the 
Diagnosis and Prognosis of Lung Cancer. Expert Opin Med 
Diagn. 2012; 6:197–207. 

18. Weng L, Wu X, Gao H, Mu B, Li X, Wang JH, Guo C, 
Jin JM, Chen Z, Covarrubias M, Yuan YC, Weiss LM, 
Wu H. MicroRNA profiling of clear cell renal cell 
carcinoma by whole-genome small RNA deep sequencing 
of paired frozen and formalin-fixed, paraffin-embedded 
tissue specimens. J Pathol. 2010; 222:41–51.

19. Shen J, Todd NW, Zhang H, Yu L, Lingxiao X, Mei Y, 
Guarnera M, Liao J, Chou A, Lu CL, Jiang Z, Fang 
H, Katz RL, Jiang F. Plasma microRNAs as potential 
biomarkers for non-small-cell lung cancer. Lab Invest. 
2011; 91:579–87. 

20. Ma J, Lin Y, Zhan M, Mann DL, Stass SA, Jiang F. 
Differential miRNA expressions in peripheral blood 
mononuclear cells for diagnosis of lung cancer. Lab Invest. 
2015; 95:1197–206. 

21. Sozzi G, Boeri M, Rossi M, Verri C, Suatoni P, Bravi F, 
Roz L, Conte D, Grassi M, Sverzellati N, Marchiano A, 
Negri E, La Vecchia C, Pastorino U. Clinical utility of a 
plasma-based miRNA signature classifier within computed 
tomography lung cancer screening: a correlative MILD trial 
study. J Clin Oncol. 2014; 32:768–73. 

22. Xie Y, Todd NW, Liu Z, Zhan M, Fang H, Peng H, 
Alattar M, Deepak J, Stass SA, Jiang F. Altered miRNA 
expression in sputum for diagnosis of non-small cell lung 
cancer. Lung Cancer. 2010; 67:170–76. 

23. Shen J, Liao J, Guarnera MA, Fang H, Cai L, Stass SA, 
Jiang F. Analysis of MicroRNAs in sputum to improve 
computed tomography for lung cancer diagnosis. J Thorac 
Oncol. 2014; 9:33–40. 

24. Su J, Anjuman N, Guarnera MA, Zhang H, Stass SA, 
Jiang F. Analysis of Lung Flute-collected Sputum for Lung 
Cancer Diagnosis. Biomark Insights. 2015; 10:55–61.

25. Su Y, Fang H, Jiang F. Integrating DNA methylation and 
microRNA biomarkers in sputum for lung cancer detection. 
Clin Epigenetics. 2016; 8:109. 

26. Su Y, Guarnera MA, Fang H, Jiang F. Small non-coding 
RNA biomarkers in sputum for lung cancer diagnosis. Mol 
Cancer. 2016; 15:36. 

27. Xing L, Su J, Guarnera MA, Zhang H, Cai L, Zhou R, Stass 
SA, Jiang F. Sputum microRNA biomarkers for identifying 
lung cancer in indeterminate solitary pulmonary nodules. 
Clin Cancer Res. 2015; 21:484–89. 

28. Xing L, Todd NW, Yu L, Fang H, Jiang F. Early detection 
of squamous cell lung cancer in sputum by a panel of 
microRNA markers. Mod Pathol. 2010; 23:1157–64. 

29. Yu L, Todd NW, Xing L, Xie Y, Zhang H, Liu Z, Fang H, 
Zhang J, Katz RL, Jiang F. Early detection of lung 

adenocarcinoma in sputum by a panel of microRNA 
markers. Int J Cancer. 2010; 127:2870–78. 

30. Lebanony D, Benjamin H, Gilad S, Ezagouri M, Dov A, 
Ashkenazi K, Gefen N, Izraeli S, Rechavi G, Pass H, 
Nonaka D, Li J, Spector Y, et al. Diagnostic assay based 
on hsa-miR-205 expression distinguishes squamous from 
nonsquamous non-small-cell lung carcinoma. J Clin Oncol. 
2009; 27:2030–37. 

31. Bishop JA, Benjamin H, Cholakh H, Chajut A, Clark DP, 
Westra WH. Accurate classification of non-small cell lung 
carcinoma using a novel microRNA-based approach. Clin 
Cancer Res. 2010; 16:610–19. 

32. Hamamoto J, Soejima K, Yoda S, Naoki K, Nakayama S, 
Satomi R, Terai H, Ikemura S, Sato T, Yasuda H, Hayashi Y, 
Sakamoto M, Takebayashi T, Betsuyaku T. Identification 
of microRNAs differentially expressed between lung 
squamous cell carcinoma and lung adenocarcinoma. Mol 
Med Rep. 2013; 8:456–62.

33. Ma J, Mannoor K, Gao L, Tan A, Guarnera MA, Zhan M, 
Shetty A, Stass SA, Xing L, Jiang F. Characterization of 
microRNA transcriptome in lung cancer by next-generation 
deep sequencing. Mol Oncol. 2014; 8:1208–19. 

34. Jiang F, Caraway NP, Nebiyou Bekele B, Zhang HZ, 
Khanna A, Wang H, Li R, Fernandez RL, Zaidi TM, 
Johnston DA, Katz RL. Surfactant protein A gene deletion 
and prognostics for patients with stage I non-small cell lung 
cancer. Clin Cancer Res. 2005; 11:5417–24. 

35. Fielding P, Turnbull L, Prime W, Walshaw M, Field JK. 
Heterogeneous nuclear ribonucleoprotein A2/B1 up-
regulation in bronchial lavage specimens: a clinical marker 
of early lung cancer detection. Clin Cancer Res. 1999; 
5:4048–52.

36. Schisterman EF, Perkins NJ, Liu A, Bondell H. Optimal cut-
point and its corresponding Youden Index to discriminate 
individuals using pooled blood samples. Epidemiology. 
2005; 16:73–81. 

37. Li N, Ma J, Guarnera MA, Fang H, Cai L, Jiang F. Digital 
PCR quantification of miRNAs in sputum for diagnosis of 
lung cancer. J Cancer Res Clin Oncol. 2014; 140:145–50. 

38. Ma J, Li N, Guarnera M, Jiang F. Quantification of Plasma 
miRNAs by Digital PCR for Cancer Diagnosis. Biomark 
Insights. 2013; 8:127–36.

39. Kawaraya M, Gemba K, Ueoka H, Nishii K, Kiura K, 
Kodani T, Tabata M, Shibayama T, Kitajima T, Tanimoto 
M. Evaluation of various cytological examinations by 
bronchoscopy in the diagnosis of peripheral lung cancer. Br 
J Cancer. 2003; 89:1885–88. 

40. Solomides CC, Evans BJ, Navenot JM, Vadigepalli R, 
Peiper SC, Wang ZX. MicroRNA profiling in lung cancer 
reveals new molecular markers for diagnosis. Acta Cytol. 
2012; 56:645–54. 

41. Del Vescovo V, Cantaloni C, Cucino A, Girlando S, 
Silvestri M, Bragantini E, Fasanella S, Cuorvo LV, 
Palma PD, Rossi G, Papotti M, Pelosi G, Graziano P, et al. 
miR-205 Expression levels in nonsmall cell lung cancer do 



Oncotarget50714www.impactjournals.com/oncotarget

not always distinguish adenocarcinomas from squamous 
cell carcinomas. Am J Surg Pathol. 2011; 35:268–75. 

42. Youlden DR, Cramb SM, Baade PD. The International 
Epidemiology of Lung Cancer: geographical distribution 
and secular trends. J Thorac Oncol. 2008; 3:819–31. 

43. Berg J, Aase S, Søland TH, Gabrielsen AM, Svendsen MV, 
Lien JT, Hauss G. The value of cytology in the diagnostics 
of lung cancer. APMIS. 2005; 113:208–12. 

44. Conde E, Angulo B, Redondo P, Toldos O, García-
García E, Suárez-Gauthier A, Rubio-Viqueira B, 
Marrón C, García-Luján R, Sánchez-Céspedes M, López-
Encuentra A, Paz-Ares L, López-Ríos F. The use of P63 
immunohistochemistry for the identification of squamous 
cell carcinoma of the lung. PLoS One. 2010; 5:e12209. 

45. Travis WD. The 2015 WHO classification of lung tumors. 
Pathologe. 2014; 35:188. 

46. Thompson AB, Rennard SI. Assessment of airways 
inflammation utilizing bronchoalveolar lavage. Clin Chest 
Med. 1988; 9:635–42.

47. Li R, Todd NW, Qiu Q, Fan T, Zhao RY, Rodgers WH, 
Fang HB, Katz RL, Stass SA, Jiang F. Genetic deletions in 
sputum as diagnostic markers for early detection of stage I 
non-small cell lung cancer. Clin Cancer Res. 2007; 13:482–87. 

48. Su J, Liao J, Gao L, Shen J, Guarnera MA, Zhan M, 
Fang H, Stass SA, Jiang F. Analysis of small nucleolar 
RNAs in sputum for lung cancer diagnosis. Oncotarget. 
2016; 7:5131–42. doi: 10.18632/oncotarget.4219.

49. Liu J, Jiang T, Jiang F, Xu D, Wei L, Wang C, Chen Z, 
Zhang X, Li J. Comparative proteomic analysis of serum 
diagnosis patterns of sputum smear-positive pulmonary 
tuberculosis based on magnetic bead separation and mass 
spectrometry analysis. Int J Clin Exp Med. 2015; 8:2077–85.

50. Yu L, Shen J, Mannoor K, Guarnera M, Jiang F. 
Identification of ENO1 as a potential sputum biomarker for 
early-stage lung cancer by shotgun proteomics. Clin Lung 
Cancer. 2014; 15:372–378 e371. https://doi.org/10.1016/j.
cllc.2014.05.003.

51. Anjuman N, Li N, Guarnera M, Stass SA, Jiang F. 
Evaluation of lung flute in sputum samples for molecular 
analysis of lung cancer. Clin Transl Med. 2013; 2:15. 

52. Jiang F, Todd NW, Li R, Zhang H, Fang H, Stass SA. A 
panel of sputum-based genomic marker for early detection 
of lung cancer. Cancer Prev Res (Phila). 2010; 3:1571–78. 

53. Jiang F, Todd NW, Qiu Q, Liu Z, Katz RL, Stass SA. 
Combined genetic analysis of sputum and computed 
tomography for noninvasive diagnosis of non-small-cell 
lung cancer. Lung Cancer. 2009; 66:58–63. 

54. Katz RL, Zaidi TM, Fernandez RL, Zhang J, He W, 
Acosta C, Daniely M, Madi L, Vargas MA, Dong Q, 
Gao X, Jiang F, Caraway NP, et al. Automated detection of 
genetic abnormalities combined with cytology in sputum 
is a sensitive predictor of lung cancer. Mod Pathol. 2008; 
21:950–60. 

55. Qiu Q, Todd NW, Li R, Peng H, Liu Z, Yfantis HG, 
Katz RL, Stass SA, Jiang F. Magnetic enrichment of 
bronchial epithelial cells from sputum for lung cancer 
diagnosis. Cancer. 2008; 114:275–83. 

56. Varella-Garcia M, Kittelson J, Schulte AP, Vu KO, 
Wolf HJ, Zeng C, Hirsch FR, Byers T, Kennedy T, 
Miller YE, Keith RL, Franklin WA. Multi-target interphase 
fluorescence in situ hybridization assay increases sensitivity 
of sputum cytology as a predictor of lung cancer. Cancer 
Detect Prev. 2004; 28:244–51. 

57. Romeo MS, Sokolova IA, Morrison LE, Zeng C, Barón AE, 
Hirsch FR, Miller YE, Franklin WA, Varella-Garcia M. 
Chromosomal abnormalities in non-small cell lung 
carcinomas and in bronchial epithelia of high-risk smokers 
detected by multi-target interphase fluorescence in situ 
hybridization. J Mol Diagn. 2003; 5:103–12. 

58. Ma J, Guarnera MA, Zhou W, Fang H, Jiang F. A Prediction 
Model Based on Biomarkers and Clinical Characteristics 
for Detection of Lung Cancer in Pulmonary Nodules. Transl 
Oncol. 2017; 10:40–45. 

59. Ma J, Li N, Lin Y, Gupta C, Jiang F. Circulating Neutrophil 
MicroRNAs as Biomarkers for the Detection of Lung 
Cancer. Biomark Cancer. 2016; 8:1–7.

60. Gao L, Ma J, Mannoor K, Guarnera MA, Shetty A, Zhan M, 
Xing L, Stass SA, Jiang F. Genome-wide small nucleolar 
RNA expression analysis of lung cancer by next-generation 
deep sequencing. Int J Cancer. 2015; 136:E623–29. 


