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Summary Pulmonary adenocarcinoma (PA) with a micropapillary component (PA-MPC) is considered a
highly aggressive neoplasm. The molecular profile of PA-MPC has not yet been clearly elucidated. Based
on these, we performed next-generation sequencing and quantitative real-time polymerase chain reaction
(qPCR) to detect the driver mutation profiles of 50 PA-MPC cases and confirmed the results by Sanger se-
quencing. In addition, in 10 selectedMPC-predominant cases, we captured theMPC and non-MPC by laser-
capture microdissection and sequenced them separately to investigate the differences in driver mutation pro-
files betweenMPC and non-MPC. In 50 PA-MPC cases, the prevalence rates ofEGFR,KRAS, and PIK3CA
somatic mutations were 76.0%, 6.0%, and 2.0%, respectively; no BRAF, NRAS, ALK, PDGFRA, or other
mutations were found. With regard to the MPC, EGFR mutation was more frequent in MPC-predominant
cases (18/20; 90%) than in non–MPC-predominant cases (20/30; 66.7%). The overall survival of the
MPC-predominant group was significantly worse than that of the non–MPC-predominant group. In the
10 microdissected MPC-predominant cases, the EGFR mutation was identical in both components and
was consistent with previous results without microdissection. In conclusion, our study indicated that
EGFRmutations were frequent in PA-MPC. Paired MPC and non-MPC from the same cases had the same
driver mutation profiles.
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1. Introduction

Lung cancer is the main cause of cancer-related death
worldwide [1,2], and pulmonary adenocarcinoma (PA) is the
most common histologic subtype, accounting for almost half
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of lung cancers [3]. In the international, multidisciplinary clas-
sification of lung adenocarcinoma, which was adopted by the
World Health Organization (WHO) in 2015 [4,5], PA with a
micropapillary component (PA-MPC) was recommended as
a new subtype of PA that differs from other subtypes, includ-
ing lepidic, acinar, papillary, and solid, as defined in the 2004
WHO classification [5,6].

The histologic characteristics of micropapillary component
(MPC) were first described by Amin et al [7]. Since then, the
histology of tiny papillary tufts lying in alveolar spaces or
loose connective tissues has been named MPC, and several
studies on PA-MPC have been reported. Some results have
suggested that MPC may be a prognostic predictor of a poor
outcome [7-12]. Although PA-MPC has been defined as a
highly aggressive tumor, its molecular profiles have yet to be
clearly elucidated.

Intratumoral diversity in several tumors, including PA, is
an obstacle to understanding the precise molecular profiles
of tumors [13-16]. In view of this finding, laser-capture micro-
dissection (LCM) and tissue subtype capture are suitable
methods to avoid the heterogeneity of intratumoral diversity
and accurately assess the molecular characteristics of tumor
components [14].

Driver genes, also known as functional genes, are the type
of gene that exerts a functional contribution in multiple can-
cers. It is vital to identify the alterations of driver genes in tu-
mor initiation and progression. We aimed to detect the
frequency of common driver oncogene alterations in PA-
MPC and analyze intratumoral diversity.
2. Materials and methods

2.1. Case selection

Overall,MPCwas defined by small papillary tufts lacking a
central fibrovascular core lying freely within alveolar spaces or
in the clefts or space of fibrous tissue (Fig. 1A) [7-12]. Fifty
surgical resected cases of PA-MPC at the Peking Union Med-
ical College Hospital between January 2010 and December
2011 that contained more than 10% MPC were selected for
the detection of common driver mutations. In addition, 10
MPC-predominant cases with distinct areas of diverse compo-
nents were further investigated to identify differences of in
MPC (Fig. 1A) and non-MPC (Fig. 1B) by LCM. Pathological
characteristics were obtained from reviewing the slides in de-
tail. The histologic types of the tumor were described accord-
ing to the WHO classification system of 2015 [4].

Clinical information on PA-MPC patients was collected
from the clinical archives. Progression-free survival (PFS)
was defined as the time from surgery to relapse or the end
point of the study, and overall survival (OS) was defined as
the time from surgery to death or the study termination.
TNM staging was performed according to the classification
of the Union Internationale Contre le Cancer [17]. This study
was conducted with the approval of the Ethics Committee of
Peking Union Medical College Hospital, and informed con-
sent was obtained from all patients.

2.2. Macrodissection or microdissection and genomic
DNA extraction

Sections (4 μm thick) were cut from formalin-fixed,
paraffin-embedded (FFPE) tissue blocks, and 10 consecutive
sections of each block were acquired. Nine sections were man-
ually macrodissected according to hematoxylin and eosin
staining, from which the MPC portion was scraped off into a
microfuge tube to obtain tumor DNA.

In 10 selected MPC-predominant cases, the different
driver mutation profiles in MPC and non-MPC were further
investigated in 10-μm-thick sections of each FFPE specimen
collected on polyethylene naphthalate membrane slides (Leica
Microsystem, Wetzlar, Germany) designed specifically for mi-
crodissection. After deparaffinization, each tissue slide was
stained with hematoxylin, and different cancer components were
confirmed independently by 2 experienced pathologists. MPC
and non-MPC were separately microdissected with LCM using
a Leica LMD6500 system (Leica Microsystems; Fig. 1C-E).

Genomic DNAwas isolated using the QIAampDNAFFPE
Tissue Kit (Qiagen, Hilden, Germany). DNA concentration
was measured with NanoDrop Spectrometer 2000 (Thermo-
Fisher, Wilmington, DE) and normalized to 20 to 50 ng/μL.
DNA samples were stored at −20°C before utilization.

2.3. Genetic mutation detection by next-generation
sequencing

Mutation analysis was performed by next-generation se-
quencing (NGS). The NextDaySeq-lung Cancer Library Prepa-
ration Panel Kit (Beijing ACCB Biotech, Beijing, China) for
the Ion Torrent System (Life Technologies, Wilmington, DE)
was used to construct libraries. Briefly, targeted genomic regions
(Supplementary Table 1) were amplified using pooled primer
pairs. After adaptor and barcode ligation and purification, the
libraries were quantified and diluted to a concentration of
3 ng/mL, after pooling. The library pool was sequenced using
Ion Torrent PGM system. A proprietary bioinformatics pipe-
line, the DanPA bioinformatics pipeline, was used for variant
calling and annotation. The pipeline was specifically designed
for the NextDaySeq panels. The cutoff of mutation frequency
for mutation calling was 1%, and that of mutation reads was 5.

2.4. Quantitative real-time PCR

Mutation profiles for EGFR, KRAS, and PIK3CA were ex-
amined using the Human EGFR Gene Mutation Detection Kit
(Beijing ACCB Biotech, Beijing, China), Human KRAS Gene
Mutation Detection Kit (Beijing ACCB Biotech, Beijing,
China) and Human PIK3CA Gene Mutation Detection Kit
(Beijing ACCB Biotech, Beijing, China), respectively. The



Fig. 1 E;Hematoxylin and eosin staining showed the MPC (A) and the non-MPC (B). TheMPCwas characterized by small papillary tufts lack-
ing a central fibrovascular core lying freely within alveolar spaces (arrows; magnification ×20). C and D, The hematoxylin staining showed the
MPC and non-MPC under Leica LMD6500 system. The MPC and non-MPC could be verified under microscope (the outlines in panels C and
D, respectively) and microdissected by LCM (E and F; magnification ×20).
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tests covered 62 hotspot mutations including 45 in exons 18,
19, 20, and 21 of EGFR, 12 in exons 2 and 3 of KRAS and 5
in exons 9 and 20 of PIK3CA. qPCR was performed using
an Mx3000P PCR instrument (Agilent, Santa Clara, CA) with
the following settings: 95°C for 10 minutes, and 40 cycles of
95°C for 15 s and 60°C for 1 minute. The results were inter-
preted according to the manufacturer's instructions.

2.5. Sanger sequencing

The Sanger sequencing method was used in this study for re-
sult confirmation. Genomic regions of EGFR exons 18 to 21,
KRAS exons 2 to 3, andPIK3CA exons 9 and 20were amplified
using DNA samples. Each exon was sequenced bidirectionally
using the primers that were used for the initial amplification reac-
tion and the ABI Prism Big Dye Terminator v3.1 Cycle Se-
quencing Kit (Applied Biosystems, Foster City, CA).
Sequencing primer extension reactions were analyzed using
the ABI 3130XL Genetic Analyzer (Applied Biosystems).

2.6. Statistical analyses

Patient characteristics were summarized as descriptive sta-
tistics. Associations among genetic mutations and clinicopath-
ological factors were evaluated by the χ2 test or, where
appropriate, Fisher exact test. The mean values of continuous
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data were assessed using independent-samples t test. Survival
curves were plotted according to the Kaplan-Meier analysis,
and multivariate analysis according to the Cox regression
model was performed. The data were analyzedwith SPSS soft-
ware (version 20.0; Chicago, IL). P values less than .05 were
considered significant.

3. Results

3.1. Clinicopathological characteristics

A total of 50 PA-MPC cases withMPC N10% were included
in this study, including 28 men and 22 women, and 17
smokers and 33 nonsmokers were verified. The age of the pa-
tients ranged from 37 to 81 years, with a mean of 58.5 years.
The average size of tumor was 3.6 cm (range, 1.5-9.0 cm).
According to TNM staging, 24 patients (48%) were classified
as stage I, 3 patients (6%) as stage II, 21 patients (42%) as
stage III, and 2 patients (4%) as stage IV (Table). Adequate
follow-up information was obtained for 49 patients. The
follow-up period ranged from 7 to 78 months, with a mean
of 33.7 months. Recurrence or metastasis was evaluated by
radiologic investigations. In this study, 17 patients (34%)
Table Relationship between EGFR and KRAS mutations and the patien

Characteristics Total EGFR mutation

Positive Neg

No. of cases 50 38 (76.0%) 12
Age (y), mean ± SD 58.5 (37-81) 58.5 ± 9.9 63.
Sex
Male 28 (56.0%) 18 10
Female 22 (44.0%) 20 2
Smoking status
Nonsmoker 33 (66.0%) 28 5
Smoker 17 (34.0%) 10 7
Tumor size (cm), mean ± SD 3.6 (1.5-9.0) 3.1 ± 1.1 5.2
Lymph node metastasis
Negative 24 (48.0%) 17 7
Positive 26 (52.0%) 21 5
Pleural invasion
Negative 30 (60.0%) 23 7
Positive 20 (40.0%) 15 5
Lymphatic and venous invasion
Negative 29 (58.0%) 22 7
Positive 21 (42.0%) 16 5
Bronchus invasion
Negative 22 (44.0%) 16 6
Positive 28 (56.0%) 22 6
Histologic subtype
MPC-predominant 20 (40.0%) 18 2
Non–MPC-predominant 30 (60.0%) 20 10
TNM stage
I-II 27 (52.0%) 20 7
III-IV 23 (46.0%) 18 5

⁎ P is statistically significant.
experienced recurrence or metastasis after an average of
23.3 months (range, 10-35 months). Six patients (12%) died
of their cancer after surgery (range, 7-38 months), and 27 pa-
tients were alive without evidence of disease.

According to the WHO classification system in 2015, the
cases were classified either as the MPC-predominant group
(20/50 [40%]) or the non-MPC-predominant group (30/50
[60%]), including lepidic predominant (2/50 [4%]), acinar pre-
dominant (12/50 [24%]), papillary predominant (14/50
[28%]), and solid predominant (2/50 [4%]). Twenty-one pa-
tients had lymphovascular invasion (42%), whereas 26 had
lymph node metastasis (52%). In addition, bronchus involve-
ment was identified in 28 cases (56%) and pleural invasion
in 20 cases (40%).

Survival curves depicted by Kaplan-Meier showed that OS
of the MPC group was significantly shorter than that of the
non-MPC group (P = .036; Fig. 2).
3.2. Comparison of NGS, qPCR, and Sanger sequencing
results

Sufficient DNA of 42 cases was obtained for NGS analysis,
whereas all 50 samples of DNA were successfully detected by
ts' clinical characteristics in PA-MPCs

KRAS mutation

ative P Positive Negative P

(24.0%) 3 (6.0%) 47 (94.0%)
8 ± 9.4 .109 67.3 ± 7.6 59.3 ± 10.0 .180

.029 ⁎ 3 25 .113
0 22

.041 ⁎ 1 32 .218
2 15

± 2.1 b.001 ⁎ 6.8 ± 2.6 3.4 ± 1.3 b.001 ⁎

.411 2 22 .504
1 25

.892 1 29 .331
2 18

.979 2 27 .754
1 20

.631 1 21 .701
2 26

.058 1 19 .808
2 28

.730 2 25 .650
1 22



Fig. 2 Kaplan-Meier survival curves. A and B, PFS and OS of patients in the groups with different histologic subtypes. C and D, PFS and OS of
patients in the groups with different EGFR mutations.
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qPCR. Detailed nucleotide alterations detected by qPCR and
NGS are listed in the Supplementary Table. Most cases showed
consistent results; inconsistencies between qPCR and NGS were
observed in 2 cases. One inconsistent case showed EGFR exon
21mutation detected by NGS, whereas qPCR detected no mu-
tations. Another case showedEGFR exon 19 deletion detected
by qPCR but was negative for mutation by NGS. To validate
the EGFR status, these 2 cases were examined by Sanger se-
quencing, and EGFR mutations were observed in the 2 cases.

3.3. Genetic alteration profiles

The overall mutation frequency was 82.0% (41/50) in
all PA-MPCs. Notably, EGFR is the major mutated gene
in PA-MPCs with a prevalence rate of 76.0% (38/50). The
Fig. 3 Frequency of major dri
prevalence of KRAS and PIK3CA somatic mutations was
6.0% (3/50) and 2.0% (1/50; which coexisted with EGFRmu-
tation), respectively (Fig. 3), and no somatic mutations were
detected in BRAF, NRAS, ALK, PDGFRA, or other genes.

The most frequent EGFR mutation was an in-frame dele-
tion in exon 19 (18/50 [36%]; Fig. 4A), followed by a point
mutation in exon 21 (15/50 [30%]), resulting in substitution
of leucine by arginine at codon 858 (Fig. 4B) and leucine by
glutamine at codon 861 (L858R, 14/50 [28%]; L861Q, 1/50
[2%]). A drug-resistant exon 20 insertion mutation was ob-
served in only 1 case. Combined mutations in exon 20
(S768I) and exon 18 (G719A) were detected in 2 cases.
G719A point mutation was observed in 2 cases.

KRAS mutations were identified in 3 (6.0%) of the 50 PA-
MPC patients. All 3 cases had single amino acid substitutions
ver mutations in PA-MPC.



Fig. 4 A,EGFR exon 19 deletions in 1 case. NGS chromatogram and Sanger sequencing chromatogram. B,EGFR exon 21 L858Rmutations in
1 case. NGS chromatogram and Sanger sequencing chromatogram.
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in codon 12, including 1 in 12Cys, 1 in 12Val, and 1 in 12Asp.
No tumor simultaneously harbored both EGFR and KRAS
gene mutations. PIK3CAmutation was detected in only 1 case
(2% [1/50]), which coexisted with EGFR mutation.

For the 10 MPC-predominant cases in which the MPC
and non-MPC were microdissected and sequenced separately,
the results of NGS showed that the status of EGFR mutation
was identical in both components, and the mutation types
were consistent with previous samples analyzed without LCM.
In addition, KRAS, PIK3CA, or any other gene mutations were
absent.

3.4. Correlation between genetic alterations and
clinicopathological findings

The associations between EGFR or KRAS and clinicopatho-
logical factors are summarized in Table. EGFRmutations were
significantly associated with smoking status (P = .041), sex
(P = .029), and tumor size (P b .001), but no obvious correla-
tion between EGFRmutations and age (P = .109), lymph node
metastasis (P = .411), pleural invasion (P = .892), lymphatic
and venous invasion (P = .979), or clinical stage (P = .730).
EGFR mutation was detected in 2 lepidic predominant cases
(2/2 [100%]), 8 acinar predominant cases (8/12 [66.7%]),
and 10 papillary predominant cases (10/14 [71.4%]) but no
solid predominant cases (0/2 [0%]). For the MPC, EGFR mu-
tation was more frequent in the MPC-predominant group (18/
20 [90%]) than in the non–MPC-predominant group (20/30
[66.7%]; P = .058), without reaching significance.

KRAS occurred more frequently in larger tumors (P b .001).
No significant associations were observed between the groups
positive and negative forKRASmutations with respect to other
clinicopathological factors. However, no obvious association
between EGFR, KRAS mutation and prognosis of PA-MPC
was observed (Fig. 2).

4. Discussion

The International Association for the Study of Lung Cancer/
the American Thoracic Society/the European Respiratory Soci-
ety classification based on a multidisciplinary teamwork adds a
new MPC-predominant subtype in lung adenocarcinoma [5].
Almost all of the literature on PA-MPC has indicated that it
is a highly invasive subtype with a poor prognosis [7-12].

In our study, we detected the frequency of common driver on-
cogene alterations in the PA-MPCusingNGS and qPCR.We dis-
covered a prevalence of 76% somatic mutations in EGFR in PA-
MPC. To date, only 3 articles focusing on EGFRmutation sta-
tus in PA-MPC have been reported after the new classification
was proposed. Chao et al [18] reviewed 79 cases of MPC-
positive tumors (MPC ratio ≥5%) and found that EGFR-
mutated tumors were often MPC positive (P b .001), which
suggests an association between EGFR mutation and MPC.
Cai et al [19] showed that EGFR mutation was significantly
more frequent in adenocarcinomas with papillary (85.7%) or
MPC (91.4%; P b .001), whereas Furukawa et al [20] showed
no association between EGFR mutations and MPC (P N .05).
In our study, we found that EGFR mutations were the most
frequent gene alteration in PA-MPC, with a higher mutation
frequency (76%) than other types of PA that exhibited EGFR
mutations at rate of 30% to 63.9% [19,21-23]. Furthermore,
EGFR mutation was found to be significantly more common
in MPC-predominant adenocarcinomas than other subtype
predominant adenocarcinomas in our study, which revealed
that EGFR mutations could be associated with MPC-
predominant adenocarcinomas.

Previous large cohort studies have shown that EGFR muta-
tion was different in diverse predominant subtypes of PA
[24]. Yoshizawa et al [25] showed thatEGFRmutationwas ob-
served in 90 patients (53.9%) and demonstrated a significant
association betweenEGFRmutation and PAwith nonmucinous
lepidic and papillary components. EGFR mutation was identi-
fied more frequently in the MPC-predominant (P = .0068)
and lepidic component (P = .005) subtypes [26]. Cai et al also
demonstrated that EGFR mutation was associated with sex,
smoking history, and histologic characteristics. Similarly, our
results suggested that PA with EGFR mutations could be ob-
served more frequently in female nonsmokers. In addition,
we found that the tumor size was significantly associated with
positive EGFR mutation (P b .001). The 2 major types of
EGFR mutation in this study were in-frame deletions in exon
19 (18/50) and exon 21 L858R (14/50), which accounted for
more than 90% of the detected mutations. We also identified
1 case of exon 20 insertion mutation, which is related to tyro-
sine kinase inhibitor resistance [24]. No significant difference
was observed in clinical outcome between patients with wild-
type EGFR and those with mutant EGFR (P = .968). Some
studies found that patients with EGFR mutations had pro-
longed PFS (P = .011) and OS (P = .046) compared with pa-
tients negative for EGFR mutation, whereas other studies
showed no association [27,28]. Perhaps the diverse results in
different studies may reflect different follow-up times and in-
dividual responses to radiotherapy and chemotherapy.

Similar to EGFR mutation, some studies have shown that
KRAS mutation is also associated with worse clinical out-
comes and tyrosine kinase inhibitor resistance [29]. In our
study, KRAS mutation was detected in 3 of the 50 patients
and exclusively to EGFRmutations [12], which was consistent
with our previous study. Our findings suggested that KRAS mu-
tations might be present at a low frequency in Chinese PA-
MPC patients. Studies from Eastern Asia reported fewer
KRAS mutations in PA-MPC compared with European and
American studies [30,31]. Because the molecular profiles dif-
fered from different studies, it may be in a way attributed to the
ethnicity or geographical distribution as well as the use of sensi-
tive techniques in different studies. Furukawa et al [20] used
SNaPshot assay based on multiplex polymerase chain reaction
method as a highly sensitive test assay, whereas De Oliveira
Duarte Achcar et al [32] performed the study using a less sen-
sitive direct DNA sequencing method. In this study, we chose
qPCR and NGS to detect mutations in all of 50 cases. Because
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9 cases with lowDNA library concentrations did not reach the re-
quirements of NGS, we used qPCR to detect all 50 cases and
NGS for 41 cases. In the cases analyzed by the 2 methods, most
results were concordant, whereas only 2 results were inconsistent.
Sanger sequencingwas selected to provide afinal confirmation of
the results. Overall, we detected genetic alterations by 3 methods
to identify the somatic mutation in PA-MPC and detected a
higher prevalence of EGFR.

As intratumoral diversity was discovered in several tumors,
including PA [14], which should be considered when analyz-
ing genetic mutations. Tominimize the bias of intratumoral di-
versity, LCM was performed to acquire enriched MPC. We
captured MPC under a microscope after precise laser dissec-
tion. Cai et al [19] performed LCM to acquire DNA of
pure MPC constituent and detected the molecular profiles
of PA-MPC by amplification refractory mutation system
and found 3 types of EGFR mutation: deletion in exon 19,
L858R or T790M, and G719X or L861Q. We did not detect
EGFR T790M in our specimens, and we believe that this
inconsistency is because Cai et al selected cases with drug
resistance, whereas drug resistance was not included in our cri-
teria. We intend to further study the mechanism between
EGFR T790M mutation and drug resistance in PA.

In conclusion, we plotted the driver mutation profiles
of PA-MPC in the present study and revealed the clinico-
pathological correlation. Our research indicated that EGFR
mutations were frequent in PA-MPC, and both MPC and
non-MPC in the same case have the same driver mutation
profiles.
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