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ABSTRACT

Previous studies have shown that the prognosis of lung adenocarcinoma is
associated with pathological characterization. In this study, we investigated whether
pathology-based prognosis was further influenced by both tumor stage and oncogenic
driver mutations. To this end, we recruited a cohort of 465 lung adenocarcinoma
patients in China. These patients were classified into 6 pathology-defined subtypes
i.e., lepidic-predominant adenocarcinoma (LPA), acinar-predominant adenocarcinoma
(APA), papillary-predominant adenocarcinoma (PPA), micropapillary-predominant
adenocarcinoma (MPA), solid-predominant adenocarcinoma (SPA), and invasive
mucinous adenocarcinoma (IMA). Oncogenic mutations in EGFR, KRAS, ALK, RET, and
BRAF genes were determined using fluorescent real-time RT-PCR. The associations
of pathogenic subtype or oncogenic mutation with clinical characteristics were
analyzed using Fisher’s exact tests. The interactive effects on overall survival (0S)
by pathologic subtype, oncogenic mutations, and tumor stage were also determined.
We have found that pathogenic subtype of lung adenocarcinoma correlated with
smoking habit and tumor cell differentiation. These pathology-defined subtypes
can be regrouped into 3 pathology-based prognostic groups: PPG1 (LPA), PPG2
(IMA+APA+PPA), and PPG3 (MPA+SPA) with a favorable, intermediate, and poor
OS, respectively. We further demonstrated that this pathology-determined OS can
be affected by both tumor stage and status of oncogenic mutations in EGFR, KRAS,
ALK, RET, and BRAF genes. Interestingly, the presence of genetic mutations related
to ALK, RET and BRAF had an opposite effect on OS between PPG2 (worsen) and
PPG3 (improved) patients, reversing the prognostic favorability for patients within
these two groups. In conclusion, prognosis of lung adenocarcinoma was defined
interactively by pathologic subtype, tumor stage and oncogenic mutation.
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INTRODUCTION

Lung cancer is the leading cause of cancer death,
with the highest mortality rate among all cancers in China
and worldwide [1]. Lung adenocarcinoma is the most
common pathological subtype of non-small cell lung
cancer (NSCLC) [2]. The mutation rate of driver genes
is higher in adenocarcinoma than in other subtypes of
NSCLC with EGFR, KRAS, ALK, RET, and BRAF being
those most commonly mutated [3—11]. The patients of
lung adenocarcinoma with EGFR mutations have a better
response to EGFR tyrosine kinase inhibitors (TKIs) than
those without FGFR mutations, while patients that are
ALK-positive show a better response to the TKI crizotinib,
suggesting that therapeutic effectiveness can be linked to
the presence of specific driver mutations [10—13].

The new classification system by the International
Association for the Study of Lung Cancer/American
Thoracic Society/and European Respiratory Society (IASLC/
ATS/ERS) in 2011 divided lung adenocarcinoma into the
following subtypes pathologically: lepidic-predominant
adenocarcinoma (LPA), acinar-predominant adenocarcinoma
(APA), papillary-predominant adenocarcinoma (PPA),
micropapillary-predominant adenocarcinoma (MPA), solid-
predominant adenocarcinoma (SPA), and invasive mucinous
adenocarcinoma (IMA) [14]. Emerging evidence suggests
that the characteristics defining these subtypes could be
independent prognostic factors [15-20]. These studies
suggest that LPA is often associated with a good prognosis,
APA, PPA, and IMA are associated with an intermediate
prognosis, whereas MPA and SPA are associated with the
worst prognosis [15-20].

Interestingly, studies have found that the presence
of driver genes, including EGFR and KRAS, are
often associated with pathological subtypes in lung
adenocarcinomas [18, 19, 21]. Moreover, the influence
of both driver genes and pathological subtypes on lung
cancer prognosis was found to correlate with TNM
staging [15-20, 22, 23]. However, it is unclear whether
pathological subtypes and driver genes interact to affect
the prognosis. It is also unclear whether tumor stage plays
a significant role affecting pathology- and/or oncogenic
mutation-defined prognosis. To address these questions,
we conducted a comprehensive study in a large cohort
of Chinese patients with lung adenocarcinoma and
determined the associations between 5 common driver
genes (EGFR, KRAS, ALK, RET, BRAF) and pathological
subtypes, as well as their combined impact on prognosis.

RESULTS

Patient characteristics correspond to
pathological subtypes

All patients were Chinese and ranged in age from
30 to 80 years old (median age, 58.0 years). Clinical
characteristics are shown in Table 1. We found PPA to be

the most common subtype (226 cases, 48.6%), followed
by APA (128 cases, 27.5%), IMA (41 cases, 8.8%),
SPA (38 cases, 8.2%), LPA (22 cases, 4.7%), and MPA
(10 cases, 2.2%). Using a Chi-square test, we identified
smoking status (P < 0.0013) and tumor cell differentiation
(P < 0.0001) as key clinical features associated with
pathological subtyping. Compared to all adenocarcinomas,
the SPA subtype correlated with sex (P < 0.0421), smoking
history (P < 0.0025), and tumor cell differentiation (P
< 0.0001) (Table 1). In addition to the SPA subtype,
PPA (P < 0.0186) and LAP (P < 0.0002) subtypes also
correlated with degree of tumor cell differentiation
(Table 1), reflecting differences among these subtypes
with distinctive molecular signatures related to their cell-
of-origin (COO). These results suggested that pathological
characteristics might play a significant role in determining
subtype clinical manifestations.

Pathologic subtypes correlate with genetic
mutations

By examining oncogenic mutations in 5 driver
genes, i.e. EGFR, KRAS, ALK, RET, and BRAF, we
determined their occurring rate in each pathologic subtype
and their association with these subtypes. One of these
mutations was detected in 63.0% of the patients (293/465),
LPA being the subtype most frequently mutated (86.4%)
and MPA the least (40.0%). All detected mutations were
mutually exclusive. EGFR mutations were most frequently
detected at 49.2% (229/465), followed by KRAS at 8.4%
(39/465), ALK at 3.7% (17/465), RET at 1.1% (5/465),
and BRAF at 0.6% (3/465, Table 2). The distribution of
these genetic mutations was significantly different among
different pathological subtypes (P < 0.0001 by Chi-square
test; Table 2). Moreover, the distribution of each individual
mutated gene (except RET) was also significantly different
among different pathological subtypes (P < 0.0282,
0.0025, 0.0002, 0.2271, and 0.0127 for EGFR, KRAS,
ALK, RET, and BRAF, respectively, Table 2), suggesting
that each particular type of genetic mutation (except RET)
is likely associated with a specific type of pathological
subtype.

Indeed, EGFR mutations were most common in
LPA (68.2%, 15/22) and least common in IMA (29.3%,
12/41). KRAS mutations occurred most frequently in
IMA (24.4%, 10/41) and less frequently in PPA (5.8%)
and APA (6.3%). ALK-fusions were most common in
SPA (13.2%, 5/38) and IMA (12.2%, 5/41), and least
common or undetected in PPA (0.9%) and MPA (0%).
RET-fusions were uncommon with only 5 positive cases
(1.1% overall) with the highest detection rate in SPA
(5.3%, 2/38). BRAF mutations were even less common
with only 3 positive cases (0.6%) found most frequently
in IMA (4.9%, 2/41). These results indicate that
oncogenic mutations in specific genes occur preferably
in particular lung adenocarcinoma subtypes.
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Table 1: Characterization of lung adenocarcinomas (n=465) classified by the IASLC/ATS/ERS system

Pathological subtypes
Clinical information Total PPA APA IMA SPA LPA MPA
465 226 128 41 38 22 10 P-value
100.0% 48.6% 27.5% 8.8% 8.2% 4.7% 2.2%
Sex
Female 230 121 59 22 12 13 3
0.088
Male 235 105 69 19 26 9 7
P (compared to Total) 0.331 0.5494 0.6286 0.0421 0.3934 0.3394
Age
<50 84 37 22 10 10 3 2
50-59 160 81 45 13 13 5 3 0.818
>60 221 108 61 18 15 14 5
P (compared to Total) 0.8435 0.9706 0.6075 0.4136 0.3318 0.9568
Smoking history
Nonsmoker 312 163 79 31 16 18 5
0.0013
Smoker 153 63 49 10 22 4 5
P (compared to Total) 0.1904 0.2922 0.2995 0.0025 0.1691 0.3119
Differentiation
High 178 100 42 16 1 18 1
Intermediate 164 88 47 16 5 3 5 <0.0001
Poor 123 38 39 9 32 1 4
P (compared to Total) 0.0186 0.4817 0.7996 <0.0001 0.0002 0.1876
Stage
I 211 107 58 18 11 14 3
11 67 33 14 8 8 2 2
0.4801
A 136 62 41 12 12 6 3
mB/1V 51 24 15 3 7 0 2
P (compared to Total) 0.9555 0.7537 0.7648 0.1758 0.2236 0.6957

LPA: lepidic predominant adenocarcinoma; APA: acinar predominant adenocarcinoma; PPA: papillary predominant
adenocarcinoma; MPA: micropapillary predominant adenocarcinoma; SPA: solid predominant adenocarcinoma; IMA:
invasive mucinous adenocarcinoma. P-values were determined by Chi-square test; red font denotes statistically significant

values.

Furthermore, we found that the genetic profiling
defined by the presence of these 5 mutated genes was
significantly different in IMA (P < 0.0001) and SPA (P
< 0.0207) subtypes but not in the other subtypes when
compared to that in all subtypes as a whole (Table 2). This
result further supports the idea that genetic profiling is
associated with pathologic characteristics.

Prognostic determination by both pathologic
subtype and tumor stage

At the time of analysis, 206 of 451 patients (45.8%)
were still alive. The median follow-up time was 68.3
months (2.4-107.9 months). We performed OS analysis
(Table 3) and found a significant difference (P < 0.003
by Log-rank Mantel-Cox test) among patients across all
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Table 2: Genetic mutations and pathological subtypes

Pathologic subtypes 5-WT EGFR+ KRAS+ ALK+ RET+ BRAF+ 5-MT  total P-value*
All subtypes N 172 229 39 17 5 3 293 465 -
% 37.0% 49.2% 8.4% 3.7%  1.1% 0.6% 63.0% 03276
LPA N 3 15 3 1 0 0 19 2
% 13.6% 68.2% 13.6% 4.5%  0.0% 0.0% 86.4%
IMA N 12 12 10 5 0 2 29 41
<0.0001
% 29.3% 29.3%  24.4% 122%  0.0% 4.9% 70.7%
APA N 40 75 8 4 1 0 88 128
0.5203
% 31.3% 58.6% 6.3% 3.1%  0.8% 0.0% 68.8%
PPA N 98 110 13 2 2 1 128 226 0.1903
% 43.4% 48.7% 5.8% 0.9%  0.9% 0.4% 56.6% '
MPA N 6 3 1 0 0 0 4 10
0.7471
% 60.0% 30.0% 10.0%  0.0%  0.0% 0.0% 40.0%
SPA N 13 14 4 5 2 0 25 38
0.0207
% 34.2% 36.8% 10.5% 13.2% 5.3% 0.0% 65.8%
P-value® 0.0282  0.0025 0.0002 0.2271 0.0127 0.0136 <0.0001#

WT: wild-type; MT: mutant; Bold font denotes the subtype with the highest mutation rate. Red color indicates statistical
significance; *compared to all subtypes; Scompared to all negative groups; “comparing all pathological subtypes and all

genotypes.

Table 3: OS analysis of lung adenocarcinomas with different pathologic subtypes and driver mutations

Median OS (months)

Pathologic
subtypes ALL EGFR+ KRAS+ ALK+ RET+ BRAF+ 5-WT
n=451 n=224 P n=37 P n=14 P n=5 P n=3 P*  n=168
LPA NR NR 0.28 NR 0.317 - - - - - - 90.5
IMA NR NR 0.769 NR 0434 72 0.671 - - 222 0.002 625
PPA 77.5 71.4 0.388 81.5 0.681 84 0.004 153 <0.001 103 <0.001 80
APA 70.4 72.1 0.775 67.5 0794 53 0.887 NR  0.391 - - 65.7
MPA 334 NR 0.147 40 0.919 - - - - - - 22.8
SPA 24.5 17.9 0.468 124 0912 484 0262 NR 0.069 - - 26.9
All 71.4 0.977 NR 0.185 484 0526 NR 0.697 103 <0.001 753
subtypes
P* 0.003

*Compared with 5-WT group; *compared across all subtypes and genotypes. P < 0.05 was considered as statistically

significant (in red); NR: not reached.

subtypes harboring different genetic mutations (Table 3).
We also performed a 5-year OS analysis (Figures 1-3),
which showed a significant difference among different
pathological subtypes (X?=46.13, P < 0.001 by Log-
rank Mantel-Cox test, Figure 1A). The overall median
S-year OS was not reached in subtypes LPA, IMA, APA,
and PPA, while it was 36.7 and 25.7 months in MPA and

SPA subtypes, respectively. The 5-year survival rate was
57.87% for all patients and 93.33%, 67.65%, 56.25%,
61.50%, 40.00%, 23.68%, and 57.87% for subtypes LPA,
IMA, APA, PPA, MPA, and SPA, respectively.

Based on both 5-year OS and pathological
subtypes, the patients can be divided into three distinct
pathology-based prognostic groups (PPGs): PPG1: LPA
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(favorable), PPG2: IMA+APA+PPA (intermediate), and
PPG3: MPA+SPA (poor). The 5-year OS was significantly
different among the three PPGs (Table 4 and Figure 1B).
The survival rate was 93.33%, 60.31%, and 27.08% for
PPG1, PPG2, and PPG3, respectively. The 5-year OS
was also significantly different or had a trend toward
significance among the three groups at either lower (Stage
I-1I) or higher (III-1V) stages (Figure 1C). Interestingly,
our OS analysis indicates that OS was not always better
in patients at lower stages (I-II) than those at advanced
stages (III-1V); e.g., PPG1 patients at advanced stages I11-
IV have a more favorable prognosis than PPG3 patients at
lower stages I-11 (Figure 1D).

Genetic influence on pathology-based prognosis

We next performed a S-year OS analysis by
genotypes. The 6 genetic groups (5 with mutated genes
and 1 without) differed significantly in OS (P = 0.0037
by Log-rank Mantel-Cox test, n = 451, Figure 2A). A
significant difference in OS was found between the BRAF
(+) group (n = 3) and other mutated groups or the 5-gene
negative group (P < 0.01, Figure 2A). Further analysis
indicates that both BRAF and RET mutant patients showed
a significant difference in OS for those in stage III/IV but
not those in stage I/Il when compared to other mutant
or WT patients (P < 0.05 in each case, Figure 2B-2C).

5-year overall survival

A 5-year overall survival
100+
100+ —— LPA ©
_ 2 *
g — IMA s 757
s APA 2 wx
a PPA £ 501 "
s 501 —— MPA o
s SPA o 254
& 254 Log rank test:
Log rank test: X%=45.70, P < 0.0001
X?=49.60, P < 0.0001 0 T T T T T 1
0 T T T T T 1 0 12 24 36 48 60 72
0 12 24 36 48 60 72 Months elapsed
Months elapsed — PPG1 — PPG2 —— PPG3
C 5-year overall survival by stages _
I-I/PPG1
0.11
_ 10 PGz 5 |T
g *%
T 75 HpPGs  J A
=]
(7]
c 501 - _
e -IV/IPPG1
5 0.17
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0 T T L} T T 1
0 12 24 3 48 60 72 i-viPPG3 1 -~
Months elapsed
D
Subtype (Stage + PPGs) Median OS (months)  Prognosis
Stage I-Il PPG1 (LPA) NR Favorable
Stage I-Il PPG2 (IMA+APA+PPA) NR
Stage llI-IV PPG1 (LPA) NR
Stage I-Il PPG3 (MPA+SPA) 52.75
Stage llI-IV PPG2 (IMA+APA+PPA) 40.7
Stage llI-IV PPG3 (MPA+SPA) 20.75 Poor

Figure 1: Stage-dependent prognosis was altered by pathological characteristics. (A) 5-year OS curve by pathological
subtypes. (B) 5-year OS curve by pathology-based prognostic group (PPG): PPG1=LPA; PPG2=IMA+APA+PPA; PPG3=MPA+SPA. (C)
S-year OS curve by both pathologic subtype and stage. (D) Schematic diagram showing the order of prognosis determined by pathologic
subtype and stage. *P < 0.05 and **P < 0.01 considered as statistically significant or highly significant, respectively.
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5-year overall survival by genotype
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Figure 2: Genetic mutation-induced variation in prognosis was stage-dependent. (A) Survival curve of 5-year OS by
genotype showed that patients with BRAF mutations had a significantly worse OS than patients with other genotypes. (B) Survival curve
showed that there was no significant difference in 5-year OS among stage I-II patients with different genotypes. (C) Patients with BRAF
or RET mutations showed a significantly worse OS than patients with other genotypes at stage III/IV. *P < 0.05 considered as statistically
significant.
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These results suggest that the genetic mutation-induced
prognostic variation is stage-dependent.

To further determine the impact of genetic mutations
on pathology- or PPG-based prognosis, we next performed
a 5-year OS analysis according to 6 different genotypes
in all three PPGs (Figure 3). Our results show that PPG-
based OS was significantly influenced by the status
of genetic mutations. We also found that mutations in
ALK, RET, and BRAF were predominantly detected in
prognostically unfavorable groups (PPG2 and 3). Based
on this observation, we combined ALK, RET, and BRAF
together (ARB) and performed individual 5-year OS
analyses in PPG2 and PPG3, but not PPG1, in which the
sample size was too small to give meaningful results.
In PPG2, patients with EGFR, KRAS, or WT genotypes
(WEK) had a significantly better prognosis than those
with ARB genotypes (Figure 3B). Strikingly, in contrast

to PPG2, the patients with ARB actually exhibited a
better prognosis than those with WEK genotypes in PPG3
(Figure 3C). Finally we plotted a survival curve with all
PPGs divided into WEK and ARB genotypes (except
PPG1-ARB with no patients detected) and showed that
the positivity of prognosis was in the order of PPG1-WEK
> PPG2-WEK > PPG3-ARB > PPG2-ARB > PPG3-WEK
(Figure 3D). PPG3-ARB patients actually showed a better
prognosis than both PPG2-ARB and PPG3-WEK.

DISCUSSION

In this study, we have integrated the effects of tumor
stage, pathological characteristics, and genetic mutations
in determining the prognosis of NSCLC in a cohort of
465 Chinese patients. We identified the clinical features
smoking habit and tumor cell differentiation as associated

A 5.year OS B 5-year OS by genotype in PPG2
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5-year overall survival by PPG and genotype
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Figure 3: Overall survival determined by both PPG and genetic mutations. (A) Survival curve plotted based on both PPG and
genotype. 1, 2, and 3 denote PPG1, 2, and 3, respectively. (B-C) Survival curves by genotypes (ALK, RET, and BRAF were grouped together
as ARB) in PPG2 (B) and PPG3 (C) patients. (D) Survival curve according to PPG and combined genotypes (ARB=ALK+RET+BRAF
and WEK=WT+EGFR+KRAS). The order of prognosis from favorable to poor is indicated in the right panel. *P < 0.05 considered as

statistically significant.
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Table 4: Five-year OS in 3 pathology-based prognostic groups
PPG1 PPG2
5-year OS
X2 P X2 P

PPG1 (LPA) - -
PPG2 (IMA+APA+PPA) 5.656 0.0174 - -
PPG3 (MPA+SPA) 16.87 0.0001 37.58 0.0001
with pathological subtypes. Based on patients’ prognostic EGFR mutation had a similar prognosis to those with
values, six pathology-based subtypes can be recategorized APA, suggesting that the presence of EGFR mutations
as 3 groups that we designated as PPG1, PPG2 and PPG3 significantly altered the prognosis of MPA [25].
corresponding to favorable to poor OS. This pathology- Interestingly, we observed that there is a trend toward
defined prognosis is also dependent on both tumor stage significance in the difference between patients with and
and the status of genetic mutations in the EGFR, KRAS, without EGFR mutations in the MPA subtype. However,
ALK, RET, and BRAF genes. The reverse dependence of a contradictory result was obtained in a separate study
the mutation status on prognosis is also true. Specifically, [26], which showed that, even in the EGFR-mutant
the stage-dependent prognosis can be altered by pathologic group, patients with an MPA tumor component still
characteristics, while PPG-defined favorability can be had a worse prognosis than patients without an MPA
reversed by the presence of genetic mutations related to component. The discrepancy is likely due to a difference
ALK, RET and BRAF (Figure 4A). in the criteria of patient selection for performance of this

Our study not only verified previous findings but comparison. Furthermore, other studies have reported
also illustrated new discoveries. Previous studies have that chemotherapy increased disease-free survival
shown that both pathologic subtypes and driver genes are (DFS) or OS in MPA [27, 28]. It is therefore clear that
important prognostic factors and that these two factors pathology-determined prognoses can be significantly
might be associated in lung adenocarcinomas [15-20, affected by genetic mutations as well as other factors.
22, 23]. For example, a study conducted in a Chinese ALK-fusions induce the activation of downstream
population found a correlation between IMA and genetic canonical PI3K/AKT as well as MAPK/ERK pathways
mutations in KRAS and ALK [24]. In line with that [29]. RET promotes cell growth through multilevel
report, we also found that KRAS mutations were most activation of STAT3 signaling [30]. Patients with ALK
frequently detected in the IMA subtype, while ALK was or RET fusion genes share many clinical characteristics,
most frequently detected in both IMA and SPA subtypes at including lymphatic metastasis and subsequently worse
nearly identical rates. Moreover, we also found that BRAF prognoses [31-33]. Consistent with these findings, we
mutations were associated with the IMA subtype, while found that the prognosis of PPA patients with ALK or
EGFR mutations were most frequently found in LPA and RET fusion genes was significantly worse than those
RET in SPA. Thus, mutations in 4 out of 5 driver genes without (Table 3). Although targeted therapy [13, 34] and
were associated with either the IMA or SPA subtype, pemetrexed-based chemotherapy [35, 36] appear to be
although LPA was the most frequently mutated subtype particularly effective in ALK- and/or RET-positive patients
due to the high mutation rate in EGFR. when pathologic characteristics are not considered, it

Further stratification has shown that the status remains to be determined whether these therapeutic
of driver mutations added prognostic value to that of regimes also effectively improve OS in ALK- or RET-
the pathologic subtype alone. It was reported that the positive PPA patients.
appearance of KRAS and BRAF mutations affect the Our results indicate that pathological subtypes are
prognosis of stage IIIA patients with PPA and APA correlated with different prognoses. Such correlations
compared to a group without these mutations [24]. were even stronger when the six pathology-based
In our cohort, we also found that mutations in BRAF, subtypes were further re-classified into three prognostic
but not in KRAS, significantly worsen OS in both groups PPG1 to PPG3, representing favorable to poor
PPA and IMA subtypes. The small discrepancy may prognosis. Most strikingly, the prognostic pattern
reflect a difference between patients’ disease stages defined by PPG can be altered by both tumor stage
in the two studies. A different study has shown that (Figure 4 left) and genetic mutations (Figure 4 right).
although patients of stage III with APA had a better It was especially interesting that the presence of ARB
prognosis than those with MPA, MPA patients with an (Alk, RET, or BRAF) mutations added an opposite
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prognostic value to OS when comparing patients in the
PPG2 and PPG3 groups. While ARB mutations caused
a worse prognosis in PPG2 patients, they triggered a
more favorable prognosis in PPG3 patients. However, it
should be noted that the number of patients with BRAF
and RET was small, thus limiting the power of statistical
interpretation of the related results.

In summary, we demonstrated that pathologic
subtype has a significant impact on a patient’s prognosis

A

with the LPA subtype having the most favorable OS and
SPA the least. This impact was even more obvious when
6 pathologic subtypes were re-classified into 3 prognostic
groups. However, the pathology-dependent prognosis
was further influenced by both tumor stage and genetic
mutations. The consideration of all three factors can
provide a more accurate prognosis and result in a more
precise diagnosis and treatment regimen for NSCLC
(Figure 4B).

Stage PPG Mutation Prognosis
PPG1-Stage I/l Favorable
PPG2-Stage I/l PPG1 PPG1-WEK
PPG1-Stage IIl/IV PPG2-WEK
PPG2
PPG3-Stage I/l PPG3-ARB
PPG2-Stage II/IV PPG3 PPG2-ARB AN
Poor
PPG3-Stage IlI/IV PPG3-WEK
B
Stage I-1V lung cancer
Routine diagnosis
lppG ~| PPG3-ARB | |
ARB ) » Poor prognosis
- - >
PPG2-Stage I-llI « Consider
PPG2-S Vv PPG2-ARB ~ « targeted therapy and/or
~Stage > gene « intense chemotherapy
screening || PPG3-WEK | |

PPG3-Stage I-IV

Figure 4: Schematic drawing indicates prognosis determined by tumor pathology, stage, and genetic mutation. (A)
Pathology-based prognosis (PPG) was significantly affected by both tumor stage and oncogenic driver mutations. (B) Proposed modification
of tumor stage-based routine diagnostic procedures by combining pathologic subtyping and molecular characterization. According to this
proposal, lung cancer patients would be subjects for PPG subtyping in addition to routine diagnostic procedures. All PPG2 and 3 patients
would then be screened by either ARB or 5 gene-screening. Through these additional procedures additional subgroups of patients with poor
prognosis can be isolated and considered for targeted therapy and/or intense chemotherapy.
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MATERIALS AND METHODS

Patient population and study design

This retrospective study was approved by the
Institutional Review Board of our institute. From
2004 to 2012, tumor samples were collected from 465
patients with lung adenocarcinoma by surgical resection
performed at Shanghai Chest Hospital, Shanghai Jiao
Tong University, Shanghai, China. This cohort included
399 radical and 66 palliative surgeries. Tumor tissues
were preserved as formalin-fixed, paraffin-embedded
sections. Patients were excluded if (1) they previously
received neoadjuvant radio-, chemo-, or targeted
therapy; (2) histological samples were insufficient
for genetic testing; or (3) they were diagnosed with
metastatic lung adenocarcinoma. After surgery, all
patients in stage IIA-IV received platinum-based
combination chemotherapy every 4 weeks including
Vinorelbine+Cisplatin, Gemcitabine+Cisplatin  or
Vinorelbine+Carboplatin, while no therapy was
required for stage I patients. 87.4% of the patients
receiving therapies were treated for 4 cycles, while
12.6% received only 2-3 cycles due to adverse effects.
Patients with positive bronchial stump (26 cases, 5.6%)
received adjuvant radiotherapy. Thirty patients received
EGFR-TKIs after recurrence, including 23 cases with
EGFR mutations. Clinical information including sex,
age, smoking history (nonsmoker means <100 cigarettes
ever), cancer stage, and tumor cell differentiation was
also collected.

The patients were monitored by Chest CT and
abdominal ultrasonography every three months after
surgery. After release from the hospital, patients were
followed through the outpatient program or phone calls
every half year. The records of overall survival (OS),
defined as the survival time from surgery to death or the
last follow-up, was available for 451 patients, but not for
the remaining 14 patients, which resulted in a follow-up
rate of 97% (451/465).

Pathology evaluation

Two clinical pathologists conducted the pathological
evaluations independently. The classification of 6 lung
adenocarcinoma subtypes was conducted following the
2011 TASLC/ATS/ERS guidelines [14]. The pathological
staging was reassessed with the new international tumor-
node-metastasis (TNM) staging system for lung cancer
approved by the American Joint Committee on Cancer
(AJCC, 7™ edition) [37]. Tumor specimens were also
divided into high, intermediate, and poor groups according
to the degree of tumor cell differentiation.

Molecular analysis

Molecular analyses of EGFR, KRAS, BRAF, ALK,
and RET were performed as described elsewhere [13, 38].
In brief, detection of genetic mutations in EGFR, KRAS,
and BRAF was performed on genomic DNA, whereas ALK
and RET fusions were determined using total RNA. Both
genomic DNA and total RNA were extracted from FFPE
sections. The EGFR, KRAS, and BRAF mutations were
analyzed by fluorescent real-time PCR using a Human
EGFR Mutation Detection Kit and a Human KRAS and
BRAF Mutation Detection Kit (Yuanqi Bio-Pharmaceutical
Co., Ltd., Shanghai, China). ALK and RET fusion variants
were detected by multiplex One-step RT-PCR using a
Human Lung Cancer Related Fusion Gene Detection Kit
(Yuanqi Bio-Pharmaceutical Co.). We detected EML4-
ALK fusion variants including EML4-E2 (V5a and
5b), EML4-E6 (V3a and 3b), EML4-E13 (V1 and 6),
EML4-E14 (V4b and 7), EML4-E15 (V4a), EML4-E17
(V9), EML4-E20 (V2), and other ALK fusion variants
including TGF-ALK, KLCI1-ALK, and three KIF5B-ALK
variants (KIFSB-E15, KIF5B-E17, and KIFSB-E24). We
conducted both PCR and RT-PCR on a 7500 Real Time
PCR System (ABI, Waltham, MA). We sequenced all
PCR and RT-PCR products by direct sequencing to verify
the presence of genetic mutations or gene fusions. The
sequences of all PCR primers and sequencing probes can
be found in our previously published study [38].

Statistics

The data were analyzed using SPSS 16.0 software.
Pearson’s chi-square test was used for comparisons
between groups. Fisher’s exact test was used when the
theoretical frequency was <5. Kaplan-Meier assays were
used for the OS curves and the statistical difference was
calculated by the Log-rank Mantel-Cox test. P < 0.05 was
considered as statistically significant.

Abbreviations

LPA, lepidic-predominant  adenocarcinoma;
APA, acinar-predominant adenocarcinoma; PPA,
papillary-predominant adenocarcinoma; MPA,

micropapillary-predominant adenocarcinoma; SPA, solid-
predominant adenocarcinoma; IMA, invasive mucinous
adenocarcinoma; OS, overall survival, NSCLC, non-
small cell lung cancer; TKIs, tyrosine kinase inhibitors;
COQO, cell-of-origin; TNM, tumor-node-metastasis; AJCC,
American Joint Committee on Cancer.

Author contributions

YD, BJ and BH designed the study. YD, BJ, YL, JZ,
JS and HP performed the experiments. YD, BJ, ST, and
BH performed data analysis and wrote the manuscript. All
authors reviewed and approved the manuscript.

www.impactjournals.com/oncotarget

82253

Oncotarget



CONFLICTS OF INTEREST

The authors have declared no conflicts of interest.

FUNDING

This work was supported by Shanghai Jiaotong

University Medical School Innovative Translational
Research Fund, #15ZH4009, Shanghai Health System
Major Disease Joint Research Project-Major Project:
Application of Imaging in Screening Early Lung Cancer
in Community, #2013ZYJB0402, and Shanghai Municipal
Human Resource and Social Security Bureau Leadership
Talent Project # 052.

REFERENCES

Chen WQ, Zeng HM, Zheng RS, Zhang SW, He J. Cancer
incidence and mortality in china, 2007. Chin J Cancer Res.
2012; 24:1-8.

Choi YL, Sun JM, Cho J, Rampal S, Han J, Parasuraman B,
Guallar E, Lee G, Lee J, Shim YM. EGFR mutation testing
in patients with advanced non-small cell lung cancer: a
comprehensive evaluation of real-world practice in an East
Asian tertiary hospital. PLoS One. 2013; 8:e56011.

Sequist LV, Heist RS, Shaw AT, Fidias P, Rosovsky R,
Temel JS, Lennes IT, Digumarthy S, Waltman BA, Bast
E, Tammireddy S, Morrissey L, Muzikansky A, et al.
Implementing multiplexed genotyping of non-small-cell
lung cancers into routine clinical practice. Ann Oncol. 2011;
22:2616-2624.

Sun Y, Ren Y, Fang Z, Li C, Fang R, Gao B, Han X, Tian
W, Pao W, Chen H, Ji H. Lung adenocarcinoma from
East Asian never-smokers is a disease largely defined by
targetable oncogenic mutant kinases. J Clin Oncol. 2010;
28:4616-4620.

Hsu KH, Ho CC, Hsia TC, Tseng JS, Su KY, Wu MF, Chiu
KL, Yang TY, Chen KC, Ooi H, Wu TC, Chen HJ, Chen
HY, et al. Identification of five driver gene mutations in
patients with treatment-naive lung adenocarcinoma in
Taiwan. PLoS One. 2015; 10:¢0120852.

Marchetti A, Martella C, Felicioni L, Barassi F, Salvatore
S, Chella A, Camplese PP, Iarussi T, Mucilli F, Mezzetti A,
Cuccurullo F, Sacco R, Buttitta F. EGFR mutations in non-
small-cell lung cancer: analysis of a large series of cases and
development of a rapid and sensitive method for diagnostic
screening with potential implications on pharmacologic
treatment. J Clin Oncol. 2005; 23:857-865.

Soda M, Choi YL, Enomoto M, Takada S, Yamashita
Y, Ishikawa S, Fujiwara S, Watanabe H, Kurashina
K, Hatanaka H, Bando M, Ohno S, Ishikawa Y, et al.
Identification of the transforming EML4-ALK fusion gene
in non-small-cell lung cancer. Nature. 2007; 448:561-566.
Kohno T, Ichikawa H, Totoki Y, Yasuda K, Hiramoto M,
Nammo T, Sakamoto H, Tsuta K, Furuta K, Shimada Y,

10.

11.

12.

13.

14.

15.

16.

17.

18.

Iwakawa R, Ogiwara H, Oike T, et al. KIF5B-RET fusions
in lung adenocarcinoma. Nat Med. 2012; 18:375-377.

Takeuchi K, Soda M, Togashi Y, Suzuki R, Sakata S,
Hatano S, Asaka R, Hamanaka W, Ninomiya H, Uehara H,
Lim Choi Y, Satoh Y, Okumura S, et al. RET, ROS1 and
ALK fusions in lung cancer. Nat Med. 2012; 18:378-381.
Bergethon K, Shaw AT, Ou SH, Katayama R, Lovly CM,
McDonald NT, Massion PP, Siwak-Tapp C, Gonzalez
A, Fang R, Mark EJ, Batten JM, Chen H, et al. ROS1
rearrangements define a unique molecular class of lung
cancers. J Clin Oncol. 2012; 30:863-870.

Davies H, Bignell GR, Cox C, Stephens P, Edkins S, Clegg
S, Teague J, Woffendin H, Garnett MJ, Bottomley W, Davis
N, Dicks E, Ewing R, et al. Mutations of the BRAF gene in
human cancer. Nature. 2002; 417:949-954.

Mok TS, Wu YL, Thongprasert S, Yang CH, Chu DT, Saijo
N, Sunpaweravong P, Han B, Margono B, Ichinose Y,
Nishiwaki Y, Ohe Y, Yang JJ, et al. Gefitinib or carboplatin-
paclitaxel in pulmonary adenocarcinoma. N Engl J Med.
2009; 361:947-957.

Kwak EL, Bang YJ, Camidge DR, Shaw AT, Solomon B,
Maki RG, Ou SH, Dezube BJ, Janne PA, Costa DB, Varella-
Garcia M, Kim WH, Lynch TJ, et al. Anaplastic lymphoma
kinase inhibition in non-small-cell lung cancer. N Engl J
Med. 2010; 363:1693-1703.

Travis WD, Brambilla E, Noguchi M, Nicholson AG,
Geisinger KR, Yatabe Y, Beer DG, Powell CA, Riely
GJ, Van Schil PE, Garg K, Austin JH, Asamura H, et al.
International association for the study of lung cancer/
American thoracic society/European respiratory society
international multidisciplinary classification of lung
adenocarcinoma. J Thorac Oncol. 2011; 6:244-285.

Yoshizawa A, Motoi N, Riely GJ, Sima CS, Gerald
WL, Kris MG, Park BJ, Rusch VW, Travis WD. Impact
of proposed IASLC/ATS/ERS classification of lung
adenocarcinoma: prognostic subgroups and implications for
further revision of staging based on analysis of 514 stage |
cases. Mod Pathol. 2011; 24:653-664.

Warth A, Muley T, Meister M, Stenzinger A, Thomas M,
Schirmacher P, Schnabel PA, Budczies J, Hoffmann H,
Weichert W. The novel histologic International Association
for the Study of Lung Cancer/American Thoracic Society/
European Respiratory Society classification system of
lung adenocarcinoma is a stage-independent predictor of
survival. J Clin Oncol. 2012; 30:1438-1446.

Hung JJ, Yeh YC, Jeng WJ, Wu KJ, Huang BS, Wu YC,
Chou TY, Hsu WH. Predictive value of the international
association for the study of lung cancer/American Thoracic
Society/European Respiratory Society classification of lung
adenocarcinoma in tumor recurrence and patient survival. J
Clin Oncol. 2014; 32:2357-2364.

Yoshizawa A, Sumiyoshi S, Sonobe M, Kobayashi M,
Fujimoto M, Kawakami F, Tsuruyama T, Travis WD,
Date H, Haga H. Validation of the IASLC/ATS/ERS lung
adenocarcinoma classification for prognosis and association

WWw

.impactjournals.com/oncotarget

82254

Oncotarget



19.

20.

21.

22.

23.

24.

25.

26.

27.

with EGFR and KRAS gene mutations: analysis of 440
Japanese patients. J Thorac Oncol. 2013; 8:52-61.

Tsuta K, Kawago M, Inoue E, Yoshida A, Takahashi F,
Sakurai H, Watanabe S, Takeuchi M, Furuta K, Asamura
H, Tsuda H. The utility of the proposed IASLC/ATS/ERS
lung adenocarcinoma subtypes for disease prognosis and

correlation of driver gene alterations. Lung Cancer. 2013;
81:371-376.

Cha MJ, Lee HY, Lee KS, Jeong JY, Han J, Shim YM,
Hwang HS. Micropapillary and solid subtypes of invasive
lung adenocarcinoma: clinical predictors of histopathology
and outcome. J Thorac Cardiovasc Surg. 2014; 147:921-
928.e2.

Mansuet-Lupo A, Bobbio A, Blons H, Becht E, Ouakrim
H, Didelot A, Charpentier MC, Bain S, Marmey B, Bonjour
P, Biton J, Cremer I, Dicu-Nosjean MC, et al. The new
histologic classification of lung primary adenocarcinoma
subtypes is a reliable prognostic marker and identifies
tumors with different mutation status: the experience of a
French cohort. Chest. 2014; 146:633-643.

Warth A, Penzel R, Lindenmaier H, Brandt R, Stenzinger
A, Herpel E, Goeppert B, Thomas M, Herth FJ,
Dienemann H, Schnabel PA, Schirmacher P, Hoffmann
H, et al. EGFR, KRAS, BRAF and ALK gene alterations
in lung adenocarcinomas: patient outcome, interplay with
morphology and immunophenotype. Eur Respir J. 2014;
43:872-883.

Marchetti A, Felicioni L, Malatesta S, Grazia Sciarrotta M,
Guetti L, Chella A, Viola P, Pullara C, Mucilli F, Buttitta F.
Clinical features and outcome of patients with non-small-
cell lung cancer harboring BRAF mutations. J Clin Oncol.
2011; 29:3574-3579.

HuH, PanY, LiY, Wang L, Wang R, Zhang Y, Li H, Ye T,
Zhang Y, Luo X, Shao L, Sun Z, Cai D, et al. Oncogenic
mutations are associated with histological subtypes but
do not have an independent prognostic value in lung
adenocarcinoma. Onco Targets Ther. 2014; 7:1423-1437.
Russell PA, Barnett S, Walkiewicz M, Wainer Z, Conron
M, Wright GM, Gooi J, Knight S, Wynne R, Liew D,
John T. Correlation of mutation status and survival with
predominant histologic subtype according to the new
IASLC/ATS/ERS lung adenocarcinoma classification in
stage I1I (N2) patients. J Thorac Oncol. 2013; 8:461-468.
Chao L, Yi-Sheng H, Yu C, Li-Xu Y, Xin-Lan L, Dong-
Lan L, Jie C, Yi-Lon W, Hui LY. Relevance of EGFR
mutation with micropapillary pattern according to the
novel IASLC/ATS/ERS lung adenocarcinoma classification
and correlation with prognosis in Chinese patients. Lung
Cancer. 2014; 86:164-169.

Tsao MS, Marguet S, Le Teuff G, Lantuejoul S, Shepherd
FA, Seymour L, Kratzke R, Graziano SL, Popper HH,
Rosell R, Douillard JY, Le-Chevalier T, Pignon JP, et al.
Subtype classification of lung adenocarcinoma predicts
benefit from adjuvant chemotherapy in patients undergoing
complete resection. J Clin Oncol. 2015; 33:3439-3446.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

Campos-Parra AD, Aviles A, Contreras-Reyes S, Rojas-
Marin CE, Sanchez-Reyes R, Borbolla-Escoboza RIJ,
Arrieta O. Relevance of the novel IASLC/ATS/ERS
classification of lung adenocarcinoma in advanced disease.
Eur Respir J. 2014; 43:1439-1447.

Zimmermann S, Peters S. Going beyond EGFR. Ann Oncol.
2012; 23:x197-203.

Qian Y, Chai S, Liang Z, Wang Y, Zhou Y, Xu X, Zhang
C, Zhang M, Si J, Huang F, Huang Z, Hong W, Wang
K. KIF5B-RET fusion kinase promotes cell growth by
multilevel activation of STAT3 in lung cancer. Mol Cancer.
2014; 13:176.

Pan Y, Zhang Y, Li Y, Hu H, Wang L, Li H, Wang R,
Ye T, Luo X, Zhang Y, Li B, Cai D, Shen L, et al. ALK,
ROS1 and RET fusions in 1139 lung adenocarcinomas: a
comprehensive study of common and fusion pattern-specific
clinicopathologic, histologic and cytologic features. Lung
Cancer. 2014; 84:121-126.

Paik JH, Choi CM, Kim H, Jang SJ, Choe G, Kim DK,
Kim HJ, Yoon H, Lee CT, Jheon S, Choe JY, Chung JH.
Clinicopathologic implication of ALK rearrangement in
surgically resected lung cancer: a proposal of diagnostic
algorithm for ALK-rearranged adenocarcinoma. Lung
Cancer. 2012; 76:403-409.

Wang R, Hu H, Pan Y, Li Y, Ye T, Li C, Luo X, Wang L,
LiH, Zhang Y, Li F, Lu Y, Lu Q, et al. RET fusions define
a unique molecular and clinicopathologic subtype of non-
small-cell lung cancer. J Clin Oncol. 2012; 30:4352-4359.
Mukhopadhyay S, Pennell NA, Ali SM, Ross JS, Ma
PC, Velcheti V. RET-rearranged lung adenocarcinomas
with and
clinical responses to cabozantinib. J Thorac Oncol. 2014;
9:1714-1719.

Park S, Park TS, Choi CM, Lee DH, Kim SW, Lee JS, Kim
WS, Song JS, Lee JC. Survival benefit of pemetrexed in
lung adenocarcinoma patients with anaplastic lymphoma
kinase gene rearrangements. Clin Lung Cancer. 2015;
16:¢83-89.

Duchemann B, Friboulet L, Besse B. Therapeutic

lymphangitic spread, psammoma bodies,

management of ALK+ nonsmall cell lung cancer patients.
Eur Respir J. 2015; 46:230-242.

Goldstraw P, Crowley J, Chansky K, Giroux DJ, Groome
PA, Rami-Porta R, Postmus PE, Rusch V, Sobin L;
International Association for the Study of Lung Cancer
International Staging Committee, Participating Institutions.
The IASLC Lung Cancer Staging Project: proposals for the
revision of the TNM stage groupings in the forthcoming
(seventh) edition of the TNM Classification of malignant
tumours. J Thorac Oncol. 2007; 2:706-714.

Dong YU, Ren W, Qi J, Jin BO, Li Y, Tao H, Xu R, Li
Y, Zhang Q, Han B. EGFR, ALK, RET, KRAS and BRAF
alterations in never-smokers with non-small cell lung
cancer. Oncol Lett. 2016; 11:2371-2378.

WWw

.impactjournals.com/oncotarget

82255

Oncotarget



