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ABSTRACT
Introduction: Large cell lung cancer (LCLC) and large cell
neuroendocrine carcinoma (LCNEC) constitute a small
proportion of NSCLC. The WHO 2015 classiﬁcation guidelines changed the deﬁnition of the debated histological
subtype LCLC to be based on immunomarkers for adenocarcinoma and squamous cancer. We sought to determine
whether these new guidelines also translate into the transcriptional landscape of lung cancer, and LCLC speciﬁcally.
Methods: Gene expression proﬁling was performed by
using Illumina V4 HT12 microarrays (Illumina, San Diego,
CA) on samples from 159 cases (comprising all histological
subtypes, including 10 classiﬁed as LCLC WHO 2015 and 14
classiﬁed as LCNEC according to the WHO 2015 guidelines),
with complimentary mutational and immunohistochemical
data. Derived transcriptional phenotypes were validated in
199 independent tumors, including six WHO 2015 LCLCs
and ﬁve LCNECs.
Results: Unsupervised analysis of gene expression data
identiﬁed a phenotype comprising 90% of WHO 2015
LCLC tumors, with characteristics of poorly differentiated
proliferative cancer, a 90% tumor protein p53 gene
(TP53) mutation rate, and lack of well-known NSCLC
oncogene driver alterations. Validation in independent
data conﬁrmed aggregation of WHO 2015 LCLCs in the
speciﬁc phenotype. For LCNEC tumors, the unsupervised
gene expression analysis suggested two different transcriptional patterns corresponding to a proposed genetic
division of LCNEC tumors into SCLC-like and NSCLC-like
cancer on the basis of TP53 and retinoblastoma 1 gene
(RB1) alteration patterns.

Conclusions: Reﬁned classiﬁcation of LCLC has implications for diagnosis, prognostics, and therapy decisions. Our
molecular analyses support the WHO 2015 classiﬁcation of
LCLC and LCNEC tumors, which herein follow different
tumorigenic paths and can accordingly be stratiﬁed into
different transcriptional subgroups, thus linking diagnostic
immunohistochemical staining–driven classiﬁcation with
the transcriptional landscape of lung cancer.
 2017 International Association for the Study of Lung
Cancer. Published by Elsevier Inc. This is an open access
article under the CC BY-NC-ND license (http://
creativecommons.org/licenses/by-nc-nd/4.0/).
Keywords: Lung cancer; Large cell lung carcinoma; LCNEC;
Mutation; Gene expression; WHO classiﬁcation

Introduction
NSCLC accounts for most lung cancers and is
dominated by the histological subtypes adenocarcinoma, squamous cell carcinoma (SqCC), and large cell
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carcinoma with or without neuroendocrine features
(LCNEC and LCLC, respectively) LCLC and LCNEC
together account for 2% to 3% of all cases depending
on cohort demographics and classiﬁcation scheme.1 In
the WHO 2004 classiﬁcation of lung cancer, LCLC was
deﬁned as an undifferentiated NSCLC lacking architectural and cytologic features of SCLC without glandular or squamous differentiation, whereas LCNEC
was deﬁned as an LCLC with neuroendocrine
morphological features and at least one positive result
of immunohistochemical (IHC) staining for a neuroendocrine marker.2
Controversy has existed as to whether LCLCs actually
represent a truly distinct biological entity or are merely a
group of very poorly differentiated tumors of other
NSCLC histological subtypes (adenocarcinoma and/or
SqCC).3,4 The 2015 WHO classiﬁcation scheme regrouped
previously histologically deﬁned LCLCs that express
pneumocyte markers (thyroid transcription factor 1
[TTF1] and napsin A) as adenocarcinoma and those that
test positive for a squamous marker (p40, CK5/6, or p63)
as nonkeratinizing or basaloid SqCC, leaving surgically
resected tumors lacking expression of these markers
(referred to as marker null) as LCLCs.5 Furthermore,
LCNECs were separated from LCLCs because they instead
share many similarities with neuroendocrine SCLC on the
morphological, protein, mutational, DNA methylation,
and transcriptional levels, albeit with some heterogeneity
(see Rossi et al.,6 Clinical Lung Cancer Genome Project
and Network Genomic Medicine,7 and Simbolo et al.12 and
the references therein).6–12 Consistently, in the WHO
2015 update, LCNEC tumors have now been labeled
neuroendocrine together with SCLC.5
Accurate distinction of the histological subtypes is
of major clinical relevance. For SqCC, adenocarcinoma,
and neuroendocrine tumors (LCNEC or SCLC),
subtype-directed diagnostics and therapeutics are
widely established. By the reﬁned WHO 2015 classiﬁcation, a minimization of the remaining marker-null
LCLC group has been achieved. Recent studies have
suggested poorer outcome for marker-null LCLC
cases,3,8 whereas others have not found this association.13,14 Notably, all studies are still based on limited
retrospective patient cohorts, which may explain the
discrepancies. In advanced disease, the LCLC markernull counterpart, NSCLC not otherwise speciﬁed, has
been reported to have a worse patient outcome.15
LCLC tumors remain fairly uncharacterized at the
molecular level by high-dimensional genomic techniques, especially considering the otherwise strong
molecular efforts made in the WHO 2015 classiﬁcation
scheme. Recent sequencing studies have demonstrated
differences in oncogene mutation frequencies between
WHO 2004 LCLC tumors expressing adenocarcinoma
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or SqCC markers and marker-null cases.3,8,14,16 On the
transcriptional level, no studies have thus far resolved
the heterogeneity previously suggested for the LCLC
group. Importantly, only with an improved molecular
understanding can patients with marker-null LCLC
beneﬁt from the growing number of targeted treatments adopted in lung cancer.
In this study, we therefore aimed to investigate the
transcriptional landscape of LCLC and LCNEC tumors
in relation to other histological subgroups of lung
cancer. On the basis of unsupervised analysis of global
gene expression patterns in 159 surgically resected
tumors we demonstrate a WHO 2015 LCLC transcriptional phenotype. Our results link the recent lung
cancer classiﬁcation scheme with the transcriptional
landscape of the disease, now deﬁning the poorly
differentiated marker-null LCLC group as an entity
with a speciﬁc gene expression phenotype (GEP).

Materials and Methods
Patient Material Discovery Cohort
A total of 159 patients with early-stage lung cancer
surgically treated at the Skåne University Hospital in
Lund, Sweden, were collected. A total of 116 cases have
been described in previous studies8,10,17 (Table 1,
Supplementary Table 1, and Supplementary Methods).
Classiﬁcation of LCLC and LCNEC was originally
performed according to the WHO 2004 scheme2 and
later updated to the WHO 2015 scheme.5

Ethics Statement
The study was approved by the Regional Ethical
Review Board in Lund, Sweden (registration nos. 2004/
762, 2008/702, and 2014/748).

Reclassiﬁcation of LCLC by IHC Staining
Lung cancer cases with neuroendocrine morphological features that were classiﬁed as LCLC according to
the WHO 2004 guidelines were evaluated for IHC
staining of the neuroendocrine markers chromogranin A,
synaptophysin, and CD56 (see Karlsson et al.8 and
Supplementary Methods). WHO 2004–classiﬁed LCLC
cases without neuroendocrine features were analyzed
for IHC staining of CK5/P40 (squamous cell markers)
and TTF1/napsin A (adenocarcinoma markers) as
described in the Supplementary Methods and in
Karlsson et al.,8 Micke et al.,18 and Brunnström et al.19 to
classify them according to the WHO 2015 guidelines. No
LCLC case was classiﬁed as the WHO 2015
uncertain phenotype thanks to successful stains of all
cases. In addition, LCNEC cases were also analyzed by
retinoblastoma 1 (RB1) immunohistochemistry (see
Supplementary Methods).
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Table 1. Patient Characteristics and Clinicopathological
Data
Variable

Total Cohort

LCLC

No. of patients
Histological subtype
Adenocarcinoma
Squamous cell carcinoma
SCLC
LCLCa
LCNEC
LCLC immunomarker proﬁle
(excluding LCNEC)
Adenocarcinoma-like
Squamous cell carcinoma–like
Marker null
Tumor stage
I
II
III
IV
Smoking history
Never-smokers
Smokers
Not available
Sex
Female
Male
Median age (range), y
Patients evaluable for
Gene expression
Mutations

159

47

83
26
3
33
14

—
—
—
33
14

—
—
—

19 (58%)
4 (12%)
10 (30%)

120 (76%)
27 (17%)
8 (5%)
2 (1%)

24 (51%)
16 (34%)
6 (13%)
1 (2%)

19
114
26

0
23
24

85
73
67 (34–84)

24
23
63 (34–77)

159

47

Note: LCLC refers to the WHO 2004 classiﬁcation.
a
Basaloid (n ¼ 6) and lymphoepithelioma-like (n ¼ 1) cases are included in
the LCLC sample numbers.
LCLC, lung cell lung cancer; LCNEC, large cell neuroendocrine carcinoma.

Global Gene Expression Analysis Discovery
Cohort
RNA and DNA from fresh frozen tissue were extracted with the Qiagen Allprep extraction kit (Qiagen,
Hilden, Germany). Gene expression data for 43 of the
cases were generated by using the Illumina HT12 V4
microarrays (Illumina, San Diego, CA) at the Swegene
Center for Integrative Biology at Lund University. Gene
expression data were pooled with previously reported
data for 116 cases analyzed by the same expression
platform10 as described (see Supplementary Methods)
and is available as Gene Expression Omnibus series
GSE94601. Consistency in pooling of the two cohorts
was conﬁrmed by principal component analysis20 and
analysis of 16 overlapping technical replicate samples
between the two cohorts (see Supplementary Fig. 1).
Consensus clustering21 was performed as previously
described22 on mean-centered data (centering across
samples) by using probe sets with different log2 SD
cutoffs (see Supplementary Table 1). Differentially
expressed probe sets between subgroups were identiﬁed
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by signiﬁcance analysis of microarrays with a false
discovery rate threshold of 1%. For independent validation of identiﬁed transcriptional subgroups, gene
expression centroids were created as mean averages for
each gene across all samples in the respective subgroup,
as described.23
In addition, tumors were also scored according to six
expression metagenes in lung cancer representing
different biological processes and reported GEPs.10,24,25
Functional classiﬁcation was performed as described in
Supplementary Methods.

Gene Expression Analysis Validation Cohort
Validation of gene expression subgroups was performed in data provided by Djureinovic et al.26 (see
Supplementary Methods). Histological classiﬁcation of
the samples was updated according to the WHO 2015
guidelines as previously described.18

Mutational Analysis
All cases were analyzed by the Illumina TruSight Tumor
26-gene next-generation sequencing (NGS) panel (Illumina),
as described.8 In addition, LCNEC cases were screened for
retinoblastoma 1 gene (RB1) mutations by using a customdesigned bidirectional NGS panel (Illumina).

Results
IHC Reclassiﬁcation of WHO 2004 LCLC
Thirty-three lung cancer cases classiﬁed as LCLC according to the WHO 2004 guidelines were included in
the discovery cohort, of which 70% were reclassiﬁed as
variants of adenocarcinoma or SqCC on the basis of the
WHO 2015 guidelines. Speciﬁcally, 19 cases (58%) were
reclassiﬁed as adenocarcinoma on the basis of positive
expression of TTF1/napsin A, four (12%) were reclassiﬁed as SqCC on the basis of positive expression of CK5/
P40, and 10 (30%) did not express any of these IHC
markers (hereon referred to as marker-null cases) (see
Table 1).

Unsupervised Gene Expression Analysis Stratiﬁes
LCLC in Accordance with Immunomarker
Expression
To investigate whether the WHO 2015 guidelines
translated into a better transcriptional subgrouping of
LCLC, we performed unsupervised consensus clustering
of a discovery cohort comprising 159 lung cancers of all
histological subtypes, including 33 lung cancer cases that
were classiﬁed as LCLCs and 14 classiﬁed as LCNECs
according to the WHO 2004 guidelines. We ﬁrst performed iterative consensus clustering without respect to
sample annotations by using variable number of genes
(Illumina probes displaying large variation in expression
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across tumors [range 300–12581]) and evaluated cluster
solutions (k ¼ 5–11) to investigate sample cluster stability versus gene selection. Stable sample clusters
formed across a wide range of different gene sets for
different cluster solutions, indicating that gene selection
has less inﬂuence on sample grouping in this cohort
(Supplementary Fig. 2A). A similar stability was also
observed when clustering only WHO 2004 LCLC and
LCNEC cases separately (Supplementary Fig. 2B).
Next, we performed an in-depth comparison of
unsupervised transcriptional subgroups with sample
molecular and clinicopathological data. Acknowledging
that the histological subtypes of lung cancer strongly
inﬂuence the transcriptional landscape7 and that subgroups within the histological subtypes likely exist, we
chose a 10-group consensus cluster solution (k ¼ 10
with 2730 Illumina probes, corresponding to a log2ratio
standard deviation cutoff of 0.5) to be able to also study
characteristics for minor subgroups. Consistent with
previous studies,7,27 we observed a clear separation of
adenocarcinoma, SqCC, and SCLC cases into subclusters
driven by speciﬁc transcriptional programs (Fig. 1). In
agreement with recent studies,7 LCNEC tumors clustered
strongly (79% of cases) with SCLC tumors, forming a
neuroendocrine subcluster (see Fig. 1). For LCLC, 84% of
the WHO 2004 cases reclassiﬁed as adenocarcinoma-like
clustered in an adenocarcinoma-dominated subcluster,
whereas 50% of the LCLC SqCC-like cases clustered in an
SqCC-dominated subcluster (see Fig. 1). Notably, 90% of
marker-null cases (nine of 10) aggregated in a separate
transcriptional cluster (see Fig. 1 [cluster 8]), hereon
referred to as the marker-null–enriched subtype.
To investigate the robustness of the marker-null–
enriched subtype in the selected consensus clustering
solution, we applied histological annotations to the
previously performed iterative consensus clustering
(varying number of genes and cluster solutions). Reassuringly, the marker-null subtype was present in all
analyses when six consensus clusters or more were
used (Supplementary Fig. 3A). Similarly, performing
consensus clustering in only the LCLC (WHO 2004) and
LCNEC tumors also identiﬁed the marker-null cases as a
separate distinct cluster (Supplementary Fig. 3B).
Together, these results indicate that we identiﬁed, within
a general lung cancer population, stable transcriptional
subgroups describing LCLC and LCNEC in accordance
with the WHO 2015 classiﬁcation.

Molecular and Clinicopathological
Characteristics of LCNEC Tumors
The LCNEC/SCLC-dominated tumor cluster (cluster 3
in Fig. 1) was on the transcriptional level characterized
by high expression of neuroendocrine genes,
proliferation-related genes, and gene clusters 11 and 8
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metagene/Metacore (potentially representing an SRYbox 2 transcription factor–driven gene cluster based on
Metacore analysis) and by lower expression of the
napsin A/surfactant metagene and gene clusters 2 and 9
metagene/Metacore (potentially representing a MYC
transcription factor driven gene cluster based on Metacore analysis) (Figs. 1 and 2 and Supplementary Fig. 4).
In tumor cluster 3, tumor protein p53 gene (TP53) and
RB1 mutations were found in 91% and 82% of LCNEC
tumors, respectively, with RB1 mutations always
concurrently with TP53 mutations, and 91% of cases
showed absent RB1 protein expression.
Only three LCNEC tumors were not present in the
neuroendocrine cluster despite IHC expression of one or
more tested neuroendocrine markers. Interestingly, two
of three outlier cases showed distinct napsin A immunostaining, with the third case showing some focal
positive cells (all three cases were TTF1 positive but
without any clear histological adenocarcinoma component). All three outlier cases showed TP53 mutations but
positive RB1 protein expression, although one case
(located in cluster 7) had a concurrent c.841C>A
RB1 mutation (COSM5658729) together with a serine/
threonine kinase 11 gene (STK11) frameshift mutation
(c.164_165insG). Notably, cluster 7 was strongly
enriched for STK11-mutated adenocarcinomas (see
Fig. 1). Consistently, the average expression of a 16-gene
STK11 gene loss signature,28 indicating serine/threonine
kinase 11 inactivation, was higher in both LCNEC cases
located in cluster 7 (see Fig. 2B). Finally, the three non–
cluster 3 cases showed lower expression of the proliferation metagene and generally lower expression of the
neuroendocrine metagene compared to the 11 LCNEC
cases in tumor cluster 3 (see Fig. 2C and D).

Molecular and Clinicopathological
Characteristics of LCLCs Reclassiﬁed as
Adenocarcinoma and SqCC
As evident from Figure 1, adenocarcinoma-like or
SqCC-like cases classiﬁed as LCLC according to the
WHO 2004 guidelines did not form separate clusters.
This ﬁnding indicates that despite their undifferentiated morphological features, these tumors
retain transcriptional similarities with different reported adenocarcinoma or SqCC gene expression
subtypes.24,25
Of the four LCLCs reclassiﬁed as SqCC (see Fig. 1), two
grouped in a cluster dominated by secretory GEP–classiﬁed
SqCCs24 (cluster 4 in Fig. 1) whereas the remaining two
cases fell in the neuroendocrine cluster (n ¼ 1 [cluster 3])
and in the marker-null LCLC cluster (n ¼ 1 [cluster 8]).
Although our transcriptional analysis suggests that gene
expression proﬁling might add to current SqCC IHC classiﬁcation, the numbers are too low to allow any deﬁnite
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Figure 1. Unsupervised gene expression analysis stratiﬁes large cell lung cancer (LCLC) and large cell neuroendocrine carcinoma (LCNEC) into molecular subgroups. Gene expression heatmap of 2730 Illumina probes across 159 lung cancers
stratiﬁed by 10 speciﬁed consensus clusters. The 2730 probes correspond to a log2ratio standard deviation cutoff of more
than 0.5 Annotations for histological subtypes, clinicopathological variables, selected mutations, retinoblastoma 1 immunohistochemistry (RB1 IHC), classiﬁcation according to reported gene expression phenotypes (GEPs) for adenocarcinoma (AC)
and squamous cell carcinoma (SqCC), and expression of selected biological metagenes are provided. For annotations, black
corresponds to a positive/presence call, gray to a negative call, and white to not applicable or not available. Gene cluster
functional annotations are provided for some speciﬁc clusters in the heatmap. ECM, extracellular matrix; mut, mutation; RB1
mut, retinoblastoma 1 gene mutation; TP53, tumor protein p53 gene; STK11, serine/threonine kinase 11 gene; TRU, terminal
respiratory unit; PP, proximal proliferative; and PI, proximal inﬂammatory.

conclusions to be drawn about the heterogeneity of SqCC- or
SqCC-reclassiﬁed LCLC in this cohort.
For adenocarcinoma-like WHO 2004 LCLCs
(n ¼ 19), these clustered primarily in adenocarcinomadominated clusters (84% of cases [clusters 1, 6, 7, and
9 in Fig. 1]). Importantly, these clusters showed

distinct clinicopathological, mutational, and GEP subtype characteristics shared by both the original adenocarcinomas and the reclassiﬁed WHO 2004 LCLCs.
Three adenocarcinoma-like LCLCs fell in the LCLC
marker-null–dominated gene expression cluster (cluster 8 in Fig. 1). However, in-depth analysis of
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Figure 2. Mutations and gene expression characteristics of large cell neuroendocrine carcinoma (LCNEC) tumors with respect
to consensus clusters. (A) Mutational map of detected mutations in 26 tumor suppressor and oncogenes for 14 LCNEC tumors
stratiﬁed by consensus cluster assignment. Only genes with one or more mutations are shown. (B) Average log2ratio
expression of a 16-gene serine/threonine kinase 11 gene (STK11) loss gene signature28 for LCNEC tumors. Tumors are colored
by their consensus cluster as in (A). Asterisk indicates a case with STK11 mutation (C) Expression of the proliferation metagene for LCNEC tumors stratiﬁed by consensus cluster. (D) Expression of the neuroendocrine metagene for LCNEC tumors
stratiﬁed by consensus cluster. Statistical testing in B–D was not performed on account of the small group sizes. In A–D,
consensus cluster 3 cases are labeled green, cluster 6 cases purple, and cluster 7 cases pink. RB1 IHC, retinoblastoma 1
immunohistochemistry; RB1 mutation, retinoblastoma 1 gene mutation; TP53, tumor protein p53 gene; PTEN, phosphatase
and tensin homolog gene; PIK3CA, phosphatidylinositol-4,5-bisphosphate 3-kinase catalytic subunit alpha gene; KIT, KIT
proto-oncogene receptor tyrosine kinase gene; GNAS, GNAS complex locus gene; GNAQ, G Protein Subunit Alpha, Q; APC,
adenomatous polyposis coli gene; APC, WNT signaling pathway regulator gene; InsDel, insertion/deletion.

mutational and gene expression patterns (expression
of biological metagenes and gene cluster metagenes) in
these few samples compared with adenocarcinomalike LCLCs in other expression clusters failed to
demonstrate any speciﬁc or clear differences.

Molecular and Clinicopathological
Characteristics of Marker-Null LCLC
Nine out of 10 marker-null–classiﬁed LCLCs aggregated in a speciﬁc gene expression cluster, accounting for

60% of all tumors in this cluster (cluster 8 in Fig. 1). On the
transcriptional level, this cluster was characterized mainly
by high expression of proliferation-related genes (see
Fig. 1 and Supplementary Fig. 4 for extensive comparison
of metagenes and gene clusters). On the genomic level,
besides TP53 mutations in 90% of cases, only one BRAF
mutation (p.Q456K), one phosphatase and tensin homolog
gene (PTEN) mutation (p.F257L), and one APC, adenomatous polyposis coli gene (APC) mutation (p.E1080Ter)
were found (Fig. 3A). A total of 445 genes were identiﬁed

August 2017

New Histological WHO 2015 Classiﬁcation

B

Consensus cluster
8

10

LCLC marker null
LCLC WHO2004
TP53
PTEN
BRAF
APC

9 / 90%
1 / 10%
1 / 10%
1 / 10%
Missense mutation

Metagene log2ratio score

A

Nonsense mutation

1.0

1263

Napsin A / Surfactant

0.5
0.0
−0.5
−1.0
−1.5
−2.0
−2.5

Figure 3. Genomic characteristics of large cell lung cancer (LCLC) marker-null cases. (A) Mutational map of detected mutations among 26 tumor suppressor and oncogenes in the 10 LCLC marker-null cases stratiﬁed by the 10 deﬁned consensus
clusters. Only genes with one or more mutations are shown. (B) Expression of the napsin A/surfactant biological metagene for
the 10 marker-null cases stratiﬁed by consensus clusters. Colors of the individual samples correspond to cluster colors in (A).
LCLC, large cell lung cancer; TP53, tumor protein p53 gene; PTEN, phosphatase and tensin homolog gene; APC, APC,
adenomatous polyposis coli gene; WNT signaling pathway regulator gene.

by signiﬁcance analysis of microarray to be differentially
expressed between tumors in cluster 8 versus all other
tumors (false discovery rate <1%). Consistent with our
observations from biological metagenes and gene clusters,
79% of genes were down-regulated in cluster 8 tumors,
whereas the 95 up-regulated genes (21%) were enriched
for biological gene ontology processes such as nucleosome
assembly, mitotic cell cycle, DNA replication, cell division,
and cellular response to stress and oxidation-reduction
processes (Panther overrepresentation test29 [Bonferroni p < 0.05]).
The marker-null LCLC case that did not cluster in the
marker-null expression cluster (instead located in cluster 10 in Fig. 1) was further analyzed for transcriptional
characteristics by using biological metagene and gene
cluster metagene expression patterns. One speciﬁc
feature was observed, namely, higher expression of the
napsin A/surfactant biological metagene than in the
remaining cases in cluster 8 (Fig. 3B). This ﬁnding suggests that this case has some adenocarcinoma-like
characteristics consistent with its clustering.

Validation of Transcriptional LCLC Subgroups
To validate our ﬁndings we analyzed a reported 199sample NSCLC cohort proﬁled by RNA sequencing,26
including 19 WHO 2004 LCLC cases and ﬁve LCNECs.
WHO 2015 reclassiﬁcation identiﬁed a similar proportion of LCLC marker-null cases in this cohort as in our
discovery set (32% [n ¼ 6]). The remaining cases (68%)
were reclassiﬁed as adenocarcinoma (37%), SqCC (5%),
adenosquamous (16%), or sarcomatoid (10%). To
investigate the reproducibility of our discovery cohort
ﬁndings, we created gene expression centroids for each
consensus cluster in the discovery cohort (see Fig. 1) and
classiﬁed the 199 tumors by a nearest centroid approach
(Fig. 4 and Supplementary Table 1). Three of ﬁve LCNEC
and four of six LCLC marker-null cases were classiﬁed

into the LCNEC and LCLC marker-null clusters, respectively. The two LCNEC cases not in the neuroendocrine
cluster did not express high mRNA levels of neuroendocrine marker genes. For the two outlier LCLC markernull cases, one case was found in predicted cluster 10
(i.e., similar to the outlier in the discovery set), whereas
the second was found in predicted cluster 3 (the
neuroendocrine cluster) despite not showing increased
neuroendocrine metagene expression (see Fig. 4).
To compare our supervised classiﬁcation with unsupervised analysis of the validation cohort we performed
an independent broad consensus clustering (similar to
the discovery cohort). For higher standard deviations
(using w1000 to 2000 genes in the clustering), we did
observe aggregation of marker-null LCLC tumors in
speciﬁc clusters that was comparable to our classiﬁcation results (67% of marker-null tumors in a single
cluster). In these instances, marker-null cases comprised
approximately one-third of cases in these clusters (see
Supplementary Fig. 5). This ﬁnding is again similar to
our results of classiﬁcation of this cohort (LCLCs
comprise 36% of tumors in predicted cluster 8). In
contrast, in the unsupervised analysis of the validation
cohort we did not ﬁnd a similar enrichment of LCNEC
tumors (<50% aggregation in a cluster by consensus
clustering versus 60% for supervised classiﬁcation) (see
Supplementary Fig. 5).

Discussion
Previous extensive gene expression analyses have not
discriminated LCLC as a distinct expression phenotype in
NSCLC. Instead, LCLC tumors have often been dispersed
in various adenocarcinoma, SqCC, or LCNEC subgroups
(for example, see Clinical Lung Cancer Genome Project
et al.,7 Djureinovic et al.,26 and Botling et al.30). In the
current study, we explored the transcriptional and
genomic spectrum of LCLC and LCNEC in the context of
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Figure 4. Validation of the large cell neuroendocrine carcinoma (LCNEC) and large cell lung cancer (LCLC) marker-null gene
expression phenotypes (GEPs). Gene expression heatmap of 2196 genes across 199 lung cancers from Djureinovic et al.26
classiﬁed by a nearest centroid predictor into 10 consensus clusters. Six cases were set as unclassiﬁed and are excluded
from the heatmap (n ¼ 193 cases in the heatmap). Annotations for histological subtypes, clinicopathological variables,
classiﬁcation according to reported GEPs, for adenocarcinoma (AC) and squamous cell carcinoma (SqCC), and expression of
selected biological metagenes are provided. For annotations, black corresponds to a positive/presence call, gray to a
negative call, and white to not applicable or not available. SARC, sarcomatoid, TRU, terminal respiratory unit; PP, proximal
proliferative; PI, proximal inﬂammatory.

recent molecular ﬁndings, reﬁned pathological classiﬁcation schemes, and other histological subgroups of lung
cancer. Through gene expression proﬁling of 159 primary lung tumors of all histological subtypes and
subsequent independent validation in 199 additional
cases, we found that the WHO 2015 guidelines translated into a better transcriptional subgrouping of LCLC.

Our results endorse the recently reﬁned deﬁnition of
LCLC on a transcriptional level, demonstrating the
presence of a GEP highly enriched for poorly differentiated highly proliferative tumors that do not express
diagnostic immunomarkers for adenocarcinoma or SqCC.
An important conclusion from this study is that the
updated WHO 2015 classiﬁcation translates to the

August 2017

transcriptional landscape, as the transcriptional phenotypes mimic the WHO classiﬁcation on a general level.
On a detailed level, transcriptional phenotypes likely
provide additional stratiﬁcation within histological
subtypes that may be associated with prognosis and
therapeutic options. Within both adenocarcinoma
and SqCC different GEPs have been proposed (e.g., by
Wilkerson et al.,24 Wilkerson et al.,25 Bhattacharjee et al.,27
Takeuchi et al.,31 Garber et al.,32 and Raponi et al.33),
although the consensus between phenotypes is not
absolute in independent multicohort analysis.34 Our data
suggest that additional subgroup stratiﬁcation appears
possible in at least lung adenocarcinoma compared with
the most used gene expression-based classiﬁcation.25,35
The new WHO 2015 classiﬁcation system has substantially reduced the proportion of LCLC (marker-null)
NSCLC cases. The reclassiﬁcation frequencies observed in
the discovery and validation cohorts (70% and 68%,
respectively) are consistent with previous studies (59%–
90%).3,14,16,36–40 Our transcriptional analysis of reclassiﬁed WHO 2004 LCLC cases demonstrates that these cases
have heterogeneous proﬁles matching different molecular
subsets/GEPs of adenocarcinoma and SqCC, providing
additional biological information compared to current
diagnostic immunomarkers. Generally, reclassiﬁed WHO
2004 LCLCs followed the more aggressive transcriptional
phenotypes, such as proximal proliferative or proximal
inﬂammatory in adenocarcinoma.35 Speciﬁcally, no LCLC
according to the WHO 2004 guidelines that has been
reclassiﬁed as adenocarcinoma fell in the cluster
characterized by EGFR mutations, never-smokers, and
low-proliferative terminal respiratory unit–like tumors35
(cluster 5). These observations appear consistent with the
generally undifferentiated morphological state of WHO
2004 LCLC tumors and the well-known association of
LCLC with smoking.
In this study, marker-null LCLC cases formed a
speciﬁc, reproducible, transcriptional cluster linking the
immunomarker classiﬁcation with a transcriptional
phenotype featuring characteristics of poorly differentiated proliferative cancer (see Figs. 1 and 4), which typically is linked to poorer patient outcome. In the validation
cohort, the enrichment of marker-null tumors in the
proposed phenotype was lower than in the discovery
cohort (67% versus 90%, respectively). This might be
due to low sample numbers in the former cohort causing
strong proportional shifts by individual samples (16%
and 20% shifts per sample for marker-null and LCNEC
comparisons, respectively). The clearer identiﬁcation of
the marker-null phenotype in the discovery cohort may
thus be due to a higher enrichment of marker-null tumors
than in the validation cohort (6% versus 3%, respectively). Considering the overall low sample numbers, we
acknowledge that additional validation is warranted.

New Histological WHO 2015 Classiﬁcation

1265

Three main differentiation lineages (bronchioid/
glandular, epidermoid/squamoid/squamous/keratinizing,
and neuroendocrine) are generally recognized in lung
cancer (for example, see the references in Pelosi et al.14).
Recent mutational analyses of marker-null LCLC cases
have suggested that genetic proﬁling could further reduce
the marker-null group beyond IHC scoring by detection of
typical adenocarcinoma or SqCC mutations, often favoring
an adenocarcinoma lineage.3,8,14,16 Although recent NGSbased studies14,16 have reported a notably higher frequency of (especially) adenocarcinoma-linked mutations
in marker-null cases than in our cohort, it may be noted
that 83% of non–marker-null cases in our marker-null–
enriched gene expression cluster (cluster 8) were adenocarcinoma or LCLCs according to the WHO 2004 guidelines
that have been reclassiﬁed as adenocarcinoma. This
observation may lend some support to a hypothesis that
marker-null LCLCs represent a variant of undifferentiated TTF1-negative adenocarcinoma.14,41 Clearly, deeper
molecular/genetic characterization of marker-null LCLC
may further reduce the WHO 2015 marker-null group,
beneﬁtting both clinical patient management and
basic understanding of differentiation lineages in lung
cancer.
On the basis of massive parallel sequencing
studies, it is becoming evident that a subset of LCNEC
tumors share mutational patterns with SCLC, whereas
others carry mutations typically altered in nonneuroendocrine tumors.7,9,11,12 Rekhtman et al.9
recently hypothesized a genetic division of LCNECs
into SCLC-like and NSCLC-like subgroups. The SCLClike group was deﬁned by concomitant TP53 and
RB1 alterations, reﬂecting their ubiquitous inactivation in SCLC.42 In contrast, the NSCLC-like subset was
characterized by the lack of concomitant TP53 and
RB1 alterations and occurrence of other NSCLC-type
mutations (e.g., KRAS and STK11 mutations). Interestingly, our data indicate that this stratiﬁcation may
potentially be mimicked also on the transcriptional
level, providing a speculative link between the mutational and transcriptional landscape of LCNEC. An
earlier gene expression study has suggested the
presence of a good and poor outcome group in
neuroendocrine tumors independent of LCNEC and
SCLC status.43 However, how these subgroups relate
to the division of LCNEC by Rekhtman et al. is not
clear,9 as genetic data from the former study are not
available. Acknowledging the limited number of
LCNEC cases in the current study, consensus cluster 3
and non–cluster 3 cases still share intriguingly many
features of the proposed SCLC-like and NSCLC-like
LCNEC groups, respectively. These features include
(1) frequent co-occurrence of TP53 mutations and
RB1 mutations/protein loss in cluster 3, (2) higher
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expression of proliferation-related genes and SCLC
marker genes in cluster 3, (3) more pronounced
expression of a potential SRY-box 2 (a suggested
lineage survival oncogene in SCLC) transcription
factor–driven gene cluster in cluster 3 (see Rudin
et al.44), (4) indication of frequent STK11 inactivation
in non–cluster 3 cases, (5) distinct napsin A staining
in two of three non–cluster 3 cases with few additional focal positive cells in the third case (all cases
TTF1-positive), and (6) a trend of worse patient
outcome in cluster 3 (with 55% of patients dead
within 5 years versus 33% of non–cluster 3 patients).
Notably, LCNEC has hitherto been consistently reported with negative napsin A expression,4,45 and how
this relates to the proposed NSCLC-like subgroup and
whether the speculative association with transcriptional patterns indicated in the current study stands
in larger validation studies remain to be determined.
In summary, the current study provides a novel
link between the recent WHO 2015 diagnostic classiﬁcation scheme and the transcriptional landscape
of lung cancer. Our study conﬁrms that WHO 2004–
classiﬁed LCLCs may be reﬁned by genomic patterns
into clinically relevant subgroups that may have
implications for diagnosis, predictive testing, and
therapy decisions. Speciﬁcally, we demonstrate a
gene expression proﬁle that further deﬁnes a
phenotype associated with poor patient outcome
and comprises undifferentiated LCLC cases not
expressing adenocarcinoma or SqCC markers. A
continued search for molecular targets for therapeutic inhibition in WHO 2015 LCLC cases is highly
warranted.
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