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Small cell lung cancer (SCLC) accounts for approximately 15% of all lung cancers and demands
effective targeted therapeutic strategies. In this meta-analysis study, we aim to identify significantly mutated genes and regulatory pathways to help us better understand the progression of
SCLC and to identify potential biomarkers. Besides ranking genes based on their mutation frequencies, we sought to identify statistically significant mutations in SCLC with the MutSigCV software.
Our analysis identified several genes with relatively low mutation frequency, including PTEN, as
highly significant (p < 0.001), suggesting these genes may play an important role in the progression of SCLC. Our results also indicated mutations in genes involved in the axon guidance pathways
likely play an important role in SCLC progression. In addition, we observed that the mutation rate
was significantly higher in samples with RB1 gene mutated when compared to samples with wild
type RB1, suggesting that RB1 status has significant impact on the mutation profile and disease
progression in SCLC.
Keywords Small cell lung cancer, high-throughput sequencing data, meta-analysis, significantly
mutated genes, PTEN, RB1
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Introduction
Lung cancer is the leading cause of cancer deaths in men
and women in the U.S. and worldwide. Small cell lung cancer
(SCLC), a neuroendocrine carcinoma, accounts for approximately 15% of all lung cancers. Although SCLC can be initially
responsive to standard chemotherapy and radiation therapy,
the recurrence rate is very high and there is a lack of effective second-line strategy (1). Despite the improvements in
diagnosis and therapeutic interventions made in the past two
decades, the current prognosis for patients with SCLC remains
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poor. Potential targeted therapies for SCLC include those that
target the EGFR pathway, the apoptotic pathway, and VEGF.
Immunotherapeutic agents are also under clinical investigation for the treatment of SCLC (2). However, most of these
agents have limited efficacy and there has not yet been a promising candidate target for drug development. Thus, there is
an urgent need for novel predictive biomarkers to differentiate subtypes of SCLC for personalized treatments.
Cancer is considered to be a genetic disease with sequential accumulation of somatic mutations and selective subclonal evolution of cancer cells. SCLC is known to exhibit very
high mutation rates and genomic instability, possibly linked
to tobacco carcinogens (3). TP53 and RB1 are known to be
the two most frequently inactivated tumor suppressors in SCLC
(4). Recently, high throughput sequencing (HTS) analysis implicated many other genes for their role in SCLC, including
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kinases, G-protein-coupled receptors, chromatin-modifying proteins, SOX family members, and genes in the PI3K/AKT/
mTOR pathway (5–8). Many of these analyses were based
on mutation frequency of the genes observed in SCLC.
However, in the light of recent studies indicating that frequencybased approaches tend to overclassify tumor suppressor genes,
it was not clear whether these genes are indeed significantly mutated in SCLC. On the other hand, genes mutated
with low frequency, but are nonetheless statistically significant, may be responsible for the progression of SCLC and
may serve as good candidates for subtyping.
Mechanism of tumorigenesis and progression may also be
revealed by studying patterns of mutation and/or silencing, such
as co-occurring and mutually exclusive mutations. For instance, the Kaye group previously observed a mutually
exclusive relationship between RB mutation and p16INK4 silencing in lung cancer cell lines (9). The study found that 10%
of small cell lung cancers present silenced p16 and wild type
RB leading to the model that loss of p16 may be functionally
equivalent to a null RB phenotype and the inactivation of either
gene is sufficient to dysregulate the RB tumor suppressor
pathway (10).
In this meta-analysis study, we included data from 4 published SCLC high throughput sequence studies—George et al.
(8), Rudin et al. (5), Umemura et al. (7) and Iwakawa et al.
(11). Besides ranking genes based on their mutation frequencies, we sought to identify statistically significant mutations
with the MutSigCV software package developed by Lawrence et al. (12). In addition, we also sought to identify specific
patterns of mutations that might help us understand SCLC
progression.

Methods
Identifying significantly mutated genes in SCLC
Lists of silent and non-silent mutations were either obtained
from published data directly or obtained from database centers
for the datasets described in Table 1. FASTQ files obtained
from database center (EGAD00001000222) were processed
with MuTect 1.1.4 (13) to identify somatic mutations; the functional consequences of the mutations were annotated with
Oncotator (v1.8.0.0) with default parameters (14). Mutation
file for Iwakawa et al. dataset was obtained from the National Cancer Research Institute, Japan. Finally, combined mutation
data were processed with MutSigCV 1.0 (12) with full coverage and covariate files as control. Significantly mutated genes
are determined based on p-values calculated by MutSigCV

Table 1 Datasets and number of samples used for the
meta-analysis
Dataset (Group)

Number

Type of samples

George et al. (8)
Rudin et al. (5)

Whole genome
– 110
Exome – 63

Umemura et al. (7)
Iwakawa et al. (11)

Exome – 51
Exome – 44

Primary tumors and
cell lines
Primary tumors and
cell lines
Primary tumors
Primary tumors and
metastases
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using the 2D projection method as described by Lawrence et al.
(12).

Interdependence analysis
Samples pooled from all 4 datasets were classified into 2
groups—those having mutation in RB1 gene and those without.
Mutation rate (average number of genes mutated per sample)
was calculated for both categories (λ1 and λ2 respectively).

H0: λ1 = λ 2; H1: λ1 ≠ λ 2
Poisson likelihood ratio test p-value was obtained using the
R package.

Gene ontology and pathway analysis
List of genes with mutation frequencies >2.5% and identified
by MutSigCV as significantly mutated genes (with p < 0.05)
were used for functional annotation analysis using DAVID
version 6.7 (15,16).

Results and discussion
MutSigCV identified genes with relatively low
mutation frequency as highly significant
Not surprisingly, our frequency-based ranking analysis confirmed that TP53 and RB1 are the most frequently mutated
genes in SCLC with a mutation frequency of about 85% (231/
272) and 57% (156/272) respectively. Overall, 119 genes were
found to be mutated in more than 10% of SCLC samples sequenced in the four studies. Among those, 15 were mutated
in more than 20% of the combined samples (Supplementary
Tables S1 and S2).
Recent studies have revealed that the genes with high mutation frequency may not necessarily be responsible for cancer
initiation and progression. The higher mutation rates associated with these genes are largely due to the varying mutation
frequencies associated with gene expression levels and duplication timing (12). In addition, there is dramatic patientspecific difference in mutation frequency. Advanced methods
developed to take into consideration of the mutational heterogeneity, such as MutSigCV (12), have made great advance
in filtering out false positive genes and revealed genes associated with disease progression but have relatively low
mutation frequency.
Using MutSigCV, we identified significantly mutated genes
from the combined dataset of SCLC samples previously reported by George et al., Rudin et al. and Iwakawa et al.
(Supplementary Table S3). The number of genes with p-values
less than 0.001, 0.01, and 0.05 are 15, 56, and 225, respectively. From the list of 8 most significantly mutated genes
(p < 0.001 and q < 1) identified by MutSigCV, 4 were mutated
in more than 10% of SCLC samples, which are TP53, RB1,
LRP1B, and KIAA1211 (Figure 1a, b). The remaining 4 of the
significantly mutated genes have mutation frequencies <10%
including PTEN (7.352941%, p = 2.55E−07), GABRG1
(7.720588%, p = 9.19E−05), TGM3 (5.147059%, p = 9.79E−05)
and DEFB112(2.941176%, p = 1.36E−04). Our analysis with
MutsigCV indicated that the majority of genes with high
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(a)
Gene

Frequency (%)

TP53

84.92647

RB1

57.35294

LRP1B

36.76471

KIAA1211

12.13235

PTEN

7.352941

GABRG1

7.720588

TGM3

5.147059

DEFB112

2.941176

PTEN
DEFB112
GABRG1
TGM3

TP53, RB1,
LRP1B, KIAA1211

(b)

Figure 1 Significantly mutated genes in SCLC. (a) Venn diagram and table showing 8 highly significant (p < 0.001 and q < 1) genes
identified by MutSigCV in the combined datasets. 4 of those are mutated with relatively low (<10%) frequency. (b) CoMut plot of samples
showing mutations for the 8 MutSigCV significant genes.

frequency are not statistically significant when mutational heterogeneity was considered. We suggest that these genes,
despite their high mutation rate in SCLC, may not be functionally significant for tumorigenesis.

Significantly mutated genes with high frequency
TP53 and RB1 are the most frequently inactivated genes in
SCLC, and they also have the lowest p-values in our analysis. The importance of these two genes in SCLC tumorigenesis
has been documented by numerous functional studies
(8,17–19). For instance, mice with conditional inactivation of
P53 and RB1 in lung epithelial cells have shown to develop
neuroendocrine lung tumors that morphologically resemble
SCLC (20).
LRP1B or low-density lipoprotein receptor-related protein
1B was observed to be mutated in about 38% of SCLC
samples. LRP1B has previously been shown to be mutated
or epigenetically silenced in Esophageal Squamous Cell Carcinoma (21) and mutated in Lung adenocarcinoma (22).
Downregulation of LRP1B has previously been shown to
promote cell migration in renal cell cancer (23). LRP1B deletion has also been associated with poor survival outcome
in glioblastoma patients (24). However, the functional mechanism of LRP1B as a potential tumor suppressor and

conversely the functional significance of LRP1B mutations in
SCLC remains to be understood.
KIAA1211 – There was no PubMed record studying this
gene and there is a lack of functional annotation for the protein
it encodes. However, a single nucleotide polymorphism (SNP)
in KIAA1211 was found by large scale GWAS studies to be
associated with increased risk of prostate cancer (rs629242)
(25).

Significantly mutated genes with less than 10%
frequency
Our analysis identified 4 genes which have mutation frequency between 3% and 8%, but are statistically significant
(p < 0.001). Mutation of PTEN was found in less than 10%
of SCLC samples in the combined dataset we analyzed (~7%).
But our analysis identified it as one of the significantly mutated
genes in SCLC (p = 2.55E−07). The PTEN/PIK3CA pathway
has previously been implicated by various studies as a significant player in SCLC progression and metastasis (26,27).
PTEN mutation was found to be specifically associated with
SCLC but not with NSCLC (non-small cell lung cancer) (27).
Loss of function of PTEN was found to accelerate SCLC progression in a AdenoCre-driven mouse model with P53 and
RB1 inactivation (26). Interestingly, PTEN expression level has
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been suggested as a prognostic biomarker in NSCLC patients since loss of PTEN expression is associated with a more
advanced disease and poor survival (28). It is also worth mentioning that reduced expression of PTEN correlates with a
worse prognosis for breast cancer patients (29,30). Further
clinical investigation is needed to document whether
PTEN mutation is negatively correlated with prognosis of
SCLC.
We consider the identification of PTEN as a significantly
mutated gene in SCLC, despite its relatively low frequency,
to be a validation of the analysis approach we applied. The
fact that PTEN has the most significant p-value among genes
with less than 10% mutation frequency indicates that it warrants further investigation as a possible biomarker for selecting
treatment plans for SCLC patients.
GABRG1 or Gamma-Aminobutyric Acid (GABA) A Receptor Gamma 1 subunit is a membrane protein that plays an
important role in inhibition of neurotransmission. It has been
found to be mutated in lung adenocarcinoma negative for mutations in EGFR/KRAS/ALK (31).
TGM3 or transglutaminase 3 is downregulated in head
and neck cancer (HNC). TGM3 promoter CpG island
hypermethylation has been observed in HNC and exogenous expression of TGM3 reduces tumor growth in vivo.
Furthermore, low TGM3 expression is associated with poor
overall survival (32). There is also evidence for TGM3 to induce
cell proliferation and migration in esophageal cancer by
downregulating the NF-κB signaling pathway (33). Genomewide association study (GWAS) of 38.5 million SNPs and small
indels identified TGM3 variant as a contributor to risk of basal
cell carcinoma (34). The role of TGM3 in small cell lung cancer
remains to be established.
DEFB112 or Defensin Beta 112 encodes a peptide that is
thought to be involved in anti-microbial response (35). So far
there is no report on its role in cancer.

MutSigCV identified IL-27 as highly significant in a
Japanese SCLC dataset
Using the Iwakawa et al. dataset which consisted of 44
SCLC samples from Japanese patients, we performed
MutSigCV analysis using default parameters. MutSig identified TP53, RB1, PTEN and IL-27 as the most significantly
mutated genes with p < 0.001 and q < 1. It is interesting to
note that IL-27 is mutated with much higher significance
(p-value 7.75E−05; 4 out of 44) in the Japanese dataset but
was barely significant (p-value ~0.0088, 6 out of 272) with
the combined dataset with the other datasets that are predominantly from European/American patients. When the
Iwakawa et al. cohort was excluded from MutSig analysis,
IL-27 was not observed to be among the significantly (p < 0.05)
mutated genes.
IL-27 is a cytokine produced by macrophages and dendritic cells. It is known to play a critical role in regulating the
interaction between innate and adaptive antitumor immunity
and has been shown to possess the ability to inhibit tumor
growth and invasiveness (36). There is increasing interest in
cancer immunotherapy and modulation of the patients’ immune
system to target cancer cells. The role of IL-27 in cancer immunosuppression has been reviewed by Murugaiyan et al. (37).
Previous studies have shown that IL-27 signaling is medi-
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ated by activation of JAK-STAT pathway resulting in regulation
of angiogenesis and EMT in NSCLC (38). IL-27 performs its
functions by suppressing cyclooxygenase-2 and prostaglandin E2 expression, increasing epithelial marker expression and
decreasing the levels of mesenchymal markers (38). Gene
transfer of IL-27 to NSCLC lung tumor cells in mice models
has been shown to be effective in tumor growth inhibition (39).
IL-27 has been reported to down-regulate stemness- and EMTrelated genes and drive myeloid cells toward antitumor activities
in NSCLC cells. Airoldi and Tupone et al. evaluated IL-27R
expression in NSCLC patient samples and suggest that
immunocompromised or advanced NSCLC patients may benefit
from IL-27 therapy (40). A recent study has also proved the
association of a Single Nucleotide Polymorphism in IL-27 and
risk of NSCLC in a Chinese population (41) and might possess
potential as a biomarker in SCLC. The fact that our analysis
identified it as significantly mutated in the Japanese cohort
indicates that it may serve as an important tumor-suppressor
for SCLC in specific ethnic group. The various MutSigCV
p < 0.05 genes clustered by DAVID functional annotation as
immune related genes in the datasets including and excluding the Iwakawa et al. cohort are mentioned in Supplementary
Table S6.

Clustering of mutated genes in axon guidance
pathways
A caveat to identify individual significantly mutated genes
associated with cancer is that the impact of gene mutation
on the function of a particular biological system may vary
significantly. It is possible that in certain systems, there is
not a single central rate-limiting factor such as the role
played by P53. Rather, it is possible that mutation of a
variety of genes on a particular pathway all have impact on
the system and thus could be mutated alternatively. To test
for pathways or biological processes significantly mutated in
SCLC, we analyzed the list of genes with >2.5% mutation
frequency and the list of genes with a MutSigCV p-value of
less than 0.05 using DAVID (Database for Annotation, Visualization, and Integrated Discovery) functional annotation
analysis (15,16).
We found that there is a significant over-representation of
genes associated with GO terms “GPCR signaling pathway”,
“Sensory perception of smell”, “Cell-cell adhesion” and “Neurological system process” (Figure 2a) when frequently mutated
genes were used. In case of significantly mutated genes
(p < 0.05), “Adaptive immune response” showed up as significantly enriched pathway in addition to terms “GPCR
signaling pathway” and “Sensory perception of smell”
(Figure 2c). The role of immune response system players in
tumor growth, microenvironment and therapy has been established previously (42,43).
In addition, we also searched for KEGG pathways enriched for genes mutated in SCLC based on mutation frequency
or MutSigCV significance analysis. Among the pathways enriched with frequently mutated gene were – “Olfactory
transduction”, ‘ECM-receptor interaction’ and ‘Axon guidance’ (Figure 2b). In case of the MutSigCV significantly mutated
genes, “Olfactory transduction” remained the most common
pathway involved followed by immune system related pathways (Figure 2d).
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Figure 2 Biological processes and regulatory pathways mutated in SCLC. (a) GO terms and (b) pathways enriched for genes mutated
in SCLC (>2.5% mutation frequency). (c) GO terms and (d) pathways enriched for genes identified as significantly mutated in SCLC
(MutSig p < 0.05).
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Figure 3 Axon guidance pathway genes mutated in SCLC. Genes mutated with >2.5% mutation frequency in the Axon guidance
pathway (KEGG).

The axon guidance pathway has been previously implicated in lung cancer progression (44). Figure 3 exhibits the
genes mutated in the axon guidance pathway with a mutation frequency >2.5% in our datasets. Genes mutated in the
axon guidance pathway in SCLC include SLITs, ROBOs,
Ephrins and Plexins. SLIT/ROBO signaling has been implicated in angiogenesis, cell migration, and metastasis of cancers
and may serve as a potential target for anticancer therapy

(45–47). Evidence of somatic inactivation of SLIT2 and its potential role as a tumor suppressor has been found in colorectal
cancer (48). Dallol et al. have furthermore identified frequent hypermethylation of the promoter of human SLIT2 in
lung, breast, colorectal tumors and gliomas (49). Understanding the role of axon guidance proteins and their mutations
remains an area to be explored for potential biomarkers for
SCLC.
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Poisson likelihood ratio test p-value = 4.630177e-104
- With RB1 mutation
- No RB1 mutation

(b)

Poisson likelihood ratio test p-value = 9.870942e-80
- With RB1 mutation
- No RB1 mutation

Figure 4 Effect of RB status on mutation profile. Distribution plot showing number of mutations in samples with or without RB1 mutation in all the samples (a) or in samples that have P53 mutation (b). Statistical analysis (p-value on top of each panel) indicates
that RB1 mutation causes increased accumulation of mutations in SCLC.

Does mutation in RB1 affect mutation profile in
SCLC?
Loss of Retinoblastoma 1 (RB1) gene function in the lung
has been shown to negatively regulate neuroendocrine cell
differentiation, and may explain why RB1 loss is predominately associated with SCLC when compared to other cancer
types (17,20). Somatic inactivation of P53 and RB1 in neuroendocrine and surfactant protein C (SPC)-expressing cells
of the lung has been shown to promote tumorigenesis resembling SCLC in murine models (50). It is possible that
loss of RB1 function may predispose the cancer cell to a
progression course that is distinct from those that do not
have RB1 mutation. To test this hypothesis, we looked at
whether RB1(+) and RB1(−) SCLC samples have different
rates of mutation.
We found the mutation rate to be significantly higher in
RB1(−) samples when compared to samples with wild type
RB1 (Poisson likelihood ratio test p-value = 4.630177e−104)
(Figure 4a). This difference is still significant when only samples

with verified TP53 mutation were considered (Poisson likelihood ratio test p-value = 9.870942e−80) (Figure 4b). This
suggests that RB1 mutation significantly alters the subsequent mutation progression of SCLC.

Results and conclusions
Mutational heterogeneity between individual cancers can lead
to false discovery of cancer-associated genes and mask the
detection of functionally significant genes with relatively low
mutation frequency. In this study, we performed a metaanalysis of combined SCLC samples using MutSigCV that
takes into account of mutational heterogeneity. This allowed
us to detect several genes mutated with relatively low frequency, including PTEN, as significant for SCLC. These genes
might serve as potential biomarkers for subtyping of SCLC.
Our analysis also provided evidence indicating that RB1 status
plays an important role in determining tumor progression and
subsequent mutation profile of SCLC.
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