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Small cell lung cancer (SCLC) is an aggressive cancer
often diagnosed after it has metastasized. Despite the
need to better understand this disease, SCLC remains
poorly characterized at the molecular and genomic levels.
Using a genetically engineered mouse model of SCLC
driven by conditional deletion of Trp53 and Rb1 in the
lung, we identified several frequent, high-magnitude
focal DNA copy number alterations in SCLC. We un-
covered amplification of a novel, oncogenic transcription
factor, Nuclear factor I/B (Nfib), in the mouse SCLC
model and in human SCLC. Functional studies indicate
that NFIB regulates cell viability and proliferation during
transformation.
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Small cell lung cancer (SCLC] is a highly lethal form of
cancer that comprises ~20% of all lung cancer cases
(Wistuba et al. 2001; Meuwissen and Berns 2005). Un-
fortunately, SCLC is frequently diagnosed only after
metastatic spread of the disease, and at present only 5%
of patients survive beyond 5 years after diagnosis (Worden
and Kalemkerian 2000; Cooper and Spiro 2006). Some
insight has been gained as to the underlying mechanisms
of this aggressive disease, including the identification of
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loss-of-function mutations in the tumor suppressor genes
Trp53 (Yokota et al. 1987; Takahashi et al. 1989, 1991) and
RB1 (Harbour et al. 1988; Yokota et al. 1988), which are
observed in 75% and 90% of SCLC cases, respectively
(Wistuba et al. 2001; Meuwissen and Berns 2005). In
addition, MYC family members (C-MYC, L-MYC, and
N-MYC) are frequently amplified in SCLC (Nau et al.
1985; Meuwissen and Berns 2005). However, very little is
known about other functionally relevant alterations in
SCLC, and a more complete understanding of the disease
is required to allow the development of new targeted
treatments.

Whole-genome profiling has been used to gain infor-
mation about copy number alterations, point mutations,
and translocations in tumors (Campbell et al. 2008; Ley
et al. 2008; Mardis et al. 2009). One recent examination of
33 primary SCLC tumors and 13 SCLC cell lines identi-
fied MYC family amplifications in 82% of tumors and
62% of cell lines (Voortman et al. 2010). Another study
identified 22,000 point mutations in a SCLC cell line, the
majority of which were G-T transversions, a hallmark of
carcinogens present in tobacco smoke (Toyooka et al.
2003; Lewis and Parry 2004; Pleasance et al. 2010). In
other cancer types, comparative studies using mouse
models have aided in narrowing lists of candidate genes
(Kim et al. 2006; Zender et al. 2006, 2008). Thus, we
analyzed the genomic alterations that occur during tumor
progression in a mouse model of SCLC to identify
oncogenes in this cancer type.

Results and Discussion

Genetically engineered mouse model
of metastatic SCLC

Berns and colleagues (Jonkers et al. 2001; Vooijs et al. 2002;
Meuwissen et al. 2003; Sage et al. 2003) have developed
a mouse model of SCLC (mSCLC) that involves the
inactivation of the Trp53 and Rb1 tumor suppressor genes
using conditional (“floxed”) alleles in p537/LRb/A mice
(Supplemental Fig. S1). Inhalation of adenovirus contain-
ing Cre recombinase results in infection of lung epithelial
cells that develop into tumors resembling human SCLC
histopathologically (Supplemental Fig. S1; Meuwissen
et al. 2003; DuPage et al. 2009). These mice have a me-
dian survival time of 350 d, during which the tumors
become malignant and metastatic (Supplemental Fig. S1;
Meuwissen et al. 2003). Similar to human SCLC, the
mSCLC metastasized to the thoracic lymph nodes, liver,
adrenal glands, and bone (Supplemental Fig. S1; Meuwissen
et al. 2003). Thus, this model provided a platform with
which to identify genetic alterations that occur during
tumor progression.

Identification of Nuclear factor I/B (Nfib)
amplifications

To determine the genetic alterations that occur in
mSCLC, primary tumors and metastases were dissected
and used for histology, DNA and RNA isolation, and the
derivation of cell lines (Supplemental Fig. S1). Each tumor
was verified histopathologically to be SCLC, and tumor
purity was assessed by PCR for the recombined Trp53 and
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Rb1 alleles (Supplemental Fig. S1; data not shown). The
analysis of DNA copy number alterations in murine
tumor models has previously aided in the identification
of functionally important genes in several human cancers
(Kim et al. 2006; Zender et al. 2006, 2008). Thus, we
analyzed mSCLC tumors and metastases using next-
generation sequencing-based DNA copy number analysis
(Chiang et al. 2009). These data show that while the
majority of the genome was surprisingly unaltered, sev-
eral high-level focal amplifications and deletions were
observed in tumor specimens (Fig. 1A; Supplemental Figs.
$2-S4; Supplemental Table 1). In particular, we identified
two recurrent focal amplifications centered around 82 Mb
and 122 Mb on mouse chromosome 4 and a heterozy-
gous deletion spanning from ~148.5 Mb to the end of
chromosome 4 (Fig. 1B). Although one of the focal am-
plifications on chromosome 4 contained a known proto-
oncogene involved in SCLC, L-myc (Mycl1) (Nau et al.
1985), the other focal amplification contained no genes
previously implicated in this disease (Fig. 1C; Supple-
mental Fig. S3). To identify the relevant targets within
the amplified region, the amplification breakpoints were
mapped using statistical change point analysis of the
normalized copy number ratios (Chiang et al. 2009).
Nuclear factor I/B (Nfib) was the only gene within this
region amplified in each of the samples (Fig. 1C). Further-
more, Nfib is located at the apex of the amplified peak in
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Figure 1. Nfib is amplified in mSCLC tumors. (A) Log, ratio of
tumor to somatic DNA copy number across the whole genome of
a mSCLC lymph node metastasis cell line. The X chromosome has
a copy number ratio of 2 due to the male reference genome, while
the sample was derived from a female mouse. (B) DNA copy number
ratio of chromosome 4 of the same sample as in A. Interestingly, the
region between the two focal amplifications is near diploid and
contains the tumor suppressor gene Cdkn2a. Despite the well-
known role of Cdkn2a in regulating p53 and Rb, which are already
deleted in tumors, the fact that the copy number of this gene is kept
low is consistent with this locus regulating other Rb family
members (Schaffer et al. 2010). Copy number data are plotted as
the tumor to somatic copy number ratio. (C) Integrated genome
viewer (IGV) plot of the DNA copy number of position 79.5-84.5 Mb
on chromosome 4. The bar indicates the log, copy number ratio of
tumor to somatic reference sample. The dotted line indicates the
boundaries of the minimally conserved region. (T) Primary lung
tumor; (Liv) liver metastasis; (LN) lymph node metastasis; (gray
labels) tumor samples; (black labels) cell lines.
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tumors and tumor-derived cell lines (Supplemental Fig.
S2). Thus, Nfib represents a newly identified amplified
gene in SCLC.

Nfib is a CCAAT-box-binding transcription factor that
regulates the expression of lung differentiation genes
(Santoro et al. 1988; Steele-Perkins et al. 2005). Nfib
knockout mice have lung hypoproliferation and differ-
entiation defects, in addition to brain defects, and die
shortly after birth (Griinder et al. 2002). The chromo-
somal region containing Nfib has been reported to be
frequently amplified in a mouse model of prostate cancer
(Zhou et al. 2006) and in patients with triple-negative
breast cancer (Han et al. 2008). Based on the identification
of Nfib as an amplified gene in SCLC and its potential
importance in other prevalent tumor types, we chose to
examine Nfib further.

The DNA copy number of Nfib and the expression of
Nfib mRNA was determined using real-time PCR in
a panel of 28 mSCLC-derived cell lines (Fig. 2A,B). Out
of 28 cell lines, 16 had Nfib and six had L-myc amplifi-
cations (Fig. 2A; Supplemental Fig. S5). Notably, four
mSCLC cell lines had amplified both Nfib and L-myc
(Supplemental Fig. S5). mSCLC cell lines with increased
Nfib copy number also expressed high levels of Nfib (Fig.
2B). Interestingly, two cell lines with normal Nfib copy
number expressed high levels of Nfib mRNA, suggesting
that mechanisms other than genomic alteration may
increase Nfib levels in SCLC (Fig. 2B).

To confirm Nfib amplification in mouse tumors, we
performed fluorescence in situ hybridization (FISH). FISH
confirmed the amplification of Nfib in the lymph node
metastasis analyzed in Figure 1 (Fig. 2C,D). Interestingly,
in a primary tumor, we found that Nfib amplification
clearly correlated with a region of increased Nfib expres-
sion (Fig. 2E,F). In a normal lung, Nfib protein was localized
appropriately to the nucleus of alveolar type II cells (Steele-
Perkins et al. 2005) and was also nuclear in mSCLC.
Additionally, Nfib protein was detected in a subset of lung
neuroendocrine cells (Supplemental Fig. S6). Consistent
with data from human tumor samples (Bhattacharjee et al.
2001), Nfib was not detected in lung adenomas that oc-
casionally arise in this mouse model (Supplemental Fig.
S7). Furthermore, we observed that both lymph node and
liver metastases very frequently expressed high levels
of Nfib (Supplemental Fig. S7). These data confirm the
amplification and increased expression of Nfib in mSCLC
tumors and local and distant metastases.

NFIB amplifications in human SCLC

We next examined whether NFIB is amplified and/or
expressed in human SCLC. Copy number analysis
revealed a broad region of amplification on chromosome
9p23 encompassing 210 genes. GISTIC analysis identified
an ~200-kb minimal region of amplification containing
only one gene, NFIB (Beroukhim et al. 2007). In total, 16 of
46 human SCLC cell lines had NFIB copy number gains
(Fig. 3A). Interestingly, 11 of the cell lines with NFIB
amplification also had L-MYC amplification, and 15 out of
the 16 cell lines with amplification of NFIB displayed
additional amplification of one of the MYC family mem-
bers (Supplemental Fig. S5; data not shown). Increased
NFIB copy number was confirmed by real-time PCR
(Supplemental Fig. S8). Additionally, NFIB amplification
was detected by FISH in 15% of primary human tumor
samples (Fig. 3B). We next addressed whether NFIB protein
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Figure 2. Nfib is expressed in mSCLC. (A) Nfib is amplified in
tumor- and metastasis-derived cell lines. A DNA copy number ratio
>1.2 was considered to be amplified, as determined by real-time PCR
on genomic DNA. (B) Cell lines with increased copy number of the
Nfib locus also have increased expression of Nfib. (C) FISH analysis
on a lymph node metastasis confirming known amplification of Nfib
from copy number analysis. The inset shows a cell with amplified
Nfib. (D) Matching Nfib immunohistochemistry (IHC) on the same
lymph node metastasis as in C, which has high Nfib expression. (E)
FISH analysis of a lung tumor illustrating amplification of Nfib in
a subset of tumor cells. The left inset illustrates a cell with normal
Nfib copy number, and the right inset is a cell with amplified Nfib.
(F) Matching Nfib IHC on the same lung tumor as in E, demonstrat-
ing increased Nfib expression in the region with Nfib amplification.
Bar: C-F, 20 pm. (C,E) (Red) Nfib probe; (green) control chromosome
4qAl probe; (blue) DAPL

was expressed in human SCLC tumor samples by perform-
ing immunohistochemistry (IHC) on a tissue microarray
containing 68 distinct human SCLC samples. High-level
NFIB protein expression was noted in 16% of samples, and
the protein was detectable in 65% of tumors (Fig. 3C;
Supplemental Fig. S9). Collectively, these data from both
the mouse model and human patients suggest a potentially
oncogenic role for NFIB in SCLC.

NFIB controls apoptosis and viability in human SCLC

To determine which cellular processes are regulated by
NFIB, we used RNAI to inhibit NFIB in several human
SCLC cell lines. In one adherent cell line (NCI-H446),
which has high-level NFIB amplification and expresses
very high levels of NFIB, RNAi-mediated NFIB knock-
down caused a dramatic increase in apoptosis and a cor-
responding decrease in proliferation (Fig. 4A,B; Supple-
mental Fig. S10). In a second SCLC cell line (NCI-H196),
which lacked NFIB amplification, NFIB knockdown led
to different outcomes depending on the shRNA used,
with one inducing apoptosis and the other cellular
senescence (Fig. 4C-E; Supplemental Fig. S10). In one
final human SCLC cell line (NCI-H82), NFIB knockdown
reduced proliferation (Supplemental Fig. S10). Collec-
tively, these data suggest that NFIB expression is integral
to human SCLC cell line viability and/or continued
proliferation, likely depending on the NFIB levels or the
cellular context of each individual tumor.

Nfib is an oncogene in mSCLC

We next examined whether Nfib plays an oncogenic role
in the cellular transformation of murine small cell lung
tumors. For initial functional studies, we used mSCLC
cell lines that expressed low levels of endogenous Nfib, in
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which we then stably expressed Nfib (Supplemental Fig.
S11). Ectopic expression of Nfib in two independent
mSCLC cell lines increased the number and size of
anchorage-independent colonies compared with unin-
fected cells (Fig. 5B; Supplemental Fig. S11). Further-
more, cells overexpressing Nfib proliferated more quickly
under standard culture conditions (Fig. 5; Supplemental
Fig. S11). To assess which pathways were altered by the
overexpression of Nfib, we performed gene expression
arrays and a gene set enrichment analysis (GSEA). Within
curated gene sets, a number of cancer-related gene sets
correlated with overexpression of Nfib (Supplemental Fig.
S12). These data support our hypothesis that Nfib has
oncogenic properties.

We also investigated whether Nfib has oncogenic activ-
ity in a heterologous setting by testing whether Nfib could
transform wild-type or p53~/~ mouse embryonic fibro-
blasts (MEFs) (Fig. 5C-E; Supplemental Fig. S13). Express-
ing Nfib significantly increased colony formation in a low-
density colony formation assay (Fig. 5C,D; Supplemental
Fig. S13). Additionally, while neither control nor Nfib-
expressing wild-type MEFs could grow under anchorage-
independent conditions, expression of Nfib in p53~/~ MEFs
dramatically enhanced growth of anchorage-independent
colonies (Fig. 5E; Supplemental Fig. S13). Finally, when
wild-type MEFs were plated at high density to assay for the
ability to overcome contact inhibition of growth, signifi-
cantly more three-dimensional foci formed when MEFs
expressed Nfib (Supplemental Fig. S13).

Interestingly, we observed frequent concurrent ampli-
fication and expression of both Nfib and L-myc (Fig. 1B;
Supplemental Figs. S3, S5). In some cell culture assays,
including the formation of three-dimensional foci of
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Figure 3. NFIB is amplified and expressed in human SCLC. (A) IGV
plot of 46 human SCLC cell lines from position 11.1 to 17.2 Mb on
human chromosome 9. The dotted line indicates the boundaries of
the minimally conserved region. The bar indicates the log, copy
number ratio of tumor to somatic reference sample. (B) NFIB was
amplified in human tissue samples, as detected by NFIB FISH. The
top panel is a representative sample with normal NFIB copy number.
The bottom panel is a representative sample with amplified NFIB.
(Red) NFIB probe; (green) control chromosome 9 9q12 probe; (blue)
DAPL Bar, 10 pm. (C) Quantification of NFIB expression in human
SCLC tissue samples as detected by IHC for NFIB.
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Figure 4. NFIB knockdown induces death and reduces proliferation
in human SCLC. (A) NFIB knockdown increases the percentage of
cleaved caspase 3 (CC3)-positive cells in the adherent cell line NCI-
H446 by FACS compared with control (Cont.) infected cells. (B)
Quantification of BrdU incorporation by FACS following NFIB
knockdown in the same cell line as in A. (C) NFIB shRNA1 induces
apoptosis, as observed in an increase in the percentage of CC3-
positive cells in the adherent cell line NCI-H196 by FACS. (D)
Reduced BrdU incorporation as detected by FACS following NFIB
knockdown in the same cell line as in C. (E) Representative pictures
of senescence-associated B-galactosidase staining (SA-Bgal) in an
adherent cell line, NCI-H196, following control (left) or NFIB (right)
knockdown with shRNA2. Quantification of the SA-Bgal staining is
shown in the right panel. (**) P-value <0.005; (***) P-value <0.0005,
compared with control.

wild-type MEFs in high-density conditions, we observed
cooperativity between exogenous L-myc and Nfib, which
was significant by the Bliss Independence test (Supple-
mental Fig. S13). Thus, L-myc and Nfib may act syner-
gistically in some settings.

The use of a genetically engineered mouse model of
SCLC enabled us to interrogate the genomic alterations
that occur in SCLC. We identified several high-level focal
amplifications and deletions and, notably, uncovered
amplification of a novel potential proto-oncogene, Nfib.
This mouse model provides several advantages over
studying this cancer type in humans. First, the tumors are
initiated by defined genetic events and the disease prog-
resses in the absence of smoking carcinogen-induced
passenger mutations and alterations. Second, a wealth
of tumor and metastasis samples can be collected and
used for DNA, RNA, and protein analyses as well as
histology and cell line derivation. Third, tumors can be
collected at different stages, with our data indicating that
Nfib is highly expressed in the most advanced stages of
mSCLC. Interestingly, the human SCLC cell lines in
which we demonstrated that NFIB is critical for tumor
maintenance were also derived from patient pleural
effusions and a lymph node metastasis. Thus, advanced
lesions still appear to critically depend on NFIB for cell
viability. Given our success in analyzing copy number
alterations in mSCLC, future efforts to catalog point
mutations in mSCLC, followed by cross-species analyses,
would likely prioritize the daunting number of poten-
tially meaningful mutations being identified in human

Nuclear factor I/B is an oncogene in SCLC

SCLC (Pleasance et al. 2010). Our study highlights the
power of rationally designed mouse models to uncover
novel cancer-promoting alterations and uncovered im-
portant proto-oncogenic transcription factors in SCLC.

Materials and methods

Mice

53RN and 53R R osag6lSL-Lucierase/LSL-Luciferase 1o have
been described (Jonkers et al. 2001; Vooijs et al. 2002; Meuwissen et al.
2003; Sage et al. 2003) (Rosa26"St-tuciferase/LSL-Luciferase mjce are unpub-
lished, from Erica Jackson and Tyler Jacks). They were infected intrana-
sally or intratracheally with 2.5 X 107 or 1 X 10® plaque-forming units
(PFU) of adenovirus, as described previously (DuPage et al. 2009). Mouse
research was approved by the Committee for Animal Care and conducted
in compliance with the Animal Welfare Act Regulations and other federal
statutes relating to animals and experiments involving animals, and
adheres to the principles set forth in the National Research Council’s
1996 Guide for the Care and Use of Laboratory Animals (institutional
animal welfare assurance no. A-3125-01).

Isolation of tumor DNA and production of cell lines

Primary tumors from the mouse model were snap-frozen for DNA
isolation and stored at —80°C. In addition, part of each tumor was kept
for histology, used for cell line preparation, and snap-frozen in RNALater
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Figure 5. Nfib is a novel oncogene in murine SCLC. (A) Quantifi-
cation of the number of soft agar colonies in the uninfected or stably
expressing Nfib cell line. The values represent the mean + standard
deviation of triplicate plates. (B) Growth curve of a primary tumor
cell line, either uninfected or stably expressing Nfib. (C) Wild-type
MEFs either uninfected or infected with Nfib-expressing viruses
were plated at a low density and assayed for colony formation.
Colonies were visualized using crystal violet and quantified. Values
represent the mean * standard error of the mean (SEM) of the total
number of colonies in triplicate plates of both experiments using
two different MEF preparations. (D) p53~/~ MEFs either uninfected
or infected with Nfib-expressing viruses were plated at a low
density and assayed for colony formation. Colonies were visualized
using crystal violet and quantified. Values represent the mean +
SEM of the total number of colonies in triplicate plates of both
experiments using two different MEF preparations. (E) p53~/~ MEFs
either uninfected or infected with Nfib-expressing viruses were
plated in soft agar and assayed for anchorage-independent colony
formation. Colonies were visualized using crystal violet and
quantified. Values represent the mean + SEM of the number of
colonies in nine camera views of triplicate plates in experiments
using two different MEF preparations. (**) P-value <0.005; (***)
P-value <0.0005.
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(Ambion). To isolate DNA, tumors were digested in 800 pg/mL proteinase
K overnight at 55°C and phenol/chloroform-extracted. To dissociate
tumors for cell lines, minced tumors were digested in HBSS (without
calcium and magnesium), 1 mg/mL Collagenase IV (Worthington Bio-
chemicals), and 0.025% trypsin-EDTA (Gibco) for 30 min at 37°C.
Following dissociation, samples were quenched in PBS with 10% FBS,
incubated in 25 wg/mL DNase I (Sigma), centrifuged, filtered, and plated in
standard tissue culture medium (DME, 10% FBS, 1% L-glutamine, 50
U/mL penicillin, 50 pg/mL streptomycin).

Illumina sequencing and data analysis

Libraries for DNA copy number analysis were prepared from 5 pg of DNA
using the Illumina Genomic DNA Sample Preparation kit. Single-end 35-
nucleotide reads were generated using the Illumina Genome Analyzer IIx.
Reads were aligned to the mm9 reference genome with MAQ and filtered
for mapping quality >30 (Supplemental Table 2). For each 100-kb genomic
window, the number of reads aligning to that window were normalized by
the total number of aligned reads in the sample. Copy number ratios were
calculated as the number of normalized reads from the tumor sample,
divided by the number of normalized reads from the reference 129/SV]
strain. Chromosomal boundaries of copy number changes were identified
by change point analysis (Chiang et al. 2009). DNA copy number was
visualized using the Broad Institute’s Integrated Genome Viewer (http://
www.broadinstitute.org/igv).

Human SCLC cell line copy number profiling

Affymetrix SNP 6.0 data were obtained from the Cancer Cell Line
Encyclopedia (http://www.broadinstitute.org/ccle). DNA isolation and
hybridization arrays were performed as recommended by Affymetrix.
Probe normalization, segmentation, and copy number profiles were
determined as described previously (The Cancer Genome Atlas Research
Network 2008). Significantly recurrent regions of somatic copy number
alterations were identified using the latest GISTIC methodology as
described (Beroukhim et al. 2007, 2010).

IHC

Anti-Nfib antibody (1:500; Abcam) was used for IHC using standard
methods.
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