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Small cell lung cancer (SCLC) continues to cause poor clinical outcomes due to limited advances in sustained treatments for rapid cancer
cell proliferation and progression. The transcriptional factor Forkhead Box M1 (FOXM1) regulates cell proliferation, tumor initiation, and
progression in multiple cancer types. However, its biological function and clinical significance in SCLC remain unestablished. Analysis of
the Cancer Cell Line Encyclopedia and SCLC datasets in the present study disclosed significant upregulation of FOXM1 mRNA in SCLC cell
lines and tissues. Gene set enrichment analysis (GSEA) revealed that FOXM1 is positively correlated with pathways regulating cell
proliferation and DNA damage repair, as evident from sensitization of FOXM1-depleted SCLC cells to chemotherapy. Furthermore, Foxm1
knockout inhibited SCLC formation in the Rb1fl/flTrp53fl/flMycLSL/LSL (RPM) mouse model associated with increased levels of
neuroendocrine markers, Ascl1 and Cgrp, and decrease in Yap1. Consistently, FOXM1 depletion in NCI-H1688 SCLC cells reduced
migration and enhanced apoptosis and sensitivity to cisplatin and etoposide. SCLC with high FOXM1 expression (N= 30, 57.7%) was
significantly correlated with advanced clinical stage, extrathoracic metastases, and decrease in overall survival (OS), compared with the
low-FOXM1 group (7.90 vs. 12.46 months). Moreover, the high-FOXM1 group showed shorter progression-free survival after standard
chemotherapy, compared with the low-FOXM1 group (3.90 vs. 8.69 months). Our collective findings support the utility of FOXM1 as a
prognostic biomarker and potential molecular target for SCLC.
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INTRODUCTION
Small cell lung cancer (SCLC) and non-small cell lung cancer
(NSCLC) are two major lung cancer histotypes that constitute the
leading causes of death among all malignancies worldwide [1].
SCLC is an aggressive cancer type characterized by a short
doubling time, high genomic instability, early metastatic spread,
and rapid chemotherapy resistance [2, 3]. While the majority of
SCLC (60–80%) cases are initially responsive to frontline che-
motherapy with etoposide plus platinum drugs (cisplatin and
carboplatin), high rates of cancer recurrence and resistance within
a few months are observed in most patients at all stages after
chemotherapy [4–6]. The lack of targeted therapy and effective
second-line drugs for chemoresistant SCLC underlies poor
prognosis. Median overall survival (OS) time of patients with
advanced NSCLC harboring epidermal growth factor receptor
(EGFR) or ALK gene mutations reached over 3–5 years in clinical
trials [7, 8]. In contrast, <5% extensive-stage SCLC patients
survived for more than 5 years [9]. Fundamental progress in SCLC
treatment has been far lower compared to NSCLC therapy over
the past few decades.

Genetic studies have shown that loss-of-function mutations in
tumor suppressor genes TP53 and retinoblastoma 1 (RB1) are the
most frequently occurring alterations in SCLC [2]. The p53 tumor
suppressor responds to DNA damage and hypoxia to maintain
genomic stability while RB1 protein mainly regulates cell cycle
progression and cellular differentiation. Loss-of-function mutations
in RB1 and TP53 genes deregulate the cell cycle, leading to
abnormal cell proliferation, accumulation of mutations, and
oncogenesis [10]. For instance, conditional deletion of TP53 and
RB1 in lung neuroendocrine cells is reported to induce deregulation
of pulmonary neuroendocrine stem cell self-renewal and cell cycle
regulatory genes, resulting in SCLC development in Rb1fl/flTrp53fl/fl

(RP) and Rb1fl/flTrp53fl/flMycLSL/LSL (RPM) mouse models [11, 12].
However, the molecular basis of carcinogenesis of SCLC originating
from variant neuroendocrine cells remains unclear.
Forkhead Box M1 (FOXM1) is a proliferation-specific transcrip-

tion factor expressed in all proliferating cell types, including tumor
cell lines [13]. We and others previously demonstrated that FOXM1
plays a critical role in cell proliferation by directly regulating the
transcriptional network essential for G1/S and G2/M progression,
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in particular, positive regulation of cell cycle genes, including
cyclin B1, cdc25B, Aurora B, polo-like kinase 1 (Plk-1), Survivin, and
Cenp A, B and F isoforms [14, 15]. Increased FOXM1 expression in
multiple human cancer types has been reported, including breast
cancer, NSCLC, and gastric cancer. Moreover, overexpression of
FOXM1 is associated with adverse clinical outcomes, including
survival and chemoresistance [16–18]. Accumulating reports
suggest that inactivation of TP53 and RB1 induce elevated FOXM1
expression and activity, and consequently, tumor proliferation and
metastases [19, 20]. However, limited studies to date have focused
on the role of FOXM1 in SCLC with loss of TP53 and RB1 function.
Here, we have focused on the biological function of FOXM1 in
SCLC and potential associations among FOXM1 expression, drug
resistance, and clinical outcomes.

RESULTS
FOXM1 expression is elevated in small cell lung cancer cells
in vitro and in vivo
While FOXM1 regulates cell proliferation and is correlated to many
cancer types, its mechanisms of action in SCLC, a highly aggressive
type of lung cancer characterized by rapid proliferation, are not
completely understood at present. Initial analysis of the RNA-seq
dataset in Cancer Cell Line Encyclopedia (CCLE) revealed FOXM1
mRNA level (median log2 value) of 5.98 (interquartile range (IQR):
5.27–6.34) in SCLC cell lines, which was significantly higher than
that in NSCLC (5.43; IQR: 4.87–5.85; P < 0.001) and other cancer cell
lines (5.17; IQR: 4.62–5.65; P < 0.001) (Fig. 1A). Moreover, SCLC
samples from a Japanese population (GSE43346 dataset) showed
significantly higher expression of FOXM1 mRNA (median Gene-
Chip score 133.70 [IQR: 88.00–199.00]) than normal tissues,
including normal lung (median GeneChip score 6.30 [IQR:
1.80–23.75]) (P < 0.001) (Fig. 1B). Consistently, in the SCLC cohort
dataset, GSE60052, containing 79 SCLC and 7 normal lung
samples, the FOXM1 mRNA level (median log2 value 7.69 [IQR:
7.10–8.11]) was significantly higher than that in normal lung
(median log2 value 5.71 [IQR: 4.71–6.06]; P < 0.001) (Fig. 1C). These

results suggest that FOXM1 is correlated with rapid proliferation in
highly aggressive SCLC.

FOXM1 is correlated with cell proliferation and DNA repair
gene expression in SCLC tumors
We compared the mRNA expression profiles in SCLC and normal
lung tissue samples of the GSE60052 dataset. The heat map
depicted the mRNA levels of FOXM1 and genes involved in cell
proliferation, anti-apoptosis, and neuroendocrine markers that
were significantly correlated with SCLC (P value <0.05) (Fig. 2A).
Neuroendocrine markers were positively correlated with SCLC
while Notch expression was decreased. High FOXM1 expression in
SCLC was positively correlated with genes involved in response to
DNA damage, including double-strand break (DSB) repair, base-
excision repair (BER), and mismatch repair (MMR) (Fig. 2A). To
identify the master regulators of SCLC-associated genes, a total of
2196 differentially expressed genes (DEG) between control and
SCLC patients from GSE60052 (fold change >1.5 and P value
<0.05) were applied for transcription factor enrichment analysis.
Both web-based Enrichr and ChEA3 transcription factor enrich-
ment analysis (TFEA) prioritized FOXM1 as a top ranking putative
transcription factor based on SCLC-related differentially expressed
genes (Fig. 2B, C). To further explore the genes involved in crucial
biological processes of SCLC, we performed PANTHER of statistical
Gene Ontology (GO) enrichment analysis for biological processes
(Fig. 2D). The top two major functional groups, specifically, cellular
process (GO:0009987) and biological regulation (GO:0065007),
contain the top 15 enriched GO biological processes mostly
involved in regulating mitotic cell cycle progression and cell
division (Fig. 2E). GO enrichment analysis showed that SCLC
tumors are positively correlated with genes that regulate DNA
replication and damage responses and negatively with those
involved in the regulation of epithelial cell apoptosis and adherens
junction (Fig. 2F). Consistently, increased transcription of FOXM1,
BIRC5, and NEUROD1 was detected in SCLC relative to normal
tissue after normalization, while YAP1 and MYC mRNA levels were
downregulated (Fig. 2A, G).

Fig. 1 Analysis of FOXM1 mRNA expression in SCLC cell lines and tissues. FOXM1 mRNA levels are significantly elevated in SCLC cell lines
from Cancer Cell Line Encyclopedia (CCLE) (A) and SCLC patient tumors from GSE43346 (B) and GSE60052 (C) datasets. Box plots represent the
median and interquartile range of FOXM1 mRNA levels in SCLC and non-SCLC groups.
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FOXM1 is essential for SCLC tumor growth
The Rb1fl/flTrp53fl/flMycLSL/LSL (RPM) mouse model recapitulates the
formation of human SCLC showing loss of function of both RB1
and TP53 genes and frequent amplification of the MYC gene [12].
To ascertain whether Foxm1 is critical for SCLC initiation and

development, wild-type (WT), RPM, and RPM:Foxm1fl/fl mouse
lungs were intratracheally infected with Cre-expressing adenovirus
(Ad-Cre). Computational reconstruction of 3D mouse lungs based
on lung microCT images revealed that the RPM mice had
developed nodules relative to RPM:Foxm1-/- and WT mice at
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7 weeks post infection (Fig. 3A and Supplementary Figs. S1–S2).
Foxm1 depletion in RPM:Foxm1-/- mouse lungs was determined
via immunoblotting (Fig. 3B). Aggressive lung tumors were
detected in the central regions of RPM mouse lungs. In contrast,
no tumor was evident in RPM:Foxm1-/- lungs (Fig. 3C and
Supplementary Fig. S2). Gross nodule/tumor volume was sig-
nificantly decreased in RPM:Foxm1-/- lungs, compared with RPM
and WT lungs, as determined by microCT imaging quantification
(Fig. 3D and Supplementary Fig. S2).

Foxm1 regulates tumor growth and neuroendocrine
differentiation in SCLC
Tumors were not detected in RPM:Foxm1-/- and WT mouse lung
sections subjected to H&E staining, indicating that depletion of
Foxm1 suppresses RPM-induced tumor formation (Fig. 4A). More-
over, we observed a significant decrease in the number of Ki67
and pH3-positive cells in RPM:Foxm1-/- lungs compared with RPM
tumors, suggesting that Foxm1 is essential for rapid tumor cell
proliferation and aggressiveness of SCLC. Levels of the

neuroendocrine marker, calcitonin gene-related peptide (CGRP),
lung epithelial cell marker, Ttf1, and Sox2, were determined in
RPM tumors (Fig. 4A) [12, 21]. The ratio changes of these proteins
were significantly decreased in RPM:Foxm1-/- lungs based on IHC
intensity semi-quantification (Fig. 4A and Supplementary Fig. S3).
In addition to a regular expression in airway epithelium, the
majority of Cgrp was detected in the early-stage nodules or
smaller tumors of RPM lungs (Supplementary Fig. S4B–E). The
mRNA expression levels of Foxm1, c-Myc, Survivin (Birc5), Ascl1,
Cgrp, and Sox2 were significantly decreased in Foxm1-depleted
RPM mouse lung whereas Yap1 and Tft1 were significantly
increased compared with RPM (Fig. 4B). These RNA expression
data supported previous research that FOXM1 directly regulated
c-Myc [22], Survivin [14, 16], and SOX2 [23, 24] in cell lines.
Furthermore, we analyzed mouse Cgrp promoter and found a
potential Foxm1 binding site at -1316~-1302 region (Supplemen-
tary Fig. S5A). The 1.4 kb length mouse Cgrp promoter (−1385 to
+87) was PCR cloned into the pGL3 basic vector for dual luciferase
assay. Co-transfection experiment showed that human GFP-

Fig. 2 FOXM1 is correlated with SCLC markers and other biological processes in vivo. A Heat map of expression patterns of FOXM1 and
selected genes correlated with human SCLC tumors from patients (GSE60052) (p value <0.05). B, C Enrichr (B) and ChEA3 (C) transcription
factor enrichment analysis for identification of putative transcription factors based on SCLC-related differentially expressed genes (DEGs) from
the GSE60052 dataset (fold change >1.5 and p value <0.05). D Pie chart showing the distribution of functional groups of the 2196 DEGs
classified using PANTHER of Gene Ontology (GO) biological processes. E Statistical GO enrichment analysis of the two major functional groups
(D) (GO:0009987 and GO:0065007) containing the top enriched GO biological processes. F GO enrichment analysis showing that SCLC is
significantly positively correlated with DNA replication, DNA damage repair, apoptosis, and cell adherens junctions. Nominal p value (NOM) <
0.05. Abbreviations: NES normalized enrichment score, FDR false discovery rate. G mRNA expression data extracted from GSE60052 used to
determine levels of FOXM1 and neuroendocrine-related genes between SCLC and normal tissues after normalization. Data are presented as
mean ± s.d. *p < 0.05; **p < 0.01 and ***p < 0.001.

Fig. 3 Deletion of Foxm1 prevents small cell lung cancer tumorigenesis in Rb1fl/fl Trp53fl/fl MycLSL/LSL (RPM) mice. A Seven weeks after
intratracheal (I.T.) injection of one dose of 1 × 106 Ad-Cre into RPM and RPM:Foxm1fl/fl mice. Lung tumors are presented in the 3D-
reconstituted lung from microCT images. Deletion of Foxm1 prevented RPM-mediated small cell lung tumorigenesis. B Immunoblotting
results indicate that Foxm1 was depleted in the RPM:Foxm1-/- mouse lung tissue. C Lung tumors are indicated with arrows in transversal
mouse lung microCT slides. D Gross nodule volume in mouse lung determined from microCT images of RPM mice (n= 10), RPM:Foxm1-/- mice
(n= 7) and wild-type (WT) mice (n= 2) was quantitated and represented in a Dot Plot. *p < 0.05; **p < 0.01.
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Fig. 4 Increased cell proliferation and neuroendocrine marker levels of SCLC tumors in RPM mice. Paraffin sections of lungs from WT, RPM
and RPM:Foxm1-/- mice stained with hematoxylin and eosin (H&E) (A) or used for immunohistochemistry. Slides were counterstained with
Nuclear Fast Red (red nuclei); magnification: 200X and 400X (inset). IHC staining intensity levels were semi-quantified and normalized. The
ratio changes of IHC intensities were shown in the bar graphs. B Total RNAs isolated from WT, RPM, and RPM:Foxm1-/- mouse lung samples
were subjected to quantitative reverse transcription PCR (qRT-PCR) to determine mRNA levels of SCLC-correlated genes. The error bars
represent ± s.d. in triplicate experiments. *p < 0.05; **p < 0.01 and ***p < 0.001.
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FOXM1 significantly stimulated 1.4 kb mouse Crgp promoter
activity in both HEK-293T and NCI-H1688 cells (Supplementary
Fig. S5B, C), suggesting that Foxm1 regulates mouse Cgrp gene
promoter. Our collective data suggest that Foxm1 regulates cell
proliferation, survival, and neuroendocrine differentiation of SCLC.

Inhibition of FOXM1 sensitizes cisplatin and etoposide-
induced cytotoxicity in SCLC cells
The development of drug resistance to frontline chemotherapy is
a major limitation in SCLC treatment. FOXM1 has been
characterized as a transcriptional regulator of DNA repair genes,
facilitating resistance to doxorubicin and paclitaxel (Taxol)
cytotoxicity [25, 26]. To determine whether high FOXM1
expression in SCLC affects the efficacy of etoposide/cisplatin,
NCI-H1688 pIND-shFOXM1 stable cells were treated with doxycy-
cline (DOX). Successful FOXM1 depletion via shFOXM1 RNA
interference was confirmed via Western blot (Fig. 5A). Depletion
of FOXM1 in NCI-H1688 cells (pIND-shFOXM1; +DOX) led to a
significant increase in apoptosis ratio (Fig. 5B, C) and sensitization
to cisplatin, determined as a decrease in IC50 from 3314 nM to
2199 nM (P= 0.032), compared with non-DOX treated (-DOX) or
control shRNA-expressing cells (pIND-shCtrl; +DOX; Fig. 5D).
Similarly, depletion of FOXM1 sensitized cells to etoposide, as
evident by the decrease in IC50 from 1479 nM to 696 nM (P=
0.006) (Fig. 5E). Consistently, siRNA-mediated FOXM1 depletion in
NCI-H1688 cells caused significantly decreased IC50 of both
cisplatin (Supplementary Fig. S6A and C) and etoposide
(Supplementary Fig. S6B and D) as determined by clonogenic
growth assays. Additionally, three FOXM1 inhibitors, Honokiol,
Thiostrepton, and RCM-1, caused decreased expression of FOXM1
protein and its downstream target genes BIRC5, Cyclin B1, and
Aurora B mRNA levels in NCI-H1688 cells (Supplementary Fig.
S7A–D), leading to synergistic cytotoxicity of cisplatin or etopo-
side in the combined treatment (Supplementary Fig. S7E–J). The
finding that suppression of FOXM1 sensitizes cells to cisplatin and
etoposide in SCLC NCI-H1688 cells supports the theory that
FOXM1 regulates the mechanisms underlying resistance to
standard etoposide and cisplatin regimens. Moreover, siRNA-
mediated suppression of FOXM1 led to significantly reduced NCI-
H1688 cell migration on culture plates in the wound healing assay
(Fig. 5F–G) and anchorage-independent growth on soft agar (Fig.
5H–I). Consistently, the GO analysis for the RNA-seq results from
the FOXM1-depleted NCI-H1688 groups (GSE174462) also
revealed that the differential expression genes (DEGs) were
enriched in cell adhesion, cell division, and migration (Supple-
mentary Fig. S8A–C).

Baseline characteristics of SCLC patients
Elevated FOXM1 levels in cancer are associated with dysregulation
of cellular proliferative capability and tumor aggressiveness
[27, 28]. In 52 eligible SCLC patients with adequate tumor tissues
at National Taiwan University Hospital Hsinchu Branch (NTUH-HC),
we investigated whether high expression of FOXM1 is correlated
with clinical outcomes. Nuclear localization of FOXM1 was
specifically detected in SCLC tumor cells but not adjacent normal
lung tissue (Fig. 6A). Overall, 30 patients (57.7%) were classified as
high FOXM1 expression (grades 2+ and 3+) and 22 patients
(42.3%) as low FOXM1 expression (grades 0 and 1+) for analysis
(Fig. 6A, B; Table 1). TTF-1 staining was detected in the FOXM1
grade 0 SCLC samples, indicating that low or non-FOXM1 staining
was not caused by failure of IHC or poor quality of the specimen.
Interestingly, TTF-1 was not always detected in the SCLC sample
categorized as FOXM1 expression grade 3+ (Fig. 6A).
The 52 patients had a median age of 67.3 years (range, 40–90

years), and included 45 men (86.5%) and 49 smokers (94.2%). Two
patients were diagnosed with stage I/II disease (3.8%) and 17
(32.7%) and 33 patients (63.5%) as stage III and IV, respectively,
including 17 (32.7%) with bone metastasis, 11 (21.2%) with liver

metastasis, and 6 (11.5%) with brain metastasis. The clinical cancer
stages at diagnosis and extrathoracic metastases, particularly bone
metastasis, were significantly different between the high and low-
FOXM1 patient groups. However, we observed no marked
differences in clinical characteristics between groups in terms of
age, gender, or smoking status (Table 1).

High FOXM1 expression is associated with poor clinical
outcomes of SCLC patients
Median OS of the 52 enrolled SCLC patients (stage I-IV) was 10.20
(95% confidence interval [CI]: 7.02–13.38) months. Notably,
median OS of the high-FOXM1 SCLC group was significantly
shorter than that of the low-FOXM1 group (7.90 [95% CI:
4.51–11.30] vs. 12.46 [95% CI: 9.07–15.85] months, hazard ratio
[HR]: 2.07; 95% CI: 1.08–3.97; P= 0.029) (Fig. 7A). Within our
patient group, 40 received standard chemotherapy (etoposide
plus platinum drugs) and were regularly followed up at our
hospital. Among the 21 patients receiving chemotherapy in the
high-FOXM1 group, median PFS was 3.90 (95% CI: 3.22–4.59)
months, while that of the other 19 patients in the low-FOXM1
group was 8.69 (95% CI: 7.10–10.27) months (HR: 2.31; 95% CI:
1.12–4.80; P= 0.024) (Fig. 7B). The finding that high FOXM1
expression in SCLC is significantly correlated to poor outcomes
highlights a potential function as a critical regulator of genes
contributing to cell proliferation, anti-apoptosis, migration, che-
moresistance, and metastasis in SCLC.

DISCUSSION
SCLC is one of the most aggressive cancer types characterized by
rapid proliferation and high recurrence rates after chemotherapy.
Here, we showed that SCLC expresses higher Forkhead box M1
(FOXM1) levels than other human cancer cell lines and normal
tissues. Our initial experiments disclosed that high-FOXM1 SCLC
patients display 4.56-month shorter in median OS and 4.8-month
shorter in median PFS than the low-FOXM1 group receiving
etoposide plus platinum-based chemotherapy. GO analysis of the
SCLC dataset showed that the FOXM1 level is associated with cell
growth, anti-apoptosis, migration, metastasis, and DNA damage
repair, supporting a correlation with poor prognosis. Diminished
FOXM1 expression led to reduced SCLC cell migration and
anchorage-independent growth (Fig. 5F–I), as reported previously
[29], and increase in SCLC cell sensitivity to the DNA-damaging
chemotherapeutic agents, cisplatin and etoposide, consistent with
data from GO analysis showing that FOXM1 is correlated with
assembly of SCLC cell adherens junction and DNA damage repair
(Figs. 5 and 2F). Moreover, genetic deletion of Foxm1 in RPM
mouse lung inhibited SCLC tumor initiation and proliferation and
reduced the expression of neuroendocrine markers detected in
SCLC patients. These results concur with the Enrichr and ChEA3
TFEA prediction that FOXM1 is a master regulator of gene
transcription networks for SCLC carcinogenesis and further
support the finding that FOXM1 regulates the transcription
network of cell cycle, migration, tumorigenesis, epithelial-to-
mesenchymal transition (EMT), and cancer stemness genes in
other cancer types (Fig. 2) [14, 29–31]. In view of the collective
data, we conclude that FOXM1 is a critical regulator of SCLC
development and progression, and a prognostic marker for poor
outcomes.
The neurogenic transcription factor, ASCL1, mediates distinct

molecular signatures of neuroendocrine tumor formation and
heterogeneity of SCLC [32]. In contrast to ASCL1-high and
NeuroD1-high SCLC subtypes, YAP1 is expressed predominantly
in a non-neuroendocrine (NE) SCLC subtype associated with intact
RB [33, 34]. Another recent study suggests that Yap1 is
dynamically temporally elevated to facilitate the evolution of an
invasive subtype of SCLC from a NE to non-NE state in a Myc-
driven manner [35]. In our experiments, depletion of Foxm1 in
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Fig. 5 Depletion of FOXM1 reduces SCLC cell survival in response to cisplatin-based chemotherapy agents, cell migration, and
anchorage-independent growth in soft agar. A Western blot of FOXM1 protein from NCI-H1688-pIND stable cell lines treated with
doxycycline (DOX) for 48 h or left untreated. Diminished FOXM1 expression was detected in shFOXM1-expressing cells (shFOXM1+DOX).
B Apoptotic H1688 cells (red) were detected with the TUNEL assay after FOXM1 depletion with inducible shFOXM1. Cell nuclei were stained
with DAPI (blue). C Quantification of apoptosis in cells 48 h after treatment with DOX-inducible shRNA or left untreated. Significant increase in
the TUNEL-positive cell ratio was detected in FOXM1-depleted NCI-H1688 cells. D, E IC50 curves of FOXM1-depleted NCI-H1688 cells treated
with cisplatin (D) and etoposide (E) for 48 h. Percentage cell survival from MTT assays plotted against the logarithm of treatment
concentrations. IC50 values for cisplatin or etoposide in FOXM1-depleted cells (shFOXM1+DOX) were significantly decreased, compared with
control groups (shCtrl+DOX or shFOXM1). F NCI-H1688 cells were transfected with siRNA and grown to confluence before generation of
scratch wounds. Phase-contrast micrographs of scratch wounds at the time of wounding (0 h, between two dashed yellow lines) and 18 h post
wounding. G Percentage wound closure presented as a bar graph. H siRNA-treated NCI-H1688 cells were trypsinized and replated in soft agar.
Microphotographs showing colonies after 12 days of soft agar culture. I Numbers of colonies per microscopic field. Error bars represent ± s.d.
of experiments conducted in triplicate. *p < 0.05; **p < 0.01; ***p < 0.001.
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RPM mouse lung led to significant suppression of Ascl1, Cgrp, and
c-Myc while Yap1 mRNA was markedly decreased in RPM lung,
compared with WT lung, consistent with the expression pattern in
the SCLC patient dataset (Figs. 4B and 2A) [36]. Furthermore,
suppression of Yap1 in RPM lung was rescued after deletion of
Foxm1 (RPM:Foxm1-/-), which exhibited lower numbers and sizes
of SCLC tumors (Fig. 4B). The data suggest that Foxm1 regulates
the initiation of SCLC and neuroendocrine-associated differentia-
tion of the SCLC subtype in RPM mouse lungs.
Previous studies by our group on an inducible oncogenic

KrasG12D mouse lung cancer model with SPC-Cre/Foxm1fl/fl

mice demonstrated that Foxm1-deficient lung epithelial cells
fail to develop into lung adenocarcinoma due to blockade of
oncogenic signaling pathways [37]. In contrast to most lung
cancer types, which are driven by specific oncogenes, SCLC
tumors generally display functional inactivation of both TP53

and RB1 tumor suppressor genes. The mechanisms by which
loss of tumor suppressors drive cancer initiation are still
unclear. FOXM1 expression and activity are known to be
inhibited by the tumor suppressor genes TP53 and RB1 [28].
Loss of TP53 and RB1 function in SCLC may thus result in
remarkable elevation of FOXM1, compared with the other
cancer types (Fig. 1A). Furthermore, amplification of the Myc
family has been reported in ~20% SCLC cases in association
with increased tumor cell survival [2, 38]. FOXM1 and c-Myc
proteins mutually transactivate each other’s promoters, giving
rise to a positive feedback loop stimulating gene expression
and cell proliferation [22]. Inactivation of tumor suppressor
TP53 and RB1 genes or additional c-Myc gene amplification
could thus affect gene expression of FOXM1, contributing to
rapid cancer cell proliferation and high levels of aggressive
phenotypes in SCLC.

Fig. 6 SCLC specimen staining and quantitative scoring. A H&E staining (upper panel) and immunohistochemistry (IHC) for TTF-1 and
FOXM1 with Nuclear Fast Red counterstain (middle and lower panel). FOXM1 IHC results were evaluated and graded based on unclear staining
intensity by pathologists. Selected images represent IHC staining scores, classified as 0, 1+, 2+, and 3+. FOXM1 protein was detected in the
nuclei of SCLC, but not adjacent normal tissue. Magnification: 200X; Inset 40X. B Flow chart represents SCLC patient enrollment, classification
and grouping.
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The SCLC tumors rapidly progressed to advanced stage about
7 weeks post Ad-Cre intratracheal (I.T.) injection to RPM mouse
lungs, which displayed high levels of Foxm1 as well as c-Myc
mRNA that could be transcribed from both endogenous c-MYC
gene and the CAG promoter-driven transgenic MYC-T58A (Fig. 4B).
In contrast, conditional deletion of Foxm1 (RPM: Foxm1-/-)
inhibited SCLC development, which was associated with a
decrease of c-MYC expression. Consistently, depletion of FOXM1
in NCI-H1688, an advanced stage of SCLC cells that were isolated
from liver metastasis, also caused a decrease in c-MYC expression
(Supplementary Fig. S8). Both in vivo mouse model and in vitro
cell culture experiments reinforced the concept that FOXM1
positively regulates c-Myc in SCLC (Fig. 4B).
Of the GSE60052 dataset that we analyzed, interestingly, we found

only 4 of 99 SCLC patients (4%) were diagnosed with stage IV disease
[36], and the mean MYC level was significantly lower in tumors than
normal tissues in the SCLC dataset (Fig. 2G). Since the MYC expression
is more correlated to the advanced stage of SCLC [12], therefore, the
mean expression level of MYC in tumor depends on the composition
of cancer stages in the SCLC dataset. Even though most SCLC patients
in this dataset were in the earlier stages of cancer, a high FOXM1 level
was still detected in SCLC when compared with the tumor-matched
normal lung tissues because FOXM1 is a mitotic-specific protein that
is expressed as early as the initial stage of tumorigenesis and
continues toward the advanced tumor stages. Besides, genetic studies
indicated only 20% MYC paralog genomic amplification occurs in
SCLC [39]. Among the Myc family, MYCL and MYCN amplification is
more commonly found than MYC (c-Myc) in SCLC patients [2]. Some
research indicated that amplification of MYC family members is
mutually exclusive in SCLC in some datasets [12, 38]. Indeed, we
found that MYC mRNA level was low in the GSE60052 dataset, which
was associated with high expression levels of MYCL and MYCN
(Supplementary Fig. S9). Thus, the relative reduction of MYC average
mRNA level in the GSE60052 dataset may be due to Myc family
heterogeneity, and a majority of samples were in earlier stages. The
discrepancy of c-Myc levels between the human SCLC GSE60052
dataset and RPMmouse model could be caused by the heterogeneity
of the Myc family and the composition of cancer stages in the dataset,

Table 1. Clinical characteristics of 52 small cell lung cancer patients.

Number All patients High FOXM1 Low FOXM1 P

52 30 22

Age, median years (range) 67.3 (40–90) 67.8 (40–89) 67 (49–90) 0.91

Sex 0.107

Men, n (%) 45 (86.5) 24 (80.0) 21 (95.5)

Women, n (%) 7 (13.5) 6 (20.0) 1 (4.5)

Smoking status 0.127

Smoker, n (%) 49 (94.2) 27 (90.0) 22 (100.0)

Never-smoker, n (%) 3 (5.8) 3 (10.0) 0

Clinical stage at diagnosis 0.001

Stage I, n (%) 1 (1.9) 0 1 (4.5)

Stage II, n (%) 1 (1.9) 1 (3.3) 0

Stage III, n (%) 17 (32.7) 4 (13.3) 13 (59.1)

Stage IV, n (%) 33 (63.5) 25 (83.3) 8 (36.4)

Extrathoracic metastases, n (%) 30 (57.7) 22 (73.3) 8 (36.4) 0.008

Bone metastasis, n (%) 17 (32.7) 14 (46.7) 3 (13.6) 0.012

Liver metastasis, n (%) 11 (21.2) 9 (30.0) 2 (9.1) 0.067

Brain metastasis, n (%) 6 (11.5) 5 (16.7) 1 (4.5) 0.183

Fig. 7 Kaplan–Meier plot of overall survival (OS) and progression-
free survival (PFS) curves of SCLC patients at NTUH-HC. A SCLC
patients with high FOXM1 levels (dashed red line) were associated
with significantly higher risk than patients with low FOXM1 levels
(solid blue line) in OS. B SCLC patients with low FOXM1 expression
(solid blue line) presented a trend of significantly longer PFS,
compared with the high-FOXM1 group (dashed red line).
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as well as the transgenic expression of c-Myc in the genetically
engineered RPM mouse model.
The CGRP-positive nodules were detected in the small tumors,

but not in the big tumors, of the RPM mouse lungs that were
harvested 7 weeks post Ade-Cre IT injection (Fig. 4A). Previous
studies demonstrated that expression of the hyperactive form of
c-Myc (MycT58A) promoted SCLC tumor progression in RPM mice
and caused low expression level of neuroendocrine markers, such
as CGRP, in the advanced stage RPM tumors [12]. To further
validate the association between RPM tumor progression and
CGRP level, we have harvested the RPM mice at 3, 4, 5, 6 weeks
time-points after adenoviral Cre intratracheal (IT) injection. We
found that lung tumor areas were remarkably increased in the
advanced stage (at 5 and 6-week time-points, Supplementary Fig.
S4D, E) compared with the early-stage (at 3 and 4-week time-
points, Fig. 4SB, C). Consistent with the previous report, Cgrp was
detected in the nodules or smaller (early stage) RPM lung tumors
by immunohistochemistry (IHC) (Supplementary Fig. S4). Notably,
not all the smaller tumors were Cgrp positive, indicating the
heterogeneity of SCLC in the RPM mouse model.
Compared with the significant advances in translational research

on targeted therapeutic drugs and immunotherapies for NSCLC, the
development of targeted agents for SCLC has been stagnant [9, 13].
Notably, several anti-tumor agents for SCLC are under clinical
development, including therapeutic inhibitors for poly [ADP-ribose]
polymerase (PARP1) [40], enhancer of zeste homolog 2 (EZH2) [41],
histone deacetylase (HDAC) [42], and proteasome [43]. FOXM1 is a
critical downstream protein involved in PARP, EZH2, and HDAC
regulatory mechanisms [44–46]. Bortezomib, the first proteasome
inhibitor drug approved for cancer, was also used for SCLC, both as
monotherapy and combination therapy with cisplatin/etoposide, in
an earlier clinical trial [43]. Recently, bortezomib was reported to
inhibit FOXM1 expression in cell culture and enhance the effect of
standard chemotherapy in a xenograft mouse model of SCLC
[47, 48]. These results unanimously highlight the potential utility of
FOXM1 as a therapeutic target for SCLC. In conclusion, with its
regulatory roles in tumorigenesis, progression, heterogeneity, and
chemoresistance of SCLC, FOXM1 may serve as an effective
prognostic biomarker in standard frontline chemotherapy.

MATERIALS AND METHODS
Dataset acquisition
Raw RNA sequencing (RNA-seq) data were obtained from the Cancer Cell
Line Encyclopedia (CCLE) comprising 54 SCLC, 136 NSCLC, and 829 other
cancer cell lines [49]. The gene expression profiles of the SCLC cancer
dataset (GSE43346) with 23 SCLC and 42 normal tissues (only one normal
lung tissue) [50] and GSE60052 consisting of 79 SCLC and seven normal
samples [36] were used for analysis.

Gene Set Enrichment Analysis (GSEA) and transcription factor
enrichment analysis (TFEA)
The gene expression dataset, GSE60052, was downloaded. Differentially
expressed genes (DEG) (fold change >1.5, P value <0.05) between SCLC
and control tissue samples were used for web-based Enrichr and ChEA3
transcription factor enrichment analyses [51, 52]. Gene Ontology (GO) was
performed using GSEA software (http://software.broadinstitute.org/gsea/
index.jsp) [36, 53]. FOXM1 mRNA levels in SCLC patients and associated
regulatory pathways were evaluated.

Mouse model of SCLC
Rb1fl/flTrp53fl/flMycLSL/LSL (RPM, JAX #029971) mice were crossed with
Foxm1fl/fl mice and the offspring self-crossed to generate Rb1fl/flTrp53fl/
flMycLSL/LSLFoxm1fl/fl mice (RPM:Foxm1fl/fl) [12, 54]. Mice were maintained in
specific pathogen-free vivarium-filtered cages at the animal facility of the
National Health Research Institute (NHRI) under a 12 h light/dark cycle.
Five-week-old RPM and RPM:Foxm1fl/fl mice were intratracheally (I.T.)
injected with 1 × 106 plaque-forming units (PFU) of Ad-Cre [12, 55]. Both
genders were used. All animal experiments were reviewed and approved

by the Institutional Animal Care and Use Committee of NHRI and National
Tsing Hua University (NTHU).

Generation of rabbit antisera specific for the FOXM1 protein
C-terminal region
The His-tagged human FoxM1b 696-748 amino acid construct was cloned
into p15Cool2 expression vector and expressed in Escherichia coli
BL21 cells. Affinity-purified His-tagged FoxM1b 696-748 aa protein was
obtained after nickel chromatography (ThermoFisher) and used as an
antigen to immunize rabbits (LTK BioLaboratories, New Taipei City,
Taiwan). Subsequent antibody production consisted of initial immuniza-
tion, followed by six boosts with the antigen.

Immunohistochemical staining and grading of tumor
specimens
Paraffin-embedded mouse lung lobes were sectioned and subjected to
immunohistochemistry (IHC) with antibodies against p-Histone H3 (1:1000;
#SC-8656-R; Santa Cruz Biotechnology, Santa Cruz, CA), Ki67 (1:500; #Clone
SP6; Abcam), Ttf1 (1:1000; #WRAB-TTF1, Seven Hills Bioreagents, Cincinnati,
OH), TTF1(1:300; #NCL-L-TTF-1; Leica), Sox2 (1:2000; #SC-365823; Santa
Cruz), Cgrp (1:5000; #C8198; Sigma-Aldrich) or FOXM1 C-terminus (1:3000).
Microscopic images were obtained using a Carl Zeiss Axio Scope.A1
microscope (Oberkochen, Germany). Human SCLC biopsy samples were
requested from the pathological department of NTUH-HC. Paraffin-
sectioned samples were used for hematoxylin and eosin (H&E, Leica
Biosystems Surgipath, Richmond, IL) staining and IHC with antibodies
specific for human FOXM1 (1:1000, #SC-32855, Santa Cruz) [37]. Following
exclusion of specimens due to inadequate tumor material by two
pathologists (H-L S and C-W K), patients with adequate and qualified
specimens were enrolled and graded independently based on staining
intensity, classified as negative staining (grade 0), weak positive staining
(grade 1+), moderate positive staining (grade 2+) and strong positive
staining (grade 3+) [56]. Discordant grading interpretations were re-
evaluated by the pathologists until a consensus was reached.

Quantitative real-time RT-PCR (qRT-PCR)
Total RNA was prepared from homogenized whole lung tissue using TRIzol
reagent (#15596018, ThermoFisher) according to the manufacturer’s
instructions. Total RNA (500 ng) was treated with RQ1 RNase-free DNase
(#M6101, Promega, Madison, WI) to remove contaminating genomic DNA,
followed by cDNA amplification using the High-Capacity cDNA Reverse
Transcription Kit (#4368814, ThermoFisher). cDNA samples (500 ng) were
amplified with Fast SYBR Green Master Mix (#4385612, ThermoFisher)
combined with primers for the gene of interest using a QuantStudio 3
Real-Time PCR system (ThermoFisher). Reactions were analyzed in
triplicate. Expression levels were normalized to that of endogenous
cyclophilin mRNA and presented as means ± standard deviation (s.d.) [14].
The sense (S) and antisense (AS) primer sequences and annealing
temperatures (Ta) used for real-time RT-PCR of mRNA were described in
Supplementary Methods.

Patients and study design
Between November 2014 and August 2019, 101 patients were diagnosed
with SCLC at NTUH-HC. After retrospective screening, 59 patients were
recruited with informed consent. We investigated 52 eligible SCLC patients
with adequate tissues. This study was approved by the Institutional Review
Broad (IRB) committee of NTUH-HC with IRB No. 104-011-F. Baseline
characteristics, clinical data, and treatment outcomes were obtained until
November 2019. Cancer staging data at diagnosis were obtained using the
International Association for the Study of Lung Cancer (IASLC) 7th edition
lung cancer staging system [57].

Statistical analysis
For dataset analysis, one-way ANOVA and multiple comparison tests were
applied for continuous variables. To compare the association of clinical
features with FOXM1 expression, we used chi-square or Fisher’s exact test
(at n < 5) to analyze categorical variables. Progression-free survival (PFS)
and OS between subgroups of interest were calculated using the
Kaplan–Meier method and Cox proportional hazards regression model
for presenting hazard ratio (HR) together with 95% confidence interval (CI).
The 50% inhibitory concentration (IC50) was calculated from cell survival
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curves using GraphPad Prism 6 software (San Diego, CA). Two-sided P
values <0.05 were considered statistically significant. Box plot and other
analyses were performed using SPSS version 18.0 software (SPSS Inc.,
Chicago, IL) and both PFS and OS curves were plotted using Stata Version
14 software (StataCorp, College Station, TX).
Detailed procedures describing Micro-computed tomography imaging

(microCT) and analysis, Immunohistochemistry (IHC) semi-quantification,
Mouse Cgrp promoter cloning and dual luciferase assay, RT-qPCR primers,
Cell culture and generation of pInducer-shFOXM1 stable cell lines, Western
blot analysis, TUNEL assay, Cell viability assay, Cell clonogenic assay, Cell
migration assay, Soft agar colony formation assays, and Bulk RNA-seq and
analysis of FOXM1-depleted NCI-H1688 are included in the Supplemental
Materials and Methods.
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