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Tumor heterogeneity can create a unique symbiotic tu-
mor microenvironment. Earlier, we showed that clonal
evolution in mouse small cell lung cancer (SCLC) can re-
sult in subclones that, upon cografting, endow the neuro-
endocrine tumor cells with metastatic potential. We now
show that paracrine signaling between SCLC subclones is
a critical requirement in the early steps of the metastatic
process, such as local invasion and intravasation. We fur-
ther show evidence that paracrine signaling via fibroblast
growth factor 2 (Fgf2) and Mapk between these diverged
tumor subclones causes enhanced expression of the Pea3
(polyomavirus enhancer activator 3) transcription factor,
resulting in metastatic dissemination of the neuroendo-
crine tumor subclones. OQur data reveal for the first time
paracrine signaling between tumor cell subclones in
SCLC that results in metastatic spread of SCLC.

Supplemental material is available for this article.
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Tumor progression is driven by coevolution of neoplastic
cells with nontransformed somatic cells such as stromal,
vascular endothelial, and immune cells and depends on re-
ciprocal interactions within the tumor microenvironment
(Hanahan and Weinberg 2011; Junttila and de Sauvage
2013). There have been increasing efforts to identify the
signaling molecules and pathways in these heterogeneous
cellular compartments, and many of them show functional
roles in multistage tumor development (Hanahan and
Weinberg 2011). The existence of intratumor heterogenei-
ty adds further complexity to this phenomenon. As aresult
of this intratumor heterogeneity, subclones from a single
tumor can exhibit different growth properties and meta-
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static capacities (Liu et al. 2009; Anderson et al. 2011;
Nottaetal. 2011; Wu et al. 2012). Moreover, genetic varia-
tion among tumor subclones allows distinct clones to cope
with altered conditions such as exposure to cytotoxic drugs
(Burrell and Swanton 2014). Although substantial progress
has been made in understanding the coevolutionary inter-
actions and functional roles of the different cell compart-
ments in tumor microenvironments, little is known
about the cross-talk between tumor cell subclones and
how it affects tumor progression.

Small cell lung cancer (SCLC)represents 13 % of all new-
ly diagnosed lung cancer cases, and >90% of patients with
SCLC are current or past heavy smokers (van Meerbeeck
et al. 2011). SCLC is the most aggressive lung cancer sub-
type, with neuroendocrine characteristics and centrally lo-
cated lesions that disseminate early in disease. As a result,
SCLC is usually diagnosed after metastatic spread to mul-
tiple organs (e.g., the liver, bones, and the brain) has
occurred. Chemotherapy, rather than surgery, is the stan-
dard treatment of SCLC, and although SCLC tumors often
respond well to chemotherapy, tumors invariably relapse,
as reflected by poor 5-year survival rates (Jackman and
Johnson 2005). The way SCLC is treated strongly limits ac-
cessibility to primary patient materials. Therefore, mouse
SCLC models closely mimicking the human condition
have become an important research tool to study this can-
cer type (Meuwissen et al. 2003; Kwon and Berns 2013; Mc-
Fadden et al. 2014). Detailed characterization of mouse
SCLC following the inactivation of Rbl and Trp53 in the
lung showed the frequent presence of multiple tumor cell
types with divergent marker expression profiles (Calbo
etal.2011). These different cell clones often shared distinct
genetic aberrations indicative of their common ancestry.
Cultures of these tumors often contained two morpho-
logically different cell types: one growing in suspension
with typical SCLC neuroendocrine features (NE cells),
and the otherproliferating as adherent cultures with a mes-
enchymal rather than a neuroendocrine marker profile
(NonNE cells). Interestingly, both of these phenotypically
different cell variants are also found in human SCLC cell
lines. Although coculturing NE and NonNE cells showed
significant effects on their proliferation capacities, subcu-
taneously injected NE and NonNE cell mixtures did not
show clear accelerated tumor growth. However, grafting
of these mixtures did endow the NE cells in the mixture
with metastatic capacity, resulting in liver metastases.
The presence of NonNE cells in the mixture was required
for efficient metastasis, as mice injected with either NE
cells alone or NonNE cells alone did not develop liver me-
tastasis. Liver metastases harbored only NE cells. There-
fore, mesenchymal-like NonNE cells needed to be
present to endow NE cells with metastatic capacity (Calbo
et al. 2011). These data clearly illustrate how intratumor
heterogeneity can contribute to tumor metastasis. The
functional signaling between tumor cells and their micro-
environment is increasingly considered as a potential tar-
get of cancer therapy (Swartz et al. 2012). Therefore,
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understanding the paracrine signaling cascades between
NE and NonNE cells responsible for the metastatic behav-
ior may help to identify novel drug targets for SCLC. Here
we describe a potential signaling cascade between NE and
NonNE tumor cells that contributes to metastasis forma-
tion in SCLC.

Results and Discussion

NE tumor cells from liver metastases have not acquired
autonomous metastatic capacity

Recent mouse and human studies using next-generation
sequencing (NGS) have shown that metastases often arise
from minor subclones present in the primary tumor tissues
(Liuetal. 2009; Yachida et al. 2010; Wu et al. 2012; McFad-
den et al. 2014). In order to determine whether meta-
stasized tumor cells in our SCLC mouse model have
acquired autonomous metastatic potential, we examined
whether tumor cells from liver metastases can metastasize
from subcutaneous sites without cografted NonNE cells.
We choseluciferase-labeled NE cells (C896.04) and NonNE
cells (C22.03) expanded from single-cell clones (Calbo et al.
2011). This combination of NE and NonNE cells generated
liver metastases in 100% of the subcutaneously injected
immunocompromised Balb/c nu/nu mice (nine out of
nine mice), and liver metastases were shown to contain
only neuroendocrine tumor cells by immunohistochemis-
try (Calboetal.2011; datanot shown). Two metastatic liver
lesions from two independent mice were expanded in cul-
ture as suspensions of small aggregated cells and tested
for the expression of neuroendocrine markers (denoted
NEp.) (datanot shown). Next, we examined whether these
NEme cells exhibited metastatic capability upon subcuta-
neous grafting with or without the cografting of NonNE
cells. All of the mice injected with a mixture of NEp;.,
and NonNE cells showed liver metastases similar to their
parental C896.04 cell clone and as observed before (Fig.
1A). The metastatic liver lesions were composed of only
NE cells (Fig. 1B). In contrast, mice injected with NEp;c;
cells alone showed strongly reduced metastasis (P <0.05
in both NEp.. #1 and NEy. #2) (Fig. 1A,B; Supplemental
Fig. S1A). Moreover, the number of metastatic foci per
mouse was substantially decreased (Fig. 1C; Supplemental
Fig. S1B). Therefore, NEp. cells continue to depend on sig-
naling from NonNE cells for theirmetastatic capacity, indi-
cating that the NEy;.. tumor cells obtained from metastatic
sites have not acquired autonomous metastatic potential.

NonNE cells are dispensable for liver metastasis of NE
cells in an intravenous transplantation model

Metastasis is a complex process involving multiple steps,
such as invasion, intravasation, survival in the circu-
lation, extravasation, and colonization of distant sites
with subsequent outgrowth of secondary tumors (Fidler
2003). During this metastatic process, cells have to sur-
vive the harsh conditions imposed by these different mi-
croenvironments. This is the reason why the success of
a tumor cell to form distant metastasis is very low
(Valastyan and Weinberg 2011). To specify the supportive
role of NonNE cells in these multiple steps of metastasis,
we intravenously injected immunodeficient mice with
clonal NE cells, clonal NonNE cells, or a mixture of NE
and NonNE cells. All of the mice injected with NE cells
showed marked metastases in the liver. Coinjection of
NonNE cells did not augment the number or size of the
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Figure 1. Contribution of NonNE cells to metastasis of NE cells in
graft experiments. (A-C) To determine the autonomous metastatic
potential of NE cells from metastases, NE cells were established
from liver metastases (NEygr cells). NEypt cells were injected subcu-
taneously into the flank of Balb/c nude mice either as a pure NE cell
population or mixed with NonNE cells. (A) The occurrence of metas-
tasis is expressed as the percentage of the number of mice with liver
metastases/number of mice in that group. (B) Photomicrographs
showing the morphology (H&E staining) and expression of Synapto-
physin and Vimentin of transplanted tumors obtained by subcutane-
ous injection of NEyg cells alone (top panels) and NEygt + NonNE
cells (middle panels). The bottom panels show multiple metastatic
tumor nodules in the livers of mice injected subcutaneously with
NEnmer + NonNE cells. Bars: top, middle, 50 nm; bottom, 200 pm.
(C) The number of metastatic foci per mouse from each group of
mice. Error bars indicate standard deviation (SD). (*) P <0.005; (**) P
<0.05. (D,E) The supportive role of NonNE cells in metastasis. (D)
NE cells and/or NonNE cells were intravenously injected, and liver
metastases were evaluated from three independent experiments. (E)
Representative micrographs of H&E-stained liver sections. Bars, 200
um. (F,G) NonNE cells strongly enhance the formation of mediastinal
tumors of NE cells. (F) The number of mice showing the mediastinal
tumor formation by intravenous injection of both NE and NonNE
cells in comparison with injection of only NE cells. (G) Representa-
tive micrographs of H&E-stained mediastinal tumor sections. Error
bars indicate SD. Bar, 200 pm. (***) P < 0.02.

liver metastasis, whereas NonNE cells alone did not
show any metastatic spread to the liver (Fig. 1D,E; Supple-
mental Fig. S1C). However, the intravenous injection of
mixtures of NE and NonNE cells did give rise to a substan-
tially higher level of mediastinal metastasis (Fig. 1F,G)
and an occasional lung metastasis (we found a single le-
sion in one of 10 animals, and this tumor contained
both NE and NonNE cell types) (Supplemental Fig.
S1D), indicating that, in some tissues, colonization is
more effective upon injection of the mixture. Neverthe-
less, the supportive role of NonNE cells for the metastatic
spread of NE cells appears most profound in the early steps



of the metastatic process, such as local invasion and intra-
vasation. Since we had shown previously that single pop-
ulations of either NE or NonNE cells as well as the mixed
population form tumors in subcutaneous sites (Calbo
et al. 2011), we further explored how NonNE cells en-
hance the invasive capacity of NE cells.

Conditioned medium from NonNE cells induces invasive
activity of NE cells

We next tested whether the invasive capacity of NE cells
can be modulated by factors secreted by NonNE cells in
cell culture. NonNE cells were seeded in the lower cham-
bers of Matrigel-coated modified Boyden chambers 48 h
before the assay. NE cells were subsequently placed into
the top chamber and allowed to invade through Matrigel
for 48 h. NonNE cells did significantly increase the num-
ber of invading NE cells as compared with normal culture
medium (Fig. 2A; Supplemental Fig. S2A). In contrast,
mouse lung fibroblast (MLg) cells did not show any
marked influence on invasiveness of NE cells, indicating
a specific capacity of NonNE cells in promoting invasion
(Fig. 2A; Supplemental Fig. S2A). Since there was no direct
contact between NE and NonNE cells in this experiment,
secreted factors from NonNE cells have to be responsible
for the invasion of the NE cells. Indeed, conditioned medi-
um from NonNE cells was sufficient to promote the inva-
sion of NE cells in a dose-dependent manner (Fig. 2B)
while causing a modest decrease in the proliferation rate
of NE cells (data not shown). As expected, conditioned
medium from NE cells did not affect the invasiveness of
NE cells (Supplemental Fig. S2B). In order to gain insight
into the underlying factors that promote metastasis,
gene expression analysis was performed on two NE cell
clones treated with conditioned medium from NonNE
cells or normal culture medium. We found 46 genes that
were up-regulated at least fivefold on average by condi-
tioned medium from NonNE cells (Supplemental Fig.
S2C). We did not observe genes that were down-regulated
more than fivefold among these differentially expressed
genes. The ETS transcription factor Pea3 (polyomavirus
enhancer activator 3) was one of the highest up-regulated
genes (>20-fold) (Supplemental Fig. S2C).

NonNE cells induce the expression of Pea3 in NE cells

PEA3 (also known as ETV4 or E1AF) belongs to the ETS
transcription factor family that carries an evolutionarily
conserved ETS DNA-binding domain (Oh et al. 2012).
PEA3 is known to be expressed in metastatic tumors, and
its expression is correlated with metastasis of various hu-
man cancers, including breast, non-SCLC, prostate, esoph-
ageal, and colorectal cancer (Horiuchi et al. 2003; Sloan
et al. 2009; Yuen et al. 2011). Since overexpression of
PEA3 can induce the motility and invasiveness of cancer
cells through transcriptional activation of metastasis-re-
lated genes, we first selected Pea3 as a potential candidate
gene for conferring invasiveness to NE cells. Quantitative
PCR (qPCR) and Western blot analysis were performed to
validate Pea3 expression in NE cells upon treatment of con-
ditioned medium from NonNE cells (Fig. 2C,D). Indeed,
conditioned medium from NonNE cells but not from
mouse lung fibroblast (MLg) cells or NE cells induced the
expression of Pea3in NE cells, which showed its peak level
at 12 h of exposure to conditioned medium and returned to
basallevelat 72 h (Supplemental Fig. S2D-F). Interestingly,
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Figure 2. Conditioned medium from NonNE cells enhances NE cell
invasion through the induction of Pea3 expression. (A) Quantification
of the relative invasiveness of NE cells upon coculture of NonNE cell
clonesin the lower compartments of Matrigel-coated modified Boyden
chambers compared with complete medium-treated control and co-
culture of MLg. Shown is a representative experiment from five
independent experiments. (*) P < 0.0001; (**) P < 0.0001. (B) Quantifica-
tion of the relative invasion achieved by different dilutions of condi-
tioned medium from NonNE cells with complete culture medium.
Error bars represent the SD. (*) P <0.0001. (C) Quantitative RT-PCR
(QRT-PCR|)of Pea3mRNA expression from NE cells eitheras afloating
suspension cells or in Matrigel. NE cells were cultured with condi-
tioned medium from NonNE cells for 12 h. Pea3 levels are presented
relative to p-actin mRNA and compared with their expression levels
in complete medium-treated NE cells (onefold). Shown is a representa-
tive experiment of five independent experiments using both TagMan
and SYBR Green detection methods. (*) P <0.005; (**) P <0.005. (D)
Western blotting for Pea3 in conditioned medium-treated NE cell
clones. Tubulin -3 was used for the loading control. A similar result
was obtained from two independent experiments. (E) Inhibition of
Pea3 expression by three individual shRNA lentiviral constructs tar-
geting Pea3 mRNA in conditioned medium-treated NE cells for 12
h. Data are representative of three independent experiments. (*) P <
0.01; (**) P<0.01; (***) P < 0.02. (F) Matrigel invasion assay of NE cells
expressing shRNA targeting Pea3. Data are representative of three in-
dependent experiments. (*) P < 0.005; (**) P < 0.005; (***) P < 0.05. (G,H)
Constitutive Pea3 overexpression mediates invasiveness of NE cells.
(G) Expression of Pea3 was confirmed by Western blot for Pea3 and
tagged HA, and the expression level of Pea3 was compared with endog-
enously induced Pea3. Actin was used as the loading control. Constitu-
tive overexpression of Pea3 increases the invasion activity of NE cells
in the absence of conditioned medium. (H) Data are representative of
two independent experiments. (*) P <0.0001; (**) P <0.0001.

increased expression of PEA3 in NE cells from the human
NIH-H446 SCLC cell line was observed upon treatment
of conditioned medium from adherent NIH-H446 cells
(Supplemental Fig. S2G), indicating that similar signaling
is also occurring in human SCLC. Since subcutaneous
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inoculation of NE and NonNE cells in mice shows inter-
mingled populations of both tumor cell types (Fig. 1B), we
further examined the expression of Pea3 in NE cells isolat-
ed from cocultures with NonNE cells (Supplemental Fig.
S2H). As expected, coculture with NonNE cells also in-
duced Pea3 in NE cells.

Pea3regulates invasion activity and metastasis of NE cells

To determine whether the acquired invasiveness of NE
cells depends on Pea3 expression, three stable knockdown
Pea3 NE cell lines were generated as confirmed by qPCR
(Fig. 2E; Supplemental Fig. S2I). Knockdown of Pea3 did
not show any marked effect on the proliferation rate of
NE cells (datanot shown)butimpairedits invasion activity
when exposed to NonNE conditioned medium (Fig. 2F). To
determine whether Pea3 by itself could enhance invasion,
retroviral-mediated HA-tagged Pea3-overexpressing NE
cells were established (Fig. 2G). Pea3 overexpression in
NE cells was sufficient to induce the invasion activity in
the Matrigel-coated transwell assay in the absence of
NonNE conditioned medium (Fig. 2H). These data indicate
that, in response to NonNE conditioned medium, Pea3 ex-
pression in NE cellsisnot only required but also largely suf-
ficient for the invasiveness of NE cells in this assay.

To determine whether the effect of Pea3 on invasion ac-
tivity through Matrigel matches metastatic capacity in
vivo, we subcutaneously injected knockdown Pea3 NE
cells with NonNE cells into immunodeficient mice and
analyzed subsequent tumor growth and metastasis to
the liver. Upon knockdown of Pea3, NE cells developed
subcutaneous tumors with a growth rate and efficiency
similar to those of control shRNA-expressing NE cells
(Supplemental Fig. S3A). However, Pea3 knockdown
greatly suppressed the ability of NE cells to metastasize
to the liver, as shown by the far fewer and smaller liver
metastases (Fig. 3A-C). Therefore, expression of Pea3 is
critical for effective metastasis of NE cells.

We next examined whether the expression of Pea3 alone
is sufficient to endow NE cells with metastatic potential
without the support of NonNE cells. Pea3-overexpressing
cells alone were subcutaneously injected into immuno-
deficient mice, and tumor growth and metastasis were
assessed. Over 40% of mice engrafted with Pea3-overex-
pressing NE cells showed liver metastasis, while none of
the mice transplanted with control NE cells did (Fig. 3D,
E; Supplemental Fig. S3B). However, the number and size
of tumor nodules in the liver were smaller than those ob-
served upon cografting of NE and NonNE cells (Fig. 3D;
Supplemental Fig. S3C). Therefore, Pea3 is required and par-
tially sufficient to convey the full metastatic capacity to NE
cells (for further discussion, see Supplemental Fig. S4D).

Mapk signaling is required upstream of Pea3 for invasion
activity of NE cells

Previous studies have demonstrated that PEA3 expression
is regulated by RAS/MAPK pathway signaling and is im-
portant for the metastatic progression of esophageal, gas-
tric, and prostate adenocarcinoma (Hardy et al. 2011;
Keldetal. 2011; Aytes et al. 2013). We therefore examined
the activation of this pathway in NE cells. Serum-free con-
ditioned medium from NonNE cells caused strongly ele-
vated phospho-Erkl/2 levels in NE cells (Fig. 4A). To
elucidate the significance of this Pea3d induction for the
capacity of NE cells to invade, we examined the effect of
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inhibiting ERK1/2 phosphorylation. The MEK1 inhibitor
PD98059 significantly reduced Pea3 expression and
blocked the invasion activity of conditioned medium-treat-
ed NE cells (Fig. 4B,C). Furthermore, the overexpression of
activated Ras (RasV12) alone was sufficient to induce the
expression of Pea3 and increase the invasiveness of NE cells
without conditioned medium treatment (Fig. 4D,E).

Since MAPK pathway activation is normally driven by
external factors, we determined which growth factors se-
creted by NonNE might be responsible for its induction.
Fibroblast growth factors (FGFs) are well known to in-
crease the expression of PEA3 in many mammalian con-
texts (D’Orazio et al. 1997; Raible and Brand 2001;
Firnberg and Neubuser 2002; Brent and Tabin 2004; Mao
et al. 2009; Zhang et al. 2009; Hardy et al. 2011). To exam-
ine whether members of the FGF subfamily might play a
role in the induction of Pea3 expression in NE cells, the
expression levels of different Fgfs in NE cells and NonNE
cells were determined. NonNE cells expressed Fgf2, Fgf7,
and Fgf10 (Supplemental Fig. S4A-C). We therefore tested
Pea3 expression upon treatment of NE cells with these
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structs in NonNE cells. Data are representative of three independent
experiments. (*) P <0.05; (**) P <0.005. (J) Conditioned medium from
Fgf2 knockdown NonNE cells were used to treat NE cells for 12 h, and
Pea3 mRNA expression was measured by qPCR. Data are representa-
tive of three independent experiments. (*) P <0.0001; (**) P <0.001;
(***) P<0.0001. (K) Quantification of relative invasion of NE cells
achieved by conditioned medium from Fgf2 knockdown NonNE
cells. Data are representative of two independent experiments. (NS)
Not significant. (*) P <0.005; (**) P<0.01.
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Fgfs. Fgf2 augmented expression of Pea3, whereas no ef-
fects were observed with Fgf7 and Fgf10 (Fig. 4F). ELISAs
showed that Fgf2 could also be detected in conditioned
medium from NonNE cells (Fig. 4G). Subsequently, we
tested whether Fgf2 treatment is sufficient to confer inva-
sion activity of NE cells. Fgf2 alone increased the inva-
siveness of NE cells, comparable with the effect seen
with conditioned medium-treated NE cells (Fig. 4H). Fur-
thermore, we asked whether Fgf2 is essential for the inva-
sion activity of NE cells. To answer this question, we
generated stably Fgf2 knocked down NonNE cells and
harvested conditioned medium from these NonNE cells
(Fig. 4I). Interestingly, conditioned medium from Fgf2
knockdown NonNE cells showed decreased Pea3-induc-
ing activity, and conditioned medium from NonNE cells
with more efficient knocked-down Fgf2 expression
showed substantially impaired invasion ability of NE cells
(Fig. 4], K). Therefore, we conclude that Fgf2 secreted by
NonNE cells is largely responsible for the enhanced
Pea3 expression and invasiveness of NE cells.

Aberrant activation of FGF signaling is frequently ob-
served in the pathogenesis of multiple cancer types, and
FGEF signaling can promote tumor progression by regulat-
ing cancer cell proliferation, survival, migration, invasion,
and angiogenesis. Dysregulation of FGF signaling can be
achieved by genetic alteration of FGF receptors for li-
gand-independent activation and excessive production of
FGFs for ligand-dependent stimulation (Turner and Grose
2010; Corn et al. 2013). We found that Fgf2 secreted by
NonNE cells is responsible and required for inducing the
expression of Pea3 and increasing the invasion activity of
NE cells. In line with this, increased plasma levels of
FGF2 are associated with a poor outcome of SCLC (Ruotsa-
lainen et al. 2002). Moreover, recent NGS of human SCLC
identified focal amplifications of the FGFR1 gene (6% of all
cases), resulting in high FGF signaling (Peifer et al. 2012).
Since overexpression of both FGF2 and FGFRI1 is known
to regulate human melanoma and non-SCLC (Wang and
Becker 1997), it will be interesting to examine whether
NonNE cells will also be found as components of SCLC tu-
mors carrying amplification of the FGFR1 gene.

Materials and methods

Mouse SCLC cell lines

Clonal cell lines derived from Trp53"F;Rb1"F SCLC tumors have been
previously described (Calbo et al. 2011) and were cultured at 37°C in a hu-
midified atmosphere of 5% CO,.

Transplantation of SCLC cell lines

All experiments involving animals comply with local and international
regulations and ethical guidelines and have been authorized by the local
experimental animal committee at The Netherlands Cancer Institute
(DEC-NKI). Balb/c nude immunosuppressed mice were used for subcuta-
neous and intravenous transplantation of tumor cell lines.
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