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Oncogene-induced senescence (OIS) is proposed as a cellular defense mechanism that restrains malignant
progression of oncogene-expressing, initiated tumor cells. Consistent with this, expression of BRAFV600E in the
mouse lung epithelium elicits benign tumors that fail to progress to cancer due to an apparent senescence-like
proliferative arrest. Here we demonstrate that nuclear b-catenin / c-MYC signaling is essential for early stage
proliferation of BRAFV600E-induced lung tumors and is inactivated in the subsequent senescence-like state.
Furthermore, either b-catenin silencing or pharmacological blockade of Porcupine, an acyl-transferase essential for
WNT ligand secretion and activity, significantly inhibited BRAFV600E-initiated lung tumorigenesis. Conversely,
sustained activity of b-catenin or c-MYC significantly enhanced BRAFV600E-induced lung tumorigenesis and
rescued the anti-tumor effects of Porcupine blockade. These data indicate that early stage BRAFV600E-induced lung
tumors are WNT-dependent and suggest that inactivation of WNT / b-catenin / c-MYC signaling is a trigger for
the senescence-like proliferative arrest that constrains the expansion and malignant progression of BRAFV600E-
initiated lung tumors. Moreover, these data further suggest that the trigger for OIS in initiated BRAFV600E-
expressing lung tumor cells is not simply a surfeit of signals from oncogenic BRAF but an insufficiency of WNT /
b-catenin / c-MYC signaling. These data have implications for understanding how genetic abnormalities
cooperate to initiate and promote lung carcinogenesis.
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Non-small-cell lung cancer (NSCLC) is a leading cause of
cancer mortality, with adenocarcinoma its most common
subtype (Herbst et al. 2008). Driver mutations in proto-
oncogenes have been identified in NSCLC, providing a
rational strategy for the successful clinical deployment of
pathway targeted therapies targeting oncoproteins such
as EGF receptor, ROS1, or AML4-ALK in genetically de-
fined subsets of lung cancer patients (Shepherd et al.
2005; Corcoran et al. 2012; Heist and Engelman 2012;
Gainor et al. 2013).

Mutationally activated KRAS is the most common
driver oncoprotein in NSCLC ($25%) but also the most

pharmacologically intractable (Heist and Engelman 2012).
However, certain KRAS effectors are directly implicated
as bona fide NSCLC oncogenes, such as BRAF, which is
mutated in ;8% of NSCLC, with one-quarter of such
mutations encoding the constitutively active BRAFV600E

oncoprotein (Heist and Engelman 2012; The Cancer
Genome Atlas Research Network, in prep.). While agents
that specifically inhibit BRAFV600E have been developed,
BRAF mutation has proven to be an unreliable predictive
marker for the clinical effectiveness of such agents. In-
deed, whereas vemurafenib is successful in treating
BRAF-mutated melanoma, it displays limited efficacy
against BRAF-mutated colorectal or thyroid cancer (Flaherty
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et al. 2009; Chapman et al. 2011; Prahallad et al. 2012;
Montero-Conde et al. 2013). Although BRAF-mutated
NSCLC cell lines are MEK inhibitor-sensitive in vitro,
it remains to be seen whether patients with BRAF-mutated
lung cancer will be clinically responsive to agents that
target BRAFV600E / MEK / ERK signaling (Pratilas et al.
2008; Trejo et al. 2012).

To explore mechanisms of lung carcinogenesis in de-
tail, we generated mice (BrafCA) carrying a conditional
allele of BRaf in which expression of normal BRAF is
converted to BRAFV600E following the action of Cre
recombinase (Supplemental Fig. S1A; Dankort et al. 2007,
2009; Charles et al. 2011; Collisson et al. 2012). Expression
of BRAFV600E in the lung epithelium elicits multifocal,
MEK-dependent lung tumors with short latency and 100%
penetrance (Dankort et al. 2007; Trejo et al. 2012, 2013).
However, these tumors remain benign and rarely progress
to NSCLC unless combined with additional genetic events
(Dankort et al. 2007; Trejo et al. 2013).

Key unresolved questions in this model are as follows:
(1) What promotes an initiated BRAFV600E-expressing
lung epithelial cell to become a benign lung tumor? (2)
What triggers the senescence-like proliferative arrest of
BRAFV600E-induced benign tumors? (3) Does bypass of
senescence inevitably result in malignant progression to
NSCLC? To address these questions, we explored the
potential importance of WNT signaling, a pathway im-
plicated in lung development, homeostasis, and cancer, in
BRAFV600E-induced lung tumorigenesis (Maretto et al.
2003; Zhang et al. 2008; Morrisey and Hogan 2010; Beers
and Morrisey 2011; Pacheco-Pinedo et al. 2011; Stewart
2014). Our results indicate that WNT / b-catenin /
c-MYC signaling is essential for BRAFV600E-induced
lung tumorigenesis. Moreover, they indicate a striking
linearity of the role of this pathway in sustaining
BRAFV600E-driven lung tumor growth. However, whereas
coexpression of BRAFV600E with mutated b-catenin led
to malignant NSCLC, coexpression of BRAFV600E with
c-MYC did not. Taken together, these data emphasize
the key role of cooperating signaling pathways in the
initiation of lung tumorigenesis, the maintenance of
tumor cell proliferation, and the acquisition of malignant
characteristics.

Results

b-Catenin activity correlates with proliferation
of BRAFV600E-initiated lung tumors

To test for a role for WNT signaling in BRAFV600E-induced
lung tumorigenesis, we generated mice carrying a Cre-
activated BRafCA allele and a transgenic reporter for
nuclear b-catenin/TCF activity (BAT-GAL) (Supplemen-
tal Fig. S1B; Maretto et al. 2003). BRAFV600E expression
was initiated in the lung epithelium of compound
BRafCA; BAT-GAL mice using adenovirus-Cre (Ad-Cre;
107 plaque-forming units [pfu]), with mice euthanized for
analysis at 6 or 12 wk post-initiation. Six weeks post-
initiation, BRAFV600E-induced lung tumors expressed
BAT-GAL activity (Fig. 1A) and remained proliferative,

as assessed by Ki67 expression in surfactant protein
C-expressing (SPC+) tumor cells (Fig. 1A,B) or by bromo-
deoxyuridine (BrdU) incorporation (data not shown). In
contrast, 12 wk post-initiation, BAT-GAL activity and
proliferation in BRAFV600E-induced lung tumor cells were
greatly diminished (Fig. 1B), consistent with the onset of
senescence-like proliferative arrest. As a control, we
assessed BAT-GAL activity in BRAFV600E/TP53Null lung
tumors emerging in similarly initiated BRafCA; Trp53f/f;
BAT-GAL mice. These tumors sustain their proliferation,
do not undergo cell cycle arrest, and also retain BAT-GAL
activity, providing evidence of ongoing b-catenin signal-
ing (Fig. 1A,B). These data indicate that BAT-GAL activity
correlates with the proliferation status of BRAFV600E-
induced lung tumor cells.

b-Catenin is required for BRAFV600E-initiated lung
tumorigenesis

To determine whether b-catenin is required for lung
tumorigenesis, BRAFV600E expression was initiated in
the lungs of BRafCA mice that were either heterozygous
or homozygous for a conditional null allele of b-catenin
(Ctnnb1f) (Supplemental Fig. S1C), with tumorigenesis
assessed 12 wk post-initiation (Brault et al. 2001; Dankort
et al. 2007; Trejo et al. 2012). The lungs of BRafCA;
Ctnnb1f/+ mice exhibited tumorigenesis similar to that
observed in control BRafCA mice (Fig. 1C). In contrast,
BRafCA; Ctnnb1f/f mice displayed a significant reduction
in tumor burden (29% vs. 4%) (Fig. 1C,D, P < 0.001).
Moreover, immunofluorescence analysis of lung tumors
that formed in BRafCA; Ctnnb1f/f mice revealed them to
retain b-catenin expression, most likely due to the failure
of Cre recombinase to silence both copies of Ctnnb1f (Fig.
1C). This striking reduction of lung tumorigenesis com-
bined with the retention of b-catenin expression in those
tumors that formed in BRafCA; Ctnnb1f/f mice provides
compelling evidence for its importance in early stage
BRAFV600E-induced lung tumorigenesis.

Stabilized b-catenin expression cooperates to promote
BRAFV600E-induced lung carcinogenesis

We next tested whether a stabilized form of b-catenin
would cooperate with BRAFV600E to sustain tumor growth
and promote malignant progression to NSCLC. To do so,
we used a Cre-activated b-catenin allele (Ctnnb1ex3(f))
(Supplemental Fig. S1D) in which exon 3 of Ctnnb1 is
flanked by loxP sites such that Cre recombinase excises
sequences required for APC-mediated b-catenin destruc-
tion, leading to expression of a stabilized form of b-catenin
(CTNNB1*) (Harada et al. 1999). Consistent with previous
data, CTNNB1* expression in mouse lungs failed to elicit
any overt lung pathology at any time point analyzed
(Pacheco-Pinedo et al. 2011; data not shown). However,
BRAFV600E and CTNNB1* coexpression led to a dramatic
increase in lung tumor burden whether measured at 4 or
10–12 wk post-initiation (Fig. 2A). This increased tumor
burden led to a striking reduction in mouse survival, with
100% of BRafCA; Ctnnb1ex3(f)/+ mice reaching end-stage
by 13 wk post-initiation In contrast, 100% of the control
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BRafCA or Ctnnb1ex3(f)/+ mice remained alive 16 wk post-
initiation. As reported previously, we also observed co-
operation between oncogenic KRASG12D and CTNNB1*
in lung tumorigenesis (Supplemental Fig. S3; Pacheco-
Pinedo et al. 2011). Ki67 staining revealed that BRAFV600E/
CTNNB1*-coexpressing tumors displayed an elevated
proliferative index compared with tumors expressing
BRAFV600E alone at either early (4 wk) or late (12 wk)
time points post-initiation (Fig. 2C,D). Most notably,
CTNNB1* coexpression prevented the decrease in cell
proliferation observed in lung tumors 12 wk after
BRAFV600E expression. Immunofluorescence staining re-
vealed that BRAFV600E/CTNNB1*-coexpressing tumors
sustained c-MYC expression, a known b-catenin/TCF
target gene, in comparison with tumors with BRAFV600E

expression alone (Fig. 2C; He et al. 1998). However,
despite the fact that Cyclin D1 is coregulated by b-catenin
and ERK1/2 MAP kinase signaling in colorectal cancer
cells (Tetsu and McCormick 1999), there was no differ-
ence in Cyclin D1 between the two groups of tumors,
similar to previous reports (Fig. 2C,D; Sansom et al.
2005). These results suggest that, although it elicits no
lung pathology on its own, activated b-catenin is a potent

promoter of the proliferation of BRAFV600E-induced lung
tumors.

Given the ability of CTNNB1* expression to promote
BRAFV600E-induced lung tumorigenesis, we assessed
whether BRAFV600E/CTNNB1*-coexpressing tumors dis-
played malignant progression using previously estab-
lished grading criteria (Nikitin et al. 2004). Oncogene
expression was initiated in either BRafCA or BRafCA;
Ctnnb1ex3(f)/+ mice, with tumor grade assessed at 10–12
wk post-initiation (Fig. 3B; Supplemental Fig. S2).
BRAFV600E-induced lung lesions were comprised almost
exclusively of hyperplasias (15.31%) and grade I benign
adenomas (83.37%), and only rarely (<2%) did we detect
larger grade II benign adenomas (Fig. 3B). Indeed, even 16–
24 wk post-initiation, BRAFV600E-induced lung tumors
remained low-grade and benign (Fig. 6A, below; Dankort
et al. 2007; Trejo et al. 2012, 2013). In contrast, BRAFV600E/
CTNNB1*-coexpressing tumors displayed clear evidence
of malignant progression as early as 10 wk post-initiation,
at which time 34% of the tumors were grade III advanced
adenomas and 7% were grade IV lung adenocarcinomas
(Fig. 3B). Indeed, this degree of cancer progression is similar
to that observed in BRAFV600E/TP53Null lung tumors at the

Figure 1. b-Catenin is required for BRAFV600E-induced lung tumorigenesis. Lungs of mice of the indicated genotypes were infected
with Ad-Cre and monitored for 6 or 12 wk as indicated, at which time they were euthanized and frozen, or FFPE lung sections were
processed for hematoxylin and eosin (H&E), lacZ activity, or immunofluorescence. (A) Representative lacZ-stained tissue sections from
BRafCA; BAT-GAL mice euthanized at 6 wk (top left) or 12 wk (top middle) and from BRafCA; Trp53f/f; BAT-GAL mice euthanized at
12 wk (top right). Immunofluorescence analysis of histological sections from BRafCA; BAT-GAL mice euthanized at 6 wk (bottom left)
or 12 wk (bottom middle) post-initiation and from BRafCA; Trp53f/f; BAT-GAL mice euthanized at 12 wk (bottom right). DAPI is in
blue, SPC is in green, and Ki67 is in red. All bars, 50 mm. (B) Quantification of the percentage of LacZ+ tumors and the percentage of
Ki67+/SPC+ cells from BRafCA; BAT-GAL mice euthanized at 6 or 12 wk post-initiation and from BRafCA; Trp53f/f; BAT-GAL mice
euthanized at 12 wk. (C) Representative H&E-stained tissue sections from BRafCA (left) or BRafCA; Ctnnb1f/f (right) mice euthanized 12
wk post-initiation. All bars, 4 mm. Immunofluorescence analysis of histological sections from BRafCA; Ctnnb1f/f mice euthanized 12
wk post-initiation. DAPI is in blue, and b-catenin is in green. All bars, 50 mm. (D) Quantification of tumor number, size, and burden in
BRafCA; Ctnnb1f/+ and BRafCA; Ctnnb f/f mice euthanized 12 wk post-initiation.
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same time point (Dankort et al. 2007). These data indicate
that sustained activity of b-catenin, a genetic lesion that
has no effect alone on lung epithelial cells, drives pro-
gression of BRAFV600E-initiated benign adenomas toward
adenocarcinoma.

To determine whether coexpression of CTNNB1*
would influence tumor cell differentiation, tissue sec-
tions of BRAFV600E- or BRAFV600E/CTNNB1*-expressing
lung tumors at either early (4–8 wk) or late (12 wk) times
post-initiation were analyzed by immunostaining (Fig.
3C,D). As observed previously, BRAFV600E-induced be-
nign lung tumors expressed the NKX2.1 transcription
factor, SPC, and Aquaporin 5 (AQP5) but failed to express
Clara cell antigen (CC10) (Trejo et al. 2012). To our
surprise, BRAFV600E/CTNNB1*-expressing lung tumors
displayed the same pattern of marker expression at both
early and late time points. We noted that occasional late
stage BRAFV600E/CTNNB1*-expressing lung tumors dis-
played reduced NKX2.1 and SPC expression with evi-
dence of elevated N-cadherin and a-smooth muscle actin

expression (Fig. 3D, bottom panel as indicated; data
not shown), but the significance of this remains unclear.
Consequently, despite its ability to promote malignant
progression, expression of CTNNB1* did not appear to
have a major influence on the differentiation status of the
majority of BRAFV600E-induced lung tumor cells.

Tumor cell proliferation is under the dual control
of both BRAFV600E and CTNNB1* signaling
through effects on c-MYC

Nuclear b-catenin regulates expression of RNAs involved
in processes central to the aberrant behavior of cancer
cells (Clevers and Nusse 2012). Two well-characterized
target genes are Cyclin D1 and c-MYC (He et al. 1998;
Tetsu and McCormick 1999). As reported previously, we
noted that c-MYC, but not Cyclin D1, expression corre-
lated with diminished b-catenin activity in BRAFV600E-
induced benign lung tumors (Fig. 2D; Sansom et al. 2005).
To further explore this, we generated BRAFV600E/

Figure 2. BRAFV600E cooperates with gain-of-function CTNNB1* to promote lung tumorigenesis. (A) Lungs of mice of the indicated
genotypes were infected with Ad-Cre and monitored for 4 or 10–12 wk as indicated, at which time they were euthanized, and their
lungs were processed for H&E staining. Representative H&E-stained tissue sections of BRAFV600E- or BRAFV600E/CTNNB1*-expressing
lung tumors at 4 or 10–12 wk are presented. Bar, 4 mm. (B) BRafCA ;Ctnnb1ex3(f)/+ and BRafCA;Ctnnb1ex3(f)/+ mice were infected with
Ad-Cre and monitored prospectively over ;120 d. Mice were euthanized on development of end-stage disease per University of
California at San Francisco Institutional Animal Care and Use Committee (IACUC) regulations, and a Kaplan-Meier survival curve was
plotted. (C) Immunofluorescence analysis of histological sections from BRAFV600E- or BRAFV600E/CTNNB1*-expressing lung tumors
from mice euthanized either 4 or 12 wk post-initiation, with DNA (DAPI) in blue, c-MYC in green, Ki67 and Cyclin D1 in red as
indicated. Bar, 50 mm. (D) Quantification of the percentage of Ki67-, Cyclin D1-, or c-MYC-positive BRAFV600E or BRAFV600E/
CTNNB1* lung tumor cells (marked by SPC expression) either 4 or 12 wk post-initiation as indicated.
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CTNNB1*/TP53Null (BCT) lung cancer-derived cells
from an end-stage BRafCA; Ctnnb1ex3(f)/+; Trp53f/f mouse
(Fig. 4A,B; Materials and Methods). Untreated BCT cells
display detectable phospho-ERK1/2 (p-ERK1/2) and ex-
press normal and activated CTNNB1* (upper and lower
bands, respectively) as well as c-MYC, Cyclin D1, and
CDK4 (Fig. 4A). Treatment of BCTcells with either of two
different siRNAs against CTNNB1 (sib-cat1/2) extinguished
expression of both normal and mutationally activated
CTNNB1 and inhibited c-MYC expression (>50%) but had
no effect on either Cyclin D1 or CDK4 expression (Fig. 4A).
Interestingly, either inhibition of CTNNB1* expression or

pharmacological inhibition of BRAFV600E / MEK / ERK
signaling (PD325901) had inhibitory effects on c-MYC
mRNA and protein abundance, but combined inhibition of
both pathways largely extinguished c-MYC expression (Fig.
4B,C; Ohren et al. 2004). These data suggest that c-MYC
expression is under the dual control of both b-catenin and
BRAFV600E and is consistent with previous data indicating
an important role for these pathways in the regulation of
c-MYC in various settings, including lung tumorigenesis
(He et al. 1998; Aziz et al. 1999; Soucek et al. 2013).

Treatment with either sib-cat1 or PD325901 led to a
striking reduction in the percentage of BCT cells in S

Figure 3. BRAFV600E and CTNNB1* cooperate to promote malignant lung carcinogenesis. (A) BRAFV600E- or BRAFV600E/CTNNB1*-
expressing lung tumors were initiated in mice of the appropriate genotype, with mice monitored for 4 wk (left) or 10–12 wk (right), at
which time they were euthanized, and their lungs were processed for H&E staining. Bar, 50 mm. (B) The grade of BRAFV600E- or
BRAFV600E/CTNNB1*-expressing lung tumors was assessed on a 5-point scale based on grading criteria described by Nikitin et al.
(2004) and is described in more depth in Supplemental Figure 2. (C,D) Immunofluorescence analysis of histological sections of
BRAFV600E- or BRAFV600E/CTNNB1*-expressing lung tumors either 4–8 or 10–12 wk post-initiation as indicated. DNA (DAPI) is in
blue, SPC is in pink (top) and green (bottom), CC10 is in green (top) and pink (bottom), AQP5 and NKX2.1 are in pink, and NKX2.1.
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phase with a concomitant increase of cells in G1, in-
dicating that coordinate BRAFV600E and b-catenin signal-
ing is required for BCT cell cycle progression (Fig. 4D). In
separate experiments, we showed that the anti-proliferative
effects of MEK1/2 inhibition in BRAFV600E/TP53Null lung
cancer cells could be overcome by c-MYC:ER activation
(Eilers et al. 1989; Littlewood et al. 1995; data not shown).
To test whether the effects of b-catenin silencing could
also be overcome by sustained c-MYC activity, BCT cells
were engineered to express c-MYC:ER. As expected,

treatment of BCT cells with sib-cat1 suppressed their
proliferation by ;50% (Fig. 4E). Although activation of
c-MYC:ER (with 4-HT) had no effect on the baseline
proliferation of BCT cells, it was able to substantially
restore the proliferation of cells treated with sib-cat1
(Fig. 4E). Importantly, expression/activation of c-MYC:ER
had no effect on BRAFV600E / MEK / ERK activity in
BCT cells (Fig. 4F). Hence, the growth inhibitory effects
of b-catenin silencing can be substantially overcome by
ectopic c-MYC activity.

Figure 4. Dual regulation of c-MYC expression by
CTNNB1* and BRAFV600E. (A–D) BCT lung cancer-
derived cells were transfected with siRNAs against
b-catenin (sib-cat1 or sib-cat2), MEK inhibitor (1 mM
PD325901), or a combination of sib-cat1 and MEK
inhibitor as described in the Materials and Methods.
(A,B) Cell extracts were analyzed by immunoblotting
as indicated. (C) RT–PCR was used to measure c-MYC
mRNA levels in BCT cells treated as indicated. (D)
Cell cycle status of BCT cells treated as indicated was
assessed by staining with propidium iodide. (E,F) BCT
cell proliferation was assessed over 7 d, with viable
cell number quantified by using Trypan blue staining
in conjunction with a Countess automated cell
counter as indicated in the Materials and Methods
(shown in E). (F) Extracts of BCT cells were analyzed
by immunoblotting as indicated.
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Sustained c-MYC expression promotes
BRAFV600E-induced benign lung tumorigenesis

Given the importance of c-MYC in the cooperation of
BRAFV600E and CTNNB1* for lung tumorigenesis, we
tested the ability of sustained c-MYC expression to pro-
mote BRAFV600E-induced benign lung tumorigenesis us-
ing mouse strains (RFSMYC) in which cDNAs encoding
either wild-type or a phospho-site mutant (T58A) of
c-MYC were recombined into the Rosa26 locus down-
stream from a floxed STOP element (Supplemental
Fig. S1E; Sears et al. 2000; Ashton et al. 2010; Wang
et al. 2011). Hence, Ad-Cre treatment of BRafCA; RFSMYC

mice leads to coexpression of both BRAFV600E and either
wild-type or T58A c-MYC in the lung epithelium.

Lung tumorigenesis was initiated in five cohorts of
mice—(1) BRafCA, (2) BRaf CA; RFSMYC(WT)/+, (3) BRafCA;
RFSMYC(WT)/(WT), (4) BRafCA; RFSMYC(T58A)/+, and (5)
BRafCA; RFSMYC(T58A)/(T58A)—with mice euthanized for
analysis at 4–8 or >16 wk post-initiation. As expected,
expression of endogenous c-MYC was detected by immu-
nofluorescence in BRAFV600E-induced lung tumors at the
early but not the later time point (Fig. 5A). In contrast,
c-MYC was readily detected in tumors derived from all of
the other genotypes at both early and late time points,
indicating coactivation of the BRafCA and RFSMYC alleles
in lung tumors (Fig. 5A), a result confirmed by immuno-
blotting of tumor-derived lysates from BRafCA (Fig. 5B, lanes
1,2), BRafCA; RFSMYC(WT or T58A)/+ (Fig. 5B, lanes 3–6), or
BRafCA; RFSMYC(WT)/(WT) (Fig. 5B, lanes 7–11) mice (Fig. 5B).

Kaplan-Meier analysis indicated that expression
c-MYC (wild type or T58A) in the lung had no effect on
mouse survival (data not shown). In contrast, BRafCA

mice either heterozygous or homozygous for the wild-
type or T58A RFSMYC alleles displayed significantly re-
duced survival compared with BRafCA controls (P < 0.001
vs. RFSMYC/+ and P < 0.0001 vs. RFSMYC/MYC) (Fig. 5C).
Moreover, there appeared to be an activity and gene
dosage effect such that BRaf CA mice heterozygous for
RFSMYC(T58A) reached end-stage more rapidly than
BRafCA mice heterozygous for RFSMYC(WT) (P < 0.001).
In addition, BRafCA mice homozygous for either RFSMYC

allele succumbed to end-stage disease more rapidly than
their heterozygous littermates (P < 0.0001). In this case,
there was no statistically significant difference between
the c-MYC alleles used (Fig. 5D).

Consistent with previous reports, expression of c-MYC
alone failed to elicit any overt pathology in the lung even
at 24 wk post-initiation (Murphy et al. 2008). However,
expression of a single RFSMYC allele with BRAFV600E led
to a significant increase in tumor size and burden (Fig.
5D,E). Consistent with their further diminished survival,
BRafCA mice homozygous for either RFSMYC allele dis-
played a significant increase in tumor burden compared
with relevant controls (Fig. 5E). Hence, like CTNNB1*, c-
MYC significantly enhanced BRAFV600E-induced lung
tumorigenesis without having an overt pathological ef-
fect itself on the mouse lung epithelium.

To assess the effects of c-MYC on the proliferation
of BRAFV600E-induced tumors, oncogene expression was

initiated in a second group of mice at lower-dose Ad-Cre
(106 pfu) to induce fewer tumors and allow the mice to
live longer. Using Ki67 expression as an indicator,
BRAFV600E/c-MYC-coexpressing tumors displayed both
elevated and sustained proliferation (Fig. 5F,G) at both
early (8 wk post-initiation, 35% vs. 20%) and late (17.5
wk post-initiation, 20% vs. 5%) time points (Fig. 5F)
compared with control BRAFV600E-induced lung tumors.
Furthermore, when transit through S phase was assessed
by long-term BrdU labeling (7 d), >50% of SPC+

BRAFV600E/c-MYCT58A-expressing tumor cells incorpo-
rated BrdU, whereas <10% of BRAFV600E-expressing tumor
cells were BrdU-positive (Fig. 5G). These results support
the hypothesis that an insufficiency of b-catenin /
c-MYC signaling is responsible for the proliferative
arrest of late stage BRAFV600E-initiated lung tumor cells.

c-MYC expression fails to promote malignant
progression of BRAFV600E-induced lung tumors

c-MYC’s ability to promote BRAFV600E-induced lung
tumorigenesis prompted us to test whether BRAFV600E/
c-MYC coexpression would promote lung carcinogenesis.
To that end, tumorigenesis was initiated with a low dose
(106 pfu) of Ad-Cre in each of the BRafCA; RFSMYC cohorts
described above, with mice euthanized at 4–8, 10–14, or
16+ weeks post-initiation to assess lung tumor grade (Fig.
6; Supplemental Fig. S2; Nikitin et al. 2004). As before,
BRAFV600E-induced lung lesions were largely hyperpla-
sias or benign grade I adenomas no matter the time of
analysis (Fig. 6A). Although >70% of BRAFV600E/c-MYC-
induced tumors displayed progression to grade II large
benign adenomas, none of these lesions were grade III
high-grade adenomas or grade IV adenocarcinomas
(Fig. 6A). This was true for all combinations of BRAFV600E

and c-MYC (wild type or T58A) and regardless of the time
point analyzed (data not shown). Hence, despite c-MYC’s
ability to promote early stage BRAFV600E-induced tumor-
igenesis, it was unable to cooperate with BRAFV600E for
malignant transformation of cells, in contrast to other
genetic alterations such as CTNNB1*, PIK3CAH1047R, or
silencing of TP53 or INK4A/ARF (Dankort et al. 2007;
Finch et al. 2009; Trejo et al. 2013). These data are
consistent with those of others using a similar system
to analyze the effects of sustained MYC activity on
BRAFV600E-induced lung tumorigenesis (V Tabor, M Bocci,
N Alikhani, R Kuiper, and LG Larsson, in prep.). Finally,
BRAFV600E/c-MYCT58A-coexpressing tumors expressed
NKX2.1, SPC, and AQP5 at all time points, indicating
that c-MYC had not altered the differentiation status of
BRAFV600E-initiated lung tumor cells (Fig. 6C,D).

c-MYC rescues the inhibitory effects of b-catenin
silencing on BRAFV600E-induced lung tumorigenesis

Although c-MYC is regarded as a potentially important
b-catenin effector, there are numerous targets of b-catenin
that may play an important role in BRAFV600E-induced
lung tumorigenesis (Sansom et al. 2005; Finch et al. 2009;
Clevers and Nusse 2012). Since b-catenin silencing
inhibited BRAFV600E-induced lung tumorigenesis, we
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Figure 5. Sustained c-MYC expression promotes BRAFV600E-induced lung tumorigenesis but fails to promote malignant lung cancer
progression. (A) Immunofluorescence analysis of histological sections from (1) BRaf CA, (2) BRaf CA; RFSMYC(WT)/+, (3) BRaf CA;

RFSMYC(WT)/(WT), (4) BRaf CA; RFSMYC(T58A)/+, and (5) BRaf CA; RFSMYC(T58A)/(T58A) mice euthanized 4–8 or 16+ wk post-initiation as
indicated with c-MYC expression (in red). Bar, 50 mm. (B) Expression of c-MYC was assessed by immunoblot analysis of lysates of
BRAFV600E- or BRAFV600E/c-MYC-expressing lung tumors isolated directly from mice 6–9 wk post-initiation. (Lanes 1,2) BRafCA mice.
(lanes 3–6) BRaf CA; RFSMYC(WT)/+ or BRaf CA; RFSMYC(T58A)/+ mice. (Lanes 7–11) BRaf CA; RFSMYC(WT)/(WT) or BRafCA; RFSMYC(T58A)/(T58A)

mice. (C) Lung tumorigenesis was initiated in mice of the various indicated BRaf CA and RFSMYC genotypes, which were infected with
Ad-Cre and monitored prospectively over ;180 d. Mice were euthanized upon development of end-stage disease per University of
California at San Francisco IACUC regulations, and a Kaplan-Meier survival curve was plotted. (D) Lung tumorigenesis was initiated in
mice of the various indicated BRaf CA and RFSMYC genotypes, with mice monitored for 12 or 24 wk as indicated, at which time they
were euthanized, and their lungs were processed for H&E staining. Representative H&E-stained lung sections from various indicated
BRaf CA and RFSMYC genotypes were stained with H&E. (E) Quantification of lung tumor number, size, and burden in mice of the
various indicated BRaf CA and RFSMYC genotypes at 12 wk post-initiation. (F,G) Immunofluorescence analysis of histological sections
from BRaf CA and BRaf CA; R26MYC(T58A)/+ mice euthanized 8, 17.5, or 22 wk post-initiation as indicated with DNA (DAPI) in blue, SPC
in green, Ki67 in pink, and BrdU in red as indicated. Bar, 50 mm. Quantification of the percentage of Ki67+/SPCs and the percentage of
BrdU+/SPC+ cells in BRAFV600E or BRAFV600E/c-MYCT58A tumors.



Figure 6. c-MYC fails to promote malignant cancer progression of BRAFV600E-initiated lung tumors. (A) BRAFV600E-, BRAFV600E/
c-MYCWT-, and BRAFV600E/c-MYCT58A-expressing lung tumors were initiated in mice of the appropriate genotype, with mice
monitored for 4–8 wk (left), 10–14 wk (middle), or 16+ weeks (right), at which time they were euthanized, and their lungs were
processed for H&E staining. Bar, 50 mm. (B) The grade of BRAFV600E/c-MYCT58A-expressing lung tumors was assessed as described in
Figure 3A and Supplemental Figure 1 based on criteria established for the classification of proliferative pulmonary lesions of the mouse
(Nikitin et al. 2004). (C,D) Immunofluorescence analysis of histological sections BRAFV600E/c-MYCT58A-expressing lung tumors either
4–8 or 10–12 wk post-initiation as indicated. DNA (DAPI) is in blue, SPC is in pink (top) and green (bottom), CC10 is in green (top) and
pink (bottom), AQP5 and NKX2.1 are in pink, and NKX2.1. Bar, 50 mm. (E) Lung tumorigenesis was initiated in mice of the indicated
genotypes, with mice monitored for 12 wk, at which time they were euthanized, and their lungs were processed for H&E staining.
Representative H&E-stained tissue sections from BRaf CA; Ctnnb1f/+; R26+/+, BRaf CA; Ctnnb1f/fR26+/+, BRaf CA; Ctnnb1f/+;

R26MYC(T58A)/+, and BRaf CA; Ctnnb1f/f;R26MYC(T58A)/+ mice euthanized at 12 wk. Bar, 50 mm. (F) Immunofluorescence analysis of
histological sections of lung tumors from BRaf CA; Ctnnb1f/+; R26MYC(T58A)/+ and BRaf CA; Ctnnb1f/f; R26MYC(T58A)/+ mice euthanized 12
wk after Ad-Cre infection as indicated. DNA (DAPI) is in blue, SPC is in green, and b-catenin is in pink as indicated. Bar , 50 mm.
Quantification of b-catenin-positive, mixed b-catenin-negative/positive, and b-catenin-negative lung tumors in BRafCA, BRafCA;Ctnnb1f/f,
and BRafCA;Ctnnb1f/f;R26MYC(T58A)/+ mice euthanized 12 wk after Ad-Cre infection.
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tested the ability of c-MYC to rescue that effect. To do
so, lung tumorigenesis was initiated in BRafCA mice
either heterozygous or homozygous for Ctnnb1f/f and
either with or without one RFSMYC(T58A) allele, with
mice euthanized for analysis 12 wk post-initiation (Fig.
6E). As before, b-catenin silencing inhibited BRAFV600E-
induced lung tumorigenesis (Figs. 2, 6E,F). However,
when c-MYCT58A was coexpressed with BRAFV600E, we
observed substantial rescue of lung tumorigenesis in
BRaf CA mice homozygous for the Ctnnb1f/f allele (Fig.
6E,F). These data suggest that c-MYC expression rescued
the proliferation of BRAFV600E/CTNNB1Null-initiated lung
tumor cells.

Immunofluorescence analysis of b-catenin expression
revealed that ;100% of tumors that formed in either
BRafCA or BRafCA; Ctnnb1f/f mice expressed b-catenin
(Fig. 6F). In contrast, >75% of tumors forming in BRafCA;
Ctnnb1f/f; RFSMYC(T58A) mice were either completely
negative for CTNNB1 expression or displayed a mixture
of CTNNB1-positive and CYNNB1-negative tumor cells
(Fig. 6F). Hence, the ability of c-MYC to rescue the anti-
tumor effects observed in BRAFV600E/CTNNB1Null cells
strongly suggests that c-MYC expression is a crucial target
downstream from b-catenin required for BRAFV600E-in-
duced benign lung tumor cell proliferation.

BRAFV600E-induced lung tumorigenesis is dependent
on WNT / b-catenin / c-MYC signaling

b-Catenin plays an important role in the assembly and
function of adherens junctions and is also a downstream
mediator of canonical WNT signaling (Clevers and Nusse
2012). Hence, we tested whether the initiator of nuclear
b-catenin signaling required for BRAFV600E-induced lung
tumorigenesis might be WNT ligands in the microenvi-
ronment of incipient BRAFV600E-initated tumor cells.
Mice and humans express 19 WNT ligands such that
conventional knockout experiments are logistically chal-
lenging. However, WNT acylation, which is essential for
secretion and activity, is critically dependent on a palmi-
toyl transferase known as Porcupine (PORCN), against
which pharmacological inhibitors have been developed
(Siegfried et al. 1994; Hofmann 2000; Lum and Clevers
2012). One such agent, LGK974, shows specificity and
selectivity for PORCN over other similar enzymes (Lum
and Clevers 2012; Jiang et al. 2013).

To test the WNT dependency of BRAFV600E-induced
tumorigenesis, lung tumors were initiated in BRafCA

mice that were then treated with either vehicle or
LGK974 (5 mg/kg once per day, 5 d per week) starting
1 wk post-initiation, with mice euthanized for analysis
5 wk later. Similar to b-catenin silencing, LGK974 in-
hibited BRAFV600E-induced tumorigenesis by >75% (Fig.
7A,B). Moreover, analysis of tumor cell proliferation
(Ki67) revealed that the small tumors that formed in
LGK974-treated mice displayed diminished proliferation
(Fig. 7C). To test the specificity of the anti-tumor effects
of LGK974, we initiated tumorigenesis in BRafCA mice
heterozygous for either the Cre-activated Ctnnb1ex3f/+ or
RFSMYC(T58A) alleles to determine whether tumor cell-

autonomous maintenance of b-catenin / c-MYC signal-
ing would rescue the inhibitory effects of LGK974 on lung
tumorigenesis. Remarkably, expression of either CTNNB1*
or c-MYCT58A completely rescued the inhibitory effects of
LGK974 on BRAFV600E-induced tumorigenesis (Fig. 7A)
whether assessed by overall tumor number, size, or total
burden (Fig. 7B). These data confirm the key inhibitory
specificity of LGK974 for the WNT / b-catenin /
c-MYC signaling pathway in this model system. More-
over, notwithstanding important differences in lung
cancer progression, these data demonstrate the critical
dependency of BRAFV600E-induced lung tumorigenesis
on the WNT / b-catenin /c-MYC signaling axis.

Discussion

BRAF is mutated in 6%–8% of human lung cancers, but
in genetically engineered mouse (GEM) models, expres-
sion of BRAFV600E in the lung epithelium results only in
benign lung tumors that rarely progress to cancer due to
a senescence-like proliferative arrest with some similar-
ity to oncogene-induced senescence (OIS) (Dankort et al.
2007; Haigis et al. 2007; The Cancer Genome Atlas
Research Network, in prep.). In cultured cells, sustained
RAF / MEK / ERK signaling elicits an immediate
proliferative arrest followed by OIS without any initial
phase of cell proliferation (Woods et al. 1997; Zhu et al.
1998). In contrast, expression of BRAFV600E in lung
epithelial cells elicits clonally derived tumors that un-
dergo ;15–20 population doublings prior to the onset of
senescence-like growth arrest (Dankort et al. 2007; Trejo
et al. 2013). Here we demonstrate that WNT / b-catenin
signaling, a pathway essential for normal lung develop-
ment and homeostasis, is critically required for early
stage BRAFV600E-induced lung tumorigenesis. Further-
more, the senescence-like growth arrest observed in late
stage BRAFV600E-expressing tumors appears to be due to
an insufficiency of b-catenin activity, leading to reduced
c-MYC expression. While it remains unclear by what
mechanisms WNT ligand signaling becomes limiting in
this situation, one possibility is that BRAFV600E-expressing
tumor cells are responding to a stromal source of WNT
ligands (for example, from macrophages) such that as
the tumors reach a certain size, there is insufficient
exposure to WNT, thereby triggering cell cycle arrest
through diminished b-catenin / c-MYC signaling (Boulter
et al. 2012). An alternative would be that sustained
BRAFV600E / MEK / ERK activity generates a negative
feedback circuit to WNT receptors or other components
of WNT signaling that restricts the cells’ ability to
respond to WNT ligands in the tumor microenvironment,
as suggested in OIS triggering in other circumstances
(Courtois-Cox et al. 2006). An obvious question is
whether a requirement for b-catenin signaling is unique
to BRAFV600E-initiated lung tumorigenesis or is a general
requirement for lung cancers driven by other oncogenes
(Herbst et al. 2008; Heist and Engelman 2012). In this
regard, we and others have demonstrated that expression
of CTNNB1* accelerated KRASG12D-induced lung carci-
nogenesis in GEM models, suggesting a more general
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dependency on WNT signaling for lung carcinogenesis
(Supplemental Fig. S3; Pacheco-Pinedo et al. 2011; Stewart
2014). Finally, the role of b-catenin in BRAFV600E-induced
neoplasia is not restricted to lung tumorigenesis, as both
primary tumor growth and subsequent metastatic dissem-
ination of BRAFV600E/PTENNull melanomas is diminished
in the absence of b-catenin (Damsky et al. 2011).

As indicated by analysis of cultured BCT cells, expres-
sion of c-MYC appears under the dual control of both

oncogenic BRAFV600E and WNT / b-catenin signaling
such that loss of either signal has potent anti-tumor
effects through effects on c-MYC (He et al. 1998; Aziz
et al. 1999; Soucek et al. 2013). This bears a similarity to
the situation in KRAS-mutated colorectal cancer (CRC)
cells, where Cyclin D1 is under the dual control of the
same two pathways (Tetsu and McCormick 1999). How-
ever, in CRC, both pathways are mutationally altered
through KRAS mutation in combination with either APC

Figure 7. BRAFV600E-induced lung tumorigenesis is WNT ligand-dependent. (A) BRAFV600E-, BRAFV600E/CTNNB1*-, or BRAFV600E/
c-MYCT58A-expressing lung tumors were initiated in mice of the appropriate genotype. One week later, mice were dosed for 5 wk with
vehicle control or LGK974 as described in the Materials and Methods, at which time mice were euthanized, and their lungs were
prepared for H&E staining. All bars, 4 mm. (B) Quantification of the effects of LGK974 on lung tumor number, size, and overall burden
in mice bearing BRAFV600E-, BRAFV600E/CTNNB1*-, or BRAFV600E/c-MYCT58A-expressing lung tumors as described in the Materials
and Methods. (C) Immunofluorescence analysis of BRAFV600E tumors dosed for 5 wk with vehicle control or LGK974 and euthanized 6
wk post-initiation as indicated. DNA (DAPI) is in blue, Ki67 is in pink, and SPC is in green. Quantification of the percentage of Ki67+/
SPC+ cells from BRAFV600E-induced tumors dosed for 5 wk with vehicle control or LGK974 and euthanized at 6-wk after Ad-Cre
infection. Bar, 50 mm.
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silencing or mutation of b-catenin (Powell et al. 1992).
However, during early stage lung tumorigenesis, the
signal for b-catenin / c-MYC signaling does not require
mutational activation but instead relies on the presence
of WNT ligands, most likely from the tumor microenvi-
ronment. The importance of c-MYC as a downstream
effector of oncogenic KRASG12D or BRAFV600E is empha-
sized by the anti-tumor effects of an inhibitor of c-MYC
(Omo-MYC) that suppresses KRASG12D-induced lung
tumorigenesis (Soucek et al. 2008, 2013). Moreover,
BRAFV600E cooperates with other deregulated signaling
pathways, such as the PI39-kinase pathway, to sustain c-
MYC expression in either lung or prostate tumorigenesis
(Wang et al. 2012; Trejo et al. 2013). However, the fact
that expression/activation of c-MYC failed to elicit any
pathology in the lung emphasizes that c-MYC is neces-
sary but not sufficient to initiate lung tumorigenesis
(Fig. 5; Murphy et al. 2008). Finally, in contrast to pre-
vious reports, we obtained no evidence that c-MYC
promoted invasion or metastasis of BRAFV600E-induced
lung tumors (Rapp et al. 2009).

Although CTNNB1 is mutated in ;5% of human
NSCLCs, there is insufficient evidence regarding coinci-
dent mutation with either KRAS or BRAF (Heist and
Engelman 2012). Importantly, WNT / b-catenin signal-
ing is reported to be active in NSCLC-derived cell lines
through a multiplicity of mechanisms, including auto-
crine production of WNT ligands and diminished secre-
tion of WNT antagonists such as Dickkopf (DKK1–4) or
WNT inhibitory factor 1 (WIF1) (Mazieres et al. 2004,
2005; You et al. 2004; Soucek et al. 2013; Stewart 2014).
The observation that BRAFV600E/TP53Null lung tumors
retained BAT-GAL activity even at late time points
is consistent with reports linking TP53 silencing to
b-catenin through effects on miR34 expression (Cha
et al. 2012). Consequently, the frequency of CTNNB1
mutation may underestimate the importance of WNT /
b-catenin signaling in NSCLC (Stewart 2014). Given that
there are now reliable target genes and reporters for
nuclear b-catenin activity and inhibitors of WNT signal-
ing, it should be possible to parse out the importance of
this pathway in different cancer types, leading to pre-
dictive marker-guided clinical trials of agents that target
this pathway.

Silencing of TP53 or INK4A/ARF or expression of
PIK3CAH1047R can promote bypass of the senescence-like
growth arrest in BRAFV600E-induced benign lung tumors,
thereby promoting malignant lung cancer progression
(Dankort et al. 2007; Trejo et al. 2013). This begged the
question as to whether bypass of senescence is synony-
mous with malignant progression. Our results indicated
that, whereas CTNNB1* promoted malignant progres-
sion of BRAFV600E-induced lung tumors, c-MYC did not.
These data suggest that malignant progression requires
more than simple bypass of the senescence-like prolifer-
ative arrest displayed by BRAFV600E-induced lung tumors
and is consistent with previous data indicating that c-
MYC does not fully rescue the effects of loss of b-catenin
function in the gastrointestinal tract (Finch et al. 2009).
Although b-catenin / c-MYC signaling is critically

required for sustained proliferation of BRAFV600E-express-
ing lung tumors, there must be branch points down-
stream from CTNNB1*, independent of c-MYC, that
influence malignant progression. Future experiments will
be directed to those branch points using GEM models and
human lung cancer cell lines.

GEM models of KRAS- or BRAF-initiated lung tumor-
igenesis have revealed the remarkable complexity of
biochemistry and cell biology that occurs even in the
earliest stages of transformation. Such tumors are regu-
lated by both instructive (initiated by the oncogene) and
permissive (regulated by the tumor microenvironment)
signals required for tumor initiation and clonal expan-
sion. Previous studies have emphasized the importance of
tumor cell-autonomous pathways instructed by onco-
genic KRAS or BRAF, such as the ERK MAP kinase,
PI39-kinase / AKT, Rac1 / NF-kB, NKX2.1 signaling,
and others (Dankort et al. 2007; Ji et al. 2007; Kissil et al.
2007; Meylan et al. 2009; Winslow et al. 2011; Trejo et al.
2012, 2013). However, these data indicate the potential
importance of growth factor signaling in providing a
permissive tumor microenvironment that renders lung
epithelial cells responsive to mutational activation of
oncogenes. Moreover, it remains likely, as observed in
other circumstances, that factors present in the tumor
microenvironment will play an important role in the
response of BRAF-mutated cancer cells to pathway tar-
geted therapy (Straussman et al. 2012; Wilson et al. 2012).

Materials and methods

Mice and adenovirus delivery

All animal experiments were conducted in accordance with
protocols approved by the University of California at San
Francisco Institutional Animal Care and Use Committee. BRafCA

(BRaf tm1Mmcm), LSL-KRasG12D (Krastm4Tyj), RFSMYC(WT) or (T58A)

[Gt(ROSA)26Sortm1(myc)Rcse, Gt(ROSA)26Sortm1(myc*T58A)Rcse], BAT-

GAL [B6.Cg-Tg(BAT-lacZ)3Picc/J], Ctnnb1ex3(f) (Ctnnb1tm1Mmt), and
Ctnnb1f (Ctnnb1tm2Kem) mice were bred and genotyped as pre-
viously described (Harada et al. 1999; Brault et al. 2001; Jackson
et al. 2001; Maretto et al. 2003; Dankort et al. 2007; Wang et al.
2011). Stocks of adenovirus encoding Cre recombinase (Ad-
CMV-Cre) were purchased from Viraquest and instilled into
the lungs of adult mice as previously described (Fasbender
et al. 1998; Dankort et al. 2007).

Histology and quantification of lung tumor burden

Lungs were processed for analysis as described previously (Trejo
et al. 2013). Hematoxylin and eosin (H&E)-stained slides were
scanned with an Aperio ScanScope scanner, with quantification
performed using Aperio Spectrum ImageScope software. Tumor
number and size were measured per lobe, and overall tumor
burden was calculated as (area of lung lobe occupied by tumor)/
(total area of lobe) in square micrometers (Trejo et al. 2013).

Treatment of mice with pathway targeted therapeutics

For treatment of mice, NVP-LGK974-AE (LGK974, Novartis)
was formulated in 0.5% (w/v) methylcellulose (Fluka Analyti-
cal)/0.5% (v/v) Tween-80 (Sigma-Aldrich) and administered by
oral gavage at 5 mg/kg per mouse once per day for 5 d per week.
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Immunostaining of mouse lung tissue, LacZ detection,
and immunoblotting

Mouse lungs were fixed in zinc-buffered formalin, processed,
embedded in paraffin, cut into 5-mm sections, and mounted on
glass slides. Citrate-mediated antigen retrieval was performed,
and then the following antibodies were used for detection: anti-
b-catenin (Cell Signaling Technology), anti-AQP5 (Calbiochem),
anti-Ki67, (Abcam), anti-BrdU, anti-CC10, anti-Cyclin D1, anti-
SPC, anti-NKX2.1 (also known as TTF-1) (Santa Cruz Biotech-
nology), and c-MYC (Epitomics).

b-Galactosidase activity driven by the BAT-GAL transgene
was assessed in fresh-frozen sections incubated with 5-bromo-4-
chloro-3-indolyl-b-d-galactoside (X-Gal) for 16 h as described
previously (Maretto et al. 2003).

Fifty-microgram aliquots of cell proteins were probed with
antisera against c-MYC (Epitomics), Cyclin D1, p-ERK1/2 (pT202/
PY204), total ERK1/2 (Cell Signaling Technology), and anti-
b-actin (Sigma). Immunoblots were visualized using the Odyssey
Classic or Odyssey Fc, with data analyzed using either the
Odyssey application software version 3.0.30 or Image Studio
version 2.0 software (LI-COR Biosciences).

Cell proliferation assays

Cell proliferation was assessed by counting the percentage of
surfactant protein-positive (SPC+) tumor cells that were also
BrdU- or Ki67-positive by double-label immunofluorescence. In
BRafCA mice, nine tumors were analyzed with nine grids each for
a total of 5900 SPC+ cells evaluated. In BRafCA; R26MYC(T58A)/+

mice, 10 tumors were analyzed with 10 grids each for a total of
5718 SPC+ cells evaluated. Similar numbers of cells were evalu-
ated for the presence of SPC/Ki67 double-positive cells in tumors
from BRafCA, BRafCA; R26MYC(T58A)/+, BRafCA; Ctnnb1f/f, and
BRafCA; Ctnnb1ex3(f)/+ mice.

Lung tumor cell isolation, culture, and analysis

Lungs of tumor-bearing mice were perfused with dispase (BD
Bioscience), and individual lobes were minced and incubated
with 2 mg/mL dispase/collagenase (Roche). Cell suspensions
from BCT-induced lung cancers were then filtered and plated
directly into culture in Hams-F12/Glutamax medium supple-
mented with 10% (v/v) fetal bovine serum. Following the out-
growth of a mixed population of lung cancer-derived cells, a number
of single-cell-derived clones were isolated by limiting dilution
and then expanded to create BCT lung tumor-derived cells.

Ecotropic virus was produced by transient transfection of
pBabePuro-MYC:ER (gift of Dr. Gerard Evan) into Plat-E cells
(Littlewood et al. 1995). BCT cells were infected and selected in
DMEM containing 2 mg/mL puromycin. RNAi-mediated inhibi-
tion of b-catenin expression was performed using b-catenin
siRNA 1 (si-bcat1, 59-ATCAACTGGATAGTCAGCACC-39) or
2 (si-bcat2, 59-ATTCATAAAGGACTTGGGAGG-39). A siRNA
targeting GFP (AACCACTACCTGAGCACCCAG) was used as
a negative control. BCT cells were transfected with 5 nM siRNA
by RNAi-Max (Invitrogen) either alone or in the presence of
a MEK inhibitor (1 mM PD0325901, Hansun Trading Co.) (Sebolt-
Leopold 2004). BCT cells expressing c-MYC:ER were treated
with either 100 nM ethanol or 100 nM 4-hydroxytamoxifen to
activate the fusion protein. Cell cycle analysis was performed by
incubating cells at 50% confluency with pathway targeted
inhibitors for 24 h, with 10 mM BrdU (Becton-Dickinson) added
for the final 3 h. Floating and adherent cells were collected, fixed
in ethanol, and stained with anti-BrdU-FITC (Becton-Dickinson)
and propidium iodide (Sigma).

Quantitative RT–PCR

RNAs were purified from cultured cells using RNeasy (Qiagen)
and reverse-transcribed using the Advantage RT-for-PCR kit
(Takara-Clontech). Real-time quantitative PCR was performed
using SYBR Green Premix EX Taq (Takara) on an Applied
Biosystems 7500 real-time PCR system (Applied Biosystems).
Sense and antisense primers were b-actin (GTGCTTCTAGG
CGGACTGTT and TGCGCAAGTTAGGTTTTGTCA) and c-M
YC (GCCCAGTGAGGATATCTGGA and ATCGCAGATGAA
GCTCTGGT). The following cycle parameters were used: de-
naturation for 10 sec at 95°C and annealing and elongation for 30
sec at 60°C.
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