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Mutations in BRAF and KRAS Converge on Activation of the
Mitogen-Activated Protein Kinase Pathway in Lung
Cancer Mouse Models
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Abstract
Mutations in the BRAF and KRAS genes occur in f1% to 2%
and 20% to 30% of non–small-cell lung cancer patients,
respectively, suggesting that the mitogen-activated protein
kinase (MAPK) pathway is preferentially activated in lung
cancers. Here, we show that lung-specific expression of the
BRAF V600E mutant induces the activation of extracellular
signal–regulated kinase (ERK)-1/2 (MAPK) pathway and the
development of lung adenocarcinoma with bronchioloalveolar carcinoma features in vivo. Deinduction of transgene
expression led to dramatic tumor regression, paralleled by
dramatic dephosphorylation of ERK1/2, implying a dependency of BRAF-mutant lung tumors on the MAPK pathway.
Accordingly, in vivo pharmacologic inhibition of MAPK/ERK
kinase (MEK; MAPKK) using a specific MEK inhibitor, CI-1040,
induced tumor regression associated with inhibition of cell
proliferation and induction of apoptosis in these de novo
lung tumors. CI-1040 treatment also led to dramatic tumor
shrinkage in murine lung tumors driven by a mutant KRas
allele. Thus, somatic mutations in different signaling intermediates of the same pathway induce exquisite dependency
on a shared downstream effector. These results unveil a
potential common vulnerability of BRAF and KRas mutant
lung tumors that potentially affects rational deployment of
MEK targeted therapies to non–small-cell lung cancer
patients. [Cancer Res 2007;67(10):4933–9]

Introduction
The RAF family of serine/threonine kinases encompasses three
members: ARAF, BRAF, and CRAF (RAF-1; ref. 1). Whereas ARAF
and CRAF engage in more than one signaling pathway, mitogenactivated protein kinase (MAPK)/extracellular signal–regulated
kinase (ERK) kinase (MEK)–1 and MEK-2 are the only known
substrates for BRAF (1), making BRAF an ideal candidate for
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studying the effect of the MAPK pathway in tumorigenesis and
tumor maintenance. Mutations in the BRAF gene were recently
identified in f8% of human cancers whereas mutations in ARAF or
CRAF seem to be rare if not nonexisting (2, 3). The most common
BRAF mutation (>90%) is a valine-to-glutamate substitution at
residue 600 (V600E; ref. 2), which exhibits 12.5-fold higher basal
kinase activity than that of wild-type BRAF (1). In studies using NIH
3T3 cells and murine melanocytes, expression of BRAF V600E is
transforming, causing constitutive ERK activation, leading to
cellular proliferation, and permitting these transformed cells to
grow as tumors in nude mice (1).
Whereas many oncogenic genetic lesions activate the MAPK
pathway, it is unclear whether this is a necessary condition for
oncogenic transformation or merely a side effect, in particular in
the lung lineage. For example, MAPK pathway activation
coincides with epidermal growth factor receptor (EGFR) mutant
expression in de novo murine lung cancer driven by EGFR
mutants (4–6). However, in non–small-cell lung cancer with EGFR
kinase domain mutations, the tumors are dependent on the AKT
and signal transducers and activators of transcription-3 pathways
for cell survival and tumor maintenance whereas the MAPK
pathway plays only a minor role (7). In addition, although
multiple effector pathways including MAPK, RalGEF, and
phosphatidylinositol 3-kinase/AKT are required for RAS mutants
to transform cells, only the phosphatidylinositol 3-kinase/AKT
pathway is responsible for tumor maintenance once the tumor
microenvironment is established (8). Interestingly, inhibition of
AKT-mammalian target of rapamycin pathway only reduced the
size and number of early lung tumor lesions induced by KRas
mutant expression whereas no apoptosis of tumor cells was
observed (9), indicating that the AKT-mammalian target of
rapamycin pathway likely contributes to tumor progression but
not tumor maintenance in murine lung tumors with KRas
mutation. Therefore, it is still unclear whether KRAS and BRAF
mutants exert complementary or overlapping downstream effects,
a finding which would be consistent with an epistatic relationship
between mutations in the two oncogenes. Furthermore, the
availability of inhibitors targeting different members of the MAPK
pathway may help to clarify the optimal deployment and future
development of these drugs (1, 10).
Recently, mice harboring a conditional knock-in allele of BRAF
mutant using a Lox/Cre approach have been generated. This study
showed that BRAF V600E mutant was able to induce several
hallmarks of transformation in some primary mouse cells (11).
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However, it remains unclear if BRAF mutant expression itself is
sufficient to drive lung tumorigenesis in vivo. Here, we generated
the lung cancer mouse model by inducible expression of BRAF
V600E in the lung epithelial compartment. Using this model and
the KRas G12D lung cancer mouse model (4–6, 12), we further
investigated the potential roles of the MAPK pathway in lung
tumorigenesis and tumor maintenance.

Materials and Methods
Mouse cohorts. BRAF* mice were generated as described in Supplementary Materials and Methods. The CCSP-rtTA and Ink4A/Arf / mice
were generously provided by Dr. Jeffery Whitsett (University of Cincinnati,
Cincinnati, OH) and Dr. Ronald DePinho (Dana-Farber Cancer Institute,
Boston, MA), respectively (12). The littermates served as controls in all the
experiments. The KRas* mice were generously provided by Drs. Katerina
Politi and Harold E. Varmus (Memorial Sloan-Kettering Cancer Center, New
York, NY; ref. 12). All mice were housed in a pathogen-free environment at
the Dana-Farber Cancer Institute. The mice were handled in strict accord
with good animal practice as defined by the Office of Laboratory Animal
Welfare, and all animal work was done with DFCI Institutional Animal Care
and Use Committee approval. Genotyping protocols are supplied in
Supplementary Materials and Methods.
Histology and immunohistochemistry. The histology and immunohistochemistry analysis on mice lungs were done as previously described
(4, 5). Details for immunohistochemistry and antibody information are
provided in Supplementary Materials and Methods.
Doxycycline withdrawal and cancer therapy using MEK inhibitor
in vivo. After sustained doxycycline treatment, the bitransgenic mice
including C/BRAF* and C/KRas* mice were subjected to magnetic
resonance imaging (MRI) to document the lung tumor burden. For
doxycycline withdrawal experiment, the C/BRAF* mice were given normal
diet and MRI rescanned at indicated time points. For targeted therapies,

CI-1040 (generously provided by Pfizer, Inc.) formulated in 0.5% methocellulose-0.4% polysorbate-80 (Tween 80; Sigma-Aldrich) was given to mice
including C/BRAF* and C/KRas* mice by gavages at 150 mg/kg twice a day.
After treatment, the same mice were analyzed by MRI at different time
points to determine the tumor response. The mice were sacrificed and
subjected to histologic and biochemical analysis.
Reverse transcription-PCR. Total RNA samples were prepared as
previously described (5) and retrotranscribed into first-strand cDNA using
the SuperScript First-Strand Synthesis System following the manufacturer’s
protocol (Invitrogen). Additional details are provided in Supplementary
Materials and Methods.
Western blot analysis. The lungs were homogenized in radioimmunoprecipitation assay buffer containing the protease inhibitor cocktails and
phosphatase inhibitors (EMD Biosciences, San Diego, CA) and subjected to
Western blotting. Antibody information is listed in Supplementary Materials
and Methods.
MRI and tumor volume measurement. MRI measurements were done
as described before (4, 5). Using the retinoic acid response element
sequence scans, volume measurements of the tumors were done using inhouse customized software as previously described (4, 5) and statistical
analysis was done using Student’s t test.

Results
Expression of BRAF* mutant leads to development of lung
adenocarcinoma in vivo. We generated the Tet-op-BRAF V600E
mice (BRAF*; details in Supplementary Fig. S1 and Supplementary
Materials and Methods) and then crossed them to CCSP-rtTA
mice. Reverse transcription-PCR (RT-PCR) was done to detect
the transgene expression in the lungs from CCSP-rtTA/Tet-opBRAF V600E mice (hereinafter referred to as C/BRAF*) before and
after doxycycline administration. As predicted, no transgene

Figure 1. Inducible expression of BRAF* in the bitransgenic C/BRAF* mice lung epithelium leads to MAPK activation and lung adenocarcinoma development.
A, RT-PCR analyses of the induction or deinduction of BRAF* transgene transcription in the lungs of C/BRAF* mice after 12 wk of doxycycline administration (+) and/or
followed by 2 wk of doxycycline withdrawal (+/ ). Nontransgenic mice serve as negative control. The endogenous h-actin transcription levels serve as control.
B, histologic analysis of lungs from C/BRAF* mice with or without doxycycline treatment for indicated time. C, BRAF and phosho-ERK1/2 immunostaining in lung
tumors from C/BRAF* mice. D, Western blot analysis of phospho-AKT and phospho-ERK1/2 levels in whole lung lysates from nontransgenic mice or C/BRAF* mice
without ( ) or with (+) doxycycline and/or followed doxycycline withdrawal (+/ ). h-Actin serves as a loading control.
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Table 1. Summary of lung cancer incidence in C/BRAF*
mice
Genotype

On doxycycline

Cancer incidence, n (%)

C/BRAF*
C/BRAF*
BRAF*

Yes
No
Yes

41/44 (93)
0/7 (0)
0/10 (0)

expression was detectable in the C/BRAF* mouse lungs without
doxycycline treatment (Fig. 1A). After doxycycline administration
for 12 weeks, its expression was readily induced and returned to
an undetectable level after 2 weeks of doxycycline withdrawal
(Fig. 1A). To determine the relative expression level of transgene,
RT-PCR and immunoblotting were done to detect the total BRAF
levels including both endogenous and transgene BRAF*. The
results showed that there were no discernible differences in total
BRAF expression at either RNA or protein level between the
nontransgenic mice and C/BRAF* mice with or without
doxycycline treatment, suggesting transgene expression is low
compared with endogenous mouse BRAF (Supplementary Fig. S2).
However, we cannot exclude that a small percentage of cells
express high amounts of BRAF* and that a high expression of
BRAF* is necessary to transform lung epithelial cells.
We next did serial histologic analysis on the lungs from C/
BRAF* mice after doxycycline administration at various time
points (6, 10, 13, and 16 weeks). Up to an age of 30 weeks, all
C/BRAF* mice without doxycycline treatment or BRAF* monotransgenic mice with doxycycline treatment showed normal lung
histology with no evidence of malignancy (Table 1). In contrast,
the bitransgenic mice began to develop adenomas with bronchioloalveolar carcinoma features after 6 weeks of doxycycline
treatment (Table 1). All bitransgenic mice receiving doxycycline
developed adenocarcinoma with acinar, solid, and bronchioloalveolar carcinoma–like features after 16 weeks of treatment
(Fig. 1B), phenotypically resembling human adenocarcinomas. As
expected, the tumors were surfactant protein C positive and Clara
cell marker negative, indicating a type II pneumocyte origin (data
not shown). All tumors stained positive for both BRAF and
phospho-ERK1/2, suggesting that expression of BRAF* activated
ERK1/2 during lung tumorigenesis (Fig. 1C). Consistent with
previous studies (4, 5), we observed a high baseline level of
phospho-ERK1/2 in normal lungs by immunoblotting (Fig. 1D).
Doxycycline treatment only slightly increased levels of phosphoERK1/2 in whole lung lysates (Fig. 1D). This could potentially be
due to the relative small percentage of BRAF*-expressing cells.
Intriguingly, doxycycline withdrawal dramatically and consistently
decreased the phospho-ERK1/2 level to a degree even lower than
that seen in normal lung lysates (Fig. 1D). These data indicate
that down-regulation of BRAF* by doxycycline withdrawal results
in ERK1/2 inactivation not only in tumor cells but also in the
majority of normal cells through some unknown interactions. In
contrast, the phospho-AKT level was not significantly altered
throughout all different conditions of doxycycline administration
(Fig. 1D). These data indicate that expression of BRAF* induces
lung tumor formation mainly through activation of the MAPK
pathway.
Expression of BRAF* is essential for tumor maintenance. To
determine the role of BRAF* in lung tumor maintenance, we
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abrogated BRAF* expression in tumor-bearing mice through
doxycycline withdrawal. After 2 weeks of doxycycline withdrawal,
the average tumor burden was reduced by 73 F 19% according to
MRI analysis (Fig. 2A; Supplementary Table S1). Histologically,
there was evidence of dramatically reduced tumor burden
(Fig. 2A, right). There were focal areas of interstitial fibrosis,
mild chronic inflammation, and reactive epithelial changes that
likely represent areas of tumor regression (Fig. 2A, right). In
addition, we found areas of increased numbers of intra-alveolar
macrophages with strongly eosinophilic cytoplasm; these areas
likely represent a postobstructive change and there was no
evidence of malignancy in these foci (data not shown). In some
cases, this inflammation associated with tumor regression may
persist for up to 5 weeks of doxycycline withdrawal and may still
appear in MRI analysis (Supplementary Fig. S3). It is important to
note these areas histologically because they will manifest as
consolidation on MRI. Imaging may therefore underestimate the
degree of tumor regression. The tumors did not recur after 5 or
7 weeks of doxycycline withdrawal by histologic analysis (data
not shown). To study early changes associated with oncogene
deinduction, tumor-bearing mice were sacrificed after 3 days of
doxycycline withdrawal. Immunostaining of lung tumors indicated a dramatic decrease of both phospho-MEK1/2 and
phospho-ERK1/2 levels that co-occurred with decreased levels of
cyclins D1, D2, and D3 (Fig. 2C). Immunoblotting analysis
confirmed that phospho-ERK1/2 levels, but not phospho-AKT
levels, dramatically decreased in the lung tumor lysates after 3
days of deinduction of BRAF* expression through doxycycline
withdrawal (Figs. 1D and 2D). This indicates that inhibition of the
MAPK pathway rather than suppression of the AKT pathway is
associated with lung tumor regression. Tumor regression was
caused by growth arrest and induction of apoptosis of tumor cells
as deinduction of BRAF* expression was accompanied by a
significant increase (24-fold) of terminal deoxyribonucleotidyl
transferase–mediated dUTP nick end labeling (TUNEL)–positive
cells and by a substantial decrease of proliferating cell nuclear
antigen (PCNA)–positive cells (53%; Fig. 3). These data indicate
that deinduction of BRAF* decreases the level of constitutively
activated MAPK pathway and leads to lung tumor regression
associated with growth arrest and apoptosis.
Pharmacologic inhibition of the MAPK pathway by the MEK
1/2 inhibitor CI-1040 induces tumor regression in C/BRAF*
mice. To investigate the role of BRAF*-MEK-ERK pathway in tumor
maintenance, the MEK1/2 inhibitor CI-1040 was used to block the
activation of MAPK pathway. Tumor-bearing C/BRAF* mice were
daily treated with the inhibitor and serially analyzed by MRI to
document tumor burden. CI-1040 was given orally 150 mg/kg twice
a day, which is a dose commonly used to block MAPK pathway
activation in xenograft mouse models (13, 14). All mice were kept
on doxycycline throughout the CI-1040 treatment. After 2 weeks of
CI-1040 treatment, dramatic tumor regression was observed by
MRI with an average of 62 F 11% tumor reduction (Fig. 2B;
Supplementary Table S2). Consistently, histologic analysis showed
a pronounced tumor regression. There were very few tumor
remnants representative of areas of tumor regression after 2 weeks
of treatment (Fig. 2B). After 3 weeks of treatment, lung specimens
showed essentially normal histology (Supplementary Table S2 and
data not shown).
Both immunostaining and immunoblotting analyses were done
to assess the early biochemical changes after 3 days of CI-1040
treatment. Effective inhibition of both phospho-MEK1/2 (Fig. 2C)
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Figure 2. Analyses of lung tumor regression through either deinduction of BRAF* expression or MEK inhibitor CI-1040 treatment in C/BRAF* mice. A, C/BRAF*
mice were given doxycycline diet for 14 wk and the food was replaced with normal diet for 2 wk. The mice were MRI scanned before and after changing diet at the
indicated time points (left ). H&E staining of mouse lung tissues after 2 wk of doxycycline withdrawal; high-magnification view showing the tumor remnants (right ).
B, C/BRAF* mice were MRI scanned before and after CI-1040 treatment for 2 wk (left ). H&E staining of the mouse lung tissues illustrated the tumor remnants
associated with inflammation (right ). C, reduction of phospho-ERK1/2 and phospho-MEK1/2 levels was concurrent with a decrease of cyclin D1, cyclin D2, and cyclin
D3 expression in lung tumors after 3 d of either doxycycline withdrawal or CI-1040 treatment. D, blockage of phospho-ERK1/2 but not phospho-AKT was observed in
the whole lung lysates from C/BRAF* mice after 3 d of either doxycycline withdrawal or CI-1040 treatment. h-Actin serves as a loading control.

and phospho-ERK1/2 (Fig. 2C and D) was observed after CI-1040
treatment, similar to the extent seen after deinduction of BRAF*
expression. This inhibition of MAPK pathway is concurrent with
a decrease of cyclin D1, cyclin D2, and cyclin D3 protein levels
(Fig. 2C). Similar to the results obtained with deinduction of
transgene expression, we did not observe a dramatic change in
protein levels of phospho-AKT on treatment with CI-1040,
corroborating the notion that AKT may not be involved in this
tumor maintenance. Tumor regression induced by CI-1040
treatment was accompanied by cell cycle arrest and induction of
apoptosis illustrated by an increase of TUNEL-positive cells (7-fold)
and a decrease of PCNA-positive cells (67%; Fig. 3). No discernible
effect of CI-1040 treatment on cellular proliferation and apoptosis
was seen in the normal lung epithelial cells from nontransgenic
mouse controls (Supplementary Fig. S4). These observations
support an essential role of the MAPK pathway in tumor
maintenance in BRAF* lung tumors.

Cancer Res 2007; 67: (10). May 15, 2007

CI-1040 induces tumor shrinkage in murine lung tumors
driven by oncogenic KRas. To determine whether tumor
maintenance in tumors driven by an oncogenic allele of KRas
(G12D, KRas*) is also dependent on activation of the MAPK
pathway, we made use of the previously established murine KRas*mutant lung tumor mouse model (12). After induction
of KRas* for more than 8 weeks, the bitransgenic CCSP-rtTA/Tetop-KRas* (short as C/KRas*) mice developed lung adenocarcinomas. After 2 weeks of CI-1040 treatment, MRI analysis showed
a dramatic decrease of tumor burden (53 F 5%; Fig. 4A;
Supplementary Table S3). Histologic analysis showed that four of
five treated mice were completely free of tumor and only one
mouse still contained some tumor nodules with tumor remnants,
in comparison with the large tumor burden in control groups
(Fig. 4B). The lung tumors exhibited a strong decrease of phosphoERK1/2 level without any change of phospho-AKT level (Fig. 4C
and data not shown). Tumor shrinkage was likely due to growth
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arrest and induction of apoptosis as a dramatic increase of TUNELpositive cells (7-fold) and a 58% decrease of PCNA-positive cells
were observed after 3 days of CI-1040 treatment (Fig. 4D). Thus,
tumor maintenance in KRas*-driven lung tumors in vivo may be
dependent on continuous activation of the MAPK pathway.

Discussion
Previous studies have shown that overexpression of either wt or
activated c-Raf-1 drives lung adenomas (15). In contrast, our data
presented here show that expression of the BRAF V600E mutant
induced lung adenocarcinomas in vivo, which are similar to
KRas* tumors and phenotypically resembled human adenocarcinoma (12).
Tumor initiation and maintenance in BRAF* mice were strictly
dependent on activation of the MAPK pathway. Importantly, in
contrast to lung tumors with genetic lesions in EGFR alleles, we
found no evidence for crucial involvement of the AKT pathway in
tumor initiation and maintenance in lung tumors with BRAF
mutation. The exquisite dependency on the MAPK pathway may
provide a robust rationale for the use of MAPK pathway inhibitors
in these settings, whereas inhibitors of AKT or phosphatidylinositol
3-kinase might be less effective as previous reported (9).
Consequently, therapeutic inhibition of the MAPK pathway by
CI-1040 treatment induced dramatic tumor shrinkage in our
murine BRAF-mutant lung tumors, a process that was paralleled
by dephosphorylation of ERK1/2, growth arrest, and induction of
apoptosis. In contrast, no discernable apoptosis was observed after
21 days of CI-1040 treatment of the c-Raf mutant–driven lung
adenomas (16). One plausible explanation is that apoptosis
induced by CI-1040 treatment might occur at a much earlier time
point because our TUNEL experiment was done after 3 days of
CI-1040 treatment. Interestingly, CI-1040 also proved effective in
treatment of lung tumors driven by the oncogenic allele of KRas.
Thus, mutations in BRAF and KRAS converge on activation of the
MAPK pathway in lung tumor initiation and tumor maintenance,
implying this pathway as an attractive therapeutic target in
patients with BRAF and KRAS mutant lung tumors.

Previous studies in xenograft models using human melanoma
or colon cancer cell lines have proved that inhibition of MAPK
pathway by CI-1040 or other MEK inhibitor is effective in cancer
treatment (17, 18). However, these experiments were associated
with tumor growth arrest instead of tumor regression (17, 18). In
contrast, we observed a much profound tumor regression
associated with induction of apoptosis in lung tumors with
either BRAF or KRas mutation after CI-1040 treatment. This may
be due to the different genetic requirements for tumor
maintenance in different tumor lineages. Another explanation
might be that human cancer cell lines harbor additional genetic
lesions, some of which may dilute the proapoptotic effects of CI1040 observed in this study. Further work is warranted to identify
these genetic events that potentially serve as targets for
combinational therapy with MAPK inhibition. Nonetheless, our
data have validated the MAPK pathway as a good therapeutic
target in f30% of non–small-cell lung cancers harboring either
KRAS or BRAF mutations.
Recently, results from phase I and phase II clinical trials of CI1040 have been reported in treatment of human cancers including
non–small-cell lung cancer (19, 20). In phase I trial of 66 patients
with different human cancers including non–small-cell lung
cancer, only one pancreatic cancer patient achieved partial
response and 19 patients achieved stable disease lasting 5.5
months on average (19, 20). Similarly, only stable disease, but no
objective response, was observed in 8 of 67 patients in phase II
trials (19, 20). Although the results of these trials are somewhat
disappointing, it is important to note that no information on the
different oncogenic mutation status was provided (19). Furthermore, the ineffectiveness of CI-1040 could be attributed to its
instability and low potency in vivo against MEK inhibition, which
may be associated with inefficient inhibition of MAPK pathway
(19). Recently, a second-generation MEK inhibitor, PD 0325901,
is under clinical development (19). In contrast to CI-1040, PD
0325901 exhibits a much higher potency against MEK, much
improved oral bioavailability, and longer duration of target
suppression (19). This newer second generation of MEK inhibitors

Figure 3. Tumor regression induced by either doxycycline withdrawal or CI-1040 treatment is associated with apoptosis. TUNEL and PCNA immunohistochemical
staining were done on mouse lung tissues before and after 3 d of either doxycycline withdrawal or CI-1040 treatment. Columns, average number of TUNEL- or
PCNA-positive cells counted from >50 high-power fields (HPF ); bars, SD. P < 0.05, on-doxycycline group (on dox ) compared with either off-doxycycline group (off dox )
or CI-1040 treatment group in both graphs (Student’s t test).
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Figure 4. CI-1040 treatment leads to lung tumor regression associated with tumor growth arrest and apoptosis in C/KRas* mice. A, C/KRas* mice were given
doxycycline diet for >8 wk and food was then replaced with normal diet for 2 wk. Mice were MRI scanned before and after changing diet at the indicated time points.
B, histologic illustration of lung tumors with or without 2 wk of CI-1040 treatment in C/KRas* mice. C, three days of CI-1040 treatment dramatically decreased the
phospho-ERK1/2 levels in lung tumors, shown by immunostaining; D, three days of CI-1040 treatment was associated with dramatic increase of TUNEL-positive cells
and decrease of PCNA-positive cells. Columns, average number of TUNEL- or PCNA-positive cells counted from >50 high-power fields; bars, SD. P < 0.05, control
compared with the CI-1040 treatment group (Student’s t test).

may prove clinically effective in patients with BRAF and KRAS
mutant tumors.
In summary, we have shown that mutations in KRAS and BRAF
found to occur in a mutually exclusive fashion in human lung
cancer share a common effector pathway in tumor maintenance
in vivo. These observations thereby unveil a common therapeutic
vulnerability to MEK inhibitors in BRAF and KRAS mutant human
lung tumors. Lastly, these two lung cancer mouse models can serve
as platforms for in vivo validation of therapeutics that specifically
target the RAS/RAF/MAPK pathways.
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