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MYC Synergizes with Activated BRAFV600E in Mouse Lung
Tumor Development by Suppressing Senescence
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Abstract
The activated RAS/RAF cascade plays a crucial role in lung cancer, but is also known to induce cellular

senescence, a major barrier imposed on tumor cells early in tumorigenesis. MYC is a key factor in suppression
of RAS/BRAFV600E-induced senescence in vitro. However, it is still unclear whether MYC has the same role
during tumor development in vivo. Using a conditional, compound knock-in model of Cre-activated
BRAFV600E and tamoxifen-regulatable MycER, we show that tamoxifen-induced activation of MYC accelerated
the onset and increased the number and size of BRAFV600E-driven adenomas in a dose-dependent manner,
resulting in reduced survival. Furthermore, MYC activation leads to reduced expression of the senescence
markers p16INK4A, p21CIP1, and H3K9me3-containing heterochromatin foci, and an increased percentage of
Ki67þ tumor cells. This suggests that MYC already early during tumor formation suppresses a BRAFV600E

-induced senescence-like state. Initial activation of MYC followed by tamoxifen withdrawal still resulted in an
increased number of tumors and reduced survival. However, these tumors were of smaller size, showed
increased expression of p16INK4A and p21CIP1, and reduced number of Ki67þ cells, indicating that MYC
inactivation restores BRAFV600E-induced senescence. Surprisingly, MYC activation did not promote adenoma
to carcinoma progression. This suggests that senescence suppression by MYC is a discrete step in tumor
development important for sustained tumor growth but preceding malignant transformation and that
additional oncogenic events are required for carcinoma development and metastasis. These findings
contribute to our understanding of the neoplastic transformation process, with implications for future
treatment strategies. Cancer Res; 74(16); 4222–9. �2014 AACR.

Introduction
Lung cancer is a leading cause of cancer-related death

worldwide. Recent genome-wide analysis of driver mutations
in non–small cell lung cancers have identified BRAFmutations
in 9% of the pulmonary adenocarcinoma subset, with V600E
(2%–3%) as the most common (1), correlating with poor
prognosis (2). BRAF encodes for a Ser/Thr kinase playing a
central role as a RAS effector in the RAS–RAF–MAPK signaling
pathway, which connects extracellular signals to transcrip-
tional regulation of genes involved in proliferation and cancer
development. At least 25% of all mutations in pulmonary

adenocarcinoma target this pathway (1). Another central
player in tumorigenesis is the transcription factor MYC,
which is rearranged and/or overexpressed in over half of
human cancers (3), including lung adenocarcinomas where it
is found amplified in 30% of cases (1), correlating with poor
prognosis (4).

Mutated, activated RAS or BRAF is known to trigger
oncogene-induced senescence (OIS) in preneoplastic lesions
in lung adenomas (5, 6). Cellular senescence is a state
of irreversible proliferation arrest, which together with
apoptosis forms two of the main barriers against tumor
development and usually relies on the p53/CDKN1A (p21CIP1)
and CDKN2A (p16INK4A)/pRB tumor suppressor pathways (6).
We and others have shown that the MYC oncogene sup-
presses RAS/BRAF-induced senescence in normal primary
fibroblasts and in tumor cells in vitro (7, 8), although it can
also induce OIS under certain conditions (6, 9). However,
whether it plays a role in senescence suppression in vivo has
not yet been demonstrated. To address this question, we
utilized a mouse model of BRAFV600E-induced lung adenoma
characterized by prominent senescence-like growth arrest
(5), intercrossed with mice containing a regulatable MycER
allele (10). Our results show that MYC synergizes with
BRAFV600E in lung tumorigenesis by suppressing the senes-
cence-like state, correlating with increased number and size
of tumors with elevated proliferative capacity, resulting in
reduced survival of the compound mice.
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Materials and Methods
Mice
All animal protocols in this study were approved by the

ethical committee of the Swedish Board of Agriculture.
BRAFV600E conditional knock-in mice (BRafCA; ref. 5) were
intercrossed to conditional, regulatable MycER knock-in mice
(R26-lsl-MERT2; ref. 10) and maintained on a mixed C57BL6/
FVBN background. Generation of heterozygous and homozy-
gous offspring was verified by genotyping (Supplementary Fig.
S1A). Monitoring of adenoma onset was carried out as
described previously (5, 10). Animals were euthanized at
specific time points or upon display of visible signs of disease.

Adenoviral Cre delivery and tamoxifen regimen
Ad-Cre-GFP and Ad-empty-GFP were obtained from the

Gene Transfer Vector Core, University of Iowa (Iowa City, IA).
Six- to 8-week-old mice were exposed to 5�107 plaque–form-
ing unit through nasal inhalation of a calcium phosphate
precipitate (5). Of note, 1 mg/20 g of body weight of tamoxifen
was administered orally once per day, starting 7 days after virus
inhalation until sacrifice of the mice, except in MYC on/off
experiments where tamoxifen treatment was discontinued
after 7 days.

Immunoblotting, IHC, immunofluorescence, and
microscopic analysis
PBS-flushed whole lungs were either fixed in 4% parafor-

maldehyde and paraffin embedded or snap frozen. Whole
protein lysate from PBS-flushed lungs was prepared as
described previously (14). Tissue sections were stained with
hematoxylin and eosin (H&E) to determine tissue and tumor
morphology. Tumor grades and proliferative status in lung
tumor tissues were assessed by a pathologist. Immunostaining
was performed on paraffin-embedded tissues according to the
protocol described in ref. 11.
The following antibodies were used for immunoblot analysis

and immunostaining: c-MYC (sc-42), CC-10 (sc-9772), SP-C (sc-
7706), p16INK4A (sc-1662), p19Arf (sc-1066), p21CIP1 (sc-6246; all
from Santa Cruz Biotechnology), ERK1/2 (4695s), and pERK1/2
(4370s) from Cell Signaling Technology, H3K9me3 (07-523,
Millipore), Ki67 (SP6, Lab Vision), tubulin (T4026, Sigma),
AlexaFluor488 goat anti-rat (A-1106), goat anti-rabbit (A-
11008) and rabbit anti-mouse (A-11059; all from Invitrogen),
and biotinylated rabbit-anti-mouse (E046401-2) from DAKO.
Fluorescence signals were detected by a laser-scanning

microscope (Axiovert 200 M; Zeiss).
For quantitation of nuclear Ki67 signal, tissue sections were

scanned with a 3D Histech Panoramic Midi scanner and
analyzed with 3D Histech Panoramic Viewer software, using
their Nuclear Quant module.

Senescence and apoptosis assays
Lysosomal b-galactosidase activity was assayed on frozen

tissue sections as described in ref. 11. Apoptosis was detected
on paraffin-embedded sections with the In Situ Cell Death
Detection Kit, Fluorescein (Roche), following the manufac-
turer's instruction.

Statistical analysis
Data were analyzed with GraphPad Prism software by one-

way ANOVA using Bonferonni correction for post hoc tests.
Survival between the diverse groups was compared using the
log-rank (Mantel-Cox) test.

Results
MYC activation shortens survival during BRAFV600E-
induced lung tumor development in a dose-dependent
manner

To determine the impact of MYC activity on BRAFV600E

-driven tumorigenesis, we intercrossed mice containing Cre-
inducible BRAFV600E (5) and MycER (R26-lsl-MERT2; ref. 10)
transgenes. In addition, the MycER protein is regulatable by
tamoxifen. BRAFV600E and MycER recombination in mice
was induced by intranasal Ad-Cre-GFP delivery, whereas no
recombination occurred in control animals receiving Ad-emp-
ty-GFP. The following groups of mice were generated:
BRAFV600E (BVE), BRAFV600E; MycERKI/KI (BMKI/KI), BRAFV600E;
MycERWT/KI (BMWT/KI), as well as controls Brafwild-type (BWT),
MycERWT/KI (MWT/KI), and MycERKI/KI (MKI/KI).

Tamoxifen-treated cohorts of compound mice developed
tumors significantly faster than those receiving vehicle (peanut
oil); BMKI/KI and BMWT/KI mice had a median survival time of
31 and 43 days, respectively, compared with vehicle-treated
BMWT/KI mice (73 days; Fig. 1A). Vehicle-treated BMWT/KI or
tamoxifen-treated BVE cohorts displayed similar survival toBVE

mice (data not shown). Tamoxifen-treated BWT animals or
MWT/KI, MKI/KI mice did not develop tumors over a period of
100 days (Fig. 1A and data not shown). This suggests that
activation ofMYC is not tumorigenic per sewithin 100 days, but
significantly shortens survival of BRAF-induced tumors in a
dose-dependent manner even with a modest increase in
expression of approximately 2-fold (Supplementary Fig. S1B).

MYC activation results in increased number and size of
BRAFV600E-induced lung tumors

We observed a 2-fold increase in the lung-to-total body
weight ratio in vehicle-treated BMWT/KI mice compared with
control (wild-type) BWT and vehicle-treated MWT/KI lungs
(Supplementary Fig. S1C). Tamoxifen-treated BMKI/KI and
BMWT/KI showed an additional 1.5-fold increase. Furthermore,
tamoxifen-treated BMWT/KI and in particular BMKI/KI showed a
significantly increased number and size of tumors compared
with vehicle-treated BMWT/KI (Fig. 1B and C), resulting in a
higher ratio between the tumor area and the total lung area, as
shown by H&E staining of whole lung sections (Fig. 1B).

When compared with the healthy lungs, surfactant protein-
C (SP-C) expression was increased in lungs of tumor-bearing
animals, whereas Clara cell antigen expression was reduced
(Supplementary Fig. S1D). This suggested an AT2PC (alveolar
type 2 progenitor cells) phenotype of the tumor, consistent
with previously published findings (5). Histopathological anal-
ysis showed that the lungs of vehicle-treated BMWT/KI mice
variably showed mild bronchiolar hyperplasia, and relatively
small, circumscript papillary adenomas. Foci with amore solid
growth pattern were occasionally observed (Fig. 1D), but
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Figure 1. MYCactivation increases number and size of BRAFV600E-induced lung tumors inmice anddecreases overall survival. A, Kaplan–Meier survival plot of
vehicle-treated (VT)BrafV600E;MycERWT/KI (BMWT/KI; n¼ 11, red), tamoxifen (TAM)-treated BMKI/WT (n¼ 31, blue), andBRAFV600E;MycERKI/Kl (BMKI/KI; n¼ 11,
green)mice. In addition, controlBRAFCAmicegivenemptyAdvector by inhalation and treatedwith tamoxifen aredepicted inblack (n¼8). Graybox, tamoxifen
or vehicle treated (started at day 7 post-inhalation until time of death). B, quantitative analysis of average number of tumors per lung section (left) and
total tumor area per total lung area (right) of indicated genotypes and treatments (BMWT/KI VT, n ¼ 3; BMWT/KI tamoxifen, n ¼ 4; BMKI/KI tamoxifen,
n ¼ 3, BMWT/KI tamoxifen on/off, n ¼ 2, two sections per lung). Shown are mean � SEM. Statistically significant differences from the control are shown
�, P < 0.05; ��, P < 0.01. C, pie charts showing the average number of tumors as analyzed in B, distributed over four different arbitrary set tumor sizes
(areas, representing number of pixels �103 relative to the total lung area) for the indicated genotypes and treatments. D, H&E-stained lung sections
showing representative tumor lesions in BM mice of indicated genotypes treated with vehicle or tamoxifen as compared with control mice. Top,
middle, and bottom images at lower magnification, �5 and �10, respectively. Bars, 50 mm. The analyses in B–D were done at endpoints when animals
were sacrificed because of disease.
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hallmarks of advanced adenoma (such as nuclear pleiomorph-
ism, prominent nucleoli, mitoses, or necrosis) were rare or
absent. Tamoxifen-treated mice exhibited more pronounced
bronchiolar hyperplasia and larger adenomas, with according-
ly larger areas showing mucoid differentiation and vesicular
nuclei, consistent with a bronchiolar component also in these
tumors (Fig. 1D).
Although the tumors were larger, particularly in BMKI/KI

mice, as well as local indications of tumor progression, there
were no consistent indications of increased frequency of
adenoma to carcinoma transition in response to MYC activa-
tion. Furthermore, we did not observe metastatic spread in
spleen, brain, or other organs in any of the genotypes or
treatments (data not shown), although the presence of micro-
metastases cannot be excluded.
Taken together, we conclude that MYC activation resulted

not only in shortened survival of mice with activated
BRAFV600E, but also in increased number and size of
BRAFV600E-induced lung adenomas.

MYC activation suppresses hallmarks of BRAFV600E-
induced senescence in lung tumors
We next assessed the impact of MYC on BRAFV600E

-induced senescence as a potential factor for its acceleration
of lung tumor development. Sporadic senescence-associated
b-galactosidase (SA-b-gal) activity observed in wild-type
lungs was significantly enhanced with the expression of
BRAFV600E in tamoxifen and vehicle-treated BMWT/KI and
BMKI/KI mice at the time of sacrifice due to disease. How-
ever, the staining patterns were often heterogeneous (Sup-
plementary Fig. S2A). To obtain a clearer picture of the
distribution of senescent cells within tumors, we investigat-
ed the expression of CDKN2A/p16INK4A, another senescence
marker. A significant reduction in the relative expression
levels of p16INK4A was observed in tumors of tamoxifen-
treated BMKI/WT and BMKI/KI mice when compared with
vehicle-treated BMWT/KI mice (Fig. 2A and B). Furthermore,
foci of trimethylated histone H3 lysine 9 (H3K9me3), yet
another marker of senescence, which partially colocalized
with p16INK4A, were also reduced in the tumor areas of
tamoxifen treated compared with vehicle-treated BM ani-
mals (Fig. 2B). Moreover, immunoblot analysis of bulk lung
lysates showed increased expression of both p16INK4A and
CDKN1A/p21CIP1 senescence markers in vehicle-treated BM
mice compared with control mice, as expected. However,
p16INK4A and p21CIP1 expression was reduced even below
control in tamoxifen-treated BM mice (Fig. 2C). Expression
of the tumor suppressor p19ARF, which can play a role in
either senescence or apoptosis induction depending on the
context, was found to be elevated in BM cells irrespective of
tamoxifen treatment (Supplementary Fig. S2B).
Analysis of proliferation status by Ki67 staining showed

occasional Ki67þ cells in tumors of vehicle-treated BM mice,
while the percentage of Ki67þ cells increased strongly after
tamoxifen treatment, in particular in BMKI/KI mice (Fig. 2D).
Increased apoptosis was observed in adenomas of tamoxifen-
treated BMmice, but virtually no apoptotic cells were detected
in vehicle-treated BMWT/KI mice (Supplementary Fig. S2C).

In conclusion, activation to MYC resulted in suppression of
a number of senescence markers and elevated proliferative
capacity in parts of BRAFV600E-induced tumors, correlating
with accelerated tumor development.

Suppression of p16INK4A and p21CIP1 by MYC starts early
coinciding with accelerated tumor onset

To assess whether MYC activation affected tumor initiation
and senescence suppression already at an early stage, mice
were vehicle treated or tamoxifen treated for a period of 7 or
14 days (i.e., 14 and 21 days after virus inhalation) and then
sacrificed (Fig. 3A). H&E staining of lung sections showed
that adenoma development had begun already at day 7 after
tamoxifen treatment, in particular in BMKI/KI mice (Fig. 3A).
In vehicle-treated BMWT/KI mice, tumors had started to
appear at day 14, and the mice displayed lower lung weight
as well as lower number and smaller size of tumors when
compared with tamoxifen-treated BMKI/KI mice (Fig. 3A and
Supplementary Fig. S3). Expression of both p16INK4A and
p21CIP1 increased in vehicle treated in comparison with
tamoxifen-treated mice, where expression of both proteins
was suppressed to control levels already 7 days after tamox-
ifen treatment (Fig. 3B).

In conclusion, activation of MYC accelerated the onset of
BRAFV600E-induced tumors already early after activation coin-
ciding with suppression of BRAFV600E-induced expression of
p16INK4A and p21CIP1.

Suppressionof p16INK4A andp21CIP1 requires continuous
MYC activity and is linked to increased tumor size

To investigate the consequence of inactivating MYC during
tumor development, we exposed BMWT/KI mice to tamoxifen
daily for a period of 7 days (MYC on), after which tamoxifen
treatment was discontinued (MYC off) or continued until
sacrifice due to disease (Fig. 3C). Surprisingly, lungs of MYC
on/off mice displayed a similar number of tumors to mice
under continuous tamoxifen treatment (Fig. 1B and Fig. 3C)
and decreased survival compared with vehicle-treated
BMKI/WT mice (data not shown). However, these tumors were
of smaller size than those of continuously treatedmice, resem-
bling tumor sizes of vehicle-treated BMmice (Figs. 1B and 3C).
Furthermore, the expression levels of p16INK4A and p21CIP1

were elevated in the lungs of MYC on/off mice compared with
mice under continuous tamoxifen treatment (Fig. 3D). This
suggests that suppression of p16INK4A and p21CIP1 requires
continuous MYC activity, and that deactivating MYC restores
BRAFV600E-induced senescence. This conclusion was further
supported by the significant reduction in Ki67þ cells in tumors
of MYC on/off mice compared with those treated daily with
tamoxifen (Fig. 2D).

Discussion
Previous work from our laboratory and others highlighted a

function for MYC in suppressing RAS/RAF-induced senes-
cence in vitro (7, 8). However, whether MYC plays a role in
overcoming this OIS barrier in vivo has not yet been deter-
mined. To address this question, we utilized a mouse model of
BRAFV600E-induced lung adenomas, displaying high levels of
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senescence-like growth arrest, by which their progression
to malignant carcinoma is halted (5). These mice were inter-
crossed with mice containing a conditional MycER allele
encoding a tamoxifen-regulatable MycER protein (10). Our
results show that MYC activation alone does not give rise to
tumors within the 100 days of the experiment, but rather
synergizes with BRAFV600E-induced tumorigenesis in a dose-
dependent manner. This is evidenced by earlier tumor onset,

increased numbers and sizes of tumors per lung, and shortened
survival. Furthermore, this correlated with reduced expression
of the senescencemarkers p16INK4A, p21CIP1, andH3K9me3 foci
in tumor cells, and increased frequency of Ki67þ cells after
MYC activation. These data are consistent with those of Juan
and colleagues (12) investigating the impact ofMYC activity on
BRAFV600E-induced lung tumorigenesis. The increased tumor
formation and suppression of p16INK4A and p21CIP1 had started
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Figure 2. MYC activation suppresses BRAFV600E-induced senescence. A, analysis of p16INK4A expression by IHC in whole lung sections of control (n ¼ 2),
vehicle-treated (VT) BMWT/KI (n ¼ 6), tamoxifen (TAM)-treated BMKI/WT (n ¼ 6), and BMKI/KI (n ¼ 3) mice. B, analysis of H3K9me3 and p16INK4A (top two)
expression by immunofluorescence using confocalmicroscopy as indicated. DAPIwas used to stain nuclei. Bottom, colocalization of H3K9me3 andp16INK4A

staining. C, immunoblot analyses of whole lung lysates of p16INK4A (top) and p21CIP1 (middle) in wild-type (lane 1); vehicle-treated BMWT/KI (lanes 2 and 3);
tamoxifen-treated BMKI/WT (lanes 4 and 5); and BMKI/KI (lanes 6 and 7). Tubulin (bottom) was used as a loading control. D, proliferation rates as assessed by
Ki67 IHCstaining ofwhole lungsectionsofBMWT/KIþVT (n¼5), BMKI/WTþ tamoxifen (n¼4), andBMKI/KIþ tamoxifen (n¼4)mice.Quantitationof the results is
presented in the bottom right panel. The analyses in A–D were done at endpoints when animals were sacrificed because of disease. Statistically significant
differences from the control are shown. �, P < 0.05; ��, P < 0.01.
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already 7 days after MYC activation. In on/off experiments
where MYC activation was discontinued after the first 7 days,
we observed an increased number of tumors per lung area, as
well as shortened survival compared with BRAFV600E alone.
Interestingly, only small adenomas with regained expression
of p16INK4A and p21CIP1 and strongly reduced Ki67 expres-
sion appeared, indicating that continuous MYC activity is
required to maintain suppression of senescence. It is, how-
ever, not possible to draw conclusions from these data
whether MYC not only blocks entry into the senescent state,
but also forces cells to exit senescence- a topic that remains

to be addressed in the future. Both p16INK4A and p21CIP1 are
direct target genes repressed by MYC (7), and play a crucial
role in blocking malignant progression of BRAFV600E

-induced lung adenomas (5) as part of the Rb and p53
senescence pathways, respectively (6). Furthermore, these
two pathways are frequently deregulated in human lung
adenocarcinoma (1). Taken together, these results strongly
suggest that suppression of the BRAFV600E-induced senes-
cence-like state by MYC is an important threshold for
continued lung tumor growth, thereby increasing the prob-
ability of additional oncogenic events. Furthermore,
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inactivation of MYC in these lesions results in restored
BRAFV600E-induced senescence.

Surprisingly, MYC did not promote adenoma to carcinoma
transition in our model. In contrast, MYC either alone (13–15)
or together with RAF1 (14) induced adenocarcinoma and
metastasis in other lung tumor mouse models, however, with
much longer latencies (around 60weeks). Possibly, themassive
lung adenoma burden in our model leading to early death
through respiratory arrest precludes the onset of malignancy
andmetastasis. However, we cannot exclude that differences in
expression of transgenes, identity of target cells, or functional
properties of the different RAS/RAF-family proteins influence
the outcome. Importantly, development of MYC-driven ade-
nocarcinoma required additional genetic events to occur, such
as activating mutations in KRAS, activation of the STAT
pathway, and evasion of apoptosis (13–15). Taken together,
these observations suggest that suppression of senescence by
MYC is a discrete step in tumor development that precedes
malignant transformation.

In conclusion, our results show thatMYCplays an important
synergistic role in lung tumorigenesis by suppressing
a BRAFV600E-induced senescence-like state, resulting in
increased tumor growth and reduced survival. This is in line
with previous reports that MYC depletion induces senescence
in vitro in human lung adenocarcinoma and malignant mel-
anoma cells with activating mutations in KRAS, NRAS, or BRAF
(8, 16), and highlights the importance of finding strategies for
targetingMYC for cancer therapy, including the new concept of
prosenescence therapy (6). Previous work using mouse tumor
models with regulatable MYC or the dominant negative Omo-
myc has shown that inhibition of MYC often results in com-
plete regression of tumors, frequently as a result of senescence
induction (17, 18). In a Cre-activated KRASG12D-driven lung
adenocarcinoma model, Omomyc caused tumor regression
through increased apoptosis and senescence (17), which is
similar to the outcome of MYC inactivation in our model,
althoughwe did not observemuch apoptosis. The lattermay be
due to differences in tumor stage, activating oncogenes and/or
the preserved endogenous MYC function in our model. In
contrast, in a Tet-regulated combined KRASG12D/MYC mouse
model where adenocarcinomas developed after longer latency,
it was necessary to inactivate both KRAS and MYC to cause
efficient tumor regression (15). This might be due to accumu-
lation of additional mutations in these tumors as discussed

above. Taken together, these findings emphasize the relevance
of MYC targeting for lung cancer therapy. In the absence of
drugs directly targeting MYC at present time, inhibitors of a
number of upstream or downstream targets of the MYC
pathway have been suggested, including BET and CDKs
(3, 7). For instance, the senescence-suppression function of
MYC is reversed by inhibition of CDK2 (7, 19). Such therapeutic
strategies will be important to explore in the future, potentially
in combination withMEK1 or BRAF inhibitors, which has been
shown to abrogate tumorigenesis in the BRAFV600E lung tumor
model (5) and potently inhibit growth of human lung adeno-
carcinoma cells with BRAFV600Emutations. Furthermore, these
drugs have recently shown promising results in clinical trials
for patients with lung cancer carrying this mutation (20, 21).

Disclosure of Potential Conflicts of Interest
No potential conflicts of interest were disclosed.

Authors' Contributions
Conception and design: V. Tabor, M. Bocci, L.-G. Larsson
Development of methodology: V. Tabor, M. Bocci, N. Alikhani
Acquisition of data (provided animals, acquired and managed patients,
provided facilities, etc.): V. Tabor, M. Bocci, N. Alikhani, R. Kuiper
Analysis and interpretation of data (e.g., statistical analysis, biostatistics,
computational analysis): V. Tabor, M. Bocci, N. Alikhani, R. Kuiper,
L.-G. Larsson
Writing, review, and/or revision of the manuscript: V. Tabor, M. Bocci,
L.-G. Larsson
Administrative, technical, or material support (i.e., reporting or orga-
nizing data, constructing databases): M. Bocci, L.-G. Larsson
Study supervision: V. Tabor, L.-G. Larsson

Acknowledgments
The authors thank Professors Martin McMahon and Gerard Evan for kindly

providing BRAFCA and R26lsl-MycER mice and Prof. Martin McMahon, Drs
Joseph Juan, and Gerald McInerney for critical reading of the article. This work
is dedicated to the loving memory of a friend and a colleague of ours, Dr. Anna
Rose McCarthy.

Grant Support
This work was supported by the Swedish Cancer Society (V. Tabor and

L.-G. Larsson), the Swedish Research Council (L.-G. Larsson), the Swedish
Childhood Cancer Society (V. Tabor and L.-G. Larsson), and the Karolinska
Institutet Foundations (V. Tabor and L.-G. Larsson).

The costs of publication of this article were defrayed in part by the payment of
page charges. This article must therefore be hereby marked advertisement in
accordance with 18 U.S.C. Section 1734 solely to indicate this fact.

Received November 12, 2013; revised April 23, 2014; accepted June 3, 2014;
published OnlineFirst June 16, 2014.

References
1. Imielinski M, Berger AH, Hammerman PS, Hernandez B, Pugh TJ,

Hodis E, et al. Mapping the hallmarks of lung adenocarcinoma with
massively parallel sequencing. Cell 2012;150:1107–20.

2. Marchetti A, Felicioni L, Malatesta S, Grazia Sciarrotta M, Guetti L,
Chella A, et al. Clinical features and outcome of patients with non-
small-cell lung cancer harboring BRAF mutations. J Clin Oncol
2011;29:3574–9.

3. Larsson LG, Henriksson MA. The Yin and Yang functions of the Myc
oncoprotein in cancer development and as targets for therapy. Exp
Cell Res 2010;316:1429–37.

4. Iwakawa R, Kohno T, Kato M, Shiraishi K, Tsuta K, Noguchi M, et al.
MYC amplification as a prognostic marker of early-stage lung adeno-

carcinoma identified by whole genome copy number analysis. Clin
Cancer Res 2011;17:1481–9.

5. Dankort D, Filenova E, Collado M, Serrano M, Jones K, McMahon
M. A new mouse model to explore the initiation, progression, and
therapy of BRAFV600E-induced lung tumors. Genes Dev 2007;
21:379–84.

6. Larsson LG. Oncogene- and tumor suppressor gene-mediated sup-
pression of cellular senescence. Semin Cancer Biol 2011;21:367–76.

7. Hydbring P, Bahram F, Su Y, Tronnersjo S, Hogstrand K, von der Lehr
N, et al. Phosphorylation by Cdk2 is required for Myc to repress Ras-
induced senescence in cotransformation. Proc Natl Acad Sci U S A
2010;107:58–63.

Tabor et al.

Cancer Res; 74(16) August 15, 2014 Cancer Research4228

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/74/16/4222/2704226/4222.pdf by guest on 19 M

ay 2023



8. Zhuang D, Mannava S, Grachtchouk V, TangWH, Patil S, Wawrzyniak
JA, et al. C-MYC overexpression is required for continuous suppres-
sion of oncogene-induced senescence in melanoma cells. Oncogene
2008;27:6623–34.

9. Grandori C, Wu KJ, Fernandez P, Ngouenet C, Grim J, Clurman BE,
et al. Werner syndrome protein limits MYC-induced cellular senes-
cence. Genes Dev 2003;17:1569–74.

10. MurphyDJ, JunttilaMR, Pouyet L, Karnezis A, Shchors K, Bui DA, et al.
Distinct thresholds govern Myc's biological output in vivo. Cancer Cell
2008;14:447–57.

11. Tabor V, Bocci M, Larsson LG. Methods to study MYC-regulated
cellular senescence. Methods Mol Biol 2013;1012:99–116.

12. Juan J, Muraguchi T, Iezza G, Sears RC, McMahon M. WNT ->
b-catenin -> c-MYC signaling is a barrier for malignant progression
of BRAFV600E-induced lung tumors. Genes Dev 2014;28:561–75.

13. Allen TD, Zhu CQ, Jones KD, Yanagawa N, Tsao MS, Bishop JM.
Interaction between MYC and MCL1 in the genesis and outcome of
non-small-cell lung cancer. Cancer Res 2011;71:2212–21.

14. Rapp UR, Korn C, Ceteci F, Karreman C, Luetkenhaus K, Serafin V,
et al. MYC is a metastasis gene for non-small-cell lung cancer. PLoS
ONE 2009;4:e6029.

15. Tran PT, Fan AC, Bendapudi PK, Koh S, Komatsubara K, Chen J, et al.
Combined Inactivation ofMYC and K-Ras oncogenes reverses tumor-

igenesis in lung adenocarcinomasand lymphomas. PLoSONE2008;3:
e2125.

16. Cipriano R, Kan CE, Graham J, Danielpour D, Stampfer M, Jackson
MW. TGF-beta signaling engages an ATM-CHK2-p53-independent
RAS-induced senescence and prevents malignant transformation in
human mammary epithelial cells. Proc Natl Acad Sci U S A 2011;
108:8668–73.

17. Soucek L, Whitfield J, Martins CP, Finch AJ, Murphy DJ, Sodir NM,
et al. Modelling Myc inhibition as a cancer therapy. Nature 2008;
455:679–83.

18. Wu CH, van Riggelen J, Yetil A, Fan AC, Bachireddy P, Felsher DW.
Cellular senescence is an important mechanism of tumor regression
upon c-Myc inactivation. Proc Natl Acad Sci U S A 2007;104:
13028–33.

19. Campaner S, Doni M, Hydbring P, Verrecchia A, Bianchi L, Sardella D,
et al. Cdk2 suppresses cellular senescence induced by the c-myc
oncogene. Nat Cell Biol 2010;12:54–9.

20. Joseph EW, Pratilas CA, Poulikakos PI, Tadi M, Wang W, Taylor BS,
et al. The RAF inhibitor PLX4032 inhibits ERK signaling and tumor cell
proliferation in a V600E BRAF-selective manner. Proc Natl Acad Sci
U S A 2010;107:14903–8.

21. Pirker R. Novel drugs against non-small-cell lung cancer. Curr Opin
Oncol 2014;26:145–51.

www.aacrjournals.org Cancer Res; 74(16) August 15, 2014 4229

MYC Suppresses BRAFV600E-Induced Senescence in Lung Tumors

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/74/16/4222/2704226/4222.pdf by guest on 19 M

ay 2023



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings true
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 0
  /Optimize false
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage false
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 200
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 200
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 600
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 900
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /ENU ([Based on '[High Quality Print]'] Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames false
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides true
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks true
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        18
        18
        18
        18
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 18
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [792.000 1224.000]
>> setpagedevice


