
Epigenetic alteration to activate Bmp2-Smad signaling in 
Raf-induced senescence

Mai Fujimoto, Yasunobu Mano, Motonobu Anai, Shogo Yamamoto, Masaki Fukuyo, Hiroyuki Aburatani, 
Atsushi Kaneda

Mai Fujimoto, Shogo Yamamoto, Hiroyuki Aburatani, 
Atsushi Kaneda, Genome Science Division, Research Center 
for Advanced Science and Technology, the University of Tokyo, 
Tokyo 153-8904, Japan

Mai Fujimoto, Yasunobu Mano, Masaki Fukuyo, Atsushi 
Kaneda, Department of Molecular Oncology, Graduate School 
of Medicine, Chiba University, Chiba 260-8670, Japan

Motonobu Anai, Laboratory for Systems Biology and Medicine, 
Research Center for Advanced Science and Technology, the 
University of Tokyo, Tokyo 153-8904, Japan

Atsushi Kaneda, CREST, Japan Agency for Medical Research 
and Development, Tokyo 100-0004, Japan

Author contributions: Fujimoto M and Mano Y performed the 
majority of the experiments; Fujimoto M and Anai M participated 
in the treatment of animals; Fujimoto M, Mano Y, Yamamoto 
S and Fukuyo M analyzed the data; Aburatani H and Kaneda A 
designed and coordinated the research; Fujimoto M, Mano Y and 
Kaneda A wrote the paper. 

Supported by The CREST program, Japan Agency for Medical 
Research and Development to Kaneda A, and grants from the 
Uehara Memorial Foundation, Takeda Science Foundation, and 
Public Trust Surgery Research Fund to Kaneda A.

Institutional review board statement: This study was 
reviewed and approved by Institutional Review Board of the 
University of Tokyo. 

Institutional animal care and use committee statement: 
All of the procedures involving animals were reviewed and 
approved by Institutional Animal Care and Use Committee of the 
University of Tokyo (IACUC protocol number: RAC120108).

Conflict-of-interest statement: The authors have no conflict of 
interest.

Data sharing statement: A technical appendix and dataset are 
available from the corresponding author at kaneda@chiba-u.jp.

Open-Access: This article is an open-access article which was 
selected by an in-house editor and fully peer-reviewed by external 
reviewers. It is distributed in accordance with the Creative 
Commons Attribution Non Commercial (CC BY-NC 4.0) license, 
which permits others to distribute, remix, adapt, build upon this 
work non-commercially, and license their derivative works on 
different terms, provided the original work is properly cited and 
the use is non-commercial. See: http://creativecommons.org/
licenses/by-nc/4.0/

Correspondence to: Atsushi Kaneda, MD, PhD, Professor, 
Department of Molecular Oncology, Graduate School of Medi
cine, Chiba University, Inohana 1-8-1, Chuo-ku, Chiba 260-8670, 
Japan. kaneda@chiba-u.jp
Telephone: +81-43-2262039
Fax: +81-43-2262039

Received: June 26, 2015
Peer-review started: July 16, 2015
First decision: September 17, 2015
Revised: October 30, 2015
Accepted: December 3, 2015 
Article in press: December 4, 2015
Published online: February 26, 2016

Abstract
AIM: To investigate epigenomic and gene expression 
alterations during cellular senescence induced by onco
genic Raf . 

METHODS: Cellular senescence was induced into mouse 
embryonic fibroblasts (MEFs) by infecting retrovirus to 
express oncogenic Raf  (RafV600E). RNA was collected 
from RafV600E cells as well as MEFs without infection 
and MEFs with mock infection, and a genome-wide gene 
expression analysis was performed using microarray. The 
epigenomic status for active H3K4me3 and repressive 
H3K27me3 histone marks was analyzed by chromatin 
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immunoprecipitation-sequencing for RafV600E cells on 
day 7 and for MEFs without infection. These data for Raf-
induced senescence were compared with data for Ras-
induced senescence that were obtained in our previous 
study. Gene knockdown and overexpression were done 
by retrovirus infection. 

RESULTS: Although the expression of some genes 
including secreted factors was specifically altered in 
either Ras - or Raf -induced senescence, many genes 
showed similar alteration pattern in Raf- and Ras-induced 
senescence. A total of 841 commonly upregulated 841 
genes and 573 commonly downregulated genes showed 
a significant enrichment of genes related to signal 
and secreted proteins, suggesting the importance of 
alterations in secreted factors. Bmp2, a secreted protein 
to activate Bmp2-Smad signaling, was highly upregulated 
with gain of H3K4me3 and loss of H3K27me3 during 
Raf -induced senescence, as previously detected in Ras-
induced senescence, and the knockdown of Bmp2  by 
shRNA lead to escape from Raf -induced senescence. 
Bmp2-Smad inhibitor Smad6  was strongly repressed 
with H3K4me3 loss in Raf -induced senescence, as 
detected in Ras -induced senescence, and senescence 
was also bypassed by Smad6 induction in Raf -activated 
cells. Different from Ras-induced senescence, however, 
gain of H3K27me3 did not occur in the Smad6 promoter 
region during Raf-induced senescence. When comparing 
genome-wide alteration between Ras- and Raf -induced 
senescence, genes showing loss of H3K27me3 during 
senescence significantly overlapped; genes showing 
H3K4me3 gain, or those showing H3K4me3 loss, also 
well-overlapped between Ras - and Raf -induced sen
escence. However, genes with gain of H3K27me3 over
lapped significantly rarely, compared with those with 
H3K27me3 loss, with H3K4me3 gain, or with H3K4me3 
loss.

CONCLUSION: Although epigenetic alterations are 
partly different, Bmp2 upregulation and Smad6 repre
ssion occur and contribute to Raf -induced senescence, 
as detected in Ras-induced senescence. 

Key words: Senescence; Epigenome; Raf ; H3K27me3; 
Histone; Ras
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Core tip: By examining gene expressions and active 
and repressive histone marks on genome-wide scale, 
many genes were found to show common expression 
changes during Ras - and Raf -induced senescence, 
including genes related to secreted factors and cell cycle. 
Upregulation of Bmp2  and downregulation of Smad6 
were detected and played a role in Raf -induced senes
cence as well as in Ras-induced senescence. Epigenetic 
alterations to regulate gene expression were also similar, 
including gain and loss of active histone mark H3K4me3 
and loss of H3K27me3. But epigenetic changes are 

different in part, e.g. , in gain of H3K27me3 in Smad6 
promoter region. 
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INTRODUCTION
Cellular senescence is a phenomenon of permanent 
growth arrest after the limited cell division of primary 
culture cells[1]. Similar to replicative senescence of 
cells, the premature form of cellular senescence can 
be induced by activated oncogenes, oxidase stress, 
telomere shortening, and DNA damage[2,3]. It is as­
sumed that premature senescence may function as 
barrier mechanism against cancer progression[4-7]; in 
fact, many premature senescent cells have been seen in 
premalignant tumors[8-10]. 

Similar to replicative senescence, premature 
senescence is identified by biomarkers of senescence, 
e.g., senescence-associated β-galactosidase (SA-β-gal). 
In addition to oncogenic Ras, premature senescence can 
also be induced by other oncogenes, e.g., Braf, AKT, 
E2F1, cyclin E, Mos, and Cdc6, and by the inactivation 
of tumor-suppressor genes including PTEN and NF1[11]. 
Some oncogenes induce senescence through DNA 
damage responses[12], or by hyper-replication of DNA 
caused by sustained oncogenic signals[13,14]. 

Oncogene-induced senescence and replicative sen­
escence activate tumor suppressor cascades, including 
p16Ink4a-Rb and p19Arf (p14ARF in human)-TP53 sig
naling pathways[15,16]. Though the roles of RB and TP53 
signals in senescence are undisputable, other factors 
are also known to be involved.　

Senescent cells are observed to express a vast 
number of secreted proteins, e.g., transforming growth 
factor-β, insulin, Wnt, and interleukin signaling cascades 
protein. This phenotype was known as “senescence-
associated secretory phenotype (SASP)” or “senescence-
messaging secretome”[17,18]. The SASP includes many 
inflammatory cytokines and chemokines[17], providing 
a strong link between senescence and inflammation. 
SASP activation is largely mediated by the transcription 
factors nuclear factor -kB and CCAAT/enhancer-binding 
protein beta[19-21], and comprises a range of chemokines 
(chemoattractants and macrophage inflammatory 
proteins), proinflammatory cytokines (IL-1a, IL-1b, IL-6, 
and IL-8), growth factors (hepatocyte growth factor, 
TGFb, granulocyte-macrophage colony-stimulating 
factor)[22,23] and matrix-remodeling enzymes[19,20,24]. 

Epigenetic mechanisms are also involved in sene­
scence. When human fibroblasts leads to cellular 
senescence, heterochromatic regions gather to form 
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senescence-associated heterochromatic foci (SAHF), in 
which genomic regions with histone H3K9 trimethylation 
condense and are surrounded by histone H3K27 
trimethylation (H3K27me3). These heterochromatin 
foci are colocalized with heterochromatin protein HP1, 
macroH2A and HMGA[25]. The p16 and ARF locus is 
regulated by Polycomb repressive complexes (PRCs), 
which repress transcription in proliferating cells. The 
H3K27me3 mark at the locus was lost during oncogene-
induced senescence, which lead to expression of p16INK4A 
and ARF in senescence, and these molecular alterations 
were also observed in replicative senescence[26-29]. The 
histone demethylase for H3K27, Jmjd3, was reported 
to be critical for senescence, and knockdown of Jmjd3 
sustained repression of p16 by H3K27me3, leading to 
escape from senescence[30,31].

We previously analyzed epigenetic and gene exp­
ression changes in Ras-induced senescence of mouse 
embryonic fibroblasts (MEFs) on genome-wide scale[22]. 
We showed that Bmp2-Smad signaling is important in 
Ras-induced senescence, and is regulated by coordinated 
dynamic alterations of the H3K4me3 and H3K27me3 
marks. We further examined the downstream target 
genes of the signal genome-widely, and showed that 
dynamic epigenomic alteration disrupts negative feedback 
loop of the signal, and that continuously activated 
downstream targets contribute to growth arrest. These 
epigenetic alterations associated with Bmp2-Smad1 
signal were found to occur specifically in Ras-activated 
cells, not in control cells with mock retrovirus infection[22]. 
In contrast, the epigenetic alteration at the Ink4a-Arf 
locus was commonly observed in Ras-activated cells 
and mock cells, i.e., both in cells under Ras-induced 
senescence and cells under replicative senescence[22]. It 
was suggested that there might be common epigenetic 
mechanisms in premature senescence and replicative 
senescence, and also different epigenetic regulation on 
specific signals between the two senescence programs. 
Within such molecular alterations specifically observed 
during premature senescence, there might be some 
common alterations and some different alterations in 
premature senescence induced by different stresses, but 
such analysis to compare different types of premature 
senescence has not been conducted in detail. 

Here we analyzed genome-wide transcription and 
epigenetic changes during Raf-induced senescence by 
microarray and ChIP-seq. We found that the majority 
of genes that were altered during Ras- and Raf-induced 
senescence were similar, and that activation of Bmp2 
and repression of Smad6 were also involved in Raf-
induced senescence. However, epigenetic alterations 
might be somewhat different between Ras- and Raf-
induced senescence, e.g., in gain of H3K27me3 mark at 
the Smad6 locus.

MATERIALS AND METHODS
Cells and viral infection
All of the experiments were approved by from the 

Ethics Committee for Animal Research Studies at the 
University of Tokyo. The animal protocol was designed 
to minimize any pain or discomfort to mice. The mice 
were acclimatized to laboratory conditions for two weeks 
prior to experiments, and were euthanized by carbon 
dioxide inhalation for tissue collection. MEF cells were 
established using 13.5-embryonic-day embryos of C57/
B6 mice[23]. Embryos were minced with the head and 
red organs removed, and digested twice with trypsin/
EDTA for 15 min at 37 ℃. The cells were seeded onto 
10-cm dishes and cultured in Dulbecco’s modified Eagle’s 
medium containing 100 UI/mL penicillin and 100 g/mL 
streptomycin sulfate, supplemented with 10% (V/V) 
fetal bovine serum at 37 ℃ in 50 mL/L CO2. When cells 
were passed twice, the MEF cells (MEFp2) underwent 
retrovirus infection for 48 h. Then the cells were seeded 
at a density of 1 × 105 cells/6-cm dish (day 0), and total 
RNA was collected using TRIzol (Invitrogen, Carlsbad, 
CA), from MEFp2 and from virus-infected MEFs at the 
indicated time points.

Retroviral vectors
To induce senescence in MEF, we cloned cDNA for wild 
type BRAF (RafWT) and mutated BRAF (RafV600E) into 
a CMV promoter driven expression vector pMX-neo that 
contains the neomycin-resistance gene (Cell Biolabs, 
San Diego, CA). Using FuGENE 6 Transfection Reagent 
(Roche, Germany), an empty pMX-neo vector (Mock), 
and vectors containing RafWT and RafV600E were 
transfected in plat-E packaging cells (kindly gifted from T. 
Kitamura, the Institute of Medical Science, the University 
of Tokyo, Tokyo, Japan) to prepare retroviruses. The 
infected cells were exposed to 700 μg/mL of G418 
(Invitrogen) from days 0-10 for selection. It was 
confirmed that MEF cells without infection completely 
died under these conditions by day 5. When mock-
infected cells were cultured with and without G418, they 
did not show a difference in cellular growth, indicating 
that the multiplicity of infection is nearly 100%. Smad6 
cDNA with an N-terminal 6x Myc tag was cloned into 
pMX-puro vector in our previous study, and retroviruses 
were prepared using plat-E cells as above. The infected 
cells were exposed to 1 μg/mL of puromycin from days 
0-3 for selection. 

shRNA retrovirus
Using pSIREN-RetroQ Vector (Clontech, CA), a retrovirus 
vector to express small hairpin RNA (shRNA) against 
Bmp2 was constructed as previously reported[22]. 
The oligonucleotide sequences targeting Bmp2 is: 
GATCCG GGACACCAGGTTAGTGAAT TTCAAGAGA 
ATTCACTAACCTGGTGTCC CTTTTTTCTCGAGG, with 
the 19-mer target sense and antisense sequences 
underlined. Viral packaging for shRNA retrovirus 
vectors against Bmp2 (shBmp2) was also performed 
using plat-E cells and FuGENE 6 as above. To MEFp2, 
RafV600E and shRNA viruses were simultaneously 
infected for 48 h. The infected cells were exposed to 1 
μg/mL of puromycin during days 0-3 for selection.
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seq of H3K4me3, and that of 500 bp for H3K27me3, 
because H3K4me3 was distributed in narrow DNA 
regions and 300 bp was wide enough for a window, 
but H3K27me3 is rather broad modification than 
H3K4me3, so a wider window, 500 bp, was necessary 
to detect read count. To express the modification status 
for the center position of the window, the number of 
mapped reads per 1000000 reads within a window was 
counted and calculated. Within ± 2 kb from the TSS 
of each gene, the maximum number of mapped reads 
per 1000000 reads in a window was adopted as the 
modification status of each gene. When the number was 
> 3.5 and < 3 for H3K4me3, the gene was regarded as 
H3K4me3(+) and (-), respectively. When the number 
was > 1.5 and < 1 for H3K27me3, the gene was 
regarded as H3K27me3(+) and (-), respectively. 

SA-β -gal analysis
MEFp2 and infected cells on days 3, 5, 7 and 10 
underwent SA-β-gal staining[32]. Cells were washed with 
PBS twice, and incubated in fixation buffer [2% (w/v) 
formaldehyde, 0.2% (w/v) glutaraldehyde in PBS] for 5 
min. The cells were washed with PBS twice again, then 
incubated in the SA-β-gal staining solution (40 mmol/L 
citric acid/sodium phosphate, pH 6.0, 150 mmol/L 
NaCl, 2.0 mmol/L MgCl2, 5 mM K4[Fe(CN)6], 5 mmol/L 
K3[Fe(CN)6], 1 mg/mL X-gal) overnight. 

Growth curve
The infected cells were counted on days 3, 5, 7, and 10 
using the Countess cell counter (Invitrogen). A growth 
curve was drawn by calculating mean number of three 
dishes. 

Quantitative real-time RT-PCR and ChIP-PCR
For RT-PCR, the total RNA was treated with DNase Ⅰ (Invi­
trogen), and cDNA was synthesized from 1 μg of total 
RNA using a Superscript Ⅲ kit (Invitrogen). Real-
time RT-PCR was performed using SYBR Green and 
iCycler Thermal Cycler (Bio-Rad Laboratories). The 
number of molecules of BRAF, Bmp2 and Smad6 in a 
sample was measured by comparing with the standard 
samples containing 101 to 106 copies of the genes. The 
quantity of mRNA of each gene was normalized to that 
of Ppib, and the relative expression levels compared to 
those in RafV600E were shown. The experiment was 
performed three times and the mean and standard 
error were calculated and shown. The following PCR 
primers were used. BRAF: CACCATCTCC ATATCATTGA 
GACCA and CGAGATTTCA CTGTAGCTAG ACCAA. 
Bmp2: TATCATGCCT TTTACTGCCA and ATTCACAGAG 
TTCACCAGAG TC. Smad6: ATCCCCAAGC CAGACAGTCC 
and TCCTTGAGCC TCTTGAGCAG C. Ppib: ATGTGGTACG 
GAAGGTGGAG A and AGCTGCTTAG AGGGATGAGG. 

For ChIP-PCR, real-time PCR using SYBR Green 
and iCycler Thermal Cycler (Bio-Rad Laboratories) was 
performed to amplify ChIP samples, and they were 

Expression array analysis
For genome-wide gene expression analysis, GeneChip 
Mouse Genome 430 2.0 Array (Affymetrix) was used. 
Data were collected by an Affymetrix GeneChip Scanner 
3000 (Affymetrix). To obtain the signal value (GeneChip 
score) for each probe, the GeneChip data were analyzed 
using Affymetrix GeneChip Operating Software v1.3 by 
MAS5 algorithms. The average signal in an array was 
made equal to 100 for global normalization. Expression 
array data for Raf-induced senescence were collected, 
and array data for Ras-induced senescence was previ­
ously submitted to GEO (#GSE18125).

Gene annotation enrichment analysis
Gene annotation enrichment was analyzed for Gene 
Ontology (GO) (biological process, cellular component, 
and molecular function) and for Functional Categories 
(Swiss Prot PIR database keywords, and Uniprot 
Sequence Feature) using the Functional Annotation tool 
at DAVID Bioinformatics Resources (http://david.abcc.
ncifcrf.gov/).

Chromatin immunoprecipitation
MEFp2 and infected cells at day 7 were cross-linked 
with 1% formaldehyde for 10 min, and chromatin 
immunoprecipitation (ChIP) using anti-H3K4me3 (Abcam 
ab8580, rabbit polyclonal) and H3K27me3 (Upstate 
07-142, rabbit polyclonal) was performed. Briefly, cells 
were crosslinked with 1% formalin for 10 min, and the 
crosslinked cells were sonicated for fragmentation. The 
fragmented samples were incubated with antibodies 
bound to protein A-sepharose beads at 4 ℃ overnight. 
The beads were then washed eight times and eluted 
with elution buffer. The eluates were treated with 
pronase at 42 ℃ for 2 h and then underwent incubation 
at 65 ℃ overnight to reverse the crosslinks. The immun
oprecipitated DNA was purified by the phenol/chloroform 
procedure and precipitated with LiCl and 70% ethanol.

ChIP-sequencing
Samples for ChIP-sequencing were prepared according 
to the manufacturer’s instructions by Illumina, and 
sequencing was performed using Solexa Genome 
Analyzer Ⅱ. By using the Illumina pipeline software 
v1.4, 36-bp single-end sequence reads were mapped 
to the reference mouse genome NCBI Build #36 (UCSC 
mm8). The numbers of uniquely mapped reads were 
10845082 (H3K4me3), 11519151 (H3K27me3), and 
5688804 (Input) for MEFp2, and were 26339875 
(H3K4me3), 27239707 (H3K27me3), and 6126206 
(Input) for RafV600E cells. ChIP-seq data for Ras-
induced senescence was previously submitted to GEO 
(#GSE18125).

To determine the distribution of immunoprecipitated 
DNA fragments in a certain region, we set a window 
in genomic DNA, within which we counted a number 
of uniquely mapped Solexa reads, as previously perfor
med[22]. A window size of 300 bp was used in ChIP-

191 February 26, 2016|Volume 7|Issue 1|WJBC|www.wjgnet.com

Fujimoto M et al . Bmp2-Smad signaling in Raf-induced senescence



quantified by comparing with the standard samples, 
i.e., 20, 2, 0.2, and 0.02 ng/μL of sonicated genomic 
DNA of MEF. The following PCR primers were used. Actb: 
TGAGGTACTA GCCACGAGAG AG and ACACCCGCCA 
CCAGGTAAGC A. Gcgr: TGCTGTCATG TCTGGTGAGT 
G and GGAGCTGTCA GCACTTGTGT A. Bmp2: 
CTTGGCTGGA GACTTCTTGA ACT and TGGAGGCGGC 
AAGACTGGAT. Smad6: CTGGGGTTTG GAATGCCTAA and 
CTAAAAGCTA TGTACCGACT GAGG. 

Statistical analysis
Unsupervised two-way hierarchical clustering was 
performed using the Cluster 3.0 software (Stanford 
University, http://bonsai.ims.u-tokyo.ac.jp/~mdehoon/
software/cluster/software.htm#ctv). A heat map was 
drawn by Java TreeView software (Alok, http://jtree
view.sourceforge.net/). Fisher’s exact test, Student’s 
t-test, Kolmogorov-Smirnov test, phi coefficient analysis, 
and log linear analysis were performed using R software 
(http://www.R-project.org/).

RESULTS
Gene expression analysis
MEF cells after two passages (MEFp2) were infected with 
retrovirus of wild type Raf (RafWT) or oncogenic Raf 
(RafV600E), or mock retrovirus, and cultured through 
day 10 (Figure 1). While mock cells showed cellular 
growth similar to that of MEF cells without infection 
and RafWT cells showed slightly but significantly faster 
growth than those, RafV600E cells hardly showed 
cellular growth (Figure 1B). 

SA-β-gal staining was performed on RafV600E cells 
on days 3, 5, 7, and 10, and the number of SA-β-gal(+) 
cells was counted and compared with those for MEF cells 
without retrovirus infection, mock cells and RafWT cells. 
RafV600E cells showed a marked increase in number of 
SA-β-gal(+) cells after day 5, but the number of mock 
cells and RafWT cells did not increase until day 10 (Figure 
1C and D). When cells were infected with retrovirus of 
oncogenic Ras (RasG12V) and wild type Ras (RasWT) 
as previous study[22], RasG12V cells showed a marked 
increase of SA-β-gal(+) cells after day 7, while RasWT 
cells did not until day 10 (Figure 1D). 

Gene expression analysis was performed on genome-
wide scale using expression array, and gene expression 
changes in Raf-induced senescence were compared 
with those in Ras-induced senescence (Figure 2). A two-
way hierarchical clustering analysis was performed for 
genes showing > 5-fold increase or < 0.2-fold decrease 
in any samples of Ras-induced senescence and Raf-
induced senescence compared with MEFp2. The major 
cluster of upregulated genes contained three subgroups: 
Genes upregulated by Ras and Raf commonly, by Ras 
specifically, and by Raf specifically. Though it is less clear, 
the cluster of downregulated genes also showed three 
similar subgroups: Genes downregulated by Ras and Raf 
commonly, by Ras specifically, and by Raf specifically. 

We previously reported that epigenetic activation 
of Bmp2 and repression of Smad6 is important in Ras-
induced senescence. Bmp2 was included in the subgroup 
of genes upregulated by Ras and Raf commonly, and 
Smad6 was included among those that were downre­
gulated by Ras and Raf commonly.

Comparison of genes upregulated/downregulated in 
Ras-/Raf-induced senescence
We performed GO enrichment analysis for 841 genes 
showing > 5-fold increase in RasV12 cells and RafV600E 
cells commonly (Figure 3A). Genes associated with 
signal/secreted proteins (P = 3.8 × 10-30), extracellular 
regions (P = 5.3 × 10-19), and cell differentiation/
development (P = 6.1 × 10-9) were upregulated, e.g., 
Bmp2 and Igfbp3, supporting the alteration of secreted 
factor expression during senescence, and these factors 
might play a common role in Ras- and Raf-induced sene­
scence. The 573 genes showing < 0.2-fold decrease 
commonly RasV12 cells and RafV600E cells, showed 
genes related to cell cycle (P = 1.3 × 10-33) such as 
Cdc6, in good agreement with growth arrest (Figure 3B). 
Genes related to secreted protein (P = 2.0 × 10-12) and 
extracellular region (P = 5.4 × 10-13), such as Cxcl5 and 
Wnt4, were also enriched, suggesting that the dynamic 
activation and repression of some secreted factors occur 
commonly during Ras- and Raf-induced senescence. 
The GO-term “protein binding” also showed significant 
enrichment, and Smad6 was included in this term. 

Genes altered in Ras-/Raf-induced senescence and also 
in mock cells
Among these genes altered commonly during Ras- 
and Raf-induced senescence, some genes showed 
similar alteration patterns in mock cells (Figure 4). 
There were 348 genes showing > 5-fold upregulation 
commonly in mock cells, RasG12V cells and RafV600E 
cells, compared with MEF. Genes associated with 
signal/secreted proteins proteins (P = 6.7 × 10-12) 
or extracellular regions (P = 3.3 × 10-9), e.g., Igfbp3 
and Cd5l, were significantly enriched in these genes, 
suggesting the involvement of common secreted 
factors in both oncogene-induced senescence and 
replicative senescence (Figure 4A). Similarly, there were 
80 genes, e.g., Cdc6 and Wnt4, showing < 0.2-fold 
downregulation commonly in mock cells, RasG12V cells 
and RafV600E cells, compared with MEF (Figure 4B). 

Genes altered in Ras-/Raf-induced senescence but not 
in mock cells
In some genes, in contrast, the expression alterations 
commonly observed in Ras-/Raf-induced senescence 
did not occur in mock cells (Figure 5). There were 
259 genes showing > 5-fold upregulation commonly 
in RasG12V cells and RafV600E cells, but not in mock 
cells. Genes associated with signal/secreted proteins (P 
= 1.8 × 10-10) or extracellular regions (P = 7.0 × 10-5), 
e.g., Bmp2, were also significantly enriched in these 
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Figure 1  Induction of cellular senescence in mouse embryonic fibroblast by oncogenic Raf. A: Induction of Raf by retroviral infection. Retrovirus was infected 
to MEFs on day -2 to induce the expression of wild type Raf (RafWT) or oncogenic Raf (RafV00E). RNA was collected on day 7, and the expression level of BRAF 
was analyzed by real-time RT-PCR to confirm expression induction; B: Growth curve. Retrovirus was infected into MEFs on day -2. After two days (day 0), the cell 
number was counted to draw the growth curve. Cells that were infected with mock retrovirus Mock cells (black dotted line) showed cellular growth similar to that of 
MEF cells without infection (black line), and RafWT cells (blue line) showed slightly but significantly faster growth than did MEF cells without infection. RafV600E cells 
hardly showed cellular growth (red line). aP < 0.05 (t); C: SA-β-gal staining. Compared with MEF cells on day 7 (above), RafV600E cells on day 7 (bottom) showed 
positive staining of SA-β-gal; D: Count of SA-β-gal(+) cells. The number of SA-β-gal(+) cells was counted on days 3, 5, 7, and 10. MEF cells without virus infection 
rarely showed SA-β-gal(+) cells. While mock cells and RafWT cells did not show a marked increase in the number of SA-β-gal(+) cells, RafV600E cells showed a 
marked increase in the number of SA-β-gal(+) cells after day 5 (73.3% ± 2.9% on day 5). When cells were infected with retrovirus of oncogenic Ras (RasG12V) and 
wild type Ras (RasWT) as previous study[22], RasG12V cells showed marked increase of SA-β-gal(+) cells after day 7 (showed 78.3% ± 4.5% on day 7), while RasWT 
cells did not until day 10. The mean and standard error in three repeated experiments were shown. MEF: Mouse embryonic fibroblast.
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genes, suggesting involvement of some secreted factors 
specifically in oncogene-induced senescence, but not 
in replicative senescence (Figure 5A). Similarly there 
were 242 genes, e.g., Smad6, showing < 0.2-fold down
regulation commonly in RasG12V cells and RafV600E 
cells, but not in mock cells. Genes associated with 
signal/secreted protein (P = 2.3 × 10-17) or extracellular 
region (P = 1.3 × 10-17) were also significantly enriched 
in these genes, e.g., Cxcl5 (Figure 5B). Interestingly, 
these GO terms were not enriched in genes commonly 
downregulated in mock, RasG12V, and RafV600E cells 
(Figure 4B), suggesting that repression of secreted 
factors occur more dynamically during Ras- and Raf-
induced senescence, than in replicative senescence. 

Genes altered specifically either in Ras- or Raf-induced 
senescence
Some genes altered specifically in RasG12V cells, but 
not in mock cells and RafV600E cells, including 36 
upregulated and 167 downregulated genes. The 167 
downregulated genes showed a significant enrichment 
of genes associated with signal/secreted proteins, 
e.g., Wnt2 (Figure 6A and B). Similarly, some genes 
altered specifically in RafV600E, but not in mock cells 
and RasG12V cells, including 63 upregulated and 170 

downregulated genes. These genes showed significant 
enrichment of GO-terms such as “secreted” and “mem
brane”, e.g., Cd40 in upregulated genes and Mcam in 
downregulated genes (Figure 6C and D). These results 
suggested that some environment of secreted proteins 
might be specifically induced by Ras- or Raf-induced 
senescence. 

Increase of Bmp2 and decrease of Smad6
We previously reported that the activation of Bmp2-
Smad signaling by the harmonized epigenetic activation 
of Bmp2 and repression of Smad6 contributes to Ras-
induced senescence[22]. In the present study, Bmp2 
and Smad6 were found to be altered commonly in Ras- 
and Raf-induced senescence, but not in mock cells 
(Figure 5). In our recent targeted exon sequencing 
analysis in colorectal tumors, mutation of genes in 
BMP signaling, e.g., BMPR2, BMP2, and SMAD4, were 
significantlydetected in BRAF-mutation(+) colorectal 
cancer[33]. It was thus suggested that activation of 
Bmp2-Smad signalling might be also critical in Raf-
induced senescence and disruption of the signaling may 
play a role in tumorigenesis of BRAF-mutation(+) colo­
rectal cancer. To examine whether an increase of Bmp2 
and decrease of Smad6 contributed to Raf-induced 
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Figure 2  Hierarchical clustering analysis of genes altering expression levels during senescence. Gene expression levels were analyzed for 15653 genes 
using microarray for MEF cells, and RafV600E cells on days 5 and 7. For senescence induced by oncogenic Ras (RasG12V), RasG12V cells on days 7 and 10 
were analyzed in our previous study, and compared with Raf. A total of 729 probes showing an expression level higher than 100 in GeneChip score in any of the 
five samples, and showing either > 5-fold upregulation or > 0.2-fold downregulation in any RafV600E or RasG12V samples compared with MEF, were extracted 
for clustering analysis. The major cluster for upregulated genes consisted of three subclusters: Genes upregulated specifically in Raf-induced senescence, 
those commonly upregulated in Ras- and Raf-induced senescence, and those upregulated specifically in Ras-induced senescence. The other major cluster for 
downregulated genes also contained three subgroups of genes, albeit not very clear: Genes downregulated specifically in Raf-induced senescence or Ras-induced 
senescence, and those commonly downregulated in Ras- and Raf-induced senescence. Bmp2 was included in commonly upregulated genes and Smad6 was 
included in commonly downregulated genes (black arrows). MEF: Mouse embryonic fibroblast.
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Figure 3  Gene annotation enrichment analysis for commonly altered genes. A: Commonly upregulated genes. A total of 841 genes showed > 5-fold upregulation 
commonly in either of RasG12V cells on days 7 (Ras d7) and 10 (Ras d10) and in either of RafV600E cells on days 5 (Raf d5) and 7 (Raf d7), compared with MEF. 
More upregulated genes were sorted upward. Gene annotation enrichment was analyzed for biological process, cellular component, molecular function, and functional 
categories. Genes associated with signal/secreted proteins (P = 3.8 × 10-30), extracellular regions (P = 5.3 × 10-19), and cell differentiation/development (P = 6.1 × 
10-9), e.g., Bmp2 and Igfbp3, were upregulated; B: Commonly downregulated genes. A total of 573 genes showed < 0.2-fold downregulation commonly in either of the 
two RasG12V cells and in either of the two RafV600E cells, compared with MEF. More downregulated genes were sorted downward. Gene annotation enrichment 
analysis showed that genes related to cell cycle (P = 1.3 × 10-33) such as Cdc6 were significantly enriched, in good agreement with growth arrest. Genes associated 
with secreted protein (P = 2.0 × 10-12) and extracellular region (P = 5.4 × 10-13) such as Cxcl5 and Wnt4 were also enriched, suggesting that the dynamic activation 
and repression of secreted factors occurred commonly during Ras- and Raf-induced senescence. The GO-term “protein binding” also showed significant enrichment, 
and Smad6 was included in this term. MEF: Mouse embryonic fibroblast.
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senescence, a retrovirus to express shRNA against 
Bmp2 (shBmp2) or retrovirus to express Smad6 was 
infected together with RafV600E infection (Figure 7A). 
When Bmp2 was knocked down, RafV600E cells showed 
escape from senescence with number of SA-β-gal(+) 
cells decreased (Figure 7B and C). Smad6 expression 
also caused escape from senescence with number of 
SA-β-gal(+) cells decreased (Figure 7B and D). These 
indicated that increase of Bmp2 and decrease of Smad6 
also play an important role in Raf-induced senescence, 
as well as Ras-induced senescence.

In Ras-induced senescence, while the Bmp2 
promoter region gained H3K4me3 mark and lost 
H3K27me3 mark, the Smad6 promoter region gained 
H3K27me3 mark and lost H3K4me3 mark in opposite 
manner. To examine epigenomic alteration of these 
histone modifications in Raf-induced senescence, ChIP 
analysis for H3K4me3 and H3K27me3 was performed 
for RafV600E cells (Figure 8). In the Bmp2 promoter, 
gain of H3K4me3 and loss of H3K27me3 were detected 
in Raf-induced senescence as well as in Ras-induced 
senescence. In the Smad6 promoter, however, loss of 
H3K4me3 was detected in Raf-induced senescence 
while de novo H3K27me3 induction was not detected. 
These results indicated that decrease of Smad6 involved 
loss of H3K4me3, but did not involve PRC2 recruitment 

to the promoter region, and suggested that epigenetic 
alteration might be somewhat different between Ras- 
and Raf-induced senescence. 

Integrated analysis of epigenetic alteration and 
expression
To compare histone modification alterations between 
Ras- and Raf-induced senescence on genome-wide 
scale, we performed integrated analyses of epigenetic 
and expression alterations (Figure 9). Among the 
analyzed 20232 genes with epigenetic alteration, 15653 
genes were also analyzed for expression on microarray, 
and for integrated analyses. For epigenetic status 
of H3K27me3, 483 genes showed > 1.5 reads per 
1000000 reads in MEFp2, but decreased to < 1.0 reads 
per 1000000 reads in both or either of Ras- and Raf-
induced senescence. Among these 483 genes losing 
H3K27me3 in senescence, 27 genes in Ras-induced 
senescence and 18 genes in Raf-induced senescence 
showed a simultaneous loss of H3K27me3 and gain of 
H3K4me3 (with increase from < 3.0 reads in MEFp2 
to > 3.5 reads in senescence), and 9 genes, including 
Bmp2, showed simultaneous H3K27me3 loss and 
H3K4me3 gain in both senescence mechanisms. These 
genes showed significant enrichment in upregulated 
genes among the 483 genes (P = 1 × 10-5 in Ras-
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Figure 4  Genes altered commonly in Ras-/Raf-induced senescence and in mock cells. A: Commonly upregulated genes. There were 348 genes showing > 5-fold 
upregulation commonly in mock cells, in either of the two RasG12V cells and in either of the two RafV600E cells, compared with MEF. Genes associated with signal/
secreted proteins proteins (P = 6.7 × 10-12) or extracellular regions (P = 3.3 × 10-9), e.g., Igfbp3 and Cd5l, were significantly enriched in these genes. B: Commonly 
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either of two RafV600E cells, compared with MEF. Genes related to disulfide bond were significantly enriched. MEF: Mouse embryonic fibroblast.
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induced senescence, P = 2 × 10-9 in Raf-induced 
senescence, and P = 2 × 10-8 in both senescence, 
Kolmogorov-Smirnov test, Figure 9). 

In contrast, 240 genes showed < 1.0 reads per 
1000000 reads in MEFp2, but increased to > 1.5 reads 
per 1000000 reads in both or either Ras- and Raf-
induced senescence (Figure 10A). Among these 240 
genes acquiring de novo H3K27me3 in senescence, 10 
genes in Ras-induced senescence (like Smad6) and 7 
genes in Raf-induced senescence showed simultaneous 
gain of H3K27me3 and loss of H3K4me3, and these 
genes showed significant enrichment in downregul­
ated genes among the 240 genes (P = 4 × 10-6 in 
Ras-induced senescence, P = 0.02 in Raf-induced 
senescence, Kolmogorov-Smirnov test, Figure 10A). 
However, the 10 genes and 7 genes did not overlap at 
all, including Smad6.

Regarding the overlap of H3K27me3 alterations, 171 
genes with H3K27me3 loss in Ras-induced senescence 
and 417 genes with H3K27me3 loss in Raf-induced 
senescence showed significant overlap (105 genes, P < 
1 × 10-15, phi coefficient = 0.386). However, 185 genes 
with H3K27me3 gain in Ras-induced senescence and 67 
genes with H3K27me3 gain in Raf-induced senescence 
showed limited overlap (12 genes only, phi coefficient 

= 0.103), and the latter overlap in H3K27me3 gain was 
markedly rare compared with the former overlap in 
H3K27me3 loss (P < 1 × 10-15, log linear analysis). 

Regarding the overlap of H3K4me3 alterations, 
genes with H3K4me3 gain in Ras- and Raf induced 
senescence showed a significant overlap (50 genes, P 
< 1 × 10-15, phi coefficient = 0.413), and also genes 
with H3K4me3 loss in Ras- and Raf-induced senescence 
showed a significant overlap (380 genes, P < 1 × 10-15, 
phi coefficient = 0.559) (Figure 10B). The overlap 
in H3K27me3 gain was again markedly rare, when 
compared with the overlap in H3K4me3 gain (P = 2 × 
10-9, log linear analysis) or with that in H3K4me3 loss (P 
< 1 × 10-15, log linear analysis). 

DISCUSSION
In this study, we examined epigenomic and gene 
expression alterations during Raf-induced senescence, 
comparing them with alterations during Ras-induced 
senescence. The expression of many genes was 
commonly altered between Ras- and Raf- induced 
senescence, including genes related to secreted proteins 
and cell cycle. Bmp2 upregulation and Smad6 downre­
gulation were observed and played a role in Raf-induced 
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Figure 5  Genes altered commonly in Ras-/Raf-induced senescence but not in mock cells. A: Genes upregulated commonly, but not in mock cells. There 
were 259 genes showing > 5-fold upregulation commonly in either of the two RasG12V cells and in either of the two RafV600E cells, but not in mock cells. Genes 
associated with signal/secreted proteins (P = 1.8 × 10-10) or extracellular regions (P = 7.0 × 10-5), e.g., Bmp2, were significantly enriched in these genes; B: Genes 
downregulated commonly, but not in mock cells. There were 242 genes, e.g., Smad6, showing < 0.2-fold downregulation commonly in either of the two RasG12V cells 
and in either of the two RafV600E cells, but not in mock cells. Genes associated with signal/secreted protein (P = 2.3 × 10-17) or extracellular region (P = 1.3 × 10-17) 
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Figure 6  Gene annotation enrichment analysis for specifically altered genes. A: Genes specifically upregulated in Ras-induced senescence. A total of 36 genes 
showed > 5-fold expression in either of the two RasG12V cells, but showed < 1.5-fold expression in both RafV600E cells and in mock cells, compared with MEF cells. 
Gene annotation enrichment analysis did not reveal any significant enrichment of GO-terms other than “disulfide bond”; B: Genes specifically downregulated in Ras-
induced senescence. A total of 167 genes showed < 0.2-fold expression in either of the two RasG12V cells, but showed > 0.65-fold expression in both RafV600E cells 
and in mock cells, compared with MEF cells. Gene annotation enrichment was analyzed, showing a significant enrichment of genes associated with signal/secreted 
factors, e.g., Wnt; C: Genes specifically upregulated in Raf-induced senescence. A total of 63 genes showed > 5-fold expression in either of the two RafV600E cells, 
but showed < 1.5-fold expression in both RasG12V cells and in mock cells, compared with MEF cells. Gene annotation enrichment analysis showed significant 
enrichment of genes associated with secreted proteins, e.g., Cd40; D: Genes specifically downregulated in Raf-induced senescence. A total of 170 genes showed < 
0.2-fold expression in either of the two RafV600E cells, but showed > 0.65-fold expression in both RasG12V cells and in mock cells, compared with MEF cells. Gene 
annotation enrichment analysis showed a significant enrichment of genes related to membrane, e.g., Mcam. MEF: Mouse embryonic fibroblast.
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senescence as well as Ras-induced senescence. But 
there were clusters of genes showing expression altered 
specifically in either Ras- or Raf-induced senescence, and 
epigenetic alteration might also be somewhat different, 
e.g., in gain of H3K27me3. 

Ras- and Raf-induced senescence share several 

features. SAHF formation was observed in the cellular 
senescence of human fibroblasts, by both Ras- and 
Raf-activation[34,35]. Growth arrest induced by Ras and 
Raf is accompanied by accumulation of TP53 and p16, 
and was reported to be phenotypically indistinguishable 
from replicative senescence[2,36-38]. Regarding SASP, 
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Figure 7  Knockdown of Bmp2 and overexpression of Smad6 inhibited growth arrest by Raf. A: Real-time-PCR for Bmp2 and Smad6, normalized to Ppib. Fold 
expression levels compared to RafV600E cells are shown. Knockdown of Bmp2 expression by shRNA and induction of Smad6 expression by retrovirus infection were 
confirmed. Mean and standard error in triplicated samples are shown; B: Growth curve of RafV600E + shBmp2 and RafV600E + Smad6 cells. While RafV600E cells 
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dotted line) showed continual growth and escape from Raf-induced senescence; C: Count of SA-β-gal(+) cells. Compared with RafV600E cells, Bmp2-knocked-down 
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while cytokines e.g., IL-6 and IL-8 are upregulated and 

secreted by senescent cells in a paracrine fashion in Ras-
induced senescence[24], IL-6 and IL-8 are also secreted 
and play a role in Raf-induced senescence[19]. In Ras- 
and Raf-induced senescence in primary melanocytes, 
pigment epithelium-derived factor and Microphthalmia-
associated transcription factor were commonly downre­
gulated[39]. 

In this study, genes related to secreted factors, 
including Igfbp3 and Cd5l, were commonly upregulated 
in Ras- and Raf-induced senescence, and also in mock 
cells (Figure 4A). In ageing cells, Igfbp3 and Cd5l were 
reported to be upregulated and contribute to cellular 
senescence. Genes downregulated commonly in Ras- 
and Raf-induced senescence and in mock cells (Figure 
4B) also included interesting genes. Cdc6 suppresses 
p16INK4a function, and the knockdown of Cdc6 induces 
senescence in cancer cells. Downregulation of Wnt4 
expression and activation of repressor pathways to 
suppress β-catenin dependent signaling were reported to 
play a role in the initiation of age-related senescence of 
thymic epithelial cells[40]. Alteration of these genes may 
play a role in both Ras- and Raf-induced senescence. 

Some genes showed expression alteration commonly 
in Ras- and Raf-induced senescence, but not in mock 
cells. Sox2 regulates Atg10 expression and induces 
cellular senescence through autophagy phenomenon[41]. 
Upregulation of Bmp2 and downregulation of Smad6 
were found in Ras-induced senescence in our previous 
study, and will be discussed in detail below. Alteration 
of these factors may play a role in both Ras- and Raf-
induced senescence, but not in replicative senescence.

Although there are not so many genes, genes sho­
wing expression changes specifically in either Ras- or 
Raf-induced senescence also include interesting genes. 
Wnt2 and Hey1 were downregulated specifically in Ras-
induced senescence, but not in Raf-induced senescence 
or mock cells (Figure 6). Wnt2 is repressed in Ras-
induced senescence, and the knockdown of Wnt2 
increases amount of SAHF and HIRA foci[42]. Targeting 
Maml1 in melanoma cells was reported to suppress the 
downstream transcriptional repressor Hey1, resulting 
in senescence differentiation of melanoma cells, and 
increased melanin production[43]. 

Cd40 was upregulated, and Mcam and Nfia were 
downregulated specifically in Raf-induced senescence, 
but not in Ras-induced senescence or mock cells (Figure 
6). Cd40 was upregulated in senescence by histone 
deacetylase inhibitors[44]. The knockdown of Mcam in 
human mesenchymal stromal cells caused positive SA-
β-gal staining[45]. Nfia promoted proliferation of glioma 
cells, and knockdown of Nfia by shRNA inhibited their 
proliferation[46]. Raf-specific alteration of these genes 
may play a specific role in Raf-induced senescence. 

Among the genes showing expression alteration 
commonly or specifically in Ras- and Raf-induced 
senescence, we focused on an increase of Bmp2 and 
decrease of Smad6. These alterations were commonly 
observed in Ras- and Raf-induced senescence, but not 
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Figure 8  Epigenetic alteration of the Bmp2 and Smad6 locus in Raf-
induced senescence. A: Real-time ChIP-PCR for H3K4me3 and H3K27me3 in 
RafV600E cells on day 7. Relative enrichment compared with Actb was shown, 
and it was confirmed that ChIP was performed properly. Actb was positive 
control region for H3K4me3 and Gcgr was positive control for H3K27me3; B: 
H3K4me3 and HK27me3 mapped by ChIP-sequencing. Y-axis, the number 
of mapped reads per 1000000 reads, within a window (300bp for H3K4me3 
and 500bp for H3K27me3). The Bmp2 locus showed H3K27me3 mark, but 
no H3K4me3 mark, in MEF cells. Loss of H3K27me3 and gain of H3K4me3 
were detected commonly in Ras- and Raf-induced senescence. The Smad6 
locus showed H3K4me3 mark, but no H3K27me3 mark, in MEF cells. Loss 
of H3K4me3 was detected commonly in Ras- and Raf-induced senescence, 
but gain of H3K27me3 was detected specifically in Ras-induced senescence; 
C: Validation of the epigenetic status of the Bmp2 locus by ChIP-PCR. Loss 
of H3K27me3 and gain of H3K4me3 in RafV600E cells were confirmed. We 
repeated ChIP assay twice, and obtained the similar results by ChIP-PCR using 
those ChIP products; D: Validation of the epigenetic status of the Smad6 locus 
by ChIP-PCR. Loss of H3K4me3 and no gain of H3K27me3 in RafV600E cells 
were confirmed. We repeated ChIP assay twice, and obtained the similar results 
by ChIP-PCR using those ChIP products. MEF: Mouse embryonic fibroblast.
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in mock cells. In our previous study, the coordinated 
epigenetic regulation of these changes was found to 
be critical in Ras-induced senescence[22]. In this study, 
knockdown of Bmp2 by shRNA and induction of Smad6 
in Raf-activated cells showed escape from senescence, 
indicating that increase of Bmp2 and decrease of 
Smad6 are also important in Raf-induced senescence 
as well as Ras-induced senescence. In colorectal cancer, 
disruption of Bmp2-Smad signaling has been suggested 
to be important. While the expression of BMP2 was 
observed in mature colonic epithelium, promoting 
differentiation and inhibiting proliferation, the expression 
of BMP2 was lost in adenoma of familial adenomatous 
polyposis[47]. In sporadic colorectal cancer, BMPR2, 
BMPR1A, and SMAD4 were frequently inactivated, 
correlating with loss of Smad1 phosphorylation[48]. The 
germline mutation of genes in BMP signaling causes 
Juvenile polyposis syndrome, a hereditary disease 
with increased risk of colorectal cancer[49,50]. Recently, 
we performed targeted exon sequencing analysis 
in colorectal tumors, and BRAF-mutation(+) high-
methylation colorectal cancer showed the frequent 
mutation of genes in BMP signaling, e.g., BMPR2, BMP2, 
and SMAD4[33]. Disruption of Bmp2-Smad signaling by 
mutation may play an important role in escaping from 
Raf-induced senescence and establish Raf-mutation(+) 
cancer. 

The epigenetic alterations to regulate these upre
gulated and downregulated genes were mostly similar. 
Gain and loss of H3K4me3, and loss of H3K27me3 
showed a significant overlap between Ras- and Raf-
induced senescence. These epigenetic changes in Bmp2 
and Smad6 promoter regions were commonly observed 
in Ras- and Raf-induced senescence. However, gain of 
H3K27me3 was quite different between Ras- and Raf-
induced senescence on genome-wide scale. For Smad6, 
it was repressed by loss of H3K4me3 and gain of 
H3K27me3 in Ras-induced senescence, but by only loss 
of H3K4me3 without gain of H3K27me3 in Raf-induced 
senescence. 

Although the mechanism to program epigenetic 
regulations is largely unknown, non-coding RNA might 
be involved[51,52]. PRC2 is known to be recruited to target 
genes in trans through an association with HOTAIR, a 
non-coding RNA at the HOXC locus[53]. Antisense non-
coding RNA in the INK4 locus, ANRIL, binds to PRC1 and 
PRC2, and represses genes within INK4b/ARF/INK4a 
locus in cis, but ANRIL was downregulated when Ras 
was activated and these genes were upregulated[54,55]. It 
might be interesting to analyze whether PRC is recruited 
to the Smad6 or Bmp2 region by any non-coding RNAs 
in cis or trans, and the similarities and differences in 
epigenetic alterations in these gene regions during Ras- 
and Raf-induced senescence is caused by an expression 
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Figure 9  Integrated analysis of epigenetic and expression changes for genes losing H3K27me3. A total of 483 genes showed > 1.5 reads per 1000000 reads 
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RasG12V cells and RafV600E cells (left). Among these 483 genes losing H3K27me3 in senescence, 27 genes in Ras-induced senescence and 18 genes in Raf-
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genes showed a simultaneous H3K27me3 loss and H3K4me3 gain in both Ras- and Raf-induced senescence (right). These genes showed a significant enrichment 
in upregulated genes among the 483 genes (P = 1 × 10-5 in Ras-induced senescence, P = 2 × 10-9 in Raf-induced senescence, and P = 2 × 10-8 in both senescence, 
Kolmogorov-Smirnov test), and included Bmp2 (arrow head). Regarding the overlap of H3K27me3 alterations (center), 171 genes with H3K27me3 loss in Ras-induced 
senescence and 417 genes with H3K27me3 loss in Raf-induced senescence overlapped well (105 genes, P < 1 × 10-15, phi coefficient = 0.386). 
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alteration of non-coding RNAs. 
While the epigenetic regulation of the Smad6 locus 

was somewhat different between Ras- and Raf-induced 
senescence, some other genes showing expression 
changes specifically in either of Ras- and Raf-induced 
senescence, were accompanied by different epigenomic 
alterations. Nfia was downregulated specifically in Raf-
induced senescence, with H3K4me3 lost specifically in 
Raf-induced senescence. The difference in epigenetic 
alteration may cause difference in gene expression 
patterns, at least in part, and may result in difference in 
genesis for senescence. 

In summary, while gene expression changes are 
mostly similar between Ras- and Raf-induced senes­
cence, the upregulation of Bmp2 and repression of 
Smad6 were also important in Raf-induced senescence, 

and epigenetic alterations might be somewhat different, 
e.g., in gain of H3K27me3 marks. 

ACKNOWLEDGMENTS
The authors would like to thank Takanori Fujita, Kyoko 
Fujinaka, Hiroko Meguro and Kaori Shiina for technical 
assistance. 

COMMENTS
Background
When an oncogene is activated, cells lead to cellular senescence, i.e., 
irreversible growth arrest as a barrier against malignant transformation. In the 
authors previous studies, the authors performed a comprehensive analysis of 
aberrant DNA methylation in colorectal cancer, and reported three subtypes of 
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colorectal cancer with distinct DNA methylation epigenotypes. Different patterns 
of aberrant methylation accumulation significantly correlated with distinct 
oncogene mutations, suggesting that the accumulation of aberrant methylation 
might be a requested phenotype for oncogenic transformation by inactivation 
of critical factors for oncogene-induced senescence. To gain insight into critical 
gene inactivation in oncogene-mutation(+) cancer, the authors previously 
analyzed epigenomic and gene expression alterations in Ras-induced 
senescence in normal cells, and found a critical role of Bmp2-Smad signaling 
in Ras-induced senescence and its regulation by coordinated epigenetic 
alteration. 

Research frontiers
The author aimed to investigate critical genes in Raf-induced senescence, and 
any difference between Ras- and Raf-induced senescence, to gain insight into 
critical gene inactivation in Ras-mutation(+) and Raf-mutation(+) colorectal 
cancer.

Innovations and breakthroughs
This study demonstrates that while some genes including those related to 
secreted factors showed expression changes specifically in Ras- or Raf-
induced senescence, expression of many genes was commonly altered in Ras- 
and Raf-induced senescence. These changes include an increase of Bmp2 
and decrease of Smad6, and play a role in Raf-induced senescence as well as 
Ras-induced senescence. Epigenetic changes are also similar, but somewhat 
different, e.g., gain of H3K27me3 in the Smad6 promoter region. 

Applications
The authors hypothesize that critical gene expression changes in oncogene-
induced senescence should be disrupted in oncogene-mutation(+) cancer, to 
escape from growth arrest. DNA methylation and target exon sequencing are 
under analysis for colorectal cancer. An integrated analysis of these data will 
reveal different genesis of colorectal cancer with mutation of different oncogene. 

Terminology
Comprehensive genomic and epigenomic data can stratify cancer into several 
subtypes. Colorectal cancer is stratified into BRAF-mutation(+) cancer, KRAS-
mutation(+) cancer, and oncogene-mutation(-) cancer. These subgroups show 
different tumor morphologies, and accompany different genetic and epigenetic 
alterations, suggesting that these subgroups of cancer may arise through 
different tumorigenic mechanisms. 

Peer-reivew
In this study, the authors examined the expression changes induced by oncogenic 
RAF. Previously, the authors have conducted similar study on oncogenic Ras.
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