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Abstract 

Oncogenic stimuli such as H-Ras induce oncogene-induced senescence (OIS) in 

fibroblasts to protect against transformation.  Here we found that a population of the human 

diploid fibroblasts can escape from OIS induced by H-RasV12.  We designated these 

OIS-escaped cells as OISEC (OIS-escaped cells).  OISEC lost the expression of p16 which 

plays an important role for cell cycle arrest for induction of senescence, but OISEC preserved 

the p16 expression machinery and exhibited senescence by the treatment with hydrogen 

peroxide (H2O2) as stress-induced premature senescence (SIPS).  OISEC did not possess 

anchorage-independent growth potential, and functional disruption of p53 and Rb by SV40 

early region encoding large T and small t antigens, induced the aneuploidy phenotype and 

colony-forming potential of OISEC together with the exhibition of in vivo tumor formation.  

Finally, we also found that the distinctive feature of OISEC is expression of transcription 

factors, Oct3/4, SOX2, and Nanog which is closely related to stem-like cell features.  This 

study highlights the presence of a cell population which escaped from OIS, and this OISEC 

may transform into malignant cancer cells by the additional hits of several genes in vivo. 
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1. Introduction 

 Cellular senescence was originally defined as a permanent state of cell cycle arrest 

that was observed when primary human diploid fibroblasts (HDFs) reached their limit of 

duplication [1]. This type of senescence, termed replicative senescence, is caused by the 

shortening of a telomere, which is a protective structure capping the end of eukaryotic 

chromosomes [2].   

Cellular senescence was found to be induced by oncogenic stress such as Ras [3], 

giving rise to the term oncogene-induced senescence (OIS).  Currently OIS is known to be 

induced by various kinds of oncogenic stimulation [4].  Subsequently, cell cycle arrest by 

p16 has been shown to be one of the important mechanisms for OIS, regulated by 

combination of Ets and Id1 [5].  p16 downregulation is able to prevent RAS-induced 

senescence [5; 6; 7], and p16 determines the sensitivity of HDFs to transformation by 

cooperating oncogenes [8].  In addition, the representative tumor suppressors such as p53 

and Rb are also known to be involved in OIS without critical telomere attrition [9; 10; 11].  

Several recent studies have shown that OIS provides an initial barrier to tumorigenesis in vivo 

[12; 13; 14].   

While OIS is thought to play an important role in suppressing tumorigenesis by 

preventing proliferation of cells [15; 16], it has also been reported that low-level induction of 

Ras cannot induce OIS in vitro and in vivo [17; 18].  Thus the decision of cells to undergo 

senescence or proliferation in response to Ras may partially depend upon the levels of Ras 

activation [18].  However, the precise mechanism of the threshold of Ras-dependent OIS is 

still unknown.   

 It has recently been reported that disruption of the p53 pathway enhances the 

production of induced pluripotent stem (iPS) cells, and that Ink4a/Arf locus is silenced during 

iPS reprogramming [19; 20; 21; 22].  These reports demonstrated that p53 and p16 also 

regulate the stemness of cells, as several transcription factors, including Oct3/4 [23], Sox2 
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[24], and Nanog [25], maintain the pluripotency in ES cells. 

 In this study, we demonstrated that a certain population of cells did not undergo OIS 

in response to ectopic expression of H-RasV12 in human diploid fibroblasts.  These cells are 

designated as OISEC (oncogene-induced senescence escaped cells).  We found that OISEC 

preserved the potential for being induced to the senescence state, and do not possess 

anchorage-independent growth potential.  Furthermore, OISEC can be transformed by 

SV40ER which disrupts p53 and Rb.  We found that OISEC exhibit the expression of mRNA 

of transcription factors which are closely related to the stemness of the cells.  OISEC escape 

cell may provide an important aspect of the initiation of cancer in vivo. 
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2. Materials and Methods 

2.1. Cells   

Human telomerase catalytic subunit (hTERT)-expressing BJ cells, human diploid foreskin 

fibroblasts (American Type Culture Collection #CCL-2522), were established and maintained 

as described previously [26].   

 

2.2. Retroviral vectors   

pCX4 vectors with different drug-selection markers were constructed previously [26]. An 

activated mutant of human H-Ras, H-RasV12, in pCX4pur, the human telomerase catalytic 

subunit (hTERT) into pCX4neo and the SV40 ER in pCX4bsr were described previously [26].  

p16 in pCX4bsr was kindly provided by Dr. Masataka Sugimoto (National Center for 

Geriatrics and gerontology, Aichi, Japan).  H-RasV12 was subcloned into pCX4bleo.   

 

2.3. Soft-agar colony formation assay and xenograft propagation  Colony formation 

assay was performed by the standard protocol described elsewhere.  5×104 cells were used as 

initial plating number.  For xenograft preparation, 5×106 cells were injected s.c. into 6- to 

8-week-old female athymic nude mice (BALB/cAJcl-nu/nu), 

 

2.4. Senescence-associated β-galactosidase (SA-β-gal) detection  1×105 cells were plated 

into 35-mm dishes. Cells were washed once with PBS.  At the indicated times, cells were 

washed with PBS, fixed and stained for β-galactosidase using the Senescence Detection Kit 

(BioVision, Mountain View, CA, USA). 

 

2.5. Induction of stress-induced premature senescence   

1×104 cells were plated in 60-mm dishes and exposed to 500 µM H2O2 for 2 h at 37 °C. All 

cells were then washed twice with PBS and cultured in DMEM supplemented with 10% FBS. 



 6

 

2.6. Ploidy analysis with FACS.   

Cells were fixed by ice-cold 70% ethanol, and cell pellets were resuspended, and DNA 

content was labeled by a 0.5-ml solution of propidium iodide at 20 µg/ml in PBS, containing 

RNase at a final concentration of 200 µg/ml.  Samples were stained at room temperature for 

30 min and analyzed on a FACS Calibur (BD Biosciences, Mountain View, CA, USA).   

 

2.7. Immunoblotting.   

SDS-PAGE was performed by the standard protocol described elsewhere.  Filters were 

probed with mouse monoclonal antibodies to p21WAF1 (Ab-1; Calbiochem, San Diego, CA, 

USA), RAS (Transduction Laboratories, Lexington, KY, USA),  p53 (Cell Signaling 

Technology, Beverly, MA, USA), phospho-Histone H2A.X (Ser139)(Millipore, Temecula, 

CA, USA) and Actin (Chemicon, Temecula, CA, USA), or rabbit polyclonal antibodies to p16 

(H156; Santa Cruz Biotechnology, Santa Cruz, CA, USA), Ets-2 (Santa Cruz Biotechnology, 

Santa Cruz, CA, USA) and phospho-ERK (Cell Signaling Technology, Beverly, MA, USA).  

 

2.8. Reverse Transcription-PCR Analysis.   

RT-PCR was performed by the standard protocol described elsewhere.  Sequences of the 

primer sets are as follows: 5’-TGC AAA TGT CTT CTG CTG AGA T-3‘ (sense) and 5’-GTT 

CAG GAT GTT GGA GAG TTC-3‘ (antisense) for Nanog, 5’-CGA CCA TCT GCC GCT 

TTG AG-3‘ (sense) and 5’-CCC CCT GTC CCC CAT TCC TA-3‘ (antisense) for Oct3/4,  

5 ’-AGT CTC CAA GCG ACG AAA AA-3‘ (sense) and 5’-GGA AAG TTG GGA TCG 

AAC AA-3‘ (antisense) for Sox2, 5 ’-CTCATGACCACAGTCCATGC-3‘ (sense) and 

5’-TTA CTC CTT GGA GGC CAT GT-3‘ (antisense) for glyceraldehyde-3-phosphate 

dehydrogenase (GAPDH).
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3. Results 

3.1. Escape from Ras-induced senescence in human fibroblasts 

To investigate the mechanism of oncogene-induced senescence, we utilized BJ cells 

and introduced H-RasV12 by retroviral vector. To avoid replicative senescence, human 

telomerase catalytic subunit (hTERT) was expressed prior to H-RasV12 introduction.  The 

morphology of hTERT introduced BJ cells is spindle, and 10 days after H-RasV12 

introduction, BJ cells exhibited flatness and enlargement, suggesting a senescence feature.  

These cells were also found to be positive for SA-β-gal (Fig. 1A).   

Two weeks after H-RasV12 introduction, the focus of proliferation of the spindle 

cells could be observed, and the proportion of these cells became dominant over the flat cells 

in senescence (Fig. 1A).  These proliferating spindle cells were designated as 

oncogene-induced senescence escaped cells (OISEC).  By using time-lapse microscopy, we 

confirmed that senescent cells did not show reversal into the spindle shape and proliferate 

again (data not shown). 

 To analyze the mechanism how OISEC could escape from OIS, we examined the 

expression level of several cell-cycle regulatory proteins by immunoblotting (Fig. 1B), and 

found that the level of p16 was dramatically low (more than 10-fold) in OISEC compared to 

that in OIS cells.  The levels of Ras, phospho-ERK, Ets-2, p53, and p21 were constant 

between OIS cells and OISEC.   We also found that γ-H2AX, a DNA double strand 

break marker, is positive only in OIS cells.   

 

3.2. Re-induction of senescence in OISEC by H-RasV12, p16 or stress stimuli 

To investigate whether OISEC preserved the potential of exhibiting senescence, we 

examined the effect of forced expression of p16 on OISEC, and found the induction of 

senescence when we introduced p16 (Fig. 2A).  As we investigated the methylation status in 

the promoter regions of the p16 using bisulfite sequencing and observed no alteration in 
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OISEC when compared to OIS cells (data not shown), there may be a defect in the 

Ras-dependent p16 expression mechanism.  As the threshold of Ras to induce senescence 

seems to be increased in OISEC, we examined the effect of further re-expression of Ras on 

OISEC, and found re-expression of p16 and re-induction of senescence (Fig. 2B). 

Cells subjected to certain types of sublethal stress also enter a state resembling 

replicative senescence which is termed stress-induced premature senescence (SIPS) [27]. 

SIPS can be induced by stressful conditions such as ultraviolet or H2O2 treatment. The 

molecular mechanism of SIPS induction is thought to be accumulation of p53, p21 and p16 

accompanied with DNA damage.  To elucidate whether OISEC preserved the potential to 

undergo SIPS, we examined the sensitivity of OISEC to the H2O2 treatment.  Cell growth of 

OISEC was stopped by H2O2 treatment and flattened cells were positive for SA-β-gal (Fig. 

2C).  The p16 expression was also induced by H2O2 in OISEC (Fig. 2C).  These results 

suggest that OISEC have an intact mechanism of p16-dependent cell cycle arrest. 

 

3.3. Induction of anchorage-independent growth and in vivo tumor formation in OISEC 

by SV40 early region   

To investigate whether OISEC have a transforming potential, we examined the 

ability for anchorage-independent growth by soft-agar colony formation assay, but OISEC 

failed to make any colonies (Fig. 3A).  It has been well documented that the combination of 

hTERT, SV40ER, and H-RasV12 is sufficient for transformation [28; 29]; therefore, we 

introduced SV40 early region (ER), which disrupts p53 and Rb function, into OISEC which 

had already expressed both hTERT and RasV12, and then colony formation was observed 

(Fig. 3A).  After introduction of SV40ER, we confirmed the expression of p16 and p53 (Fig. 

3D).  OISEC introduced by SV40ER was also found to make tumors in nude mice (Fig. 3B).  

It should be noted that the colony number and tumor size in vivo of OISEC with SV40ER 

were smaller than those in BJ cells expressing hTERT, H-RasV12 and SV40ER, and that 
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tumor formation was observed less frequently in OISEC with SV40ER than in BJ cells 

expressing hTERT, H-RasV12 and SV40ER (Fig. 3C).  

 

3.4. Transformation of OISEC is accompanied by genomic instability 

It is now widely accepted that a number of cancers are genetically unstable.  

Especially, chromosomal instability (CIN) contributes to aneuploidy and plays a critical role 

in tumorigenesis [30; 31; 32].  We evaluated CIN in OISEC by analyzing the cellular DNA 

content using a flow cytometry and by fluorescence in situ hybridization (FISH) analysis.  It 

has been reported that BJ cells expressing hTERT, H-RasV12, and SV40ER are highly 

aneuploid [26].  As shown in Fig. 4A, OISEC expressing SV40ER were highly aneuploid, 

whereas most of OISEC or BJ expressing hTERT and SV40ER remained diploid.  We also 

analyzed the DNA content of xenograft originating from OISEC expressing SV40ER and 

found that the proportion of aneuploid cells of xenograft was much larger than that of cultured 

cells.  For confirmation of the alteration of ploidy, we employed FISH analysis with probe 

1q44, which can represent the copy number of chromosome 1 [33].  About 75% of OISEC 

had two signals, but introduction of SV40ER in OISEC increased the number of cells having 

more than three signals (Fig. 4B).  This result indicate that the tumorigenicity of OISEC with 

SV40ER is related to its higher population of genetically unstable cells. 

 

3.5. OISEC are positive for Oct3/4, SOX2 and Nanog 

Because recently p53 or p16 has been shown to be involved in the maintenance of 

stem cell population, we hypothesized that OISEC might be a stem cell population, and 

investigated the expression levels of Oct3/4, SOX2, and Nanog by RT-PCR.  OISEC were 

positive for all of these mRNA expressions, while only clear expression of Nanog was found 

in OIS cells (Fig. 4C).  
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4. Discussion 

 OIS provides an initial barrier to tumorigenesis in vivo, as preneoplastic lesions 

contain a lot of cells indicating senescence markers [12; 13; 14].  Thus, overcoming OIS is 

an essential step in malignant transformation.  We found that a population of BJ cells can 

escape from OIS induced by the expression of H-RasV12 (Fig. 4D).  The same phenomenon 

can be observed in other HDFs cell lines, IMR-90 and TIG-3 (data not shown).  As a number 

of studies have shown that p16 or p21 play an important role in OIS, we clearly showed that 

escaped cells from OIS lost p16 expression.  Initially, we speculated that the epigenetic 

methylation of p16 promoter was dominant in OISEC, but methylation-specific PCR analysis 

did not reveal significant methylation of p16 promoter (data not shown).  In fact, 

preservation of p16 expression mechanism in OISEC could be proved by the treatment of 

OISEC by H2O2 as premature senescence.  Furthermore, re-introduction of H-Rasv12 

inducing senescence in OISEC (Fig. 4D) indicated that the threshold of Ras for senescence 

was elevated in OISEC.  As Ras-induced senescence is regulated by p16 expression 

depending on Ets family transcription factors which can be negatively regulated by Id1, the 

regulatory machinery for p16 by Ets and Id1 may be disrupted in OISEC.  In OISEC, 

expression levels of p53 and p21 were constant compared to OIS cells; thus, p53 may be 

intact in OISEC. 

 In various cancers including colon cancer, it has been reported that K-Ras mutation 

usually occurs for adenoma lesion and subsequent p53 mutation occurs later and works as an 

essential step for transformation to carcinoma [34].  Thus, one can speculate that when the 

initial mutation of Ras occurs in vivo, the majority of cells undergo senescence, and a rare 

population of OISEC continues to proliferate, and subsequent mutation of p53 leads cells to 

the direction of transformation.  In fact, BJ cell-based OISEC did not possess 

anchorage-independent growth potential, but disruption of p53 and Rb by SV40ER clearly led 

to transforming potential (Fig. 4D). Furthermore, since we confirmed that OISEC made no 
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tumor by additional introduction of the dominant negative form of p53 or CDK4 which 

inhibits Rb function, disruption of both of p53 and Rb may be required for transformation of 

OISEC.   

Considering that transformed OISEC exhibited aneuploidy, both p53 and Rb 

prevented cells from becoming aneuploid.  Currently, it has been suggested that extra 

centrosomes promote chromosome missegregation and generate CIN by promoting merotelic 

kinetochore-microtubule attachments [35].  Thus, an intriguing question is whether we can 

observe extra centrosomes and chromosome missegregation in OISEC.   

In this study, we found that OISEC express several transcription factors which are 

closely related to exhibiting stem cell features of cells such as Nanog, Oct3/4, and Sox2.  

These results suggest that OIS-resistant cells possess possible stem cell-like features.  On the 

other hand, it is reasonable that stem cells are resistant to oncogenic stimuli and protected 

from DNA damages, and they can easily escape from OIS.  Considering that repressing the 

Ink4a/Arf locus genes, p16 and p19, by the polycomb group protein Bmi-1 regulates 

self-renewal and proliferation of hematopoietic and neural stem cells [36; 37], p16 repression 

in OISEC can be thought of as another stem-like cell feature of OISEC.   

In this study, we found that OIS can be escaped by a population of cells, possibly a 

stem cell population, but OISEC are not transformed because their p16 and p53 pathways still 

work as an anti-cancer mechanism eliminating OISEC if they accumulate DNA damage or 

become aneuploid. Still, we need to unveil the precise mechanism regarding how OISEC 

can get the resistance with inappropriate response of p16 pathway, where in human tissue 

these OISEC exist, and whether they possess stem cells feature. 

（END）
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Figure 1  

Escape from Ras-induced senescence in human fibroblasts 

(A) Phase contrast microscopical finding of cultured BJ cells.  a. hTERT introduced BJ cells 

(cont) morphology immediately after infection of retroviral vector expressing H-RasV12 

(day0).  b. cells morphology at day 10.  c. cells stained with SA-β-Gal at day 10.  d. cells 

morphology at day 14.  Arrows indicate flat and enlarged cells; arrowheads indicate spindle 

cells.  Magnification is ×40.  (B) Immunoblotting of senescence-related proteins in hTERT 

introduced cells (cont), OIS cells (OIS), and OISEC.  Duration after infection of H-RasV12 

is indicated at the top as 0 day, 10 days, and 20 days after infection.  Examined proteins are 

indicated at the left of the panel.  Actin is shown as a loading control.   

 

Figure 2 

Re-induction of senescence in OISEC by H-RasV12, p16 or stress stimuli  

(A) Phase contrast microscopical finding of cultured BJ cells. a. OISEC.  b. H-RasV12 

re-introduced OISEC.  c. p16 introduced OISEC.  Magnification is ×40.  (B) 

Immunoblotting of Ras and p16 in OISEC and senescence re-induced OISEC.  Total cell 

lysates were prepared from hTERT introduced cells (cont), OIS cells (OIS), or OISEC with 

indicated genes.  (C) The upper graph shows the growth curves of hTERT introduced cells 

(cont) (open squares) and OISEC (filled squares) after H2O2 treatment.  Cell numbers were 

counted every day, and results are expressed as means ±SD of three independent experiments 

(*, p < 0.01 vs. OISEC).  The lower figure shows the protein levels of p16 by 

immunoblotting following H2O2 treatment.  

 

Figure 3 

Induction of anchorage-independent growth and in vivo tumor formation in OISEC by 

SV40 early region 
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(A) Soft agar colony formation.  a.  hTERT introduced BJ cells (cont).  b. OISEC.  c. 

SV40ER introduced control cells.  d. SV40ER introduced OISEC.  e. H-RasV12 and 

SV40ER introduced control cells.  (B) Tumor formation assay in nude mice.  Xenografts 

two months (left) or four months (right) after injection are shown.  Arrows indicate tumor 

masses.  (C) Results of colony formation assay and in vivo tumor formation assay.  Bar 

graph represents the number of colonies indicated in (A).  Values are mean ± SD for 

triplicates within one experiment (*, p < 0.01 vs. OISEC+SV40ER; †, p = 0.001 vs. 

cont+SV40ER).  The table shows the number of subcutaneous tumors arising per number of 

injections within the indicated months, as combined from several different experiments.  (D) 

Immunoblotting of senescence-related proteins.  Total cell lysates were prepared from 

hTERT introduced cells (cont), OIS cells (OIS), or OISEC with indicated genes.  Analyzed 

proteins are indicated at the left. 

 

Figure 4 

Transformation of OISEC is accompanied by genomic instability 

(A) Flow cytometric analysis of DNA content in BJ cells.  Normal human diploid fibroblasts, 

BJ population doubling 38 (PD38), or hTERT introduced cells (cont) or OISEC with 

indicated genes were analyzed for DNA content by using a flow cytometer.  Arrows indicate 

the location of 2N and 4N peaks as determined by using BJ PD38, where N represents the 

haploid genome.  (B) BJ cells were hybridized with probes for chromosome 1 (red).  The 

percentage of copy numbers of chromosome 1 in control cells or OISEC introduced with the 

indicated genes are shown.  Representative examples of BJ cells hybridized with single to 

quintuple probe for chromosome 1 are shown.  (C) RT-PCR analysis of Oct3/4, SOX2, and 

Nanog in OISEC.  hTERT introduced BJ cells (cont), BJ OIS cells (OIS), or BJ OISEC with 

indicated genes were analyzed for mRNA expression level of Oct3/4, Sox2 and Nanog by 

semi-quantitative RT-PCR.  GAPDH is shown as a loading control.  (D) Scheme of 
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multistep tumorigenesis.  While most cells induce OIS against oncogenic stress, a population 

of stem-like cells can escape from OIS and wait for the next hit which will disrupt the p53 and 

p16 pathway and lead to transformation.   
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