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SYNOPSIS 

Normal human diploid TIG-1 fibroblasts underwent replicative senescence 

around 64-68 population doubling levels (PDL) by the irreversible serum­

unresponsive G 1-growth arrest. Repression of growth-promoting genes was 

searched in this study. The RT-PCR and Western blot analyses have shown that in 

senescent TIG-1 cells at PDL64-67, cdk2 and cyclin E were selectively repressed 

at the mRN A and protein levels even after serum stimulation, and cdc2 and cyclin 

A were less repressed than cdk2 and cyclin E. Such a specific lack of cdk2 and 

cyclin E proteins correlated with unphosphorylation of the retinoblastoma gene 

product (pRB) in senescent cells. Transcription factor E2Fl was also completely 

repressed at the mRNA and protein levels in senescent TIG-1 cells. Middle­

passage cells exhibited active expressions of all the above genes and pRB 

phosphorylation. Therefore, the present results have indicated the selective 

repressions of cdk2, cyclin E and E2F 1 in senescent cells. 

INTRODUCTION 

Normal human diploid cells in culture invariably undergo replicative 
senescence, whereby the cells stop DNA synthesis and proliferation at the G 1/S 
boundary of the cell cycle. 4,5, 17) At the cellular level, senescence in culture 
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reflects aging in vivo. 4,5, 17> Mechanisms of replicative senescence resembling a 
process of terminal differentiation l) are not fully clear. Senescent cells cannot be 
stimulated to enter the S phase by any combination of growth factors or 
physiological mitogens. 5) Seshadri and Campsi 17> first indicated selective 
repression of immediately early c-fos gene in senescent cells even after serum 
stimulation, and later, decreases in expressions of c-jun and jun-B (AP-1 activity) 
were found. 8, 13 > In addition, unphosphorylation of the retinoblastoma gene 
product (pRB) was demonstrated in GI-arrested senescent cells. 18) In this 
respect, unphosphorylated pRB interacts with the pRB-control element (RCE) of 
the c-fos promoter and represses the c-fos transcription, 14> and the pRB/E2F 
(transcription factor) complex represses several genes (dhfr, thymidine kinase, 
DNA polymerase a, cdc2, cyclin A, etc) required for the S-phase entry and 
progression. 6, 7>. However, little is known about the E2F expression in senescent 
cells. Regarding cyclins and cyclin-dependent kinases (cdks), the cyclin A, 
cyclin B, cdc2 and cdk2 genes are significantly repressed in senescent cells. 12, 19> 

However, the products of these genes are not directly related with the Go/G 1 to S 
transition. The cdk4/cyclin D and cdk2/cyclin E kinases are thought to act 
differentially on the Go to Gl and Gl to S transitions, respectively. 2, 11 , 16> 

Further, the cdk2/cyclin E activity is responsible for pRB phosphorylation related 
with the G 1 to S progression in cycling cells. 2, 11 > A recent study has shown a 
great reduction of cyclin E/cdk kinase activity by the selective repression of cdk2 
and cdk4 rather than cyclins in late-passage WI-38 cells. 12) Molecular 
mechanisms of senescent Gl-growth arrest remain yet to be further studied. 

We attempted to elucidate the repressions of cyclin E, cdk2 and E2F 1 genes 

in late G 1 and their relation to unphosphorylation of pRB in senescent TIG-1 
fibroblasts. 

MATERIALS AND METHODS 

Cells and Culture TIG-1 normal embryonic lung fibroblasts were cultured 

in Eagle's MEM with non-essential amino acids and 10% fetal bovine serum 

(FBS). For exact population doublings (PDL), a fixed initial number (= No) of 

2,000 cells/cm2 in 35- or 50-mm dish was inoculated, and the number of cells 

after 6-7 day-growth (= N) was calculated for assessing PDL (xi) per each passage 

by an equation, xi = log(N/No)llog2, followed by estimation of the maximum 

cumulative PDL for senescence by 4xi3>. At various PDLs until senescence, 

cloning efficiency of cells, based on the ability of forming colonies with 50 or 

more cells (xi ~ 6), was also determined for assessing decrease in replicative 

potential with PDL. The 1 :2 split passage of mas~ culture was also adopted for 
rough POL and molecular studies. 
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Anti BrdU assay for DNA-synthesized cells Middle-passage and senescent 

cells made quiescent by FBS starvation for 72 h were growth-stimulated by 

addition of 10% FBS and 1 0µM BrdU. After incubation for 28 h, a fraction of 

DNA-synthesized cells was determined on 1,000 cells by the anti BrdU staining 

method. 

Western blot analysis of cell-cycle gene products Actively growing middle 

passage cells (PDL23-37) and growth-arrested senescent cells (PDL64-68) were 

lysed in NET or RIPA buffer. 15 ) Lysates were centrifuged at 14,000g for 10 min 

by a microcentrifuge. For Western blot, an equal aliquot (25-75µg) of the lysate 

protein per lane was electrophoresed in 4-20% gradient SDS-PAGE, and 

transferred to PVDF membrane. For immunoprecipitation, 50-lO0µg precleared 

lysate was incubated with specific antibody (Ab) (see below) for ;::: 4 hat 4°C, and 

the immune complexes bound to protein A-sepharose (for rabbit Ab) or protein 

NG-sepharose (for mouse Ab) were collected for SDS-PAGE. Abundance of 

cyclins (A, E), cdks (cdc2, cdk2) or E2F 1 was measured using the respective 

specific antibodies [rabbit anti human cyclin-A (Oncogene Science) and -E (UBI); 

rabbit anti human cdc2 and cdk2 (UBI) and rabbit anti human E2Fl (UBI)]. Anti 

pRB (mouse monoclonal Ab; Oncogene Science)-immunoprecipitated pRB was 

also analyzed for 116 kD phosphorylated form (pRB 116) and -110 kD 

unphosphorylated form (pRB 110). The alkaline phosphatase chemiluminescence 

detection was used for visualization. 

RT-PCR Total RNA was extracted from middle-passage and senescent cells 

using 4 M guanidium isothiocyanate and 5. 7 M diethyl pyrocarbonate (DEPC)­

treated CsCl. First, oligo(dT) 18-primed synthesis of the first strand cDNA 

(reverse transcripts; RT) was performed in a 40µ1 reaction buffer containing 10 

µg RNA and RNase H-defective Superscript™ II reverse transcriptase (GIBCO­

BPL) according to the manufacturer's manual. A 2. 5-5. 0µl aliquot of RT was 

used for PCR (20-26 cycles) using a Takara PCR kit to quantitate transcripts. 

PCR primers and annealing temperatures were searched by the Oligo Primer 

Analysis software (National Biosciences). The 5' - and 3' -PCR primers used in 

this order were: cyclin A: 5' -AGAATATCAACCCGGAAAAGG, 5' -GGCTGTTT 

CTTCATGTAAACC (product length, 521 bp); cyclin E: 5' -TATCCCCAGCAAATC 

TT, 5' -GAAGGATGGGGTGGTCA (length, 440 bp); cdc2: 5' -TTCCATGGATCT 

GAAGAAAGAA, 5' -GCCTATACTCCAAATGTCAAC (length, 450 bp); cdk2; 5' -G 

AGAACTTCCAAAAGGTGGAA, 5' -CAGCAGCTTGACAATAATAGG (length, 487 

bp); E2Fl: 5' -CAGGAGGTCACTTCTGA, 5' -CCCTGTCAGAAATCCAG (length , 

480 bp). The glyceraldehyde 3-phosphate dehydrogenase (GAPDH) (product 

length, 550 bp) was also amplified as a reference marker of cell cycle-independent 

transcripts. The primers were synthesized by a Model 391 DNA synthesizer 
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Fig. l. TIG-1 ce ll growth and replicative senescence . (A) Cumulative POL ( I 

xi) against days in culture with 10% FBS . Replicative lifes pan was PDL68 

around 130 days where ce ll s senesced. (B) Cloning efficien cy against POL. A 

linear decline of replicative potential was -0. 6%/PDL with an abrupt loss at 

senesced PDL60-68. (C) Anti BrdU- s tain ed DNA sy nthesized cells (see Methods) 

in actively growing PDL27 and 37 and senescent POL 64 and 67 . 

(Applied Byosystems) and purified. 

RESULTS AND DISCUSSION 

Replicative lifespan and senescence of TIG-1 cells 

(C) 

67 

Fig. IA plots the cumulative PDL of TIG-1 cells starting with POLIO against 

days in culture with 10% FBS . The limited replicative lifespan of TIG-1 cells due 

to senescent growth arrest was about 68 PDL around 130 days in culture. 

Thereafter, some fraction of differentiated epithelioid cells survived longer 

without dividing, but the other died (Fig. lA). Fig. lB shows that cloning 

efficiency declined linearly with progress of PDL at a rate of -0.6%/PDL, 

indicating the continuous appearance of growth-arrested senescent cells. At the 

end of lifespan (PDL64-68) , almost all cells became senescent by G 1-arrest, since 

DNA- sy nthesized cells after incubation in 10% FBS and 10 µM BrdU following 

starvation were 0.4-4 %, compared to -85% for middle-passage PDL26 and 37 

cells when assayed by the anti-BrdU staining method (F ig . lC) . The main cellular 

senescent phenotype is the FB S-unres ponsive , irreversible GI-growth arrest . 
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(A) COC2 

Lane 1 2 3 4 

PDL 23 32 65 67 

kOa 

43-

29--------

18.4-

(C) Cyclin A 
Lane 1 2 

POL 23 32 

kDa 
68-

43-

29-

3 4 

65 67 

(B) CDK2 

Lane 1 2 3 4 5 

POL 23 32 64 65 67 

kOa : 

43-

29- - -
18.4-

(D) Cyclin E 
1 2 3 4 5 

POL 27S 270 310 67S 670 

68- ---43-

Fig. 2. Wes tern immunoblots for cell-cycle ge ne products. (A) cdc2 (50 mg 

ly sate); (B) cdk2 (5 0 mg lysate); (C) cyc lin A (30 mg lysate); (D) cyclin E (50 

mg ly sate ). Each lane was specified with th e PDL used . Pos tscr ipt s S and Q of 

the PDL number in (D) are for FBS-stimulated and quiescent cell-lysa tes , 

re spec tively. 

Repression of cdk and eye/in proteins in senescent cells 

To elucidate some basic molecular mechanisms for the senescent GI-arrest, 

we have studied the expression of cell cycle genes especially in the late G 1 and 

G 1/S transition phases. For that purpose , middle-passage cells were made 

quiescent by FBS starvation for 72 h, and then cell growth was stimulated by 

addition of 10% FBS. Middle-passage cells progressed to late G 1 and early S 

phases around 18 h after stimulation (unpublished data) . Senescent cells were 

treated similarly. 

First, Fig. 2 indicates the Western blot analysis for protein levels of pertinent 

cdks (cdc2 and cdk2) and cyclins (cyclin A and cyclin E) using the respective 

specific antibodies . Proteins of cdk2 (Fig. 2B) and late-G 1 cyclin E (Fig . 2E) 
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Fig . 3. RT-PCR. Upper, RNA from FBS-stimulated POL24 cells; lower , RNA 

from FBS-stimulated POL64 cells. Lanes: M, 100 bp ladder marker ; I and 4, 

GAP OH; 2 , cyclin A; 3, cyclin E; 5, cdc2; 6, cdk2; 7, E2F I. The RT products 

used were 2. 5 ml for lanes I to 3 (20 cycles), and 5.0 ml for lanes 4 to 7 (26 

cycles). 

Lane 1 2 3 4 

POL 250 25S 670 67S 

• II • .. 
94- ·• 

•• 
67-

Fig. 4. SOS-PAGE for pRB. The 50-mg precleared lysates of POL25 and POL67 

cells were immunoprecipitated with mouse monoclonal anti human pRB and 

protein A/G-sepharose , and electrophoresed in 4-20 % SOS-PAGE. Postscripts Q 

and S indicate "quiescent " and "FBS-stimulated for 24 h", re s pectively. pRB 11 6 , 

phosphorylated pRB ; pRB 110, unphosp horylated pRB. 
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1 

68 -

43-
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Fig. 5. Western blot for 58 kD E2F 1 

protein using anti E2F 1. Ly sates (60 

mg) of PDL27Q (quiescent). 27S 

(FBS-stimu lated for 18 h), and 

senescent PDL68S cells were 

electrophoresed and blotted with anti 

E2F I. 

were not detected in both FBS-starved and -stimulated senescent PDL64-67 cells 

under the conditions. High level expressions of both proteins were observed in 

middle-passage PDL23-32 cells around late-G 1/early-S after FBS-stimulation for 

18 h (Fig. 2B and 2D). As expected, abundance of cyclin E in FBS-starved 

quiescent PDL27 and PDL31 cells (Fig. 2D, lanes 2 and 3) was -1/3 of that in 

FBS-stimulated middle-passage PDL27 cells at the late-G 1/early-S boundary (Fig. 

2D, lane 1 ). 

The cdc2/cyclin A kinase activity has been shown to be required for the S­

phase progression . 2 , 11 , 16 ) cdc2 (Fig. 2A, lanes 3 and 4) and cyclin A (Fig. 2C, 

lanes 3 and 4) were still present in FBS-stimulated senescent PDL65 and PDL67 

cells at a low level of 1/3-1/4 of those in middle-passage PDL23 and PDL32 cells 

(Figs 2A and 2C, lanes 1 and 2). Both proteins were less repressed compared to 

cdk2 and cyclin E in senescent TIG-1 cells. Thus , Fig. 2 indicates the selective 

repressions of cdk2 and late-Gl cyclin E in senescent cells. In this respect, a 

great reduction in the cdk2/cyclin E kinase activity has been reported in late­

passage WI-38 cells with less than 2% anti-BrdU-positive cells. 12 ) 

Fig . 3 indicates that an amplified band of cyclin E mRNA by the sensitive RT­

PCR was not found in FBS-stimulated senescent PDL64 TIG-1 cells, while it was 

present in PDL24 cells. At PDL24, amo unts of PCR products for cyclin A, cyclin 

E, cdc2, and cdk2 mRN As were several-fold higher in FB S-s timulated than 

quiescent cells (data not shown). Compared to PDL24 cells, however , more 

decreased amplifications of cyclin A, cdc2 and cdk2 mRN A were observed in 

senescent PDL64 cells, despite the similar degree of amplification of GADPH in 
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PDL24 and 64 (Fig. 3). These results are consistent with the previous. 12, 19) 

Such RT-PCR data support our findings at the protein level in Fig. 2. Fig. 3 

indicates that senescent cells undergo the selective transcriptional repressions of 

cyclin E and reduced expressions of the cdk2 and cdc2 genes. Such a feature is 

important for the irreversible GI-arrest in senescent cells. 

Unphosphorylation of pRB in senescent cells 
pRB phosphorylation by cdk/cyclin kinases allows G 1 cells to enter and 

progress through S phase. 6) At least the cdk2/cyclin E kinase activity in late-

01/early-S phosphorylates pRB. 6) Stein et ai. 18) have first indicated 

unphosphorylation of pRB in senescent human diploid MRC-5 cells. In this 

respect, almost all of pRB in PBS-starved quiescent PDL25 TIG-1 cells arrested 

in Go/G 1 were un- or hypophosphorylated (pRB 110) (Fig. 4, lane 1), while 

PDL25 cells in late G 1 and S phases after a 24 h FBS stimulation had both of 

phosphorylated pRB 116 and unphosphorylated pRB 110 (Fig. 4, lane 2). In 

senescent PDL67 cells, pRB l lO predominated in both PBS-starved (Fig. 4, lane 3) 

and -stimulated states (Fig. 4, lane 4), as reconciled with Stein et al. 18) 

Therefore, the specific lack of cdk2 and cyclin E and a great suppression of cdc2 

and cyclin A (Figs. 2 and 3) may cause hypo- or unphosphorylation of pRB in 

senescent cells. 

Repression of transcription factor E2FI in senescent cells 
E2F 1 of the E2F family members is an important cell cycle regulatory 

transcription factor. 6, 7,9, lO). The E2F 1 protein recognizes and binds to the E2F !­

recognition sequences of TTT(G/C)(G/C)CG(G/C) in the promoters of several 

cell-cycle genes such as dhfr, E2F, DNA polymerase a, thymidine kinase, 

thymidylate synthetase, c-myc, c-fos, c-myb, cyclin A, cdc2 and RB6, 7,9, 10) for 

their transactivation. It has been demonstrated that E2Fl forms complexes with 

unphosphorylated pRB by specific binding to the pRB "pocket" domain and with 

other cellular proteins (p130, p107) in mid- and late-GJ. 7, 10) The E2Fl/pRB 

complex in late G 1 acts as a transcriptional repressor for the above cell cycle 

genes to arrest cells in GJ. 6,7,9,lO) However, SV40 T-antigen, adenovirus BIA 

and human papilloma virus E7 in virally transformed cells disrupt the E2F 1/pRB 

complex6,7,9,lO) to release free active E2Fl for transactivation of the above cell 

cycle genes and for cell growth. Therefore, it is of primary importance to study 

whether or not and to what extent growth-arrested senescent diploid cells express 

E2Fl, because little is known about E2Fl in senescent cells. 

Fig. 3 shows that a 480 hp-product for E2Fl mRNA by RT-PCR was not 

observed in PBS-stimulated senescent PDL64 cells, in contrast to a high PCR 
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signal for middle-passage PDL24 cells. The Western blot analysis indicates 

clearly the absence of 58 kD E2F 1 even in FBS-stimulated senescent PDL68 cells 

(Fig. 5, lane 3). The E2Fl protein expression was greater in middle-passage 

PDL27 cells at the Gl/S boundary after FBS stimulation for 18 h (Fig. 5, lane 1) 

than in FBS-deprived quiescent state (Fig. 5, lane 2). Therefore, transcriptional 

repression of E2F 1 will be related to permanent block of the S-phase entry in 

senescent cells. In senescent TIG-1 cells, pRB 1 lO exists at a nearly normal level 

(Fig. 4) in the absence of E2Fl (Fig. 5). Cellular molecules other than E2Fl 

which bind to pRB and result in its unphosphorylation in senescent cells are 

currently unknown. Nevertheless, the extremely low cdk2/cyclin E activity is 

most likely to be responsible for unphosphorylation of pRB in senescent cells. In 

addition to a decrease in the AP-1 activity, 8, 13) low levels of E2Fl and 

cdk2/cyclin E constitute an important characteristic molecular environment for 

cellular senescence featuring permanent G 1-growth arrest. Cell aging may 

involve both repression of such growth-regulating genes and the reciprocal 

expression of anti-proliferating genes. Studies on the latter are progressing 

worldwide. 

ACKNOWLEDGMENTS 

This work was supported in part by a Health Sciences Research Grant (for Y. 

F.) from the Ministry of Health and Welfare, Japan. 

REFERENCES 

1. Bayreuther, K., Rodemann, H. 0., Hommel, R., Dittmann, K., Albiez, M., 
andFrancz, P. I.:Proc. Nat. Acad. Sci. USA. 1988. 85. 5112/5116. Human 
skin fibroblasts in vitro differentiate along a terminal cell lineage. 

2. Delic, V., Lees, E. and Reed, S. I.: Science. 1992. 257. 1958/1961. 
Association of human cyclin E with a periodic Gl-S phase protein kinase. 

3. Fujiwara, Y., Kano, Y., lchihashi, M., Nakao, Y., and Matsumura, T. In: 
Salk, D., Fujiwara, Y., Martin, G.M. ed., Werner's Syndrome and Human 
Aging (Plenum, New York). Adv. Exp. Med. Biol. 1985. 190. 459/477. 
Abnormal fibroblast aging and DNA replication in the Werner syndrome. 

4. Fujiwara, Y., Nakamura, A., Yokoo, S., Nakamura, M., and Matsumoto, A.: 
In: Orimo, H. et al., ed., New Horizons in Aging Research (University of 
Tokyo Press, Tokyo). 1992. 87/88. Senescence of normal human and 
progeroid cells as a potential model of aging. 

5. Goldstein, S.: Science. 1990. 249. 1129/1133. Replicative senescence: the 
human fibroblast comes of age. 

6. Helin, K., Harlow, E., and Fatttaey, A.: Mol. Cell. Biol. 1993. 13. 6501/ 

173 



S. KANAZAWA, ET AL. 

6508. Inhibition of E2Fl transactivation by direct binding of the 
retinoblastoma protein. 

7. Helin, K., Lees, J. A., Vidal, M., Dyson, N., Harlow, E., and Fatteaey, A.: 
Cell. 1992. 70. 337/350. A cDNA encoding a pRB-binding protein with 
properties of the transcription factor E2F. 

8. Irving, J., Feng, J., Wistrom, C., Pikaart, M., and Villeponteau, B.: Exp. 
Cell Res. 1992. 202. 161/166. An altered repertoire of fos/jun (AP-1) at the 
onset of replicative senescence. 

9. Johnson, D. G., Scharz, J. K., Cress, W. G., and Nevine, J. R. Nature. 
1993. 365. 349/352. Expression of transcription factor E2F 1 induces 
quiescent cells to enter S phase. 

10. Kealin, W. G. Jr., Krek, W., Sellers, W. R., Decaprio, J. A., Ajchenbaum, 
F., Fuchs, C. S., Chittenden, T., Li, Y., Farnham, P. J., Blanar, M. A., 
Livingston, D. M., and Flemington, E. K.: Cell. 1992. 70. 351/364. 
Expression cloning of a cDNA encoding a retinoblastoma-binding protein with 
E2F-like properties. 

11. Koff, A., Giordano, A., Desai, D., Yamashita, K., Harper, J. W., Elledge, 
S., Nishimoto, T., Morgan, D. 0., Franza, B. R., and Roberts, J. M.: 
Science. 1992. 257. 1689/1694. Formation and activation of a cyclin E-cdk2 
complex during the G 1 phase of human cell cycle. 

12. Lucibello, F. C., Sewing, A., Brusselbach, S., Burger, C., and Muller, R.: 
J. Cell Sci. 1993. 105. 123/133. Deregulation of cyclins Dl and E and 
suppression of cdk2 and cdk4 in senescent human fibroblasts. 

13. Riabowel, K., Schiff, J., and Gilman, M. Z.: Proc. Nat. Acad. Sci. USA. 
1992. 89. 157/161. Transcription factor AP-1 activity is required for 
initiation of DNA synthesis and is lost during cellular aging. 

14. Robbins, P. D., Horowitz, J. M., and Mulligan, R. C.: Nature. 1990. 346. 
668/671. Negative regulation of human c-fos expression by the 
retinoblastoma gene product. 

15. Sambrook, J., Fritsch, F. F., and Maniatis, T.: Molecular cloning-A 
Laboratory Manual 1989. 3. 18.38-18.46. 

16. Serrano, M., Hannon, G. J., and Beach, D.: Nature. 1993. 366. 704/707. A 
new regulatory motif in cell-cycle control causing specific inhibition of cyclin 
D/CDK4. 

17. Seshadri, T. and Campsi, J.: Science. 1990. 247. 203/209. Repression of c­
fos transcription and an altered genetic program in senescent human 
fibroblasts. 

18. Stein, G. H., Besson, M., and Gordon, L.: Science. 1990. 249. 666/669. 
Failure to phosphorylate the retinoblastoma gene product in senescent human 
fibroblasts. 

19. Stein, G. H., Dreullinger, L. F., Robetorye, R, S., Pereira-Smith, 0. M., 
and Smith, J. R.: Proc. Nat. Acad. Sci. USA. 1991. 88. 11012/11016. 
Senescent cells fail to express cdc2, cycA and cycB in response to mitogen 
stimulation. 

174 


