Induction of the Cdk inhibitor p21 by LY83583 inhibits
tumor cell proliferation in a p53-independent manner
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Using microarray analysis, we have detected downregulation of several components of the cGMP sig-
naling pathway during replicative senescence of primary human diploid fibroblasts (HDFs). There-
fore, the effect of pharmacological inhibition of cGMP synthesis was analyzed in HDFs. Treatment
with 6-anilino-5,8-quinolinequinone (LY83583, referred to as LY hereafter), a previously described
inhibitor of guanylate cyclase, induced cellular senescence. Microarray analysis revealed that LY
treatment induced the Cdk inhibitor p21WAFI/SPI/CIPI Tn colorectal cancer cells, transcription of p21
was induced by LY in a p53-independent manner. Furthermore, p21, but not p53, was required for
inhibition of proliferation by LY. The lack of p53 involvement suggests that LY does not induce DNA
damage. Growth inhibition was also observed in malignant melanoma and breast cancer cell lines.
Functional inactivation of the retinoblastoma tumor-suppressor protein, an effector of p21-mediat-
ed cell-cycle inhibition, converted LY-induced growth arrest to apoptosis. These results suggest that

LY, or derivatives, may be useful therapeutic agents for the treatment of tumors.
J. Clin. Invest. 110:1717-1727 (2002). d0i:10.1172/JCI200216588.

Introduction
Several cellular mechanisms have evolved to prevent
proliferation of cells that have acquired mutations
with carcinogenic potential. One mechanism is repre-
sented by apoptosis: cells with deregulated expression
of oncogenes are removed through this route (1).
Another cellular response that has gained more atten-
tion recently is senescence, a state of terminal arrest in
which cells are metabolically active for extended peri-
ods but are unable to re-enter the cell cycle after mito-
genic stimulation (2, 3). Several tumor-suppressor
genes (e.g., p53 and p16™K#4) are involved in the induc-
tion and maintenance of senescence, which strongly
suggests that senescence is a tumor-suppressive mech-
anism (4, 5). Supporting this notion on the organismal
level, mice that have been engineered to display elevat-
ed p53 activity show a decreased rate of tumor forma-
tion and premature aging (6).

Replicative senescence results from progressive short-
ening of chromosomes, which occurs during every cell
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division. After 50-70 cell divisions, the loss of telomer-
ic DNA repeats results in unprotected chromosome
ends, which generate a DNA-damage signal resulting in
activation of the tumor-suppressor gene product p53.
Therefore, several downstream targets of the p53 tran-
scription factor are induced during replicative senes-
cence — for example, p21WAFI/SDI/CIPL and 14-3-3sigma (7,
8). Consistent with an essential function of these p53
target genes during senescence, deletion of p21 through
homologous recombination is sufficient to bypass
replicative senescence in human diploid fibroblasts
(HDFs) (9). Similarly, inactivation of 14-3-3sigma leads
to immortalization of primary human keratinocytes (8).

In contrast to telomere-dependent replicative senes-
cence, cellular senescence — also referred to as prema-
ture senescence — is a response to diverse stimuli (e.g.,
oncogenic signaling, suboptimal tissue-culture con-
ditions) and generally involves induction of the tumor
suppressor gene p16NVK#A Cellular senescence accom-
panied by induction of p16 is also observed after seri-
al cultivation of epithelial cells under standard-tissue
culture conditions. Interestingly, the p16 gene is not
induced in epithelial cells when these are cultivated
on feeder layers: under these conditions, epithelial
cells have a greatly elevated replicative potential and
terminally arrest because of shortened telomeres —
that is, they undergo replicative senescence (10). In
contrast to epithelial cells, HDFs undergo replicative
senescence under standard tissue-culture conditions
(11). These examples point to the existence of cell-
type-dependent signaling pathways that activate the
senescence program.

DNA-damaging agents commonly used for cancer
therapy induce a senescence-like state in normal and
malignant cells (12,13). However, since these substances
also induce DNA damage in normal proliferating cells,
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numerous unwanted side effects are observed during
chemotherapy (14). Furthermore, these agents gener-
ate mutations in precancerous cells, which may result
in secondary cancer. In this study, we aimed to identi-
fy substances that activate cellular senescence without
inducing DNA damage. We hypothesized that phar-
macological inhibition of signaling pathways that are
specifically downregulated during replicative senes-
cence may result in the reactivation of the senescence
program in tumor cells. The ideal drug target for this
strategy would be an enzyme encoded by a gene that is
repressed during senescence. Inhibition of such an
enzyme by a small, membrane-permeable drug mole-
cule in early-passage or tumor cells should theoreti-
cally be sufficient to induce cellular senescence. In
order to detect genes and pathways repressed during
replicative senescence, the gene-expression pattern of
senescent HDFs was compared with the expression
signature of confluent early-passage cells. We thereby
identified a pharmacological substance that induces
cellular senescence.

Methods

Cell culture and drug treatments. Neonatal skin HDFs
were obtained from Clonetics (San Diego, California,
USA) and cultivated in DMEM (Invitrogen Corp.,
Carlsbad, California, USA) supplemented with 10%
FBS (Sigma-Aldrich, St. Louis, Missouri, USA). To
obtain senescent HDFs, the cells were diluted every 3
days in a ratio of 1:10 (equal to 1 passage) until they
ceased to proliferate.

HCT116 cells were cultured in McCoy’s medium
(Invitrogen Corp.) supplemented with 10% FBS. A-375,
HeLa, HEK293, p167/~ mouse embryo fibroblasts
(MEFs) and NIH3T3-L1 derivatives were kept in
DMEM containing 10% FBS. 6-Anilino-5,8-quinoline-
dione (LY83583, referred to as LY hereafter; Cal-
biochem, San Diego, California, USA) was dissolved in
DMSO (Sigma-Aldrich) at a concentration of 300 pM
([B00Ox solution). As a control, cells were treated with
equal volumes of DMSO (<1%). The LY concentration
was restored at intervals of 24 hours by media exchange.

Microarray analysis of gene expression. RNA was isolated
using RNAgents reagents (Promega Corp., Madison,
Wisconsin, USA). After mRNA isolation, integrity and
enrichment was ensured using Northern blot analysis.
Six hundred nanograms of poly-A mRNA was convert-
ed to cDNA with incorporation of Cy3- or CyS5-labeled
deoxynucleotide-triphosphates (dNTPs). Hybridiza-
tion to arrays coated on glass, quality control, and nor-
malization were performed by IncyteGenomics (Palo
Alro, California, USA). The “Human Unigene 1” array
contained cDNA probes representing 8,392 annotated
genes/expressed sequence tag (EST) clusters and 74
nonannotated genes/ESTs.

Northern blot analysis. RNA was isolated using the
RNAgents kit. A Northern probe directed against the
3'-untranslated region of elongation factor 10 (ELF1q)
mRNA was generated by PCR, using an EST as the

template, and subsequent gel purification. For p21,a
probe corresponding to the open reading frame of p21
was used. A probe corresponding to the 5' region of sol-
uble guanylate cyclase 33 (sGC-f33) was amplified from
HDF cDNA, confirmed by sequencing, and subcloned.
Hybridizations were performed in QuickHyb accord-
ing to the manufacturer’s instructions (Stratagene,
LaJolla, California, USA).

Quandtitative real-time PCR. Quantitative real-time PCR
(qPCR) was performed using the LightCycler and the
FastStart DNA Master SYBR Green 1 kit (Roche Diag-
nostics GmbH, Mannheim, Germany) as previously
described (15). For qPCR of cDNA, primer pairs were
designed to generate intron-spanning products of
100-200 bp. Primer sequences were as follows:
GUCY1A3, sense 5'-TTCAGAGGAGGCAGCAGG-3' and
antisense 5'-GCAACATTCAGCCGTTCAA-3' (annealing
temperature, 62°C); and GUCY1B3, sense 5'-AGGAAT-
CACGCATCAGCC-3' and antisense S5'-TATGAGGAC-
GAACCAGCGA-3' (annealing temperature, 62°C).

cDNA was generated using the RevertAid First
Strand cDNA synthesis kit (MBI Fermentas, St. Leon-
Rot, Germany). The generation of specific PCR prod-
ucts was confirmed by melting-curve analysis and gel
electrophoresis. Each primer pair was tested with a log-
arithmic dilution of a cDNA mix to generate a linear
standard curve (crossing point [CP] plotted vs. log of
template concentration), which was used to calculate
the primer-pair efficiency (E= 10¢-1/5lpe)). ELF1 0 mRNA
was used as an external standard, since its expression
was not altered significantly in senescent versus early
passage confluent HDF (data not shown). For data
analysis, the second-derivative maximum method was
applied, and induction of a cDNA species (geneX) was
calculated according to Pfaftl (16) as follows:

Equation 1
Eqenex " ““F(confluent cDNA — senescent cDNA) % ¢4

Eg r1, N ““P(confluent cDNA — senescent cDNA) EtFie induction

Measurement of DNA content and apoptosis by flow cytom-
etry. Cells were trypsinized. Both adherent and floating
cells were washed once with PBS and fixed on ice in 70%
ethanol for over 2 hours, washed once with PBS, and
incubated for 30 minutes at room temperature in stain-
ing solution containing 50 pg/ml of propidium iodide
(PI), 0.2 mg/ml of RNase A, and 0.1 % (v/v) Triton
X-100 in PBS. Quantification of apoptotic cells was
performed using the Annexin V-FITC apoptosis detec-
tion kit (BD Pharmingen, San Diego, California, USA).
Samples were analyzed with a FACScan unit (Becton
Dickinson, Mountain View, California, USA). 1 X 10*
cells were analyzed for each assay.

Proliferation assay. Cells were seeded in equal num-
bers in six-well plates 24 hours before the addition of
LY. Cells were treated in triplicates (3 replicas of the
same experiment) with daily exchange of medium
containing drug or drug-free vehicle. For each time

The Journal of Clinical Investigation |

December 2002 |

Volume 110 | Number 11



point, cells were trypsinized and cell proliferation was
assessed using a Z1 Coulter Counter (Coulter Elec-
tronics, Beds, United Kingdom).

¢GMP assay. Cells of early and late passages were seed-
ed in equal numbers in six-well plates. Twenty-four
hours later, sodium nitroprusside (SNP, Sigma-Aldrich)
dissolved in complete medium was added at a final con-
centration of 100 UM. Controls received the same vol-
ume of drug-free medium. After 2 hours of incubation,
medium was removed and cells were lysed by addition
of 400 pl of 0.1 M HCI per well for 10 minutes. cGMP
concentration in lysates was determined using a com-
petitive immunoassay according to the manufacturer’s
instructions (Sigma-Aldrich). A plate reader, LAMBDA
E (MWG-Biotech AG, Ebersberg, Germany), was used to
detect the signal at 405 nm. Experiments were per-
formed in triplicates, with all samples measured twice.

Senescence-associated [B-galactosidase staining. Cells were
fixed by incubation in 0.5% glutaraldehyde in PBS for
S minutes at room temperature and stained for senes-
cence-associated B-galactosidase (SA-B-gal) at pH 6.0
as described (17).

Detection of DNA syntbhesis. Cells were plated on CEL-
Locate glass grids (Eppendorf) and labeled for 6 hours
using the 5'-bromo-2'-deoxyuridine Labelling and
Detection Kit I (Roche Diagnostics GmbH). After
staining with a FITC-labeled anti- bromodeoxyuridine
(anti-BrdU) antibody, positive cells were detected by
fluorescence microscopy.

Western blot analysis. Cells were lysed in 50 mM HEPES
(pH 7.5), 150 mM NaCl, 1 mM EGTA, 10% glycerol, 1%
Triton X-100, 100 mM NaF, 10 mM Na4P,07, 1 pM
PMSF, and 1 pM Na3VOy (all chemicals from Sigma-
Aldrich). Protein concentration was determined using a
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Figure 1

Modulation of the cGMP pathway in HDFs and effects of LY. (a) Shown is a comparison of HDFs after reaching replicative senescence with HDFs
after LY treatment. The left panel shows morphology (magnification, X100) and the right panel shows detection of SA-B-gal at pH 6 (magnifica-
tion, X200) using phase-contrast microscopy. (b) Northern blot analysis of GUCY7B3 expression in HDFs. Total RNA was isolated from early-
(“9.”) and late-passage (“32.”) HDFs and HDFs (“9. passage”) treated with 1 UM LY for 4 days; 2.5 ig of total RNA was loaded per lane. GUCY1B3
and, as a control, ELFTa mRNA were detected with 32P-labeled probes. (c) Response of early-passage and senescent HDFs to activation of cGMP
synthesis. Cells were treated with 100 UM SNP for 2 hours in the absence or presence of LY. cGMP levels were determined as described in the Meth-
ods. Treatments were performed in triplicates and measured twice. (d) Inhibition of proliferation by LY. Subconfluent HDFs were treated with the
indicated concentrations of LY for 3 days. Cell numbers were determined in triplicates. (e) Irreversible effect of LY on proliferation of HDFs. Cells
were treated with 1 UM LY for the indicated periods. After trypsinization, cell numbers were determined in triplicates. (f) FACS analysis of HDFs
treated with LY. HDFs were synchronized by confluence and released by trypsinization. After 24 and 36 hours of incubation in media containing
1 UM LY or vehicle, cells were collected for FACS analysis. For details, see the Methods. (g) Rate of DNA synthesis after LY treatment. BrdU incor-
poration was determined after incubation of HDFs in 10 UM BrdU for 6 hours. For details, see the Methods.
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Table 1
Detection of senescence-specific gene regulation using microarray
analysis

Symbol Description Differential
expression
PAIT plasminogen activator inhibitor | +5.9
PAI2 plasminogen activator inhibitor II +4.7
MMP10 matrix metalloproteinase 10 +3.1
p21 cyclin-dependent kinase inhibitor 1A +2.0
CTGF connective tissue growth factor +3.7
CCND1 cyclin D1 +5.0
PK3 pyruvate kinase +5.0
ID2 inhibitor of DNA binding 2 -2.0

Gene expression patterns of early-passage confluent HDF were compared with
those of senescent HDF using microarrays as described in the Methods.

Bradford assay (Bio-Rad Laboratories, Hercules, Califor-
nia, USA). Twenty micrograms of protein were diluted in
Laemmli buffer, separated on SDS-polyacrylamide gels,
and transferred to Immobilon-P membranes (Millipore,
Bedford, Massachusetts, USA). Antibodies against p53
(Pab 1801), p21 (c-19), p16 (c-20), and a-tubulin (TU-02)
were from Santa Cruz Biotechnology Inc. (Santa Cruz,
California, USA). Anti-pRB antibodies (G3-245) were
from BD Pharmingen. Enhanced chemiluminescence
generated by horseradish peroxidase-coupled secondary
antibodies was detected with a Image Station 440CF
(Eastman Kodak Co., New Haven, Connecticut, USA).

Luciferase assay. HCT116 cells were cotransfected with
pWWW-Luc (18) and pCMV-[B-galactosidase (BD Bio-
sciences Clontech, Palo Alto, California, USA) in tripli-
cates using Lipofectamine reagent (Invitrogen Corp.).
After 24 hours, cells were exposed to 1.5 UM LY or an
equal volume of DMSO for 12 hours. Luciferase activity
was measured according to the manufacturer’s instruc-
tions (Luciferase Assay System kit, Promega Corp.).
B-galactosidase activity was measured in the same lysates
using Galacto-Light reagents (Tropix, Bedford, Massa-
chusetts, USA). Luciferase and -galactosidase determi-
nation were performed on a MicroLumatPlus LB96V
luminometer (EG&G Berthold, Bad Wildbad, Germany).

Microscopy. For phase contrast and [-galactosidase
staining, an Axiovert 25 microscope (Carl Zeiss Co.,
Oberkochen, Germany) equipped with a HyperHAD
CCD camera (Sony, Tokyo, Japan) and ImageBase soft-
ware (Kappa Optoelectronics GmbH, Gleichen, Ger-
many) was used. In vivo expression of histone-
H2B-enhanced green fluorescent protein (histone-
H2B-eGFP) was documented on an inverted Axiovert
200M microscope (Carl Zeiss Co.) equipped with a CCD
camera (CoolSNAP-HQ, Photometrics, Tucson, Arizona,
USA) and Metamorph software (Universal Imaging
Corp., Downingtown, Pennsylvania, USA).

Results

Microarray analysis of senescence-specific gene expression. We
used microarray analysis to identify genes and path-
ways involved in the induction and maintenance of

replicative senescence. Primary HDFs were cultivated
until proliferation of all cells ceased because of replica-
tive senescence (n 75 population doublings). At this
point, the HDFs showed characteristic signs of senes-
cence: cellular enlargement, SA-B-gal staining at pH 6
(Figure 1a), and terminal arrest in the presence of high
serum concentration (mainly in the G; phase as deter-
mined by flow cytometry) (data not shown). mRNA
was isolated from senescent HDFs and subjected to
analysis with a microarray, which allows detection of
8,392 annotated cDNAs (for details, see Methods). Pre-
senescent HDF, which had been arrested in the G;
phase by confluence at population doubling 12, were
used as a reference. mRNA was isolated 48 hours after
HDF had reached confluence and more than 95% of
the cells were in the G phase, as determined by flow
cytometry (data not shown). This state was selected to
avoid a comparison of nonproliferating senescent
HDF with proliferating early-passage HDF, which
would presumably result in the detection of a large
number of differences in gene expression secondary to
growth arrest. Several genes previously identified as
consistently up- or downregulated during senescence
of HDFs (19-21) were detected as regulated in a simi-
lar fashion in the system used here (Table 1): for exam-
ple, PAI-1 was previously detected as upregulated in
senescent HDFs and was induced 5.9-fold in senescent
HDFs in this study (Table 1). Among the genes
repressed during senescence were four genes encoding
enzymatic components of the cGMP pathway (Table
2): soluble guanylate cyclase a3 (sGC-a3), sGC-f33, and
cGMP-dependent protein kinase I and II. Differential reg-
ulation of sGC-a3 and sGC-33 during senescence was
confirmed by qPCR (Table 2). Downregulation of
sGC-B3 during senescence was also detected using
Northern blot analysis (Figure 1b). sGC-a3 and
sGC-P3 represent the large and small subunit of solu-
ble guanylate cyclase, which converts GTP to 3'5'-cyclic
GMP and pyrophosphate (22). It is interesting to note
that both genes are located in near proximity on chro-
mosome 4q31.3-q33 (23), which could provide the
basis for the coregulation observed here.

Induction of senescence by LY. The coordinated repres-
sion of two genes encoding the subunits of soluble
guanylate cyclase, which generates cGMP in response

Table 2

Repression of genes encoding components of the cGMP signaling

pathway

Symbol Description Differential qPCR
expression (SD)

GUCY1B3 soluble guanyalte cyclase-33 -7.8 -9.4(0.7)

GUCY1A3 soluble guanyalte cyclase-03 -2.5 -2.2(0.4)

PRKG2 cGMP-dependent protein kinase Il -9.7

PRKG1 cGMP-dependent protein kinase | -2.5

Gene expression patterns of early-passage confluent HDFs were compared
with those of senescent HDFs using microarrays as described in the Methods.

qPCR was performed as described in the Methods.
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Table 3

Detection of 114 mRNAs coregulated in replicative senescence and LY-treated cells by microarray analysis

UniGene
accession

Hs.75188
Hs. 153752
Hs.79069
Hs.211773
Hs.2083
Hs.82932
Hs.179665
Hs. 184298

Hs.232068
Hs.82071
Hs.60679
Hs.69997
Hs.198296
Hs.283749
Hs.381097
Hs.30250
Hs. 166017

Hs.79432
Hs.230
Hs.79914
Hs.83169
Hs. 111301
Hs.2258
Hs.80343
Hs.365706
Hs.324470
Hs.80552
Hs.202097
Hs.75262
Hs.11590
Hs.766
Hs. 1279
Hs.169756
Hs.26479
Hs.64016
Hs.108623
Hs.78068
Hs. 119651
Hs.82085
Hs.62192
Hs.380778

Hs.25253
Hs.73843
Hs. 1437
Hs.372783
Hs.173717
Hs.17144
Hs.302085
Hs.75811
Hs.124027
Hs. 118722
Hs.198282
Hs. 198281
Hs.21293
Hs.196384
Hs.274424

Gene name (functional class)

Cell cycle

WEE1

Cell division cycle 25B

Cyclin G2

Checkpoint suppressor 1

Cdc-like kinase 1

Cyclin D1

Cdk-inhibitor TA (p21, Cip1, WAF1)
Cyclin-dependent kinase 7

Transcription

Transcription factor 8
Cbp/p300-interacting transactivator
TAF9 RNA pol Il

Zinc finger protein 238

SMARCA2

Ribonuclease 4

RNA helicase-related protein

MAF

MITF

Extracellular matrix

Fibrillin 2

Fibromodulin

Lumican

Matrix metalloproteinase 1

Matrix metalloproteinase 2

Matrix metalloproteinase 10

Matrix metalloproteinase 15

Matrix Gla protein

yadducin 3

Dermatopontin

Procollagen C-endopeptidase enhancer
Cathepsin O

Cathepsin F

Protein geranylgeranyltransferase |, b
Complement component 1, r
Complement component 1, s

Limbic system-assoc. membrane protein
Protein S d

Thrombospondin 2
Carboxypeptidase Z

Glypican 3

PAIT

Thromboplastin

Metallothionein 1L

Metabolism

o mannosidase

ADH1A

o glucosidase

Superoxide dismutase 2

Phosphatidic acid phosphatase type 2B
Short-chain dehydrogenase/reductase 1
Prostaglandin |2 synthase

Acid ceramidase

Selenium donor protein
Fucosyltransferase 8

Phospholipid scramblase 1

Pyruvate kinase muscle

UAP1

COX2

Sialic acid synthase

Repl sen
fold

+2.0

LY
fold

+1.9

UniGene
accession

Hs.170040
Hs.74615
Hs.76144
Hs.77890
Hs.3080
Hs.69771
Hs.7117
Hs.342874
Hs.321709
Hs.89418
Hs.107169
Hs.82112
Hs.250870
Hs.64310
Hs.75511
Hs.284244
Hs.217493
Hs.104125
Hs.227571
Hs.81972
Hs.136348
Hs.237356

Hs.75279
Hs.296049
Hs.300946
Hs.300772
Hs.374321
Hs.58414
Hs.75318
Hs. 14376
Hs.119000
Hs.288061
Hs.170328
Hs.5321
Hs.198862

Hs.8867
Hs. 122764
Hs.90093
Hs. 180414
Hs.64639
Hs.87497
Hs. 151641
Hs.13046
Hs.75106
Hs.179526
Hs.334841
Hs.180832
Hs.76118
Hs.111903
Hs.37682
Hs.79284
Hs.85087
Hs.19368
Hs.75360
Hs.12229
Hs.155530
Hs.171844
Hs.2699

Gene name (functional class)
Signaling

PDGF receptor-like

PDGF receptor a

PDGF receptor 3

Guanylate cyclase 1, soluble, B3
Mitogen-activated protein kinase 7
B-factor, properdin

Glutamate receptor 1

TGFp receptor 1l

Purinergic receptor P2X 4
Prostaglandin F receptor
IGF-binding protein 5

IL-1 receptor, type |
Mitogen-activated protein kinase kinase 5
IL-11 receptor a

Connective tissue growth factor
Basic fibroblast growth factor 2
Annexin A2

Adenylyl cyclase-associated protein
Regulator of G-protein signalling 4
SHC1

Osteoblast specific factor 2
Stromal cell-derived factor 1

Cell shape and motility

02 laminin
Microfibrillar-associated protein 4
Microfibril-associated glycoprotein-2
B2 tropomyosin

Tropomyosin 3

y filamin C

a1l tubulin

y1 actin

a1 actinin

B actin

Moesin

ACTR3

Fibulin 2

Other functions

Cysteine-rich, angiogenic inducer, 61
BRCA1 associated protein

Heat shock 70kDa protein 4

Heat shock 70kDa protein 8

Glioma pathogenesis-related protein
Butyrophilin, subfamily 3, member A2
Glycoprotein A repetitions predominant
Thioredoxin reductase 1

Clusterin

Thioredoxin interacting protein
Selenium binding protein 1
Arginyl-tRNA synthetase

Ubiquitin carboxyl-terminal esterase L1
FCGRT

Retinoic acid receptor responder 2
MEST

Latent TGFP binding protein 4
Matrilin 2

Carboxypeptidase E

TGF inducible early growth response 2
Y-interferon inducible protein 16
Poliovirus receptor

Glypican 1

Repl sen

fold

LY
fold

-3.0
-2.5
-2.7
-3.9
-2.2
-5.0
-4.3

Genes that showed a similar differential regulation (>1.7-fold induction or repression) in the two microarray analyses are shown after classification
according to their function. For each gene, fold differential expression during replicative senescence (Repl sen) or after LY treatment is shown. For details
of the microarray analyses, see the Methods section. WEET, WEE 1 tyrosine kinase; TAF9, TATA box-binding protein-associated factor 9; SMARCA2,
SWI/SNF-related, matrix-associated, actin-dependent regulator of chromatin, subfamily A, member 2; MAF, V-MAF avian musculoaponeurotic fibrosar-
coma oncogene homolog; MITF, microphthalmia-associated transcription factor; PAI1, plasminogen activator inhibitor type 1; ADH1A, alcohol dehy-
drogenase O subunit; UAP1, UDP-N-acetylglucosamine pyrophosphorylase 1; COX2, cyclooxygenase 2; SHC1, Src homology 2 domain containing trans-
forming protein 1; ACTR3, ARP3 actin-related protein 3 homolog; BRCAT1, breast cancer 1; FCGRT, Fc fragment of IgG receptor transporter alpha; MEST,
mesoderm specific transcript homolog (mouse).
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to signals — for example, extracellular nitric oxide (NO)
(reviewed in 24) — suggested that senescent cells may
have an attenuated response to NO donors such as
SNP. Indeed, exposure to SNP did not result in elevat-
ed cGMP levels in senescent HDFs, whereas early-pas-
sage HDFs showed a threefold increase in cGMP levels
after the addition of SNP (Figure 1c). To specifically
inhibit the cGMP signaling pathway, we used a com-
petitive inhibitor of soluble guanylate cyclase, LY, with
an ICsp of 2 UM (25). Addition of 1 uM LY to HDFs sig-
nificantly inhibited the SNP-induced synthesis of
c¢GMP by 50% (Figure 1c), showing that LY had the
expected inhibitory effect on guanylate cyclase. We next
asked whether addition of LY would affect the prolif-
eration of early-passage HDFs, as we would expect
according to our working hypothesis. The effect of LY
was tested at concentrations ranging from 0.25-1.5 uM
(Figure 1d). Indeed, treatment of early-passage fibrob-
lasts with a concentration of 1 UM of LY was sufficient
to completely inhibit proliferation, and the presence of
250 nM LY led to a 50% reduction in proliferation of
HDFs after 3 days (Figure 1d). Strikingly, the inhibition
of proliferation of early-passage HDFs by LY was
accompanied by morphological changes characteristic
of senescence and by SA-B-gal staining at pH 6 (Figure
la). Consistent with the induction of cellular senes-
cence, inhibition of proliferation by LY was irreversible
after a treatment period of more than 2 days (Figure
le). Extended treatment of HDFs with LY for 8 days did
not cause significant reduction of cell number due to
cell death but resulted in stable inhibition of prolifera-

Figure 2

Effects of LY on the expression and phosphorylation status of cell-
cycle regulatory proteins. (a) Northern blot analysis of LY-treated
HDFs. Total RNA was isolated from HDFs treated with 2 UM LY or 0.2
Mg/ml adriamycin for the indicated periods; 7.5 ug of total RNA was
loaded per lane. p27WAFI/CIP1/SDl and, as a control, ELFTa mRNA were
detected with 32P-labeled probes. (b) Western blot analysis of HDFs
treated with LY. Lysates were obtained from HDFs treated with LY for
the indicated periods; 20 g of protein was loaded per lane. After sep-
aration on 4-20% gradient gels and transfer to PVDF membranes,
proteins were detected with antibodies against human p21, p53, p16,
and — as a loading control — a-tubulin. (¢) pRb phosphorylation sta-
tus after treatment with LY. After addition of LY for the indicated peri-
ods, cell lysates were prepared and proteins were separated on a
7-12% gradient denaturing PAGE gel. For details, see the Methods;
ppRb, hyperphosphorylated pRb; pRb, hypophosphorylated pRb.

tion (Figure 1e). In order to characterize the cell-cycle
arrest induced by LY, HDFs were synchronized in the
G, phase by confluence (91.2% G, phase and 2% S
phase) and then released by trypsinization (Figure 1f);
untreated cells entered the S phase at a high percent-
age. Addition of LY almost completely blocked the
entry of HDFs into the S phase, suggesting that LY acts
during the G phase of the cell cycle. Furthermore,
addition of 1 UM LY to synchronized HDFs caused
complete inhibition of DNA synthesis as determined
by BrdU incorporation (Figure 1g).

Microarray analysis of LY-regulated genes. In order to
identify the downstream mediators of the LY-induced
cell-cycle arrest and senescence, a microarray analysis
of LY-treated HDFs was performed with the same
arrays used for the analysis of replicative senescence in
HDFs described above (for details, see Methods). RNA
was isolated 36 hours after exposure of early-passage
HDFs to LY. The control RNA was isolated from con-
fluent early-passage HDFs. In HDFs that had reached
replicative senescence, 216 transcripts were induced
significantly, whereas 272 mRNAs were induced after
LY treatment. Repression was observed for 266
mRNAs in HDFs undergoing replicative senescence,
whereas 294 mRNAs were repressed after LY treat-
ment. There was a substantial overlap in the differen-
tially expressed genes observed during replicative
senescence and during LY-induced senescence, with
114 transcripts differentially regulated in a similar
manner (Table 3). Among these were genes that had
been previously identified as differentially regulated
during replicative senescence: PAI-1, matrix metallopro-
teinase 10, fibrillin, cdc25b, cyclin D1, fibromodulin, and
osteoblast specific factor 2 (11, 20, 21). However, most of
the genes identified here represent new additions to
the growing number of genes identified as compo-
nents of the senescence program. Supporting this
notion, many of the coregulated genes have functions
that may contribute to the phenotype of terminally
arrested cells. For example, downregulation of the
PDGF receptor a and B chains may contribute to the
refractory state of senescent cells, which do not
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respond to mitogenic stimulation with growth factors
(Table 2). The changes in expression observed in genes
encoding components of the cytoskeleton (e.g., al-
tubulin, B2-tropomyosin, Yfilamin C, Q-actinin) may con-
tribute to the flattened and enlarged shape character-
istic of senescent HDFs (Figure 1a). Interestingly, the
sGCPB3 mRNA was down-regulated in LY-treated HDFs
(Table 3 and Figure 1b).

Rapid induction of p21WAFV/CIPY/SDL by 1Y, Among the
genes induced by both replicative senescence and LY
was p2]WAFI/CIPI/SDI (Table 3), which encodes an in-
hibitor of cyclin-dependent kinases (Cdk’s). Cdk/
cyclin complexes drive cell-cycle progression and pro-
liferation by phosphorylation of key substrates (re-
viewed in 26). Since induction of p21 could potential-
ly explain the antiproliferative effect of LY, we analyzed
the connection between LY and p21 in more detail. Six
hours after treatment with LY, the levels of p21 mRNA
in HDFs were similar to the levels observed 6 hours
after addition of adriamycin, as shown by Northern
blot analysis (Figure 2a). However, after treatment
with LY, the level of p53 protein, which consistently
increases after generation of DNA damage and medi-
ates transactivation of p21, did not increase (Figure
2b), indicating that LY does not induce DNA damage.
The induction of p21 mRNA by adriamycin demon-
strates that the signaling pathways necessary for p53
activation were still intact in the HDFs used (Figure
2a). Induction of p21 protein was detectable between
3 and 6 hours after addition of LY, whereas the Cdk
inhibitor p16™k4A was not induced even after 48 hours
of treatment with LY (Figure 2b). This result was unex-
pected, since p16™NK#4 is commonly induced in scenar-
ios that lead to premature senescence — for example,
ectopic expression of an activated ras gene (27) or sub-
optimal cell-culture conditions (10).

The main cell-cycle-relevant targets of the Cdk
inhibitor p21 are cyclin-dependent kinases 2, 4, and 6 (28,
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29), which keep the pocket-proteins pRb, p107, and p130
in an inactive hyperphosphorylated state during cell-cycle
progression (reviewed in 30).

Therefore, p21-mediated inhibition of G1/S phase-
associated Cdk/cyclin complexes leads to hypophos-
phorylation of pocket proteins, which allows their
subsequent binding and inhibition of E2F transcrip-
tion factors. The association between pocket proteins
and E2Fs results in inhibition of G;/S progression
and proliferation (reviewed in 31). Consistent with
the induction of p21 by LY, the phosphorylation sta-
tus of pRb changed rapidly after addition of LY; after
only 6 hours the ratio of phosphorylated to
hypophosphorylated, active pRb was clearly shifted
toward the hypophosphorylated form, and by 19
hours pRb was almost completely hypophosphory-
lated (Figure 2¢). Even after extension of the LY treat-
ment to 12 days, the pRb hypophosphorylation was
not reversed (Figure 2c). These results show that LY
inhibits proliferation by inducing p21 to levels that
are sufficient to inhibit Cdk activity and activate the
cell-cycle inhibitory function of pRb.

Effect of LY on cancer cell proliferation. In order to deter-
mine whether LY may be useful to terminate cancer cell
proliferation, colorectal cancer cell lines (HCT116,
DLD1), a breast cancer-derived cell line (MCF7), and a
melanoma cell line (A-375) were analyzed after addi-
tion of LY; all cell lines showed complete cessation of
cell proliferation (Figure 3a). Consistent with the find-
ings in HDFs, HCT116 cells showed induction of p21
at the protein level after addition of LY (Figure 3b). Fur-
thermore, p21 mRNA was induced by LY in MCF?7 cells
(data not shown).

Requirement of p21, but not p53, for inhibition of prolifera-
tion by LY. To determine whether induction of p21 is
essential for inhibition of proliferation by LY, p21-defi-
cient HCT116 cells, generated through homologous
recombination by Waldman et al. (32), were analyzed
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Figure 3

Effects of LY on epithelial cancer cells. (a) Growth curves of MCF7, A-375, HCT116, and DLD1 cells. Cells were trypsinized at the indicated time
points and cell numbers were determined. (b) Induction of p21 protein after treatment with LY. HCT116 colorectal cancer cells were treated
with 1.5 UM LY for the indicated periods. Cell lysates were prepared and subjected to Western blot analysis. For details, see the Methods.
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Requirement of p217, but not p53, for inhibition of proliferation by LY. (a) Response of HCT116 colorectal cancer cells deficient for p27 to
LY. Cells were treated with LY or, as a control, with vehicle (DMSO), and cell numbers were assessed. Measurements were performed in trip-
licates. (b) Response of p53*/* and p537~ HCT116 cells to LY. Cells were treated with LY or, as a control, with vehicle (DMSO), and cell num-
bers were assessed. Measurements were performed in triplicates. (c) Analysis of HCT116-derived knockout cell lines. Shown are the results
of Western blot analysis of p53 and p21 protein levels after addition of adriamycin at 0.2 pig/ml for 8 hours. (d) p27 promoter reporter activ-
ity in p53-deficient HCT116 cells after treatment with 1.5 UM LY for 12 hours. The experiment was performed in triplicates. For details, see
the Methods. (e) p53-independent induction of p27 mRNA by LY. Shown are the results of Northern blot analysis with RNA isolated at the
indicated time points after addition of 1.5 UM LY to p53-deficient HCT116 cells. (f) p53-independent induction of p21 protein levels by LY.
Shown are the results of Western blot analysis with lysates from p53~~ HCT116 cells treated with 1.5 UM LY. Membranes were probed with
antibodies specific for p21 and, as a loading control, a-tubulin. For details, see the Methods.

(Figure 4a); p21-deficient HCT116 cells were largely
resistant to LY, whereas wild-type HCT116 cells showed
complete cessation of proliferation (Figure 3a). These
results show that p21 is required for the inhibitory
effects of LY on cellular proliferation.

Consistent with the absence of p53 accumulation in
LY-treated HDFs, p53-deficient HCT116 cells engi-
neered by Bunz et al. (33) showed a complete block of
proliferation after addition of LY (Figure 4b). The iden-
tities of the three different HCT116 cell lines used in
this study were confirmed by treatment with adri-
amycin, which induces DNA double-strand breaks (Fig-
ure 4c). As expected, only wild-type HCT116 cells
showed induction of p21 protein after exposure to
adriamycin (Figure 4c).HCT116 cells deficient in p53
and transiently transfected with a reporter construct of
human p21 promoter fused to the luciferase gene
showed a more than 10-fold increase in luciferase activ-
ity after 12 hours of LY treatment (Figure 4d). The lev-
els of p21 mRNA and protein of p537/~ HCT116 cells
after treatment with LY were induced with kinetics sim-
ilar to those observed in HDFs (Figure 4, e and f). These
results exclude p53 and thereby induction of DNA
damage as mediators of cell-cycle arrest by LY and
induction of p21 expression. Furthermore, LY treat-
ment did not lead to induction of the Cdk inhibitors
p27 and p1S5 (data not shown). In addition, prolifera-
tion of p16™NK#A-deficient MEFs was inhibited by LY,
showing that p16™K4 is not required for the effects of

LY on the cell cycle (data not shown). Supporting this
conclusion, the HCT116 colorectal cancer cell lines
used in this study do not express functional p16™K#4,
one p16™NK#4 allele carries an inactivating point muta-
tion, and the other p16™k# allele is completely silenced
because of cytosine-phosphate-guanosine dinucleotide
methylation (34). Taken together, these results show
that the inhibitory effects of LY on proliferation are
mediated through induction of p21.

Conversion of LY-induced arrest to apoptosis in pRb-nega-
tive cells. Since the antiproliferative effect of p21 is
mediated through pocket proteins (pRb, p107, p130)
(reviewed in 30), we analyzed the response of cells
with nonfunctional pocket proteins to treatment with
LY. Isogenic NIH3T3-L1 cell lines (described in 35)
stably expressing either SV40 large T antigen or an
SV40 large T-antigen point mutant (K1) (36) deficient
in binding and inactivating pocket proteins were
treated with LY. NIH3T3-L1 cells expressing the K1-
mutant showed inhibition of proliferation, whereas
NIH3T3-L1 cells expressing wild-type SV40 large T
antigen underwent apoptosis (Figure 5, a and b).
Induction of apoptosis by LY was further quantified
using annexin V staining (Figure Sc).

In order to extend these observations to human can-
cer cells, the cell lines HeLa and HEK293 were ana-
lyzed. The cervical cancer cell line HeLa expresses the
human papilloma virus (HPV) 18 encoded E7 protein,
which binds to and inactivates pocket proteins. In
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HEK293 cells, the adenoviral E1A protein performs
analogous functions. HeLa and HEK293 cells did not
arrest after treatment with LY but instead underwent
cell death, which was accompanied by cell shrinkage
suggesting apoptosis (data not shown). HeLa cells
expressing a histone H2B-eGFP fusion protein
allowed us to confirm the induction of apoptosis by
LY (Figure 5d); treatment with LY led to chromatin
condensation, which is characteristic of apoptosis.
Furthermore, flow cytometry analysis revealed a sub-
stantial increase of cells with a sub-G; DNA content
after addition of LY (Figure Se).

Discussion

The results described here demonstrate that LY induces
cellular senescence in HDFs and cell-cycle arrest in sev-
eral human and murine cell types. One requirement for
these effects of LY is the transcriptional induction of
the Cdk inhibitor p21, since p21-deficient cells are
resistant to LY-induced arrest. Furthermore, in the
absence of functional pocket proteins (pRb, p107,
p130), which are downstream effectors of p21 function,
cell-cycle arrest is converted to induction of apoptosis
in a pS3-independent manner. We assume that in this
case apoptosis is a cellular response to conflicting sig-
nals: negative signals due to LY-induced p21 and result-
ing cdk inhibition versus cell-cycle-driving signals due
to the lack of active pocket proteins, which allow high
levels of active E2F transcription factors.
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The induction of p21 is not mediated through the
DNA-damage/p53 pathway, since p53-deficient cells
also show upregulation of p21 by LY and subsequent
inhibition of cell proliferation. Many tumor cells lose
pRb function, either through mutation of pRb (37) or
through expression of viral proteins. For example, in
cervical cancer, expression of E7 by HPV16/18 leads to
inactivation of pRb (reviewed in 38). In HPV16/18-
infected cells, treatment with LY would presumably
induce apoptosis. Since LY induces p21, cell-cycle arrest,
and apoptosis in a p53-independent manner, it may
prove useful for the treatment of cancers harboring p53
mutations, which represent more than half of all
human cancers (reviewed in 39).

In order to induce senescence in early-passage cells,
we decided to inhibit the cGMP pathway, since com-
ponents of this pathway were transcriptionally sup-
pressed during senescence. For this purpose, LY was
selected, since it specifically inhibits soluble guanylate
cyclase (40). LY was first described as an inhibitor of
leukotriene release (25). Later, it was found to lower
cGMP levels by inhibiting soluble guanylate cyclase
(41). In the experiments presented here, LY was able
to mimic cellular senescence in primary HDFs and
inhibited proliferation in several cancer cell lines.
However, it is unclear whether inhibition of cGMP
generation is the only pathway by which LY achieves
its effects. It is possible that LY has additional,
unknown properties that participate in the induction
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Figure 5

Effect of LY on cells with inactivated pRb pathways. (a) Response of cell lines with lesions in the pRb pathway to LY. NIH3T3-L1 cells express-
ing SV40 large T antigen (LT3) and NIH3T3-L1 cells expressing a point mutant of SV40 large T antigen unable to bind to pRb-like proteins
(K1) were treated with 1.5 UM LY. Cell numbers were determined at the indicated time points in triplicates. (b) Morphology of NIH3T3-
L1 cells after LY treatment. Phase-contrast microscopy was performed after incubation of NIH3T3-L1-K1 (K1) and NIH3T3-L1-LT3 (LT3)
cellsin 1.5 UM LY for 3 days (magnification, X100). (c) Quantification of early stages of apoptosis. K1 and LT3 cells (control cells and cells
treated with LY for 48 hours) were subjected to double staining with anti-annexin V and Pl to discriminate living, early apoptotic, and late
apoptotic/necrotic populations and were analyzed by flow cytometry. The percentage of Pl-negative, annexin V-positive cells is shown. (d)
Induction of apoptosis by LY. Hela cells expressing a histone H2B-eGFP fusion protein (kindly provided by G. Wahl) were treated with 2
UM LY for 48 hours, and the chromatin morphology in living cells was analyzed at a wavelength of 495 nm. (e) Quantification of apopto-
sis by detection of cells with sub-G; DNA content. Hela cells were treated for 60 hours with LY. DNA content was determined after Pl stain-
ing as described in the Methods.

The Journal of Clinical Investigation | December2002 | Volume110 | Number 11 1725



1726

of cellular senescence and cell-cycle arrest. It has been
proposed that the quinone structure of LY may lead
to the generation of superoxide anions (42). However,
arecent report that used the colorectal cancer cell line
HCT116 and the isogenic p21- or p53-deficient cells
also analyzed in this study showed that reactive oxy-
gen species (ROS) generated by hyperoxic conditions
induce expression of p21 in a p53-dependent manner
(43). Furthermore, proliferation of HCT116 cells is
inhibited by hyperoxic conditions in a p21- and p53-
independent manner (43). In contrast to induction of
p21 by ROS, induction of p21 by LY was not mediated
by p53. Furthermore, inhibition of proliferation by LY
was dependent on p21. These results suggest that LY
does not act by generating ROS, which in turn medi-
ate cell-cycle arrest or senescence.

In the future, it will be important to analyze
whether LY or derived substances can be used to pre-
vent tumor growth in vivo using animal models. The
results provided in this study may serve as a basis for
further characterization and optimization of LY-
derived drugs as therapeutic agents for the treatment
of tumors. An obvious advantage of LY is its ability to
interfere with cellular proliferation and to induce
apoptosis in pRb-negative cells without inducing
DNA damage. These effects of LY are not mediated by
the Cdk inhibitor p16™NK4A which is an advantage
given the frequent inactivation of p16™k# in human
cancer. On the other hand, the p21 gene, which pre-
sumably mediates the effects of LY, has not been
reported to be inactivated in human cancer. Com-
monly used chemotherapeutic agents, like adri-
amycin, generate DNA damage and thereby selective-
ly induce apoptosis in cancer cells, which lack
cell-cycle check points (reviewed in 44). However,
DNA-damaging substances have major side effects on
proliferating tissues (45, 46) and may induce further
mutations in precancerous and healthy cells, which
lead to secondary cancer (47, 48).

The strategy used in this study — that is, identifica-
tion of pathways that are repressed during senescence
and their inhibition in tumor cells by synthetic drugs
— may also prove useful for the identification of other
inhibitors of tumor cell proliferation.

Note added in proof. Global gene expression data
recently obtained for other cell types undergoing senes-
cence, e.g., for prostate epithelial cells (49), may prove
helpful for similar approaches.
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