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Genes that play a role in the senescent arrest of cellular replication are likely to be overexpressed in human
diploid fibroblasts (HDF) derived from subjects with Werner syndrome (WS) because these cells have a severely
curtailed replicative life span. To identify some of these genes, a cDNA library was constructed from WS HDF
after they had been serum depleted and repleted (5 days in medium containing 1% serum followed by 24 h in
medium containing 20% serum). Differential screening of 7,500 colonies revealed 102 clones that hybridized
preferentially with [32PJcDNA derived from RNA of WS cells compared with [32PJcDNA derived from normal
HDF. Cross-hybridization and partial DNA sequence determination identified 18 independent gene sequences,

9 of them known and 9 unknown. The known genes included oal(I) procollagen, a2(I) procollagen, fibronectin,
ferritin heavy chain, insulinlike growth factor-binding protein-3 (IGFBP-3), osteonectin, human tissue
plasminogen activator inhibitor type 1, thrombospondin, and aB-crystallin. The nine unknown clones included
two novel gene sequences and seven additional sequences that contained both novel segments and the Alu class
of repetitive short interspersed nuclear elements; five of these seven Alu+ clones also contained the long
interspersed nuclear element 1 (KpnI) family of repetitive elements. Northern (RNA) analysis, using the 18
sequences as probes, showed higher levels of these mRNAs in WS HDF than in normal HDF. Five selected
mRNAs studied in greater detail [al(I) procollagen, fibronectin, insulinlike growth factor-binding protein-3,
WS3-10, and WS9-14] showed higher mRNA levels in both WS and late-passage normal HDF than in early-
passage normal HDF at various intervals following serum depletion/repletion and after subculture and growth
from sparse to high-density confluent arrest. These results indicate that senescence of both WS and normal
HDF is accompanied by overexpression of similar sets of diverse genes which may play a role in the senescent
arrest of cellular replication and in the genesis of WS, normal biological aging, and attendant diseases.

Biological aging, an inevitable process in multicellular
organisms, features two sets of interdependent events: func-
tional decline and an exponential rise in the incidence of
degenerative and neoplastic diseases (27). The mechanism of
aging remains unknown, but it seems clear that the progres-
sive loss of cellular replicative capacity in many tissues is
inextricably involved (26, 27, 51, 55). Human diploid fibro-
blasts (HDF) have a limited replicative life span and provide
a valuable model for studies of replicative senescence (14,
36). Earlier studies have pursued the error catastrophe and
genetic damage hypotheses as possible mechanisms, but
little evidence has been marshalled to support these ideas.
On the other hand, the concept of a genetically programmed,
quasidifferentiative process has increasingly been invoked
for several reasons (28). First, senescence of HDF is linked
to the number of times the cell population doubles up to a
critical limit rather than to the metabolic or calendar time
(see reference 28 and references therein). Second, cell fusion
experiments involving heterokaryons, hybrid cells contain-
ing a late-passage senescent (old) nucleus and an early-
passage proliferation competent (young) nucleus in a single
cytoplasm, clearly demonstrate that the old cell has a
dominant inhibitory effect on nuclear DNA synthesis in the
young cell. Additionally, this inhibition can be abolished by
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drugs which block protein and RNA synthesis (55). Third,
microinjection of mRNA from senescent cells into young
HDF can inhibit DNA synthesis (47). Fourth, the life span of
HDF has been divided into seven stages, three mitotic and
four postmitotic, on the basis of morphology and protein
profiles identified by two-dimensional gel chromatography
(4). In total, the data support the concept that senescence of
HDF resembles cytodifferentiation and is effected via elab-
oration of one or more proteins which inhibit DNA synthe-
sis.
To pursue the concept that dominant, negative growth-

regulatory genes are expressed during HDF senescence, we
elected to study HDF from a subject with Werner syndrome
(WS), a rare inherited disorder. WS features impaired so-
matic growth, a readily discernible phenotype of premature
aging and functional decline, coupled with the early appear-
ance of a variety of severe age-related pathologies such as
atherosclerosis, malignancy, osteoporosis, soft tissue calci-
fication, insulin-resistant diabetes mellitus, lenticular cata-
racts, and skin atrophy and ulceration (22). WS HDF grow
more slowly than normal cells, develop the senescent mor-
phology earlier, and display a severe reduction in their
replicative life span compared with age-matched controls
(26, 51, 64). Because of this premature replicative senes-
cence and the dominance of WS cells in cell fusion hybrids
with young normal HDF (75; see also reference 30), we used
WS fibroblasts to construct a cDNA library with the ratio-
nale that these cells might overexpress one or more senes-
cence-specific, potentially growth-inhibitory genes which we
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could then identify more readily. Moreover, since the ge-
netic, biochemical, and metabolic consequences of many
inherited mutant genes are expressed in cultured HDF (4a),
we also reasoned that identification of any overexpressed
genes might provide valuable insights into the pathogenesis
of the WS phenotype and the diseases that accompany
normal aging. We describe here the construction of a cDNA
library from WS cells followed by the isolation and charac-
terization of a diverse array of overexpressed cDNA clones
identified by differential hybridization of this library with
total cellular cDNAs prepared from either WS or normal
HDF.

MATERIALS AND METHODS

Cell culture. HDF strain WS8, derived from skin of a
47-year-old male subject with classical WS, was used in all
experiments. These cells have a severely abbreviated repli-
cative life span of 18 mean population doublings (MPD) (29).
HDF derived from skin of a normal 56-year-old male, used
as control cells (strain J065), have a life span of46 MPD (29).
Normal cells designated as young HDF were at <20 MPD
([3H]thymidine labeling index [TLI], >90%), whereas old
HDF were at 40 to 42 MPD (TLI, .13%). Cells were
routinely propagated in Eagle's medium supplemented with
15% fetal bovine serum, without antibiotics, and used at
different MPD levels as described below.

Construction of cDNA library. WS cells at 9 MPD, i.e.,
halfway through their replicative life span (TLI, -10%),
were grown to half confluence in Eagle's medium supple-
mented with 15% fetal bovine serum. Cells were rinsed with
phosphate-buffered saline and incubated at 37°C for 5 days in
serum-depleted medium containing 1% serum, the minimum
concentration required to maintain these cells as intact
monolayers. Cells were then refed with serum-repleted
medium containing 20% fetal bovine serum and harvested 24
h later. RNA was prepared from the cells by using guanidi-
nium thiocyanate as described previously (71), passed
through two cycles of oligo(dT) chromatography to isolate
poly(A)+ mRNA, and then inserted as cDNA into a eukary-
otic expression vector (56). The quality of the cDNA library
was assessed by screening 7,200 colonies on nitrocellulose
filters with a probe derived from the 3' untranslated region of
human P-actin cDNA, a G+C-rich sequence (60). Forty-four
colonies (0.62%) were found to hybridize to the 3-actin
probe, within the range (0.5 to 1.2%) reported for ,-actin
mRNA abundance in various animal tissues. The length of
cDNA inserts was estimated on 1% agarose gels following
excision with BamHI endonuclease, and nine clones (-20%)
appeared to be full length (-1.9 kb [60]).

Differential (plus/minus) screening by colony hybridization.
The same WS poly(A)+ mRNA used in construction of the
cDNA library was used to prepare the plus probe, whereas
young normal HDF, serum depleted and repleted identically
to WS cells (see above), were used to isolate poly(A)+
mRNA for the minus probe. Radiolabeled 32P-probes were
prepared as single-stranded cDNAs by random priming of
RNA (23) or by oligo(dT) priming of RNA (34) from these
poly(A)+ mRNAs.

Bacterial strain DH5.1 was transformed with the cDNA
library and then plated and grown overnight at 37°C on
nitrocellulose filters (82-mm diameter) on LB agar plates
containing 35 ,ug of ampicillin per ml. A duplicate set of
nitrocellulose filters was prepared as lifts of each original
filter. The filters were incubated at 37°C until the size of each
clone was -1 to 1.5 mm in diameter. Colonies were lysed on

the filter, and the liberated DNA was bound (33). One
replicate filter was hybridized with the plus probe (WS
[32P]cDNA), and the other was hybridized with the minus
probe (young normal [32P]cDNA), followed by washing (11)
and exposure to Kodak GB XAR-5 film.

Isolation of overexpressed cDNA clones. Duplicate filters
were compared for intensity of colony signals. Clones ex-
hibiting clearly increased intensities of signal on the filters
hybridized with the WS probe were selected with sterile
toothpicks and dotted in arrays on fresh nitrocellulose filters.
Several clones of equal intensity were also selected and
spotted on the same filter as equally expressed standards.
Replicas of these filters were prepared for a secondary round
of plus/minus screening. Clones again exhibiting substan-
tially increased signal on WS [32P]cDNA-probed filters were
judged to be overexpressed in WS HDF.

Identification and characterization of clones. Overex-
pressed clones isolated as described above were grown in
250 ml of LB medium overnight and lysed to liberate the
DNA, which was purified by equilibrium centrifugation in
CsCl-ethidium bromide gradients (65). Approximate sizes of
cDNA inserts were measured by excision with BamHI and
resolution on 1% agarose gels. Following Southern transfer,
blots were cross-hybridized with the various cDNAs to
determine homologies. Selected cDNAs were partially se-
quenced from 5' and 3' ends, using Sequenase kit version 2.0
(United States Biochemical Co., Cleveland, Ohio), by the
dideoxy-mediated chain termination method (66). A syn-
thetic sense strand 18-mer (TCTAGGCCTGTACGGAAG)
which corresponds to the pcD-X vector, just upstream from
the cDNA insert, was used as primer for the 5' end. A
mixture of synthetic 21-mer DNAs, T20A, T20C, and T20G,
was used as a universal primer for the 3' end of cDNAs (76).
Sequence data thus derived were compared with data in the
GenBank (release 61.1) and EMBL (release 21) data bases to
seek identities or homologies to known DNA sequences (59).
Northern (RNA) blot analysis. Total RNA was prepared (8)

from multiple petri dishes of WS and control HDF at various
intervals after serum repletion or following subculture; 10-,ug
samples were run on 1.2% agarose gels containing 1.9%
formaldehyde and then blotted onto Zeta probe membranes
(Bio-Rad Laboratories, Richmond, Calif.). Prehybridization
and hybridization of Northern blots were performed as
described previously (71). Membranes were probed individ-
ually with 32P-labeled cDNA inserts prepared from the
purified plasmids. Four additional DNA probes included a
synthetic consensus sequence of the Alu class of repetitive
short interspersed nuclear elements (SINE) (38), BLUR 8, a
specific Alu sequence (16), a KpnI consensus sequence of
the long interspersed nuclear element 1 (LINE-1) class of
repetitive elements (46), and a specific KpnI sequence (69).
Autoradiographic bands were quantified within the near-
linear range of film and a model 300A laser densitometer
using ImageQuant software (Molecular Dynamics, Sunny-
vale, Calif.) and corrected as necessary for variations in
loading, using 28S rRNA visualized on negatives of ethidium
bromide-stained agarose gels photographed prior to mem-
brane transfer.

RESULTS

Preparation and screening of the WS cDNA library. We
constructed the cDNA library in a eukaryotic expression
vector (56), thus enabling direct functional assays of one or
more cDNA clones, as desired, for negative growth-regula-
tory activity (29). WS cells, the source of mRNA for library
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construction and for the plus probe, were primed by serum

depletion/repletion in a manner analogous to recent ap-

proaches used to isolate positive growth-regulatory genes

from mouse 3T3 cells (2, 45) and by extending the logic
applied in the isolation of growth arrest-specific genes (68).
We reasoned that genes playing a role in the senescent
inhibition of DNA synthesis or cell division would be ex-

pressed at constitutively high levels in WS HDF and that
these elevated levels might be further augmented following a

serum stimulus in order to override growth-stimulatory
signals. Moreover, such a serum depletion/repletion proto-
col, when applied to young normal HDF (used to prepare the
minus probe), would further reduce their levels, if any, of
such negative growth transcripts, allowing potential differ-
ences between WS and control cDNAs to stand out in bolder
relief.
The WS cDNA library, found to contain -7 x 105

recombinant clones, was screened for WS-overexpressed
gene sequences by differential hybridization. Duplicate fil-
ters were probed with either a single-stranded 32P-labeled
cDNA probe from poly(A)+ RNA of normal HDF or from
WS cells harvested 24 h after serum repletion. Hybridization
signals of the two probes were compared for each colony,
and plaques hybridizing preferentially with the WS cDNA
probe were picked as presumptive WS-overexpressed gene

sequences. A total of 7,500 colonies were screened in two
stages: an initial screen of 2,300 clones to determine the
magnitude and nature of overexpressed clones, followed by
a second stage of screening 5,200 clones. Thus, cDNA
clones isolated and characterized in the first stage were used
as hybridization probes at high stringency to ascertain ho-
mologous clones identified in the second stage. After both
stages of screening, each involving two rounds of hybridiza-
tion, 102 clones were deemed to be overexpressed.

Identification of cDNA clones containing distinct overex-

pressed gene sequences by cross-hybridization and partial
DNA sequencing. To ascertain the number of distinctive
cDNA species represented among the 102 clones, cDNA
inserts were tested for sequence homology to one another by
cross-hybridization. Recombinant clones showing cross-hy-
bridization after high-stringency washes, i.e., in buffer
equivalent to 0.6x SSC (11) at 65°C, were judged to be
derived from identical mRNAs. At least one representative
of each cross-hybridizing group plus the other single isolates
of cDNA were analyzed by partial DNA sequence determi-
nations totaling 300 to 400 bp at the 5' and 3' ends, and the
results were compared with data in the GenBank and EMBL
data bases. Table 1 summarizes the identities and abun-
dances of all cDNAs within the total of 102 clones, along
with the sizes of the corresponding RNA transcripts. The
clones are classified into two major groups according to
whether their identities were known (i.e., .95% homology
to DNA sequences entered in the GenBank and EMBL data
bases) or unknown (c50% homology to known sequences).
On this basis, the 92 known clones could be reduced to nine
distinct gene sequences, whereas an additional nine re-
mained unknown. The latter clones could be further resolved
into two groups: three clones that appeared to represent two
distinct and novel gene sequences and a group of seven

clones, each with unique and novel 5' and 3' ends, that also
contained Alu repeat sequences of the SINE family. The
latter group of seven all hybridized to a 32P-labeled Alu
consensus DNA probe (38), to the specific BLUR 8 probe
(16), and to each other. Additionally, when these Alu-
containing sequences were probed against Southern blots of
human genomic DNA, a heterodisperse smear was seen (not

TABLE 1. Identity, abundance, and corresponding RNA
transcripts of individual cDNAs among 102 WS cDNA clones'

cDNA Abundance Approx size ofcorresponding RNA (kb)

Known
al(I) procollagen 21 7.5, 5.8
a2(I) procollagen 21 5.6, 4.5
Fibronectin 19 8.0
Ferritin heavy chain 12 1.3
IGFBP-3 9 2.5
Osteonectin 7 4.0, 2.8
PAI 1 1 4.4, 2.9
Thrombospondin 1 7.2, 5.0
aB-crystallin 1 0.9-1.4

Unknown
WS3-10 2 1.5
WS9-14 1 4.2
WS3-13b 1 >23, 0.3
WS9_9b 1 >23, 0.3
WS19-7c 1 >23, 0.3
WS19-9c 1 >23, 0.3
WS19-15c 1 >23, 0.3
WS6-7c 1 >23, 4.7
WS11-12c 1 2.4

a Each cDNA insert was labeled with 32P and hybridized to the other
cDNAs and/or partially sequenced at the 5' and 3' ends. Cross-hybridization
or sequence identity was taken as evidence that the cDNAs were derived from
the same mRNA species. Underlined RNA species represent novel transcripts
not previously reported.

b Contains Alu sequences.
c Contains both Alu and LINE-1 sequences.

shown). Five of the seven Alu-containing clones also hybrid-
ized to a consensus LINE-1 repeat sequence probe (46) and
a specific LINE-1 sequence probe (KpnI) (69).

Northern analysis of overexpressed cDNAs. To confirm that
overexpression in fact occurs at the RNA level and to
acertain the sizes and numbers of RNA transcripts for each
cDNA, we carried out Northern analysis of young normal
and WS RNAs, with normalization of RNA loads and gel
transfers for 28S rRNA (Fig. 1). Among the various clones,
a wide range of WS RNA overexpression was seen, includ-
ing ratios of 1.5-fold [oa2(1) procollagen, lower band], almost
3-fold (ferritin heavy chain and thrombospondin, upper
band), 85-fold [al(I) procollagen, upper band], 132-fold
(WS3-10), 723-fold (tissue plasminogen inhibitor type 1 [PAI
1], upper band), and >1,000-fold [PAI 1, lower band, and
a2(I) procollagen, upper band]. In general, mRNA bands
agreed with previously published sizes and numbers, but in
certain cases, additional higher-molecular-weight bands
were evident in our analysis, likely due to tissue- and
cell-specific variants or population polymorphisms not pre-
viously reported. Specifically, probing with osteonectin
cDNA revealed a 4.0-kb band, probing with PAI 1 cDNA
revealed a 4.4-kb RNA band, and probing with thrombo-
spondin cDNA revealed a 7.2-kb band. caB-crystallin cDNA
gave an apparent smear from -0.9 to 1.4 kb, most of which
appeared overexpressed in WS cells.
Among the seven unknown clones containing Alu repeats,

three distinctive RNA patterns were observed. Six Alu+
clones, including four that also hybridized to the LINE-1
sequence probe, showed a >23-kb band that was substan-
tially overexpressed in WS cells (e.g., -18-fold for WS3-13
and -3-fold for WS19-7); all but one of these also hybridized
to a 0.3-kb band that was moderately overexpressed (-1.5-
to 2-fold) in WS versus normal cells (Table 1 and Fig. 1). The
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FIG. 1. Northern analysis of RNA transcripts in WS fibroblasts and normal young fibroblasts. Replicate lanes of WS (W) and normal (N)
cellular total RNA (10 ,ug per lane) were prepared from cells first exposed to serum-depleted medium (1% serum) for 5 days and then repleted
for 24 h with regular growth medium (15% serum). RNAs were run along with an RNA size ladder on agarose-formaldehyde gels and
transferred to nylon filters, which were then cut into replicate strips each containing three lanes, corresponding to normal and WS RNAs and
the size ladder. Individual strips were probed with each of the cDNAs as indicated. al, al(I) procollagen; a2, a2(I) procollagen; FN,
fibronectin; FHC, ferritin heavy chain; BP-3, insulinlike growth factor-binding protein-3; ON, osteonectin; PAI 1, human tissue plasminogen
activator inhibitor type 1; TSP, thrombospondin; aB-C, aB-crystallin. Other abbreviations have WS prefix as in Table 1. High-molecular-
weight bands in WS3-13, WS19-7, and WS6-7 are >23 kb, whereas low-molecular-weight bands in WS3-13 and WS19-7 are 300 bases. Even
loading, quantitative transfer, and integrity of RNA for two strips representative of all replicate strips are shown as bands hybridizing to a

DNA probe specific for 28S rRNA (22a).

high-molecular-weight band was unlikely to be DNA be-
cause it persisted after RNA samples were digested with
RNase-free DNase. Moreover, when electrophoresis was
carried out for longer periods, Northern analysis revealed a
heterodisperse smear of high-molecular-weight RNA species
which were cumulatively overexpressed in WS cells (not
shown). The 0.3-kb bands, but not the >23-kb bands,
disappeared after RNA samples were subjected to oligo(dT)
chromatography. One of the Alu- and LINE-1-containing
cDNAs (WS6-7) gave a Northern pattern with the >23-kb
band and a second band of 4.7 kb, whereas clone WS11-12
gave a single band of 2.4 kb.

Kinetic analysis of WS-overexpressed mRNAs following
serum depletion/repletion and following subculture in WS and
normal cells at early and late passage. To extend the obser-
vations in Fig. 1, we determined the kinetic profiles for five
differentially expressed RNA transcripts in WS cells, in the
early-passage (young) normal HDF, and also in the same
normal cells at late passage (old). These five sequences were
chosen because al(I) procollagen, fibronectin, and insulin-
like growth factor-binding protein 3 (IGFBP-3) were repre-
sentative of highly overexpressed known sequences identi-
fied early in our screening as multiple, independent cDNA
isolates, whereas WS3-10 and WS9-14 were unknown se-
quences which gave simple banding patterns on Northern
analysis (Table 1 and Fig. 1). We isolated total RNA from
HDF following 5 days of serum depletion and at intervals up
to 48 h following serum repletion (Fig. 2A) and at several
intervals following subculture and proliferation from sparse

to confluent and superconfluent cultures up to 15 days (Fig.
2B). Following Northern analysis, we carried out densito-
metric scanning of autoradiograms (Fig. 3). In the serum

depletion/repletion experiments (Fig. 2A and 3A), with the
exception of fibronectin in WS cells at 0.5 h, mRNA levels
were consistently higher in old and WS cells than in young
cells, at ratios of overexpression ranging from 2- to .100-
fold. Patterns differed for the five mRNAs in old and WS
cells; both cell types tended to exhibit peak mRNA levels
after 5 days of serum depletion (0 time) or at early times after
serum repletion, but the levels remained relatively high
throughout the 48 h. The mRNAs for fibronectin, IGFBP-3,
and WS9-14 (WS cells only) appeared to rise at 48 h. Young
cells showed relatively flat profiles for each mRNA except
for al(I) procollagen and fibronectin, which rose to peak
levels at 48 h.

Analysis of mRNA profiles following subculture (Fig. 2B
and 3B) revealed that al(I) procollagen and fibronectin
mRNAs were at clearly higher levels in WS cells only at days
6 to 15, whereas IGFBP-3 mRNA was at higher levels in WS
cells at days 6 to 15 and in old cells throughout the 15 days
relative to young cells. The two other gene sequences,
WS3-10 and WS9-14, were expressed at higher levels in WS
and old cells than in young cells across the growth cycle
from sparse to superconfluent cultures. Temporal profiles for
each mRNA in all three cell types following subculture
generally started low, tending to rise as cells approached
confluence (days 4 to 6); mRNA levels then either fell or

leveled off toward superconfluence (IGFBP-3, WS3-10, and
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FIG. 2. Northern analysis of five mRNAs in WS and normal
young and old fibroblasts. Cells exposed to serum-depleted medium
for 5 days were repleted with regular growth medium (A) or
subcultured into regular growth medium (B). Total cellular RNA
was isolated at the intervals shown, fractionated on agarose-form-
aldehyde gels, transferred to nylon membranes, and hybridized to
each of the five 32P-labeled cDNA inserts. The cDNA used to detect
al(I) procollagen was homologous to a region at the 3' end of the
mRNA specific for the larger (7.5-kb) transcript. Gels stained with
ethidium bromide were photographed before transfer to demon-
strate equivalent sample loading and RNA integrity asjudged by 28S
rRNA bands (28SE). Autoradiographs of RNA bands on blots
probed with 28S rDNA (28SA) demonstrate even transfer and
relatively constant expression. RNA was not available for young
cells at 30 min in panel A. For abbreviations, see legend to Fig. 1.

WS9-14) or continued to rise in WS cells to day 15 [al(I)
procollagen, fibronectin, and WS9-14].

DISCUSSION

In an attempt to define the molecular genetic basis of
replicative senescence of HDF, we have isolated and begun
to characterize a diverse constellation of overexpressed
clones from a WS cDNA library. Many of the known cDNA
clones identified here encode proteins that are secreted by
cells and either represent important components of the
extracellular matrix (ECM) or are closely associated with it.

These include al(I) procollagen, a2(I) procollagen, fibronec-
tin, osteonectin, PAI 1, and thrombospondin. IGFBP-3 is
also secreted into the extracellular fluid and plasma, but it is
still unclear whether it associates with the ECM (12, 52). In
contrast, the proteins for ferritin heavy chain (5) and aB-
crystallin (19, 40) are believed to reside primarily if not
exclusively inside the cell.
That several genes encoding ECM proteins are overex-

pressed during replicative senescence is of great interest.
Strong inverse relationships between expression of one or
more of these genes and cellular proliferation have been
reported in a variety of systems undergoing the growth arrest
that accompanies differentiation or high-density contact in-
hibition, including osteoblasts (72), endothelial cells (48),
myoblasts (61), chondroblasts (78), fibroblasts (57), and
smooth muscle cells (73). Indeed, production of fibronectin
and collagen, essential ECM elements involved in develop-
ment, cell adhesion, blood clotting, and maintenance and
repair of virtually all tissues, is often coordinately linked, as
appeared to be the case here (Fig. 3). Moreover, each of
these molecules has a specific binding site for the other, as
well as for fibrin, heparin, glycosaminoglycans, proteogly-
cans, and thrombospondin (54, 62). Our visualization of two
major mRNA species on Northern analysis for both al(I)
and a2(I) procollagen is consistent with earlier reports and is
explained by the presence of two different transcriptional
stop sites at the 3' end of these genes (10, 18). Although as
many as 20 different species of fibronectin mRNA may exist
as a result of combinatorial splicing of the initial RNA
transcript, these cannot be readily distinguished on the basis
of molecular weight alone (35). In any case, our data agree
with a recent report in which fibronectin cDNA was isolated
from a library derived from senescent neonatal foreskin
HDF and confirmed to be overexpressed by Northern anal-
ysis of RNA from these cells compared with their young
counterparts (42). However, we did not identify any clones
in this study related to pSEN (25a), a senescence-specific
cDNA whose cognate RNA is overexpressed in old WI-38
cells, HDF derived from fetal lung; sequencing of the
-1.3-kb pSEN reveals a large segment homologous to
elongation factor Ia plus a small novel segment (25a).
Thrombospondin, a large multifunctional protein released

from activated platelets and other cells, binds to components
of the cell surface and ECM. Its various actions include
modulation of the formation and lysis of fibrin and growth
regulation. Indeed, thrombospondin is inversely correlated
with growth not only via a direct action on the proliferating
cell (54) but also via inhibition of angiogenesis (32). The
reported size of thrombospondin mRNA in endothelial cells
is 5.8 kb, although a smaller species, perhaps corresponding
to our 5.0-kb transcript, has also been reported (54). How-
ever, the presence of a 7.2-kb RNA transcript appears to be
unique to our study.
The gene for osteonectin, also known as SPARC, is highly

expressed at both the mRNA and protein levels in bone and
a wide variety of adult and embryonic tissues, in particular
those involved in ECM assembly and remodeling (37). High
expression also occurs in mouse embryonic parietal endo-
derm cells and mouse F9 teratocarcinoma cells in which
differentiation to parietal endoderm has been induced by
retinoic acid and cyclic AMP (53). In view of the osteonectin
overexpression described here in WS cells, it warrants
emphasis that osteonectin can inhibit entry of endothelial
cells into S phase (24a). Furthermore, as the major noncol-
lagenous protein in bone, osteonectin binds to hydroxyapa-
tite and collagen and may thus play a role in regulating bone
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FIG. 3. Densitometric analysis of five mRNAs overexpressed in WS (A) and normal young (0) and old (0) fibroblasts. Autoradiograms
of the Northern blots shown in Fig. 2A and B were scanned by laser densitometry, to produce panels A and B, respectively. For each mRNA,
the highest-density band among the three cell types was normalized to represent 100%.

mineralization, perhaps in part through the presence of two
calcium-binding sites (21). Thus, overexpression of os-
teonectin and thrombospondin, an ECM protein with multi-
ple calcium-binding sites, may not only be involved in
senescent inihibition of cell growth but may also relate to
two other prominent clinical features of WS: severe os-
teoporosis and widespread soft tissue and vascular calcifi-
cation (22, 26).
PAI 1, a serine protease inhibitor, is involved in regulating

fibrinolysis, by maintaining the balance between plasmino-
gen activation and inhibition (25). The protein is encoded in
a 12.2-kb gene which can produce two mRNAs of 3.0 and 2.2
kb in endothelial cells (63). Our finding, therefore, of a 4.4-kb
transcript in addition to the 3.0-kb species suggests that the
former is an incompletely spliced pre-mRNA or an aberrant
transcript. Overexpression of thrombospondin and PAI 1,
combined with extremely high levels of the procoagulant
tissue factor, found in WS HDF (31), can readily be imagined
to lead to hypercoagulability and thrombosis and, in concert
with other ECM components such as fibronectin and colla-
gen, to play a role in atherogenesis (44). Conversely, the
genes for fibronectin, otl(I) and a2(I) collagen, and human
PAI 1 appear to be repressed in several transformed and
malignant cells (1, 67), particularly those actively undergoing
invasion and metastasis (81). Since WS cells feature chro-
mosomal instability (64) and high rates of genetic mutability
(24) and recombination (7), it is possible that loss of function
or loss of expression of one or more of these ECM genes and
other genes which normally regulate cell proliferation could
lead to the high tumor incidence in this disorder (22, 26).
IGFBP-3 binds insulinlike growth factor I (IGF-I) and

IGF-II with high affinity in human plasma (52) and displays a
variable effect on growth of HDF. When coincubated with
IGF-I, IGFBP-3 inhibits IGF-I-stimulated DNA synthesis of
HDF, whereas when preincubated with these cells prior to
addition of IGF-I, DNA synthesis is augmented (12, 17).
IGF-I receptor number and affinity remain essentially un-
changed in old compared with young HDF, although old
cells became unresponsive to IGF-I and other growth factors

(13). The intriguing possibility that high levels of IGFBP-3 in
the extracellular fluid of senescent cells limit the bioavail-
ability of IGF-I is currently under investigation in our
laboratory.

Overexpression of the gene for ferritin heavy chain and
accumulation of its protein product have been reported in
terminally differentiating HL60 cells (15). Perhaps in these
cells and in senescent HDF, high ferritin concentrations
sequester iron such that it becomes limiting for cell growth.
The aB-crystallin protein is abundant in lens, although

low-level expression of this gene at both the RNA and
protein levels has been demonstrated in a variety of extra-
lenticular tissues and cultured glial cells, in which it may
serve in a structural or enzymatic role (19, 40). Elevated
expression has also been reported in scrapie-infected brain
(20) and in the brains of subjects with Alexander's disease
(40). We have no knowledge of aB-crystallin expression in
WS brain or other WS tissues, but our detection of a smear
of RNA between 0.9 and 1.4 kb, most of which is overex-
pressed in WS HDF, is consistent with previous findings (19,
40). Indeed, a recent report indicates that a variety of
transcriptional initiation sites can account for this mRNA
microheterogeneity (39). In any case, it is tempting to
speculate that the aB-crystallin overexpression in HDF
derived from WS skin is somehow related to the precocious
appearance of cataracts in the WS lens (22, 26).
We emphasize that further analysis is needed for each

overexpressed gene sequence to verify that commensurate
overexpression occurs at the protein level. Several reports
indicate that a dichotomy may exist in senescent HDF
between the steady-state level of a given mRNA and syn-
thesis of its cognate protein (see references 13 and 28 and
references therein), thus implying disregulation at the trans-
lational level. Indeed, reduced collagen synthesis has been
reported in old compared with young WI-38 cells (58) and in
early-passage gingival HDF from old donors compared with
young donors (41), whereas no difference was found be-
tween young and old foreskin HDF in the level of endoge-
nously produced fibronectin accumulating in the medium
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(49). Nonetheless, consonant with our results of high colla-
gen mRNA levels in skin-derived WS HDF, increased col-
lagen synthesis has been reported for other strains of WS
skin fibroblasts (3, 74). Moreover, we have found overpro-
duction of IGFBP-3 by radioimmunoassay of conditioned
medium of old normal and WS HDF compared with young
HDF (28a).

It is noteworthy that levels of hyaluronic acid, an abun-
dant glycosoaminoglycan often associated with collagen in
the ECM, are also increased in WS fibroblasts, and this
increase is associated with excessive urinary excretion of
hyaluronic acid in WS subjects (6). Similar derangements of
hyaluronic acid metabolism occur in HDF and urine of
subjects with the Hutchinson-Gilford (progeria) syndrome of
premature aging (a disorder genetically and phenotypically
distinct from WS [26]) and as a function of chronological age
in normal persons (6). It is also of interest that increased
production of fibronectin and collagen has been reported in
HDF from a child with progeria (50). These reports, taken
together with the present findings, indicate that aging is
accompanied by alterations in several components of the
ECM, which are accelerated or exaggerated during prema-
ture aging.

Little information is available with respect to the func-
tional significance of overexpressed RNA sequences con-
taining the Alu and LINE-1 repeat sequences. The differing
band patterns obtained on Northern analysis of these
cDNAs (Table 1 and Fig. 1) can be explained by the
relatedness but nonidentity of Alu and LINE-1 family mem-
bers plus the unique sequences present at the 5' and 3' ends
of each of these seven clones. It is emphasized that con-
struction of the cDNA library and Northern analyses were
carried out with total (i.e., nuclear and cytoplasmic) RNA
preparations, which include heterogeneous nuclear RNA
(15, 38, 43). The large heterodisperse RNAs that we identi-
fied, therefore, would appear to contain multiple heteroge-
neous nuclear RNAs, each containing Alu or LINE-1 ele-
ments homologous to our cDNA probes. The Alu-related
7SL RNA is a -300-nucleotide component of the signal
recognition particle (77), a ribonucleoprotein complex in-
volved in cotranslational insertion of signal sequence-con-
taining nascent polypeptides into the endoplasmic reticulum
(79). The small RNA species (0.3 kb) that we detect as
moderately overexpressed in WS compared with normal
cells on probing with our Alu sequence-containing clones
would thus appear to be the 7SL RNA. Induction of other
Alu-containing mRNA transcripts, however, has been re-
ported in the cytoplasm of terminally differentiating HL60
cells (15) and in human thymocytes following human immu-
nodeficiency virus infection (43). Alu transcripts have also
been invoked as a mechanism for repression of the embry-
onic r-globin gene (80). In short, the significance of Alu-
containing RNA sequences in human biology remains un-
known, but a speculative role has been fashioned for such
repetitive elements in regulation, via both RNA-RNA and
RNA-protein interactions, of cellular proliferation and ter-
minal differentiation (38).
LINE-1 elements comprise a family of long repetitive,

interspersed, often truncated sequences that originated as
retrotransposons and are found in all mammalian genomes
(70). Although their role is still unclear, some of these
elements appear to represent functional genes and pseu-
dogenes, whereas others may modulate expression of neigh-
boring genes (46).

This study was undertaken as an initial survey to find
overexpressed cDNAs corresponding to RNA transcripts

present at relatively high abundance in WS HDF. That both
WS and old normal HDF overexpress the five genes studied
here in detail indicates that this phenomenon is not unique to
WS but rather is a more general feature of HDF senescence.
Because the low-level expression of novel genes WS3-10 and
WS9-14 is evident in young cells, it cannot be construed as
absolutely senescence specific, although the small admixture
of senescent cells present in early-passage HDF cultures
could account for this picture (28, 55). Clearly, however,
collagen, fibronectin, and IGFBP-3 genes are expressed by
young HDF in these and many other studies in vitro, just as
they are expressed in vivo by fibroblasts and several addi-
tional cell types through life. In any case, the senescence-
dependent overexpression of these five genes differs from
expression of the six growth arrest-specific genes isolated
from a cDNA library of serum-depleted NIH 3T3 cells (68).
Whereas mRNA levels of our genes tend to fall in the first
few hours following serum repletion, they generally rebound
and are maintained at relatively high levels in WS and old
normal cells up to 48 h, in contrast to all six growth
arrest-specific gene transcripts, which reach a nadir between
3 and 6 h after serum repletion (68). As yet, we have no data
bearing directly on the antiproliferative potential of these
five gene sequences, but persistent overexpression would be
expected for genes causally involved in HDF senescence.

In summary, we have identified a diverse constellation of
gene sequences that are overexpressed during the premature
replicative senescence of WS fibroblasts. That five of these
genes are also generally overexpressed in senescent normal
HDF bolsters the concept that HDF senescence in vitro is
related to cellular senescence in vivo, including its concom-
itants of functional decline and the emergence of degenera-
tive and neoplastic diseases (26, 28). Among the 18 overex-
pressed genes identified here, two (WS3-10 and WS9-14)
appear to be entirely novel and seven appear to be partially
novel. Overexpression in senescent HDF of several gene
sequences, whose proteins form the ECM [al(I) and a2(I)
procollagens, fibronectin, osteonectin, PAI 1, and thrombo-
spondin], along with overexpression of IGFBP-3, ferritin
heavy-chain, and Alu-containing genes, all of which have the
potential to inhibit DNA synthesis and cell growth, is
consistent with the notion that HDF senescence is a form of
terminal differentiation. The simultaneous overexpression of
such genes also offers an explanation for the stunted somatic
growth seen in WS and the defective tissue repair observed
in WS and in many aging normal persons. Further studies
should determine the precise role of these varied sequences,
acting singly and in concert, in the mechanism of HDF
senescence, of biological aging, and of age-dependent pa-
thology.
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ADDENDUM IN PROOF

A recent report indicates that aB-crystallin is a member of
the class of small, heat shock proteins that accumulate under
stress conditions (R. Klemenz, E. Frohli, R. H. Steinger, R.
Schafer, and A. Aoyama, Proc. Natl. Acad. Sci. USA
88:3652-3656, 1991).
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