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WI-38 Cell Long-Term Quiescence Model System:
A Valuable Tool to Study Molecular Events
That Regulate Growth

Kenneth J. Soprano
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Abstract Anumber of cell culture model systems have been used to study the regulation of cell cycle progression
at the molecular level. In this paper we describe the WI-38 cell long-term quiescence model system. By modulating the
length of time that WI-38 cells are density arrested, it is possible to proportionately alter the length of the prereplicative
or G-1 phase which the cell traverses after growth factor stimulation in preparation for entry into DNA synthesis.
Through studies aimed at understanding the cause and molecular nature of the prolongation of the prereplicative phase,
we have determined that gene expression plays an important role in establishing growth factor “’competence’” and that
once the cell becomes ““competent’”’ there is a defined order to the molecular events that follow during the remainder of
G-1. More specifically, we have determined that the prolongation represents a delay in the ability of long term quiescent
cells to become fully ““competent” to respond to growth factors which regulate progression through G-1 into S. This
prolongation appears to occur as a result of changes during long term quiescence in the ability of immediate early G-1
specific genes (such as c-myc) to activate the expression of early G-1 specific genes (such as ornithine decarboxylase).
While ODC is the first and thus far only growth associated gene identified as a target of c-myc (and the Myc/Max protein
complex), it is likely that further studies in this model system will reveal other early G-1 growth regulatory genes. We
anticipate that future follow-up studies in this model system will provide additional valuable information about the

function of growth-regulatory genes in controlling growth factor responsiveness and cell cycle progression.
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The ultimate goal of any research that focuses
on understanding the regulation of cell growth
is the identification of bona fide growth regula-
tory genes. Since a considerable amount of evi-
dence suggests that events which occur during
the prereplicative or G-1 stage regulate mamma-
lian cell growth [for review, see Baserga, 1985;
Soprano and Cosenza, 1992], numerous labora-
tories including our own have set out to identify
and analyze the patterns of induction of a wide
variety of proto-oncogenes and growth associ-
ated genes during the prereplicative stage (G-1)
[for review, see Denhardt et al., 1987]. The most
common model system employed for such stud-
ies has been the NIH 3T3 cell, made quiescent
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by either serum deprivation or growth to high
cell density followed by stimulation with serum
or purified growth factors. While it is true that a
considerable amount of information has been
obtained about the patterns of expression of
many growth associated genes, this model sys-
tem does not permit one to easily distinguish
between growth-associated genes that are growth
regulatory and those that are merely growth
regulated. For example, a number of these genes
(e.g., c-fos and c-myc) can in fact be induced at
stages of the cell c¢ycle other than G-1 merely by
treating the cells with fresh serum. Also, such
inductions have been shown to occur even in
response to treatments that are not mitogenic
and, in some cases, actually inhibit cell prolifera-
tion. This suggests that the induction of at least
some growth associated genes may be merely a
direct consequence of the interaction of a growth
factor with its receptor and may not play an
important role in regulating growth.
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HOURS AFTER STIMULATION

Fig. 1. Kinetics of entry into DNA synthesis following pro-
longed quiescence. WI-38 cells growing on glass coverslips
were stimulated on either the 12th day after plating (A) or the
26th day after plating (A) by replacement of the culture me-
dium with complete DMEM supplemented with 10% fetal calf
serum and 3H-thymidine. At various times after stimulation,

Some time ago, we hypothesized that it might
be possible to distinguish molecular events that
are growth regulatory from those that are merely
growth regulated, if one could clearly uncouple
initial events which occur merely as a result of
the interaction of a ligand and its membrane
bound receptor from events critical for G-1 pro-
gression, entry into DNA synthesis and subse-
quently mitosis. One way in which this can be
accomplished is to examine growth-associated
gene expression in a model system in which the
length of the prereplicative (G-1) period after
serum stimulation prior to initiation of DNA
synthesis can be physiologically modulated. In
this way the induction of a growth associated
gene can be classified into one of two groups: (1)
as a response to the stimulatory process (if the
gene is induced at the same time regardiess of
when the cells enter S), or (2) as a response to
the progression of cells out of G-0, through G-1
into S (if the gene is induced at different times
that are dependent upon when the cells enter S).
The WI-38 cell long-term quiescence model sys-
tem constitutes just such a system.

WI-38 CELL LONG-TERM QUIESCENCE
MODEL SYSTEM

This model was first reported by Augenlicht
and Baserga in 1974. In the original description
of this model system, Augenlicht and Baserga
[1974] compared the lengths of the prereplica-
tive periods of cells stimulated after remaining

coverslips were harvested, fixed and processed for autoradiog-
raphy as described by Owen et al. 11987, 1989a, 1990]. The
number of labeled nuclei from at least 1,000 cells was deter-
mined per time point. The data show that Wi-38 cells main-
tained in quiescence for an additional 14 days exhibit a 10-h
prolongation of the prereplicative phase upon stimulation.

in a state of density arrest for various prolonged
periods of time. They found that the time it took
for the cells to reenter S phase (the prereplica-
tive period) increased in proportion to the length
of time in quiescence. For example, cells stimu-
lated 8-12 days after plating required 10-14 h
to enter DNA synthesis, while cells stimulated
18-25 days after plating entered S phase 20-30
h after stimulation. They demonstrated that the
prolongation of the prereplicative period was
not simply due to the depletion of the medium of
nutrients such as amino acids or vitamins since
the cells could be refed biweekly throughout the
time in quiescence with fresh medium supple-
mented with 0.3% serum without altering their
kinetics of entry into S phase. We and others
have repeated these experiments with WI-38
cells of different passage and with other strains
of normal human diploid fibroblasts as well as
concanavalin A-stimulated lymphocytes, mouse
10T1/2 cells, Swiss 3T3 cells, and monkey CV-1
cells [Gunther et al., 1974; Miska and Bosman,
1980; O’Farrell and Yanez, 1989; Owen et al.,,
1987, 1989a, 1990]. Figure 1 illustrates the dif-
ferences in the kinetics of entry into S of WI-38
cells which have remained in density-dependent
growth arrest for extended periods of time. The
only differences observed between our more re-
cent studies and those of Augenlicht and Baserga
is that while all cells exhibit a quiescence-
dependent prolongation, there is, as one might
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expect, variation in the precise time of entry into
S, depending on the age of the cells.

It should be noted that the lengthening of the
prereplicative stage with time in growth arrest
exhibited by WI-38 cells has several in vivo
counterparts [for review, see Baserga, 1985].
For example, after partial hepatectomy, hepato-
cytes from older rats take longer to enter S than
do hepatocytes from younger rats. The same
results have been reported after mitogenic stimu-
lation of salivary glands by isopreterenol treat-
ment of rats of various ages. Thus, the WI-38
cell long-term quiescence model system would
appear to offer an in vitro tissue culture system
that very closely approximates the response in
vivo of cells and tissues which exist for extended
periods of time in a nonproliferating state and
are then induced to proliferate by injury, expo-
sure to carcinogens, tumor viruses, etc.

EVENTS THAT OCCUR DURING PROLONGED
QUIESCENCE

One of the most obvious criticisms of a model
system which requires cells to remain for an
extended period of time in a growth arrested
state is that during this time the cells gradually
deteriorate and therefore do not resemble a
physiologically functioning and meaningful bio-
logical entity. However, this is not the case.
Biochemical and molecular studies have shown
that the quiescence is not a state of overall
gradual deterioration, but rather a highly vi-
able, metabolically active state. Our laboratory
previously examined a number of biochemical
and molecular parameters in WI-38 cells that
were density arrested for various lengths of time
[Ferrari et al., 1988; Owen et al., 1990]. A sum-
mary of our results is diagramed in Figure 2. We
found that at least in WI-38 cells, density-
dependent growth arrest occurs as a two stage
process. Cells density arrested for 7-10 days
{ ~ 12 days after plating) entered a state referred
to as early G-0. In early G-0, the cells stopped
bulk DNA synthesis as determined by percent-
age of cells labeled with 2H-thymidine. However,
these cells had not yet undergone any dramatic
biochemical changes with respect to RNA or
protein content compared with their actively
proliferating counterparts. In contrast, as the
cells remain in a state of density arrest for an
additional 7-10 days (20 days after plating),
they leave early G-0 and enter into late G-0.
Late G-0 cells exhibited a decrease in total cell
protein and RNA. However, the most interest-

ing finding was that while levels of proteins and
gene products commonly associated with G-1
progression decreased during late G-0 (e.g., c-
myc, p53, ODC), the levels of other proteins
such as fibronectin, collagen, and insulin recep-
tor actually increased. Clearly, long-term quies-
cent cells are still metabolically active and ex-
hibit both decreases and increases in a number
of specific biochemical and molecular processes.
Moreover, when a quiescence-associated change
in a biochemical process does occur, it happens
in a two-step fashion.

GROWTH FACTOR REQUIREMENTS:
COMPETENCE/PROGRESSION

As a first step in using this model system to
identify and understand growth regulatory
events, we set out to determine the qualitative
and quantitative growth factor requirements
necessary to stimulate G-1 progression and en-
try into S in long-term quiescent WI-38 cells
[Owen et al., 1989a]. We found that stimulation
of long- and short-term density-arrested WI-38
cells does not involve different individual growth
factors or different concentrations of the same
growth factors. The same defined medium
supplemented with EGF, IGF-1, and dexametha-
sone at the same concentrations stimulated DNA
synthesis with an efficiency and kinetics similar
to that elicited by FCS in both short- and long-
term quiescent WI-38 cells. Moreover, the use of
different growth factors or higher concentra-
tions of individual growth factors did not alter
the time required by long-term cells to enter S
after stimulation. However, the time during the
prereplicative period for which these growth fac-
tors are needed is different. Asillustrated diagra-
matically in Figure 3, we found that with ex-
tended time in density-dependent growth arrest,
WI-38 cells lose the ability to respond immedi-
ately to one or more growth factors contained in
serum (e.g., EGF and IGF-1) [Owen et al,
1989a,b]. Consequently, entry into DNA synthe-
sis is delayed by the length of time required for
the cell to become responsive. Two groups of
experiments lead us to this conclusion: those in
which serum was withdrawn at various times
after stimulation and those in which individual
growth factors were withheld for various lengths
of time at the time of stimulation. Short-term
quiescent WI-38 cells can, do and in fact must
respond either immediately or very early during
the G-0/G-1 transition to both EGF and IGF-1,
since a delay in the addition of either growth
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Fig. 2. Diagramatic representation of the properties of WI-38 cells during early (short-term or 12 day) and late

(long-term or 26-day) quiescence.

factor results in a delay in the initiation of DNA
synthesis (i.e., a prolongation of the prereplica-
tive phase). Likewise, our finding that no addi-
tional prolongation occurred in long-term quies-
cent WI-38 cells when addition of IGF-1 was
delayed up to 10 h or when addition of EGF was
delayed up to 3 h suggested that long-term qui-
escent WI-38 cells were unable to respond to
EGF during the first 3 h after stimulation and
could not respond to IGF-1 during the first 10 h
after stimulation (the length of the prolongation
of the prereplicative phase).

It is very tempting to compare these results to
the more extensively characterized mouse 3T3
competence-progression model system [Pledger
et al., 1977, 1978]. This model proposes that
growth factors contained in the platelet portion
of serum (i.e., PDGF) induce biochemical and

molecular changes that permit density-depen-
dent growth arrested 3T3 cells to become
“competent” to respond to additional growth
signals contained in the plasma portion of se-
rum (PPP, somatomedin C, or IGF-1). These
growth factors permit the ““‘progression’’ of com-
petent cells through G-1 to S. In a situation
somewhat analogous to that exhibited by WI-38
cells, the prereplicative phase can be prolonged
by delaying the time at which the cells are ex-
posed to each of the individual growth factors.
The failure of long-term quiescent WI-38 cells to
respond immediately to one or more of the
growth factors contained in fetal calf serum is
consistent with the possibility that EGF is a
competence growth factor for WI-38 cells and
that long-term quiescent cells are deficient in
their ability to respond immediately to EGF and
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Fig. 3. Diagramatic representation of the growth factor responsiveness of early (short-term or 12-day) and late

(long-term or 26-day) G-0 WI-38 cells.

become fully “competent’’ to respond to progres-
sion growth factors (i.e., IGF-1).

Most recently, we have completed studies
which show that short-term quiescent WI-38
cells bind substantially higher amounts of EGF
than long-term growth arrested WI-38 cells
[Donigan et al., 1993]. When short-term growth
arrested cells are treated with EGF, ligand binds
maximally to the cell surface receptor within 2
min of cellular contact and the EGF-receptor
complex internalizes rapidly thereafter. Long-
term growth-arrested cells, however, although
also binding ligand maximally within 2 min, do
so at much lower levels and internalize EGF-

receptor complexes more slowly. We also deter-
mined that the amount of EGF receptor re-
mains constant during long term quiesence.
Therefore, it would appear that the reduction in
EGF responsiveness that occurs during long-
term growth arrest results from a change in the
nature and/or location of the EGF receptor such
that they bind substantially less ligand and inter-
nalize what little they bind at a slower rate.
Interestingly, we have found that long-term qui-
escent WI-38 cells require approximately 3 h to
achieve internalized levels of EGF comparable
to those measured within 2 min of treatment of
short-term quiescent WI-38 cells. This is consis-
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Fig. 4. Diagramatic representation of the temporal patterns of growth-associated gene expression following growth
factor stimulation of early (short-term or 12-day) and late (long-term or 26-day) G-0 W1-38 cells.

tent with our previous finding that long-term
quiescent WI-38 cells are unable to respond to
EGF during the first 3 h after stimulation. It is
tempting to speculate that a critical level of EGF
must be bound and internalized in order to
initiate ‘‘competence,” the signal transduction
pathway which induces the molecular events
which subsequently allow the cell to respond to
“progression’’ growth factors such as IGF-1 (see
Fig. 3). It is logical to hypothesize that the
combination of events involved in competence
and those involved in progression regulate the
prereplicative phase.

MOLECULAR EVIDENCE FOR A DEFINED
ORDER OF EVENTS THAT OCCUR AS A CELL
PROGRESSES OUT OF QUIESCENCE
THROUGH G-1 INTO §

Identifying and understanding the nature of
the unique molecular events that must occur in
order for long-term quiescent WI-38 cells to
re-enter the cell cycle should provide valuable
information about the corresponding growth
regulatory events that must occur in order for
tumor formation to occur in vivo. Our labora-
tory therefore set out to map, at the molecular
level, the location of the prolongation of the

prereplicative phase exhibited by WI-38 cells
stimulated after long-term growth arrest. We
analyzed the changes in the patterns of expres-
sion of a number of representative immediate
early G-1 (c-fos, cjun, c-myc), early G-1 (orni-
thine decarboxylase, vimentin, c-ras), mid G-1
(pb3, calyclin) and late G-1/S (thymidine kinase
and histone H3) growth-associated genes [Owen
et al., 1987; Cosenza et al., 1988; Carter et al,,
1991]. As shown in Figure 4, we found that the
time of induction and/or maximal accumulation
of all the transcripts analyzed except the imme-
diate early genes (c-fos, c-jun, ¢-myc) and c-Ha-
ras was delayed by a period of time nearly equal
to the length of the prolongation of the prerepli-
cative phase. Moreover, once early G-1 growth
associated gene expression occurred (ODC and
vimentin), the pattern of expression and the
time required to progress through G-1 and enter
S was the same in all cell groups regardless of
how long they were growth arrested. We con-
cluded that the prolongation occurs at a point
closely following the induction of the immediate
early genes upon stimulation and suggested that
certain molecular events must occur in cells
stimulated after prolonged periods before early
G-1 genes become expressed. However, once
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these events occur, there do not appear to be any
additional delay points along the path to S. It is
clear from these data that, at least in this model
system, growth-associated gene expression is
temporally and coordinately regulated with re-
spect to time of entry into DNA synthesis.

If one compares these molecular data with the
previously described kinetic data following
growth factor stimulation, it is possible to imag-
ine that “competence” at the molecular level
represents the induction by competence growth
factors such as EGF of both (1) the immediate
early G-1 genes (many of which represent tran-
scription factors), and (2) the genes which the
immediate early genes regulate (some of which
may be involved in mediating membrane associ-
ated and signal transduction responses to pro-
gression growth factors such as IGF-1). Once
critical levels of these gene products are achieved,
the cell is molecularly “competent’ to respond
to the “progression’’ growth factors. This tran-
sition between competence and progression is
identified at the molecular level by the induction
of the early G-1 genes such as vimentin and
ODC. Once these genes are expressed, the time
required to complete G-1 and enter S, just like
the time between treatment of the competent
cell with the progression growth factor and the
time of entry into S is constant.

Thus, by analysis of the quiescence dependent
changes in kinetics of entry into S following
growth factor treatment and the differences in
time of growth associated gene expression as a
function of length of the prolongation of the
prereplicative phase, we have been able to pro-
vide the most definitive molecular evidence to
support a hypothesis first proposed by Hartwell
and supported at least on a theoretical basis, by
many others [see Baserga, 1985; Pardee, 1987;
Prescott, 1987; and Hartwell and Weinert, 1989,
for reviews] that there is a defined order to the
molecular events that occur as a cell progresses
out of quiescence through G-1 into S.

CONTROL POINT WITHIN G-0

Thus far, we have looked at the regulation of
cell cycle progression from the point of view of
the events which must occur upon growth factor
stimulation (i.e., competence and progression).
In fact, competence and progression have tradi-
tionally always been discussed in terms of the
stimulated cell. However, our data in the WI-38
cell model system suggest that it is also neces-
sary to discuss competence and progression in

terms of the quiescent cell. The fact that long-
term quiescent WI-38 cells, unlike short term
quiescent WI-38 cells and 3T3 cells, cannot be-
come immediately competent suggests that the
status of the cell during quiescence determines
the nature of subsequent molecular events which
must occur in order for the stimulated cells to
become competent and subsequently to progress
through G-1, synthesize DNA and divide. In
other words, the long-term quiescence WI-38
cell model shows that not all quiescent cells are
equal and therefore, the events that constitute
“competence” are also not always the same,
depending on how long the cell has been growth
arrested. This suggested that a new, previously
unidentified control point exists in long-term
quiescent WI-38 cells. This point must be tra-
versed before this defined order of G-1 specific
molecular events can be initiated (and before
G-1 progression can occur). Cells growth ar-
rested for short periods (early G-0 cells) already
have traversed this point at the time of stimula-
tion. However, in cells growth arrested for ex-
tended periods (late G-O cells), the cells are
blocked at this control point and cannot pass
through it until certain events occur, which are
necessary for the cells to be able to fully respond
to competence growth factors such as EGF. Al-
though at this time we do not know the identity
or nature of all the events that mediate passage
through this G-0 control point, one strong possi-
bility involves the release and/or activation of
EGF receptors present in long term quiescent
cells but presumably sequestered in a location
which prevents ligand binding. Additional logi-
cal possibilities would include the various sub-
strates and kinases which constitute the EGF
signal transduction pathway.

MOLECULAR NATURE OF COMPETENCE:
A ROLE FOR THE c-Myc/Max
PROTEIN COMPLEX

Once the long-term quiescent WI-38 cell has
become capable of responding to the competence
growth factor, what events occur to make the
cell “competent?”’” As discussed above, we had
previously localized the prolongation of the pre-
replicative phase to a point early in G-1, after
induction of immediate early response genes
such as c-fos, c-jun, and c-myc, but before maxi-
mal expression of early response genes such as
ornithine decarboxylase (ODC). We had also
shown that once the stimulated long term cells
pass through this prolongation or block, they
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progress through G-1 into S, with the same
kinetics as short term quiescent WI-38 cells
(Cosenza et al., 1988). We therefore reasoned
that induction of early response genes such as
ODC could be considered as a molecular marker
for passage through the prolongation or
“competence.” In addition, because ODC is the
first and apparently the rate-limiting enzyme in
the biosynthesis of polyamines, molecules which
appear to be indispensable for mammalian cell
growth, ODC is a logical representative gene for
a study such as this [for review, see Pegg, 1988;
Tabor and Tabor, 1984]. We compared changes
in the interaction of nuclear proteins with the
human ODC promoter which occur during pro-
longed quiescence as well as following stimula-
tion of short and long term quiescent WI-38
cells. Our results show that the ¢-Myc/Max pro-
tein complex can regulate human ODC expres-
sion and suggest that the activity of this protein
complex is altered during prolonged quiescence.
More specifically, we showed both in vivo and in
vitro, that ODC expression could be regulated
by the interaction of c-Myc and Max with a
CACGTG element between —491 and —474 of
the human ODC 5’ regulatory region. To our
knowledge, ODC is the first growth associated
gene shown to be regulated by the c-Myc—Max
complex. Moreover, the fact that the ODC activ-
ity is known to be essential for mammalian cell
proliferation [for review, see Pegg, 1988; Tabor
and Tabor, 1984] makes this finding even more
significant since it demonstrates a role for this
complex in regulating cell growth.

Evidence that the c-Myc/Max protein complex
plays a role in regulating the expression of the
human ODC gene during quiescence was pro-
vided by several different approaches. The first
indication of this came from the presence of a
CACGTG element within the portion of the
human ODC promoter which consistently dis-
played a specific protein—~DNA interaction with
short term quiescent nuclear extracts but not
with extracts prepared from long term quiescent
cells. This was confirmed by our finding that
pretreatment of the short term quiescent cell
extracts with antibodies to either c-Myc or Max
reduced the amount of complex formed.

We also performed studies using antisense
oligodeoxynucleotides specific to c-Myc to test
directly, in vivo, whether ODC could be a c-Myc/
Max regulated gene. We were able to dramati-
cally reduce (by ~80%) ¢-Myc mRNA and pro-
tein levels by antisense treatment. This

reduction in c¢-Myc protein was reflected in a
reduction in the amount of complex capable of
binding to the —491 to —474 CACGTG element
of the human ODC promoter and consequently,
in the steady-state level of ODC mRNA.

If reduction in c-Myc levels causes a corre-
sponding reduction in ODC expression presum-
ably via reduced human ODC promoter activity,
and if ODC is a c-Myc-Max regulated gene, it
follows that an increase in c-Myc levels should
lead to an increase in ODC promoter activity.
Transcriptional analysis involving the use of the
CAT reporter gene linked to the ODC promoter
showed this to be the case.

Finally, additional evidence that c-Myc and
Max can interact with this element in the hu-
man ODC promoter was provided by studies
with purified recombinant proteins. We showed
that purified NH, truncated c-Myc and full
length Max proteins could interact with each
other and the —491 to —474 region of the hu-
man ODC promoter. Interestingly, the type of
interaction observed was dependent on the rela-
tive concentration of each protein. With con-
stant amounts of Max and increased amounts of
c-Myc, more c-Myc:Max heterodimer and less
Max:Max homodimer formed and bound to the
probe. This provides a clue about what might
occur during quiescence. Previous studies from
our laboratory have already shown that basal
levels of c-Myc mRNA are maintained in short-
term quiescent WI-38 cells but are reduced to
below levels of detection (by RNAse protection)
in long-term quiescent cells {Owen et al., 1987,
1989b; Ferrari et al., 1988]. In contrast, Max
mRNA and protein levels have been shown to be
extremely stable in a number of model systems
[Blackwood et al., 1992]. We also have found no
change in Max mRNA levels during prolonged
quiescence or following stimulation. Although
we have not measured ¢c-Myc or Max protein
levels in our model, it is tempting to speculate
that as c-Myc levels become reduced during long
term quiescence, the amount of Myc:Max het-
erodimers decrease and the amount of Max:Max
homodimers increase. A number of reports sug-
gest that Max:Max homodimers are transcrip-
tionally inactive since Max lacks a transcrip-
tional activation domain [Blackwood et al., 1992;
Kato et al., 1992]. Thus it is possible that as the
amount of these homodimers increase during
long-term quiescence (when c-Myc levels are
low), c-Myc/Max-regulated growth-associated
gene expression (including ODC expression) in
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Fig. 5. Kinetics of entry into DNA synthesis following treat-
ment of early (short-term or 12-day) G-0 WI-38 cells with
antisense oligodeoxynucleotides specific to c-myc. Wi-38 cells
growing on glass coverslips were treated on day 11 after plating
with 10 uM of either an 18 base oligodeoxynucleotide specific
to amino acids 2—7 of human c-myc or a mismatched 18-base
oligodeoxynucleotide in which the c-myc sequence was changed
at three positions. The cells were stimulated on the 12th day
after plating by replacement of the culture medium with com-

long-term quiescent cells decreases. Conversely,
one would predict that upon stimulation of long
term quiescent WI-38 cells, c-myc levels in-
crease, c-Myc:Max heterodimer level increases,
and as a consequence, ‘‘competence genes’’ (i.e.,
genes necessary for the initiation of G-1 progres-
sion, including ODC) become expressed.

Highly provocative in vivo kinetic evidence for
this model was provided by studies which showed
that upon reduction of ¢c-Myc levels in short-
term quiescent WI-38 cells by c¢-Myc antisense
oligodeoxynucleotide treatment, a prolongation
of the prereplicative phase occurred upon serum
stimulation comparable to that observed in long
term quiescent WI-38 cells. Representative ki-
netic data from this experiment is shown in
Figure 5.

A similar model has already been proposed by
Kato et al. [1992] and Berberich and Cole [1992]
based on indirect evidence from in vitro studies
assaying the binding of recombinant proteins to
an oligomer containing an optimal binding site
for c-Myc and Max and a variety of co-transfec-
tion studies using c-Myc and Max expression
plasmids and a number of chimeric reporter
plasmids. Our data provide the first direct evi-
dence for this model, showing both regulation of
G-1 progression and transcriptional regulation
of an important growth regulated gene by the
c-Mye/Max complex.

plete DMEM supplemented with 10% fetal calf serum and
*H-thymidine. At various times after stimulation, coverslips
were harvested, fixed and processed for autoradiography as
described by Owen et al. [1987, 1989a, 1990]. The number of
labeled nuclei from at least 1,000 cells was determined per time
point. The data show that early (short-term) G-0 cells in which
c-myc levels have been reduced exhibit a prolongation of the
prereplicative phase comparable to that exhibited by late (long-
term) G-0 W1-38 cells.

CONCLUSION

We have described a unique model system to
study regulation of mammalian cell growth. By
an analysis of events that occur in this model
system at the kinetic, biochemical and molecu-
lar level, we have been able to show that regula-
tion of gene expression is intimately involved in
the process by which a cell becomes competent
to respond to growth factors and progress
through the cell cycle to synthesize DNA and
divide. While many of our observations in this
model system are similar if not identical to those
made in other model systems, the WI-38 long-
term quiescence model has provided one ex-
tremely important piece of information about
growth regulation that could not be obtained
from any of the other models. Because of the
prolonged period of time that long-term quies-
cent WI-38 cells require to become competent,
we were able to identify a target for the c-myc
gene. Although it has been known for a long
time that c-myc plays an important growth-
regulatory role, its precise function and tar-
get(s) has remained unknown. We now know,
through our studies with the WI-38 model sys-
tem, that c-myc is responsible, at least in part,
for the transcriptional activation of the ODC
gene, a gene essential for cell growth. Obviously,
c-myc has more than one target and ODC is
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regulated by more than one transcription factor.
However, the value of the WI-38 cell long term
quiescence model system as a tool for finding
these additional growth regulatory factors has
clearly been established. We anticipate that fu-
ture follow-up studies in this model system will
provide additional valuable information about
the function of growth-regulatory genes in con-
trolling cell cycle progression.
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