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Abstract

The mechanism governing cell quiescence remainsto be elucidated, albeit sometumor suppressor
genes are known to be involved in this process. |f more genes belonging to thisregulatory circuit are
identified, we will have a better understanding on cell quiescence. For this purpose, the present study
was designed to clone genes preferentially expressed in cell quiescence. Using the method of differential
display, we cloned ras-recision gene (rrg), also known as lysyl oxidase gene (lox), from BALB/c 3T3T
cells, which were rendered quiescent by serum deprivation. Northern blot analysis showed that the
induction of rrg/lox gene could be detected as early as 12 h following serum deprivation and it was
dramatically elevated from 24 hours on after serum starvation. Induction of rrg/lox was also obser ved
in cellsrendered quiescent by contact inhibition, indicating that rrg/lox isinduced by cell quiescencein
general rather than specific to serum deprivation. Because rrg/lox gene products are known to be
involved in extracellular matrix maturation, and function as tumor suppressors against ras oncogene,
our finding suggests that quiescence-associated cell physiology is partly mediated by induction of rrg/lox.
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I ntroduction

Quiescent cells are in the nonproliferative state,
yet preserve the potential to reinitiate cell cycle. The
quiescent cells serve as reserve cells that can either
proliferate to replenish cell population or differentiate
to acquire new phenotype. Although it may be
debatable whether cell quiescence induced by serum-
deprivation or contact-inhibition is “out-of-cycle” or
can be defined as an arrested point in the G1 phase (8),
it has been reported that approximately 3% of the
MRNASs expressed in the quiescent cells were not
present in the proliferating cells (41).

So far, at least 40 quiescence-specific genes

have been identified (1, 5, 11, 18, 23, 28, 31, 39, 40,
44). Some of these genes appear to be important in
regulating cell proliferation. For example, EQ-1
(mouse homolog of human dermatopontin), a
quiescence-inducible gene, could induce cell arrest
after being transfected into cells (39), suggesting that
EQ-1 may play arole of autoregulation for growth
inhibition. Similarly, decorin could be induced by
cell quiescence (23) and, when overexpressed, could
also inhibit proliferation of Chinese hamster ovary
cells (42) by blocking the activity of transforming
growth factor (43). In addition, the colon carcinoma
cells lost their transformed phenotypes, such as
tumorigenecity, after being stably transfected with an
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exogenous decorin-expressing gene (30).

Although how these quiescence-specific genes
are induced in the environmental cue remains largely
unknown, transcriptional regulatory control is
involved in some quiescence-inducible genes, such as
SV40 viral early promoter (38). The fact that there
are genes induced by cell quiescence indicates that it
is an active process when cells exit from the cycle into
the reversible growth arrest state. The demonstration
of tumor suppressor activity in some of these quiescent
genes, such as decorin, has made this kind of study
attractive and, therefore, prompted us to search for
other genes that are induced by cell quiescence.

Materials and M ethods
Cell Cultures

3T3T cells are nontransformed mesenchymal
stem cells derived from A31 BALB/c 3T3 cells (36).
Stock cellswere cultured at low density in Dulbecco’s
modified Eagle’ s medium (DMEM; Sigma, St. Louis,
MO, USA) containing 10% bovine serum (HyClone,
Logan, UT, USA). Cells were incubated in a
humidified 5% CO, incubator at 37°C. Medium was
changed three times weekly and stock cells were
passed once a week at 1:20 with 0.1% trypsin and 1
mM ethylenediaminetetra-acetic acid (EDTA) in
phosphate-buffered saline lacking divalent-cations.
Tests for mycoplasma were routinely negative
throughout the entire experiment.

The general protocol of the cell culture was
similar to the procedures described previously (36).
In brief, serum deprivation-induced quiescence was
achieved by culture of cells in DMEM containing
0.5% bovine serum for 3 days. Contact-inhibited
quiescent cells were prepared by culture of post-
confluent cells in 10% serum-containing DMEM.
Determination of the quiescent state of cultured cells
was performed by standard *H-thymidine incorporation
assays to measure DNA synthesis.

Differential Display Procedure

Total RNA was extracted according to previously
described procedure (37). RNAs isolated from the
serum-deprived quiescent cells and from the
exponentially proliferating cells were subjected to
the method of differential display according to the
manusfacture’ s protocols (GenHunter Co., Nashivelle,
TN, USA). A set of anchored primers, oligo-dT of 13
nucleotides (T11M; M represents A, C, or G.) was
used for reverse transcription. The cDNAs were then
PCR-amplified by adding an arbitrary primer of 10
nucleotides of defined sequence to the reverse
transcriptase mixture along with Taq polymerase.

The randomly amplified cDNASs were resolved by a
denaturing polyacrylamide gel electrophoresis. DNA
fragments that were present in the quiescent cells and
absent in the exponentially proliferating cells were
determined by inspecting the suitably exposed films.
The selected bands were then eluted from the gel and
re-amplified.

Northern Blot Analysis

For Northern blot analyses, 30 g total cell RNA
were denatured and fractionated electrophoretically
using a 1.2% agarose gel containing 3% formal dehyde,
and then transferred by blotting to nitrocellulose
filters. Blots were prehybridized for 24 h at 42°C
with 5 x standard saline citrate (SSC), 5 x Denhardt’s
solution, 25 mM potassium phosphate, 50%
formamide, and 100 pg/ml denatured salmon sperm
DNA. Hybridization was carried out overnight at 42°C
in the same solution containing *P-labeled DNA
probes. The DNA probesfor rrg/lox, B-actin, tubulin,
and GAPDH (American Type Cell Culture Collection)
were labeled by using a standard nick translation
procedure according to the manufacture’ sinstructions
(New England Nuclear, Du Pont Co., Boston, MA,
USA). Blots were washed with two changes of 1 x
sodium chloride-SSC/0.1% sodium dodecy! sulfate
(SDS) for 15 min, followed by a final wash in 0.25 x
SSC/0.1% SDSfor 10 min at room temperature. After
the final wash, the filters were autoradiographed with
intensifying screens at -70°C.

Results

Identification of the Quiescence-Specific Genes by
Differential Display

Murine 3T3T cells exponentially proliferate at
low cell density when the culture medium contains
adequate growth factors, such as 10% serum. 3T3T
cells become quiescent when the culture medium
contains serum less than 0.5% regardless of the cell
density, a phenomenon referred to serum deprivation
or serum starvation. 3T3T cells can also become
quiescent after the cell density reaches confluence for
3 days even though the culture medium contains
abundant growth factors, a culture condition namely
contact inhibition.

The serum-deprived quiescent 3T3T cells
confirmed by *H-thymidine incorporation were used
to clone the quiescence-specific genes. Total RNAs
isolated from actively proliferating cells and serum-
deprived (0.5% calf serum for 72 h) quiescent cells
were subjected to PCR differential display. Ten
PCR-products were verified to be relatively specific
to quiescent cells (Fig. 1a). These quiescence-specific
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Fig. 1. Identification of ras-recision gene from the serum-deprived cells by the differentia display. (a) This polyacrylamide gel shows
theclone-33 (arrow) preferentially expressed in quiescent cells. (b) The partial cDNA sequences of the clone-33 reveal 98% (144/

146) identity to ras recision gene (rrg).
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Fig. 2. The kinetics of lysyl oxidase expression after serum
deprivation. Northern analysis shows a marked induc-
tion therrg/lox expression during thefirst 12 h following
serum deprivation, whereas the expression of tubulin
(internal control) remains unchanged.

PCR-products were eluted from the gel for re-
amplification and then sequenced. The clone-33 was
found to be identical to ras-recision gene (rrg) or
lysyl oxidase gene (lox) analyzed by “Blasting”
comparison with NCBI/B\GenBank (Fig. 1b).

Modulation of rrg/lox Expression Following Serum
Deprivation and Contact Inhibition

To further characterize the effects of serum
deprivation on the expression of rrg/lox, Northern
blot analyses were performed to measure the
expression levelsin cells at various time points during
the course of serum deprivation. Asshown intheFig.
2, the rrg/lox was barely expressed in cells at the
proliferating phase but was dramatically induced by
serum deprivation for 24 h. The clone-33 hybridized

Cont. S.D. Rest. C.l.

rrgllog

lane 1 2 3 4

Fig. 3. The expression of lysyl oxidase gene following serum
restimulation or contact inhibition. Filters containing
RNAs isolated from proliferating cells (lane 1), serum-
deprived quiescent cells (lane 2), quiescent cells follow-
ing 24 h restimulation by medium containing 10% calf
serum (lane 3), and cells rendered quiescent by contact
inhibition (lane 4) were hybridized with the clone-33
probe.

with two mRNAs at 4.5 and 5.5 kbs. Such a doublet
was also found in the previously published study (20)
and was due to alternate polyadenylation signals (13).

On the contrary, the rrg/lox gene expressed
quiescent 3T3T cells were restimulated by changing
medium to 10% serum containing DMEM. Following
stimulation for 24 h, the cells were harvested for
RNAs isolation. The Northern blot analysis showed
that the expression of rrg/lox in the reactivated
quiescent cells declined to the same levels as that of
proliferating cells (Fig. 3).

Because rrg/lox was cloned from cells rendered
quiescent by serum deprivation, it was intriguing to
examine if the rrg/lox could be induced by other
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means without serum deprivation. For this purpose,
we examined the rrg/lox level in contact-inhibited
quiescent cells, and the results showed that rrg/lox
expression was also induced in contact-inhibited cells
to the level equivalent to that of the serum-deprived
cells (Fig. 3). Because cell quiescence mediated by
contact inhibition occurs in the presence of sufficient
serum, the rrg/lox gene expression is induced by cell
guiescence rather than serum deprivation.

Discussion

In this study, we used the differential display
technique to clone quiescent genes from BALB/c
3T3T cells and thereby rediscovered rrg/lox, which is
known to convey tumor suppressor effect on ras
oncogene.

Lysyl oxidase (protein-lysine 6-oxidase, EC
1.4.3.13) is a secreted copper-containing amine
oxidase that catalyzes the oxidative deamination of
hydroxylysine and peptidy! lysine in tropocollagen
and tropoelastin (16). It generates aldehyde residues
that spontaneously undergo condensation, converting
the soluble monomers into insoluble fibers in the
extracellular matrix. Cross-linking of these
deaminated lysine residues is critical for the stability
of the extracellular matrix. Therefore, LOX isessential
to maintain the connective tissue protein, and a
deficiency in LOX activity has been reported in
patients with Menkes syndrome, X-linked Cutis Laxa,
and Ehlers-Danlos syndrome (32). In contrast,
increased LOX activity is related to organ fibrosis
(24, 33). Thedistribution of LOX in normal tissue has
been reported in aorta, lung, vascular smooth muscle,
placenta, and prostate (9, 20, 29, 35). Although LOX
is known to be an extracellular protein, some
observations have shown that processed LOX is also
localized within the cells and nucleus (6, 22, 26). In
addition, lox was found to be highly expressed in
smooth muscle cellsand fairly expressed in fibroblasts,
vascular endothelium, keratinocytes, myofibroblasts,
and myoepithelial cells (14, 27, 33, 34).

The inhibitory effect of rrg/lox on cell
proliferation is consistent with its association with
the tumor suppression. For examples, LOX activity is
significantly reduced in the culture medium of a
number of malignant cell lines (21) and in cells
transformed by ras oncogene (17). The decreased
activity of LOX in malignant cells was due to
diminished transcription of the rrg/lox gene by DNA
methylation (4). From aclinical point of view, the
absence of LOX favored the stromal invasion by
breast cancer cells, whereas LOX produced by
myofibroblasts resulted in a scar-like barrier around
the in situ and invasive ductal breast carcinoma (27).
In addition, loss of rrg/lox expression was observed

during the progression of primary prostate carcinoma
to metastasized tumor (29).

LOX was first purified more than two decades
ago (15, 25). The gene encoding this enzyme was
initially cloned from the rat aorta (35) and then
repeatedly cloned from a number of laboratories for
different purposes. First, lox had been reported as a
tumor suppressor gene for three times (3, 12, 19). It
was first recloned from cells that were initially
transformed by ras oncogene and then reverted to
non-transformed state following along-term treatment
of interferon (3). Theterm rrg was coined by Friedman
et al. for itsinhibition on the neoplastic transformation
induced by ras oncogene (3, 17). Along the same
line, this gene was verified from revertants of ras-
transformed NIH 3T3 cells following azatyrosine
treatment (19), and also from spontaneous revertants
of H-ras-transformed rat fibroblasts (12). A silence
of the rrg/lox expression in normal rat kidney
fibroblast cells by antisense method made these cells
neoplastically transformed and associated with
constitutive activation of ras proto-oncogene (10).

On the other hand, rrg/lox was identified to
involvein the negatively regul ated process of adipocyte
differentiation (7). In that study, the expression of the
rrg/lox gene was found to be enhanced in 3T3-L1
preadipocytes following the treatment of retinoid acid,
an inhibitor of adipocyte differentiation. It was,
therefore, suggested that the down-regulation of rrg/
lox was prerequisite for adipocyte differentiation.
Recently, this gene was recloned from murine fetal
lungs following dexamethasone treatment, indicating
that dexamethasone enhances rrg/lox gene expression
(2). Surprisingly, the rrg/lox gene was verified to be
highly expressed in quiescent cells in this study.

It is intriguing that rrg/lox gene has been
repetitively discovered in different experimental
approaches in the last 15 years. The common
characteristics among these studies appeared to be
cell quiescence or slow growing, i.e., flat cellsreverted
from ras-transformation (3, 12, 19), growth-arrested
cells prior to adipocyte differentiation (7), mature
lung cells following dexamethasone stimulation (2),
or non-proliferating cells following contact inhibition
or growth factor deprivation. Taken together these
results, rrg/lox product may play akey function leading
to cell quiescence.

In summary, rrg/lox is a multifunctional protein
involving the extracellular matrix maturation, tumor
suppression, adipocyte differentiation, and cell
quiescence control.
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