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sx1 Gene Overexpression Induces G1 Phase Cell Arrest
n Human Ovarian Cancer Cell Line OVCAR31
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era 48.3(normal)-348.3(embr)-30onic develop-

in malignant process (3). Especially, Hox gene expres-
sion was altered in various neoplasia including solid
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Recent evidence suggested an involvement of ho-
eobox genes in tumorigenesis. Here we investigated
hether one of homeobox-containing genes, Msx1,
ight be involved in the regulation of cell prolifera-

ion and cell cycle using Msx1 overexpressing human
varian cancer cell line, OVCAR3. Overexpression of
sx1 in OVCAR3 cells inhibited cell proliferation by
arkedly increasing the length of the G1 phase of the

ell cycle over control cells. Consistent with this re-
ult, dramatic suppression of cyclins D1, D3, E, cyclin-
ependent kinase 4, c-Jun, and Rb was observed. Ele-
ated expression of genes involved in the growth
rrest and apoptosis (GADD153 and apoptotic cystein
rotease MCH4) and suppression of proliferation
ociated protein gene (PAG) in Msx1-overexpressing
ells by cDNA expression array analysis provide fur-
her evidence for a potential repressor function of
sx1 in cell cycle progression. © 2001 Academic Press

Key Words: homeobox gene; Msx1 overexpression;
rowth arrest; human ovarian cancer cell; cell cycle;
DNA expression array.

Homeobox (Hox) genes are a family of genes contain-
ng a common nucleotide Ôequence of 180 bp, which
as first discovered in genes regulating Drosophila
evelopment. This motif codes for a 60-amino acid ho-
eodomain that forms a helix-turn-helix structure and

s in¦olved in DNA Ôequence-specific recognition
omeodomain-containing proteins function as tran-

criptional regulator that control cellular(a)-27.9(prolif
ent. Thus, alteration of homeobox genes leads to the

bnormal phenotype and cell growth (1, 2). Recent
vidence suggested that homeobox genes were involved
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[(and)-348.3(differentiation)-348.3(during)-3

umors (4, 5). Moreover various homeobox genes,
B24, Hoxb8, and HoxA1, exhibited a transforming
otential in several murine cell lines. Namely, these
omeobox genes are silent in normal cells but become
ctive in transformed cells. (6, 7).
The Msx genes, Drosophila msh-like genes, has been

dentified in various species, including mouse, frog,
hick, zebrafish, and human (8, 9). The mouse Msx1,
reviously known as Hox-7/7.1, was mapped on chro-
osome 5 and shared 94% similarity with human
SX1, especially 100% identity within the homeodo-
ain (9). High levels of Msx1 gene expression were

bserved in regions of epithelial-mesenchymal interac-
ion, such as the developing limb bud, heart, neural
ube, and molar teeth (10). Previous studies demon-
trated that altered expression of Msx1 is associated
ith a number of morphological differences and tar-
eted gene disruption of Msx1 led to severe develop-
ental abnormality (10). Msx1 deleted mice died at

arly developmental stage due to their defects of
raninofacial structures (11). A point mutation and
hromosomal deletion in Msx1 gene resulted in selec-
ive tooth agenesis and Wolf-Hirshhorn syndrome, re-
pectively, in humans (12, 13). However, the function
f Msx1 both in cell proliferation and cell cycle progres-
ion as well as the underlying molecular mechanisms
y which Msx1 regulates the target gene expression
re less well understood because its downstream target
enes are unknown.
Ovarian carcinoma is the most lethal tumor of the

emale genital tract and has no diagnostic marker and
ffective treatment so far. Our previous studies dem-
nstrated that the mRNA level of one of homeobox
enes, Msx1, was decreased in human cervical tumors
ompared with that in normal cervix (14) suggesting a
otential suppressor role of Msx1 in cervical tumors.
s an initial step to explore the critical role of Msx1
uring ovarian tumorigenesis, first, we have estab-







overexpressing cells compared to those in control cells.
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here was no change or only a slight decrease (,1.5-
old) in the levels of the following proteins; cyclins A
nd B1, CDK2, CDC25A, c-Fos, and c-Myc. Other reg-
latory proteins such as p16 and p27 were not also
hanged in these cells (data not shown). The most
alient feature was the expression pattern of cyclin E
rotein. We found more than 20-fold decrease in the
evel of cyclin E protein in Msx1-overexpressing cells
ompared to that of controls. Most of the Rb proteins
ere hyperphosphorylated in the control cells (note the
ore slowly migrating phosphorylated Rb band in Fig.

). The Msx1-overexpressing cells also displayed a
arked decrease (9-fold) in the level of the c-Jun pro-

ein in Msx1-overexpressing cells when compared to
he control cells. In contrast, protein levels of c-Myc
nd c-Fos showed no change. Taken together, overex-
ression of Msx1 gene resulted in the increase in the
ell cycle regulators involved in the G1 arrest of the cell
ycle.

omplementary DNA Expression Array Reveals the
Differential Expression of Growth Arrest and Cell
Proliferation Associated Genes in Msx1
Overexpressing Cells

To identify target genes for Msx1, total RNAs were
solated from control and Msx1 overexpressing
VCAR3 cells and used to examine the expression
atterns of 588 known genes using the Atlas cDNA
xpression Array. Each gene is represented by two
arallel dots in order to differentiate specific hybrid-
zation signal from non-specific background signal
Fig. 4). The hybridization results were summarized in
able 1. Genes with expression levels that were altered
ore than .2-fold between two cell lines were included

Table 1). Nine genes were differentially expressed in
ur analyses. Genes that showed increased expression
n Msx1-overexpressing cells are growth arrest and
NA-damage-inducible protein GADD153, 40S ribo-

omal protein S19, apoptotic cysteine protease MCH4,
nd Guanine Nucleotide-binding protein G-S (alpha
ubunit). Among them, the GADD 153 gene expression
attern was the most prominent in that there was no
ignal at all in control cells even after 3 days of expo-
ure to X-ray film. On the other hand, expression of
AG gene implicated in cell proliferation was sup-
ressed in Msx1 overexpressing cells.

ytometry. The percentage of cells within the G1, S, and G2-M phase
f the cell cycle was determined as described under Materials and
ethods. (B) Graphic representation of the percentage of cells in

ither G1 or G2-M phase at every 4 h for 48 h. Note that Msx1-
verexpressing cells progress through the G1 phase at slower rate
han control cells.
FIG. 2. Cell cycle analysis by flow cytometry of the effect of Msx1
n ovarian cancer cell line OVCAR3. (A) Distribution of the cells in
he cell cycle. Cells were synchronized and replaced by a medium
ontaining 10% FBS. Every 4 h, cells were collected, fixed, and
tained with propidium iodide. DNA contents were analyzed by flow
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TABLE 1
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ted with different leukemias (19, 20). Previous re-
orts demonstrated that major differences in HOX
ene expression were observed between renal carci-
omas and normal human kidney. For example, the
OXB5 and HOXB9 gene expressions were turned

ff whereas HOXC11gene was turned on in primary
idney tumors (reviewed in Ref. 3).
We presented evidences that overexpression of Msx1

nduced the growth arrest in the G1 phase of the cell
ycle in human ovarian cancer line OVCAR3. Although
he precise biological function of Msx1 is still unclear
t present, our findings strongly suggest a potential
ole of the Msx1 as a repressor in the cell cycle regu-
ation. We found a significant increase in cell doubling
ime and the blocking at G1 phase of the cell cycle in
sx1-overexpressing cells. As shown above, overex-

ression of Msx1 decreased the proliferation rate of
ells by increasing the length of the G1 phase without
reciprocal increase in the S and G2-M phase. Growth

nhibition by Msx1 implied a potential role for Msx1 in
ell cycle regulation. Our Western blot analysis of the
ell cycle regulators is consistent with the previous
eports showing the dramatic decrease in the expres-
ion of the cyclins D1, D3, E, CDK4, and c-Jun upon
nduction of G1 phase arrest. During passage through
1 phase, cyclin D1-associated kinase progressively
hosphorylates pRB to activate E2F activity. This in-
uces cyclin E expression that ensures a sustained
hosphorylation and inactivation of pRB during the
emaining period of G1 phase through a positive auto-
egulatory loop between pRB phosphorylation and cy-
lin E expression (21, 22). Previous studies in cancer
ell lines and tumor specimens demonstrated that
verexpression of cyclin D1 was necessary for malig-
ancy and cyclin E might be directly involved in the
rocess of tumor formation (23–25). Both c-jun and
un-B are ‘immediate early genes’ that are associated
ith cell proliferation and transformation in various

ell types including ovarian cancer cell lines (26, 27).

Summary of Differentially Expressed Genes i

Positiona Name of gene

1 40S Ribosomal protein S19
2 Heat shock 27-kDa protein 1
3 Apoptotic cystein protease MCH4
4 HDLC1 (cytoplasmic dynein light cha
5 Growth arrest and DNA-Damage-Indu
6 Guanine Nucleotide-binding protein G
7 60S Ribosomal protein L6 (DNA-bind
8 Proliferation-Associated protein PAG
9 Rantes protine T-cell specific

a A gene list is available at Clontech’s world wide web site (http://
b . ,, twofold or more increased/decreased.
1239
xpression pattern of c-jun and jun-B in renal cell
ancer tissues and cell lines, and normal kidneys sug-
ested that c-jun might have a role in inducing malig-
ant transformation (28). Increased c-jun expression
as shown to be associated with the invasive stage in

olorectal tumor formation as well as with a higher
esponse rate to chemotherapy and also with an accel-
rated acquisition of drug resistance in ovarian cancer
29). In breast cancer cells, the promoter of cyclin was
hown to be activated by c-Jun (30). Therefore, block-
ng of G1 phase progression in Msx1-overexpressing
ells might be due to the decreased expression of cyc-
ins D1 and D3, and CDK4, which might subsequently
nduce an inactivation of pRB followed by decrease in
yclin E expression.
Using a cDNA expression array, we compared the

ene expression patterns of control and Msx1-
verexpressing cell lines. Human cDNA expression ar-
ay is based on reverse Northern blot hybridization
nd simultaneously analyzed the expression pattern of
88 cellular genes that were immobilized in duplicate
nto a nylon membrane (14). These 588 genes belong to
ix functional genes, including (a) oncogenes, tumor
uppressor genes, and cell cycle regulators; (b) stress
epressor genes, ion channels and transport genes, and
ntracellular signal transduction modulators and effec-
ors; (c) apoptosis-related genes, and genes involved in
NA synthesis, DNA repair, and DNA recombination;

d) transcriptional factors and general DNA-binding
roteins; (e) receptors, cell-surface antigens and cell
dhesion; (f) cell-cell communication.
Genes showing differential expression patterns be-

ween Msx1-overexpressing cells and control cells be-
ong to the group of genes implicated in growth arrest
nd proliferation. Among the genes involved in growth
rrest and DNA damage inducing genes, expression of
he GADD153 gene was markedly elevated in Msx1-
verexpressing cells. The GADD153 gene was reported
o induce the growth arrest by blocking the cells from

ontrol and Msx1-Overexpressing Cell Lines

Caseb

Control Transfectant

,
.
,

) .
le protein GADD153 ,
(alpha subunit) ,
protein TAX) .

.

.

w.clontech.com/clontech/APR97UPD/Atlasist.html).
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poptosis pathway in a p53-independent fashion (31,
2). In contrast, the proliferation-associated protein,
AG was decreased in Msx1-overexpressing cells. Al-
hough the biological significance of these findings
eeds further study, our results suggest that altered
xpression of these genes may be related to the growth
rrest of Msx1-overexpressing cells. The targets of
sx1 protein are not known. But it has been postu-

ated that they include genes encoding extracellular
atrix proteins, adhesion molecules, and growth fac-

ors, families of genes important for development as
ell as tumorigenesis and metastasis (33). Our find-

ngs suggest that cell cycle regulator genes are poten-
ial targets of Msx1. Further investigation will be nec-
ssary to identify the Msx1-downstream target genes
nd its regulatory mechanisms.
In conclusion, our study demonstrated that overex-

ression of the homeobox gene, Msx1, suppressed cell
rowth and cell cycle progression in human ovarian
ancer cell line, OVCAR3, by regulating the expression
f key cell cycle regulators. To our knowledge, this is
he first report demonstrating that Msx1 might be a
epressor in cell proliferation and cell cycle progression
n human ovarian cancer cells.
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