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Homeobox genes control developmental patterning
and are increasingly being found to be deregulated in
tumors. The DLX4 homeobox gene maps to the
17q21.3-q22 region that is amplified in some epithe-
lial ovarian cancers. Because amplification of this re-
gion correlates with poor prognosis, we investigated
whether DLX4 overexpression contributes to aggres-
sive behavior of this disease. DLX4 was not detected in
normal ovary and cystadenomas, whereas its expres-
sion in ovarian carcinomas was strongly associated
with high tumor grade and advanced disease stage.
Overexpression of DLX4 in ovarian cancer cells pro-
moted growth in low serum and colony formation.
Imaging of mice bearing intraperitoneal tumors re-
vealed that DLX4 overexpression substantially in-
creased tumor burden. Tumors that overexpressed
DLX4 were more vascularized than vector-control tu-
mors. Conditioned medium of DLX4-overexpressing
tumor cells was more effective than medium condi-
tioned by vector-control cells in stimulating endothe-
lial cell growth. These observations were associated
with the ability of DLX4 to induce expression of vas-
cular endothelial growth factor as well as intracellular
and secreted isoforms of fibroblast growth factor-2.
Moreover, increased levels of these fibroblast growth
factor-2 isoforms induced vascular endothelial
growth factor expression in tumor cells. This study
reveals a novel role for a homeobox gene in ovarian
tumorigenicity by its induction of a proangiogenic,
growth-stimulatory molecular program. (Am J Pathol

2007, 170:1594–1606; DOI: 10.2353/ajpath.2007.061025)

Homeobox genes constitute an evolutionarily conserved
superfamily of genes that play essential roles in control-
ling cell differentiation and morphogenesis during embry-
onic development.1 Members of this gene superfamily
encode transcription factors and have been increasingly
reported to be up- or down-regulated in a variety of
cancers.2,3 Although the functional significance of many
of these genes to tumor progression has yet to be de-
fined, recent studies indicate that their aberrant expres-
sion promotes self-renewal, cell proliferation, and surviv-
al.2,3 For example, HOXA5 regulates the p53 promoter
and its expression is lost in �60% of breast cancers.4 On
the other hand, overexpression of SIX1 in breast cancers
induces cyclin A1 and deregulates cell cycle control.5

Various mechanisms give rise to aberrant homeobox
gene expression in tumors. NKX3.1 maps to a region that
frequently undergoes loss of heterozygosity in prostate
intraepithelial neoplasia and prostate cancers, and
NKX3.1 loss is thought to be an important initiating event
in prostate neoplasia.6,7 Loss of expression of HOXA5 in
breast cancers and of HOXA10 in endometrial cancers
has been attributed to promoter methylation.4,8 Deregu-
lation of many homeobox genes in leukemias is attribut-
able to chromosomal translocations.3 Very few reports
attribute overexpression of homeobox genes in solid tu-
mors to gene amplification. One notable example is am-
plifications within the 17q21-q22 region that occur in
�10% of breast and ovarian cancers and are associated
with poor prognosis.9–11 This region contains the HOXB
gene cluster. HOXB7 and HOXB13 are members of this
cluster and are overexpressed in breast and ovarian
cancers.12–15 HOXB13 has been reported to promote
invasiveness of breast and ovarian epithelial cells.13,14
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HOXB7 also promotes invasive behavior of breast cancer
cells15 and growth of ovarian epithelial cells.12

DLX4 is a member of the DLX family of mammalian
homeobox genes that are related to the Drosophila gene
Distal-less. The DLX4 gene (also reported as DLX7, DLX8,
and BP1) is not expressed in most normal adult tissues and
maps to the 17q21.3-q22 region adjacent to the HOXB gene
cluster.16–18 Because of the significance of this chromo-
somal hot-spot to the pathobiology of epithelial ovarian can-
cer, we investigated whether DLX4 is aberrantly expressed
in ovarian cancer and contributes to the aggressive behav-
ior of this disease. Our studies indicate that overexpression
of DLX4 in ovarian cancers is strongly associated with high
tumor grade and advanced disease stage. Our findings
reveal a surprising role of DLX4 in promoting ovarian tumor
progression by its control of a proangiogenic molecular
program involving fibroblast growth factor-2 (FGF-2) and
vascular endothelial growth factor (VEGF).

Materials and Methods

Cell Lines

Sources of ovarian cancer cell lines were as follows:
OVCAR-3, SKOV3, and MDAH 2774 (American Type Cul-
ture Collection, Rockville, MD); ES-2 (Patrice Morin, Na-
tional Institute on Aging, Baltimore, MD); A2780, HEY,
DOV13, OVCA420, OVCAR-8, and CAOV3 (Gordon Mills,
M.D. Anderson Cancer Center, Houston, TX); and 2008
(Zahid Siddik, M.D. Anderson Cancer Center). Nontu-
morigenic ovarian surface epithelial cell lines IOSE-29
and IOSE-80 were provided by Nelly Auersperg (Univer-
sity of British Columbia, Vancouver, BC, Canada). Immor-
talized endothelial cells were derived from ovaries of
H-2Kb-tsA58 mice as previously described.19

Plasmids

A BP1 cDNA clone20 that contains the coding region of
human DLX4 (GenBank BC016145) was provided by Pa-
tricia Berg (George Washington University, Washington,
DC). We subcloned this cDNA into the pIRES-EGFP2
vector (BD Biosciences Clontech, Palo Alto, CA) to gen-
erate the pIRES-EGFP2-DLX4 plasmid. cDNAs encoding
wild-type, high-molecular weight (HMW) and low-molec-
ular weight (LMW) isoforms of FGF-221 were provided by
Natalina Quarto (Stanford University, Stanford, CA) and
subcloned into the pIRES-EGFP2 vector.

Tissue Specimens

Frozen tissue specimens were obtained from the Gyne-
cologic Tumor Bank at the M.D. Anderson Cancer Cen-
ter. Tissue microarrays were constructed from core biop-
sies of paraffin-embedded specimens of normal, benign,
and malignant ovarian tissues using a Beecher Instru-
ments (Silver Spring, MD) tissue arrayer. Use of specimens
was approved by the institutional review board. Cases in-
cluded normal ovarian tissues (n � 11), benign ovarian
cystadenomas (n � 18), borderline ovarian tumors (n � 20),

low-grade ovarian carcinomas (n � 13), and high-grade
ovarian carcinomas (n � 19). Histopathological analysis of
hematoxylin and eosin (H&E)-stained slides from paraffin
blocks of each case was performed by two gynecological
pathologists (J.L., D.R.). For each case, two separate core
biopsies were taken from blocks that were representative of
the tumor grade as a whole.

Immunohistochemical Staining and Analysis

Staining with DLX4 antibody (Ab) (A-20; Santa Cruz Bio-
technology, Santa Cruz, CA) (1:100) was detected with
streptavidin-peroxidase (DAKO, Carpinteria, CA). Per-
centage of epithelial cells showing nuclear staining was
determined in two separate microscopic fields for each
tissue core viewed at �200 magnification. Each field
contained a minimum of 500 epithelial cells. An average
percentage of epithelial cells with positively stained nu-
clei was calculated for core biopsies of each case. His-
topathological diagnosis of specimens was performed
independently of immunohistochemical analysis to elim-
inate bias in scoring staining. Sections of tumor tissues
collected from mice were stained with H&E and with Abs
to DLX4, CD31 (Pharmingen, San Diego, CA) (1:50), and
CD34 (MEC14.7; Abcam, Cambridge, MA) (1:50). Mi-
crovessel density was determined by initially screening sec-
tions stained with Abs to CD31 and CD34 for regions within
the tumor parenchyma of highest vascularity under low-
power magnification. Within these regions, the number of
vessels, viewed under high-power magnification, was
counted within five separate 0.4-mm2 fields in each section.

Tumor Cell Culture and Transfection

A2780 and ES-2 cells were cultured in RPMI 1640 and
McCoy’s 5A medium, respectively (Invitrogen, Carlsbad,
CA). Media were supplemented with 10% fetal bovine
serum (FBS), 2 mmol/L L-glutamine, and penicillin-strep-
tomycin. A2780 and ES-2 cells were stably transfected
with the pIRES-EGFP2-DLX4 plasmid and with empty
pIRES-EGFP2 vector using FuGENE6 reagent (Roche,
Indianapolis, IN). Stably transfected A2780 and ES-2
clones, derived from single colonies, were selected by
G418 (400 �g/ml) (Invitrogen) and assayed for ectopic
DLX4 expression by reverse transcriptase-polymerase
chain reaction (RT-PCR) and Western blot as described
below. FGF-2 cDNAs were transfected into A2780 and
ES-2 cells using FuGENE6 and transiently expressed for
2 days. In other experiments, cells were treated with
recombinant human FGF-2 (rhFGF-2) (R&D Systems,
Minneapolis, MN) at final concentrations of 0, 1, 10, and
100 ng/ml and with neutralizing FGF-2 Ab (AB-233-NA;
Sigma, St. Louis, MO) at 10 �g/ml for 2 days.

Small Interfering RNA (siRNA) Knockdown

Sequences of DLX4 and negative control siRNA oli-
gomers (synthesized by Qiagen-Xeragon, Germantown,
MD) were the same as used by other investigators22 and
were as follows: DLX4 siRNA: 5�-GCUCCUGAAGCA-
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GAAUUCUdTdT-3�; negative control siRNA: 5�-CAGUU-
AGAGGAGAAAAAGGdTdT-3�. One hundred thousand
cells were seeded per well in six-well plates and allowed
to adhere overnight. Cells were transfected with oli-
gomers at a final concentration of 100 nmol/L using Oli-
gofectamine reagent (Invitrogen). Transfections were re-
peated at 24 hours thereafter. Lysates were prepared
from cells that were collected at 48 hours after the sec-
ond transfection and analyzed by Western blot. As con-
trols, cells were treated with transfection reagent and no
siRNA (mock-transfected).

Proliferation, Colony Formation, and Terminal
dUTP Nick-End Labeling (TUNEL) Assays

Tumor cell proliferation was measured by using the
3-(4,5-dimethylthiazolyl-2)-2,5-diphenyltetrazolium bro-
mide (MTT) assay (Roche). One thousand cells were
seeded per well in 96-well plates. Optical density at 570
nm after MTT addition was measured daily throughout the
3-day time course. For growth factor dependence as-
says, cells were plated in 10-mm dishes and cultured in
media containing 10% or 0.1% FBS. At 3 days thereafter,
cells were fixed in 70% ethanol, and the extent of apo-
ptosis was determined by flow cytometric analysis of
TUNEL staining using the APO-BRDU kit (Phoenix Flow
Systems, San Diego, CA). TUNEL-staining was also per-
formed on cells treated with cisplatin (Bristol-Myers Squibb,
Princeton, NJ) at a final concentration of 3 �mol/L. For
colony formation assays, 1 � 104 cells were plated in
35-mm dishes containing 0.3% agarose. Number of colo-
nies �100 �m in diameter were counted at 3 weeks after
plating. Each assay was performed in triplicate.

Endothelial Cell Growth Assays

To generate tumor cell-conditioned medium, 2 � 105

cells of transfected ovarian cancer lines were seeded per
well in 2 ml of medium containing 2.5% FBS in six-well
plates. Culture supernatants were collected at 24 hours
thereafter, and volumes normalized according to the
number of tumor cells counted in each dish at the time of
medium collection (ie, 1 ml of medium equivalent to 1 �
105 tumor cells). Mouse ovarian-derived endothelial cells
were cultured as previously described.19 Two thousand
endothelial cells were seeded per well in 96-well plates in
medium containing 5% FBS. At 24 hours thereafter, me-
dium was replaced with tumor cell-conditioned medium.
Endothelial cell proliferation was measured daily through-
out a 3-day time course by MTT assay.

RT-PCR

Total RNA was isolated from cultured cells and tissues
using Trizol reagent (Invitrogen). Reverse transcription of
1 �g of DNase I-treated total RNA was performed using
Superscript II reverse transcriptase (Invitrogen) in a re-
action volume of 20 �l. One �l of the RT reaction was
used for amplification using platinum TaqDNA polymer-

ase (Invitrogen). Primers for detecting RT products of
DLX4, VEGF, and actin were as follows: DLX4: 5�-GTA
TGGCCACCTCCTGTCTT-3� (sense), 5�-GAGTAGATG-
GTCCTCGGCTT-3� (anti-sense); VEGF: 5�-TCGGGC-
CTCCGAAACCATGA-3� (sense); 5�-CCTGGTGAGAGA-
TCTGGT TC-3� (anti-sense); and actin: 5�-ATGATATCG-
CCGCGCTCG-3�(sense), 5�-CGCTCGGTGAGGATCTT-
CA-3� (anti-sense). Amplification was performed as
follows: 2-minute hot-start at 94°C, denaturation at 94°C
for 1 minute, annealing at 55°C for 1 minute, and exten-
sion at 72°C for 1 minute for 28 cycles for VEGF and 25
cycles for actin. For detecting DLX4 RT products, amplifica-
tion conditions were as follows: 2-minute hot-start at 94°C,
denaturation at 94°C for 1 minute, annealing at 60°C for 1
minute, and extension at 72°C for 1.5 minutes for 28 cycles.
Titrations were performed to ensure a linear range of am-
plification. Southern blot analysis of RT-PCR products was
performed by using 32P-labeled actin cDNA (BD Bio-
sciences Clontech) and a fragment containing the first 279
bp of coding sequences that are unique to DLX4.

Western Blot and Enzyme-Linked
Immunosorbent Assay (ELISA)

Cell lysates were prepared by using M-PER buffer
(Pierce, Rockford, IL). Equal amounts of protein (20 �g
per lane) were separated by sodium dodecyl sulfate-
polyacrylamide gel electrophoresis and transferred to
polyvinylidene difluoride membranes (Amersham Phar-
macia Biotech, Piscataway, NJ). All of the primary Abs
were used at 1:1000 dilution: DLX4 (clone 1F11; Abnova
Corporation, Taipei, Taiwan), actin (AC-15; Sigma),
FGF-2 (FB-8; Sigma). Secondary Abs were obtained from
Bio-Rad (Hercules, CA). Levels of human VEGF and
FGF-2 in culture supernatants, cell lysates, and ascitic fluid
were assayed by ELISA (R&D Systems). For assaying levels
of growth factors in cultured cells, 1 � 105 cells were plated
per well in 2 ml of culture medium in six-well plates. Culture
supernatants were collected at 24, 48, or 72 hours thereaf-
ter. Total cellular protein content was determined by Brad-
ford assay. Levels of growth factor present in culture super-
natants and in cell lysates as measured by ELISA were
normalized according to the total cellular protein content. All
assays were performed in triplicate.

Propagation of Tumors in Nude Mice

Animal studies were approved by the institutional animal
care and use committee. For subcutaneous inoculation, five
4-week-old female nude mice per group were inoculated at
one site on the right flank with 3 � 106 cells of each trans-
fected A2780 line. Volumes of subcutaneous tumors were
calculated from two perpendicular measurements of tumor
diameters taken using calipers. For intraperitoneal inocula-
tion, five mice per group were inoculated at one site on the
lower abdomen with 3 � 106 cells of each A2780 line and
with 1 � 106 cells of each ES-2 line. At 18 days thereafter,
mice were sacrificed by CO2 asphyxiation. Volume of as-
cites was measured and ascitic fluid collected by centrifu-
gation. Green fluorescent protein (GFP)-expressing tumors
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in the abdomen of sacrificed mice were visualized under a
MZML III fluorescence stereomicroscope equipped with
mercury lamp power supply and GFP filter set (Leica, Ban-
nockburn, IL). Tumor burden was quantified by measuring
areas of fluorescence signals within the abdominal cavity in
captured images by using Image Pro Plus 5.0 software
(Media Cybernetics, Silver Spring, MD).

Statistical Analysis

Data were analyzed using STATISTICA6 software (Stat-
Soft Inc., Tulsa, OK). Statistical significance of differ-
ences in percentage of cells with DLX4-positive nuclei
between groups of normal, benign, and malignant cases
was calculated by the Mann-Whitney U-test. Correlations
were determined using Spearman regression analysis.
Statistical significance of differences in cell growth, col-

ony formation, tumor volume, and growth factor levels
between vector-control and DLX4-transfected cells was
calculated by the Student’s t-test. P values �0.05 were
considered not significant.

Results

DLX4 Expression in Epithelial Ovarian Cancers
Is Associated with Aggressive Tumor Behavior

We examined whether DLX4 is aberrantly expressed in
ovarian cancers by performing immunohistochemical
analysis of tissue microarrays of clinical specimens.
Little or no DLX4 staining was detected in normal ovar-
ian surface epithelium and in cystadenomas (Figure
1A). As compared with normal ovarian surface epithe-

Figure 1. DLX4 expression in normal ovary and epithelial ovarian tumors. A: Representative examples of immunohistochemical staining of DLX4 in specimens
of normal ovary (i), cystadenoma (ii), borderline tumor (iii), and low-grade (iv) and high-grade (v) ovarian carcinomas. B: Summary of DLX4 staining in clinical
specimens. An average percentage of epithelial cells with DLX4-positive nuclear staining was determined for tissue cores of each case. Each symbol represents
an individual case. Statistical significance of differences in percentage of DLX4-positive cells between the indicated groups of cases was calculated by the
Mann-Whitney U-test. P values �0.05 were considered not significant (n.s.). C: Southern blot analysis of DLX4 RT-PCR products in specimens of borderline tumor
(lanes 1 and 2), low-grade ovarian carcinoma (lanes 3 to 5), high-grade ovarian carcinoma (lanes 6 to 8), nontumorigenic ovarian surface epithelial cell lines
(lanes 10 to 12), and ovarian cancer cell lines (lanes 9 and 13 to 23). D: Detection of DLX4 protein by Western blot in the same tissue specimens and cell lines
analyzed by RT-PCR in C. Detection of actin RT-PCR products and protein were included as controls. Scale bar � 50 �m.
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lium and benign cysts, a significance increase (P �
0.01) in the percentage of epithelial cells with nuclear
staining of DLX4 was observed in borderline tumors
(Figure 1B). These tumors are distinguished from ovar-
ian carcinomas by their lack of stromal invasion. All of
the borderline tumor cases examined in this study (n �
20) were confined to the ovaries (stage I). Percentage
of cells with DLX4-positive nuclei was significantly
higher in low-grade carcinomas compared with bor-
derline tumors (P � 0.01), and higher in high-grade
carcinomas than in low-grade carcinomas (P � 0.001).
In all cases, DLX4 expression in tumors was restricted
to the epithelia (Figure 1A). Levels of DLX4 expression
in several tissue specimens were confirmed by semi-
quantitative RT-PCR analysis (Figure 1C). DLX4 ex-
pression was not detected by RT-PCR in nontumori-
genic ovarian surface epithelial cell lines and was
detected at various levels in ovarian cancer cell lines
(Figure 1C). Levels of DLX4 expression in tissue spec-
imens and in cell lines were also confirmed by Western
blot analysis and were found to be very similar to the
levels that were detected by RT-PCR (Figure 1D).

DLX4 expression in ovarian carcinoma cases was ana-
lyzed in terms of clinical parameters. The percentage of
DLX4-positive cells in tumors of patients who developed
ascites was significantly higher than for patients without
ascites (P � 0.002). The average overall survival time of
patients with tumors that had extensive DLX4 expression
(�50% of cells with nuclear staining) was markedly shorter
than for patients with tumors that had only focal DLX4 ex-
pression (Table 1). The poorer survival and higher fre-
quency of ascites in patients with tumors that had extensive
DLX4 expression could be related to these patients having
more clinically advanced disease (Table 1). Indeed, the
percentage of DLX4-positive cells in tumors was found to
strongly correlate with the stage of disease (R � �0.72),
raising the possibility that DLX4 might play a significant role
in promoting ovarian tumor progression.

Growth-Promoting Properties of DLX4 in
Ovarian Cancer Cells

Of the ovarian cancer cell lines screened by RT-PCR
and by Western blot, A2780 was only one of two

lines that expressed little or no DLX4 (Figure 1, C and
D). We therefore used A2780 as a model line to deter-
mine the effects of DLX4 on tumor cell growth. Clones
were isolated from single colonies of A2780 cells that
were stably transfected with DLX4 cDNA cloned into
the pIRES-EGFP2 vector and with empty vector. MTT
assays revealed that growth of DLX4-transfected
A2780 clones was significantly enhanced compared
with vector-control cells (P � 0.001) (Figure 2A). En-
forced expression of DLX4 also significantly increased
colony formation in soft agar (Figure 2B). When cul-
tured under low-serum conditions, vector-control cells
underwent extensive cell death as observed by light
microscopy and by TUNEL staining (Figure 2, C and
D). In contrast, little cell death was observed in cul-
tures of DLX4-transfected cells under low-serum con-
ditions (Figure 2, C and D). However, the susceptibility
of DLX4-transfected cells to cisplatin-induced death
was very similar to that of vector-control cells (Figure
2D). This indicates that DLX4 promotes survival of tu-
mor cells under conditions of growth factor deprivation
but does not protect cells from other forms of cell
death.

The ability of DLX4 to promote tumor growth was
confirmed in mouse xenograft models. As shown in
Figure 3A, growth rates of tumors that formed in female
nude mice inoculated subcutaneously with cells of
DLX4-transfected A2780 lines were significantly higher
than growth rates of subcutaneous tumors that formed
after inoculation with equivalent numbers of vector-
control cells (P � 0.005). Sections of tumor tissues
were stained with DLX4 Ab to confirm that enforced
DLX4 expression was maintained in tumors (Figure 3B).
We also determined the ability of DLX4 to promote
progression of tumors propagated intraperitoneally in
mice by visualizing GFP-expressing tumors under a
fluorescence stereoscope (Figure 3C) and quantifying
tumor burden by measuring areas of fluorescence sig-
nals within the abdominal cavity (Figure 3D). The total
tumor burden in mice inoculated intraperitoneally with
DLX4-expressing A2780 cells was markedly greater
than in mice inoculated with equivalent numbers of
vector-control cells (Figure 3C, compare ii with i). In
particular, tumor involvement of the omentum was
more extensive in mice with DLX4-expressing tumors
than in mice with vector-control tumors (Figure 3Cii).
The ability of DLX4 to promote tumor progression was
confirmed by using additional models that were gen-
erated by stably transfecting the ES-2 ovarian cancer
cell line with DLX4 and with empty vector. Fluores-
cence imaging revealed substantially greater tumor
burden, particularly throughout the mesentery, in
mice inoculated with DLX4-transfected ES-2 cells
than in mice inoculated with equivalent numbers of
vector-control cells (Figure 3C, compare iv with iii). In
addition, ascites formation was greater in mice inocu-
lated with DLX4-transfected ES-2 cells than in mice
inoculated with vector-control cells (P � 0.02) (Figure
3E).

Table 1. Association of DLX4 Expression in Ovarian
Carcinomas with Clinical Features

% DLX4�

nuclei
No. of
cases

Cases
with

ascites*

Disease stage† Overall
survival

(months)I II III IV

�5 2 0/2 2 0 0 0 117 	 41
6 to 25 7 0/7 3 0 4 0 58 	 31
26 to 50 8 1/8 1 2 4 1 36 	 14
�50 15 10/15 1 0 9 5 18 	 16

Includes all low- and high-grade carcinoma cases in Figure 1B.
Excludes borderline tumors.

*Significance of difference in percentage of tumor cells with DLX4�

nuclei between patients with ascites versus patients without ascites as
determined by Mann-Whitney U-test; P � 0.002.

†Correlation between percentage of tumor cells with DLX4� nuclei
and disease stage R � �0.72, as determined by Spearman regression
analysis; P � 0.01.
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DLX4 Expression in Ovarian Cancer Cells Leads
to Increased Endothelial Cell Growth

Histopathological examination of tissues collected from host
mice revealed that tumors that formed from vector-control
A2780 cells were poorly vascularized and contained exten-
sive necrosis (Figure 4Ai). In contrast, tumors that formed
from A2780 cells that stably expressed DLX4 were well
vascularized (Figure 4Aii). We confirmed these findings by
determining microvessel density in A2780 cell line-derived
tumors stained with Abs to CD31 and CD34 (Figure 4B). In
addition, microvessel density was determined in tumors that
derived from vector-control and DLX4-overexpressing ES-2
cell lines (Figure 4C). Microvessel density was determined
within subcutaneous tumors and nodules attached to the
peritoneal lining of the abdominal cavity wall because ves-
sels within these tumors would be more likely to represent
tumor-associated vessels, whereas tumors attached to the
broad ligament, mesentery, and omentum might also in-
volve normal vessels of these tissues. Microvessel density
in tumors that derived from A2780 and ES-2 lines that over-
expressed DLX4 was approximately threefold higher than in
tumors that derived from the respective vector-control lines
(Figure 4, B and C).

To determine whether DLX4-expressing tumor cells re-
lease factors that stimulate endothelial cell growth, we com-
pared the ability of conditioned media collected from empty
vector- and DLX4-transfected ovarian cancer cell lines to
stimulate growth of endothelial cells. To minimize the effect
of DLX4 on tumor cell proliferation, conditioned medium was
collected from transfected cells at 1 day after seeding when
little difference in tumor cell proliferation was observed and
volumes were normalized to reflect equivalent numbers of
tumor cells at the time of medium collection (ie, 1 ml of
medium equivalent to 1 � 105 tumor cells). Conditioned

medium of DLX4-transfected A2780 cells was more effec-
tive than conditioned medium of vector-control A2780 cells
in stimulating proliferation of mouse ovarian-derived endo-
thelial cells (Figure 4Di). The stimulatory effect on endothe-
lial cell growth of conditioned medium of DLX4-transfected
tumor cells was confirmed using the ES-2 model cell lines
(Figure 4Dii).

DLX4 Induces Expression of VEGF

Because overexpression of DLX4 in ovarian cancer cells
led to increases in endothelial cell growth and microves-
sel density within tumors, we investigated whether DLX4
induces expression of VEGF. Levels of VEGF in culture
supernatants of DLX4-expressing A2780 cells were
threefold higher than that of vector-control cells (Figure
5Ai). A similar induction in VEGF levels by DLX4 was
observed in ES-2 cells (Figure 5Aii). Because VEGF lev-
els in culture supernatants were normalized to the total
cellular protein content, we can exclude the possibility
that the increased VEGF level in culture supernatants of
DLX4-transfected cells was attributable to an increase in
cell number. Levels of human tumor-derived VEGF in
ascites collected from mice inoculated with DLX4-trans-
fected ES-2 cells was also markedly higher than that of
mice with vector-control ES-2 tumors (Figure 5Aiii). To
confirm our findings, we determined the effect on VEGF
levels of inhibiting DLX4 expression in the A2780 and
ES-2 cell lines using an siRNA oligomer that targets DLX4
(Figure 5B). VEGF levels were markedly reduced in cul-
ture supernatants of cells in which DLX4 was effectively
knocked down by DLX4-specific siRNA but not in cells
treated with negative control siRNA (Figure 5C).

Figure 2. Effect of DLX4 on tumor cell growth in vitro. A: Growth rates of A2780 cell lines stably transfected with empty pIRES-EGFP2 vector (Vec-I, Vec-J) and
with DLX4 (DLX4-2, DLX4-14) as measured by MTT assays. Shown are the results of triplicate assays. B: Colony-forming ability of stably transfected A2780 cell
lines in soft agar. C: A2780 cell lines stably transfected with empty vector (Vec-J) and with DLX4 (DLX4-2) were cultured in media containing 10% FBS and 0.1%
FBS for 3 days and viewed under phase-contrast microscopy. D: TUNEL staining of cells of transfected A2780 lines after 3 days of incubation under low-serum
conditions (left) and with treatment with cisplatin (CDDP) (right).
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Induction of FGF-2 Expression by DLX4 and Its
Effect on VEGF Levels

In addition to VEGF, FGF-2 is a major angiogenic factor
produced by ovarian cancers that also acts as a growth
factor for tumor cells.23–25 Because we observed in-
creased growth of DLX4-expressing tumor cells in vitro

and in mice as well as increased microvessel density, we
investigated whether DLX4 induces expression of FGF-2.
Levels of FGF-2 in culture supernatants of DLX4-trans-
fected cells and intracellular FGF-2 levels were threefold
to fourfold higher than those of vector-control cells (Fig-
ure 6A). Nearly 95% of the total FGF-2 produced by
vector-control and DLX4-transfected cells was intracellu-

Figure 3. Effect of DLX4 on tumor progression in mice. A: Growth rates of subcutaneous tumors in female nude mice inoculated with equivalent numbers (3 �
106) of cells of stably transfected A2780 lines. B: Immunohistochemical staining of DLX4 in tumors collected from mice inoculated with vector-control (Vec-J) (i),
DLX4-transfected (DLX4-2) A2780 (ii), vector-control (Vec-3) (iii), and DLX4-transfected (DLX4-12) ES-2 (iv) cells. C: Visualization under a fluorescence
stereoscope of GFP-expressing intraperitoneal tumors in the abdominal cavities of mice inoculated with A2780 Vec-J (i), A2780 DLX4-2 (ii), ES-2 Vec-3 (iii), and
ES-2 DLX4-12 (iv) cells. Indicated are the liver (Li), stomach (St), and omentum (Om). D: Quantification of intraperitoneal tumor burden in mice expressed as
the percentage of area of fluorescence within the abdominal cavity in captured images. E: Volume of ascites collected from mice at 18 days after inoculation with
equivalent numbers (1 � 106) of cells of vector-control ES-2 lines (Vec-1, Vec-3) and DLX4-transfected ES-2 lines (DLX4-10, DLX4-12). Scale bar � 20 �m.
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lar (Figure 6A). Western blot analysis revealed that en-
forced expression of DLX4 induced levels of several iso-
forms of FGF-2 (Figure 6B). These included the LMW
18-kd isoform that is cytosolic and also secreted and
several HMW isoforms (22, 22.5, 24 kd) that are gener-
ated from alternative initiation of translation at CUG

codons and are predominantly localized in the
nucleus.21,26

Addition of exogenous FGF-2 has been reported to
increase VEGF levels in several cell types including en-
dothelial cells and breast cancer cells.27,28 This
prompted us to investigate whether FGF-2 could induce

Figure 4. Effect of DLX4 expression in tumors on microvessel density and
endothelial cell growth. A: H&E-stained sections of tumors in mice inoc-
ulated with vector-control (Vec-J) (i) and DLX4-transfected (DLX4-2) (ii)
A2780 cells. B: CD34 staining of subcutaneous tumors derived from A2780
cell lines (i, ii). In iii, microvessel density was determined by counting the
number of vessels in five separate 0.4-mm2 fields in stained sections of
tumors. C: CD34 staining of peritoneal implants derived from ES-2 cell
lines (i, ii) and quantification of microvessel density (iii). D: Growth rates
of mouse endothelial cells stimulated with conditioned media of vector-
control and DLX4-transfected A2780 (i) and ES-2 (ii) cell lines, as mea-
sured by MTT assay. Scale bars: 200 �m (A); 100 �m (B, C).
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VEGF expression in ovarian cancer cells. Stimulation of
parental A2780 cells with rhFGF-2 induced dose-depen-
dent increases in VEGF transcripts (Figure 6C) and in
levels of VEGF protein (Figure 6D). Treatment of cells with
FGF-2-neutralizing antibody modestly decreased VEGF
levels (Figure 6D). This modest inhibition could be attrib-
utable to the low levels of FGF-2 that are normally se-
creted by A2780 cells (Figure 6A). Because the LMW and
HMW isoforms of FGF-2 can induce different cellular
phenotypes,29–31 we determined whether VEGF expres-
sion was solely induced by the LMW isoform. To address
this question, we transfected A2780 and ES-2 cells with
cDNAs encoding the LMW isoform, the three HMW iso-
forms, and both the LMW and HMW isoforms (WT). Ex-
pression of these isoforms was confirmed by Western
blot (Figure 6E). As shown in Figure 6F, VEGF levels in
A2780 and in ES-2 cells were increased when the LMW
isoform of FGF-2 was overexpressed. Expression of the
HMW FGF-2 isoforms also induced VEGF levels (Figure
6F). These results together indicate that VEGF expression
can be induced by pathways activated by both the LMW
and HMW isoforms of FGF-2 and that DLX4 could induce
VEGF levels in ovarian cancer cells, at least in part, via its
induction of LMW and HMW FGF-2 isoforms.

Discussion

Although 5-year survival rates can approach 90% for
women diagnosed with tumor confined to the ovaries,
70% of patients present with advanced-stage disease.

Despite advances in platinum-taxol regimens, the aver-
age 5-year survival rate for women with advanced-stage
ovarian cancer is 30%.32 The most widely recognized
behavior of ovarian cancer is the formation of ascites and
seeding of the abdominal cavity with nests of tumor cells.
The degree of tumor vascularization is a strong predictor
of patient outcome.33 VEGF and FGF-2 exert distinct
effects on vessel functionality and maturation and stimu-
late vascularization synergistically.34 In this study, we
found DLX4 expression in ovarian carcinomas to be
strongly associated with high tumor grade and to corre-
late with disease stage. The association of DLX4 overex-
pression with these indicators of poor prognosis is highly
consistent with our findings that overexpression of DLX4
in ovarian cancer cells induces levels of VEGF and
FGF-2, stimulates endothelial cell growth, and leads to
increased microvessel density in tumors.

In addition to its potent angiogenic property, VEGF is a
causative factor of ascites formation through its induction
of vascular permeability.35,36 The ability of DLX4 to in-
duce expression of VEGF might explain the higher fre-
quency of ascites in patients with tumors that highly
express DLX4 and also the increased formation of ascites
in mice with DLX4-expressing ES-2 tumors. However,
because DLX4 is able to stimulate growth of ovarian
cancer cells independently of its effects on endothelial
cells (Figure 2), it is possible that increased ascites ac-
cumulation might not be a direct effect of DLX4 but rather
is associated with the advanced disease in patients and
in mice with DLX4-overexpressing tumors. It is interesting

Figure 5. Induction of VEGF expression by DLX4. A: Levels of VEGF in culture supernatants of A2780 (i) and ES-2 (ii) cell lines at 24 hours after seeding, as
measured by ELISA and normalized to the total cellular protein content, and in ascites (iii) collected from mice at 18 days after inoculation with the indicated stably
transfected ES-2 cell lines. B: Western blot of DLX4 expression in A2780 DLX4-2 cells and in ES-2 DLX4-10 cells, after treatment with DLX4-specific siRNA, negative
control siRNA (neg.) and with no siRNA (mock). C: Levels of VEGF in supernatants of A2780 DLX4-2 (i) and ES-2 DLX4-10 (ii) cells after mock and siRNA
treatment.
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to note that mice inoculated intraperitoneally with paren-
tal A2780 cells do not typically develop ascites and that
overexpression of DLX4 in these cells, although able to
induce VEGF levels, did not result in ascites. Manenti and
colleagues37 reported formation of ascites in mice inoc-
ulated intraperitoneally with A2780 cells that were stably
transfected with VEGF. It should be noted that the levels
of VEGF released by transfected A2780 cells in that study
were very high (averaging 12,790 pg/ml), whereas levels
released by our DLX4-transfected A2780 cell lines under
the same culture conditions as the previous study were
200 to 250 pg/ml. It is possible that the VEGF level
induced by DLX4 in our A2780 xenograft models is in-
sufficient to induce ascites and that VEGF levels required
to induce ascites might vary depending on the individual
tumor. Indeed, although elevated VEGF levels often cor-
relate with the presence of ascites, low VEGF levels have
been detected in some patients with ascites and high
levels in others without ascites.38 Although a direct effect
of DLX4 on ascites is not supported by our findings, our
study strongly supports a role for DLX4 in promoting
tumor progression by stimulating endothelial cell growth
and vascularization that are mediated at least in part by
its ability to induce VEGF. The induction of VEGF by DLX4
might also promote tumor dissemination. VEGF has been
reported to promote invasive behavior of ovarian cancer
cells by stimulating secretion of matrix metalloprotein-
ases (MMPs), in particular the activated form of MMP-2.39

In preliminary studies, we have observed higher levels of

the 62-kd activated form of MMP-2 in conditioned me-
dium of DLX4-overexpressing ES-2 cell lines as com-
pared with medium conditioned by equivalent numbers
of vector-control ES-2 cells (R.R.L., F.H., and H.N., un-
published data). However, activation of MMP-2 by DLX4
was not observed in A2780 cells, a cell line that normally
does not express VEGF receptors.40

Our results indicate that one mechanism by which
DLX4 could induce VEGF expression in ovarian cancer
cells is indirectly through the induction by DLX4 of FGF-2
expression. FGF-2 also induces mesothelial cells of the
omentum, a primary site of ovarian cancer cell implanta-
tion, to express VEGF.41 In addition, FGF-2 induces
VEGF expression in endothelial cells.27 Activation of the
mitogen-activated protein kinase pathway by FGF-2
leads to activation of HIF-1�, a major transcriptional reg-
ulator of the VEGF gene.28 However, the possibility can-
not be excluded that DLX4 could induce VEGF expres-
sion by mechanisms independent of its induction of
FGF-2. The induction of FGF-2 by DLX4 could also sig-
nificantly affect several other important processes. Gene
expression profiling of advanced-stage ovarian cancers
has revealed a distinct molecular profile enriched for
genes encoding components of the extracellular matrix
and the FGF-2 signaling pathway.25 This molecular pro-
file was found to overlap extensively with a mesenchy-
mal-like signature and to correspond with the ability of
FGF-2 to promote cell migration.25 The ability of DLX4 to
up-regulate FGF-2 could explain at least in part the in-

Figure 6. Induction of FGF-2 expression by
DLX4 and effect of FGF-2 on VEGF levels. A:
FGF-2 levels in cell lysates and culture su-
pernatants of stably transfected A2780 and
ES-2 cell lines at 48 hours after seeding, as
measured by ELISA and normalized to the
total cellular protein content. B: Western
blot analysis of DLX4 and different isoforms
of FGF-2 in lysates of vector-control and
DLX4-transfected A2780 cell lines. C: RT-
PCR analysis of VEGF in parental A2780 cells
after stimulation for 2 days with 0, 1, 10, and
100 ng/ml rhFGF-2. D: VEGF levels in cul-
ture supernatants of parental A2780 cells left
unstimulated, stimulated with rhFGF-2, and
treated with neutralizing FGF-2 Ab (10 �g/
ml) for 2 days. E: Western blot analysis of
FGF-2 in lysates of parental A2780 and ES-2
cells that were transfected with empty
pIRES-EGFP2 vector, wild-type (WT) FGF-2
cDNA, and cDNAs encoding the HMW and
LMW isoforms of FGF-2. F: VEGF levels in
culture supernatants collected from A2780
and ES-2 cells at 2 days after transfection
with cDNAs encoding the different FGF-2
isoforms.
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creased dissemination of intraperitoneal tumors that
overexpress DLX4. This induction of FGF-2 could also
explain the enhanced growth of DLX4-transfected cells,
and the protective effect of DLX4 on cells under growth
factor-deprived conditions (Figure 2). Considerable evi-
dence indicates that FGF-2-mediated growth stimulation
and cell survival occurs in a wide variety of cell types via
an intracrine mechanism involving the HMW FGF-2 iso-
forms, whereas the 18-kd isoform primarily promotes cell
migration.29–31 These studies imply that the LMW and
HMW isoforms regulate distinct pathways. However, the
observed ability of both LMW and HMW isoforms to in-
duce VEGF expression in our study suggests the exis-
tence of at least some common mechanisms. Although
DLX4 induced expression of both the LMW and HMW
isoforms, the high abundance of intracellular FGF-2 sug-
gests that the induction of FGF-2 by DLX4 might affect
tumor cell growth more greatly than cell migration.

Most of the aberrantly expressed homeobox genes
studied in tumors to date have been found to enhance
self-renewal, cell proliferation, and survival.2,3 Several
homeobox genes control normal endothelial cell growth
and maturation.42 The only other homeobox gene that
has been linked to enhanced vascularity in tumors is
HOXB7.43 The expression and function of DLX4 is intrigu-
ing in its similarity to HOXB7 and might reflect the evolu-
tionary relationship of linked HOX and DLX gene clus-
ters.44 Both DLX4 and HOXB7 are widely overexpressed
in ovarian cancers and promote cell proliferation.12

HOXB7 is also overexpressed in breast cancers and has
been found in breast cancer cells to up-regulate levels of
VEGF and FGF-2.15,43 HOXB7 has been demonstrated in
melanoma cells to activate transcription of the FGF-2
gene.45 Our preliminary studies indicate that DLX4 acti-
vates transcription of the FGF-2 gene in ovarian cancer
cells (F.H. and H.N., unpublished data). Although home-
odomain proteins are widely regarded to function as
transcription factors, only few direct downstream targets
have been identified. This stems from the promiscuous
DNA-binding specificities of homeodomain proteins.
Given this promiscuity, DLX4 might also activate FGF-2
gene transcription through the same regulatory element
as HOXB7, but this remains to be determined.

In this study, 15 of the 32 ovarian carcinoma cases
(47%) were found to exhibit extensive DLX4 expression
(ie, �50% of cells with nuclear staining), whereas ampli-
fication of the chromosomal hot-spot to which DLX4 maps
is less prevalent.10,11 This indicates that gene amplifica-
tion is not the sole mechanism underlying the overexpres-
sion of DLX4. Various fibroblast growth factors including
FGF-2 can induce or maintain expression of DLX genes in
specific tissues during embryonic development.46,47 Be-
cause we found that DLX4 induces FGF-2 expression in
ovarian cancer cells, one intriguing possibility might be
that DLX4 represents a component of an FGF-2 autocrine
loop. However, it remains to be determined whether
physiological levels of FGF-2 expressed by ovarian tu-
mors are capable of inducing DLX4. Another question
that remains to be resolved is whether DLX4 might pro-
mote progression of other types of cancer by similar
mechanisms. DLX4 is also overexpressed in choriocar-

cinomas, and inhibition of DLX4 expression in choriocar-
cinoma cells has been reported to induce apoptosis.48

As we observed a protective effect of DLX4 in ovarian
cancer cells under growth factor-deprived conditions,
DLX4 might promote cell survival in various cell types. It
is difficult to speculate how the role of DLX4 in promoting
tumor progression is related to its normal embryonic
function, because the latter is not known. DLX genes
control many aspects of embryonic morphogenesis, in-
cluding patterning of the branchial arch skeleton; bone
and cartilage formation; and development of the brain,
sensory organs, and limbs.44 DLX4 expression is absent
from most normal adult tissues but is expressed in the
endometrium and placenta.49,50 Because these two tis-
sues are particularly well vascularized, it is possible that
DLX4 plays an important role in the functional develop-
ment of these tissues by inducing an angiogenic molec-
ular program.

Homeobox genes, like the Hedgehog and Wnt signal-
ing pathways, have emerged as important regulators of
embryonic patterning that, when aberrantly expressed,
significantly contribute to tumor progression. In addition
to studies that indicate roles of various aberrantly ex-
pressed homeobox genes in self-renewal, cell prolifera-
tion, and survival,2,3 several recent studies implicate de-
regulation of other homeobox genes in promoting tumor
cell invasiveness.8,13–15 Furthermore, we have found that
aberrant activation of HOX genes that normally regulate
developmental patterning of the reproductive tract gives
rise to the unique histological differentiation patterns of
the major subtypes of ovarian cancer.51 The present
study supports increasing evidence that homeobox
genes can contribute to tumor progression by deregulat-
ing a spectrum of other processes—including induction
of an angiogenic molecular program. Further studies of
the pathways controlled by this intriguing class of devel-
opmental regulators will provide important insights into
the molecular control of tumor behavior.
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