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Ovarian cancers often highly express inflammatory cytokines and form implants throughout the peritoneal
cavity. However, the mechanisms that drive inflammatory signaling and peritoneal metastasis of ovarian
cancer are poorly understood. We previously identified that high expression of DLX4, a transcription factor
encoded by a homeobox gene, is associated with reduced survival of ovarian cancer patients. In this study, we
identified that DLX4 stimulates attachment of ovarian tumor cells to peritoneal mesothelial cells in vitro and
increases the numbers of peritoneal implants in xenograft models. DLX4 induced expression of the cell surface
molecule CD44 in ovarian tumor cells, and inhibition of CD44 abrogated the ability of DLX4 to stimulate tumor—
mesothelial cell interactions. The induction of CD44 by DLX4 was attributed to increased activity of NF-kB that
was stimulated by the inflammatory cytokine IL-1B, a transcriptional target of DLX4. The stimulatory effects of
DLX4 on CD44 levels and tumor—mesothelial cell interactions were abrogated when IL-18 or NF-kB was
inhibited in tumor cells. Furthermore, DLX4 expression levels strongly correlated with NF-kB activation and
disease stage in clinical specimens of ovarian cancer. Collectively, these findings indicate that DLX4 induces
CD44 by stimulating IL-1B—mediated NF-kB activity, thereby promoting peritoneal metastasis of ovarian

cancer. (Am J Pathol 2015, 185: 2298—2308; http://dx.doi.org/10.1016/].ajpath.2015.04.004)

More than 60% of women with a diagnosis of ovarian cancer
present with advanced-stage disease that has spread throughout
the peritoneal cavity." Most patients with advanced-stage
ovarian cancer relapse within 18 months after platinum-
taxane chemotherapy, and the 5-year survival rate of these
women is less than 30%.” LP. seeding is a pattern of spread that
is unique to ovarian cancer and markedly differs from the
hematogenous or lymphatic metastasis of many other types of
solid tumors. Ovarian cancer cells often spread by shedding into
the peritoneal fluid that transports tumor cells throughout the
peritoneal cavity.” > Disseminated tumor cells frequently form
implants on the omentum and other peritoneal surfaces that are
lined by a protective monolayer of mesothelial cells.” > Seed-
ing of the peritoneal cavity with tumor cells is often associated
with ascites that contains inflammatory cytokines such as IL-
1B, IL-6, and tumor necrosis factor-0..° Interactions of ovarian
tumor cells with peritoneal mesothelial cells are mediated by
several cell surface molecules. CD44 promotes attachment of
ovarian tumor cells to mesothelial cells by binding hyaluronic
acid, a glycosaminoglycan that is synthesized by mesothelial
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cells.”* Ovarian tumor—mesothelial cell interactions are also
mediated by P-cadherin molecules that are expressed on the
surfaces of tumor cells and mesothelial cells.” Other cell surface
molecules, such as o581 integrin, facilitate access of ovarian
tumor cells to the submesothelial matrix.'” However, the
mechanisms that induce expression of these cell adhesion
molecules in ovarian cancer are poorly understood.
Homeobox genes encode transcription factors, often termed
homeoproteins, which play essential roles in controlling cell
lineage specification and tissue morphogenesis.'' Aberrant
expression of many homeobox genes has been observed in a
variety of malignancies, including ovarian cancer.'” "> The
mechanisms of homeoproteins in tumor progression are poorly
understood because only few transcriptional target genes have
been identified. DLX4 is a homeobox gene that is not expressed
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in most normal adult tissues.'® We previously identified that

high expression of DLX4 is strongly associated with reduced
survival of ovarian cancer patients.'” A study using i.p. xeno-
graft models revealed that DLX4 promotes ovarian tumor
progression in part by inducing expression of vascular endo-
thelial growth factor-A that stimulated ascites formation and
tumor angiogenesis.'’ Because DLX4 primarily functions as a
transcription factor, we investigated the possibility that DLX4
also promotes tumor progression by stimulating other pro-
cesses. In this study, we identified that DLX4 stimulates
attachment of ovarian tumor cells to peritoneal mesothelial cells
by inducing expression of CD44. The induction of CD44 by
DLX4 was dependent on NF-kB activation and was attributed
to the ability of DLX4 to induce expression of IL-1f3 directly.
DLX4 might, therefore, contribute to poor outcomes in ovarian
cancer in part by promoting peritoneal implantation of tumor
cells via stimulation of inflammatory signaling.

Materials and Methods
Antibodies

DLX4 antibodies (Abs) for flow cytometry and tissue
staining were purchased from Abcam (Cambridge, UK) and
for chromatin immunoprecipitation were purchased from
Abnova (Taipei City, Taiwan). CD44 Abs for flow cytom-
etry were purchased from BD Biosciences (San Jose, CA)
and for neutralization were purchased from Abcam. Phos-
phorylated NF-«kB p65 (Ser536) Ab was purchased from
Cell Signaling Technology (Danvers, MA). Secondary Abs
were purchased from BD Biosciences.

Plasmids

The pIRES-EGFP2 FLAG-tagged DLX4 plasmid has been
previously described.'® DLX4 ¢cDNA was subcloned into the
pRetroQ-AcGFP vector (Clontech, Mountain View, CA).
Sources of other plasmids were as follows: IL/B cDNA and
pGFP-V-RS nontargeting and DLX4 shRNA plasmids
(OriGene Technologies, Rockville, MD); pGIPZ nontargeting
and ILIB shRNA plasmids (MD Anderson Cancer Center
shRNA and ORFeome Core Facility, Houston, TX); and
pBabe-GFP-IkBa-dominant-negative (IkBa-dn)'® (plasmid
15264; Addgene, Cambridge, MA; construct originally
deposited to Addgene by Dr. William Hahn, Dana-Farber
Cancer Institute, Boston, MA).

Cell Culture and Transfection

Culture media were purchased from Invitrogen (Carlsbad, CA)
and were supplemented with penicillin-streptomycin and fetal
bovine serum (10% for tumor cells, 20% for mesothelial cells).
Stable vector-control and DLX4-overexpressing ES2 cell lines
have been previously described and were cultured in McCoy’s
5A medium."’ Parental A2780, OVCARS, and OVCA429 lines
were provided by Dr. Gordon Mills (MD Anderson Cancer
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Center, Houston, TX) and cultured in RPMI 1640 medium
(A2780, OVCARS) and Dulbecco’s minimal essential medium
(OVCAA429). The 2008 cell line was provided by Dr. Zahid
Siddik (MD Anderson Cancer Center, Houston, TX) and
cultured in RPMI 1640 medium. Ampho293 packaging cells
were provided by Dr. Douglas Boyd (MD Anderson Cancer
Center, Houston, TX) and cultured in Dulbecco’s modified
Eagle’s medium. Transfections were performed using Lip-
ofectamine 2000 reagent (Invitrogen). Viral supernatants were
harvested from pRetroQ-AcGFP—transfected Ampho293 cells
and were used to infect A2780 cells. Cells were selected with 0.5
pg/mL puromycin. Primary cultures of normal human omental
mesothelial cells have been previously described™ and were
provided by Dr. Ernst Lengyel (University of Chicago, Chicago,
IL). Mesothelial cells were cultured in RPMI 1640 medium.

Xenograft Studies

Four-week-old female nude mice were purchased from the
National Cancer Institute (Frederick, MD) and were inoculated
i.p. with 3 x 10° cells of A2780 lines and with 1 x 10° cells
of ES2 lines (n = 5 mice per group). Mice were euthanized by
carbon dioxide asphyxiation at 4 weeks (A2780 groups) and at
3 weeks (ES2 groups). Formalin-fixed, paraffin-embedded
tissue sections were stained with hematoxylin and eosin and
viewed by light microscopy.

Cell Attachment Assays

Green fluorescent protein—expressing ovarian tumor cells
were seeded in 96-well plates (1.5 x 10* per well) containing
confluent monolayers of normal omental mesothelial cells as
previously described.”’ Where indicated, tumor cells were
pre-incubated for 1 hour with neutralizing CD44 Ab or
control IgG at a final concentration of 10 pg/mL. Tumor cells
were also seeded into plates coated with collagen I, fibro-
nectin, and laminin (Sigma-Aldrich, St. Louis, MO) as
previously described.”’ At 1 hour after seeding of tumor
cells, wells were washed with culture medium to remove
unattached tumor cells. Attached tumor cells were viewed by
fluorescence microscopy using a Nikon TS100 microscope
with fluorescein filter (Nikon, Melville, NY). Three inde-
pendent experiments were performed in which attached cells
were counted in five random %200 microscopic fields in
each experiment.

Flow Cytometry and Enzyme-Linked Immunosorbent
Assay

Abs were diluted in phosphate-buffered saline containing 1%
bovine serum albumin. For cell surface staining, tumor cells
were incubated with CD44 Ab (1:10) for 30 minutes at 4°C,
washed, and incubated with peridinin-chlorophyll-protein
complex—conjugated anti-mouse IgG (1:5). For intracellular
staining, cells were fixed in 1% paraformaldehyde (20 mi-
nutes at 4°C) and permeabilized in 0.1% saponin (15 minutes
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at room temperature). Cells were incubated with Abs to
DLX4 (1:20) and phosphorylated NF-kB p65 (1:500) for 30
minutes at 4°C, washed, and incubated with peridinin-
chlorophyll-protein complex— or phycoerythrin-conjugated
secondary Abs. Thereafter, cells were washed and fixed in
4% paraformaldehyde. Staining was detected by flow
cytometry (FACSCalibur, BD Biosciences). IL-1f3 levels in
cell lysates were assayed using the IL-1B enzyme-linked
immunosorbent assay kit (R&D Systems, Minneapolis, MN).

Quantitative RT-PCR

CD44, CDH3, and ILIB transcripts were detected by using
SYBR Green qPCR Master Mix (SABiosciences, Valencia,
CA) and the following primers: CD44, 5'-GGCTTTCAA-
TAGCACCTTGC-3' (forward) and 5'-ACACCCCTGTGT-
TGTTTGCT-3' (reverse); CDH3, 5'-CAGGTGCTGAACA-
TCACGGACA-3' (forward) and 5-CTTCAGGGACAA-
GACCACTGTG-3' (reverse); ILIB, 5'-CCACAGACCTTC-
CAGGAGAATG-3' (forward) and 5'-GTGCAGTTCAGT-
GATCGTACAGG-3' (reverse). RPL32 transcript levels were
used as controls for normalization and were detected by using
the following primers: 5'-ACAAAGCACATGCTGCCCAG-
TG-3' (forward) and 5'-TTCCACGATGGCTTTGCGGT-
TC-3' (reverse). The expression of NF-«B target genes and
genes associated with NF-kB signal transduction were
assayed by using the Human NF-kB Signaling Pathway
RT? Profiler PCR Array (SABiosciences) according to the
manufacturer’s instructions.

Chromatin Immunoprecipitation Assay

Chromatin immunoprecipitation assays were performed by
using the EZ-ChIP Assay Kit (Millipore, Temecula, CA).
Sheared chromatin was incubated overnight with 1 pg of
DLX4 Ab. DNA was purified from precipitated complexes.
The following primers were used to amplify a 316-bp
fragment of the ILIB promoter: 5-GGTAGAGACCCA-
CACCCTCA-3' (forward) and 5-CATGGAAGGGCAAG-
GAGTAG-3' (reverse). As a negative control, a 166-bp
fragment of the GAPDH gene was amplified by using the
following primers: 5-TACTAGCGGTTTTACGGGCG-3'
(forward) and 5-TCGAACAGGAGGAGCAGAGAGC-
GA-3' (reverse).

Reporter Assays

A firefly luciferase reporter construct driven by tandem NF-«B
binding sites was used to assay NF-«kB transcriptional activity
(Cignal NF-kB Reporter Kit; SABiosciences). Tumor cells
were cotransfected with firefly luciferase reporter plasmid,
cDNA, or shRNA plasmids and Renilla luciferase reporter
plasmid to normalize transfection efficiency as previously
described.'® Luciferase activities were assayed using the Dual-
Luciferase Reporter Assay Kit (Promega, Madison, WI). Three
independent experiments were performed for each assay.
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Table 1 Clinicopathologic Features of Ovarian Cancer Cases
Represented on Tissue Microarrays

Histological Disease stage

subtype Tumor I I Im v Total
Serous Low grade 1 10 11
High grade 1 4 66 18 89
Clear cell 4 2 4 10
Endometrioid Low grade 5 5
High grade 3 1 4
Mucinous 1 3 4
Mixed 2 8 2 12
Total 13 10 91 21 135

Tissue Microarray Analysis

Tissue cores were taken from formalin-fixed, paraffin-
embedded specimens of 135 cases of ovarian cancer and used to
construct tissue microarrays (Beecher Instruments, Sun Prairie,
WI). Clinicopathologic features of cases are described in
Table 1. Replicate microarray slides were stained with Abs to
DLX4 (1:100) and phosphorylated NF-kB p65 (1:500), and
staining was detected by streptavidin-biotin-peroxidase and
3,3'-diaminobenzidine. The percentage of tumor cells with
positive staining was scored in two random 200 x microscopic
fields per core. An average staining score was determined for
each case.

Statistical Analysis

Statistical analysis was performed by using STATISTICA 6
software (StatSoft, Tulsa, OK). Significance of differences in
staining scores between groups of patients was assessed by
Mann-Whitney U-test. Correlation coefficients were deter-
mined by Spearman test. Statistical significance of other data
was assessed by unpaired two-tailed Student’s f-test. Data
represent means + SD. P < 0.05 was considered significant.

Results

DLX4 Increases the Number of Tumor Implants in
I.P. Xenograft Models of Ovarian Cancer

We previously identified that the A2780 and ES2 ovarian
cancer cell lines express almost no DLX4.'" Initially, to
investigate the effect of DLX4 on tumor implantation, we
inoculated mice i.p. with equivalent numbers of cells of stable
vector-control and DLX4-overexpressing (+DLX4) A2780
lines. Levels of DLX4 in these lines are shown in Supplemental
Figure S1A. Mice that were inoculated with +DLX4 A2780
cells developed significantly higher numbers of omental im-
plants than did mice that were inoculated with vector-control
A2780 cells (P < 0.01) (Figure 1A). The +DLX4 group also
developed significantly higher numbers of implants on the
mesentery, broad ligament, and diaphragm than did the vector-
control group (P < 0.01) (Figure 1, B—D). To confirm our
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DLX4 increases the number of tumor implants in i.p. xenograft models of ovarian cancer. A—D: Female nude mice were inoculated i.p. with

equivalent numbers of cells (3 x 10°) of vector-control (empty vector) and +DLX4 A2780 lines. Mice were sacrificed at 4 weeks thereafter. Numbers of
implants on the omentum (A), mesentery (B), broad ligament (C), and diaphragm (D) were counted in tissue sections of each mouse. The average numbers of
tumor implants are shown at each site in each group of mice and representative examples of tissue sections stained with hematoxylin and eosin. E and F:
Female nude mice were inoculated i.p. with 1 x 10° cells of vector-control and +DLX4 ES2 lines and were sacrificed at 3 weeks thereafter. E: Representative
examples of resected intestines show mesenteric implants (arrows). F: Bar graphs show average numbers of tumor implants on the mesentery, broad ligament,
and diaphragm in each group of mice. Numbers of individual nodules on the omentum could not be calculated because ES2 cells formed a large, solid omental
mass. n = 5 per group of female nude mide. **P < 0.01 versus empty vector. Scale bar = 2 mm (A—D); 10 mm (E).

findings, we generated i.p. xenograft models from stable vector-
control and +DLX4 ES2 lines (Supplemental Figure S1A).
Similar to our findings in the A2780 models, the +DLX4 ES2
group developed significantly higher numbers of peritoneal
implants than did the vector-control ES2 group (P < 0.01)
(Figure 1, E and F).

DLX4 Stimulates Attachment of Tumor Cells to
Mesothelial Cells

The peritoneal surfaces on to which ovarian tumor cells implant
are lined by a monolayer of mesothelial cells.” To evaluate the
effect of DLX4 on interactions between tumor cells and
mesothelial cells independently of growth-stimulatory effects,
we performed short-term in vitro attachment assays. Equivalent
numbers of vector-control and +DLX4 A2780 cells were
seeded onto confluent monolayers of normal human omental
mesothelial cells. Attachment of A2780 cells to mesothelial
cells was assayed at 1 hour after seeding during which time no
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change in tumor cell survival occurred. The number of +DLX4
A2780 cells that attached to mesothelial cells was significantly
higher than the number of vector-control A2780 cells that
attached (P < 0.01) (Figure 2, A and B). Similarly, the number
of +DLX4 ES2 cells that attached to mesothelial cells was
significantly higher than the number of vector-control ES2 cells
that attached (P < 0.01) (Supplemental Figure SI1B).
Conversely, knockdown of endogenous DLX4 using two
different shRNAs (shDLX4-A, shDLX4-B) significantly
reduced the ability of 2008 cells to attach to mesothelial cells
(P < 0.01) (Supplemental Figure SIA and Figure 2A). Because
the ovarian origin of 2008 cells has been recently disputed,””
we evaluated two additional ovarian cancer cell lines,
OVCARS and OVCA429. Knockdown of DLX4 in both
OVCARS8 and OVCA429 cells significantly reduced the
mesothelial attachment ability of these cells (P < 0.01)
(Supplemental Figure S1B).

Collagen I, fibronectin, and laminin are major components
of the matrix that underlies the mesothelial monolayer.” We
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assayed attachment of ovarian tumor cells to wells coated with
each of these extracellular matrix proteins to determine
whether DLX4 stimulates interactions of tumor cells with the
submesothelial matrix. The numbers of +DLX4 A2780 cells
that attached to collagen I, fibronectin, or laminin or to un-
coated plates were not significantly different from the numbers
of attached vector-control A2780 «cells (Supplemental
Figure S2A). Knockdown of DLX4 in 2008 cells also did
not significantly affect attachment to the extracellular matrix
proteins (Supplemental Figure S2B). These findings indicate
that DLX4 promotes attachment of ovarian tumor cells to
mesothelial cells rather than to the submesothelial matrix.

DLX4 Promotes Tumor—Mesothelial Cell Interactions
by Inducing CD44 Expression

Because DLX4 functions as a transcription factor, we investi-
gated the possibility that DLX4 induces expression of cell
surface molecules such as CD44 and P-cadherin that mediate
attachment of ovarian tumor cells to mesothelial cells.” ”
Quantitative RT-PCR analysis revealed that DLX4 induces
CD44 mRNA levels but not mRNA levels of CDH3 (encoding
P-cadherin) (Supplemental Figure S3A). To confirm our find-
ings, flow cytometric analysis of cell surface staining of CD44
was performed. CD44 levels were induced when DLX4 was
overexpressed in A2780 cells (Figure 2C) and in ES2 cells
(Supplemental Figure S3B). Conversely, CD44 levels were
reduced when DLX4 was knocked down in 2008, OVCARS,
and OVCAA429 cells (Supplemental Figure S3B).

To determine whether DLX4 promotes tumor—mesothelial
cell interactions by inducing CD44, we knocked down CD44 in
+DLX4 A2780 cells by using two different CD44 shRNAs
(shCD44-A, shCD44-B) (Figure 2C). The number of attached
+DLX4 A2780 cells in which CD44 was knocked down was
almost equivalent to the number of attached vector-control

Figure 2  DLX4 stimulates attachment of tumor cells to mesothelial cells by
inducing (D44 expression. A: Equivalent numbers of vector-control (empty
vector) and +DLX4 A2780 cells that stably expressed green fluorescent protein
were seeded onto confluent monolayers of normal human omental mesothelial
cells cultured in 96-well plates. At 1 hour thereafter, tumor cells that were
attached to mesothelial cells were viewed by fluorescence microscopy and
counted in five random %200 microscopic fields per assay. Green fluorescent
protein—expressing 2008 cells transfected with empty vector, nontargeting
shRNA (shControl), and DLX4 shRNAs (shDLX4-A, shDLX4-B) were assayed for
attachment as described for A2780 cells. B: Representative examples of
mesothelial attachment of vector-control and +DLX4 A2780 cells and of +-DLX4
A2780 cells transfected with nontargeting shRNA and (D44 shRNA (shCD44-A).
C: Flow cytometric analysis of cell surface staining of CD44 in vector-control and
+DLX4 A2780 cells and in +DLX4 A2780 cells transfected with nontargeting
shRNA and (D44 shRNAs (shCD44-A, shCD44-B). Representative examples are
shown of staining and mean fluorescence intensities (MFIs). Solid gray histo-
grams represent staining with antibody (Ab) to CD44. Dotted histograms
represent staining with isotype control. D: Attachment of A2780 cells to
mesothelial cells was assayed as described in A. Where indicated, A2780 cells
were pre-incubated for 1 hour with neutralizing Ab to CD44 or control IgG or
with no Ab before seeding onto mesothelial monolayers. Data are expressed as
means + SD for values of three independent attachment assays (A and D).
**P < 0.01 versus empty vector; (TP < 0.01 versus +DLX4 with no Ab. Scale
bar = 50 um (B).
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Figure 3  Stimulatory effects of DLX4 on (D44 expression and tumor—mesothelial cell interactions are dependent on NF-kB and are mediated by its
induction of IL-1B. A: Quantitative RT-PCR analysis of relative IL71B mRNA levels in A2780 and ES2 cells. B: Relative IL1B mRNA levels in 2008, OVCARS8, and
OVCA429 cells. C: Detection of binding of endogenous DLX4 in parental 2008 cells to the IL1B promoter by chromatin immunoprecipitation. GAPDH was
amplified as control. D: Flow cytometric analyses of CD44 levels in vector-control (empty vector) and +DLX4 A2780 cells and in +DLX4 A2780 cells transfected
with nontargeting shRNA (shControl), pBabe-GFP-IkxBo-dominant-negative (IxBa-dn), and IL1B shRNA (shIL1B). Solid gray histograms represent staining with
antibody (Ab) to CD44. Dotted histograms represent staining with isotype control. E: Equivalent numbers of vector-control and +DLX4 A2780 cells were seeded
onto confluent monolayers of normal human omental mesothelial cells cultured in 96-well plates. At 1 hour thereafter, tumor cells that were attached to
mesothelial cells were counted in five random x200 microscopic fields per assay. Data are expressed as means + SD for values of three independent assays (A,
B, and E). **P < 0.01, ***P < 0.001 versus empty vector; 1P < 0.01, TP < 0.001 versus shControl. MFI, mean fluorescence intensity; shDLX4-A, DLX4

shRNA.

A2780 cells (Figure 2, B and D). Similarly, knockdown of we investigated the possibility that DLX4 induces CD44 by
CD44 in +DLX4 ES2 cells reduced the attachment ability of stimulating IL-1 expression. /LI B mRNA levels were induced
these cells to a level equivalent to that of vector-control ES2 cells when DLX4 was overexpressed in A2780 and ES2 cells
(Supplemental Figure S3, B and C). To confirm our findings, we (P < 0.001) (Figure 3A) and were down-regulated when DLX4
pre-incubated tumor cells with neutralizing Ab to CD44 and was knocked down in 2008, OVCARS, and OVCA429 cells
then assayed attachment to mesothelial cells. Attachment of (P < 0.001 for 2008 and OVCA429; P < 0.01 for OVCARS)
vector-control A2780 cells, which express almost no CD44, was (Figure 3B). Induction of IL-1B protein levels by DLX4
not significantly affected by CD44 Ab (Figure 2D). In contrast, was confirmed by enzyme-linked immunosorbent assay
treatment with CD44 Ab significantly inhibited attachment of (Supplemental Figure S4). A putative DLX4 binding site
+DLX4 A2780 cells, as compared to treatment with control IgG was identified at positions -359 to -353 in the ILIB pro-

or no Ab (P < 0.01) (Figure 2D). These findings indicate that moter. Binding of endogenous DLX4 to this region was
DLX4 primarily promotes attachment of tumor cells to meso- detected in 2008 cells (Figure 3C). These findings indicate
thelial cells by inducing CD44 expression. that ILIB is a direct transcriptional target of DLX4.
To determine whether DLX4 induces CD44 by stimulating
DLX4 Induces CD44 Expression by Stimulating IL-1B IL-1P levels, we knocked down IL-1B in +DLX4 A2780 cells
Expression to a level comparable to that of vector-control A2780 cells
(Supplemental Figure S4A). Knockdown of IL-10 in +DLX4
Because no potential DLX4 binding sites were identified in the A2780 cells reduced CD44 expression almost to the level seen
CD44 promoter, it was likely that DLX4 induces CD44 in vector-control cells (Figure 3D). Knockdown of IL-1p also
expression by an indirect mechanism. CD44 expression is significantly reduced the ability of +DLX4 A2780 cells to
induced by IL-1B in inflammatory diseases such as arterio- attach to mesothelial cells (P < 0.01) (Figure 3E). We also
sclerosis.” Because IL-1p is expressed by ovarian cancers,”" knocked down IL-1B in +DLX4 ES2 cells to a level
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targeting shRNA (shControl) and ILIB shRNA
(+shIL1B). Relative LUC activities are shown in
three independent experiments. B: NF-kB—driven
luciferase reporter activity was assayed in control
and DLX4-knockdown 2008 cells and in DLX4-
knockdown 2008 cells that expressed IL1B cDNA
as described in A. C and D: Flow cytometric anal-
ysis of intracellular staining of phosphorylated p65
(pp65) NF-kB in A2780 and ES2 cells (C) and in
2008, OVCAR8, and 0VCA429 cells (D). Solid gray
histograms represent staining with antibody to
pp65. Dotted histograms represent staining with
isotype control. Data are expressed as means + SD
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comparable to that of vector-control ES2 cells (Supplemental
Figure S4B) and observed that knockdown of IL-1f reduced
CD44 expression and mesothelial attachment ability of +DLX4
ES2 cells (Supplemental Figure S5, A and B). Conversely, we
expressed an IL/B cDNA in DLX4-knockdown 2008 cells to
reconstitute IL-1f to a level comparable to that of control 2008
cells (Supplemental Figure S4C). Reconstitution of IL-1f in
DLX4-knockdown 2008 cells restored CD44 expression and
mesothelial attachment ability to levels comparable to those of
control 2008 cells (Supplemental Figure S5, C and D). These
findings indicate that the stimulatory effects of DL.X4 on CD44
expression and tumor—mesothelial cell interactions are
primarily mediated by its induction of IL-1p.

DLX4 Stimulates CD44 Expression and
Tumor—Mesothelial Interactions in an
NF-kB—Dependent Manner

Because IL-1p stimulates NF-«B activation,” we evaluated
whether DLX4 stimulates NF-kB activity via its induction
of IL-1PB. Activity of a luciferase reporter construct driven
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by tandem NF-kB—binding elements was induced when
DLX4 was expressed in A2780 cells, and this induction was
blocked when IL-18 was knocked down (Figure 4A).
Conversely, NF-kB—driven promoter activity decreased
when DLX4 was knocked down in 2008 cells and was
restored when IL-1B was reconstituted (Figure 4B). Tran-
scriptional activity of NF-kB is stimulated upon phosphor-
ylation of its p65 subunit.”> Levels of phosphorylated p65
(pp65) were increased when DLX4 was expressed in A2780
and ES2 cells (Figure 4C) and were decreased when DLX4
was knocked down in 2008, OVCARS, and OVCA429 cells
(Figure 4D). To confirm that DLX4 induces NF-kB activity,
we assayed mRNA levels of NF-«kB target genes and genes
associated with NF-kB signal transduction. Levels of 30
NF-kB—associated genes were found to be 1.7- to 15-fold
higher in +DLX4 A2780 cells than in vector-control
A2780 cells (Supplemental Figure S6).

To determine whether induction of CD44 by DLX4
depends on NF-kB, we blocked NF-«B activity in +DLX4
A2780 cells by expressing a dominant-negative mutant
form of IkBa (IkBa-dn) that sequesters NF-kB in the
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cytoplasm and is resistant to degradation.'” IkBa-dn
reduced NF-kB activity in +DLX4 A2780 cells to the
level seen in vector-control A2780 cells (Figure 4A).
IkBo-dn abrogated the ability of DLX4 to induce CD44
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expression in A2780 cells (Figure 3D) and to promote
attachment of A2780 cells to mesothelial cells (P < 0.01)
(Figure 3E). Similarly, expression of IkBa-dn in +DLX4
ES2 cells abrogated the ability of DLX4 to induce
CD44 expression and to promote mesothelial attachment
(Supplemental Figure S5, A and B). These observations
indicate that DLX4 primarily induces CD44 expression
and tumor—mesothelial cell interactions in an NF-kB-
dependent manner.

DLX4 Correlates with NF-kB Activation in Clinical
Specimens of Ovarian Cancer

We evaluated the relationship between DLX4 and NF-«B
activation by analyzing immunohistochemical staining of
DLX4 and pp65 in microarrays of tissue cores of 135 ovarian
cancer cases. Clinicopathologic features of cases are described
in Table 1. Detection of pp65 has been used to assay activation
of canonical NF-kB signaling in clinical specimens.”*”’ Ex-
amples of staining of tissue cores of two cases are shown in
Figure 5A. The percentage of DLX4-positive tumor cells
strongly correlated with the percentage of pp65-positive tumor
cells (R = 0.74, P < 0.001) (Figure 5B). The percentages of
DLX4-positive and pp65-positive cells were not significantly
different between serous, clear cell, or mixed histology cases
but were lower in endometrioid cases (Figure 5C). The
reduced DLX4 and pp65 staining in endometrioid cases
appeared to be related to these cases being mostly low-grade
and/or stage I tumors (Table 1). In contrast, 89 of the 100
serous cases and all of the clear cell and mixed histology cases
were high-grade tumors, and most cases that were serous (94/
100) or of mixed histology (10/12) were stage III or IV
(Table 1). Across all histological subtypes, the percentages of
DLX4-positive cells and pp65-positive cells were significantly
higher in high-grade cases than in low-grade cases (P < 0.01
for DLX4, P < 0.001 for pp65) (Figure 5D) and were also
significantly higher in late-stage cases (stages III and IV) than
in early-stage cases (stages I and II) (P < 0.05 for DLX4,
P < 0.01 for pp65) (Figure 5E). Together, our findings sup-
port a model in which DLX4 promotes aggressive tumor

Figure 5  DLX4 correlates with p65 phosphorylation in clinical specimens
of ovarian cancer. Replicate slides of tissue microarrays representing a total of
135 cases of ovarian cancer were stained with antibodies to DLX4 and to
phosphorylated p65 (pp65). For each case, an average staining score for each
protein was calculated from the percentage of stained tumor cells for which
two independent x200 microscopic fields were evaluated in each core. A:
Examples of staining of DLX4 and pp65 in cores of two different cases of
serous ovarian carcinoma. B: Correlation between percentages of DLX4-
positive and pp65-positive tumor cells as evaluated by Spearman test,
where each symbol represents an individual case (R = 0.74, P < 0.001). C—E:
Percentages of DLX4-positive and pp65-positive tumor cells in cases grouped
by histological subtype (C), tumor grade (D), and disease stage (E). Differ-
ences between groups were evaluated by Mann-Whitney U-test. *P < 0.05,
**P < 0.01, ***P < 0.001, and ****P < 0.0001. Scale bar = 50 pum.
Endomet., endometrioid.

2305


http://ajp.amjpathol.org

Haria et al

behavior and peritoneal dissemination of ovarian tumor cells
by stimulating NF-kB signaling.

Discussion

The ability of ovarian cancer to seed the peritoneal cavity
with nests of tumor cells is a hallmark of this disease.
Increasing evidence indicates that interactions of ovarian
tumor cells with mesothelial cells and the submesothelial
matrix are dynamically regulated by several cell surface
molecules, including CD44, P-cadherin, and various integ-
rins.”'” However, the mechanisms that control expression
of these cell adhesion molecules in tumor cells are poorly
understood. In this study, we identified that the homeo-
protein DLX4 stimulates the attachment of ovarian tumor
cells to mesothelial cells by inducing expression of CD44.
Although DLX4 did not induce expression of P-cadherin,
we cannot exclude the possibility that DLX4 also induces
expression of other adhesion molecules. However, knock-
down or neutralization of CD44 substantially abrogated the
stimulatory effect of DLX4 on tumor—mesothelial cell in-
teractions, indicating that DLX4 primarily stimulates these
interactions by inducing CD44.

The present study indicates that DLX4 induces CD44
levels and tumor—mesothelial cell interactions in an NF-
kB—dependent manner and that this occurs via the ability of
DLX4 to activate ILIB, a transcriptional target of DLX4.
Knockdown of IL-1B or blockade of NF-kB signaling
abrogated the stimulatory effect of DLX4 on CD44 levels.
These observations are consistent with the ability of IL-18
to activate NF-kB”® and a report in which CD44 was
identified as an NF-kB target gene.”® Although our findings
indicate that the stimulatory effect of DLX4 on NF-«kB ac-
tivity substantially occurs via its induction of IL-1f3, we
cannot exclude the possibility that DL.X4 also directly reg-
ulates transcription of genes encoding other ligands or
components of the NF-kB pathway. Several genes that
encode activators and other components of the pathway,
including ILIB, are transcriptional targets of NF-kB*’
(Supplemental Figure S6). By inducing expression of IL-
1B, DLX4 might chronically activate NF-kB autoregulatory
loops in tumor cells.

Elevated IL-1 levels have been found to be significantly
associated with reduced survival of ovarian cancer patients.”*
By inducing IL-1B levels, DLX4 could promote ovarian
tumor progression through several other mechanisms in
addition to promoting peritoneal attachment. Several lines of
evidence indicate that ovarian tumor-derived IL-1[ renders
the peritoneum more receptive to growth of tumor implants.
IL-1B stimulates mesothelial cells to express angiogenic
factors such as basic fibroblast growth factor, vascular
endothelial growth factor-A, IL-6, and IL-8.°°733 1t has also
been reported that IL-1B suppresses p53 levels in ovarian
tumor-associated fibroblasts and that p53 down-regulation in
stromal fibroblasts enhances expression of vascular
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endothelial growth factor-A, IL-6, IL-8, and growth regu-
lated oncogene-o..”* TIL-1p also stimulates ovarian tumor cells
to express vascular endothelial growth factor-A.”' We observed
that DLX4 induces expression of several NF-kB target genes
that encode angiogenic factors such as IL-8 and the chemokine
(C-X-C motif) ligands 2 and 3 (Supplemental Figure S6). The
reported stimulatory effect of DLX4 on ovarian tumor angio-
genesis' ' might, therefore, be mediated in part by its induction
of IL-1 that in turn stimulates production of angiogenic factors
via both autocrine and paracrine mechanisms.

Our finding that p65 phosphorylation is significantly
higher in late-stage ovarian cancers than in early-stage
tumors is consistent with findings from several studies.
Bioluminescence imaging of a mouse model of ovarian
cancer that expressed an NF-kB—driven reporter transgene
revealed that NF-kB activity is elevated at advanced stages
of tumor progression.”* Furthermore, expression of NF-kB
subunits is strongly associated with poor outcomes of
ovarian cancer patients.”” It has been thought that NF-xB
exerts a pro-apoptotic, tumor-suppressive function in
early-stage tumors, whereas tumor-promoting functions of
NF-kB become unleashed as tumors progress.’® This
biphasic role of NF-kB is supported by findings that
NF-kB functions as an oncogene in chemoresistant ovarian
cancer cell lines but functions as a tumor suppressor in the
isogenic parental cell lines.”’ Our findings that DLX4
stimulates NF-kB activity and peritoneal implantation and
is highly expressed in advanced-stage ovarian cancers
support the notion of a predominantly tumor-promoting
function of NF-kB in advanced-stage disease.

Our findings that DLX4 promotes the aggressive
behavior of ovarian cancers are supported by a previous
study in which amplification of the chromosomal region
17q21.3-q22 to which the DLX4 gene maps was found to
be associated with poor outcomes of patients with clear
cell ovarian carcinoma.’”® Our study indicates that high
levels of DLX4 are associated with high tumor grade and
advanced disease stage but not with the histological
subtype. Although DLX4 levels were lower in endome-
trioid tumors than in other subtypes (Figure 5C), all
except one of the endometrioid cases studied were either
low-grade or stage I tumors (Table 1). The parental
A2780 line, which lacks DLX4, has been recently iden-
tified to be an endometrioid carcinoma line.”” It is
possible that the high endogenous DLX4 levels in the
2008, OVCARS, and OVCA429 lines might reflect the
clinicopathologic features of the original tumor. It has
been recently reported that the 2008 line has clear
cell-like features, whereas the OVCARS line might be
reflective of high-grade serous carcinoma.’”*’ The
OVCA429 line was established from a late-stage serous
carcinoma as described by Bast et al.*' The ES2 line has
been described as a clear cell carcinoma line but has been
recently reported to be more reflective of high-grade se-
rous carcinoma.’”*? Although parental ES2 cells express
very little DLX4, the high endogenous CD44 levels in
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these cells might explain, in part, the aggressive behavior
of this line in xenograft models. At the present time, we
can only speculate as to the mechanisms that cause
overexpression of DLX4 in ovarian cancers. In addition to
gene amplification, overexpression of DLX4 might stem
from epigenetic mechanisms. Deregulation of several
other homeobox genes in solid tumors has been attributed
to aberrant expression of various miRNAs, noncoding
RNAs, and chromatin modifiers.**~*°

Despite the essential functions of homeoproteins in normal
development and their increasingly recognized importance in
tumors, relatively few transcriptional targets of homeoproteins
have been identified. Several homeoproteins that are aberrantly
expressed in tumors control transcription of genes that regulate
the cell cycle.'"*® We have identified that DLX4 activates
TOP2A promoter activity."” DLX4 also enables tumor cells to
evade the antiproliferative effect of transforming growth factor-
B by sequestering Smad4.'® There is also increasing evidence
that homeoproteins modulate tumor—stroma interactions.
HOXAO9, ahomeoprotein that is associated with poor outcomes
of ovarian cancer patients, stimulates tumor—mesothelial cell
interactions by activating transcription of the CDH3 gene that
encodes P-cadherin.”® HOXA9 also promotes ovarian tumor
growth by activating transcription of gene encoding trans-
forming growth factor-f32, which in turn stimulates peritoneal
fibroblasts to acquire features of cancer-associated fibroblasts
and stimulates macrophages to acquire immunosuppressive
properties.'”*’ By controlling expression of distinct sets of
ligands and receptors, homeoproteins can, therefore, pro-
foundly perturb signaling pathways in tumor cells and also
communications between tumor and stromal cells.

Conclusions

The present study supports increasing evidence of the
functional importance of homeobox genes in driving tumor
progression. This is the first study to identify a role of a
homeobox gene in controlling inflammatory signaling in
cancer. Further characterization of the mechanisms of this
important class of developmental genes could yield impor-
tant insights into the control of intra- and intercellular
communication in tumors and the identification of more
effective focal points for therapeutic intervention.
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