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Matrix Rigidity Activates Wnt Signaling through
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Background: Metastasizing ovarian cancer (EOC) cells anchor in the submesothelial collagen matrix.
Results: Modeling EOC metastasis with cells in three-dimensional collagen culture down-regulates an inhibitor of Wnt signal-

ing, Dickkopf-1.

Conclusion: Cell matrix adhesion can activate Wnt signaling in the absence of Wnt pathway mutations.
Significance: Cross-talk between adhesion-regulated signaling pathways may fine tune tissue invasive activity.

Cells respond to changes in the physical properties of the
extracellular matrix with altered behavior and gene expression,
highlighting the important role of the microenvironment in the
regulation of cell function. In the current study, culture of epi-
thelial ovarian cancer cells on three-dimensional collagen I gels
led to a dramatic down-regulation of the Wnt signaling inhib-
itor dickkopf-1 with a concomitant increase in nuclear
B-catenin and enhanced f-catenin/Tcf/Lef transcriptional
activity. Increased three-dimensional collagen gel invasion was
accompanied by transcriptional up-regulation of the mem-
brane-tethered collagenase membrane type 1 matrix metallo-
proteinase, and an inverse relationship between dickkopf-1 and
membrane type 1 matrix metalloproteinase was observed in
human epithelial ovarian cancer specimens. Similar results were
obtained in other tissue-invasive cells such as vascular endothe-
lial cells, suggesting a novel mechanism for functional coupling
of matrix adhesion with Wnt signaling.

Anchorage-dependent cells in a tissue context reside within a
three-dimensional extracellular matrix (ECM)? environment
that serves as a structural scaffold and provides guidance cues
for various cellular processes (1, 2). Cells respond to changes in
the physical properties of the three-dimensional ECM with
altered behavior and gene expression; however, mechanisms
that regulate these processes are largely unclear. Recent studies
have demonstrated that the mechanical properties of a tissue
can contribute actively to disease progression, highlighting the
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importance of understanding cellular responses to changes in
matrix rigidity (3—7). Acquisition of a tissue-invasive pheno-
type occurs in normal development, for example migration of
neuronal cells into the cortex (8) or endothelial cell migration
during vasculogenesis (9). Malignant cancer cells also acquire
tissue-invasive capacity to disseminate from the primary tumor
and establish secondary lesions (10). Although the specific
microenvironment of tissue-invasive cell types varies, a com-
mon feature often includes a three-dimensional collagen scaf-
fold penetrated by invasive cells. Recent studies suggest that
common mechanisms can be adopted by diverse cell types to
invade three-dimensional collagen gels (11-15).

In this study, we utilized an in vitro model of epithelial
ovarian cancer (EOC) metastasis to address the functional
consequences of changes in gene expression that accompany
penetration of three-dimensional collagen gels. Metastatic
dissemination of EOC is initiated by exfoliation of cells from the
primary tumor into the peritoneal cavity (see Fig. 1) wherein
they exist as a non-adherent cell population. These metastatic
cells induce retraction of peritoneal mesothelial cells and expo-
sure of the underlying three-dimensional collagen matrix (see
Fig. 1 and Refs. 16 -18) to which EOC cells avidly adhere via
integrin-mediated interactions. We have demonstrated previ-
ously that EOC cells show preferential B1 integrin-mediated
adhesion to collagen I (19-22) and that following collagen I
contact cells undergo morphologic alteration to a distinct inva-
sive phenotype with altered expression of genes associated with
invasion and motility including membrane type 1 matrix met-
alloproteinase (MT1-MMP), actinin-«4, and connective tissue
growth factor (19, 23, 24).

Among the genes down-regulated by three-dimensional col-
lagen I (CI) culture of EOC cells is the protein dickkopf-1
(DKK1), an inhibitor of the canonical Wnt signaling pathway
(25). This pathway is activated by binding of a Wnt ligand to the
frizzled receptor, association of the co-receptor LRP-5/6 with
frizzled, and recruitment of disheveled and axin to the cytoplas-
mic face of the complex. Translocation of axin disrupts the
cytoplasmic B-catenin degradation complex, enabling nuclear
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translocation of B-catenin (26). DKK1 functions as an inhibitor
of Wnt signaling by binding the co-receptor LRP-5/6 and pro-
moting internalization. When active, Wnt signaling regulates
gene expression, cell adhesion, cell fate, and cell polarity during
both embryogenesis and cancer progression (26, 27).

Constitutive activation of Wnt signaling has been observed
in some cancers as a result of mutations in key pathway
components. Although activating mutations of B-catenin
(CTNNBI1 mutations) are relatively rare in serous EOC and are
restricted to the endometrioid histotype (28, 29), emerging data
nevertheless link deregulated Wnt signaling to progression of
serous ovarian cancer as well (30-33). Findings in the current
study suggest that down-regulation of DKK1 occurs in
response to three-dimensional CI with progressive loss
observed in collagen gels of increasing mechanical rigidity. As a
functional consequence of DKK1 down-regulation, Wnt signal-
ing is activated, MT1-MMP expression is enhanced, and colla-
gen invasion is increased. A similar loss of DKK1 expression
was observed in both cortical neurons and endothelial cells in
three-dimensional collagen culture, suggesting a common
mechanism for activation of Wnt signaling by tissue-invasive
cells.

EXPERIMENTAL PROCEDURES

Materials—The ovarian carcinoma cell lines of serous histo-
type DOV13, OVCA433, and OVCA429 were kindly provided
by Dr. R. Bast, Jr. (M. D. Anderson Cancer Center, Houston,
TX) and maintained as described previously (21). The
OVCARS cell line was generously provided by Dr. A. Skubitz
(University of Minnesota, Minneapolis, MN). High density pri-
mary cortical neuronal cultures were prepared from E18 rat
embryos (under an animal protocol approved by the North-
western University animal committee) as described (63) and
maintained in Neurobasal medium supplemented with gluta-
mine and B27 (Invitrogen). Human umbilical vein endothelial
cells were obtained from ATCC, maintained in Medium 199
(Sigma), and supplemented with 2.5% fetal bovine serum, 10
mM HEPES, 2 mm glutamine, 30 wg/ml heparin, and 50 ug/ml
endothelial mitogen (Biomedical Technologies) between pas-
sages 3 and 6. Cell lines MDA-MB231 (breast carcinoma) and
ES2 (ovarian carcinoma of clear cell histotype) as well as ovar-
ian carcinoma cell lines of serous histotype, SKOV-3 and
Caov-3, were obtained from ATCC and maintained according
to the manufacturer’s suggestions. Rat tail type I collagen and
Transwell 8.0-um invasion chambers were obtained from BD
Biosciences. Human collagens I and III, RGDS peptide, rabbit
polyclonal anti-MT1-MMP antibodies (hinge region), mouse
monoclonal anti-B-tubulin antibody, and bovine serum albu-
min (BSA) were purchased from Sigma. Mouse monoclonal
anti-B-catenin (catalog number 610154) was obtained from BD
Transduction Laboratories and Upstate (Lake Placid, NY),
respectively. The broad spectrum inhibitor of matrix metallo-
proteinases GM6001 was obtained from Chemicon (Temecula,
CA), the Src kinase inhibitor SU6656 was from Cayman Chem-
ical, and the ERK inhibitor U0126 was from Cell Signaling
Technology. Mouse anti-GAPDH antibody was from Research
Diagnostics Inc. (Concord, MA). Rabbit polyclonal anti-histone
H3 antibody was obtained from BioLegend (San Diego, CA).
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Four-arm polyethylene glycol (PEG)-acryl (10,000) was
obtained from SunBio (Orinda, CA), and 2,2-dimethyl-2-phe-
nylacetophenone was a generous gift from Ciba (Tarrytown,
NY). DKK1-overexpressing plasmid (pCS2+/DKK1) was a
generous gift from Dr. Xi He (Children’s Hospital, Harvard
Medical School). TOPFlash and FOPFlash reporter luciferase
constructs as well as a construct expressing Renilla luciferase
were kind gifts from Dr. Cara Gottardi (Northwestern Univer-
sity). Human recombinant DKK1 protein was purchased from
R&D Systems. Polyclonal antibodies against DKK1 and control
and DKK1 siRNA were obtained from Santa Cruz Biotechnol-
ogy (Santa Cruz, CA). Flexercell 6-well tissue culture plates
were purchased from Flexcell International Corp. (Hillsbor-
ough, NC). TissueScan real time ovarian cancer disease panel I
was obtained from Origene (Rockville, MD).

Scanning Electron Microscopy—Sections of peritoneum
(~6 X 6 mm?) were removed from the ventral surface of female
FVB mice and pinned with the mesothelial surface facing up to
silastic resin immersed in PBS. For some sections, EOC cells
were added to the ex vivo tissue section and allowed to incubate
for 2—24 h prior to tissue fixation and preparation for scanning
electron microscopy. Tissues were then fixed for 1 h in primary
fixative solution containing 2% glutaraldehyde and 2% parafor-
maldehyde in 0.1 m cacodylate buffer, pH 7.35; washed in 2-ME
buffer (0.1 M sodium cacodylate, 0.13 M sucrose, 0.01 M 2-mer-
captoethanol, pH 7.35; 3 X 20 min); and fixed with 2% osmium
tetroxide in cacodylate buffer using a microwave processing
regimen. The tissues were rinsed with cacodylate buffer,
washed (3 X 5 min) with ultrapure water, and dehydrated in a
series of increasing concentrations of ethanol prior to critical
point drying using an Autosampdri®-815 Series A dryer. After
placing the samples on carbon stubs and applying Flash-Dry™
silver paint, one cycle of platinum coating was performed using
a platinum sputter coater machine. Samples were examined
using a Hitachi S-4700 field emission scanning electron
microscope.

Three-dimensional Matrix Models—To model early events
in intraperitoneal EOC metastasis induced by cell interaction
with a three-dimensional collagen I matrix (see Fig. 1), three-
dimensional CI gels at 0.8 or 2 mg/ml were utilized as described
previously (19). Additional control experiments used three-di-
mensional collagen III (CIII) gels at 0.25 mg/ml. Synthetic 5 and
10% PEG gels containing 0.3 mm RGDS were also used. Syn-
thetic 10% four-arm PEG-acryl containing 0.3 mm RGDS was
prepared by photocross-linking under ultraviolet light using
0.5% 2,2-dimethyl-2-phenylacetophenone in polyvinylpyrroli-
done (600 mg/ml) as the photoinitiator. Collagen type I-conju-
gated polyacrylamide gels containing varying percentages of
bisacrylamide from 0.03 to 0.3% were made using a procedure
published previously (34). Cells were cultured atop three-di-
mensional matrices for various periods of time as described
(19). Control cells were plated either on 10 wg/ml thin layer
collagen I (indicated as two-dimensional CI throughout), 10
pg/ml planar CIII (two-dimensional CIII), or 0.3 mMm unconju-
gated RGDS (two-dimensional). In control experiments, inhib-
itors of Src kinase (SU6656; 2 um) or ERK (UO126; 25 uM) were
added during the incubation. Physical properties of collagen
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FIGURE 1. Model of epithelial ovarian cancer metastasis. A, cells shed from the primary tumor circulate in ascites fluid, interact with peritoneal mesothelial
cells, induce mesothelial cell retraction, and adhere avidly to the submesothelial three-dimensional collagen matrix wherein they anchor and proliferate to
form secondary lesions. Scanning electron micrographs (SE) depicting events in metastasis (b, ¢, and d) are shown in the following panels. B, scanning electron
micrographs of retracted mesothelial cells showing the underlying three-dimensional collagen matrix. Scale bar, 5 um. C, scanning electron micrographs of
EOC tumor cells (T) adherent to peritoneal tissue in a tissue explant. M designates mesothelial cells. Scale bar, 20 um. D, scanning electron micrographs of EOC
tumor cell (T; outlined in yellow) intercalated between peritoneal mesothelial cells (M) in a tissue explant. Scale bar, 10 um.

and PEG gels (storage and loss moduli) were obtained using a
standard rheology technique as described previously (35, 36).

Mechanical Strain—Ovarian carcinoma cells were cultured
on collagen-coated Tissue Train 6-well culture plates. To eval-
uate the effect of mechanical strain on DKK1 expression, cells
were subjected to 360 cycles of biaxial sinusoidal 0-20%
mechanical stretch for 1 h using a Flexcell FX-4000T apparatus.
Cells cultured in the area of the film subjected to stretch were
collected, RNA was extracted, cDNA was synthesized, and
expression of DKK1 was analyzed with real time RT-PCR. Con-
trol cells were cultured on collagen-coated Tissue Train 6-well
culture plates without mechanical strain.

Quantitative Real Time PCR—Real time PCR was carried out
with ABI Prizm (Applied Biosystems) according to the manu-
facturer’s instructions as described before (23). Primers for
mRNA detection of genes of interest were constructed accord-
ing to requirements for oligonucleotide primers for real time
RT-PCR using Primer3 software. Expression of DKKI1 in
human cells was evaluated using previously published se-
quences of primers (37); RPL-19 was used a housekeeping gene
control (19). Expression of DKK1 in rat cortical neurons was
evaluated using primers for rat DKK1 (forward, 5'-GACGAG-
TACTGCTCCAGT-3’; reverse, 5'-GAGGTAAATGGCTGT-
GGT-3') and rat Rpl19 as a housekeeping control (forward,
5'-GTCAACAGATCAGGAAGCTG-3'; reverse, 5'-TACCC-
TTCCTCTTCCCTATG-3’). Relative quantification of gene
expression between experimental (three-dimensional CI) and
control (two-dimensional CI) samples was measured by nor-
malization against endogenous RPL-19 using the AC, method.
-Fold changes were quantified as 2~ (AC*sample = ACE control) 5¢
described previously (38).
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Real time RT-PCR was also used to detect the levels of DKK1
and MT1-MMP mRNAs in samples from tissues of ovary and
ovarian carcinoma commercially available from Origene and
assayed according to the manufacturer’s suggestions. C, values
for DKK1, MT1-MMP, RPL-19, and ACTNB were obtained
using ABI Prizm (Applied Biosystems) according to the manu-
facturer’s instructions as described above under “Quantitative
Real Time PCR.” RPL-19 and ACTNB were expressed in each
sample as reported before (23). Data were analyzed using a
Mann-Whitney U test for non-parametric statistical analysis of
categorical data (Sigmaplot).

Immunohistochemistry—Immunohistochemical analysis of
DKKI1 expression was done retrospectively on tumor tissue
microarrays prepared with Institutional Review Board approval
by the Pathology Core Facility of the Robert H. Lurie Compre-
hensive Cancer Center at Northwestern University and assem-
bled from tissue originally taken for postoperative diagnostic
purposes. The microarray tissue specimens included 17 paired
primary and metastatic ovarian cancer tissues obtained during
the same surgical procedure from patients who were not
treated against ovarian cancer prior to the operation (15 serous
and two endometroid). Samples were cut 3—4 wm thick and
deparaffinized. The cores were 1 mm in diameter. Antigen
retrieval was accomplished by heat induction at 99 °C for ~45
min. Immunohistochemical staining with antibodies to DKK1
at a 1:100 dilution was done according to standard procedures
at the Pathology Core of Northwestern University. Scoring of
DKK1 was assigned according to the average overall intensity of
the staining and was graded as follows: 0, no staining; 1, fine
granular staining; 2, somewhat coarse staining but less than
positive control tissue (human testis); 3, very coarse staining

JOURNAL OF BIOLOGICAL CHEMISTRY 143



Three-dimensional Collagen Culture Down-regulates Dickkopf-1

A

@ 0
g
g2
o X
zE
e
y X3
K
9 4
-5

-0

e OVCA433 DOVI3 CAOV3 SKOV3
§- 20 30 20 3D 20 3D 20 3D
3 E,

'E,.E * : = —
L 8

Control DMSO SU6656 U0126

F type lll collagen  strain vs
(] 3D/2D no strain
[ 0
e <
© 4
5 o
(%)
T E 5l
) g
oY a
9 [
« ag-10 |
=
9 ]
a S
o T 45}
o] 2 -5
m L=

FIGURE 2. Three-dimensional collagen culture down-regulates DKK1 expression. A, DOV13 cells were cultured on three-dimensional Cl (3D) or planar
collagen (two-dimensional (2D)) for the indicated time followed by real time RT-PCR analysis of DKKT mRNA expression. Shown is the -fold change in the ratio
of DKK1 mRNA in three-dimensional relative to two-dimensional collagen. Ratios of DKK1 RNA expression were obtained using the 2724 method. An average
of three independent experiments +S.D. (error bars) is presented, and data were statistically evaluated by t test. * designates p < 0.05. B, multiple ovarian
carcinoma cell lines as indicated were cultured on three-dimensional Cl or planar collagen (two-dimensional) for 8 h followed by RNA extraction, cDNA
synthesis, and real time RT-PCR to assess DKK1 mRNA levels. Shown is the -fold change in the ratio of DKK1T mRNA in three-dimensional Cl relative to
two-dimensional. * designates p < 0.05. C, DOV13 cells were cultured for 8 h on three-dimensional Cl or planar collagen (two-dimensional) in the presence of
DMSO, SU6656 (2 um), or UO126 (25 um) as indicated followed by analysis of DKKT mRNA expression as in A. * designates p < 0.05. D, representative Western
blot of DKK1 levels in whole cell lysates after 24-h culture on planar collagen (two-dimensional) and three-dimensional Cl as indicated. Blots were developed
using polyclonal anti-DKK1 (1:200) and anti-rabbit HRP-conjugated secondary antibodies (1:1000). Expression of B-tubulin was probed as a loading control.
E, DOV13 cells were cultured atop three-dimensional RGDS-PEG gels or planar unconjugated RGDS for the indicated periods of time followed by RNA
extraction, cDNA synthesis, and real time RT-PCR. Averaged ratios of DKK1T mRNA levels in cells cultured on three-dimensional versus two-dimensional
substratum are plotted on the histogram as -fold down-regulation against time. * designates p = 0.005. F, expression of DKK1 mRNA was analyzed in DOV13
cells cultured on three-dimensional gels prepared from type Il collagen relative to cells cultured on planar (two-dimensional) collagen lll. Additionally,
expression was evaluated in cells subjected to mechanical strain (as described under “Experimental Procedures”) compared with control cells as indicated.
Averaged ratios of DKK1T mRNA levels in cells cultured on three-dimensional Clll versus planar CllIl (two-dimensional) and under conditions of strain versus
controls are plotted on the histogram as -fold down-regulation. * designates p < 0.005.

similar to positive control tissue. Staining of <10% of tumor
cells, regardless of intensity, was considered negative. Staining
of between 10 and 75% of tumor cells was considered focal
positive, and staining of greater than 75% of tumor cells was
considered diffuse positive. Immunohistochemical analysis of
B-catenin expression in metastasis from ovarian carcinoma (38
serous, one mucinous, and one transitional histotype) was per-
formed using tissue microarray OV808 (US Biomax, Rockville,
MD) by the Pathology Core Facility at the University of Illinois
at Chicago. Antigen retrieval was accomplished by heat induc-
tion at 90 °C for 15 min. Immunohistochemical staining with
antibodies to B-catenin at a 1:50 dilution was done according to
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standard procedures. Analysis of tissue sections was done by
light microscopy by an anatomic pathologist without prior
knowledge of the clinical variables.

Immunofluorescent Staining—Cells were cultured atop
three-dimensional CI and two-dimensional CI in glass chamber
slides for 6 h followed by 20-min fixation with 4% paraformal-
dehyde. Membrane permeabilization and blocking for nonspe-
cific immunoreactivity was achieved by incubation with 0.1%
TritonX-100 and 3% BSA in PBS for 1 h at room temperature
(22 °C). B-Catenin antibody (BD Transduction Laboratories)
was used ata 1:50 dilution in a solution of 3% BSA in PBS for 1 h
at room temperature. 3-Catenin signal was visualized using
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goat anti-mouse Alexa Fluor 488-conjugated antibodies (incu-
bation, 1 h; antibody dilution, 1:500). Images were collected
with a Zeiss Axiovert fluorescence microscope.

Transient Transfections—Transient transfections were per-
formed using the lipofection method with Lipofectamine 2000
(Invitrogen) as a vehicle. DKK1-specific and control siRNAs,
pCS2+/DKK1, TOPFlash, FOPFlash, and the Renilla luciferase
expression construct were transiently transfected into DOV13
cells according to the manufacturer’s instructions.

Collagen Invasion and Motility Assays—Invasion assays were
performed using Transwell chambers (0.8 wm; BD Biosciences)
as described (19). Motility was assessed using a scratch wound
assay. Briefly, DOV13 cells were cultured in standard condi-
tions as described under “Materials” until 70 —80% confluence
following transient transfection with either DKK1 siRNA or
control siRNA as indicated under “Transient Transfections.”
Wounds were introduced into the confluent monolayers by a
pipette tip. Wound closure was monitored over time and pho-
tographed using a Zeiss Axiovert microscope at 5X objective
magnification. The distance between the monolayers was
measured using Zeiss Axiovert software in 10 random places
and averaged, and the percentage of wound healing at a given
time compared with the initial wound width was calculated.

Cell Adhesion—Adhesion of cells transiently transfected
with control, DKK1 siRNA, and pCS2+/DKK1 to collagen I
(0.5 ng) was analyzed as described previously (35). Briefly, cells
(3000) were seeded on collagen I deposited by passive adsorp-
tion in 96-well plates and allowed to attach for 1 and 3 h. Non-
adherent cells were removed with the medium. Adherent cells
were washed once with phosphate-buffered saline, fixed,
stained using a Diff-Quik kit (Dade Behring), counted in five
random fields, and averaged.

Subcellular Fractionation—Cells were cultured on two-di-
mensional CI and three-dimensional CI for 6 h; released with
0.05% trypsin, EDTA or 10 ng/ml collagenase, respectively; and
collected by centrifugation for 5 min at 6000 rpm at 4 °C. Cells
were resuspended in 50 mm Tris, pH 8.0 containing 150 mMm
NaCl, 1% Nonidet P-40, and phosphatase inhibitor mixture
(Roche Applied Science); incubated on ice for 5 min; and spun
down for 5 min at 12,000 rpm. Supernatant containing the cyto-
plasmic fraction was removed, and the pelleted nuclei were
resuspended in 50 mm HEPES, pH 7.5 containing 150 mm NaCl,
10 mMm EDTA, 1% Triton X-100, 0.5% sodium deoxycholate,
0.1% SDS, and protease inhibitor mixture (Roche Applied Sci-
ence). Pellets were incubated for 2 min on ice, briefly vortexed, and
returned to ice; the procedure was repeated four times; and then
the samples were centrifuged as above. Supernatants were col-
lected, protein concentration was measured with the Bradford
protein assay, and samples were processed for Western blot.

Western Blotting—Cells incubated under various conditions
were collected, and samples were prepared as described before
(19). Cell lysates (20 ug) were electrophoresed on 9% SDS-poly-
acrylamide gels under reducing conditions (39), electroblotted
to a polyvinylidene difluoride (PVDF) membrane (40), blocked
with 5% skim milk in TBST (25 mwm Tris, pH 7.5, 150 mm NaCl,
0.1% Tween 20) for 1 h at room temperature (20 °C). Mem-
branes were incubated for 1-2 h at room temperature with
antibodies against proteins of interest. The antibodies were
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FIGURE 3. Matrix rigidity regulates DKK1 expression. A, DOV13 cells were
cultured on three-dimensional (3D) collagen | gels formed using 0.8 or 2.0
mg/ml collagen | as indicated. Controls included cells cultured on planar
(two-dimensional (2D)) collagen I. RNA was extracted, cDNA was synthesized,
and real time RT-PCR was performed to detect DKK1 RNA expression. The
ratio of DKK1 expression is depicted. An average of three independent exper-
iments £S.D. (error bars) is presented. p values were calculated using Stu-
dent’s t test. * designates p < 0.0005. B, DOV13 cells were cultured for 6 h on
polyacrylamide gels containing a constant collagen concentration (0.2
mg/ml) with varied bisacrylamide to modulate gel stiffness. Cells were col-
lected, total RNA was extracted, cDNA was synthesized, and DKK1 expression
was detected using RT-PCR. * designates p < 0.05. C, DOV13 cells were cul-
tured on 5 or 10% PEG gels with a constant RGDS concentration as indicated
under “Experimental Procedures” for 8 h. Controls included cells cultured on
a planar RGDS-coated tissue culture support. Total RNA was extracted, cDNA
was synthesized, and real time RT-PCR was performed to detect DKK1 RNA
expression. The ratio of DKK1 expression in three-dimensional versus two-
dimensional culture conditions is depicted. An average of three independent
experiments *S.D. (error bars) is presented. p values were calculated using
Student's t test. * designates p < 0.005.

used at the following dilutions: 1:200 for anti-human DKK1
polyclonal antibody in 3% bovine serum in TBST, 1:1000 for
anti-B-tubulin monoclonal antibody in 5% skim milk in TBST,
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FIGURE 4. Three-dimensional Cl modulates f-catenin dynamics. A, DOV13 cells were cultured for 6 h on three-dimensional (3D) Cl or planar collagen
(two-dimensional (2D)) as indicated followed by fixation and staining using anti-B-catenin and anti-mouse Alexa Fluor 488 antibodies at 1:50 and 1:500
dilutions, respectively. Nuclei are stained with 4',6-diamidino-2-phenylindole dihydrochloride (DAPI). Immunofluorescence images were taken with a Zeiss
Axiovert fluorescence microscope using a 63X objective. Green and yellow arrows show membranous and nuclear -catenin, respectively. Nuclear -catenin
was detected in >70% of cells cultured on three-dimensional Cl (evaluation of 100 cells per condition). Magnification, 400X. B, cells were cultured on
three-dimensional Cl or planar collagen | for 6 h and subjected to subcellular fractionation as indicated under “Experimental Procedures” to collect cytoplasmic
(€) and nuclear (N) fractions. The lysates were analyzed by Western blot using anti-B-catenin at a 1:50 dilution, anti-B-tubulin at a 1:1000 dilution, and
anti-histone H3 at a 1:50 dilution. B-Tubulin and TATA-binding protein (b.p.) expression served as indicators of successful separation of cytoplasmic or nuclear
protein fractions, respectively. To provide semiquantitative analysis of B-catenin distribution, levels of nuclear B-catenin were quantified using densitometry
and normalized relative to TATA-binding protein. A 2-fold increase in nuclear B-catenin was observed in cells cultured on three-dimensional Cl relative to
two-dimensional. C, cells were transiently transfected with TOPFlash (TOP) and FOPFlash (FOP) promoter-luciferase reporter constructs to evaluate B-catenin
transcriptional activity in cells cultured on three-dimensional Cl versus planar (two-dimensional) collagen | for 6 h. A Renilla luciferase-expressing plasmid was
co-transfected to account for the efficiency of transfection. Cells were lysed, and the luciferase signal was measured using a Dual-Luciferase system. TOPFlash
and FOPFlash signals were first normalized to the Renilla luciferase signal, and then ratios of TOPFlash to FOPFlash were calculated. Results represent the mean
and S.D. of three experiments. * designates p < 0.05 relative to control cells on three-dimensional Cl. D, immunohistochemical analysis of B-catenin expression
in metastatic human ovarian carcinoma. Shown is a specimen of a metastatic serous papillary adenocarcinoma from ovary to omentum (core number 43 in
0V808 tissue microarray, US Biomax). Pictures were taken with an Aperio Imagescope system at 20X magnification. The outlined region was magnified 1.5-fold.
Red arrows indicate membranous and black arrows indicate nuclear B-catenin.

1:1000 for anti-MT1-MMP polyclonal antibody in 3% BSA, 1:500
for anti-B-catenin monoclonal antibody in 5% skim milk in TBST,
and 1:2000 for anti-GAPDH monoclonal antibody in 5% skim milk
in TBST. Immunoreactive bands were visualized with anti-rabbit
IgG-peroxidase or anti-mouse IgG-peroxidase (1:1000 in 5% skim
milk in TBST) and enhanced chemiluminescence using a
LAS3000 system (Fujifilm) and LAS3000 ImageReader software.
Band intensities were determined using LAS3000 ImageGauge
software according to the manufacturer’s instructions. Levels of
nuclear (B-catenin were normalized to control blots containing
TATA-binding protein.

RESULTS

Three-dimensional Collagen I Culture Down-regulates
Dickkopf-1—Following exfoliation from the primary tumor
into the peritoneal cavity, disseminating ovarian cancer cells
transition from a cell population that is free floating in ascites to
adhesive, peritoneally anchored metastases (Fig. 1) (16, 18). Key
events in this process are peritoneal mesothelial cell retraction
and exposure of the underlying three-dimensional submeso-
thelial matrix that is rich in interstitial collagens. Metastasizing
cells establish B1 integrin-mediated interactions with the
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three-dimensional CI-rich submesothelial matrix. To evaluate
changes in gene expression that accompany de novo collagen
contacts established during metastatic implantation, a cDNA
microarray was used for expression profiling of genes altered by
three-dimensional CI culture. Our data revealed an unexpected
strong down-regulation of the Wnt signaling inhibitor DKK1,
suggesting a functional coupling of cell matrix adhesion and
Wnt signaling (23, 41, 42). Wnt signaling controls many impor-
tant cellular processes including expression of ECM-degrading
proteases that promote invasion (43—49). Although activating
mutations in this pathway are relatively rare in EOC, deregu-
lated Wnt signaling has been implicated in EOC progression
(30-33). We observed that three-dimensional CI culture led
to a progressive sustained loss of DKK1 expression relative
to cells cultured on planar (two-dimensional) collagen-
coated surfaces. Significant sustained down-regulation of
DKK1 mRNA was evident as early as 2 h of culture on three-
dimensional CI (Fig. 2A4). Multiple ovarian carcinoma cell
lines responded to three-dimensional CI culture with down-
regulation of DKK1 RNA and protein (Fig. 2, B and D). Inhi-
bition of Src kinase activity partially restored DKK1 expres-

VOLUME 288+NUMBER 1-JANUARY 4, 2013



Three-dimensional Collagen Culture Down-regulates Dickkopf-1

sion (Fig. 2C). Similar to results observed in collagen
cultures, EOC cells grown in RGDS-supplemented three-
dimensional PEG scaffolds also significantly down-regulated
DKK1 (Fig. 2E) as did culture in three-dimensional type III
collagen gels (Fig. 2F). However, alteration of cell shape
through the application of mechanical strain to cells cul-
tured on planar collagen I-coated Flexercell membranes had
no effect on DKK1 expression (Fig. 2F).

Matrix Mechanical Properties Regulate DKKI1 Expression—
Cells respond to changes in the physical properties of the ECM
with altered gene expression, and the mechanical properties of
atissue can contribute actively to disease progression (3, 4, 6, 7).
To assess the effect of matrix rigidity on DKK1 expression, cells
were cultured in collagen gels of varying density. DKK1 expres-
sion was decreased to a greater extent in more rigid three-di-
mensional collagen gels (formed from 2 mg/ml collagen) rela-
tive to those formed from more compliant collagen gels (0.8
mg/ml) (Fig. 3A). Because altering collagen concentration will
also change the number of integrin binding sites, we used an
alternative approach wherein gels were constructed with a con-
stant amount of collagen (0.2 mg/ml) with varied polyacryl-
amide-bisacrylamide to test the effect of matrix elasticity on
DKK1 expression (34, 50). Progressive down-regulation of
DKK1 expression was dependent on the gel density (Fig. 3B).
Control experiments used cells cultured on RGDS-PEG gels
with constant RGDS and variable PEG content, demonstrating
enhanced loss of DKK1 in higher PEG concentration gels (Fig.
3C; 10% PEG elastic modulus, 2760 pascals), indicating that
matrix rigidity contributes to regulation of DKKI.

Three-dimensional Collagen 1 Matrix Alters [-Catenin
Dynamics—In contrast to cells cultured on planar collagen I
that exhibit junctional B-catenin staining, three-dimensional
CI culture alters B-catenin dynamics, leading to accumulation
of nuclear B-catenin (Fig. 4, A and B). Densitometric analysis
revealed a 2-fold increase in nuclear B-catenin in cells cultured
on three-dimensional CI relative to two-dimensional. Trans-
fection of cells with the TOPFlash Tcf/Lef-luciferase reporter
construct was used to evaluate whether nuclear 3-catenin was
transcriptionally active. Increased TOPFlash activity was
observed in cells on three-dimensional CI, and this was blocked
by the addition of exogenous DKK1 (Fig. 4C). As metastasizing
ovarian cancer cells encounter a three-dimensional CI-rich sub-
mesothelial matrix, expression and localization of B-catenin were
examined in human metastatic ovarian carcinoma tissues. Con-
sistent with previous findings (51, 52), our data indicate that 7.5%
of cases display positive nuclear immunoreactivity for 3-catenin
(Fig. 4D), whereas 68% of cases exhibit 3-catenin staining in the
cytoplasm, the plasma membrane, or both. The apparent discrep-
ancy between the number of cells positive for B-catenin in human
tissues versus organotypic cell culture models can be attributed to
the relatively transient nature of nuclear B-catenin localization as
well as the lower fraction of tissue-associated cells that are actually
in physical contact with the ECM.

Loss of DKK1 Enables Metalloproteinase-dependent Collagen
Invasion—Metastatic success of ovarian cancer cells requires
localized penetration of and anchoring within a three-dimen-
sional CI matrix (16, 18), and three-dimensional CI interaction
induces a promigratory, invasive phenotype in ovarian cancer
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FIGURE 5. DKK1 regulates MT1-MMP-dependent collagen invasion. A, a
modified Boyden chamber assay was used to evaluate invasion of cells through
three-dimensional Cl. Cells were transfected with control siRNA (siCtrl), DKK1-
specific siRNA (siDKK1), or a DKK1 expression plasmid (pCS2+/DKK1; designated
DKK1) or were incubated in the presence of 0.33 ng/ml recombinant DKK1
(rDKK1) as indicated. Cells invaded through the collagen gel (18 h) and attached
to the lower surface of the filter. Following removal of non-invasive cells from the
upper surface, the filter was stained, and invasive cells were quantified. Invasion
of DOV13 cells was arbitrarily set as “1,” and other values were normalized to this
value. An average of five independent experiments is presented. Error bars rep-
resent S.D. p values were obtained by Student'’s t test in comparison with non-
treated DOV13 controls. * designates p < 0.0005. B and C, DOV13 cells were
cultured on three-dimensional (3D) Cl or planar (two-dimensional (2D)) collagen
I'in the presence or absence of 0.33 mg/ml exogenous DKK1 and subjected to
Western blot to detect MT1-MMP expression (1:1000 antibody dilution). B-Tubu-
lin was used as a protein loading control. The histogram (C) shows densitometric
quantitation of MT1-MMP levels. Expression of MT1-MMP in cells on planar colla-
gen | was arbitrarily set as 1. p values were obtained by Student’s t test. * desig-
nates p < 0.005 relative to culture on three-dimensional Cl. D, DOV13 cells were
cultured on three-dimensional Cl or planar (two-dimensional) collagen | in the
presence or absence of 0.33 mg/ml exogenous DKK1 for 4 (open bars) or 8 h (solid
bars). RNA was extracted, cDNA was synthesized, and real time RT-PCR was per-
formed to detect MT1-MMP RNA expression. Ratios of MT1-MMP RNA expression
were found using the 2~24% method. p values were obtained by Student’s t test.
* designates p = 0.03 relative to the 4-h sample in the absence of DKK1, ** des-
ignates p = 0.002 relative to the 4-h sample in the absence of DKK1, and
*** designates p = 0.001 relative to the 8-h sample in the absence of DKK1.

cells. Many invasion-associated genes are known Wnt targets
including ECM-degrading proteinases such as the collageno-
lytic MT1-MMP, suggesting that modulation of Wnt signaling
can regulate invasion (43—-49). Indeed, siRNA silencing of
DKK1 expression significantly enhanced invasion, whereas
transfection with a DKK1 expression vector or addition of
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exogenous DKK1 dramatically reduced invasive activity (Fig.
5A andsupplemental Fig. 1). Neither motility nor adhesion to
collagen were altered in DKK1-modified cells (supplemental
Fig. 2). The interstitial collagenase MT1-MMP, an important
driver of the collagen-invasive phenotype (11, 17, 53), is regu-
lated downstream of B-catenin signaling (45, 48, 54). Three-
dimensional CI culture increases MT1-MMP mRNA and pro-
tein levels (19), and this enhanced expression was blocked by
the addition of exogenous DKK1 (Fig. 5, B-D). These data sup-
port a model for collagen-induced invasion via down-regula-
tion of DKK1 and enhanced MT1-MMP activity.

Inverse Correlation between DKKI1 and MTI-MMP Expres-
sion in Human Ovarian Tumors—Real time RT-PCR was used
to monitor DKK1 and MT1-MMP expression in mRNA sam-
ples from EOC patients. In samples from early stage (I-II)
tumors, 47% expressed DKK1, whereas expression was retained
in only 10% of late stage (III-IV) specimens (p = 0.004). In
contrast, only 39% of early stage tumors were MT1-MMP-pos-
itive, whereas 60% of late stage EOC exhibited MT1-MMP
expression (Fig. 6, A and B; p = 0.08). Coincident negative
DKKI1 and positive MT1-MMP expression was observed in
36.5% of the tested samples (Fig. 6A, yellow bars; p = 0.012).
Similar results were obtained upon immunohistochemical
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examination of human tumor specimens (Fig. 6, C—E, and sup-
plemental Table 1) (55).

Three-dimensional CI Culture Modulates DKKI1 Expression
in Multiple Invasive Cell Types—Matrix invasion is essential for
anumber of physiological and pathological processes. To deter-
mine whether other collagen-invasive cell types also respond to
three-dimensional CI culture with DKK down-regulation,
endothelial cells and cortical neurons were examined. Both cell
types responded to three-dimensional CI culture with down-
regulation of DKK1 expression (Fig. 7, A and B). Silencing of
DKK1 expression using siRNA significantly increased endothe-
lial cell invasion, whereas DKK1 overexpression down-regu-
lated invasive activity (Fig. 7C). Similarly, three-dimensional CI
invasion by cortical neurons was DKK1-dependent (Fig. 7D).
Evaluation of invasion in the presence of the broad spectrum
MMP inhibitor GM6001 suggests that MMPs also play a role in
neuronal invasion of collagen type I (Fig. 7D).

DISCUSSION

In addition to regulation of cell adhesion and behavior, the
matrix microenvironment functions as an epigenetic regulator
of gene expression (56, 57). Moreover, changes in matrix
mechanical properties fine-tune these regulatory processes
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such that altered matrix deposition or de novo contact with a
distinct matrix microenvironment contributes significantly to
control of gene expression (3, 58). The current findings indicate
that matrix rigidity may be a pivotal factor in regulating the
activity of Wnt signaling in ovarian cancer cells lacking activat-
ing mutations in Wnt pathway components. 81 integrin clus-
tering is robust on rigid substrates with high ligand density but
is impaired on substrates that are highly compliant or have low
ligand density (59). Similarly, our findings show that down-
regulation of DKK1 is stronger in more rigid matrices, suggest-
ing that the physical properties of the ECM in addition to
matrix composition play a key role in fine-tuning gene expres-
sion. It should be noted that application of mechanical strain in
the absence of a three-dimensional matrix did not alter DKK1
expression. Furthermore, we have recently used 1 integrin
antibody-conjugated microspheres to mimic multivalent cell
matrix engagement such as occurs when EOC cells contact
three-dimensional CI. Integrin clustering resulted in loss of
E-cadherin junctional integrity, nuclear translocation of
B-catenin, and transcriptional activation of genes involved in
Wt signaling including the ligand Wnt5a and the co-receptor
LRP-6 (33). Together with the current results, these data sup-
port a functional link between matrix rigidity, 1 integrin clus-
tering, down-regulation of DKK1, and enhanced Tcf/Lef tran-
scriptional activity. Similar results were observed using other
tissue-invasive cells including endothelial cells and cortical
neurons, suggesting a common matrix-modulated regulatory
pathway used by tissue-invasive cells.

In our previous studies of cells contacting three-dimensional
collagen matrices, activation of Src was observed as early as 10
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min in three-dimensional CI culture and was sustained for 17 h
(19). In the current study, inhibition of Src kinase activity par-
tially restored DKK1 expression, suggesting that integrin-me-
diated Src activation plays a role in DKK1 down-modulation in
response to three-dimensional matrix engagement. Further-
more, both integrin signaling through induction of Egrl (19)
and Wnt signaling through B-catenin/Tcf/Lef (45, 48) function
to regulate expression of MT1-MMP. These data suggest the
potential for complex cross-talk between adhesion-regulated
signal transduction pathways to fine-tune pericellular proteol-
ysis and ultimately control tissue invasion.

Down-regulation of DKK1 may lead to dramatic changes in
gene expression as DKK1 functions as an inhibitor of Wnt sig-
naling, which affects expression of numerous target genes that
modulate ECM degradation, proliferation, apoptosis, tran-
scription, and cell signaling (25, 60). In addition to MT1-MMP,
it is interesting to speculate that dysregulation of additional
genes that contribute to EOC progression, metastasis, and
chemoresistance may result from loss of DKK1 expression.
These findings may have significant implications for progres-
sion of ovarian carcinoma to metastasis. Metastatic ovarian car-
cinoma cells anchor in the submesothelial matrix of the
peritoneum and omentum, a microenvironment composed
predominantly of a three-dimensional matrix of interstitial
(types I and III) collagens (61—64). The current data suggest
that acquisition of this metastatic niche may activate Wnt sig-
naling in the absence of Wnt pathway mutations (30 —32). This
activation may be transient and/or restricted to the subpopula-
tion of metastatic cells engaged in matrix contact, leading to
differential regulation of the target genes that regulate meta-
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static progression. As this subpopulation of metastatic EOC
cells may impact successful clinical outcomes, a more detailed
understanding of this regulatory mechanism is warranted.
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