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Abstract
Objective—Due to a lack of experimental systems, little is known about ovarian stroma. Here, we
introduce an in vivo-like 3-D system of mesenchymal stromal progression during ovarian
tumorigenesis to support the study of stroma permissiveness in human ovarian neoplasias.

Methods—To sort 3-D cultures into ‘normal,’ ‘primed’ and ‘activated’ stromagenic stages, 29
fibroblastic cell lines from 5 ovarian tumor samples (tumor ovarian fibroblasts, TOFs) and 14 cell
lines from normal prophylactic oophorectomy samples (normal ovarian fibroblasts, NOFs) were
harvested and characterized for their morphological, biochemical and 3-D culture features.

Results—Under 2-D conditions, cells displayed three distinct morphologies: spread, spindle, and
intermediate. We found that spread and spindle cells have similar levels of α-SMA, a desmoplastic
marker, and consistent ratios of pFAKY397/totalFAK. In 3-D intermediate cultures, α-SMA levels
were virtually undetectable while pFAKY397/totalFAK ratios were low. In addition, we used confocal
microscopy to assess in vivo-like extracellular matrix topography, nuclei morphology and α-SMA
features in the 3-D cultures. We found that all NOFs presented ‘normal’ characteristics, while TOFs
presented both ‘primed’ and ‘activated’ features. Moreover, immunohistochemistry analyses
confirmed that the 3-D matrix-dependent characteristics are reminiscent of those observed in in
vivo stromal counterparts.

Conclusions—We conclude that primary human ovarian fibroblasts maintain in vivo-like (staged)
stromal characteristics in a 3-D matrix dependent manner. Therefore, our stromal 3-D system offers
a tool that can enhance the understanding of both stromal progression and stroma-induced ovarian
tumorigenesis. In the future, this system could also be used to develop ovarian stroma-targeted
therapies.
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BACKGROUND
Ovarian cancer is the most lethal among gynecological malignancies in the United States.
About 22,430 new cases and 15,280 deaths from ovarian cancer were estimated for 2007 [1].
More than 70% of patients with epithelial ovarian cancer are diagnosed at an advanced stage
when the disease has already spread throughout the peritoneal cavity. Although there has been
an improvement in the five-year survival rate for patients diagnosed with advanced, stage III
disease, the long-term survival rate is only 15-25% [2]. Although about 75% of patients initially
respond to primary therapy, the majority of patients eventually progress and require additional
chemotherapy. Unfortunately, second and third-line (and beyond) therapies are aimed at
palliative care to prolong time of progression and improve quality of life. Uncontrolled
metastases account for the majority of the morbidity and death associated with ovarian cancer.
A better understanding of the development and progression of the disease will most likely result
in new approaches to treat this aggressive cancer.

One poorly studied aspect of ovarian tumorigenesis is the tumor-stromal interaction. It has
become clear that the tumor microenvironment (including stromal fibroblasts, infiltrating
immune cells, blood and lymphatic vascular network, and the extracellular matrix (ECM)) is
an integral part of the carcinogenic process promoting cell growth and metastases [3-6]. Benign
epithelial tumors are constrained by a surrounding stroma [7] that contains fibroblastic cells
and a fibrillar three-dimensional (3-D) ECM. These ‘normal’ fibroblasts and ECMs assist in
maintaining a homeostatic equilibrium, exerting an inhibitory effect on the epithelial cells
undergoing malignant changes [8,9]. However, tumor-generated paracrine signaling alters and
overcomes this stromal barrier, inducing changes that promote rather than impede tumor
progression [10-13].

Changes in the stroma accompanying tumor progression include emergence of discontinuities
in the basement membrane surrounding the growing tumor, severe immune responses, and the
formation of new blood vessels (angiogenesis). Among these host responses, additional
alterations to the mesenchymal connective tissue appear in the vicinity of the tumor [14-21].
These changes resemble the tissue responses observed during wound healing or fibrosis [22,
23]. In the course of this parallel progression, differentiated myofibroblastic stromal cells
(termed tumor-or carcinoma-associated fibroblasts) begin to increase expression of a set of
proteins including type I collagen, smooth muscle α-actin (α-SMA) [23], and others [24], thus
grossly altering the protein constituents and architecture of both mesenchymal cells and ECM.
During this later ‘activated’ stroma phase, the tumor becomes invasive and metastatic [23,
25,26].

Many human tumors are characterized by the progression of their stroma to an activated stage
[27-29]. Desmoplasia, the development of an activated (fibrous or desmoplastic) tumor-
promoting stroma, occurs in association with invasive cancers of the ovary, breast, prostate,
pancreas, gastrointestinal tract, lung, squamous cell carcinomas, and others [3,14,15,23,29,
30]. This stroma often represents more than 50% of the tumor mass, and is associated with a
poor prognosis [9,31,32] marked by increased cancer progression to metastasis [24,33-35].
The study of fibroblasts and their role in tumorigenesis has been proposed with the aim of
developing treatment strategies to target tumor stroma [36-38], i.e., the tumor-associated
fibroblasts or their self-modified microenvironment [36,39]. Successful inhibition of pro-
tumorigenic signals from such fibroblasts could replace or complement therapies directed at
the malignant cells themselves. In order to develop such therapies, it is essential to use rigorous
biochemical methods to characterize tumor-specific fibroblastic stroma to minimize unwanted
side effects to host bystander tissue.
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At present, we know very little about ovarian fibroblastic stromal activation due to the lack of
a suitable, physiologically relevant experimental system. We have previously described the
development of a murine in vivo-like 3-D stromal system derived from squamous cell
carcinoma-associated fibroblasts, which effectively recapitulate their in vivo counterparts in a
self-derived 3-D matrix dependent manner [40]. Extending this approach in this study, human
ovarian fibroblasts were harvested from fresh surgical normal or cancerous ovaries. These
harvested human ovarian fibroblasts formed self-derived matrices that effectively resulted in
the production of an in vitro 3-D matrix system reminiscent of in vivo ovarian tumor-associated
stroma. We suggest that 3-D matrix-dependent characteristics of harvested fibroblasts can be
used to effectively sort these cells as ‘normal’, ‘primed’ or ‘activated’ ovarian fibroblasts. We
believe that an in vivo-like ovarian stroma 3-D system will enable researchers to study ovarian
stromal progression, and to begin to uncover mechanisms that promote ovarian tumor
development, progression, and metastasis.

MATERIALS & METHODS
Antibodies

Mouse anti-α-SMA (1:4000, Western blot; 1:300, immunofluorescence; 1:200,
immunohistochemistry) and rabbit anti-human fibronectin (1:100, immunofluorescence) were
obtained from Sigma-Aldrich (St. Louis, MO), mouse anti-total FAK (1:1000, Western blot)
from Millipore (Billerica, MA) and rabbit anti-pFAKY397 (1:500, Western blot; 1:50,
immunohistochemistry) from Invitrogen (Carlsbad, CA). Rabbit anti-Vimentin (1:3000,
Western blot) was obtained from Biovision (Mountain View, CA), mouse anti-pan Keratin
(1:5000, western blot) from Abcam (Cambridge, MA) and mouse anti-GAPDH (1:10,000,
Western blot) from Millipore. Goat anti-mouse IRDye 680 and goat anti-rabbit IRDye 800
from LI-COR biosciences (Lincoln, NE) were used for infrared Western blot detection at
1:10,000. Anti-mouse Rhodamine red and anti-rabbit Cy5, conjugated affinity purified donkey
F(ab')2 fragments (1:100, immunofluorescence) were obtained from Jackson Immunoresearch
Laboratories (West Grove, PA). Anti-rabbit and anti-mouse, Zymax goat biotinylated IgG
(1:1000, immunohistochemistry) were obtained from Invitrogen.

Tissue
Ovarian specimens were obtained with IRB approval from Fox Chase Cancer Center's
Biosample Repository. Five tumor and fourteen normal ovarian samples were obtained. The
tumor samples were surgically removed from ovarian tumor sites whereas the controls came
from non-cancerous prophylactic oophorectomy specimens. Twenty mine (29) tumor and 14
normal ovarian primary fibroblastic cell lines (TOFs and NOFs, respectively) were derived
from the above. All the normal and 8 tumor-derived cell lines were selected for further study,
according to their morphology. Paraffin-embedded, 5 μm thick, tissue sections corresponding
to the fresh tissue specimens were used for immunohistochemical analysis (see
Immunohistochemistry below).

Isolation of Primary Fibroblasts
Fibroblasts were isolated as described [40,41]. Specifically, under sterile conditions, tissue
culture treated 12-well plates were scratched in hashed patterns, rinsed with Phosphate-
Buffered Saline (PBS) to remove plastic shavings, and tumor pieces of approximate 1mm3 size
were placed into the wells on the scratched areas, one piece per well. A small amount, 250μl
approximately, of medium comprised of high glucose Dulbecco's modified Eagle's medium
(Mediatech Inc., Manassas, VA) containing 10% fetal bovine serum (Hyclone, South Logan,
UT), 100 U/ml penicillin, and 100 μg/ml streptomycin (DMEM complete), was added to each
well and plates were incubated in a humidified 37°C, 10% CO2 incubator for 2 hours to
facilitate tissue adherence. Once the tissue appeared to be attached, more medium (1ml total
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volume) was added gently to the tissue pieces and the plates were returned to the incubator.
Specimens were inspected daily for the emergence of fibroblasts and media were changed
every 3 days. Fibroblasts were transferred to larger tissue culture vessels once they had reached
confluency, after approximately 2 weeks. All fibroblasts used for this study were between
passages 3 and 5.

Production of fibroblast-derived unextracted 3-D matrices
Isolated primary fibroblasts were induced to secrete and organize their own 3-D in vivo-like
matrices as previously described [40-42]. Briefly, 250,000 cells/ml were plated on chemically
cross-linked gelatin-coated tissue culture dishes, or coverslips, and maintained in a state of
confluency for 6-8 days, supplemented every 48 hours with 50 μg/ml fresh L-ascorbic acid
(Sigma-Aldrich). At the end of this period, the resultant “unextracted 3-D matrix” cultures
were either lysed for Western blot or stained for immunofluorescence analyses (see Indirect
immunofluorescence). For 2-D cultures, isolated fibroblasts were plated at 100,000 cells/ml
density and cultured overnight in DMEM complete (see Isolation of Primary Fibroblasts)
on tissue culture treated plastic astic dishes before they were further characterized.

Indirect immunofluorescence
Unextracted fibroblast-derived 3-D matrices cultured on glass coverslips were fixed,
permeabilized and stained according to standard procedures [40,41,43]. Briefly, blocking was
performed using M.O.M (“Mouse on Mouse”) mouse IgG blocking reagent (M.O.M. kit
BMK-2202, Vector Laboratories, Burlingame, CA) supplemented with 20% normal donkey
serum (Jackson Immunoresearch Laboratories) in PBS, inside a humidified chamber for 1 hour
at 37°C. After washing, an incubation at room temperature for 5 minutes with 8% M.O.M.
protein concentrate (M.O.M. kit BMK-2202, Vector Laboratories) and 5% normal donkey
serum in PBS (antibody incubation media), was followed by staining with rabbit anti-human
fibronectin (1:100) and mouse anti-α-SMA (1:300) in antibody incubation media. After
washing, coverslips were incubated with anti-rabbit Cy5 and anti-mouse Rhodamine Red
conjugated donkey F(ab')2 fragments (1:100) and SYBR Green nuclear stain (1:50,000,
Invitrogen) in 10% normal donkey serum PBS-Tween 20 (Sigma-Aldrich) for 30 minutes at
room temperature. Coverslips were then washed and mounted using Prolong gold (Invitrogen)
anti-fading reagent.

Image Acquisition and Reconstitution
Three-dimensional immunofluorescently stained pre-extracted matrix samples (unextracted 3-
D matrices) were imaged using an Ultraview spinning-disc confocal (Perkin-Elmer Life
Sciences, Boston, MA) paired to a Nikon TE-2000U microscope (Optical Apparatus Co.,
Ardmore, PA). Sequential images, at three different wavelengths, were captured at 0.5 μm-
thick Z-slices using the company's software. Maximum reconstruction of planes was performed
using MetaMorph offline 7.0r1 imaging analysis softwareftware (Molecular Devices,
Downingtown, PA).

Two-dimensional cultures were imaged using a Nikon TE-2000U wide field inverted
microscope (Optical Apparatus Co., Ardmore, PA) with a Roper Scientific Cool Snap HQ
camera. Captures were taken using MetaMorph offline 6.2r1 imaging analysis software.

Quantitative Western blotting
Cells from both 2-D and 3-D cultures were lysed and the lysates were resolved by SDS-PAGE
(sodium dodecyl sulfate-polyacrylamide electrophoresis) and transferred, as previously
described [40,41]. Blocking was performed overnight, at 4°C, using Odyssey Blocking Buffer.
Blots were then incubated with a combination of primary antibodies against α-SMA (1:4000),
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total FAK (1:1000), pFAKY397 (1:500), Vimentin (1:3000), pan-Keratin (1:5000) and GAPDH
(1:10,000) in Odyssey Blocking Buffer with 0.05% Tween-20, for 2 hours at room temperature.
After three 15-minute washes in Tris-Buffered Saline Tween-20 (TBST), the blots were
incubated with secondary antibodies, IRDye 680 goat anti-mouse and IRDye 800 goat anti-
rabbit (1:10,000, LI-COR) in Odyssey Blocking Buffer supplemented with 0.05% Tween-20
and 0.01% SDS (Sigma-Aldrich), for 2 hours at room temperature. After three 10-minute
washes in TBST, blots were transferred in TBS and scanned using the Odyssey Infrared
Imaging System (LI-COR) following the Odyssey User Guide's (version 2.1) instructions for
membranes. A minimum of two independent analyses were performed for each fibroblastic
cell line. Results were quantified using the Odyssey 2.1.12 application software, with median
background subtraction and 3 points selected border width. Ratios were calculated and
histograms created using MS-Excel 2002 (Microsoft Corp., Redmond, WA).

Immunohistochemistry
Paraffin-embedded sections were deparaffinized in xylene and rehydrated in a graded series
of ethanol and water. For antigen retrieval, sections were boiled in 10 mM sodium citrate-
buffer (Thermo Fisher Scientific, Waltham, MA) pH 6.0, for 8 min. Endogenous peroxidase
activity was blocked with 3% hydrogen peroxide (Sigma-Aldrich) in PBS for 30 min at room
temperature. Nonspecific background was eliminated incubating the tissue with 5% normal
goat serum (Sigma-Aldrich) in PBS for 30 min at room temperature, followed by streptavidin
and biotin blocking according to the manufacturer's instructions (Vector Laboratories).
Sections were then incubated in a humidified chamber with rabbit anti-pFAKY397 (1:50) or
mouse anti-α-sma (1:200) antibodies overnight at 4°C. Zymax goat anti-rabbit and anti-mouse
biotinylated IgG secondary antibodies (Invitrogen) were used at 1:1000 dilution. The samples
were then labeled with HRP-conjugated streptavidin (Invitrogen) and the chromogenic reaction
developed using Liquid DAB Substrate Pack (Biogenex, San Ramon, CA) according to the
manufacturer's instructions. Sections were counterstained using Harris modified hematoxylin
(Thermo Fisher Scientific). Negative controls included omission of the primary antibodies and
substitution of the primary antibodies with normal rabbit and mouse IgG (Sigma-Aldrich).

RESULTS
Primary ovarian fibroblasts cultured under 2-D conditions, present three distinct
morphological phenotypes

Table 1 lists 14 normal ovarian fibroblast (NOF) cell lines derived from 14 postmenopausal
non-cancerous ovaries (from patients aged 55.7 +/− 8 years) that were incidentally resected
during laparotomies from patients with high risks of developing ovarian cancers (i.e., based
on BRCA1/2 mutational status). In addition, Table 1 also lists 29 tumor ovarian fibroblast
(TOF) cell lines from 5 distinct surgical ovarian tumor samples (from patients aged 57.4 +/−
17 years), which were harvested as previously described (see Materials and Methods in [40,
41]). When cultured under traditional 2-D conditions, these fibroblasts presented three
distinguishable morphologies. The first morphology was elongated, and almost needle-like.
This was seen in three cell lines from the same patient, and was designated as ‘spindle.’ The
second, seen in one cell line, was more elliptical in shape, and was classified as ‘intermediate.’
The third was broad and flat, and was designated ‘spread’. In sum, the TOFs had (3) spindle,
(25) spread, and (1) intermediate cell-line morphologies (Figure 1 and Table 1). In contrast,
all NOFs were ‘spread’, and were morphologically indistinguishable from each other.

Two spindle (1a and 1b), the single intermediate (2a) and 4 spread (2b, 2c, 3a and 3b) TOFs,
together with the 14 NOFs (6-20), were selected for further characterization. In order to confirm
that the harvested cells were indeed fibroblasts, cells were cultured on conventional 2-D
conditions overnight, and cell lysates subsequently analyzed by Western blot, using antibodies
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recognizing vimentin as fibroblastic and keratin as epithelial cell markers. The human primary
fibroblastic cell line, WI38 was used as positive control, while the epithelial human tumorigenic
MCF7 line was used as negative control. One cell line, (2c), was positive for both vimentin
and keratin expression, and therefore was not characterized further. Figure 2 shows
representative fibroblastic and non fibroblastic cell line identifications.

ECM-dependent biochemical differences between NOFs and TOFs mark the distinct
morphological classes

Fibroblasts were maintained for 8 days at confluent cell concentrations under matrix-stabilizing
conditions [41,42]. At the end of the 8-day period, unextracted 3-D cultures, where cells grow
on a substrate made of their own secreted ECM, were obtained [40,43]. As controls, all
fibroblasts were also cultured under conventional 2-D conditions (see Materials and Methods).
Western blot analysis of cell lysates from 2-D- and unextracted 3-D-cultured cells was
performed with antibodies to α-SMA, focal adhesion kinase (FAK), and pFAKY397.

α-SMA is a marker of myofibroblastic differentiation, and is expressed in vivo by activated
(e.g., desmoplastic) tumor- or carcinoma-associated fibroblasts [23,44,45]. We have recently
shown (using a murine squamous cell carcinoma system) that levels of α-SMA expression are
3-D matrix dependent [40]. Proto-myofibroblastic cells are known to be ‘primed’ or pre-
myofibroblastic cells that down-regulate α-SMA expression before differentiation into
myofibroblastic cells [45]. Further, expression of α-SMA in normal ovarian fibroblast has been
previously reported in some parts of the normal ovary [46]. Separately, we and others have
shown that while total levels of FAK expression remain unchanged in fibroblastic 2-D vs. 3-
D cultures, the levels of tyrosine phosphorylated (activated) pFAKY397 is greater in 2-D culture
conditions [43,47-55]. The housekeeping protein glyceraldehyde 3-phosphate dehydrogenase
(GAPDH) was used as a loading control.

We calculated the averages of α-SMA 287 expression levels (normalized to GAPDH) and the
pFAK/tFAK ratios for the NOFs and TOFs. Figure 3A shows that there were no significant
differences between 2-D and unextracted 3-D cultures, or between the NOF and TOF
populations, in expression of both α-SMA and pFAK/tFAK ratios. Next, we sorted the NOFs
in to BRCA1/2 mutant vs. wild type groups (see Table 1). Again, no differences between these
populations were observed (Figure 3B). We then sorted all fibroblasts (NOFs and TOFs) based
on their morphology (Table 1) and again compared them as above. Figure 3C shows that
‘spread’ (including both NOF and TOF samples) and ‘spindle’ (TOFs) populations are similar
to each other in expressing high levels of α- SMA, which correlated with high pFAK/tFAK
ratios, paralleling studies of myofibroblastic differentiation in other systems [56-58].
Interestingly, the single TOF line that was morphologically intermediate showed 3-D matrix-
dependent low α-SMA expression and pFAK/tFAK ratios corresponding to our previously
reported primed 3-D cultures [40, 41, 43, 47]. These results are summarized in Table 2 while
representative Western blots are shown in Figure 4.

Confocal microscopy analyses of unextracted 3-D cultures are necessary to characterize
primary ovarian fibroblasts as ‘normal,’ ‘primed’ or ‘activated ’

To test whether the observed morphological features of cells, cultured under conventional 2-
D conditions, are sufficient (or not) to predict whether the assorted TOFs are normal, primed,
or activated (e.g., desmoplastic and myofibroblastic), we conducted indirect
immunofluorescence analyses. In this assay, we simultaneously scanned triple labeled images
using a spinning disc confocal microscope equipped with lasers to excite and emit three
individual wavelengths (see Materials and Methods). We have reported that unextracted
normal and primed cultures present disorganized ECMs, and dense cultures of cells with
relatively round nuclei, while activated (e.g., desmoplastic or myofibroblastic) unextracted
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cultures produce signature parallel 3-D matrix patterns while their nuclei are condensed,
elliptical and organized in the same orientation as their ECMs [40,41]. In addition, it has been
reported that while α-SMA expression is heterogeneously expressed in normal ovarian tissues
[46], primed unextracted cultures down regulate α-SMA expression levels [40,41], similarly
to proto-myofibroblastic cells [45,59]. In contrast, activated myofibroblasts (e.g.,
desmoplastic), homogenously express α-SMA in an intense stress fiber-like pattern [59,60].
Therefore, in our analysis we simultaneously labeled ECM (fibronectin), nuclei (DNA), and
α-SMA. Figure 5 shows three individual populations, which were positively sorted due to their
matrix, nuclei and α-SMA characteristics as ‘normal,’ ‘primed’ or ‘activated’ (e.g.,
myofibroblastic or desmoplastic).

Next, we asked if the morphological and biochemical features correlated with the indirect
immunofluorescence patterns. We observed that while NOFs were sorted as ‘normal,’ the TOFs
that originally presented spread and spindle morphologies were indistinguishable from each
other yet very different from all NOFs, in unextracted 3-D cultures and, thus, sorted as
‘activated.’ Figure 6 depicts the biochemical analyses using ‘normal,’ ‘primed’ or ‘activated’
sorting.

Matrix-dependent characteristics of ovarian ‘normal,’ ‘primed’ and ‘activated’ fibroblastic 3-
D cultures are reminiscent of their in vivo counterparts

To extend our observations and assess the physiological and pathological relevance of
unextracted cultures, we tested paraffin-embedded samples of some of the normal and
cancerous tissues from which the fibroblast cell lines were harvested. Samples corresponding
to numbers 1, 2 and 8 (see Table 1), were immunohistochemically labeled to identify the
localization and intensities of pFAKY397 and α-SMA, and counterstained using hematoxylin
(see Materials and Methods).

Figure 7 shows that in vivo mesenchymal ovarian tissue with high α-SMA expression (e.g.,
normal and activated or myofibroblastic stroma) correlated with high levels of pFAKY397,
while low α-SMA levels (indicating primed or proto-myofibroblastic stroma) correlated with
low pFAKY397 levels. Table 3 summarizes these observations, which suggest that conventional
2-D culture morphological features, as well as biochemical analyses are sufficient to identify
the intermediate stage ‘primed’ fibroblasts; while indirect immunofluorescence analyses of the
unextracted 3-D cultures confirmed the ‘primed’ phenotype and effectively sorted ‘normal’
away from ‘activated’ 3-D cultures.. These observations confirmed that ‘normal,’ ‘primed’ and
‘activated’ fibroblasts in vitro maintain their in vivo characteristics in a 3-D matrix dependent
manner. Therefore, we believe that results from the immunohistochemical analyses validate
this staged stromal 3-D approach as a physiologically relevant in vivo-like system.

DISCUSSION
It is increasingly recognized that interactions between cancer cells and their surrounding stroma
are critical for promoting the growth and invasiveness of tumors [10,11,61-63]. For example,
cancer cells alter the topography and molecular composition of stromal ECM by paracrine
regulation of fibroblastic stromal cells [64] during early tumor development. These physical
and biochemical alterations of the stroma, in turn, profoundly affect the properties of the cancer
cells [10,55,65]. The vital interplay between tumor and stroma means that, in principle, it is
possible to target signaling pathways that regulate tumor-induced stroma progression and, in
this way, contain tumorigenesis [36,39,66-70]. To achieve this, an in vivo-like, progressive
stromal model system in ovarian malignancies is needed to facilitate the study of mechanisms
that support and induce metastatic behavior and are responsible for stroma permissiveness.
This study, for the first time, reports the development of such an in vivo-like 3-D stromal model
system.

Quiros et al. Page 7

Gynecol Oncol. Author manuscript; available in PMC 2009 July 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Our data suggest that although fibroblasts harvested from postmenopausal normal and
neoplastic ovarian samples present three clear morphologies, biochemical analyses comparing
2-D and 3-D cultures, as well as confocal studies of unextracted 3-D cultures are needed in
order to sort these as ‘normal,’ ‘primed’ or ‘activated’ fibroblasts. For example, fibroblasts
presenting spread morphology were sorted as ‘normal’ or ‘activated,’ while all spindle cells
were sorted as ‘activated’ and the single intermediate morphology cell-line was characterized
as ‘primed.’ Note that this study does not rule out the possibility that the single intermediate-
morphology cell characterized as ‘primed,’ is in fact representative of an additional stromal
phenotype (e.g., oncofetal [71-73] as opposed to desmoplastic). The reason for characterizing
the single intermediate cell type as ‘primed’ (as opposed to oncofetal ‘activated’), is that the
same tumor sample, #2, rendered additional cells presenting a spread morphology (Table 1),
which were sorted as desmoplastic ‘activated’ and, to our knowledge, the literature, has not
identified desmoplastic and oncofetal stromas to coincide at a single tumor location [3,14].
Moreover, attempts to confirm oncofetal marker expression such as oncofetal fibronectin were
not successful (not shown). Nevertheless, there is no question that this cell type indeed
represents a discrete stromal setting that differs from both normal and desmoplastic (‘active’
or myofibroblastic) microenvironments and, as such, it might represent the early predisposed
stromal stage identified in vivo as ‘primed stroma’.

Moreover, it is important to underline that the goal of this study is not to provide statistics
regarding the confidence of sorting cells by their morphology, biochemistry and unextracted
3-D topography; instead, the study aims at stressing the importance of establishing a reliable
3-D system model that effectively mimics progressive stages of human ovarian cancer-
associated stroma in vivo. Historically, harvesting and culturing of fibroblasts (and additional
cells) has taken place in conventional tissue culture plates (or flasks). Therefore, fibroblasts
plated onto plastic dishes represent a 2-D system resulting in an artificially polarized culture
with distinctive dorsal and ventral divergence [47,49,54,74-77]. We, and others, have shown
that cells grown on 2-D cultures have both biochemical and morphological altered phenotypes
that greatly differ from their in vivo counterparts [6,47,49,55,78-81]. Given that cell-matrix
interactions are different in 2-D and 3-D systems, we have developed a model system where
fresh ovarian tissue samples are used to harvest normal- and/or tumor-associated fibroblasts.
These fibroblasts, in turn, derive an in vitro, but still physiologically relevant, 3-D scaffold
(matrix) that effectively mimics a number of in vivo ovarian stromal microenvironmental
settings, as shown herein by the immunohistochemistry analyses.

Fibroblasts, within the stroma, have been shown to undergo both structural and biochemical
alterations based on their relationship to cancer cells [14,15,23]. Among the goals of this study
was to determine if f fibroblasts could be harvested from postmenopausal yet normal or
pathologically identified as non-cancerous ovaries (from individuals considered to be at a high
risk for ovarian cancer) and ovarian tumor specimens, to characterize these fibroblasts and
question whether they can reconstitute a progressive staged 3-D model system that recapitulates
its in vivo counterparts. Once the in vivo-like relevance is established, this model system can
begin to be used for characterization of the progressive stromal changes that occur in the ovarian
tissue during tumor development. Characterizing stroma, particularly stroma directly adjacent
to tumor and presumably permissive or primed to promote tumor growth, may facilitate the
use of chemotherapeutic agents directed against it. Use of the 3-D matrix model system would
allow for a more in vivo-like representation of both stromal fibroblast and stroma-induced
cancer cell behaviors. In theory, such a technique is attractive in the sense that therapy can be
(in the future) tailored and, thus, directed towards patient-specific cell phenotypes. Although
much study is needed in order to use this model system for diagnosis or prognosis, we believe
that it constitutes the basis for the future development of such tools.
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Figure 1. Fibroblasts harvested from human ovarian tissue present, spindle, intermediate or spread
morphologies under 2-D conditions
Primary fibroblasts, harvested from fresh ovarian tissue samples (see Materials and Methods),
were cultured under traditional 2-D conditions to assess their morphological features.
Representative cultures displaying spindle (A), intermediate (B) and spread (C) morphologies
are shown.
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Figure 2. Positive identification of human ovarian fibroblasts
Primary fibroblasts, harvested from fresh ovarian tissue samples (see Materials and Methods),
were subjected to Western blot analyses. Cell lysates obtained from epithelial (e) and
fibroblastic (f) cells were compared to sample (s and s') cells in question. Antibodies against
vimentin (vim), shown in green, and pan keratin (ker), shown in red, were used to probe each
sample and identify cell types as fibroblastic or epithelial, respectively. Cells expressing
vimentin but not keratin (A) were selected for further characterization while double vimentin/
keratin positive cells (B) were not used in this study. See Materials and Methods for additional
details.
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Figure 3. Biochemical characteristics of primary ovarian fibroblastic cells
Cell lysates from 2-D (white bars) and unextracted 3-D cultures (shaded bars) were subjected
to Western blot analyses (see Materials and Methods). Levels of total (tFAK) and activated
pFAKY397 (pFAK), as well as α-SMA expression normalized to GAPDH, were calculated by
fluorescent intensity measurements using the Licor Odyssey apparatus and its analysis
software. Bar graphs depict specific FAK activities (p/t FAK) and α-SMA expression levels
(normalized to GAPDH levels) of primary ovarian fibroblasts comparing NOFs vs. TOFs
(A), mutant vs. wild type NOFs (B), or all fibroblasts sorted by their morphological 2-D features
as spread, intermediate or spindle (C). Note that the main observed differences are in panel
C, where ‘spread’ and ‘spindle’ cells present clear FAK activity and even more α-SMA
expression differences when compared with intermediate.
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Figure 4. Cells characterized by their 2D morphology as ‘spread’ and ‘spindle’ differ in their
specific FAK activity and α-SMA expression from ‘intermediate’ TOFs
2-D and unextracted 3-D lysates of primary fibroblastic cells, originally sorted as spread
(spr), intermediate (interm) and spindle (spind), were subjected to Western blot analyses
while 2-D cultures of fibroblastic WI38 (f) and epithelial MCF7 (e) cells were used as controls.
All lysates were probed using antibodies against activated (pFAKY397) and total FAK or α-
SMA and GAPDH followed by secondary fluorophore-labeled antibodies (see materials and
Methods). Images were acquired using the Odyssey apparatus from Licor. Representative
monochromic images are shown. Note that while spread and spindle cells show an increase in
FAK activity when comparing 2-D vs. 3-D cultures, intermediate cells appear to down regulate
both FAK activity and α-SMA expression in a 3-D dependent manner (see Table 2 for
complementary data).
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Figure 5. Unextracted 3-D cultures of primary ovarian fibroblasts can be sorted as ‘normal,’
‘primed’ and ‘activated.’
Confocal images of indirect immunofluorescently labeled fibronectin rich ECM (in green), α-
SMA (in red) and cell-nuclei (in blue) from assorted ‘normal,’ ‘primed’ and ‘activated’
unextracted human primary ovarian fibroblastic 3-D cultures. Top row depicts overlays
showing the triple color combinations while bottom rows show the separated monochromatic
(black and white) respective images. Note, that ‘normal’ and ‘primed’ cultures exhibit similar
matrix (fibronectin) and nuclei characteristics while they differ in α-SMA expression levels
and localization patterns. Activated fibroblasts present myofibroblastic characteristics such as
parallel patterned fibronectin fibers, homogenous α-SMA expression and dense elliptical
nuclei. Scale bar represents 15 μm.
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Figure 6. Biochemical characteristics of primary ovarian fibroblasts sorted by stromal stages
‘normal,’ ‘primed’ and ‘activated.’
Cell lysates from 2-D (white bars) and unextracted 3-D cultures (shaded bars) were subjected
to Western blot analyses (see Materials and Methods). Levels of total (tFAK) and activated
pFAKY397 (pFAK), as well as α-SMA expression normalized to GAPDH, were calculated by
fluorescent intensity measurements using the Licor Odyssey apparatus and its analysis
software. Graphs depict specific FAK activities (left panel p/t FAK) and α-SMA (right panel)
expression levels of primary ovarian fibroblasts comparing cells sorted, by immunofluorescent
analyses of the 3-D cultures (see Figure 5) as ‘normal’, ‘primed’ or ‘activated.’ Note that
this biochemical analyses clearly separate ‘primed’ from both ‘normal’ and ‘activated’
fibroblasts.
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Figure 7. Ovarian ‘normal,’ ‘primed’ and ‘activated’ phenotypes in vivo are reminiscent of in
vitro unextracted 3-D cultures
Immunohistochemistry showing activated FAK (pFAKY397) and α-SMA levels,
counterstained with Harris hematoxylin nucleic stain, of representative cancerous (A) and
normal (B) human ovarian tissues. Normal epithelium (E) and tumor areas (T), as well as
normal (N), primed (P) and activated (Ac) stroma are marked. Note the correlation of
pFAKY397 and α-SMA in normal and tumor-associated (e.g., activated) stroma in comparison
to primed stromal tissue. Scale bars represent, 50 μm.
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