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Matrix remodeling stimulates stromal
autophagy, “fueling” cancer cell mitochondrial
metabolism and metastasis
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We have previously demonstrated that loss of stromal caveolin-1 (Cav-1) in cancer-associated fibroblasts is a strong and
independent predictor of poor clinical outcome in human breast cancer patients. However, the signaling mechanism(s)
by which Cav-1 downregulation leads to this tumor-promoting microenvironment are not well understood. To address
this issue, we performed an unbiased comparative proteomic analysis of wild-type (WT) and Cav-17 null mammary
stromal fibroblasts (MSFs). Our results show that plasminogen activator inhibitor type 1 and type 2 (PAI-1 and PAI-2)
expression is significantly increased in Cav-1"- MSFs. To establish a direct cause-effect relationship, we next generated
immortalized human fibroblast lines stably overexpressing either PAI-1 or PAI-2. Importantly, PAI-1/2(+) fibroblasts
promote the growth of MDA-MB-231 tumors (a human breast cancer cell line) in a murine xenograft model, without any
increases in angiogenesis. Similarly, PAI-1/2(+) fibroblasts stimulate experimental metastasis of MDA-MB-231 cells using
an in vivo lung colonization assay. Further mechanistic studies revealed that fibroblasts overexpressing PAI-1 or PAI-2
display increased autophagy (“self-eating”) and are sufficient to induce mitochondrial biogenesis/activity in adjacent
cancer cells, in co-culture experiments. In xenografts, PAI-1/2(+) fibroblasts significantly reduce the apoptosis of MDA-
MB-231 tumor cells. The current study provides further support for the “Autophagic Tumor Stroma Model of Cancer”
and identifies a novel “extracellular matrix”-based signaling mechanism, by which a loss of stromal Cav-1 generates a
metastatic phenotype. Thus, the secretion and remodeling of extracellular matrix components (such as PAI-1/2) can

directly regulate both (1) autophagy in stromal fibroblasts and (2) epithelial tumor cell mitochondrial metabolism.

Introduction

Tumors are heterogeneous, and their growth depends on recip-
rocal interactions between genetically altered epithelial cells
and their surrounding stromal microenvironment.? The tumor
microenvironment contains a variety of cell types, including
endothelial and immune cells, pericytes, mesenchymal stem cells
and fibroblasts. As a tumor develops, normal fibroblasts undergo
reprogramming, through their reciprocal interactions with can-
cer cells, acquiring a more myofibroblastic phenotype.** Such
activated fibroblasts are commonly known as cancer-associated
fibroblasts (CAFs) and promote the progression, uncontrolled

growth and metastatic spread of cancers, although the exact
mechanism(s) underlying these effects are poorly understood.*”
Mounting evidence indicates that downregulation of Cav-1
leads to an activated phenotype in fibroblasts. Thus, it has
been suggested that loss of Cav-1 in fibroblasts is a biomarker
of CAFs.*! In particular, we showed that mammary stromal
fibroblasts (MSFs) derived from Cav-1-knockout (KO) mice
exhibit many human CAF-like characteristics. Importantly, gene
profiles derived from Cav-1 KO MSFs are associated with poor
clinical outcome in breast cancer patients treated with tamoxifen
monotherapy.’ In support of these findings, mammary fat pads of
Cav-1 KO mice stimulate the growth (up to ~2-fold) of implanted
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mammary tumor tissue, indicating that the mammary tumor
stroma of Cav-1 KO mice has tumor-promoting properties. In
addition, we have recently shown that human fibroblasts lacking
Cav-1 significantly promote the tumor growth of MDA-MB-231
cells (~4-fold) in co-injection experiments."

We and others have identified an absence of stromal caveo-
lin-1 (Cav-1) as a new biomarker for predicting clinical out
come in human breast cancer patients.’*" The loss of Cav-1 in
the cancer-associated fibroblast compartment correlates with
early tumor recurrence, lymph node metastasis and tamoxifen-
resistance. Absence of stromal Cav-1 is a predictive biomarker
independent of clinicopathologic features or breast cancer sub-
type (ER*, PR*, HER2* and triple-negative tumors).'® Also, lack
of stromal Cav-1 expression in dutal carcinoma in situ (DCIS)
lesions is predictive of progression to invasive breast cancer." We
have also shown that an absence of stromal Cav-1 is a biomarker
for tumor progression to metastatic disease (to lymph-nodes and
bone) in human prostate cancer.”® Therefore, a stroma lacking
Cav-1 may promote the aggressiveness of a variety of different
human cancer types."?

Based on these findings, we recently proposed a new hypoth-
esis for understanding how tumors evolve, called the “autopha-
gic tumor stroma model of cancer cell metabolism.”* In this
model, cancer cells induce the downregulation of Cav-1 in the
adjacent fibroblasts via oxidative stress. Consequently, the loss
of Cav-1 induces the autophagic destruction of mitochondria
(mitophagy) in CAFs, which drives the fibroblastic production
of recycled high-energy metabolites.?! These energy-rich metabo-
lites are then taken up by the adjacent cancer cells to promote
mitochondrial biogenesis and “feed” their anabolic metabo-
lism, thereby driving their growth and protecting these cancer
cells against apoptosis.?>*® Thus, loss of stromal Cav-1 leads to
a “nutrient-rich” tumor microenvironment, which promotes the
invasive growth and metastatic dissemination of cancer cells.
However, the downstream mediator(s) of the tumor-promoting
effects of a loss of Cav-1 in CAFs are not yet known.

The urokinase-type plasminogen activator (uPA) system plays
an important and multifaceted role in cancer pathogenesis.*
uPA, when bound to its receptor (uPA-R), actively converts plas-
minogen into the mature broad spectrum serine protease, plas-
min, which in turn degrades extracellular matrix (ECM) proteins
and activates latent growth factors and matrix metalloproteases
(MMPs), facilitating invasion and metastatic spread of cancer
cells.? The activity of uPA is regulated by the plasminogen acti-
vator inhibitors type-1 and -2 (PAI-1 and PAI-2), which belong
to the serpin (serine protease inhibitor) superfamily, and are also
known as SERPINEI and SERPINB2, respectively.”

Paradoxically, high levels of PAI-1 and PAI-2 correlate with
a poor and good prognosis, in breast cancer and other types of
cancers, respectively.?*?! Notably, PAI-1 and uPA were among
the first tumor markers to be validated at the highest level of evi-
dence (LOE I) regarding their clinical utility for breast cancer.?
In most of these studies, PAI-1 and PAI-2 levels have been deter-
mined by ELISA in whole-tumor tissue extracts without dissect-
ing whether their prognostic value lies in the tumor stroma or the
tumor epithelial cells. Umeda et al., using in situ hybridization
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analysis, showed that, whereas PAI-1 and PAI-2 mRNA’s were
not detected in fibroblasts of normal breast or DCIS, these
inhibitors were highly expressed in fibroblasts of invasive breast
cancers.? In addition, the protein expression of PAI-1 and PAI-2
was elevated in the fibroblastic compartment of breast cancer tis-
sues.*¢ However, the relevance of fibroblasts expressing high
levels of PAI-1 or PAI-2 in breast cancer malignancy remains
poorly defined.

Here, we investigated the signaling mechanism(s) by which a
loss of stromal Cav-1 in the fibroblast compartment contributes
to PAI-1 and PAI-2 activity, leading to enhanced breast pathol-
ogy. To that end, we performed a comparative proteomic analysis
of murine wild-type and Cav-1"- knockout mammary fibroblasts.
Our results show that loss of Cav-1 in mammary fibroblasts
leads to upregulation of PAI-1 and PAI-2 protein expression.
Fibroblasts overexpressing PAI-1 or PAI-2, were able to promote
breast tumor growth and metastasis. Mechanistically, these fibro-
blasts, which exhibit elevated expression of autophagic markers,
stimulate anabolic metabolism and prevent the apoptotic cell
death of adjacent cancer cells. As such, the tumor promoting
properties of fibroblasts overexpressing PAI-1 or PAI-2 may be
explained by our novel view of tumor metabolism, the “autopha-
gic tumor stroma model of cancer cell metabolism.”

Therefore, the current study provides direct evidence that
PAI-1 and PAI-2 are implicated in the breast tumor-promoting
effects of Cav-1-deficient fibroblasts.

Results

Loss of Cav-1 in mammary stromal fibroblasts upregulates
plasminogen activator type 1 and type 2 (PAI-1 and PAI-2).
In order to generate new insight into the mechanism(s) by which
a loss of stromal Cav-1 participates in mammary tumorigenesis,
we performed an unbiased comparative proteomic analysis of cell
lysates and conditioned media from wild-type (WT) and Cav-1-
knockout (KO) mammary stromal fibroblasts (MSFs).

As shown in Tables 1 and 2, a number of proteins upregulated
in Cav-1 KO MSFs are those seen in associated with activated
fibroblasts (VIM, FN1, COL1A1 and P4HB). This is in agree-
ment with our previous studies, showing that a loss of Cav-1 in
fibroblasts induces a myofibroblastic phenotype.”'**% Also, the
expression of the two principal inhibitors of uPA, namely PAI-1
(SERPINEI) and PAI-2 (SERPINB2), was upregulated in Cav-1
KO MSEFs. Increased expression of PAI-1 was validated by west-
ern blotting and immunofluorescence analysis of Cav-1 KO MSFs
and their derived extracellular matrices (Fig. 1A—C). The differ-
ential expression of PAI-2 was also validated by western blotting
(Fig. 1D). Similarly, the stroma of invasive human breast tumors
(pre-screened for a lack stromal Cav-1) displays strong expres-
sion of PAI-1 and PAI-2 in the fibroblast compartment (Fig. 2).
Therefore, loss of Cav-1 in mammary stromal fibroblasts leads
to upregulation of PAI-1 and PAI-2 expression in cultured fibro-
blasts in vitro and in human tumors in vivo.

Overexpression of PAI-1 or PAI-2 in fibroblasts induces
myofibroblastic features. We have previously show that down-
regulation of Cav-1 in fibroblasts leads to the acquisition of a
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Table 1. Proteomic analysis of upregulated proteins in cell lysates from Cav-17- null MSFs

Protein folding
Heat shock 70 kDa protein 1A (HSPATA)
Chaperonin containing Tcp1, subunit 6A (zetal) (CCT6A)
Extracellular matrix homeostasis

Serpin peptidase inhibitor, clade B (ovalbumin), member 2 (SERPINB2)
(a.k.a., PAI-2)

Cytoskeleton
Vimentin (VIM)
Cell cycle
Ptms protein (PTMS)
Others

transmembrane protein with EGF-like and 2 follistatin-like domains 1
(TMEFF1)

Hemoglobin, a1 (HBAT1)
Signal sequence receptor,  (translocon-associated protein ) (SSR2)

Unnamed protein product

Fold change KO/WT Accession number Spot number
2.37 gi|32451998 19
2.19 gi|6753324 24
2.6 gi|6755098 39
217 gi|2078001 33
2.76 gi|51593432 64
2.89 gi[148670383 57
2.87 gi|553919 54
2.31 gi|148683319 65
3.2 gi|12842671 15

All peptide sequences used for protein identification correspond to the Mus musculus protein product, ruling out contamination by serum proteins.
WT, wild-type mammary stromal fibroblasts; KO, Cav-1-knockout mammary stromal fibroblasts.

Table 2. Proteomic analysis of proteins in the conditioned media from Cav-17- MSFs

Extracellular matrix proteins
Fibronectin 1 (FN1)

Periostin, osteoblast specific factor (POSTN)
Collagen, type |, a1 (COL1A1)
Collagen, type I, a1 (COL3A1)
Extracellular matrix homeostasis

Serpin peptidase inhibitor, clade E (nexin, plasminogen activator inhibi-
tor type 1), member 1 (SERPINE1) (a.k.a., PAI-1)

Prolyl 4-hydroxylase, B polypeptide (P4HB)
Other
Chaperonin containing Tcp1, subunit 6a (zeta) (CCT6A)
Non-metastatic cells 2, protein (NM23B) expressed in (NME2)
Non-metastatic cells 2, protein (NM23B) expressed in (NME2)

Fold change KO/WT Accession number Spot number
3.55 gi|219518597 5
3.17 gi|148703313 19
2.24 gi|34328108 4a
2.07 gi|20380522 56
2.84 gi[170172562 43
1.91 gi|148702818 35
2.71 gi|62948125 38
2.25 gi|6679078 64
1.52 gi|6679078 66

All peptide sequences used for protein identification correspond to the Mus musculus protein product, ruling out contamination by serum proteins.
WT, wild-type mammary stromal fibroblasts; KO, Cav-1-knockout mammary stromal fibroblasts.

myofibroblastic phenotype.”'*¥ Furthermore, both PAI-1 and
PAI-2 have been found to be upregulated in human cancer-
associated fibroblasts (CAFs) as compared with normal fibro-
blasts.>**> Thus, we decided to investigate whether overexpression
of PAI-1 or PAI-2 in fibroblasts induces myofibroblastic charac-
teristics. To address this issue, we first stably overexpressed PAI-1
or PAI-2 in immortalized human hTERT-BJ1 fibroblasts (Fig.
3A and B). Overexpression of PAI-1 or PAI-2 did not alter Cav-1
levels in these fibroblasts when compared with controls (empty
vector-transduced hTERT-BJ1 fibroblasts). In addition, these
two proteins were not reciprocally regulated when overexpressed

(Fig. 3C).
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Next, we examined myofibroblastic traits in these fibroblasts.
We found that overexpression of PAI-1 or PAI-2 upregulated
calponin and vimentin, two known myofibroblastic markers
(Fig. 4A—C). Moreover, PAI-1, but not PAI-2, fibroblasts exhib-
ited elevated expression (Fig. 4C) and deposition (Fig. 4D) of
fibronectin, which is characteristic of activated fibroblasts. Taken
together, our results suggest that PAI-1 and PAI-2 are downstream
targets of Cav-1, and they may contribute to the acquisition of a
myofibroblastic phenotype of Cav-1-deficient fibroblasts.

Fibroblasts overexpressing PAI-1 or PAI-2 promote breast
tumor growth, without affecting angiogenesis. Next, we eval-
uated whether fibroblasts overexpressing PAI-1 or PAI-2 can
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Fibroblasts overexpressing PAI-1 or PAI-2
display elevated autophagy and promote the
anabolic metabolism of adjacent tumor cells.
Since an increase in tumor angiogenesis could
not explain the tumor-promoting properties
of PAI-1 and PAI-2 fibroblasts, we examined
whether the increased tumor growth could be
explained by metabolic interactions between
fibroblasts and tumor cells.'??

To test this hypothesis, we first evalu-
ated the levels of autophagic markers in
fibroblasts overexpressing PAI-1 or PAI-2.
Autophagy is characterized by the formation
of acidic vesicular organelles (AVOs), which
can be detected using acridine orange. This
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reagent is a weak base that, when unproton-
PAI-2 ated, appears as green fluorescence. However,
when it penetrates into an acidic compart-
B-tubulin ment, it is protonated and forms aggregates

and appears bright red.’®* Vital staining of
fibroblasts with acridine orange revealed that
fibroblasts overexpressing PAI-1 or PAI-2 dis-

Figure 1. Validation of the proteomic data for PAI-1 and PAI-2. To confirm the relative changes
in PAI-1 and PAI-2 protein expression observed in the proteomic analysis, wild-type and Cav-1
KO MSFs were subjected to immunoblot and immunofluorescence analyses with antibodies
directed against PAI-1 and PAI-2. (A) Western blotting for PAI-1. Note that PAI-1 expression is
upregulated in Cav-1 KO MSFs. Immunoblotting with B-tubulin is shown as a control for equal
loading. (B) Intracellular localization of PAI-1. Note that PAI-1 expression is increased in Cav-1
KO MSFs. Nuclei were immunostained with Hoechst (blue). Images captured at original magni-
fication of 63x. (C) Localization of PAI-1 in fibroblast-derived extracellular matrices. Wild-type
and Cav-1 KO MSFs were plated onto gelatin cross-linked coverslips. Fresh medium containing
ascorbic acid was added every other day for 5 d to induce production of extracellular matrix.
Unextracted matrices were then fixed and immunostained with antibodies against PAI-1. Note
that PAI-1 is elevated in Cav-1 KO MSF-derived extracellular matrices, indicating an increased
secretion of PAI-1 by Cav-1 KO MSFs. Nuclei were immunostained with Hoechst (blue). Images
were captured at original magnification 63x. (D) Immunoblotting for PAI-2. Note that PAI-2
expression is upregulated in Cav-1 KO MSFs. Immunoblotting with B-tubulin is shown as a

played a larger amount of AVOs than control
fibroblasts (Fig. 8A). Also, overexpression of
PAI-1 or PAI-2 upregulated the expression of
the autophagic markers, Beclin-1, LAMP-1
and LAMP-2 (Fig. 8B and C). Given that
autophagy negatively regulates the cell cycle,
we assessed the effects of PAI-1 or PAI-2
overexpression on fibroblast proliferation by
measuring BrdU incorporation. We observed
a decrease in proliferation of fibroblasts over-
expressing PAI-1 and PAI-2 as compared with
the vector alone control (Fig. 8D). These

control for equal loading.

phenocopy the tumor-promoting effects of fibroblasts lacking
Cav-1."? For this purpose, we co-cultured fibroblasts and human
breast cancer cells [MDA-MB-231 (GFP*)] and determined the
GFP intensity for several days. Figure 5 shows that fibroblasts
overexpressing PAI-1 or PAI-2 promoted the growth of MDA
cells in vitro. In order to assess whether these fibroblasts were
able to promote tumor growth in vivo, we co-injected a mixture
of MDA-MB-231 cells and fibroblasts in the flanks of nude mice.
After 3 weeks, the tumors were removed and their weights and
volumes were determined. Fibroblasts overexpressing PAI-1 or
PAI-2 significantly increased tumor mass, ~3-to-4-fold (Fig. 6A),
and tumor volume, ~4-fold (Fig. 6B). Interestingly, no signifi-
cant differences in blood vessel density (number of vessels per
mm?) were observed among the three groups (Fig. 7). In accor-
dance with the in vitro studies (Fig. 4C and D), we found that
tumors grown in the presence of PAI-1-overexpressing fibroblasts
exhibited increased stromal deposition of fibronectin (Fig. 7C).

Collectively, these results indicate that fibroblasts overexpress-
ing PAI-1 or PAI-2 stimulate mammary tumor growth indepen-
dently of angiogenesis.
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results suggest that overexpression of PAI-1
or PAI-2 induces autophagy in fibroblasts.

To assess whether fibroblasts with increased expression of
PAI-1 or PAI-2 were able to promote the anabolic metabolism
of tumor cells, we immunostained co-cultures of fibroblasts
and breast cancer cells [MDA-MB-231 GFP(+)] with an anti-
body directed against the intact mitochondrial membrane
(MABI1273). Figure 9 shows that fibroblasts overexpressing
PAI-1 or PAI-2 strikingly increased the mitochondria mass
of MDA-MD-231 cells as compared with control fibroblasts.
Interestingly, low mitochondrial mass was observed in fibro-
blasts in these co-cultures (Fig. 9). Taken together, these data
suggest that fibroblasts overexpressing PAI-1 or PAI-2 promote
increased oxidative mitochondrial metabolism in adjacent can-
cer cells.

Fibroblasts overexpressing PAI-1 or PAI-2 promote tumor
cell survival. We have previously reported that the metabolic-
coupling between cancer cells and fibroblasts results in a reduc-
tion of epithelial cancer cell apoptosis.?? Therefore, we assessed
apoptosis using a tunnel assay in tumors resulting from the co-
injection of fibroblasts with MDA-MB-231 cells. As shown in
Figure 10, fibroblasts overexpressing PAI-1 or PAI-2 significantly
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decreased the apoptosis of MDA-MB-231 cells in vivo.
Reductions in tumor cell apoptosis were more pro-
nounced with fibroblasts overexpressing PAI-2, than
with those overexpressing PAI-1 (Fig. 10). However,
no statistically significant differences were observed in
tumor cell proliferation (Fig. 11A). The ratio of mitotic
vs. apoptotic tumor cells was significantly increased in
tumors containing fibroblasts overexpressing PAI-1 or
PAI-2 as compared with tumors grown in the presence
of control fibroblasts (Fig. 11B). These data indicate that
fibroblasts overexpressing PAI-1 or PAI-2 protect breast
cancer cells against apoptotic cell death. Thus, these
results support our previous observations that autopha-
gic fibroblasts, in addition to providing nutrients, pre-
vent the death of adjacent cancer cells.?

Fibroblasts overexpressing PAI-1 or PAI-2 increase
the metastatic spread of breast cancer cells. In order
to determine whether fibroblasts overexpressing PAI-1
or PAI-2 affect the metastatic capacity of breast cancer
cells, we co-injected fibroblasts with MDA-MB-231
(GFP*) cells into the tail vein of nude mice. After
7 weeks, the lungs were surgically excised and examined
for lung metastases.

As shown in Figure 12, fibroblasts overexpress-
ing PAI-1 or PAI-2 significantly increase the ability
of MDA-MB-231 (GFP*) to form lung metastases by
~4-to-5-fold. Taken together, these data suggest that
fibroblasts overexpressing PAI-1 or PAI-2 promote the
metastatic potential of breast cancer cells.

Discussion

Here, we investigated the signaling mechanism(s) impli-
cated in the breast tumor-promoting microenvironment
induced by the loss of stromal Cav-1. Unbiased pro-
teomic analysis of Cav-1 wild-type and knockout mam-
mary gland fibroblasts revealed that a loss of Cav-1 in
mammary fibroblasts leads to the upregulation of both
PAI-1 and PAI-2. Fibroblasts overexpressing PAI-1 or
PAI-2 were able to significantly increase both tumor
growth and metastasis of human breast cancer cells.
Thus, the current study provides additional novel bio-
markers of CAFs and, potentially, new therapeutic tar-
gets for stromal-based treatment interventions.

We have previously demonstrated that a loss of stro-
mal Cav-1 in cancer-associated fibroblasts® is a power-
ful and single independent predictor of clinical outcome
in human breast cancers.”!® To understand the strong
prognostic value of mammary fibroblasts lacking Cav-1,
we turned to Cav-1-knockout (KO) mammary stromal
fibroblasts (MSFs), as a model for Cav-1 deficient can-
cer-associated fibroblasts.” Proteomic analysis revealed
that loss of Cav-1 in mammary fibroblasts leads to an
increase of plasminogen activator inhibitor type-1 and
type-2 (PAI-1 and PAI-2). However, overexpression of
PAI-1 or PAI-2 in human fibroblasts did not affect Cav-1
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Figure 2. Expression of PAI-1 and PAI-2 is elevated in Cav-1-deficient fibroblasts
of human breast cancer tissues. Paraffin-embedded sections of human breast
cancer tissues lacking stromal Cav-1 were immunostained with antibodies
directed against PAI-1 (A and B) and PAI-2 (C and D). Slides were counterstained
with hematoxylin. Note that PAI-1 stained positive in both stromal and cancer
cells, whereas PAI-2 expression is observed only in stromal cells. White arrows
indicate Cav-1-deficient fibroblasts that stained positive for both PAI-1 and PAI-2.
Images were captured at an original magnification of 20x and 40x. s, stromal cells;
¢, cancer cells.
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Figure 3. Recombinant overexpression of PAI-1 or PAI-2 does not alter Cav-1
expression levels. To assess the regulation of Cav-1 by PAI-1 and PAI-2 in fibro-
blasts, we stably overexpressed PAI-1 or PAI-2 in immortalized human fibroblasts
(hTERT-BJ1) using lentiviral vectors. As a control (Ctrl), \TERT-BJ1 fibroblasts were
transduced with an empty vector. The overexpression of PAI-1 and PAI-2 was
confirmed by western blot (A and B), respectively. Immunoblotting with B-tubulin
is shown as a control for equal loading. (C) The expression of Cav-1 in fibroblasts
overexpressing PAI-1 or PAI-2 was assessed by western blotting. Note that no
differences in Cav-1 levels were observed. Immunoblottings for PAI-1 and PAI-2
are also displayed. Immunoblotting for -tubulin is shown as a control for equal
loading.
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Figure 4. Overexpression of PAI-1 or PAI-2 leads to the upregulation of myofibroblastic markers. To evaluate whether the overexpression of PAI-1 and
PAI-2 phenocopy the myofibroblastic phenotype of Cav-1-deficient fibroblasts, the expression of several myofibroblastic markers was assessed in
fibroblast control or overexpressing PAI-1 or PAI-2. (A) Localization of calponin (upper parts) and vimentin (lower parts). Note that overexpression of
PAI-1 or PAI-2 upregulates the levels of two myofibroblastic markers, calponin and vimentin. Nuclei were immunostained with Hoechst (blue). Images
captured at original magnification of 63x. (B) Immunoblotting for vimentin and fibronectin. Note that overexpression of PAI-1 or PAI-2 upregulates
vimentin and the overexpression of PAI-1 increases the expression of fibronectin. Immunoblotting with B-tubulin is shown as a control for equal
loading. (C) Localization of fibronectin in fibroblast-derived extracellular matrices. Fibroblasts overexpressing PAI-1 or PAI-2 along with controls were
plated onto gelatin cross-linked coverslips. Fresh medium containing ascorbic acid was added every other day for 5 d to induce extracellular matrix
production. Then, the cells with their matrices were fixed and immunostained with an antibody against fibronectin. Note that PAI-1 overexpression
increases fibronectin deposition, a myofibroblastic marker. Nuclei were counterstained with Hoechst (blue). Images captured at original magnification
of 63x. Ctrl, fibroblasts containing empty vector alone; PAI-1, fibroblasts overexpressing PAI-1; PAI-2, fibroblasts overexpressing PAI-2.

levels, suggesting that PAI-1 and PAI-2 are downstream targets
of Cav-1. Consistent with our findings, Lee et al. showed that
the overexpression of Cav-1 downregulates PAI-1 in NIH-3T3
fibroblasts.”” Also, we previously demonstrated that Cav-1-
"~ immortalized mouse embryonic fibroblasts (MEFs) exhibit a
near 10-fold increase in PAI-2 as compared with those expressing
Cav-1.4142

PAI-1 and PAI-2 are the principal inhibitors of urokinase-
type plasminogen activator (uPA), which is implicated at mul-
tiple stages of tumor formation and progression, such as ECM
degradation, cell migration, adhesion and proliferation.** High
levels of PAI-1 are caused by a number of mechanisms, includ-
ing by activated HIF1-a* and NFkB,* and PAI-2 expression is
increased by a variety of inflammatory stimuli.** We have previ-
ously observed that loss of Cav-1 in stromal cells results in ROS
overproduction, which in turn activate HIF1-a and NFkB,
the lacter leading to the upregulation of inflammatory media-
tors.” Therefore, we speculate that the increased expression
of PAI-1 and PAI-2 observed in Cav-1-deficient fibroblasts may
be a consequence of the oxidative stress produced by the loss of
Cav-1.

2026

Cell Cycle

2121937 here we observe

In agreement with our previous studies,
that loss of Cav-1 in fibroblasts results in the upregulation of
CAF markers, such as vimentin, PH4B, fibronectin and colla-
gen. Therefore, these data support the notion that a loss of Cav-1
drives the onset of a myofibroblastic phenotype. We also show
that overexpression of PAI-1 or PAI-2 leads to increased expres-
sion of myofibroblastic markers in human fibroblasts, suggesting
that these uPA inhibitors may contribute to the acquisition of a
CAF-like phenotype, induced by the loss of Cav-1.

We set out to determine whether we could phenocopy the
tumor promoting effects of a loss of Cav-1 in fibroblasts, using
these newly discovered down-stream targets, namely PAI-1 and
PAI-2. Recently, using a mouse xenograft model, we have shown
that downregulation of Cav-1 in human fibroblasts results in
~4-fold increase in MDA-MB-231 tumor growth.!? Using the
same xenograft model, here we observe, for the first time, that
fibroblasts overexpressing PAI-1 or PAI-2 significantly increase
tumor mass (~3-to-4-fold) and tumor volume (-4-fold). In addi-
tion, these fibroblasts when co-injected with MDA-MB-231 cells
increased their metastatic potential. Mechanistically, we show
that PAI-1- and PAI-2-expressing fibroblasts exhibit increased
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Figure 5. Fibroblasts overexpressing PAI-1 or PAI-2 promote tumor
growth in vitro. Fibroblasts (control vs. those overexpressing PAI-1 or
PAI-2) were co-cultured with MDA-MB-231 GFP* (MDA) cells in a 5:1
ratio. The fluorescence was determined (as a measurement of MDA
growth) every other day for 8 d and normalized to the fluorescence
intensity of the first day to avoid differences due to cell attachment.
Note a significant increase in MDA growth in the presence of fibroblasts
overexpressing PAI-1 or PAI-2 compared with controls, after the fourth
day of co-culture. Results are represented as mean + SEM. n.s., not
significant. An asterisk indicates that p < 0.05. Ctrl, fibroblasts contain-
ing empty vector alone; PAI-1, fibroblasts overexpressing PAI-1; PAI-2,
fibroblasts overexpressing PAI-2; MDA, MDA-MB-231 (GFP*).

expression of autophagic markers and, in co-cultures, these
fibroblasts increase mitochondrial biomass in adjacent cancer
cells. These data directly support our novel hypothesis explain-
ing tumor development, which we have termed the “autophagic
tumor stroma model of cancer cell metabolism.””?° According
to this hypothesis, cancer cells use oxidative stress as a weapon to
induce autophagy in adjacent fibroblasts. Consequently, autopha-
gic fibroblasts provide energy-rich nutrients that are taken up by
adjacent cancer cells to “fuel” oxidative mitochondrial metabo-
lism and promote tumor growth.?’** In support of this notion,
we demonstrated previously that systemic administration of
energy-rich metabolites, such as the ketones and L-lactate, is
sufficient to promote both tumor growth and metastasis, using
MDA-MB-231 cells.”

The current study reveals that PAI-1- or PAI-2-expressing
fibroblasts promote breast tumor growth without altering angio-
genesis. Similarly, fibroblasts harboring HIFla or NFkB, also
exhibit increased expression of autophagic markers and promote
the tumor growth of MDA-MB-231 cells without affecting blood
vessel density.?! Therefore, the current study supports our pre-
vious hypothesis that autophagic fibroblasts have the ability to
promote tumor growth independent of angiogenesis. This may
explain the failure of many angiogenic inhibitors in providing
clinical benefits in recent therapeutic cancer trials.

The finding that PAI-1 is able to induce autophagy in fibro-
blasts may explain previous paradoxical results about the role of
PAI-1 in cancer pathogenesis. More specifically, it may explain
why high levels of PAI-1 predict poor prognosis in a variety of
cancer types,”®*"? but its expression in cancer cells by transfec-

tion reduces the invasiveness and metastasis of tumor cells.*®% It
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Figure 6. Fibroblasts overexpressing PAI-1 or PAI-2 promote tumor
growth in vivo. To determine whether overexpression of PAI-1 or PAI-2
can phenocopy the tumor-promoting effects of Cav-1-deficient fibro-
blasts, fibroblasts (control vs. those overexpressing PAI-1 or PAI-2) were
co-injected with a human breast cancer cell line [MDA-MB-231 (GFP*)
cells] (MDA) in the flanks of nude mice. After 3 weeks, the tumors that
formed were harvested and subjected to a detailed analysis. Note that
relative to controls, PAI-1 or PAI-2 expressing fibroblasts increased tu-
mor mass by ~3-to-4-fold (A) and tumor volume by ~4-fold. (B) Results
are represented as the mean + SEM. An asterisk indicates that p < 0.05
compared with controls. n = 10 flank injections for each experimental
group. Ctrl, fibroblasts containing empty vector alone; PAI-1, fibroblasts
overexpressing PAI-1; PAl-2, fibroblasts overexpressing PAI-2; MDA,
MDA-MB-231 (GFP*).

is likely that PAI-1 expression in cancer cells leads to autophagy
and, consequently, reduces their aggressiveness; however, the
autophagy induced by PAI-1 in the host fibroblasts may pro-
vide energy-rich metabolites that promote tumor growth. In
agreement with this hypothesis, we recently demonstrated that
the expression of active HIF1a, one of the transcription factors
known to upregulate PAI-1, promotes tumor growth when it is
expressed in fibroblasts; conversely, activated HIFla in cancer
cells dramatically suppressed tumor growth.?! In addition, strong
expression of PAI-1 in the fibroblast compartment, rather than in
cancer cells, has the greatest impact on the clinical behavior of
breast cancer.?® Therefore, these data suggest that the source of
PAI-1 (its compartment-specific origin) is an important determi-
nant of prognosis.

We also observe that PAI-1 and PAI-2-overexpressing fibro-
blasts significantly reduce the apoptosis of MDA-MB-231, with-
out alterations in proliferation. In agreement with these results,
we have previously found, using MCF7 co-cultures, that Cav-1-
deficient fibroblasts protect adjacent breast cancer cells against
apoptosis.”? This supports the notion that autophagic fibroblasts,
in addition to providing nutrients to “fuel” anabolic metabolism,
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Figure 7. Fibroblasts overexpressing PAI-1 or PAI-2 do not affect tumor angiogenesis. Paraffin-embedded tumor sections from MDA-MB-231 cells
(grown the presence of control fibroblasts or fibroblasts overexpressing PAI-1 or PAI-2) were immunostained with anti-CD31 antibodies and vessel
density was determined. (A) Representative images for CD-31 immuno-staining are shown. Slides were counterstained with hematoxylin. Images were
captured at 20x. (B) Quantification of the CD-31-positive vessels. Note that no significant differences in vessel density were observed. Results are repre-
sented as the mean + SEM; n.s., not significant. (C) Immunhistochemical analysis of fibronectin. Note that MDA-MB-231 cells grown in the presence of
fibroblasts overexpressing PAI-1 exhibit increased deposition of fibronectin in the stromal compartment. Images were captured at 20x. Ctrl, fibroblasts
containing empty vector alone; PAI-1, fibroblasts overexpressing PAI-1; PAI-2, fibroblasts overexpressing PAI-2; MDA, MDA-MB-231 (GFP*).

also play a protective role in preventing cell death in adjacent
cancer cells. Significantly, TGFB-treated prostate stromal cells
underwent myofibroblastic differentiation and decreased the
apoptotic rate of co-cultured prostate cancer cells.”® We have pre-
viously shown that Cav-1 knockdown in fibroblasts is sufficient
to activate the TGFf signaling pathway,?”*" which is known to
regulate PAI-1 expression.”? Therefore, we speculate that a loss
of Cav-1 in fibroblasts may lead to TGF@ activation that, in
turn, increases PAI-1 expression, protecting cancer cells against
apoptosis.

In conclusion, we show that a loss of Cav-1 in mammary fibro-
blasts results in an increase of PAI-1 and PAI-2. Importantly,
fibroblasts overexpressing PAI-1 or PAI-2 phenocopy the tumor-
promoting effects of Cav-1-deficient fibroblasts. Consequently,
targeting PAI-1 and PAI-2 in fibroblasts may be a novel thera-
peutic strategy to inhibit the activated tumor microenvironment
induced by a loss of stromal Cav-1.
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Materials and Methods

Materials. Antibodies were obtained from commercial sources:
anti-PAI-1 (for WB and IF: sc-8979, Santa Cruz Biotech, for
IHC: HPA020559, Sigma), anti-PAI-2 (for WB: sc-7646 Santa
Cruz Biotech for mouse cells and #3750 from American diag-
nostic for human cells, for IHC: HPA015480, from Sigma),
anti-B-tubulin (for WB: #T4026, Sigma), anti-caveolin-1 (for
WB: sc-894, N20, Santa Cruz Biotech), anti-vimentin (for IF:
MO0725, Dako; for WB: #3932, R28; Cell Signaling), anti-
calponin 1/2/3 (for 1F:sc-28545, FL-297, Santa Cruz Biotech),
anti-CD31 (for IHC: #550274, BD Biosciences), anti-fibronec-
tin (for IF, IHC and WB: ab-23750, Abcam), anti-mitochondria
(for IF: MABI1273, Milllipore), anti-Beclin-1 (for IF: #2026-
1, Epitomics), anti-LAMP-1 (for WB: sc-17768, Santa Cruz
Biotech) and anti-LAMP-2 (for WB: sc-18822, Santa Cruz
Biotech). Hoechst-33258 nuclear stain (Sigma). Other reagents
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Figure 8. Recombinant expression of PAI-1 or PAI-2 increases autophagy in fibroblasts. To assess the effects of PAI-1 and PAI-2 overexpression on
autophagy in fibroblasts, the levels of a variety of autophagic markers were assessed in control fibroblasts and in PAI-1/2(+)-overexpressing fibro-
blasts. (A) Determination of AVOs (acidic vesicular organelles) using acridine orange. In orange-acridine stained cells, cytoplasm fluorescences green,
whereas acid compartments fluorescence red. Note that fibroblasts overexpressing PAI-1 or PAI-2 display a larger amount of AVOs compared with
control fibroblasts. Images captured at original magnification of 63x. Nuclei were stained with Hoechst (blue). (B) Localization of Beclin-1. Note that
overexpression of PAI-1 or PAI-2 upregulates the expression of Beclin-1, an autophagic marker. Images were captured at an original magnification of
63x. Nuclei were stained with Hoechst (blue). (C) Immunoblotting for LAMP-1 and LAMP-2. Note that the expression of autophagic markers, LAMP-1
and LAMP-2, is increased in fibroblasts overexpressing PAI-1 or PAI-2. Immunoblotting with B-tubulin is shown as a control for equal loading. (D) Pro-
liferation of fibroblasts overexpressing PAI-1 or PAI-2. Note that BrdU incorporation is significantly reduced in fibroblasts overexpressing PAI-1 or PAI-2
as compared with control fibroblasts. Results are represented as the mean + SEM. An asterisk indicates that p < 0.05, compared with controls. Ctrl,
fibroblasts containing empty vector alone; PAI-1, fibroblasts overexpressing PAI-1; PAI-2, fibroblasts overexpressing PAI-2.

were as follows, Hoechst-33258 nuclear stain was from Sigma
and Anti-fade reagent (52828) was from Invitrogen.

Cell cultures. Human immortalized fibroblasts (R TERT-BJ1)
and human GFP-positive breast cancer cells (MDA-MB-
231-GFP) were grown in Dulbecco’s modified Eagle medium
(DMEM) containing 10% fetal bovine serum ina 37°C, 5% CO,
incubator. MDA-MB-231 (GFP*) cells were the generous gift of
Dr. A. Fatatis (Drexel University, Philadelphia, PA).

Recombinant expression of PAI-1 and PAI-2. hTERT-BJ1
fibroblasts were transduced with a lentiviral vector encoding:
PAI-1 (Plasminogen Activator Inhibitor type-1, Accession#
NM_000602) with the construct pReceiver-F0606-Lv105, PAI-2
(Plasminogen Activator Inhibitor type-2, Accession# J02685)
with the construct pReceiver-F0195-Lv105 or vector alone
(pReceiver-Lv105) as a negative control (GeneCopoeia, Inc.).
lentiviral vectors were transfected into the 293Ta lentiviral pack-
aging cell line using Lenti-Pac HIV Expression Packaging Kit
(GeneCopoeia), according to the manufacturer’s instructions.
After 48 h, virus-containing medium was passed through a 0.45
pwm filter and added to hTERTBJ1 cells in the presence of 5 g/
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ml Polybrene. Infected hTERT fibroblasts were selected in the
presence of 1.5 pg/ml puromycin.

Isolation of mammary stromal fibroblasts. Primary mam-
mary fibroblasts were isolated basically as previously described in
reference 9. Briefly, the fourth and fifth mammary glands from
8-week-old virgin wild-type and Cav-1"" mice were removed
aseptically, minced with surgical blades, incubated in a shaker
(for 2 to 3 h at 37°C) in 30 to 35 ml of digestion media (DMEM
[Dulbecco’s modified Eagle medium]) containing 2 mg/ml col-
lagenase type I and 50 pg/ml gentamicin. Then, the cell suspen-
sions were spun 10 min at 1,000 rpm to eliminate floating fat
cells. Cell pellets were washed twice in 10 ml of growth media
(DMEM, 10% fetal bovine serum, pen/strep) containing fun-
gizone. Then, cell pellets were disaggregated by pipetting up
and down 10 to 15 times with a sterile 1-ml blue pipette tip.
Mammary fibroblasts were cultured in growth media containing
fungizone for one week. Then, fibroblasts were grown and pas-
saged in growth media.

Proteomic analysis. 2D DIGE (2-dimensional difference gel
electrophoresis) ¥ and mass spectrometry protein identification
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Figure 9. Fibroblasts overexpressing PAI-1 or PAI-2 increase the mitochondrial mass of adjacent breast
cancer cells. Co-cultures of MDA-MB-231 cells and fibroblasts (control vs. those overexpressing PAI-1 or
PAI-2) were immunostained with antibodies against a mitochondrial membrane antigen (red). Note that
the mitochondrial mass is higher in MDA-MB-231 cells in co-culture with PAI-1/2(+) fibroblasts as com-
pared with control fibroblasts. Hoechst was used to stain nuclei (blue). Images captured at an original
magnification of 63x. Ctrl, fibroblasts containing empty vector alone; PAl-1, fibroblasts overexpressing

PAI-1; PAI-2, fibroblasts overexpressing PAI-2.

were run by Applied Biomics (Hayward, CA). Image scans
were performed immediately following the SDS-PAGE using
Typhoon TRIO (Amersham BioSciences) following the pro-
tocols provided. The scanned images were then analyzed by
Image QuantTL software (GE-Healthcare) and then subjected
to in-gel analysis and cross-gel analysis using DeCyder soft-
ware version 6.5 (GE-Healthcare). The ratio of protein differ-
ential expression was obtained from in-gel DeCyder software
analysis. The selected spots were picked by an Ettan Spot Picker
(GE-Healthcare) following the DeCyder software analysis and
spot picking design. The selected protein spots were subjected to
in-gel trypsin digestion, peptides extraction, desalting and fol-
lowed by MALDI-TOF/TOF (Applied Biosystems) analysis to
determine the protein identity.

Production of fibroblast-derived extracellular matrices.
Fibroblast-derived extracellular matrices were prepared as previ-
ously described in reference 54-56. Briefly, wild-type and Cav-1
KO mammary stromal fibroblasts (between passages 3 and 6)
were seeded at a density of 2.5 x 10° cells/ml onto chemically
cross-linked, gelatin-coated tissue culture dishes. Once the
fibroblasts reached confluence, fresh medium containing 50 pg/

ml of ascorbic acid was added every 48 h for 5 d. After 5 d,
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unextracted matrices were immu-
nostained with Hoechst and anti-
fibronectin antibody, as described
below.

Immunofluorescence. Unextra-
cted extracellular matrices or fibro-
blasts grown on glass coverslips
were washed three times with PBS
containing Ca and Mg (PBS/CM).
Then, extracellular matrices or cells
were fixed with 2% PFA for 30 min
and washed with PBS/CM. After
fixation, cells were permeabilized
using PBS/CM  containing 0.1%
Triton for 10 min, washed with PBS/
CM and treated with 25 mmol/L
NH,Clin PBS for 10 min to quench
free aldehyde groups. Primary anti-
bodies were added to each coverslips
and incubated for 1 h at RT before
addition of the appropriated fluoro-
chrome-conjugated secondary anti-
bodies for 30 min at RT. Finally,
slides were washed, incubated with
the nuclear stain (Hoechst) and
mounted. Images were collected
with a Zeiss LSM510 meta confocal
system using a 405 nm Diode exci-
tation laser with a band pass filter of
420-480 nm, a 488 nm Argon exci-
tation laser with a band pass filter of
505-550 nm and a 543 nm HeNe
excitation laser with a 561-604 nm
filter.

Detection of acidic vesicular organelles (AVOs) with acridine
orange. Autophagy is characterized by the formation and promo-
tion of acidic vesicular organelles (AVOs). To detect AVOs in
fibroblasts, we performed the vital staining with acridine orange.
This reagent is a weak base that moves freely across biological
membranes. When acridine orange is located in the cytoplasm, it
fluoresces green, whereas in acidic compartments, it forms aggre-
gates that fluoresce bright red.?®* Fibroblasts grown on glass cov-
erslips in 12-well plates were washed PBS and incubated with
acridine orange (Invitrogen) (1 pg/ml) for 15 min. After washing
with PBS, cells were fixed with 4% Parafolmahedyde for 30 min
at RT, counterstained with Hoechst and mounted.

Western blot analysis. Cell protein lysates were obtained by
cell scraping with lysis buffer (10 mM Tris, pH 7.5, 150 mM NaCl,
1% Triton X-100 and 60 mM #z-octyl-glucoside), containing
protease inhibitors (Boehringer Mannheim, Indianapolis, IN).
Samples were incubated on a rotating platform at 4°C and were
then centrifuged at 12,000x g for 10 min (at 4°C) to remove
insoluble debris. Protein concentrations were analyzed using the
BCA reagent (Pierce, Rockford, IL). Samples were then separated
by SDS-PAGE (10% acrylamide) and transferred to nitrocellu-
lose. All subsequent wash buffers contained 10 mM Tris, pH 8.0,
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Figure 10. Overexpression of PAI-1 or PAI-2 in stromal fibroblasts reduces tumor apoptosis. Tunnel assays were performed on MDA-MB-231 tumors
grown in the presence of fibroblasts (control vs. those overexpressing PAI-1 or PAI-2) and the numbers of apoptotic cells were quantitated. (A) Repre-
sentative images of tunnel assay staining are shown. Images were captured at an original magnification of 40x. Slides were counterstained with he-
matoxylin. (B) Quantification of apoptotic tumor cell number. Note that apoptosis in MDA-MB-231 was significantly reduced when grown in presence
of PAI-1- or PAl-2-overexpresing fibroblasts as compared with control fibroblasts. Results are represented as the mean + SEM. An asterisk indicates
that p < 0.05 and two asterisks indicate that p < 0.001. Ctrl, fibroblasts containing empty vector alone; PAI-1, fibroblasts overexpressing PAI-1; PAI-2,

150 mM NaCl, 0.1% Tween 20, which was supplemented with
5% nonfat dry milk (Carnation) for the blocking solution and
1% bovine serum albumin (Sigma) for the antibody diluent.
Horseradish peroxidase-conjugated secondary antibodies were
used to visualize bound primary antibodies with an ECL detec-
tion kit (Pierce). (Pierce, Rockford, IL).

Proliferation. Cell proliferation was determined using a stan-
dard BrdU assay (Roche). The incorporation of a pyrimidine
analog (BrdU) was determined in hTERT-BJ1 fibroblasts, as sug-
gested by the manufacturer. Briefly, fibroblasts were trypsinized
and plated in a 96-well plate at a density of 2,000 cells/well. After
48 h, BrdU was added to each well and incubated for 24 h at
37°C. The next day, the absorbance at 370 nm and 492 nm was
measured on a plate reader (Tecan).

Co-cultivation of breast cancer cells and fibroblasts. To test
the effect of stromal fibroblasts on the growth of the breast can-
cer epithelial cells, 1 x 10° tumor cells (MDA-MB-231 express-
ing GFP) and 5 x 10° fibroblasts (hWTERT-BJ1) were seeded in a
12-well microplate in growth media (DMEM, 10% fetal bovine
serum, pen/strep). The intensity of GFP fluorescence of the cells
in co-cultivation was considered a measurement for the growth
and was determined at the indicated days in a microplate-fluo-
rometer (Thermo Fisher). The fluorescence was normalized to
the first day to correct differences in initial cell attachment.

Animal studies. All animals were housed and maintained in a
pathogen free environment/barrier facility at the Kimmel Cancer
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Center at Thomas Jefferson University under National Institutes
of Health (NIH) guidelines. Mice were kept on a 12 h light/dark
cycle with ad libitum access to chow and water. Approval for all
animal protocols used for this study was reviewed and approved
by the Institutional Animal Care and Use Committee (IACUC).
Briefly, a mixture of tumor cells (MDA-MB-231 [GFP(+)];
1 x 10° cells) plus hTERT-BJ1 fibroblasts (3 x 10° cells) in 100
wl of sterile PBS were co-injected into the flanks of athymic
NCr nude mice (NCRNU; Taconic Farms; 6-8 weeks of age).
Mice were then sacrificed at 3 weeks post-injection; tumors were
excised to determine their weight and size using calipers. Tumor
volume was calculated using the formula (X?Y)/2, where X is the
width and Y is the length.

Immunohistochemistry. Paraffin-embedded tumor sec-
tions (4—6 pwm) were incubated at 55°C for 30 min, dewaxed
with xylene and rehydrated through a graded series of ethanol.
Antigen retrieval was performed in 10 mM sodium citrate, pH
6 for 10 min using a pressure cooker. After cooling, the sections
were blocked with 3% hydrogen peroxide followed by incuba-
tion with 10% goat serum/PBS for 1 h at RT. Primary antibodies
were incubated overnight at 4°C. Next day, slides were washed
twice with PBS for 5 min each and incubated with the appropri-
ated biotinylated antibodies (1:500, Vector Labs, Burlingame,
CA) for 30 min at RT. Slides were then washed and incubated
with streptavidin-horseradish peroxidase solution for 30 min
at RT. Immunoreactivity was revealed using an ImmPACT
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Figure 11. Fibroblasts overexpressing PAI-1 or PAI-2 do not affect the
proliferation of tumor cells in vivo. (A) Quantification of mitotic tumor
cells in MDA-MB-231 tumors grown in presence of control fibroblasts
(Ctrl) or those overexpressing PAI-1 or PAI-2. Note that no significant
differences were observed among these three groups. (B) Ratio of
mitotic cells/apoptotic cells in epithelial tumor cells in MDA tumors
grown in presence of fibroblasts. Note that the mitosis/apoptosis ratios
are significantly higher for MDA tumors grown in the in presence of
fibroblasts overexpressing PAI-1 or PAI-2 as compared with control
fibroblasts. n.s.: not significant. Results are represented as the mean +
SEM. An asterisk indicates that p < 0.05 compared with controls. Ctrl,
fibroblasts containing empty vector alone; PAI-1, fibroblasts overex-
pressing PAI-1; PAI-2, fibroblasts overexpressing PAI-2; MDA, MDA-
MB-231 (GFP*).

NovaRED peroxidase substrate kit (Vector) per manufacturer’s
instructions. Finally, the sections were counterstained with
hematoxylin for 5-10 sec, air-dried and mounted with cover-
slips. For quantification of tumor angiogenesis, CD31-positive
vessels were enumerated in 4—6 fields within the central area of
each tumor using a 20x objective lens and an ocular grid (0.25
mm? per field). The total numbers of vessel per unit area was cal-
culated using Image J, and the data was represented graphically.

Quantification of tumor apoptosis. Apopototic cells were
identified using the TUNEL-based ApopTag Peroxidase In Situ
Apoptosis Detection Kit (Millipore, Temecula, CA) according
to manufacturer’s instructions. Briefly, paraffin sections were
deparaffinized in xylene, rehydrated in ethanols and washed with
PBS. The tissue sections were treated with 20 wg/ml protein-
ase K (Roche, Indianapolis, IN) diluted in PBS for 15 min at
room temperature (RT), washed and blocked with 3% hydrogen
peroxide for 5 min. The sections were then incubated with equili-
bration buffer briefly, followed by working strength TdT enzyme
for 1 h at 37°C. After washing, the sections were incubated with
anti-digoxigenin horseradish peroxidase conjugated antibody for
30 min at RT, washed, and apoptotic positive cells were detected
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Figure 12. Fibroblasts overexpressing PAI-1 or PAI-2 increase lung me-
tastasis. MDA-MB-231 cells were co-injected with fibroblasts in the tail
vein of nude mice. After 7 weeks, the lungs were insufflated with India
ink dye and the number of metastases was counted. (A) Representative
images of lung metastasis for each group are shown. (B) Quantification
of lung metastasis. Note that fibroblasts overexpressing PAI-1 or PAI-2
significantly increased the number of MDA-MB-231 lung metastases
(~3.8 and 5.3 fold, respectively) as compared with controls. An asterisk
indicates that p < 0.05. Ctrl, fibroblasts containing empty vector alone;
PAI-1, fibroblasts overexpressing PAI-1; PAI-2, fibroblasts overexpressing
PAI-2; MDA, MDA-MB-231 (GFP*).

using 3,3'-diaminobenzidine (Dako Products, Carpinteria, CA).
Apoptotic cells were counted in 4-6 fields within the central
area of each tumor using a 40x objective lens and an ocular grid
(0.0625 mm? per field). The total numbers of vessel per unit
area was calculated using Image ], and the data was represented
graphically.

Experimental metastasis (lung colonization assay). For
the metastasis study, a mixture of tumor cells (MDA-MB-231
[GFP(+)]; 4.5 x 10° cells) plus hTERT-BJ1 fibroblasts
(1.5 x 10° cells) in 100 pl of sterile PBS were co-injected via the
tail vein of athymic nude mice and divided in three groups. After
7 weeks of every-other-day intra-peritoneal injections, the lungs
were removed and insuflated with 15% India Ink dye, washed
in water and bleached in Fekete’s solution (70% ethanol, 3.7%
paraformaldehyde, 0.75 M glacial acetic acid). The number of
lung colonies was determined using a low-power stereo micro-
scope (Nikon SMZ-1500, Tokyo, Japan). p-values were deter-
mined by applying Mann-Whitney statistical analysis, which
does not assume a Gaussian distribution (non-parametric test).
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