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Autophagy in cancer associated fibroblasts

promotes tumor cell survival

Role of hypoxia, HIF1 induction and NFkB activation

in the tumor stromal microenvironment
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Recently, using a co-culture system, we demonstrated that MCF7 epithelial cancer cells induce oxidative stress in adjacent cancer-
associated fibroblasts, resulting in the autophagic/lysosomal degradation of stromal caveolin-1 (Cav-1). However, the detailed
signaling mechanism(s) underlying this process remain largely unknown. Here, we show that hypoxia is sufficient to induce the
autophagic degradation of Cav-1 in stromal fibroblasts, which is blocked by the lysosomal inhibitor chloroquine. Concomitant
with the hypoxia-induced degradation of Cav-1, we see the upregulation of a number of well-established autophagy/mitophagy
markers, namely LC3, ATG16L, BNIP3, BNIP3L, HIF-1a and NFkB. In addition, pharmacological activation of HIF-1a drives Cav-
1 degradation, while pharmacological inactivation of HIF-1 prevents the downregulation of Cav-1. Similarly, pharmacological
inactivation of NFkB—another inducer of autophagy—prevents Cav-1 degradation. Moreover, treatment with an inhibitor of
glutathione synthase, namely BSO, which induces oxidative stress via depletion of the reduced glutathione pool, is sufficient
to induce the autophagic degradation of Cav-1. Thus, it appears that oxidative stress mediated induction of HIF1- and NF«B-
activation in fibroblasts drives the autophagic degradation of Cav-1. In direct support of this hypothesis, we show that MCF7
cancer cells activate HIF-1a- and NFkB-driven luciferase reporters in adjacent cancer-associated fibroblasts, via a paracrine
mechanism. Consistent with these findings, acute knockdown of Cav-1 in stromal fibroblasts, using an siRNA approach, is indeed
sufficient to induce autophagy, with the upregulation of both lysosomal and mitophagy markers. How does the loss of stromal
Cav-1 and the induction of stromal autophagy affect cancer cell survival? Interestingly, we show that a loss of Cav-1 in stromal
fibroblasts protects adjacent cancer cells against apoptotic cell death. Thus, autophagic cancer-associated fibroblasts, in addition
to providing recycled nutrients for cancer cell metabolism, also play a protective role in preventing the death of adjacent epithelial
cancer cells. We demonstrate that cancer-associated fibroblasts upregulate the expression of TIGAR in adjacent epithelial cancer
cells, thereby conferring resistance to apoptosis and autophagy. Finally, the mammary fat pads derived from Cav-1 (-/-) null mice
show a hypoxia-like response in vivo, with the upregulation of autophagy markers, such as LC3 and BNIP3L. Taken together,
our results provide direct support for the “autophagic tumor stroma model of cancer metabolism”, and explain the exceptional
prognostic value of a loss of stromal Cav-1 in cancer patients. Thus, a loss of stromal fibroblast Cav-1 is a biomarker for chronic
hypoxia, oxidative stress and autophagy in the tumor microenvironment, consistent with its ability to predict early tumor
recurrence, lymph node metastasis and tamoxifen-resistance in human breast cancers. Our results imply that cancer patients
lacking stromal Cav-1 should benefit from HIF-inhibitors, NFkB-inhibitors, anti-oxidant therapies, as well as autophagy/lysosomal
inhibitors. These complementary targeted therapies could be administered either individually or in combination, to prevent the
onset of autophagy in the tumor stromal compartment, which results in a “lethal” tumor microenvironment.
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Introduction

Solid tumors contain areas of hypoxia which trigger important
changes, such as increased angiogenesis and metabolic repro-
gramming. Hypoxia inducible factor la (HIF-1av) is the main
transcription factor mediating the hypoxic response. HIF-la
promotes transcription of angiogenic factors, such as VEGF and
leads to increased glycolysis by inhibition of mitochondrial oxida-
tive phosphorylation."? Under normoxia, HIF-1a is hydroxylated
by Prolyl Hydroxylase Domain-containing proteins (PHD) and
targeted for degradation by the proteasome.’ Hypoxia, as well as
high levels of reactive oxygen species (ROS), inhibit PHD activ-
ity, leading to HIF-1la stabilization and activation.”® ROS are
generated mainly in the mitochondria via the electron transport
chain,” when electrons prematurely react with oxygen, generat-
ing partially reduced or highly reactive metabolites of oxygen.
Inhibition of the mitochondrial respiratory chain leads to
increased ROS generation, triggering hypoxia-induced transcrip-
tion.®!"" Abnormally high levels of ROS induce oxidative stress.

Several studies have now shown that hypoxia and ROS pro-
mote the activation of the nuclear factor kB (NFkB) transcrip-
tion factor. NFkB is a multi-meric inducible transcription factor
that plays a role in inflammation, cell survival and proliferation.
In unstimulated cells, NFkB subunits (such as p50 and p65) are
inhibited and sequestered in the cytoplasm by inhibitor of kB
(IkB) proteins. NFkB activation requires the degradation of IkB
proteins. This occurs through the activation”of the IkB-Kinases
(IkBK) complex, which targets IkB proteins for degradation
by phosphorylation. IkB degradation allows NFkB subunits to
translocate to the nucleus, thus promoting transcriptional activ-
ity.!>" Interestingly, as IkBK activity is controlled by O, sensitive
PHD, hypoxia promotes NFkB activation."

Recent evidence has demonstrated important cross-talk and
the inter-dependence of NFkB and HIF-la signaling. NFkB is
a transcriptional activator of HIF-la and basal NFkB activity
is required for HIF-la accumulation in normoxia® and dur-
ing hypoxia.'® In addition, HIF-la activation is thought to be
nearly coincident with activation of NFkB. For example, IL-13
upregulates the HIF-1a protein under normoxia and activates the
HIF-1-responsive gene VEGF via an NFkB-dependent path-
way.” Conversely, HIF-la accumulation was shown to promote
NEFkB activity.'”'®

Hypoxia and oxidative stress both induce autophagy, a cata-
bolic process whereby cytosolic cargos are entrapped in double-
membrane vesicles, called autophagosomes and targeted for
degradation by the lysosome. This lysosomal-dependent “self-
digestion” process serves either to sustain energy production
during nutrient starvation or to eliminate damaged proteins or
defective organelles after stress. During oxidative stress, autoph-
agy is particularly important for the removal of damaged mito-
chondria and of mitochondria producing the most ROS. This
occurs via an autophagic process, termed mitophagy. Studies
have shown that HIF-1a is a master regulator of the transcrip-
tional program leading to autophagy and mitophagy.” In addi-
tion, it is becoming clear that also NFkB activation plays a key

role in inducing autophagy.?*}
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The role of autophagy in tumorigenesis is controversial.
Studies have shown that autophagy is a pro-survival mechanism
that sustains energy generation and maintains protein and organ-
elle quality control. For example, hypoxia-induced autophagy via
BNIP3 or BNIP3L was shown to be protective against cell death,
thus promoting tumor progression.”* However, several studies
have shown that autophagy has tumor suppressing effects. Loss
of the autophagy gene, namely Beclin 1 and of other autophagy
genes, is observed in human cancers and promotes tumor forma-
tion in mice.?%¢

The tumor microenvironment has recently gained much
attention as a critical determinant of tumor progression and clini-
cal outcome. The tumor microenvironment is composed of sev-
eral cell-types, including fibroblasts, immune cells, endothelial
cells and adipocytes. In particular, cancer associated fibroblasts
(CAFs) are myofibroblast-like cells that were shown to induce
the formation of a desmoplastic ‘reactive stroma’ and to promote
tumor growth.”” Importantly, studies have determined that cer-
tain stromal biomarkers are very strong predictors of clinical
outcome.

Caveolin-1 (Cav-1) is the principal structural component of
caveolae, specialized plasma membrane invaginations involved in
the regulation of several cellular processes, including the control
of cell signaling. Cav-1 is highly expressed in terminally differen-
tiated stromal cells such as fibroblasts, adipocytes and endothelial
cells. Clear evidence has demonstrated that Cav-1 behaves as a
tumor suppressor in fibroblasts.?*?' Importantly, a loss of Cav-1
expression was shown to be a hallmark of the aggressive CAF
phenotype in breast cancer patients.’>*

In breast cancer, a loss of stromal Cav-1 expression is a power-
ful biomarker associated with a poor clinical prognosis. Patients
that lack stromal Cav-1 have approximately a 20% 5-year survival
rate, as compared to 80% in patients that are positive for scromal
Cav-1.*% Loss of stromal Cav-1 predicts early tumor recurrence,
lymph node metastasis and tamoxifen-resistance in all the most
common sub-types of breast cancer, including triple-negative and
basal-like breast cancers, as well as progression to invasive disease
in ductal carcinoma in situ (DCIS) patients.?**-%

The mechanism(s) that regulate Cav-1 expression in CAFs are
still not well defined. However, the downstream effects by which
a loss of stromal Cav-1 promotes aggressive epithelial cancer cell
behavior are starting to be elucidated. Of note, a loss of Cav-1 in
the stroma was shown to promote (1) myofibroblast conversion,
(2) a glycolytic switch in CAFs and (3) oxidative stress. Gene
profiling and proteomic analysis of Cav-1 (-/-) null stromal cells
shows the upregulation of myofibroblast markers (vimentin, cal-
ponin2, tropomyosin, gelsolin and prolyl 4-hydroxylase alpha),
glycolytic enzymes and anti-oxidant enzymes.’® Further analy-
sis of the transcriptional profile of Cav-1 (-/-) mesenchymal cells
demonstrates that a loss of Cav-1 induces oxidative stress, leading
to aerobic glycolysis and inflammation in the tumor microenvi-
ronment stroma. On the basis of these data, we have proposed
a novel model for explaining tumor metabolism, termed the
“reverse Warburg effect,” whereby cancer cells reprogram CAFs
to undergo aerobic glycolysis and to secrete energy-rich nutrients
(such as pyruvate/lactate) that directly feed into mitochondrial
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oxidative metabolism in cancer cells. Thus, we believe that loss of
Cav-1 is necessary to induce metabolic coupling between CAFs
and epithelial cancer cells, resulting in the formation of a true
host-parasite relationship.

We have previously employed a co-culture model of human
fibroblasts and MCF7 breast cancer cells to recapitulate several
features of the tumor microenvironment and the heterotypic sig-
naling between cancer cells and CAFs. We demonstrated that
MCEF7 cancer cells drive the conversion of fibroblasts to CAFs,
by inducing oxidative stress in adjacent fibroblasts, leading to
the autophagic degradation of Cav-1.>*%" A loss of Cav-1 triggers
HIF-la stabilization in CAFs, with increased aerobic glycoly-
sis and enhanced autophagy. In support of this notion, we have
shown that fibroblasts (co-cultured with cancer cells) accumulate
vesicular structures that we have identified as autophagosomes,
by immuno-staining with the autophagy marker LC3.

The aim of the current study is to dissect the detailed signaling
mechanism(s) underlying the autophagic/lysosomal degradation
of stromal Cav-1 and to identify the molecular drivers that are suffi-
cient to induce Cav-1 downregulation. As an experimental system,
we employed the co-culture model of human hTERT-fibroblasts
and MCF7 breast cancer epithelial cells. Complimentary experi-
ments were also performed via the acute knockdown of Cav-1 in
fibroblasts, using an siRNA gene silencing approach.

Here, we show that a loss of Cav-1 can be induced by three dis-
tinct pro-autophagic stimuli: (1) hypoxia, (2) hypoxia-mimetic
drugs and (3) oxidative stress. Moreover; we demonstrate ‘that
a loss of Cav-1 occurs concomitantly with the upregulation of
a number of well-established autophagy/mitophagy markers;
namely LC3, ATGI6L, BNIP3 and BNIP3L. Activation of the
two pro-autophagic transcription factors, namely HIF-la and
NF«kB, is sufficient to induce a loss of Cav-1 in fibroblasts, sug-
gesting that the induction of HIF-1- and NFkB-activation drives
the autophagic degradation of Cav-1. Functionally, we show that
a loss of Cav-1 in fibroblasts protects cancer cells from apoptosis.
Finally, we present evidence that the upregulation of a newly dis-
covered protein, TIGAR (TP53-induced glycolysis and apoptosis
regulator), provides a mechanism by which cancer cells are pro-
tected against apoptosis.

Results

In co-culture, fibroblasts display numerous lysosomes/phago-
somes and MCF7 cells exhibit abundant mitochondria. We
have previously established a co-culture model of human fibro-
blasts and MCF7 cancer cells and we demonstrated that cancer
cells induce a loss of Cav-1 in adjacent fibroblasts. Importantly,
we have shown that chloroquine, a lysosomal-autophagy inhibi-
tor, is sufficient to restore Cav-1 expression in co-cultured fibro-
blasts.”® In addition, we have shown that co-cultured fibroblasts
cluster vesicular structures that we have identified as autophago-
somes, by immunostaining with the autophagy marker LC3.%
Based on these findings, we attempted to provide additional
morphological evidence to demonstrate that co-cultured fibro-
blasts undergo autophagy. Electron microscopy (EM) is the
gold standard for identifying morphological structures, such as
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lysosomes and autophagosomes. Thus, co-cultures of hTERT-
fibroblasts and MCEF7 cells were analyzed by EM. Representative
EM images are shown in Figure 1A and B and demonstrate that
co-cultured fibroblasts display numerous lysosomes (dark elec-
tron-dense vesicles) and autophagosomes (vesicles surrounded
by a double membrane). Interestingly, co-cultured MCE7 cells
exhibit the presence of numerous mitochondria (Fig. 1C), con-
sistent with the idea that cancer cells do not rely solely upon gly-
colysis for energy production.

Hypoxia-induced autophagy leads to Cav-1 downregulation
in fibroblasts. As hypoxia is well known to promote autophagy,
and as cancer cells induce a loss of Cav-1 in adjacent fibroblasts,
we then hypothesized that hypoxia-induced autophagy may
further exacerbate Cav-1 downregulation in co-cultured fibro-
blasts. To this end, hTERT-fibroblast-MCF7 co-cultures were
incubated in hypoxia (0.5% O,) or normoxia (21% O,) for three
days. We focused on day 3, because at this time point we do not
usually observe significant Cav-1 downregulation in co-cultured
fibroblasts. Interestingly, at day 3, hypoxia greatly downregu-
lates Cav-1 expression in co-cultured fibroblasts, as compared
to normoxia (Fig. 2). During hypoxia, Cav-1 becomes localized
to intracellular vesicles, consistent with autophagic/lysosomal
degradation.

To further substantiate these findings, homotypic cultures of
hTERT-fibroblasts were subjected to hypoxia (0.5% O,) or nor-
moxia (21%. O,) for three days. Then, the cells were fixed and
stained with'anti-Cav-1-antibodies. Figure 3A shows that Cav-1
expression is greatly downregulated in fibroblasts in hypoxia, as
compared to normoxia.

It is well established that hypoxia is sufficient to induce
autophagy. We first atctempted to evaluate if a loss of Cav-1 corre-
lates with the expression of autophagic markers. For this purpose,
hTERT-fibroblasts were subjected to hypoxia or normoxia and
stained with antibodies directed against either Cav-1 or markers
of autophagy (LC3A/B and ATGI6L) and mitophagy (BNIP3
and BNIP3L). Figure 3B shows that the hypoxia-induced expres-
sion of both autophagy and mitophagy markers directly corre-
lates with Cav-1 downregulation in fibroblasts.

Then, we examined whether hypoxia-induced Cav-1 down-
regulation is mediated via an autophagic/lysosomal mecha-
nism. To this end, Cav-1 immuno-staining was performed on
fibroblasts subjected to hypoxia in the presence of chloroquine
or vehicle alone. By raising the intra-lysosomal pH, chloro-
quine blocks autophagic protein degradation. Figure 3C shows
that treatment with chloroquine inhibits the hypoxia-induced
degradation of Cav-1, clearly indicating that a loss of Cav-1
during hypoxia is mediated by an autophagic-lysosomal
mechanism.

Oxidative stress-induced autophagy correlates with Cav-1
downregulation. We have previously shown that a loss of Cav-1
could be used as a marker of oxidative stress.” Thus, we attempted
to directly evaluate if oxidative stress-induced autophagy medi-
ates a loss of Cav-1 in fibroblasts. Figure 4 shows that treatment
of hTERT-fibroblasts with the pro-oxidant buthionine sulfoxi-
mine (BSO) induces the accumulation of the active autophago-
somal membrane-bound form of LC3B (LC3B-II). Importantly,
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we observe Cav-1 downregulation, concomitant with the accu-
mulation of active LC3B-II.

Activation of pro-autophagic HIF-1a is sufficient to induce
Cav-1 downregulation. Next, we evaluated if activation of
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Figure 1. Electron microscopy shows that fibroblasts in co-culture dis-
play increased autophagy and MCF7 cells exhibit abundant mitochon-
dria. To monitor the status of autophagy, hTERT-fibroblasts and MCF7
cells were co-cultured for three days, fixed and evaluated by electron
microscopy. (A and B) Co-cultured fibroblasts display numerous lyso-
somes and autophagosomes. (A) The EM image represents a fibroblast
with numerous lysosomes (arrows) and autophagosomes (boxed area).
(B) The higher magnification of the boxed area depicts an autophago-
some. Note that the autophagosome shows (i) a double-membrane
(arrowhead) and (ii) organelles within that appear to be degraded mito-
chondria (arrows). Bars = 1 um for (A); = 0.2 um for (B). (C) Co-cultured
MCF7 cells exhibit the presence of many mitochondria. Note that co-
cultured MCF7 cells exhibit the presence of many mitochondria (arrows)
and of intermediate keratin filaments (demonstrating their epithelial
origin). N, nucleus.

HIF-1a, a master regulator of autophagy, is sufficient to trigger
Cav-1 downregulation. Thus, we first performed Western blot
analysis on hTERT-fibroblasts subjected to hypoxia and nor-
moxia. Figure 5A shows that HIF-law accumulation precisely
correlates with decreased Cav-1 levels.

Is the hypoxia-induced downregulation of Cav-1 reversible?
To address this issue, fibroblast-MCF7 co-cultures were incu-
bated in hypoxia or normoxia for three days. A subset of plates
in hypoxia were then re-oxygenated for an additional 24 hours.
Finally, the cells were immuno-stained with antibodies directed
against Cav-1 and HIF-1a.. As expected, Figure 5B shows that
hypoxia downregulates Cav-1 expression in co-cultured fibro-

- blasts (top panels); compared to normoxia (bottom panels) and
- re-oxygenation restores Cav-1 levels (middle panels, hypoxia +
' normoxia).-These-results indicate that Cav-1 downregulation is

reversible and is likely independent of epigenetic mechanisms,
such as DNA-methylation. Interestingly, Figure 5B shows also
that HIF-lae is highly expressed in co-cultured fibroblasts in
hypoxia (upper panels), but is undetectable in fibroblasts upon
re-oxygenation (middle panels). These results demonstrate a
tight inverse relationship between Cav-1 and HIF-la levels in
fibroblasts. During hypoxia, fibroblasts that have low Cav-1 levels
display high HIF-law activation. Re-oxygenation restores Cav-1
levels, while downregulating HIF-1a.

Regarding the epithelial cancer cells, HIF-la is detected in
co-cultured MCEF7 cells at a high level during hypoxia and at
low levels in normoxia (Fig. 5B). Interestingly, however, HIF-1a
levels are highest in co-cultured MCF?7 cells after re-oxygenation
(middle panels). The persistence of HIF-1a activation in MCF7
cells after re-oxygenation is consistent with the idea that fibro-
blasts and MCF7 cells are metabolically coupled during hypoxia,
with Cav-1-low fibroblasts secreting energy-rich nutrients (such
as lactate) that can directly feed tumor cells. However, during
re-oxygenation, restoration of Cav-1 levels leads to the metabolic
uncoupling of fibroblasts and MCF7 cells, and as a consequence,
MCEF7 cells experience a more severe “hypoxic stress” under nor-
moxic conditions.

To directly dissect the ability of HIF-la to regulate Cav-1
expression, we next employed conditions that pharmacologically
activate or inhibit HIF-1a. First, fibroblast-MCF7 cell co-cul-
tures were treated with three PHD inhibitors, namely DMOG,
2,4 DPD and 1,4 DPCA. PHD inhibitors block the proteasomal
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degradation of HIF-la, inducing constitu-
tive HIF-la activation. Figure 6A shows
that treatment of co-cultures with all three
PHD inhibitors decreases Cav-1 expres-
sion in fibroblasts, as compared with vehicle
alone controls. Similarly, Western blot analy-
sis shows that DMOG treatment downregu-
lates Cav-1 levels in homotypic cultures of
hTERT-fibroblasts (Fig. 6B).

Conversely, hTERT-fibroblasts in hypoxia
were treated with the HIF-1a inhibitor, echi-
nomycin, or with vehicle alone (DMSO)
for 24 hours. By inhibition of HIF-la
DNA-binding activity, echinomycin blocks
HIF-la transcriptional activity and its
downstream effects." Figure 7A shows that
treatment with echinomycin blocks the
hypoxia-induced downregulation of Cav-1.
Similarly, western blot analysis of hypoxic
fibroblasts indicates that echinomycin treat-
ment for 48 hours rescues Cav-1 expression
levels (Fig. 7B), showing that loss of Cav-1 is
mediated by HIF-1a activation.

Activation of the pro-autophagic mole-
cule NFkB leads to Cav-1 downregulation.
We also evaluated whether another/autoph-
agy inducer, namely NFkB, can downregu-
late Cav-1 protein levels. First, we assessed
if an autophagic stimulus, i.e., hypoxia, is sufficient to lead to
NFkB activation in fibroblasts. Figure 8A shows that hypoxia
induces the accumulation of the phosphorylated/active form of
NFkB in the nuclei of hTERT-fibroblasts.

As we have shown that co-cultured cancer cells induce Cav-1
downregulation in adjacent fibroblasts, we also determined if
cancer cells can promote NFkB activation in adjacent fibroblasts,
leading to the autophagic-degradation of Cav-1. To this end,
fibroblast- MCF7 cell co-cultures were immuno-stained with
antibodies directed against the phosphorylated form of NFkB.
Homotypic cultures of fibroblasts and MCF7 cells were pro-
cessed and evaluated in parallel. Interestingly, nuclear expression
of phospho-NFkB was detected in co-cultured fibroblasts, but
not in homotypic control cells (Fig. 8B), demonstrating that can-
cer cells induce NFkB activation in adjacent fibroblasts.

Is NFkB inhibition sufficient to restore Cav-1 expression in
fibroblasts? To block the NFkB pathway, fibroblast MCF7 cell
co-cultures were treated with PS1145, an IkBK inhibitor, or vehi-
cle alone for 24 hours. IkBK inhibition blocks IkB degradation,
leading to NFkB cytoplasmic sequestration. Immuno-staining
with anti-phospho-NFkB antibodies directly demonstrates NFk B
inhibition in co-cultured fibroblasts (Fig. 8C). Interestingly,
Figure 8D shows that pre-treatment with PS1145 restores Cav-1
expression in co-cultured fibroblasts, compared to vehicle alone
controls, clearly indicating that NFkB activation drives Cav-1
downregulation in CAFs.

Loss of Cav-1 is sufficient to induce autophagy. Is loss of
Cav-1 sufficient to trigger autophagy in fibroblasts? To address
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Figure 2. Hypoxia induces Cav-1 downregulation in co-cultured fibroblasts. hTERT-fibroblast-
MCF7 co-cultures were placed in hypoxia (0.5% O,) or normoxia (21% O,) for 3 days. Then, cells
were fixed and immuno-stained with anti-Cav-1 (Red) and anti-K8-18 (Green) antibodies. Cav-1
staining (red only) is shown on the left to better appreciate hypoxia-induced Cav-1 downregu-
lation. Note that during hypoxia, Cav-1 is localized to intracellular vesicles. The boxed area is
shown enlarged on the left to illustrate that Cav-1 accumulates in intracellular vesicles, consis-
tent with an autophagic/lysosomal degradation mechanism. Original magnification, 40x.

this issue, we evaluated if acute knockdown of Cav-1 is sufficient
to promote the activation of the autophagy inducer NFkB. To
this end, phospho-NFkB staining was performed on hTERT-
fibroblasts treated with Cav-1 siRNA or control siRNA. Figure
9A shows the nuclear localization of phospho-NFkB in Cav-1
siRNA treated cells, indicating that acute loss of Cav-1 drives
NF«kB activation in fibroblasts. Taken together, our data indicate
that a loss of Cav-1 and NFkB activation are under a positive
“feed-forward” control mechanism, with a loss of Cav-1 trigger-
ing NFkB activation and NFkB activation further enhancing
Cav-1 downregulation.

These results suggest that acute loss of Cav-1 may be suffi-
cient to activate the autophagy and/or mitophagy program in
fibroblasts. To test this hypothesis directly, western blot analysis
was performed on hTERT-fibroblasts treated with Cav-1 siRNA
or control siRNA, using antibodies directed against a panel of
autophagy markers. Figure 9B shows that acute Cav-1 knock-
down in fibroblasts drives the increased expression of six autoph-
agy markers, including Cathepsin B (active form), LAMP-1,
LC3B, Beclin 1, ATGI6L and BNIP3.

To independently validate these results, h"TERT-fibroblasts
treated with Cav-1 siRNA or control siRNA were also immuno-
stained with a subset of autophagy/mitophagy markers. Figure
9C shows that Beclin 1, BNIP3 and BNIP3L are greatly increased
in Cav-1 knockdown cells, indicating that an acute loss of Cav-1
is sufficient to promote autophagy. Taken together, our current
findings indicate that oxidative stress and hypoxia induce the
autophagy-mediated loss of Cav-1 in fibroblasts, and that loss of
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A Fibroblasts

Cav-1 (red only) Cav-1/DAPI
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Cav-1
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Hypoxia
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Chloroquine
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LC3A/B ATG16L BNIP3 BNIP3L

Figure 3. Hypoxia-induced autophagy drives Cav-1 degradation in fibroblasts: Rescue with chloroquine, an autophagy inhibitor. (A) Hypoxia decreases
Cav-1 levels in homotypic fibroblasts. Homotypic cultures of hTERT-fibroblasts were placed in hypoxia (0.5% O,) or normoxia (21% O,) for three days.
Then, cells were fixed and stained with anti-Cav-1 (red) antibodies and DAPI nuclear stain (blue). Cav-1 staining (red only) is shown at left to better
appreciate the hypoxia-induced Cav-1 degradation. Original magnification, 40x. (B) Hypoxia-induced Cav-1 downregulation correlates with the ex-
pression of autophagic markers. hTERT-fibroblasts were subjected to hypoxia (0.5% O,, lower panels) or normoxia (21% O,, upper panels) for 48 hours.
Then, the cells were fixed and stained with antibodies against either Cav-1 (green) or the indicated autophagic markers (red). DAPI was used to stain
nuclei (blue). Note that hypoxia induces Cav-1 downregulation, while promoting autophagy. Original magnification, 80x. (C) The autophagy inhibitor
chloroquine rescues the hypoxia-induced downregulation of Cav-1. To block hypoxia-induced Cav-1 degradation, hTERT-fibroblasts were subjected to
hypoxia in the presence of the autophagic inhibitor chloroquine (25 pM) or vehicle alone control (H,0) for 24 hours. Then, cells were fixed and stained
with anti-Cav-1 (green) antibodies and DAPI nuclear stain (blue). Note that chloroquine treatment prevents the hypoxia-induced degradation of Cav-1,

B Cav-1

as compared with control cells. Original magnification, 60x.

Cav-1 further promotes autophagy/mitophagy in fibroblasts, via
a feed-forward mechanism.

Cancer cells promote pro-autophagic signaling pathways
in adjacent fibroblasts. Do cancer cells trigger the activation of
pro-autophagic HIF-1aw and NFkB signaling pathways in adja-
cent fibroblasts? The activation of both HIF-la and NFkB is
transient and time-dependent. In order to detect NFkB and
HIF-la activation in co-cultured fibroblasts, we employed a
luciferase-reporter approach. NIH3T3 cells were engineered to
express a luciferase reporter gene either under the control of a
NF«kB response element (NFkB-Luc cells) or under the control
of a HIF-1a response element (HIF-Luc cells). These fibroblasts
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were then co-cultured with MCF7 cells for up to 5 days.
Luciferase activity was measured at day 0, 3 and 5. Homotypic
cultures of NFkB-Luc cells and HIF-Luc cells were evaluated in
parallel.

Figure 10 (left panel) shows that luciferase activity is increased
by 9.4- and 2.4-fold at day 0 and day 3, respectively, in NFkB-
Luc co-cultured fibroblasts, as compared to the same fibroblasts
cultured alone. This suggests that the relative increase in NFkB
activation is highest early during co-culture. By day 5, NFkB
activation has declined in co-cultured fibroblasts. (In this experi-
ment, it is important to note that the day 0 time point represents
8 hours of co-culture; see Materials and Methods).
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Conversely, Figure 10 (right panel) shows that luciferase activ-
ity is increased by 4-fold at day 5 in HIF-Luc co-cultured fibro-
blasts, as compared to fibroblasts alone, indicating that HIF-1a
activation occurs at a time point where NFkB activation has sub-
sided. HIF1 activation (by ~2-fold) was also observed on day 4 of
co-culture (see Suppl. Fig. 1).

In summary, cancer cells induce NFkB and HIF-la activa-
tion in adjacent fibroblasts, with NFkB activation occurring at an
early time point, and decreasing just before the peak of HIF-1a
activation.

Loss of Cav-1 in stromal fibroblasts protects adjacent cancer
cells against apoptosis. What are the functional consequences of
the autophagy-mediated loss of Cav-1 in fibroblasts? One hypoth-
esis is that autophagy in fibroblasts generates nutrients (such as
free amino acids and nucleotides) that can be transferred to can-
cer cells to sustain their high-energy demand. We have previously
shown that cancer-associated fibroblasts do not promote cancer
cell proliferation, but rather protect cancer cells from apoptosis.*
Thus, a loss of stromal Cav-1 may be a mechanism to further pro-
tect cancer cells against apoptosis. To test this hypothesis, MCF7
cells were co-cultured with hTERT-fibroblasts carrying a GFP (+)
Cav-1 shRNA vector (KD) or a GFP (+) control shRNA vector
(CTR). Then, the cell populations were subjected to annexin-V
staining and analyzed by FACS. Corresponding homotypic cul-
tures were processed in parallel. Thus, the GFP (+) and GFP (-)
cells represent h\TERT-fibroblasts and- MCF7 cells, respectively.

Consistent with our previous data, Figu/re ‘1YA shows ‘that —
MCF7 cells co-cultured with CTR fibroblasts demonstrate a -

3-fold reduction in apoptosis (a 14% apoptotic’ rate for MCF7
cells alone, versus a 4.5% apoptotic rate for MCF7 cells co-
cultured with CTR fibroblasts). Importantly, MCF7 cells
maintained in co-culture with Cav-1 KD fibroblasts display an
8.5-fold reduction in apoptosis (a 14% apoptotic rate for MCF7
cells alone, versus a 1.7% apoptotic rate for MCF7 cells co-cul-
tured with Cav-1 KD fibroblasts). These data clearly indicate that
a loss of Cav-1 in fibroblasts greatly protects cancer cells from
apoptosis.

Does Cav-1 KD also protect fibroblasts against apoptosis?
Figure 11B shows that in mono-culture Cav-1 KD fibroblasts
demonstrate a 2.7-fold reduction in apoptosis as compared to
CTR fibroblasts (a 0.8% apoptotic rate for CTR cells versus
0.3% of Cav-1 KD cells). Interestingly, co-culture with MCF7
cells induces a 2.4-fold increase in apoptosis in CTR fibroblasts
(a 1.9% apoptotic rate for co-cultured CTR fibroblasts versus
0.8% for CTR cells alone). However, Cav-1 knockdown protects
co-cultured fibroblasts from apoptosis. We observe that co-cul-
tured Cav-1 KD fibroblasts exhibit a 2-fold decrease in apoptosis
as compared to co-cultured CTR fibroblasts (a 1.9% apoptotic
rate for co-cultured CTR fibroblasts versus 0.9% for co-cultured
Cav-1 KD fibroblasts). Thus, our results directly show that a loss
of Cav-1 in fibroblasts protects both cancer cells and co-cultured
fibroblasts from apoptosis.

Fibroblasts induce the upregulation of the apoptosis and
autophagy inhibitor TIGAR in cancer cells. To begin to under-
stand the mechanism(s) by which cancer cells are protected from
apoptosis, we next tested the hypothesis that fibroblasts induce
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Figure 4. Oxidative stress-induced autophagy correlates with Cav-1
downregulation. BSO treatment downregulates Cav-1 while promoting
autophagy. To induce oxidative stress, hTERT-fibroblasts were treated
with increasing concentration of BSO (1 wM and 1 mM) for 48 hours. Cell
lysates were then analyzed by Western blot analysis using anti-Cav-1
and LC3B antibodies. Note that Cav-1 levels are greatly decreased upon
treatment with 1 mM of the pro-oxidant BSO. At the same concentra-
tion of BSO, the accumulation of the active LC3B-Il form is highest.
B-actin was used as a control to assess equal protein loading.

the upregulation of TIGAR (TP53-induced glycolysis and apop-
tosis regulator) in epithelial cancer cells. TIGAR protects cells
from oxidative stress by simultaneously inhibiting 3 inter-related
cellular processes, namely (1) acrobic glycolysis, (2) apoptosis and
(3) autophagy.**%

Thus, we hypothesized that TIGAR expression would be
increased in MCF7 cells in co-culture, thereby protecting them
from apoptosis. To this end, fibroblast MCF7 cell co-cultures
and the corresponding mono-cultures were immuno-stained
with anti-TIGAR antibodies. Interestingly, Figure 12 shows that
TIGAR is dramatically increased in co-cultured MCF7 cells, as
compared to MFC7 cells cultured alone, suggesting that TIGAR
upregulation may be a key mechanism by which cancer cells
protect themselves from apoptosis. Note that TIGAR was not
increased in adjacent fibroblasts.

Loss of Cav-1 induces a pseudo-hypoxic state in vivo.
Analysis of the transcriptional profile of Cav-1 (-/-) mesenchy-
mal cells has shown that a loss of Cav-1 induces oxidative stress.**
Similarly, acute Cav-1 knockdown is sufficient to promote ROS
generation in fibroblasts.? However, it remains unknown if a loss
of Cav-1 is sufficient to induce hypoxic stress in vivo. To this end,
the hypoxia marker pimonidazole was injected into the tail vein
of WT and Cav-1 KO mice. After one hour, mice were sacrificed
and the mammary glands and lungs were analyzed by immuno-
histochemistry using a rabbit anti-serum to pimonidazole. Figure
13 shows that mammary fat pads and lung parenchyma derived
from Cav-1 (-/-) mice display strong pimonidazole-positive stain-
ing, as compared to WT controls. These data strongly suggest
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Figure 5. Activation of HIF-1a correlates with Cav-1 downregulation in fibroblasts. (A) Hypoxia-induced HIF-1a activation correlates with decreased
Cav-1 levels in fibroblasts. Homotypic cultures of hTERT-fibroblasts were placed in hypoxia (0.5% O,) or normoxia (21% O,) for 3 days. Cells were lysed
and analyzed by western blot analysis using anti-Cav-1 and HIF-1a antibodies. Note that HIF-1a accumulation correlates with decreased Cav-1 levels
during hypoxia. B-tubulin was used as a control to assess equal protein loading. (B) Re-oxygenation restores Cav-1 levels. Co-cultures of hTERT-
fibroblasts and MCF7 cells were placed either in normoxia or in hypoxia or in hypoxia followed by normoxia (hypoxia + normoxia). Then, the cells were
fixed and immuno-stained with anti-Cav-1 (red) and anti-HIF-1a (green) antibodies. The left panels show the red channel only to better appreciate
Cav-1 staining. Upon hypoxia, fibroblasts display HIF-1a nuclear accumulation and decreased Cav-1 expression. The boxed area is shown enlarged on
the left to better illustrate the distribution of Cav-1 within intracellular vesicles, consistent with the idea that Cav-1 is degraded by an autophagic/lyso-
somal mechanism. Interestingly, re-oxygenation (hypoxia + normoxia, middle panels) restores Cav-1 expression, while inducing HIF-1a: degradation

in fibroblasts. However, HIF-1a is further activated and maintained in MCF7 cells after re-oxygenation (hypoxia + normoxia, middle panels). Original

magnification, 40x.

that Cav-1 (-/-) mice undergo “pseudo-hypoxic stress” at steady-
state, and indicates that a loss of Cav-1 is sufficient to drive
hypoxic signaling in vivo. In this regard, is important to note
that Cav-1 (-/-) null mice do not show any defects in proper oxy-
genation (See Table 1 in ref. 45).

Cav-1 (-/-) mammary fat pads display increased autophagy.
As Cav-1 (-/-) mice undergo pseudo-hypoxia at steady-state, we
evaluated if Cav-1 gene deletion is sufficient to promote autoph-
agy in vivo. To this end, paraffin-embedded sections from WT
and Cav-1 (-/-) mammary glands were immuno-stained with two
markers of autophagy, namely LC3A/B and BNIP3L. Figure 14
shows that both LC3A/B and BNIP3L are increased in Cav-1
(-/-) mammary fat pads. Interestingly, Cav-1 (-/-) adipocytes
show a large increase in LC3-positive vesicles.

Human breast cancers lacking stromal Cav-1 display
increased stromal BNIP3L. We have shown above that a loss
of Cav-1 promotes autophagy and that Cav-1 is degraded via
an autophagic mechanism. To evaluate the translational signifi-
cance of our findings, we evaluated if a loss of stromal Cav-1 in
human breast cancer correlates with increased autophagy. To this
end, we selected a number of human breast cancer samples that
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lack Cav-1 in the stroma to perform immuno-staining with the
autophagy/mitophagy marker BNIP3L.

Figure 15 shows that BNIP3L is highly expressed in the stro-
mal compartment of human breast cancers that lack Cav-1. These
results directly support the “autophagic tumor stroma model of
cancer metabolism.”® As a loss of Cav-1 is a powerful predictor of

poor clinical outcome in breast cancers,?%

our findings indicate
that in human breast cancer a loss of Cav-1 promotes autophagy/
mitophagy in the stroma, to support the growth and aggressive

behavior of adjacent cancer cells.
Discussion

We have previously shown using a co-culture model, that breast
cancer cells induce oxidative stress in adjacent cancer associated
fibroblasts, resulting in the autophagic/lysosomal degradation of
stromal Cav-1.*% However, the detailed signaling mechanism(s)
underlying this process remain largely unknown. Asloss of stromal
Cav-1 is a powerful predictor of clinical outcome in human breast

33-37

cancers,®? a clear understanding of the signaling mechanism(s)

leading to the degradation of Cav-1 is of foremost importance.
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Our data suggest a model whereby cancer cells trigger oxi-
dative stress, and activate two pro-autophagic drivers, namely
HIF-la and NFkB, in adjacent stromal fibroblasts (Fig. 16). As
a result, CAFs undergo autophagy and mitophagy, leading to loss
of Cav-1 and metabolic re-programming. A loss of stromal Cav-1
aggravates oxidative stress and further promotes autophagy and
mitophagy. Stromal autophagy generates building blocks (such as
recycled free amino acids, fatty acids and nucleotides) that can be
directly utilized by cancer cells to sustain growth and maintain
cell viability. At the same time, HIF-la activation and conse-
quent mitophagy in CAFs induces mitochondrial dysfunction
and enhances aerobic glycolysis, leading to the secretion of high-
energy nutrients (such as lactate and pyruvate) that can directly
feed oxidative mitochondrial metabolism in cancer cells. We also
provide evidence that a loss of Cav-1 in stromal cells protects
cancer cells from apoptosis, at least in part via TIGAR upregu-
lation. Thus, our “working model” indicates that cancer cells
exploit CAFs to satisfy their increased energy demand by forcing
stromal cells to undergo a unilateral and vectorial energy transfer
to sustain cancer cell growth. As such, catabolism in the tumor
stroma promotes the anabolic growth of adjacent cancer cells, by
providing a steady stream of recycled nutrients, independently of
angiogenesis.

We show here that three pro-autophagic stimuli are suffi-
cient to induce a loss of Cav-1 in fibroblasts: (1) hypoxia, (2)
hypoxia-mimetic drugs and (3) oxidative stress. To our knowl-
edge, this is the first demonstration—that ~hypoxia-induced
autophagy leads to Cav-1 downregulation. A previous report
had suggested that chronic myocardial hypoxia may decrease
the expression of caveolin-3, the muscle-specific isoform of the
caveolin gene family, as a way to increase nitric oxide production
and protect against ischemia.” Importantly, we show here that
hypoxia-induced Cav-1 downregulation occurs by an autopha-
gic mechanism and serves to protect adjacent cancer cells against
apoptosis.

Concomitant with Cav-1 downregulation, we observe the
upregulation of numerous autophagy and mitophagy markers.
Treatment with the autophagic/lysosomal inhibitor chloroquine
reverts the hypoxia-induced downregulation of Cav-1. We also
show that activation of the autophagic molecular driver, HIF-1a,
is sufficient to induce a loss of Cav-1 in fibroblasts. Interestingly,
pharmacological activation of HIF-1a induces Cav-1 downregu-
lation, whereas pharmacological inhibition of HIF-la abrogates
the hypoxia-induced degradation of Cav-1. Similarly, pharmaco-
logical inactivation of NFkB, another inducer of autophagy, pre-
vents Cav-1 degradation. Moreover, treatment with an inducer of
oxidative stress, namely BSO, is sufficient to induce the autopha-
gic degradation of Cav-1. Thus, it appears that oxidative stress
mediated via the induction of HIF1- and NFkB-activation drives
the autophagic degradation of Cav-1. In direct support of this
hypothesis, we employed HIF-1a- and NFkB-driven luciferase
reporters to monitor the ability of cancer cells to promote pro-
autophagic signaling. Using this approach, we show that epithe-
lial cancer cells promote the activation of HIF-la and NFkB in
adjacent cancer-associated fibroblasts, via a paracrine mechanism.
Thus, a loss of stromal Cav-1 in breast cancers is a biomarker
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Figure 6. Pharmacological activation of HIF-1a. downregulates Cav-1
levels. (A) Immunofluorescence. To pharmacologically activate HIF-1e,
co-cultures of hTERT-fibroblasts and MCF7 cells were treated with

PHD inhibitors, such as DMOG, 2,4 DPD and 1,4 DPCA. Cells were then
fixed and immuno-stained with anti-Cav-1 (red) and anti-K8-18 (green)
antibodies. Nuclei were stained with DAPI (blue). Cav-1 staining (red
channel only) is shown on the left to better appreciate the decreased
Cav-1 levels, after treatment with the PHD inhibitors. Importantly,
images were acquired using identical exposure settings. Original
magnification, 40x. (B) Western blot. Homotypic cultures of hTERT-fibro-
blasts were treated with the PHD inhibitor DMOG (500 M) or vehicle
control (DMSO) for 24 hours. Cell lysates were analyzed by western blot
analysis using anti-Cav-1 antibodies. Note that Cav-1 levels are greatly
decreased upon treatment with the HIF-1a inducer DMOG. B-actin was
used as a control for equal protein loading.

of hypoxia, oxidative stress and autophagy in the tumor stromal
microenvironment.

Little is known about HIF-1a activation in the tumor stro-
mal compartment. It was recently shown that oxidative stress

3523



A Hypoxia

Vehicle Echinomycin
h - .
= Hypoxia

- +

Echinomycin:

Cav-1

B-Actin

Figure 7. Pharmacological inhibition of HIF-1a rescues the hypoxia-
induced downregulation of Cav-1. (A) Immunofluorescence. hTERT-
fibroblasts were subjected to hypoxia (0.5% O,) for 24 hours in the pres-
ence of the HIF-1a inhibitor echinomycin (10 ng/ml) or vehicle alone
(DMSO). Then, the cells were fixed and stained with anti-Cav-1 (green)
antibodies and DAPI nuclear stain (blue). Note that treatment with the
HIF-1a inhibitor rescues the hypoxia-induced downregulation of Cav-1,
as compared to vehicle alone treated cells. Original magnification, 60x.
(B) Western blot. hTERT-fibroblasts were subjected to hypoxia (0.5%

0,) for 48 hours in the presence of echinomycin (2 ng/ml) or vehicle
alone (DMSO). Cell lysates were analyzed by western blot analysis using
anti-Cav-1 antibodies. Note that Cav-1 levels are greatly increased upon
treatment with the HIF-1a inhibitor. -actin was used as an equal load-
ing control.

promotes myofibroblast differentiation through accumulation
of HIF-1a and the chemokine CXCL12. Importantly, oxidative
stress was shown to increase the migration of stromal fibroblasts,
and to enhance tumor dissemination.® We have also previously
demonstrated that acute loss of Cav-1 in stromal fibroblasts is
sufficient to drive HIF-la accumulation, leading to mitochon-
drial dysfunction and aerobic glycolysis.*” Here, we show that
HIF-la activation in the stroma drives the autophagic degrada-
tion of Cav-1, providing a positive “feed-forward” control loop
between HIF-1a activation and Cav-1 downregulation.
Activation of NFkB signaling in stromal macrophages is
known to promote metastasis,*”*" however, the role of NF«kB
activity in CAFs is just starting to be unraveled. Previous stud-
ies have suggested that NFkB activation in CAFs may promote
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tumor growth. For example, stromal fibroblasts isolated from
colorectal liver metastases display the upregulation of IL-8, a
chemokine important for invasion and angiogenesis, via NFkB
activation.” In addition, transcriptome analysis has revealed
that cancer-associated fibroblasts from breast, pancreas and skin
cancers exhibit a pro-inflammatory gene signature compared to
normal fibroblasts. Importantly, these inflammatory fibroblasts
enhance tumor growth in an NFkB-dependent mechanism.> We
have previously shown that Cav-1 gene deletion in stromal cells
drives the transcriptional activation of NFkB and of NFkB tar-
get genes.* Importantly, we show here that cancer cells promote
NF«kB activation in adjacent fibroblasts. In addition, we provide
evidence that pharmacological inactivation of NFkB prevents
Cav-1 degradation in CAFs, and that acute loss of Cav-1 is suf-
ficient to promote NFkB activation and autophagy, clearly indi-
cating that in stromal cells, a loss of Cav-1 and NFkB activation
can reciprocally promote each other.

Interestingly, our data indicate that acute loss of Cav-1 is suf-
ficient to potently induce the expression of several autophagic and
mitophagic markers. In addition, we show that in vivo, genetic
ablation of Cav-1 in the mammary gland induces a pseudo-
hypoxic state with increased autophagy. Our findings are con-
sistent with recent studies suggesting that a loss of Cav-1 may
promote autophagy. For example, transmission electron micros-
copy on murine myocardium has demonstrated increased assem-
bly ‘of ‘autophagosomes_in Cav-1 (-/-) null cardiac myocytes,
as compared to WT" controls.” In addition, adipocytes from
Cayv-1-(+/-) null mice show increased LC3 staining and increased
autophagic vacuoles.”

We show here that acute loss of Cav-1 is sufficient to trig-
ger an autophagic response in fibroblasts. More importantly,
our current data demonstrate that induction of autophagy via a
Cav-1 deficiency may have important translational implications.
We have recently proposed the “autophagic tumor stroma model
of cancer metabolism,” whereby autophagy/mitophagy in the
tumor stroma provides cancer cells with essential chemical build-
ing blocks (such as amino acids and nucleotides) to drive tumor

4 Thus, a loss of stromal Cav-1 drives

progression and metastasis.
tumor progression by increasing “catabolism/autophagy” in the
tumor microenvironment.

In direct support of our hypothesis, several studies have shown
that overexpression of autophagic markers in the stroma, but not
in tumor cells, correlates with poor clinical outcome in human
cancers. For example, high stromal expression of ATGI6L is asso-
ciated with lympho-vascular invasion and lymph node metastasis
in oral squamous cell carcinoma.” In addition, stromal cathep-
sin K expression was found to be significantly higher in inva-
sive breast cancers, compared with in situ carcinomas and in one
patient set, it correlated with higher tumor stage.’® Similarly, in
invasive breast ductal carcinoma, cathepsin D staining of tumor
cells is associated with a lower nuclear grade and well-differen-
tiated histology, whereas cathepsin D staining of stromal cells
correlates with increased tumor size, poorly differentiated histol-
ogy and shorter disease-free and overall survivals.” Interestingly,
cathepsin B was shown to be necessary for extracellular matrix

degradation in v-Src transformed fibroblasts,”® and to drive
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Figure 8. Activation of the pro-autophagic NFkB pathway induces Cav-1 downregulation. (A) NFkB is activated during hypoxia. hTERT-fibroblasts were
subjected to hypoxia (0.5% O,) or normoxia for 48 hours. Then, the cells were fixed and stained with phospho-NF«B (phospho-p65 at Ser 276, red)
antibodies and DAPI nuclear stain (blue). Note that hypoxia promotes the activation of the pro-autophagic NFkB pathway. Original magnification, 40x.
(B) NFkB signaling is activated in co-cultured fibroblasts. Day 5 hTERT-fibroblast-MCF7 cell co-cultures were fixed and immuno-stained with antibodies
against phospho-NFkB (phospho-p65 at Ser 276, red) and anti-K8-18 (green). As control, homotypic cultures of fibroblasts and MCF7 cells were fixed
and stained in parallel. Note that phospho-NFkB is exclusively detected in co-cultured fibroblasts nuclei (white arrows). Importantly, images were
acquired using identical exposure settings. Original magnification, 40x. (C and D) Treatment with the NF«B inhibitor PS115 restores Cav-1 expression

in co-culture. Day 5 hTERT-fibroblast-MCF7 co-cultures were treated with 10 uM PS1145 or vehicle alone (DMSO) for 24 hours. (C) Cells were fixed and
immuno-stained with anti-phospho-NFkB antibodies (red). Nuclei were stained with DAPI (blue). As expected, the accumulation of phospho-NF«B

in co-cultured cells (white arrows) is abolished by treatment with the NF«B inhibitor. Original magnification, 40x. (D) Cells were fixed and immuno-
stained with anti-Cav-1 (red) and anti-K8-18 (green) antibodies. Nuclei were stained with DAPI (blue). Note that treatment with the NFkB inhibitor
PS1145 restores Cav-1 expression in co-cultured fibroblasts. The red only image is shown on the left to better appreciate Cav-1 staining. Original

magnification, 40x.

proliferation and liver fibrosis in hepatic stellate cells.”” These
data clearly suggest that the induction of an autophagic program
in the tumor microenvironment correlates with poor clinical out-
come and promotes aggressive cancer cell behavior.

What are the functional consequences of a loss of stromal
Cav-1 and the induction of autophagy in the stromal compart-
ment? Interestingly, we provide evidence that a loss of Cav-1 in
stromal fibroblasts protects adjacent cancer cells against apop-
tosis. Thus, autophagic cancer-associated fibroblasts, in addition
to providing recycled nutrients to “feed” cancer cell metabolism,
also play a protective role in preventing the death of adjacent
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epithelial cancer cells. Other studies have suggested that CAFs
may promote tumor growth through decreased apoptosis. For
example, conditioned media derived from CAFs expressing high
levels of the GPI-anchored protein CD90 (Thy-1) was shown to
protect prostate cancer cells from oxidative stress-induced apop-
tosis.®® Similarly, TGFBI treatment of prostate stromal cells was
demonstrated to promote myofibroblast differentiation and to
decrease apoptotic rates of co-cultured prostate cancer cells.®
We show here that loss of Cav-1 in stromal fibroblasts protects
breast cancer cells from apoptosis. As Cav-1 is a potent inhibitor
of TGEP signaling, and we have previously shown that Cav-1
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Figure 9. Cav-1 knockdown is sufficient to promote autophagy/mitophagy. (A) Acute Cav-1 downregulation activates the autophagy inducer NFkB.
hTERT-fibroblasts treated with Cav-1 siRNA (right) or control siRNA (left) were fixed and immuno-stained with antibodies against phospho-NF«B
(phospho-p65 at Ser 276, green). DAPI was used to visualize nuclei (blue). Note that Cav-1 knockdown is sufficient to induce phospho-NFkB nuclear
localization and activation. White arrows point at the nuclear localization of phospho-NFkB in Cav-1 siRNA treated cells. Importantly, images were
acquired using identical exposure settings. Original magnification, 40x. (B and C) Acute loss of Cav-1 increases the expression of autophagic markers.
hTERT-fibroblasts were treated with Cav-1 siRNA or control (CTR) siRNA. (B) Western blot analysis. Cells were analyzed by western blot analysis using
antibodies against the indicated autophagic markers. B-tubulin was used as equal loading control. (C) Immunofluorescence. Cells were fixed and im-
muno-stained with antibodies against beclin 1, BNIP3 and BNIP3L. DAPI was used to visualize nuclei (blue). Importantly, paired images were acquired
using identical exposure settings. Original magnification, 40x. Note that acute Cav-1 knockdown is sufficient to greatly increase the expression levels

of all the autophagy/mitophagy markers we examined.

knockdown is sufficient to promote constitutive activation of
TGFB pathway, ¢ we speculate that TGFp activation may play
a key role in the loss of stromal Cav-1 and its enhancement of
cancer cell survival.

Also, we provide evidence that increased expression of TIGAR
may be one of the mechanism(s) by which cancer cells are pro-
tected against apoptosis. Co-culture with fibroblasts induces the
compartment-specific expression of TIGAR in adjacent epithelial
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cancer cells. TIGAR is a newly discovered protein that protect
cells against oxidative stress,”” and inhibits three related cellular
processes, namely aerobic glycolysis, apoptosis and autophagy.*?
Thus, TIGAR expression would render anabolic epithelial can-
cer cells resistant to the induction of aerobic glycolysis, apopto-
sis and autophagy, thereby facilitating mitochondrial biogenesis
in cancer cells and promoting the transfer of nutrients from
autophagic cancer-associated fibroblasts. These properties make
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Figure 10. Cancer cells promote the activation of the pro-autophagic NFkB and HIF-1a pathways in adjacent fibroblasts. NIH3T3-HIF-Luc or NIH3T3-
NFkB-Luc reporter fibroblasts were plated with MCF7 cells. The next day, the media was changed and that was considered day 0. Cells were then
cultured for up to 5 days. As a control, homotypic cultures of fibroblasts were established and processed in parallel. Luciferase activity was measured
atday 0, 3 and 5. The graph on the left shows data generated using NIH3T3-NFkB-Luc cells, whereas the graph on the right graph represents data
from the use of NIH3T3-HIF-Luc cells. Note that luciferase activity is increased by 9-fold and 2-fold respectively at day 0 and 3 in NFkB-Luc co-cultured
fibroblasts, compared to homotypic cultures. These results suggest that the NFkB pathway is potently activated as an early event during co-culture.
Conversely, luciferase activity is increased by ~4-fold at day 5 in NIH3T3-HIF-Luc co-cultured cells, compared to homotypic cultures, suggesting that
HIF-1a activation occurs at a later time-point. *p = 0.000004 for day 0 NFkB-Luc, *p = 0.006 for day 3 NFkB-Luc, *p = 0.0003 for day 5 NFkB-Luc, *p =

0.003 for day 5 HIF-Luc (Student's t-test).

TIGAR an ideal candidate to explain the “reverse Warburg
effect,”” and the “autophagic tumor stroma model of cancer
metabolism.”®

In summary, we believe that during tumor formation, cancer
cells and adjacent fibroblasts are metabolically coupled. Cancer
cells induce a ROS-dependent loss of Cav-1 in adjacent fibro-
blasts via autophagic/lysosomal degradation. A loss of stromal
Cav-1 then (1) promotes acrobic glycolysis and autophagy, thus
producing nutrients (such as lactate and pyruvate) and chemical
building blocks (such as amino acids, fatty acids and nucleotides)
to “feed” adjacent cancer cells undergoing oxidative mitochon-
drial metabolism; and (2) protects cancer cells from apoptosis.
Thus, upregulation of TIGAR in cancer cells could serve as a
mechanism to promote cancer cell survival and prevent ROS
generation, while inhibiting the two key metabolic processes,
namely aerobic glycolysis and autophagy, in epithelial cancer
cells that we show are activated in the tumor stroma. This model
allows for the unilateral and vectorial transfer of nutrients from
autophagy-prone catabolic stromal cells to autophagy-resistant
anabolic cancer cells. Further studies will be required to fully
address the role of stromal Cav-1 in modulating TIGAR expres-
sion in epithelial cancer cells.
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Materials and Methods

Materials. Antibodies were as follows: Cav-1 (sc-894, Santa
Cruz Biotech for immunofluorescence; 610407, BD Biosciences
for WB); cytokeratin 8/18 (20R-CP004, Fitzgerald Industries
International); HIF-la (NB100-123, Novus Biologicals for
IF; 610959, BD Biosciences for WB); phospho-serine 276
NFkB p65 subunit (3037, Cell Signaling); Cathepsin B (sc-
13985, Santa Cruz); LAMP-1 (sc-17768, Santa Cruz); LC3B
(ab48394, Abcam); Beclin 1 (NBP1-00085, Novus for WB;
2026-1, Epitomics for IF); LC3A/B (ab58610, Abcam);
ATGI6L (AM18176B for IF, AM18176D for WB, Abgent);
BNIP3 (abl0433, Abcam); BNIP3L (AP1320A, Abgent);
TIGAR, (ab37910, Abcam); rabbit antiserum to pimonidazole
(PAb2627, Hydroxyprobe Gemini Kit, Hydroxyprobe, Inc.,
Burlington, MA); B-tubulin and B-actin were from Sigma; sec-
ondary antibodies for immunofluorescence were Alexa green
488 nm and Alexa Orange-Red 546 nm (Invitrogen). Other
reagents were as follows. PS1145 and buthionine sulfoxide
(BSO) were from Sigma. 4,6-diamidino-2-phenylindole (DAPI)
(D3571), Prolong Gold Antifade mounting reagent (P36930),
Slow-Fade Antifade reagent (52828) were from Invitrogen.
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Figure 11. Loss of Cav-1 in fibroblasts protects adjacent MCF7 cells against apoptosis. MCF7 cells were co-cultured for 72 hours with hTERT-fibroblasts
carrying either a GFP (+) control shRNA (CTR) vector or a GFP (+) Cav-1 shRNA (KD) vector. Corresponding homotypic cultures were established in
parallel. Then, the cells were subjected to annexin-V staining and analyzed by FACS. Thus, the GFP (+) and GFP (-) cells represent hTERT-fibroblasts and
MCEF?7 cells, respectively. (A) MCF7 cell apoptotic rate: Cav-1 knockdown fibroblasts protect MCF7 cells against apoptosis. MCF7 cells co-cultured with
CTR-fibroblasts show an ~3-fold reduction in apoptosis, as compared to MCF7 cells cultured alone. However, co-cultures with KD fibroblasts provide
MCF?7 cells with a greater protection against apoptosis (8.5-fold decrease in apoptotic rate compared to MCF7 cell mono-cultures). The upper graph
represents the percentage of annexin-V (+) cells. The lower graph represents the fold change versus MCF7 cells cultured in the absence of fibroblasts.
*p < 0.0002, **p < 0.0000006 versus MCF7 cells cultured alone. *p < 0.02 versus Cav-1 KD (Student’s t-test). (B) Fibroblast apoptotic rate: Cav-1 knock-
down protects fibroblasts against apoptosis. In homotypic cultures, KD fibroblasts are protected by 2.7-fold against apoptosis as compared to CTR
fibroblasts. In addition, CTR fibroblasts co-cultured with MCF7 cells display a 2.4-fold increase in apoptosis, compared to CTR mono-cultures. Interest-

ingly, co-cultured KD fibroblasts exhibit a 2-fold decrease in apoptosis compared to co-cultured CTR fibroblasts. These results suggest that a loss of
Cav-1 protects fibroblasts in co-culture against apoptosis. *p < 0.03 versus the other three experimental conditions (Student’s t-test).

2,4 DPD (2,4-Diethylpyridine dicarboxylate), 1,4 DPCA
(1,4-dihydrophenonthrolin-4-one-3-Carboxylic ~ acid)  and
DMOG (Dimethyloxallyl from Cayman
Chemicals. Echinomycin was from Enzo Life Sciences.

Cell cultures. Human skin fibroblasts immortalized with
telomerase reverse transcriptase protein (WTERT-BJ1) were origi-
nally purchased from Clontech, Inc. The breast cancer cell line
MCEF7 was purchased from ATCC. NIH3T3-HIF-Luc reporter
cells and NIH3T3-NFkB-Luc reporter cells were purchased
from Panomics. All cells were maintained in DMEM with 10%
fetal bovine serum (FBS) and penicillin 100 units/mL-Strepto-
mycin 100 pg/mL. Cells were maintained at 37°C in a humidi-
fied atmosphere containing 5% CO,. Hypoxia experiments were

Glycine) were

performed using a hypoxia chamber with 0.5% O,.

Co-culture of MCF7 cells and fibroblasts. \TERT-fibroblasts
and MCF7 cells were plated on glass coverslips in 12-well plates
in I-ml of complete media. MCF7 cells were plated within 2
hours of fibroblast plating. The total number of cells per well was
1 x 10° cells. Experiments were performed at a 5:1 ratio of fibro-
blasts-to-MCF7 cells. As controls, mono-cultures of fibroblasts
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and MCF7 cells were seeded using the same number of cells as in
the corresponding co-cultures. The day after, media was changed
to DMEM with 10% NuSerum (a low protein alternative to FBS,
BD Biosciences) and Pen-Strep.

Confocal microscopy. Images were collected with a Zeiss
LSM510 meta confocal system using a 405 nm Diode excitation
laser with a band pass filter of 420-480 nm, a 488 nm Argon
excitation laser with a band pass filter of 505-550 nm and a 543
nm HeNe excitation laser with a 561-604 nm filter. Images were
acquired with a 40x or 60x objective, as stated in the Figure legends.

Immunocytochemistry. Immunocytochemistry was per-
formed as previously described.®® All steps were performed
at room temperature. Briefly, after 30 minutes fixation in 2%
paraformaldehyde, cells were permeabilized for 10 minutes
with immunofluorescence (IF) buffer (PBS, 0.2% BSA, 0.1%
TritonX-100). Then, cells were incubated for 10 minutes with
NH,Clin PBS to quench free aldehyde groups. Primary antibod-
ies were incubated in IF buffer for 1 hour. After washing with IF
buffer (3x, 10 minutes each), cells were incubated for 30 minutes
with fluorocrome-conjugated secondary antibodies diluted in IF
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buffer. Finally, slides were washed with IF buffer (3x, 10
minutes each), incubated with the DAPI nuclear stain and
mounted.

Electron microscopy. For electron microscopy evalua-
tion, co-cultures were fixed with 2.5% glutaraldehyde in
0.1 M sodium cacodylate buffer, pH 7.4 for 30 minutes
at room temperature. Then, cells were post-fixed with 1%
osmium tetroxide in 0.1 M sodium cacodylate buffer, pH
7.4 for 1 hour, contrasted with 1% tannic acid in 0.05
M sodium cacodylate, followed by dehydration through
graded alcohols and propylene oxide. Infiltration was per-
formed in graded epon solutions before final embedding
in EMbed 812 (Electron Microscopy Sciences, Hatfield,
PA). Thin sections were cut on an UltraCut E ultrami-
crotome and stained with uranyl acetate and lead as previ-
ously described.®*® Images were collected with an AMT
XR41-B 4 megapixel camera on a Hitachi H-7000 electron

microscope.

Fibroblasts MCF7 Co-culture  Co-culture
o . . . .
K8/18
+
DAPI

Figure 12. Co-cultured MCF7 cells display the upregulation of the autophagy
and apoptosis inhibitor TIGAR. Day 5 hTERT-fibroblast-MCF7 co-cultures were
fixed and immuno-stained with antibodies against TIGAR (red) and anti-K8-18
(green). DAPI was used to visualize nuclei (blue). As a control, homotypic
cultures of fibroblasts and MCF7 cells were fixed and stained in parallel. Note
that TIGAR is greatly upregulated in co-cultured MCF7 cells as compared to
MCF?7 cells mono-cultures. Importantly, images were acquired using identical

Western blotting. Cells were harvested in lysis buf-
fer (10 mM Tris-HCI pH 7.5, 150 mM NaCl, 1% Triton
X-100, 60 mM octylglucoside), containing protease and
phosphatase inhibitors (Roche Applied Science). Samples were
incubated for 40 min at 4°C in a rotating platform and centri-
fuged 10 min at 13,000x g at 4°C. Protein concentrations were
determined using the BCA reagent (Pierce). To detect HIF-1a,
cells were scraped in urea lysis buffer (6.7 M urea, 10% glycerol,
1% SDS, 10 mM Tris-HCl pH 6.6,1% TritonX-100, prote-
ase inhibitors), homogenized for 5 seconds and-incubated on ice
for 10 minutes. After centrifugation, protein concentration was
determined using the Bradford assay (BioRad). 30 pg of proteins
were loaded and separated by SDS-PAGE and transferred to a
0.2 pm nitrocellulose membrane (Fisher Scientific). After block-
ing for 30 min in TBST (10 mM Tris-HCI pH 8.0, 150 mM
NaCl, 0.05% Tween-20) with 5% nonfat dry milk, membranes
were incubated with the primary antibody for 1 hour, washed
and incubated for 30 minutes with horseradish peroxidase-con-
jugated secondary antibodies. The membranes were washed and
incubated with enhanced chemiluminescence substrate (Thermo
Scientific).

Cav-1 knockdown. siRNA-mediated Cav-1 knockdown was
performed using the HiPerFect transfection reagent (Qiagen)
as per manufacturer instructions, with minor modifications.
Briefly, 1 x 10° cells were seeded in 12 well plates in 350 L of
complete media and were transfected within 30 minutes of plat-
ing. 100 ng of Cav-1 siRNA (5100299635, Qiagen) or 100 ng
control siRNA (1022076, Qiagen) were mixed with 100 pL of
serum free media and 6 pL of HiPerFect reagent. After vortexing
for 30 seconds, the mixture was incubated for 15 minutes at room
temperature and then added drop-wise to the freshly seeded cells.
Three hours post-transfection, 800 pL of complete media was
added to the cells. Cav-1 knockdown was monitored 36—48 h
post-transfection.

PHD inhibitors. DMOG, 2,4 DPD and 1,4 DPCA were
incubated with cells in DMEM 10% NuSerum for 48 hours.
DMOG and 1,4 DPCA were dissolved in DMSO and used at
a final concentration of 500 and 4 WM, respectively. 2,4 DPD

www.landesbioscience.com
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exposure settings. Original magnification, 40x.

Pimo Staining

Cav-1 KO
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241 Lung

Figure 13. Cav-1 gene deletion in mice induces a pseudo-hypoxic
phenotype. To monitor hypoxia signaling in vivo, the hypoxia marker
pimonidazole was injected in the tail vein of WT and Cav-1 (-/-) null
mice. One hour post-injection, mice were sacrificed and the mammary
glands and lungs were collected. Paraffin-embedded sections of mam-
mary gland and lung were immuno-stained using a rabbit antiserum

to pimonidazole. Slides were counter-stained with hematoxylin. Note
that both the mammary fat pads and the lung parenchyma of Cav-1 (-/-)
null mice display strong anti-pimonidazole staining. These data suggest
that Cav-1 (-/-) mice undergo pseudo-hypoxic stress at steady-state.
Original magnification, 40x.

was re-suspended in ethanol and added at a final concentration
of 10 wM. All control experiments were carried out with the cor-
responding vehicle alone.

Luciferase activity. NIH3T3 fibroblasts stably transfected
with an NFkB luciferase reporter (RC0015, Panomics) or a
HIF-la luciferase reporter (RC0017, Panomics) were seeded in
complete media (DMEM with 10% FBS) in 24 well plates. For
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Figure 14. Cav-1 (-/-) null mammary glands exhibit increased au-
tophagy. To monitor autophagy in vivo, paraffin-embedded sections

of mammary glands from 5 month old WT and Cav-1 (-/-) null mice

were immuno-stained with two markers of autophagy, LC3A/B (A) and
BNIP3L (B). Slides were counter-stained with hematoxylin. Note that
both LC3A/B and BNIP3L are greatly increased in Cav-1 (-/-) mam-

mary fat pads. The boxed area of LC3A/B staining is shown at higher
magnification to better appreciate the LC3 positive vesicles in Cav-1 (-/-)
adipocytes. Original magnification, 60x.

co-culture, 5 x 10* cells were seeded at a fibroblast-to-MCF7 cell
ratio of 5:1. As controls, fibroblasts were plated in mono-culture
using the same cell numbers, as in the corresponding co-cultures.
After cells attached, i.e., about 8 hours later, the media was
changed to DMEM with 10% NuSerum and that was considered
day 0. Luciferase activity was measured at day 0, day 3 and day
5, as previously described.”” In brief, cell lysis buffer was added
to each well. Then, ATP mix was added to the lysates to serve as
the substrate for the chemiluminescent oxidation-reduction reac-
tion which leads to light emission and oxy-luciferin generation. A
luminometer was used to measure light emitted at 560 nm.
Animal studies. Animals were housed and maintained in a
pathogen-free environment/barrier facility at the Kimmel Cancer
Center at Thomas Jefferson University under National Institutes
of Health (NIH) guidelines. Mice were kept on a 12 hour light/
dark cycle with ad libitum access to chow and water. Approval for
allanimal protocols used for this study was reviewed and approved
by the Institutional Animal Care and Use Committee (IACUC).
To detect hypoxia in vivo, pimonidazole HCI (1.5 mg/mouse,
Hydroxyprobe, Inc.) was injected in the tail vein of WT and
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Figure 15. BNIP3L is highly increased in the stroma of human breast
cancers that lack stromal Cav-1. Paraffin-embedded sections of human
breast cancer samples lacking stromal Cav-1 were immuno-stained with
antibodies directed against BNIP3L (ab59908; Abcam). Slides were then
counter-stained with hematoxylin. Note that BNIP3L is highly expressed
in the stromal compartment of human breast cancers that lack stromal
Cav-1. The boxed area shown at higher magnification reveals punctate
staining, consistent with mitochondrial and/or lysosomal localization.
Original magnification, 40x and 60x, as indicated.

Cav-1 KO mice (in the FVB/N genetic background). After 1
hour, mice were sacrificed and lungs and mammary glands were
harvested and fixed with 10% formalin.
Immunohistochemistry. Paraffin-embedded sections of
lung and mammary gland were immuno-stained as previously
described.®® Briefly, sections were deparaffinized, rehydrated
and washed in PBS. Antigen retrieval was performed in 10 mM
sodium citrate, pH 6.0 for 10 min using a pressure cooker. Then,
sections were blocked with 3% hydrogen peroxide for 10 min-
utes followed by an incubation using a avidin-biotin blocking kit
(Dako) to block endogenous biotin. After incubation with 10%
goat serum for 1 hour, sections were incubated with primary
antibodies overnight at 4°C (except for pimonidazole staining on
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Figure 16. Autophagy in cancer associated fibroblasts (CAFs) fuels
tumor cell survival. Here, we present a new model in which cancer

cells trigger oxidative stress and activate two pro-autophagic drivers,
namely HIF-1a and NFkB, in adjacent fibroblasts. Thus, CAFs undergo
autophagy and mitophagy, leading to a loss of Cav-1 and metabolic
re-programming. A loss of stromal Cav-1 aggravates oxidative stress
and further promotes autophagy and mitophagy. Stromal autophagy
generates building blocks (such as recycled free amino acids, fatty acids
and nucleotides) that can be directly utilized by cancer cells to sustain
growth and maintain cell viability. HIF-1a activation and consequent
mitophagy in CAFs induces mitochondrial dys-function and enhances
aerobic glycolysis, leading to the secretion of high-energy nutrients
(such as lactate and pyruvate) that can directly feed mitochondrial
biogenesis and oxidative mitochondrial metabolism in cancer cells.
Loss of Cav-1 in stromal cells protects cancer cells from apoptosis, at
least in part via TIGAR upregulation. In this model, TIGAR protects
epithelial cancer cells from oxidative stress by simultaneously inhibiting
three inter-related cellular processes, namely (1) aerobic glycolysis, (2)
apoptosis and (3) autophagy. Thus, epithelial cancer cells exploit CAFs
to satisfy their increased energy demand by forcing these stromal cells
to undergo a unilateral and vectorial energy transfer (via compartment-
specific autophagy) to sustain epithelial cancer cell growth. Transfer of
nutrients from autophagy-prone catabolic stromal cells to autophagy-
resistant anabolic cancer cells promotes epithelial cancer cell survival,
thereby enhancing tumor growth.

the mammary glands, in which the antibody was incubated for 1
hour at room temperature). Antibody binding was detected using
a biotinylated secondary (Vector Labs, Burlingame, CA) followed
by strepavidin-HRP (Dako, Carpinteria, CA). Immunoreactivity
was revealed using 3, 3' diaminobenzidine.
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Annexin-V apoptosis detection. Apoptosis was quantified
by flow cytometry using the Annexin-V-Cy5 apoptosis detec-
tion kit, as the per manufacturer’s instructions (Abcam). Briefly,
MCEF7 cells were plated in 12 well plates with GFP (+) hTERT-
fibroblasts carryng either a control shRNA (CTR) vector or a
Cav-1 shRNA (KD) vector. Homotypic cultures were plated in
parallel. The day after, media was changed to DMEM with 10%
NuSerum. After 48 hours, cells were collected by centrifuga-
tion and re-suspended in 500 L of Annexin-V Binding Buffer.
Then, the annexin V-Cy5 conjugate (5 pL) was added and incu-
bated in the dark at room temperature for 5 minutes. Cells were
then analyzed by flow cytometry using a GFP signal detector
with excitation wavelength of 488 nm and emission of 530 nm
(to detect fibroblasts) and a Cy5 signal detector with excitation
wavelength of 649 nm and emission of 670 nm (to detect apop-
totic cells).

Generation of stable Cav-1 sh-RNA knockdown cells.
hTERT-BJ1 human fibroblasts were retrovirally-transduced to
express GFP and either a short-hair-pin RNA against Cav-1 or
a scrambled control RNA under the control of the cytomegalo-
virus (CMV) promoter. Successfully infected cells were selected
via FACS analysis. We validated the loss of Cav-1 expression in
fibroblasts harboring the Cav-1 sh-RNA by western blot analysis;
Cav-1 sh-RNA fibroblasts showed a >95% reduction in Cav-1
protein levels, as compared with fibroblasts harboring the control
scrambled sh-RNA vector (data not shown).
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