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The progression from in situ to invasive breast carcinoma is still an event poorly understood. However, it has been
suggested that interactions between the neoplastic cells and the tumor microenvironment may play an important role
in this process. Thus, the determination of differential tumor-stromal metabolic interactions could be an important step
in invasiveness.

The expression of stromal Caveolin-1 (Cav-1) has already been implicated in the progression from ductal carcinoma
in situ (DCIS) to invasive ductal carcinoma (IDC). Additionally, stromal Cav-1 expression has been associated with the
expression of stromal monocarboxylate transporter 4 (MCT4) in invasive breast cancer. However, the role of stromal MCT4
in invasiveness has never been explored, neither the association between Cav-1 and MCT4 in the transition from breast
DCIS to IDC.

Therefore, our aim was to investigate in a series of breast cancer samples including matched in situ and invasive
components, if there was a relationship between stromal Cav-1 and MCT4 in the progression from in situ to invasive carci-
noma. We found loss of stromal Cav-1 in the progression to IDC in 75% of the cases. In contrast, MCT4 stromal expression
was acquired in 87% of the IDCs. Interestingly, a concomitant loss of Cav-1 and gain of MCT4 was observed in the stroma
of 75% of the cases, when matched in situ and invasive carcinomas were compared. These results suggest that alterations

in Cav-1 and MCT4 may thus mark a critical point in the progression from in situ to invasive breast cancer.

Introduction

Breast cancer is a heterogeneous and complex disease, encom-
passing a variety of pathological entities with distinct clinical
behaviors. The development of new technologies has offered the
opportunity to explore the molecular complexity of human breast
carcinomas.! However, despite these advances, the mechanisms
controlling the transition from an in situ to an invasive carcinoma
still remain unclear. Therefore, there is a significant interest in
identifying molecular events driving invasive progression, not only
to determine at which point the lesion is most likely to progress to
malignancy, but also to identify new molecular targets that could
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trigger the progression at early stages.! Several studies have evalu-
ated the gene expression profiles of both ductal carcinomas in situ
(DCIS) and invasive ductal carcinomas (IDC),*® but only few
compared the in situ and invasive components within the same
breast tumor.>® In fact, although some genes have been described
as differentially expressed between in situ and invasive compo-
nents, the majority of the studies failed to demonstrate signifi-
cant differences between the expression of the codified proteins in
the neoplastic epithelial cells of DCIS and IDC.>* Recently, our
group, using patient-matched DCIS/IDC tumor samples, showed
concordance between in situ and invasive molecular profiles in
94% of the cases."” These results suggested that the alterations in
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the tumor microenvironment would have a more important role
in the progression from an in situ to an invasive phenotype than
the biology of the tumor cells per se, which showed a tendency to
be maintained between these both components.

Actually, it is widely accepted that any cancer is a complex
system composed not only by neoplastic cells but also by a fine-
tuned microenvironment. The first reference to the importance
of the microenvironment in cancer comes from Paget, with his
proposal of the “seed and soil” hypothesis. Unexpectedly, this
concept was “forgotten” and only “recovered” several years later.
In breast cancer, tumor microenvironment plays a key role in
defining tumor behavior and patient outcome.' Gene expression
changes that occur in cancer-associated stroma are known to be
implicated in prognosis, as well as in cancer progression.'” Ma
and colleagues, using gene expression profiling, provided strong
evidence that the stroma co-evolves with the epithelial compart-
ments during cancer progression.'? Analyzing 14 patients with
matched normal epithelium, normal stroma, tumor epithelium,
and tumor-associated stroma, the authors proposed that micro-
environment participates in tumorigenesis even before tumor
cells invade the stroma, and it may play an important role in the
transition from pre-invasive to invasive growth.!?

Caveolin-1 (Cav-1), a scaffolding protein mainly involved in
vesicular transport, cholesterol homeostasis, and signal transduc-
tion, has been associated to the progression from in situ to inva-

sive carcinoma.'®

Lisanti and colleagues showed that Cav-1 loss
in tumor stroma was associated with an increased risk for early
recurrence, metastasis, and decreased overall survival in breast
cancer, being also a strong prognostic factor for basal-like breast
carcinomas.””*® In DCIS, a loss of stromal Cav-1 was predictive
of disease recurrence and progression to invasive cancer, since
all the patients with loss of Cav-1 recurred, and 80% of them
progressed to invasive disease.'® Moreover, loss of stromal Cav-1
has been related with stromal MCT4 expression in triple-negative
breast cancers, also predicting for poor clinical outcome.” This
protein is a major transporter directly responsible for L-lactate
efflux from glycolytic cells and a functional marker of oxidative
stress and hypoxia.?’ In addition, it seems to have a role in stro-
mal breast cancer metabolism, since it has been demonstrated
that breast cancer cells induce MCT4 overexpression in stromal
fibroblasts.?!

Since stromal expression of MCT4 and the association
between Cav-1 and MCT4 had never been implicated in the pro-
gression from DCIS to IDC, the aim of this study was to bet-
ter understand the stromal interactions surrounding in situ and
invasive components of breast carcinomas, evaluating the stromal
expression of Cav-1 and MCT4 using patient-matched DCIS/
IDC tumor samples.

Results

IHC quantification for Cav-1 and MCT4 was performed on
each set of the 22 TMA slides using patient-matched DCIS/IDC
tumor samples. Data on ER, PgR, HER-2, P-cad, CK5, EGFR,
Ki-67 status, histological grade, and lymph node metastases were
already available and published for this series.'
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Cav-1 and MCT4 expression in normal breast

In normal breast, it can be observed that Cav-1 expression was
absent from the epithelium, whereas its expression was observed
in the stromal component, as previously described.'*'® MCT4
expression was absent in both epithelial and stromal components,
as observed in Figure 1A.

Stromal Cav-1 expression in the progression from in situ to
invasive carcinoma

In the DCIS component, only 19 cases (13%) showed no
Cav-1 expression in the stroma, whereas 55 cases (39%) had
moderate expression, and the majority had strong expression
of stromal Cav-1 (67 cases, 48%). In the invasive component,
the majority (n = 108, 76%) of the cases showed absent Cav-1
expression in the stroma, with only 27 cases (19%) with moder-
ate expression and 7 cases (5%) with strong expression. Figure 2
represents the expression levels of stromal Cav-1 in in situ and
invasive components, where a significant decrease of Cav-1 from
DCIS to IDC can be observed. An IHC example of Cav-lin in
situ and invasive components is shown in Figure 3.

Regarding the progression from in situ to invasive carci-
noma, analyzing each case for both matched components, 106
cases (75%) showed loss of stromal Cav-1 expression, whereas
35 (25%) cases maintained protein expression. None of the cases
showed gain of stromal Cav-1 expression.

Stromal MCT4 expression in the progression from in situ to
invasive carcinoma

Considering the DCIS component, the majority of the cases
were negative (n = 131, 93%) (Fig. 1B), 10 cases (7%) showed
moderate expression, and 5 cases (3%) were classified as strong
for stromal MCT4. In the invasive component, a strong expres-
sion of MCT4 in the stroma of the majority of the cases (n = 73,
50%) was observed, whereas moderate expression was observed
in 63 (43%) cases; in the remaining 11 cases (7%), no expression
of stromal MCT4 was observed.

Figure 4 depicts the expression levels of stromal MCT4 in
situ and invasive components, showing an increased expression
of stromal MCT4 in the invasive component. Figure 5 repre-
sents by IHC the strong MCT4 stromal expression in invasive
component.

Concerning the transition from in situ to invasive carcinoma
in terms of gains and losses of MCT4 in the stroma, we found
that 126 cases (87%) gained expression in the invasive compo-
nent, 19 cases (13%) maintained, and none lose the expression.

Combining stromal Cav-1/MCT4 in the progression from
in situ to invasive carcinoma

Analyzing matched in situ and invasive components for stro-
mal expression of Cav-1 and MCT4 (Table 1), it was possible
to observe a statistically significant association between the loss
of stromal Cav-1 and the concomitant gain of MCT4 in the
same case (P < 0.0001). Interestingly, 75% of the cases that lost
Cav-1 stromal expression in the transition from in situ to inva-
sive cancer also gained MCT4 expression in the stroma. There
were only 4 cases (3%) with loss of Cav-1 in the stroma that
maintained MCT4 expression and 16 cases (12.5%) that gained
MCT4 and maintained Cav-1 stromal expression. In 12 cases
(10%), there was the maintenance of stromal expression for both
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Figure 1. IHC expression of stromal MCT4 in normal and in situ compo-
nent. Absent stromal MCT4 expression can be observed in normal breast
(A) and in in situ component (B), 200x.

markers. Figure 6 represents an IHC array with the expression
levels of these proteins in the progression from in situ to invasive
carcinoma.

Discussion

The mechanisms that mediate the progression from DCIS
to IDC in the breast are still largely unknown. However, it is
now widely acknowledged that accumulation of genetic anoma-
lies contributes to the acquisition of an increasingly aggressive,
invasive, or therapy-resistant tumor phenotype.! Nevertheless
this knowledge did not improve the predictive power of standard
pathological parameters for breast cancer, nor did it explain the
mechanisms of invasiveness.

Cav-1 plays an important role in tumor stroma, and recent
studies demonstrate that the loss of stromal Cav-1 is associated
with advanced tumor and nodal stage, lymphovascular inva-
sion, metastasis, early recurrence, tamoxifen resistance, and
reduced progression-free survival in invasive breast cancer.”%
Additionally, loss of stromal Cav-1 also has prognostic value in
a particularly aggressive subgroup of breast cancers, namely the
triple-negative and basal-like breast carcinomas, whereas high
levels of this protein were correlated with reduced tumor size,
low grade, reduced metastasis, and improved survival.'>2¢

Interestingly, loss of stromal Cav-1 also predicts for recurrence
and early disease progression in DCIS patients. Witkiewicz et al.
reported that 80% of the DCIS patients, which underwent surgi-
cal excision and recurred with invasive breast cancers, showed
reduced or absent levels of stromal Cav-1 in these tumors.'® In
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Figure 2. Expression levels of stromal Cav-1 in in situ and invasive
components of breast carcinomas. It is possible to notice a significant
decrease of Cav-1 stromal expression from DCIS to IDC.

our series, using patient-matched DCIS/IDC tumor samples, it
was observed that the majority of the cases showed strong expres-
sion of Cav-1 expression in the stroma of DCIS, whereas 76% of
the cases showed absent expression for this marker in the stroma
of the invasive counterpart. Thus, regarding the progression to
invasiveness, it seems that the loss of Cav-1 expression in the
stroma is important for tumor invasion.

Actually, it has been already described that loss of Cav-1 in
stromal cells may also increase angiogenesis and tumor growth.”
Goetz et al. demonstrated that in vivo and in vitro expression
of Cav-1 in cancer-associated fibroblasts facilitates tumor cells
invasion and accelerates the in vitro proliferation and in vivo
tumorigenesis.?*

Recent data reveals that loss of Cav-1 induces a metabolic
reprogramming of stromal cells to support the growth of adja-
cent epithelial tumor cells—the “reverse Warburg effect”, where
cancer cells induce upregulation of multiple glycolytic enzymes
in neighboring stromal fibroblasts.?»**3° Cav-1 is degraded result-
ing in a loss of stromal Cav-1 expression.”” At the same time,
the breast cancer cells induce MCT4 overexpression in stromal
fibroblasts."”

MCT4 is a monocarboxylate transporter that functions as a
shuttle to extrude L-lactate from cells using aerobic glycolysis for
energy metabolism.?® Although the transporter role of MCT4
has been widely accepted in cancer epithelium, the prognostic
value of MCT4 expression is highly compartmenespecific and
restricted to the tumor stroma, high stromal MCT4 levels being
associated to poor patient overall survival.?¥"3? In our series,
analyzing DCIS and IDC separately, an increase of MCT4
expression was observed, since in DCIS the majority of the
cases were negative, whereas, in the invasive counterpart, 50%
of the cases showed strong expression for MCT4. Considering
the progression from in situ to invasive breast carcinoma, using
matched DCIS/IDC tumor samples, 87% cases gained MCT4
expression, whereas none showed loss of expression, suggest-
ing that the gain of stroma MCT4 provides evidence for the
existence of a stromal—epithelial lactate shuttle which fuels the
tumor growth.?
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Table 1. Association between stromal Cav-1 and MCT4 expression levels in the transition from in situ to invasive breast carcinoma

MCT4 (in situ to invasive)

Loss of expression N (%)

Maintenance of

. . o
expression N (%) Gain of expression N (%)

Loss of expression N (%) 0 (0%) 4 (3%) 94 (75%)
Cav-1 (in situ Maintenance of o o o
to invasive) expression N (%) 0 (0%) 12 (10%) 16 (12.5%)

Gain of expression N (%) 0 (0%) 0 (0%) 0 (0%)

Pvalue <0.001

200x, respectively) to higher magnification (C, 400x).

Figure 3. IHC expression of stromal Cav-1 in in situ and invasive components. Note the strong expression of Cav-1 in DCIS, from low (A and B, 100x and
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Figure 4. Expression levels of stromal MCT4 in in situ and invasive carci-
nomas. There is a significant increased expression of stromal MCT4 in the
invasive component of breast carcinomas, when compared with DCIS\

Regarding the relation between MCT4 and Cav-1 expres-
sion, Witkiewicz et al.,”® using 164 invasive breast cancer sam-
ples, verified that scromal MCT4 and stromal Cav-1 levels were
inversely related, high levels of stromal MCT4 being directly
correlated with a loss of stromal Cav-1 immunostaining.”” Most
notably, cases with absent stromal Cav-1 are most likely to pres-
ent strong stromal staining for MCT4, and, in contrast, cases
with strong expression for Cav-1 are most likely to be stromal
MCTH4 absent.

Nevertheless, studies regarding the role of Cav-1 and MCT4 in
the transition from in situ to invasive breast carcinoma were still
lacking. In our series, using matched DCIS/IDC and analyzing
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the concomitant expression of stromal Cav-1 and MCT4, 75% of
the cases showed loss of Cav-1 with simultaneous gain of MCT4
in the stroma, suggesting that these events are important for
tumor cells to progress and invade.

Our results are explained by the recent “two-compartment
tumor metabolism” model and the “reverse Warburg effect”, sug-
gesting that the loss of Cav-1 causes the metabolic reprogram-
ming of stromal cells to support the growth of adjacent epithelial
tumor cells.” In Figure 7, a hypothetical model summarizing he
alterations in Cav-1 and MCT4 in the stroma of matched in situ
and invasive breast carcinoma is shown.

The oxidative stress promoted by the tumor cells induces
autophagy in cancer-associated fibroblasts (CAFS) that degrade
Cav-1 in the in situ stromal compartment and also secrete energy-
rich metabolites, such as L-lactate, ketone bodies, and pyruvate
as a consequence of metabolic alterations. During the progression
to invasive carcinoma, the loss of Cav-1 induces MCT4 expres-
sion due to the amount of energy metabolites, used to promote
cancer cell glycolysis, aggressive tumor growth, and, ultimately,
invasion of breast cancer cells.

Many of the cited studies quantify one or both markers in
breast cancer stroma. However, one potential limitation of the
quantification methodologies used is the lack of a clear and repro-
ducible definition of stroma, especially regarding DCIS cases.
In our case, since all IHC scoring was performed by the same
experienced pathologist, we consider this does not affect internal
validity and therefore does not affect the results obtained and
conclusions drawn.

In summary, it was shown that the loss of stromal Cav-1 and
the concomitant gain of stromal MCT4 have a putative role in
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low (A and B, 100x and 200X, respectively) to high magnification (C, 400x).

Figure 5. IHC expression of stromal MCT4 in in situ and invasive components. Note the strong MCT4 stromal expression in invasive component, from

MCT4

Cav-1

s Loss expression
s Gain expression
Maintain expression

Progression from DCIS to IDC

Figure 6. Immunohistochemistry array showing protein expression levels of stromal Cav-1 and MCT4 in the progression from in situ to invasive carci-
nomas. Cases are arranged along the x-axis and proteins are arranged along the y-axis. Within the heat map, red represents gain of expression, green
represents loss of expression, and yellow represents maintained expression from in situ to invasive carcinoma within the same case.

the transition from in situ to invasive carcinoma of the breast.
Therefore, we propose that Cav-1 and MCT4 may represent valu-
able biomarkers for breast cancer progression. Thus, determining
the nature of the cooperation between tumor cells and the micro-
environment that leads to invasion could identify therapeutic
strategies to prevent the transition from in situ to invasive breast
carcinoma.

Material and Methods

Case selection and TMA (tissue microarray) construction

Formalin-fixed and paraffin-embedded samples from 189
tumors, harboring in situ and invasive carcinoma areas in the
same block, were consecutively retrieved from our archives.
Available data included patient’s age and clinicopathological fea-
tures, such as tumor size and lymph nodes status. Representative
areas of the in situ and invasive breast carcinomas were selected
on H&E-stained sections and marked on the correspondent
individual paraffin block. Two tissue cores (2 mm in diameter)
were obtained from each specimen for TMA construction with
each TMA block (donor block) and deposited into a paraffin
block (receptor block) using a TMA workstation (TMA builder
ab1802, Abcam). In each TMA block, non-neoplastic breast and
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liver tissue cores were also included as controls and TMA guide,
respectively. An H&E-stained section from each TMA block was
reviewed to confirm the presence of morphological representative
areas of the original lesions.

All morphological and IHC assessments were conducted by
a pathologist (FS). The study was conducted under the national
regulative law for the handling of biological specimens from
tumor banks, the samples being exclusively available for research
purposes in retrospective studies.

Cav-1 and MCT4 immunohistochemistry

IHC was performed using the HRP labeled polymer
(DakoCytomation) for Cav-1 and with the Ultravision Detection
System Anti-polyvalent HRP (Lab Vision Corporation) for
MCT4. Antigen unmasking was performed using a dilution
of 1:100 from a commercially available solution of citrate buf-
fer, pH = 6.0 (Vector Laboratories) at 98 °C. After the antigen
retrieval procedure, the slides were washed in a phosphate buf-
fer solution (PBS) and submitted to blockage of the endogenous
peroxidase activity by incubation of the slides in a 3% hydrogen
peroxide (Panreac) in methanol (Sigma-Aldrich). The slides were
further incubated with the primary antibodies for Cav-1 (2297;
BD Biosciences, diluted 1:50) and for MCT4 (H-90; Santa Cruz
Biotechnology, diluted 1:500), as previously described.?* All
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Figure 7. Alterations in Cav-1 and MCT4in the stroma of matched in situ and invasive breast carcinoma. (A) H&E-stained tissue section of human breast
cancer, showing in situ and invasive components of breast carcinoma (100x). (B) Hypothetical model summarizing the importance of Cav-1 and MCT4
in the progression from DCIS to IDC. During the progression to invasive carcinoma, Cav-1 is degraded by oxidative stress-induced autophagy in cancer-
associated fibroblasts, resulting in a loss of Cav-1. At the same time, the loss of Cav-1 induces a metabolic reprogramming of stromal cells, where cancer
cells induce upregulation of MCT4 by stromal fibroblasts, in invasive counterpart.

reactions were revealed with diaminobenzidine (DAB) chromo-
gen (DakoCytomation).

For both IHC assays, positive controls were included in each
run, in order to guarantee the reliability of the assays. Non-
neoplastic breast tissues, as well as normal breast surrounding the
neoplastic cells, were considered internal controls.

Cav-1 and MCT4 immunohistochemistry evaluation

Cav-1 and MCT4 expression in stroma were evaluated using
the previously described methodology.'*'**! In summary, Cav-1
and MCT4 were semi-quantitatively scored as negative (0, no
staining), weak (1, either diffuse weak or strong staining in less
than 30% of stromal cells per core), or strong (2, defined as
strong staining in 30% or more of the stromal cells).?!

Statistical analysis

Statistical analyses were conducted using StatView 5.0 sof-
ware (SAS Institute Inc). The associations between categorical
variables were tested for statistical significance using the chi-
square test. A two-tailed significance level of 5% was considered
as statistically significant (P < 0.05).
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