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Figure 2 Live-cell proteolysis assay revealed disparate proteolytic patterns in 3D cultures of SUM149 and SUM190 cells. SUM149 and
SUM190 cells were seeded onto glass-coverslips coated with reconstituted basement membrane containing DQ-collagen IV. Following overnight
incubation at 37°C, cells and DQ-collagen IV cleavage products (green) were imaged using confocal microscopy (see Materials and Methods). 3D
structures of live SUM149 and SUM190 cells degraded DQ-collagen IV pericellularly (arrowhead) and predominantly intracellularly (arrow),
respectively. Confocal Z stack images were reconstructed in 3D [see Additional files 1 and 2] utilizing Volocity™ software (PerkinElmer, Waltham,
MA, USA). Representative merged images of DIC and green channels of the equatorial plane (middle) and planes equidistant, 20 μm, from the
equatorial plane (top and bottom) are also shown. Bar, 20 μm.

Victor et al. Breast Cancer Research 2011, 13:R115
http://breast-cancer-research.com/content/13/6/R115

Page 6 of 14



we examined whether inhibiting cathepsin B would reduce
pericellular degradation of DQ-collagen IV. For these cell-
based assays, we used CA074, which is cell-impermeant
and thus would only reduce cathepsin B activity outside
the SUM149 cells. We used our previously established
methods to quantify degradation of DQ-collagen IV on a
per cell basis throughout the entire volume of SUM149
3D cultures [29]. We demonstrated that CA074 signifi-
cantly attenuated degradation of DQ-collagen IV (Figure
5) [see Additional files 3 and 4) and invasion (Figure 6),
suggesting that cathepsin B contributes to pericellular
degradation and invasion by SUM149 cells.

Cathepsin B and caveolin-1 are co-expressed in IBC
tissues in vivo
To demonstrate that there is an association between
cathepsin B and caveolin-1 in vivo, we immunostained
paraffin-embedded tissue samples from IBC and non-
IBC patients for cathepsin B and caveolin-1. IBC

patients in this study ranged in age from 29 to 60 years
(mean ± SD = 41 ± 8); non-IBC patients ranged in age
from 33 to 67 years (mean ± SD = 50 ± 9). Tumor
grade analysis revealed that 65% and 78% of the IBC
and non-IBC samples, respectively, were grade I or II
and 35% and 22% of the IBC and non-IBC samples,
respectively, were grade III. For further clinical and
pathological characterization of the IBC and non-IBC
samples, see [7]. In the IBC tissues, we observed strong
expression of cathepsin B in tumor cells and in tumor
emboli within dermal lymphatics and moderate expres-
sion in stromal cells (Figures 7a and 7b). There was het-
erogeneous staining for caveolin-1 in tumor emboli
(Figure 7c). Endothelial cells of dermal lymphatics con-
taining tumor emboli that stained strongly for caveolin-
1, consistent with the known high levels of caveolae in
endothelial cells [37]. Furthermore, there was a differ-
ence between IBC and non-IBC carcinoma cells in
regard to co-expression of cathepsin B and caveolin-1.

Figure 3 Localization of uPA, uPAR and b1-integrin to caveolae-enriched fractions of SUM149 cells. Isolation of caveolae from SUM149
cells grown in (a) 2D or in (b) 3D culture was performed using a non-detergent method as described in Materials and Methods. Equal-volume
aliquots of fractions 3-11 were analyzed by SDS-PAGE and immunoblotted with antibodies against uPA, uPAR, b1-integrin, or caveolin-1. Merged
DIC and fluorescent images are representative images of SUM149 (c) 2D or (d) 3D cultures immunostained for caveolin-1 (green) and uPA (red)
or uPAR (red). Colocalization of the two proteins appears yellow (arrows). Confocal microscopy was performed as described in Materials and
Methods. Bar, 10 μm for 2D cultures; 20 μm for 3D cultures. uPA, urokinase-type plasminogen activator; uPAR, urokinase receptor.
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Of IBC tumor cells that express cathepsin B (score of +
+ or +++), 70% also expressed caveolin-1 (score of ++
or +++), whereas only 19% of non-IBC tumor cells
showed this co-expression (P = 0.001) [see Additional
file 5].

Discussion
IBC is a rare but highly aggressive form of breast cancer
with symptoms that develop rapidly (i.e., weeks or
months) after initial diagnosis [38]. Current IBC-specific
treatments are very limited and development of new
therapeutics is needed, specifically therapies against
pathways that mediate the aggressive IBC phenotype.
IBC is, however, not amenable to laboratory investiga-
tions as there are only two commercially available IBC
cell lines (SUM149 and SUM190) for in vitro investiga-
tions and one human xenograft model (MARY-X)
[25,39]. Our approach in this study was to investigate
which proteases expressed by SUM149 and SUM190
IBC cells are associated with caveolin-1, which is highly
expressed in IBC in vivo [7,16], participate in ECM
degradation and invasion and confirm the presence of
these proteases in IBC patient samples. Our findings
implicate cathepsin B as one contributor to the aggres-
sive IBC phenotype.
Cathepsin B had previously been shown to activate

pro-uPA, a serine protease and member of the plasmi-
nogen cascade involved in ECM degradation, matrix
metalloproteinase (MMP) activation, and tumor cell
invasion [19]. In SUM149 cells, uPA and its receptor
uPAR colocalize with active cathepsin B in caveolae.
The presence of active cathepsin B in caveolae of IBC

cells suggests a potential role for this enzyme in pericel-
lular proteolysis as was previously shown in colon carci-
noma cells. Downregulation of caveolin-1 in the colon
carcinoma cells decreases cathepsin B localization to
caveolae in parallel with decreases in ECM degradation
and cell invasion [12]. In the SUM149 cells in this
study, which co-express cathepsin B and caveolin-1, we
determined that degradation of type IV collagen was
predominantly pericellular and that a cell impermeant
cathepsin B inhibitor reduced their degradation of type
IV collagen and invasion. Although significant, the lack
of complete inhibition suggests that cathepsin B was
only one of several proteases in the SUM149 cells that
degrade type IV collagen and mediate invasion. Rao and
colleagues have demonstrated that downregulation of
cathepsin B and MMP9 more effectively reduces inva-
sion of prostate tumor cells in vitro and tumor growth
in vivo than downregulation of either cathepsin B or
MMP9 [40]. On the other hand, downregulation of
cathepsin B and uPAR more effectively reduces invasion
of human glioma cells in vitro and in vivo in an intra-
cranial xenograft model than downregulation of either
cathepsin B or uPAR [41]. The above studies indicate
that proteases can compensate for one another. There is
in addition functional redundancy, including among
cysteine cathepsins [6,42]. A striking example is the
redistribution of active cathepsin × to the surface of
mammary tumor cells isolated from mice deficient in
cathepsin B that had been crossed with mice predis-
posed to develop mammary cancer, in this case MMTV-
PyMT transgenic female mice. Moreover, cathepsin ×
neutralizing antibodies reduced invasion of the cathepsin

Figure 4 Active cathepsin B is localized to caveolae-enriched fractions of SUM149 3D cultures. Caveolae from SUM149 3D cultures were
isolated by a detergent-based method, as described in Materials and Methods, that separates Triton X-100-soluble (TS; non-caveolae) from Triton
X-100-insoluble (TI; caveolae) cellular fractions. (a) Equal-volume aliquots of each fraction were analyzed by SDS-PAGE and immunoblotted with
antibodies against cathepsin B or caveolin-1. (b) TS and TI fractions were assayed for enzymatic activity against the synthetic cathepsin B
substrate Z-Arg-Arg-NHMec. Cathepsin B activity in both TS and TI fractions was inhibited by 10 μM CA074; *, P < 0.01.
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Figure 5 Inhibition of cathepsin B activity reduces degradation of DQ-collagen IV by SUM149 3D cultures. SUM149 cells were grown as
3D reconstituted basement membrane overlay cultures containing DQ-collagen IV in the presence of either DMSO (vehicle control) or 10 μM
CA074. Confocal Z stack images were captured and used to generate 3D reconstructions (see legend for Figure 2 for detail) [see Additional files
3 and 4]. (a) Representative 3D reconstructions of DQ-collagen IV degradation products (green), SUM149 nuclei (stained with Hoechst 33342,
blue) and corresponding DIC images (insets). (b) Corresponding intensity map (red being most intense and blue least intense) of DQ-collagen IV
degradation products. Magnification, 40×. (c) Quantification of proteolysis in the entire volume of 3D structures measured as the average
integrated intensity of fluorescence per cell and expressed as percent control. Results from three independent experiments are presented as
mean ± standard deviation; *, P < 0.02.
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