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ABSTRACT

Cysteine cathepsin proteases contribute to many normal cellular functions, and
their aberrant activity within various cell types can contribute to many diseases,
including breast cancer. It is now well accepted that cathepsin proteases have numerous
cell-specific functions within the tumor microenvironment that function to promote
tumor growth and invasion, such that they may be valid targets for anti-metastatic
therapeutic approaches. Using activity-based probes, we have examined the activity and
expression of cysteine cathepsins in a mouse model of breast cancer metastasis to bone.
In mice bearing highly metastatic tumors, we detected abundant cysteine cathepsin
expression and activity in myeloid-derived suppressor cells (MDSCs). These immature
immune cells have known metastasis-promoting roles, including immunosuppression
and osteoclastogenesis, and we assessed the contribution of cysteine cathepsins to
these functions. Blocking cysteine cathepsin activity with multiple small-molecule
inhibitors resulted in enhanced differentiation of multinucleated osteoclasts. This
highlights a potential role for cysteine cathepsin activity in suppressing the fusion
of osteoclast precursor cells. In support of this hypothesis, we found that expression
and activity of key cysteine cathepsins were downregulated during MDSC-osteoclast
differentiation. Another cysteine protease, legumain, also inhibits osteoclastogenesis,
in part through modulation of cathepsin L activity. Together, these data suggest that
cysteine protease inhibition is associated with enhanced osteoclastogenesis, a process
that has been implicated in bone metastasis.

metastasis to lung and bone. Likewise, enforced tumor cell
expression of an endogenous cysteine cathepsin inhibitor,
Stefin A, had similar effects [7], as did systemic treatment
with a small-molecule cathepsin B inhibitor, CA074 [6].
In addition to their roles within tumor cells, cysteine

INTRODUCTION

Breast cancer metastasis to lung and bone poses
a serious threat to life. Cysteine cathepsins comprise a
family of proteases that have been widely implicated

in primary breast tumor invasion and progression
[1-5]. We have recently demonstrated a critical role for
tumor-derived cathepsin B using the syngeneic 4T1.2
model of murine breast cancer metastasis [6]. Tumor
cell knockdown of cathepsin B significantly abrogated

cathepsins have been shown to have disparate functions in
stromal cells within the tumor microenvironment [4, 8—10].
Blocking protease activity may therefore have varied effects
depending on the target cell, timing of administration,
and the specificity of any inhibitor for a particular target
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protease. For this reason, protease inhibitors have largely
failed as therapeutic agents in the clinic [11, 12]. To improve
their chance of success, a more detailed understanding of
the cell-specific localization, timing and function of protease
activation is absolutely essential. The 4T1 series of murine
breast cancer cells is ideal for studying cell-specific roles
of proteases since it utilizes syngeneic immunocompetent
mice [13—15]. This allows for accurate cross-talk between
tumor and host cells, including immune cells. This isogenic
series comprises cells that are highly metastatic to lung and
bone (4T1.2) and those that are non-metastatic (67NR)
[14], allowing assessment of the contribution of tumor and
stromal cysteine cathepsins to metastatic progression.

Myeloid-derived suppressor cells (MDSCs) are one type
of immature immune cell that dramatically expands during
4T1 metastasis [16—19], as well as in breast cancer patients
[20, 21]. The canonical function of these cells is to suppress
T cell proliferation through modulation of arginine and cysteine
availability and production of nitric oxide and reactive oxygen
species [22, 23]. In addition to their immunosuppressive
functions, MDSCs can also promote angiogenesis, and
have even been shown to become incorporated into the
endothelium [24]. Furthermore, MDSCs within the bone
microenvironment can differentiate into functional osteoclasts
capable of degrading bone [25, 26]. They have also been
implicated in the formation of a pre-metastatic niche, creating a
microenvironment in distant organs that is favorable for tumor
growth [27, 28]. Taken together, this suggests that MDSCs
have important roles in promoting metastatic outgrowth in the
bone microenvironment.

A proteomic study recently demonstrated that cathepsin
B expression in MDSCs isolated from mice bearing 4T1
tumors was three-fold increased compared to cells isolated
from mice bearing 67NR mammary tumors [29]. Cathepsin
activity was also shown to be abundant in tumor cells and
MDSCs isolated from 4T1 mammary tumors [30]. These data
led to the hypothesis that cathepsins derived from MDSCs,
in addition to tumor cells, play pro-metastatic roles. We have
utilized quenched activity-based probes in combination with
cathepsin-specific inhibitors to carefully assess cathepsin
levels and function within the tumor microenvironment. We
show that MDSC-derived cathepsin activity decreases during
osteoclastogenesis and that cathepsin inhibitors promote
osteoclast differentiation. Further, we show that inhibition of
legumain, a protease known to promote cathepsin activity, has
a similar effect. Together, this suggests that cysteine cathepsin
proteases have a suppressive role in osteoclasteogenesis, a
very important process in bone metastasis.

RESULTS

Cysteine cathepsin levels are increased in mice
bearing metastases

To examine metastasis-dependent changes in
cysteine cathepsin activity, we utilized the quenched

activity-based probe, BMV109 [19]. Quenched activity
based-probes are small molecules that are intrinsically
dark and emit fluorescence only when cleaved by
proteases, thereby reporting levels of protease activity
[31]. BMV109 is a pan-cysteine cathepsin probe that
allows for simultaneous monitoring of cathepsins X, B,
S, and L [19]. Breast cancer cells, either 67NR (non-
metastatic) or 4T1.2 (metastatic), were injected in the
fourth mammary gland of mice. When signs of lung and
bone metastasis were evident in the 4T1.2 mice (labored
breathing and/or paralysis; approximately 25 days),
we injected BMV109 intravenously. Six hours later,
tissues were harvested and imaged ex vivo for cathepsin-
dependent fluorescence (Figure 1a). We observed similar
levels of cathepsin activity in 67NR and 4T1.2 primary
tumors (Figure la). Tissues bearing 4T1.2 metastases
(lung and spine), however, exhibited increased activity
(Figure 1a).

To determine exactly which cysteine cathepsins were
contributing to the ex vivo fluorescence, the tissues were
lysed and analyzed by fluorescent SDS-PAGE. We observed
several bands corresponding to active cathepsin X, B, S, and
L (Figure 1b). The identity of these bands was confirmed
by immunoprecipitation with cathepsin-specific antibodies
(Supplementary Figure S1a). We also performed western blots
on these tissue lysates to survey total cathepsin expression.
Cathepsin X, B, S, and L were expressed to similar extents
in 67NR and 4T1.2 primary tumors (Figure 1¢). In contrast,
lungs with 4T1.2 metastases exhibited a strong increase in
cathepsin expression/activity compared to lungs from mice
bearing non-metastatic 67NR tumors (Figure la—1c). This
was also observed in the spine, but to a lesser extent, which is
in line with a lower metastatic burden in bone. Surprisingly,
we also observed a substantial increase in the activity and
expression of cathepsin X, B, and L in mononuclear cells
isolated from the peripheral blood of mice with metastases
(Figure 1b-Ic). This indicates that cathepsin activity is
systemically upregulated during metastasis.

Cysteine cathepsins are active in myeloid-
derived suppressor cells

We next used flow cytometry to assess levels of
cathepsin activity in tissues obtained from metastatic
and non-metastatic mice injected with BMV109. The
proportion of BMV109" cells was similar in 67NR and
4T1.2 primary breast tumors; however, in lung, bone
marrow, and blood of mice bearing metastases, this
proportion was increased (Figure 2a). A large percentage
of the cells producing active cathepsins were myeloid-
derived suppressor cells of both neutrophilic (CD11b*/
Ly6G") and monocytic (CD11b*/Ly6C*/Ly6G-) subsets
(Figure 2b). Both of these populations were dramatically
expanded in tissues from mice with metastasis; however,
the neutrophilic subsets were considerably more abundant
(Figure 2¢ & Supplementary Figure S2).
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Figure 1: In vivo characterization of cysteine cathepsin levels in tissues from tumor-bearing mice. a. Mice bearing 67NR
or 4T1.2 primary tumors were injected with BMV 109, and primary tumors, lungs and spines were imaged ex vivo for fluorescence due to
cathepsin activity. Minimum and maximum values were set for each tissue type as follows [(p/sec/cm?/sr)/(uW/cm?)]: Tumor 4e¢8—1.4¢9;
Lung 3e8-9e8; Spine 2.7¢8-9.2¢8. b—c. Tissues in (a) as well as peripheral blood mononuclear cells were lysed and analyzed by SDS-
PAGE. (b) BMV109 labeling indicates cathepsin activity (top panel) while (c) western blots with cathepsin-specific antibodies indicate
expression (bottom panels). Darker bands indicate higher activity/expression. Two representative samples are shown for each tissue.
Ponceau staining was used to ensure that equal protein was loaded.

To identify precisely which cysteine cathepsins
are active in MDSCs, we also sorted cells from tissues
by flow cytometry and labeled them with BMV109
ex vivo. CD11b"/Ly6G* neutrophilic MDSCs produced
active cathepsin X and B, whereas CD11b"/Ly6C*/Ly6G
monocytic MDSCs contained active S and L in addition
to X and B (Figure 2d & Supplementary Figure S1b).
Cathepsin activity in MDSCs derived from bone marrow
of 67NR and 4T1.2 mice were comparable (Figure 2d).
Interestingly, however, cathepsin B levels were substantially
higher in MDSCs isolated from the bone marrow of 4T1.2
mice compared to those taken from lungs (Figure 2d). This
was observed in both MDSC subsets. These results suggest
differential regulation of MDSC-derived cathepsin B within

the bone microenvironment. While cathepsin levels in
bone marrow MDSCs from metastatic and non-metastatic
mice are not different on a per cell basis, the number of
MDSCs in the 4T1.2 mice is vastly higher (Figure 2c).
Hence, given the abundance of MDSCs in 4T1.2 mice,
there is substantially higher cathepsin activity in the bone
microenvironment.

Cysteine cathepsins do not contribute to immune
suppression by MDSCs

Considering it was clear that cathepsins were highly
expressed in MDSCs, we next examined whether cathepsin
activity could contribute to the canonical immunosuppressive

www.impactjournals.com/oncotarget

27010

Oncotarget



O 67NR Neutrophilic

[ 67NR Neutrophilic

a. b. O 4T1.2 Neutrophilic C. O 4T1.2 Neutrophilic
B 67NR Monocytic 100 B 67NR Monocytic
100 067NR - 100 B 4T1.2 Monocytic N W 4T1.2 Monocytic
w 80 D4T1.2 B 80 o 80 b *
= + *% 6
§ 60 S &0 . % 60
© s -
2 4 *kk é 40 ;? 40 % ek
‘5 *kKk m Oc
R 20 |:. J B 20 « S 20
o\o * *% *
¢ Tumor Lung Bone Blood Tumor Lung Bone Blood Tumor Lung Bone Blood
Marrow Marrow Marrow
d. CD11b*/Ly6C"Monocytic MDSCs CD11b*/Ly6G*Neutrophilic MDSCs
67NR BM 4T1.2 BM 4T1.2 Lung 67NR BM 4T1.2 BM 4T1.2 Lung
3 XIS
25 - — — — e Al X — B
e w e WD S— G—— S/L
20 L

BMV109 Labeling: Cathepsin Activity

Figure 2: MDSCs produce active cysteine cathepsins. BMV109-labeled tissues were dissociated into single cell suspensions and
analyzed by flow cytometry. a. Comparisons of the percentages of BMV 109" cells in tissues from 67NR and 4T1.2 tumor-bearing mice.
Error bars represent SEM. b. The percentage of the BMV 109" cells in (a) that were positive for CD11b and Ly6G (neutrophilic MDSC
markers) or CD11b and Ly6C (monocytic MDSC markers). ¢. The percentage of all cells that are neutrophilic or monocytic MDSCs. For
(a-c) asterisks indicate statistical significance between the percentage of 67NR and 4T1.2 cells within each subset. *p < 0.05, **p < 0.01,
**%kp < 0.001. d. Cathepsin activity in sorted neutrophilic and monocytic MDSCs from bone marrow and lungs of 67NR or 4T1.2 tumor-

bearing mice. Darker bands indicate higher activity.

functions of MDSCs. Splenocytes from naive mice were
labeled with CFSE and cultured in the presence and absence
of Gr-1" (Ly6C"/Ly6G") cells that were isolated from blood
or bone marrow of mice bearing 4T1.2 experimental bone
metastases. When stimulated with CD3 and CD28, CD4*
and CD8" T cells exhibited substantial proliferation, as
evidenced by dilution of their CSFE label (Supplementary
Figure S3). Proliferation was reduced in the presence of
blood MDSCs, and this was even more pronounced with
bone marrow MDSCs. Neither T cell proliferation nor
MDSC suppression was altered by the addition of cathepsin
inhibitors (CA074: cathepsin B-selective inhibitor [32]
or JPM-OEt: pan cathepsin inhibitor [33]). These data
suggest that cathepsins do not contribute to T-cell specific
immunosuppressive functions of MDSCs.

Inhibitory role for cysteine cathepsins during
osteoclast differentiation

Given the increased cathepsin B activity in MDSCs
derived from bone marrow compared to lung, we next
examined whether cathepsin activity was required for the
differentiation of MDSCs into multinucleated osteoclasts.

CDI11b"/Gr-1* MDSCs isolated from the bone marrow
of mice bearing 4T 1.2 bone metastases were stimulated
with RANK ligand (RANKL) and M-CSF to undergo
osteoclastogenesis. Unexpectedly, osteoclast formation
was significantly enhanced when cells were differentiated
in the presence of the cathepsin-B specific inhibitor,
CA074, and even more strikingly with JPM-OEt, the
pan-cathepsin inhibitor (Figure 3a). CD11b*/Ly6C*/
Ly6G- monocytic MDSCs exhibited a similar response
to cathepsin inhibition, whether isolated from tumor-
bearing or naive bone marrow (Figure 3a). CDI11b"/
Ly6G* neutrophilic MDSCs, on the other hand, did not
form osteoclasts (not shown). Differentiation of total bone
marrow from naive mice was also enhanced by cathepsin
inhibition (Figure 3a), and this was observed at both
high and low concentrations of RANKL (Figure 3b). To
quantify this enhancement, we measured osteoclast surface
area and found that the average cell size was significantly
increased by cathepsin inhibitors in a dose-dependent
manner (Figure 3c¢).

Cathepsin inhibition could influence osteoclast size
in one of two ways: 1) increasing proliferation rates of
precursor cells allowing more fusion events to occur or
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Figure 3: Cysteine cathepsin inhibition promotes osteoclast fusion. a. TRAP staining of osteoclasts differentiated with
M-CSF/RANKL in the presence of 50 uM CA074, JPM-OEt or DMSO vehicle control. CD11b"/Gr-1" 4T1.2 MDSCs and CD11b*/Ly6C*
4T1.2 MDSCs were isolated from mice with experimental 4T1.2 metastasis. CD11b"/Ly6C* Naive MDSCs and total bone marrow were
harvested from naive, non-tumor-bearing mice. Bone marrow cells cultured without RANKL (rightmost column) did not form osteoclasts.
b. Dose response of RANKL treatment of naive total bone marrow cells stimulated with M-CSF and either DMSO or 50 uM JPM-OEt.
c. Quantification of surface area of osteoclasts differentiated with increasing doses of CA074 or JPM-OEt. > 250 osteoclasts were measured
for each condition. ***p < 0.001 d. SRB proliferation assay of naive bone marrow cells cultured with M-CSF for 4 days. Error bars

represent SEM.
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2) enhancing the rate of fusion itself. To investigate the
former possibility, we examined proliferation rates of
cells cultured in the presence of M-CSF alone. Cathepsin
inhibition did not significantly impact the density of
precursor cells differentiated with M-CSF only as shown
by TRAP staining (Figure 3a) and SRB proliferation
assay (Figure 3d). Differences between control and
cathepsin-inhibited cells were not evident until day 4 of
differentiation, which further indicates that this effect was
not due to enhanced proliferation, but rather, enhanced
fusion of precursor cells.

Increased differentiation/fusion by cathepsin
inhibition was also observed when osteoclasts were
differentiated on bovine cortical bone slices (Figure 4a),
and importantly, these cells were functional in bone
degradation assays (Figure 4b—4c).

Cysteine cathepsin activity is naturally
downregulated during osteoclastogenesis

Next we performed a biochemical analysis of
cathepsin activity and expression during osteoclastogenesis
in both MDSC and total bone marrow cultures. Cells
were analyzed immediately after harvesting or seven days
after stimulation with either M-CSF alone (macrophage
precursors) or M-CSF/RANKL (mature osteoclasts). During
the transition from naive cells to macrophages, activity of
cathepsin X, B, S, and L was strongly upregulated (Figure 5a
& Supplementary Figure S1c). As expected, differentiation
to osteoclasts was marked by a sharp increase in cathepsin K
activity/expression (Figure 5a—5b). Expression of cathepsin
B, L, and X was concomitantly decreased (Figure 5b). This
suggests that these cathepsins are naturally downregulated
during differentiation from macrophages to osteoclasts,
supporting an inhibitory function during osteoclastogenesis.
This was also evident in fluorescent images of cells labeled
with BMV109. Cathepsin signal was lower and more
diffuse in osteoclasts than in mononuclear precursor cells in
the same culture (Figure 6). Cathepsin S, on the other hand,
was not downregulated, but present as two higher molecular
weight species, indicating that this protease is differentially
processed in osteoclasts (Figure 5b).

Labeling of cathepsin B by BMV 109 was uniquely
blocked by treatment with the cathepsin B-specific inhibitor
CAO074, while nearly all cathepsin activity was abrogated
when cells were treated with the pan-cathepsin inhibitor,
JPM-OEt (Figure 5a). Cathepsin K activity was inhibited
by JPM-OEt but not CA074, yet its total expression was
increased by both inhibitors (Figure 5a—5b), corresponding
to the enhanced osteoclastogenesis we observed by TRAP
staining (Figure 3a). Cathepsin X, B, S, and L were also
slightly upregulated in the presence of the inhibitors,
reflecting the compensatory nature of the regulation of
these proteases (Figure 5b). We also treated cells with
CAO074-methyl ester (CA074me), which is known to have
increased cell permeability over CA074. While CA074me

increased osteoclast size in a dose-dependent manner, it
was by no means cathepsin B-specific (Supplementary
Figure S4a—S4c), as observed by competition of labeling
of cathepsin X, S, L, and K.

Legumain inhibitors alter cathepsin expression
in osteoclasts

Legumain (asparaginyl endopeptidase) is a related
cysteine protease that has been previously shown to
inhibit osteoclastogenesis through autocleavage of its
C-terminal domain [34, 35]. As we have demonstrated
for cathepsin protein, legumain mRNA levels decrease as
osteoclastogenesis progresses [35]. Since legumain can
regulate cathepsin activity [36], we wondered whether
the legumain-specific inhibitor LI-1 [37] would affect
cathepsin activation during osteoclastogenesis. LI-1
dramatically increased the surface area of osteoclasts, to
an even greater extent than any of the cathepsin inhibitors
(Figure 7a). Osteoclasts were also larger in the presence
of LI-1 when cultured on bone slices, and these cells were
functional in pit assays (Figure 7b).

We also utilized the quenched activity-based probe
LE28 [38] to biochemically monitor legumain activity in
macrophage precursors and in mature osteoclasts. Legumain
activity was decreased in mature osteoclasts compared to
macrophages, and was completely blocked upon addition
of LI-1 (Figure 7c¢ & Supplementary Figure S1d). Reducing
legumain activity resulted in a dramatic compensation
of expression in macrophages; however, in osteoclasts,
expression was below the threshold of detection for the
antibody (Figure 7d). Cathepsin K expression was increased
upon legumain inhibition; however, cathepsin X, B, and S
were only mildly affected (Figure 7d). Cathepsin L, on the
other hand, was exclusively expressed as a high molecular
weight species when LI-1 was added (Figure 7d). When
cells were labeled with the BMV109 cathepsin probe
after LI-1 treatment, cathepsin L activity was not detected
(Figure 7e). Conversely, cathepsin inhibition had no
impact on legumain activity (Figure 7e). This suggests
that legumain is responsible for cleavage and activation
of cathepsin L in osteoclasts. Legumain inhibitors may
therefore regulate osteoclastogenesis by blocking legumain
activity directly as well as through modulation of cathepsin
activity.

DISCUSSION

Cysteine cathepsins have been widely studied in the
context of cancer; however, their site-specific functions
are only just beginning to be understood [39]. Joyce and
colleagues have elegantly demonstrated that the cellular
source of proteases can impact its function. Cathepsins
supplied by primary tumor cells and tumor-associated
macrophages function in unique ways [8, 9]. To further
complicate the picture, some cathepsins have distinct
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Figure 4: Cysteine cathepsin inhibition enhances osteoclast activity on bone slices. a. CD11b"/Gr-1" MDSCs were seeded
on bovine cortical bone slices and stimulated with M-CSF and RANKL in the absence and presence of CA074 or JPM-OEt. After 7 days,
cells were stained for TRAP activity. b. Total bone marrow cells were seeded on bovine cortical bone slices and stimulated with M-CSF
and RANKL in the absence and presence of CA074 or JPM-OEt. On day 13, osteoclasts were removed and bone slices were stained with
toluidine blue to visualize pit formation/bone degradation by osteoclasts. ¢. A higher magnification of bone slices depicted in (b).

substrates at sites of secondary tumor growth, giving
rise to additional, organ-specific functions [4]. As such, a
systemic assessment of the tumor and stromal function of
cathepsins is required for developing therapies based on
cathepsin inhibition.

We used a biochemical approach to simultaneously
monitor the activity and expression of cathepsins X, B,
S, and L in a mouse model of breast cancer metastasis.
Western blotting allowed us to examine the regulation
of cathepsins at the expression level, and the use of
the BMV109 activity-based probe revealed a deeper
understanding of the post-translational regulation of the
active pools of enzymes. Cysteine cathepsin levels were
systemically increased in 4T1.2-bearing mice compared to
those with 67NR tumors, both at distant sites of metastasis
and in peripheral blood.

Myeloid-derived suppressor cells have been
identified as important promoters of metastasis in mouse

models of breast cancer and in human patients [16].
MDSCs have been previously identified as cathepsin-
producing cells [10, 29, 30]. In a proteomic study,
cathepsin B expression was reported to be increased in
CD11b"/Gr-1" MDSCs from spleens of mice bearing 4T1
compared to 67NR tumors [29]; however, no indication of
the functional, active, pool of cathepsin B was previously
reported. We used BMV109 to examine the activity of
cathepsins within neutrophilic and monocytic MDSC
populations isolated from lung and bone marrow, the most
common sites of metastasis. While the cathepsin profile
differed between the two subsets, we did not observe
significant changes in activity between cells isolated from
the bone marrow of metastatic and non-metastatic mice.
The amount of protein that we were able to obtain from
the sorted MDSCs was below the threshold of detection
for the antibody; however, if total expression was indeed
increased as the proteomics experiment suggests, the
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Figure 5: Biochemical analysis of cysteine cathepsin activity and expression in precursors and mature osteoclasts.
a. Cathepsin activity and b. expression in unstimulated cells, macrophage precursors stimulated with M-CSF only, and mature osteoclasts
stimulated with M-CSF and RANKL. The left side depicts cells differentiated from total bone marrow of naive mice, while the right side is
CD11b"/Gr-1" MDSCs from mice with 4T1.2 experimental metastasis. Darker bands indicate higher activity/expression.

impact on activity may be negated by increased levels
of endogenous cathepsin inhibitors in metastatic MDSCs
identified in the same study [29]. Further investigation of
the relationship between cathepsin and cystatin regulation
within MDSCs is of ongoing interest. While levels of
active cathepsins in the bone marrow were not affected
by metastasis on a per cell basis, the number of cathepsin-
expressing cells was greatly increased by the presence of
4T1.2 outgrowths. There is no question that the amount of
MDSC-derived cathepsin activity within the bone tumor
microenvironment was increased.

Since cathepsins can be secreted into the extracellular
space, MDSC-derived cathepsins may impact tumor cell
growth and invasion or have direct effects on MDSC
function. We saw no contribution of cathepsin activity to
immunosuppression of T cell activation by MDSCs; therefore,
we focused on the bone-specific functions of MDSCs.
Previous studies describing the osteoclastogenic potential
of MDSCs [25, 26] have used CD11b"/Gr-1* populations,
which encompasses both the Ly6G* (neutrophilic) and
Ly6C* (monocytic) MDSCs. As we have observed in this
study and others, these subsets are quite heterogeneous in
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Figure 6: Cysteine cathepsin activity is downregulated in mature osteoclasts compared to macrophage precursors.
Osteoclasts were differentiated in the presence of M-CSF and RANKL, labeled with BMV109, and imaged by confocal fluorescent
microscopy. Red indicates cathepsin activity and blue depicts DAPI staining of nuclei.

their function. The neutrophilic MDSCs simply did not
form osteoclasts, while the monocytic ones did. While
the monocytic cells may be a small proportion of the total
“MDSC” pool, they have unique functions and are likely
playing important roles in the bone tumor microenvironment.
It is quite likely that cathepsins are important for the function
of neutrophilic MDSCS as well; however, their roles in this
context are still poorly understood. Other MDSC-derived
proteases such as matrix metalloproteases have been shown
to be important for promoting angiogenesis within the tumor
microenvironment [24]. The serine protease uPA produced by
tumor cells contributes to MDSC recruitment into the tumor
microenvironment [40]. It is possible that cysteine cathepsins,
and likely other families of proteases, may be important for
these functions as well.

Based on existing literature investigating the
contribution of cathepsins during macrophage-to-osteoclast
differentiation, we initially hypothesized that cathepsin
inhibition would prevent MDSC precursors from becoming
osteoclasts. The endogenous cathepsin inhibitor Cystatin
C, as well as non-selective chemical inhibitors CA-
074me and E64, have been shown to inhibit osteoclast
formation and bone resorption [41-44]. In our hands, we
were quite surprised to see that, not only did osteoclasts
form in the presence of cathepsin inhibitors, they were
larger and more functional than control-treated MDSCs.
These larger osteoclasts also expressed higher levels of the
osteoclast-specific protease, cathepsin-K. The increased
osteoclastogenesis observed after cathepsin inhibition was
not MDSC- or cancer-dependent, as cathepsin inhibition had
the same effect on osteoclastogenesis of total bone marrow

from naive Balb/c mice. This observation was reproduced in
multiple experiments using multiple inhibitors at a range of
RANKL concentrations. We cannot explain the inconsistency
of our results with the published studies, but it may be
down to differences in mouse strains, sources of cytokines,
or isolation/differentiation protocols. In any case, we have
shown that cells can indeed differentiate into osteoclasts
without the activity of the major cathepsin players. In
support of our results, bone marrow macrophages from
cathepsin B null mice do not have reduced osteoclastogenic
potential [43]. Previous inhibitor studies have lacked follow-
up biochemistry with activity-based probes, whereas we
have confirmed inhibition of target proteases by multiple
inhibitors. The fact that legumain also inhibits osteoclast
differentiation and is known to increase cathepsin activity
supports our findings that cathepsins inhibit, rather than
accelerate, osteoclastogenesis. While our evidence conflicts
with the above-mentioned reports, we feel it is important
to highlight given the impact of osteoclastogenesis on bone
metastasis and the fact that targeting cathepsin B or other
cathepsin proteases could actually have detrimental effects
by promoting the “vicious cycle” of bone degradation and
tumor growth.

Our analyses have also revealed complex regulation
of cathepsin expression and activity during the transition
from MDSC/macrophage precursors to osteoclasts. Previous
studies have suggested that cathepsin K is the dominant
cathepsin in osteoclasts [45] and that B, L, and S mRNA
levels are 20-, 130- and 400-fold lower, respectively
[46]; however, we have shown that they are present and
proteolytically active in detectable quantity. While cathepsin
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Figure 7: Legumain inhibitors promote osteoclastogenesis through modulation of cathepsin L activation. a. Average
surface area of osteoclasts differentiated with increasing concentrations of the legumain inhibitor LI-1. > 250 cells were measured for each
condition. Error bars represent SEM. ***p <0.001 b. TRAP staining on bone and pit assay of osteoclasts differentiated with LI-1 or DMSO
control. ¢. Biochemical assessment of legumain activity by LE28 labeling as well as d. western blots depicting expression of legumain
and cathepsins. e. BMV109 labeling (cathepsin activity) and LE28 labeling (legumain activity) in osteoclasts treated with cathepsin and
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K is strongly upregulated during the transition from
MDSCs/macrophages to osteoclasts, cathepsin X, L, and B
expression and activity are downregulated. This observation
agrees with previous data demonstrating that cathepsin B
mRNA levels are decreased in mature osteoclasts [43]. By
contrast, cathepsin S expression is not downregulated but it
is present in osteoclasts as a less mature species. These data
indicate that cathepsin activity is naturally downregulated
during osteoclastogenesis, and that cathepsin inhibitors or,
indirectly, legumain inhibitors further augment this effect.
We hypothesize that cathepsin activity may normally inhibit
fusion of osteoclast precursors through cleavage of proteins
that are required for membrane fusion. One potential target is
E-cadherin, a well-known cathepsin substrate [9]. Antibodies
blocking E-cadherin negatively impact osteoclast fusion
[47] as does a dominant negative form of N-cadherin [48].
Reduced cathepsin activity may consequently increase
cadherin levels, resulting in enhanced osteoclast fusion.
The delayed onset of the effect of cathepsin inhibitors (after
day four) and their lack of impact on precursor proliferation
provide further support that this is a fusion-mediated effect.

Increased osteoclast activity in the bone tumor
microenvironment has been associated with enhanced
metastasis and bone degradation, and osteoclasts may have
roles in promoting outgrowth from tumor cell dormancy
[49]. Many groups, including ours, have suggested
that targeting specific cathepsins is a valid therapeutic
approach in breast cancer [6, 7, 50]. Our current study
supports a possible bone metastasis suppressive function
of MDSC-derived cathepsins and legumain, and this
should be further investigated before considering such
therapies as anti-metastatic approaches.

MATERIALS AND METHODS

Cell lines

4T1.2-luc2-mCherry and 67NR-mCherry cells were
developed by Robin Anderson’s laboratory at the Peter
MacCallum Cancer Centre, originally from the Miller
series of cell lines [13—15]. Both lines were maintained
in Minimal Essential Media (alpha modification) +
L-glutamine (MEM alpha; Gibco) supplemented with 5%
fetal bovine serum and 1% penicillin/streptomycin at 37°C
with 5% CO,. For passaging, cells were washed twice with
PBS and lifted with 0.01% EDTA at 37°C.

Mouse models

All animal experiments were approved by the La
Trobe University Animal Ethics Committee.

Spontaneous metastasis model

All experiments were performed on 7-week old female
Balb/c mice purchased from the Walter & Eliza Hall Institute.

Tumor cells (100,000 in 20 pl PBS) were injected into the
fourth mammary fat pad of mice anesthetized with isoflurane.
Upon signs of metastasis (day 21-27), tissues were harvested
for MDSC analysis. Alternatively, mice were intravenously
injected with the activity-based probe, BMV109 (5 nmol in
100 pl of 20% DMSO/PBS). After six hours, tissues were
harvested and imaged for Cy5 fluorescence on an IVIS
Lumina-XR III in vivo imaging system (Perkin Elmer).
Tissues were then divided for further analysis.

Experimental metastasis model

Mice were anesthetized using isoflurane and
tumor cells (30,000 in 100 pl) were injected into the left
cardiac ventricle using a 26-gauge needle. Signs of bone
metastasis became evident after 10—13 days, at which
point, bones were harvested to obtain MDSCs.

Flow cytometry and MDSC isolation

Tumors and lungs were minced with a razor blade
followed by digestion with collagenase (1 mg/mL) and
DNasel (30 pg/mL) in RPMI with 5% FBS for 1.5 hours
at 37°C. Bone marrow was obtained by flushing bones
with FACS buffer (2% FBS, 1% pen/strep in PBS). Single
cell suspensions were subject to erythrocyte depletion
with red blood cell lysis buffer (150 mM NH,CI, 1 mM
KHCO,, 0.1 mM EDTA) followed by two washes with
FACS buffer. Cells were then stained with the indicated
antibodies for 10 minutes at room temperature before
flow cytometry analysis. [rat anti-mouse Gr-1-PerCP
(Biolegend, #108426, clone RB6-8C5); rat anti-mouse
CD11b-FITC (BD Biosciences, #553310, clone M1/70);
rat anti-mouse Ly6G-PE (BD Biosciences, #551461, clone
18A); rat anti-mouse Ly6C-APC (eBioscience, # 17-5932-
82, clone HK1.4)] Sorting experiments were performed on
a BD FACSAurialll cell sorter and all others were analyzed
on a BD FACSCantoll. Analysis was performed using
FlowJo software. Average percentages were reported with
error bars representing standard error of the mean.

T cell suppression assay

Blood and bone marrow were harvested from mice
10 days after intracardiac injection with 4T1.2 tumor cells.
After erythrocyte depletion, cells were washed with FACS
buffer and rat anti-mouse Gr-1 antibody (eBioscience, #
14-5931-82, clone RB6-8C5) was added at 5 pg/mL for 30
minutes on ice. Unbound antibody was removed by washing
twice with FACS buffer, and BioMag goat anti-rat I1gG
magnetic beads (Qiagen) were added at 10:1 bead-to-cell
ratio. Tubes were nutated for 30 min at 4°C followed by 3
washes with FACS buffer with the assistance of a BioMag
Magnet. Bead-bound cells were then analyzed for purity by
flow cytometry and were shown to be >95% CD11b". Total
splenocytes were obtained from a naive mouse by mechanical
dissociation with a 100-um cell strainer. Cells were labeled
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with carboxyfluorescein succinimide ester CFSE (1 uM) for
eight minutes at room temperature followed by two washes
with FBS-containing media. Labeled splenocytes (100,000)
were then stimulated to proliferate with MEM alpha
medium supplemented with 5% FBS, CD3 (200 ng/mL)
and CD28 (1 pg/mL). Gr-1" MDSCs (100,000) were added
where indicated in the presence of cathepsin inhibitors
(50 uM) or DMSO vehicle. After a 72-hour incubation at
37°C, cells were labeled with antibodies for CD4 and CD8:
rat anti-mouse CD4-APC (eBioscience, # 17-0042-82, clone
RM4-5); rat anti-mouse CD8-APC-eFluor780 (eBioscience,
#47-0081-82, clone 53.6-7). T cells were then analyzed for
loss of CFSE by flow cytometry.

Protease labeling and western blotting

Cells were washed with PBS and lysed by freezing in
citrate buffer (50 mM citrate, pH 5.5, 0.5% CHAPS, 0.1%
Triton X-100, 4 mM DTT). Supernatants were cleared by
centrifugation. Total protein concentration was determined
by BCA assay (Pierce). Activity-based probes [BMV109
(0.1 uM) or LE28 (1 uM)] were added to lysates from a
100x stock, and proteins were incubated at 37°C for 45
minutes [51]. Reaction was stopped by addition of 4x sample
buffer (40% glycerol, 200 mM Tris-Cl, pH 6.8, 0.04%
bromophenol blue, 5% beta-mercaptoethanol) followed
by boiling for five minutes. Total protein (30-50 pg) was
resolved by SDS-PAGE (15%). Gels were then scanned
for Cy5 fluorescence using a Typhoon flatbed laser scanner
(GE Healthcare). Where required, gels were transferred to
nitrocellulose membranes using a Trans-Blot Turbo Transfer
System (BioRad) and subject to standard western blotting
protocols. Antibodies: goat anti-cathepsin X (1:1000; R&D
AF1033), goat anti-cathepsin B (1:1000; R&D AF965),
goat anti-cathepsin L (1:1000; R&D AF1515), sheep anti-
legumain (1:1000; R&D AF2058), goat anti-cathepsin S
(1:500; Abcam 18822), goat anti-cathepsin K (1:500; Abcam
19027). Tissues labeled with BMV109 in vivo were lysed
by sonication in citrate buffer, and then equal protein was
analyzed by fluorescent SDS-PAGE as above.

Immunoprecipitations

Probe-labeled lysate was divided into input and IP
samples (~50 pg each) [51]. IP samples were diluted in
500 pl IP buffer (PBS, pH 7.4, 0.5% NP-40, 1 mM EDTA),
and 5 ul of the appropriate antibody was added followed
by a 10-minute incubation on ice. Protein A/G beads (40 pl
slurry; Santa Cruz Biotechnology) were then washed with
IP buffer and added to the samples. After rocking overnight
at 4°C, beads were washed four times with IP buffer and
once with 0.9% sodium chloride. 2x sample buffer (20 pl)
was added, and beads were boiled. Supernatants were
resolved by SDS-PAGE alongside input sample, and the gel
was scanned for CyS5 fluorescence using a Typhoon scanner.

Osteoclast assays

MDSCs were isolated as described above. For
experiments using total bone marrow, femurs were
flushed with complete MEM alpha medium. Cells were
resuspended in red blood cell lysis buffer (150 mM NH,Cl,
1 mM KHCO,, 0.1 mM EDTA) to deplete erythrocytes
and then washed with media. Cells were then cultured in
media in a T75 flask at 37°C. The next day, non-adherent
cells were counted and used without further purification.
To stimulate osteoclastogenesis, MDSCs or total bone
marrow were seeded in 96-well plates at 50,000 cells per
well in 100 pl complete MEM alpha medium containing
RANKL (1-100 ng/mL) and/or M-CSF (50 ng/mL) [26].
Inhibitors or DMSO vehicle were added at the indicated
concentration at the time of stimulation with final DMSO
concentrations not exceeding 0.04%. Fresh medium
containing RANKL, M-CSF and inhibitors (30 pl) was
added every two days until mature osteoclasts formed
(five to eight days). TRAP staining was then performed as
described below.

TRAP staining

Cells were washed three times with PBS and then
fixed for 20 minutes at room temperature with 100 pl
acetate buffer (110 mM sodium acetate, 50 mM sodium
tartrate dibasic dehydrate, 0.28% glacial acetic acid, pH
4.8). Napthol AS-BI Phosphate Substrate (44 mM in
2-ethoxyethanol) was diluted in acetate buffer at a ratio
of 1:100, and 100 pl of this solution was added to each
well for 1 hour at 37°C. Sodium nitrite (0.58 M) and
pararosaniline dye (154 mM in 2M HCI) were combined
1:1 and then diluted in acetate buffer at a ratio of 1:25.
The napthol solution was removed from the cells, and
100 pl of the pararosaniline solution was added directly
without any washing step. Cells were incubated at 37°C
for 5-10 minutes until a red stain developed. The reaction
was stopped with three washes in distilled water and
then stored in water at 4°C. Bright-field images were
obtained using a 4x objective on a Nikon Ti Eclipse epi-
fluorescence microscope.

Pit assay

Osteoclasts were cultured as above except on bovine
cortical bone slices (Immunodiagnostic Systems) instead
of plastic. On day 7, bone slices were TRAP stained as
above. For functional analysis, osteoclasts were removed
by mechanical dislodgement with a cotton bud on day
13. Bones were then stained for 10 seconds in a solution
of 0.1% toluidine blue/0.1% sodium borate followed by
extensive washing with water. Pit formation was imaged
using an Olympus dissecting microscope at 1.5x and 4.5x
magnification.
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Fluorescence microscopy

For BMV109-labeling of osteoclasts, cells were
differentiated in 8-well coverglass chambers (Lab-Tek).
BMV109 was added at 1 uM for 2 hours followed by
3 washes in PBS, fixation in 4% paraformaldehyde and
DAPI staining. Cells were imaged immediately in PBS
using a Zeiss Cell Observer spinning disk confocal
microscope with a 20x air objective.

Osteoclast surface area determination

Osteoclasts were differentiated as described above,
except 500,000 cells were seeded in 6-well plates. On
day 7, bright field photos were taken of 50 random fields
of view with a 10x objective. Surface areas of >250
osteoclasts were then measured using Image J software.
Averages were reported with error bars representing
standard error of the mean.

ACKNOWLEDGMENTS

The authors would like to gratefully acknowledge
the staff at La Trobe University Central Animal House
and P. Lock of the LIMS Microscopy and Imaging
Facility for technical assistance. We thank N. Baschuk for
participating in critical discussions about the manuscript.

Abbreviations

MDSC, (myeloid-derived suppressor cell) RANKL,
(Receptor activator of nuclear factor kappa-B ligand)
M-CSF, (macrophage colony stimulating factor) CFSE,
(carboxyfluorescein succinimide ester)

GRANT SUPPORT

This work was supported by NHMRC 1047748 (BSP),
and fellowship funding from ARC and NHMRC (to BSP).

Editorial note

This paper has been accepted based in part on peer-
review conducted by another journal and the authors’
response and revisions as well as expedited peer-review
in Oncotarget.

REFERENCES

1. Sevenich L, Werner F, Gajda M, Schurigt U, Sieber C,
Muller S, Follo M, Peters C, Reinheckel T. Transgenic
expression of human cathepsin B promotes progression and
metastasis of polyoma-middle-T-induced breast cancer in
mice. Oncogene. 2011; 30:54-64.

2. Vasiljeva O, Papazoglou A, Kruger A, Brodoefel H,
Korovin M, Deussing J, Augustin N, Nielsen B.S,
Almholt K, Bogyo M, Peters C, Reinheckel T. Tumor

10.

11.

12.

13.

cell-derived and macrophage-derived cathepsin B pro-
motes progression and lung metastasis of mammary cancer.
Cancer research. 2006; 66:5242-5250.

Lah T.T, Kokalj-Kunovar M, Strukelj B, Pungercar J, Barlic-
Maganja D, Drobnic-Kosorok M, Kastelic L, Babnik J,
Golouh R, Turk V. Stefins and lysosomal cathepsins B, L
and D in human breast carcinoma. International journal of
cancer. Journal international du cancer. 1992; 50:36—44.

Sevenich L, Bowman R.L, Mason S.D, Quail D.F,
Rapaport F, Elie B.T, Brogi E, Brastianos P.K, Hahn W.C,
Holsinger L.J, Massague J, Leslie C.S, Joyce J.A. Analysis
of tumour- and stroma-supplied proteolytic networks
reveals a brain-metastasis-promoting role for cathepsin S.
Nature cell biology. 2014; 16:876-888.

Aggarwal N, Sloane B.F. Cathepsin, B. multiple roles in
cancer. Proteomics. Clinical applications. 2014; 8:427-437.

Withana N.P, Blum G, Sameni M, Slaney C, Anbalagan A,
Olive M.B, Bidwell B.N, Edgington L, Wang L, Moin K,
Sloane B.F, Anderson R.L, Bogyo M.S, Parker B.S.
Cathepsin B inhibition limits bone metastasis in breast can-
cer. Cancer research. 2012; 72:1199-1209.

Parker B.S, Ciocca D.R, Bidwell B.N, Gago F.E, Fanelli
M.A, George J, Slavin J.L, Moller A, Steel R, Pouliot N,
Eckhardt B, Henderson M.A, Anderson R.L. Primary
tumour expression of the cysteine cathepsin inhibitor Stefin
A inhibits distant metastasis in breast cancer. The Journal
of pathology. 2008; 214:337-346.

Akkari L, Gocheva V, Kester J.C, Hunter K.E, Quick M.L,
Sevenich L, Wang H.W, Peters C, Tang L.H, Klimstra D.S,
Reinheckel T, Joyce J.A. Distinct functions of macrophage-
derived and cancer cell-derived cathepsin Z combine to
promote tumor malignancy via interactions with the extra-
cellular matrix. Genes & development. 2014; 28:2134-2150.

Gocheva V, Wang H.W, Gadea B.B, Shree T, Hunter K.E,
Garfall A.L, Berman T, Joyce J.A. IL-4 induces cathepsin
protease activity in tumor-associated macrophages to pro-
mote cancer growth and invasion. Genes & development.
2010; 24:241-255.

Bruchard M, Mignot G, Derangere V, Chalmin F,
Chevriaux A, Vegran F, Boirecau W, Simon B, Ryffel B,
Connat J.L, Kanellopoulos J, Martin F, Rebe C, Apetoh L,
Ghiringhelli F. Chemotherapy-triggered cathepsin B release
in myeloid-derived suppressor cells activates the Nlrp3
inflammasome and promotes tumor growth. Nature medi-
cine. 2013; 19:57-64.

Zucker S, Cao J, Chen W.T. Critical appraisal of the use
of matrix metalloproteinase inhibitors in cancer treatment.
Oncogene. 2000; 19:6642—6650.

Coussens L.M, Fingleton B, Matrisian L.M. Matrix metal-
loproteinase inhibitors and cancer: trials and tribulations.
Science. 2002; 295:2387-2392.

Aslakson C.J, Miller F.R. Selective events in the metastatic
process defined by analysis of the sequential dissemination
of subpopulations of a mouse mammary tumor. Cancer
research. 1992; 52:1399-1405.

www.impactjournals.com/oncotarget

27020

Oncotarget



15.

16.

18.

19.

20.

21.

22.

23.

24.

25.

26.

Eckhardt B.L, Parker B.S, van Laar RK, Restall C.M,
Natoli A.L, Tavaria M.D, Stanley K.L, Sloan E.K, Moseley J.M,
Anderson R.L. Genomic analysis of a spontancous model of
breast cancer metastasis to bone reveals a role for the extracel-
lular matrix. Molecular cancer research : MCR. 2005; 3:1-13.

Eckhardt B.L, Francis P.A, Parker B.S, Anderson R.L.
Strategies for the discovery and development of therapies
for metastatic breast cancer. Nature reviews. Drug discov-
ery. 2012; 11:479-497.

Edgington-Mitchell L.E, Parker B.S. Disparate functions
of myeloid-derived suppressor cells in cancer metastasis.
Cancer Forum. 2014; 38:107-111.

Cao Y, Slaney C.Y, Bidwell B.N, Parker B.S, Johnstone
C.N, Rautela J, Eckhardt B.L, Anderson R.L. BMP4 inhibits
breast cancer metastasis by blocking myeloid-derived sup-
pressor cell activity. Cancer research. 2014; 74:5091-5102.

Bidwell B.N, Slaney C.Y, Withana N.P, Forster S, Cao Y,
Loi S, Andrews D, Mikeska T, Mangan N.E, Samarajiwa
S.A, de Weerd N.A, Gould J, Argani P, Moller A, Smyth
M.J, Anderson R.L, Hertzog P.J, Parker B.S. Silencing of
[rf7 pathways in breast cancer cells promotes bone metas-
tasis through immune escape. Nature medicine. 2012;
18:1224-1231.

Verdoes M, Oresic Bender K, Segal E, van der Linden W.A,
Syed S, Withana N.P, Sanman L.E, Bogyo M. Improved
quenched fluorescent probe for imaging of cysteine cathep-
sin activity. Journal of the American Chemical Society.
2013; 135:14726-14730.

Diaz-Montero C.M, Salem M.L, Nishimura M.I, Garrett-
Mayer E, Cole D.J, Montero A.J. Increased circulating
myeloid-derived suppressor cells correlate with clinical
cancer stage, metastatic tumor burden, and doxorubicin-
cyclophosphamide chemotherapy. Cancer immunology,
immunotherapy : CII. 2009; 58:49-59.

Nagaraj S, Gabrilovich D.I. Myeloid-derived suppressor
cells in human cancer. Cancer journal. 2010; 16:348-353.
Talmadge J.E, Gabrilovich D.I. History of myeloid-derived
suppressor cells. Nature reviews. Cancer. 2013; 13:739-752.
Gabrilovich D.I, Ostrand-Rosenberg S, Bronte V.
Coordinated regulation of myeloid cells by tumours. Nature
reviews. Immunology. 2012; 12:253-268.

Yang L, DeBusk L.M, Fukuda K, Fingleton B, Green-
Jarvis B, Shyr Y, Matrisian L.M, Carbone D.P, Lin P.C.
Expansion of myeloid immune suppressor Gr+CD11b+
cells in tumor-bearing host directly promotes tumor angio-
genesis. Cancer cell. 2004; 6:409-421.

Danilin S, Merkel A.R, Johnson J.R, Johnson R. W, Edwards
J.R, Sterling J.A. Myeloid-derived suppressor cells expand
during breast cancer progression and promote tumor-induced
bone destruction. Oncoimmunology. 2012; 1:1484-1494.
Sawant A, Deshane J, Jules J, Lee C.M, Harris B.A, Feng
X, Ponnazhagan S. Myeloid-derived suppressor cells func-
tion as novel osteoclast progenitors enhancing bone loss in
breast cancer. Cancer research. 2013; 73:672-682.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

Sceneay J, Parker B.S, Smyth M.J, Moller A. Hypoxia-
driven immunosuppression contributes to the pre-metastatic
niche. Oncoimmunology. 2013; 2:¢22355.

Kaplan R.N, Riba R.D, Zacharoulis S, Bramley A.H,
Vincent L, Costa C, MacDonald D.D, Jin D.K, Shido K,
Kerns S.A, Zhu Z, Hicklin D, Wu Y, Port J.L, Altorki N,
Port E.R, Ruggero D, Shmelkov S.V, Jensen K.K, Rafii S,
Lyden D. VEGFR1-positive haematopoietic bone marrow
progenitors initiate the pre-metastatic niche. Nature. 2005;
438:820-827.

Boutte A.M, McDonald W.H, Shyr Y, Yang L, Lin P.C.
Characterization of the MDSC proteome associated with met-
astatic murine mammary tumors using label-free mass spec-
trometry and shotgun proteomics. PloS one. 2011; 6:¢22446.
Verdoes M, Edgington L.E, Scheeren F.A, Leyva M,
Blum G, Weiskopf K, Bachmann M.H, Ellman J.A, Bogyo
M. A nonpeptidic cathepsin S activity-based probe for non-
invasive optical imaging of tumor-associated macrophages.
Chemistry & biology. 2012; 19:619-628.

Edgington L.E, Verdoes M, Bogyo M. Functional imaging
of proteases: recent advances in the design and application
of substrate-based and activity-based probes. Current opin-
ion in chemical biology. 2011; 15:798-805.

Murata M, Miyashita S, Yokoo C, Tamai M, Hanada K,
Hatayama K, Towatari T, Nikawa T, Katunuma N. Novel
epoxysuccinyl peptides. Selective inhibitors of cathepsin B,
in vitro. FEBS letters. 1991; 280:307-310.

Meara J.P, Rich D.H. Mechanistic studies on the inacti-
vation of papain by epoxysuccinyl inhibitors. Journal of
medicinal chemistry 39. 1996; :3357-3366.

Choi S.J, Kurihara N, Oba Y, Roodman G.D. Osteoclast
inhibitory peptide 2 inhibits osteoclast formation via its
C-terminal fragment. Journal of bone and mineral research
: the official journal of the American Society for Bone and
Mineral Research. 2001; 16:1804—1811.

Choi S.J, Reddy S.V, Devlin R.D, Menaa C, Chung H,
Boyce B.F, Roodman G.D. Identification of human asparag-
inyl endopeptidase (legumain) as an inhibitor of osteoclast
formation and bone resorption. The Journal of biological
chemistry. 1999; 274:27747-27753.

Macehr R, Hang H.C, Mintern J.D, Kim Y.M, Cuvillier
A, Nishimura M, Yamada K, Shirahama-Noda K, Hara-
Nishimura I, Ploegh H.L. Asparagine endopeptidase is
not essential for class I MHC antigen presentation but is
required for processing of cathepsin L in mice. Journal of
immunology. 2005; 174:7066-7074.

Lee J, Bogyo M. Development of near-infrared fluorophore
(NIRF)-labeled activity-based probes for in vivo imaging of
legumain. ACS chemical biology. 2010; 5:233-243.
Edgington L.E, Verdoes M, Ortega A, Withana N.P, Lee
J, Syed S, Bachmann M.H, Blum G, Bogyo M. Functional
imaging of legumain in cancer using a new quenched activ-
ity-based probe. Journal of the American Chemical Society.
2013; 135:174-182.

WWw

.impactjournals.com/oncotarget

27021

Oncotarget



39.

40.

41.

42.

43.

44,

45.

Brix K, Mclnnes J, Al-Hashimi A, Rehders M, Tamhane
T, Haugen M.H. Proteolysis mediated by cysteine cathep-
sins and legumain-recent advances and cell biological chal-
lenges. Protoplasma. 2014.

Ilkovitch D, Carrio R, Lopez D.M. uPA and uPA-receptor
are involved in cancer-associated myeloid-derived suppressor
cell accumulation. Anticancer research. 2012; 32:4263-4270.

Brage M, Abrahamson M, Lindstrom V, Grubb A, Lerner
U.H. Different cysteine proteinases involved in bone resorp-
tion and osteoclast formation. Calcified tissue international.
2005; 76:439-447.

Brage M, Lie A, Ransjo M, Kasprzykowski F,
Kasprzykowska R, Abrahamson M, Grubb A, Lerner U.H.
Osteoclastogenesis is decreased by cysteine proteinase
inhibitors. Bone. 2004; 34:412-424.

Patel N, Nizami S, Song L, Mikami M, Hsu A,
Hickernell T, Chandhanayingyong C, Rho S, Compton J.T,
Caldwell J.M, Kaiser P.B, Bai H, Lee H.G, Fischer C.R,
Lee F.Y. CA-074Me compound inhibits osteoclastogenesis
via suppression of the NFATc1 and c-Fos signaling path-
ways. Journal of orthopaedic research : official publication
of the Orthopaedic Research Society. 2014.

Stralberg F, Henning P, Gjertsson I, Kindlund B, Souza P.P,
Persson E, Abrahamson M, Kasprzykowski F, Grubb A,
Lerner U.H. Cysteine proteinase inhibitors regulate human
and mouse osteoclastogenesis by interfering with RANK
signaling. FASEB journal : official publication of the
Federation of American Societies for Experimental Biology.
2013;27:2687-2701.

Drake F.H, Dodds R.A, James I.E, Connor J.R, Debouck C,
Richardson S, Lee-Rykaczewski E, Coleman L, Rieman D,
Barthlow R, Hastings G, Gowen M. Cathepsin, K, but not
cathepsins B, L, or S, is abundantly expressed in human

46.

47.

48.

49.

50.

51.

osteoclasts. The Journal of biological chemistry. 1996;
271:12511-12516.

Ishibashi O, Inui T, Mori Y, Kurokawa T, Kokubo T,
Kumegawa M. Quantification of the expression levels of
lysosomal cysteine proteinases in purified human osteoclas-
tic cells by competitive RT-PCR. Calcified tissue interna-
tional. 2001; 68:109-116.

Mbalaviele G, Chen H, Boyce B.F, Mundy G.R, Yoneda
T. The role of cadherin in the generation of multinucle-
ated osteoclasts from mononuclear precursors in murine
marrow. The Journal of clinical investigation. 1995;
95:2757-2765.

Shin C.S, Her S.J, Kim J.A, Kim D.H, Kim S.W, Kim S.Y,
Kim H.S, Park K.H, Kim J.G, Kitazawa R, Cheng S.L,
Civitelli R. Dominant negative N-cadherin inhibits osteoclast
differentiation by interfering with beta-catenin regulation of
RANKL, independent of cell-cell adhesion. Journal of bone
and mineral research : the official journal of the American
Society for Bone and Mineral Research. 2005; 20:2200-2212.

Lu X, Mu E, Wei Y, Riethdorf S, Yang Q, Yuan M, Yan J,
Hua Y, Tiede B.J, Lu X, Haffty B.G, Pantel K, Massague J,
Kang Y. VCAM-1 promotes osteolytic expansion of indolent
bone micrometastasis of breast cancer by engaging alphadbetal -
positive osteoclast progenitors. Cancer cell. 2011; 20:701-714.

Bell-McGuinn K.M, Garfall A.L, Bogyo M, Hanahan D,
Joyce J.A. Inhibition of cysteine cathepsin protease activ-
ity enhances chemotherapy regimens by decreasing tumor
growth and invasiveness in a mouse model of multistage
cancer. Cancer research. 2007; 67:7378-7385.

Edgington L.E, Bogyo M. /n vivo imaging and biochemi-
cal characterization of protease function using fluorescent
activity-based probes. Current protocols in chemical biol-
ogy. 2013; 5:25-44.

www.impactjournals.com/oncotarget

27022

Oncotarget



