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Highlights

What are the main findings?

o  Combined deficiency of stefin B and cystatin C in the PyMT breast cancer mouse model
significantly delays tumor onset, suppresses primary tumor growth, and reduces the
incidence of lung metastases compared with wild-type controls.

e Increased intratumoral infiltration of M1-polarized macrophages is proposed to dis-
rupt tumor-associated immunosuppressive mechanisms, thereby impairing tumor cell
survival and proliferation.

What are the implications of the main findings?

e Simultaneous ablation of both cysteine cathepsins inhibitors uncovers therapeutic
vulnerabilities that are not apparent with single-target inhibition, highlighting the
potential advantage of dual-targeting strategies.

e  These results redefine the functional paradigm of cystatin family inhibitors in breast
cancer, demonstrating a context-dependent tumor-promoting role rather than a uni-
formly protective function.

Abstract

Background/Objectives: Cysteine cathepsins and their endogenous inhibitors have been
shown to possess context-dependent functions in cancer progression, including the regula-
tion of tumor metabolic pathways. Stefin B and cystatin C, intracellular and extracellular
protease inhibitors, respectively, can modulate tumor biology through protease-dependent
and protease-independent mechanisms. This study investigated their combined functions
and potential roles as tumor promoters in breast cancer in a spontaneous breast cancer
mouse model (PyMT mice). Methods: We generated PyMT transgenic mice lacking both
stefin B and cystatin C (double-knockout, DKO) and compared their tumor growth kinet-
ics, proliferation, apoptosis, and metastatic burden with those of wild-type control mice.
Immunohistochemistry was performed to characterize tumor macrophage infiltration and
polarization. Results: DKO mice demonstrated delayed tumor onset, significantly slower
tumor growth, reduced proliferation, increased apoptosis, and fewer lung metastases
compared to wild-type controls. Inmunohistochemistry revealed enhanced macrophage
infiltration of the tumors, accompanied by a pronounced shift toward antitumorigenic M1
(CD86") polarization, while M2 (CD206") populations remained unchanged, indicating an
immunological reprogramming of the tumor microenvironment toward a pro-inflammatory,
tumor-suppressive state. Conclusions: Our results demonstrated a potential function of
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stefin B and cystatin C as tumor promoters in breast cancer through complementary mecha-
nisms. Simultaneous depletion of both inhibitors revealed synergistic effects and remodeled
the immune microenvironment to favor tumor suppression. These results suggest previ-
ously unknown roles for stefin B and cystatin C in tumor development and progression,
which encourage further investigation of the cancer metabolic mechanisms underlying
tumor behavior and their dynamic interplay with the microenvironment.

Keywords: cancer metabolism; cysteine cathepsins; protease inhibitors; breast cancer;
tumor microenvironment; macrophage polarization

1. Introduction

Cysteine cathepsins are lysosomal cysteine proteases that belong to a group of prote-
olytic enzymes involved in regulating numerous normal biological processes, including
key metabolic pathways. In recent years, their broader function has been discovered not
only in the endolysosomal compartment but also in the cytoplasm, the cell nucleus, and
the extracellular milieu, which indicates their extensive biological impact [1-3]. Cysteine
cathepsins are involved in fundamental cellular processes, including protein degradation,
protein and lipid metabolism, autophagy, growth factor receptor recycling, and cellular
stress signaling, as well as in broader physiological functions such as tissue homeostasis,
apoptosis, lysosome-mediated cell death, immune responses, and development and dif-
ferentiation, all of which are tightly linked to cellular metabolism and tumor metabolic
plasticity [1,4,5]. Despite their critical roles in multiple physiological conditions, lysosomal
cathepsins have been implicated in various pathologies, including neurodegeneration,
cardiovascular diseases, bone disorders, autoimmune disorders, and cancer [3,6-8].

In many cancer types, increased expression and activity of lysosomal cathepsins have
been associated with disease progression and a poor prognosis [9-13]. Increased prote-
olytic activity of cysteine cathepsins contributes to tumor progression through multiple
interconnected mechanisms, including activation and processing of growth factors, cy-
tokines, and chemokines in the tumor microenvironment, as well as the degradation and
reorganization of extracellular matrix, leading to cancer spread and tumor-promoting in-
flammation [4,8,12,14,15]. Furthermore, these enzymes modulate the immune response by
influencing the recruitment and function of immune cells, including antigen presentation
and cytokine processing, often resulting in immune evasion and suppression within the
tumor microenvironment [16]. Cysteine cathepsins can also influence extracellular and
intracellular signaling pathways by processing cytokines, growth factors, and adhesion
molecules, thereby modulating key pathways such as TNF-a/MAPK (tumor necrosis
factor-alpha/mitogen-activated protein kinase) [17], TGF-p1 (transforming growth factor-
beta 1) [18], and PI3K (phosphoinositide 3-kinase) signaling [19], which regulate tumor
proliferation, survival, and migration. Additionally, proteases are known to operate within
a complex protease network termed the »protease web« [20], thereby interacting with many
other proteases and their inhibitors to initiate cascades that could contribute to tumor
growth, angiogenesis, immune modulation, and metastasis [15,21].

The proteolytic activity of cysteine cathepsins is regulated by various mechanisms,
the predominant ones being zymogen activation and inhibition by endogenous in-
hibitors [22]. Among cysteine cathepsin inhibitors, the cystatin superfamily is the most
broadly known and is classified into three major families: stefins (family I), cystatins (fam-
ily II), and kininogens (family III). Stefin A and B (cystatin A and B) are the main types of
stefins that belong to family I and have a molecular mass of ~11 kDa. These inhibitors are
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unglycosylated, lack a signal sequence, contain disulfide bonds, and are localized in the
cytosol, mitochondria, and nucleus [23]. They reversibly inhibit cathepsin B, H, S, and L,
thereby protecting the cell from lysosomal enzyme leakage [24]. Under physiological condi-
tions, stefin B acts as an intracellular inhibitor that protects cells from cathepsins leaking
from lysosomes and helps limit oxidative stress by reducing mitochondrial damage and
ROS (reactive oxygen species) production [23,25]. Stefin B also influences autophagy via
AMPK/mTOR (AMP-activated protein kinase/mechanistic target of rapamycin) pathways,
has chaperone-like functions by binding proteins like amyloid-f3, and modulates inflamma-
some activation and immune responses [23,26]. In contrast to the more restricted expression
of stefin A, stefin B is widely distributed in various cell types and tissues [27]. Studies
across human cancers reveal contradictory roles for stefin B, functioning as either a tumor
suppressor or promoter depending on cancer type and context [28-34]. Stefin B shows
protective effects against oxidative stress and apoptosis in breast cancer models [35], but its
high expression is linked to advanced stages and metastasis in hepatocellular carcinoma
and to poorer survival in colorectal cancer [31,36]. Notably, in advanced cancer stages and
metastasis, decreased levels of stefin B correlate with tumor progression [37,38]. These
contradictory observations point to diverse functions of stefin B during cancer progression
and metastasis, and thus call for further exploration of its role in multifaceted disease
conditions using experimental models and biological samples.

The family of cystatins includes cystatin C, D, E/M, S, SA, and SN, with molecular
masses in the range of 13-14 kDa. The members of family II are extracellular inhibitors,
have disulfide bonds at the carboxy terminus of the molecule, and some are glycosy-
lated. Contrary to stefins, cystatins have a signal sequence that allows transmembrane
secretion, representing an essential regulatory mechanism for the extracellular activity
of cysteine cathepsins. In family II, cystatin C is recognized as the most essential and
potent extracellular inhibitor of cathepsins [1]. Specifically, it inhibits cathepsins L and S at
picomolar concentrations and cathepsins B, H, and C at nanomolar concentrations [39]. Cys-
tatin C is produced by all nucleated cells and primarily acts as an extracellular cysteine
protease inhibitor [40]. Beyond protease inhibition, it also exhibits neuroprotective ef-
fects by inducing autophagy, promoting neurogenesis, and inhibiting amyloid-3 aggre-
gation [41,42]. It also contributes to cardiovascular homeostasis by regulating elastolytic
proteases and modulating immune processes such as antigen presentation and cytokine pro-
cessing [43]. Structurally, cystatin C is a non-glycosylated protein (~13.3 kDa) [44,45], and
it has been associated with various pathologies, including cancer.

Many reports show its expression in tumor tissues; however, its specific role in tumor
progression remains unclear [40]. Similar to stefin B, numerous studies show opposing
effects of cystatin C on tumor growth and metastasis, in which it acts either as a promoter
or a suppressor [44,46,47]. Cystatin C plays context-dependent roles that vary across tumor
types and disease stages. Its expression is decreased in skin cancer, increased in ovarian
cancer, and inversely correlated with tumor grade in glioma [4,44,48,49]. Multiple studies
have been conducted to investigate the role of cystatin C using pre-clinical in vivo models.
In the PyMT breast cancer model, cystatin C knockout resulted in decreased tumor growth
and reduced cell proliferation, suggesting its involvement in proliferation signaling beyond
protease inhibition [48]. Similarly, CRISPR-mediated cystatin C knockout in a syngeneic
pancreatic cancer mouse model significantly reduced tumor growth and diminished recruit-
ment of immunosuppressive TREM2+ (triggering receptor expressed on myeloid cells 2)
macrophages, supporting cystatin C’s role in tumor promotion and immune microenviron-
ment remodeling [50]. Additionally, an in vitro study using primary macrophages isolated
from cystatin C-deficient mice has demonstrated that cystatin C affects macrophage po-
larization and local cytokine profiles, thereby modulating the balance between anti-tumor
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immunity and immunosuppression within the tumor microenvironment [51]. While its
inhibitory activity against cathepsins may partly explain these contrasting effects on can-
cer progression, some evidence suggests that cathepsin-inhibition-independent mecha-
nisms, such as disruption of TGF-f3 signaling and modulation of epithelial-mesenchymal
transition (EMT), also contribute to cystatin C’s complex impact on tumor growth and
metastasis [46,47].

While individual roles of stefin B and cystatin C in cancer have been studied, their
combined impact on breast cancer progression remains unexplored. Our previous studies
revealed distinct roles for stefin B and cystatin C in breast cancer progression. Stefin
B deficiency resulted in reduced tumor burden through increased tumor cell death and
enhanced sensitivity to oxidative and lysosomal stress-induced apoptosis, without affecting
proliferation or metastasis [35]. In contrast, cystatin C deficiency reduced tumor growth
through decreased tumor cell proliferation and increased extracellular cathepsin activity,
with minimal effects on apoptosis [48]. These findings demonstrated that stefin B primarily
modulates tumor cell survival under stress, whereas cystatin C controls proliferative
signaling in the extracellular tumor microenvironment. To investigate their combined
effect on tumor progression and dissemination, we generated a stefin B and cystatin C
double-knockout mouse cancer model by crossing stefin B and cystatin C double-knockout
mice with Polyoma Middle T antigen (PyMT) mice, a strain susceptible to mammary tumor
development. The results show that the simultaneous absence of stefin B and cystatin C led
to slower tumor growth and reduced metastasis compared with control mice, suggesting
that these proteins can promote breast cancer by supporting metabolic plasticity in tumor
cells, independently of their cysteine cathepsin-inhibitory function.

2. Materials and Methods
2.1. Animals

Mice were used in accordance with the Administration of the Republic of Slovenia for
Food Safety, Veterinary, and Plant Protection (ethical approval codes: U34401-35/2014/2,
U34401-6/2019/5, and U34401-5/2022/15). Procedures for animal care and experiments
were in accordance with the “Guide for the Care and Use in Laboratory Animals”.

An FVB/N transgenic mouse strain expressing PyMT under the control of the MMTV
long-terminal repeat promoter (FVB/N-TgN (MMTVPyVT)634-Mul) was kindly provided
by Thomas Reinheckel (Institut fiir Molekulare Medizin und Zellforschung, Albert-Ludvig
Universitat, Freiburg, Germany), and the mice were maintained in our animal facility.
The cystatin C knockout (CstC~/~) mice of the C57BL/6 strain were kindly provided
by Dr. Anders Grubb (Lund University, Lund, Sweden). CstC ~/~ mice were back-
crossed for more than 10 generations to the FVB/N transgenic mouse strain express-
ing PyMT under the control of the MMTYV long-terminal repeat promoter (FVB/N-TgN
(MMTVPyVT)634-Mul). The StfB-deficient (Sth_/ ~) mouse strain was kindly provided
by Dr Richard M. Myers. StB~/~ mice were backcrossed for eight generations to the
transgenic mouse strain expressing PyMT under the control of MMTV long-terminal repeat
promoter (FVB/N-TgN (MMTVPyVT)634-Mul). Stefin B and cystatin C double-knockout
PyMT mice were generated by crossing StfB*/~CstC*/~ female and PyMT;StfB*/~ CstC*/~
male mice. PyMT;StfB~/~CstC*~ and PyMT:StfB*/~ CstC~/~ males were also used. Off-
spring with various combinations of these genes were produced, and those completely
lacking both stefin B and cystatin C, in addition to carrying the PyMT gene, were selected
and designated as PyMT;DKO. Maintenance and breeding of the animals used in this study
were performed in accordance with Slovene law for animal protection.

Animals were bred and housed in the Laboratory for Experimental Animals at the
JoZef Stefan Institute, a facility designed for the maintenance of laboratory rodents. Housing
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conditions included climate control with constant temperature maintained between 20-24 °C
and relative humidity between 50-65%. Mice were housed in standard-sized cages (Tecniplast
1264C Eurostandard Type II, Tecniplast, West Chester, PA, USA) at a density of up to 5 animals
per cage. Cages were labeled according to institutional protocols. Individual mice were
identified with ear tags to facilitate individual monitoring. Animals had ad libitum access to
water and standard laboratory diet. Sterilized bedding material was used to maintain hygienic
housing conditions.

2.2. Tumor Progression Study

Group sizes were based on animal availability and the 3R principle (Reduction). All
phenotypically normal female mice with the appropriate genotypes were included; no
animals or data points were excluded.

Beginning at 30 days of age, female mice were palpated three times weekly in a
genotype-blinded manner to monitor the onset of mammary tumors. Thirty days following
the appearance of the first tumor, tumor diameters were measured using a digital caliper.
At 14 weeks of age, the mice were euthanized, and all ten tumors from each animal were
carefully excised, measured, and weighed.

2.3. Histomorphometry

For volumetric measurement of total lung metastasis or disseminated tumor colonies
in the lungs, paraffin-embedded lungs were sectioned at 5 um thickness from at least three
distinct planes. Each section was subsequently stained with hematoxylin and eosin. The
average size of metastases was quantified using computer-assisted analysis with CellSens
Imaging software (Version 1.17; Olympus, Tokyo, Japan).

2.4. Immunohistochemistry

Left thoracic tumors of PyMT,WT and PyMT,DKO mice were collected and fixed
in 10% neutral-buffered formalin overnight and then processed for paraffin embedding.
Formalin-fixed, paraffin-embedded samples of tumors were sectioned into 5 um thick slices
and affixed to glass slides. The slides were deparaffinized and rehydrated through graded
alcohols to distilled water, followed by antigen retrieval with citrate buffer, pH 6.0, and, for
macrophage detection, with Proteinase K (20 ug/mL in TE buffer, pH 8.0). Endogenous
peroxidase was quenched with 0.3% hydrogen peroxide. The sections were stained with
antibodies against Ki67 (Dako, Carpinteria, CA, USA; M724901, rabbit monoclonal, dilution
1:50), F4/80 (Novus Biologicals, Centennial, CO, USA; NB600-404, rat monoclonal, dilution
1:100), CD86 (Cell Signaling technology, Danvers, MA, USA; 195895, rabbit monoclonal,
dilution 1:200), and CD206 (Cell Signaling technology, Danvers, MA, USA; 24595, rabbit
monoclonal, dilution 1:500). A TUNEL assay (ApopTag; Oncor) was used for the in situ
measurement of DNA fragmentation of dying cells. Detection of primary antibodies was
performed using the Vectastain Elite ABC kit (Vector Laboratories, Inc., Burlingame, CA,
USA) according to the manufacturer’s instructions, and staining was visualized with DAB
(Sigma—Aldrich, Steinheim, Germany). The slides were counterstained with hematoxylin
and imaged using an IX81 bright-field microscope (Olympus, Tokyo, Japan) and Olympus
CellSens Imaging software (Version 1.17). Tissue sections of each tumor were histologi-
cally examined for the proliferation marker Ki67, cell death (TUNEL staining), and the
macrophage markers F4/80, CD86, and CD206, as described [52]. For Ki67, TUNEL, F4/80,
CD86, and CD206 data assessment, 10 fields per tumor were randomly selected at 60x and
quantified using Image] (Version 1.54p). Histological evaluation and quantification were
performed in a blinded manner with respect to genotype.
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2.5. Isolation of Primary Tumor Cells from PyMT-Induced Mammary Carcinomas

Primary PyMT tumor cells were isolated and cultured according to previously pub-
lished methods [53].

2.6. DNA Replication Analysis by BrdU Incorporation

The BrdU Cell Proliferation Kit was obtained from EMD Millipore Corporation (Billerica,
MA, USA). Primary tumor cells were seeded in 96-well plates at a density of 1 x 10° cells/mL
and incubated with bromodeoxyuridine (BrdU) for 4 h. BrdU incorporation was then mea-
sured following the manufacturer’s protocol using a Tecan Safire microplate reader (Tecan,
Groding, Austria) at 450 nm, with absorbance at 540 nm subtracted.

2.7. Assessment of Cathepsin Enzyme Activity

Cathepsin activity was assessed through the hydrolysis of the fluorogenic substrate Z-
Phe-Arg-4-methyl-coumarin-7-amide (Z-Phe-Arg-AMC; Bachem, Bubendorf, Switzerland).
Primary tumors were homogenized in lysis buffer (250 mM TRIS, 10 mM EDTA, 0.1% Triton
X-100, pH 6.8) using an Ultraturrax (IKA, Staufen, Germany). For cell lysates, tumor cells
were incubated in RIPA lysis buffer. A total of 20 pg of each sample was combined in a
96-well plate with 0.1 M phosphate buffer (1 mM EDTA, 0.1% v/v PEG, 1 mM DTT, pH 6),
either in the presence or absence of 10 M cysteine cathepsin inhibitor E64. After a 15 min
incubation at 37 °C, Z-Phe-Arg-AMC was added to a final concentration of 30 uM, and
substrate hydrolysis was monitored continuously for 15 min using a Tecan Safire microplate
reader (Tecan, Groding, Austria) at excitation and emission wavelengths of 370 nm and
460 nm, respectively.

For measurements in conditioned media, PyMT primary tumor cells of both genotypes
were seeded in 12-well plates at 7.5 x 10° cells per well and incubated for 2 h at 37 °C in
PBS (Lonza, Verviers, Belgium). Following incubation, 50 uL of PBS from each well was
transferred to a 96-well plate containing 0.1 M phosphate buffer, and the assay was carried
out as described above.

2.8. Immunoblotting

Tumor and mammary gland tissues were homogenized, and protein extracts with
normalized concentrations were resolved SDS-PAGE using 12.5% gels and transferred
onto polyvinylidene difluoride (PVDF) membranes. Membranes were probed with anti-
CstC antibody (Abcam, Cambridge, UK; ab109508, 1:100,000) and anti-StfB antibody (R&D
Systems, Minneapolis, MN, USA; MAB1409, 1:5000). Anti-(3-actin (Sigma-Aldrich, St. Louis,
MO, USA; A1978, mouse monoclonal, 1:5000) was used as a loading control. Appropriate
secondary antibodies were applied at a 1:5000 dilution.

2.9. Statistical Analysis

Quantitative data are presented as the means + SEs. The differences were compared
using Student’s t-test. Proportions were compared using the Chi-square test. p-values less
than 0.05 were considered statistically significant.

Power analysis for the primary endpoint (cumulative tumor weight) was conducted
using G*Power 3.1 to assess study robustness.

3. Results

3.1. Generation and Characterization of PyMT Transgenic Mice with Combined Stefin B and
Cystatin C Deficiency

To explore the impact of combined deficiency of stefin B (StfB) and cystatin C (CstC) on
tumor progression, we established double-knockout StfB~/~;CstC~/~ (DKO) mice. These
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mice exhibited no apparent phenotypic abnormalities at 14 weeks of age. They were then
crossed with FVB/N-Tg (MMTV-PyVT)634Mul/] transgenic mice (commonly referred to
as FVB/PyMT), a widely utilized model of spontaneous mammary tumorigenesis. In this
murine model, the polyoma virus middle T antigen (PyMT) is expressed under the control
of the mouse mammary tumor virus (MMTYV) promoter, resulting in the rapid onset of
multifocal mammary tumors that undergo various stages of progression, including hyper-
plasia, adenoma, and invasive carcinoma, ultimately leading to spontaneous pulmonary
metastases. The FVB/PyMT model closely mirrors key aspects of human breast cancer,
making it highly suitable for studying tumor development, immune interactions, and
therapeutic responses [54,55]. For further investigation, two groups of female mice hem-
izygous for the PyMT transgene were generated: PyMT,WT (wild-type) and PyMT;DKO
(double-knockout). Histological examination of tissues from both groups did not reveal
any major morphological abnormalities or deviations (Figure S1).

Depletion of StfB and CstC in PyMT tumors was confirmed by Western blot analysis
of mammary tumor tissues from 14-week-old PyMT,WT, PyMT;StfB /=, PyMT;CstC_/ -,
and PyMT;DKO mice. While the presence of both inhibitors was confirmed in wild-
type tumors (PyMT,WT), their expression was absent in the respective knockout groups.
Tumors from double-knockout mice (PyMT;DKO) showed a complete loss of both inhibitors
(Figure 1A,B), supporting the use of this model for further investigations into their roles in
breast cancer development.
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Figure 1. Expression of stefin B and cystatin C, and cysteine cathepsin activity, in PyMT mammary
tumors of different genotypes. (A) Western blot for stefin B (StfB) in mammary tumors from wild-type
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(PyMT;WT; n = 3), stefin B knockout (PyMT;StfB ~/=;n= 3), cystatin C knockout (PyMT;CstC*/ -
n = 3), and double-knockout (PyMT;DKO; n = 3) mice at 14 weeks of age. StfB is absent in
PyMT;StfB~/~ and PyMT;DKO tumors, confirming successful knockout. B-actin was used as a
loading control. (B) Western blot for cystatin C (CstC) in the same tumor samples. CstC is absent in
PyMT;CstC~/~ and PyMT;DKO tumors, verifying successful knockout. B-actin was used as a loading
control. (C) Relative cathepsin activity determined in homogenates of PyMT tumors (PyMT,WT,
n = 4; PyMT,DKO, n = 3). Data represent biological replicates from independent tumors derived from
different mice. Activity was measured as Z-Phe-Arg-AMC hydrolysis in the presence or absence of
E64. Differences were analyzed using Student’s t-test. (D) Relative cathepsin activity determined in
cell culture medium of primary tumor cells (PyMT,WT, n = 3; PyMT,;DKO, n = 3). Data represent bio-
logical replicates from independent primary tumor cell isolates derived from different mice. Activity
was measured as Z-Phe-Arg-AMC hydrolysis in the presence or absence of E64. Differences between
groups were analyzed using Student’s t-test.

3.2. Impact of Stefin B and Cystatin C Depletion on Protease Activity in PyMT Mammary Tumors

To assess the impact of stefin B and cystatin C deletion on cysteine cathepsin activity
in PyMT tumors, we analyzed tumor homogenates and conditioned media of primary
PyMT;DKO and PyMT,WT tumor cells with the fluorogenic substrate Z-Phe-Arg-AMC,
cleaved by most cysteine cathepsins. A significant increase in substrate cleavage in the
PyMT;DKO group compared to the PYMT,WT group was detected, suggesting the role
of both inhibitors in the regulation of protease activity in the PyMT model (Figure 1C,D).
Notably, a ~3-fold increase in protease activity was detected in the conditioned media of
the PyMT,DKO group (Figure 1D), indicating the importance of the extracellular protease
inhibitor in restraining the activity of secreted cysteine cathepsins. The addition of E64,
a broad-spectrum inhibitor of cysteine cathepsins, confirmed that the measured protease
activity was attributable to cysteine cathepsins.

3.3. Progression and Metastasis of Stefin B and Cystatin C-Depleted PyMT-Induced Mammary Tumors

The development of mammary tumors in both experimental groups was assessed
starting on day 30 after birth. PyMT,DKO mice showed a slight delay in tumor onset
compared to PYMT;WT controls, with median onset at day 38 versus day 36, respectively.
Kaplan—-Meier analysis of tumor onset using a log-rank test revealed a significant delay in
tumor development in the PyMT;DKO mice group (p < 0.05) (Figure 2A).

To compare tumor growth and progression between the groups, the volumes of the first
two palpable mammary tumors were measured 30 days after the first tumor detection and
grouped according to their diameter into three categories: small (<5 mm), medium (5-10 mm),
and large (>10 mm). Compared to PyYMT,WT, mammary tumors from PyMT,DKO mice were
significantly smaller (Figure 2B), suggesting that ablation of both cystatins impairs tumor
progression in the PyMT mammary cancer model. The reduced tumor size was further
substantiated by ex vivo analysis, in which the collective weight of all 10 mammary tumors
from 14-week-old mice was quantified. The average weight of tumors from PyMT,DKO
mice was 5.8 g, which is 41% lower compared to tumors from PyMT,WT mice, which had
an average tumor weight of 9.8 g (Figure 2C). These findings thus suggest that simultaneous
deletion of CstC and StfB reduces tumor burden (cumulative tumor weight) in the PyMT
mammary cancer model.

We next investigated the impact of CstC and StfB depletion on metastatic progression.
In the MMTV;PyMT mouse model, lung metastases typically develop by 14 weeks of age
in most animals. Therefore, we used computer-assisted histomorphometry to analyze the
number and cumulative size of pulmonary metastases in sequential lung tissue sections
from both experimental groups at 14 weeks of age. The analysis showed that the PyMT;,DKO
mice had a significantly lower number of lung metastases per unit area of lung tissue
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compared to the PyMT;WT group (0.26/mm? in the PyMT;WT group, 0.05/mm? in the
PyMT;DKO group) (Figure 2D). However, there was no statistically significant difference in
the average size of the lung metastases between the two groups (Figure 2E). Our data thus
indicate that the lack of stefin B and cystatin C expression may reduce metastatic seeding
or early colonization of PyMT tumor cells, thus resulting in fewer metastatic lesions, while
having no significant effect on the growth of metastases once established, as evidenced by
comparable lesion size between groups.
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Figure 2. Effect of stefin B and cystatin C deficiency on tumor growth and metastasis in PyMT-induced
mammary tumors. (A) Kaplan-Meier survival curves comparing tumor-free survival in PyMT,WT
mice (n = 22; black line) and PyMT;DKO mice (n = 17; gray line). Statistical analysis using the log-rank
test indicates a significant difference in tumor-free survival between the two groups (p < 0.05), with the
PyMT;DKO group showing a delayed onset of tumors and longer survival than PyMT;WT mice. The
hazard ratio (HR) for PyMT;DKO versus PyYMT,WT group was 0.59 (95% CI: 0.24-0.85). Differences
were analyzed using the log-rank test. (B) Size of 2 individual mammary tumors 30 days after the
first detection in PyYMT;WT (n = 37) and PyMT;DKO (n = 34) mouse cohorts. p < 0.01 by the chi-square
test. Representative images show excised mammary tumors from PyMT;WT, and PyMT;DKO mice at
14 weeks of age. (C) The cumulative tumor weight per mouse for all mammary tumors was calculated
for PyMT;WT (n = 13) and PyMT,DKO (n = 12) mice at 14 weeks of age. Differences were analyzed
using Student’s t-test, p < 0.001. Histomorphometric analysis of the number (D) and average size
(E) of lung metastasis in PYMT;WT (n = 14) and PyMT,DKO (n = 14) female mice at 14 weeks. n.s.,
not significant. The number of metastases was calculated per 1 mm? of lung tissue. Differences were
analyzed using Student’s t-test.
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3.4. Impact of Stefin B and Cystatin C Deficiency on Tumor Cell Proliferation and Cell Death

We further analyzed the effects of stefin B and cystatin C deficiency on the fundamental
biological processes underlying tumor progression, including cell proliferation and cell
death, within late-stage primary PyMT tumors. Immunohistochemical evaluation of the
proliferation marker Ki67 was employed to assess cell proliferation in PyMT tumors derived
from PyMT;WT and PyMT;DKO mice. Our findings indicate a significant reduction in
the Ki67 proliferation index in PyMT;DKO tumors (6.6%) compared to PyMT;WT tumors
(24%) (Figure 3A), consistent with the reduced size of PyMT;DKO tumors. Furthermore,
supporting the Ki67 immunohistochemistry data obtained from tumor tissue, significantly
lower proliferation of primary tumor cells isolated from PyMT;DKO tumors was detected
in vitro using a BrdU (5-bromo-2'-deoxyuridine) assay, which quantifies cell proliferation
by detecting BrdU incorporated into newly synthesized DNA (Figure 52).
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Figure 3. Effect of stefin B and cystatin C deficiency on proliferation and cell death. (A) Cell proliferation
in primary tumors was determined through immunodetection of Ki67 in PyMT,WT and PyMT,DKO
mice at 14 weeks of age. Representative images and quantification of Ki67-positive cells as a percentage
of total cells in PYMT,WT (n = 11) and PyMT;DKO (n = 10) tumors. Ki67 index was calculated from
10 high-power fields per tumor using computer-assisted data analysis in Image]. Differences were
analyzed using Student’s t-test. (B) Cell death in primary tumors from PyMT,WT and PyMT,DKO mice
at 14 weeks of age was determined through TUNEL assays. Representative images and quantification of
TUNEL-positive cells as a percentage of total cells in PYMT,WT (n = 9) and PyMT;DKO (n = 8) tumors.
The TUNEL+ index was calculated from 10 high-power fields per tumor using computer-assisted data
analysis in Image]. Differences were analyzed using Student’s t-test.
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In addition to decreased tumor cell proliferation, tumor size may also decrease due
to increased cell death or diminished tumor vascularization. Therefore, we assessed the
extent of cancer cell apoptosis in primary PyMT tumors using terminal dUTP nick end
labeling (TUNEL) staining, a technique that detects DNA fragmentation, a direct indicator
of apoptosis. Notably, a significantly higher rate of apoptotic cell death in PyMT;DKO
tumors was detected compared to PyMT;WT tumors (2.1% in the PyMT;WT group, 5.8% in
the PyMT;DKO group) (Figure 3B).

We also examined the potential influence of CstC and StfB depletion on the vascular-
ization of PyMT tumors by immunofluorescence staining of endothelial cells in primary
tumor sections with a well-established marker of angiogenesis, CD31 (also known as
platelet endothelial cell adhesion molecule-1 [PECAM-1]). The qualitative assessment and
quantification of CD31 staining revealed no significant differences in average vessel density
between PyMT;DKO and PyMT;WT tumors (Figure S3).

3.5. Effect of Stefin B and Cystatin C Deficiency on TAMs in the Tumor Microenvironment

Considering the integral role of macrophages in shaping the tumor microenvironment
and influencing cancer progression, we evaluated whether CstC and StfB knockouts alter
the presence of immune cells, specifically macrophages, within the tumor microenviron-
ment. Tumor-associated macrophages (TAMs) modulate tumor growth, angiogenesis,
and immune suppression, and their density and polarization state have been shown to
greatly influence disease outcomes in many pre-clinical models, including the PyMT breast
cancer model [56,57]. Macrophages were detected by immunohistochemical staining for
F4/80, a well-established protein marker for murine macrophages. A higher presence
of macrophages was observed in the PyMT,DKO tumors compared to the PyYMT,WT
group (Figure 4A,B). Additionally, staining for CD86, a marker of classically activated M1
macrophages, revealed a higher proportion of M1 macrophages in the PyMT,DKO tumor
tissue (Figure 4C). Furthermore, we assessed M2 macrophage infiltration using CD206
immunohistochemistry but did not observe a statistically significant difference between
the groups (Figure 4D). Taken together, the absence of CstC and StfB appears to have a
substantial impact on the tumor microenvironment, promoting macrophage infiltration
and a shift toward M1 macrophage polarization.
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Figure 4. Effect of stefin B and cystatin C deficiency on macrophage infiltration and polarization in
PyMT mammary tumors. (A) Representative images of immunohistochemical staining for F4/80
(macrophages), CD206 (M2 macrophages), and CD86 (M1 macrophages) in tumors from PyMT,WT
and PyMT;DKO mice at 14 weeks of age. Scale bar: 100 um. (B) Quantification of F4/80-positive cells
as a percentage of total cells in PYMT,WT (n = 5) and PyMT;DKO (n = 5) tumors. (C) Quantification
of CD86-positive cells, as a percentage of total cells in PyMT,WT (n = 5) and PyMT;DKO (n = 5)
tumors. (D) Quantification of CD206-positive cells as a percentage of total cells in PYMT,WT (n = 6)
and PyMT,DKO (n = 6) tumors. n.s., not significant. Statistical significance was assessed using
Student’s t-test.

4. Discussion

The precise regulation of proteolytic activity is necessary for maintaining cellular and
organismal homeostasis, whereas unbalanced proteolysis can alter cellular metabolism
and lead to the development of pathological processes, including cancer [58]. Improving
our understanding of protease function and its regulation by inhibitors in complex pro-
cesses that contribute to disease development and progression is crucial for developing
more effective treatment strategies. Among the protease families, cysteine cathepsins
constitute a major group of lysosomal proteases that are frequently upregulated and/or
mislocalized in tumors. By altering basement membranes, breaking down extracellular
matrix (ECM), and modifying pro-tumor signaling in the tumor microenvironment, they
impact cancer progression [4,59]. In multiple cancer types, cathepsin activity is directly
associated with invasion, angiogenesis, metastasis, and response to therapy, as shown by
experimental and clinical data [59]. The inhibition of protease activity by endogenous
protein inhibitors is a crucial regulatory mechanism for these enzymes. Therefore, we
have researched the roles of stefin B and cystatin C, potent intracellular and extracellular
inhibitors of cysteine cathepsins, respectively, which have been associated with numerous
pathological conditions, including cancer [60]. Apart from inhibiting proteases, they can
also exert protease-independent signaling effects that are important for tumor biology, such
as regulating immune cell function and cell survival pathways [61,62].

In the field of cancer biology, the traditional view on protease—inhibitor interactions
becomes considerably more complex, as these proteins engage in diverse signaling and
immune modulatory functions. In this study, we used the PyMT transgenic mouse model,
which replicates the progression of multistage breast cancer and spontaneously develops
pulmonary metastases, to investigate the effects of stefin B and cystatin C deficiency on the
development and metastasis of breast cancer. According to earlier studies, stefin B provides
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cytoprotection against oxidative damage by preserving lysosomal membrane integrity and
conferring FLIP (FLICE-like inhibitory protein)-mediated apoptotic resistance [35]. At the
same time, cystatin C maintains growth-promoting signals by stabilizing 14-3-3 proteins and
modulating the TGF-3 pathway [48]. These diverse roles demonstrate how evolution has
advanced from simple proteolytic regulation to complex cellular control systems [40]. The
distinct subcellular localization of intracellular stefin B versus secreted cystatin C has
enabled each inhibitor to develop specific functions that affect tumor biology through
mechanisms other than independent direct protease inhibition.

Contrary to their expected tumor-suppressive functions, our findings show that stefin
B and cystatin C act as tumor promoters in this murine model. Compared to single knock-
outs, a combined deficiency of both inhibitors resulted in impaired tumor development,
characterized by a delayed tumor onset and reduced tumor growth. These results confirm
that the roles of proteases and their inhibitors can vary depending on the tissue type,
disease stage, subcellular location, and microenvironmental factors. Consistent with this
context dependency, our findings align with clinical observations in human colorectal
cancer patients, where elevated serum levels of stefin B and cystatin C have been associated
with advanced disease stage and poorer survival outcomes [36]. This concordance between
experimental and clinical data supports the concept that these inhibitors” functions could
extend beyond canonical proteolytic regulation.

In this study, we investigated the combined depletion of stefin B and cystatin C in
the PyMT mouse breast cancer model (PyMT;DKO), which is relevant to our previously
published work on individual gene knockouts [35,48]. We have shown that the combined
loss of stefin B and cystatin C resulted in significantly higher tumor suppression than
either knockout alone. Specifically, PyYMT;DKO tumors exhibited a 41% reduction in
cumulative tumor weight compared to PyMT;WT controls (average tumor weight 5.8 g vs.
9.8 g in WT), substantially exceeding the 23% reduction observed with single knockout
of stefin B (average tumor weight 6.47 g vs. 8.44 g in WT) [35] or 23% reduction with
single knockout of cystatin C (average tumor weight 7.1 g vs. 9.2 g in WT) [48]. Taken
together, this implies that tumor cells use multiple survival strategies and that, when these
strategies are disrupted simultaneously, synergistic vulnerabilities arise that outweigh the
consequences of focusing on a single pathway. This enhanced effect likely reflects the
coordinated disruption of stefin B-mediated stress resistance [35] and cystatin C-mediated
growth support [48], although the precise molecular mechanisms underlying this synergy
in our model remain to be investigated. The superior tumor suppression observed in our
double-knockout compared with single-gene deletions suggests that these inhibitors may
function through complementary rather than redundant pathways.

The pronounced apoptosis detected in PyMT;DKO tumors indicates heightened sus-
ceptibility to cell death. The elevated apoptosis observed in PyYMT,DKO tumors correlated
with a higher frequency of islands of dead cells, aligning with histological findings in
stefin B-deficient tumors [35]. The enhanced apoptosis likely results from multiple con-
verging mechanisms. The literature suggests that stefin B loss permits cathepsin-mediated
degradation of Bcl-2 family proteins and the activation of the intrinsic apoptotic pathway.
At the same time, concurrent FLIP destabilization may sensitize cells to death receptor
engagement. Mechanistically, previous studies indicate that this likely reflects oxidative
stress-induced lysosomal destabilization, in which stefin B normally protects against inap-
propriate cathepsin release into the cytosol. Upon oxidative challenge, cathepsins leak into
the cytoplasm and cleave pro-apoptotic Bcl-2 family members (Bid, Bel-xL, Mcl-1), with Bid
cleaved into tBid, thereby activating intrinsic apoptosis via caspases-3 and -7. Furthermore,
it has been shown that stefin B has protease-independent cytoprotective effects, such as
stabilizing FLIP, which inhibits death receptor signaling by competing with caspase-8 for
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the binding of FADD [63]. Although a deficiency of cystatin C alone has been reported
to be anti-apoptotic [48], our PyMT;DKO model shows that stefin B-associated effects are
primarily responsible for the enhanced apoptosis. These findings support the concept that
stefin B protects cancer cells from stress-induced death through pathways independent
of cathepsin inhibition and that loss of these protective functions sensitizes tumor cells to
apoptosis, most likely contributing to the reduced tumor growth we observed.

The ability of the PyMT model to induce spontaneous pulmonary metastases pro-
vides insight into mechanisms controlling tumor dissemination. In contrast to single-gene
deletions, where stefin B loss results in no metastatic phenotype and cystatin C deficiency
promotes dissemination [35,48], PyMT;DKO tumors displayed altered metastatic potential,
with reduced numbers of lung metastases. These findings demonstrate that protease in-
hibitor expression affects not only tumor cell-intrinsic pathways but also processes critical
for tumor cell dissemination. As metastasis is a multistep process influenced by multi-
ple factors, including tumor cell survival in circulation, extravasation and colonization
efficiency within the target organ microenvironment (“seed and soil” theory), immune
surveillance, and other host-related factors, the reduced metastatic burden in the double-
knockout suggests that the loss of cystatin C and stefin B synergistically reshapes the tumor
microenvironment to further restrict metastatic dissemination, with reduced prolifera-
tion and increased apoptosis rate of PyMT,DKO tumor cells potentially contributing to
this mechanism.

By promoting angiogenesis, immune evasion, and therapy resistance, the tumor mi-
croenvironment (TME) plays a pivotal role in shaping cancer progression [64]. It represents
a dynamic and complex ecosystem composed of cancer cells, stromal cells, immune cells,
blood vessels, extracellular matrix, and various signaling molecules that interact dynam-
ically to support tumor growth, survival, and metastasis [65,66]. Among the immune
cells infiltrating the TME, tumor-associated macrophages (TAMs) are critical components
that can significantly influence cancer progression [67]. In our study, we demonstrated a
substantial increase in F4/80-positive macrophages in PyMT;DKO tumors. Furthermore,
our analysis demonstrated a reprogramming of the TME toward a tumor-suppressive state,
as evidenced by an increase in CD86-positive M1 macrophages without a corresponding
expansion of CD206-positive M2 populations. M1-polarized macrophages exert anti-tumor
functions through inflammatory mediator production, reactive species generation, and
direct cytolytic activity [68,69]. Although the underlying mechanisms remain to be fully
elucidated, this macrophage reprogramming may be linked to the loss of cystatin C, which
has been shown to modulate macrophage cytokine profiles and inflammatory responses,
including regulation of TNF-« and IL-10 production [51]. Our observation of increased
M1 macrophage infiltration aligns with recent findings from a syngeneic pancreatic cancer
model, in which CRISPR-mediated cystatin C knockout similarly reduced tumor growth
and remodeled the tumor immune microenvironment by diminishing recruitment of im-
munosuppressive TREM2+ macrophages [50]. Although Kleeman et al. demonstrated
reduced protumorigenic macrophage populations, the PyMT;DKO model showed increased
M1 populations, yet both mechanisms result in remodeling of the tumor microenviron-
ment toward an anti-tumor state. The M1 shift we observed may therefore represent a
specific disruption of tumor-associated immunosuppressive mechanisms, which would
likely support the observed tumor growth reduction and contribute to the multilayered
tumor suppression in the PyMT;DKO model. This shift in macrophage polarization toward
M1 contrasts with typical tumor-associated macrophage profiles, in which M2-polarized
macrophages usually predominate and promote tumor progression through immunosup-
pressive functions, angiogenesis, and tissue remodeling [70,71]. The simultaneous loss
of stefin B and cystatin C appears to alter signaling networks that normally recruit and
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polarize macrophages toward pro-tumorigenic phenotypes, creating conditions particularly
hostile to the survival and proliferation of tumor cells.

5. Conclusions

Overall, our study demonstrates that stefin B and cystatin C function as tumor pro-
moters in breast cancer through modulation of tumor metabolism, and that their combined
loss enhances tumor suppression. The superior anti-tumor effects we observed indicate
that these inhibitors most likely act through complementary mechanisms that support
tumor growth, although the precise molecular pathways warrant further investigation.
Simultaneous ablation of both inhibitors revealed therapeutic vulnerabilities inaccessible
with single-target approaches, suggesting potential benefits of dual-targeting strategies.
Notably, an observed increase in intratumoral M1 macrophage populations may contribute
to the disruption of tumor-associated immunosuppressive mechanisms, thus affecting
tumor cell survival and proliferation leading to reduced tumor volume and metastasis
in PyMT mice lacking both inhibitor genes. Our findings are hypothesis-generating and
provide a foundation for future research aimed at understanding the molecular basis of
the synergistic effects we observed, determining the therapeutic potential of combined
inhibitor targeting across different cancer models, and exploring integration with existing
therapeutic approaches. This study challenges traditional views of protease inhibitor func-
tions in cancer and emphasizes the importance of exploring their roles in tumor biology,
including their impact on tumor metabolic pathways, and the potential to redefine current
therapeutic strategies.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/cells15040360/s1, Figure S1: Comparative histological assessment
of tissues from mice with different genotypes. Hematoxylin and eosin staining of liver, kidney, lung,
and spleen from PyMT,WT, PyMT,;DKO, PyMT;Sth_/ ~ and PyMT;CstC_/ ~ mice. Organs were
collected, dehydrated, embedded in paraffin, sectioned at 5 pm, and stained with hematoxylin and
eosin. A pathohistological examination of the organs was performed. Scale bar: 100 pm. Figure S2:
Cell proliferation of PYMT,WT (n = 6) and PyMT;DKO (n = 6) primary tumor cells determined by
BrdU incorporation assay. Cell proliferation was assessed by BrdU cell proliferation assay HTS kit.
PyMT,;WT and PyMT;DKO cells were cultured and treated as described in the assay kit. Figure S3:
Immunofluorescence analysis of CD31 expression in PyYMT,WT and PyMT,DKO mammary tumors.
(A) Representative images of immunofluorescence staining of the endothelial cell-specific marker
CD31 (red staining) on PyYMT;WT and PyMT;DKO tumors. Scale bar: 100uM. (B) Quantification
of CD31 positive area as percentage of all tumor area in PyMT,WT (n = 8) and PyMT,DKO (n =9)
tumors. Statistics were analyzed using Student’s t-test. Figure S4: Original Western blot images
and densitometric analysis for Figure 1A. (A) Original membrane probed for stefin B. (B) Original
membrane probed for 3-actin (loading control). (C) Bar graph showing densitometric quantification
of stefin B expression normalized to (-actin. Bars represent mean values + standard deviation
(SD). Densitometric analysis was performed using Image] software. Statistical significance was
determined using Student’s t-test. Figure S5: Original Western blot images and densitometric analysis
for Figure 1B. (A) Original membrane probed for cystatin C. (B) Original membrane probed for
f-actin (loading control). (C) Bar graph showing densitometric quantification of cystatin C expression
normalized to $-actin. Bars represent mean values + standard deviation (SD). Densitometric analysis
was performed using Image] software. Statistical significance was determined using Student’s ¢-test.
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Abbreviations

The following abbreviations are used in this manuscript:

AMPK AMP-activated protein kinase

BrdU 5-bromo-2'-deoxyuridine

CstC Cystatin C

DAB 3,3/-Diaminobenzidine

DKO Double-knockout

DMEM Dulbecco’s Modified Eagle Medium
DNA Deoxyribonucleic acid

DTIT Dithiothreitol

ECM Extracellular matrix

EDTA Ethylenediaminetetraacetic acid
EMT Epithelial-mesenchymal transition
FADD Fas-associated death domain

FBS Fetal bovine serum

FLIP FLICE-like inhibitory protein

IHC Immunohistochemistry

MAPK Mitogen-activated protein kinase
MMTV Mouse mammary tumor virus
mTOR Mechanistic target of rapamycin
PBS Phosphate-buffered saline
PECAM-1 Platelet endothelial cell adhesion molecule-1
PI3K Phosphoinositide 3-kinase

PyMT Polyoma Middle T antigen

RIPA Radioimmunoprecipitation assay
ROS Reactive oxygen species

SDS-PAGE Sodium dodecyl sulfate-polyacrylamide gel electrophoresis
StfB Stefin B

TAMs Tumor-associated macrophages
TGF-3 Transforming growth factor beta
TME Tumor microenvironment
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TNF-« Tumor necrosis factor alpha

TREM2 Triggering receptor expressed on myeloid cells 2

TUNEL Terminal deoxynucleotidyl transferase dUTP nick end labeling
WT Wild-type

Z-Phe-Arg-AMC  Z-Phenylalanyl-arginyl-7-amido-4-methylcoumarin
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