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Abstract 

Studies in the MMTV-PyMT (PyMT) breast cancer mouse model have shown a strong influence of the 
lysosomal cysteine cathepsins B or L on lung metastasis formation. Transgenic expression of human 
CTSB (tgCTSB) or CTSL (tgCTSL) both led to similar metastatic phenotypes with increased metastatic 
burden in the PyMT mice. However, recent studies in other tumor models proved marked differences 
in effects of either cathepsin on the proteome composition. We sought to analyze and compare 
proteome changes in the metastatic proteome of PyMT mice expressing either tgCTSB or tgCTSL to 
evaluate similarities and differences in those models. 
Performing an explorative, quantitative proteome comparison based on LC-MS/MS, we identified up to 
3,000 proteins from murine lung metastases in three independent biological replicates per genotype. In 
both cases, when compared to wild-type (WT) mice, we noticed a pronounced impact of transgene 
cathepsin expression on the metastasis proteome. Highlights include increased moesin, integrin beta 1 
and vinexin levels in the tgCTSB dataset and increased saposin and granulin levels in the tgCTSL dataset. 
Importantly, non-supervised hierarchical clustering clearly separated tgCTSB vs. tgCTSL induced 
proteome changes. 
In summary, tgCTSB and tgCTSL both display a strong and distinct impact on proteome composition of 
lung macrometastases in the PyMT model. Our observations suggest that they impact malignant 
behavior in distinct ways, thus further emphasizing interest into their tumor-contextual functionality. 

Introduction 
The proteases cathepsin B (CTSB) and cathepsin 

L (CTSL) are well described to be highly expressed in 
many human cancer entities (reviewed in [1]). Both 
cathepsins are linked to poor outcome and have been 
proposed as independent tumor markers in breast 
cancer [2], lung squamous cell carcinoma [3], 
pancreatic adenocarcinoma [4] and ovarian cancer [5]. 
CTSB and CTSL are predominantly localized in the 
lysosome, but are also commonly secreted in the 

extracellular environment [6], where they interact 
with proteins of the plasma membrane [7,8]. Despite 
their pH optimum in the acidic range [9,10], a 
growing body of evidence supports extracellular 
activity of CTSB and CTSL, which is facilitated by 
binding to glycosaminoglycans [11,12]. We recently 
reported that CTSB influences ADAM-10-dependent 
shedding independent of its proteolytic activity [13]. 

The impact of cysteine cathepsins on overall 
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tumor phenotype and metastasis formation has been 
analyzed in different murine mouse models. In the 
Rip1-Tag2 model for pancreatic neuroendocrine 
neoplasia, absence of either CTSB or CTSL delayed 
tumor growth and impaired tumor invasion [14]. The 
regulatory role of cysteine cathepsins in tissue 
proteome composition and protein degradation has 
also been studied in this model by quantitative 
proteomic methods [15]. 

In APCmin mice, CTSB deficiency led to 
attenuated formation of intestinal neoplasia [16]. On 
the contrary, crossing of APCmin with furless mice, 
which carry a mutant inactive CTSL, led to increased 
polyposis [17]. In the MMTV-PyMT breast cancer 
model, deletion of either CTSB delayed primary 
tumor growth as well as lung metastasis formation 
[18]. In the same model, forced expression of 
transgene human CTSB [19,20] or human CTSL [21] 
increases the metastatic burden. 

In summary, while most of the used models hint 
toward similar roles of both CTSB and CTSL in tumor 
progression, there are differences in the effects of 
these cathepsins in others. Studies of the proteases’ 
cleavage motifs and substrates revealed distinct 
patterns [22]. Therefore, we aimed to analyze the 
effects on the metastasis proteome of both cathepsins 
in a relevant breast cancer mouse model. The 
MMTV-PyMT breast cancer mouse model is well 
suited to analyze metastatic processes, as it displays a 
high incidence of lung metastases [23]. In this study, 
we isolated lung metastases of transgenic 
MMTV-PyMT mice expressing either human CTSB 
(tgCTSB) or CTSL (tgCTSL) at high levels. We 
quantitatively analyzed the proteome composition by 
LC-MS/MS using stable isotope labeling. Our data 
suggest that distinct changes of the metastasis 
proteome biology accompany metastasis progression 
in tgCTSB versus tgCTSL mice. tgCTSB expression led 
to a concerted increase of proteins involved in cell 
adhesion and actin cytoskeleton remodeling while 
tgCTSL mainly influenced the translational 
machinery as well as secreted proteins. 

Methods 
Mice 

Transgenic mice carrying the polyoma middle T 
antigen (PyMT+/0) in an FVB/N background, under 
control of the MMTV LTR promotor 
(FVB/N(MMTV-PyMT)-Tg634-Mul/J) [23], were 
crossed with mice either bearing the human transgene 
CTSB Tg(CTSB+/0) or CTSL (CTSL+/0), as described 
previously [19–21].  

Maintenance of animal strains and work 
performed in this study was carried out in accordance 

with institutional guidelines and the German law for 
animal protection (Tierschutzgesetz) as published on 
May 18th 2006 with last amendment on July 28th 2014. 
Ethics approval registration number is G14/18 RP 
regional council Freiburg. 

Dissection of lung metastases 
MMTV-PyMT mice were sacrified at the age of 

14 weeks. Mice were anesthetized using a solution of 
1 % Ketamine and 1 % Xylazine solved in 0.9 % NaCl 
and perfunded with 0.9 % NaCl containing protease 
inhibitors (PMSF, E64). Mouse lungs were removed 
and shock-frozen on dry ice. Macrometastases were 
excised under a stereo microscope using small forceps 
and directly transferred on dry ice. 

MS sample preparation, LC-MS/MS and data 
analysis 

Intact metastases were lysed with 4 % SDS in 
PBS and boiled at 95 °C for 30 min, followed by 
ultrasonication. Cell debris was removed by 
centrifugation and proteins were precipitated by 
addition of 9 volumes of acetone and 1 volume of 
methanol. For each genotype, the proteomes of three 
independent biological replicates were measured by 
LC-MS/MS. When necessary, precipitated samples of 
several mice were pooled prior to labeling, thus 
enabling a pre-fractionation step prior to LC-MS/MS. 
Supplementary Table 1 gives an overview about the 
pooled samples. Between 3 and 10 metastases per 
mouse were used for LC-MS/MS sample pools. Due 
to differences in initial availability, tgCTSL metastasis 
lysates were pre-fractionated on a HPLC SCX column, 
while tgCTSB lysates were pre-fractionated using a 
STAGE-TIP SCX protocol [24]. 

Trypsin digestion and differential dimethylation 
were essentially performed as described previously 
[25]. LC-MS/MS was performed as described 
previously using an Orbitrap XL mass spectrometer 
(Thermo Scientific) [26]. Peptide spectrum matching 
and relative protein quantitation were performed as 
described previously [25], with the following changes: 
the validated (Swiss-Prot) UniProt mouse proteome 
was downloaded on November, 17th, 2015. Sequences 
of human CTSB and CTSL were added manually. The 
GPM [27] contaminant database with additional 
common mycoplasma contaminants [28] were 
appended. The database was appended with an equal 
number of randomized sequences derived from the 
original mouse proteome entries. An FDR of < 1 % 
was used both at peptide and at protein ID level. 
Proteins with only one identified peptide were only 
accepted when measured in all three replicates of one 
genotype. The relative quantitation was performed on 
MS1 level using the XPRESS algorithm [29]. Protein 
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fold change (FC) values were calculated as log2 

(abundance tgCTS / abundance WT). The FC values 
were normalized to center at zero. Statistical 
significance was tested using the linear model for 
microarray data (limma) [30] as described previously 
[31]. Raw data and all relevant data generated during 
analysis, including the used databases have been 
deposited to the ProteomeXchange Consortium via 
the PRIDE partner repository [32] with the dataset 
identifier PXD005860. 

Localization prediction and GO term 
enrichment 

The subcellular localization of proteins was 
determined using ngLoc [33]. In order to identify 
clusters of co-regulated, functionally related proteins, 
we performed a gene ontology (GO) enrichment 
analysis, with a focus on the “cellular compartment” 
and “biological process” annotation [34]. We chose 
the TopGO algorithm to minimize GO term 
redundancy [35]. Only clusters with a p-value < 0.05 
and including at least three significantly affected 

proteins were considered. Hierarchical clustering was 
performed using the Multi Experiment Viewer 
(version 4.9.0) software [36] with standard settings. 

Peptide mapping 
Mapping of identified peptides to full proteins 

was performed as previously published [31,37]. 

Results 
Explorative proteomic profiling of lung 
metastasis 

Lung metastases were macrodissected from 
14-week old mice of the genotypes PyMT+/0; 
Ctsb+/+,Ctsl+/+ (short: WT), PyMT+/0;Tg(CTSB)+/0 
(short: tgCtsb) [19] or PyMT+/0;Tg(CTSL)+/0 (short: 
tgCtsl) [21]. For quantitative comparison, the lung 
metastasis proteome of transgene mice was measured 
alongside with proteins isolated from WT lung 
metastases. In the three biological replicates of the 
tgCTSB dataset, we identified 1,332, 1,397 and 1,630 
proteins, respectively. In the three biological 

replicates of the tgCTSL dataset, we 
identified 3,701, 3,001 and 2,808 proteins, 
respectively. In total, 1,090 proteins were 
identified in all three replicates of 
tgCTSB and 2,322 proteins were 
identified in all three replicates of 
tgCTSL (Fig. 1A & B). Incomplete 
overlap of identified proteins is an 
intrinsic feature of data- 
dependent LC-MS/MS based 
proteomics. In our data, the shared 
protein identifications between any two 
datasets of a genotype ranged between 
84 % and 95 %, indicating good 
reproducibility. Differences in initial 
protein availability required resorting to 
a miniaturized STAGE-TIP protocol for 
prefractionation of the tgCTSB samples, 
while tgCTSL samples were 
prefractionated using a HPLC column, 
yielding more fractions per sample. The 
higher ID numbers in the tgCTSL dataset 
demonstrate the superiority of HPLC 
prefractionation. However, 1,025 
proteins (94 %) of the tgCTSB dataset 
were equally identified in the tgCTSL 
dataset (Supplementary Fig. 1A), thus 
enabling comparison of both datasets. 

Subcellular localization of the 
identified proteins was similar for both 
analyzed genotypes, independently of 
the prefractionation protocol 
(Supplementary Fig. 1B). The identified 

 

 
Figure 1: LC-MS/MS identifications and quantifications. We analyzed three independent 
biological replicates of lung metastases expressing tgCTSB compared to WT metastases by 
LC-MS/MS. We identified 1,332 proteins in replicate 1, 1,397 proteins in replicate 2 and 1,630 
proteins in replicate 3. 1,090 proteins were identified in all three replicates. A) We analyzed three 
independent biological replicates of lung metastases expressing tgCTSL compared to WT 
metastases by LC-MS/MS. We identified 3,701 proteins in replicate 1, 3,001 proteins in replicate 2 
and 2,808 proteins in replicate 3. 2,322 proteins were identified in all three replicates. B) Identified 
proteins were quantified based on the MS1 peptide mass traces. The relative quantity of each protein 
compared to the corresponding WT control sample is given by the fold change value (FC). The 
boxplots depict FC values of all quantified proteins in each replicate. Outliers are not depicted. 
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proteins stem mainly from intracellular 
compartments (cytoplasma, nucleus and 
mitochondria), and to a lesser extent from plasma 
membrane (9 %) and the extracellular compartment (5 
to 6 %).  

tgCTSB and tgCTSL have distinct impacts on 
the metastasis proteome 

Dimethyl-labelling enabled the relative 
quantitation of the metastasis proteomes of tgCTSB 
and tgCTSL mice compared to their respective 
controls. Relative protein expressions were 
normalized and calculated as fold change values (log2 
of ratio transgene over control). In all six individual 
proteome comparisons, substantial proteome 
alterations are noticeable, as indicated by the 
individual box-and-whisker plots (Fig. 1C). 

To gain a global overview on expression 
differences in all six replicates, we performed a 
hierarchical clustering (Fig. 2A) of the protein 
expression for those approx. 1,000 proteins, which 
were identified and quantified in all six samples. All 
replicates of each genotype fall into separate clusters, 
strongly arguing for distinct metastasis proteome 
changes in tgCTSB versus tgCTSL mice.  

To determine differentially regulated proteins, 
we performed a linear model for microarrays (limma) 
fitting, which has been previously used for 
quantitative proteomic data [13,31]. The 
corresponding volcano plots are depicted in Fig. 2B. 
All proteins with a limma modified p-value of p < 0.05 
were considered to be significantly changed. In the 
tgCTSL dataset, these criteria highlighted 16 
upregulated and 57 downregulated proteins 
(Supplementary Table 2). In spite of lower ID 
numbers in the tgCTSB dataset, more proteins were 
consistently regulated, with 111 upregulated and 61 
downregulated proteins (Supplementary Table 3). 
The overlap between significantly altered proteins in 
both genotypes is minimal, only one protein, the 
extracellular matrix (ECM) component nephronectin 
(NPNT), is equally upregulated in response to either 
tgCTSB or tgCTSL expression (Fig. 2C). The 
near-complete lack of commonly affected proteins 
further underlines the presence of distinct proteome 
changes in tgCTSB and tgCTSL mice. An overview 
about the top 10 most significant protein alterations of 
each dataset is given in Table 1. 

Table 1: Significantly enriched / depleted proteins 

Proteins downregulated upon tgCTSL expression UniProt  FC1 FC2 FC3 Mean p-value CI 95% L CI 95% R 
40S ribosomal protein S24  P62849 -1.85 -2.36 -1.65 -1.95 0.0011 -2.69 -1.21 
40S ribosomal protein S23  P62267 -2.10 -1.26 -1.68 -1.68 0.0025 -2.44 -0.92 
Beta-2-microglobulin  P01887 -2.53 -1.27 -1.72 -1.84 0.0034 -2.73 -0.95 
40S ribosomal protein S30  P62862 -1.89 -3.89 -1.93 -2.57 0.0038 -3.85 -1.29 
60S ribosomal protein L26  P61255 -1.44 -1.27 -1.00 -1.24 0.0057 -1.92 -0.56 
Cytosolic acyl coenzyme A thioester hydrolase  Q91V12 -1.66 -1.53 -3.47 -2.22 0.0059 -3.45 -0.99 
Protein S100-A9  P31725 -1.73 -0.76 -1.76 -1.42 0.0081 -2.27 -0.57 
60S ribosomal protein L34  Q9D1R9 -1.93 -2.28 -0.70 -1.63 0.0097 -2.66 -0.61 
60S ribosomal protein L32  P62911 -2.30 -4.01 -1.05 -2.45 0.0105 -4.02 -0.88 
60S ribosomal protein L29  P47915 -2.15 -4.30 -1.20 -2.55 0.0112 -4.21 -0.89 
Bystin  O54825 -1.17 -2.30 -0.84 -1.44 0.0134 -2.42 -0.46 

         Proteins upregulated upon tgCTSL expression UniProt  FC1 FC2 FC3 Mean p-value CI 95% L CI 95% R 
Cathepsin L1  P07711 8.51* 9.34* 3.62* 7.15* 0.0019* 4.10* 10.21* 
Autophagy protein 5  Q99J83 1.93 1.56 0.90 1.46 0.0062 0.64 2.29 
Glutamate-rich WD repeat-containing protein 1  Q810D6 1.07 0.70 0.79 0.85 0.0227 0.18 1.53 
Prosaposin  Q61207 3.35 1.93 0.40 1.90 0.0267 0.33 3.46 
Protein disulfide-isomerase  P09103 1.32 0.47 0.98 0.92 0.0275 0.15 1.69 
REST corepressor 1  Q8CFE3 1.11 1.70 0.35 1.05 0.0319 0.14 1.97 
Granulins  P28798 5.85 2.22 0.83 2.97 0.0322 0.38 5.55 
RWD domain-containing protein 1  Q9CQK7 0.98 0.81 0.53 0.78 0.0334 0.09 1.46 
Nephronectin  Q91V88 1.98 1.93 0.07 1.33 0.0398 0.09 2.56 
NudC domain-containing protein 3  Q8R1N4 4.08 2.32 0.11 2.17 0.0401 0.15 4.20 

         Proteins upregulated upon tgCTSB expression UniProt  FC1 FC2 FC3 Mean p-value CI 95% L CI 95% R 
Squalene synthase P53798 2.65 3.14 3.59 3.13 0.0000 2.49 3.76 
Cathepsin B P07858 5.78* 6.46* 9.50* 7.25* 0.0000* 5.55* 8.95* 
EH domain-containing protein 1 Q9WVK4 0.88 1.60 1.48 1.32 0.0016 0.73 1.91 
A-kinase anchor protein 5 D3YVF0 0.83 2.21 2.09 1.71 0.0020 0.91 2.51 
Histone H1.1 P43275 1.04 1.70 0.97 1.24 0.0024 0.64 1.84 
Tight junction protein ZO-1 P39447 0.93 1.51 0.97 1.13 0.0027 0.57 1.70 
Rho GDP-dissociation inhibitor 2 Q61599 1.92 0.82 1.23 1.32 0.0031 0.64 2.00 
Histone H2A.Z P0C0S6 1.35 2.21 0.82 1.46 0.0034 0.70 2.22 
Tropomodulin-3 Q9JHJ0 1.58 1.17 0.72 1.16 0.0036 0.55 1.77 
Serum deprivation-response protein Q63918 1.11 0.73 1.59 1.15 0.0038 0.53 1.76 

         Proteins downregulated upon tgCTSB expression UniProt  FC1 FC2 FC3 Mean p-value CI 95% L CI 95% R 
Apolipoprotein A-II P09813 -1.67 -2.00 -1.34 -1.67 0.0004 -2.24 -1.10 
Cathepsin Z Q9WUU7 -1.24 -2.07 -2.06 -1.79 0.0005 -2.42 -1.15 
Alpha-2-macroglobulin Q61838 -1.44 -1.40 -0.71 -1.18 0.0030 -1.78 -0.58 
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Apolipoprotein A-I Q00623 -0.97 -2.55 -1.21 -1.58 0.0041 -2.43 -0.72 
Carboxylesterase 1C P23953 -0.97 -0.86 -0.92 -0.92 0.0043 -1.42 -0.42 
Acid ceramidase Q9WV54 -0.72 -1.12 -1.00 -0.94 0.0047 -1.47 -0.42 
Apolipoprotein A-IV P06728 -0.77 -1.48 -0.89 -1.04 0.0049 -1.63 -0.46 
Protein FAM49B Q921M7 -0.91 -0.97 -0.80 -0.89 0.0050 -1.40 -0.39 
Peptidyl-prolyl cis-trans isomerase FKBP8 O35465 -0.72 -0.91 -1.16 -0.93 0.0053 -1.46 -0.40 
D-3-phosphoglycerate dehydrogenase Q61753 -0.74 -0.74 -1.31 -0.93 0.0070 -1.50 -0.36 

 
 

 
Figure 2: Statistical analysis of changes in protein abundance. A) Hierarchical clustering of changes in protein abundance. The two main clusters are 
determined by the genotype of the measured metastases (tgCTSB and tgCTSL). B) Mean FC values for each protein were calculated based on the three biological 
replicates of the respective genotype. p-values for each protein were calculated based on the limma algorithm. Changes in protein abundance were considered to be 
statistically significant, if the corresponding p-value was smaller than 0.05. The volcano plots depict the p-value and the mean FC-value of each protein that was 
quantified in all three replicates of a genotype. In the case of human tgCTSB and tgCTSL, pseudo-FC values are depicted (*). Proteins that are expressed significantly 
less compared to the WT control are depicted in blue, proteins that are expressed significantly higher compared to the WT control are depicted in red. 

 
As expected, we observe expression of human 

CTSB and CTSL in samples stemming from transgene 
mice. The measured FC values have to be understood 
as “pseudo FC values”, because the human transgene 
is not present in WT mice. Nonetheless, background 
traces in the WT samples are quantified by the used 
algorithm and can be used to calculate relative 
expression levels for those proteins. To enable 
visualization of the human transgenes alongside with 
the murine proteins, those relative values are kept, 
but do not represent the true level of expression 
(compare Tholen et al., 2013). 

Impact on lysosomal murine cathepsins 
Earlier proteome studies highlighted that loss or 

gain of cathepsin function often has a strong impact 
on further lysosomal proteases. An example is the 
enrichment of cathepsin D in the skin of mice deficient 
for cathepsin L [25]. To systematically analyze this 
relation in the present study we plotted the expression 
of all identified lysosomal murine cathepsins (Fig. 3). 
Five murine lysosomal cathepsins (B, C, D, S, Z) were 
identified in all tgCTSB datasets. Only cathepsin Z 
(Ctsz) shows a significant downregulation. Seven 
murine lysosomal cathepsins were identified in the 
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tgCTSL datasets (A, B, C, D, H, S, Z) and none of them 
displays significant regulation.  

Localization and function of influenced 
proteins 

For a more specific view of protein localization 
and function, we analyzed the enrichment of “cellular 
compartment” and “biological process” gene 
ontology (GO) terms. In the tgCTSB dataset, we found 
an enrichment of extracellular and nucleoplasm 
proteins in the downregulated proteins. 
DNA-binding, cellular junction and stress fiber 
proteins were enriched in the upregulated proteins 
(Fig. 4A). In the tgCTSL dataset, ribosomal, nucleolar 
and secretory granule proteins are enriched in the 
downregulated proteins. There was no significant 
enrichment in the upregulated proteins (Fig. 4A). 

Biological processes that were enriched in the 
downregulated proteins of the tgCTSB dataset were 
mostly linked to lipid or cholesterol metabolism (Fig. 
4B). The terms “cell adhesion”, as well as “regulation 
of cell shape” and “cell motility” were enriched in the 
upregulated proteins. In the tgCTSL dataset, the 
downregulated proteins showed enrichment in 
translation and several GO terms linked to 
inflammatory response. The upregulated proteins 
showed enrichment in the terms “response to ER 
stress” and “negative regulation of cell death” (Fig. 
4B). We conclude that overexpression of either 
tgCTSB and tgCTSL leads to changes in mostly 
distinct cellular compartments and different 
biological processes of the metastatic cell and its 
environment.  

Modulation of the cellular junction proteome 
in metastases expressing tgCTSB 

In the tgCTSB dataset, we identified an 
enrichment of cell adhesion and cell junction proteins. 

A set of 45 proteins was annotated to at least one of 
those GO terms, making up for 26 % of the influenced 
proteins. Interestingly, 41 of these proteins were 
upregulated upon tgCTSB expression 
(Supplementary Table 4). Cellular adhesion is 
mediated by transmembrane adhesion proteins, 
which link the cell either to neighboring cells or the 
extracellular matrix (ECM). We identified several 
transmembrane adhesion proteins, both binding to 
ECM (ITB1, BCAM), as well as proteins establishing 
cell-cell contacts (PECAM-1, ICAM-1, ECAM). 
Accordingly, we also identified ECM proteins that 
bind to integrins (PSTN, Laminins, NPNT, MSN). On 
the intracellular side of the cell membrane, adhesion 
proteins are linked to actin or intermediate filaments 
of the cytoskeleton by intracellular anchor proteins. 
We identified three groups of anchor proteins. Firstly, 
we identified the proteins vinculin, vinexin, zyxin and 
talin-1, which link integrins to the actin cytoskeleton. 
Secondly, we identified catenins (CTNN-A, 
CTNN-D), which interact with cadherins in cell-cell 
contacts. Thirdly, we identified the tight junction 
proteins ZO-1 and ZO-2. Lastly, we identified a large 
group of proteins interacting with the actin 
cytoskeleton (ARPC2, AKAP 5/12, septin 7/11, 
spectrin a/b, MARCKSL1) and several myosin 
proteins. All mentioned proteins were significantly 
upregulated in the tgCTSB dataset. For a better 
overview, we mapped interactions between some of 
the described proteins to KEGG pathways 
(Supplementary Fig. 2) and grouped the proteins 
according to their function (Supplementary Table 4). 

Modulation of secreted proteins in metastases 
expressing tgCTSL 

In response to CTSL overexpression we observed 
downregulation of several ribosomal proteins. 
Twenty different proteins of the 60S subunit and four 

different proteins of the 40S 
subunit were consistently 
reduced in abundance. The 
changes were most prominent in 
dataset 1 and 2. Indeed, analyzing 
all 76 identified ribosomal 
proteins shows a significant 
overall reduction of ribosomal 
protein expression in those 
datasets, while in the third dataset 
there is no general trend for 
ribosomal protein suppression 
(Supplementary Fig. 3). 

 
Figure 3: Impact on endogenous lysosomal cathepsin levels. The plot shows expression of the 
transgene human cathepsin and changes in endogenous expression of murine lysosomal cathepsins. Mean 
expression and 95 % confidence interval as calculated by the limma algorithm are depicted. For the human 
transgenes, pseudo-FC values are depicted. 
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Figure 4: GO term enrichment analysis. A) The tables show GO terms for cellular compartments that where enriched in the up- or downregulated proteins 
of the tgCTSB or tgCTSL dataset. All identified proteins of the respective experiments were used as a background. B) The tables show GO terms for biological 
processes that where enriched in the up- or downregulated proteins of the tgCTSB or tgCTSL dataset. All identified proteins of the respective experiments were 
used as a background. 

 
Two of the proteins with the highest 

upregulation in the tgCTSL datasets were progranulin 
(PGRN) and prosaposin (PSAP). Both proteins are 
located in secretory granules and are synthesized as 
proforms which are processed to smaller peptides, 
called granulins and saposins, respectively. To 
analyze if the proteins in our dataset had undergone 
processing into peptides, we performed a peptide 
mapping procedure (Fig. 5). As we identified peptides 
that spanned granulin and saposin peptide borders, 
we conclude that at least part of the identified 
peptides stem from the full-length protein proforms. 

Discussion 
Cathepsin proteases facilitate cancer progression 

through a variety of mechanisms. Suppression of 
cathepsin B or L hampers proliferation, migration and 
invasion of human tumor cells and may also have an 

effect on chemotherapeutic resistance. One of the first 
mechanisms to be described in vivo was the 
degradation of extracellular matrix by secreted 
cathepsins which enables tumor cells to breach the 
basal membrane and invade into the surrounding 
tissue [38]. In the RIP1-Tag2 model, deletion of Ctsb or 
Ctsl reduced neo-angiogenesis in the primary tumors 
[14]. In accordance, expression of human CTSB in the 
MMTV-PyMT model increased neo-angiogenesis [19]. 
Combinatorial treatment of MMTV-PyMT mice with 
Paclitaxel and the pan-cathepsin inhibitor JPM-OEt 
showed that high levels of cathepsins secreted by 
tumor-infiltrating macrophages induce resistance to 
Paclitaxel-induced cell death [39]. Contrarily, 
cathepsins leaking from lysosomes into cell plasma 
were also reported to facilitate apoptosis of tumor 
cells [40], a mechanism that may form an Achilles heel 
of many cancers [41]. 
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Fig. 5: Peptide Mapping of PGRN and PSAP. All identified peptides of the tgCTSL dataset were mapped to the full-length proteins prosaposin and progranulin. 
Signal peptides are depicted in light blue, processed saposins / granulins in dark blue. Areas of the proprotein that do not give rise to saposins / granulins are depicted 
in grey. Identified peptides are depicted in yellow, pink circles mark peptides spanning borders of granulins / saposins. (* Two different saposins are generated: 
saposin-B and saposin-B-val.) 

 

Distinct impact on the metastasis proteome 
by tgCTSB versus tgCTSL 

In our datasets, the detected proteome changes 
in tgCTSB versus tgCTSL metastases showed marked 
differences. In spite of the high overlap of protein 
identification in the datasets, only a single protein, the 
integrin binding ECM protein NPNT, was 
significantly altered in both genotypes. Hierarchical 
clustering and GO term enrichment analysis further 
showed that both cathepsins regulate distinct 
pathways in spite of inducing a similar metastatic 
phenotype. This finding is in line with previous 
comparative studies on CTSB and CTSL. We 
previously published a proteomic and degradomic 
comparison of those cathepsins in murine skin, which 
also showed differences between both cathepsins [25], 
e.g. in angiogenic mechanisms. Recently, a massive 
quantitative degradomic study was published 
comparing the impact of the cathepsins B, H, L, S and 
Z in the pancreatic islet cancer model Rip1-Tag2 [15]. 
In this study, the authors found that cathepsins show 
distinct effects and no family-wide substrate 
compensation. Another important finding from this 
study was that while degradative functions make a 
large proportion of cathepsin effects, there are also 
some stable cathepsin cleavage products. The latter 
mostly belong to the extracellular environment, where 
they may exert regulatory functions in cancer. This 
underlines our findings of many altered extracellular 

proteins, both in the tgCTSB and in the tgCTSL 
dataset. 

Interplay of transgene with endogene 
cathepsins 

Cathepsins often display redundancy and 
compensatory effects [42,43]. Therefore, we checked 
for the expression of murine cathepsins upon 
transgene expression. The only potentially 
compensatory mechanism was in the tgCTSB dataset, 
where we observed downregulation of murine Ctsz 
upon tgCTSB expression. Ctsz and Ctsb are 
mechanistically closely linked by their 
carboxypeptidase activity, which is unique among the 
cathepsin family [44,45]. In the PyMT breast cancer 
mouse model, they show synergistic influence on 
cancer progression and metastasis formation [46]. Our 
data thus indicate compensatory downregulation of 
Ctsz on protein level. In an earlier study, Ctsz mRNA 
level was unchanged upon tgCTSB expression in 
PyMT tumor cells [20] which indicates a 
post-transcriptional mechanism. Also the observed 
upregulation of neutrophilic granule protein (NGP), 
an endogeneous peptide inhibitor of Ctsb [47], may 
represent a compensatory mechanism. 

Specific effects of CTSB 
Our data on the influence of CTSB on cellular 

adhesion is in accordance with an earlier study on 
transcript level [20], where the GO term “cell 
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adhesion” was equally enriched in tgCTSB expressing 
PyMT tumor cells. Here, a coculture of PyMT tumor 
cells with or without expression of tgCTSB and 
macrophages were analyzed using microarrays. The 
same study showed that expression of tgCTSB does 
not alter single cell motility, but rather multicellular 
streaming of PyMT tumor cells in a 3D cell culture 
model [20]. In this process, tumor cells invading into 
foreign tissue keep contact to neighboring tumor cells 
[48], which may also explain our observation of 
increased ITB1 expression. 

Apart from cell adhesion, we noticed a 
repression of several proteins linked to the 
proteasome. A similar mechanism of cathepsin and 
proteasome cross-regulation has been observed in an 
earlier study [25]. 

Another interesting finding in the tgCTSB 
dataset was the downregulation of three eIF3 subunits 
(E, F and K). eIF3 is important for the translation 
initiation of uncapped mRNA [49], which is a typical 
mechanism in low-oxygen cancerous cells. 
Interestingly, downregulation of the subunits E and F 
was reported to induce malignant transformation in 
mammary cancer (reviewed in [50]). 

Specific effects of CTSL 
In the tgCTSL dataset, we detected 

downregulation of many ribosomal proteins, which 
was most noticeable in two of the three replicates. We 
detected a significant general trend toward reduced 
expression of ribosomal proteins in these datasets. 
However, the third dataset displayed no sign of 
general ribosomal protein repression. We conclude 
that the observed effect might be non-specific for 
tgCTSL but rather based on a coincidence and due to 
the small number of replicates. 

In contrast, a consistent effect in all three 
replicates was the upregulation of the two secreted 
proteins progranulin (PGRN) and prosaposin (PSAP). 
Similar to tgCTSL, both proteins are synthesized as 
proforms and routed to the lysosomal lumen, but are 
more abundant in secretory granules and secreted 
into the extracellular environment. Progranulin, also 
known as proepithelin or PC cell-derived growth 
factor (PCDGF), was reported to be highly expressed 
in breast cancer and to promote tumor malignancy 
[51] by stimulating proliferation, migration and 
tamoxifen resistance [52,53]. It was shown to induce 
MAPK/ERK signaling in colorectal [54] and bladder 
cancer [55]. PSAP was shown to be secreted by breast 
cancer cell lines [56]. High expression of prosaposin 
was proposed as a marker for shorter progression-free 
survival in tamoxifen treatment of breast cancers [57]. 
Like progranulin, also prosaposin induces MAPK 
signaling [58]. Interestingly, progranulin and 

prosaposin were identified as the two most abundant 
lysosomal proteins in a recent absolute quantitation 
study [59]. 

Conclusion 
Quantitative proteomic analysis of isolated 

metastases revealed differences in transgene PyMT 
mice expressing either human CTSB or human CTSL. 
Though the metastatic phenotype of the transgene 
PyMT mice is comparable, the proteome changes that 
are evoked by each cathepsin are unique for each of 
the cathepsins. Our datasets may provide new clues 
how CTSB and CTSL influence metastasis formation. 
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