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Abstract: Proteases function within sophisticated networks.
Altering the activity of one protease can have sweeping
effects on other proteases, leading to changes in their
activity, structure, specificity, localisation, stability, and
expression. Using a suite of chemical tools, we investigated
the impact of cathepsin X, a lysosomal cysteine protease, on
the activity and expression of other cysteine proteases and
their inhibitors in dendritic cells. Among all proteases
examined, cathepsin X gene deletion specifically altered
cathepsin L levels; pro-cathepsin L and its single chain
accumulated while the two-chain form was unchanged.
This effect was recapitulated by chemical inhibition of
cathepsin X, suggesting a dependence on its catalytic
activity. We demonstrated that accumulation of pro- and
single chain cathepsin L was not due to a lack of direct
cleavage by cathepsin X or altered glycosylation, secretion,
or mRNA expression but may result from changes in
lysosomal oxidative stress or pH. In the absence of active
cathepsin X, nuclear cathepsin L and cleavage of the known
nuclear cathepsin L substrate, Lamin B1, were diminished.
Thus, cathepsin X activity selectively regulates cathepsin L,
which has the potential to impact the degree of cathepsin
L proteolysis, the nature of substrates that it cleaves, and
the location of cleavage.

Keywords: activity-based probes; cathepsins; cysteine pro-
teases; dendritic cells; nuclear proteolysis; protease networks

1 Introduction

Proteases are hydrolytic enzymes that cleave the peptide
bonds of protein substrates and are responsible for protein
degradation and turnover. Proteases contribute to diverse
biological processes, including antigen processing, cell sig-
nalling, migration, maturation, and proliferation (Chapman
et al. 1997; Hsing and Rudensky 2005; Jevnikar et al. 2008;
Obermajer et al. 2008). Aberrant proteolytic activity is linked
to various diseases, including cancer, inflammation, and
cardiovascular diseases (Allan et al. 2017; Hua and Nair 2015;
López-Otín and Bond 2008; Mitrovic et al. 2017). Cathepsins
are a unique family of proteases that can be classified into
three groups based on their mechanism of action, including
cysteine, serine, and aspartic cathepsins. The cysteine
cathepsin family is the most abundant family with 11
members, including cathepsin B, C, F, H, K, L, O, S, V, X and
W (Turk et al. 2012).

Cysteine cathepsins are synthesised as inactive zymo-
gens, and their activation requires proteolytic removal of
propeptide(s). Most endopeptidases autoactivate, including
cathepsin B, H, L, S, K, V and F (Mach et al. 1994; Ménard et al.
1998;McQueney et al. 1997; Somoza et al. 2000; Vasiljeva et al.
2003, 2005; Wang et al. 1998). The exopeptidases cathepsin C
and cathepsin X require the activity of other proteases
for activation. Pro-cathepsin C is cleaved by cathepsin L
and S (Dahl et al. 2001). The catalytic cysteine of cathepsin
X forms a disulphide linkage with a cysteine residue in its
pro-domain, making its pro-form incapable of autoactiva-
tion. In vitro, cathepsin X is activated upon removal of the
pro-domain by cathepsin L (Nägler et al. 1999).

Upon removal of the pro-domains, single chain cathep-
sins are proteolytically activated. Some cathepsins, including
B, D, C, H and L, also undergo additional processing into a
two-chain form,which is dependent on the cysteine protease
legumain (Anderson et al. 2020; Edgington-Mitchell et al.
2015, 2016; Hamon et al. 2016; Maehr et al. 2005; Martínez-
Fábregas et al. 2018; Shirahama-Noda et al. 2003). Upon
cleavage, the heavy and light chains remain associated
by disulfide bonds and catalytic activity is maintained
(Figure 1A).
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Figure 1: Analysis of lysosomal proteases and their inhibitors in the context of cathepsin X deficiency. (A) Schematic showing the post-translational
processing of cathepsin L. (B) Live-cell labelling of WT (hBIM) and Ctsz−/− Mutu DCs with BMV109, as shown by in-gel fluorescence. Cathepsin B, S, and L
immunoblots of WT (hBIM) and Ctsz−/− Mutu DCs. (C) Live-cell labelling of WT (hBIM) and Ctsz−/− Mutu DCs with FY01, as shown by in-gel fluorescence.
Cathepsin C immunoblot of WT (hBIM) and Ctsz−/− Mutu DCs. (D) Cathepsin H immunoblot of WT (hBIM) and Ctsz−/− Mutu DCs. (E) Live-cell labelling of
WT (hBIM) and Ctsz−/−Mutu DCs with LE28, as shown by in-gel fluorescence. Legumain immunoblot of WT (hBIM) and Ctsz−/−Mutu DCs. (F) Stefin A, B and
Cystatin C immunoblot ofWT (hBIM) and Ctsz−/−MutuDCs. (G) Densitometry of 35, 27, and 23 kDa bands detected by cathepsin L immunoblot, displayed as
average intensity for all WT (hBIM) and Ctsz−/− cells. Statistics were performed using unpaired Student’s t-tests. Three technical replicates of bulk-sorted
cells are shown, representative of >3 separate experiments. Error bars represent SEM. ns p > 0.05, *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001, **** p ≤ 0.0001.
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Cathepsin X (also known as Z or P; gene name CTSZ) is a
unique papain-like cysteine protease that mainly resides in
the lysosomes of phagocytic cells, including monocytes,
macrophages and dendritic cells (Kos et al. 2005). Cathepsin
X shares only 26–35 % of overall homology with other
cysteine cathepsins and has a comparatively short pro-
peptide sequence (Deussing et al. 2000). Active cathepsin
X is a monocarboxy-exopeptidase that cleaves one amino
acid from the C terminus of its substrates with a pH opti-
mum of 5.0 (Nägler et al. 1999). A number of studies have
observed potential redundancies between cathepsin X
and cathepsin B, whereby the expression of one is altered in
the absence of the other (Bernhardt et al. 2010; Schwenck
et al. 2019; Sevenich et al. 2010; Tamhane et al. 2014;
Vasiljeva et al. 2006). Independent of its proteolytic activity,
the propeptide of cathepsin X contains an RGD motif
that can interact with αVβ3 integrin receptors to trigger
downstream signalling events (Akkari et al. 2014; Campden
et al. 2022).

To explore the influence of cathepsin X on the lysosomal
protease network, we analysed the expression and pro-
cessing of lysosomal proteases and their inhibitors in the
context of cathepsin X deficiency. Loss of cathepsin X led
to altered levels of cathepsin L, where its pro-form and
single chain accumulated in cells lacking active cathepsin X.
While the mechanism of this remains to be elucidated, a
consequence is that less cathepsin L is trafficked to the
nucleus in the absence of cathepsin X activity, resulting
in impaired processing of its nuclear substrates.

2 Results

2.1 Cathepsin L processing is altered in
cathepsin X-deficient cells

To investigate the impact of cathepsin X deficiency on the
lysosomal protease network, we used immortalised murine
dendritic cells, Mutu DCs, as a model system. These cells
express various cysteine cathepsins, including X. We
generated cathepsin X-deficient cells using CRISPR-Cas9
gene editing (Supplementary Figure S1A). Control cells were
transduced with a vector containing Bcl-2-like 11 (hBIM)-
specific guide RNA, which does not target the murine
genome. Knockout efficiency was assessed by analysing
cathepsin X activity with the activity-based probe (ABP)
sCy5-Nle-SY and immunoblotting with a cathepsin X-specific
antibody. Compared to hBIM control cells, the Ctsz-targeted

cells exhibited a significant loss of cathepsin X activity
and expression, while cathepsin S activity was unchanged
(Supplementary Figure S1B).

We examined the expression and activity of select pro-
teases and their endogenous inhibitors in wild-type and
Ctsz−/− Mutu DCs. Using the pan-cysteine cathepsin probe
BMV109, we first measured the activity of cathepsin B, L, S
and X (Edgington-Mitchell et al. 2017; Verdoes et al. 2013).
Labelling of cathepsin B and L was minimal compared to
cathepsin S and X. Cathepsin S activity was not impacted by
the loss of cathepsin X (Figure 1B). By immunoblot, cathepsin
X-deficient cells showed no apparent changes in total
expression and processing of cathepsin B and S (Figure 1B).
The processing of cathepsin L, however, was altered: single-
chain cathepsin L and, to amuch lesser extent, pro-cathepsin
L accumulated in the absence of cathepsin X (6.855-fold,
p = 0.0169 and 1.405-fold, p = 0.0112, respectively) (Figure 1B
and G). From the bulk-sorted cathepsin X-deficient cells, we
generated single-cell clones (Supplementary Table 1, Sup-
plementary Figure S2A and B). In all clones exhibiting
complete loss of cathepsin X protein, cathepsin L single chain
was increased compared to wildtype. In clones #4–6, where
cathepsin X knockout was incomplete, cathepsin L was
present mostly in its two-chain form. (Supplementary
Figure S2A and B). Clone #6 exhibited some single chain
accumulation but the fraction of total cathepsin L was lower
than in the complete knockouts, suggesting potential
concentration-dependent effects.

Using the cathepsin C activity-based probe, FY01 (Yuan
et al. 2006), we did not observe any differences in cathepsin C
activity (23 kDa; Figure 1C). Total expression and processing
of cathepsin C by immunoblot were also unchanged
(Figure 1C). Cathepsin H, which exhibits a similar processing
mechanism as cathepsin L, was unchanged in the context of
cathepsin X deficiency (Figure 1D).

As legumain is known to mediate the processing of
the cathepsin L single chain, we hypothesised that single
chain accumulation in the absence of cathepsin X might be
mediated by altered legumain activity. However, using LE28,
a legumain-specific activity-based probe (Edgington et al.
2013), and immunoblotting, we did not observe significant
differences in total and active legumain between wild-type
and Ctsz−/− cells (Figure 1E). Moreover, we did not observe
changes in the expression of cysteine protease inhibitors,
including stefin A, stefin B and cystatin C (Figure 1F).

Collectively, these results suggest that cathepsin X
selectively regulates the single chain processing of cathepsin
L in a legumain-independent manner.
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2.2 Loss of cathepsin X activity drives
accumulation of cathepsin L pro-form
and single chain

To confirm whether loss of cathepsin X activity or its
integrin-binding capabilities were responsible for inducing
cathepsin L single chain accumulation, we attempted to
rescue the phenotype of the cathepsin X-deficient cells with
either wild-type, catalytically dead (R94S) or RGD mutant
(R40H) cathepsin X constructs. Re-expression was assessed
using the cathepsin X activity-based probe sCy5-Nle-SY and
immunoblot (Mountford et al. 2020). WT (rWT) and R40H
(rR40H) constructs recovered cathepsin X activity while
rC94S was inactive, as expected (Figure 2A). The three cell
lines all expressed similar levels of cathepsin X (Figure 2A).

By immunoblot, cells expressing inactive cathepsin X
showed an accumulation of cathepsin L single chain, mir-
roring cathepsin X-deficient cells. In contrast, cathepsin L in
the two cell lines expressing active cathepsin X was mostly
present in the two-chain form, as observed in wild-type cells
(Figure 2A and B). These results suggest that cathepsin L
single chain accumulation depends on cathepsin X activity
and not its RGD motif.

To pharmacologically modulate cathepsin X activity,
we used Biotin-Hex-Nle-SY, an analogue of the activity-based
probe sCy5-Nle-SY in which the Cy5 fluorophore was replaced
with biotin. This molecule inhibited cathepsin X in both
Mutu DCs and RAW264.7 cell lines, as shown by sCy5-Nle-SY
labelling (Figure 2C andD). InMutuDCs, cathepsinX inhibition
and its gene deletion provoked an increase in both pro-
cathepsin L (1.276-fold, p = 0.0333 and 1.572-fold, p = 0.0035,
respectively) and its single chain (2.974-fold, p = 0.0040 and
3.779-fold, p = 0.0006, respectively) (Figure 2C and E). In
RAW264.7macrophages, cathepsinL single chainaccumulated
after cathepsin X inhibition (2.346-fold, p = 0.0047), while the
pro-form and heavy chain were unchanged (Figure 2D and F).

Collectively, loss of cathepsin X activity leads to altered
processing of cathepsin L. Thisphenomenonwasnot restricted
to DCs but was also observed in macrophages. Accumulation
of pro-cathepsin L was only observed in Mutu DCs.

2.3 Cathepsin L single chain does not
accumulate due to a lack of direct
processing by cathepsin X or changes in
glycosylation or secretion, but may be
influenced by oxidative stress or pH

Cathepsin X is a carboxy-exopeptidase that is not known
to possess endopeptidase activity. While cathepsin L

processing depends on the presence of active cathepsin X,
we hypothesised that the effect was not likely to be through
direct cleavage of cathepsin L by cathepsin X. To exclude
this possibility, we incubated recombinant pro-cathepsin X
with cathepsin L single chain in vitro. In an acidic buffer
containing DTT, pro-cathepsin X is catalytically active,
as demonstrated by labelling with the BMV109 ABP
(Figure 3A). As reported previously (Nägler et al. 1999),
cathepsin L cleaved pro-cathepsin X to form the mature
35 kDa form, which increased its activity (Figure 3A and B).
Conversely, cathepsin L was not processed by either form
of cathepsin X, as shown by immunoblotting (Figure 3C) or
Coomassie stain (Figure 3D).

In further support of the hypothesis that cathepsin X
does not directly process cathepsin L, cathepsin L heavy
chain levels were unchanged in cathepsin X-deficient
or inhibited cells (Figure 2C and E). If the single chain
accumulated due to a lack of processing, the heavy
chain should concomitantly decrease. Instead, cathepsin
X-deficient cells exhibit increased total levels of intracel-
lular cathepsin L compared to WT cells. It has recently
been shown that loss of proteolytic activity of even one
lysosomal protease (e.g., legumain) can provoke oxidative
stress and activation of STAT3-dependent upregulation of
other lysosomal proteases (Martínez-Fábregas et al. 2018;
Wang et al. 2022). Using quantitative PCR, however, we
showed that loss of cathepsin X did not promote tran-
scription of cathepsin L mRNA (Figure 3E). In addition,
lysosomal oxidative stress was not increased in cathepsin
X-deficient cells (Figure 3F). By contrast, oxidative stress
was significantly reduced (0.92-fold, p = 0.0022), suggesting
that cathepsin X may promote oxidation. Endolysosomal
pH was also increased in the absence of cathepsin X,
as indicated by reduced pHrodo red fluorescence
(0.83-fold, p = 0.0001) (Figure 3G).

We next questioned whether the multiple forms of
cathepsin L were not the result of proteolytic processing,
but instead due to differential glycosylation. To address
this possibility, we treated WT and Ctsz−/− cell lysates
with the glycosidase PNGase F. All three forms of cathepsin
L exhibited greater gel mobility in response to deglycosy-
lation, but there were no differences between WT and
Ctsz−/− cells (Figure 3H).

We next investigated the hypothesis that cathepsin X
deficiency leads to impaired secretion of the cathepsin L
single chain, which would account for its intracellular
accumulation. In wild-type cells, cathepsin L was primarily
secreted in its pro-form and, to a lesser extent, in the
two-chain form (Figure 3I and J). Ctsz−/− cells secreted
significantly more pro-cat L and single-chain cathepsin L,
while the heavy chain was unchanged. These results suggest
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Figure 2: Processing of cathepsin L is influenced by active cathepsin X. (A) Live-cell labelling of Mutu DCs with sCy5-Nle-SY (WT (hBIM), Ctsz−/−,
Ctsz−/− re-expressing WT, C94S, and R40H), as shown by in-gel fluorescence, and cathepsin X/L immunoblot. Actin was used as a loading control.
(B) Densitometry of 35, 27, and 23 kDa bands detected by cathepsin L immunoblot, displayed as average intensity for all WT (hBIM) and Ctsz−/− cells relative
to WT (hBIM) cells (fold-change). Statistics were performed using the Brown–Forsythe and Welch ANOVA tests. n = 3 (C–D) Mutu DCs or RAW264.7 cells
were pretreated with 50 µM Biotin-Hex-Nle-SY overnight. Residual cathepsin X activity was measured with sCy5-Nle-SY. Total cathepsin X/L expression
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that its intracellular accumulation is not due to impaired
secretion and further confirm that total cathepsin L is
increased upon loss of cathepsin X.

Collectively, these results suggest that cathepsin X
regulates cathepsin L levels in an activity-dependent
manner and that this effect is not likely through direct
proteolysis or due to alterations in mRNA expression,
glycosylation, or secretion. It is conceivable that the
observed changes in oxidative stress or pH could influence
cathepsin L processing or stability.

2.4 Nuclear cathepsin L is influenced by
cathepsin X activity

In addition to secretion, cathepsin L is known to be trafficked
to the nucleus in an importin β-dependent manner (Burton
et al. 2017b). We used immunofluorescence to examine the
localisation of cathepsin X and cathepsin L in Mutu DCs.
Cathepsin X staining was punctate in the cytoplasm (most
likely endolysosomal) but excluded from the nucleus, while
cathepsin L could be observed across both compartments
(Figure 4A and B). Moreover, compared to WT cells, Ctsz−/−

Mutu DCs contained significantly less nuclear cathepsin L
(0.93-fold, p = 0.0002) (Figure 4C).

Like Mutu DCs, HSC-3 human oral squamous carcinoma
cells exhibit high levels of nuclear cathepsin L, but very
little nuclear cathepsin X (Supplementary Figure S3A-B).
Treatment with the cathepsin X inhibitor Biotin-Hex-Nle-SY
resulted in significantly less nuclear cathepsin L level
compared to vehicle-treated cells (0.83-fold, p < 0.0001)
(Supplementary Figure S3C). Thus, in cell lines of completely
different origins, loss of cathepsin X activity leads to less
nuclear cathepsin L.

To evaluate this observation more robustly, we frac-
tionated the nucleus and cytoplasm of Mutu DCs and
examined the localisation of several lysosomal proteases.
The purity of the cytoplasmic and nuclear fractions was
confirmed by tubulin and lamin A, respectively. Cathepsin L
was present in both the cytoplasmic and nuclear fractions
(Figure 4D). Consistent with our previous data, cathepsin L
was present mainly in its heavy-chain form in the cyto-
plasmic fraction of WT cells (Figure 4D). Cathepsin
X-deficient cells exhibited an accumulation of cathepsin L
single chain in the cytoplasmic fraction. In the nuclear
fraction, only heavy chain cathepsin L was present

regardless of the presence of cathepsin X (Figure 4D).
Moreover, we observed a significant reduction in nuclear
cathepsin L in cathepsin X-deficient DCs compared to WT
(0.23-fold, p = 0.0028, Figure 4D and E). This effect was
rescued by re-expression of WT and RGD mutant, but not
catalytically dead cathepsin X-deficient cells. Thus, in the
absence of active cathepsin X, cathepsin L single chain ac-
cumulates in the cytoplasm while nuclear levels of its heavy
chain are reduced.

We also investigated the nuclear localisation of other
lysosomal proteases with respect to cathepsin X. Cathepsin B
and X were mainly in the cytoplasmic (lysosome-containing)
fraction and absent in the nuclear fraction (Supplementary
Figure S4A and B). Cathepsin H, S and legumain were
observed in both cytoplasmic and nuclear fractions. Legu-
main was found in the nucleus in its mature form (Supple-
mentary Figure S4B), while nuclear Cathepsin S was slightly
heavier than its mature cytoplasmic form (Supplementary
Figure S4C). Nuclear cathepsin H was only present in its
single-chain form (Supplementary Figure S4C). Loss of
cathepsin X did not affect the nuclear levels of cathepsin S/H
or legumain, suggesting cathepsin X selectively regulates
nuclear cathepsin L.

2.5 Processing of nuclear cathepsin L
substrates is regulated by cathepsin X
and legumain

As legumain also alters the processing of cathepsin L (Maehr
et al. 2005), we examined cathepsin L localisation in DCs
after treatment with a legumain inhibitor, SD-134. Legumain
inhibition led to a pronounced accumulation of the
cathepsin L single chain and loss of the heavy chain in
the cytoplasmic fraction (Figure 5A). Moreover, legumain
inhibition significantly reduced nuclear cathepsin L levels
(0.60-fold, p = 0.0243), albeit to a lesser extent than cathepsin
X deficiency (0.33-fold, p = 0.0186; Figure 5A and B). Inhibiting
legumain activity in the context of cathepsin X deficiency
further augmented cathepsin L single chain accumulation
and reduced nuclear cathepsin L levels (0.18-fold, p = 0.0032,
Figure 5A and B).

As nuclear cathepsin L has been shown to cleave lamin
B1 (Islam et al. 2022), we subsequently examined lamin B1
processing. Cleaved lamin B1 (25 kDa) was significantly
reduced in cells lacking nuclear cathepsin L due to cathepsin

was shown by immunoblot. Actin immunoblot was used as a loading control. (E–F) Densitometry of 35, 27, and 23 kDa bands detected by cathepsin L
immunoblot in Mutu DCs or RAW264.7 cells, displayed as average intensity for all vehicle- and inhibitor-treated cells relative to vehicle-treated cells
(fold-change). Statistics were performed using unpaired Student’s t-tests. Three technical replicates for each condition are shown, representative of at
least three independent experiments. Error bars represent SEM. ns p > 0.05, *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001, ****p ≤ 0.0001.
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Figure 3: Accumulation of intracellular cathepsin L single chain was not due to a lack of direct cleavage by cathepsin X, lysosomal oxidative stress,
glycosylation, or inhibition of cathepsin L secretion. (A) Activity of recombinant pro-cathepsin X before and after incubation with cathepsin L single chain,
as shown by BMV109-labeling and in-gel fluorescence. (B) Immunoblot of cathepsin X before and after incubation with cathepsin L. Immunoblot (C) and
(D) Coomassie stain of recombinant cathepsin L before and after incubation with cathepsin X. (E) Quantitative PCR analysis of cathepsin L mRNA
normalised to mouse GAPDH in WT (hBIM) and Ctsz−/− Mutu DCs relative to WT (hBIM) cells (fold-change). n = 3. (F) Quantification of lysosomal oxidative
stress using CellROX™ Deep Red Reagent in Ctsz−/− Mutu DCs relative to WT (hBIM; fold change). Pooled from three individual experiments with three
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X deficiency (0.44-fold, p = 0.0252), legumain inhibition
(0.75-fold, p > 0.05) or both (0.35-fold, p = 0.0285; Figure 5A
and C). Overall, these results suggest that the activity of
lysosomal proteases can regulate proteolysis of nuclear
substrates.

3 Discussion

In this study, we assessed the impact of cathepsin X defi-
ciency on selected lysosomal proteases and their inhibitors.
Among all the proteases and endogenous inhibitors that
we examined, cathepsin L was the only protease altered by
cathepsin X deficiency. Specifically, we observed accumu-
lation of the cathepsin L pro-form and single chain in the
absence of cathepsin X, and this effect was dependent on the
catalytic activity of cathepsin X but not its integrin-binding
motif. Although previous studies have revealed context-
dependent changes in cathepsin B levels in the absence
of cathepsin X, with synergistic effects often observed in
double knockouts (Bernhardt et al. 2010; Schwenck et al.
2019; Sevenich et al. 2010; Tamhane et al. 2014; Vasiljeva et al.
2006), we did not observe this phenomenon in Mutu DCs.
As C-terminomics methods become more widely available,
it will be critical to examine the overlap in physiological
substrates of these two proteases in attempt to explain
potential redundancies and how this differs across cell
and tissue types.

Cathepsin L processing from the single chain into
its two-chain form is known to be legumain dependent, as
both legumain inhibition and genetic deletion results in the
accumulation of cathepsin L single chain and concomitant
loss of its heavy chain (Anderson et al. 2020; Edgington-
Mitchell et al. 2015, 2016; Maehr et al. 2005; Shirahama-Noda
et al. 2003). Indeed, treatment of Mutu DCs with a legumain
inhibitor resulted in single chain accumulation and loss of
heavy chain (Figure 5C). In the context of cathepsin X defi-
ciency, however, legumain expression and activity were not
altered, suggesting that cathepsin X does not regulate
cathepsin L processing through effects on legumain activity.
Moreover, cathepsin X deficiency led to increased cathepsin
L single chain without affecting its heavy chain. These
results suggest that legumain and cathepsin X may regulate
cathepsin L through distinct mechanisms.

Cathepsin X is an exopeptidase that cleaves one amino
acid at a time from the carboxy terminus of its substrates.
Cathepsin B, the cathepsin most similar to cathepsin X, is
primarily a dipeptidyl carboxypeptidase (DPCP) but also
exhibits endopeptidase activity (Yoon et al. 2022). Using a
recombinant protein cleavage assay, we queried whether
cathepsin X may have potential endopeptidase activity to
process the cathepsin L. Cathepsin X did not directly cleave
cathepsin L single chain to its two-chain form. Thus, while
cathepsin X activity may promote the conversion, it is not
likely driven by direct cleavage.

We next sought alternative explanations for the
increased total level of cathepsin L in cathepsin X-deficient
cells. We first hypothesised that the expression of cathepsin
L was increased due to lysosomal oxidative stress, as has
been shown previously to drive STAT3-dependent tran-
scription of lysosomal enzymes (Martínez-Fábregas et al.
2018). However, loss of cathepsin X did not provoke oxidative
stress or increase cathepsin LmRNA. In fact, oxidative stress
was slightly decreased inCtsz−/− cells, and the endolysosomal
pH was increased. We also questioned whether cathepsin
X deficiency altered cathepsin L secretion and resulted
in accumulation of single chain in the cytoplasm. On the
contrary, cathepsin X-deficient cells secretedmore cathepsin
L pro-form and single chain, affirming that total cathepsin
L is increased in the absence of cathepsin X. It is possible
that the observed changes in oxidative environment and
pH would lead to stabilisation of cathepsin L single chain,
but further studies will be required in future to investigate
this in more detail.

While the mechanisms by which cathepsin X regulates
cathepsin L remain poorly understood, we instead turned
our attention to identifying possible consequences of this
interaction. Ultimately, we demonstrated that nuclear
cathepsin L was reduced upon loss of cathepsin X, and this
resulted in less processing of lamin B1, a known cathepsin L
substrate. This effect was mirrored in wild-type cells treated
with a legumain inhibitor, and legumain inhibition
further augmented the effect in cathepsin X-deficient cells.
Inwild-typeMutu DCs, nuclear cathepsin L is predominantly
found in the heavy chain form; this was observed previously
in ARCaP-M and HCT116 cells (Burton et al. 2017a; Tamhane
et al. 2016). Surprisingly, loss of cathepsin X led to reduced
nuclear heavy chain, despite similar levels of cytoplasmic

replicates each. (G) pHrodo red fluorescence in Ctsz−/−Mutu DCs relative to WT (hBIM; fold change). Pooled from three individual experiments with three
replicates each. (H) Lysates from WT (hBIM) or Ctsz−/− Mutu DCs were pretreated with PNGase F and immunoblotted for cathepsin L. (I) Cathepsin L
secretion in WT (hBIM) and Ctsz−/−Mutu DCs, as shown by cathepsin L immunoblot. Three technical replicates of bulk-sorted clones for each condition are
shown, representative of at least three independent experiments. (J) Densitometry of secreted 35, 27, and 23 kDa species detected by cathepsin L
immunoblot, displayed as average intensity for all WT (hBIM) and Ctsz−/− cells relative to WT (fold-change). Statistics were performed using unpaired
Student’s t-tests. n = 3. Error bars represent SEM. ns p > 0.05, *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001, ****p ≤ 0.0001.
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Figure 4: Nuclear cathepsin L is regulated by cathepsin X activity. (A) Intracellular cathepsin X/L inMutu DCs as shown by immunofluorescence. Scale bar
= 5 μm. (B) Intracellular cathepsin L in Mutu DCs as shown by immunofluorescence. Scale bar = 20 μm. (C) Quantification of nuclear cathepsin L in Mutu
DCs (n = 51WT cells vs. n = 38 Ctsz−/− cells). Statistics were performed using unpaired Student’s t-tests. (D) Cathepsin L immunoblot in the cytoplasmic and
nuclear fractions of WT (hBIM) and Ctsz−/− Mutu DCs and Ctsz−/− cells re-expressing WT, rC94S, or rR40H cathepsin X. Tubulin expression was used as a
cytoplasmic marker and loading control. Lamin A expression was used as a nuclear marker and loading control. (E) Densitometry analysis of nuclear
23 kDa bands detected by cathepsin L immunoblot, displayed as average intensity normalised toWT (hBIM) (fold change). Statistics were performedusing
unpaired Student’s t-tests. n = 3.
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heavy chain. This suggests that cathepsin X may function to
promote translocation of cathepsin L to the nucleus. One
possible explanation is that cathepsin X promotes lysosomal
membrane permeabilisation (LMP). As recently hypoth-
esised by Reinheckel (Reinheckel and Tholen 2022), LMP
could permit release of cathepsin L into the cytosol and its
transport to the nucleus. The observed increase in oxidative
stress and lowered pH when cathepsin X is present may

function to promote LMP, although whether/how this occurs
will require further investigation.

Burton et al. demonstrated that cathepsin L is trans-
ported to the nucleus in an importin β1-dependent manner
(Burton et al. 2017b). This translocation depends on binding
of cathepsin L to snail, which contains a nuclear localisation
sequence. It is also conceivable that cathepsin X somehow
regulates the interaction between snail and cathepsin L.

Figure 5: Cathepsin X deficiency impaired cathepsin L nuclear localisation and nuclear proteolysis. (A) Cathepsin L and lamin B1 immunoblot in the
cytoplasmic fraction and nuclear fraction in WT (hBIM) or Ctsz−/− cells treated with or without legumain inhibitor SD-134 (100 µM). Tubulin expression was
used as a cytoplasmic marker and loading control. Lamin A expression was used as a nuclear marker and loading control. Ponceau stain was used as a
second measure of protein loading. (B) Densitometry analysis of nuclear 23 kDa bands detected by cathepsin L immunoblot, displayed as average
intensity normalised to WT (hBIM) control (fold change). Statistics were performed using unpaired Student’s t-tests. n = 3. Error bars represent SEM.
(C) Densitometry analysis of processed lamin B1 (25 kDa) detected by lamin B1 immunoblot, displayed as average intensity normalised to WT (hBIM)
control (fold change). Statistics were performed using unpaired Student’s t-tests. n = 3. Error bars represent SEM. ns p > 0.05, *p ≤ 0.05, **p ≤ 0.01,
***p ≤ 0.001, ****p ≤ 0.0001.
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Alternatively, lysosomal and nuclear cathepsin L levels have
been shown to vary with cell cycle stages in HCT116 cells,
with the highest levels observed during S phase (Tamhane
et al. 2016). It may be possible that cathepsin X influences cell
cycle progression through an unknown mechanism, leading
to changes in cathepsin L abundance and distribution.

In addition to lamin B1, other nuclear substrates
of cathepsin L have been reported, including CCAAT-
displacement protein/cut homeobox (CDP/Cux) transcription
factor (Goulet et al. 2007). Nuclear cathepsins, including L,
have also been reported to cleave and stabilise histones to
regulate processes such as cellular differentiation and cell
cycle progression (Adams-Cioaba et al. 2011; Daura et al. 2021;
Duncan et al. 2008; Sereesongsaeng et al. 2023). In the future, it
will be important to more systematically investigate nuclear
substrates of cathepsin L in diverse cell types, to examine
whether the presence of active cathepsin X broadly influences
nuclear proteolysis, and to dissect the consequential effects.

Finally, little information is known about the function of
the single- and two-chain forms of cathepsins. Both forms
are known to be catalytically active and can bind to the
activity-based probe DCG04 (Maehr et al. 2005). It is possible
that the different forms exhibit divergent substrate profiles.
In support of this, the two-chain form exhibits gelatinase
activity, while the single-chain form does not (Mattock et al.
2010). This suggests that shifting the balance of the two forms
in response to cathepsin X inhibition or deletion may have
significant effects on not only the degree and location of
cathepsin L proteolysis, but also on its repertoire of sub-
strates. This shift may also occur in the setting of disease;
indeed, accumulation of single-chain cathepsin L has been
observed in the hippocampus of patients with Alzheimer’s
disease compared to healthy controls (Islam et al. 2022).

In summary, we have evaluated the relationship be-
tween cathepsin X and other lysosomal cysteine cathepsins,
legumain, and cystatins in murine dendritic cells, observing
a selective influence on cathepsin L. These findings will
inform future studies on the downstream impacts of both
cathepsin X and L proteolysis in the context of health and
disease.

4 Materials and methods

4.1 Cell culture

Mutu DCs (Fuertes Marraco et al. 2012) and Mutu Cas9 DCs (Wilson et al.
2018) were cultured in Iscove’s Modified Dulbecco’s Medium (IMDM;
Gibco; Scoresby, Australia) supplemented with 10 % (v/v) fetal bovine
serum (FBS), 60 μg/mL penicillin, 100 μg/mL streptomycin and 100 μM

β-mercaptoethanol (Fuertes Marraco et al. 2012; Wilson et al. 2018). To
passage, Mutu DCs were lifted from the flask using ethyl-
enediaminetetraacetic acid-balanced salt solution (EDTA-BSS; 150mM
sodium chloride, 4 mM potassium chloride, 24 μM disodium hydrogen
orthophosphate, 12 μM sodium dihydrogen orthophosphate, 15 mM
HEPES, and 5 mM EDTA (The Peter Doherty Institute for Infection
and Immunity media preparation unit [MPU]; Melbourne, Australia)
supplemented with 2 % (v/v) FBS). RAW264.7 cells were cultured in
Dulbecco’s Modified Eagle Medium (DMEM; Gibco) supplied with 10 %
(v/v) FBS and 1 % (v/v) antibiotic-antimycotic. RAW264.7 cells were lifted
from the flasks using a rubber policeman. HSC-3 cells were cultured in
Dulbecco’s Modified Eagle Medium (DMEM; Gibco) supplied with 10 %
(v/v) FBS and 1 % (v/v) antibiotic-antimycotic (Momose et al. 1989). HSC-3
cells were lifted using trypsin (1.25 %). All cells were maintained in hu-
midified incubators at 37 °C and 5 % CO2.

4.2 Detection of protease activity using activity-based
probes and in-gel fluorescence

The following activity-based probes were dissolved in DMSO and added
to the cell media 4 h before harvesting (final concentration 1 μM, 0.1 %
DMSO): sCy5-Nle-SY (cathepsin X and S selective) (Mountford et al. 2020),
BMV109 (cathepsin X, B, S, L) (Edgington-Mitchell et al. 2017; Verdoes
et al. 2013), FY01 (cathepsin C) (Yuan et al. 2006), or LE28 (legumain)
(Edgington et al. 2013). Cells were collected, washed with PBS to remove
excess probe and serum, and lysed with PBS containing 0.1 % Triton
X-100. Cell lysates were cleared of debris by centrifugation at max speed
for 7 min, and supernatantswere transferred to a new tube. A BCA assay
(Thermo Fisher; Scoresby, Australia) was used to determine the total
protein concentration using FLUOstar® (BMG LABTECH; Mornington,
Australia). Sample buffer (1X: 10 % glycerol, 50 mM Tris-Cl, pH 6.8, 2 %
SDS, 0.01 % bromophenol blue, 1.25 % beta-mercaptoethanol) was added
to each sample from a 5X stock, followed by a 5 min boiling at 95 °C.
Equal protein amounts (in general 80 µg) were resolved on 15 %
SDS-PAGE gels poured in-house. The gels were scanned for Cy5 fluo-
rescence using a Typhoon 5 (GE Healthcare; Parramatta, Australia).

4.3 Small molecule protease inhibitors

Small molecule protease inhibitors, including Biotin-Hex-Nle-SY (50 μM;
see supplementary methods for synthetic details) and SD-134 (100 µM)
(Lee and Bogyo 2012), were administered directly into cell media (0.1 %
final DMSO) and incubated for 24 h prior to assessment of residual
protease activity as above.

4.4 Analysis of conditioned media

Cells were washed with and plated in serum-free media (1 × 106 cells/
well in 6-well plates) and media was conditioned for 24 h. Conditioned
media (CM) was collected, centrifuged at 300 g for 5 min to remove cell
debris, and concentrated using Amicon® Ultra 0.5 mL 3 kDa (Millipore;
Bayswater, Australia) centrifugalfilters according to themanufacturer’s
instructions. A BCA assay was used to determine the total protein
concentration using FLUOstar® (BMG LABTECH). A total of ∼80 μg
protein was resolved on 15 % SDS-PAGE.
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4.5 Immunoblotting

Proteins were transferred from gels to nitrocellulose membranes using
a Trans-Blot Turbo Transfer System (BioRad; South Granville, Australia)
in transfer buffer (1× Trans-Blot® Turbo™ Transfer Buffer [BioRad]
containing 20 % ethanol). Membranes were incubated in primary
antibodies overnight at 4 °C: cathepsin X (AF1033, R&D Systems; Min-
neapolis, United States), cathepsin S (AF1183, R&D Systems), cathepsin B
(AF965, R&D Systems;), cathepsin L (AF1515, R&D Systems), cathepsin H
(AF1013, R&D Systems), cystatin C (AF1238, R&D Systems), stefin A
(ab61223, Abcam; Melbourne, Australia) and stefin B (ab92449, Abcam),
all diluted at 1:1000. β-Actin (MA5-15739, Life Technologies; Mulgrave,
Australia), tubulin (A5060, Sigma Aldrich; Bayswater, Australia), lamin
B1 (33–2000, Invitrogen; Mt Waverley, Australia) or lamin A (L1293,
Sigma Aldrich), all diluted at 1:10 000. Membranes were washed
with PBS containing 0.05 % Tween-20 (PBST) three times followed by
incubationwith secondary antibody on an orbital shaker for 1 h at room
temperature: donkey anti-goat HRP (A15999, Invitrogen), and donkey
anti-rabbit IRDye 800CW (92632213, Licor; Lincoln, United States),
all diluted at 1:10 000. The membrane was then washed three times
using PBST and once with PBS. IR800 immunoblots were scanned us-
ing Typhoon 5 (GE Healthcare). HRP labelling was visualised on a
ChemiDoc® MP imager (BioRad; South Granville, Australia) using Pierce
ECL Western blotting reagents (Thermo Fisher).

4.6 Immunofluorescence

Chamber slides (Ibidi, 80826; Gräfelfing, Germany) were washed twice
with 250 μL PBS and oncewith 250 μL IMDM. Cells (25 000)were added to
each chamber in 250 μL media and incubated overnight. The attached
cells were washed with 150 μL PBS twice and fixed with 150 μL 4%
paraformaldehyde in PBS at room temperature for 10 min. Cells were
then permeabilised with 150 μL 0.1 % Triton X-100 at room temperature
for 3 min, washed with PBS, and blocked with 10 % normal horse serum
(NHS) in PBS at room temperature for 30 min. Primary antibody diluted
in 150 μL blocking buffer (1:200) was added to each chamber and
incubated at 4 °C overnight. Cells were washed twice with 150 μL 0.1 %
Triton X-100 in PBS followed by addition of secondary antibody (donkey
anti-goat 568, A-11057, Thermo Fisher; diluted 1:1000 in blocking buffer)
at room temperature for 1 h. Cells were washed twice with 150 μL 0.1
Triton X-100 in PBS and nuclei were stained with DAPI in PBS (1 μg/mL)
at room temperature for 5 min. After washing with PBS 3 times, cells
were stored inmounting buffer (90 %Glycerol in PBS) and imaged using
the Leica SP8 Confocal Microscope (Leica; Macquarie Park, Australia)
with a 63×/1.40 oil objective.

Nuclear cathepsin L was quantified using ImageJ. Briefly, the
nucleus (region of interest) was selected using the “Analyse Particles”
function. The intensity of nuclear cathepsin L stainingwas subsequently
measured within the region of interest.

4.7 Oxidative stress and pH

Cells (100,000)were seeded in 96-well plates and treatedwith pHrodo Red
Dextran (20 μg/mL, Invitrogen P35368, Scoresby, Australia) or CellRox
(5 µM, Invitrogen C10422, Carlsbad, United States) at 37 °C for 30min. Cells
were washed with BSS-EDTA 2% FBS followed by centrifugation at
1700 rpm for 2min twice. Propidium iodide (PI) (0.5 μg/mL, Calbiochem®

537059, Bayswater, Australia)was diluted in BSS-EDTA 2% FBS and added
to differentiate live/dead cells. Sample acquisition was conducted on
L.S.R. Fortessa (BD Bioscience). Data analysis was performed using
FlowJo V10.0.7 (TreeStar, Inc.). Mean fluorescence intensity (MFI) is
reported relative to WT cells (fold-change), and data were pooled from
three independent experiments, each with three technical replicates.

4.8 CRISPR-Cas9

Cathepsin X (guide RNA TTGCTACCATCCCATTCGCG) knockout/knock-
down cell lines were generated using the CRISPR/Cas9 system. Cells
transduced with guide RNA targeting the human BCL2-like gene (hBIM;
guide RNA GCCCAAGAGTTGCGGCGTAT), which is not found in the
mouse genome, were generated as a negative control. hBIM cells should
not have undergone genome editing but were exposed to the same
conditions as the cathepsin X knockout cells. Details of the method
are reported in the supplementary material.

4.9 Cathepsin X re-expression

Three constructs of murine cathepsin X cDNA cloned into the puc57 vector
were purchased from Biomatik (Wilmington, United States): WT cathepsin
X, catalytically dead cathepsin X (C94S), and integrin-binding mutant
cathepsin X (R40H). Without changing the amino acid sequence, the EcoRI
restriction site was mutated within all three constructs from GAATTC
to GAGTTC. The PAM sequence following the guide RNA target site was
mutated from GGG to GTG. Subsequently, the three cathepsin X variants
were amplified by PCR with primers generating Gibson Assembly over-
hangs (5′ overhang: 5′-CCTTCTCTAGGCGCCGGCCGGATCC-3′; 3′ overhang:
5′ GTCGACCCTGTGGAATGTGTGTCAG-3′).

According to the manufacturer’s protocol, the purified PCR
products were cloned into the retroviral pBABE-puro vector with
the Gibson Assembly kit (NEB; Notting Hill, Australia). According to
the manufacturer’s protocol, pBABE vectors were transfected into
HEK293T cells along with pGag-pol and pVSV-G vectors with Lipofect-
amine 3000 (Thermo Fisher). The resulting viral supernatant was
then used to infect Mutu DCs by adding 8 μg/mL polybrene for 24 h.
The transduced cells were then selected with 1 μg/mL puromycin.

4.10 RNA isolation, cDNA synthesis and quantitative
real-time PCR

Total RNAwas extracted using Trizol, and genomic DNAwas removed
using DNase (Thermno Scientific, EN0521). cDNA was synthesized
using a kit (Promega, A5001; Alexandria, Australia). All primers
were designed using Primer 3 (National Center for Biotechnology
Information) and verified by Primer Blast (NIH). GAPDH (F,
5′-GGTGCTGAGTATGTCGTGGA-3′; R, 5′-CGGAGATGATGACCCTTTTG-3′)
was used as a house keeping gene control; cathepsin X (F,
5′-GGATTGTCCGAAATTCATGG-3′; R, 5′-ACTCTCGATGGCAAGGTTGT-3′) and
cathepsin L (F, 5′-AGAGTAGCACCAGTGGAAGT-3′; R, 5′-CCGTTGTGTAGCT-
GGATCATT-3′) were amplified with the QuantStudio™ 6 system (Thermo
Fisher) using the following PCR conditions: 95 °C for 3min; 45 cycles of 95 °C
for 15 s and 60 °C for 20 s. All mRNA levels were presented relative to
GAPDH. Further details are reported in the supplementary materials.
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4.11 Nuclear fractionation

Cells were seeded in 10 cm dishes. When confluent, cells were collected
and lysed with 200 μL cytoplasmic buffer (10 mM HEPES, 1.5 mMMgCl2,
10 mM KCl, 0.5 mM DTT, and 0.05 % NP40) followed by centrifugation at
4 °C, 3000 rpm for 10 min. The supernatant containing the cytoplasmic
fraction was collected. The remaining pellets containing nuclear frac-
tions were dissolved with 50 μL nuclear buffer (5 mM HEPES, 1.5 mM
MgCl2, 0.2 mMEDTA, 0.5 mMDTT, 26 % glycerol (v/v), and 300mMNaCl),
followed by sonicating twice at 40 % amp (QSONICA Q500; Newtown,
United States) for 10 s. The homogenate was left on ice for 30 min,
followed by centrifugation atmax speed for 20 min at 4 °C. Supernatants
containing the nuclear fraction were collected. For cytoplasmic
proteins, an equal protein amount (in general 80 µg) was resolved on
15 % SDS-PAGE gels poured in-house. The nuclear protein samples were
loaded at the same volume as their corresponding cytoplasmic samples
and were 4 times more concentrated. The purity of the cytoplasmic and
nuclear fractions was assessed by blotting for tubulin and lamin A,
respectively, as above.

4.12 Recombinant protease cleavage assay

Recombinant proteases (cathepsin X, 934-CY, R&D Systems; cathepsin L
952-CY, R&D Systems; 500 ng each) were dissolved in 50mM sodium
acetate and 500mM sodium chloride [pH 5.5] and incubated at 37 °C for
1 h.Where indicated, 1 µMBMV109was added and incubated for 20 min.
Sample buffer (5X) was added to each sample, followed by boiling at 95 °
C for 5 min. Samples were resolved on 15 % SDS-PAGE gels poured in-
house. The gels were scanned on a Typhoon 5 (if required), transferred,
and immunoblotted as above. Alternatively, they were stained with
0.5 % Brilliant Blue (Sigma), 50 % methanol, and 10 % acetic acid
for 30 min, followed by washing three times with destain buffer (30 %
ethanol, 10 % acetic acid) on an orbital shaker for 10 min. Gels were
further washed in water on an orbital shaker overnight. Coomassie-
stained proteins were imaged with an IRLong filter on a Typhoon 5
(GE Healthcare).

4.13 Statistical analysis

Statistical analyses were performed using GraphPad Prism 8. Unpaired
t-tests were performed to analyse differences between two groups.
Ordinary one-way ANOVA followed by Dunnett’s multiple comparisons
test was used to compare more than two groups where indicated. Mean
data points were expressed as mean ± SEM. p < 0.05 was considered
significant.
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