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ARTICLE INFO ABSTRACT

Keywords: While research into the role of cathepsins has been progressing at an exponential pace over the years, research
Cathepsin into their respective isoform proteins has been less frenetic. In view of the functional and biological potential of
Proteases such protein isoforms in model systems for cancer during their initial discovery, much later they have offered a
Isoform new direction in the field of cathepsin basic and applied research. Consequently, the analysis of such isoforms
;}:COIZT“ has laid strong foundations in revealing other important regulatory aspects of the cathepsin proteins in general.
Cancer In this review article, we address these key aspects of cathepsin isoform proteins, with particular emphasis on
EMT how they have shaped what is now known in the context of nuclear cathepsin localization and what potential

Chemoresistance

these hold as nuclear-based therapeutic targets in cancer.

1. Introduction

The connections between cathepsins and cancer have strengthened
over the recent years with their roles centering quite diversely in dif-
ferent contexts of cell proliferation and apoptosis. What were originally
proteases that simply resided in the lysosome or ‘suicide bag’, have now
attracted much interest for the roles they play in cellular differentiation
through Epithelial Mesenchymal Transition (EMT) and Extracellular
Matrix (ECM) remodeling [1]. Additionally, the focus of studies have
not just centered on diseases such as cancer but in a diverse range of
other pathologies including rheumatoid arthritis [2], cardiovascular
disease [3] and periodontal disease [4].

The family of cathepsin proteins, which contains up to 15 members
are synthesized as inactive zymogens which contain an inhibitory
amino-terminal ‘pro’ domain that can be cleaved as the proteins pro-
gress through the secretory pathway to the lysosome (for a recent re-
view on cathepsin gene regulation and protein trafficking, see Soond
et al. (2019) [5]). Consequently, upon their localization to the lyso-
some, their primary function is to digest proteins originating from
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endocytosis, phagocytosis and autophagy [6]. This key step in the
proteolytic activation of cathepsins can take place in the acidic en-
vironment of the late endosome (or the lysosome) and can be initiated
by cathepsin members acting in ‘trans’ or in ‘cis’ [7,8]. Of note is the
observation that not all the cathepsin members exhibit enzyme activity
at just low pH, as it has been observed that the cysteine cathepsins do
show additional catalytic activity at neutral pH and under oxidizing
conditions [9,10]. Such properties, would therefore suggest that these
proteases may have alternative subcellular locations (other than ex-
clusively the lysosome) in which they may exhibit activity in processes
unrelated to lysosomal function. As an example, the release of cathe-
psins into the cytoplasm, through lysosomal leakage or lysosomal
membrane permeabilization, does expose the cathepsins to a change in
their surrounding pH. This can promote the initiation of apoptosis as
some cathepsins have been shown to cleave cytoplasmic BID leading to
the activation of the intrinsic arm of the apoptotic pathway and cell
death [11,12]. Alternatively, some catalytically-active cathepsins
(particularly in cancers) are secreted and have the capacity to re-
configure the extracellular matrix (at neutral pH) and may therefore
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have additional importance in tumor outgrowth and extracellular sig-
naling (Soond et al. (2019), [5]).

Over the years, there have been a number of studies that have
identified the existence of nuclear protein isoforms that originated from
certain cathepsin genes. While the original focus of these studies cen-
tered on how these protein isoforms originated transcriptionally, it is
only recently that the effects or biological significance of nuclear ca-
thepsins have started coming into focus. Initially, these isoforms were
seen to reside in subcellular compartments unrelated to the localization
of full-length cathepsin proteins, in that they were shown to reside in
non-lysosomal, cytoplasmic or mainly nuclear compartments.
Functionally, some of them appeared to have a biological role in the
modulation of cellular proliferation and may thus have a role in cell
cycle regulation or may themselves be regulated in a cell-cycle de-
pendent manner. For example, one characterized example of a cathe-
psin that was shown to translocate into the nucleus and found to en-
hance cellular proliferation in fibroblast cells was cathepsin L [13]. In
this milestone study, amino-terminally truncated cathepsin L isoform
proteins could be derived from the use of alternative translational start
sites within the transcript and along with full-length cathepsin L pro-
tein, could then re-localize to the nucleus. Here, cathepsin isoforms
were found to process the transcription factor CUX1 leading to an early
S-phase onset in dividing cells [13]. Such observations had been re-
cently extended to exclusively include the analysis of full-length ca-
thepsin proteins.

Until recently, the mechanisms or regulatory steps that govern the
translocation of some cathepsins to the nucleus and the biological ef-
fects arising therefrom have remained relatively unexplored. While this
phenomenon has been investigated and thoroughly characterized for
other secreted proteins of a similar nature (such as the Matrix
Metalloproteases, MMPs) [14], the mechanisms unveiled for cathepsin
nucleo-shuttling appears to be at a relative stage of infancy. With this is
mind, it is also worth noting that the therapeutic potential of targeting
nuclear MMPs has also been given some consideration with some pro-
mising outcomes [15]. Similarly, through researching the biological
effects of nuclear cathepsins a lot of interest has been generated which
highlights the unique properties and effects that cathepsins exhibit as a
result of being localized in the nucleus [16,17]. Here, the focus has also
been extended to the inhibition of nuclear cathepsin activity with some
very surprising outcomes, such as the biological effects this can have on
sensitizing cancer cells to cell death [18]. Such findings have even been
extended to contextualize chemoresistance and the differentiation of
cells during tumor metastasis, highlighting another important con-
tribution nuclear cathepsins play in stem cell cancer progression
[19,20].

Collectively, while we are at the stage in cathepsin biology where
therapeutic development is rapidly progressing, relatively little is
known about how many of these proteins come to reside in the nucleus.
Consequently, at this juncture in time, it is worth drawing some at-
tention to nuclear cathepsins in evaluating their significance in disease
progression and of course, their therapeutic potential. In-keeping with
the fast-paced development of this field, in this review we highlight
which of the cathepsin protein members have been reported to reside in
the nucleus, what has been recently reported about their mechanistic
re-localization and evaluate what potential the nuclear cathepsins hold
in being targeted for therapeutic development strategies in cancer
progression.

2. The origins of nuclear cathepsin isoform proteins

To date, popular members of the cathepsin genes, which have been
identified to express amino- or carboxyl-terminal transcriptional iso-
forms, include cathepsins B, C, D, E, H, L, M and W. Broadly speaking,
all of these isoforms either originate from their original cathepsin gene
locus, driven from an alternative promoter or arise from the alternative
processing of the original mRNA transcript. While scrutinizing the
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Ensembl database (www.ensembl.org) does offer many examples of
potential isoforms for the cathepsins, to date very few appear to have
been validated.

In the instance of cathepsin B, it is transcribed from the short arm of
the 8p22 region of chromosome 8 by 13 exons and a mature transcript
of approximately 1kb with the start codon being located in exon 3.
While full-length lysosomal cathepsin B has been observed to be over
expressed in a variety of tumors [21], N-terminally truncated forms of
cathepsin B proteins have also been reported in human malignancies.
These are thought to arise from alternatively spliced mRNA, producing
transcripts that code for a polypeptide lacking the signal secretory se-
quence and part of the pro-domain and are localized in the nucleus
[22]. Additionally, multiple 5’ transcription start sites have been
mapped for the human cathepsin B gene and observed in gastric ade-
nocarcinoma, and breast and colon carcinoma cells [23,24]. Conse-
quently, it is possible for transcript variants to arise, which encode the
full-length cathepsin B protein but which have been found to be
translated with greater efficiency, as seen with transcripts that lack
exon 2 [25]. Here, the transcript lacking exon 2 (CB-2) still gave rise to
mature full-length cathepsin B, whereas transcripts lacking exons 2 and
3 (due to alternative splicing, CB2-3) gave rise to a protein product that
uses the in-frame ATG start codon from exon 4. Here a protein arises
which lacks the secretory signal peptide and 34 amino acids (aa) from
the pro-peptide [25]. This truncated (and misfolded) form of pro-ca-
thepsin B, was originally detected in cytoplasmic filamentous structures
[25] and it was later localized to the mitochondrion [26], where its
accumulation (and lack of functional activity) led to mitochondrial
dysfunction and eventually cell death [27]. Herein, an engineered
mutant of cathepsin B, called CBA51 was seen to reside in the nucleus
(and cytoplasm) and the Nuclear Localization Sequence (NLS) for which
may have fortuitously arisen artificially following the cleavage events
that are necessary for protease maturation once it proceeds through the
secretory pathway [28]. Expression profiling studies have respectively
linked CB-2 [23,29] and CB2-3 overexpression to tumors and normal
(or osteoarthritic) tissues [30], thus highlighting their usefulness as
diagnostic markers. Collectively, such elegant studies do indeed high-
light additional functions that the cathepsins may be able to potentially
fulfill outside of the lysosome. The next milestone study defined ca-
thepsin B protein isoform localization to be exclusively in the nucleus
[31], which described cathepsin B lacking the secretory signal peptide,
to accumulate exclusively in the nucleus. Moreover, this was observed
to be prevalent at the end of the M-phase and cleave histone protein H1
(in papillary or thyroid carcinoma cells). Moreover, cathepsin V protein
variants were seen to be present in the nuclear fraction in addition to
the lysosome [31,32]. Collectively, such observations supported the
belief that other member genes from the cathepsin family can also yield
protein isoforms and that they may serve a specific nuclear function.

Cathepsin C maps to chromosome 11q14.2, is encoded by a mature
transcript of size 1.87 kb originating from 7 exons and 6 introns en-
coding a 463 aa polypeptide from an ATG start codon in exon 1 [4,33].
The full protein is unique in the sense that it is oligomeric forming a
complex composed of 4 identical subunits [34-36], whereas all other
cysteine proteases are monomeric (consisting of R and L domains) [37].
While an alternatively spliced variant of cathepsin C, encoded by exons
1 and 2 with an additional C-terminal 31 amino acid (aa) extension was
found to be ubiquitously expressed [38], it's functional activity and
whether it can reside in the nucleus is yet to be determined.

Cathepsin D is a 412 aa protein which originates from chromosome
11p15.5, that is encoded by 9 exons and 8 introns and which gives rise
to a 2 kb mature transcript containing an ATG start encoded in exon 1
[39,40]. Mature lysosomal cathepsin D has been observed to be over-
expressed in a number of cancers including breast cancer (BC) and
significant amounts of mature CD has also been reported to reside in the
nucleus of BC-derived cell lines [41]. This protein was suggested to
arise by low levels of lysosomal leakage or retrograde trafficking of the
mature enzyme [42]. Such observations suggest that alternative
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splicing of cathepsin transcripts, so the encoded proteins lose their
ability to enter the secretory pathway, or for the generation of novel
nuclear targeting signals, may not be an exclusive requirement for the
cathepsins to enter the nucleus.

Cathepsin E is encoded on chromosome 1q32.1, from a transcript
containing 9 exons and 8 introns. The ATG start codon is derived from
exon 1 and the mature transcript is 2.2 kb which encodes a protein of
396aa. A variant of the cathepsin E protein does arise from the alter-
native splicing of the transcript upon fusion of the 3’ end of exon 6 to
the 5’ end of exon 8 resulting in the absence of a coding sequence for
142 aa derived from exon 7 [43]. Whether this protein has the potential
to reside in the nucleus of adenocarcinoma cells remains to be defined.

Cathepsin H is encoded by chromosome 15g25.1 by a transcript
containing 12 exons and 11 introns where the ATG start codon is de-
rived from exon 1. The mature transcript is 2.1 kb and encodes a ly-
sosomal protein of 335 aa. With this cathepsin, the nuclear localization
of some full-length protein has been validated using confocal micro-
scopic imaging approaches but the presence of spliced variants of this
protein remain to be cloned and validated [44]. Full-length and cata-
lytically-active cathepsin H had been visualized as a punctate stain
within the nuclei of hepatic stellate cells [44].

Cathepsin L is encoded by chromosome 9q21.33 by a gene encoding
8 exons and 7 introns and where the start ATG codon is derived from
exon 2. The mature transcript of 1.65 kb encodes a protein of 333 aa. In
a similar manner to cathepsins B, the cathepsin L gene has also been
extensively characterized for the generation of transcripts that may give
rise to spliced variants and isoform proteins. Of importance is the
correlation between full-length cathepsin L protein overexpression and
poor prognostic outcomes in breast cancer [45,46]. Like cathepsin B,
the cathepsin L gene (in addition to the full-length lysosomal protein)
encodes a number of isoform transcripts that contain variable length
5’UTR sequences and which are believed to alter the translation effi-
ciency at which these transcripts are translated [47,48]. Moreover, the
translation of cathepsin L isoform transcripts can be initiated at internal
and downstream AUG codons (of which there are 7 of in the mature
cathepsin L transcript) and translation initiation from which can give
some isoform proteins that are exclusively localized in the nucleus [13].
Such findings were confirmed by mutating these ATGs, which resulted
in the loss or gain of cathepsin L-derived isoform expression. Ad-
ditionally, no mature cathepsin L was seen to localize in the nucleus
within fibroblast cells other than the isoform proteins, which lacked the
secretory signal. Collectively, such findings suggest that cathepsin L
isoforms can arise through a novel method distinct in nature and form
to alternative splicing and which may also incorporate leaking scanning
of the mRNA during translation initiation [13]. However, using an al-
ternative mouse-knock in approach, Tholen et al. [49] suggested that
the usage of these alternative downstream AUGs was highly dependent
on the presence of additional out-of-frame AUG codons therefore sug-
gesting the presence of alternative downstream promoters being re-
sponsible for cathepsin L protein isoform production. For cathepsin L,
the presence of alternative promoters within the gene is possible as
reported within intron 1 and can drive full-length cathepsin L protein
expression [50]. In an alternative study, Sansanwal et al. [51], cloned a
C-terminal isoform of cathepsin L which encoded the C-terminal 155
amino acids, induced cytotoxicity when over-expressed in eukaryotic
cells and was seen to be localized in the nucleus, perinuclear and cy-
toplasmic compartments [51].

Mouse cathepsin M is encoded on region B2 from chromosome 13
by a gene spanning 8 exons encoding a mature transcript of 1.9kb.
Exon 2 contains the ATG start codon of the protein, which is 333 amino
acids in length. Here exon 2 spliced variants of the transcript have been
detected and differ in the length of the 5’ UTR region of the mature
transcript, thus offering a potential mechanism by which rates of
translation may be altered (as reported for cathepsins B and L).
Additionally, exon 7 spliced variants were also identified, some of
which lacked the residues His276 and Asn300 and which would
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therefore give rise to catalytically-inactive products [52]. Of note, the
subcellular localization of this isoform protein was not determined and
which may yield some interesting outcomes.

Human cathepsin S gene is encoded by chromosome 1q21.3 con-
taining 8 exons (of which 7 are protein coding) on a mature transcript
of 3936 bp and which translates to a protein of 331 amino acids [53].
While no transcriptional variants of this gene have been validated ex-
perimentally, it is worth drawing some attention to this protein based
upon its restricted tissue expression [54] and its current status as a
therapeutic target in cardiovascular diseases, autoimmunity, in-
flammation, obesity and cancer [55]. Consequently, a predicted alter-
natively spliced variant from this gene, which is encoded by a transcript
of 1.42 kb, lacks exon 4 of the wild-type form and may give rise to a 281
amino acid protein may have some potential biological importance.

Cathepsin W is encoded on human chromosome 11q13.1 by a gene
spanning 10 exons and 9 introns, with the ATG start codon being en-
coded on exon 1. The mature transcript is 1.27 kb in length and can
encode a protein of 376 aa in size. As one of the earliest studies ad-
dressing the existence of cathepsin protein isoforms, Meinhardt et al.
[56] identified a transcript isoform that lacked exon 5, but gave rise to a
truncated protein encoding by exons 1-4 and part of exon 6. Ad-
ditionally, an isoform protein encoded by exons 1-9 and part of intron
9-10 was also described which contains a novel C-terminal protein
sequence in comparison to exon 10 from full-length wild-type cathepsin
W. The latter of the two isoforms was seen to localize in the ER, as seen
with wild-type cathepsin W.

Collectively, such findings offer very unique insights into how ca-
thepsin isoforms can arise, whether they are capable of residing in the
nucleus, whether they are catalytically active and whether the proposed
mechanisms by which they come to reside in the nucleus may also be
applied to full-length cathepsin proteins (Table 1). But more im-
portantly, their nuclear presence had set a precedent in that derivatives
of secreted cathepsin proteins can indeed be compartmentalized within
the nuclei of cells. In summary, cathepsin isoform proteins (lacking a
secretory signal) may arise from transcripts genetically driven by an
alternative intronic promoter, alternative splicing mechanisms, through
leaky AUG scanning during ribosomal translation of the transcript and
through the generation of novel subcellular targeting sequences within
the cathepsin proteins derived from the above. Alternatively, it has also
been suggested that cathepsins proteins, which have entered the se-
cretory pathway, may end up residing in the nucleus following their
leakage from the lysosome or due to retrograde protein trafficking to-
wards the nucleus [13,49].

3. Recently proposed mechanisms for cathepsin nuclear
translocation

Generally speaking, how cathepsin protein variants come to reside
in the nucleus, until late has been a matter for debate. From studies
dating back to 2005, several domains were suggested to exist in the
cathepsin B protein sequence which could potentially allow differential
targeting of this cathepsin to compartments other than the lysosome
[28]. When taken with the proposition that, potential targeting se-
quences can be generated upon exon skipping, as seen in the instance of
a cathepsin B variant that acquired a mitochondrion targeting signal
[26], it became apparent that cathepsin proteins may not have to be
exclusively encoded by genes that contain a bona fide NLS within their
predicted primary protein sequence. While this offered a valid ex-
planation for how regulation of transcription can re-localize proteins
that are encoded by them, it did not appear to go far enough in ex-
plaining how proteins enter the nucleus in the absence of a NLS. The
turning point was arrived at when recent studies emerged which de-
monstrated that cathepsin proteins could be ‘chaperoned’ into the nu-
cleus from a cytoplasmic source following their possible leakage from
the lysosome. Recently, a number of excellent studies extending this
school of thought have emerged.
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Table 1
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Cathepsin isoform proteins and their subcellular localization. The cathepsins proteins, their amino acid length (aa), chromosomal location (Chr), transcript
length in kilobases (KB) and their exon/intron numbers are highlighted. The protein isoforms derived from the genes are shown, as is their subcellular localization
(Loc) within the nucleus (N), trans-Golgi network (TGN), mitochondria (M), endoplasmic reticulum (ER) and undefined (—). The literature describing such isoforms

is cited (Ref).

Cathepsin (aa) Chr Exons Introns Mature Start Protein Isoform Loc Ref
Transcript (KB) Codon (exon)
Human B (339) 8p23.1 13 12 3.73 3 Exons 1-11 N/LY [31]
Exons 1+3-11 TGN, LY [571
Exons 1+4-11 M [57]1
Human C (463) 11ql14.2 7 6 1.87 1 Exon 1 + 2+ 31 aa from Intron 2 - [38]
Human D (412) 11p15.5 9 8 2.00 1 Exons 1-9 N [41]
Human E (396) 1q32.1 9 8 2.20 1 Exons 1-6+ 8-9 - [43]
Human H (335) 15925.1 12 11 2.10 1 Exons 1-12 N [44]
Human L (333) 9g21.33 8 7 1.65 2 Exons 1-8 N/LY [13]
ATG56/58/75/77/83 Exons 3-8 N [13]
ATG75/77/83 Exons 3-8 N [13]
ATG111 Exons 4-8 N [13]
Mouse M (333) 13,B2 8 7 1.90 2 Exon 1-6+8 - [52]
Human S (331) 1q.21.3 8 7 3.93 2 Exon 1-4+6-8 - [53]
Human W (376) 11q13.1 10 9 1.27 1 Exon 1-4+6 - [56]
Exons 1-9 + part of Intron 9-10 ER [56]

In the instance of cathepsin L, it has been proposed that this protein
is chaperoned into the nucleus by complexing with another protein that
contains a NLS signal [58]. In this study using BC and embryonic kidney
cells, the authors demonstrated that cathepsin L and CUX1 could form a
complex and utilize the NLS of the Snail protein for them to be cha-
peroned into the nucleus using protein Importin 31. Moreover, this was
confirmed by knockdown expression of Importin-f1, which decreased
nuclear cathepsin L protein levels. In extending such findings, Fei et al.
[59] demonstrated that the inhibition of glycogen synthase kinase-3f3
(GSK-3p) activity could reduce Snail protein expression levels and
which could reduce nuclear cathepsin L-dependent downstream effects.
Clearly this confirmed the importance of Snail protein expression in the
nuclear activity of cathepsin L whilst linking cathepsin L regulation
with signaling transduction pathways involving the intermediates AKT/
GSK-3p/Snail and CUX1 in U251 glioma cells [59].

Similarly, in the instance of cathepsin D trafficking, it was reported
to be chaperoned into the nucleus by the nucleo-cytoplasmic shuttling
protein, HLA B-associated transcript 3 (BAT3) in BC cells [41]. Silen-
cing of BAT3 was seen to prevent the nuclear accumulation of cathepsin
D. As cathepsin D has been reported to be over-expressed in a number
of cancer types, it would appear that it has the potential to escape the
lysosome and be captured at the lysosomal surface and then trafficked
to the nucleus by BAT3.

Lastly, cathepsin B translocation to the nucleus was observed upon
stimulation of prostate cancer cells with the lysosomotropic agent,
Riccardin D [60]. Mechanistically, this was confirmed to translocate
into the nucleus using the NLS sequence identified by Bestvater et al.
[28], as deletion of this region of cathepsin B abrogated its trafficking to
the nucleus after induction of lysosomal leakage.

As highlighted, greater mechanistic insight has been coming into
focus with regards to cathepsin nuclear chaperoning and the con-
tribution it can make in trafficking cathepsins to the nucleus that do not
encode a NLS (Fig. 1). Therefore, of importance is what mechanisms
exist to potentiate nuclear trafficking (or retention) of cathepsins in a
cell cycle-specific manner, as cathepsin L has been seen to accumulate
in the nucleus with greatest activity during Go/G;-and S-phases of the
cell cycle in HCT1216 cells [61]. Clearly, based on the identification of
Importin 1, Snail, BAT3 or TRPS1 [41] as key translocation factors
necessary for nuclear import of cathepsins, the deregulated expression
of such proteins in transformed cells takes on greater importance as
they may contribute to enhancing cathepsin nuclear translocation and
activity. In this context importin $1 [62] and Snail [63] in BC cells,
BAT3 in Hepatocellular Carcinoma cells [64] and TRPS1 in BC cells
[65-67] have all been seen to be upregulated in expression during
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Fig. 1. The biological effects of Lysosomal-Nuclear Cathepsin protein traf-
ficking. Pro-cathepsins are synthesized and inserted into the secretory pathway
and which undergo glycosylation as they proceed through the trans-Golgi
network. They mature and become activated upon arrival to the late endosome
after which they are transported to the perinuclear lysosome in normal cells
(blue arrows) and the peripheral lysosome followed by secretion in most cancer
cells (red arrows). Cytoplasmic cathepsins arising from lysosomal leakage or
from being synthesized as proteins lacking the secretory signals can become
localized in the nucleus (green arrows) where they can modulate cell growth.
The nuclear import of cathepsins can also be regulated by signaling and traf-
ficking proteins (black boxes) in an Importin f1-and BAT3-dependent manner
using the nuclear localization signal of the Snail protein, and which is regulated
by the AKT and GSK-3f proteins (black boxes). Nuclear cathepsins (green box)
have been observed to cleave key nuclear proteins (blue box), which enhanced
cell growth (or proliferation), cell differentiation by epithelial-mesenchymal
transition (EMT) and can confer chemoresistance to therapeutic treatment. The
inhibition of nuclear cathepsin proteins, either through small molecule in-
hibitors, cystatin expression or mRNA knockdown (red box) has been observed
to decrease cell growth or proliferation, decrease the ability of cells to undergo
differentiation by EMT and decrease cellular chemoresistance to therapeutic
treatment. (For interpretation of the references to color in this figure legend, the
reader is referred to the Web version of this article.)

cancer or cell cycle progression. Moreover, the recent findings that
BRCA1 deficiency (which when present is central to S and G2/M cell
cycle checkpoint regulation [68]) likely activates cathepsin L-mediated
degradation of 53BP1 which overcomes breast cancer cell arrest is
consistent with the idea that some cathepsins may be regulated by the
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cell cycle machinery at the cathepsin trafficking, activation or protein
stabilization level [69]. In support of this model, enhanced cathepsin L
expression has been linked to the genetic loss in expression of A-type
lamin protein resulting in 53BP1 destabilization-a protein that is central
to the DNA repair phenotype [70,71]. In-keeping with such potential
mechanisms, of interest may additionally be the Nuclear Export Signal
proteins (NES) such as Crml, the expression and regulation of which
could also ultimately define the steady state levels of nuclear cathepsin
in cancer cells based on their catalytically active status [72]. Finally, as
the proposed mechanisms consider cathepsins that may have leaked
from the lysosome, potential mechanisms for classical retrograde pro-
tein trafficking from the cell surface to the nucleus in the form of ve-
sicular structures, remain to be explored. For example, proteins inter-
nalised to the Golgi (by clathrin-dependent/independent endocytosis)
can be transported to the nucleus via the endoplasmic reticulum in a
COPI vesicle-dependent manner, as seen with the epidermal growth
factor receptor [73]. Therefore, it is quite conceivable that similar
mechanisms may also exist for the cathepsin proteases.

In summary, it would appear that a number of very important po-
tential mechanisms may be emerging and which may be cathepsin-
specific (Fig. 1). As these findings are very recent, whether any of the
other cathepsins (or even their isoform proteins) are capable of residing
in the nucleus using the above-proposed mechanisms remain to be seen.
Moreover, whether such findings are cell-context dependent or re-
presentative of potential universal mechanisms is also a matter for
further exploration.

4. The functional significance of nuclear cathepsins

So far, the cathepsins that have been characterized to take up a
functional role within the nucleus have been reported as cathepsins L,
H, D and B. From the published findings it would appear that the
contribution that nuclear cathepsins make to disease progression (par-
ticularly in cancer) could have some important significance and be
strongly relevant.

In this context, cathepsin B, was observed to induce DNA damage
and cell death of cells upon its translocation from the lysosome to the
nucleus in prostate cancer cells. Here, treatment of cells with RD-N (a
Riccardin D derivative) induced lysosomal leakage of cathepsin B,
which translocated to the nucleus and suppressed the breast cancer 1
protein (BRCA1) through its degradation [60].

Additionally, nuclear cathepsin D has been shown to cleave Histone
H3 during mammary gland involution. While this step is central in
cellular differentiation and proliferation of such tissue, a role for ca-
thepsin D isoform proteins in this context remains to be defined [74].
Similarly, Bach et al. (2015) used expression and knockdown ap-
proaches for cathepsin D and TRPS1 in BC cells, and the results of
which suggested that nuclear cathepsin D can mediate cell cycle pro-
gression in a non-proteolytic manner through acting as a co-factor for
the TRPS1 protein [41].

In the instance of nuclear full-length cathepsin H, Yang et al. (2017)
reported that this protease degrades HDAC4, through using expression
and inhibitory approaches in hepatic stellate cells and suggested to
have great significance in MMP expression, cellular trans-differentiation
and ECM remodeling [44].

In the instance of cathepsin L, its overexpressed full-length protein
and isoforms strongly correlate their nuclear localization with the
phenotype of transformed cells [75]. As from earlier studies, nuclear
cathepsin L was observed to cleave the histone protein H3 during
mouse embryonic stem cell differentiation [76,77] and has clear im-
plications for cancer cell progression, metastasis and chemoresistance.
From studies that focused on the origins of cathepsin L isoforms pro-
teins, nuclear cathepsin L variants containing downstream start sites
cleaved CUX1, which enhanced S-phase onset [13] and thus contribute
to cellular proliferation. Cathepsin L was therefore viewed as possessing
unique cellular transforming properties [75] and this notion was
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proven to be very possible in light of an additional study published by
Tamhane et al. (2016). Here, it was reported that nuclear cathepsin L
induced quicker S-phase entry within the cell cycle of colorectal cancer
(CRQ) cells, while inhibition of cathepsin L reduced this effect [61].
Additionally, the involvement of cathepsin L expression in permitting
the host cells to change their epigenetic signature, clearly has im-
plications in the role of cathepsin L in chemoresistance, while also
highlighting its role as a therapeutic target and its usefulness as a
prognostic marker in CRC [78]. Collectively, all of these observations
support the belief that over expression of cathepsin L induces properties
in cells that are consistent with the phenotype of transformed cells.

Mechanistically, cathepsin L has also been suggested to modulate
EMT through its association with Snail shuttling it into the nucleus,
where it can down-regulate CUX1 and subsequently ablate E-cadherin
expression. Such effects were also fully reversible upon cathepsin L
activity inhibition and which caused mesenchymal cells to revert back
to epithelial [79]. In support of such findings Fei et al. [59] also found
cathepsin L to induce EMT through processing of CUX1 under condi-
tions with ionizing radiation (IR) and which induced EMT and inva-
siveness of glioma cells. This was demonstrated to occur through the
AKT/GSK-3[3/Snail signaling pathways, thus highlighting cathepsin L as
a novel target for glioma progression. Similarly, Wang et al. (2018) also
published their observations where nuclear cathepsin L was seen to
regulate the progression of IR-induced lung cancer invasion [19]. Here,
IR treatment of lung cancer cells induced expression of cathepsin L,
which contributed to cell invasiveness through cellular differentiation
due to the induction of EMT and CUX1 processing. Moreover, mutated
K-ras expression correlated with enhanced cathepsin L expression.
Collectively, such observations highlight a central role for cathepsin L
(and possibly other cathepsins) in that nuclear cathepsin L localization
contributes to invasiveness and EMT, which has implications for che-
moresistance and tumor metastasis. Consequently, inhibition of nuclear
cathepsin L may offer a novel perspective in sensitizing otherwise
chemotherapeutic resistant cells to the effects of therapy while si-
multaneously reducing their proliferative and metastatic potential as
suggested a number of years ago [80].

In addition to assigning nuclear cathepsins a functional role in the
context of cell regulation and differentiation, it is also worth noting the
importance of other possible features of nuclear cathepsin localization.
For example, one study partially addressed how cathepsin B stability
can be modulated through the proteasomal degradation pathway in an
IGF-1-dependent manner in hepatocellular carcinoma cells [81]. While
this study presumably assessed both cytoplasmic and nuclear total ca-
thepsin B levels, it could possibly offer a mechanism by which nuclear
cathepsins activity may also be disposed of (exclusively or in conjunc-
tion with the NES-dependent nuclear exportin pathway). Additionally,
mature nuclear cathepsin F was revealed to be present in a nuclear
speckled staining pattern in HSC-2 cells. While this was proposed to
possibly arise through sumoylation of cathepsin F [82], nuclear
speckles and their role in proteasomal degradation of cathepsin F re-
main a possibility [83].

Collectively, such studies highlight the importance of nuclear ca-
thepsins in so far as they have a proteolytic functional role to play
within the nucleus and which is (by large) synergistic with their func-
tion as proteins that cause tumor progression (Fig. 1). From such stu-
dies, another key effect that is obvious includes the diversity of pro-
cesses that the cathepsins (either collectively or exclusively) as having
with emphasis for a functional role in positively modulating EMT in
addition to cellular proliferation. However, it is also worth noting that
most of the studies published addressing nuclear cathepsins have been
centered on full-length cathepsins so the effects of their cognate ca-
thepsin isoform proteins in these broad areas remain to be seen.

5. Nuclear cathepsin-directed therapeutic targeting

In light of the above reported observations, one fundamental
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question being asked is ‘do nuclear cathepsin proteins hold any ther-
apeutic value?’ As very recent studies have started addressing this
question with some very novel and encouraging findings, the answer
would have to be a very strong ‘yes’. While the possibility of finding
secreted proteases in the nucleus was once thought of as being an ar-
tifact of using cell line systems or a matter to be drawn very little at-
tention to, this particular part of protease research is truly beginning to
come into fruition.

As the cathepsin inhibitors (the cystatins) have also been found to
reside in the nucleus, this offers support to the idea that nuclear loca-
lization of cathepsins is a natural phenomenon (for a recent review on
Cathepsin inhibiton, see Soond et al. (2019) [84]). While the numbers
of studies here are limited they have yielded some compelling evidence
to support what biological effects take place when nuclear cathepsins
are inhibited. For example, CRC cells lacking stefin B contained en-
hanced nuclear cathepsin L protein levels, permitting it to potentiate
cell cycle progression. Moreover, stefin B expression within the nucleus
delayed cell cycle progression in T98G cells, through its inhibitory ef-
fects on cathepsin L-mediated cleavage of CUX1 [85]. Cystatin D can
also translocate to the nucleus and module gene transcriptional events
related to FGF4 and CXC3CL1 expression in colon cancer cells [86].
Clearly, such inhibitory proteins do have the capacity to regulate nu-
clear cathepsin activity but how they are transported to the nucleus and
what their mechanistic role is in reducing cathepsin activity remain
largely unaddressed.

Nevertheless, the consensus points to nuclear cathepsins playing a
role that positively modulates tumor progression and that inhibition of
this role may predispose such cells to the activity of chemotherapeutics
(Fig. 1). This perspective has been derived from a number of studies
that highlight the effects of nuclear cathepsin protein inhibition (using
a variety of agents) and cell death under chemotherapeutic co-stimu-
latory conditions [80]. For example, knockdown expression of cathe-
psin L sensitized ovarian cells to paclitaxel-mediated cell death [18],
enhanced the growth inhibitory and anti-invasive effects of curcumin in
glioma cells [87] and enhanced the radio-sensitivity of glioma cells
[88]. Conversely, cathepsin L expression-mediated EMT, conferred
chemoresistance to lung cancer [20] and ovarian cancer cells [16].
Additionally, upon the inhibition of cathepsin L using Z-FY-CHO
treatment of BC cells, nuclear translocation of cathepsin L could be
reversed so that cathepsin L was compartmentalized in the cytoplasm.
Whether this effect is due cathepsin L having a requirement for Crm1-
mediated export or classical anterograde trafficking, remains to be ex-
plored. Nevertheless, this does offer favorable conditions for cathepsin
L to re-exert its activity in triggering the activation of the intrinsic arm
of the apoptotic pathway, leading to cell death and therefore, designing
small molecule inhibitors that prevent the nuclear translocation of ca-
thepsins may also hold some therapeutic potential. However, one see-
mingly impossible task researchers have faced over the years stems
from being able to target the nucleus for therapeutic purposes. More
recently, this issue appears to be receiving some attention as a number
of key studies have pointed out. For example, the use of nanocarrier
[89], polymersomes [90] and Boronate tagging technology [91] may
prove to be very useful in this context.

6. Future perspectives and considerations

Clearly, this area of cathepsin protease research over the recent
years has progressed with great momentum and has yielded some very
inspiring outcomes. The existence of nuclear cathepsin proteases (in
addition to their lysosomal localization) and the central importance
they hold in cancer cell cycle regulation and differentiation is clearly a
‘real’ phenomenon. While cathepsins B and L are being thoroughly
characterized mechanistically for their ability to translocate to the
nucleus and mediate effects that are central to cellular differentiation
and chemotherapeutic effectiveness, the roles of the other nuclear ca-
thepsins have been relatively slow to progress. Whether this requires
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the generation of cathepsin spliced variant proteins appears to be of
narrow relevance, as their biological function within the nucleus ap-
pears to be of greater importance. Nevertheless, cathepsin protein iso-
forms clearly do exist and may reveal themselves to exhibit some in-
teresting properties that may have a significant contribution to make in
our stride towards targeting the cathepsins for chemotherapeutic pur-
poses with greater effect. Consequently, the significance of nuclear
cathepsin-specific isoform proteins and the extent to which contribute
to the functions of full-length nuclear cathepsin proteases may take on
greater importance over time and the findings from such studies are
eagerly awaited.
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