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Summary

Cathepsin L, a lysosomal cysteine proteinase, may have a key role in various biological and disease processes by intracellular
and extracellular degradation of proteins. We examined the levels of cathepsin L and its intrinsic inhibitors in glomeruli of
rats with puromycin aminonucleoside (PAN) nephrosis. In contrast to the weak levels of cathepsin L in normal glomeruli,
on days 4 and 8, strong immunostaining was detected in almost all podocytes when proteinuria and pathological changes of
the podocytes developed. Cathepsin L was reduced after day 28, but remained in a focal and segmental manner. Cystatin
B3, an intracellular inhibitor, was not detected in podocytes. However, cystatin C, an extracellular inhibitor, was detected
in podocytes after day 4, coincident with cathepsin L. Cystatin C levels were gradually reduced but sustained in many
podocytes on day 28, while cystatin C was not detected in podocytes sustained cathepsin L. These results demonstrated
that cathepsin L levels are not always accompanied by the levels of its inhibitors in podocytes of PAN nephrosis, suggesting
a potential role of cathepsin L in podocyte injury, which is a critical process for the development and progression of tuft
adhesion and sclerosis. () Histochem Cytochem 66:863—-877, 2018)

Keywords
GBM, glomerulonephritis, proteolytic activity

The degradation of GBM by proteinases has been
considered to be one of the molecular mechanisms for
podocyte detachment.®

Cathepsin L, a papain family cysteine proteinase, is
a potent endopeptidase that is involved in the degra-
dation of lysosomal proteins. Using various cultured
cells, cathepsin L has been demonstrated to be
translated initially as preprocathepsin L, which then is

Introduction

Podocytes constitute an essential part of filtration bar-
rier to urinary protein loss. They are terminally differen-
tiated epithelial cells incapable of replicating in
glomeruli. Therefore, progressive podocyte loss is the
most frequent cause of chronic kidney diseases.
Reportedly, podocyte loss underlies the progression of
glomerulosclerosis in several human glomerular dis-
eases as well as in experimental animal models of glo-
merular diseases regardless of the basal diseases.'™
The major cause of podocyte loss appears to be the
detachment from the glomerular basement membrane
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(GBM), which leads to bare GBM and tuft adhesion to
the Bowman’s capsule, leading to glomerulosclerosis.®
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transferred through the Golgi apparatus as procathep-
sin L and stored in lysosome as mature cathepsin L.
This enzyme is different from other members of
cysteine proteinases in that procathepsin L is
secreted abundantly into extracellular space after
stimulation by various growth factors'®'" and activated
by oncogenes,”®™ resulting in degradation of the
extracellular matrix." Through such intracellular and
extracellular degradation of proteins, cathepsin L is
implicated in diverse biological and disease processes,
including bone turnover,' muscle degeneration,® ath-
erosclerosis,'” and cancer metastasis.'® Server et al.™
have demonstrated that cathepsin L is essential for
proteinuria and that cathepsin L levels are significantly
elevated in human proteinuric kidney diseases, rang-
ing from minimal change disease (MCD) to diabetic
nephropathy. In glomeruli, the activity of cysteine pro-
teinase was detected using freshly isolated glomeruli,®
and cathepsin L appeared to degrade GBM,*°
dynamin,” and synaptopodin® in experimental glo-
merulonephritis, resulting in podocyte actin reorgani-
zation and proteinuria. This argument is supported by
the facts that isolated podocytes from cathepsin
L-deficient mice are protected from cell puromycin
aminonucleoside (PAN)-induced cell detachment®
and cathepsin L-deficient mice do not suffer from
albuminuria.?® In addition, we found that cathepsin L is
regulated in the glomeruli of rats with experimental
nephrotic syndrome using differential display poly-
merase chain reactions, immunostaining and Western
blotting.?? Thus, it is highly likely that cathepsin L may
participate in the disease processes of the glomeruli.
Proteinase inhibitors also have a pivotal role in bio-
logical and pathological processes by regulating pro-
teinase activities intracellularly and extracellularly.
Endogenous inhibitors of cathepsins are cystatins
classified into three families as follows: intracellular
cystatins A and B (family 1); extracellular cystatins C,
D, S, SA, and SN (family 2); and intravascular kinino-
gens (family 3).?* Cystatin A expression is rather
restricted, with especially high levels in skin and some
blood cells,?® whereas cystatin B (cystatin B in rats)
expression is localized in the cytosol, mitochondria,
and nucleus in various cells and protects cells from the
detrimental release of the lysosomal cysteine cathep-
sins. In the nucleus, cystatin B interacts with nucleo-
somes, specifically with histones H2A.Z, H2B, and H3
and cathepsin L.?° Cystatin C is expressed in virtually
all organs of the body in contrast with the restricted
expression of other family 2 cystatins in salivary
glands. The ubiquitous distribution of cystatins B and
C indicates that cathepsins are regulated intracellu-
larly by cystatin B and extracellularly by cystatin C. We
previously demonstrated that tumor growth factor 3-1

enhances the secretion of cystatin C and the imbal-
ance of the secretion of proteinases and their inhibi-
tors after incubation of such growth factors.?”

Regarding PAN nephrosis, the intraperitoneal injec-
tion of PAN to rats is an experimental model character-
ized by massive proteinuria and by morphological
changes in podocytes, including foot process efface-
ment, focal adhesion with the Bowman’s capsules, and
focal detachment form GBM.?*?° By the fourth week
after PAN administration, the level of protein excretion
and morphological changes of almost all podocytes
were indistinguishable from those of control animals.*
Thus, PAN nephrosis has been conventionally used as
a similar model of MCD in humans. However, from a
clinical point of view, MCD does not show such podo-
cyte change without foot process effacement. Thus, we
used this model as a podocyte injury model.

The present study evaluated the levels of cathepsin
L and cystatins § and C in glomeruli of rats with PAN
nephrosis to address whether cathepsin L and its
inhibitors have an important role in disease processes
of the glomeruli.

Material and Methods

Animals

Male Sprague-Dawley rats (weighing approximately
250 g) were obtained from Charles River Japan
(Kanagawa, Japan). These rats were housed under
specific pathogen-free conditions. All animal experi-
ments were performed according to the guidelines of
the Committee on Animal Experiments of Juntendo
University, Tokyo, Japan.

Induction of PAN Nephrosis

PAN nephrosis was induced by a single intraperitoneal
injection of PAN (Sigma, St. Louis, MO) dissolved in
normal saline at a dose of 15 mg/100 g body weight.
Control rats received a similar volume of normal saline.
Six experimental groups with animals sacrificed 2, 4, 8,
28, and 56 days after the injection were studied. Control
rats were sacrificed eight days after the injection of nor-
mal saline. Each group consisted of four rats. Before
sacrifice, 24 hr urine was collected. Furthermore, blood
was collected to determine serum creatinine. Urinary
total protein and creatinine concentration were mea-
sured by the same methods as clinical examination.

Fixation of Kidneys

After the rats were anesthetized with pentobarbital
(100 mg/kg; Dainippon Sumitomo Pharma, Osaka,
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Table I. Primary Antibodies for Inmunohistochemistry.

Antigen Primary Antibody Dilution Secondary Antibody Dilution Figure
Cathepsin L Mouse monoclonal antirat 1:50  Alexa Fluor 488 goat antimouse 1:300  Figs. 2, 3, 4A, 4G,
cathepsin L I1gG (Thermo Fisher Scientific 5A, 5B
(Abcam, Cambridge, UK) Inc., Waltham, MA)
Cystatin B Goat polyclonal anticystatin B 1:35 Alexa Fluor 555 donkey antigoat 1:300  Figs. 2A, 2B, 2D
(R&D Systems Inc., Minneapolis, I1gG (Thermo Fisher Scientific
MN) Inc., Waltham, MA)
Rabbit anticystatin B (Santa Cruz [:50  Alexa Fluor 555 donkey 1:300  Fig. 2C
Biotechnology Inc., Dallas, TX) antirabbit IgG (Thermo Fisher
Scientific Inc., Waltham, MA)
Cystatin C Goat polyclonal anticystatin C 1:50 Alexa Fluor 555 donkey antigoat 1:300  Figs. 4A, 4G, 5A, 5B
(Santa Cruz Biotechnology Inc., I1gG (Thermo Fisher Scientific
Dallas, TX) Inc., Waltham, MA)
Synaptopodin  Mouse monoclonal I:10  Alexa Fluor 488 goat antimouse 1:300  Figs. 2B, 2C, 2D
antisynaptopodin (clone G1D4) IgG (Thermo Fisher Scientific
(Progen Biotechnik GmbH, Inc., Waltham, MA)
Heidelberg, Germany)
Rabbit polyclonal [:100 Alexa Fluor 555 donkey [:300 Fig. 3

antisynaptopodin (Abcam,
Cambridge, UK)

antirabbit IgG (Thermo Fisher
Scientific Inc., Waltham, MA)

Japan), the right kidneys were removed, and then
blood samples were collected from the abdominal
aorta. Finally, the left kidneys were perfused via the
abdominal aorta for 5 min with 4% paraformaldehyde
(PFA) in 0.1 mol/L phosphate buffer (PB). After perfu-
sion with 4% PFA, a small amount of the inferior pole
was sectioned for electron microscopy. The remaining
left kidneys were perfused for 5 min with 18% sucrose
in 0.01 mol/L sodium phosphate buffer (PBS).

Light and Electron Microscopy

For electron microscopy, slices of the left kidneys were
immersed in fixative containing 2% glutaraldehyde in
0.1 mol/L PB (pH 7.4) overnight. Then, tissues were
processed for epoxy resin embedding. For light micros-
copy, semithin sections (1 pm thick) stained with
Periodic Acid-Schiff (PAS) were used. Ultrathin sec-
tions stained with uranyl acetate and lead citrate were
observed in a Hitachi H7100 electron microscope
(Hitachi, Tokyo, Japan).

Immunohistochemistry

Deparaffinized sections were used for double-immu-
nostaining. Primary and secondary antibodies (Abs)
are listed in Table 1. We checked that these secondary
Abs did not stain without primary Abs (data not shown).
After blocking with PBS containing 2% bovine serum
albumin, 2% fetal calf serum, and 0.2% fish gelatin,
sections were incubated with primary Abs at each

appropriate condition, and secondary Abs in blocking
solution were reacted. Images were acquired with an
FV1000 confocal microscope (Olympus, Tokyo, Japan).

Glomerular Isolation and Western Blot

Rat glomeruli were isolated by progressive filtering
using 212, 106, 75 um sieves. For glomerular extrac-
tion, glomeruli were suspended in 3-[(3-cholamidopro-
pyl)dimethylammonio]-1-propanesulfonate buffer and
sonicated in short bursts in 1 min. After centrifugation,
the supernatant was stored at —-80C. Samples of glo-
merular extracts were analyzed by gradient gel (5—
20% sodium dodecyl sulfate-polyacrylamide gel) and
Western blotting under reducing condition.

As primary Abs, mouse monoclonal to cathepsin L
(1:200; Santa Cruz Biotechnology, Inc., Dallas, TX),
rabbit polyclonal to cystatin C (1:200; Merck Millipore,
Darmstadt, Germany), and goat polyclonal to cystatin
B (1:500; R&D systems Inc., Minneapolis, MN) were
used. As second Abs, peroxidase conjugated affinity-
purified goat antimouse IgG, peroxidase conjugated
affinity-purified goat antirabbit 1gG, and peroxidase
conjugated affinity-purified donkey antigoat IgG were
used (1:10,000; Jackson Immunoresearch, West
Grove, PA). Equal protein load was confirmed by
reproving the membrane with glyeraldehyde-3-phos-
phate dehydrogenase (GAPDH; 1:20,000; Sigma-
Aldrich Corp., St. Louis, MO). A549 whole cell lysate
(Novus Biologicals, LLC, CO) was used as a positive
control of cystatin .
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Statistical Analysis

All values are given as mean + SD. Statistical signifi-
cance (defined as p<0.05) was evaluated using Prism
6.0 software (GraphPad Software, San Diego, CA) fol-
lowed by Fisher’s paired least significant difference
t-test.

Results

PAN Rats Showed Severe Proteinuria Compared
With Control Rats

No elevation in urinary protein excretion was observed
on day 2 after administration of PAN (7.57 + 1.31 mg/
day) with respect to the excretion in controls (3.73 +
2.25 mg/day). Urinary protein excretion significantly
increased on day 4 (401.0 = 24.26 mg/day, p<0.0001
vs. control; Fig. 1A). Maximum proteinuria was
observed on day 8 (521.0 + 99.64 mg/day, p<0.001 vs.
control; Fig. 1A). Thereafter, urinary protein excretion
decreased on days 28 (75.97 + 66.55 mg/day) and 56
(42.48 + 21.42 mg/day; Fig. 1A).

PAN Rats Showed Transient Renal Failure With
Serum Creatinine Elevation

After administration of PAN, the serum creatinine level
increased with the increase in urinary protein excre-
tion. No elevation in serum creatinine levels was
observed on day 2 (0.24 + 0.04 mg/dL) with respect to
the levels in controls (0.25 + 0.03 mg/dL; Fig. 1B).
Serum creatinine levels increased on day 4 (0.55 +
0.17 mg/dL, p<0.05 vs. control; Fig. 1B). The highest
creatinine level was observed on day 8 (0.71 + 0.04
mg/dL, p<0.0001 vs. control; Fig. 1B). Thereafter,
serum creatinine levels decreased on days 28 (0.21 +
0.02 mg/dL) and 56 (0.25 + 0.015 mg/dL; Fig. 1B).

Glomerular Injury Was Recognized in PAN Rats

Using light microscopy, focal and segmental glomeru-
lar adhesions were noted in glomeruli on days 8 and
28. On day 56, the glomerular adhesion had reduced.
No cell proliferation was observed (Fig. 1C).

Using electron microscopy, the main glomerular
lesions of PAN nephrosis were observed in the podo-
cytes. On day 4 when proteinuria developed, podo-
cytes were diffusely affected, exhibiting loss of foot
processes, formation of pseudocyst, accumulation of
lysosome, and partial detachment of podocytes from
GBM (Fig. 1Da). On day 8 when maximum proteinuria
was achieved, pseudocyst formation, a prominent
change, was observed in the podocytes (Fig. 1Db).

Compared with day 4, accumulation of lysosomes was
encountered less frequently but detachment of podo-
cytes from GBM was observed much more frequently
on day 8. Severe podocyte detachment led to com-
plete bareness of GBM surface, a part of which was
covered by parietal epithelial cells of the Bowman’s
capsules (Fig. 1Db). The incidence of early adhesion
in the semithin sections of 50 consecutive glomerular
profiles ranged from 5% to 15% in individual rats. On
days 28 and 56, progression of and recovery from
podocyte damage were concurrently observed. In
other words, glomerular adhesions had advanced to
segmental sclerosis associated with progressive
podocyte detachment. Podocytes and parietal epithe-
lial cells covering the sclerotic lesions contained many
lysosomes (Fig. 1Dc), and on the contrary, recovery of
the foot process pattern was observed adjacent to the
sclerotic areas even in the same glomeruli.

Cathepsin L Level Did Not Correspond With
Cystatin 3 Level

In the glomeruli of control rats, virtually, cathepsin L
and cystatin B were not observed (Fig. 2A). In the
glomeruli of PAN rats, potent cathepsin L level was
observed. On day 4, the distinct presence of cathepsin
L was diffusely observed in the glomeruli as granules
of various sizes, which resembled lysosomes. On day
8, intense granular staining was observed the most in
the glomeruli (Fig. 2A). Cathepsin L and synaptopodin
were merged, which indicated that cathepsin L
emerged in podocytes (Fig. 3). On day 28, immunos-
taining for cathepsin L was weakly scattered along the
glomerular capillary walls. However, cathepsin L was
sustained in a focal and segmental manner on days 28
and 56 (Fig. 2B and D). Positive immunostaining for
cathepsin L was detected in cells located on the glo-
merular tuft surface adhering to the Bowman’s cap-
sules (Fig. 2B). The cells were regarded as podocytes
based on their location, shape, and positive immunos-
taining for synaptopodin (Fig. 2B). Positive immunos-
taining for cathepsin L was also detected in the
Bowman’s capsule (Fig. 2D), which were frequently
attached to the glomerular tufts with their processes.
These cells were negative for podocyte markers and
thus regarded as parietal epithelial cells (Fig. 2D).

In contrast to cathepsin L, cystatin B was not
detected in the podocytes in this study (Fig. 2A—C). On
day 28, cystatin  was partially observed in some pari-
etal epithelial cells on the Bowman’s capsule, which
were positive for cathepsin L (Fig. 2D). These cells
were negative for synaptopodin, indicating that they
were not podocytes. Western blotting revealed slight
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Figure |. Proteinuria and serum creatinine levels in PAN rats and morphological analysis. After PAN administration, urinary protein
excretion increased significantly on day 4 (401.0 £ 24.26 mg/day; ****p<0.0001) and increased to peak on day 8 (521.0 + 99.64 mg/day;
*##%p<0.001) compared with controls (3.73 + 2.25 mg/day; A). Serum creatinine level increased significantly similar to proteinuria on
day 4 (0.55 + 0.17 mg/dL; *p<0.05) and maximally on day 8 (0.71 + 0.04 mg/dL; ****p<0.0001; B). On light microscopy, on days 8 and
28, glomerular adhesion was shown in glomeruli (C). On day 56, glomerular adhesion was reduced (C). On electron microscopy, in a
glomerulus on day 4 of PAN nephrosis, podocytes are affected diffusely. Partial detachment from GBM is observed in one podocyte
(Da: arrow). In a glomerulus on day 8 of PAN nephrosis, pseudocyst formation is prominent in podocytes (Db). Lysosome accumulation

(continued)
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Figure |. (continued)

is hardly detectable in the podocytes. At the peripheral glomerular tuft, the denuded surface of GBM is covered by partial epithelial
cells, forming an early stage of adhesion (Db: thick arrows). In a glomerulus on day 28 of PAN nephrosis, the expansion of adhesion
(Dc: between arrows) is observed, associated with a collapsed capillary loop (Dc: X). Podocytes (Dc: asterisks) and parietal epithelial
cells (Dc: stars) covering the flank of the adhesion contain many lysosomes. Scale bars: (C) 50 um and (D) 10 ym. Abbreviations: PAN,
puromycin aminonucleoside; GBM, glomerular basement membrane.

A cath L cys B merge

(continued)
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Figure 2. Immunohistochemical levels of cath L and cys B in PAN rats. Cys 3 was observed mainly in parietal cells that were positive
for cath L in PAN rats (A-D). In a glomerulus on day 28 of PAN nephrosis, cath L is observed in podocytes (B: arrow) and parietal epi-
thelial cells (B: arrowhead). Cys [} is not observed in the podocytes (B: arrow), but it is positive in parietal epithelial cells (B: arrowhead).
In a glomerulus on day 56 of PAN nephrosis, segmental level of cath L is observed. Intensive level is observed in cells along the capillary
loop (B: arrow), and cys B is negative for cells along the capillary loop (B: arrow). Cys B-positive cells are not merged with synpo in
immunofluorescent staining (C). Cells with sustained cath L and/or cys (3 levels identified using synpo as a podocyte marker in serially
sectioned glomeruli on day 28 of PAN nephrosis are shown (D). Two types of cells can be identified by immunoreactivity for cath L and
cys B (D). One type of cell (D: arrowhead and asterisk), which is positive only for cath L, is positive for synpo. Another type of cell (D:
arrow), which shows positive immunoreactivity for cath L and cys B, is negative for synpo. Scale bars: (A—D) 50 pm. Abbreviations: cath
L, cathepsin L; cys B, cystatin ; synpo, synaptopodin; PAN, puromycin aminonucleoside.
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cath L

synpo

Figure 3. Immunohistochemical levels of cath L and synpo on day 8. To identify the cells that sustained cath L in the PAN rat model,
we performed immunostaining with cath L (green) and synpo (red) on day 8. Cath L and synpo merged well, suggesting that podocytes
sustained cath L in the PAN rat model. Scale bar: 50 pm. Abbreviations: cath L, cathepsin L; synpo, synaptopodin; PAN, puromycin

aminonucleoside.

cystatin B level in isolated glomeruli in every phase
(Fig. 4F). Cystatin B level did not obviously corre-
spond with cathepsin L level.

Cystatin C Level Corresponded With Cathepsin L
Level in PAN Rats

On immunofluorescence staining on day 4 when
cathepsin L was diffusely observed in the podocytes,
cystatin C was weakly observed. On day 8 when the
level of cathepsin L was maximal, cystatin C was also
observed in almost all the podocytes (Fig. 4A). We col-
lected isolated glomeruli and measured cathepsin L
and cystatin C levels by Western blotting in each
phase. Total cathepsin L level was significantly
increased on day 8 (p<0.05 vs. control; Fig. 4B and C).
Cystatin C level was also significantly increased on
day 8 (p<0.01 vs. control Fig. 4D and E). In the chronic
phase of PAN nephrosis (days 28 and 56), cystatin C
was detected in fewer podocytes (Fig. 4A). However,
small numbers of podocytes, which were positive for
cathepsin L and situated on the surface of the glomer-
ular tufts adhering to the Bowman’s capsules, were not
positive for cystatin C (Fig. 4G).

Cystatin C and Cathepsin L Levels Were
Observed in Proximal Tubules on Day 2 in PAN
Rats

In control rats, cathepsin L, but not cystatin C, was
observed in proximal tubules (Fig. 5A). However, on
day 2, both cystatin C and cathepsin L were observed
in proximal tubules. This level was expanded to distal

tubules on day 8, and the conjugated proteins of cys-
tatin C and cathepsin L were detected in the urinary
space of the Bowman’s capsule and tubules (Fig. 5B).

Discussion

The present study demonstrated the level of cathepsin
L and its inhibitors, cystatins, in the glomeruli of rats
with PAN nephrosis and revealed that the imbalance
between cathepsin L and its inhibitors, cystatins, may
accelerate podocyte damage, detachment from GBM
and adhesion to the Bowman’s capsule, eventually
leading to glomerular sclerosis.

Cathepsin L was observed diffusely in podocytes on
day 8, coinciding with the development of proteinuria
and podocyte damage including foot process efface-
ment, pseudocyst formation, accumulation of lyso-
somes, and partial detachment from GBM. On days 28
and 56, cathepsin L was observed focally and seg-
mentally in podocytes located around glomerular tufts
adhering to the Bowman’s capsules. In a part of adhe-
sion, podocyte detachment and bare GBM were
observed on electron microscopy. The almost identical
distribution between cathepsin L and damaged podo-
cytes suggested the relevance of cathepsin L in cellu-
lar damage of podocytes, which was confirmed
morphologically to be a critical step in the develop-
ment and progression of glomerular tuft adhesion and
sclerosis.

The relevance of cathepsin L to podocyte damage
also was supported by the evidence from immunohis-
tochemistry and Western blotting that intracellular
inhibitors of cathepsin L were not detected and extra-
cellular inhibitors were weakly detected compared with
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Figure 4. Immunohistochemical levels of cath L and cys C proteins in PAN rats. Immunohistochemical levels of cath L and cys C were
analyzed in a control glomerulus. Cath L and cys C are weakly detected before PAN administration (A). In a PAN nephrosis glomerulus,
cath L is observed diffusely on day 4 (A). In Western blotting analysis, the band of procath L was detected in 36 kDa (B). The band of
mature cathepsin L was detected in 28 kDa (B). The levels were measured by comparison with the levels of GAPDH. On day 8, cath
L was significantly increased (¥p<0.05; C). In Western blotting analysis, the band of cys C was detected in 15 kDa (D). The levels were

(continued)
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Figure 4. (continued)

measured by comparison with the levels of GAPDH. On day 8, the level of cys C was significantly increased (**p<0.01; E). Cys B was
observed at a very slight level in Western blotting analysis (F). We used A549 whole cell lysate as a positive control of cystatin f3. Intense
level of cystatin C is detected in several podocytes on day 28 of PAN nephrosis (G). However, cys C is not detected in podocytes
around the site of adhesion, which sustained cath L (G: arrow). pc: positive control, Scale bar: (A) 50 pm and (G) 30 ym. Abbreviations:
cath L, cathepsin L; cys C, cystatin C; procath L, procathepsin L; PAN, puromycin aminonucleoside; GAPDH, glyeraldehyde-3-phosphate

dehydrogenase.

cathepsin L in podocytes. Considering these results,
we hypothesized that the imbalance levels of cathep-
sin L and its inhibitors in podocytes contribute to the
pathophysiological mechanisms of glomerular injuries
of PAN nephrosis, including the cellular damage to
podocytes.

Cathepsin L has been known as a lysosomal cyste-
ine proteinase and has an amino acid sequence
belonging to the papain family. This enzyme is differ-
ent from other mammalian papain family cysteine pro-
teinases in extracellular function.®'*? After induction of
mRNA by various factors, high levels of procathepsin
L were secreted into the extracellular space, where
procathepsin L and its processed forms degrade
extracellular matrix proteins in the presence of glycos-
aminoglycan." By this extracellular function, cathep-
sin L contributes to remodeling of the extracellular
matrix, which has an important role in cellular function
and various disease processes. In vitro studies using
isolated glomeruli demonstrated that endogenous
cathepsin L effectively digests GBM and its compo-
nent proteins, including type IV collagen and lam-
inin.%3%3% Thus, cathepsin L in podocytes may be
responsible for degradation of GBM proteins, inducing
increased permeability of GBM and impairment of the
connection between podocytes and GBM, finally
resulting in proteinuria and podocyte detachment.
Furthermore, cathepsin L degrades the proteins that
are important for normal podocyte architecture, such
as the CD2-associated protein,* synaptopodin,?’ and
dynamin.' In PAN nephrosis, cathepsin L was upregu-
lated in podocytes both in vivo and in vitro.?? This is
consistent with our observation that increases in the
amount of proteinuria and augmentation of podocyte
detachment on day 8 were continued by diffuse expres-
sion of cathepsin L on day 4, coinciding with the pro-
tein level of cathepsin L. Progressive podocyte
detachment from GBM around the site of adhesion on
days 28 and 56 was associated with cathepsin L.

In addition, it was reported that administration of a
cysteine proteinase inhibitor with a high degree of selec-
tivity for cathepsin L resulted in a significant reduction of
proteinuria in an experimental glomerulonephritis.°
Faul et al.?' also demonstrated that E64, a selective
cathepsin inhibitor L, could prevent the protein kinase A
inhibitor (H89) and/or the calcium-dependent protein

kinase Il inhibitor (KN62) induced loss of stress fibers
and synaptopodin in podocytes. In another report, iso-
lated podocytes from cathepsin L-deficient mice were
protected from PAN-induced cell detachment.?? Above
all, cathepsin L-mediated proteolysis has a key role in
the development of proteinuria and glomerular diseases
because it causes podocyte injury.

Cystatin C is one of the most potent extracellular
inhibitors of cysteine proteinases, and the insufficiency
of the inhibitor indicates that the activity of cysteine
proteinases is not regulated or inhibited properly in
extracellular fluid. Western blotting revealed that in
chronic phase (day 28 and 56), cystatin C level, but not
cathepsin L level, decreased to the control level. It is
thus postulated that the level of cathepsin L in the
podocytes contributes to proteinuria and podocyte
detachment by the degradation of GBM proteins in
PAN nephrosis.

Another mechanism of cellular damage by cathep-
sin L was suggested by the absence of cystatin  in
podocytes demonstrated in this study. Compared with
the level of cathepsin L, cystatin B level was not obvi-
ously detected by immunostaining and Western blot-
ting. Intracellular proteolysis by cathepsin is usually
restricted within lysosomes to prevent self-digestion of
cellular components. The lysosomal membrane sepa-
rates enzymes from cytoplasm, and neutral pH of cyto-
plasm and intrinsic inhibitors.***” The stability of
lysosomal membrane decreases in PAN nephrosis.®®
Accordingly, lysosomal enzymes with acidic fluid in the
podocytes of PAN nephrosis may easily leak into the
cytoplasm when lysosomal membrane is expanded by
a large amount of endocytosis proteins as observed in
our study. In vitro, PAN-treated podocytes showed a
strong cathepsin L staining throughout the cyto-
plasm.?? Server et al." also reported that the presence
of cathepsin L in the cytoplasm. However, they showed
that this was not due to lysosomal leakage and that
cytoplasmic specific “short cathepsin L (34 kDa)” was
the key regulator in a lipopolysaccharide proteinuric
mice model. In our present data, we could not find spe-
cific short cathepsin L; this may be due to the differ-
ence of species. Therefore, cathepsin L in the
podocytes of PAN nephrosis may have the potential for
uncontrolled proteolytic activity in the cytoplasm in the
absence of intracellular inhibitors and subsequent
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Figure 5. Cath L and cys C were observed in proximal tubules in PAN nephrosis rats. In proximal tubules, cath L was observed in
control rats. However, cys C was not observed in control rats but after day 2 (A). It was expanded to the distal tubules on day 8, and
they were conjugated with cath L in the urinary space in the Bowman’s capsule (B arrow) and tubules (B arrowhead). Scale bar: (A, B)

50 pm. Abbreviations: cath L, cathepsin L; cys C, cystatin C; PAN, puromycin aminonucleoside.

intracellular damage of podocytes. This is consistent
with the observation that parietal epithelial cells of the
Bowman’s capsules around the adhesion, which were
positive for cathepsin L and cystatin 3, were not lost
but proliferated to cover the flank of adhesion.

The mechanisms underlying the regulation of
cathepsin L in the podocytes of rats with PAN nephro-
sis remain uncertain. Increased level on day 4 when
proteinuria developed and on days 28 and 56 around
the adhesion site where plasma leaked through areas
of denuded GBM suggested that expression of cathep-
sin L in the podocytes of PAN nephrosis is secondary
to proteinuria in the proteolysis of endocytosis proteins.
Indeed, increased level of cathepsin L was detected
on day 4, which reached the maximal level on day 8

when maximal proteinuria was reached. Based on
these findings, it is conceivable that endocytosis and
subsequent proteolysis in lysosomes, including the
level of cathepsin L, may depend on the amount of
protein leaking through GBM. However, some investi-
gators reported that they are controlled by specific fac-
tors, such as growth factors in vitro studies.’®™ It is
reported that the growth factor involved in proteinuria
and podocyte damage is basic fibroblast growth factor
(FGF).%**" This growth factor was also reported to
induce cathepsin L expression in podocytes,?’ cul-
tured synovial fibroblast-like cells from patients with
rheumatoid arthritis,”* and skeletal muscle cells.*
Further studies are thus required to examine whether
growth factors, including basic FGF, cause podocyte
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damage and degradation of extracellular matrix by
induction of cathepsin L to reveal the mechanisms of
glomerular damage.

In summary, the level of cathepsin L and absence of
its inhibitors in podocytes of rats with PAN nephrosis
are suggested to be important factors in proteinuria
and podocyte damage by extracellular and intracellu-
lar proteolysis. Podocyte damage was morphologically
confirmed to be a critical step in the progression of
glomerular tuft adhesion and sclerosis. Proteinuria and
podocyte damage are observed in various human kid-
ney diseases, such as MCD, membranous nephritis,
diabetic nephropathy, chronic nephritis, which are
strongly associated with the progression of chronic
kidney diseases. The pharmacological blocking of the
enzyme activity as well as the inhibition of induction of
this enzyme may be a promising therapeutic interven-
tion for treatment of proteinuria and podocyte
damage.

Acknowledgments

We are grateful to Terumi Shibata of Juntendo University
for her excellent technical assistance. The authors thank
Enago (www.enago.jp) for the English language review.

Competing Interests

The author(s) declared no potential conflicts of interest with
respect to the research, authorship, and/or publication of
this article.

Author Contributions

AK, IS, TH, KA, and YSuzuki designed the experiments. Kl
provided essential material. AK, IS, MT, and YSasaki exe-
cuted the experiments and analyzed of the study. AK, IS,
TH, and YSuzuki wrote the manuscript. All authors have
read and approved the final manuscript.

Funding

The author(s) received no financial support for the research,
authorship, and/or publication of this article.

Literature Cited

1. Pagtalunan ME, Miller PL, Jumping-Eagle S, Nelson
RG, Myers BD, Rennke HG, Coplon NS, Sun L, Meyer
TW. Podocyte loss and progressive glomerular injury in
type Il diabetes. J Clin Invest. 1997;99(2):342-8.

2. Kihara |, Tsuchida S, Yaoita E, Yamamoto T, Hara M,
Yanagihara T, Takada T. Podocyte detachment and epi-
thelial cell reaction in focal segmental glomerulosclerosis
with cellular variants. Kidney Int Suppl. 1997;63:171-6.

3. Wharram BL, Goyal M, Wiggins JE, Sanden SK,
Hussain S, Filipiak WE, Saunders TL, Dysko RC,

10.

11.

12.

13.

14.

15.

16.

17.

18.

Kohno K, Holzman LB, Wiggins RC. Podocyte depletion
causes glomerulosclerosis: diphtheria toxin-induced
podocyte depletion in rats expressing human diph-
theria toxin receptor transgene. J Am Soc Nephrol.
2005;16(10):2941-52.

Nagata M, Kriz W. Glomerular damage after uninephrec-
tomy in young rats. |l. Mechanical stress on podocytes as
a pathway to sclerosis. Kidney Int. 1992;42(1):148-60.
Kriz W, Shirato |, Nagata M, LeHir M, Lemley KV.
The podocyte’s response to stress: the enigma of
foot process effacement. Am J Physiol Renal Physiol.
2013;304(4):333-47.

Baricos WH, Cortez SL, Le QC, Zhou YW, Dicarlo RM,
O’Connor SE, Shah SV. Glomerular basement mem-
brane degradation by endogenous cysteine proteinases
in isolated rat glomeruli. Kidney Int. 1990;38(3):395-401.
Kominami E, Tsukahara T, Hara K, Katunuma N.
Biosyntheses and processing of lysosomal cyste-
ine proteinases in rat macrophages. FEBS Lett.
1988;231(1):225-8.

Nishimura Y, Furuno K, Kato K. Biosynthesis and
processing of lysosomal cathepsin L in primary cul-
tures of rat hepatocytes. Arch Biochem Biophys.
1988;263(1):107—-16.

Reiser J, Adair B, Reinheckel T. Specialized roles for
cysteine cathepsins in health and disease. J Clin Invest.
2010;120(10):3421-31.

Gottesman MM. Transformation-dependent secretion
of a low molecular weight protein by murine fibroblasts.
Proc Natl Acad Sci U S A. 1978;75(6):2767-71.

Kane SE, Gottesman MM. The role of cathepsin
L in malignant transformation. Semin Cancer Biol.
1990;1(2):127-36.

Taniguchi S, Nishimura Y, Takahashi T, Baba T, Kato K.
Augmented excretion of procathepsin L of a fos-trans-
ferred highly metastatic rat cell line. Biochem Biophys
Res Commun. 1990;168(2):520—6.

Ishidoh K, Taniguchi S, Kominami E. Egr family member
proteins are involved in the activation of the cathepsin L
gene in v-src-transformed cells. Biochem Biophys Res
Commun. 1997;238(2):665-9.

Ishidoh K, Kominami E. Procathepsin L degrades extra-
cellular matrix proteins in the presence of glycosami-
noglycans in vitro. Biochem Biophys Res Commun.
1995;217(2):624-31.

Kakegawa H, Nikawa T, Tagami K, Kamioka H, Sumitani
K, Kawata T, Drobnic-Kosorok M, Lenarcic B, Turk
V, Katunuma N. Participation of cathepsin L on bone
resorption. FEBS Lett. 1993;321(2-3):247-50.
Tsuchida K, Kaneko K, Yamazaki R, Aihara H.
Degradation of cardiac structural proteins induced by
reperfusion in the infarcted myocardium. Res Commun
Chem Pathol Pharmacol. 1986;53(2):195-202.

Lutgens SP, Cleutjens KB, Daemen MJ, Heeneman
S. Cathepsin cysteine proteases in cardiovascular dis-
ease. FASEB J. 2007;21(12):3029—41.

Levicar N, Dewey RA, Daley E, Bates TE, Davies D,
Kos J, Pilkington GJ, Lah TT. Selective suppression of


www.enago.jp

Role of Glomerular Cathepsin L and Cystatins

877

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

cathepsin L by antisense cDNA impairs human brain
tumor cell invasion in vitro and promotes apoptosis.
Cancer Gene Ther. 2003;10(2):141-51.

Sever S, Altintas MM, Nankoe SR, Moller CC, Ko D,
Wei C, Henderson J, del Re EC, Hsing L, Erickson
A, Cohen CD, Kretzler M, Kerjaschki D, Rudensky A,
Nikolic B, Reiser J. Proteolytic processing of dyna-
min by cytoplasmic cathepsin L is a mechanism for
proteinuric kidney disease. J Clin Invest. 2007;117(8):
2095-104.

Baricos WH, Cortez SL, Le QC, Wu LT, Shaw E, Hanada
K, Shah SV. Evidence suggesting a role for cathepsin
L in an experimental model of glomerulonephritis. Arch
Biochem Biophys. 1991;288(2):468-72.

Faul C, Donnelly M, Merscher-Gomez S, Chang YH,
Franz S, Delfgaauw J, Chang JM, Choi HY, Campbell
KN, Kim K, Reiser J, Mundel P. The actin cytoskeleton of
kidney podocytes is a direct target of the antiproteinuric
effect of cyclosporine A. Nat Med. 2008;14(9):931-8.
Reiser J, Oh J, Shirato I, Asanuma K, Hug A, Mundel
TM, Honey K, Ishidoh K, Kominami E, Kreidberg
JA, Tomino Y, Mundel P. Podocyte migration during
nephrotic syndrome requires a coordinated interplay
between cathepsin L and alpha3 integrin. J Biol Chem.
2004;279(33):34827-32.

Garsen M, Rops AL, Dijkman H, Willemsen B, van
Kuppevelt TH, Russel FG, Rabelink TJ, Berden JH,
Reinheckel T, van der Vlag J. Cathepsin L is crucial
for the development of early experimental diabetic
nephropathy. Kidney Int. 2016;90(5):1012-22.

Ochieng J, Chaudhuri G. Cystatin superfamily. J Health
Care Poor Underserved. 2010;21(1 Suppl):51-70.
Dubin G. Proteinaceous cysteine protease inhibitors.
Cell Mol Life Sci. 2005;62(6):653—69.

Ceru S, Konjar S, Maher K, Repnik U, Krizaj |, Bencina
M, Renko M, Nepveu A, Zerovnik E, Turk B, Kopitar-
Jerala N. Stefin B interacts with histones and cathepsin
L in the nucleus. J Biol Chem. 2010;285(13):10078-86.
Asanuma K, Shirato I, Ishidoh K, Kominami E, Tomino
Y. Selective modulation of the secretion of proteinases
and their inhibitors by growth factors in cultured differen-
tiated podocytes. Kidney Int. 2002;62(3):822—-31.
Asanuma K, Tanida I, Shirato I, Ueno T, Takahara H,
Nishitani T, Kominami E, Tomino Y. MAP-LC3, a prom-
ising autophagosomal marker, is processed during the
differentiation and recovery of podocytes from PAN
nephrosis. FASEB J. 2003;17(9):1165—7.

Diamond JR, Bonventre JV, Karnovsky MJ. A role for
oxygen free radicals in aminonucleoside nephrosis.
Kidney Int. 1986;29(2):478-83.

Ryan GB, Karnovsky MJ. An ultrastructural study of the
mechanisms of proteinuria in aminonucleoside nephro-
sis. Kidney Int. 1975;8(4):219-32.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

Ishidoh K, Kominami E. Gene regulation and extra-
cellular functions of procathepsin L. Biol Chem.
1998;379(2):131-5.

Turk B, Turk D, Turk V. Lysosomal cysteine prote-
ases: more than scavengers. Biochim Biophys Acta.
2000;1477(1-2):98-111.

Baricos WH, Murphy G, Zhou YW, Nguyen HH, Shah
SV. Degradation of glomerular basement membrane
by purified mammalian metalloproteinases. Biochem J.
1988;254(2):609—12.

Thomas GJ, Davies M. The potential role of human
kidney cortex cysteine proteinases in glomerular base-
ment membrane degradation. Biochim Biophys Acta.
1989;990(3):246-53.

Yaddanapudi S, Altintas MM, Kistler AD, Fernandez
I, Moller CC, Wei C, Peev V, Flesche JB, Forst AL,
Li J, Patrakka J, Xiao Z, Grahammer F, Schiffer M,
Lohmuller T, Reinheckel T, Gu C, Huber TB, Ju W,
Bitzer M, Rastaldi MP, Ruiz P, Tryggvason K, Shaw
AS, Faul C, Sever S, Reiser J. CD2AP in mouse and
human podocytes controls a proteolytic program that
regulates cytoskeletal structure and cellular survival. J
Clin Invest. 2011;121(10):3965-80.

Bainton DF. The discovery of lysosomes. J Cell Biol.
1981;91(3):66-76.

Kornfeld S, Mellman |. The biogenesis of lysosomes.
Annu Rev Cell Biol. 1989;5:483-525.

Velosa JA, Shah SV, Ou SL, Abboud HE, Dousa TP.
Glomerular lysosomal enzymes in aminonucleoside
nephrosis. Ren Physiol. 1980;3(1-6):120-5.

Kriz W, Hahnel B, Rosener S, Elger M. Long-term treat-
ment of rats with FGF-2 results in focal segmental glo-
merulosclerosis. Kidney Int. 1995;48(5):1435-50.
Floege J, Kriz W, Schulze M, Susani M, Kerjaschki
D, Mooney A, Couser WG, Koch KM. Basic fibroblast
growth factor augments podocyte injury and induces
glomerulosclerosis in rats with experimental membra-
nous nephropathy. J Clin Invest. 1995;96(6):2809—19.
Sasaki T, Jyo Y, Tanda N, Kawakami Y, Nohno T,
Tamai H, Osawa G. Changes in glomerular epithelial
cells induced by FGF2 and FGF2 neutralizing antibody
in puromycin aminonucleoside nephropathy. Kidney Int.
1997;51(1):301-9.

Lemaire R, Huet G, Zerimech F, Grard G, Fontaine
C, Duquesnoy B, Flipo RM. Selective induction of the
secretion of cathepsins B and L by cytokines in syno-
vial fibroblast-like cells. Br J Rheumatol. 1997;36(7):
735-43.

Chung JH, Im EK, Jin TW, Lee SM, Kim SH, Choi EY,
Shin MJ, Lee KH, Jang Y. Cathepsin L derived from
skeletal muscle cells transfected with bFGF promotes
endothelial cell migration. Exp Mol Med. 2011;43(4):
179-88.






