Universiteit

4 Leiden
The Netherlands

Studies on the pathogenesis of chronic kidney disease
He, J.

Citation
He, J. (2021, September 15). Studies on the pathogenesis of chronic kidney disease. Retrieved
from https://hdl.handle.net/1887/3210130

Version: Publisher's Version
Licence agreement concerning inclusion of doctoral thesis in the

Institutional Repository of the University of Leiden
Downloaded from: https://hdl.handle.net/1887/3210130

License:

Note: To cite this publication please use the final published version (if applicable).


https://hdl.handle.net/1887/license:5
https://hdl.handle.net/1887/license:5
https://hdl.handle.net/1887/3210130

Cover Page

The handle https://hdl.handle.net/1887/3210130 holds various files of this Leiden
University dissertation.

Author: He, J.
Title: Studies on the pathogenesis of chronic kidney disease
Issue Date: 2021-09-15


https://openaccess.leidenuniv.nl/handle/1887/1
https://hdl.handle.net/1887/3210130
https://openaccess.leidenuniv.nl/handle/1887/1�

Chapter 5

Ctns mutant adult zebrafish develop

Inosis

nephropathic cyst
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Abstract

Cystinosis is a lysosomal storage disease caused by mutations of the CTNS gene encoding
cystinosin. Defective cystinosin function results in the intralysosomal accumulation of cystine
in all cells. Most patients with cystinosis have kidney disease presenting as generalized
proximal tubular dysfunction (called renal Fanconi syndrome) followed by glomerular damage
and progressing towards end-stage kidney failure. In our previous study, we generated a ctns
mutant zebrafish that displayed glomerular and tubular dysfunction at the larval stage. In the
current study, we further investigated the renal histopathology of ctns mutant zebrafish at the
adult stage. We observed hyaline-like eosinophilic droplets and cytoplasmic vacuoles in the
renal proximal tubular epithelial cells of ctns mutant adult zebrafish, in both genders, on HE-
and PAS- stained slides, which were not present in controls. Additionally, we found that these
cytoplasmic vacuoles have a rectangular or polymorphous shape on toluidine blue-stained
slides and images captured by transmission electron microscopy. These findings indicate that
cystine crystals, the hallmark of cystinosis, are present in the renal proximal tubular cells of
ctns mutant adult zebrafish. Further, compared with controls, the ctns mutant adult zebrafish
had glomerular hypertrophy and increased expression of cleaved caspase-3 in the renal
proximal tubular cells. Collectively, our data indicate that the kidney pathology of ctns mutant
adult zebrafish has features of human nephropathic cystinosis and might be a promising model

for understanding the pathogenesis of nephropathic cystinosis.
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Chapter 5

Introduction
Cystinosis is a rare and incurable lysosomal storage disease. Mutations in the CTNS gene

encoding cystinosin cause the defective lysosomal cystine transport !

, resulting in the
intralysosomal accumulation of cystine in all cells and tissues. In most patients with cystinosis,
the disease initially manifests in the kidney, being the most common cause of inherited renal
Fanconi syndrome in humans 3. Fanconi syndrome is a result of inadequate reabsorption of
nutrients and minerals in the renal proximal tubule leading to losses of essential molecules and
metabolism into the urine. The proximal tubular damage is followed by progressive glomerular
dysfunction and, when left untreated, leads to end-stage kidney failure. The underlying
mechanisms of nephropathic cystinosis are still incompletely understood, and current therapy
with cystine depleting drug cysteamine is not curative >. Therefore, further understanding the
pathogenesis of nephropathic cystinosis and finding new therapeutic options are urgently
needed.

Although cystine accumulation is the crucial feature of cystinosis, numerous studies suggested
the role of inflammation *, oxidative stress ¢ and altered cell death mechanisms (autophagy ”
® and apoptosis '“!') in the development of kidney phenotype. To better understand the
molecular mechanisms of a particular disease, a suitable animal model is needed. The first Ctns-
/- mouse model was generated in a mixed 129Sv x C57BL/6 strain '2. In this Ctns-/- mouse
model, cystine accumulation was found in kidney, liver, and muscle tissues. However, these
mice failed to develop renal proximal tubulopathy or glomerular dysfunction. Afterwards, Nevo
and colleagues generated Ctns-/- mice on a C57BL/6 and FVB/N background '*. They showed
that Ctns-/- mice with C57BL/6 background had an accumulation of cystine in all studied
tissues. Additionally, these Ctns-/- mice had pronounced histological renal lesions in the
proximal tubules and eventually developed chronic renal failure. In contrast, the Ctns-/- mice
with FVB/N background did not develop renal dysfunction. This finding indicated that the
genetic background influences the renal phenotype in mice. Recently, Shimizu et al. established
anovel congenic Ctns"¢ mutation in a rat strain with the F344 genetic background '*. The F344-
Ctns mutant rats developed remarkable renal lesions and showed the cystine crystals in the
lysosomes of the kidney cortex.

The rodent models are commonly used to investigate human diseases with a lot of advantages.
However, generating a new murine model are usually time-consuming and expensive. To date,
zebrafish models become an attractive tool for investigating human diseases '°. In a previous
study, we generated a congenic zebrafish model (ctns-/-) with a homozygous nonsense mutation

in the exon 8 of the ctns gene, resulting in a functional loss of cystinosin '°. The ctns mutant
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zebrafish larvae present with delayed development, cystine accumulation, and signs of
pronephric glomerular and tubular dysfunction, which closely resemble the phenotype of
human nephropathic cystinosis. Additionally, we found that eight-month-old adult zebrafish
had 20-fold increased cystine levels in the kidney compared with controls. Until now, data of
ctns mutant adult zebrafish are lacking. In the current study, we aim to characterize the ctns
mutant adult zebrafish' renal features and compare them with the age-matched control adult

zebrafish by performing histopathological examinations.

Methods and Materials

Animals

Zebrafish were handled in compliance with the local animal welfare regulations and maintained
according to standard protocols (zfin.org). The details of generating the ctns mutant zebrafish
were described in our previous study (11). For this study, we included ctns mutant zebrafish at
3 (female=3 and male=3), 6 (female=3 and male=3) and 18 (female=6 and male=6) months old
and the age and sex-matched AB control zebrafish. This study was approved by the local animal

welfare committee (DEC) of the University of Leuven (number of the project:142/2019).

HE & PAS staining

After zebrafish were sacrificed, the whole zebrafish were immediately fixed in 4% buffered
paraformaldehyde (4% PFA) at 4°C for 1 week. After being washed with PBS twice, the
zebrafish were transferred to EDTA solution (100mM, pH=8) for the decalcification for another
1 week, followed by embedding into paraffin. Paraffin-embedded zebrafish tissue was cut (4-
um thickness) on a Leica microtome (Wetzlar). Sections were stained with hematoxylin and

eosin (HE) and Periodic-acid Schiff (PAS) according to the standard protocols.

Immunohistochemistry (cleaved caspase-3 staining)

Sections with the fresh-cut zebrafish tissue were deparaffinized and rehydrated. For cleaved
caspase-3 staining, sections were subjected to heat-induced antigen retrieval using 10mM
citrate buffer (pH=06). After blocking with 5% Normal Goat Serum (NGS) in PBS, the sections
were incubated with rabbit anti-cleaved caspase-3 (1:200, Cell Signaling Technology Europe,
The Netherlands) followed by an anti-rabbit-Envision, HRP-labelled secondary antibody (Dako,
Denmark). As a negative control, a normal rabbit serum was used instead of the primary
antibody. Diaminobenzidine (DAB+; Dako, Denmark) was used as the chromogen.

Subsequently, sections were counterstained with HE, dehydrated and mounted.
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Chapter 5
Toluidine blue staining and Transmission electron microscopy (TEM)
Zebrafish renal tissues were harvested and fixed in the EM fixation buffer (1,5% glutaraldehyde
/ 1% paraformaldehyde) for 24 hours. Subsequently, the renal tissues were post-fixed with 2.5%
glutaraldehyde/1.2% acrolein in fixation buffer (0.1 mol/l cacodylate, 0.1 mol/l sucrose, pH 7.4)
and 1% osmium tetroxide, and embedded into epon resin. Semi-thin sections (0.5-um thickness)
were stained with toluidine blue. The ultrathin sections were stained with uranyl acetate. The
images were collected using a JEM-1200 EX transmission electron microscopy (JEOL, Tokyo,

Japan) with different magnifications.

Digital image analysis

Stained slides were digitized using a Philips Ultra-Fast Scanner 1.6 RA (Philips Electronics).
To analyze glomerular hypertrophy in zebrafish, the surface area (um?) of Bowman's capsule,
Bowman's space, and glomerular tuft was measured on PAS-stained slides. All available
glomeruli per section were included and measured using Image] software (https://
imagej.nih.gov/ij/). The average of the measurements from each zebrafish was used for
statistical analyses.

Two observers scored the cleaved caspase-3 expression in the tubules of each zebrafish. The
semiquantitative score was conducted on the three random chosen tubular fields in each fish
(20X magnification). The percentage of caspase-3 positive area relative to the total area of
tubules was scored as 1 (negative staining), 2 (1-10% positive staining), 3 (10%-25% positive
staining), 4 (>25% positive staining). The mean of the score from each zebrafish was used for

statistical analyses.

Statistical analyses
Statistical analysis was performed using SPSS (IBM, New York). Data of two groups was
analyzed using Student’s f-test. Differences with P<0.05 were considered as statistically

significant.
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Results

Ctns mutant zebrafish show renal proximal tubular damage

First, we examined the histological characteristics of renal tubules in control and ctns mutant
adult zebrafish of both genders at 3, 6 and 18 months of age. Proximal tubules showed
eosinophilic cytoplasm (dark pink cytoplasm) and brush borders which were easy to identify
on HE-stained slides (Fig.1A and 1E). Distal tubules had less eosinophilic cytoplasm (light pink
cytoplasm) on HE-stained slides (Fig.1A and 1E). In all control zebrafish, no structural changes
were found in both proximal and distal tubules (Fig.1A, 1C, and 1E). However, we observed
the histological alterations including cloudy swelling, hyaline-like eosinophilic droplets and
cytoplasmic vacuoles in the renal proximal tubules of cfns mutant female and male zebrafish at
all three ages (Fig. 1B, 1D, and 1F). Furthermore, the cytoplasmic vacuoles were more
frequently observed in the renal proximal tubules of 18 months old ctns mutant zebrafish,
compared to ctns mutant zebrafish of younger ages (Fig.1B,1D, and 1F).

On PAS-stained slides, we did not find any histological alterations in the tubules of control
zebrafish (Fig.1G). The hyaline droplets and cytoplasmic vacuoles were only observed in the
renal proximal tubules of ctns mutant zebrafish (Fig. 1H) on PAS-stained slides, which is in

line with the findings on HE-stained slides.
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Figure 1. Cloudy swelling, hyaline-like eosinophilic droplets and cytoplasmic vacuoles in the renal
proximal tubules of ctns mutant zebrafish

(A-B) Representative images of renal tubules of control (A) and ctns mutant (B) zebrafish at 3 months.
Details of proximal tubules with hyaline-like eosinophilic droplets (black arrowhead). HE staining; the
scale bars represent S0um. (C-D) Representative images of renal tubules of control (C) and ctns mutant
(D) zebrafish at 6 months. Details of proximal tubules with hyaline-like eosinophilic droplets (black
arrowhead) and cytoplasmic vacuoles (*). HE staining; the scale bars represent 50um. (E-F)
Representative images of renal tubules of control (E) and ctns mutant (F) zebrafish at 18 months. Details
of proximal tubules with hyaline-like eosinophilic droplets (black arrowhead) and cytoplasmic vacuoles
(*). HE staining, the scale bars represent 50um. (G-H) Representative images of the PAS staining of
renal tubules of control (G) and ctns mutant (H) zebrafish at 18 months. Details of proximal tubules
with hyaline-like droplets (black arrowhead) and cytoplasmic vacuoles (*). The scale bars represent
50um. PT: proximal tubule; DT: distal tubule. ctr: control zebrafish; ctns-: ctns mutant zebrafish; 3m: 3
months old; 6m: 6 months old; 18m: 18 months old.
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Male ctns mutant zebrafish show glomerular hypertrophy

Since the proximal tubular damage was most pronounced at the age of 18 months, glomerular
histology was studied in detail at this age. The ctns mutant male zebrafish had significant
enlargement of Bowman's capsule (Fig. 2B and 2C) and glomerular tuft (Fig. 2B and 2D), but
not Bowman's space(Fig. 2B and 2E) when compared with control male zebrafish (Fig. 2A, 2C,
2D, and 2E). Moreover, the surface area of Bowman's capsule, glomerular tuft and Bowman's
space was also larger in ctns mutant female zebrafish, compared with control female zebrafish
(Fig.2C-2E). However, this difference did not reach statistical significance. No proliferation of

mesangial cells or glomerulosclerosis were observed in both control or ctns mutant zebrafish.
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Figure 2. Male ctns mutant zebrafish have glomerular hypertrophy

(A-B) Representative images of the PAS staining of the glomerulus of control (A) and ctns mutant (B)
zebrafish. The scale bars represent 50pm. (C-E) Summary of the surface areas of the Bowman's capsule
(C), the glomerular tuft (D), and Bowman's space (E) of control and ctns mutant zebrafish in both
genders (*P<0.05; **P<0.01; ns: no significance). ctr: control zebrafish, ctns-: ctns mutant zebrafish,

M: male zebrafish, F: female zebrafish.
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Cystine crystal accumulation in the renal proximal tubules of cfns mutant zebrafish

It has been reported that clear spaces reflecting dissolved crystals can be detected on toluidine
blue-stained slides !”. On toluidine blue-stained slides, we observed numerous cytoplasmic
vacuoles with rectangular or polymorphous shape in the renal proximal epithelial cells of ctns
mutant zebrafish (Fig. 3B and 3C), not controls (Fig. 3A). The rectangular or polymorphous
shape of the cytoplasmic vacuoles is suggestive of the cystine crystals. We also found the
nuclear fragmentation in the proximal tubular epithelial cells of ctns mutant zebrafish,
indicating that apoptosis occurs in the proximal tubular epithelial cells of ctns mutant zebrafish
(Fig. 3D).

Next, we examined the renal ultrastructure of control and ctns mutant zebrafish. We found the
apical microvilli were intact in control zebrafish (Fig. 3E). However, a partial loss of brush
borders and numerous cytoplasmic vacuoles were observed in the renal proximal tubules of
ctns mutant zebrafish (Fig. 3F). The cytoplasmic vacuoles with rectangular or polymorphous
shapes were also seen on the TEM images (Fig. 3F), suggesting the cystine crystals
accumulation. On the TEM images, we did not observe the thickening of the glomerular
basement membrane, podocyte foot process effacement, or abnormal fenestrated endothelial

cells in the glomeruli of both control and ctas mutant zebrafish (Fig. 3G and 3H).

Apoptosis is involved in the pathogenesis of nephropathic cystinosis in zebrafish

Finally, we performed the cleaved caspase-3 staining on the renal tissues of control and ctns
mutant zebrafish. We found that the cleaved caspase-3 expression was significantly increased
in the renal proximal tubular cells of ctns mutant female and male zebrafish (Fig. 4G), compared
with the control female and male zebrafish, in which the cleaved caspase-3 expression was
almost negative in the renal proximal tubular cells (Fig. 4A and 4C). The expression of cleaved
caspase-3 was mainly present in cells showing the cytoplasmic vacuoles (Fig. 4B and 4D),
indicating that apoptosis takes place in the injured proximal tubules in ctns mutant zebrafish.
The cleaved caspase-3 staining in glomeruli in both control and cfns mutant zebrafish, in both

genders, was negative (Fig. 4E and 4F).
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Figure 3. Presence of cytoplasmic vacuoles in the renal proximal tubules of cfrns mutant zebrafish
at 18 months

(A-B) Representative toluidine blue-stained images of renal proximal tubules in control (A) and ctns
mutant (B) zebrafish. The scale bars represent S0um. (C-D) Fig C and D show a higher magnification
of Fig B. Details of renal proximal tubules with cytoplasmic vacuoles (C; *) and the rectangular and
polymorphous vacuolar spaces (C; black arrowhead), and nuclear fragmentation (D; black arrow). (E-
F) Representative TEM images of the renal proximal tubule of control (E) ctns mutant zebrafish (F).
Partial loss of brush borders (PB) and an abundance of the rectangular and polymorphous vacuoles (*)
were observed in the renal proximal tubule of ctns mutant zebrafish. The high-magnification view of
the rectangle in the bottom right corner shows the polymorphous vacuoles and a large vacuole with
straight membrane border segments (straight line); magnification 3000X. (G-H) Representative images
of the glomerulus of control (G) and ctns mutant (H) zebrafish; magnification 15,000X. PB: proximal

tubule brush border; ctr: control zebrafish, ctns-: ctns mutant zebrafish.
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Figure 4. Apoptosis takes place in proximal tubular cells with vacuoles in cfns mutant zebrafish
at 18 months

(A-B) Representative images of the cleaved caspase-3 immunostaining of tubules of control (A) and
ctns mutant (B) zebrafish. The scale bars represent 50um. (C-D) The bottom panels show a higher
magnification of the boxed areas in the upper panels. Details of proximal tubular cells with cytoplasmic
vacuoles (*); the scale bars represent S0um. (E-F) Representative images of the cleaved caspase-3
immunostaining of glomerulus of control (E) and ctns mutant (F) zebrafish. The scale bars represent
50um. (G) The summary of the tubular caspase-3 staining positive area in control and ctns mutant
zebrafish (both female and male). (*P< 0.05, ***P<0.001). ctr: control zebrafish, ctns-: ctns mutant
zebrafish, M: male, F: female.
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Discussion

In the current study, the renal histopathology of ctns mutant zebrafish at the adult stage was
investigated. We found numerous hyaline-like eosinophilic droplets, cytoplasmic vacuoles, and
partial loss of brush borders in the proximal tubules of ctns mutant female and male zebrafish.
We observed that the cytoplasmic vacuoles were in rectangular or polymorphous shape,
indicating cystine crystals accumulation. We also found that ctns mutant male zebrafish
developed glomerular hypertrophy. Lastly, we showed that cleaved-caspase 3 expression was
significantly increased in the renal proximal tubular epithelial cells of ctns mutant female and
male zebrafish, compared with controls, indicating that apoptosis is involved in the
pathogenesis of nephropathic cystinosis in zebrafish.

Lysosomes are the sites of intracellular digestion that facilitate the degradation of foreign
materials, and they are considered as the vital metabolic coordinators of cells '®. Being a
lysosomal storage disease, the key feature of cystinosis is the lysosomal cystine accumulation
1219 Previously, lysosomal swelling and hyaline-like eosinophilic droplets inside the lysosomes
has been reported in cystine-loaded proximal tubules >*?!. In the current study, the accumulation
of hyaline-like eosinophilic droplets and cytoplasmic vacuoles in the proximal tubules was
found in the ctns mutant zebrafish indicative for cystine accumulation and has been further
confirmed by toluidine blue staining and electron microscopy.

In the human biopsies, cystine crystals are seen as clear spaces within interstitial macrophages
and tubular epithelial cytoplasm !7. Interestingly, in our previous study, cystine crystals were
not detected in the ctns mutant zebrafish at the larval stage '°. We suppose that tissue cystine
crystallization is a cumulative process that needs time to develop. In the current study, we
observed fewer cytoplasmic vacuoles in the renal proximal tubules at 3 months old c#ns mutant
zebrafish than at 18 months when the fish showed abundant cytoplasmic vacuoles having a
rectangular or polymorphous shape in the renal proximal tubules. These findings are consistent
with our previous study, which reported that 8 months old ctns mutant adult zebrafish had a 20-
fold increase of cystine expression in the kidney than that of age-matched control zebrafish '°.
Aside from the cystine crystals accumulation in the lysosomes of the renal proximal tubules,
multinucleated glomerular epithelial cells (particularly podocytes) and "swan neck" atrophy of
tubular cells are the histopathological hallmarks of human renal disease in cystinosis .
However, in fish, we neither observe the multinucleated podocytes or the ‘swan neck’” deformity
of the proximal tubules.

To assess the histological changes of the glomeruli of ctns mutant zebrafish, we measured the

surface areas of Bowman's capsule, the glomerular tuft, and Bowman's space of ctns mutant
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zebrafish on routine PAS-stained sections. We found that ctns mutant male zebrafish developed
glomerular hypertrophy, which possibly related to hyperfiltration. However, no thickening of
the glomerular basement membrane, podocytes foot process effacement, and abnormal
fenestrated endothelial cells were found in the ctns mutant zebrafish of both genders. It has
been well known that zebrafish has a unique ability to regenerate injured kidney 2, which might
explain only mild glomerular damage. Taken together, we conclude that the primary renal
lesion in ctns mutant zebrafish is the severe proximal tubulopathy.

Consistently with the previous study '°, we also observed a significantly increased cleaved
caspase-3 expression and nuclear fragmentation in the proximal tubular epithelial cells of ctns
mutant zebrafish. The expression of cleaved caspase-3 was mainly present in cells showing the
cytoplasmic vacuoles, indicating that apoptosis takes place in the injured proximal tubules. It
has been reported that lysosomal cystine release could activate protein kinase C9, resulting in
stimulation of apoptosis in cultured renal proximal tubular epithelial cells >}. Sumayao et al.
demonstrated that excessive lysosomal cystine accumulation reduced glutathione levels which
elevated intracellular reactive oxygen species production, and then disrupted the mitochondrial
integrity and augmented apoptosis in the renal proximal tubular epithelial cells ®. Due to the
shortage of the materials, we could not investigate the precise mechanisms leading to apoptosis
in these zebrafish, which should be further elucidated.

Nephropathic cystinosis, if untreated, will gradually progress to chronic renal failure.
Aminothiol cysteamine is a standard therapy for cystinosis 2*. It can enter into the lysosomes
and split the cystine molecule into cysteine and a cysteamine-cysteine mixed disulfide which
can exit lysosomes bypassing the defective cystinosin. Cysteamine can prevent cystine
accumulation and delays the disease’s progression but cannot correct renal Fanconi syndrome
2425 As alifelong treatment, cysteamine also has undesirable side effects. From this perspective,
suitable animal models to test novel potential therapies are urgently needed. Our previous study
demonstrated that ctns mutant larvae showed a significant decrease in cystine levels upon
treatment with increasing concentrations of cysteamine '°. In an experimental setting using
zebrafish, drugs can be easily put into the water for testing the oral administration route. Hence,
the ctns mutant zebrafish is a suitable and valuable animal model for exploring the pathogenesis

and therapeutic strategies in cystinosis.
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