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a b s t r a c t

Membranous nephropathy (MN) is the most common cause of nephrotic syndrome in

adults, when not effectively treated. The aim of this study was to discover new targets for

the diagnosis and treatment of MN. A reliable mouse model of MN was used by the

administration of cationic bovine serum albumin (cBSA). Mice with MN exhibited pro-

teinuria, histopathological changes, and accumulation of immune complexes in the

glomerular basement membrane. Label-free proteomics analysis was performed to identify

changes in protein expression, and the overexpressed proteins were evaluated. There were

273 proteins that showed significantly different expression in mice with MN, as compared

to the controls. String analysis showed that functions related to cellular catabolic processes

were downregulated in MN. Among the differentially expressed proteins, prohibitin 1

(PHB1) and prohibitin 2 (PHB2) were upregulated in the kidneys of mice with MN, as

demonstrated by immunohistochemistry (IHC), and this upregulation was observed in both

the tubular cells and glomeruli. Both shRNA-mediated knockdown of PHB1 or PHB2

inhibited tumor suppressor p53 expression and significantly promoted podocyte prolifer-

ation. In addition, both PHB1 and PHB2 were responsible for cBSA-induced cytotoxicity.

Microarray analysis further revealed that the upregulation of PHB1 and PHB2 may be due to

a blockage of proteasome activity. These data demonstrate that the upregulation of PHB2 is

involved in cBSA-mediated podocyte cytotoxicity, which may lead to MN development.

Copyright © 2019, Food and Drug Administration, Taiwan. Published by Elsevier Taiwan

LLC. This is an open access article under the CC BY-NC-ND license (http://

creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

The incidence of chronic kidney disease (CKD) in Taiwan is

increasing. According to the latest 2018 record, the prevalence

rate has increased to 2599 individuals per million population.

Both the incidence and prevalence of CKD in Taiwan are the

highest rates in the world. In addition, the number of people

on dialysis in Taiwan has reached 85,000, and the dialysis rate
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is the highest in the world. The relationship between CKD and

renal cancer in Taiwan was evaluated [1], and the results

suggest that more attention should be given to the risk of

cancer for CKD patients.

Membranousnephropathy (MN),while rare inchildren, is the

most common causeof nephrotic syndrome inmale adults, and

is considered to be an autoimmune disease [2,3]. Nephrotic

syndrome caused by MN results in significant proteinuria,

hypoalbuminemia, andedema.Bothgenetic andenvironmental

factors may contribute to the development of MN. The most

well-characterized autoantibodies produced in MN are a result

of genetic abnormality and recognize targets on the podocyte

slit, including: (1) anti-neutral endopeptidase (NEP) autoanti-

body, resulting from alloimmunization [4]; (2) anti-

phospholipase A2 receptor 1 (PLA2R1) autoantibody, which is

found inabout 70e80%of patientswith recurrentMNafter renal

transplantation [5] and which is associated with disease remis-

sion andprogression [6e8], but does not express inmice; and (3)

anti-thrombospondin type 1 domain-containing 7 A (THSD7A)

autoantibody, which is found in about 2e3% of patients with

primary MN [9e12]. However, there are currently no drugs tar-

geting on these that target these autoantibodies, in part due to

the lack of a specific animal model for genetical MN [9].

Antiebovine serumalbumin antibodies targeting amodified

food antigen, cationic bovine serum albumin (cBSA), which ap-

pears to become seeded in the anionic glomerular capillarywall

where it induces the formation of immune complexes, is found

in about 2% of patients, mainly children.MNmice inducedwith

repeated doses of cBSA is an establishedmouse model to aid in

better understanding disease progression [3,13e15]. Indeed,

several studies have indicated the importance of podocyte in

protecting against complement activation and the effects of

prolonged ER stress. However, the current drugs used for the

treatment of MN include angiotensin-converting enzyme (ACE)

inhibitors, angiotensin II receptor blockers (ARBs), diuretics, and

immunosuppressants, may increase the risk of infection and

cause other adverse effects. In addition, about 30% of patients

diagnosed with MN eventually progress to renal failure,

although renal transplant can be a treatment option. Further

understanding of the pathogenesis of MN will provide new op-

portunities for thedevelopmentofa therapeuticstrategy forMN,

which will aid in delaying disease progression.

Label-free quantitative proteomic technique is an important

technique in basic and applied biomedical research, due to its

efficiency in analyzing large-scale protein expression simulta-

neously to evaluate the complex molecular basis of a patholog-

ical process. Here,weused label-freequantitative proteomics to

compare altered global protein expression between kidney tis-

sues of cBSA-induced MN mice and those of controls. The

mechanisms of upregulation of two mitochondrial proteins,

PHB1 and PHB2, were examined for cBSA-induced kidney

damage.

2. Methods

2.1. Mouse MN model

All animal experiments were performed according to regula-

tions approved by the Laboratory Animal Center, China

Medical University, 100-58-N. BALB/c mice (male, 4e6 weeks

old) were obtained from Bio-LASCO Taiwan. The mice were

kept in the Laboratory Animal Center of China Medical Uni-

versity under specific-pathogen-free conditions. The mice

were divided into two groups, MN and control (n ¼ 5 each

group). The experimental mice were immunized with 1 mg of

cationic bovine serum albumin (cBSA, #9058, Chondrex) and

Freund’s complete adjuvant (#7008, Chondrex). Two weeks

later, the mice were further injected with 3 mg/kg of cBSA

intravenously thrice weekly on every alternate day for 4

weeks. Proteinuria was measured as the ratio of urinary pro-

tein (mg/mL) to urinary creatinine (mg/dL) (Up/Ucr).

2.2. Histopathological analysis

The kidney tissues were fixed in formaldehyde and were then

embedded in paraffin. The tissue sections (5 mm-thickness)

were stained with hematoxylin and eosin (H&E), Periodic

Acid-Schiff (PAS), or Masson’s Trichrome staining. The slides

were scanned using Pannoramic Digital Slide Scanners and

observed using digital CaseViewer 2.2 (3DHISTECH).

2.3. Label-free quantitative proteomics

Label-free quantitative proteomics was performed using

nanoLC-MS/MS analysis, as described previously [16]. The

protein extracts from kidney tissues were quantified in each

group (n ¼ 3 in each group). Equal amounts of kidney protein

extracts from each mouse were obtained for analyses. The

trypsin-digested peptide samples were injected into a trap

column (C18, 5 mm, 100 �A) with a flow rate of 10 mL/min for a

duration of 5 min. The trapped analyses were then separated

by an analytical column (Acclaim PepMap C18, 2 mm 100 �A,

75 mm � 250 mm, Thermo Scientific, USA) with a flow rate of

300 nL/min. An acetonitrile/water gradient of 1%e35% for

120 min was used for peptide separation. For MS/MS detec-

tion, peptides with charge 2þ, 3 þ or 4 þ were selected for

data-dependent acquisition, whichwas set to one full MS scan

with 1 Hz, and switched to ten product ion scans with 10 Hz.

The LC-MS/MS spectra were converted to xml files using

DataAnalysis (version 4.1, Bruker). The xml files were

searched against the Swissport (release 51.0) database using

the MASCOT search algorithm (version 2.2.07). The search

parameters for MASCOT for peptide and MS/MS mass toler-

ance were 70 ppm and 0.06 Da, respectively. Search parame-

ters were selected as Taxonomy e mus; enzyme e trypsin;

fixed modifications e carbamidomethyl (C); variable modifi-

cationse oxidation (M). Peptideswere considered as identified

when their MASCOT individual ion score was higher than 25.

Label-free quantitative proteomics was achieved by LC-MS

replicated runs (n ¼ 2) of different groups. LC-MS/MS runs of

each group were performed for protein identification. Molec-

ular features were produced from LC-MS results with Data-

Analysis 4.1 (Bruker Daltonics). ProfileAnalysis (version 2.0,

Bruker Daltonics) was used to process molecular features for

t-test comparison between two groups. The comparison re-

sults of molecular features were transferred to ProteinScape

3.1 (Bruker Daltonics) and integrated with protein identifica-

tion results to obtain quantified peptide information of each

protein.
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2.4. Immunohistochemical (IHC) staining

The slidesweredeparaffinized andhydrated, andantigenswere

retrieved and heated in a microwave, followed by incubation

withgoatanti-mouse IgG (JacksonImmunoResearch),anti-PHB1

(GTX101105, GeneTex), and anti-PHB2 (GTX102100, GeneTex)

antibodiesovernightat4 �C.Theslideswerethenincubatedwith

Horseradish peroxidase-conjugated anti-rabbit secondary anti-

body (Jackson ImmunoResearch) against PHB1 and PHB2 for

1 h at around 25 �C. The reactions were visualized using a 3,30-
diaminobenzidine (DAB) kit substrate solution (DAKO) for

2e3 min, followed by counterstaining with hematoxylin. The

slides were scanned using Pannoramic Digital Slide Scanners

and observed using digital CaseViewer 2.2 (3DHISTECH).

2.5. Cell culture

The human primary podocytes were obtained from Celprogen

(Torrance) and culture media was purchased from Thermo

Fisher Scientific (Waltham). The human primary podocytes

were maintained in Roswell Park Memorial Institute 1640

medium (31800-022) with 10% fetal bovine serum, 50 U/mL

penicillin and 50 mg/mL streptomycin, at 37 �C in a humidified

atmosphere of 5% CO2.

Fig. 1 e Histopathological and biochemical characteristics in mice with MN. (A) Mice with MN show a diffuse thickening of

the glomerular capillary walls and diffuse subepithelial fibrinoid deposits, which are PAS-positive and shown in red due to

staining with Masson’s trichrome. Granular deposits of IgG along the glomerular basement membrane were also seen. (B)

Mice with MN show overt proteinuria, as demonstrated by high Up/Ucr. (C) Mice with MN show similar body weight

compared to controls. *P < 0.05. (D) Representative images of PHB1 and PHB2 stained by immunohistochemistry (IHC) in

kidney tissues from mice with or without MN. Scale bar, 100 mm. High power field (HPF): 40£ magnification.
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2.6. Cell viability assessment

All shRNA clones were obtained from National RNAi Core Fa-

cility at Academia Sinica in Taiwan. Podocyteswere transfected

using lipofectamine 3000 (Thermo Fisher Scientific), with or

without PHB1 shRNA (TRCN0000029204), PHB2 shRNA

(TRCN0000060920), or Luciferase shRNA (TRCN0000072244) for

24 h, followed by seeding into wells of 96-well plates for 24 h

(5 � 103 cells per well). Following 24, 48, or 72 h of additional

culturewithorwithoutcBSA(#9058,Chondrex),viablecellswere

estimated by measuring the conversion of 3-(4,5-

dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT)

(M2128, SigmaeAldrich) to formazan crystals.

2.7. Western blot analysis

Cells were lysed with lysis buffer (10 mM Tris, pH 7.5; 150 mM

NaCl; 5 mM EDTA, pH 8.0; 0.1% sodium dodecyl sulfate (SDS);

1% deoxycholate; and 1% NP-40) supplemented with a prote-

ase inhibitor cocktail (Roche). Cell lysates were subjected to

SDS-polyacrylamide gel electrophoresis and then transferred

to polyvinylidene fluoridemembranes. After blocking with 5%

skim milk, the membranes were incubated with primary an-

tibodies and subsequently with appropriate peroxidase-

conjugated secondary antibodies. Information on primary

antibodies, including targets, catalog numbers, dilutions, and

suppliers is listed below: antibodiese specific to PHB1

(GTX101105, 1:500), PHB2 (GTX102100, 1:500), p53 (GTX100629,

1:500) were from GeneTex; antibodies specific to poly (ADP-

ribose) polymerase (PARP) (#9915, 1:500) were from Cell

Signaling Technology; antibodies specific to actin (MAB1501,

1:5000) was from Millipore. Blots were developed using an

enhanced chemiluminescence system (Thermo Fisher Scien-

tific). Images were cropped from different blots run under the

same experimental conditions. The original blots are attached

in Supplementary Fig. 1.

2.8. RNA extraction, microarray analysis, and GO
process enrichment

The total RNA obtained from each kidney of cBSA-inducedMN

mice was extracted using TRIzol reagent (Invitrogen) and an

RNeasy Mini kit (Qiagen) according to the manufacturer’s in-

structions. The amount and purity of RNA were assessed as

described previously [17,18]. For each group, an equal amount

of total RNA extracts from each kidneywere obtained (n¼ 3 in

each group) for replicated runs (n ¼ 2) for different groups.

Target amino-allyl antisense RNA (aRNA) preparation, hy-

bridization, scanning, and analysis were performed as previ-

ously described [17,18]. A heat map was constructed by the

Multi Experiment View (MeV) software version 4.9.0 [19]. The

interaction networks, as well as molecule and drug analysis,

were generated by the Ingenuity Pathway Analysis (IPA) soft-

ware version 01e07 (Qiagen).

2.9. Statistical analyses

The data were analyzed by two-way ANOVA (GraphPad Prism

8) or Student’s t-test (Microsoft Office Excel). A P value of <0.05
was considered statistically significant.
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3. Results

3.1. PHB1 and PHB2 are upregulated in kidneys of cBSA-
induced MN mice

We first established and characterized a cBSA-induced mouse

MN model. Histopathological pictures showed a diffuse

thickening of the glomerular capillary walls, diffuse sub-

epithelial fibrinoid deposits, and positive IgG immunohisto-

chemical staining as a granular pattern of deposition along

the glomerular basement membrane in MN mice, as

compared to the controls (Fig. 1A). The mice with cBSA-

induced MN also exhibited proteinuria (Fig. 1B).

Next, MN-related proteomic changes were determined by

independent four replicate runs of label-free quantitative

proteomic analyses. A total of 118 upregulated and 155

downregulated proteins after cBSA treatment were found

(Supplementary Table 1). The top 20 up-/down-regulated

proteins are listed in Table 1. Among the differentially

expressed proteins, two mitochondrial proteins whose func-

tions are related to proteostasis, prohibitin 1(PHB1) and pro-

hibitin 2 (PHB2), were chosen and quantified. IHC analysis

confirmed that the mouse kidneys exhibited specific histo-

pathological changes after treatment with cBSA, and PHB1

and PHB2 were significantly upregulated in both tubular cells

and the glomerulus (Fig. 1C). However, the role of PHB1 and

PHB2 in cBSA-induced MN is not clear.

3.2. Upregulation of PHB1 and PHB2 is a risk for cBSA-
induced podocyte cytotoxicity

Podocyte dysfunction, including loss of structural integrity

and filter capability, is partially caused by the pathogenesis of

glomerular diseases [20e22]. However, the expression of PHB

under different stimuli, cell type, and cell differentiation, may

have opposite effects on cell survival and apoptosis [23]. To

elucidate a possible role of PHB1 and PHB2 upregulation in

cBSA-induced kidney damage, the effects of cBSA on human

primary podocytes were investigated. As shown in Fig. 2A,

cBSA (0.1e500 mg/mL) showed a cytotoxicity to podocytes

under the examined concentrations. shRNA knockdown of

both PHB1 and PHB2, rescued the cBSA-induced cytotoxicity

(Fig. 2A and B). In addition, both PHB1 and only PHB2 were

responsible for cBSA-induced p53 upregulation and PARP

upregulation and activation (Fig. 2C). These results suggest

that bot PHB1 and PHB2 may predict risk for the development

of cBSA-induced podocyte cytotoxicity.

3.3. The transcriptome is regulated by cBSA in kidneys
of MN mice

To further insight into the previous findings, cBSA-induced

changes in the gene expression in the kidneys were deter-

mined by a murine array. The change in cBSA-induced gene

expression was determined by microarray analysis using a

whole genome Mouse OneArray®. We found 72 commonly

upregulated and 41 downregulated genes after cBSA treat-

ment (Table 2), whichwere further selected to construct a heat

map (Fig. 3A). The top up-/down-regulation-enriched associ-

ation networks (based on significant differentially expressed

genes) are listed in Table 3, and the top up-/down-regulation

network is shown in Fig. 3B and C. The expression of the three

genes [glutamine and serine-rich 1 (QSER1), chemokine (C-X-C

motif) ligand 1 (CXCL1), and RIKEN cDNA 2900060B14 gene

(2900060B14RIK)] were up-regulated at least 2.5-folds in the

MN kidneys, whereas the expression of seven genes [guanylate

cyclase 1, soluble, alpha 3 (GUCY1A3), chromogranin B (CHGB),

WW domain-containing adapter protein with coiled-coil-like

(LOC101056456), steroidogenic acute regulatory protein (STAR),

hydroxy-delta-5-steroid dehydrogenase, 3 beta- and steroid delta-

isomerase 1 (HSD3B1), mitochondria-localized glutamic acid-rich

protein (MGARP), and aldo-keto reductase family 1, member B7

(AKR1B7)] were down-regulated at least 2.5-folds in the MN

kidneys. Although these genes are known to be expressed in

the kidneys, these results are the first to document that the

regulation of these genes might be involved in the

Fig. 2 e Involvement of PHB2 upregulation in cBSA-induced podocyte cytotoxicity. (A) Downregulation of PHB1 and PHB2

delays cBSA-triggered podocyte death. Podocytes were treated with cBSA (0.1e500mg/mL) for 24 h (n¼ 6). The average ± SD

is shown from separate experiments. ***, p < 0.001, **, p < 0.01, *, p < 0.05. (B) The shRNA knockdown of PHB1 and PHB2

rescued p53 upregulation and PARP upregulation/activation in response to cBSA-induced podocyte death.
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development of MN. The changes in gene expression of PHB1

and PHB2 detected by arrays were not significantly altered,

which indicated that the upregulation of PHB1 and PHB2

protein levels might have resulted from the prevention of

protein degradation. Networks generated by Ingenuity

Pathway Analysis software identified nodes, including upre-

gulation of NR4A1, FOS, AP1, PPARA, CEBPB, and NFKBIA, and

downregulation of HDL and APOA2, which might help to

explain the functional mechanisms of cBSA-induced MN

development. Taken together, these results demonstrate that

cBSA-induced MN may result from the downregulation of

cellular catabolic processes and result in proteostasis, which

may provide information on differential mRNA profiles for

cBSA-induced nephrotoxicity.

4. Discussion

Here we used proteomic expression analysis to identify

differentially expressed proteins associated with the devel-

opment of cBSA-inducedMN in amousemodel. Two proteins,

PHB1 and PHB2, were upregulated in cBSA-induced MN kid-

neys in mice, which may play a role in promoting podocyte

death. Modulation of expression of PHB1, especially PHB2,

may help in rescuing cBSA-induced podocyte death through

tumor suppressor p53.

The precise mechanism by which antigens, such as cBSA

that is found in food, promote MN, remains to be elucidated.

Here, although we did not differentiate which component of

the renal cortex contributed to RNA or protein expression, we

found that both glomerular and tubular responses contributed

to the organ response in MN, as revealed by microarray and

label-free quantitative proteomics analyses. PHBs are evolu-

tionarily conserved genes that are ubiquitously expressed in

the nucleus, mitochondria, and cytosol, and are also associ-

ated with some cell membrane receptors [24]. Dysfunctions of

PHBs are known to be associated with aging [25], neurode-

generative diseases [26], and metabolic diseases [27]. Global

knockdown of PHBs leads to embryonic lethality in mice

[25,28]. In podocytes, PHB1 and PHB2work as protein scaffolds

and as key checkpoints for maintaining cell survival and

normal cellular structure [29]. This study emphasizes that

upregulation of PHB1 and PHB2 may be new targets for rapid

screening of MN, but further evaluation with clinical samples

is required.

Limitations of this study include a lack of comparison with

non-MN types of kidney diseases, in part due to underdevel-

opment of reliable models and differences in species. Data

obtained using high-throughput techniques are generally

required to be validated by other methods. The identified

peptide in LC-MS/MS can be validated through determining

aberrant expression through use of immunohistochemistry

analysis in organs. Use of established resources, including

databases, may also provide opportunities for further under-

standing the pathological mechanisms of MN, and will also

provide insights into screening and development of new drugs

for treatment.

In summary, here we investigated protein expression in

a cBSA-induced MN mouse model using a high-throughput

method. Our findings suggest that PHB1 and PHB2 may be
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new potential targets for development of diagnostic and/or

therapeutics for MN, however, additional studies are

necessary to determine the causual relationship between

the upregulation of PHB1 and PHB2 and the development

of MN.
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