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Abstract

Chronic kidney disease (CKD) is characterized by the loss of kidney function. The molecular
mechanisms underlying the development and progression of CKD are still not fully under-
stood. Among others, the urinary peptidome has been extensively studied, with several uri-
nary peptides effectively detecting disease progression. However, their link to proteolytic
events has not been made yet. This study aimed to predict the proteases involved in the gen-
eration of CKD-associated urinary excreted peptides in a well-matched (for age, sex, lack of
heart disease) case-control study. The urinary peptide profiles from CKD (n =241) and con-
trols (n = 240) were compared and statistically analyzed. The in-silico analysis of the involved
proteases was performed using Proteasix and proteases activity was predicted based on the
abundance changes of the associated peptides. Predictions were cross-correlated to tran-
scriptomics datasets by using the Nephroseq database. Information on the respective prote-
ase inhibitors was also retrieved from the MEROPS database. Totally, 303 urinary peptides
were significantly associated with CKD. Among the most frequently observed were fragments
of collagen types I, Il and Ill, uromodulin, albumin and beta-2-microglobulin. Proteasix pre-
dicted 16 proteases involved in their generation. Through investigating CKD-associated tran-
scriptomics datasets, several proteases are highlighted including members of matrix
metalloproteinases (MMP7, MMP14) and serine proteases (PCSK?5); laying the foundation
for further studies towards elucidating their role in CKD pathophysiology.

Introduction

Chronic kidney disease (CKD) is one of the leading causes of death worldwide [1]. CKD is
characterized by a reduced kidney function reflected in decreased glomerular filtration rate
(GFR) < 60 mL/min/1.73m?, for three months or longer [2]. The cellular and molecular mech-
anisms underlying the development and progression of CKD are not fully understood whereas
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the therapeutic methods are limited [3]. Specifically, several mechanisms including endocrine
and metabolic complications as well as cardiovascular disease have a significant effect on the
development and progression of CKD [2]. Furthermore, factors like proteinuria, kidney fibro-
sis and hypertension are associated with an increased risk of progression of CKD through the
renin-angiotensin-aldosterone system (RAAS) [4].

Altered activation of proteases, breaking peptide bonds between the amino acids and gener-
ating protein fragments, are involved in key cellular mechanisms including, immune response,
transcription, cell proliferation, differentiation, signalling and extracellular matrix (ECM)
remodelling [5, 6]. Given the complexity of CKD pathophysiology, proteolysis is considered to
play an essential role in the glomerular basal membrane breakdown, kidney damage and fibro-
sis [5]. Specifically, matrix metalloproteinases (MMPs), a family of zinc-containing endopepti-
dases, such as MMP2 and MMP9 have been linked to alterations of the tubular basement
membrane, leading to renal fibrosis and tubular atrophy [7-9]. Furthermore, MMPI and
MMP7 are associated with the inflammatory process resulting in the development of renal
fibrosis [7, 10-12]. The activation or inhibition of MMPs is regulated by, among others, inhibi-
tors of metalloproteinases (TIMPs), a2-macro-globulin, netrins, tissue factor inhibitor 2 and
the reversion-inducing cysteine-rich protein with Kazal motifs (RECK) [5, 7]. Disparate evi-
dence is available supporting changes in levels or activities of various proteases in association
to CKD (reviewed in [13]), yet links to specific proteolytic events are generally lacking.

Based on the novel high-throughput technologies, the discovery and development of non-
invasive CKD biomarkers is highlighted increasingly in the last decade. The urinary peptidome
has been extensively studied, suggesting that several urinary peptides/biomarkers can effec-
tively detect the progression of CKD [14-19]. Notably, a panel of 273 urinary differentially
excreted peptides between CKD patients and controls, known as the “CKD273 classifier” [16],
has been used for diagnostic and prognostic purposes in all CKD stages [15, 19-21]. In addi-
tion, this urinary proteomic classifier CKD273 has been successfully used for the stratification
of CKD patients in large clinical trials [22].

Prompted by this lack of links between proteases and generated peptides in association to
CKD, we aimed to predict the proteases involved in the generation of CKD-associated urinary
excreted peptides in a well-matched case-control study. Through cross-correlating our predic-
tions to CKD-associated transcriptomics datasets, several proteases are highlighted including
members of MMPs (MMP7, MMP14) and serine proteases (PCSK5), laying the foundation for
further studies towards elucidating their role in CKD pathophysiology.

Materials and methods
Patient data and peptide data collection

Urinary peptidomics data from CKD and non-CKD individuals were retrieved from the
Human Urinary Proteome database of capillary electrophoresis mass spectrometry (CE-MS)
[23]. These urine sample datasets were obtained from published studies on CKD and kidney
failure and described before [19, 24, 25]. The datasets were examined for the accessibility of
information on kidney failure and estimated glomerular filtration rate (eGFR). In addition,
since cardiovascular disease is a major confounder, data were also screened for ejection frac-
tion (EF) and heart failure diagnosis. All participants with EF < 55% and/or heart failure diag-
noses were excluded from the study. The kidney function was estimated by the eGFR assessed
based on “Chronic Kidney Disease Epidemiology Collaboration’ (CKD-EPI) and the eGFR
values were single measurements. Further patient characteristics and information including
sex, age, body mass index (BMI), smoking status, serum creatinine, systolic blood pressure
(SBP) and diastolic blood pressure (DBP) were extracted. These accessible datasets were then
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divided into two groups; CKD and non-CKD individuals where CKD was defined based on
kidney function (eGFR < 60 ml/min/1.73 m?) including mainly diabetic nephropathy (DN),
glomerulonephritis (GN) and focal segmental glomerulosclerosis (FSGS) as the associated
CKD aetiologies. The non-CKD cohort had an eéGFR > 60 ml/min/1.73 m”. This study was
conducted following the ethics approval (163/19 Ethik-Commission of the medical faculty of
the RWTH Aachen), fulfilling all the requirements of the protection of the individuals partici-
pating in medical research and accordance with the principles of the Declaration of Helsinki.
All data sets received were anonymized. All experiments were performed by relevant named
guidelines and regulations.

Capillary electrophoresis mass spectrometry (CE-MS)

Processing of the urine samples for CE-MS was performed as previously reported in Mischak
etal. [26]. The P/ACE MDAQ capillary electrophoresis system (Beckman Coulter, USA) cou-
pled to a micro-TOF-MS (Bruker Daltonic, Germany) was utilized to perform CE-MS analysis.
RAW MS data were assessed by the MosaFinder software [23]. CE-MS data normalization was
performed by 29 collagen types that were not affected by the disease [27].

Statistical analysis

The Kolmogorov-Smirnov normality test was used to determine the distribution of the urine
peptidome data. Statistical analysis of the urinary peptides was performed by the non-paramet-
ric Mann-Whitney test, followed by correction for multiple testing using the Benjamini-Hoch-
berg (BH) method. A BH adjusted P-value <0.05 was considered statistically significant. The
frequency threshold of 30% in cases or controls was applied. The Spearman’s rank-order cor-
relation was performed using Python 3.8.0. Data visualization and graphical plots were created
using GraphPad Prism version 7.0 (GraphPad Software, La Jolla, California, USA) and Python
3.8.0. Data are presented as mean + SD (standard deviation) (*P < 0.05).

Bioinformatic analysis

The open-source tool “Proteasix” (www.proteasix.org) was used to predict proteases that were
potentially responsible for the generation of the CKD-associated peptides [28]. In brief, “Pro-
teasix” retrieves information on the naturally occurring protease/cleavage site associations
from protease databases (MEROPS, www.ebi.ac.uk/merops; UniProt, www.uniprot.org;
BRENDA, www.brenda-enzymes.org) along with the cleavage site restrictions database
(ENZYME database, www.brenda-enzymes.org). A list of two types of proteases is generated;
1) the observed proteases (proteases collected from the literature) and 2) the predicted prote-
ases (the proteolysis is calculated by the MEROPS database). In this study, to improve the reli-
ability of the data, the analysis was focused only on the observed proteases. The predicted
protease activity score was calculated as previously described [17]. Pathway enrichment analy-
sis was performed with the “Metascape” (www.metascape.org) with the Reactome pathway
database used as an ontology source [29]. Information about the available protease inhibitors
was retrieved from the MEROPS database (www.ebi.ac.uk) [30].

Transcriptomics data

The transcriptomic data were extracted from the Nephroseq (www.nephroseq.org, Univer-
sity of Michigan, Ann Arbor, MI). The 16 shortlisted proteases were uploaded to the
Nephroseq database and the corresponding gene expression patterns were identified in
CKD databases. Four different databases where CKD, as compared to controls, were
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available and used: (1) Nakagawa CKD Kidney (Discovery Set) [31], (2) Nakagawa CKD
Kidney (Validation Set) [31], (3) Ju CKD Tublnt [32] and (4) Ju CKD Glom [33]. The main
CKD aetiologies included in datasets were DN (Ju CKD Glom; n = 12, Ju CKD TubInt;

n =17), FSGS (Ju CKD Glom; n = 25, Ju CKD TublInt; n = 17), IgA nephropathy (Ju CKD
Glom; n = 27, Ju CKD Tublnt; n = 25), membranous glomerulonephropathy (Ju CKD
Glom; n = 21, Ju CKD Tublnt; n = 18), thin basement membrane disease (Ju CKD Glom;

n =3, Ju CKD TublInt; n = 6) and vasculitis (Ju CKD Glom; n = 23, Ju CKD Tublnt; n = 21).
Lupus nephritis and tumour nephrectomy were excluded from Ju CKD TubInt and Ju CKD
Glom studies to better match with the peptidomics data. The threshold was set at P < 0.05.
The transcriptomic data of the four CKD databases were compared with the predicted activ-
ity of the proteases.

Results
Cohort characteristics

3463 datasets of the “Human Proteome database” were screened for the availability of renal
and heart disease as well as eGFR values. Following case-control matching (no evidence for
heart disease, similar age and sex distribution), two groups were generated; non-CKD (con-
trols, with an eGFR > 60 ml/min/1.73 m? n = 240) and CKD (with an eGFR < 60 ml/min/
1.73 m? n = 241). The mean eGFR value of the CKD cohort was 41.0 ml/min/1.73 m? whereas
the double value (i.e. 82.0 ml/min/1.73 m?) was observed for the non-CKD cohort. The major-
ity (75%; n = 181) of CKD patients were at stage 3 (30-45 ml/min/1.73 m?) followed by
patients at stage 4 (n = 38, 15-29 ml/min/1.73 m?) and 5 (n = 22, less than 15 ml/min/1.73
m?). No significant differences between the two groups were observed in the levels of N-termi-
nal pro-b-type natriuretic peptide (NT-proBNP), SBP and DBP. Serum creatinine was signifi-
cantly higher in CKD patients. Clinical characteristics of the matched non-CKD and CKD
patients are presented in Table 1.

Table 1. Characteristics of the matched non-CKD and CKD patients.

eGFR (CKD-EPI), (ml/min/1.73 m?)

Number
Sex, male, (%)
Age, years
BMI
Smoking Status (Yes, %)

CKD Stage 5, (%)

CKD Stage 4, (%)

CKD Stage 3, (%)
NT-proBNP (pg/mL)

Serum creatinine (umol/L)

Systolic BP (mmHg)
Diastolic BP (mmHg)

non-CKD CKD
240 241
58 59
71+8 71+ 8
26.59 £ 4.15 27.84 £ 4.16
5.1 89*
82.0+21.4 41.0+ 154"
N/A 9
N/A 16
N/A 75
203.34 + 220.57 271.24 +159.45
75.37 +11.82 106.83 £17.85 ¢
143.59 + 18.61 146.58 + 21.89
79.59 £+ 8.99 79.14 £ 9.09

Data are presented as mean + SD (standard deviation) or number (%). Differences between non-CKD and CKD have been evaluated by the Mann-Whitney U test (for

continuous variables) or Chi-Square test (for categorical variables) and are marked with * when P < 0.05. Abbreviations: CKD = chronic kidney disease; BMI = body

mass index; eGFR = estimated glomerular filtration rate; CKD-EPI = chronic kidney disease epidemiology collaboration; NT-proBNP = N-terminal pro b-type

natriuretic peptide; BP = blood pressure.

https://doi.org/10.1371/journal.pone.0262667.t001

PLOS ONE | https://doi.org/10.1371/journal.pone.0262667  January 19, 2022

4/17


https://doi.org/10.1371/journal.pone.0262667.t001
https://doi.org/10.1371/journal.pone.0262667

PLOS ONE

Urine peptidome highlights MMP7, MMP14 and PCSKS5 in chronic kidney disease

(A)
20+

15

10+

BH (-Log1o)

Urine peptidomic analysis

In the present study, 3184 discriminatory sequenced urinary peptides were initially identified
between CKD and the compared non-CKD groups. Overall, 303 urinary peptides were still sig-
nificantly differentially excreted after applying multiple testing corrections (Benjamini-Hoch-
berg (BH), P < 0.05) and the frequency threshold of 30% in cases or controls (S1 Table). A
volcano plot showing the fold change difference in the 303 differentially excreted peptides is pre-
sented in Fig 1A. The majority of the differentially excreted peptides (n = 199, 65,7%) showed
decreased abundance, whereas 104 (34.3%) peptides were detected with increased abundance in
CKD patients versus controls. Among the former, showing the most decreased levels in CKD,
were fragments of collagen types I, II, III and XI, clusterin (CLU), uromodulin (UMOD) and
mucin-12 (MUCI2); whereas peptides originated from albumin, beta-2-microglobulin (B2M)
and alpha-1-antitrypsin (AIAT) were the most increased. The top 20 most up-regulated or
down-regulated peptides between the two groups are presented in the heatmap (Fig 1B).

On a protein level, these 303 CKD-associated peptides originated from 69 unique protein
precursors. The top 15 most frequently detected protein precursors, that covered 76%
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Fig 1. Urinary peptides in CKD. (A) Volcano plot showing the fold change (log, CKD/non-CKD) plotted against the BH p-value (-log;,) of the 303 differentially
excreted CKD-associated peptides. The top five most increased and decreased abundance peptides in CKD patients are highlighted in blue (for increased) and red
(for decreased) colours. (B) Heatmap of the log, transformed fold change of the top 10 most increased and decreased peptides in CKD patients. In each case, the
peptide codes are provided in the S1 Table. (C) Pie chart of the top 15 most frequently observed protein precursors, that covered 76% (n = 230) of differentially
excreted CKD-associated peptides. The percentage of the differentially excreted peptides per protein precursor is presented.

https://doi.org/10.1371/journal.pone.0262667.9001
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(n =230) of differentially excreted CKD-associated peptides are presented in Fig 1C. About
31% (n = 94) of these 303 CKD-associated peptides were non-collagen and 69% (n = 209) were
collagen peptides. Overall, these 209 peptides originated from 22 different collagen types with
the vast majority (n = 183) deriving from fibril-forming collagens (i.e. types I, I and III).

We further investigated which of the protein precursors were represented by peptides that
showed a consistent directional change in abundance. Five protein precursors including, albu-
min (ALB, number of peptides = 7), B2M (number of peptides = 4), apolipoprotein A-I
(APOA1, number of peptides = 3), alpha-2-HS-glycoprotein (AHSG, number of peptides = 3)
and alpha-1B-glycoprotein (A1BG, number of peptides = 2) were represented by increased pep-
tides whereas seven protein precursors including UMOD (number of peptides = 8), sodium/
potassium-transporting ATPase subunit gamma (FXYD2, number of peptides = 4), COL9A2
(number of peptides = 3), COL5A3 (number of peptides = 3), COL16A1 (number of peptides = 2)
and CLU (number of peptides = 2) were represented by peptides all at decreased abundance in
CKD when compared to controls. To further investigate the association of these peptides with
kidney function, we calculated the correlation between the abundance of these peptides and
eGFR. A significant negative correlation was observed between all peptides originating from
ALB (rho (range): -0.18 to -0.53, P < 0.05), AIBG (rho (range): -0.31 to -0.34, P < 0.05), AHSG
(rho (range): -0.18 to -0.47, P < 0.05), APOAI (rho (range): -0.38 to -0.52, P < 0.05), B2M (rho
(range): -0.17 to -0.59, P < 0.05) and eGFR in CKD (S2 Table), whereas the same peptides were
not correlated with eGFR in the controls (P > 0.05). Along the same lines, a significant positive
correlation was detected between all peptides of COLI6AI (rho (range): 0.13 to 0.26, P < 0.05),
FXYD?2 (rho (range): 0.15 to 0.33, P < 0.05) and eGFR in CKD patients (S2 Table).

In-silico protease and protease inhibitor analysis

In-silico analysis by Proteasix revealed the 24 predicted proteases which possibly were involved
in the endogenous cleavage of the CKD-associated peptides (Fig 2A). Of these 24, 16 proteases
had a percentage of cleavage events above 1% and are presented in Fig 2A. These 16 shortlisted
proteases were classified into two groups; a) MMPs including 11 family members (MMP9,
MMP13, MMP2, MMP14, MMP3, MMP12, MMP8, MMP20, MMP1, MMP7, MMP26) and b)
serine proteinases including 4 protein convertases (PCSK6, PCSK7, PCSK4, PCSK5) and kalli-
krein 4 (KLK4). About 48% of the cleavage events were predicted to be performed by MMP9,
MMP13 and MMP2. However, interestingly, the proteolytic products of the 4 protein conver-
tases and KLK4 were among the most abundant endogenous peptides, as illustrated in the
heatmap (Fig 2B). We further calculated the predicted proteolytic activity of the shortlisted
proteases (Methods and S3 Table). Among the predicted proteases, four protein convertases,
KLK4 and MMP7 exhibited an increased proteolytic activity whereas several MMPs (MMP13,
MMP9, MMP2, MMP14, MMP3, MMP12, MMP20, MMP8, MMP1) were predicted at
decreased activity levels, as presented in the heatmap (Fig 2C).

Pathway enrichment analysis of the 16 shortlisted proteases along with the 69 unique pro-
tein precursors of the CKD-associated peptides was performed using the Reactome pathway
database. This analysis highlighted that the shortlisted proteases along with the protein precur-
sors were significantly linked with several enriched terms including the ECM-related, metabo-
lism, platelet signalling and vesicle-mediated transport.

Of the most pronounced, together, the predicted MMPs including MMP9, MMP2, MMP1,
MMP3, MMP12, MMP14, MMP7, MMP13, MMP8, and MMP20 along with several collagen
types (I, IL, III, IV, V, VI, VII, VIII, IX, XI, XIII, XIV, XVI, XVII, XIX, XXII and XXV) were
involved in collagen-related and ECM-related pathways. The ten most significant clusters are
presented in Fig 3.
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Fig 2. In-silico predicted proteases. (A) The 24 predicted proteases which possibly involved in the endogenous cleavage of the CKD-associated peptides are
presented. Of these 24, 16 proteases had > 1% of cleavage events and are highlighted in red and green colours. Eleven metalloproteinases (highlighted in red)
and 5 serine proteases (highlighted in green) are presented. (B) Heatmap of the log, transformed abundance of the differentially excreted peptides grouped
based on the predicted proteases. These peptides were used as substrates by the 16 shortlisted proteases. (C) Heatmap of the shortlisted proteases with their

calculated activity score. The activated proteases are highlighted in red whereas the deactivated proteases are highlighted in green.

https://doi.org/10.1371/journal.pone.0262667.9002

Given the dependence of protease activities on protease inhibitors, we also investigated the
involved inhibitors of the 16 shortlisted proteases. Along the lines of the protease analysis,
information on the inhibitors was retrieved from the MEROPS protease database (www.ebi.ac.
uk/merops/inhibitors/). TIMP-1, TIMP-2 and TIMP-3 were listed as regulating the activity of
8 MMPs (summarized in Table 2). Furthermore, four different inhibitors of serine proteases
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COL5A1|COL5A2 | COL6AT|COL6A2 | COL7A1|COL8A1 |
COL9A2|COL11A1|COL13A1|COL16A1|COL17A1 |
COL19A1|MMP1|MMP2|MMP3|MMP7|MMPS|
MMP9|MMP12|MMP13|MMP14|COL14A1|MMP20|
COL5A3|COL25A1

MMP1|MMP2 | MMP3|MMP7|MMP8|MMP9 |
MMP12|MMP13|MMP14|MMP20|MMP26

AHSG |ALB|APOA1|C3|FGA|IGF2|MMP1|MMP2|
SERPINA1|SPP1|VGF

A1BG|AHSG|ALB|APOA1|CLU|COL1A1|COL1A2 |FGA|
FGB|IGF2|PCDH7|SERPINAL| TMSB4X

COL1A1|COL1A2|COL2A1|COL4AS5|COL4A6|COL6AL |
COL6A2 | COL9A2|SPP1

ALB|APOA1|APOA4|APOC3|PCSK6 | PCSK5

A1BG|AHSG|B2M|C3|HSP90AB1|KRT1|MMP8|
MMP9|SERPINA1 | PIGR|S100A8

C3|CLU|FGA|FGB|SERPINAL

APOA4|PCSK6 | PCSKS

ALB|APOA1|COL1A1|COL1A2|COL3A1|COL7A1|
MAN1A1|SERPINA1|SAAL|LMAN2

Fig 3. Pathway enrichment analysis. Pathway enrichment analysis of the 16 shortlisted proteases along with the 69 protein precursors of the differentially excreted
peptides was performed by the Reactome pathway database. The 10 most significant clusters are presented in different colours and the most significant term of each
cluster is selected as a label. The associated proteases are highlighted in red colour.

https://doi.org/10.1371/journal.pone.0262667.g003

namely SPINK6, SERPINA1, SERPINCI and SERPINF2 were linked to the activity of KLK4
(Table 2). No data were available for the MMP20, MMP26, PCSK6, PCSK7, PCSK4 and PCSK5

proteases.

Table 2. List of protease inhibitors and associated proteases (according to MEROPS).

Inhibitors Proteases

Reversion-inducing cysteine-rich protein with Kazal motifs (RECK) | MMP9 MMP2 | MMP14

Metalloproteinase inhibitor 1 (TIMP1) MMP9 MMP13 | MMP2 MMP3 | MMP12 | MMP8 | MMP1 | MMP7
Metalloproteinase inhibitor 2 (TIMP2) MMP9 MMP13 | MMP2 | MMP14 | MMP3 MMP8 | MMP1 | MMP7
Metalloproteinase inhibitor 3 (TIMP3) MMP9 MMP13 | MMP2 | MMP14 | MMP3 MMP8 | MMP1 | MMP7
Metalloproteinase inhibitor 4 (TIMP4) MMP9 MMP2 | MMP14 | MMP3 MMP1 | MMP7
Alpha-2-macroglobulin (A2M) MMP9 MMP2 MMP8 | MMP1

Pregnancy zone protein (PZP) MMP9 MMP2

Testican-1 (SPOCK1) MMP14

Testican-3 (SPOCK3) MMP14

Serine protease inhibitor Kazal-type 6 (SPINK6) KLK4
Alpha-1-antitrypsin (SERPINA1) KLK4
Antithrombin-III (SERPINC1) KLK4
Alpha-2-antiplasmin (SERPINF2) KLK4
Abbreviations: MMP = Matrix metalloproteinase; KLK4 = Kallikrein-4

https://doi.org/10.1371/journal. pone.0262667.t002
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Validation of predicted proteases

To evaluate the validity of the predictions, kidney transcriptome datasets from CKD were
retrieved from the Nephroseq database (www.nephroseq.org). Four datasets where the mRNA
levels of expression of CKD patients were compared to healthy controls (threshold P < 0.05)
were available in the Nephroseq database; in which the transcriptomic data related to the 16
predicted proteases were evaluated. Interestingly, the activity trend of 3 predicted proteases
including MMP7, PCSK5 and MMP14 was in agreement with all transcriptomic datasets
(Table 3). In addition, in the case of KLK4, the predicted activity trend was in agreement with
the transcriptomic data of one dataset, whereas no data were available in the other 3 datasets.
In contrast, MMPI and MMP3 were found at increased mRNA levels in 3 of the transcrip-
tomics datasets in contrary to their predicted decreased protease activity based on the peptido-
mics analysis (Table 3). In the case of the rest proteases, data were less conclusive due to
inconsistencies among the different transcriptomics datasets. No transcriptomic data were
available for the PCSK4 protease (Table 3).

To enhance the reliability of these results, we further retrieved the relevant kidney tran-
scriptomics data for the protease inhibitors regulating the activity of the 16 proteases from the
Nephroseq database (Table 4). In CKD patients, TIMP1 was found at increased mRNA levels
in three of the transcriptomics datasets while TIMP2 and A2M were found at increased mRNA
levels in two of the transcriptomics datasets. In addition, two serpins, SERPINCI and SER-
PINF2 exhibited decreased mRNA levels, in at least three transcriptomics datasets, in CKD
versus controls (Table 4). We also correlated the transcriptomics data of the inhibitors with
expression data as reported by scientific publications. We found that the mRNA expression
trend was in agreement for 2 inhibitors, namely TIMPI and SERPINAI whereas no data were
available for the other protease inhibitors in CKD patients.

Discussion

Considering that urine is produced by the kidney, the urinary peptidome has been extensively
studied to investigate kidney dysfunction. Proteases play a key role in the generation of pep-
tides, yet their study is still limited. The presented in-silico analysis describes the predicted pro-
teases involved in the proteolytic cleavage events of the CKD-associated peptides following
comparison of large sample sizes of well-matched, (placing also emphasis on the main con-
founder -cardiovascular disease) case-control groups. The most prominent changes of the
related pathways are associated with ECM remodelling, immune system and metabolism with
specific peptides affected in CKD patients.

MMPs may play an important role in key cellular functions such as cell differentiation,
migration, apoptosis, angiogenesis, fibrosis and inflammation through their interaction with
both ECM and non-ECM substrates such as growth factors and cell adhesion molecules [7]. In
the kidney, MMPs are synthesized by the tubular epithelial and the glomerular intrinsic cells
[5]. In-silico analysis of our data pointed out that MMPs and protein convertases were possibly
mainly responsible for the generation of the CKD-associated peptides. Specifically, it was pre-
dicted that for the vast majority of MMPs, except MMP7, a decrease in proteolytic activity is
expected. These predictions were further confirmed at the mRNA level in the case of MMP7
and MMP14 and also enhanced by the observed increased mRNA expression levels of several
inhibitors (TIMP1, TIMP2). Interestingly, some studies have reported the importance of
MMP7 in CKD, highlighting this protease as a key regulator of renal fibrosis through three
main pathways, transforming growth factor-beta (TGF-p) signalling, epithelial-mesenchymal
transition (EMT) and ECM deposition [34, 35]. In addition, it has been proposed that MMP7
is activated by the Wnt/ B-catenin signalling, a pathway that is associated with kidney injury
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Table 3. List of predicted proteases with calculated activity score.

Activity Score (Peptide Nakagawa CKD Kidney Nakagawa CKD Kidney Ju CKD Glom Ju CKD Protein
database) (Discovery Set) (Validation Set) Tublnt expression

Proteases CKD cohort CKD cohort CKD cohort CKD cohort CKD cohort

MMP9 -18.47 Increase Not significant* Not significant* | Not significant* | inconclusive*
MMP13 -22.44 Increase Increase Not significant* | Not significant* -

MMP2 -13.28 Decrease Not Significant” Increase Increase inconclusive*
MMP14 -7.59 Decrease Decrease Decrease Not significant* -
PCSK6 7.08 Decrease Increase Decrease Decrease -
PCSK7 7.08 Decrease Increase Increase Not significant* -
PCSK4 7.08 No data No data No data No data -
PCSK5 7.08 Increase Increase Increase Increase -
MMP3 -6.33 Increase Increase Increase Not significant* -

MMP12 -6.33 Decrease Increase Not significant™ | Not significant® Increase [61]
MMP8 -4.62 Increase Increase Not significant* | Not significant* -
KLK4 10.53 Increase No data No data No data -
MMP20 -5.06 Increase Increase Not significant* | Not significant” -
MMP1 -1.72 Increase Not Significant* Increase Increase -

MMP7 5.26 Increase Increase Increase Increase Increase [11, 62]
MMP26 0 Increase Not Significant” Decrease Not significant* -
Activity Score (Peptide Nakagawa CKD Kidney Nakagawa CKD Kidney Ju CKD Glom Ju CKD Protein
database) (Discovery Set) (Validation Set) TubInt expression

Proteases CKD cohort CKD cohort CKD cohort CKD cohort CKD cohort

MMP9 -18.47 Increase Not significant* Not significant* | Not significant* | inconclusive*
MMP13 -22.44 Increase Increase Not significant* | Not significant* -

MMP2 -13.28 Decrease Not Significant” Increase Increase inconclusive*
MMP14 -7.59 Decrease Decrease Decrease Not significant* -
PCSK6 7.08 Decrease Increase Decrease Decrease -
PCSK7 7.08 Decrease Increase Increase Not significant* -
PCSK4 7.08 No data No data No data No data -
PCSK5 7.08 Increase Increase Increase Increase -
MMP3 -6.33 Increase Increase Increase Not significant* -

MMP12 -6.33 Decrease Increase Not significant* | Not significant* Increase [61]
MMP8 -4.62 Increase Increase Not significant* | Not significant* -
KLK4 10.53 Increase No data No data No data -
MMP20 -5.06 Increase Increase Not significant* | Not significant” -
MMP1 -1.72 Increase Not Significant” Increase Increase -

MMP7 5.26 Increase Increase Increase Increase Increase [11,62]

MMP26 0 Increase Not Significant” Decrease Not significant* -

* Not significant: P > 0.05, inconclusive*: some studies reported increased, some decreased protein expression levels in CKD and some reported no statistically

significant difference between CKD and the compared groups. Abbreviations: MMP = Matrix metalloproteinase; PCSK = Proprotein convertase subtilisin/kexin type;
KLK4 = Kallikrein-4.

https://doi.org/10.1371/journal.pone.0262667.t003

[12, 36, 37]. In the case of MMP14, which is predicted to be at decreased activity based on the
peptide and Nephroseq data, evidence that it acts as a regulatory molecule for pro-MMP2 and
pro-MMP9 leading to the formation of the activated MMP9 and MMP2 through the complex
proMMP-2/TIMP-2/MMP-14 has also been accumulated [38, 39]. Based on our results,
MMP2 and 9 may be involved in a large number of the observed peptide changes in CKD; in
agreement with our predictions, it has been described that MMP9 and MMP?2 activity is
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Table 4. List of protease inhibitors with transcriptomics and protein expression.

Inhibitors

Reversion-inducing cysteine-rich protein with
Kazal motifs (RECK)
Metalloproteinase inhibitor 1 (TIMP1)
Metalloproteinase inhibitor 2 (TIMP2)
Metalloproteinase inhibitor 3 (TIMP3)
Metalloproteinase inhibitor 4 (TIMP4)
Alpha-2-macroglobulin (A2M)
Pregnancy zone protein (PZP)
Testican-1 (SPOCK1)

Testican-3 (SPOCK3)

Serine protease inhibitor Kazal-type 6
(SPINKG®6)

Alpha-1-antitrypsin (SERPINA1)
Antithrombin-III (SERPINC1)
Alpha-2-antiplasmin (SERPINF2)

Decrease
Not significant*

Not significant*

Not significant*
Not significant*

Not significant*

Not significant*
Decrease

Not significant*

Not significant*
Decrease

Not significant*

Nakagawa CKD Kidney Nakagawa CKD Kidney Ju CKD Glom | Ju CKD Tublnt Protein
(Discovery Set) (Validation Set) expression
CKD cohort CKD cohort CKD cohort CKD cohort CKD cohort
Increase Increase Decrease Not significant* -
Increase Not significant* Increase Increase Increase [45]
Increase Increase Not significant* | Not significant” -
Increase Increase Not significant* Decrease -
Decrease Not significant* Not significant* | Not significant” -
Not significant* Not significant* Increase Increase -

Increase Not significant* No data No data -
Increase Not significant* Not significant* | Not significant* | Increase [63]
Decrease Decrease Decrease Not significant* | inconclusive*
Decrease Decrease Decrease Decrease -

Not significant™: P > 0.05, inconclusive*: some studies reported increased and some decreased protein expression levels in CKD.

https://doi.org/10.1371/journal.pone.0262667.1004

reduced with the progression of CKD due to the excessive formation of fibrosis and hypoxia
[38, 40]. Overall, MMP2 and MMP9 may regulate the CKD pathophysiology through their
interactions with tumour necrosis factors (TNFs), oxidative stress (OS), growth factors (GFs)
and monocyte chemoattractant proteins (MCPs) [38]. Furthermore, it has been reported that
MMP2 and MMP?9 are differentially expressed in patients with minimal change disease, focal
segmental glomerulosclerosis and membranous nephropathy [41, 42]. In addition, it has been
shown that reduced expression of MMP9 in the cytoplasm of normal tubular cells is associated
with renal fibrosis, whereas MMP2 is associated with structural changes in the tubular base-
ment membrane leading to tubular atrophy and fibrosis [9, 41]. Regarding the inflammatory
response, it has been reported that both MMP7 and MMP9 may increase the inflammatory
process through their chemotactic effect on human dendric cells while MMPI4 may serve as
an anti-inflammatory mediator [41-43]. Given the abovementioned interactions of these pro-
teases, the predicted decreased activities of all three MMP2, 9, 14 in our study, is further
enhanced, collectively suggesting for a more thorough investigation of these proteases in the
CKD development and progression.

Four known enzymes namely TIMPI to TIMP4 regulate either the activation and/or inhibi-
tion of MMPs. It is supported that the activity of the MMPs is regulated either intracellularly
(transcriptional and posttranscriptional levels) and/or extracellularly (enzymatic activity).
According to our results, we can conclude that the increased mRNA levels of TIMPs may lead
to decreased activity of MMPs. Consequently, imbalances in the expression levels of MMPs
and their inhibitors have been associated with essential cellular functions that lead to the devel-
opment of CKD [43]. Even though the expression of MMPs and TIMPs in the kidneys has not
been completely characterized, it has been reported that imbalanced levels of MMPs/TIMPs
lead to dysregulated ECM formation/ breakdown and tissue remodelling [44]. Additionally,
several cellular processes such as apoptosis, proliferation, inflammation, chemokine and cyto-
kine production are regulated by MMPs/TIMPs imbalance, thus promoting the vascular, glo-
merular and tubular changes found in CKD [45]. Specifically, MMPI, 3,7 and 9 are mainly
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regulated by TIMP1 while TIMP2 is a major MMP2 inhibitor [46]. Several studies have shown
elevated levels of TIMP1I in the urine and serum of CKD patients [47]. Furthermore, TIMP]
may promote renal interstitial fibrosis [48]. In addition, both TIMPI and TIMP?2 are associated
with glomerulosclerosis [5]. TIMP3 is highly expressed in the kidney and inhibits mainly the
activation of MMP2,7 and 9 [49]. It has been shown that TIMP3 may protect kidneys from
damage [49, 50]. Although TIMP4 expression in tissues is limited, studies support that it may
inhibit MMP14 leading to ECM deposition and inflammation [51]. Another reported inhibitor
of MMPs is the membrane-anchored protein RECK whose expression is increased by hyper-
glycemia [52]. An analysis showed that empagliflozin may reverse the renal suppression of
RECK in human proximal tubular epithelial cells [52]. In summary, our data demonstrate that
the TIMPs and RECK proteins have a distinct role in renal injury.

In addition to the MMPs, four proprotein convertases (PCSK6, PCSK7, PCSK4 and PCSK5)
were also predicted to be involved in the generation of the peptide data in our study. Two of
these proprotein convertases have been previously associated with kidney disease: specifically,
in the kidney, a high-salt diet induces the PCSK6-corin-ANP-AQP2/B-ENaC pathway suggest-
ing the importance of PCSK6 in renal failure [53], whereas PCSK?7 is linked to end-stage renal
disease (ESRD) [54]. Notably, PCSKE® is also considered a key regulator of smooth muscle cell
function in vascular remodelling [55], a mechanism that is involved in CKD development. The
role of PCSK4 and PCSKS5 in CKD has not been investigated yet. However, the single-cell tran-
scriptomic analysis revealed that PCSK5 was differentially expressed in early human diabetic
nephropathy [56]. Interestingly, PSCK5, predicted to be at increased activity in CKD based on
our data and also supported by the mRNA Nephroseq expression pattern, has been reported as
one of the enzymes involved in posttranslational processing and stability of fibroblast growth
factor 23 (Fgf23), a protein which plays an important role in CKD development as it regulates
phosphorus and vitamin D metabolism [57]. Nonetheless, knowledge of the inhibitors of the
proprotein convertases is still very limited. Given our results, further investigation of PCSK5 in
CKD is warranted. Finally, KLK4, another serine protease with putative renoprotective proper-
ties [58], was predicted to have increased proteolytic activity in our study. Interestingly and in
line with our prediction, decreased mRNA levels of the KLK4 inhibitors SERPINACI and SER-
PINF2 have been observed in CKD, based on our analysis. Overall, 4 serine proteases including
SPINKG6, SERPINA1, SERPINACI and SERPINF2 inhibit the activity of KLK4. Several studies
have reported the role of SERPINF2 in the development of fibrosis [59, 60].

Among the strengths of our study are the large sample size and case-control matching, tak-
ing into consideration also the heart condition, suggesting high validity of our findings. Addi-
tionally, the same analytical platform (CE-MS) and protocols were used for the analysis of all
urinary peptide datasets, leading to the generation of highly comparable data.

Limitations included that CKD and non-CKD individuals were acquired from different
cohorts and studies. However, the large sample size, the case-control matching and the high
significance of the findings reduce the risk of this bias. Additionally, the results of this study
can only distinguish the effects of the two phases (CKD with eGFR < 60 ml/min/1.73 m* and
non-CKD with eGFR > 60 ml/min/1.73 m*) and cannot explain the molecular mechanisms of
CKD development. We should however point that similar results were obtained when a differ-
ent eGFR cut-off was applied (e.g. eGFR >70 versus eGFR <50; data not shown). Further, the
weakness of our study is related to the fact that the predicted proteases are supported by the
in-silico analysis and not by in vitro and/or in vivo experiments. It is expected that transcrip-
tomics data and activity levels of the predicted proteases are not always in agreement. In addi-
tion, in the Nephroseq datasets,”CKD’ was not defined always in the same way, which may
also explain the observed inconsistencies. However, our spherical approach, involving the
cross-omics analysis, together with the in-depth literature mining generates a reliable shortlist
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of proteases and enhances the reliability of the observed agreements among the proteomics
and multiple transcriptomics datasets opening up avenues for further investigation in future
studies.

Conclusions

In conclusion, our study revealed several interesting proteases including MMP 7, 14 and their
interactions with MMP2 and MMP9 as well as PCSK5 which may be involved in the generation
of CKD-associated urine peptides. These predicted proteases should be further investigated in
the context of CKD development and progression and may be considered as putative thera-
peutic targets. With this study, we contribute to a better understanding of the proteolytic
mechanisms involved in CKD and propose multiple proteases of possible significance in CKD
pathogenesis.
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