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Abstract

Preclinical animal models are extensively used in nephrology. In this review we have assessed the
utility of performing proteome analysis of kidney tissue or urine in such models and transfer of the
results to human application. Analysis of the literature identified 68 relevant publications. Pathway
analysis of the reported proteins clearly indicated links with known biological processes in both acute
and chronic kidney disease providing validation of the observed changes in the preclinical models.
Most studies in the models focused on the identification of early markers of kidney disease or
prediction of its progression. However, none of the identified makers has made it to substantial
validation in the clinic or at least in human samples. It therefore appears that, especially in renal
disease where urine is often used as a source of biomarkers, the focus should be on human material
based discovery studies. In contrast, we observed that proteome analysis of preclinical models was
most useful in the context of drug evaluation, both in terms of assessing efficacy for translation to

human disease and for mechanistic insight.



Introduction

A plethora of animal models of kidney disease exist, ranging from models of acute kidney disease
(AKI) to chronic kidney disease (CKD) models ™. These models differ by their damaging mechanism
(cell toxicity, immune mechanisms, surgical renal mass reduction, ischemia, diabetes, hypertension,
ureter obstruction etc.), functional and histomorphological phenotype and disease evolution. These
models have been used to dissect the roles of specific molecules/targets or biological processes and
for preclinical drug testing. However these models have also been investigated with kidney or urine
proteome analysis with the aim to discover novel biomarkers of kidney disease. Here we review to
which extent such proteome-based analyses have been helpful in the identification of new protein-
based biomarkers in nephrology and their potential translation or use towards human application.
With that aim we have searched the scientific literature using the Web of Science on 02/07/2018
with the following search parameters: [kidney OR nephro*] in the title AND [proteom* OR
peptidom*] AND [animal OR mouse OR rat] in the topic. This lead to the identification of 321
citations of which 265 were identified as original articles by the Web of Science. In the next step we
only retained publications that were cited at least 5 times to focus on studies with a potential impact.
This lead to a list of 167 publications (Supplementary Table 1). Manual inspection of this list resulted
in the exclusion of 99 publications due to the fact that these studies were either reviews, focused on
other omics traits, used cells, were methodology focused, did not employ kidney disease animal

models, or lacked proof of well-defined kidney lesions (Supplementary Table 1).

i) Pathway analysis of proteome data of preclinical kidney disease models
To determine the validity of the proteome data obtained in preclinical models of kidney disease,
proteome data from the 68 remaining studies were combined and analyzed using pathway analysis
to determine the relevance of the identified proteins in known kidney disease processes. We
collected the proteins, separately for AKlI and CKD, mentioned in the abstracts of the publications and

their expression directions, considering that proteins mentioned in publication abstracts are



representative of the studies (Table 1 and 2). Proteins with contradictory expression directions were
removed. The proteins were analyzed using Ingenuity Pathway Analysis (supplementary Table 2 and
3 for AKI and CKD, respectively). Interestingly, the analyses confirm relevance of the selected
proteins to existing knowledge on the biological processes involved in AKI and CKD, but with typical
differences. For example, acute phase response signaling was the top canonical pathway identified in
AKI, while actin cytoskeleton signaling was the major canonical pathway in CKD. The former fits
perfectly with the acute character of AKI while actin cytoskeleton signaling can be traced back to the
mostly glomerular changes observed in CKD. The major networks identified, also fit with the
underlying knowledge of these main etiologies. The top disease network in CKD was attributed to
cardiovascular disease (Figure 1A). In AKI, free radical scavenging was the top (dys)functional
network (Figure 1B) confirming potential use of oxygen-free radical scavengers in the treatment of
AKI 2, Therefore, overall, the data extracted from these proteome-based studies in preclinical
kidney disease models appear to have validity when comparing to the currently known disease-

involved biological mechanisms.

i) Use of preclinical model kidney proteome analysis in biomarker discovery with initial
validation in human kidney disease

Eleven studies focusing on identification of novel biomarkers for early detection of kidney diseases

contained a (initial) validation in humans in the same report. Three of those were excluded due to

the absence of follow-up studies 7-20 years after initial publication and absence of a role of these

proteins in kidney disease. One study was excluded since no specific proteins were mentioned in the

abstract and one study developed a method for improved translation of preclinical proteome-based

data to the clinic and was moved to section IV of the manuscript.

Epidermal growth factor in CKD — The modification of epidermal growth factor (EGF)
expression in almost any kidney disease model has focused attention on EGF signaling 1. EGF signals
through the epidermal growth factor receptor (EGFR) involved in multiple biological processes,
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including proliferation, metabolism, differentiation, and survival. Kidney-specific overexpression of a
dominant negative EGFR in mice made those mice resistant to development of fibrosis in models of
chronic kidney injury induced by ischaemia—reperfusion and renal ablation. In addition, silencing of
EGFR expression in proximal tubules slowed down the development of fibrosis in an Ang ll-infusion
model. Small molecule inhibitors of EGF signaling such as erlotinib and gefitinib also delayed or
reduced fibrosis in several CKD and AKI models . The value of EGFR inhibitors for the treatment of
cancer has been clearly established in clinical trials, however trials have not yet been initiated in

kidney disease (https://clinicaltrials.gov/, search with key words [EGF OR epithelial growth factor]

AND [kidney] in August 2018).

Betz et al. ¥ examined the urinary protein content of a novel rat model of hypertensive
diabetic nephropathy, a CKD model resulting in a 500-fold increase in albuminuria and marked
glomerulosclerosis and tubulointerstitial fibrosis. Using a combination of peptidome and ELISA
analysis, the authors showed using this animal model that urinary EGF (UEGF) abundance was
significantly reduced as early as 8 weeks after induction of hyperglycemia and hypertension. An
important strength of the study by Betz et al. 1) was to have tested, following the observation in the
animal model, the predictive value of UEGF in a large type 2 diabetic human cohort. They observed
that uEGF/urinary creatinine (Cr) was weakly associated to baseline eGFR and the patients with
lowest uEGF/Cr values displayed a significant increased risk (p=0.003) of renal function decline during
the 4-year follow-up. In contrast, the urinary albumin to creatinine ratio (ACR) was not a useful
prognostic indicator. This study suggests that initiating a biomarker strategy from well-calibrated
animal models can lead to valid observations in the human population. However, and unfortunately,
UEGF/Cr did not show any improved predicted value when combined with established risk factors of
diabetic nephropathy such as age, gender, eGFR, ACR, duration of diabetes, HbAlc, systolic and
diastolic blood pressure. Although the authors showed the potential of UEGF in the prediction of
diabetic nephropathy, it is clearly not specific since reduced UuEGF is also observed in AKI, IgA

nephropathy, in children with chronic kidney failure and in congenital ureteropelvic junction



obstruction * 3. Moreover, a recent 2018 study adding UEGF to a panel of circulating markers
(TNFR1, KIM-1, and FGF23), of urinary markers (albumin, KIM-1, NGAL, MCP-1, EGF, all normalized to
urinary creatinine) and the ratio of EGF to MCP-1, showed that this multimarker prognostic test had
low value in identifying patients with early renal decline in type 2 diabetic patients with
normoalbuminuria, and only moderate value in albuminuric patients. Therefore, there is still a great
need to find new informative markers to develop a better prognostic test to identify early renal
decline in patients with type 2 diabetic nephropathy and normal renal function ©!.

Regucalcin in CKD — Zubiri et al. performed a differential analysis of the renal tissue proteome
in a rat model of early type | diabetic nephropathy ”!. Regucalcin (senescence marker protein-30
[SMP30]) that showed a 4-5-fold decrease in expression in rats with diabetic nephropathy was
selected for further validation. This decreased expression was validated by Western blot,
immunohistochemistry, and selected reaction monitoring using urinary exosomes in both rat and
humans (n=7). This recent study (2015) has not yet been followed-up by validation in additional
studies involved human CKD subjects. However, there is supporting literature of a potential role of
regucalcin in renal pathophysiology. Regucalcin has been found to be modified in hypertensive
kidney disease, under nephrotoxicity conditions (Cisplatin, Ochratoxin A) and in interstitial renal
disease induced by aristolochic acid. Regucalcin is a multifunctional protein shown to be involved in
cellular Ca** homeostasis in proximal tubule cells and in some various fundamental processes
including mineral transport, transcription factors, cell proliferation and apoptosis, all potentially
involved in kidney disease [©!.

Fetuin-A in AKI - Two studies using animal models of AKI identified Fetuin-A as a potential
biomarker of AKI % although only one study validated modified urinary Fetuin-A expression in
humans. Both studies employed one nephrotoxicity model (cisplatin-induced AKI) and one ischemia
reperfusion (I/R) AKI model. In both models urinary Fetuin-A abundance was significantly increased
in response to AKI. In the study of Zhang et al. increased urinary Fetuin-A abundance paralleled

serum creatinine increase 1% (i.e. renal function impairment), while in the study of Zhou et al.



increased urinary Fetuin-A abundance preceded increased serum creatinine . This difference might
be due to the fact that Zhou et al. isolated urinary exosomes while Zhang et al. analyzed protein
expression in total urine. It appears that Fetuin-A is mostly excreted in exosomes ' which are cell-
derived vesicles that are present in many eukaryotic fluids. Zhou et al. also studied the transferability
of the observations by analyzing urinary exosomal abundance of Fetuin-A in a small number of
healthy volunteers and ICU patients with and without AKI. They confirmed the increased abundance
of Fetuin-A in subjects with AKI. However, no information on the biomarker potential of Fetuin-A to
predict the development of AKI could be obtained from these experiments since patients were
sampled while displaying already full blown AKI . Furthermore, since initial publication in 20086,
there have been no follow-up studies on urinary Fetuin-A for the development of human AKI which
seems to compromise the value for Fetuin-A as a potential predictive biomarker in this clinical
context. In addition, as for EGF, urinary Fetuin-A does not seem to be specific for AKI since it is
apparently also associated with autosomal dominant polycystic kidney disease progression [,
Although this would compromise the use of Fetuin-A as a predictive biomarker, it suggests a
potential wider involvement in renal disease. Fetuin-A is synthesized in liver and secreted into the
blood stream, where it is a negative acute-phase response protein and plays its anti-inflammatory
role via suppressing release of tumor necrosis factor-alpha induced by lipopolysaccharide in vitro and
vivo 2. Fetuin-A is also a systemically acting inhibitor of ectopic calcification 3, and decreased
serum Fetuin-A concentration is associated with a higher mortality rate in dialysis patients and can
predict mortality of chronic kidney diseases '%. However, the role or function, if any, in AKI remains
unknown.

Nestin in AKI — Zhang et al. used urinary proteome analysis to identify biomarkers of AKl in a

| 29 Among other proteins, including Fetuin-A (see

cisplatin nephrotoxicity and renal I/R mode
above), they identified nestin as a potential biomarker of AKI in both models. Nestin was validated in

urine of humans with cardiac surgery-induced AKI (n=10) compared to cardiac surgery patients not

developing AKI (n=30). Interestingly, urinary nestin abundance (nestin/creatinine) peaked 6 hours



after surgery and before the rise in serum creatinine in the patients developing AKI. No additional
validation of nestin as a biomarker in human AKI was performed since this study. Nestin is a
cytoskeleton-associated class VI intermediate filament protein that was found to be highly expressed
in podocytes and closely associated with podocyte function by maintaining the structural integrity of

the podocytes [*°,

In glomerular human disease increased nestin expression was observed in
crescentic glomerulonepbhritis 1*® and appeared to be a potential new early morphological predictor
of kidney dysfunction in childhood onset of FSGS 7). In contrast, the role of increased tubular nestin
expression in AKIl is not clear. However, another study also identified increased tubular nestin
expression in IgA nephropathy. In those patients increased nestin expression was found in the
tubulointerstitium, probably peritubular endothelial cells and myofibroblasts, although its functional
role was not studied 8. Therefore the role of nestin in AKI both as a biomarker and as
pathophysiological regulator remain elusive.

Chitinase 3-like protein 1 in AKI — Maddens et al. studied the urinary proteome of a mouse
model of sepsis-induced AKI and validated potential candidates in urine from human sepsis-induced
AKI. Urinary neutrophil gelatinase-associated lipocalin (NGAL), thioredoxin, gelsolin, chitinase 3-like
protein 1 (CHI3L1) and -3 (CHI3L3) and acidic mammalian chitinase were the most distinctive
candidate biomarkers of septic AKI in mice. However of the tested CHI3L1, NGAL and acidic
mammalian chitinase, only CHI3L1 was found to display modified (increased) excretion in urine from
septic patients with AKI compared to septic patients without AKI %!, This observation sparked the
interest of the authors to evaluate the predictive value of urinary CHI3L1 in predicting AKI or its
severity in subsequent clinical studies. In a single center study recruiting 181 severely ill adult ICU
patients, urinary CHI3L1 predicted the development of AKI stage 22 (Kidney disease Improving global
outcome (KDIGO) classification) with a reasonably well area under the curve (AUC) of 0.792 similar to
urinary NGAL measured in the same study. Furthermore, increased urinary CHI3L1 abundance was
associated to increased AKI severity after the event 2%, In a subsequent study, the group studied the

association of urinary CHI3L1 to the development of AKI after cardiac surgery involving 211 patients.



However, in this study urinary CHI3L1 was not predictive of AKI Y, The biological roles of CHI3L1
have been for a long time particularly enigmatic, but data has shown that intrarenal macrophage
CHI3L1 plays a key role in promoting tubular cell survival after renal I/R injury in mice via PI3K- and IL-
13 receptor a2-dependent signaling 1?2, CHI3L1 can also bind to and activate a second receptor
chemokine receptor homologous molecule expressed on Th2 lymphocytes (CRTH2; also called
prostaglandin D2 receptor 2 [PTGDR2]), that induces profibrotic signaling in the setting of lung injury
(231 A recent study suggested that CHI3L1 and its downstream key-signaling pathways could be key in
the transition from AKI to CKD. A model was proposed where tubular cells and/or endothelial cells
that cannot undergo normal repair after I/R injury maintain low-level CHI3L1 expression that, in turn,
signals to promote macrophage survival and profibrotic gene expression as well as myofibroblast-
dependent matrix gene expression. Thus, therapies directed against sustained CHI3L1 expression
and/or its downstream profibrotic signaling would be logical targets to be considered in prevention

of progressive fibrosis after ischemic AKI 24,

iiii) Use of preclinical model kidney proteome analysis in drug testing

Mycophenolate mofetil (MMF) — MMF as a prodrug of mycophenolic acid (MPA) is one of the
most frequently used immunosuppressive drugs for the prophylaxis of allograft rejection after renal,
cardiac, or liver transplant. MPA is a potent, selective, noncompetitive, and reversible inhibitor of
inosine-5’-monophosphate dehydrogenase (IMPDH). Depleting guanosine and deoxyguanosine
nucleotides inhibit the proliferation of T and B lymphocytes and, hence, immunoglobin production
conferring the immunosuppressive effect of MMF 2. However antifibrotic properties have also been
attributed to MPA, although the detailed mechanism was not known. With aim to unravel the
antifibrotic properties of MPA, Petrova et al. studied the effect of MMF treatment using differential
kidney proteome profiling of COL4A3-deficient mice as a model of progressive renal disease 2%,

Tubulointerstitial fibrosis in COL4A3-deficient mice was inhibited by MMF treatment. Although the

role and contribution of epithelial to mesenchymal transition (EMT) in the development of renal



tubulointerstitial fibrosis is still debated 7!

, proteome analysis identified differentially expressed
proteins that had a potential association to EMT, i.e. 2 upregulated (actin cytoplasmic 2 [ACTG] and
ubiquitin carboxyl-terminal hydrolase 5 [UBP5]) and 5 downregulated proteins (carbonic anhydrase 1
[CAH1], proteasome subunit beta type 6 [PSB6], tumor protein D52 [TPD52], serpin H1 [SERPH], and
elongation factor 1-delta [EF1D]). Moreover, 5 of these 7 proteins belonged to a network of
predicted interacting proteins (ACTG, UBP5, PSB6, TPD52, and EF1D). This study confirms and
provides molecular bases of some earlier observations of effects in vitro of MMF compared to older
immunosuppressant (i.e. Cyclosporine A, azathioprine, and methylprednisolone) on reduction of
features associated with EMT 128,

Erythropoietin (EPO) analogue - EPO is a hematopoietic hormone produced mainly by adult
kidneys and has been routinely used in clinic for nearly 20 year to treat anemia. Apart from its
erythropoietic effects, EPO also exhibits powerful tissue-protective effects in AKI induced by I/R.
However this observation has not been extended to the clinic due to the short half-life of EPO and
increased risk of thrombosis. A novel conformationally constrained cyclized helix B peptide (CHBP)
with more than 30-fold and a 2.5-fold-longer half-life than EPO in human plasma and hepatocytes,
respectively, was developed. CHBP also exerted potent renoprotective activity and significantly
decreases local and systemic inflammation and apoptosis in the kidney ?°!. To obtain improved
insight of the effects of CHBP before potential clinical translation, Yang and colleagues studied its
effect on the renal tissue proteome in a mouse AKI model 3%, The 139 differently expressed proteins
were mapped to 8 significant biological pathways. The oxidative phosphorylation pathway was
shown to be the most important pathway in CHBP-mediated renoprotection. The major proteins
enriched in the oxidative phosphorylation pathway elicited by CHBP were NADH-ubiquinone
oxidoreductase Fe-S protein 6 (NDUFS6), alpha-aminoadipic semialdehyde synthase (AASS) and ATP-
binding cassette sub family D member 3 (ABCD3). Modification of expression changes of these
proteins was validated by RT-gPCR and immunostaining in mouse kidneys. Oxidative phosphorylation

is associated with mitochondrial stress. NAD+ and NADH play crucial roles in a variety of biological
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processes including energy metabolism, mitochondrial functions, and gene expression. Studies have
indicated that NAD+ administration can profoundly decrease oxidative cell death in ischemic organ
injury. CHBP restored reduced NAD+ in I/R kidneys associated to improved renal function that might
thus be due to its effects on NDUFS6, AASS and ABCD3. The trend of expression of these three
proteins was similar in transplanted human kidneys displaying acute tubular necrosis. Overall this

study thus provides preclinical evidence of the validity of this new EPO analog in treatment of AKI.

iv) Improving the translational value of preclinical research using proteome-based
approaches in diabetic kidney disease

Preclinical testing is essential in the drug discovery process. However, although positive drug
responses are often observed in preclinical models, this is only rarely transferable to the human
situation. This is probably due to the fact that models imperfectly recapitulate human disease, a
situation applicable in nephrology where models are far from perfect %, e.g. use of young animals in
models of CKD while in the human situation CKD is mostly found in the elderly population or the very
controlled sanitary situation in animal facilities in contrast to the human situation exposed to many
environmental stimuli. In addition, it is also very likely that this low translatability is due to the fact
that often only limited aspects of the disease are assessed during drug testing, e.g. monitoring of
single biomarkers fails to faithfully describe complex disease phenotypes 2. Multi-peptide panels
obtained by peptidomics analysis have shown the potential to comprehensively define adult 5% 34,
pediatric 3% and prenatal ®® human kidney disease and therefore could also likely be used to
improve drug evaluation in preclinical models.

Proof of concept of the improved value of exploiting multimolecular similarity between
human disease and animal models has been assessed in the context of diabetic nephropathy (Figure
2) 71 Analysis of the urinary peptide content showed that among the 92 urinary peptides associated
with type 2 diabetic nephropathy mice, 21 displayed a high similarity with 273 urinary peptide

markers of diabetic nephropathy in human. These 21 orthologue peptides may reflect molecular
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mechanisms of disease similar in mice and human, and more importantly reject responses that are
only observed in the preclinical model system, and very likely irrelevant in human disease. The 21
peptides were next combined in a humanized peptide classifier. This so-called “humanized readout”
identified correctly mice with diabetic nephropathy compared to healthy mice, and captured the
difference between standard-of-care (i.e. renin angiotensin system inhibitors (RASi)) drug response
by identifying RASi-treated and untreated mice with diabetic nephropathy. In addition, the model of
21 peptides was validated in a human cohort of diabetic patients with and without the diabetic
nephropathy, achieving a sensitivity of 81% and specificity of 59% which is remarkable given the
reduction from the full human classifier initially composed of 273 peptides.

In a comparable analysis, but with the aim to determine the similarity of a rat model with
human cardiovascular disease (CVD) or CKD, the urinary peptidome of Zucker diabetic fatty (ZDF) rats
was investigated by Siwy et al. ®8. Urinary peptide modifications specific for diabetes-associated
complications in ZDF rats were studied by comparison to lean control animals. Multimolecular
similarity of these changes was next assessed by comparison with previously validated human CVD
139 3and CKD 33 markers. This evaluation suggested that the ZDF model, based on urinary proteome
analysis, is very similar and suitable for studies on CVD. However it indicated poor comparability of
the model to human CKD while this model is frequently used as a model of chronic kidney disease.

Lastly, comparative urinary peptidome analysis was also used to assess the similarity of wild
type (C57BL/6) mice with long-term metabolic syndrome with urinary peptidome data of human
diabetic nephropathy. In this long-term metabolic syndrome model, induced by an eight months high
fat and fructose diet (HFFD), renal injury was minimal as determined by analysis of kidney structure
and function utilizing electron microscopy and GFR measurements. Interestingly this was confirmed
by the analysis of the urinary peptidome where, based on peptide orthologs, the model was similar
to urinary peptides of type 2 diabetic patients without diabetic nephropathy and not resembling type

2 diabetic patients with diabetic nephropathy [,
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A recent study, not included in our survey, expands on this concept of using proteome
analysis for the determination of similarity, but in this case downstream of the animal models (i.e.
focusing on the suitability of cell lines representing the in vivo situation). Rinschen et al., showed that
proteomic profile of podocytes directly obtained from mice did not match with frequently used
immortalized mouse podocyte culture cell lines. In these cell lines proteins involved in stress fiber
formation were among the most strongly dysregulated processes not observed in the freshly isolated
podocytes. The authors hypothesized that this could be due to the stiffness of the cell culture dish.
Indeed, when transferring those cells on a soft matrix a major shift of the proteome towards the
freshly isolated podocyte proteome was observed. However, major differences remained between

the cell lines and the freshly isolated podocytes remained #

Conclusion — our take

Taken together, it appears that the most valid contribution of preclinical proteome-based studies in
nephrology is the evaluation of drug efficacy and insight in drug mechanisms. Improved model-
selection and -readout based on protein signatures identical in preclinical kidney disease models and
human disease could lead to more efficient preselection of novel drugs that potentially will work in
the human setting and to improve translational value. Study of (novel) drug mechanisms in those
preclinical models might also significantly contribute to implementation of a new drug in the clinic
(e.g. novel application of MMF or validity of novel EPO analog). In contrast, studies aiming for the
discovery of biomarkers for early detection of disease with such preclinical proteome-based studies
appear more controversial. Most studies initially focusing on novel (non-invasive) early detection of
kidney disease did not hold up in follow-up human studies or were not further pursued. In addition,
most studies identified potential markers that were already previously incriminated in renal disease
(EGF, fetuin-A, regucalcin, nestin) and were not specific (e.g. markers of both AKlI and CKD). The latter
might also be due to the fact that in animal models AKI and CKD are mostly single entities, while in

human disease both are often intertwined. It therefore seems that preclinical models should not be
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used anymore as the start for proteome-based studies aiming the identification of early biomarkers
of kidney disease. Especially in renal disease where urine is an abundant source of biomarkers of
diseases of the kidney and the urinary tract 1“2, it appears that the focus should be on human

material based discovery studies.
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Figure legends

Figure 1: Ingenuity Pathway Analysis of disease networks of proteins identified in preclinical
models of AKI and CKD using proteome analysis (tissue and urine). A) The top 1 disease network in
CKD was identified as cardiovascular disease. B) The top 1 functional network in AKI was identified as

free radical scavenging.

Figure 2: The concept of the development of humanized preclinical models based on
multimolecular readouts. A number of urinary peptide-based models are available for a variety of
human diseases. These models are composed in general of several hundreds of peptides. Humanized
peptide models are obtained by analyzing the urinary peptidome of animal models of disease
followed by identification of peptides similar in mice and humans « orthologues », leaving aside non-
human disease relevant peptides « mouse only peptides ». These orthologue peptides are combined
in classifiers allowing a “humanized” prediction of disease and drug response thereby increasing the

translatability of the observed effects. Adapted from Klein et al. &7}, with permission.
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Tables
Table 1: Proteins mentioned in the abstracts of the 68 selected studies as being modified in

preclinical models of AKI.

Tyrosine-protein kinase JAK** Non-receptor tyrosine kinase involved in various processes such as cell growth, Nucleus
development, differentiation or histone modifications.
Signal transducer and activator of Signal transducer and activator of transcription that mediates signaling by type | IFNs Nucleus

transcription**

(IFN-alpha and IFN-beta).

Calbindin Buffers cytosolic calcium. May stimulate a membrane Ca2+-ATPase and a 3',5'-cyclic Cytosol, Extracellular
nucleotide phosphodiesterase. exosome, Nucleus
Basigin Plays pivotal roles in spermatogenesis, embryo implantation, neural network Plasma membrane

formation and tumor progression. Stimulates adjacent fibroblasts to produce matrix
metalloproteinases (MMPS).

Fizzy-related protein homolog Substrate-specific adapter for the anaphase promoting complex/cyclosome (APC/C) Nucleus
E3 ubiquitin-protein ligase complex.
Pro-epidermal growth factor EGF stimulates the growth of various epidermal and epithelial tissues in vivo and in Secreted

vitro and of some fibroblasts in cell culture.

Glutathione S-transferase P

Conjugation of reduced glutathione to a wide number of exogenous and endogenous

Nucleus, Mitochondrion,

fungi and other pathogens.

hydrophobic electrophiles. Cytoplasm

Z Hepcidin Liver-produced hormone that constitutes the main circulating regulator of iron Secreted

(% absorption and distribution across tissues.

o Heat shock cognate 71 kDa protein Molecular chaperone implicated in a wide variety of cellular processes, including Plasma membrane, Nucleus,
protection of the proteome from stress, folding and transport of newly synthesized Cytoplasm
polypeptides, activation of proteolysis of misfolded proteins and the formation and
dissociation of protein complexes.

Nucleoside diphosphate kinase B Major role in the synthesis of nucleoside triphosphates other than ATP. Negatively Nucleus, Cytoplasm
regulates Rho activity by interacting with AKAP13/LBC
NADH dehydrogenase [ubiquinone] 1 alpha Accessory subunit of the mitochondrial membrane respiratory chain NADH Mitochondrion
subcomplex subunit 10. dehydrogenase (Complex 1), that is believed not to be involved in catalysis.
Podocin Plays a role in the regulation of glomerular permeability, acting probably as a linker Plasma membrane,
between the plasma membrane and the cytoskeleton. Endoplasmic reticulum
Na(+)/H(+) exchange regulatory cofactor A scaffold protein that connects plasma membrane proteins and regulatory Plasma membrane
NHE-RF3 components, regulating their surface expression in epithelial cells apical domains.
Phosphoglycerate kinase** A glycolytic enzyme (PGK-1) Cytoplasm
Phosphoserine phosphatase** Catalyzes the last step in the biosynthesis of serine from carbohydrates. Cytosol
Regucalcin Gluconolactonase with low activity towards other sugar lactones, including Cytoplasm
gulonolactone and galactonolactone.
2-amino-3-carboxymuconate-6- Converts alpha-amino-beta-carboxymuconate-epsilon-semialdehyde (ACMS) to alpha- | Cytosol
semialdehyde decarboxylase aminomuconate semialdehyde (AMS). ACMS can be converted non-enzymatically to
quinolate (QA), a key precursor of NAD, and a potent endogenous excitotoxin of
neuronal cells which is implicated in the pathogenesis of various neurodegenerative
disorders.
Actin, aortic smooth muscle Actins are highly conserved proteins that are involved in various types of cell motility Cytoskeleton
and are ubiquitously expressed in all eukaryotic cells.
Alpha-2-HS-glycoprotein Promotes endocytosis, possesses opsonic properties and influences the mineral phase | Secreted
of bone. Shows affinity for calcium and barium ions.
Serum albumin Serum albumin, the main protein of plasma, has a good binding capacity for water, Secreted
Ca2+, Na+, K+, fatty acids, hormones, bilirubin and drugs.
Caldesmon Actin- and myosin-binding protein implicated in the regulation of actomyosin Cytoskeleton
interactions in smooth muscle and nonmuscle cells (could act as a bridge between
myosin and actin filaments).
Chitinase-3-like protein 1 Carbohydrate-binding lectin with a preference for chitin. Has no chitinase activity. Endoplasmic reticulum,
May play a role in tissue remodeling and in the capacity of cells to respond to and Cytoplasm
cope with changes in their environment.
o Acidic mammalian chitinase Degrades chitin and chitotriose. May participate in the defense against nematodes, Secreted, Cytoplasm
)

Kidney aminoacylase IB

n.a.

n.a.

Cytochrome c oxidase subunit 5B

This protein is one of the nuclear-coded polypeptide chains of cytochrome c oxidase,
the terminal oxidase in mitochondrial electron transport.

Mitochondrion

Ceruloplasmin

Ceruloplasmin is a blue, copper-binding (6-7 atoms per molecule) glycoprotein. It has
ferroxidase activity oxidizing Fe2+ to Fe3+ without releasing radical oxygen species. It
is involved in iron transport across the cell membrane.

Secreted

Alpha-crystallin B chain

May contribute to the transparency and refractive index of the lens.

Nucleus, Cytoplasm

Catenin beta-1

Key downstream component of the canonical Wnt signaling pathway.

Cytoskeleton, Nucleus,
Cytoplasm, Plasma
membrane

Fumarylacetoacetase

This protein is involved in synthesizes of acetoacetate and fumarate from L-
phenylalanine.

Cytosol, Secreted

Fibroblast growth factor receptor 1

Tyrosine-protein kinase that acts as cell-surface receptor for fibroblast growth factors
and plays an essential role in the regulation of embryonic development, cell
proliferation, differentiation and migration.

Plasma membrane,
Nucleus, Cytosol

Vitamin D-binding protein

Involved in vitamin D transport and storage, scavenging of extracellular G-actin,
enhancement of the chemotactic activity of C5 alpha for neutrophils in inflammation

Secreted




and macrophage activation.

Lactoylglutathione lyase

Catalyzes the conversion of hemimercaptal, formed from methylglyoxal and
glutathione, to S-lactoylglutathione.

Cytosol, Nucleus, Plasma
Membrane

Glutamate receptor ionotropic, NMDA 1

Component of NMDA receptor complexes that function as heterotetrameric, ligand-
gated ion channels with high calcium permeability and voltage-dependent sensitivity
to magnesium.

Plasma membrane

Glycogen synthase kinase-3 beta

Constitutively active protein kinase that acts as a negative regulator in the hormonal
control of glucose homeostasis, Wnt signaling and regulation of transcription factors
and microtubules.

Nucleus, Plasma
membrane, Cytoplasm

Heat shock cognate 71 kDa protein

Molecular chaperone implicated in a wide variety of cellular processes, including
protection of the proteome from stress, folding and transport of newly synthesized
polypeptides, activation of proteolysis of misfolded proteins and the formation and
dissociation of protein complexes.

Nucleus, Plasma
membrane, Cytoplasm

Microtubule-associated proteins**

Ubiquitin-like modifier involved in formation of autophagosomal vacuoles
(autophagosomes).

Cytoskeleton,
Autophagosome membrane

Mitogen-activated protein kinases**

MAPKs are involved in directing cellular responses to a diverse array of stimuli, such
as mitogens, osmotic stress, heat shock and proinflammatory cytokines.

Neutrophil gelatinase-associated lipocalin

Iron-trafficking protein involved in multiple processes such as apoptosis, innate
immunity and renal development.

Secreted

Methylmalonyl-CoA mutase

Involved in the degradation of several amino acids, odd-chain fatty acids and
cholesterol via propionyl-CoA to the tricarboxylic acid cycle.

Mitochondrion

Nestin

Promotes the disassembly of phosphorylated vimentin intermediate filaments (IF)
during mitosis.

Cytoskeleton, cytoplasm

2-oxoglutarate dehydrogenase

2-oxoglutarate dehydrogenase (E1) component of the 2-oxoglutarate dehydrogenase
complex, which mediates the decarboxylation of alpha-ketoglutarate.

Mitochondrion, Nucleus

Protein disulfide-isomerase

This multifunctional protein catalyzes the formation, breakage and rearrangement of
disulfide bonds.

Endoplasmic reticulum,
Plasma membrane

Peroxiredoxin-1 and -6

Thiol-specific peroxidase that catalyzes the reduction of hydrogen peroxide and
organic hydroperoxides to water and alcohols, respectively.

Cytoplasm ( PRDX1 and 6),
Lysosome (PRDX6 )

Proteasome subunit beta type-3

Component of the 20S core proteasome complex involved in the proteolytic
degradation of most intracellular proteins.

Nucleus, Cytoplasm

Protein S100-A4

Calcium binding.

Extracellular region or
secreted, Nucleus

Alpha-1-antitrypsin

Inhibitor of serine proteases. Its primary target is elastase, but it also has a moderate
affinity for plasmin and thrombin. Irreversibly inhibits trypsin, chymotrypsin and
plasminogen activator.

Endoplasmic reticulum,
Secreted, Extracellular
matrix

Succinate--CoA ligase [GDP-forming] subunit
beta

GTP-specific succinyl-CoA synthetase functions in the citric acid cycle (TCA), coupling
the hydrolysis of succinyl-CoA to the synthesis of GTP and thus represents the only
step of substrate-level phosphorylation in the TCA.

Mitochondrion

especially mesenchymal cells.

Serotransferrin Transferrins are iron binding transport proteins which can bind two Fe3+ ions in Secreted
association with the binding of an anion, usually bicarbonate.
Hamartin In complex with TSC2, inhibits the nutrient-mediated or growth factor-stimulated n.a.
phosphorylation of S6K1 and EIF4EBP1 by negatively regulating mTORC1 signaling.
Thioredoxin Participates in various redox reactions through the reversible oxidation of its active Secreted, Nucleus,
center dithiol to a disulfide and catalyzes dithiol-disulfide exchange reactions (By Cytoplasm
similarity).
Uromodulin Functions in biogenesis and organization of the apical membrane of epithelial cells of Plasma membrane, Secreted
the thick ascending limb of Henle's loop.
Vimentin Vimentins are class-Ill intermediate filaments found in various non-epithelial cells, Cytoskeleton, Nucleus,

Cytoplasm

* From Uniprot ; **, in those cases the generic name of a group of molecules has been used due to the fact that specific group

partners were not identified in the experiments (eg MAPK and not ERK1/ERK2); n.a., not available.
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Table 2: Proteins mentioned in the abstracts of the 68 selected studies as being modified in
preclinical models of CKD. Proteins were found to be modified in the same direction in multiple

studies are indicated by [seen modified in number studies]x.

Adenylate kinase 4

Involved in maintaining the homeostasis of cellular nucleotides by catalyzing the interconversion
of nucleoside phosphates.

Mitochondrion

Annexin A4 Calcium/phospholipid-binding protein which promotes membrane fusion and is involved in Secreted, Nucleus, Plasma
exocytosis. membrane
Aquaporin-1 Forms a water-specific channel that provides the plasma membranes of red cells and kidney Plasma membrane

proximal tubules with high permeability to water, thereby permitting water to move in the
direction of an osmotic gradient.

ATP synthase subunit beta

Mitochondrial membrane ATP synthase (F1FO ATP synthase or Complex V) produces ATP from
ADP in the presence of a proton gradient across the membrane which is generated by electron
transport complexes of the respiratory chain.

Mitochondrion

Dihydropyrimidinase-related
protein 2

Plays a role in neuronal development and polarity, as well as in axon growth and guidance,
neuronal growth cone collapse and cell migration.

Cytoskeleton, Cytosol

Pro-epidermal growth factor

EGF stimulates the growth of various epidermal and epithelial tissues in vivo and in vitro and of

Secreted

[2x] some fibroblasts in cell culture.
Ezrin Probably involved in connections of major cytoskeletal structures to the plasma membrane. Cytoskeleton, Plasma
membrane
Z Glutamate--cysteine ligase This protein is involved in step 1 of the subpathway that synthesizes glutathione from L-cysteine Cytosol
; regulatory subunit and L-glutamate.
8 Hydroxyacyl-coenzyme A Plays an essential role in the mitochondrial beta-oxidation of short chain fatty acids. Mitochondrion
dehydrogenase
Kin of IRRE-like protein 1 Plays a significant role in the normal development and function of the glomerular permeability. Plasma membrane
Meprin A subunit alpha Hydrolysis of protein and peptide substrates preferentially on carboxyl side of hydrophobic Secreted, plasma membrane
residues.
Major urinary protein 1 Binds pheromones that are released from drying urine of males. Secreted
Nephrin Seems to play a role in the development or function of the kidney glomerular filtration barrier. Plasma membrane
Podocin Plays a role in the regulation of glomerular permeability, acting probably as a linker between the Plasma membrane,
plasma membrane and the cytoskeleton. Endoplasmic reticulum
Prohibitin Prohibitin inhibits DNA synthesis. It has a role in regulating proliferation. Mitochondrion
Dihydropteridine reductase The product of this enzyme, tetrahydrobiopterin (BH-4), is an essential cofactor for phenylalanine, Cytosol, Secreted
tyrosine, and tryptophan hydroxylases.
Regucalcin Gluconolactonase with low activity towards other sugar lactones, including gulonolactone and Cytoplasm
galactonolactone.
Na(+)/H(+) exchange Scaffold protein that connects plasma membrane proteins with members of the Nucleus, Plasma membrane
regulatory cofactor NHE-RF2 ezrin/moesin/radixin family and thereby helps to link them to the actin cytoskeleton and to
regulate their surface expression.
Acyl-coenzyme A thioesterase Acyl-CoA thioesterases are a group of enzymes that catalyze the hydrolysis of acyl-CoAs to the Cytoplasm
1 free fatty acid and coenzyme A (CoASH).
Actin, gamma-enteric smooth Actins are highly conserved proteins that are involved in various types of cell motility and are Cytoskeleton
muscle ubiquitously expressed in all eukaryotic cells.
Alpha-actinin-4 F-actin cross-linking protein which is thought to anchor actin to a variety of intracellular Nucleus, Cytoskeleton
structures.
Apoptosis-inducing factor 1 Functions both as NADH oxidoreductase and as regulator of apoptosis. Nucleus, Mitochondrion
Retinal dehydrogenase 1 Can convert/oxidize retinaldehyde to retinoic acid. Binds free retinal and cellular retinol-binding Cytosol
protein-bound retinal (By similarity).
Aspartoacylase Catalyzes the deacetylation of N-acetylaspartic acid (NAA) to produce acetate and L-aspartate. Nucleus, Cytoplasm
Creatine kinase B-type Reversibly catalyzes the transfer of phosphate between ATP and various phosphogens (e.g. Cytoplasm
creatine phosphate).
Collagen alpha-1(VI) chain Collagen VI acts as a cell-binding protein. Extracellular matrix
Cytochrome c1 This is the heme-containing component of the cytochrome b-c1 complex, which accepts electrons Mitochondrion
from Rieske protein and transfers electrons to cytochrome c in the mitochondrial respiratory
chain.
a N(G),N(G)-dimethylarginine Hydrolyzes N(G),N(G)-dimethyl-L-arginine (ADMA) and N(G)-monomethyl-L-arginine (MMA) which | Cytosol, Secreted
) dimethylaminohydrolase 1 act as inhibitors of NOS.

Desmin

Muscle-specific type Il intermediate filament essential for proper muscular structure and
function.

Plasma membrane, Nucleus

Dipeptidyl peptidase 4

Cell surface glycoprotein receptor involved in the costimulatory signal essential for T-cell receptor
(TCR)-mediated T-cell activation.

Secreted, Plasma membrane,
Cell junction

Elastin

ajor structural protein of tissues such as aorta and nuchal ligament, which must expand rapidly
and recover completely.

Extracellular matrix

GRB2-related adapter protein

Couples signals from receptor and cytoplasmic tyrosine kinases to the Ras signaling pathway.

Cytosol, Plasma Membrane

3-hydroxyisobutyrate

3-hydroxy-2-methylpropanoate + NAD+ = 2-methyl-3-oxopropanoate + NADH.

Mitochondrion

dehydrogenase

Hydroxymethylglutaryl-CoA This enzyme condenses acetyl-CoA with acetoacetyl-CoA to form HMG-CoA, which is the Mitochondrion
synthase substrate for HMG-CoA reductase.

Galectin-1 Lectin that binds beta-galactoside and a wide array of complex carbohydrates. Extracellular matrix

Lactadherin

Plays an important role in the maintenance of intestinal epithelial homeostasis and the promotion
of mucosal healing.

Secreted, Membrane

Myosin regulatory light chain 2

Contractile protein that plays a role in heart development and function (By similarity).

n.a.

Ornithine aminotransferase

This protein is involved in step 1 of the subpathway that synthesizes L-glutamate 5-semialdehyde

Mitochondrion




from L-ornithine.

Periostin

Induces cell attachment and spreading and plays a role in cell adhesion

Golgi apparatus, Secreted,
Extracellular matrix

Peroxiredoxin-1

Thiol-specific peroxidase that catalyzes the reduction of hydrogen peroxide and organic
hydroperoxides to water and alcohols, respectively.

Cytoplasm

cAMP-dependent protein
kinase catalytic subunit beta

Mediates cAMP-dependent signaling triggered by receptor binding to GPCRs.

Nucleus, Plasma membrane,
Cytoplasm

Sorbin and SH3 domain-
containing protein 2

Adapter protein that plays a role in the assembling of signaling complexes, being a link between
ABL kinases and actin cytoskeleton.

Plasma membrane

Sorbitol dehydrogenase

Converts sorbitol to fructose.

Mitochondrion

Transgelin-2 [2x]

n.a.

Cytosol, Secreted

Tubulointerstitial nephritis
antigen

Mediates adhesion of proximal tubule epithelial cells via integrins alpha3-betal and alphaV-beta3.

Basement membrane

Tropomyosin alpha-1 chain

Binds to actin filaments in muscle and non-muscle cells.

Cytoskeleton

Pantetheinase

Amidohydrolase that hydrolyzes specifically one of the carboamide linkages in D-pantetheine thus
recycling pantothenic acid (vitamin B5) and releasing cysteamine.

Plasma membrane

*, From Uniprot; n.a., not available.
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Acute Kidney Injury
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Analysis of multimolecular Identification of Development/ Assessment of Improved
changes in human disease = multimolecular similarity Evaluation disease progression translatability
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