
Chapter 10
Evolution of the Urinary Proteome During
Human Renal Development
and Maturation

Zi Wang and Mingxi Li

Abstract Renal development process in human is divided into 3 successive stages:
pronephros, mesonephros, and metanephros. The tubules continue to mature for
1–2 year after birth. Research of urinary proteome during human renal development
is still lacking. Most urine proteome studies focus on postnatal renal maturation
period. A comparison between full-term infant and adult urinary protein pattern
identified 648 infant-enriched protein spots, of which most were involved in cellular
turnover and metabolism. The study of preterm infant urinary proteome compared
with term infants suggests elevated IGFBP-1, IGFBP-2, and IGFBP-6, monocyte
chemotactic protein-1, CD14, and sialic acid-binding Ig-like lectin 5 during
nephrogenesis. Research in several congenital kidney and urinary tract anomalies,
ureteropelvic junction obstruction and autosomal dominant polycystic kidney dis-
ease, has discovered novel biomarkers, which may help to imply the mechanisms
underlying inherited disorders. Future exploration of urinary proteome evolution
during renal maturation is needed and will help to find novel biomarkers specially
suiting pediatric renal diseases.
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10.1 Introduction

Discovery of novel therapeutic targets and strategies to slow or reverse kidney
injury process require an understanding of the molecular mechanisms that underlie
kidney development [12]. In the past few decades, researchers mainly rely on
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molecular and biochemical techniques to explore individual genes and molecular
pathways involved in normal renal development. The information has reinforced
our understanding of different developmental disorders such as renal agenesis and
renal dysplasia.

As a newly emerged discipline, urinary proteome analysis has been extensively
applied to the discovery of diagnostics and prognostic disease biomarkers. In humans,
while all segments of the nephron are present at birth, maturation of the tubule
continues in the postnatal period [3]. Although there is a lack of enough literature
toward the research of the urinary proteome during renal development, previous work
on normal rat urine has demonstrated that the urinary proteome undergoes significant
changes from birth (0 days) to adulthood (>30 days) [10].Thus, the human urinary
protein patterns may change over time during late nephrogenesis and early postnatal
renal maturation. Analysis of urinary proteins will offer a unique window into
dynamically changes in renal developmental processes.

10.2 Human Renal Development and Maturation

Like other vertebrates, human kidney derives from the intermediate mesoderm of
the urogenital ridge, a structure along the posterior wall of the abdomen in fetus
[18]. Three successive stages, the pronephros, the mesonephros, and the meta-
nephros, are gone through and mature kidney eventually emerges. From the
beginning of pronephros development at 22-day gestation to the completion of
nephrogenesis and tubulogenesis at 32- to 36-week gestation, full-term infants will
get a complete endowment of nephrons, varying widely from 250,000 to 1.8 million
per kidney, and do not form new nephrons after birth [8, 16].

Up to this point, the whole process is defined as renal development, of which
metanephros transformation attracts the most research interest. From 5 week, a
series of reciprocal inductive interactions occur between metanephric mesenchyme
(MM) and epithelial ureteric bud (UB). Upon invasion of UB into the MM, signals
from MM cause UB to undergo dichotomous branching, giving rise to the urinary
collecting system. MM is also induced by the signals back from UB to condense
along the surface of UB, fulfilling the mesenchymal–epithelial transition [12].
Simultaneously, interactions between epithelial and mesenchymal cells lead to a
coordinated development of multiple highly specialized stromal, vascular, and
epithelial cell types [15]. Previous molecular studies have implied many growth
factors and signal pathways are involved in this process.

Tubules of neonatal kidney continue to maturate for an additional 1–2 year in the
postnatal period to achieve the adult glomerular filtration rate, which is approxi-
mately 50 times that of neonatal kidney [1]. Some nephron segments change in
abundance of transporters, while others change in transporter isoforms, paracellular
permeability, or intracellular signaling that regulate the transporter [3]. All these
mechanisms work together to achieve the expansion of glomerular filtration
function.
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10.3 Proteomic Analysis of Human Renal Development
and Maturation

Urinary proteome can change under pathological conditions or alter because of
normal physiologic variations. However, to date, few studies have examined the
effect of normal renal development and maturation process on complete urine
protein expression. Obviously, the bottleneck for conducting developmental urine
proteome research is the basic fact that researchers cannot even obtain qualified
urine samples before the full completion of glomerulogenesis and tubulogenesis.
Currently, most published urine proteome studies focus on postnatal renal matu-
ration period.

Froehlich et al. [7] published their work in 2013. Their group compared the
urinary proteome of 6 healthy adult males (mean age: 31.7 years) with 6 healthy
full-term infant males (mean age: 1.0 year) and identified three datasets. Seven
hundred and eight proteins were commonly identified in both cohorts; 228 proteins
were detected only in the adult samples, and 648 proteins were identified exclu-
sively in infants. Of the 708 commonly presented proteins, 136 were significantly
enriched in urine from adults and 94 were significantly enriched in urine from
infants. Using gene ontology, it turned out that infant-enriched or infant-specific
subproteome (743 proteins) had an over representation of proteins that are involved
in translation and transcription, cellular growth and metabolic processes. In con-
trast, the adult-enriched or adult-specific subproteome (364 proteins) showed an
overexpression of proteins involved in immune response and cell adhesion.

This study suggests cellular turnover and metabolism are increased in infants, in
accordance with the postnatal tubular maturation theory. Further explorations are
needed to identify biomarkers associated with renal maturation. Moreover, these
data highlight the importance of age matching in urinary proteomics.

Due to the technical bottleneck mentioned above, there is only one study
focusing on the renal development in fetus up to now, which was conducted by
Charlton et al. [4]. They collected urine samples at birth and over 12 month from
preterm (33–35 week) and term (38–40 week) infants. Utilizing a combination of
G2000 antibody array and enzyme-linked immunosorbent assay, preterm infants at
birth were found to have relatively elevated levels of insulin-like growth factor
binding protein (IGFBP)-1, IGFBP-2 and IGFBP-6, monocyte chemotactic protein-
1, CD14, and sialic acid-binding Ig-like lectin 5 (Siglec-5). Elevated levels of
multiple members of the IGF family support the critical role for this family of
growth factors during nephrogenesis, which is consistent with the results of pre-
vious animal studies [5]. MCP-1, CD14, and Siglec-5 are considered markers of
inflammation and were unanticipated findings.

As nephron formation continues until 36 week gestation, these 33- to 35-week
preterm infants could possibly offer biomarker clues for renal development. Yet, it
should be noted that variations seen in the markers may also represent changes in
adaptations to extra-uterine environmental stresses that are related to preterm
delivery, which is actually abnormal situations.

10 Evolution of the Urinary Proteome … 97



10.4 Biomarker Discovery from Urine Proteome
in Congenital Anomalies of Kidneys and Urinary
Tract

Studies of urine proteome profiles under the pathological renal developmental
processes may help to imply the mechanisms underlying inherited anomalies of
kidneys and urinary tract and discover novel biomarkers for clinical diagnoses and
prognosis evaluation. Of this recently emerged research area, the most prominent
researches are as follows:

1. Ureteropelvic junction obstruction (UPJO):
UPJO occurs during early kidney development and affects renal morphogenesis,
maturation, and growth [19], which is the most common prenatally detected
disease leading to hydronephrosis [13]. Previous studies showed obstruction
may affect the formation of nephrons. Although the decreased obstructed kidney
function later normalizes, preexisting structural changes may in later years
reduce the functional capacity of the kidney [6]. Researchers are challenging to
distinguish those patients with severe diseases needing urgent surgical inter-
vention out from others under rather stable conditions by utilizing urinary
biomarkers. Previously, investigators have examined the cytokines already
known to be up- or downregulated in UPJO or other nephropathy to find
potential urinary biomarkers. Several widely known biomarkers screened out in
this way are summarized in Mia Gebauer Madsen et al’s review published in
2010 [11]. They are transforming growth factor β1 (TGF-β1), N-Acetyl-β-D-
glucosaminidase (NAG), monocyte chemotactic peptide-1 (MCP-1), epidermal
growth factor (EGF), and endothelin-1 (ET-1) (Table 10.1). Some of these
biomarkers have also been tested in clinical studies.
Recently, Hrair-George O. Mesrobian et al. obtained urine specimens from 21
healthy infants with normal maternal/fetal ultrasound and 25 infants with grade
IV unilateral ureteropelvic junction obstruction. Samples from the 2 groups were
subjected to liquid chromatography/tandem mass spectrometry analysis. They
found 31 proteins significantly different in abundance at 1 to 6 months and 18 at
7 to 12 months compared to age-matched controls. All of the 5 biomarkers in
Table 10.1 were observed with the notable exception of TGF-β1 [14]. This study
utilizes the most advanced urinary proteome analysis technology to find more
information about specific proteins and peptides in UPJO, which may allow for
more accurate diagnosis and disease stratification. Moreover, these dynamically
changing protein profiles between UPJO and control groups also provide clues
into the pathological mechanism underlying clinical manifestation.

2. Autosomal dominant polycystic kidney disease (ADPKD):
ADPKD is an inherited disorder affecting 1 in 1,000 people and responsible for
10 % of cases of the end-stage renal disease (ESRD) [2]. The disease is caused
by mutations in the PKD1 (85 % of cases) or PKD2 gene (15 % of cases). The
precise processes leading to cyst formation and loss of renal function remain
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incompletely understood. Early diagnosis would be of benefit for efficient
planning of therapy. Kistler [9] and other colleagues published their results in
2009. Using capillary electrophoresis and mass spectrometry, they analyzed
urinary samples from 17 ADPKD patients and compared with 86 samples from
age- and sex-matched apparently healthy controls. After a series of selecting and
eliminating procedures, 38 proteins were eventually identified as biomarkers,
most of which were collagen fragments. This suggests that there is high turnover
of extracellular matrix proteins. Uromodulin peptides, previously implicated in
tubular injury, were also found in the urine specimens. A support vector
machine (SVM)-based model was then created by combining these 38 bio-
markers and including additional controls to enable high specificity. This model
applied to an independent masked dataset of 24 cases and 35 healthy controls
discriminated ADPKD from controls with 87.5 % sensitivity and 97.5 %
specificity (AUC: 0.95). Moreover, the model remained with a high sensitivity
and specificity when additionally tested in normal controls, patients with dif-
ferent chronic renal diseases, with bladder cancer, with renal cell cancer and
elderly group (aged >60).
Although the diagnosis of ADPKD is in most cases easily established based on
an age-dependent cystic renal phenotype and a positive family history [17],
there is considerable inter- and intrafamilial variability in the rate of progression
to kidney failure. Physicians could utilize this technique of urinary proteome to
select patients with rapidly progressive disease for more radical treatments,
while avoiding exposing patients with mild disease to expensive and unneces-
sary therapies with potential side effects.

Table 10.1 Potential urinary biomarkers in prenatally diagnosed unilateral hydronephrosis [11]

Urinary
biomarkers

Localization in the kidneys Function in the kidneys Level in the
urine from
children with
UPJO

TGF-β1 Renal tubular epithelial cells,
macrophages, and interstitial
fibroblasts

The main modulator of
the healing process after
tissue injury

Increased

NAG Renal tubular epithelial cells An indicator of tubular
damage

Increased

MCP-1 Renal tubular epithelial cells Chemotactic and acti-
vating factor for
monocytes

Increased

EGF Renal tubular epithelial cells Mediator of normal tub-
ulogenesis and tubular
regeneration after injury

Decreased

ET-1 Glomeruli and inner medullary
collecting ducts and in the
endothelium of renal vessels

Endogenous
vasoconstrictor

Increased
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10.5 Conclusions and Future Place

Urinary proteome analysis has been increasingly investigated to provide promising
results concerning molecules participating human renal development, adding to our
understanding of the mechanisms and pathophysiology underlying diseases. We
expect more determination of important protein elements in signaling pathways.
Developmental urine proteome is especially widely applied in investigating bio-
markers of congenital renal anomalies. Since differences of urinary proteome pat-
terns exist among different age groups, a deeper exploration of urinary proteome
evolution during renal maturation will help to find novel biomarkers specially
suiting pediatric renal diseases. Future contributions are still needed to better
understand the series of events culminating in the formation of mature metanephros
in humans. Emerging knowledge in this area will link top basic research to clinical
setting in the coming years.
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