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Abstract

Chronic kidney disease (CKD) affects 30 million adults, costs
~$79 billion dollars (2016) in Medicare expenditures, and is
the ninth leading cause of death in the USA. The disease is
silent or undiagnosed in almost half of people with severely
reduced kidney function. The urine provides an ideal bio-
fluid thatis accessible to high-sensitivity mass spectrometry-
based proteomic interrogation and is an indicator of renal
homeostasis. While the accurate and precise diagnosis and
better disease management of CKD can be aided using urine
biomarkers, their discovery in excessive protein or nephrotic
urine samples can present challenges. In this work, we pres-
ent a mass spectrometry-based method utilizing multiplex
tandem mass tag (TMT) quantification and improved protein
quantification using reporter ion normalization to urinary
creatinine to analyze urinary proteins from patients with a
form of nephrotic syndrome (focal segmental glomerulo-

sclerosis [FSGSI). A comparative analysis was performed for
urine from patients in remission (RM) versus active disease
(DX) flare. Two-dimensional LC-MS/MS TMT quantitative
analysis identified over 1,058 urine proteins and 580 pro-
teins with 2 peptides or greater and quantifiable. Normaliza-
tion of TMT abundance values to creatinine per ml of urine
concentrated reduced variability in 2D-TMT-LC-MS/MS ex-
periments. Univariate and multivariate analyses showed that
27 proteins were significantly increased in a proteinuric DX
flare. Hierarchical heatmap clustering showed that SERPI-
NA1 and ORM1 were increased >1.5-fold in active DX versus
RM urine samples. ELISA validation of SERPINAT and ORM1
abundance agreed with our quantitative TMT proteomics
analysis. These findings provide support for the utility of this
method for identification of novel diagnostic markers of CKD
and identify SERPINAT and ORM1 as promising candidate di-

agnostic markers for FSGS. © 2022 The Author(s)
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Introduction

For this report, we analyzed urine samples from patients
with focal segmental glomerulosclerosis (FSGS) as proof of
principle of development of an innovative method for iden-
tifying novel diagnostic markers for chronic kidney disease
(CKD). There are two general classifications of CKD, ne-
phritic and nephrotic syndrome [1]. Nephritic syndrome
(i.e., IgA nephropathy and lupus nephritis) is characterized
by inflammation of the glomeruli and <3.0 g/day proteinuria.
Nephrotic syndrome (i.e., diabetic nephropathy, membra-
nous nephropathy, and FSGS) develops as damage to glo-
meruli, resulting in massive proteinuria (>3.0 g/day) and
edema. Progression of all forms of CKD is monitored by
changes in proteinuria, serum creatinine, and estimation of
the glomerular filtration rate. The gold standard for differen-
tial diagnosis is percutaneous kidney tissue biopsies and his-
tological characterization of cellular and extracellular pro-
teins in the renal tubules and glomeruli [2, 3]. Often, even
with histopathology and other clinical data, a clear diagnosis
is notachievable, and the clinician is left to attempt treatment
with protocols developed for populations and not individu-
als. In light of this, implementation of novel urine protein
biomarkers could help to improve our understanding of re-
nal pathology and increase diagnostic accuracy.

Urinary biomarkers have been useful toward predic-
tion of renal function decline in CKD. Peptide markers
consisting of 273 urinary peptide fragments (CKD273)
from CKD patients were more predictive of renal function
decline than albumin [4, 5]. Extracellular matrix proteins,
including remodeling proteins (MMP-2 and MMP-9),
have been detected in the urine of FSGS patients in asso-
ciation with corticosteroid resistance in nephrotic syn-
drome of pediatric populations [6]. Changes in collagen
deposition and degradation are indicative of defects in ex-
tracellular matrix remodeling in renal diseases and would
be useful in determining the progression of the disease [7,
8]. These findings suggest other markers or composite
markers of progressive kidney disease could be valuable
and relevant to detection of specific renal diseases and aid
in accurate diagnosis and efficacious treatment regimens.

Unbiased identification and quantitation of biomarkers
can be accomplished by utilizing proteomics and mass
spectrometry-based approaches. These methods are global
and sample directly from biofluids with minimal process-
ing. Proteins are readily extracted from urine using filter-
aided sample preparation (FASP) where buffer is exchanged
and protein is concentrated then reduced and alkylated fol-
lowed by protease digestion into peptide fragments that are
fractionated by chromatography and identified by mass
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spectrometry [9, 10]. High-sensitivity mass spectrometry
provides deep proteome coverage and the option to employ
quantitative isobaric tagging methodologies. The large dy-
namic range of protein concentrations in the nephrotic syn-
drome urine requires either depletion techniques to remove
overrepresented proteins or isobaric tagging approaches
combined with multidimensional chromatographic resolu-
tion of peptides. Depletion approaches have been shown to
have little effect on overall identification of proteins when
combined with sufficient peptide chromatographic (LC)
fractionation preceding MS analysis [11, 12]. Isobaric tag-
ging methods allow for more comprehensive analysis of the
urine proteome and avoid potential co-depletion of impor-
tant low-abundance proteins. Analyzing the unaltered pro-
teome improves the chances of determining the contribu-
tion of low-abundance markers of the disease and dramati-
cally improves sample processing speed or the overall
throughput rate. High-abundance protein depletion in
urine has been applied and appears to show little to no im-
provement in overall identification of proteins regardless of
proteinuria [11-13]. Effects of depletion actually appears to
indicate reduced identification rates, especially in protein-
uric samples, suggesting co-depletion under high protein
concentration circumstances that may actually have a del-
eterious effect on overall identification [13, 14]. This is like-
ly due to co-depletion of peptides and proteins that bind to
high-abundance blood carrier proteins, such as albumin.

Biomarker identification and quantitation can be
achieved using a label-free MS/MS or isobaric tagging
methodology. Tandem mass tagging (TMT) methods im-
prove throughput by multiplexed simultaneous sample
analysis and reduces variability toward a quantitative
platform for comparative analysis when compared to la-
bel-free [15, 16]. Isobaric reporter tags are cleaved during
collision-induced dissociation and detected as unique re-
porter MS/MS spectra derived from the parent ion [16-
19]. The combined efficiency and multiplexing capacity
makes TMT reporters ideal for applications in urine bio-
marker discovery. Here, we present an innovative TMT-
based mass spectrometry approach for discovery of novel
diagnostic markers for CKD.

Methods and Results

Quantitative Proteomic Approach

Figure 1 illustrates the proteomics workflow analysis of urine
from nephrotic syndrome (FSGS) patients during remission (RM)
(n = 3) and disease (DX) flares (n = 3). Urine was collected from
patients during RM following therapeutic intervention with ste-
roids and when urine protein concentrations fell to normal levels
or during the DX state when urine protein concentration was
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Fig. 1. Quantitative workflow of nephrotic
syndrome DX and RM state urine for bio-
marker identification.
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Fig. 2. Volcano plot of FSGS nephrotic DX versus RM for TMT fold differences against —~log10 (p value) urine
proteins. a Normalized TMT abundance was submitted to MetaboAnalyst 5.0 to visualize differences in FSGS
DX versus RM urine proteomes. b List of 27 significantly increased urine proteins in FSGS DX patient samples.
Included in the table are the protein name, FC, log2FC, raw-p value, and the —log10 (p value) used to generate
the volcano plot. Blue arrows indicate two proteins selected for biochemical validation. FC, fold change.
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Fig. 3. Hierarchical clustering heatmap of top 25 most significantly altered protein abundance values for replicate
TMT-ESGS MS/MS quantitative analysis in the DX versus. RM urine proteome. a Individual replicate analyses
expressed as relative abundance across each individual measurement. b Average TMT abundance signal for
grouped RM and DX for the top 25 differentially abundant protein values.

above 1,000 mg/dL (see online suppl. Table 1 for patient clinical
information; for all online suppl. material, see www.karger.com/
doi/10.1159/000522217). Urine was immediately stored at —80C
until analysis was performed. Urine was thawed and protease/
phosphatase inhibitor (HALT cocktail) was added at 1:100 (vol/
vol). Urine was concentrated, and then 50 pg of protein was
bounded to FASP filters for buffer exchange, reduction, alkylation,
and trypsin digestion. Following digestion, 25 ug of resultant pep-
tides was labeled with TMT ion reporter tags and further fraction-
ated by high pH RP-LC. Urine samples were labeled with different
TMT tags. Concatenated TMT fractions were then separated by
1-dimensional RP-LC-MS/MS into a high-resolution Q-Exactive
mass spectrometer for spectrum acquisition.

Mass Spectrometry Results

Spectra were submitted to MaxQuant (v1.6.17) to search and
filter spectra using strict FDR criteria (1% for protein decoy and
0.1% peptide matching to decoy) against a UniProt Human Review

Biomarker Analysis in Nephrotic
Syndrome

210210 database. This identified 580 proteins with 2 peptides or
more assigned and 1,058 total proteins at the 1-peptide threshold.
Subsequently, we implemented the Scaffold 5.0 Q + S software
package for comparative analysis of each DX and the RM urine
proteome sample. MetaboAnalyst 5.0 was used to filter; impute
missing values using the 1/5 minimum values rule; generate heat-
maps, volcano plots, and orthogonal-orthogonal projections to la-
tent structures discriminant analysis (0PLS-DA) graphs; and con-
duct basic statistical analysis of the sample groups.

Figure 2 shows protein levels in patient DX and RM urine pre-
sented in a volcano plot, where the x axis is log2-FC (fold change),
and the y axis is —log10 (p value). This analysis yielded 27 signifi-
cantly increased proteins in DX urine samples at >1.5-fold. Figure 3
shows hierarchical heatmap analysis in MetaboAnalyst 5.0 for each
replicate analysis limited to the top 25 most significant changing pro-
tein abundance values in (a). This analysis allows a granular view of
each replicate and the stratification of the patient by RM or the DX
state. (b) Average values from (a). Figure 4 shows multivariate analy-

Glomerular Dis 2022;2:121-131 125

DOI: 10.1159/000522217



& - Scores Plot
4 DX 8 o ox
+ RM RM
]
8 4
S = ® :
] z
g o ®
= ol o (o) (0]
& - o
o 3 5 @
S » = &
o g § e
] o :: 8 -
P 03
S 1 g 8 -
K 8 g e ) T T T T T
2 -30 -20 -10 0 10 20
-0 =20 -10 o 10 20
Component 1 (22.3 %)
Component 1 ( 22.3 %)
c d
A DX Scores Plot
- RM © DX
o RM
5 -~ O o®
2 & o e ©
R §
5 £ E
2 . = I
g o ? o
5 g
£ . :
o 3 N o)
% - -
N P 4 2 0 2 4 5 o 5
Component. (9.4%6) B e
Fig. 4. Multivariate analysis of quantitative urine proteome differences in FSGS DX versus RM patient samples for
replicate MS/MS analyses. a PLS-DA (partial-least squared discriminant analysis of DX vs. RM urine proteome com-
ponents contribution in a 3-dimensional output. b PLS-DA with 95% CI in 2-dimensional plots with DX (pink) and
RM (green). ¢ sPLS-DA 3-dimensional scores plot. d sPLS-DA in 2-dimensional scoring plot with 95% CI in pink
(DX) and green (RM). CI, confidence interval; sSPLS-DA, sparse partial-least squared discriminant analysis.
Fig. 5. ELISA validation of TMT mass spectrometry quantitation of urine proteins ORM1 and SERPINA1. Each
patient-paired DX or RM sample was measured 3 times independently by ELISA (ng/mL). a, ¢ are unnormalized,
b, d are normalized to uCr mg/mL per ml of urine. ANOVA was used to determine statistical significance with
a standard p value <0.05 accepted as the cutoftf. (For figure see next page.)
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sis of the urine proteome quantitative abundance differences in FSGS
DX and RM patients in this study. PLS-DA analysis results in Figure
5a show scoring plots indicating robust stratification of patients
based on the quantitative profile. Panel B shows the 95% confidence
interval for each patient category (pink is DX and green is RM). Pan-
el Cand D show a similar analysis using sparse PLS-DA. Each meth-
od appears to robustly segregate urine proteome abundance esti-
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mates for DX and RM patient categories, even in a small exploratory
dataset. This suggests even a large heterogeneous patient sample set
could benefit from this type of analysis.

Data Confirmation/Validation
SERPINA1 and ORMI were selected from results for data inter-
pretation and validation experiments. ORM1 (A1AG) and SERPI-
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Fig. 7. ELISA validation of SERPINA1 levels in an independent sample cohort. Each patient DX or RM sample
was measured 2 times independently by ELISA, and the average value was plotted as ng/mL. a shows unnormal-
ized SERPINALI levels, b values are normalized to uCr mg/mL per mL of urine. Student’s ¢ test was used to de-
termine statistical significance with a standard p value <0.05 accepted as the cutoff.

NAI (AIAT) were modestly increased at ~1.7- and ~1.5-fold
(Fig. 6b). Figure 6 illustrates normalization of TMT abundance val-
ues with urine creatinine (uCr) and the data variation in individual
TMT protein quantifications for ORM1 and SERPINA1. These mass
spectrometry quantitation results were validated with an ELISA assay
for SERPINA1 and ORM1 (Fig. 5) on each patient DX) and RM sam-
ple in 3 technical replicates on different days. Abundance levels are
expressed as ng/mL and normalized to uCr/mL. Notably, ORM1 and
SERPINAL1 ELISA normalization with uCr/mL markedly improved
variability in RM patient urine samples. These findings for SERPI-
NA1 were further confirmed in an independent FSGS cohort (3 DX
and 4 RM patients) Figure 7. ELISA results for SERPINA1 were sig-
nificant (p < 0.03), while normalization to uCr led to more variabil-
ity and an insignificant ¢ test (p > 0.08).

Discussion

Ultimately, we set out to identify and quantify an array of
urinary proteins from nephrotic DX and RM patients with
minimal sample processing and simple, effective post-acqui-
sition data normalization. Using urine from DX and RM pa-

Biomarker Analysis in Nephrotic
Syndrome

tients, we applied the FASP protocol and TMT labeling with
high pH chromatographic fractionation to increase coverage
of the urine proteome. Normalization of TMT reporter ion
intensities to urinary creatinine per ml concentrated urine.
Quantitation of known urinary biomarkers of CKD from a
small cohort indicates technical feasibility and usefulness of
applying this workflow in larger sample sets to interrogate the
urine biomarker proteome in depth.

The major emphasis of this study was to establish a
quantitative biomarker workflow protocol to be applied
in larger cohorts of 25-100 patient samples. The small
sample size used in our method development was not in-
tended to reach statistical thresholds beyond the capabil-
ity to detect the presence of peptides and proteins and
allow for preliminary analysis. Application of this work-
flow in larger patient sample cohorts will allow for robust
analysis and indication of potential biomarkers for more
in-depth studies and validation. The workflow presented
is straightforward and can be applied in a large-scale fash-
ion to reduce sample preparation variability (technical
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variation) and improve bulk processing of many samples
simultaneously. Throughput can be further improved by
applying a 96-well FASP approach which reduces cross
sample technical variability for larger cohorts [20].

TMT quantitation has not been routinely applied in
many human urine biomarker studies to date. One study
that successfully implemented TMT quantitative ap-
proaches to identify urinary markers of ureteropelvic
junction obstruction did identify and quantify some po-
tential pathways involved in disease pathology [21]. This
study included robust internal controls for collection of
urine from same patient unobstructed and obstructed kid-
ney and identified over 1,100 urinary proteins with 76 be-
ing differentially abundant. These proteins were involved
in oxidative stress and inflammation pathways. A follow-
up study employed proteomics methods to identify a pro-
tein signature or panel of urine biomarkers indicative of
ureteropelvic junction obstruction pathology [22]. Stud-
ies of this nature indicate the usefulness in applying quan-
titative proteomics methods in human urine to garner in-
formation about disease processes and begin cataloging
potential biomarkers and implicating pathways of further
interest. Implementation of rigorous quantitation ap-
proaches will improve the chances of finding pertinent
biomarkers in urine of patients with CKDs and other dis-
eases with effects on kidney homeostasis.

Additionally, complex protein sample analysis requires
robust isolation and fractionation techniques to properly
delve into the proteome using mass spectrometry meth-
ods [23]. In some cases, such as with high-abundance pro-
teins like albumin or uromodulin, 1-dimensional liquid
chromatography is sufficient to identify and quantify
these proteins but could miss mid-low-abundance pro-
teins. In cases where low-abundance proteins are the main
interest, more separation will be required to resolve high-
abundance protein species from the lesser abundant.

Another consideration is the potential for exosomalor
decoy-cell contamination, and our data could contain
proteins from decoy cells or other membrane-bound
components shed into urine and must be considered in
the final candidate biomarker selection process. Another
caveat to consider, in comparison to label-free analysis, is
that TMT affords multiplexing analysis with the im-
proved reproducibility and throughput. Label-free spec-
tral counting can dig deeper into the proteome and in-
crease single-peptide identifications but leads to higher
variability and diminished reproducibility at the lower
abundance range of the proteome.

Our current methodological study includes urine from
3 patients with nephrotic syndrome and posttreatment fol-
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low-up upon RM. The sample set, though small, is ideal for
looking at effects of normalization on intra and inter-pa-
tient protein quantification. Normalization of quantitative
mass spectrometry data often utilizes features within the
spectra or the overall dataset (spectral counts, isotopic in-
ternal standards, TIC, etc.). Here, we employ clinical infor-
mation, specifically urinary creatinine from total volume of
concentrated urine for each sample. Different volumes of
urine were concentrated from low protein RM (6 mL) and
proteinuric urine (1 mL) to diminish potential effects of
protein loss due to adsorption to the concentrating mem-
brane. It is clear that normalization and multidimensional
fractionation can improve the ability to identify low- and
medium-abundance proteins in urine within larger sample
cohorts. In 2-dimensional analysis, we note that high-abun-
dance proteins (albumin, A1AT, etc.) are accurately quanti-
fied following normalization to creatinine but that lower
abundance proteins such as ORM1 can be more precisely
quantified in DX urine. Utilizing a clinical parameter such
as creatinine as a normalization factor integrates the effect
of urine concentration or dilution into the protein abun-
dance estimate.

Finally, it is important to consider the goals of a bio-
marker experiment and chose appropriate methodology to
achieve those goals. High-abundance proteins found in
urine can be indicators of disease but lack specificity re-
quired to distinguish pathological conditions or differences
between steroid responsive and nonresponsive patients.
Further, fractionation will decrease complexity of the urine
proteome while maintaining integrity of the components
for more robust identification rates. Although our current
methodological study is limited by small sample size, we do
utilize a normalization factor derived from clinical infor-
mation that appears to correct for biological variability
within the patient samples. Application of this workflow to
a larger sample set should yield novel and important bio-
markers to be further validated and studied in depth.
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