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Although chronic kidney disease (CKD) is common,
only a fraction of CKD patients progress to end-stage
renal disease. Molecular predictors to stratify CKD
populations according to their risk of progression
remain undiscovered. Here we applied transcrip-
tional profiling of kidneys from transforming growth
factor-f31 transgenic (Tg) mice, characterized by het-
erogeneity of kidney disease progression, to identify
43 genes that discriminate kidneys by severity of glo-
merular apoptosis before the onset of tubulointersti-
tial fibrosis in 2-week-old animals. Among the genes
examined, 19 showed significant correlation between
mRNA expression in uninephrectomized left kidneys
at 2 weeks of age and renal disease severity in right
kidneys of Tg mice at 4 weeks of age. Gene expression
profiles of human orthologs of the 43 genes in kidney

biopsies were highly significantly related (R* = 0.53;
P < 0.001) to the estimated glomerular filtration rates
in patients with CKD stages I to V, and discriminated
groups of CKD stages I/II and III/IV/V with positive
and negative predictive values of 0.8 and 0.83, respec-
tively. Protein expression patterns for selected genes
were successfully validated by immunohistochemis-
try in kidneys of Tg mice and kidney biopsies of
patients with IgA nephropathy and CKD stages [to V,
respectively. In conclusion, we developed novel mRNA
and protein expression signatures that predict progres-
sive renal fibrosis in mice and may be useful molecular
predictors of CKD progression in humans. (4mJ Pathol
2009, 174:2073-2085; DOI: 10.2353/ajpath.2009.080888)

Awareness of chronic kidney disease (CKD) and its con-
sequences has increased enormously during the past
decade as a result of the worldwide adoption of a uniform
classification system developed by the Kidney Disease
Outcomes Quality Initiative (K/DOQI)." Recent epidemio-
logical studies indicate that 16.8% of the US population
may be affected with CKD,? suggesting that CKD is far
more prevalent in the general population than previously
thought. Importantly, cardiovascular disease morbidity
and mortality are strongly associated with advanced CKD
and proteinuria before end-stage renal disease, suggest-
ing that some underlying pathomechanisms may be
shared, or interactive, between cardiovascular disease
and CKD.®®
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Progression of CKD to end-stage renal disease occurs
only in a minority of CKD patients, suggesting considerable
heterogeneity in the risk of progressive decline of renal
function in CKD. Because the K/DOQI definition of CKD
stages is based on GFR alone, the relative risk of pro-
gression of patients within each stage is not character-
ized. As a simple method of risk assessment, family
history of advanced CKD or end-stage renal disease and
the extent of proteinuria are currently the best predictors
of the risk to develop progressive CKD.®” However the
accuracy of these clinical markers is currently not suffi-
cient to predict CKD progression risk reliably, or to guide
preventive interventions. Thus, one of the most important
unmet needs in renal medicine is the identification and
validation of predictive markers of CKD progression that
facilitate targeted treatment of those at high risk, while
avoiding unnecessary treatment and the attendant finan-
cial costs in low-risk patients.®2 However, in contrast with
other disorders that are characterized by heterogeneity in
progression, in particular malignancies,® '° the develop-
ment of predictive molecular markers in CKD is limited by
the paucity of tissue-based diagnostic procedures in clin-
ical renal medicine.

Among candidate pathways mediating CKD progres-
sion, the transforming growth factor-g (TGF-B) pathway is
prominent because it controls principle pathobiological
processes associated with CKD, including fibrogenesis,
apoptosis, epithelial-to-mesenchymal transition, and in-
flammation.®'" Indeed, TGF-B and its receptors are in-
creased in most forms of CKD in humans and experimen-
tal animal models."*~'* In addition, DNA polymorphisms
of codon 10 in the TGF-B gene have been associated
with progressive CKD.'®'® Consistent with numerous
clinical studies, overexpression of TGF-B1 in transgenic
(Tg) mice can cause glomerulosclerosis and tubulointer-
stitial fibrosis.' Similar to the heterogeneity of CKD pro-
gression observed in humans, a fraction of TGF-g1 Tg
mice develop progressive glomerulosclerosis and tubu-
lointerstitial fibrosis leading to marked proteinuria, ure-
mia, and death, whereas the majority of animals manifest
moderate, nonprogressive renal fibrosis with mild pro-
teinuria and normal lifespan.’”'® The heterogeneity of
renal disease manifestations in TGF-B1 Tg mice is de-
pendent on their mixed genetic background, mimicking
the familial clustering and importance of genetic suscep-
tibility observed in CKD progression in humans.®

In this study, we combined unique experimental animal
and clinical research resources to identify and charac-
terize molecular markers as predictors of estimated glo-
merular filtration rate (eGFR) and clinical stage of CKD in
human cohorts. First, we used gene expression profiling
in cross-sectional and prospective study designs to iden-
tify and validate genes that predict heterogeneity in renal
disease progression in TGF-B1 Tg mice. In a second
step, expression values of human orthologs of these
genes, available in a unique database of human kidney
biopsies,'??° were shown to be highly-significantly re-
lated to linear GFR or K/DOQI CKD stages in human
cohorts affected with hypertensive nephrosclerosis, IgA
nephropathy, minimal change disease, or thin basement
membrane disease. Finally, immunohistochemical pro-

tein expression patterns for several markers were asso-
ciated with renal lesions in patients with CKD and IgA
nephropathy.

Materials and Methods

Mouse Models

Albumin/Tgfb1 Tg mice'®in C57BL/6J X CBA background
were maintained at the Animal Resource Center of Mount
Sinai School of Medicine. Experiments were performed ac-
cording to an approved protocol of the institutional animal
care and use committee.

Kidney Total RNA Isolation

Harvested mouse kidneys were homogenized in Trizol
reagent (Invitrogen, Carlsbad, CA) for 40 seconds using
PowerGen125 (Fisher Scientific, Pittsburgh, PA) at max-
imum speed. Total RNA was isolated according to the
manufacturer’s protocol. Quality and quantity of total RNA
was checked by Bio-analyzer (Agilent, Santa Clara, CA).

Histological Analysis

Harvested kidneys were embedded in paraffin after fixing
in 10% formalin overnight and then sectioned at 4-um
thickness. Periodic acid-Schiff (PAS)-stained sections
were examined for glomerulosclerosis, mesangial expan-
sion, tubular atrophy, and interstitial inflammation. For in situ
detection of macrophage, anti-Mac-3 (BD Biosciences
Pharmingen, San Jose, CA) was used. Anti-collagen |
(Biogenesis, Mill Creek, WA) antibody was used to detect
collagen accumulation. Apoptotic nuclei were detected
by terminal dUTP nick-end labeling (TUNEL) assay
(Chemicon, Temecula, CA), as described previously.?
At least 50 glomeruli per kidney were evaluated by two
renal pathologists in a blinded manner. Glomerulosclero-
sis was scored as proportion of glomeruli with sclerosis
relative to all glomeruli examined per mouse. Ten x40
fields were scored for tubular atrophy/dilation/casts and
for interstitial or perivascular inflammation for each
mouse on the following scale: 0 = none, 1 = <25% of
tubules/vessels with tubular features or adjacent mono-
nuclear cells, 3 =50% and 4 = 75% of tubules/vessels
with those features or with adjacent mononuclear cells.
Mean value was used for tubular and interstitial score.
Other semiquantitative histopathological scores in-
clude: Mac-3 positive cells per tubular interstitial high-
power field, Col1al-positive cells per total glomerular
area (%), TUNEL-positive cells were counted as podo-
cytes when residing on the outer aspect of PAS-positive
basement membrane. Podocyte apoptotic score was de-
fined as apoptotic podocyte/100 glomeruli. Cells were
counted as nonpodocyte glomerular cells when residing
inside the outer aspect of PAS-positive basement mem-
brane. Nonpodocyte glomerular apoptotic score was de-
fined as apoptotic nonpodocyte glomerular cells/100 glo-
meruli. Tubular interstitial apoptotic cell was defined as
apoptotic cells/per tubular interstitial high-power field. All



of these methods have been previously reported from this
laboratory.?223

Uninephrectomy

Two-week-old mice were anesthetized with isoflurane. After
removing hair from the left flank, an incision was made and
left kidney was decapsulated, ligated with silk suture, and
excised. The area was cleansed with antimicrobial agent
Amerse (ConvaTec, St. Louis, MO), and the flank incision
was sutured closed. Total RNA was isolated from the left
kidneys and grt-polymerase chain reaction (PCR) was per-
formed for gene expression analysis. At 4 weeks of age,
these mice were euthanized and the right kidneys were
harvested. A half of the right kidney was snap-frozen for
RNA isolation, and the other half was fixed in 10% normal-
buffered formalin for histopathological studies.

Quantitative Real-Time (qrt) PCR

One ng of kidney total RNA was reversely transcribed
into single strand cDNA. The grt-PCR was performed as
described previously.?* Expression of Gapdh and B-actin
was used to normalize the sample amount.

cDNA Microarray

Mouse cDNA arrays (9M series) were obtained from the
Albert Einstein College of Medicine cDNA Microarray Facil-
ity (www.aecom.yu.edu/home/molgen/facilities.html). Each
slide contained an unbiased, random collection of 8976
cDNA probe elements derived from the sequence-verified
GEM1 clone set (Incyte Genomics, Palo Alto, CA). Microar-
ray procedures were performed as previously described.?®
For each hybridization cDNA was prepared from RNA sam-
ples obtained from individual kidneys from Tg or Wt mouse
(Cy3-labeled) and co-hybridized with a standard reference
cDNA prepared from age-matched, pooled RNA obtained
from wild-type mouse kidneys (Cy5-labeled).

Data Processing of Murine Data
Preprocessing and Normalization

In the preprocessing step, the signal intensities were
not background subtracted because of the local nature in
which background intensity was calculated. All spots
flagged during the scanning and quantification steps
were removed from further analysis. The array had a
scarcity of negative controls preventing an is expressed
threshold from being set. The data were normalized using
a within-slide scaled loess normalization that corrects for
print-tip effects.

Tg (Progressive) versus Tg (Nonprogressive)
Comparisons

The strength of the correlation (using Spearman coeffi-
cients) among phenotypic traits in the Tg group was used to
determine informative traits. The Tg mice were then clus-
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tered using hierarchical sampling based on a phenotypic
similarity metric for podocyte apoptosis. Rank order statis-
tics and permutation tests were used to compare expres-
sion patterns among the different Tg animals. Finally, bi-
clustering was done to identify subsets of genes and
samples that when one is used to cluster the other, stable
and significant partitions emerge. This allows utilization of
both the phenotypic and expression matrices.

Clustering Analysis

Hierarchical cluster dendrograms were generated with
TIGR Multiexperiment Viewer software (The Institute for
Genomics Research, Rockville, MD) by using Manhat-
tan distance metrics and bootstrapping protocols for
resampling.

Immunohistochemistry Staining

Immunohistochemistry staining was performed using
Vectastain ABC systems (Vector Laboratories, Burlin-
game, CA) and anti-Ncf2 (Santa Cruz Biotechnology Inc.,
Santa Cruz, CA), anti-ltgb5 (Abcam, Cambridge, MA),
anti-Bgn (Abcam), anti-Col6a1 (Santa Cruz), anti-S100a6
(Santa Cruz), anti-Dkk3 (Santa Cruz), anti-Slc13a3 (Ab-
cam), and anti-Mpv17I1 (affinity-purified in our laboratory?®)
antibodies. Images were generated by Zeiss (Thornwood,
NY) Axioskop microscope in Mount Sinai Medical Center.

Gene Expression Analysis of Human Renal
Biopsies

Microdissection and RNA Isolation

After renal biopsy, the tissue was transferred to RNase
inhibitor and microdissected into glomerular and tubular
fragments. Total RNA was isolated from microdissected
tubulointerstitial and glomerular tissue as previously
described.?”

Target Preparation

A total of 300 to 800 ng of total RNA was reverse-
transcribed and linearly amplified according to a protocol
previously reported.?® The fragmentation, hybridization,
staining, and imaging were performed according the Af-
fymetrix (Santa Clara, CA) Expression Analysis Technical
Manual.

Image files were initially obtained through Affymetrix
GeneChip software. Subsequently, robust multichip anal-
ysis was performed using RMAexpress. Robust multichip
analysis is an R-based technique using the Affymetrix
microarray image file and is comprised of three steps:
background adjustment, quartile normalization, and
summarization. The expression values for the Affymetrix
probesets are reported as log2 transformed.

Affymetrix-based gene expression profiling was per-
formed as described in detail.?® In brief, human renal
biopsy specimens were procured in an international mul-
ticenter study, the European Renal cDNA Bank-Kroener-
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Table 1. Quantitative Analysis of Extracellular Matrix Accumulation, Inflammation, and Apoptosis in Wild-Type (Wt) and TGF-B1
Transgenic (Tg) Mice
Parameters Tg6 Tgb Tg2 Tg3 Tg7 Tg1 Tg4 Wit1 Wt2 Wt3 Wt4 Wit5
Coltat 0.20 0.22 0.34 0.21 0.37 0.25 0.20 0.00 0.00 0.00 0.00 0.00
Mac-3 0.00 0.00 2.00 1.00 1.00 0.00 1.00 0.00 0.00 0.56 0.56 0.56
GA 0.00 2.22 4.77 10.00 13.16 16.67 22.73 0.00 2.03 0.36 0.91 0.00
TIA 1.60 1.42 1.40 1.15 3.05 2.67 1.09 0.17 0.61 1.21 0.48 0.22

Collat, collagen | a-1-positive area, presented as fraction of Col1ai-positive area per total glomerular area; Mac-3, presented as Mac-3-positive
cells per high-power field; GA, glomerular cell apoptosis was scored as apoptotic glomerular cells/100 glomeruli; TIA, tubular interstitial apoptosis was
defined as apoptotic cells/per tubular interstitial high-power field based on TUNEL assay.

Fresenius biopsy bank (see the Acknowledgments for
participating centers). Biopsies were obtained from pa-
tients after informed consent and with approval of the
local ethics committees.

Regression and Prediction of GFR at Time of Biopsy

Ridge regression was chosen to improve the predic-
tive potential of the model in the presence of collinearities
among the markers.?® To choose the regularization pa-
rameter with the lowest prediction error we used from the
available methods a leave-one-out cross validation. Ad-
ditionally we calculated the Pearson correlation between
the expression values and the MDRD GFR of the patient
for each probeset. To estimate significance of the corre-
lation coefficients, the false discovery rate was deter-
mined using a permutation approach.

Results

Identification of a Gene Expression Signature of
Advanced Glomerular Apoptosis Activity in
Kidneys of Tgfb1 Tg Mice

We reported previously that kidneys from 2-week-old Tg
mice were characterized by severe podocyte apoptosis
and mild mesangial expansion in some, but not all ani-
mals, while the tubulointerstitial compartment was nor-
mal.?® To identify gene expression patterns that are
associated with quantitative measures of apoptosis,
extracellular matrix accumulation, or inflammatory cell
infiltrates at the early stage of progressive renal disease
in this model, respectively, we performed microarray and
detailed quantitative phenotype analysis in wild-type and
Tgfb1 Tg mice. Matrix accumulation and tubulointerstitial
inflammation were assessed by quantitative digital anal-
ysis of a-1-collagen 1 and Mac3 immunohistochemistry,
respectively. Glomerular and tubulointerstitial cell apo-
ptosis rates were quantitated by TUNEL assay. With ex-
ception of glomerular apoptosis rates, the quantitative
phenotype markers were either not significantly different
among Tg mice (glomerular anti-Col1a1 labeling), and/or
not significantly different when compared with wild-type
mice (tubulointerstitial apoptosis and anti-Mac3 labeling)
(Table 1). In contrast, glomerular apoptosis rates (GA)
were sufficiently variable to separate Tgfb1 Tg mice into
two groups as defined by GA less than threefold (Tg2,
Tgb, Tg6), or more than threefold (Tg1, Tg3, Tg4, Tg7) of

maximum value observed in wild-type control mice, re-
spectively (Table 1). To identify the genes that are differ-
entially expressed in the two groups, we performed linear
discriminant analysis®® on expression patterns of 9000
genes. Linear discriminant analysis is a statistical method
usually used to find the linear combination of features that
best separate two or more classes of objects or events.
Linear discriminant analysis revealed 43 genes with sig-
nificantly different expression patterns between Tg mice
with GA less than threefold and more than threefold of
wild-type control (see Supplementary Table S1 at http://
ajp.amipathol.org). Quantitative assays for these 43
genes were developed to quantitate their mRNA levels in
three additional studies and to evaluate their potential
utility as molecular classifiers and/or predictors of pro-
gressive renal disease.

Validation of 43-Gene Expression Signature to
Classify Tubulointerstitial Disease Heterogeneity
in Older Tgfb1 Tg Mice

By 4 or 6 weeks of age, histopathological manifestations
of progressive renal disease, including tubular atrophy
and interstitial inflammation, were established and highly
variable in Tgfb1 Tg mice (see Supplementary Table S2
at http://ajp.amipathol.org). Next, we asked the question if
the expression patterns of the 43-geneset in 4- and
6-week-old mice is able to classify the mice by progres-
sion of histopathological manifestations in the kidney. We
chose to use an interrelated two-way (that is, genes
against mice) hierarchical clustering method using unsu-
pervised approach. The goal of clustering is to find im-
portant gene patterns and perform cluster discovery on
experimental mice. The advantage of this approach is
that we can dynamically use the relationships between
the groups of genes and mice while iteratively clustering
through both gene dimension and experimental mouse
dimension. We applied unsupervised two-way hierarchi-
cal clustering, based on expression profiles of the 43-
geneset, to an independent set of 4- and 6-week-old
wild-type (10 mice) and Tgfb1 Tg (18 mice). To show the
reliability of the clusters, we performed bootstrapped
cluster analysis (the bootstrap is widely accepted as a
method to assess the reliability of reconstructed phylo-
genetic trees®' using the TMEV (TIGR Multiple Experi-
ment Viewer) program®? and we could demonstrate that
expression profiles of 43-geneset reliably identified a
highly-significant (100% reproducibility) cluster of 9 ani-
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Figure 1. A: Bootstrapped hierarchical clustering analysis of 10 wild-type
and 18 Tg mice based on expression values of the 43 genes at 4 and 6 weeks
of age. Gene expression values were acquired from ¢cDNA microarray data.
Transcripts are annotated with gene symbol. The individual experimental
mouse was labeled as “age-Mouse ID.” Black line of the supporting tree
indicates the cluster is 100% reproducible. B: Scatter plot graph of the
histopathological score (evaluated by level of tubular atrophy and interstitial
inflammation based on PAS staining) of individual mouse in groups I, II, and
111, as clustered by bootstrapped hierarchical clustering analysis in A. De-
tailed scoring method is described in Materials and Methods. C: Distribution
of experimental mice of group I + II and group III as defined by gene
expression profile in nonprogressor or progressor as defined by histopatho-
logical scores (mouse is classified as progressor if the semiquantitative
histopathological score is more than 2, otherwise is considered as nonpro-
gressor; nonprogressor subgroup includes wild-type mice).

mals (cluster Ill) among 18 Tgfb1 Tg mice and 10 wild-
type mice (Figure 1A).

Semiquantitative scores for tubular atrophy (TA) and
interstitial-perivascular inflammation (IPI) were tightly
correlated in 4- to 6-week-old Tgfb1 Tg mice and com-
bined to calculate a composite tubular progression
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score (TA+IPI) in all animals of this set (see Supple-
mentary Table S2 at http://ajp.amipathol.org). The com-
posite tubular progression score was significantly
higher in cluster Il (median, 4.0) compared with cluster
II' Tgfb1 Tg mice (median, 0.4) (P = 0.00015) and
cluster | (wild-type mice) (Figure 1B). A cut-off value of
2.0 of the composite tubular progression score classi-
fied Tgfb1 Tg and wild-type mice into progressive
(cluster Ill) and nonprogressive (clusters I, 1) groups
with 88.9% and 95% sensitivity and specificity, respec-
tively (Figure 1C). These findings indicate that the 43-
geneset classified advanced versus mild tubulointer-
stitial progression of renal disease with high sensitivity
and specificity in an independent set of older Tgfb1
Tg mice.

Identification of Prospective Predictor
Expression Signatures for Progressive Renal
Fibrosis in Tgfb1 Tg Mice

Next we devised a longitudinal study to examine the corre-
lation and predictive values of gene expression profiles
obtained among the 43-geneset in left kidneys removed by
uninephrectomy at 2 weeks of age, with the histopatholog-
ical manifestations in right kidneys of the same animal at 4
weeks of age. Expression levels of the 43-geneset were
determined by grt-PCR analysis of total RNA extracted from
whole kidney of 24 experimental mice (20 Tgfb1 Tg mice
and 4 wild-type mice) at 2 weeks of age and histopatholog-
ical scoring of the remaining right kidney was performed on
PAS-stained sections by three independent investigators in
a blinded manner at 4 weeks of age. F-test statistics iden-
tified 19 genes among the 43-geneset, which grouped an-
imals prospectively according to the severity of histopatho-
logical scores with statistical significance of P < 0.05 (see
Supplementary Table S3 at http://ajp.amipathol.org). Boot-
strapped unsupervised clustering demonstrated that ex-
pression profiles of 19-geneset, determined by grt-PCR of
left kidney RNA at 2 weeks of age, reliably identified a
highly-significant (100% reproducibility) cluster of 10 ani-
mals (cluster Il) among 20 Tgfb1 Tg mice and 4 wild-type
mice (Figure 2A). Histopathology scores were recorded for
each animal on a scale of 0 (normal) to 4 (global glomeru-
losclerosis and tubulointerstitial fibrosis). Scores were con-
sistent across all three investigators and the median score
for each animal was used for statistical analysis. The me-
dian of all median histopathology scores among animals
grouped in cluster Il (Tgfb1 Tg mice) was 3.0, compared
with 0 among all animals in cluster | (10 Tgfb1 Tg and 4
wild-type mice) (P = 0.000078)(Figure 2B). By assigning an
optimal cut-off value of the histopathology score between 1
and 2 for classification, the gene expression profiles for
19-geneset, as determined at 2 weeks of age, prospectively
predicted the severity of renal disease progression as as-
sessed by semiquantitative scoring in Tgfb1 Tg mice with
87.5%, 88.9%, and 86.6% accuracy, sensitivity, and spec-
ificity, respectively (Figure 2C). Thus, results obtained from
the prospective, longitudinal validation study in an indepen-
dent cohort of Tgfb1 Tg and wild-type mice demonstrated
that the 19-geneset predicted advanced versus mild pro-
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Figure 2. A: Bootstrapped hierarchical clustering analysis of uninephrecto-
mized wild-type (7 = 4) and Tg mice (1 = 20) at 4 weeks of age based on
the expression value of 19 predictive genes in their 2-week-old kidneys.
Gene expression values were acquired from 2-week-old kidneys by qrt-PCR.
Phenotypic lesions of the remaining kidneys were scored at 4 weeks of age.
B: Semiquantitative histopathological score (0 to 4) of the experimental mice
in groups I and II (clustered by expression value). C: Distribution of exper-
imental mice according to group I or IT as defined by gene expression profile
and progressor and nonprogressor by histopathological scores (mouse is
classified as progressor if the score is more than 2, otherwise is considered as
nonprogressor; nonprogressor subgroup includes wild-type mice).

gression of renal disease with high accuracy, sensitivity,
and specificity. Of note, renal TGF-B1 mRNA levels were not
significantly different between the advanced and mild
progression groups identified by 19-geneset expres-
sion signature (see Supplementary Figure S1 at http://
ajp.amipathol.org), indicating that the separation of mild and
advanced progression groups is not associated with differ-
ences in renal TGF-B1 levels between both groups.

Development of a Renal Gene Expression
Signature Related to Continuous eGFR and
CKD Stages in Human CKD Cohorts

Because the 43-geneset and a subset of 19 genes were
validated as classifier and/or predictive markers of ad-
vanced renal histopathology in two independent cohorts
of Tgfb1 Tg mice, using a cross-sectional and a longitu-
dinal study design, respectively, we devised a third val-

idation study using cohorts of humans with various
stages of CKD from the European Renal cDNA Bank-
Kroener-Fresenius Biopsy Bank (ERCB).'® Consented
ERCB participants were screened for cases with i) diag-
nostic kidney biopsies; ii) quality-controlled, high-quality
RNA/cDNA from microdissected tubular interstitial and
glomerular compartments; iii) high-quality genome-wide
expression microarray data for both, glomerular and tu-
bulointerstitial compartments;, and iv) clinical information
on medical treatments and K/DOQI stage classification
of kidney function. This screen of the ERCB database
identified patients with hypertensive nephropathy (HTN)
(n = 19), IgA nephropathy (IgAN) (n = 21), minimal
change disease (n = 1), thin membrane disease (n =
6), and unaffected, normal renal tissue from tumor
nephrectomies (n = 3) (see Supplementary Table S4 at
http://ajp.amipathol.org).

Among the 43 murine geneset, unequivocal human
orthologs were identified for 33 genes, which are repre-
sented by 59 corresponding probesets on Affymetrix
HGU133A GeneChips. 14 probesets (probing three
genes) did not pass the quality control threshold for
expression values when applied to the tubular compart-
ment samples and were excluded from further analysis.
Similarly, nine probesets (measuring two genes) did not
pass quality control threshold when applied to the glo-
merular compartment. Although the severity of progres-
sive renal disease is typically assessed in murine models
by histopathological, but not functional, parameters,
stages of human CKD are well-defined and assessed by
measured or eGFR.®® The eGFR at time of kidney biopsy
was calculated using a modified MDRD formula for all
patients eligible for this study.®* eGFR ranged from 7.58
mi/minute/1.73m? to 157.30 ml/minute/1.73m? across the
entire cohort, including tumor nephrectomy patients (n =
3) and patients with stage | (n = 8), stage Il (n = 18),
stage Il (n = 11), stage IV (n = 8), and stage V (n = 2)
as defined by K/DOQI CKD staging criteria.” %25 To test
whether the continuous actual eGFR is statistically re-
lated to the expression values of the ortholog geneset in
glomerular and/or tubular interstitial compartments, we
applied regression analysis using a ridge regression
model and leave-one-out cross validation as previously
described.??%® The glomerular expression dataset did
not achieve statistically significant relationship results of
the actual MDRD eGFR. In contrast, the tubular interstitial
expression levels for 30 human orthologs assessed by 45
probesets provided a highly-significant relationship of
continuous actual eGFR with a cross-validated R? of 0.53
(r=0.74, P < 0.001) (Figure 3A). Clinical cohort studies
demonstrate that patients with CKD stages Ill, IV, and V
(GFR < 60 ml/minute/1.73m?) have a high likelihood of
progressive CKD.® In contrast, progression of CKD in
patients with CKD stages | and Il (GFR = 60 ml/minute/
1.73m?) remains poorly defined. By assigning the clini-
cally relevant eGFR threshold of 60 ml/minute/1.73m?
between stages Il and lll as a cutoff, tubulointerstitial
expression signature of the 45 human probeset classified
patients into stage I/Il or stage Ill/IV/V groups with 83%,
80%, 86.2%, and 76.2% positive predictive value (PPV),
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Figure 3. A: Statistical analysis of functional relationship between tubuloin-
terstitial compartment gene expression and renal function in 50 CKD pa-
tients. Ridge regression analysis of tubulointerstitial compartment gene ex-
pression values (45 probeset corresponding to 30 human orthologs of the 43
mouse genes) and continuous actual eGFR (ml/minute/1.73m?) shows
significant relationship with a cross-validated B* = 0.53, P < 0.001. B:
Performance of ridge regression model as classifier of two groups of CKD
patients with measured eGFR higher or lower than 60 ml/minute/1.73m?,
respectively.

negative predictive value (NPV), sensitivity, and specific-
ity, respectively (Figure 3B).

Comparative Characterization of Marker Protein
Expression Patterns in Kidneys of Tgfb1 Tg
Mice and Patients with IgA Nephropathy

Individual tubular expression profiles for 16 genes were
significantly correlated with continuous actual eGFR by
univariate statistical analysis (false discovery rate < 0.01)
(see Supplementary Table S5 at http://ajp.amipathol.org).
Because RNA profiling of diagnostic kidney biopsies is
currently limited to research applications, we initiated
studies to examine the protein expression profiles of
gene products from these 16 genes in Tgfb1 Tg mice.
Antibodies were obtained from commercial or academic
sources where available. Their utility in immunohisto-
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chemistry of kidney sections from wild-type and Tgfb1 Tg
mice with moderate (histopathology score 1) or ad-
vanced (score 3) renal disease at 4 weeks of age was
evaluated for specificity and quality, providing satisfac-
tory results for the following antibodies: neutrophil cyto-
solic factor 2 (Ncf2), biglycan (Bgn), integrin B8 5 (Itgb5),
collagen type VI, a 1 (Col6A1), S100 calcium-binding
protein A6 (S100a6), solute carrier family 13 (sodium-
dependent dicarboxylate transporter), member 3 (Slc13a3).
and dickkopf 3 (Dkk3). In addition, we used a new antibody
for Mpv17-like protein (Mpv171), recently generated by our
group.?® Results are presented in Supplementary Figure S2
(see Supplementary Figure S2 at http://ajp.amipathol.org)
and summarized in Table 2.

Staining for Ncf2, a 67-kDa cytosolic subunit of the
multiprotein complex of NADPH oxidase in neutrophils,
was modest and comparable in tubules of wild-type and
score 1 Tgfib Tg mice, but strongly increased in tubules
of score 3 Tgfb1 Tg mice, where de novo expression was
also observed in glomerular cells, representing a podo-
cyte-like pattern. Biglycan is a member of the small
leucine repeat proteoglycan family (SLRP) that is barely
detectable in tubules of wild-type kidney, but strongly
increased in tubules, parietal epithelial cells, and glo-
merular cells with a podocyte pattern in score 1, and
especially in score 3 Tgfb1 Tg mice. Itgb5 is strongly
expressed in kidneys from wild-type mice at the cortico-
medullary junction and moderately expressed in glo-
merular cells, whereas it is expressed with increasing
intensity in cortical tubules and glomerular cells with a
podocyte pattern of score 1 and score 3 Tgfb1 Tg mice.
Col6a1 was expressed in tubules of wild-type mice and
expression became increased in tubules of Tgfb1 Tg
mice and intensity is correlated with disease severity.
Mpv171is a member of the Mpv17/PMP22 protein family
that was strongly expressed in tubuli at the cortical and
corticomedullary junction tubuli in kidneys of wild-type
mice. Cortical tubular expression was greatly reduced in
score 1 Tgf1 Tg mice, and both, cortical and corticomed-
ullary tubular expression was lost in score 3 Tgfb1 Tg
mice. S100a6, also called calcyclin, is a 10.5-kDa calci-
um-binding protein that is not detectable in kidneys of
wild-type mice. S100a6 was detected in cortical intersti-
tial cells in score 1 and score 3 Tgfb1 Tg mice, and in
podocytes of score 3 Tgfb1 Tg animals. Slc13a3 is one of

Table 2. Protein Expression Signatures in Glomeruli (Glom.), Tubules (Tub.), and Interstitial Cells (Int.) as Assessed by
Immunolabeling of Sections from Wild-Type (Wt) Mice and Tg Mice with Nonprogressive or Progressive Kidney
Disease (n = Five Animals per Group)
WT Nonprogressive Progressive
Protein Glom. Tub. Int. Glom. Tub. Int. Glom. Tub. Int.
Ncf2 - - - - - - ++ ++ -
Mpv17I - ++ - - + - - - -
510026 - - - - - + + - ++
Bgn - +/— - + ++ - ++ ++ -
Col6at - + - - ++ - - ++ -
ltgb5 + + - ++ ++ - ++ ++ -
Slc13a3 - + - - + - + + -
Dkk3 - - - + - - ++ - -

—, Absent staining; +, minimal/moderate staining; ++, advanced staining.
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the Na*-dependent dicarboxylate transporters that were
encoded by Slc13 gene family members. It is highly
expressed in cortical and corticomedullary junction tubuli
in kidneys of WT and Tgf1 Tg mice. High-level expression
of Slc13a3 was also observed exclusively in glomerular
cells with a podocyte pattern in score 3 Tgfb1 Tg mice.
De novo expression of Dkk3 proteins was detected in
podocytes of Tgfb1 Tg mice with nonprogressive disease
(as indicted in Supplementary Figure S2 at http://ajp.
amipathol.org) by double-immunofluorescence staining
with podocyte-specific marker synaptopodin). The ex-
pression of Dkk3 was further significantly increased in
kidneys with progressive kidney disease. Taken together,
these observations delineate novel marker protein ex-
pression patterns that distinguish normal kidneys and
kidneys with nonprogressive and progressive disease,
including de novo podocyte expression of Bgn and Dkk3,
de novo cortical interstitial S100a6 expression, gradual
increase in tubular Bgn, Col6a1, and Itgb5. In contrast,
de novo expression of S100a6, Ncf2, and Slc13a3 in
glomerular cells with a podocyte pattern (Figure 4A) and
global loss of tubular Mpv171 expression (Figure 4B) was
a characteristic protein expression pattern that distin-
guished advanced kidney disease from nonprogressive
kidney disease in Tgfb1 Tg mice.

Because no additional tissue was available for confir-
matory immunohistochemistry from the ERCB renal bi-
opsy tissue used for expression profiling studies, we
obtained sections of routine clinical biopsies from 20
patients with IgA nephropathy and eGFRs between 7 to
134 mi/minute/1.73 m?. Four of the eight antibodies eval-
uated in Tgfb1 Tg mice provided specific and consistent
staining patterns when applied to human kidney biopsy
sections (Figure 5). Protein expression patterns of
S100A6, NCF2, SLC13A3, and BGN were strongly in-
creased in kidney biopsies of patients with stage Ill/IV
CKD (Figure 5, A and B; group 3), compared with pa-
tients with stage I/l CKD (Figure 5, A and B; groups 1 and
2), and similar to the expression patterns detected in
Tgfb1 Tg mice (Figure 4A). Interestingly, in the biopsies
from patients with stage /Il CKD (eGFR higher 60
ml/minute/1.73 m?), staining for all of these proteins
was either present or absent, ie, these four proteins
appeared closely co-expressed. It will be of interest to
examine in the future a their expression in stage /Il
CKD may turn out to be prognostic indicator for further
disease progression.

Discussion

During the past decade, the application of gene expres-
sion profiling in cancer research has resulted in develop-
ment of new therapeutic targets, and of prognostic pro-
filing assays that are now in phase Il clinical trials
designed to evaluate their contribution to therapeutic
decision making.®” The impressive progress and suc-
cesses of genomic profiling in oncology have been facil-
itated by an abundance of surgical tumor tissues and
samples from hematological malignancies. CKD is
emerging as a major public health problem, estimated to

affect ~1 in 10 Americans.? However, only a fraction of
CKD patients progress to end-stage kidney disease.
Thus, the development of new prognostic and therapeu-
tic approaches to assess and treat the risk of progression
of CKD is a major unmet need in clinical nephrology. In
contrast with the success of gene expression profiling in
oncology, several challenges have severely limited the ap-
plication of genomic profiling in nonmalignant kidney dis-
eases. First, tissue availability is limited because diagnostic
kidney biopsies or nonmalignant nephrectomies are per-
formed relatively infrequently. Second, the composition of
kidney tissue cores is inherently heterogeneous contribut-
ing to sampling error,*® which renders standardized, quan-
titative gene expression profiling across large series of kid-
ney biopsies technically challenging.?®

To begin to overcome these challenges, hampering
development of urgently needed predictive markers of
CKD progression, we report a two-step comparative
genomics approach, combining unique resources fo-
cused on systematic molecular analysis of murine renal
models (Bottinger group®®) and human kidney biopsy
(Kretzler group®), respectively. The initial development
of predictive expression signatures for CKD progression
was accomplished by applying microarray analysis of
whole mouse kidney obtained from the Tgfb1 Tg mouse
model, which recapitulates key pathomechanisms and
heterogeneity of progression of CKD. This information
was then applied to interrogate a human kidney gene
expression database to develop and validate a model
algorithm for prediction of estimated GFR in humans with
various stages of CKD (I to V). A similar approach has
recently been reported, in which mouse to human met-
agene profiles were identified and developed in periph-
eral blood mononuclear cells of mouse to predict radia-
tion response in humans.*’

Although the classification of progressive CKD in our
study was based on distinct endpoints and methods,
namely advanced histopathological scores in mouse ver-
sus estimated GFR on a continuum of stage | to V in
human cohorts, the results of our comparative analysis
were remarkably consistent (see Supplementary Table
S1 at http.//ajp.amipathol.org), supporting the validity and
robustness of our approach. For example, the intersec-
tion between the 19 murine gene expression profiles that
were significantly correlated with advanced histopathol-
ogy scores in Tgfb1 Tg mice, and the 16 human gene
expression profiles that were significantly correlated with
eGFR in humans, were comprised of nine genes, includ-
ing Axl, Bgn, Col6ai, Creb3, Dkk3, Itgb5, Ncf2, S100a6,
and Slc13a3. Only 4 of 19 murine expression profiles,
Ctsc, Dtx4, Fxyd5, and Adprtl3 were correlated with pro-
gressive disease in our longitudinal validation study in
Tgfb1 Tg mice, but were not correlated with eGFR in
human CKD, whereas Apln, Cpxm1, Mpv17l, Smoc2,
Spc25, and Tnfsf13b were correlated in mice, but expres-
sion data for their human orthologs was not available in
the human gene expression database (either the probe-
sets were not present in Affymetrix HGU133A or the data
did not pass quality control as described above). Be-
cause previous reports demonstrated that the deletion of
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Figure 4. Immunohistochemical analysis of protein expression patterns in kidney sections of wild-type, Tg mice with nonprogressive and progressive kidney
lesions at 4 weeks of age (1 = 5 for each group). A: Single glomerulus staining for Ncf2, $100a6, and Sle13a3. B: Cortex-medulla staining for Mpv171 and Ncf2
with insets of cortex-medulla images. Original magnifications: X63 (A); {times]10 (B); X40 (B, insets).

the Mpv17 gene, a close homolog of Mpv17l, caused (data not shown). Thus, 10 molecular markers were cor-
nephrotic syndrome and progressive glomerulosclerosis related with CKD progression based on histopathological
in mice,*? we used grt-PCR to confirm the correlation of and functional (eGFR) parameters in murine and human

MPV17L expression with CKD progression independently kidney disease, respectively. Among these, only S100a6
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S100A6 |

SLC13A3

Figure 5. Immunohistochemical analysis of protein expression patterns in kidney biopsies of patients with various stages of CKD and IgA nephropathy. Az
Representative glomerular staining for NCF2, S100A6, and SLC13A3. Groups 1 and 2, patients with CKD I/1I, GFR value greater than 60 ml/minute/1.73 m?; group
3, patients with CKD III/IV, GFR value is less than 60 ml/minute/1.73 m?. B: Tubular staining for NCF2 and BGN. Groups 1, 2, and 3, as described in A. Original
magnifications, X40.

(calcyclin) has previously been reported as potential ings also imply novel pathways that support an important
marker for acute ischemic tubular injury. 344 role for imbalances in stress response and cell survival/
Although the primary focus of this report is the devel- cell death signaling in CKD progression. Several of the 10

opment of novel markers for CKD progression, our find- genes have previously been linked with multiple path-



ways controlling apoptosis, inflammation, and organiza-
tion of extracellular matrix, including inducers and mod-
ulators of receptor for advanced glycation end products
(RAGE), TGF-B, and Akt signaling (S100a6, Bgn, Axl,
Dkk3), endoplasmatic reticulum (ER) stress (Creb3), mi-
tochondrial dysfunction (Col6a1, Mpv171), innate immune
response (Bgn), and fibrillar collagen network formation
(Bgn). For example, Axl is a receptor tyrosine kinase and
activator of Akt survival signaling that has previously
been implicated in early diabetic nephropathy and ex-
perimental glomerulonephritis models, respectively,*®4°
whereas S100a6 can modulate cell survival by interacting
with distinct RAGE immunglobulin domains.*” S100a6 is
also involved in the processing of apoptosis by modulat-
ing the transcriptional regulation of caspase-3.* DKk3
may regulate TGF-g signaling in Xenopus,*® and its over-
expression in cancer cells induced apoptosis.*® Mpv17I
is an inner mitochondrial membrane protein of proximal
tubular cells that protects mitochondria against superox-
ide generation, apoptosis, and mitochondrial dysfunc-
tion.?® Supramolecular assemblies of collagen VI microfi-
brils provide scaffolds for the formation of the structurally
critical fibrillar collagen networks through connection with
the small proteoglycans decorin and biglycan.®' Al-
though biglycan itself functions as an extracellular matrix
organizer, it can modulate stress signaling directly by
binding extracellular TGF-B, or toll-like receptor 4 (TLR4),
which has recently been implicated as innate immune
response mediator in hepatic fibrosis and ischemia
reperfusion injury models.®2°% The leucine zipper tran-
scription factor Creb3 regulates transcription of media-
tors of endoplasmic reticulum (ER) stress response.®*
Only the Slc13a3 gene belongs to the family of renal
sodium-dicarboxylate co-transporters involved in the
handling of citrate by the kidney and has not been impli-
cated in cell stress or apoptosis to date. Together, the
functional roles in their respective pathways of the CKD
progression gene and protein profiles reported here sup-
port the emerging concept of glomerular and tubular
epithelial cell injury and apoptosis as initiating mecha-
nisms in TGF-B-mediated nephron loss and renal fibrosis,
considered central pathomechanisms in progression of
CKD.""®® Finally, these results are also consistent with
the validity of our initial screening strategy of selecting
gene expression profiles for development of markers of
CKD progression based on their ability to discriminate
the extent of epithelial apoptosis in kidneys of Tgfb1 Tg
mice before the emergence of histopathological lesions.

In routine diagnostic kidney biopsy procedures, typi-
cally two tissue cores are obtained by needle biopsy and
processed for histopathology, immunofluorescence, or
electron microscopy methods. However, microdissection
or fractionation of glomerular and tubular tissue compart-
ments, prerequisite steps for standardized, quantitative
molecular analysis, are currently only performed in re-
search settings, but not in routine diagnostic biopsy pro-
cedures. Thus, we reasoned that molecular markers that
can be applied by in situ immunodetection methods using
routine kidney biopsy tissue blocks would likely be of
broader clinical utility. To enhance the potential clinical
utility of our study, we began to verify the feasibility of
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using routine immunodetection methods on kidney sec-
tions by interrogating the in situ protein expression pro-
files of the 10 putative markers of CKD progression that
we identified in mouse and human kidney disease. From
these, we developed a panel of eight informative molec-
ular markers for CKD progression (see Table 2), whereas
antibodies for Axl and Creb3, were either not available, or
did not provide specific protein detection, respectively
(data not shown). As characteristic protein expression
signatures of advanced disease, de novo expression of
Ncf2, S100a6, and Slc13a3 proteins was exclusively de-
tected in glomerular cells with a podocyte pattern of
Tgfb1 Tg mice with progressive disease (Figure 4A), in
addition to de novo expression of Ncf2 and significant
loss of Mpv17l protein expression in corticomedullary
tubules (Figure 4B). In contrast, de novo expression of
Bgn and Dkk3 proteins in glomerular cells with a podo-
cyte pattern, and of Itgb5 in subcortical tubules, was
already detected in Tgfb1 Tg mice with nonprogressive
disease, and their expression was markedly increased in
kidneys manifesting progressive disease compared with
nonprogressive disease (see Supplementary Figure S2 at
http.//ajp.amipathol.org). Thus, we have developed pro-
tein expression signatures, on the basis of gene expres-
sion signatures, that distinguish progressive and nonpro-
gressive kidney disease in Tgfb1 Tg mice.

In addition, our initial observations with immunohisto-
chemistry on human kidney biopsies indicate that a sub-
set of these protein expression signatures, including
S100A6, SLC13A3, BGN, and NCF2 may be applied to
archival and prospective human kidney biopsy collec-
tions obtained through routine diagnostic biopsy proto-
cols. However, further clinical development and valida-
tion of the protein expression signatures for CKD
progression identified here will require longitudinal stud-
ies of extended cohorts of human CKD patients with
diagnostic kidney biopsies that are beyond the scope of
our current study and will require collaborative study
networks involving multiple centers.
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