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Focal segmental glomerulosclerosis (FSGS) is a com-
mon form of idiopathic nephrotic syndrome defined
by the characteristic lesions of focal glomerular scle-
rosis and foot process effacement; however, its etiol-
ogy and pathogenesis are unknown. We used mRNA
isolated from laser-captured glomeruli from archived
formalin-fixed, paraffin-embedded renal biopsies,
until recently considered an unsuitable source of
mRNA for microarray analysis, to investigate the glo-
merular gene expression profiles of patients with pri-
mary classic FSGS, collapsing FSGS (COLL), minimal
change disease (MCD), and normal controls (Nor-
mal). Amplified mRNA was hybridized to an Af-
fymetrix Human X3P array. Unsupervised (unbiased)
hierarchical clustering revealed two distinct clusters
delineating FSGS and COLL from Normal and MCD.
Class comparison analysis of FSGS � COLL combined
versus Normal � MCD revealed 316 significantly dif-
ferentially regulated genes (134 up-regulated, 182
down-regulated). Among the differentially regulated
genes were those known to be part of the slit dia-
phragm junctional complex and those previously de-
scribed in the dysregulated podocyte phenotype.
Analysis based on Gene Ontology categories revealed
overrepresented biological processes of develop-
ment, differentiation and morphogenesis, cell motil-
ity and migration, cytoskeleton organization, and sig-
nal transduction. Transcription factors associated
with developmental processes were heavily overrep-
resented, indicating the importance of reactivation of
developmental programs in the pathogenesis of FSGS.

Our findings reveal novel insights into the molecular
pathogenesis of glomerular injury and structural de-
generation in FSGS. (Am J Pathol 2010, 177:1674–1686;

DOI: 10.2353/ajpath.2010.090746)

Focal segmental glomerulosclerosis (FSGS) is a clinico-
pathologic syndrome manifesting proteinuria, usually of
nephrotic range, and lesions of focal and segmental glo-
merulosclerosis and foot process effacement. It is a het-
erogeneous condition that may result from diverse patho-
genetic mechanisms including heritable mutations of
podocyte specific proteins, viral infections, toxic agents,
and adaptive structural-functional responses.1 Most pa-
tients with FSGS and heavy proteinuria have no identifi-
able secondary cause and are thus considered primary
(idiopathic). Circulating permeability factors have been
implicated in the pathogenesis of primary FSGS but re-
main to be defined. FSGS is a leading cause of idiopathic
nephrotic syndrome in children and adults, and an im-
portant cause of end-stage renal disease. Approximately
30% of patients experience remission of proteinuria with
subsequent long-term stabilization of renal function after
treatment with corticosteroids.2 A better understanding of
the molecular basis for disease should facilitate the design
of more efficacious, disease-specific therapies for FSGS.

A working classification system recognizes five histo-
logical subtypes of FSGS (collapsing, tip, cellular, peri-
hilar, and not otherwise specified or NOS) that can be
applied to both primary and secondary forms.1 Though
this subclassification has proved useful for identifying
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clinical, prognostic, and pathogenetic information,3,4 no
clear mechanistic basis underlying the morphological dif-
ferences is known. It has become clearer in recent years
that the common denominator in all variants is injury
either directed to or originating within the podocyte, a
highly specialized, terminally differentiated epithelial
cell.5 The latter mechanism is highlighted by the number
of critical podocyte proteins that have been identified to
be mutated or deficient in human forms of congenital
nephrotic syndrome or inherited FSGS.5 The clinical sig-
nature of podocyte injury is proteinuria, but morphologi-
cally, podocyte injury produces a dysregulated pheno-
type that demonstrates disruption and reorganization of
the actin cytoskeleton, focal microvillous transformation,
loss of primary processes and effacement of foot pro-
cesses. Permissive cellular proliferation and loss of ma-
ture podocyte markers are characteristic features of the
collapsing form of FSGS.6 Podocyte depletion through
detachment or activation of apoptotic mechanisms con-
tributes to progressive glomerulosclerosis by promoting
denudation of the glomerular basement membrane and
adhesion to Bowman’s capsule.7 In addition, FSGS and
minimal change disease (MCD) may be related podocy-
topathies in that they manifest nephrotic proteinuria and
foot process effacement, however in MCD, the podocyte
injury is readily reversible and does not lead to podocyte
depletion and subsequent tuft sclerosis.8

Renal biopsy provides key information for the diagnosis
and effective therapeutic management of patients with pro-
gressive kidney disease; however the use of this resource
for molecular profiling of disease is only in its early stages.
The feasibility of studying gene expression profiles by mi-
croarray analysis has been demonstrated in glomeruli iso-
lated from frozen biopsy sections of lupus nephritis,9 dia-
betic nephropathy,10 obesity related glomerulopathy,11 and
FSGS.12 With the exception of Peterson et al,9 few cases
were available for study. This highlights the challenge of
obtaining an adequate number of high quality tissue sam-
ples. Extraction of RNA from formalin-fixed, paraffin-embed-
ded (FFPE) tissue has had limited success for global gene
expression profiling in part due to chemical alteration and
fragmentation observed in this material,13 though some
success has been reported.14 New technologies have been
developed to allow the use of FFPE material, which repre-
sent the greatest stock of archived samples. Our goals in
this study are to provide proof-of-principle that exceedingly
small amounts of mRNA from laser-captured glomerular
sections from archived biopsies can be used to identify
important genes, biological processes, and candidates for
the transcriptional control of glomerular phenotypes in
MCD, FSGS (NOS) also known as classic FSGS, and col-
lapsing FSGS (COLL).

Materials and Methods

Clinical Samples

FFPE renal biopsy material was obtained from the ar-
chives of the Columbia Renal Pathology Laboratory. Bi-
opsies were fixed in 10% formalin within 1 hour of extrac-

tion, remaining in fixative no more than 1.5 days. Twenty-
one patients with biopsy-proven MCD, FSGS or COLL
were studied, including 19 with idiopathic nephrotic syn-
drome (edema, proteinuria �3.5 g/day; serum albumin
�3.0 g/dl) and 2 without full nephrotic syndrome. Con-
trols were renal biopsies that appeared normal by histo-
logical, immunofluorescence, and electron microscopic
examination. These controls were either obtained from
renal biopsies performed for minimal isolated proteinuria
or hematuria (seven patients) or tissue from uninvolved
portions of a kidney at the time of nephrectomy for tumor
(two patients). Biopsies contained from 8 to 35 glomeruli
by light microscopy. All paraffin blocks were stored at
room temperature for several months to 5 years. Snap-
frozen and FFPE tissue from three additional nephrec-
tomy cases were used to compare RNA quality and gene
expression profiles within the same case. The use of
archival renal tissue and clinical data reported in this
study were approved by the Columbia University Institu-
tional Review Board.

Laser Capture Microdissection, Sample
Preparation, and Microarray Hybridization

FFPE blocks were cut into two to four sections (6 �m
thick) onto PALM membrane slides (PALM, Zeiss, Ger-
many), baked at 60°C for 1 minute, deparaffinized with
xylene, lightly stained with eosin, and air-dried. Frozen
sections from nephrectomy specimens were cryostat-
sectioned (6 �m thick), fixed in 95% ethanol, lightly
stained with eosin, dehydrated, and air-dried. Glomer-
uli were isolated by laser capture using the PALM Laser
Microdissection and Pressure Catapulting system (PALM
MicroBeam IP 230V Z microscope). Approximately 20 to 25
glomerular cross-sections were captured from each case.
Only glomeruli without global sclerosis were captured, in-
cluding segmentally sclerotic glomeruli, glomeruli with col-
lapsing lesions, and glomeruli without light microscopic ab-
normalities. Total RNA was isolated using RecoverAll Total
Nucleic Acid Isolation Kit (Ambion, Austin, TX). An Agilent
2100 Bioanalyzer (Agilent Technologies, Palo Alto, CA) with
an RNA 6000 LabChip kit (Agilent Technologies) was used
to profile RNA quality from the nephrectomy material. Am-
plification and biotin-labeling was achieved using a T7 pro-
moter-based amplification using MessageAmp and Mes-
sageAmp II, Biotin-Enhanced aRNA Amplification Kits
(Ambion). Amplified target RNA was hybridized to the
Human X3P Array (Affymetrix, Santa Clara, CA), which is
based on the Human Genome U133 plus 2.0 Array and
contains probes for 47,000 transcripts. After scanning
according to standard Affymetrix protocols, raw data
were analyzed with BRB-Array Tools, version 3.7.0
(http://linus.nci.nih.gov/BRB-ArrayTools.html).

Data Analysis

Analysis was performed using Robust Multichip Average
normalization without a baseline. To reduce complexity,
expression data were filtered to remove 74% of the genes
with the lowest log intensity variation, leaving 15,953
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genes that passed filtering criteria. In addition, a back-
ground filter cutoff was defined using the median signal
value obtained, plus two standard deviations, from nonhu-
man Affymetrix-control probe sets. A hierarchical dendro-
gram was generated using median-centered average
linkage unsupervised clustering of log2-transformed
data. Combined class comparison (FSGS � COLL ver-
sus Normal � MCD) was performed with a false-discov-
ery rate (FDR) � 0.1 (BRB-Array Tools). The FDR can be
defined as the expected proportion of the null hypothe-
ses that are falsely rejected divided by the total number
of rejections. It is a more useful approach when deter-
mining a significance cutoff when a large number of
experiments are tested (ie, microarray probesets) be-
cause the approach allows more claims of significant
differences to be made, as long as a fraction of false-
positive findings are accepted.15 For the noncombined
class comparison (MCD versus Normal and COLL versus
FSGS) a single probe-based microarray data analysis16

was modified to select intragene probes with highly re-
producible expression patterns within the probesets. The
resulting gene lists were uploaded into BiblioSphere (ver-
sion 7.20; Genomatix Software, Munich, Germany) for
literature mining and annotation analysis (Gene Ontol-
ogy). Genomatix Gene2Promoter suite was used to
search and identify transcription factors (TFs) and mod-
ules common to differentially regulated genes. The pro-
moter region was designated by Genomatix default
settings.

Quantitative RT-PCR Analysis Used for
Validation

Where available, excess RNA after two rounds of ampli-
fication not applied to the Affymetrix Human X3P Array

was reverse transcribed using High Capacity cDNA RT
Kit (Applied Biosystems, Foster City, CA). The expression
of 10 differentially regulated genes from the microarray
analysis was measured by TaqMan (Applied Biosys-
tems), quantitative real-time RT-PCR using oligonucleo-
tide primers (300 nmol/L) and probe (100 nmol/L) de-
signed to target within the 200 bases at the most 3� end
of the transcripts (Table 1). Glyceraldehyde-3-phosphate
dehydrogenase was used as an endogenous reference
for normalization and data are presented as mean � SE
Significance was set to a P � 0.05 and tested by one-way
t-test followed by Bonferroni correction for multiple
comparisons.

Immunohistological Analysis

SOX9 staining was performed on formalin-fixed paraffin-
embedded normal kidney obtained from the archives of
the Columbia Renal Pathology Laboratory. Four microme-
ter thick sections were deparaffinized, hydrated, and
subjected to 10 minutes of heated pH 6.0 citrate. After
serum-free protein block, the tissue was exposed to
SOX9 mouse monoclonal antibody (catalog number
H00006662-MO2; Abnova, Taipei, Taiwan) at 1/750 dilu-
tion. The EnVision� anti-mouse HRP system with DAB
was used for detection of the primary antibody.

Results

Validation of Protocol

Laser capture microdissection was used to isolate glo-
meruli from the surrounding tissue. Globally sclerotic glo-
meruli were excluded. Successful capture was easily

Table 1. Primer and Taqman Probe Sequences

Gene Forward primer Reverse primer TaqMan probe

ABLIM1 5�-TGTGTCGTGTTCCCTGTGAAAC-3� 5�-CACAAGCATGTGGCACTTAGC-3� 5�-CAGGTGTGTGTTGGC-3�
CDH2 5�-GTGGCACTACTAAGTGTGTGTTTTTTT-3� 5�-CAATACAGAGGCAAAGCTGTTGTC-3� 5�-AAACTGGAGAGACTTC-3�
CLDN5 5�-TCTTGGCTGCTGCCTTACTTC-3� 5�-TGGAGTAAAGACCAGCTGTACACATC-3� 5�-CTCCTGCTGACTTCG-3�
GAPDH 5�-GTCCCCCACCACACTGAATC-3� 5�-GCCCCTCCCCTCTTCAAG-3� 5�-CCCCTCCTCACAGTTGCCATGTAGACC-3�
IGFBP2 5�-GTGGGTGCTGGAGGATTTTC-3� 5�-CGGTGCTGGTCTCTTTCCAA-3� 5�-AGTTCTGACACACGTATTT-3�
INF2 5�-GGCGGTCTGCCTTTGCT-3� 5�-TGATGTGATGGCCAAGTTTCA-3� 5�-ACTGCCAGGCCTC-3�
MET 5�-CAGATTGTGGGAGTAAGTGATTCTTC-3� 5�-CCATTCAGTTCAGCTGCAGGTA-3� 5�-AGAATTAGATACTTGTCACTGCC-3�
PAX2 5�-CCAGGCCTAACCTGCTAAATGT-3� 5�-CGAACCGACGCACTGAAAGT-3� 5�-CCGGACGGTTCTG-3�
PTGDS 5�-GCTTCACAGAGGATACCATTGTCTT-3� 5�-AGTCCTATTGTTCCGTCATGCA-3� 5�-TGCCCCAAACCGAT-3�
SOX9 5�-TGTTCGTGTTTTGTTTGTTTCACTT-3� 5�-AAGTTTCACGGAGAGAACAAAAGG-3� 5�-CCCTCCCAGCCCCAA-3�
VCAM1 5�-TGGTACGGAGATGTTTCACGAA-3� 5�-TTTAGGCCACATTGGGAAAGTT-3� 5�-TTTGTTCATCAGACTCCTG-3�

ABLIM1, actin-binding LIM protein 1; CDH2, cadherin 2, type 1, n-cadherin; CLDN5, claudin 5; GAPDH, glyceraldehyde phosphate dehydrogenase;
IGFBP2, insulin-like growth factor-binding protein 2; INF2, inverted formin, FH2 and WH2 domain containing; MET, met proto-oncogene (hepatocyte
growth factor receptor); PAX2, paired box gene 2; PTGDS, prostaglandin d2 synthase 21kda; SOX9, SRY-box 9; VCAM1, vascular cell adhesion
molecule 1.

Figure 1. Isolation of a glomerulus by laser
capture microdissection from an eosin-stained
section cut 6-�m thick on a membrane-covered
slide. A glomerulus is easily identified (center of
A) and separated from surrounding tubulointer-
stitium using a laser to cut both the tissue and
the clear membrane. B: A laser pulse (dot in
C) catapults the liberated glomerulus and por-
tion of membrane into a digestion buffer for
RNA extraction.

1676 Hodgin et al
AJP October 2010, Vol. 177, No. 4



visualized before RNA isolation (Figure 1). Gene expres-
sion profiling was determined using glomerular RNA after
two rounds of amplification with a T7-promoter based
method and application to the Affymetrix Human X3P
Array. Because the T7-promoter binds to the polyA tail of
mRNA, the amplified product has an extreme 3� bias. The
X3P Array is designed to interrogate sequences closer to
the 3� end of the transcripts and is well suited for highly
fragmented RNA such as found in FFPE samples. Exam-
ination of the absolute detection signals of podocyte and
tubular cell specific transcripts from captured glomeruli
demonstrates the enrichment for the glomerular compart-
ment over tubulointerstitium (Table 2).

The reproducibility between matched frozen (FRZN)
and FFPE samples from three nephrectomies was as-
sessed. As expected, a profound difference in RNA qual-
ity between FRZN and FFPE samples can be observed in
the electropherograms in Figure 2A. Compared with
FRZN, the FFPE samples have highly fragmented total
RNA with no ribosomal peaks. Nevertheless, comparison
of the gene expression profiles of glomeruli from FFPE
versus FRZN kidney for the same sample revealed high
correlations of 0.90, 0.92, and 0.93 demonstrating that
glomerular gene expression profiles from FFPE are com-
parable to FRZN (Figure 2B).

Clinical and Pathological Characteristics of
Cases

We examined glomerular gene expression signatures
from a total of 30 patients in four diagnostic groups
including Normal (9), MCD (7), FSGS (8), and COLL (6).
Normal cases were obtained from patients with isolated
hematuria or proteinuria but normal histological, immuno-
fluorescence, and utrastructural evaluation (9), or from
uninvolved cortex of tumor nephrectomy (2). Patient char-
acteristics and biopsy findings are listed for each study
group in Table 3. Clinical and histopathological charac-
teristics for each patient can be found in Supplemental
Table 1 at http://ajp.amjpathol.org. There was no differ-
ence in average age between groups and male to female
ratios were comparable. The racial composition between
groups was comparable with the exception of COLL
which had five Black, one Hispanic, and no White pa-

tients. All but two of the cases with histological diagnosis
of MCD, FSGS, and COLL presented with full nephrotic
syndrome. No patient had a history of diabetes, HIV
infection, hepatitis, i.v. drug abuse, vesicoureteral reflux,
obesity, non-steroidal anti-inflammatory drug use, pam-
idronate therapy, or other known causes of secondary
MCD, FSGS, or COLL. No patient was using steroids or
cyclosporine at the time of biopsy, and only one patient
(FSGS: ID number 1698) was treated with steroids in the
past and had stopped 2 years before biopsy. The his-
topathological and ultrastructural findings of FSGS and
foot process effacement define the diagnostic catego-
ries, thus significant differences are expected between
groups. Of note, three cases of COLL also had glomeruli
with lesions of classic FSGS (Supplemental Table 1 at
http://ajp.amjpathol.org). The percentage of tubular atro-
phy/interstitial fibrosis and globally sclerotic glomeruli,
markers for overall damage to the kidney parenchyma,
were nearly nonexistent in the Normal and MCD groups in
contrast to FSGS and COLL. There was no significant
difference in these histopathological characteristics be-
tween FSGS and COLL.

Hybridization Quality

The scale factor and percent present call give insight into
the quality of the RNA hybridization. Scale factor is a
metric inversely related to the overall signal intensity from
a single array and must be normalized for comparison.
Percent present call is the number of detected transcripts
and is sensitive to RNA sampling, scanning and data
extraction. The FFPE samples demonstrated higher and
more variable scale factors and lower percent present
calls than would be expected from FRZN samples. How-
ever there were no significant differences in average
scale factor and percent genes present between study
groups (Table 3). The age of the FFPE tissue blocks,
which varied from a few months to �5 years, did not
correlate with scale factor or percent present call and the
age of the sample did not impact the RNA quality as
assessed by the Agilent Bioanalyzer 2100 (data not
shown).

Unsupervised Clustering

Transcriptional fingerprints reflect the functional status of
a tissue at time of biopsy and can be used to group
patients according to their mRNA expression status. Un-
supervised hierarchical clustering was used to explore
the relationships between expression signatures and
patient classification. The resulting dendrogram showed
two distinct clusters, I and II (Figure 3). With the excep-
tion of three samples, all Normal and MCD samples clus-
tered together in I. Similarly, all FSGS and COLL samples
clustered together in II. Within cluster I, MCD did not
segregate apart from Normal, nor did COLL segregate
apart from FSGS in cluster II. The dendrogram indicates
that global glomerular gene expression differences are
detectable with our methods between biopsies that con-
tain failing glomeruli (sclerosis) and those without. Signif-

Table 2. Enrichment of Specific mRNA by Laser Capture
Microdissection

Gene Absolute signal

Glomerular
Podocalyxin 10809
Podocin 7643
Synaptopodin 803

Tubular
CLCN5 Absent
PKD2L2 Absent
Uromodulin Absent

Nonrenal
TITF1 Absent

CLCN5, chloride channel 5; PKD2L2, polycystic kidney disease 2-
like 2; TITF1, thyroid transcription factor 1.
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icantly differentially regulated genes in glomeruli with
dysfunction of the glomerular filter (in the form of protein-
uria and foot process effacement at the ultrastructural
level) or between FSGS variants required a more sensi-
tive method of analysis (see Discussion).

Class Comparison (Supervised Clustering) for
FSGS � COLL versus Normal � MCD

For class comparison analysis (supervised clustering),
the histopathological groups FSGS and COLL (FSGS �
COLL), and Normal and MCD (Normal � MCD) were
combined. This was done to reflect the findings from
unsupervised clustering shown above and current his-

topathological classification that recognizes collapsing
FSGS and classical FSGS to be histological subtypes of
FSGS. In addition, Normal and MCD are grouped apart
from FSGS � COLL because neither normal nor MCD
cases have segmentally sclerotic, failing glomeruli. Nor-
mal and MCD have been combined as a control group
previously.17

Compared with Normal � MCD, 405 probesets were
significantly differentially expressed in the glomeruli cap-
tured from the FSGS � COLL group (FDR � 0.10). The
complete list of differentially expressed probesets can be
found in Supplemental Table 2 at http://ajp.amjpathol.org.
Of these, 316 unique genes could be mapped for further
analysis (134 up-regulated, 182 down-regulated). A par-

Figure 2. RNA quality and gene expression profiles of FFPE versus frozen FRZN tissue. A: We analyzed RNA quality using 25 to 75 ng RNA isolated from
renal cortex with the Agilent 2100 Bioanalyzer. The x-axis is in seconds, the y-axis is fluorescence units. RIN denotes RNA integrity number. B: Scatter plots
demonstrate high correlation (R) of FFPE versus FRZN glomerular gene expression profiles. The x- and y-axis are log-transformed array signals. Each point
represents one gene.

Table 3. Clinical, Pathological, and Array QC Findings

Groups

Clinical findings Histopathological findings
Hybridization

quality

N Age (range) Sex Race NS % Glomeruli
with FSGS

% Foot
process

effacement

% Globally
sclerotic
glomeruli

% Tubular
atrophy/interstitial

fibrosis
Age of FFPE

tissue
Scale
factor

%
Present
calls

Histopathologic
diagnosis
Normal 9 31.9 (7–67) 5F/4 mol/L 4B/1H/4W 0 0 0 0 0 0.3–5 years 10 � 8 30 � 7
MCD 7 41.4 (14–64) 4F/3 mol/L 3B/4W 7 0 93 � 4 4 � 4 0 0.3–2 years 11 � 10 32 � 9
FSGS 8 42.9 (5–74) 3F/5 mol/L 2B/1A/5W 7 25 � 15 92 � 8 22 � 22 26 � 23 1–3 years 12 � 7 28 � 6
COLL 6 38.7 (20–57) 4F/2 mol/L 5B/1H 5 41 � 32 86 � 21 12 � 10 33 � 28 2–4 years 12 � 5 30 � 8

Combined
groups
Normal �
MCD

16 36.1 (7–67) 9F/7 mol/L 7B/1H/8W 7 0 37 � 47 2 � 3 0 0.3–5 years 10 � 8 31 � 8

FSGS �
COLL

14 41.1 (5–74) 7F/7 mol/L 7B/1A/1H/5W 12 32 � 24 90 � 14 18 � 18 29 � 25 1–4 years 12 � 6 28 � 7

MCD, minimal change disease; FSGS, focal segmental glomerulosclerosis; COLL, collapsing variant of focal segmental glomerulosclerosis. A,
Asian; B, black; H, Hispanic; W, White; NS, Nephrotic Syndrome; QC, quality control.
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tial list of genes with the greatest fold changes is pre-
sented in Table 4. Additional class comparison analyses
of FSGS versus Normal � MCD and COLL versus Nor-
mal � MCD yielded 58 and 359 probesets, respectively.
These overlapped extensively and were not significantly
different from each other or from the probeset list gener-
ated by comparing FSGS � COLL versus Normal � MCD
(data not shown). The findings agree with known molec-
ular changes in FSGS, especially in the podocyte, and
highlight new pathogenetically relevant molecular path-
ways (see Discussion).

Microarray Validation with Quantitative
Real-Time RT-PCR

Ten gene transcripts were chosen for independent vali-
dation of differential expression by microarray. The fold
and direction of expression was confirmed by TaqMan
quantitative real-time RT-PCR (Figure 4) using the same
RNA samples that had been applied to the microarray
with the addition of four Normal and three COLL pro-
cessed in the same manner and at the same time. The
overexpression of ABLIM1 and CDH2 did not reach sta-
tistical significance after Bonferroni correction, a strin-
gent method for multiple comparisons correction, but did
show a trend concordant with the array data (P � 0.1),
nor did PAX2 reach statistical significance after correc-
tion for multiple comparisons (P � 0.15).

Immunohistochemistry for SOX9

SOX9 encodes a TF and is the most prominently up-
regulated gene in FSGS � COLL after COL1A1. To local-
ize the expression of SOX9 in the glomerulus, we per-
formed immunohistochemistry on normal kidney. Figure 5
demonstrates that in the glomerulus, SOX9 is primarily
located in the podocyte (arrows), which are collected by
laser capture, and parietal cells (arrowheads), which are
often destroyed by the cutting laser and not collected.
This suggests the differential expression of glomerular
SOX9 is in the podocyte, however we cannot rule out

expression of SOX9 in mesangial or glomerular endothe-
lial cells.

Gene Ontology Analysis

To gain insight into the function of genes differentially
regulated in FSGS � COLL versus Normal � MCD, we
clustered genes based on Gene Ontology (Biological
Processes) categories (Table 5). Compared with Nor-
mal � MCD, differentially regulated genes in the FSGS �
COLL group contained overrepresented categories of
development, differentiation and morphogenesis, cell
motility and migration, cytoskeleton organization, and
signal transduction. Examination of TFs differentially ex-
pressed in the injured glomerulus should provide insight
into important transcriptional regulatory mechanisms. Ta-
ble 5 lists the differentially regulated TFs by Gene Ontol-
ogy category. Thirty-three TFs were differentially regu-
lated in the FSGS � COLL group. Of these, 18 are
included in Table 5 and 15 are associated with develop-
mental processes, 12 of which are up-regulated, high-
lighting a role for reactivation of developmental programs
in the pathogenesis of FSGS.

Class comparison for MCD versus Normal and
COLL versus FSGS

In the unsupervised clustering dendrogram using Signif-
icance Analysis of Microarrays for analysis of Affymetrix
probesets (Figure 3), MCD did not segregate from Nor-
mal, thus indicating that differentially expressed genes
were few and could not be detected by the method we
used for unsupervised clustering and combined class
comparison. For single group class comparison (MCD
versus Normal and COLL versus FSGS) we used a mod-
ified single probe-based microarray data analysis
method more robustly defining functional categories in
studies with limited sample size.16 Table 6 displays the
list of differentially expressed genes obtained from class
comparison of MCD with Normal. Analysis of this list by
Gene Ontology reveals two categories, amino acid and
derivative metabolic processes (BHMT, DDC, GATM, and
XPNEP2) and cell adhesion (CDH11, MPZL2, OPCML,
and TRO). For validation of these genes, we used glo-
merular gene expression data from Berthier et al.17 In that
study, the gene expression profiles of glomeruli micro-
dissected from biopsies of patients with MCD and from
living kidney donors are reported. To obtain a list of
differentially regulated genes from an independent co-
hort of patients, we compared the glomerular gene ex-
pression of MCD versus that of living kidney donors. Ten
genes (50%) that were significantly differentially regu-
lated (FDR �0.05) in the independent cohort, and shared
the same direction of fold change, were also found in our
study (Table 6, far right column), serving as validation by
an independent cohort.

The COLL and FSGS groups did not segregate apart in
the unsupervised clustering dendrogram (Figure 3). Ta-
ble 7 displays the differentially expressed genes gener-
ated with the same method described above by compar-

Figure 3. Unsupervised hierarchical clustering analysis demonstrates two
main clusters of similar glomerular gene expression signatures. In cluster I,
with the exception of three cases, Normal and MCD cluster together. In
cluster II, FSGS and COLL cluster together.
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ing COLL versus FSGS. A major Gene Ontology category
highly represented in this gene set is regulation of DNA-
dependent transcription represented by genes that en-
code either for TFs (IKZF2, MAEL, JUND, NFATC4, and
retinoic acid receptor �) or genes that encode for pro-
teins that interact with additional proteins to suppress
other transcription factors (RBAK).

Promoter Modeling

TFs bind to specific DNA sequences motifs or TF binding
sites (TFBSs) to exert control of gene expression. The
analysis of gene promoters for organizational features of
TFBSs is important to characterize complex gene regu-

latory networks. The ordered complex of two or more
TFBSs that are conserved in distance and orientation is
designated a promoter module.18 Several promoter mod-
ules were found to be overrepresented in the genes
differentially regulated in FSGS � COLL (Table 8). Three
promoter modules (EGRF_SP1F_01, SP1F_KLFS_01, and
SP1F_SP1F_05) were found in many genes differentially
regulated in FSGS � COLL.

Correlation Between Gene Expression and
FSGS � COLL Lesions

We sought to correlate gene expression with morphomet-
ric data from each FSGS � COLL case to gain insight into

Table 4. Partial List of Differentially Regulated Genes (FSGS � COLL versus Normal � MCD)

Gene symbol Description
Fold

change

COL1A1 Collagen, type I, �1 51.49
SOX9 SRY (sex determining region Y)-box 9 (campomelic dysplasia, autosomal sex-reversal) 20.77
CDH2 Cadherin 2, type 1, N-cadherin (neuronal) 12.99
PAX8 Paired box 8 12.34
IL8 Interleukin 8 10.00
PAX2 Paired box 2 9.79
CD24 CD24 molecule 8.98
DSP Desmoplakin 7.07
ABLIM1 Actin-binding LIM protein 1 5.26
SCIN Scinderin 4.82
SPP1 Secreted phosphoprotein 1 (osteopontin) 4.52
HNF1B HNF1 homeobox B 4.42
MAFF v-maf musculoaponeurotic fibrosarcoma oncogene homolog F (avian) 4.36
BHLHB2 Basic helix-loop-helix domain containing, class B, 2 4.01
MET Met proto-oncogene (hepatocyte growth factor receptor) 3.73
VCAM1 Vascular cell adhesion molecule 1 3.45
THY1 Thy-1 cell surface antigen 2.75
NCOA2 Nuclear receptor coactivator 2 2.54
CORO1C Coronin, actin binding protein, 1C 2.51
HOXC10 Homeobox C10 2.39
TGIF1 TGFB-induced factor homeobox 1 2.25
HOXB5 Homeobox B5 2.24
GRB2 Growth factor receptor-bound protein 2 2.14
CDKN1B Cyclin-dependent kinase inhibitor 1B (p27, Kip1) 0.58
CCDC91 Coiled-coil domain containing 91 0.57
NFKBIA Nuclear factor of � light polypeptide gene enhancer in B-cells inhibitor, � 0.57
TJP1 (ZO1) Tight junction protein 1 (zona occludens 1) 0.56
NPHS2 Nephrosis 2, idiopathic, steroid-resistant (podocin) 0.53
FAT1 FAT tumor suppressor homolog 1 (Drosophila) 0.49
DCN Decorin 0.48
CR1 Complement component (3b/4b) receptor 1 (Knops blood group) 0.46
MAFB v-Maf musculoaponeurotic fibrosarcoma oncogene homolog B (avian) 0.44
NES Nestin 0.44
GHR Growth hormone receptor 0.44
CDKN1C Cyclin-dependent kinase inhibitor 1C (p57, Kip2) 0.44
PODXL Podocalyxin 0.43
AIF1 Allograft inflammatory factor 1 0.41
PLCE1 Phospholipase C, epsilon 1 0.40
IGFBP2 Insulin-like growth factor-binding protein 2, 36 kd 0.39
FGF1 Fibroblast growth factor 1 (acidic) 0.38
MME/CD10 Membrane metallo-endopeptidase 0.38
DACH1 Dachshund homolog 1 (Drosophila) 0.38
NPHS1 Nephrosis 1, congenital, Finnish type (nephrin) 0.36
BCOR BCL6 corepressor 0.31
PTGDS Prostaglandin D2 synthase 21 kd (brain) 0.30
SYNPO Synaptopodin 0.30
CLDN5 Claudin 5 (transmembrane protein deleted in velocardiofacial syndrome) 0.29
PLA2R1 Phospholipase A2 receptor 1, 180 kd 0.27
MAGI2 Membrane-associated guanylate kinase, WW and PDZ domain containing 2 0.24
INF2 Inverted formin, FH2 and WH2 domain containing 0.21
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the differentially regulated genes that may be important
in the pathogenesis of FSGS. Figure 6 graphically dis-
plays the three genes from the FSGS � COLL versus
Normal � MCD gene list whose expression was signifi-
cantly (FDR � 0.05) correlated with the percentage of
glomeruli with FSGS lesions in each biopsy (Supplemen-
tal Table 1 at http://ajp.amjpathol.org). Allograft inflamma-
tory factor 1 (AIF1) was negatively correlated (r2 � 0.54)
with lesions of sclerosis among all FSGS � COLL biop-
sies. Desmoplakin (DSP) and coiled-coil domain contain-
ing 91 (CCDC91) were found to be positively (r2 � 0.83)
and negatively (r2 � 0.83) correlated with classic FSGS
only. This analysis suggests an important role for these

three genes in the pathogenesis of segmental glomeru-
losclerosis either through a gain or loss of function.

Discussion

We have performed detailed gene-expression profiling of
isolated glomeruli from patients with biopsy-proven idio-
pathic classic FSGS, collapsing FSGS, MCD, and normal
controls. Our work provides proof-of-principle that suc-
cessful gene expression profiling can be achieved even
with an exceedingly small quantity of sample from ar-
chived FFPE material. Until recently, frozen samples have
been required for microarray analysis after laser-capture
of glomeruli.9–12 The use of FFPE material for gene ex-
pression profiling has the advantage of a large readily
available archive with many years of clinical follow-up.
For example, we were able to use samples from FFPE
blocks as old as 5 years, but successful profiling has
been accomplished in blocks collected as long as 24
years prior.19 Furthermore, in our study, a substantial
number of transcripts were differentially regulated in
FSGS � COLL versus Normal � MCD, allowing novel
insights into the molecular pathogenesis of glomerulo-
sclerosis and glomerular degeneration.

Injury to the podocyte has a central role in the patho-
genesis of FSGS. We find differential expression of sev-
eral transcripts whose proteins are important to the struc-
ture and function of the podocyte slit diaphragm. Nephrin
and podocin expression, which decrease in disease con-
ditions associated with proteinuria,20,21 are reduced in
FSGS � COLL (down 3-fold and nearly 1.9-fold, respec-
tively). Synaptopodin, a podocyte-specific actin-associ-
ated protein, is also reduced 3.3-fold. Additional differ-
entially regulated genes known to be part of the slit
diaphragm junctional complex, but not podocyte spe-
cific, include FAT1 (down 2-fold), GRB2 (up 2.1-fold),
MAGI-2 (down 4.2-fold), and TJP1 (down 1.8-fold, also
known as ZO1). All but one of these genes is down-
regulated, raising the possibility that, in a disease pro-
cess where podocyte loss is a feature, the gene expres-
sion changes observed are due to fewer podocytes per
glomerular cross-section captured in the FSGS � COLL
group. While we cannot exclude podocyte loss as a
contributing factor, we believe it is not a major explana-
tion for these differences in gene expression because the
glomeruli with FSGS lesions constituted no more than
one-third of the captured glomeruli, the sclerosing lesions
are segmental, and almost half of the cases contained
lesions of collapsing FSGS, with more podocytes than the
normal complement.

A distinctive molecular feature of collapsing FSGS is
the dysregulated podocyte phenotype.6 We observe a
recapitulation of this phenotype in the differentially regu-
lated gene list. Expression of the cell cycle inhibitors p27
and p57 is reduced (1.7-fold and 2.3-fold, respectively).
The expression of PAX2, a marker for the immature podo-
cyte, is considerably increased (9.8-fold), and several
markers for the mature podocyte are decreased such as
CALLA (2.7-fold, also known as MME or CD10), CR1
(2.2-fold), podocalyxin (2.3-fold), and synaptopodin (3.3-

Figure 4. Validation of FSGS � COLL versus Normal � MCD gene expres-
sion profiling using TaqMan quantitative real-time RT-PCR with 10 genes,
normalized to GAPDH expression. *P � 0.05; **P � 0.1; ***P � 0.15, after
Bonferroni correction for multiple comparisons.

Figure 5. Glomerular SOX9 protein expression. Immunohistochemistry for
SOX9 reveals strong nuclear staining in podocytes (arrows) and parietal
cells (arrowheads). Most of the nuclei within the center of the glomerular
tuft (mesangial and endothelial cells) are negative or weakly positive, al-
though some demonstrate strong staining. The nuclei of surrounding tubular
cells show variable staining. Glomerular laser-capture does not collect the
parietal cells or surrounding tubular cells.
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fold). The expression of WT1, another podocyte maturity
marker, was down-regulated 1.6-fold with a FDR of 0.15,
but this did not pass the FDR filter and was not included
in our gene list.

Several genes potentially expressed by parietal epi-
thelial cells, such as CD24, CLDN1, KRT 18, and KRT 19
were up-regulated in FSGS � COLL versus Normal �
MCD. These findings support the newly emerging evi-
dence that parietal epithelial cells may serve as a reser-
voir of podocyte progenitor cells.22,23 Recruitment of pa-
rietal epithelial cells may repopulate glomerular
capillaries denuded of injured podocytes in COLL, a
process that has been shown to occur in some forms of
human COLL.24

An examination of the differentially regulated genes in
FSGS � COLL using Gene Ontology demonstrates an
overrepresentation of developmental categories, impli-
cating an important role for reactivation of developmental
transcriptional pathways in the injured glomerulus. In-
deed most differentially regulated TFs in Table 4 are
associated with development and most are up-regulated.
PAX2 is expressed in metanephric mesenchyme and
ureteric bud of the developing kidney. Its expression
declines with development and is absent in the mature

podocyte, though persistent PAX2 expression is seen in
some renal diseases.25 Interestingly, transgenic podo-
cyte-specific PAX2 protein expression in the mouse re-
sults in early glomerular collapse and its induction in
adulthood leads to severe glomerular disease.26 SOX9
has a well characterized role in testicular development
and chondrocyte differentiation and its induction in vitro
is associated with up-regulation of genes key to the
pathology of fibrosis, such as COL2A2, COMP1, and
COL1.27 In cultured mesangial cells, SOX9 directly
up-regulated COL4A2 expression and was dramatically
up-regulated with Col4a2 in whole kidney in a mouse model
of nephritis.28 Thus SOX9 may play an important role in the
activation of fibrosis in FSGS. MAFB, also known as Kreisler,
is one of the few down-regulated TFs we find in FSGS �
COLL. It is known for its role in hindbrain patterning, but the
lack of MAFB in newborn mice results in proteinuria, podo-
cyte foot process effacement, and the reduction of nephrin
and podocin expression.29

The comparison of FSGS � COLL versus Normal �
MCD groups offers insight into a multitude of interesting
transcripts and pathways differentially regulated in hu-
man glomeruli. In recent years, multiple gene mutations
have been identified that lead to inherited forms of FSGS5

Table 5. Top Gene Ontology (Biological Process) Categories in FSGS � COLL versus Normal � MCD

Gene ontology term
Observed

genes Z-score Transcription factors up-regulated

Transcription
factors

down-regulated

Developmental process 72 4.85 BHLHB2, HNF1B, HOXB5, HOXC10, MAFF,
MITF, PAX2, PAX8, SOX9, TGIF1

DACH1, MAFB

Anatomical structure development 57 6.32 HNF1B, HOXB5, MAFF, NFE2L1, PAX2,
PAX8, SOX9

MAFB, NFE2L1

Anatomical structure morphogenesis 27 4.21 HOXB5, MAFF, NFE2L1, PAX2, PAX8 MAFB, NFE2L1
Cellular developmental process 34 4.23 HOXB5, MAFF, MITF, PAX2, PAX8, SOX9 MAFB

Cell differentiation 31 4.02 SOX9, PAX2, PAX8, MITF, MAFF, HOXB5 MAFB
Cell development 16 4.14 SOX9, PAX2

Skeletal muscle fiber development 4 4.00
System development 47 5.29 FOSL2, HNF1B, HOXB5, HOXC10, MAFF,

MITF, PAX2, PAX8, SOX9, TGIF1
DACH1, MAFB,

NFE2L1
Organ development 39 5.71 HNF1B, MAFF, SOX9 MAFB

Multicellular organismal process 73 4.83 BHLHB2, HNF1B, HOXB5, HOXC10, MAFF,
MITF, PAX2, PAX8, SOX9, TGIF1

DACH1, MAFB

Multicellular organismal development 59 5.35 HNF1B, MAFF, PAX2, SOX9 MAFB
Cell motility 15 4.26

Cell migration 14 5.46
Neuron migration 4 4.71

Cytoskeleton organization and biogenesis 21 5.42
Actin cytoskeleton organization and

biogenesis
11 4.68

Cell adhesion 31 6.87 SOX9
Cell-cell adhesion 14 5.81 SOX9

Cellular component organization and
biogenesis

44 4.07 BCOR, RSF1

Positive regulation of cellular component
organization and biogenesis

5 4.16

Regulation of signal transduction 23 5.75
Regulation of G-protein coupled receptor

protein signaling pathway
4 4.62

Negative regulation of biological process 33 4.08
Positive regulation of biological process 33 4.26 CREB5, HNF1B, HOXC10, NCOA2, PAX8,

SOX9
MAFB, RSF1

Positive regulation of protein metabolic
process

6 4.16

Regulation of kinase activity 11 4.11
Response to steroid hormone stimulus 4 4.32
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through podocyte dysfunction. The expression of three of
these genes, NPHS2, INF2, and PLCE1, are down-regu-
lated in FSGS � COLL versus Normal � MCD. NPHS2
(podocin) mutations have been described in steroid-re-
sistant nephrotic syndrome.30 Mutations in the gene for
INF2, a member of the formin family of proteins that
accelerate actin filament assembly, are inherited in an

autosomal-dominant fashion in multiple families with in-
herited FSGS.31 And finally PLCE1, which encodes an en-
zyme not associated with the podocyte cytoskeleton, was
found to bemutated in a rare form of familial FSGS or diffuse
mesangial sclerosis32 Thus our analytic approachmay yield
additional candidates for genetic analysis in FSGS.

Literature mining and analysis identified IL-8 (up
10-fold), NFKBIA (down 1.8-fold), and Osteopontin
(SPP-1; up 4.5-fold) as key interconnected nodes in
a transcriptional network (Supplemental Figure 1 at
http://ajp.amjpathol.org). IL-8 is a chemokine and a major
mediator of the inflammatory response. Peripheral blood
mononuclear cells overexpress IL-8 in patients with
MCD33 and blocking antibodies against IL-8 reverse pro-
teinuria and foot process effacement in a model of acute
immune-complex glomerulonephritis.34 Podocytes are
able to produce IL-8 and express its receptor CXCR1,
suggesting activation in an autocrine manner.35 NFKBIA,
also known as inhibitory nuclear factor �B (NF-�B)�, is an
inhibitor of the NF-�B pathway. An increase of NF-�B:
inhibitory NF-�B expression ratios has been documented
in pediatric transplant patients with recurrent FSGS,36

suggesting a pathogenetic role for NF-�B activation. Fi-
nally, osteopontin is a cytokine broadly up-regulated in

Table 6. Differentially Expressed Genes in MCD versus Normal

Gene symbol Description Fold change FDR

Independent
validation:

fold change

ANKRD32 Ankyrin repeat domain 32 10.33 0.09
LTBR Lymphotoxin � receptor 3.75 0.21 1.71
CDH11 Cadherin 11, type 2, ob-cadherin 3.48 0.44 1.43
C17orf80 Chromosome 17 open reading frame 80 3.27 0.48
MPZL2 Epithelial v-like antigen 1 2.81 0.48
TPST2 Tyrosylprotein sulfotransferase 2 2.35 0.48
GJA4 Gap-junction protein, �4 2.28 0.00 1.94
CPLX1 Complexin 1 0.38 0.15
WSCD2 kiaa0789 gene product 0.33 0.10
TRO Trophinin 0.28 0.41 1.42
KLHL26 Kelch-like 26 (Drosophila) 0.27 0.00
XPNPEP2 x-Prolyl aminopeptidase 2, membrane-bound 0.23 0.00 0.49
C19orf77 Chromosome 19 open reading frame 77 0.22 0.38
GATM Glycine amidinotransferase 0.18 0.27 0.55
FMO1 Flavin containing monooxygenase 1 0.16 0.00 0.55
SLC5A2 Solute carrier family 5, member 2 0.15 0.17 0.58
GDA Guanine deaminase 0.13 0.00
OPCML Opioid-binding protein/cell adhesion molecule-like 0.12 0.00 0.58
BHMT Betaine-homocysteine methyltransferase 0.11 0.00 0.51
DDC Dopa decarboxylase 0.11 0.00 0.55

Table 7. Differentially Expressed Genes in COLL versus
FSGS

Gene
symbol Description

Fold
change FDR

USP38 Ubiquitin-specific peptidase 38 8.4 0
KCNJ2 Potassium inwardly-rectifying

channel, J2
7.9 0.43

NANOS1 Nanos homolog 1 6.9 0.36
RBAK RB-associated KRAB zinc

finger
6.1 0

IKZF2 IKAROS family zinc finger 2 5.8 0.43
KCNG1 Potassium voltage-gated

channel, G1
4.7 0

MAEL Maelstrom homolog (Drosophila) 4.5 0.39
WDR51A WD repeat domain 51A 4.4 0
FBX045 F-box protein 45 4.3 0.39
SF3B2 Splicing factor 3b, subunit 2,

145 kDa
3.6 0.43

RBAK rb-associated krab repressor 2.8 0.46
ODF3B Outer dense fiber of sperm tails

3B
2.2 0.39

CNGA1 Cyclic nucleotide gated
channel �1

2.2 0.39

NFATC4 Nuclear factor of activated T
cells, 4

2.1 0.44

RARA Retinoic acid receptor, � 2.0 0.2
SEMA3F Semaphorin 3F 2.0 0.43
RSRC2 Similar to splicing factor,

arginine/serine-rich 4
2.0 0.43

MICALL2 Mical-like 2 1.9 0.39
JUND Jun d proto-oncogene 1.9 0.43
SERPINB9 Serpin peptidase inhibitor,

clade B, member 9
0.3 0.25

TBC1D20 tbc1 domain family, member 20 0.3 0.25

Table 8. Promoter Modules Enriched in FSGS � COLL

Promoter modules
# Observed

genes Z-score

EGRF_SP1F_01 195 4.80
SP1F_KLFS_01 129 4.11
SP1F_SP1F_05 91 4.18
SP1F_MZF1_01 10 4.30
IRFF_NFKB_03 5 4.17
SP1F_SP1F_01 4 5.23
RXRF_HAML_ 02 3 4.02
STAF_STAF_01 1 4.41
SMAD_SMAD_MITF_02 1 4.42
GATA_GATA_NFKB_NFKB_01 1 7.88
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various conditions including inflammation37 and can-
cer.38 It is increased in the podocytes of several mouse
models of renal injury and activates the NF-�B pathway in
cultured podocytes.39 Osteopontin is also significantly
increased in the urine of children with steroid-sensitive
nephrotic syndrome, most of whom had FSGS.39

Unsupervised clustering analysis revealed little to no
difference in the molecular signatures of glomeruli from
MCD compared with Normal, and COLL compared with
FSGS. There are several possible explanations for this
observation. In MCD, glomeruli display little or no histo-
logical abnormalities by light microscopy and require
ultrastructural evaluation to discern the foot process ef-
facement that differentiates MCD from Normal. Our data
are consistent with a smaller gene set regulated in MCD
versus Normal than was found for Normal � MCD versus
FSGS � COLL. Of note, a more sensitive method was
able to identify regulated transcripts in MCD. In addition,
compared with FRZN samples, many of the individual
gene expression levels are reduced with RNA extracted
from FFPE material, which can be seen in the graphs on
the right side of Figure 2 (note the asymmetrical shift of
the gene expression data points to the left of each graph
where the expression levels for many individual genes
are lower for FFPE than FRZN). Despite these limitations,
it was possible to identify differentially expressed genes
in MCD versus Normal glomeruli in which cell adhesion
and amino acid and derivative metabolic processes were
enriched. Disruption of podocyte adhesion, whether to
the glomerular basement membrane or neighboring
podocytes, has been shown to result in loss of mainte-
nance of the glomerular filtration barrier and morpholog-
ical changes in the podocyte including foot process ef-
facement.40 Changes in amino acid metabolism would
be expected to disrupt many cellular processes and it
has been shown that the formation of podocyte pro-
cesses depends on a constant supply of lipids and pro-
teins.41 However the role of these differentially regulated
genes remains to be determined.

The unsupervised analysis did not reveal a robust
distinction in gene expression between COLL and FSGS.
This might be a consequence of the fact that approxi-
mately one-third of the glomeruli from FSGS � COLL had
segmental sclerosis or collapsing lesions, and the rest of
the glomeruli were identical, that is normal by light mi-

croscopy and with foot process effacement by ultrastruc-
tural analysis. And of the COLL cases, half had a mixture
of classic and collapsing lesions of FSGS. Thus, there
was not a substantial difference in the morphology of
collected glomeruli in FSGS and COLL biopsies, as one
might expect, for cases diagnostically classified as FSGS
variants. Accordingly, only a limited group of differentially
expressed genes was identified comparing COLL to
FSGS. The list was enriched for genes involved in DNA-
dependent transcription and included several TFs, such
as retinoic acid receptor � (RARA). Retinoic acid has
anti-apoptotic effects42 and has been shown to inhibit
matrix production43 in cultured mesangial cells that are,
in part, retinoic acid receptor � dependent. In podocytes,
retinoic acid inhibits HIV-1-induced podocyte prolifera-
tion through the cAMP pathway and causes G1 arrest and
restoration of podocyte expression of differentiation
markers.44 This suggests a transcriptional pathway that
inhibits apoptosis and sclerosis and regulates prolifera-
tion in collapsing lesions compared with classical seg-
mental sclerosis. Future experiments should focus on
laser capturing only glomeruli with specific morphology,
which we now show to be technically feasible.

Analysis of the promoter regions in the differentially
expressed genes in FSGS � COLL versus Normal �
MCD reveals a significant overrepresentation of several
promoter modules. The EGRF_SP1F_01, SP1F_KLFS_01,
and SP1F_SP1F_05 promoter modules are found in many
genes from our list indicating shared transcriptional path-
ways for these regulated genes. The EGRF binding site
contains a domain for early growth response (EGR) family
nuclear proteins, including EGR1 and EGR2, and similar
C2H2-type zinc-finger proteins.45 SP1F and KLFS con-
tain binding domains for the stimulating protein family
and Kruppel-like zinc finger family TFs. Members of these
TF families were not differentially regulated in FSGS �
COLL with the filtering criteria used. However, expanding
the list of regulated genes to include those at a FDR � 0.15
revealed EGR1 to be up-regulated 2.6 fold. Functional
analyses of these promoter modules may yield new in-
sights into shared transcriptional pathways.

Using morphometric data, we compared the percent-
age of glomeruli affected by classic or collapsing lesions
of FSGS with differentially regulated genes (FSGS �
COLL versus Normal � MCD) for each case and found

Figure 6. Correlation of gene expression with segmental sclerosis. Among genes differentially regulated in the FSGS � COLL group, the expression of three were
found to significantly correlate (P � 0.05) with the percentage of collapsing and classic FSGS lesions (AIF1) or the percentage of classic FSGS lesions alone (DSP
and CCDC91).
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three genes with statistically significant correlations. Only
one gene, AIF1, was shared by both and was significantly
negatively correlated with sclerosis. AIF1 is a calcium-
binding protein encoded within the human leukocyte an-
tigen class III genomic region and is implicated in the
inflammatory process. Tsubata et al46 found that AIF1 is
diffusely expressed in the cytoplasm of podocytes and
suggested that AIF1 colocalizes with actin. Furthermore,
AIF1 is associated with cell migration through actin poly-
merization and Rac1 activation in vascular smooth mus-
cle cells.47 Thus it may play a role in actin cytoskeleton
stability in FSGS and COLL. DSP and CCD91 (also known
as p56) expression was correlated with percent focal
sclerosis in FSGS cases, but not COLL. DSP is an inter-
mediate-filament binding protein essential for desmo-
somal intercellular adhesion function. It is expressed in all
epithelial cells of the developing tubule and renal cap-
sule, including both parietal and visceral epithelia. How-
ever in the mature glomerulus, its protein expression is
restricted to the lateral membranes of parietal epithelial
cells.48 Positive correlation of DSP expression with FSGS
may indicate a return to developmental transcriptional
programs in the diseased glomerulus or involvement of
parietal epithelial cells. Finally CCDC91 expression was
found to be significantly negatively correlated with FSGS.
CCDC91 is a trans-Golgi network accessory protein im-
portant in the sorting of cathepsin D to lysosomes.49 Its
function in the glomerulus is unknown.

Our study demonstrates the feasibility of gene expres-
sion profiling using minute quantities of FFPE material, once
thought to be too poor in quality for microarray analysis,
enriched for the tissue of interest with laser-capture micro-
dissection. We present the utility of this approach first
through direct comparison of global gene expression of
frozen versus fixed glomeruli from the same source. In
addition, we can observe an overlap of differentially regu-
lated genes from ours and similar studies. Bennett et al12

profiled isolated glomeruli from four FSGS patients and
compared the gene expression to three controls. Multiple
differentially regulated genes (23 total) are shared with our
study including substantial upregulation of osteopontin,
SOX9, RGS4, MET, thrombospondin-2 and cathepsin C
(see Supplemental Table 3 for full list of shared genes at
http://ajp.amjpathol.org).12 Bioinformatics tools now exist,
such as Gene Expression Online (http://www.ncbi.nlm.nih.
gov/geo/) and the Molecular Signatures Database (http://
www.broad.mit.edu/gsea/msigdb/), where one can com-
pare a gene set to a large collection of user uploaded gene
sets from previous experiments. Uploading our set of differ-
entially regulated genes to Molecular Signatures Database
reveals a significant overlap (42 genes) with Baelde et al,10

in which isolated glomeruli from diabetic patients were com-
pared with normal, which implicates shared transcriptional
regulation of glomerular injury in diabetes and FSGS (see
Supplemental Table 4 for full list of shared genes at http://
ajp.amjpathol.org10). Our gene set also significantly overlaps
with Cui et al,50 in which isolated glomeruli from Pod1
knockout mouse embryos were profiled and compared with
normal glomeruli. Since Pod1 is a transcription factor key to
ureteric bud branching and glomerular differentiation, we
interpret this as additional evidence for the importance of

reactivation of developmental transcriptional pathways in
glomerular injury. The application of microarray technology
to the archives of FFPE renal biopsies will expand our ability
to elucidate the molecular complexities of renal disease.
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