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Abstract

Glomerular podocytes are highly differentiated epithelial cells that are key components of the kidney filtration units.
Podocyte damage or loss is the hallmark of nephritic diseases characterized by severe proteinuria. Recent studies implicate
that hormones including glucocorticoids (ligand for glucocorticoid receptor) and vitamin D3 (ligand for vitamin D receptor)
protect or promote repair of podocytes from injury. In order to elucidate the mechanisms underlying hormone-mediated
podocyte-protecting activity from injury, we carried out microarray gene expression studies to identify the target genes and
corresponding pathways in response to these hormones during podocyte differentiation. We used immortalized human
cultured podocytes (HPCs) as a model system and carried out in vitro differentiation assays followed by dexamethasone
(Dex) or vitamin D3 (VD3) treatment. Upon the induction of differentiation, multiple functional categories including cell
cycle, organelle dynamics, mitochondrion, apoptosis and cytoskeleton organization were among the most significantly
affected. Interestingly, while Dex and VD3 are capable of protecting podocytes from injury, they only share limited target
genes and affected pathways. Compared to VD3 treatment, Dex had a broader and greater impact on gene expression
profiles. In-depth analyses of Dex altered genes indicate that Dex crosstalks with a broad spectrum of signaling pathways, of
which inflammatory responses, cell migration, angiogenesis, NF-kB and TGF pathways are predominantly altered.
Together, our study provides new information and identifies several new avenues for future investigation of hormone

signaling in podocytes.
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Introduction

Podocytes are highly differentiated kidney cells that produce the
slit diaphragm, a key component of the renal glomerulus filtration
barrier, responsible for removing toxins and metabolic waste while
retaining leukocytes and larger proteins in the bloodstream.
Podocytes also contribute significantly to the formation of the
glomerular basement membrane and the integrity of the
glomerular microvascular endothelium. Thus, podocyte injury
and/or loss of podocytes leads to impaired blood filtration and is
the cause of many common renal diseases characterized by severe
proteinuria (the leakage of serum proteins into the urine) and
hypoalbuminemia (low serum albumin levels). Continued injury to
podocytes can lead to irreparable damage to the glomerulus and
kidney function resulting in renal failure.

As in podocyte injury repair partially
recapitulates fetal developmental processes. Critical to podocyte
development and differentiation are events mediated by
numerous cell permeable hormones [1]. These small lipopholic
molecules such as steroids, fatty acids, prostaglandins and

many organs,

vitamin metabolites control many aspects of animal develop-

PLOS ONE | www.plosone.org

ment through binding to a family of intracellular receptors, the
nuclear receptors (NRs). Upon ligand binding, NRs switch on
or off an array of gene networks. The ability of small molecule
hormones to regulate NR activity makes them excellent
pharmaceutical targets. In addition to normal development,
clinical evidence and animal studies have implicated several
NRs in podocyte diseases [2]. Recent studies from animals and
cultured human or mouse podocytes indicate that synthetic
hormones including ligands for estrogen receptor (estradiol),
glucocorticoid receptor (glucocorticoid), retinoid receptors (reti-
noid), vitamin D3 receptor (vitamin D3), and peroxisome
proliferator-activated receptor alpha (pioglitazone and WY-
14643) protect or rescue podocytes from experimental glomer-
ular mjury [3,4,5,6,7,8,9]. Nonetheless, the mechanism un-
derlying the ability of these hormones to protect podocytes and
kidney function is an important issue for patient treatment that
remains poorly understood. This is partly due to the limited
knowledge of the target genes and affected pathways controlled
by these hormones. In addition, glucocorticoid treatment studies
in animals and patients cannot separate direct versus indirect
effects, thus more comprehensive studies should provide valu-
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able information on the direct effects on the renal cells, the
intended target of the therapy.

In addition, recent patient and animal studies have suggested
that vitamin D also may provide beneficial renoprotective
functions, but the therapeutic utility of vitamin D treatment for
common diseases such as diabetic nephropathy remains un-
certain [10,11]. In order to elucidate the mechanisms by which
glucocorticoids and Vitamin D3 elicit their renoprotective
activity, we initiated a gene expression profiling study to
identify their target genes and affected pathways in cultured
human podocytes. Immortalized human podocytes (HPCs) were
induced to differentiate followed by exposure to dexamethasone
(Dex) or vitamin D3 (VD3). We found that while Dex and VD3
are known to both protect podocytes from experimental injury,
their effects on gene expression and the affected pathways were
quite different. Dex appears to alter more target genes than
VD3 and thus affects a broader spectrum of signaling pathways.
Taken together, our data indicate that these two hormones have
limited common gene targets in differentiating podocytes.
Furthermore, our study opens new avenues for future in-
vestigation into the molecular pathways by which hormones
protect podocytes from injury.

Materials and Methods

Cell Cultures, in vitro Differentiation, Hormone Treatment

and Sample Preparation

The human podocyte cell line (HPCs), which has been
previously described [12,13], is considered the standard cell line
for podocyte experiments, and i vitro differentiation of HPCs was
carried out as described [12]. Briefly, temperature-sensitive HPCs
were maintained in culture medium containing RPMI supple-
mented with 10% charcoal stripped fetal bovine serum (FBS), 1%
antibiotics and Insulin-Transferrin-Selenium (GIBCO #51500) at
the permissive (undifferentiated) temperature of 33°C. For
differentiation, HPCs at 70-80% confluence were transferred to
a cell culture incubator set to the non-permissive (differentiation)
temperature of 37°C for 2 days followed by DMSO (Veh.),
100 nM dexamethasone (Dex), or 100 nM vitamin D3 (VD3)
treatment for 3 more days at 37°C. Undifferentiated HPCs were
treated with vehicle for 3 days at 33°C. Total RNA was isolated,
prepared and processed as described elsewhere [14]. For time-
course experiments, differentiating HPCs were treated with vehicle
or 100 nM of Dex or VD3 for 2, 8, 24, 48 or 72 h. For dose-
dependent experiments, differentiating HPCs were treated with
10 nM, 100 nM or 1 uM of Dex or VD3 or with vehicle for 4 or
72 h.

Immunofluorescence Microscopy

HPCs were plated onto coverslips of 12-well plates, grown and
treated with or without hormones following differentiation as
described above. Fluorescent microscopy was conducted accord-
ing to our published protocol [15]. Briefly, cells were washed with
1X PBS, fixed in 3.7% paraformaldehyde for 30 min at room
temperature and incubated with rhodamine-labeled phalloidin
(Cytoskeleton, cat. # PHDRI1). DAPI was applied to the samples
after the final wash to visualize cell nuclei. Images were visualized
using a LEICA fluorescence microscope equipped with a camera.

Microarray Experimental Design, Data Pre-processing and
Gene List Retrieval

The microarray was carried out on the illumina beadarray
platform with HumanRef-8 chip (V3_0_R3_11282963). Follow-
ing a fractional factorial design, the microarray study was to
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examine the effects of two factors: (i) Differentiation and (ii)
Hormone effects during differentiation. The differentiation
factor has two levels (Differentiated and Undifferentiated) while
the hormone factor has three levels (Veh, VD3 and Dex). The
raw data with background noise removed was analyzed in the
R/Bioconductor environment [16,17] as previously described
[14]. Briefly, the raw data were pre-processed with the following
packages: lumi [18,19], VST [20], RSN [20], and LIMMA
[21]. During these processes, the probes with non-significant
detection p-values (p>0.1) in all samples were removed from
the analysis. The pre-processed expression data were fit to
a general linear model adjusted by the empirical Bayes method
and the false discovery rate (FDR) was adjusted by the
Benjamini and Hochberg’s method. The significantly changed
gene lists were then complied (>1.5 fold and FDR adjusted p
(@) <0.05). For functional analyses, the most significantly
changed (>2 fold and q<<0.01) gene lists were used. The
microarray data has been deposited to GEO database with
accession number GSE39823.

Functional Ontology Analyses

The 3-D terrain sample relationship analysis, clustering with
gene ontology (GO), Kyoto Encyclopedia of Genes and
Genomes (KEGG) and the k-means clustering were performed
in the MultiExperiment Viewer (MeV v4.8.1, an R-based
software) [22]. Additional hierarchical clustering was analyzed in
R with average linkage. The sub-clusters were identified in the
dynamic TreeCut R package [23]. The functional annotation
enrichment tests were carried out in the Database for
Annotation, Visualization and Integrated Discovery (DAVID,
v6.7, http://david.abcc.nciferf.gov/) [24]. The venn diagram
was plotted with Venny (http://bioinfogp.cnb.csic.es/tools/
venny/index.html) [25]. The module-trait correlation and
module identification studies were done in the WGCNA R
package [26]. The functional analysis of transcriptional networks
was analyzed by FUNNET [27] and visualized in Cytoscape
[28] software. The customized Entrez keyword enrichment
analysis and tabular heatmaps were done with the GeneAnswers
R package [29]. Details of each analysis are described in the
Supporting methods and materials (Methods S1).

Total RNA Extraction, RT-PCR, and Real-time PCR

Total RNA was extracted using a PrepEase kit (USB/
Affymetrix) according to manufacture’s protocol (USB) and
quantified by A260/A280 spectrometry. The ¢cDNA pool was
synthesized from 1 pg of total RNA with Superscript3 Reverse
Transcriptase according to the manufacturer’s instructions (In-
vitrogen). gRT-PCR was conducted using an iCycler (Bio-Rad)
platform with 2_iQ) SYBR Green Supermix (Bio-Rad) with the
gene-specific primers (Table S6). The PCR program was set for 40
cycles with three steps of 95°C for 10 s, 55°C for 20 s, and 72°C
for 30 s. Melting curves were acquired after PCR to ensure the
homogeneity of the PCR products. The relative levels in gene
expression were normalized to an internal control, GAPDH and
calculated using the AACt method. Each value is representative of
three replicates and all the experiments were repeated twice. The
primer sequences are enclosed in Table S7.

Western Blotting

Vehicle, Dex or VD3-treated HPCs were harvested day 1, 2 or
3 days after treatment, whole cell extracts prepared and Western
blotted with anti-GRa (Santa Cruz, sc-8992), anti-VDR (Santa
Ciruz, sc-1008) or anti-B-actin (Sigma-Aldrich, A-5441) antibodies.
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Results

Hormone Treatment Modulates the Transcriptome
during HPC Differentiation

Immortalized human podocytes (HPCs) were maintained in
culture medium at 33°C and induced to differentiate at 37°C. We
first examined the expression levels of GRow and VDR by qRT-
PCR using two pairs of primers for both GRa and VDR. We
found that both GRo and VDR were expressed in HPCs, but that
GRoa mRNA levels were expressed 30-fold higher than VDR (data
not shown). While Dex treatment reduced GRot and VDR mRNA
levels, VD3 treatment does not affect GRoe mRNA accumulation
but modestly decreased VDR mRNAs (Figure 1A-B). At the
protein levels, Dex treatment decreased GRa protein accumula-
tion after one day of treatment, but did not affect VDR protein
levels (Figure 1A). By contrast, VD3 had little or no effects on
neither GRa nor VDR protein expression (Figure 1B). We found
that during induction of differentiation, these cells gradually stop
proliferating and start differentiating and this transition takes
approximately two days. Because injured podocytes in vivo
undergo similar dedifferentiation processes [12], we reason that
treated differentiating HPCs with hormones may mimic the effects
of hormones on injured podocytes. To examine the optimal
hormonal effects during the differentiation process, two days after
induction, HPCs were treated with vehicle, 100 nM vitamin D3
(VD3) or 100 nM dexamethasone (Dex) for 3 more days
(Figure 1C). Cells were harvested; total RNA was prepared and
subjected to microarray analysis. The experimental design defined
4 different conditions of samples: undifferentiated (33°C) HPCs
treated with vehicle (U.Veh), differentiated (37°C) HPCs treated
with vehicle (D.Veh) or hormones (D.VD3 and D.Dex)
(Figure 1C). The effects of Dex and VD3 on the morphology of
differentiating HPCs were further visualized by immunofluores-
cent microscopy (Figure 1D). Consistent with a previous report
[12], differentiated HPCs were morphologically distinct (larger in
size) compared to undifferentiated HPCs. Furthermore, Dex
treated differentiated HPCs exhibit a substantial increase in stress
fibers and filopodia compared to vehicle treated HPCs, whereas
vehicle or VD3 treated HPCs showed only modest increases in
stress fibers and filopodia (Figure 1D).

Comparing the profile of probe densities from raw scale data
with those from the transformed and normalized data, we found
that the profiles of the transformed and normalized data are well
overlapped to each other (Figure S1). The technical duplicates are
closely aligned to each other in the sample dendrogram (Figure
S2A) and show small variation within inter-quantile range (IQR)
(Figure S2B). These data indicate a good quality control of our
transformation and normalization procedure and establish a basis
for comparison between samples. The sample relationship was
visualized in a 3-D terrain expression map (Figure 1E). We found
that the 4 different conditions were well separated and that the
Dex-treated differentiated sample (D.Dex) and the VD3-treated
differentiated sample (D.VD3) were the most distantly separated
compared to the vehicle-treated differentiated sample (D.Veh)
(Figure 1E). We first compared the HPC differentiation processes
under vehicle treatment (D.Veh-U.Veh) to VD3 treatment
(D.VD3-U.Veh) or Dex treatment (D.Dex-U.Veh). The signifi-
cantly influenced ontology information (£<0.01) in any of these
differentiation processes were analyzed and exported using
DAVID bioinformatic suites [24]. The enrichment scores are
presented as relatively enriched (positive Z-score) or relatively
suppressed (negative Z-score) as previously described [30]
(Figure 1F). Thus, the relative influences of Dex or VD3 hormone
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treatment on different biological processes during the HPC
differentiation can be visually presented (Figure 1F).

The significantly changed genes (>1.5 fold, ¢<<0.05) were
retrieved and annotated (Table S1). The expression profile of these
genes across the different conditions was clustered and displayed in
a heatmap (Figure S3). We are particularly interested in
differentiation effects (D.Veh-U.Veh) and the hormonal effects
on differentiation: VD3 effects (D.VD3-D.Veh) and Dex effects
(D.Dex-D.Veh). These hormonal effects were retrieved as D.VD3-
D.Veh =(D.VD3-U.Veh)-(D.Veh-U.Veh) and D.Dex-
D.Veh = (D.Dex-U.Veh)-(D.Veh-U.Veh). The membership com-
parisons between these gene lists are summarized in a Venn
diagram (Figure 1G). We designated the genes in the cluster (i) as
differentiation-specific genes independent of hormonal effects and
the gene list was enclosed in Table S1. Using DAVID
bioinformatics suites, the significantly influenced (P<<0.001)
functional categories based on GO and KEGG databases are
summarized in Figure 1H. Our analysis revealed that HPC
differentiation is a multifaceted process involving changes in cell
cycle,  organelle-related, cytoskeleton, mitochondrion, ribosome  biogenests,
apoptosis and lysosome-associated genes, which collectively direct the
dramatic morphological changes observed during differentiation.

Functional Analysis of Hormonal Effects on
Differentiating HPCs

We further focused our study on the hormonal effects (D.Dex-
D.Veh and D.VD3-D.Veh) on gene expression in differentiating
HPCs. To analyze the categories of genes affected by the
hormonal effects, we performed a clustering analysis of these
hormonal specific genes and identified several sub-clusters [23]
(Figure 2). Through analysis with DAVID bioinformatics suites,
we identified significantly enriched (P<<0.05) functional categories
based on multiple ontology databases through DAVID. The
identifiers, description of the categories and the associated P values
are listed in the colored boxes matched to the annotated side bars
in Figure 2. The full lists of the genes and the enriched functional
categories in each sub-cluster are listed in Table S2.

Focusing on Dex treatment effects on differentiation, we
validated the microarray data regarding the effects of Dex on
the expression of the top 5 genes that were induced or down-
regulated by Dex treatment by qRT-PCR. Figure 3A shows the
effects of Dex on the expression of the top 5 up-regulated and the
top 5 down-regulated genes following Dex treatment. Their
expression patterns are consistent with our microarray data.
Among these genes, proteins encoded by SERPINE! [51,32],
ANGPT4 [33,34], DCN [35], CCL20 [36,37], IL-1B [38,39], SPPI
[40,41] and CCL2 [42,43] have previously been described to play
roles in kidney development or renal disorders including focal
segmental glomerulosclerosis (FSGS). By contrast, the role of
proteins encoded by NRCAM, GPR56 and MEOXI have not been
directly linked to podocyte function. We further performed time
course experiments on these three genes. Dex induced 2 fold
NRCAM mRNA accumulation 2 hours after Dex treatment and
this induction was sustained for three days (Figure 3B-D).
Similarly, we observed a decrease in GPR56 and MEOXI mRNA
levels 2 hours after Dex treatment. However, VD3 had little or no
effect on the expression of these three genes. Four hours after
treatment, 10 nM of Dex showed the same potency as 1 UM of
Dex to induce NRCAM expression. Furthermore, Dex exhibited
slight dosage-dependent repression on GPR56 and MEOXI.
However, VD3 had little effects on NRCAM, GPR56, or MEOX1
expression (Figure 3E).

We further carried out analysis of the enriched gene networks
after Dex treatment (D.Dex-D.Veh gene list, Table S1) using
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Figure 1. Microarray analysis of HPC differentiation. A-B, HPCs were induced to differentiation according to a published protocol [12]. Two
days after induction, cells were treated with vehicle, Dex or VD3. HPCs were harvested daily and total RNA was isolated and the accumulations of
mRNA and protein of GRa (4) and VDR (B) were determined by qRT-PCR and Western blots, respectively. The relative mRNA expression is normalized
by vehicle-treated samples. The B-actin was used as an internal Western loading control. (C) A schematic representation of the experimental design
for microarray study. (D) The effects of hormone treatment on the morphology of differentiated HPCs. HPCs were treated as described in (C) followed
by staining with rhodamine-labeled phalloidin and DAPI and visualized with fluorescent microcopy as described in Methods. Scale bar represents
20 pum. (E) A 3-D gene expression terrain map [52] of the sample relationship based on the significantly changed probes (>1.5 fold and g<<0.05). The
samples are represented by peaks and the correlation between samples is linked by lines with a correlation efficiency cutoff of 0.9. (F) Relative
enrichment scores of the significantly influenced functional ontology information (P<<0.01 in at least one of the comparisons) during HPC
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differentiation after vehicle or hormone treatments. (G) Comparison of the membership of the significantly changed genes (>1.5 fold, q<<0.05).
Genes (2065) representing the hormone-independent differentiation effects were designated as (i). The gene lists, D.Dex-D.Veh and D.VD3-D.Veh,
represent the hormonal effects during HPC differentiation. (H) Significantly influenced functional categories (P<<0.001) based on genes in (i) analyzed

by DAVID as described in Methods. The percentage of genes (%) in the specific categories is also shown.

doi:10.1371/journal.pone.0060213.g001

FUNNET [27]. Employing the enriched terms from GO.BP, we
identified several interesting network nodes (Figure 4), including
those involved in processes related to ”Glomerular development/
BMP signaling”, >Cytoskeleton/Extracellular structure” and
”Smooth muscle cell/Mesangial cells”. For better visual ability
of the network, closely related terms are placed in a stacked
fashion. The full lists of the significantly influenced ontology terms
(Table S3) and the genes associated with the specific terms (Table
S4) are reported in the Supporting tables. Interestingly, we also
identified networks participating in the response to glucocorticoid
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stimulus and regulation of the IxB/NF-kB cascade and cytokine
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The co-expression networks of Gene Ontology Cellular Compo-
nent (GO.CC), GO.MF and KEGG are shown in Figure S5.

To identify the signature genes that correlate with the
hormone treatment, we carried out a scale-free topological co-
expression network analysis using hormone-specific genes
through the WGCNA R package [26] (Figure 5). In a topolog-
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Figure 2. Clustering and functional analysis of genes representing hormonal effects during HPC differentiation. The genes
representing hormonal effects (D.Dex-D.Veh and D.VD3-D.Veh) were clustered and their relative expression was plotted using a heatmap. The
subclusters were identified as described in Methods and labeled by the color sidebar and numbers (1-8). Functional analysis identified the
significantly influenced categories (P<<0.05) associated with each subcluster and the representative ontology terms are shown in the color-matched
boxes.

doi:10.1371/journal.pone.0060213.g002
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Figure 3. The effects of Dex on NRCAM, GPR56 and MEOX1 mRNA accumulation. (A). Top five genes that were up-regulated and top five
genes that were down-regulated by Dex in HPCs. In vitro differentiation of HPCs, total RNA isolation and gRT-PCR were described in ‘Materials and
Methods. The relative mRNA levels of [+Dex]/[-Dex] are shown for each gene. (B-D). A time-course experiment of Dex’s effects on NRACM, GPR56 and
MEOX1 mRNA levels. HPCs were induced to differentiation for two days followed by hormone treatment. Cells were harvested 2, 8, 24, 48 and 72 h
after treatment, total RNA isolated and qRT-PCR performed. The relative mRNA levels of NRCAM (B), GPR56 (C) and MEOX1 (D) are normalized by
GAPDH mRNA and the value at 2 h (left) or day 1 (right) is set at 1. (E) Dosage-dependent responses of NRCAM, GPR56 and MEOX1 mRNAs to Dex
treatment. Differentiating HPCs were treated with vehicle, 10 nM, 100 nM or 1 uM of Dex or VD3, cell harvested 4 h after treatment, total RNA

prepared and subjected to qRT-PCR.
doi:10.1371/journal.pone.0060213.9003

network, the gene signatures/modules were evident as squares
in red along the diagonal (Figure S6). Therefore we identified
several modules that are annotated by the color side bars
(Figure S6). The genes in each module and the related
annotation information are listed in Table S5. These identified
gene signatures/modules were further analyzed for their
correlation with the phenotypic traits of the samples. The
samples can be categorized into different groups based on three
different traits: differentiation, Dex treatment, and VD3
treatment. The correlations between modules and traits are
presented quantitatively in a heatmap (Figure 5A). We found
that the sample trait VD3 treatment is strongly correlated with
the pink and yellow modules, while the Dex treatment was
strongly correlated with the blue and brown modules. The black
module was negatively correlated with the differentiation trait
and the rest of the modules (red, green, and turquoise) were
modestly or weakly correlated with differentiation. For these
modules, through DAVID analysis [24], we identified the
significantly enriched functional categories that are listed in the
color-matched boxes in Figure 5A. Similar to the analysis in
Figure S4, we visualized the most significantly changed genes

PLOS ONE | www.plosone.org

(>2 fold, ¢<<0.01) from the Dex-correlated modules (blue and
brown) as co-expression weighted networks [26,27] in Figure 5B.

In agreement with the analysis using the D.Dex-D.Veh gene
list in Figure S4, the key genes including ILIA, IL1B, CSF2,
FASN, TNFRSFI1B and ILI1 are also shown in the co-
expression network of the Dex-correlated modules (Figure 3B).
The annotated ontology networks of the Dex treatment trait-
correlated modules are shown in Figure S7A. We found that
several nodes in the co-expression network show converged
biological processes related to HPC differentiation: Glomerular
development, Morphogenesis and Inflammatory responses (Fig-
ure S7A). Similar to the analysis of GO.BP co-expression
network using D.Dex-D.Veh gene list in Figure 4, we also
identified a hub of NF-kB/Angiogenesis/Wound healing in this
Dex-trait associated GO.BP network (Figure S7A). The GO.CC
annotation network (Figure S7B) and KEGG network (Figure
S7C) are also shown. NF-kB, the inflammatory response and
angiogenesis are cellular processes that have not been previously
reported and are affected by Dex treatment during HPC
differentiation. To further analyze the influence of Dex
treatment on these functions and to classify the significantly
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changed genes into categories,
performed a customized Entrez-keyword based enrichment
analysis [29] (Figure 6). We found that NF-xB (P=2.00E-16),
the inflammatory response (P=1.20E-21), TGFB (P=9.56E~
15), angiogenesis (P=4.70E-17) and cell migration (P=3.48E—
23) were significantly affected and highly associated with each
other following Dex treatment during differentiation (using the
D.Dex-D.Veh most significantly changed gene list, >2 fold,
¢<<0.01) (Figure 6A). The gene expression levels from U.Veh,
D.Veh and D.Dex are presented in a heatmap with a green-

these cellular process we Dex-specific target genes in differentiating HPCs (D.Dex-D.Veh)
contain the binding sites for NF-kB (65.6%), AP1 (64.7%) and

STAT (54.9%) in their promoters (Figure S8).

Discussion

Synthetic hormones for GR and VDR have been used to treat
diverse diseases and as dietary supplements. Podocytes are known
to express these receptors, and several wm vitro studies have
demonstrated the importance of glucocorticoids in supporting
podocyte survival and optimal phenotype. In this study, we
determined the target genes of Dex and VD3 in differentiating
cultured HPCs. We have also identified changes in gene
expression and affected pathways of HPCs during i vitro
differentiation. While Dex and VD3 protect podocytes from

black-red scheme and the corresponding membership of each
gene in the above mentioned functional categories are
annotated in a table (Figure 6B). Finally, because Dex binds
and regulates GR-mediated transcriptional networks, we
searched for the potential transcriptional factors whose activity
1s affected by Dex using the University of California Santa Cruz
ENCODE transcription factor binding site  database
(UCSC_TFBS) through DAVID analysis [24]. We found that
NF-kB, APl and STATs were among the highest scoring
transcription factors that regulate the expression of the identified
target genes (D.Dex-D.Veh gene list, the most significantly
changed genes, >2 fold, ¢<<0.01) (Table S6). Indeed, many

injury i vitro and i vivo, our study shows that these hormones
affect few common target genes. In fact, our study demonstrates
unique responses of HPCs to Dex or VD3 at the molecular level
and distinct categories of responding genes. This suggests that
these two hormones provide renoprotection through distinct
pathways. In supporting this conclusion, qRT-PCR confirmed

PLOS ONE | www.plosone.org 7 April 2013 | Volume 8 | Issue 4 | 60213



GO:0001944~vasculature development (p=2.7E-6)
0:0030335-positiveregulation of coll migraton (p=2 6E-4)
GO:0001649~0steoblast differentiation (p=3.01
G0:0048762~mesenchymal cell ulmmml-uon (p»7 4E4)
G0:0042325~regulation of phosphorylation (p=9.4E-4)
GO:0048754~branching morphogenesis of a tube (p=2.2E-3)
g of protein y (p=3.7E-3)
GO:0016125~sterol metabolic process (p=3.1E-3)
G0:0009914~hormone transport (p=5.0E-3)
REACTOME pathway602~Metabolism of lipids and Ilpnprolalns (p.1 4E-3)
Involved in E3) it i i
G0:0003091~renal water homeostasis (p=8.3E-3) Trait-module relationship
GO:0050900~leukocyte migration (p=8.5E-3)
of cell =8.
G0:0070161~anchoring Junction (p=1.26-2)
G0:0010171~body morphogenesis (p=1.6E-2)
G0:0031667~response to nutrient levels (p=2.2E-2)
GO:0035150~regulation of tube size (p=3.9E-2)

Dex

G0:0044421~extracellular region part (p=2.0E4)
G0:0031012~extracellular matrix (p=1.7E-2)
GO:0015630~microtubule cytoskeleton (p=2.5€-3) VD 3
GO:0001558~regulation of cell growth (p=9.5E-3)
G0:0042981~regulation of apoptosis (p=2.1E-2)

: gative regulation ization (p=2.3E-2)
G0:0006935~chemotaxis (p=3.1E-2)

2109s UOIR91I0D

to steroid (p=1.1E-5)

G0:0042981~regulation of apoptosis (p=6.0E-5)
(GO:0031667-response to nutrent levels (p=6.5E-5) D |ff
ion (p=1.9E-3)

eg: is (p=7.7E-4)
reg
G0:0004860~protein kinase inhibitor activity (p=3.36-3)
G0:0043065~positive regulation of apoptosis (p=5.4E-3)
regulation of cellula (p=3.4E-3) |
G0:0030593-neutrophil chemotaxis (p=4.0E-3) |
G0:0051101~regulation of DNA binding (p=6.6E-3)
G0:0050715~positive regulation of cytokine secretion (p=8.0E-3)
GO:0006469~negative regulation of protein kinase activity (p=2.1E-2)
G0:0048870~cell motility (p=2.5E-2)
regulation of synaptic ission (p=2.3E-2)
| G0:0005825~focal adhesion (p=3.4£-2)

The Hormonal Effects on Podocyte Differentiation

B ITPKA  IGFBP3
TerBt CDKN1C
sLCTA2
EFTUDT  DUSP1
T SLC46A3
DCN
—= RPL13A
CXCL5
CRYAB — w—™ MX1
- =
CAMP FiTme
i 111 =~ ccLzo | b
-
PTTG3P ¥4
AURKB = BTz 7 TSC2203
ee2A R% T
il GOLTIA
P LAMB3
REngapz BIRC3 -
e 0 RARRESZ — u—Weapii2
i = BMP4 FLG - s
CRISPLD2 NNt
—m™ OXOQ TSPANIS
—m' ~-ANA2
LRIG CIQTNF1
- _FAM20C WWTR1 PIK3IP1 =
-"— == TEER
GpﬁfWL.Erx,oﬁ i334! Expression level:
== {3688 green-red scheme
BEX2 =
i CSF2 Node shape: co-expression
-_ SYTL2
- NEURLS === "
I3 ASN SEM/-_\SA o7 — Node size: functional centrality
=" A R NKRD10
- 1
MALEZZSIPATG. o
v PIM2 TNFRSF118
SLC7A4 S
-
LIMCH1

Figure 5. Modules associated with hormonal treatments during HPC differentiation identified by weighted gene co-expression
network analysis. The significantly changed probes (>1.5 fold, q<<0.05) representing hormonal effects (D.Dex-D.Veh and D.VD3-D.Veh) were used
for the WGCNA analysis. (A) Three traits of the samples were defined to study the module-trait relationships: “Diff” trait categorizes the samples into
differentiated (D.Veh, D.VD3, D.Dex) and un-differentiated (U.Veh). “VD3" trait categorizes the samples into untreated (U.Veh, D.Veh. D.Dex) or VD3-
treated (D.VD3). "Dex” trait categorizes the samples into untreated (U.Veh, D.Veh, D.VD3,) or Dex-treated (D.Dex). The module-trait correlation is
represented as a heatmap with correlation coefficient (r) scaled to a green-white-red scheme. The correlation coefficients and the p values are shown
in each box. Specifically, the blue and brown modules are highly correlated with the “Dex” trait. The pink and yellow modules are highly correlated to
"VD3" trait. The rest of modules are modestly or weakly correlated with the “Diff” trait. Functional analysis identified significantly (P<<0.05) influenced
functional categories for different trait-associated modules. The ontology terms are listed in the color-matched boxes. (B) The co-expression network
of the most significantly changed genes (>2 fold, q<<0.01) that are highly correlated with the “Dex” trait. The network was analyzed by FUNNET and
visualized in Cytoscape. The scaled expression values of each gene under the different conditions (U.Veh, D.Veh, and D.Dex from left to right) were
overlaid on the node with a green-red scheme [53]. Node shape reflects membership of different network modules. The node size is scaled to the

functional centrality.
doi:10.1371/journal.pone.0060213.g005

that Dex and VD3 distinctively regulate the expression of on their
target genes (Figures 3B and S8).

Podocyte differentiation is a multi-faceted process involving cell
cycle and morphological changes that are driven and guarded by
an array of gene transcription alterations. Our i vitro model of
podocyte differentiation is widely used and well characterized. It
employs a conditional immortalization system using ectopic
expression of a temperature sensitive SV40 T antigen to enable
cell division. During the @ vitro differentiation process, the T
antigen is silenced, removing this stimulus on cell cycle, thus
permitting the cells to resume a more typical quiescent state.
Although this is an artificial system of differentiation, prior work
has established these changes in cell cycle control and expression
of cell-specific proteins associated with terminal differentiation
proceed similarly to known i vive differentiation processes and
patterns [44]. An initial analysis of altered gene expression
patterns during differentiation of HPCs revealed the expected
changes in key cell cycle regulatory and biogenic processes
associated with cell division as well as the expected appearance of
podocyte-specific proteins typically associated with podocyte
differentiation (Figure 1H). Because our focus here was on
hormonal effects, establishing in our system which genes were
assoclated with differentiation was required to assign a physiolog-
ical significance to the genes associated with hormonal effects
versus differentiation effects.

In wvivo, disease-induced podocyte injury is a process that has
been linked with numerous signaling pathways including increased
reactive oxygen species (ROS), endoplasmic reticulum (ER) stress,
aberrant activation of mammalian target of rapamycin (mTOR),

PLOS ONE | www.plosone.org

Wnt and TGFP signaling, activation of small GTPase RhoA,
alterations in cytoskeletal proteins and decreased expression of slit
diaphragm components [45]. Continued injury or additional
oxidative or inflammatory stress leads to chronic pathological and
functional changes manifesting as effacement of podocyte foot
processes, deterioration of the filtration barrier and overall loss of
kidney filtration function, eventually resulting in renal failure. The
prior observations that Dex and VD3 protect podocytes from
injury suggest that these hormones likely suppress one of the
abovementioned disease responses. Glucocorticoid therapy is
a mainstay treatment for many nephrotic diseases, and is used
mainly for its action in suppressing inflammatory responses
mediated by NF-kB signaling. As expected, our data identified
several key signaling pathways involving NF-kB-regulated in-
flammation and inflammatory mediators. This finding is consistent
with the well-known role of agonist-bound GR in transrepression
of the pro-inflammatory activities of NF-kB and AP-1 transcrip-
tion factors (Figure S8, [46]). Indeed, our microarray and qR'T-
PCR data indicated that Dex represses the expression of IL-1f and
CCL2, key NF-xB target genes involved in inflammation.

Our time course experiments indicate that the three newly
identified Dex target genes, NRCAM, GPR56 and MEOXI, show
early responses to Dex treatment (Figure 3B-D), suggesting that
these genes are direct targets of Dex. These effects were sustain for
3 days of Dex treatment and were dosage-dependent. ChIP-seq
data from the ENCODE project indicate that both NRCAM and
GPR56 contain binding sites for GRa, NF-xB and AP-1, while
MEOXI contain GRo and AP-1 sites in A549 lung cancer [47].
Future experimental confirmation using ChIP analyses will
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Figure 6. Entrez keyword-based functional annotation analysis unveils unique effects of Dex treatment during HPC differentiation.
The most significantly changed probes (>2 folds and g<<0.01) were used for the analysis. The Entrez keywords tested were: Inflammatory response,
Cell migration, Angiogenesis, NF-kB and TGF. The gene networks associated with these keywords were retrieved from NCBI Entrez database [29]. (A)
The gene networks of the tested keywords are summarized. The number of significantly changed genes and the p values are shown with the
category nodes. The node size is proportional to gene number. The numbers of common genes shared by different category nodes are marked with
the connecting lines. The width of line is proportional to the number. (B) Dex effects on the gene expression during HPC differentiation. The genes

were annotated by the different functional categories.
doi:10.1371/journal.pone.0060213.g006

address whether NRCAM, GPR56 and MEOXI are GRa direct
target genes in podocytes.

Our microarray data produced results consistent with prior
gene and protein expression array studies, and also found several
genes previously identified in a proteomics analysis of Dex-treated
podocytes, including alpha B-crystallin (CRYAB), Annexins
(ANXA2), and lysosomal ATPase (ATP6V1B2) [5]. In addition,
our microarray study showed that Dex also directly affected
several other well-studied pathways in podocytes, such as modestly

PLOS ONE | www.plosone.org

inducing TGFP gene expression. As opposed to high levels of
paracrine TGFB stimulation, low levels of autocrine TGFf
signaling in podocytes has been shown to induce G1/GO arrest
and differentiation [48]. This effect may have been further
supported by the down-regulation of insulin-like growth factor
binding protein 3 [49], a known modulator of TGFf and its effect
on apoptosis, suggesting the TGFB-IGFBP3 pathway may be an
important Dex-induced mechanism to help preserve both cell
survival and the fully differentiated, quiescent state of a healthy

April 2013 | Volume 8 | Issue 4 | 60213



podocyte. In addition, we found induction of angiogenic factors
and other known paracrine signaling molecules important for
maintenance of the glomerular microvasculature such as vascular
endothelial growth factors (VEGF), Ephrins, and bone morpho-
genetic proteins (BMPs) that would also support the preservation
of normal glomerular function. Interesting, we also observed Dex
strongly induced angiopoietin-like 4, a protein known to be a GR-
responsive gene, but also one that has been previously associated
with proteinuria and nephrotic syndrome [33,50]. Thus, the
induction of Angptl4 may represent a Dex-induced gene
associated with the unwanted side effects of glucocorticoid
treatment.

The therapeutic use of VD3 therapy for the prevention of
chronic kidney disease, especially diabetic nephropathy, has been
suggested from several clinical and pre-clinical studies [10,11]. In
our observations of podocyte responses to vitamin D3, we found
the direct effects on podocyte gene expression to be less extensive
and closely resembles differentiated pattern (Figure 2), and that
few of the same pathways affected by Dex overlapped with the
VD3 responses (Figure 1F), although VD3 also modestly induced
TGFB. qRT-PCR experiments indicate that VDR mRNA
expression is 30 fold lower than GRo in HPCs. It remains
possible that the relatively low VDR protein abundance may
account for the limited effects of VD3 on gene expression. Of note,
some of the changes in gene expression were the opposite for Dex
and VD3 (Figure S9). Because the VD3 effects were more limited,
one interpretation is that the renoprotective function of VD3 in
patients with kidney disease may represent a secondary systemic
response to the treatment, in which the renoprotective function is
not imparted through a direct effect of VD3 action on the
podocyte. By crossing VDR KO mice with transgenic mice
expressing podocyte-specific VDR, it was shown that podocyte-
specific expression of VDR protects VDR-null mice from severe
renal injury [51]. Thus, between these in vivo studies and our
in vitro studies, it is clear that similar to glucocorticoid stimulation,
VD3 stimulation can have direct effects on the podocyte.

In summary, our studies have provided an important resource
to further understand the important therapeutic benefit of
glucocorticoid and vitamin D therapy in the treatment of chronic
kidney disease. In comparison to prior studies, a consistent pattern
of gene expression to GR and VDR signaling is emerging and will
provide a useful experimental resource to understand cell specific
responses with systemic treatments.
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Figure S4 The function-weighted network of the significantly

changed genes by Dex treatment during differentiation (D.Dex-
D.Veh).
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