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Growth hormone (GH) excess results in structural and func-
tional changes in the kidney and is implicated as a causative factor
in the development of diabetic nephropathy (DN). Glomerular
podocytes are themajor barrier to the filtration of serumproteins,
and alteredpodocyte function and/or reducedpodocyte number is
a key event in the pathogenesis of DN.We have previously shown
that podocytes are a target for GH action. To elucidate themolec-
ular basis for the effects of GH on the podocyte, we conducted
microarray and RT-quantitative PCR analyses of immortalized
human podocytes and identified zinc finger E-box-binding
homeobox2 (ZEB2) tobeup-regulated in aGHdose- and time-de-
pendentmanner.We established that the GH-dependent increase
in ZEB2 levels is associatedwith increased transcription of a ZEB2
natural antisense transcript required for efficient translationof the
ZEB2 transcript. GH down-regulated expression of E- and P-cad-
herins, targets of ZEB2, and inhibited E-cadherin promoter activ-
ity. Mutation of ZEB2 binding sites on the E-cadherin promoter
abolished this effect of GH on the E-cadherin promoter. Whereas
GH increased podocyte permeability to albumin in a paracellular
albumin influx assay, shRNA-mediated knockdown of ZEB2
expression abrogated this effect. We conclude that GH increases
expression ofZEB2 in part by increasing expression of aZEB2nat-
ural antisense transcript. GH-dependent increase in ZEB2 expres-
sion results in loss of P- and E-cadherins in podocytes and
increasedpodocytepermeability toalbumin.Decreasedexpression
of P- and E-cadherins is implicated in podocyte dysfunction and
epithelial-mesenchymal transition observed in DN. We speculate
that the actions of GH on ZEB2 and P- and E-cadherin expression
play a role in the pathogenesis of microalbuminuria of DN.

Pituitary growth hormone (GH)5 is essential for postnatal
growth in mammals. In addition to growth, GH affects the
metabolism of fat, protein, and carbohydrate (1). GH exerts
these actions both by its direct effect on target organs and
by stimulating the production of insulin-like growth factor-1
(IGF-1). At the tissue level, these pleiotropic actions of GH
result from the interaction of GH with a specific cell surface
receptor, the GH receptor (GHR).Whereas the GHR is ubiqui-
tously expressed, the role and effects of GH have been most
intensely investigated in organs and tissues such as liver, bone,
muscle, and adipocytes in which GHR expression is substantial
and are thus considered canonical targets of GH action. How-
ever, recent reports have highlighted the biological effects and
physiological relevance of GH action in non-canonical targets
such as the blastocyst (2), colonic epithelial cells (3), cardio-
myocytes (4), and neurons (5).
GH excess in both the human (acromegaly) and in transgenic

animal models is characterized by significant structural and
functional changes in the kidney (6–8). An overactive GH/
GHR axis is implicated as a causative factor in the development
of diabetic nephropathy (9–11). Our previous study had iden-
tified the glomerular podocyte as a target of GH action with
podocytes expressing functional GHR and exhibiting GH-
dependent activation of canonical GH signaling pathways
(12). Podocytes are visceral epithelial cells of the renal glo-
merulus. These cells, which have a complex cellular archi-
tecture that includes a cell body and primary, secondary, and
tertiary foot processes, are generally considered to be termi-
nally differentiated. Individual foot processes interdigitate with
that of neighboring cells and also attach to the underlying glo-
merular basement membrane. Podocyte foot processes, glo-
merular basement membrane, and the fenestrated endothelial
cells together form the glomerular filtration barrier that
ensures filtration of water and solutes while preventing loss of
albumin and other proteins. The cell-cell junctions between the
podocyte foot processes are bridged by slit diaphragms, which
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play a significant role in glomerular filtration. The absolute
number of podocytes and their functional integrity are critical
for maintenance of normal renal function. Proteinuria ensues
when the structure of podocytes is destroyed by disruption of
the slit diaphragm and loss of foot processes (effacement).
Podocyte injury and loss have been observed in human and
experimental models of diabetic nephropathy (DN) and other
glomerular diseases (13–16).
The cellular and molecular basis for GH action in the podo-

cyte is unclear. In the current study, we report amolecular basis
for GH action in the podocyte with the identification of zinc
finger E-box-binding homeobox 2 (ZEB2), also known as zinc
finger homeobox 1B (ZFHX1B), as a target of GH action in
the podocyte. We demonstrate that GH-dependent increase in
ZEB2 expression is due to increased ZEB2 promoter activity
and the induction of aZEB2natural antisense transcript (ZEB2-
NAT).Our studies further elucidate the functional implications
of this novel GH action with demonstration of GH-dependent
repression of canonical targets of ZEB2, E-and P-cadherins,
with associated changes in podocyte function.

EXPERIMENTAL PROCEDURES

Cell Culture—Conditionally immortalized mouse podocyte
cells (MPC-5) (17) were grown according to a protocol detailed
previously (18). Briefly, cells were cultured under growth-per-
missive conditions on rat tail collagen type I-coated plastic
dishes (BD Biosciences) at 33 °C with 100% relative humidity
and 5% CO2 in RPMI 1640 medium (Invitrogen) containing
10% fetal bovine serum (Invitrogen), 100 units/ml penicillin,
100 �g/ml streptomycin (Invitrogen), and 10 units/ml mouse
recombinant �-interferon (Sigma). To induce differentiation,
podocytes were maintained in non-permissive conditions at
37 °C without �-interferon for 14 days prior to experimenta-
tion. Under these culture conditions, cells stopped proliferating
and were identified as differentiated podocytes by their ar-
borizedmorphology and induction of podocyte-specific pro-
teins such as synaptopodin (data not shown). Cells were rou-
tinely maintained for 12–16 h in serum-free medium before
experimentation. Human podocytes (19) were cultured in
RPMI 1640 medium with glutamine (Sigma) supplemented
with 10% fetal bovine serum (Invitrogen) and insulin-trans-
ferrin-sodium selenite (1 ml/100 ml; Sigma). These cells were
induced to differentiate using a protocol similar to that outlined
above for the murine podocytes. HepG2 cells (ATCC) were
cultured in DMEM supplemented with 10% FBS.
Microarray—Fully differentiated humanpodocyteswere cul-

tured overnight in serum-free medium and then exposed to
human GH (500 ng/ml) for 1, 5, and 30 min. Total RNA was
extracted from these cells using TRIzol reagent (Invitrogen)
followed by repurification using a column (Qiagen, RNeasy
minikit) according to the manufacture’s protocol. In-column
DNase digestion was performed for each sample to remove
genomic DNA. RNA samples were analyzed for concentration
and purity using aNanodropND-1000 spectrophotometer, and
integrity was checked using the Agilent 2100 Bioanalyzer.
Affymetrix Human 2.0 Plus arrays (Affymetrix) were used in
this study. Standard Affymetrix protocols were followed for

sample labeling, hybridization, and image scanning at the Uni-
versity of Michigan microarray core facility.
PCR and Real Time Quantitative PCR—Total RNA was iso-

lated and purified from differentiated human podocytes as
described above. ZEB2-NAT primer sequences were as pub-
lished (20). Total RNA was reverse transcribed using avian
myeloblastosis virus reverse transcriptase, and PCR was per-
formed with NAT primers using Extend Long PCR DNA
polymerase (Roche Diagnostics). The reaction conditions were
as follows: initial RT for 10min at 25 °C, stringent RT for 45min
at 48 °C followed by inactivation of reverse transcriptase at
94 °C for 5 min, and PCR cycles of initial denaturation at 94 °C
for 30 s, annealing at 55 °C for 30 s, and extension at 68 °C for 3
min. A final extension was carried out at 68 °C for 7 min. The
following primers were used: NAT primer 1F, 5�-CCT CCC
GAC ACT CTT GGC GA-3�; NAT primer 2F, 5�-GGG CGA
GTG GGC TTC CT-3�; NAT primer 2R, 5�-CGA TAA GAG
CGG ATC AGA TGG C-3�; �-globulin 1, 5�-CCA ATC TGC
TCA CAC AGG ATA GAG AGG GCA GG-3�; and �-globulin
2, 5�-CCT TGA GGC TGT CCA AGT GAT TCA GGC CAT
CG-3�. Primer Express software (PE Biosystems) was used to
design primers and probes for ZEB2 (encompassing exons 7
and 8) and E-cadherin (encompassing exons 5 and 6). The
sequences of primers and probes used in the study are as fol-
lows: ZEB2 primer 1, 5�-CAAGGAGCAGGTAATCGCAAG
T-3�; ZEB2 primer 2, 5�-GAA CGT CAA ACC CGT GAG
CAT-3�; ZEB2 probe, 5�-CAA ATG CAC AGA GTG TGG
CAAGGCC-3�; E-cadherin primer 1, 5�-CGCATTGCCACA
TAC ACT CTC T-3�; E-cadherin primer 2, 5�-CCA TTGGAT
CCTCAACTGCAT-3�; E-cadherin probe, 5�-CTCTCACGC
TGT GTC ATC CAA CGG-3�; P-cadherin primer 1, 5�-ACC
GAC CAGAATGAC CAC AAG-3�; and P-cadherin primer 2,
5�-AGA AGT ACC TGG TAG GAC TCC CTC TAA-3�.
The E-cadherin and ZEB2 probes were labeled with fluores-

cent reporter dye VIC (Applied Biosystems), and the GAPDH
probe was labeled with FAM (6-carboxyfluorescein). Normal-
ization and validation of data were carried out usingGAPDH as
an internal control, and data were compared between
GH-treated and untreated samples according to the compara-
tive CT method (21). Using a separate tube RT-PCR protocol
(PE Biosystems), 4-ng aliquots of total RNA were analyzed.
After RT at 48 °C for 30 min, samples were subjected to PCR
analysis using the following cycling parameters: 95 °C� 10min;
95 °C � 15 s3 60 °C � 1 min for 40 cycles. Each sample was
analyzed in triplicate in individual assays performed on three or
more occasions.
Plasmids—E-cadherin-luciferase reporter construct was a

gift from Dr. Eric Fearon (University of Michigan). ZEB2 bind-
ing sites in E-cadherin promoter (E2 box1 and E2 box3) were
mutated using the QuikChange site-directed mutagenesis kit
(Stratagene). Plasmid DNA was prepared using the EndoFree
plasmid maxikit (Qiagen), and all constructs were verified by
DNA sequencing. ZEB2- and ZEB2-NAT-luciferase reporter
constructs (20) were kindly provided by Dr. Antonio García de
Herreros (Institut Municipal d’Investigació Mèdica-Hospital
del Mar, Universitat Pompeu Fabra, Barcelona, Spain).
Transient Transfection and Luciferase Assay—HepG2 cells

(2 � 105 cells/well in 6-well plates) were cotransfected with

Growth Hormone and Podocyte Permeability

OCTOBER 8, 2010 • VOLUME 285 • NUMBER 41 JOURNAL OF BIOLOGICAL CHEMISTRY 31149



luciferase reporter plasmids (2 �g/well) and internal control,
pRL-TK (Promega; 0.2 �g/well), expressing the Renilla lucifer-
ase. Transfections were performed using FuGENE (Roche
Applied Science). 48 h after transfection, the cells were starved
for 12–16 h and then treated with GH (500 ng/ml) for specified
time periods. To measure luciferase activity, the wells were
rinsed twicewith phosphate-buffered saline, and cellswere har-
vestedwith 200�l of passive lysis buffer (Promega). Following a
brief freeze-thaw cycle, the insoluble debris were removed by
centrifugation at 4 °C for 2 min at 14,000 � g. 20-�l aliquots of
the supernatant were then immediately processed for sequen-
tial quantitation of both firefly and Renilla luciferase activity
(Dual-Luciferase Assay System, Promega) using a Monolight
TD 20/20 luminometer (Turner Designs). The activity of the
cotransfected Renilla reporter plasmid was used for normaliza-
tion of transfection efficiency. All transfections experiments
were performed in triplicates.
Western Blot Analysis—Cells were lysed in protein lysis

buffer (50 mM Tris-HCl, pH 7.4, 150 mM NaCl, 1 mM EDTA, 1
mM EGTA, 5% 2-mercaptoethanol, 1% Triton X-100, 0.25%
sodium deoxycholate, and protease inhibitor mixture (Roche
Diagnostics)). The suspensionwas centrifuged at 12,000� g for
15 min, supernatant was collected, and protein concentration
was quantified via the Bio-Rad protein assay. Equal amounts of
cell lysates were resolved through 4–16% gradient polyacryl-
amide gels and blotted onto nitrocellulose membrane. The blot
was probed with suitable primary and secondary antibodies
and then developed by the ECL chemiluminescence method
(Pierce). The primary antibodies against ZEB2 (Abnova) and E-
and P-cadherins (BD Biosciences) were used in a 1:1000 dilu-
tion. When indicated, the membrane was then stripped and
reblotted with anti-tubulin antiserum (Sigma; 1:1000) to verify
equality of sample loading.
ZEB2KnockdownUsing shRNALentiviral Particles—Apanel

of five lentiviruses expressing unique ZEB2 shRNA sequences
was purchased fromSigma-Aldrich. Proliferating humanpodo-
cytes were plated in a 6-well plate at 40% confluence (2 � 105
cells/well) and cultured overnight for 12–16 h. The cells were
then pretreatedwith Polybrene (6�g/ml for 20 h), infectedwith
lentiviral particles, and incubated at 33 °C. The following day
the medium was replaced with fresh medium containing puro-
mycin (1 �g/ml) as a selection marker. The puromycin-resis-
tant cells were induced to differentiate using the protocol
detailed above, and ZEB2 expression was measured in the dif-
ferentiated cells using RT-qPCR and Western blot analysis.
Albumin Influx Assay—Human podocytes were plated on

a 12-well plate with collagen-coated Transwell filters (Corn-
ing) (6–7 � 104 cells/well) and differentiated at nonpermis-
sive conditions (37 °C, 5% CO2) for 14 days. The cells were
then placed in serum-free medium overnight and treated
with GH (500 ng/ml) for 48 h. Subsequently, the serum-free
medium was removed, and cells were washed twice with a 1
mM CaCl2 and 1 mM MgCl2 mixture to preserve cadherin
junctions. 2 ml of RMPI 1640 medium with 40 mg/ml BSA
was then placed in the bottom chamber, and 0.3 ml of RPMI
1640medium (without albumin) was placed in the top cham-
ber. The cells were incubated at 37 °C, aliquots of medium
were collected from the top chamber at various (1-, 2-, and

4-h) time points, and albumin concentration was measured
in these aliquots using the bicinchoninic acid protein assay
kit (Sigma-Aldrich). Absorbance was measured at 562 nm
using an ELx 800 plate reader (BioTek).
Statistical Analysis—Data are presented as mean � S.E.

unless otherwise indicated. Moderated F-statistics (Limma R
package) was used to analyze microarray data. p values �0.01
and �0.001 were used to distinguish differentially expressed
genes in the GH-treated podocytes compared with untreated
podocytes. SPSS software (SPSS, Inc.) was used to applyMann-
Whitney and Kruskal-Wallis nonparametric tests to analyze
statistical differences between the distributions of two or mul-
tiple independent samples, respectively. p values equal to or less
than 0.05 were considered significant.

RESULTS

GH Increases Expression of Transcription Factor ZEB2 in
Glomerular Podocyte—To identify the cellular basis for GH
action in the podocyte, we used microarray analysis to con-
duct an unbiased survey of genes regulated in a GH-depen-
dent manner in the podocyte. Immortalized human podo-

FIGURE 1. GH-dependent increase in ZEB2 expression in glomerular
podocyte. A, immortalized differentiated human podocytes were exposed to
hGH (500 ng/ml) for the indicated time periods as detailed under “Experimen-
tal Procedures.” The steady state abundance of the ZEB2 transcript was mea-
sured by RT-qPCR and is depicted relative to ZEB2 mRNA abundance prior
to exposure to GH; GAPDH was used as an internal control. The results (n �
4 –5) are depicted as mean � S.E. *, p � 0.05 (Kruskal-Wallis test) compared
with expression prior to exposure to GH. B, immortalized differentiated
human podocytes were exposed to hGH (500 ng/ml) for the indicated time
periods and subjected to Western blot analysis for ZEB2 and tubulin as
detailed under “Experimental Procedures.” Results shown are representa-
tive of three independent experiments. C, immortalized differentiated
human podocytes were exposed to the indicated concentrations of hGH
for 48 h and subjected to Western blot analysis for ZEB2 and tubulin as
detailed under “Experimental Procedures.” Results shown are representative
of three independent experiments. D, HepG2 cells were transiently trans-
fected with ZEB2 promoter-reporter luciferase construct as detailed under
“Experimental Procedures.” Cotransfection of Renilla luciferase was used to
normalize transfection efficiency. The normalized luciferase activity of the cell
exposed to GH (gray bar) is depicted relative to activity of the cells exposed to
vehicle alone (black bar) designated as 100%. Error bars indicate mean � S.E.;
n � 4. *, p � 0.05 compared with vehicle-treated cells. E, immortalized differ-
entiated human podocytes were exposed to IGF-1 (200 ng/ml) for the indi-
cated time periods and subjected to Western blot analysis for ZEB2 and tubu-
lin as detailed under “Experimental Procedures.” Results shown are
representative of two independent experiments.
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cytes were exposed to GH (500 ng/ml) for varying time periods,
andmRNAwas extracted and subjected tomicroarray analysis.
Threshold and probabilistic filtering of the data at a high strin-
gency of p � 0.001 identified several genes that were altered in
a GH-dependent manner (Gene Expression Omnibus (GEO)
accession number GSE21327). ZEB2, whose expression was
increased in a GH-dependent manner, was chosen for further
analysis based on potential biological significance given the
established role of ZEB2 in TGF-� signaling and the impor-
tance of TGF-� in the pathogenesis of renal disorders (22–24).
ZEB2 is also known as ZFHX1B and Smad interaction protein 1
(SIP1); we refer to this gene as ZEB2 throughout this study.

Results obtained from the mi-
croarray analysis were confirmed by
quantitative real time RT-PCR
measurement of the steady state
abundance of ZEB2mRNA. For this
purpose, immortalized human po-
docytes were exposed to GH, and
mRNA was harvested at various
time periods. These experiments re-
vealed that levels of ZEB2 mRNA,
normalized to GAPDH expression,
were increased 2.0- (24 h), 2.8- (48
h), and 4.8-fold (72 h) following
exposure of podocytes to GH (Fig.
1A). Immunoblotting of lysates from
podocytes exposed to GH also re-
vealed a GH dose- and time-depen-
dent increase in the levels of ZEB2
protein (Fig. 1, B and C). Thus, the
effects of GH were maximal at a
concentration of 500 ng/ml, and
the effect plateaued at 48–72 h of
exposure to GH. We next assayed
the effect of GH on the ZEB2 pro-
moter. GH stimulation of HepG2
cells transiently transfected with a
ZEB2 promoter-luciferase reporter
construct verified GH-dependent
increase in ZEB2 promoter activity
(Fig. 1D). A canonical action of GH
is stimulation of production of
IGF-1. To exclude the possibility
that the observed effect of GH on
ZEB2 expression was mediated by
locally produced IGF-1, we exposed
differentiated human podocytes to
IGF-1 and measured ZEB2 expres-
sion in these cells. These results
indicate that IGF-1 failed to stimu-
late expression of ZEB2 mRNA
(data not shown) and protein (Fig.
1E) in these cells. These results sug-
gest that GH-dependent increase in
ZEB2 expression is independent of
IGF-1 in this model system and
experimental paradigm.

Increased Expression of Natural Antisense Transcript of
ZEB2 as Mechanism for GH-dependent Regulation of ZEB2
in Glomerular Podocyte—A previous report had described a
NAT of ZEB2 implicated in Snail1-induced expression of
ZEB2 (20). In this model, Snail1 induced the expression of
a ZEB2-NAT that overlaps with a donor splice site. Thus,
ZEB2-NAT by binding to the complementary sense strand
inhibited the splicing and processing of the cognate 5�-UTR
ZEB2 intron (Fig. 2A). This ZEB2 intron also contains an
internal ribosome entry site, and thus, the maintenance of
the intron by the NAT facilitates ZEB2 translation and aug-
ments ZEB2 expression. We investigated this mechanism in

FIGURE 2. GH-dependent increase in expression of natural antisense transcript of ZEB2. A, schematic depict-
ing genomic organization of ZEB2 and origin of the ZEB2-NAT. The ZEB2 open reading frame (ORF) is depicted in
black, the 5�-UTR intron is in white, the 5�-UTR and 3�-UTR exons are in gray, and the ZEB2 promoter is marked by
downward diagonal stripes. The relative positions of the NAT, putative internal ribosome entry site (IRES), and the
oligonucleotides used in the PCR analysis are also indicated. The numbering of the base pairs of the sequence
depicted corresponds to NCBI Reference Sequence accession number NM014795.2. B, GH-dependent retention of
the ZEB2 intron. Immortalized differentiated human podocytes were exposed to vehicle (CON) or hGH (500 ng/ml)
for 36 h, and total RNA was isolated and reverse transcribed to cDNA as detailed under “Experimental Procedures.”
The cDNA or mouse genomic DNA (as control) was used in PCR (left panel, 40 cycles; right panel, 25 and 35 cycles)
using either 1F/2R (left panel) or 2F/2R (right panel) primers, and the amplified product was size-fractionated via
agarose electrophoresis. The sizes of the DNA bands are indicated. Equality of sample loading was verified by
quantification of an unrelated gene, �-globulin, in these samples. C, GH-dependent increase in expression of ZEB2-
NAT. Immortalized differentiated human podocytes were exposed to hGH (500 ng/ml) for the indicated time peri-
ods as detailed under “Experimental Procedures.” The steady state abundance of the ZEB2 transcript was measured
by RT-qPCR and is depicted relative to ZEB2 mRNA abundance prior to exposure to GH; GAPDH was used as an
internal control. Error bars indicate mean � S.E.; n � 4–5. *, p � 0.05 (Kruskal-Wallis test) compared with expression
prior to exposure to GH. D, HepG2 cells were transiently transfected with ZEB2-NAT promoter-reporter luciferase
construct and then exposed to either vehicle or hGH (500 ng/ml) for 24 h as detailed under “Experimental Proce-
dures.” Cotransfection of Renilla luciferase was used to normalize transfection efficiency. The normalized luciferase
activity of the cell exposed to GH (gray bar) is depicted relative to activity of the cells exposed to vehicle alone (black
bar) designated as 100%. Error bars indicate mean � S.E.; n � 4. *, p � 0.05 compared with vehicle-treated cells.
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the GH-dependent induction of ZEB2 in the glomerular
podocyte. We obtained preliminary evidence of expression
of the antisense transcript by demonstrating the presence of
the internal ribosome entry site-containing intron in RNA
from human podocyte cells exposed to GH (Fig. 2B). Hence,
PCR amplification with the 1F/2R primer dyad of RNA pre-
pared from cells naïve to GH yielded a 236-bp product pre-
dicted from splicing of the intron. In contrast, in cells
exposed to GH, this PCR yielded an additional band of �2.7
kb that would infer the presence of the unspliced intron in
this RNA. We further confirmed these results with another
set of primers, 2F/2R. These results indicate that the abun-
dance of the intron containing the 554-bp product was much
greater in RNA from cells exposed to GH (Fig. 2B). Measure-
ment of ZEB2 antisense RNA via quantitative RT-PCR con-
firmed the increase in levels of the transcript following stim-
ulation of the cells with GH (Fig. 2C). We next assayed the
effect of GH on the promoter of the ZEB2-NAT. Exposure of
HepG2 cells transiently transfected with a NAT promo-
ter-luciferase reporter construct to GH verified GH-depen-
dent increase in NAT promoter activity (Fig. 2D). These
results support a role for ZEB2-NAT expression in the

observed GH-dependent increase
in ZEB2 expression in the glomer-
ular podocyte.
GH-dependent Inhibition of E-

cadherin and P-cadherin Expression
inGlomerular Podocyte—ZEB2 reg-
ulates several genes that are in-
volved with cell junctions and cell-
cell adhesion, and previous studies
have established that ZEB2 is a tran-
scriptional repressor of E-cadherin
and P-cadherin gene expression.
E-cadherin, a hemophilic Ca2�-de-
pendent transmembrane adhesion
protein, is also expressed in the glo-
merular podocyte (25). Having es-
tablished that GH increases ZEB2
expression, we next analyzed the
expression of E-cadherin in human
podocytes exposed to GH. These
experiments revealed a GH-depen-
dent down-regulation of E-cadherin
mRNA (Fig. 3A) and protein expres-
sion (Fig. 3, B and C). The decre-
ment in E-cadherin expression was
dose-dependent and could be dem-
onstrated up to 72 h following ex-
posure to GH (Fig. 3B). These
effects of GH on ZEB2 and E-cad-
herin expression could also be dem-
onstrated in murine podocytes (Fig.
3, D and E).

P-cadherin is a component of
the slit diaphragm apparatus of the
glomerular podocyte. Our results
reveal that, similar to E-cadherin

expression, expression of P-cadherin mRNA (Fig. 4A) and
protein (Fig. 4B) was decreased in human podocytes exposed to
GH. The time and dose dependence of the effect of GH on P-
cadherin expression was similar to that observed for
E-cadherin.
GH-dependent Inhibition of E-cadherin Promoter Activity—

ZEB2 protein is characterized by a homeodomain flanked by
two clusters of zinc fingers. Whereas each zinc finger cluster
binds independently to CACCT sequences, a full-length
monomeric ZEB2 can bind with high affinity to bipartite
elements in the target gene composed of one CAGGTG tar-
get site and one CACCTG target site (26). The mouse and
human E-cadherin promoters have a conserved modular
structure with positive regulatory elements including two E2
boxes (CACCTG) that bind ZEB2 and transduce the sup-
pressive action of ZEB2 on E-cadherin expression (Fig. 5A)
(27–29). The results described above indicate that GH
increases expression of ZEB2 in the glomerular podocyte and
also decreases E-cadherin expression in these cells. Based on
the temporal relationship between these two effects of GH
in the podocyte, we hypothesized that the effect of GH on
E-cadherin expression was transduced by the increase in

FIGURE 3. Reciprocal decrease in E-cadherin expression with GH-dependent increase in ZEB2 expression
in glomerular podocyte. A, immortalized differentiated human podocytes were exposed to hGH (500 ng/ml)
as detailed under “Experimental Procedures.” E-cadherin mRNA abundance was measured by RT-qPCR and is
depicted relative to E-cadherin mRNA abundance prior to exposure to GH; GAPDH was used as an internal
control. The results (n � 4 –5) are depicted as mean � S.E. *, p � 0.05 (Kruskal-Wallis test) compared with
expression prior to exposure to GH. B, immortalized differentiated human podocytes were exposed to hGH
(500 ng/ml) for the indicated time periods and subjected to Western blot analysis for E-cadherin and tubulin as
detailed under “Experimental Procedures.” Results shown are representative of three independent experi-
ments. C, immortalized differentiated human podocytes were exposed to the indicated concentrations of hGH
for 48 h and subjected to Western blot analysis sequentially for ZEB2, E-cadherin, and tubulin as detailed under
“Experimental Procedures.” Results shown are representative of three independent experiments. D, immortal-
ized differentiated murine podocytes (MPC-5) were exposed to ovine GH (oGH) (500 ng/ml) for the indicated
time periods as detailed under “Experimental Procedures.” ZEB2 mRNA abundance was measured by RT-qPCR
and is depicted relative to ZEB2 mRNA abundance prior to exposure to GH; GAPDH was used as an internal
control. Error bars indicate mean � S.E.; n � 4 –5. *, p � 0.05 (Kruskal-Wallis test) compared with expression
prior to exposure to ovine GH. E, immortalized differentiated murine podocytes (MPC-5) were exposed to ovine
GH (500 ng/ml) for the indicated time periods and then subjected to Western blot analysis sequentially for
ZEB2, E-cadherin, and tubulin as detailed under “Experimental Procedures.” Results shown are representative
of three independent experiments.
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ZEB2 expression. To test this hypothesis, we analyzed the
effect of GH on the E-cadherin promoter. For this purpose,
an E-cadherin promoter-luciferase reporter construct was
transiently transfected into HepG2 cells, and luciferase
activity was measured. These results indicate that GH in-
duced a dose- and time-dependent decrease in the activity of
the E-cadherin promoter (Fig. 5, B and C). To verify that the
observed effect of GH on the E-cadherin promoter was due
to alteration in interaction of ZEB2 with the E-cadherin pro-
moter, we engineered an E-cadherin-promoter luciferase
construct with mutation in the E2 boxes that bind ZEB2 and
tested the effect of GH on the activity of this mutant lucifer-
ase reporter construct (Fig. 5A). These experiments reveal
that, in contrast to the wild type E-cadherin promoter-re-
porter construct, GH failed to alter the activity of the mutant
E-cadherin promoter-reporter construct (Fig. 5C). Hence,
these results support a model wherein GH decreases E-cad-
herin expression via an increase in ZEB2 expression in the
glomerular podocyte.
ZEB2KnockdownPreventsGH-dependentDecrease in E-cad-

herin in Human Podocytes—We next ascertained whether
ZEB2 played an essential role in the GH-dependent decrease in
E-cadherin expression. For this purpose, we used shRNA lenti-
virus to engineer human podocytes with specific knockdown of
ZEB2 expression. The decrement in ZEB2 expression was con-
firmed by both RT-qPCR ofmRNA and immunoblotting of cell
lysates (Fig. 6,A andB). After having confirmed the efficacy and
specificity of the shRNA lentivirus-mediated knockdown, these
cells were exposed to GH, and the levels of E-cadherin were
measured by immunoblotting. In podocytes infected with len-
tivirus expressing ZEB2 shRNA,GH failed to elicit a decrease in

E-cadherin expression (Fig. 6C). Hence, these results indicate
that ZEB2 is essential for transducing the effect ofGHonE-cad-
herin expression in the glomerular podocyte.
Essential Role of ZEB2 in Effect of GH on Filtration Barrier

Function of Podocytes—Results described above indicated that
GH decreased E- and P-cadherin expression in the glomerular
podocyte. These cadherins are expressed in the podocyte and
the podocyte slit diaphragm, and the slit diaphragm is a key
component of the glomerular filtration barrier. Hence, we
hypothesized that the effect of GH on E- and P-cadherin
expression would manifest as changes in the functioning of the
filtration barrier of the podocyte. To assess the functional con-
sequence of podocyte exposure to GH, we examined the filtra-
tion barrier function of podocyte via a paracellular permeability
assay that measures the rate of albumin flux across the mono-
layer of differentiated podocytes (30). For these experiments,
human podocytes were grown and differentiated on a Tran-
swell filter and exposed to GH (500 ng/ml) for 48 h, and the
influx of albumin across the Transwell membrane was mea-
sured. These results reveal a GH-dependent increase in albu-
min influx across the podocyte monolayer (Fig. 7A). The mag-
nitude of the GH-dependent increase in albumin efflux was
similar to that observed for TGF-� (Fig. 7A and Ref. 30). To
delineate the role of ZEB2 in this effect of GH on the perme-
ability of the podocyte monolayer, we next investigated this
phenomenon in podocytes engineered with shRNA lentivirus-

FIGURE 5. GH-dependent decrease in E-cadherin promoter activity is
mediated via ZEB2 binding sites on E-cadherin promoter. A, spatial orga-
nization of conserved E2 boxes (putative ZEB2 binding sites) on the E-cad-
herin promoter (E-cad-prom) (top schematic). The bottom schematic depicts
the point mutations (underlined) introduced in the two E-boxes (Mut E2-box)
designed to abrogate binding of ZEB2 to the E2 box ZEB2 binding sites on the
E-cadherin promoter. B, HepG2 cells were transiently transfected with E-cad-
herin promoter-luciferase construct and then exposed to the indicated con-
centration of hGH for 24 h as detailed under “Experimental Procedures.”
Cotransfection of Renilla luciferase was used to normalize transfection effi-
ciency. The normalized luciferase activity of the cell exposed to GH is depicted
relative to activity of the cells exposed to vehicle alone designated as 100%.
Error bars indicate mean � S.E.; n � 4. *, p � 0.05 compared with vehicle-
treated cells. C, HepG2 cells were transiently transfected with either E-cad-
herin promoter-luciferase (E-cad-luc) (black bar) or E-cadherin promoter-lucif-
erase construct with point mutations in the two E2 boxes (gray bar) and
exposed to hGH (500 ng/ml) for the indicated time periods as detailed under
“Experimental Procedures.” Cotransfection of Renilla luciferase was used to
normalize transfection efficiency. The normalized luciferase activity for each
individual construct exposed to GH is depicted relative to activity of the
respective construct exposed to vehicle alone designated as 100%. Error bars
indicate mean � S.E.; n � 5–7. *, p � 0.01 compared with vehicle-treated cells.

FIGURE 4. GH-dependent decrease in P-cadherin expression in glomeru-
lar podocyte. A, immortalized differentiated human podocytes were ex-
posed to hGH (500 ng/ml) for the indicated time periods as detailed under
“Experimental Procedures.” P-cadherin mRNA abundance was measured by
RT-qPCR and is depicted relative to P-cadherin mRNA abundance prior to
exposure to GH; GAPDH was used as an internal control. Error bars indicate
mean � S.E.; n � 4 –5. *, p � 0.05 (Kruskal-Wallis test) compared with expres-
sion prior to exposure to GH. B, immortalized differentiated human podo-
cytes were exposed to hGH (500 ng/ml) for the indicated time periods and
subjected to Western blot analysis for P-cadherin and tubulin as detailed
under “Experimental Procedures.” HepG2 lysates were also similarly analyzed
as a positive control. Results shown are representative of three independent
experiments.
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mediated knockdown of ZEB2 expression. These results indi-
cate that knockdown of ZEB2 expression resulted in blunting of
the ability of GH to elicit an increase in permeability of the
podocyte monolayer to albumin (Fig. 7B). Hence, these results
indicate that ZEB2 is essential for transducing the effect of GH
on the permeability of the podocyte monolayer.

DISCUSSION

The glomerular podocyte plays an essential role in glomer-
ular filtration, and previous studies have indicated that the
podocyte is a target of GH action. We undertook the current
investigation to understand the cellular and molecular basis
for the effects of GH on the podocyte. Our results indicate a
novel action of GH with induction of the zinc finger E-box-
binding transcription factor ZEB2. This increase in ZEB2
protein expression is due to the GH-dependent up-regulation
of ZEB2 mRNA expression and the induction of a NAT of the
ZEB2 gene. We demonstrate that GH-dependent induction of
ZEB2 in the podocyte results in decreased expression of P- and
E-cadherins. P-cadherin is a component of the podocyte slit

diaphragm, and E-cadherin participates in epithelial-mesen-
chymal transition (EMT). Our studies also establish that GH
increases permeability of a podocyte monolayer, and this effect
is consequent to GH-dependent induction of ZEB2. An overac-
tive GH/GHR axis is implicated in the early changes of DN, and
our results provide a cellular andmolecular basis for the role of
GH in the pathogenesis of DN and renal changes associated
with acromegaly (Fig. 8).
Our results establish that GH stimulates expression of ZEB2.

ZEB2, also known as SIP1 and ZFHX1B, belongs to the �EF1 or
ZEB protein family. This family of proteins is characterized by
the presence of a homeodomain flanked by two conserved zinc
finger clusters comprising a four-zinc finger N-terminal cluster
and three-zinc finger C-terminal cluster (31). ZEB2 acts as a
transcriptional repressor and contains consensus binding sites
for the corepressor C-terminal binding protein. Gene repres-
sion by ZEB2 can be either C-terminal binding protein-depen-
dent or -independent (32). Because ZEB2 has many potential
targets including P- and E-cadherins, the increase in ZEB2 in a
GH-dependent manner could have pleiotropic effects on the

FIGURE 6. Knockdown of ZEB2 expression in glomerular podocytes abro-
gates GH-dependent decrease in E-cadherin expression. A, immortalized
human podocytes cultured under growth-permissive conditions were trans-
duced with lentiviral constructs expressing either ZEB2 shRNA (shRNAs 1 and
2) or scrambled shRNA. Following transduction, cells were expanded, and
aliquots were induced to differentiate for 14 days prior to harvesting of RNA
for analysis. Steady state ZEB2 mRNA abundance was measured by RT-qPCR;
GAPDH was used as an internal control. The results (n � 4 –5) are depicted as
mean � S.E. The steady state abundance of the ZEB2 transcript is depicted
relative to ZEB2 mRNA abundance in non-transduced naïve cells. B, immor-
talized human podocytes transduced with lentiviral constructs expressing
either ZEB2 shRNA (shRNAs 1 and 2) or scrambled shRNA were differentiated
for 14 days and then subjected to Western blot analysis for ZEB2 and tubulin
as detailed under “Experimental Procedures.” Results shown are representa-
tive of two independent experiments. C, immortalized human podocytes
transduced with lentiviral construct expressing either scrambled shRNA (left
panel) or ZEB2 shRNA 2 (right panel) were differentiated, exposed to hGH (500
ng/ml), and subjected to Western blot analysis for E-cadherin and tubulin as
detailed under “Experimental Procedures.” Densitometric analysis of the
E-cadherin band, normalized for respective tubulin expression, is depicted
relative to expression prior to exposure to GH. Error bars indicate mean � S.E.;
n � 4. *, p � 0.05 (Kruskal-Wallis test) compared with expression prior to
exposure to GH.

FIGURE 7. ZEB2 is essential for GH-dependent increase in permeability of
podocyte monolayer. Immortalized human podocytes transduced with len-
tiviral construct expressing ZEB2 shRNAs 1 and 2 (right), untransduced (left),
or transduced with lentiviral construct expressing scrambled shRNA (left)
were grown as a monolayer on collagen-coated Transwell filters and induced
to differentiate for 14 days prior to incubation with vehicle (black bar), hGH
(500 ng/ml) (gray bar), or TGF-� (white bar) for 48 h, and albumin permeability
across the podocyte monolayer was determined at 1, 2, and 4 h following the
48-h exposure to hGH. Error bars indicate mean � S.E.; n � 4. The data for the
TGF-� experiments are depicted as the average of two experiments. *, p �
0.05 versus control (CON).
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functioning of the glomerular podocyte. P-cadherin, a canoni-
cal target of ZEB2, is amember of the cadherin superfamily and
is a component of the slit diaphragmapparatus (25). P-cadherin
mediates homophilic interactions between cells, and one of the
roles attributed to P-cadherin is mediating cell-cell adhesion
between adjacent podocyte foot processes. It is hypothesized
that P-cadherin serves as the basic scaffold for the slit dia-
phragm and is physically linked to the actin cytoskeleton of the
foot process through cadherin adapter proteins �-, �-, and
�-catenin and ensuing interactions with �-actinin and MAGI
(membrane-associated guanylate kinases with inverted domain
structure) proteins (33). Decreased expression of P-cadherin is
implicated in the pathogenesis of proteinuria in type 1 diabetes
mellitus (T1DM) (34). E-cadherin is also a bona fide target for
transcriptional repression by ZEB2. E-cadherin has been demon-
strated to exist in cytoplasmic vesicles in podocytes in culture (25).
Theprecise role of E-cadherin in thepodocyte is unclear, although
a role in the recently described EMT phenomenon in podo-
cytes is a possibility (see below). It is noteworthy that the key
findings of the current study, GH-dependent increase in
ZEB2 and resultant decrease in E- and P-cadherins, were
observed in both human and murine podocytes.
ZEB2 expression is controlled at multiple levels including

transcriptional and post-transcriptional. Our results indicate
that GH controls ZEB2 expression both by modulating ZEB2
gene transcription, as evidenced by an increase in ZEB2 pro-
moter activity, and by regulating post-transcriptional events, as

evidenced by an increase in abun-
dance of a ZEB2-NAT. ZEB2-NAT
is a recently described mechanism
implicated in the control of ZEB2
expression, and to date, this
mechanism has been described in
Snail1-dependent regulation of
ZEB2 expression (20). Our results
demonstrate that GH increases
the promoter activity of the puta-
tive NAT promoter. An in silico
analysis (data not shown) of the
ZEB2-NAT promoter revealed
three putative STAT binding sites.
The precise role(s) of these canon-
ical GH response cis-elements in
GH-dependent increase in ZEB2-
NAT expression remains to be
defined. In addition to the glomer-
ular podocyte, our finding of
GH-dependent increase in ZEB2
expression is also relevant to the
role of GH in malignancies such
as breast and prostate cancer
wherein the GH/GHR axis has
been demonstrated to play a per-
missive role (35). It is noteworthy
that we were unable to verify
expression of a closely related
member of the ZEB family of pro-
tein, ZEB1 (�EF1/ZFHX1A), in the

podocyte (data not shown).
The clinical hallmarks of DN include progressive albuminuria

followed by a gradual decline in renal function concluding, after
5–15 years, with end stage renal disease (36). Several reports have
suggested that the loss of glomerular podocytes precedes and
predicts the onset of clinical nephropathy and may be an early
and important pathological manifestation of DN (37–39). Epi-
demiology of Diabetes Interventions and Complications and
related studies have revealed long term effects (“metabolic
memory”) of glycemic control on glomerular function, suggest-
ing that events early in the course of T1DM have long lasting
effects on renal function (40). In this regard, it is noteworthy
that podocytes are terminally differentiated cells, and thus,
podocyte loss incurred early in the course of T1DM is likely to
impact glomerular function later in the course of the disease.
This sequence of events underscores the importance of fully
understanding the myriad processes that could play a role in
podocyte dysfunction and/or loss in T1DM. Our results estab-
lish that GH stimulates expression of ZEB2 and consequent
ZEB2-dependent suppression of E-cadherin expression.
Decreased E-cadherin expression is believed to play an essential
role in the conversion of epithelial cells to amore fibroblast-like
morphology, a process termed epithelial-mesenchymal transi-
tion (41). Recently EMThas been implicated in podocyte loss in
DN (30, 42, 43). The original reports describing podocyte EMT
alluded to the role of TGF-� in inducing EMT (43). Results
presented in the current study indicate that GH can also trigger

FIGURE 8. Proposed model for role of ZEB2 in GH action on glomerular podocyte. Engagement of the GHR
by GH results in increased activity of promoters for ZEB2-NAT and ZEB2 mRNA. These changes in promoter
activities result in increased expression of ZEB2-NAT and ZEB2 mRNA. ZEB2-NAT impairs splicing of the internal
ribosome entry site (IRES)-containing intron, thus facilitating translation of ZEB2 protein. ZEB2 protein interacts
with promoters of P- and E-cadherins to inhibit expression of the cognate gene. P-cadherin is an essential
component of the slit diaphragm apparatus, which is central to the size selectivity of the glomerular filtration
barrier. Deceased E-cadherin expression is implicated in epithelial-mesenchymal transition that results in
podocyte dehiscence and loss in disease states such as diabetes mellitus. These changes in P- and E-cadherin
expression will manifest as impaired podocyte function and proteinuria in pathological states of GH/GHR axis
overactivity in the kidney (e.g. acromegaly and type 1 diabetes mellitus (DM)).
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podocytes to undergo EMT. The previous report describing
EMT of podocytes in DN also demonstrated increased expres-
sion of the fibroblast-specific protein 1 (FSP-1) gene in the
podocyte in DN (43). FSP-1 (also termed S100A4 and metasta-
tin) is a calcium-binding protein implicated in EMT induction
(44). It is noteworthy that our studies reveal that GH also
increases expression of FSP-1 in immortalized human podo-
cytes (data not shown). Because excessive GH secretion is a
hallmark of poorly controlled T1DM, we suggest that overac-
tivity of the GH/GHR axis contributes to the dysfunction and
ultimate loss of podocytes and thus plays a central role in the
early pathogenesis of DN. These findings have direct transla-
tional significance because measures to blunt the effect of
excess GH activity especially early in the course of T1DMcould
have a salutary effect on podocyte loss and thus positively influ-
ence the course of DN.
In summary, this report describes a novel action of GH on

the glomerular podocyte. Our results demonstrate that GH
increases ZEB2 expression in the podocyte, and this action of
GH is mediated, in part, via increased expression of NAT. The
GH-dependent increase in ZEB2 results in decreased expres-
sion of P- and E-cadherin in the podocyte. Furthermore, GH
increases the permeability of a podocyte monolayer, and GH-
induced increase inZEB2 is essential for this effect ofGHon the
podocyte permeability barrier.Wepropose that theGH-depen-
dent increase in ZEB2 plays a role in EMT in the podocyte and
that this novel action of GH provides a cellular and molecular
basis for the role of GH in the pathogenesis of DN.
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