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Abstract Expression of nephrin, a crucial component of the glo-
merular slit diaphragm, is downregulated in patients with pro-
teinuric glomerular diseases. Using conditionally immortalized
reporter podocytes, we found that bystander macrophages as well
as macrophage-derived cytokines IL-1b and TNF-a markedly
suppressed activity of the nephrin gene promoter in podocytes.
The cytokine-initiated repression was reversible, observed on both
basal and inducible expression, independent of Wilms’ tumor sup-
pressor WT1, and caused in part via activation of the phosphati-
dylinositol-3-kinase/Akt pathway. These results indicated a novel
mechanism by which activated macrophages participate in the
induction of proteinuria in glomerular diseases.
� 2007 Federation of European Biochemical Societies. Published
by Elsevier B.V. All rights reserved.
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1. Introduction

Proteinuria is a typical clinical feature of glomerular dis-

eases. Under physiologic situations, the glomerular filtration

barrier consisting of the basement membrane and the slit dia-

phragm is maintained by podocytes and regulates passage of

macromolecules in plasma into the urinary space [1]. Recent

investigation identified nephrin, a podocyte-specific transmem-

brane protein, as a key regulator for maintaining the structure

and function of the slit diaphragm [2]. Attenuated expression

of nephrin mRNA is often observed in proteinuric glomerular

diseases [3–5], whereas information is very limited regarding

how expression of nephrin is down-regulated under pathologic

circumstances.

Wilms’ tumor suppressor WT1 is constitutively expressed in

podocytes and contributes to basal expression of the nephrin
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gene [6,7]. The transacting potential of WT1 is dependent on

its phosphorylation state; i.e., phosphorylation of WT1 by

protein kinase C (PKC) or protein kinase A attenuates its

trans-acting potential [8]. Downregulation of WT1 or its phos-

phorylation may be a possible mechanism for the repression of

nephrin expression. Some reports indicated possible roles of

the nuclear receptor family of molecules on the expression of

nephrin gene. For example, recent reports showed that ago-

nists of peroxisome proliferator-activated receptors upregu-

lated expression of nephrin mRNA [9,10]. We identified that

nuclear receptor ligands including retinoic acid, vitamin D3

and glucocorticoid upregulate activity of the nephrin gene pro-

moter and nephrin mRNA levels [11]. Although nuclear recep-

tors and their endogenous ligands may contribute to basal

expression of nephrin in podocytes, little is understood about

their involvement in downregulation of nephrin under patho-

logic situations.

Infiltration of leukocytes, especially monocytes/macro-

phages, play a decisive role in the development of various pro-

teinuric glomerular diseases [12]. Under pathologic conditions,

activated macrophages secrete various inflammatory media-

tors and stimulate resident cells toward functional alteration.

Depletion of macrophages or inhibition of macrophage infil-

tration attenuates glomerular injury and proteinuria, suggest-

ing a critical role of macrophages in the development of

proteinuria [13,14]. Recently, we found that podocytes exposed

to macrophages exhibited down-regulation of nephrin mRNA.

We hypothesized that, under pathologic situations, infiltrating

local macrophages may repress nephrin expression, leading to

proteinuria. The purpose of the present study is to investigate

whether macrophages can suppress activity of the nephrin gene

promoter in podocytes, and if so, how macrophage-derived

factors regulate expression of the nephrin gene.
2. Materials and methods

2.1. Cells
Reporter podocytes REPON5.4 were established by stable transfec-

tion of murine podocytes with pN5.4-SEAP that introduces the
secreted alkaline phosphatase (SEAP) gene under the control of the
5.4 kb murine nephrin gene promoter [11]. To prepare pN5.4-SEAP,
the 5.4 kb promoter fragment was excised from p5.4N-nlacF (kindly
provided by Dr. Lawrence B. Holzman, University of Michigan Med-
ical School) [15] by digestion with KpnI and NcoI. After blunting the
NcoI site, those fragments were subcloned into multiple cloning sites
blished by Elsevier B.V. All rights reserved.
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(KpnI and bluted XhoI sites) of pSEAP2-Basic (Clontech, Palo Alto,
CA). As a control, murine podocytes were stably transfected with
pSEAP2-Control (Clontech) that introduces the SEAP gene under
the control of the simian virus 40 promoter [11]. Murine macrophage
J774.1 cells were obtained from Riken Bioresource Center (Ibaraki,
Japan) and used for co-culture and cross-feeding studies, as described
later.
2.2. Pharmacological treatment
Reporter podocytes were seeded onto collagen-coated plates, pre-

incubated for 48 h in RPMI-1640 containing 10% fetal bovine serum
(FBS) and exposed to test reagents as follows; IL-1b (human recombi-
nant, 0.02–200 ng/ml; Genzyme, Cambridge, MA), TNF-a (human
recombinant, 0.1–100 ng/ml; Genzyme), 1,25-dihydroxyvitamin D3

(100 nM; Chugai Pharmaceutical Co. Ltd., Tokyo, Japan), all-trans
retinoic acid (ATRA, 1 lM; Genzyme), phosphophatidylinositol-3-ki-
nase (PI3K) inhibitor LY294002 (50 lM; Sigma–Aldrich Japan,
Tokyo), PKC inhibitor calphostin C (40 nM; Sigma–Aldrich) and
12-o-tetradecanoylphorbol-13-acetate (TPA, 50 nM; Sigma–Aldrich).
Macrophage-conditioned medium (M/CM) was prepared using
J774.1 cells as described previously [16]. All assays were performed
in the presence of 1% FBS.
2.3. Co-culture
J774.1 cells were activated with lipopolysaccharide (LPS, 1 lg/ml;

Sigma–Aldrich) for 6 h. After washing twice, the macrophages
(1 · 104 cells/well) were seeded onto confluent cultures of reporter
podocytes (1 · 104 cells/well) in 96-well plates. After 24 h, culture med-
ia were subjected to SEAP assay, as described later.

2.4. Reverse transcriptase-polymerase chain reaction (RT-PCR)
RT-PCR analysis of nephrin gene expression was performed using

Omniscript Reverse Transcriptase (Qiagen, Tokyo, Japan), as de-
scribed before [11]. Expression of glyceraldehydes-3-phosphate dehy-
drogenase (GAPDH) was used as a loading control.
Fig. 1. Repression of the nephrin gene promoter in podocytes by bystand
producing SEAP under the control of the simian virus 40 promoter (ri
lipopolysaccharide (LPS; 1 lg/ml) for 24 h, and culture media were subjecte
treated for 24 h with conditioned media from activated J774.1 macrophages
assay (B, left) and formazan assay (B, right). Activity of SEAP was normaliz
(C). Data are expressed as means ± S.E., and asterisks indicate statistically s
2.5. Northern blot analysis
Total RNA was extracted by a single-step method, and Northern

blot analysis was performed as described previously [16]. Murine
WT1 cDNA (kindly provided by Dr. Holger Scholz, Charite-Univers-
itatsmedizen, Berlin) [17] was used to prepare a radio-labeled probe.
Expression of GAPDH was used as a loading control.

2.6. Western blot analysis
Phosphorylation of Akt was evaluated by Western blot analysis [18]

using anti-phospho-Akt Ab (1/200 dilution; Santa Cruz Biotechnology,
Santa Cruz, CA). As a loading control, identical filters were re-probed
for b-actin using anti-b-actin Ab (1/30000 dilution; Sigma–Aldrich).

2.7. Chemiluminescent assay
Activity of SEAP was evaluated by a chemiluminescent method

using Great EscAPe SEAP detection kit (BD Bioscience, Palo Alto,
CA) [19].

2.8. Formazan assay
The number of viable cells was assessed by a formazan assay using

Cell Counting Kit-8 (Dojindo Laboratory, Kumamoto, Japan) [11].

2.9. Statistical analysis
Assays were performed in quadruplicate. Data are expressed as

means ± S.E. Statistical analysis was performed using the non-paramet-
ric Mann–Whitney U test to compare data in different groups. P value
<0.05 was considered to indicate a statistically significant difference.
3. Results

3.1. Repression of the nephrin gene promoter in podocytes by

bystander macrophages

In glomerular diseases, activated macrophages play crucial

roles in the induction of proteinuria. We hypothesized that
er macrophages. (A) Reporter podocytes REPON (left) or podocytes
ght) were co-cultured with J774.1 macrophage pre-stimulated with
d to secreted alkaline phosphatase (SEAP) assay. (B,C) REPON were
(M/CM; 0–50 %), and culture media and cell were subjected to SEAP
ed by the number of viable cells, and the resultant values are shown in
ignificant differences (P < 0.05).



Y. Takano et al. / FEBS Letters 581 (2007) 421–426 423
macrophages may affect podocyte function, especially nephrin

expression, via direct contact or via elaborating inflammatory

mediators. To examine these possibilities, we used murine re-

porter podocytes for nephrin (REPON) that secrete SEAP

under the control of the murine nephrin gene promoter [11].

As the first step of investigation, REPON were co-cultured

for 24 h with pre-activated murine macrophages J774.1, and

culture media were subjected to chemiluminescent assay to

evaluate SEAP activity. As shown in Fig. 1A (left), activity

of the nephrin gene promoter in podocytes was significantly re-

duced to 37.8 ± 5.3% by bystander macrophages. In contrast,

when control podocytes constitutively expressing SEAP under

the control of a viral promoter were co-cultured with macro-

phages, the activity of SEAP was not declined (Fig. 1A, right).

This result confirmed that the macrophage-triggered reduction

of SEAP in the reporter cells was not due to cellular damage.

To identify mechanisms involved in the effect of macrophages,

cross-feeding studies were performed. REPON were exposed

to serial concentrations of M/CM derived from J774.1 cells,

and activity of SEAP was evaluated. The result showed that

M/CM significantly repressed activity of the nephrin gene

promoter (Fig. 1B, left). Even in the presence of 5% M/CM,

activity of the promoter was reduced to 37.2 ± 6.4%. In con-

trast, the number of viable cells was significantly increased

by M/CM in a dose-dependent manner (Fig. 1B, right). Nor-

malization of SEAP activity by the number of viable cells

revealed dose-dependent suppression of the nephrin promoter

by M/CM (Fig. 1C).
Fig. 2. Repression of basal nephrin promoter activity by inflammatory cyto
200 ng/ml; left) or TNF-a (0–100 ng/ml; right), and culture media and cells we
Reporter podocytes were exposed to IL-1b (20 ng/ml; left) or TNF-a (10 ng
subjected to SEAP assay. (D) Cells were pretreated for 24 h with IL-1b or T
SEAP produced during initial 24 h and next 24 h was evaluated by chemilu
(P < 0.05). N.S, not statistically significant.
3.2. Repression of basal nephrin promoter activity in podocytes

by inflammatory cytokines

Activated macrophages produce IL-1b and TNF-a abun-

dantly [16,18], and these cytokines are involved in the patho-

genesis of glomerular diseases [20]. We tested effects of IL-1b
and TNF-a on the activity of the nephrin gene promoter in

REPON. As shown in Fig. 2A, these cytokines repressed activ-

ity of the nephrin gene promoter in a dose-dependent manner.

To exclude a possibility that the downregulation of SEAP by

these cytokines might be caused by nonspecific damage of

the reporter podocytes, the cells used for chemiluminescent

assay were subsequently subjected to formazan assay to evalu-

ate the number of viable cells. At any concentrations tested,

cell viability was unaffected by IL-1b or TNF-a (Fig. 2B).

Time-lapse experiments revealed that significant suppression

of the nephrin gene promoter was observed within 8–12 h

(Fig. 2C). The suppressive effects of IL-1b and TNF-a on

the nephrin expression were further confirmed by RT-PCR.

Consistent with the results shown in Fig. 2A, the basal level

of nephrin mRNA was depressed by these cytokines (Supple-

mental Fig. 1).

To examine whether or not the repression of nephrin by

cytokines was reversible, REPON were pretreated with IL-1b
or TNF-a for 24 h and then incubated without cytokines for

up to 48 h. During the initial 24 h after the treatment (0–

24 h), suppression of SEAP was still observed (Fig. 2D, left).

However, subsequent incubation for additional 24 h (24–

48 h) did not show significant inhibition of SEAP activity in
kines. (A,B) Reporter podocytes were treated for 24 h with IL-1b (0–
re subject to SEAP assay (A) and formazan assay (B), respectively. (C)
/ml; right) for up to 12 h, and culture media sampled every 4 h were

NF-a and then incubated without cytokines for up to 48 h. Activity of
minescent assay. Asterisks indicate statistically significant differences
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cytokine-treated cells (Fig. 2D, right). This result evidenced

that the suppression of the nephrin gene promoter by cyto-

kines is reversible.

3.3. Repression of inducible nephrin promoter activity in

podocytes by inflammatory cytokines

We recently reported that 1,25-dihydroxyvitamin D3 and

ATRA upregulated activity of the nephrin gene promoter

and nephrin mRNA levels in podocytes [11]. We next exam-

ined whether activation of the nephrin promoter by 1,25-

dihydroxyvitamin D3 or ATRA is also inhibited by inflamma-

tory cytokines. REPON were treated with IL-1b or TNF-a in

the presence of 1,25-dihydroxyvitamin D3 or ATRA, and cul-

ture media were subjected to chemiluminescent assay. As

shown in Fig. 3A, activation of the nephrin gene promoter

by 1,25-dihydroxyvitamin D3 was significantly attenuated by

IL-1b or TNF-a. Similarly, activation of the nephrin gene pro-

moter by ATRA was abrogated by the treatment with these

cytokines (Fig. 3B). Consistently, induced expression of neph-

rin mRNA was downregulated by cytokines modestly in 1,25-

dihydroxyvitamin D3-treated cells (Fig. 3C, upper) and

markedly in ATRA-treated cells (Fig. 3C, lower).

3.4. Molecular mechanisms involved in transcriptional

suppression of nephrin by cytokines

Previous reports showed that WT1 is a crucial transcription

factor that upregulates expression of nephrin in podocytes [6,7]

and that the transacting potential is attenuated due to its phos-

phorylation by, for example, PKC [8]. Phosphorylation of

WT1 by inflammatory cytokines may cause suppression of

the nephrin promoter. Indeed, treatment of REPON with

TPA, an activator of PKC, significantly suppressed the level

of SEAP (Fig. 4A). However, treatment with calphostin C,

an inhibitor of PKC, did not affect suppression of the nephrin

promoter by IL-1b or TNF-a (Fig. 4B). Furthermore, North-

ern blot analysis revealed that treatment of the cells with IL-1b
or TNF-a did not suppress but rather enhanced expression of

WT1 mRNA (Fig. 4C). These results indicated lack of involve-
Fig. 3. Repression of inducible nephrin promoter activity by inflammatory
TNF-a (10 ng/ml) in the absence (�) or presence (+) of 1,25-dihydroxyvitam
1 lM) (B,C) for 24 h, and culture media and cells were subject to SEAP assa
nephrin and glyceraldehydes-3-phosphate dehydrogenase (GAPDH) (C). A
reaction without reverse transcriptase.
ment of WT1 in the suppression of nephrin expression by

inflammatory cytokines.

Recently, we found that hepatocyte growth factor (HGF), a

putative de-differentiation factor of podocytes [21], markedly

suppressed activity of the nephrin gene promoter (Supplemen-

tal Fig. 2A) as well as expression of nephrin mRNA (Supple-

mental Fig. 2B). HGF is a well-known activator of PI3K/

Akt in various cells, including REPON (Supplemental

Fig. 2C), and activation of PI3K/Akt by IL-1b and TNF-a is

observed in some cell types [22,23]. We speculated that the

PI3K/Akt pathway might be involved in the suppression of

the nephrin gene in podocytes. Indeed, Western blot analysis

revealed that phosphorylation of Akt was rapidly induced in

podocytes after the treatment with IL-1b or TNF-a
(Fig. 4D). Of note, IL-1b activated Akt to less extent and

for shorter term than TNF-a. Interestingly, treatment with

LY294002, a PI3K inhibitor, abrogated the suppressive effect

of TNF-a, but not IL-1b (Fig. 4E). These results indicated dif-

ferential involvement of the PI3K/Akt pathway in the suppres-

sion of nephrin gene expression by macrophage-derived,

proinflammatory cytokines.
4. Discussion

In this report, we describe that bystander macrophages have

the ability to suppress expression of nephrin in podocytes via

production of inflammatory cytokines. The cytokine-initiated

repression of nephrin was reversible, observed on both basal

and inducible expression, and independent of Wilms’ tumor

suppressor WT1. In contrast to our present findings, a previous

report indicated that, in A293 human embryonic kidney cells

and primary culture of human podocytes, IL-1b and TNF-a
upregulated nephrin gene expression [24]. The reason for the

discrepancy is currently unclear, but regulation of nephrin in

human podocytes could be different from that in murine podo-

cytes, or different culture conditions such as serum concentra-

tions might have affected the experimental outcome.
cytokines. Reporter podocytes were treated with IL-1b (20 ng/ml) or
in D3 [1,25(OH)2D3; 100 nM] (A,C) or all-trans retinoic acid (ATRA;

y (A,B) and reverse transcriptase-polymerase chain reaction analysis of
sterisks indicate statistically significant differences (P < 0.05). RT(�),



Fig. 4. Molecular mechanisms involved in transcriptional suppression of nephrin by cytokines. (A) Reporter podocytes were treated with 12-o-
tetradecanoylphorbol-13-acetate (TPA, 50 nM) for 24 h, and culture media were subjected to SEAP assay. (B) Cells were pretreated with calphostin
C (40 nM) for 30 min and subsequently exposed to IL-1b (20 ng/ml) or TNF-a (10 ng/ml). Culture media were subject to SEAP assay. (C) Reporter
podocytes were stimulated with IL-1b or TNF-a for 24 h, and expression of WT1 was examined by Northern blot analysis. Expression of GAPDH is
shown at the bottom as a loading control. (D) Reporter podocytes were treated with IL-1b or TNF-a for indicated time periods, and levels of
phosphorylated Akt (p-Akt) and total Akt were examined by Western blot analysis. (E) Reporter podocytes were pretreated with or without
LY294002 (50 lM) for 30 min, subsequently exposed to IL-1b or TNF-a, and subject to SEAP assay. Asterisks indicate statistically significant
differences (P < 0.05). N.S, not statistically significant.
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We revealed that activation of the PI3K/Akt pathway was

responsible for the suppressive effect of TNF-a. Currently,

downstream events involved in the suppressive effect of PI3K/

Akt are unclear. The fact that substantial expression of nephrin

in podocytes required ATRA (Fig. 3) raises a possibility that the

PI3K/Akt pathway may affect signal transduction pathways ini-

tiated by ATRA. ATRA is an active metabolite of vitamin A

and a ligand of the nuclear receptor, retinoic acid receptor

(RAR). After binding of ATRA to RAR, RAR forms homodi-

mers or heterodimers with retinoid X receptor, and the resultant

complexes exert biological effects via binding to the particular

cis element, the retinoic acid response element (RARE). Func-

tional RAREs are present in the regulatory region of the human

nephrin gene [25], and ATRA can induce expression of nephrin

through activation of these regulatory elements. Recently, Srin-

ivas et al. report that Akt inhibited retinoid-induced transacti-

vation in lung cancer cells via phosphorylation at the Ser96

residue of the RARa’s DNA-binding domain [26]. Mutation

of Ser96 to alanine abrogated the suppressive effect of Akt,

and overexpression of a dominant-negative mutant of Akt de-

creased RAR phosphorylation and increased RAR transactiva-

tion. Lefebvre et al. also reported that the PI3K/Akt pathway

affected recruitment of some co-repressor to the RARb2 pro-

moter, leading to down-regulation of RARb2 expression and

impairment of cellular responses to ATRA [27]. These results

suggest that activation of the PI3K/Akt pathway by TNF-a
suppressed the function of RARs, impaired the retinoid signal-

ing, and thereby downregulated nephrin expression. In the pres-

ent study, however, we found that down-regulation of nephrin
by IL-1b was independent of the PI3K/Akt pathway. Although

IL-1b caused phosphorylation of Akt, inhibition of PI3K did

not significantly affect the suppressive effect of this cytokine

on nephrin expression. It might be due to the fact that IL-1b
activated Akt to less extent and for shorter term than TNF-a,

as shown in this report (Fig. 4D).

Infiltration of macrophages plays a crucial role in the devel-

opment of various proteinuric glomerular diseases [12]. Acti-

vated macrophages produce inflammatory cytokines

abundantly, which is involved in the development of protein-

uria in glomerular diseases [28]. In anti-glomerular basement

membrane antibody glomerulonephritis (a model of Goodpas-

ture syndrome in human), activated podocytes contribute to the

formation of cellular crescents where infiltrating macrophages

are co-localized [29]. In this experimental model, (1) proteinuria

is caused by infiltration of macrophages [30], (2) activated podo-

cytes undergo phenotypic changes and lose expression of neph-

rin [29], and (3) proteinuria and crescent formation are

ameliorated either by administration with IL-1 receptor antag-

onist or by gene knockout of TNF-a [31,32]. Based on these

data together with our current findings, we propose a novel

mechanism involved in the induction of proteinuria in macro-

phage-associated, proteinuric glomerular diseases. Under path-

ologic situations, infiltrating glomerular macrophages produce

proinflammatory cytokines and thereby repress expression of

nephrin in podocytes, leading to development of proteinuria.
Acknowledgements: We thank Dr. Holger Scholz (Charite-Universi-
tatsmedizen, Berlin) for providing us with a WT1 cDNA, Dr. Karlhans



426 Y. Takano et al. / FEBS Letters 581 (2007) 421–426
Endlich (University of Heidelberg, Germany) for murine podocytes
and Dr. Lawrence B. Holzman (University of Michigan Medical
School, Michigan) for p5.4N-nlacF. This work was supported, in part,
by Grant-in-Aids for Scientific Research from the Ministry of Educa-
tion, Culture, Sports, Science and Technology, Japan (Nos. 16390243
and 17651026) to M. Kitamura.
Appendix A. Supplementary data

Supplementary data associated with this article can be

found, in the online version, at doi:10.1016/j.febs-

let.2006.12.051.

References

[1] Reiser, J., Kriz, W. and Ketzler, M. (2000) The glomerular slit
diaphragm is a modified adherence junction. J. Am. Soc. Nephrol.
11, 1–8.

[2] Somlo, S. and Mundel, P. (2000) Getting a foothold in nephrotic
syndrome. Nat. Genet. 24, 333–335.

[3] Furness, P.N., Hall, L.L., Shaw, J.A. and Pringle, J.H. (1999)
Glomerular expression of nephrin is decreased in acquired human
nephrotic syndrome. Nephrol. Dial. Transplant. 14, 1234–1237.

[4] Gagliardini, E., Benigni, A., Tomasoni, S., Abbate, M., Kalluri,
R. and Remuzzi, G. (2003) Targeted downregulation of extracel-
lular nephrin in human IgA nephropathy. Am. J. Nephrol. 23,
277–286.

[5] Toyoda, M., Suzuki, D., Umezono, T., Uehara, G., Maruyama,
M., Honma, M., Sakai, T. and Sakai, H. (2004) Expression of
human nephrin mRNA in diabetic nephropathy. Nephrol. Dial.
Transplant. 19, 380–385.

[6] Guo, G., Morrison, D.J., Licht, J.D. and Quaggin, S.E. (2004)
WT1 activates a glomerular-specific enhancer identified from the
human nephrin gene. J. Am. Soc. Nephrol. 15, 2851–2856.

[7] Wagner, N., Wagner, K.D., Xing, Y., Scholz, H. and Schedl, A.
(2004) The major podocyte protein nephrin is transcriptionally
activated by the Wilms’ tumor suppressor WT1. J. Am. Soc.
Nephrol. 15, 3044–3051.

[8] Ye, Y., Raychaudhuri, B., Gurney, A., Campbell, C.E. and
Williams, B.R. (1996) Regulation of WT1 by phosphorylation:
inhibition of DNA binding, alteration of transcriptional activity
and cellular translocation. EMBO J. 15, 5606–5615.

[9] Benigni, A., Zoja, C., Tomasoni, S., Campana, M., Corna, D.,
Zanchi, C., Gagliardini, E., Garofano, E., Rottoli, D., Ito, T. and
Remuzzi, G. (2006) Transcriptional regulation of nephrin gene by
peroxisome proliferator-activated receptor-c agonist: molecular
mechanism of the antiproteinuric effect of pioglitazone. J. Am.
Soc. Nephrol. 17, 1624–1632.

[10] Ren, S., Xin, C., Beck, K.F., Saleem, M.A., Mathieson, P.,
Pavenstadt, H., Pfeilschifter, J. and Huwiler, A. (2005) PPARa
activation upregulates nephrin expression in human embryonic
kidney epithelial cells and podocytes by a dual mechanism.
Biochem. Biophys. Res. Commun. 338, 1818–1824.

[11] Yamauchi, K., Takano, Y., Kasai, A., Hayakawa, K., Hiramatsu,
N., Enomoto, N., Yao, J. and Kitamura, M. (2006) Screening and
identification of substances that regulate nephrin gene expression
using engineered reporter podocytes. Kidney Int. 70, 892–900.

[12] Nikolic-Paterson, D.J. and Atkins, R.C. (2001) The role of
macrophages in glomerulonephritis. Nephrol. Dial. Transplant.
16 (Suppl 5), 3–7.

[13] Lavelle, K.J., Durland, B.D. and Yum, M.N. (1981) The effect of
antimacrophage antiserum on immune complex glomerulonephri-
tis. J. Lab. Clin. Med. 98, 195–205.

[14] Fujinaka, H., Yamamoto, T., Takeya, M., Feng, L., Kawasaki,
K., Yaoita, E., Kondo, D., Wilson, C.B., Uchiyama, M. and
Kihara, I. (1997) Suppression of anti-glomerular basement
membrane nephritis by administration of anti-monocyte chemo-
attractant protein-1 antibody in WKY rats. J. Am. Soc. Nephrol.
8, 1174–1178.
[15] Moeller, M.J., Kovari, I.A. and Holzman, L.B. (2000) Evaluation
of a new tool for exploring podocyte biology: mouse Nphs1 5 0

flanking region drives LacZ expression in podocytes. J. Am. Soc.
Nephrol. 11, 2306–2314.

[16] Kitamura, M., Suto, T., Yokoo, T., Shimizu, F. and Fine, L.G.
(1996) Transforming growth factor-b1 is the predominant para-
crine inhibitor of macrophage cytokine synthesis produced by
glomerular mesangial cells. J. Immunol. 156, 2964–2971.

[17] Haber, D.A., Sohn, R.L., Buckler, A.J., Pelletier, J., Call, K.M.
and Housman, D.E. (1991) Alternative splicing and genomic
structure of the Wilms’ tumor gene WT1. Proc. Natl. Acad. Sci.
USA 88, 9618–9622.

[18] Hayakawa, K., Meng, Y., Hiramatsu, N., Kasai, A., Yamauchi,
K., Yao, J. and Kitamura, M. (2006) Priming of glomerular
mesangial cells by activated macrophages causes blunted
responses to proinflammatory stimuli. J. Immunol. 176, 2529–
2537.

[19] Hiramatsu, N., Kasai, A., Hayakawa, K., Yao, J. and Kitamura,
M. (2006) Real-time detection and continuous monitoring of ER
stress in vitro and in vivo by ES-TRAP: Evidence for systemic,
transient ER stress during endotoxemia. Nucleic Acids Res. 34,
e93(1-12).

[20] Atkins, R.C., Nikolic-Paterson, D.J., Song, Q. and Lan, H.Y.
(1996) Modulators of crescentic glomerulonephritis. J. Am. Soc.
Nephrol. 7, 2271–2278.

[21] Rampino, T., Gregorini, M., Camussi, G., Conaldi, P.G., Soccio,
G., Maggio, M., Bottelli, A. and Canton, A. (2005) Hepatocyte
growth factor and its receptor Met are induced in crescentic
glomerulonephritis. Nephrol. Dial. Transplant. 20, 1066–1074.

[22] Yamamoto, T., Kojima, T., Murata, M., Takano, K., Go, M.,
Chiba, H. and Sawada, N. (2004) IL-1b regulates expression of
Cx32, occludin, and claudin-2 of rat hepatocytes via distinct
signal transduction pathways. Exp. Cell Res. 299, 427–441.

[23] Weaver, S.A., Russo, M.P., Wright, K.L., Kolios, G., Jobin, C.,
Robertson, D.A. and Ward, S.G. (2001) Regulatory role of
phosphatidylinositol 3-kinase on TNF-a-induced cyclooxygenase
2 expression in colonic epithelial cells. Gastroenterology 120,
1117–1127.

[24] Huwiler, A., Ren, S., Holthofer, H., Pavenstadt, H. and Pfeils-
chifter, J. (2003) Inflammatory cytokines upregulate nephrin
expression in human embryonic kidney epithelial cells and
podocytes. Biochem. Biophys. Res. Commun. 305, 136–142.

[25] Suzuki, A., Ito, T., Imai, E., Yamato, M., Iwatani, H., Kawachi,
H. and Hori, M. (2003) Retinoids regulate the repairing process of
the podocytes in puromycin aminonucleoside-induced nephrotic
rats. J. Am. Soc. Nephrol. 14, 981–991.

[26] Srinivas, H., Xia, D., Moore, N.L., Uray, I.P., Kim, H., Ma, L.,
Weigel, N.L., Brown, P.H. and Kurie, J.M. (2006) Akt phos-
phorylates and suppresses the transactivation of retinoic acid
receptor a. Biochem. J. 395, 653–662.

[27] Lefebvre, B., Brand, C., Flajollet, S. and Lefebvre, P. (2006)
Down-regulation of the tumor suppressor gene retinoic acid
receptor b2 through the phosphoinositide 3-kinase/Akt signaling
pathway. Mol. Endocrinol. 20, 2109–2121.

[28] Suranyi, M.G., Guasch, A., Hall, B.M. and Myers, B.D. (1993)
Elevated levels of tumor necrosis factor-a in the nephrotic
syndrome in humans. Am. J. Kidney Dis. 21, 251–259.

[29] Moeller, M.J., Soofi, A., Hartmann, I., Le Hir, M., Wiggins, R.,
Kriz, W. and Holzman, L.B. (2004) Podocytes populate cellular
crescents in a murine model of inflammatory glomerulonephritis.
J. Am. Soc. Nephrol. 15, 61–67.

[30] Holdsworth, S.R. and Neale, T.J. (1984) Macrophage-induced
glomerular injury. Cell transfer studies in passive autologous
antiglomerular basement membrane antibody-initiated experi-
mental glomerulonephritis. Lab. Invest. 51, 172–180.

[31] Tang, W.W., Feng, L., Vannice, J.L. and Wilson, C.B. (1994)
Interleukin-1 receptor antagonist ameliorates experimental anti-
glomerular basement membrane antibody-associated glomerulo-
nephritis. J. Clin. Invest. 93, 273–279.

[32] Le Hir, M., Haas, C., Marino, M. and Ryffel, B. (1998)
Prevention of crescentic glomerulonephritis induced by anti-
glomerular membrane antibody in tumor necrosis factor-deficient
mice. Lab. Invest. 78, 1625–1631.

http://dx.doi.org/10.1016/j.febslet.2006.12.051
http://dx.doi.org/10.1016/j.febslet.2006.12.051

	Transcriptional suppression of nephrin in podocytes by macrophages: Roles of inflammatory cytokines and involvement of the PI3K/Akt pathway
	Introduction
	Materials and methods
	Cells
	Pharmacological treatment
	Co-culture
	Reverse transcriptase-polymerase chain reaction (RT-PCR)
	Northern blot analysis
	Western blot analysis
	Chemiluminescent assay
	Formazan assay
	Statistical analysis

	Results
	Repression of the nephrin gene promoter in podocytes by bystander macrophages
	Repression of basal nephrin promoter activity in podocytes by inflammatory cytokines
	Repression of inducible nephrin promoter activity in podocytes by inflammatory cytokines
	Molecular mechanisms involved in transcriptional suppression of nephrin by cytokines

	Discussion
	Acknowledgements
	Supplementary data
	References


