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Abstract
Background/Aims The research of genes implicated in kidney glomerular function, eliciting 
cell fate program, is always at the forefront in nephrological studies. Several neurological 
molecules have been recently the object of study not only for their involvement in the central 
nervous system differentiation but also for their importance in the functionality of other 
organs and for mature phenotype, as in kidney. NeuroD, in CNS, is related to two functional 
roles, the early survival and the differentiation. The aim of our study was to ascertain the 
presence of NeuroD transcription factor in glomeruli and to understand which targets and 
mechanisms NeuroD controls. Methods: We used immunofluorescence (IF) studies on both 
human and mice renal tissues and on cultured podocytes to describe NeuroD distribution; 
then we investigated NeuroD binding to the nephrin promoter region in cultured podocytes 
by chromatin-immuno-precipitation (ChIP) assay. The overexpression of NeuroD in podocytes 
was used to establish first its role in nephrin synthesis, evaluated by real-time quantitative (RTq) 
PCR and western-blot (WB) and successively to determine the recovery of cell morphology 
after adriamycin injury, measuring foot processes length. Results: We identified NeuroD 
transcription factor in glomeruli, in the same cells positive for WT1 and synaptopodin, namely 
podocytes; subsequently we observed a differentiation dependent NeuroD distribution in 
cultured podocytes, and a consistent link of NeuroD with the Nephrin promoter leading to the 
regulation of Nephrin translation and transcription. Our data also describes NeuroD expression 
in cytoplasm as phosphoprotein linked to nephrin and actinin4. Preliminary experiments seem 
to indicate NeuroD involved in dynamics of cell shape regulation after adriamycin injury. 
Conclusion: we propose that NeuroD possess in podocytes a dual ability acting in the nucleus 
as a transcription factor and in cytoplasm stabilizing cell shape.
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Introduction

Podocytes are highly specialized cells whose primary and secondary processes and their 
intercellular junctions are fundamental to maintain the glomerular structure and function; 
defect in their number, in actin cytoskeleton rearrangement and/or in the related alteration 
of the podocyte shape are observed in response to injury [1, 2]. Maturation of podocytes 
is a complex dynamic process involving several transcriptional factors (TFs), such as Pax2, 
WT1, Pod1, Lmx1b, Maf1, Sp1, NFkB and others; they are described to be responsible, in 
specific stages of glomerular development and maturation, for the expression of molecules 
leading to foot process assembly, structural organization of the slit diaphragm or cytoskeletal 
interaction [3-7].. The expression of these TFs or their downregulation control the activation 
of genes responsible for the expression of the specific characteristics of the differentiated 
podocytes.

Previous studies have pointed out the presence in podocytes of the same machinery 
adopted by neurons for processes formation accompanied, at the slit diaphragm level, by 
a multitude of receptors and signalling molecules [8-11]; moreover mutations in some of 
these protein lead to proteinuria eventually resulting in focal segmental glomerular sclerosis 
(FSGS) [12, 13].

A key actor of the slit diaphragm is nephrin, a cell adhesion molecule responsible for the 
stability and for the regulation of the signalling in podocytes and also described in several 
areas of the central nervous system (CNS) at the synaptic cleft of neuronal cells [14]; nephrin 
exerts a functional role of signal transduction finally converging on the dynamic of actin 
cytoskeleton, essential for maintaining shape and function of podocytes. Branching and 
elongation of foot processes are mechanisms necessary to create the flexible and proper 
apparatus able to respond to chemical and mechanical stimuli originating from the blood 
stream and urinary space, to which podocytes constantly counteract [15, 16].

Among the many systems involved in neuron physiopathology, neurogenins and 
neurogenic differentiation factor 1 (NeuroD or NeuroD1) (UniProt ID: Q13562) proteins 
have been the object of intense investigation [17]. Both proteins have been found to be closely 
expressed in mice and in Xenopus, where they have regulatory activity on the development 
of the nervous system, and promote the formation of pancreatic islets from the endocrine 
cell progenitors [18]. NeuroD plays a crucial role in early and terminal differentiation of 
the granule neurons in hippocampus and cerebellum, in dendrite morphogenesis and in 
the maintenance of the cerebellar cortex, inducing tens of genes regulating transcription, 
cytoskeleton remodelling and signal transduction [17, 19, 20, 21]. Furthermore, NeuroD 
expression has been demonstrated in a number of different organs and tissues, [22, 23] 
and its mutations have been described to be associated with a number of diseases of these 
organs [24]. NeuroD belongs to the family of basic helix-loop-helix transcription factors, like 
Pod1 whose earlier deletion arrests podocytes differentiation [25].

The first aim of the present study was to explore if NeuroD is expressed also in the 
kidney and in particular in the podocytes. Since we found that NeuroD is in fact expressed 
in podocytes, both in the cytoplasm and nucleus, we also investigated if NeuroD may be 
involved in gene regulation and cellular function of these cells.

Materials and Methods

Renal tissue samples
Normal renal tissue was derived from patients submitted to nephrectomy for renal neoplasia and who 

gave informed consent to the examination of the removed renal tissue (M.04.NUTRAR.CONS), and from 
normal mice kidneys, obtained from 3month-old C57BL/6 or BALB/c/Pas inbred strain animals (Charles 
River Laboratories, Calco, Lecco, Italy) according to the Protocol N. 07/13 approved by the Milan University 
Institutional Care and Ethical Treatment Committee, sacrificed after anesthesia induced by intraperitoneal 
injection of 370mg/Kg of chloral hydrate. The tissues were embedded in TissueTek OCT compound (Sakura, 
Finetek, Japan), snap-frozen in a mixture of isopentane and dry-ice, and stored at −80°C.
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Podocytes cell cultures
We studied conditionally immortalized podocytes SV1 (SV1) from transgenic H-2Kb-tsA58 mice (CLS, 

Eppelheim Germany), previously propagated at 33°C (Imm33°C) in DMEM: F12 medium supplemented with 
10% FCS, 100U/ml penicillin,100μg/ml streptomycin, 2 mM L-glutamine and 20 U/ml recombinant mouse 
γ interferon (all from Sigma Aldrich, Milan, Italy) and subsequently grown with the complete medium, 
without γ interferon, in culture flasks (Corning, Milan, Italy) precoated with collagen type IV and thermo-
shifted to 37°C for differentiation for 7 days (Imm37°C).

We also studied primary cultures podocytes derived from C57BL6/J mice (C57BL/6), obtained by 
sieving as previously described [8], according to the current ethical and legislative rules Directive 2010/63/
EU for animal experiment, and seeded at second passage at 37°C in 5% CO2 atmosphere, with complete 
medium composed of DMEM: F12 medium supplemented with 10% FCS, 5μg/ml human apo-transferrin, 10-

7M hydrocortisone, 5ng/ml sodium selenite, 0.12 U/ml insulin, 100U/ml penicillin, 100μg/ml streptomycin, 
2 mM L-glutamine (all reagents from Sigma-Aldrich).

Neuro2a cells
Mouse neuroblastoma cells Neuro2a (Neuro2a) (ATCC® CCL131™) were used as positive control of 

NeuroD expression both in immunofluorescence studies and in Western Blot [26]. The cells were seeded in 
flask for three days in Medium composed of MEM (M2279) supplemented with 100U/ml penicillin,100μg/
ml streptomycin, 2 mM L-glutamine, 10% FBS, 1mM Sodium Pyruvate, NEAA solution (all from Sigma 
Aldrich, Milan, Italy); subsequently the medium was replaced with Neurobasal medium (21103 Gibco) 
supplemented with B27 (17504 Gibco), 100U/ml penicillin,100μg/ml streptomycin and 2 mM L-glutamine, 
10% and the differentiation was evaluated for the appearance of neurites.

Glomerular endothelial cells
Conditionally immortalized human glomerular endothelial cells (hGEnC) (CiGEnC, University of 

Bristol, Bristol, UK) were grown, for propagation at 33°C, in endothelial growth medium 2-microvascular 
(EGM2-MV, Lonza, Walkersville, MD USA) containing EBM™-2 Basal Medium, 5% fetal bovine serum (FBS), 
Gentamicin/Amphotericin-B [GA], Hydrocortisone, Fibroblast Growth Factor-Beta [hFGF-b], Insulin-like 
Growth Factor [R3-IGF-1] and Ascorbic Acid as supplied, but excluding Vascular Endothelial Growth Factor 
[VEGF]. For experiments, cells were transferred to 37°C to stop the growth, for at least 3 days.

Cell damage model
To induce podocyte damage Adriamycin Nephropathy (AN), characterized in rodents by histological 

changes resembling those of human chronic proteinuric renal disease, was applied; this model, that in 
animals results in focal glomerulosclerosis, in vitro leads to podocyte cell processes shortening, cytoskeletal 
actin remodeling and rounding of the cell shape and was induced by 0.8μM adriamycin (adria) (doxorubicin 
hydrochloride, Sigma-Aldrich) dissolved in medium for 24 hours. After this time the solution was removed 
and replaced by medium; four groups of cells were treated in different ways: control, adriamycin 24 hours, 
adriamycin 24 hours followed by NeuroD over expression for 48 hours, and NeuroD over expression only, 
for 48 hours. All cells were fixed at the same time, after 48 hours from removal of adria, with cold 4% 
paraformaldehyde (PFA) for 10 minutes and acetone for 5 minutes for the staining of cytoskeleton by alpha 
actinin and for the nuclear and cytoplasmic staining of NeuroD. Podocytes processes length was measured 
after alpha actinin staining on 40x images acquired by Zeiss Axioscope 40FL microscope (Carl Zeiss SpA, 
Arese, Milano, Italy), and calculated by AxioVision Rel.4.8 software (Carl Zeiss) on 54, 69, 53 and 45 cells of 
respectively control, over NeuroD, adria and adria+ over NeuroD group; nuclear or cytoplasmic fluorescence 
intensity was measured on 47, 54, 35, and 62 cells of respectively control, over NeuroD, adria and adria+ 
over NeuroD group, as densitometric mean by the same software.

Immunofluorescence studies
Immunofluorescence was performed using standard procedures. Four micrometer sections of mice 

and human tissues were placed on slides and fixed in cold 4% PFA and/or acetone for 10 or 5 minutes 
respectively. Cultured mice podocytes, Neuro-2a and hGEnC grown on Thermanox coverslips (Nunc, VWR 
Int., Milan, Italy) were fixed in the same way. After fixation the following primary antibodies (Ab) were 
used for indirect immunofluorescence studies: rabbit anti NeuroD1 (ab-16508) (Abcam, Milano, Italy) 1:50, 

http://dx.doi.org/10.1159%2F000488818


Cell Physiol Biochem 2018;46:873-889
DOI: 10.1159/000488818
Published online: April 17, 2018 876

Cellular Physiology 
and Biochemistry

Cellular Physiology 
and Biochemistry

© 2018 The Author(s). Published by S. Karger AG, Basel
www.karger.com/cpb

Armelloni et al.: NeuroD Expression in Podocytes and Nephrin Regulation

mouse anti synaptopodin (65194) (Progen, Heidelberg, Germany) 1:20, goat antiWT1 (sc-15421) (St Cruz 
Biotechnology, Heidelberg, Germany)1:50, mouse antiCD31 (ab9498) (Abcam) 1:20, mouse anti alpha SMA 
(ab7817) (Abcam)1:200; rabbit anti alpha actinin (sc15335) (St Cruz); rabbit anti alpha actinin4 (0042-05) 
(Immunoglobe, Himmelstadt, Germany) after washing the appropriate secondary Alexa Fluor (Invitrogen, 
Milano, Italy) antibodies were sequentially applied: 546 goat anti rabbit IgG (A11035), 488 goat anti mouse 
IgG (A11029), 488 rabbit anti goat IgG (A11078), 488 goat anti rat IgG (A11006) all diluted 1:70; DAPI 
(Sigma-Aldrich) nuclear staining was added with the secondary antibody. Specificity of Ab labeling was 
demonstrated by the lack of staining after substituting control immunoglobulins for the primary antibodies. 
For cell culture staining the antibodies addition was preceded by permeabilization with 0.3%TritonX-100 
and blocking reagent was used to prevent unspecific binding. Slides were mounted with Fluorsave aqueous 
mounting medium (Merk, Milano, Italy). Images were acquired by Zeiss Axioscope 40FL microscope (Carl 
Zeiss), equipped with AxioCamMRc5 digital videocamera and immunofluorescence apparatus, and recorded 
by AxioVision software 4.8, or by Zeiss AxioObserver microscope equipped with high resolution digital 
videocamera AxioCam and Apotome system (Carl Zeiss) for structured illumination.

Proximity Ligation Assay (PLA)
Duolink (Olink Bioscience, Uppsala, Sweden) in situ experiment was performed according to the user 

manual. The cells were fixed with acetone or PFA and the following primary antibodies were used: goat 
NeuroD (N19) (sc1084) (Santa Cruz), rabbit antiWT1 (ab15249) (Abcam), rabbit anti podocin (P0372) 
(Sigma-Aldrich), rabbit anti nestin (N1602) (18741) (IBL International, Tecan, Hamburg, Germany) rabbit 
anti actinin4 (0042-05) (Immunoglobe). Secondary antibodies conjugated with oligonucleotides (PLA 
probe MINUS and PLA probe PLUS) were added. The ligation and the amplification reagents permitted to 
the signal to be analyzed as a distinct red fluorescent spot by fluorescence microscopy. DAPI (Sigma-Aldrich) 
nuclear staining was added before mounting the slides.

Chromatin Immunoprecipitation (ChIP)
Chromatin Immunoprecipitation was performed by Pierce Agarose ChIP Kit (Pierce, Thermo Fisher 

Scientific, Monza, Italy).Briefly, podocytes subcultured on T75 flask in triplicate, at a density of 2×106 

cells were cross-linked with 1% formaldehyde for 10 minutes at room temperature before adding glycine 
solution to stop the reaction. Cell lysis was followed by Micrococcal nuclease digestion, 1U/μl for 15 minutes 
at 37°C with production of 100- 400bp DNA fragments, as observed after 2% agarose gel electrophoresis 
and a portion of total cross-linked lysate was saved for successive analysis (INPUT). Immunoprecipitation 
was obtained by incubating overnight at 4°C the sheared chromatin with 10μg of NeuroD (G20) X antibody 
for ChIP applications (SantaCruz), or with Normal rabbit IgG as negative control (Pierce), followed by 
incubation with 20μl of ChIP Grade Protein A/G Agarose (Pierce) for 1 hour at 4°C on rocking platform. 
The total nuclear unlinked extract (unlinked) was kept for Western Blot (WB) evaluation; the subsequent 
IP elution and DNA recovery, collected for both WB and PCR analysis, followed standard instructions. 
The concentrations of DNA from INPUT, and from ChIP were calculated after proteinase K treatment by 
spectrophotometric determination.

Co-Immunoprecipitation (IP)
Two immunoprecipitations were performed by Classic IP Kit (Pierce), the first to detect the proteins 

linked to NeuroD and the second to identify the proteins bound to nephrin. According to the manufacturer’s 
instructions, the immune-complexes were obtained combining 10μg of affinity purified antibody to 
NeuroD (sc-1086) or to Nephrin (sc-28192) (both Santa Cruz) with the pre-cleared cell lysate. The elution 
from Protein A/G Agarose was in reducing condition with the addition of dithiothreitol (DTT) to a final 
concentration of 20mM. The immune-complexes were directly used for WB.

Western Blot (WB)
Cytoplasmic proteins were extracted with complete Lysis M solution (Roche, Mannheim, Germany) 

from control podocytes, from NeuroD over-expressed or silenced podocytes , 24 and 48 hrs after transfection, 
and from Neuro-2a and hGEnC used as positive and negative control respectively; for nuclear lysate NaCl at 
final concentration of 0.5M was added to the same Lysis M solution; protein concentration was determined 
by DC Protein Assay (BioRad Laboratories Inc., CA, USA) similar to the Lowry assay. Proteins (10-15μg) 
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or immunoprecipitate complex diluted in reducing sample buffer, were separated on 8 or 10% SDS 
polyacryalmide gel and blotted on ImmunBlot PVDF membrane (BioRad). After blocking, each membrane 
was incubated with the primary antibody, followed by the proper horseradish peroxidase-conjugated (HRP) 
secondary antibody, and positive reaction products were detected by BM Chemiluminescence Western 
Blotting Kit (Roche, Milano, Italy). Images were digitally acquired by Chemidoc XRS instrument (Bio-Rad). 
The following primary antibodies were used for the study: goat anti-neurod (sc1086) (Santa Cruz), goat anti-
neurod (sc1084) (Santa Cruz), rabbit anti neurod (ab16508) (Abcam), Rabbit anti neurod (Ser 274) phospho 
specific (TA312014) (Origene, Bologna, Italy) guinea pig anti-nephrin (GP-N2) (Progen), rabbit anti-alpha-
actinin (sc15335) (Santa Cruz), rabbit anti-cofilin (5175) (Cell Signaling, Euro Clone, Milano, Italy), rabbit 
anti-histone H3 (ab1791) (Abcam), mouse anti-alpha-tubulin (ab7291) (Abcam), followed by proper HRP 
conjugated secondary antibody: anti mouse-rabbit-HRP conjugated (by BM Chemiluminescence Western 
Blotting kit, Roche), anti guinea pig-HRP (ab6771) (Abcam), anti goat-HRP (ab6741) (Abcam). To detect IP 
VeriBlot secondary antibodies (HRP) were used: anti-goat IgG (ab157532), anti- IgG (ab131366) (Abcam). 
These antibodies recognize native (non-reduced) antibodies and therefore the detection of heavy (50 kDa) 
and light chains (25 kDa) is minimized, if the immunoprecipitate is fully reduced. All of the cytoplasmic 
protein bands were normalized for the actinin or tubulin level and the nuclear proteins bands for H3 
histone level. Negative controls were performed by loading buffer instead of proteins. Positive controls were 
performed using a brain protein extract. Protein bands were detected by BM Chemiluminescence Western 
Blotting Kit (Roche) and analyzed for semi-quantitative analysis of density by ChemiDoc XRS+ with Image 
Lab Software (Bio Rad) and for molecular weight determination.

Transfections
Podocytes subcultured in 6 well plate at semiconfluence with medium devoid of penicillin and 

streptomycin, were transiently transfected with Lipofectamine 2000 (Invitrogen) in serum reduced 
medium OptiMEM (Gibco, Thermofisher, Rodano, Milano, Italy) following manufacturer’s instruction; for 
Neurod1 overexpression 2, 5μg of Myc-DDK- tagged ORF clone of Mus musculus Neurogenic differentiation1 
(NeuroD1) as transfection ready DNA (MR205460, Origene) was added and for cells knockdown two 
sets of 200pmol target specific duplex Mission SiRNA oligos for mouse NeuroD1, (SASIMm01_00082459, 
SASIMm02_00319605) (Sigma-Aldrich) were used; Mission SiRNA Universal scrambled RNA duplexes were 
used as negative controls.For promoter activation experiments podocytes were simultaneously transfected 
with 1μg of GlucON Nephrin or Kirrel2 mouse promoter clone dual-reporter vector systems (MPRM12209-
PG04 and MPRM11692-PG04) (Genecopoeia, Milano, Italy). The medium was changed 8 hours later with 
complete growth medium. The supernatant was collected 24- 48 and 72 hours post transfection and 
proteins and RNA were extracted at the same times.

PCR
PCR for Nephrin promoter was performed after ChIP with 5μg of DNA and the following Thermal Cycler 

conditions: initial denaturation: 8’ at 95°C; variable cycles x 12: denaturation35’’ at 95°C, annealing35’’ at 
60°C for 2 cycles, 59, 5°C for 2 cycles, 59°C for 2 cycles,58, 5 °C for 2 cycles, 58°C for 2 cycles, 57, 5°C for 2 cycles; 
extension50’’ at 72°C. Constant cycles x 23, denaturation35’’ at 95°C, annealing35’’at 57°C, extension50’’ at 
72°C, Final extension9’ at 72°C. Primers sequences 5’-3’ were selected within mouse Nephrin promoter 
sequence on chromosome7 (TRED ID: 76481, TSS 22066787) obtained by Transcriptional Regulatory 
Element Database (TRED) (Cold Spring Harbor Laboratory) and were: Nephrin promoter forward 5’ GTG 
GTG GAG TTG AGC CAG TT 3’; Nephrin promoter reverse 5’GGC CAA GGT GTA GAG CTG CTG TC3’. The 
presence of the 468bp amplicon was detected on 2% agarose by gel analysis, relative to low DNA mass 
ladder control (Invitrogen).

Luciferase Reporter Assays
The levels of secreted reporter proteins, Gaussia Luciferase (Gluc) and Secreted Alkaline Phosphatase 

(SEAP) in medium, were measured by Secrete-Pair Dual Luminescence Assay Kit (Genecopoeia). GLuc and 
SEAP intensity, expressed in count per second, were measured by luminometer (Xenius Safas, Monaco) 
following the protocol for Enhanced Signal Stability and SEAP Assay Procedure, as indicated in the 
manual:10μl of the supernatant were added in white opaque 96 well plate in triplicates and luminescence 
signal was measured with 1 second of integration. GLuc activity was normalized by SEAP luminescence, 
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relative to cell number. Calculated ratio of GLuc over SEAP intensity was compared. Activation was estimated 
in treated cells relative to control podocytes and represented as fold induction. The values are means ± SD 
from at least three independent experiments performed in triplicates.

RNA extraction and quantitative RTqPCR
Total RNA was purified from undifferentiated and mature podocytes and after 24 and 48hrs of NeuroD 

and Kirrel2 over-expression or silencing, using Aurum total RNA mini kit (BioRad) free of contaminating 
genomic DNA and the cDNA was produced from 500μg of RNA by iScript cDNA Syntesis Kit (BioRad). 
The quantitative PCR (RTqPCR) was performed using iQ Sybr green Supermix (BioRad) and run with CFX 
Connect RealTime System provided with CFX Manager Software for data acquisition and analysis. Primers 
for mouse Neurod1, Nephrin, Kirrel2, and Rpl13, to normalize gene expression, were purchased from IDT. 
The following primers were used: NeuroD1 forward 5’ACC TTG CTA CTC CAA GAC CCA GAA 3’ and reverse 
5’TTT GCA GAG CGT CTG TAC GAA GGA3’; Nephrin forward 5’ CCT CTT CAA ATG CAC AGC CAC CAA 3’ 
and reverse 5’ACC TGA TTT GGA ACC TCT GAG GCA 3’; Kirrel2 forward 5’GCG AGG GCA GGT TAT CTT AC3’, 
reverse 5’ GGG AGT TCC AGA GCT CAA TTC3’; Rpl13 forward 5’ GTG AGG TGC CCT ACA GTG AGA TAC3’ and 
reverse 5’GAT GGT GCG AGC CAC TTT CTTG 3’. Data are expresses as normalized expression relative to 
control podocytes.

Statistical analyses
Data are presented as mean ± SD. At least three replicates were conducted for each in vitro experiment. 

Two-tail Student’s t test was used for analysis when two groups of data were compared and to predict the 
significance level of *p<0.05, ** p<0.01 or *** p<0.001.

Results

Identification of NeuroD in the glomerulus
The IF studies on both 

human and mice renal tissues 
demonstrated the presence of 
both glomerular and tubular 
positivity. Given that the main 
aim of our research was to 
explore the possible expression 
of NeuroD in podocytes, we 
decided to focus on glomerular 
NeuroD expression only. In 
fact, NeuroD was expressed 
only in the podocytes, both in 
the cytoplasm and nucleus, 
as demonstrated by the co-
localization with synaptopodin 
(Fig. 1A) and WT1 (Fig. 1B), 
which are well recognized 
markers of mainly cytoplasm 
and nucleus of podocyte, 
respectively. No NeuroD IF 
positivity was found in the 
endothelial cells or mesangial 
cells, marked with CD31 (Fig. 
1C) and alpha SMA (Fig. 1D), 
respectively.

Fig. 1. Expression of NeuroD in the normal human glomerulus. 
NeuroD double labeling in human and mouse kidney sections. 
NeuroD (red) with podocyte marker synaptopodin (A) marks 
the same cells, lining the capillary wall and with WT1(B) (green) 
exhibits a nuclear colocalization (yellow); a mild staining is visible 
on tubuli. Endothelial cells marker CD31(C) and mesangial cell 
marker alpha-smooth muscle actin (alpha-SMA) (D) (green) show 
the staining of different cell types (Scale bar 50μm).

  

Fig1
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Fig. 3. Nuclear and cytoplasmic 
expression of NeuroD in podocytes. 
Western blot were performed 
to determine nuclear (nl) and 
cytoplasmic (cyt) presence of NeuroD 
in lysate of mature podocytes, using 
antibodies recognizing N-terminal 
domain, C-terminal domain (A) or 
residues 100-200 common to human 
and mouse NeuroD (B); the signal 
detected reveals three bands, of which 
the more represented is the 45kD (A), 
or a single lane (B). The molecular 
mass distribution of NeuroD, from 5 
experiments, was calculated (A-B). 
To confirm the presence of NeuroD 
in nuclear lysate we also detected 
NeuroD by WB in samples obtained 
by IP: total nuclear fraction, nuclear fraction linked to chromatin (ChIP obtained with antibody against 
C-terminal domain) and nuclear fraction not bound to DNA; the results were obtained using antibodies 
against N-terminal domain or against epitope of residues 100 - 200 (C). Neuro-2a cells were used as positive 
control (D).

Characterization of NeuroD expression in mice podocytes
NeuroD was also present in podocytes obtained from both C57BL6 mice and from SV1 

cell line, at both nuclear and cytoplasmic level and also in the foot processes (Fig. 2A).
Neuro-2a were used as 

positive control of NeuroD 
staining because this cell line is 
known to express Neurod1 [26] 
and hGEnC as negative control 
as observed in renal tissues; in 
fact after PFA fixation, Neuro-
2a cells nuclear positivity was 
unequivocally found by contrast 
to human endothelial cells.(Fig. 
2D) Nuclear signal positivity of 
NeuroD was supported by co-
localization with DAPI and WT1 
(Fig. 2B), detected also by PLA 
(Fig. 2C), highlighting not only 
the nearness but also the possible 
strict functional connection 
between the two transcription 
factors: the red spots are mostly 
in the nuclei of podocytes and to 
a lesser extent on the cell body.

The presence of NeuroD in 
the nuclear and in the cytosolic 
fractions of podocytes and 
Neuro-2a cells (Fig. 3D) was 
also investigated by WB using 
antibodies which recognize 
different regions of NeuroD, 

Fig. 2. Neurod1 in culture of mouse podocytes. The presence 
of NeuroD in podocytes was assessed by IF staining of cultured 
differentiated SV1 cells and of primary podocytes outgrowing 
from C57BL6 mouse glomeruli (A-B). NeuroD is evidenced in 
nucleus and cytoplasm and is also clearly expressed in the foot 
processes (A) (arrows). NeuroD (red) co-localizes in the nucleus 
with DAPI (blue) and WT1 and the NeuroD proximity with 
podocyte marker WT1 is confirmed by PLA (red spots) mainly in 
the nucleus ( C).(Scale bar 50μm). (D) Neuro-2a cells were used 
as NeuroD positive control, hGEnC as negative control.

  

Fig2

  

Fig3
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common to mouse and human protein 
sequences. The Mass of the protein is 39.92 
kD but when antibodies directed against 
C or N-terminal domains were used, three 
distinct bands, with apparent molecular 
mass of 45.4 ± 13.9, 57.1 ± 17.4 and 72.7 
± 2.13 kD respectively, were detected in 
cytosolic and, at a lesser extent, in nuclear 
lysates (Fig. 3A), with the lowest MW band 
being the most abundantly expressed. At 
variance, a single lane was observed when 
an antibody selectively directed to an 
intermediate epitope of the protein was 
used (Fig. 3B); this fraction has a MW (48 kD) 
very close to that of the most represented 
band by the C or N-terminal antibodies. The 
nuclear specificity of NeuroD presence and 
the accuracy of the molecular weight was 
verified by WB in samples obtained by IP 
with NeuroD antibody, in both the enriched 
nuclear fraction, where the DNA-linked 
and unlinked NeuroD are expected to be 
present, and in the ChIP fraction, where only the DNA-linked NeuroD should be represented.

These experiments confirmed the presence of NeuroD in the podocyte nucleus as a band 
of approximately 50kD, with a consistent part of it being linked to DNA (Fig. 3C).

Differentiation dependent NeuroD distribution
When we studied NeuroD expression at different stages of podocyte maturation, 

by fluorescence semi-quantitative analysis (Fig. 4A), the immunostaining revealed that 
NeuroD is expressed also in immature cells. However, NeuroD expression increased in 
more differentiated podocytes, particularly in the nuclear fraction 47.8 ± 20.9 vs 420.5 ± 
64.9 (***p<0.001) but also in cytoplasm 137.1 ± 35.6vs 174.2 ± 42.6 (***p<0.001) (Fig. 4B). 
An increased protein synthesis was also suggested by the 3-4-fold rise in mRNA of mature 
podocytes as compared with immature cells (Fig. 4C).

Fig. 4. Differentiation dependent Neu-
roD distribution. SV1podocytes main-
tained in undifferentiated status were 
cultured at 33°C and induced with 
gamma interferon (Imm 33°C) or were 
induced to differentiate at 37°C in com-
plete growth medium for 7 days (Imm 
37°C). NeuroD staining was performed 
and analyzed at these two time points 
by IF (red) (A) (Scale bar 50μm). The 
increase and the distribution of Neu-
roD was assessed comparing the mean 
density of the fluorescence into the 
nucleus and in the cytoplasm from at 
least 40cells for each group (B) and 
Student t Test was used to evaluate 
its significance (***p<0.001). RTqPCR 
analysis of NeuroD mRNA obtained from Imm 33°C and Imm 37°C was also performed and confirms an 
increased expression in differentiated cells (C).

  

Fig4

Fig. 5. Regulation of NeuroD phosphorylation 
Representation of NeuroD phosphorylation sites. 
(A) NeuroD presence as a phosphoprotein around 
the phosphorylation site of serine 274 (P-L-SP-
P-P) was evaluated in undifferentiated (Imm 33°C) 
and mature (Imm 37°C) podocytes (B). NeuroD is 
phosphorylated almost exclusively in the cytoplasm 
(cyt).

  

Fig5
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Regulation of NeuroD activity
After having established the presence of NeuroD in podocytes we determined its 

phosphorylation status. NeuroD possesses five phosphorylation sites on serines that are 
involved in the regulation of its activity (Fig. 5A). We decided to focus on the NeuroD1 
phosphorylation site at serine 274 (Ser274), associated with Neuro bHLH domain, since it 
has been demonstrated to be involved in nuclear localization in pinealocytes [27] and in the 
changes of its own subcellular localization in glucose activated MIN6 beta cells [28].

The WB of nuclear and cytoplasmic lysates demonstrates NeuroD phosphorylation on 
Ser 274 predominantly in the cytoplasmic fraction (Fig. 5B).

  

Fig6

Fig. 6. NeuroD binding to Nephrin promoter. NeuroD 
regulatory elements were identified by NSITE in Neph-
rin promoter region (A) NeuroD binding to chromatin 
was assessed in podocytes by ChIP assay and subse-
quently the PCR amplification of Nephrin promoter 
was performed on total DNA of podocyte, on NeuroD 
ChIP fraction and on negative control (NC). Amplicon of 
Nephrin promoter is 468bp (B). Relative quantification 
of Nephrin promoter bound to NeuroD (ChIP) or not 
linked to NeuroD (NeuroD nl) was evaluated on DNA by 
RTq-PCR (C).

  

Fig7

Fig. 7. NeuroD overexpres-
sion activates Nephrin pro-
moter. NeuroD was overex-
pressed or silenced and the 
maximal outcome was evalu-
ated by RTqPCR 48 or 24 
hrs after NeuroD ORF clone 
transfection or SiRNA oligos 
addition, respectively (A-
C). NeuroD translation was 
monitored by western blot 
(B-D). The effects of NeuroD 
variation on nephrin pro-
moter activity, were calculat-
ed in primary (WT) or in im-
mortal podocytes (Imm), af-
ter transfection with mouse 
Nephrin or Kirrel2 promoter 
GlucON clone dual-reporter 
vector systems; the quantifi-
cation of Gaussia luciferase bioluminescence in the surnatants was performed at 24 - 48 and 72 hours (E-F-
G-H-I). The values represent mean fold increase ± SD compared to control, from at least three independent 
experiments performed in triplicates (* p<0.05, **p<0.01, ***p<0.001, Student t Test).
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NeuroD binds to chromatin in the Nephrin promoter region
Based on a preliminary research of NeuroD regulatory elements in the Nephrin promoter 

region (NSITE, Recognition of Regulatory motifs, Soft Berry online service), we identified a 
specific sequence GttGCCGGgCGACgGCTGGG for NeuroD binding (Fig. 6A). Chromatin NeuroD 
immunoprecipitation (ChIP assay) and PCR of Nephrin promoter confirmed a consistent link 
of NeuroD with the Nephrin promoter (Fig. 6B). The quantification of Nephrin promoter 
present in the nucleus, in relation to the quantity linked to NeuroD, demonstrates that a 
substantial amount, though not all the promoter, is bound to NeuroD (Fig. 6C). The estimated 
468bp amplicon of Nephrin promoter seems to be located 2012 bps before the 3’ side of 
Nephrin precursor and 1266 bp at 5’ side of Kirrel2 precursor (BLAST).

NeuroD affects regulation of Nephrin in podocytes
Then we moved to evaluate the regulation of promoter activity of both Nephrin and 

Kirrel2 genes, which are functionally related, after NeuroD over-expression or silencing. 
Since we found that NeuroD mRNA maximal increase after over-expression and maximal 
decrease after silencing were observed at 48 and 24 hours respectively (Fig. 7A-C), we 
assessed at these same times the variation of NeuroD translation by WB, demonstrating 
the appearance and reduction of the NeuroD band after over-expression and silencing of 
NeuroD gene respectively (Fig. 7B-D).

Fig. 8. NeuroD induces nephrin tran-
scription and translation. Nephrin 
mRNA quantification by RTqPCR and 
protein expression by WB were evalu-
ated after 48 hours of NeuroD upregu-
lation (A;D) or silencing (B;E) of differ-
entiated podocytes, in three independ-
ent experiments; actinin or tubulin 
were used as loading control. Neuro-
2a cells were used as nephrin positive 
control.(D) The same quantification 
was also performed after NeuroD over-
expression of immature podocytes (C; 
F) (* p<0.05 Student t Test).

  

Fig8

  

Fig9

Fig. 9. NeuroD is associated to nephrin 
in the cytoplasm of podocytes. The role 
of NeuroD in the cytoplasm was inves-
tigated analysing the interactions with 
some proteins interacting with cytoskel-
eton. NeuroD binding to nephrin was de-
tected by WB on podocytes nephrin IPs 
samples and on total podocytes lysates, 
used as control, of untreated or NeuroD 
overexpressed podocytes (A). Thereafter 
NeuroD and nephrin colocalization was 
assessed by IF (B) (Scale bar 50μm).On 
the contrary examination by PLA demon-
strates that the linking between NeuroD 
and slit diaphragm protein podocin (C) as 
well as the association with the interme-
diate filament nestin (D), is absent.
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Thereafter we examined 
the consequent variations in 
Nephrin promoter activity. In 
primary podocytes NeuroD over-
expression was followed by a 
significant increase of 1.93 fold 
(*p<0.05), 1.46 fold (**p< 0.01) 
and 2.23 fold (*p<0.05) after 24, 
48 and 72 hours respectively 
(Fig. 7E); a similar effect was 
observed in SV1 cells with an up 
regulation of 1.43 (*p<0.05), 1.36 
(**p< 0.01) and 1.62 fold (***p< 
0.001), respectively at 24-48 and 
72 hours (Fig. 7F).

NeuroD RNA silencing didn’t 
influence Nephrin promoter 
activity at all times tested (Fig. 
7G). Kirrel2 promoter activity 
didn’t undergo significant change 
at any time of both conditions 
tested (Fig. 7H-I). To examine 
whether the raised Nephrin 
promoter activity resulted in 
changes of its mRNA level we 
performed an RTqPCR. At 48 
hours from transfecting NeuroD 
clone a significant 3.6 fold up-
regulation of nephrin mRNA (*p= 
0.017) was observed (Fig. 8A). 
NeuroD transient mRNA silencing 
resulted in nephrin transcription 
reduction: after 24hours nephrin 
mRNA expression decreased by 
41 percent in respect to control 
(*p= 0.022) (Fig. 8B). The 
capacity to induce nephrin mRNA 
transcription was assessed also 
in undifferentiated podocytes 
after NeuroD overexpression. 
We found that nephrin 
mRNA increase was higher in 
undifferentiated podocytes than 
in the mature cells (Fig. 8C). Since NeuroD silencing or overexpression did not affect Kirrel2 
promoter activity, Kirrel2 mRNA expression was not evaluated. Subsequently nephrin 
expression was analyzed by WB. Since variation of NeuroD synthesis into the nuclear lysate 
was demonstrated mainly after 48 hours, nephrin expression was evaluated at the same time 
(Fig. 8D-E). In fact, NeuroD overexpression resulted in a slight increase of nephrin protein 
only in primary podocytes but not in undifferentiated cells. A marginal reduction of nephrin 
protein was observed in primary podocytes after NeuroD silencing (Fig. 8F).

NeuroD is associated to Nephrin and alpha Actinin4 in the cytoplasm of podocytes
Next, the possible role of cytoplasmic NeuroD was investigated analysing the 

relationships with some proteins interacting with cytoskeleton. NeuroD linking with 

Fig. 10. NeuroD is associated to actinin4 in the cytoplasm of 
podocytes. NeuroD - alpha actinin4 cytoskeletal protein interac-
tion was assessed by WB on podocytes lysates and on Neurod 
IPs, of control and of NeuroD overexpressed cells (A); the linking 
was also confirmed by PLA (red dots) (B) and by IF ( C).

  

Fig10

  

Fig11

Fig. 11. NeuroD expression in mouse injured podocytes, in 
mouse kidney tissue, and in human kidney biopsy of patients 
with diabetes.. NeuroD distribution was evaluated by IF staining 
(green) in cultured mouse podocytes before and after adriamy-
cin addition (A) (scale bar 100μm), in mouse kidney tissue ob-
tained from control and injured mice of adriamycin nephropa-
thy model (B).
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nephrin was demonstrated, by checking with WB for NeuroD presence, in samples obtained 
by nephrin-immunoprecipitated cytoplasmic lysates (the upper 50kD band represents the H 
chain of the antibody used to immunoprecipitate) (Fig. 9A). The close link between NeuroD 
and nephrin interaction was further verified by the positivity of IF colocalization staining 
(Fig. 9B), while no association with podocin and nestin was found by PLA (Fig. 9C-D).

Finally we also checked for NeuroD interaction with another key cytoskeleton protein, 
alpha actinin4. In fact we found, with WB analysis, a clear band referable to actinin4 in the 
NeuroD, immunoprecipitated cytoplasmic lysate obtained from NeuroD over-expressing 
podocytes, whereas no actinin4 was evident in the control sample (Fig. 10A). On the other 
hand, the close proximity of NeuroD and actinin4 at both PLA (Fig. 10B) and IF colocalization 
analyses (Fig. 10C) highly suggested their co-expression both in the control and in the 
overexpressing conditions.

Podocytes foot processes injury after adriamycin was partially restored by NeuroD 
overexpression
Then we focussed on the effects of cytoskeleton injury on NeuroD (Fig. 11); in mouse 

cultured podocytes injured by adriamycin addition, NeuroD is mainly distributed into the 
nucleus (Fig. 11A).The NeuroD staining of kidney section obtained from mouse model of 
adriamycin nephropathy and from human biopsy of patients with diabetes seems impaired 
(Fig. 11 B-C);

Thereafter we also evaluated, in cultured podocytes, whether NeuroD over-expression 
may have any effect on the entity of cell damage evaluated by cell shape modifications, after 
adriamycin exposure (Fig. 12). As already known, adriamycin treatment induces marked cell 
shape changes, due to cytoskeleton damage, with a shortening of podocytes foot processes 
(Fig. 12 B-D) and a redistribution of nephrin (Fig. 12C). NeuroD over-expression in control 
cells, though associated with an increased nuclear IF positivity didn’t result in any cell shape 
modification as compared with normal control cells (Fig. 12B-D). Over-expression of NeuroD 
in adriamycin treated cells shows a trend of cell processes to elongate, as compared with 
cells treated with only adriamycin (Fig. 12B-C-D).

  

Fig12

Fig. 12. Adriamycin and NeuroD over-expres-
sion effects on NeuroD, actinin4 and nephrin 
distribution and on foot processes length. IF 
staining of NeuroD (A) (scale bar 100μm), Ac-
tinin4 (B) (scale bar 50μm) and Nephrin (C) 
(scale bar 100μm) was performed in different 
conditions: control, NeuroD overexpression, 
adriamycin damage, adriamycin followed by 
NeuroD overexpression. Measure of podo-
cytes foot processes extension was calculated 
on actinin4 images after acquisition.(scale bar 
50μm).(D) Processes length was measured in 
control and differently treated podocytes. Af-
ter NeuroD overexpression the length doesn’t 
significantly change; after adriamycin the cell 
damage induces decrease of processes length 
(*p<0.05); the transfection with NeuroD clone 
of podocytes previously treated with adriamy-
cin leads to significant elongation of the cell 
processes (*p=0.02).
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Discussion

Podocytes have long been considered advanced cells similar to neurons in account of 
their highly ramified primary and secondary processes and of the common expression of 
signalling, receptors and cytoskeletal proteins; the control of glomerular filtration, with 
such sophisticated neuron-like machinery, is mainly localized in the slit diaphragm junction 
[8, 11, 29-33]. Previous studies have shown that some neuronal TFs are expressed also in 
podocytes, such as Kreisler (MafB) which is involved in both early central nervous system 
organization and in kidney development [34], regulating also Nephrin promoter activity 
[35]. NeuroD, a member of helix-loop-helix (bHLH) transcription factor, is a potent regulator 
of neuron differentiation and survival both at an early and late stage of the central nervous 
system (CNS) development [36, 37], and genetic mutations of NeuroD gene are associated 
with severe abnormalities of many neurological functions [38-40].

Since it has been long known that NeuroD controls dendrite development in neurons, 
we first looked for the presence of this TF also in podocytes and, if the case, for its potential 
role in the control of foot process behaviour, in a model of cytoskeleton injury (adriamycin 
nephropathy) [41].

First, we mainly focussed on NeuroD localization in human and mice glomeruli. In fact, 
we observed NeuroD distribution almost exclusively in podocytes, and not in the other 
glomerular cells (endothelial and mesangial cells).

Consequently, we studied more in depth the NeuroD distribution in podocytes, 
demonstrating that NeuroD is localized both in the nucleus and unexpectedly also in the 
cytoplasm, where it is diffused not only in the endoplasmic reticulum but also along the foot 
processes. The main NeuroD band observed with WB, independently of the antibody used, 
was of about 40kD which is the known molecular weight of the intact molecule; however, two 
additional bands with consistently higher MW were evident, but only when the antibodies 
recognising the C or N-terminal epitopes were used. One of these bands is compatible with 
the molecular weight of a dimeric complex of the NeuroD molecule, as it has been reported 
also in CNS, where the dimers have been suggested to act on a specific consensus sequence 
of the DNA E-box region [42].. However, it is not easy to explain why this band is not evident 
when the antibody directed towards the intermediate portion of the NeuroD region was 
used. Alternatively our findings could suggest that some molecules with variable MW, not 
completely detached by the experimental treatments, might bind the intermediate portion 
of NeuroD molecule, preventing the binding of the antibody specifically directed to the 
epitopes present in this region. These putative molecules could be functionally associated 
to NeuroD, as observed in CNS where different and tissue related cofactors interact with 
the proneural proteins and are responsible for the specific and cellular context related gene 
activation and can modulate the transcription activity [17, 42]. Of course, these interesting 
aspects need more in depth investigations.

When we explored the NeuroD expression at different times of podocyte maturation, 
we found that both mRNA and protein expression was evident in the undifferentiated and 
differentiated podocytes. However, mature cells expressed the molecule at a relevant higher 
level than immature podocytes; furthermore, NeuroD staining in the differentiated cells 
was more marked in the nuclear compartment. The role of NeuroD at these different stages 
of podocyte development could be different, possibly involved in cell differentiation in the 
early stage and in the development and maintenance of cell functionality (foot processes 
development and repair?) at the latest stages: this issue is worthy of future investigations.

Since it is known that phosphorylation status of NeuroD affects its functionality in 
neurons and in non neuronal cells, and that the modification of the same residues of 
NeuroD can have opposite regulatory effects in different cells types [19, 43, 44] we assessed 
in podocytes NeuroD phosphorylation of one of the four known phosphorylation sites of 
NeuroD, the predominant site for ERK2 activity (serine274) [44].

Our preliminary results confirm NeuroD phosphorylation on serine274, in immature 
and in differentiated podocytes, even if marked differences were observed, suggesting 
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a variability among cultured cells. Furthermore, we were not able to demonstrate any 
NeuroD phosphorylation in the nuclear compartment. These findings might suggest that 
in the nucleus the activation of the protein could be mediated by dephosphorylation or it 
is likewise reasonable that only the not-phosphorylated molecule could migrate into the 
nucleus and that the phosphorylation status in the cytoplasm might be the controlling 
pathway of nuclear transport. Alternatively (or additionally) it can be supposed that post 
translational modification mechanism(s), such as the phosphorylation, induces some 
additional activities involved in specific cytoplasmic metabolic pathways [28, 44, 45]. In this 
way, the phosphorylation process of NeuroD might control its activity at both the nuclear 
and cytoplasmic levels.

Successively to support the hypothesis of some involvement of NeuroD in podocytes 
differentiation we studied the DNA associated role and looked in online database for a specific 
sequence for NeuroD in the Nephrin promoter region; by ChIP assay and by subsequently 
PCR, we found that NeuroD binds to the Nephrin promoter in podocytes and its over 
expression results in an increased activity of the promoter gene. On the other hand, NeuroD 
silencing does not induce any change in the Nephrin promoter activity. These results could 
suggest that in stress condition, the cells need more NeuroD for inducing structural protein 
synthesis. Alternatively, as described in CNS where several TFs act redundantly to securely 
control neuronal differentiation, [17] we could also assume that other TFs contribute to the 
persistence of the promoter activity. As far as the effects of NeuroD over-expression and 
silencing on nephrin transcription and protein production is concerned, we found that these 
experimental conditions translated into an increase and a decrease respectively of both 
nephrin mRNA and protein, highlighting the importance of NeuroD on nephrin regulation. 
The effect on nephrin transcription resulted particularly evident in the undifferentiated 
podocytes. This might suggest the need for higher protein synthesis, not yet present in the 
immature podocytes, for inducing contact with neighbouring cells and filtration selectivity. 
However, the effect on mRNA was not paralleled by a conspicuous and detectable amount 
on nephrin protein. If post transcriptional or translational changes are responsible for these 
findings it is worthy of further studies.

Since it is known that Kirrel2 and Nephrin are bidirectional gene pairs [4, 5, 7, 46], we 
looked for a possible comparable behaviour of these genes secondary to NeuroD activation 
or repression. In fact, we were not able to demonstrate any major variation in Kirrel2 activity 
following either NeuroD over-expression or silencing. This discrepancy is not clear, we can 
only hypothesize that NeuroD binding is on the plus-strand of promoter gene of Nephrin, 
while on the minus- strand of the Kirrel2 promoter, with the first effects being much more 
detectable than the second one.

The findings reported above are mainly directed to describe the potential role of nuclear 
NeuroD, but the possible function of the cytoplasmic fraction is even more unclear.

It is already known that other TFs, expressed both in nucleus and cytoplasm of various 
cell type, are able to exert additional control in respect to canonical transcriptional gene 
regulation. For example, Emx2, NRSF, MIZ-1, Bach1 and other TFs have different binding 
domains, some specific for DNA, others for RNA or for proteins. Their function is different 
when they are expressed in the nucleus and in the cytoplasm where they enhance post 
transcriptional or translational regulation or remain anchored to the cytoskeleton [47, 48].. 
NeuroD mediation of events taking place in cytoplasm has been reported in CNS, with the 
task of specifying axonal and dendritic growth and by modulating dendritic spine stability 
and morphology [19].

Therefore looking further into the parallelism between podocytes and neurons, we 
focused on some morphological and functional aspects of NeuroD present in the cytoplasm of 
podocytes along the membrane and the foot processes. We previously showed that another 
neuropeptide, BDNF, determines an actin-inducing effect on podocytes cytoskeleton after 
damage [16]. In the present work we observed a close linking between NeuroD and nephrin 
and between NeuroD and actinin4 (in fact we found a close co-expression of NeuroD and 
nephrin in both normal condition and after NeuroD up-regulation and a co-expression of 
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NeuroD and actinin4 fully evident after NeuroD over-expression). To understand the possible 
implications these associations in pathological conditions could have, we explored, in an 
already well studied model of podocyte injury (adriamycin)[41, 49], whether the damage 
itself could alter NeuroD distribution in the cells and/or the changes in NeuroD expression 
might influence the extent of the cell damage in podocyte cytoskeleton.

As is well known, adriamycin modifies actin filaments distribution and processes 
extension in podocytes; the repair needs a reorganization by inducing gene expression 
and by changing actin dynamic, in which numerous adaptor and effector proteins take 
part [16]. Actin filaments are composed of bundles of filaments cross linked by the actin 
binding-protein alpha actinin4 that collaborates, with others filament associated proteins, 
in regulating the stability of the podocytes. Alpha actinin4 is essential for the signalling 
from the extracellular compartment to the cytoskeleton for inducing its reorganization and 
maintaining podocyte function. This signalling pathway happens through and interaction of 
alpha actinin4 with kinases and membrane signalling proteins [8, 50, 51] like nephrin. We 
observed that adriamycin treatment induces NeuroD increase in the nuclear compartment. 
NeuroD over expression in control cells causes, as expected, nuclear and cytoplasmic increase 
but nobody associated visible cell shape change or processes length variation. Only when 
NeuroD over-expression greatly enhances NeuroD accumulation in previously adriamycin 
treated podocytes, concomitant important mechanisms of repair in podocytes shape take 
place. These results suggest that cell damage caused by adriamycin leads to NeuroD increase 
and triggers the processes of recovery.

We speculate that possibly NeuroD supports actinin4 and nephrin adaptor function 
regulating podocytes shape integrity, and this should account for the observed proximity 
between these three molecules.

Far from understanding all the precise roles that NeuroD plays in the kidney our work 
shows that NeuroD is involved in Nephrin gene activation and in protein synthesis and 
contributes to podocytes cytoskeletal dynamics in response to injury. The results provide 
a stimulus to investigate in new directions to identify additional functions associated to 
molecules primarily involved in podocytes regulatory system.
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