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Mechanisms underlying the pathophysiology of minimal-
change nephrotic syndrome (MCNS), the most frequent glomer-
ular disease in children, remain elusive, but recent findings argue
for a T cell dysfunction. Starting from a differential cDNA
library from T cells of a patient under relapse and remission, we
identified 16 transcripts specific for MCNS. All of these tran-
scripts that were selectively up-regulated during the relapse
phase of the disease were generated by alternative splicing of
known genes. This abnormal RNA expression was associated
with a down-regulation of serin-rich protein 75 and serin-rich

protein 40, two proteins involved in mRNA splicing. Taken
together, these data suggest that T cell dysfunction in MCNS is
associated with abnormal mRNA splicing. (Pediatr Res 57:
133–137, 2005)

Abbreviations
MCNS, minimal-change nephrotic syndrome
PBMC, peripheral blood mononuclear cell
SR, serin-rich

Our understanding of biologic mechanisms that govern
physiologic functions as well as pathologic situations has
become more complex with recent insights from genome se-
quencing projects. In particular, it seems that alternative splic-
ing plays a determinant role in the diversity and the complexity
of higher organisms (1).

Alternative splicing displays a strong tissue specificity or
involvement at a defined developmental stage (2). Recent
genome-wide data of human alternative pre-mRNA splicing
using exon-junction microarrays indicate that at least 74% of
human multi-exon genes are alternatively spliced (3). More-
over, that alternative splicing plays a crucial role in the bio-
logic complexity of vertebrates indicates the possibility of its
involvement in a large number of human diseases or pathologic
processes. Thus, it has been estimated that 15–20% of disease-
causing mutations in human genes involve misregulation of
alternative splicing (4).

In this report, we reveal the possible involvement of abnor-
mal RNA processing in the pathogenesis of minimal-change

nephrotic syndrome (MCNS). This human glomerular disease
is characterized by a heavy proteinuria with a relapsing/
remitting course without histologic evidence of classical im-
mune mechanism–mediated injury (5,6). MCNS is a sporadic
disease that occurs in the context of immune activation, and its
natural course argues strongly against a fixed genetic defect. It
is believed that the mechanism of proteinuria involves the
secretion by MCNS immune cells of factors that impair the
glomerular filtration barrier (7). How the immune response
culminates in MCNS by the production of pathogenic factor
remains unresolved.

Recently, by analyzing a differential T cell cDNA library of
a patient under relapse and remission, we identified 16 clones
corresponding to unknown transcripts. The nucleotide se-
quences of these clones all match within intronic sequences of
genes with defined or putative functions. Finally, we showed
that this abnormal RNA processing is associated with a down-
regulation of serin-rich protein 75 (SRp75) and SRp40 proteins
that play a crucial role in pre-mRNA processing.

METHODS

Patients. The cohort of patients analyzed in this study has been described
previously (8). In all cases, informed consent was obtained, and the study was
approved by the applicable Institutional Review Board.

Cell isolation, immunochemistry, and reagents. Immunoselection of T cell
subsets and antibody reagents as well as preparation and quantification of protein
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extracts and SDS-PAGE immunoblotting were performed as previously described
(6). Anti-SR protein Mab and MAb 104 were obtained from ATCC.

RNA isolation, RT-PCR, and DNA sequencing. Total RNAs were treated
by DNase I and purified using RNeasy kit (Qiagen SA Courtaboeuf, France),
following the supplier’s protocol. Semiquantitative RT-PCRs and DNA se-
quencing were performed as previously reported (8). The sequence of primers
and PCR parameters are indicated in Table 1. PCR reactions were normalized
for glyceraldehyde-3-phosphate dehydrogenase expression. Nucleic acid and
protein database searches were performed using resources of the National
Center Biotechnology Information and the UCSC Genome Bioinformatics site
(www.genome.ucsc.edu)

Library construction and screening. Total RNA from T cell–enriched
peripheral blood mononuclear cells (PBMCs) were purified and DNAse
I–treated as previously described (8). First-strand cDNA synthesis was per-
formed with Superscript reverse transcriptase (200 UI) using 4 �g of total
RNA and 2 �� of 5'-AAGCAGTGGTATCAACGCAGAGTGGC-
CATTATGGCCGGG-3' and 3'-ATTCTAGAGGCCGAGGCGGCCGA-
CATG-dT(30)-5' oligonucleotides. After RNA lysis, double-strand cDNA
synthesis was performed by primer extension (30 min, 72°C) in 50 �L
including the total first-strand reaction product, 0.2 �M of 5'-AAGCAGTG-
GTATCAACGCAGAGT and 5'-ATTCTAGAGGCCGAGGCGGCCGA-
CATG-3' PCR primers, 2 mM dNTPs, and 2 �L of TaqDNA polymerase.

Table 1. Sets of primers used in semiquantitative RT-PCR

Clone
number

GenBank
accession number Primers

Expected
size

Annealing
temperature

PCR
cycles

c11 AY172689 S: 5�-CCTGCGAGGAGGGAAGTTACAGATCTC-3� 209 62 32
AS: 5�-CAGGTAGCTATTGGCAGCCTGCAGTAAG-3�
I: 5�-ATGGGACAGGCTGCTGAGCCAACT-3�

cl2 BU744278 S: 5�-GTGAGACTTTAATTGCCAAGTTAACAAGCC-3� 250 61 32
AS: 5�-TGATTGGTTTCCATACAGTGAAGTATTTCC-3�
I: 5�-CTCTTTAACATTTATGAACTTAGGTGT-3�

cl3 BU744289 S: 5�-GACTAGGGTGATTTCATCAGCATTGAG-3� 110 58 32
AS: 5�-GGTTTGTACGACTGGACCTTATTAAGC-3�
I: 5�-TCACCAACAAAATGAAGGTTTCTCCA-3�

cl4 BU744279 S: 5�-TGAGCCTTTTAACTGAACACAGATACAGG-3� 198 59 32
AS: 5�-ATTCAGGGTGTGGTTTGGATGCACTTAC-3�
I: 5�-ATATCGGAAGTTCCTATATTTCATGC-3�

cl5 BU744282 S: 5�-GGCAAGACTACTTCTTGGATAGTG-3� 330 56 32
AS: 5�-ACTGTTGGAGGATTCTAGGAAGCC-3�
I: 5�-GGAATATTATTCTAATAAGAACAAACTCATCTA-3�

cl6 BU744280 S: 5�-CATCTTATATAAAAGGGGGGCCAAATCT-3� 200 60 32
AS: 5�-TGGACCAAACCCATAGGAAGCCATAGTTC5-3�
I: 5�-CAGGAAATTCACTTGGGACGTAATTCCCT-3�

cl7 BU744281 S: 5�TATACTATATACATCTTAATTGCCACAAACATTTCT-3� 280 63 34
AS: 5�-CACTCCGCAGTAAATGCCAATAAAGGTG-3�
I: 5�-TAAGGTTTTTAAAAAATTCTTATTTTGCTTCT-3�

cl8 BU744283 S: 5�-TATCGATGGCAATTCTTGGATAGAGGC-3� 290 61 32
AS: 5�-TGACCTACCCTTTAAAACAACACACG-3�
I: 5�-AAGTGGTGTTAATGACCTACCTGCACCGA-3�

cl9 BU744288 S: 5�-CTACTAAGTGTCCTATTGGGAGAATGAG-3� 100 53 36
AS: 5�-CCGCGTACAAAATTAACAATTACA-3�
I: 5�-ATTTTTAATCTGATTTTCACTATCT-3�

cl10 BU744292 S: 5�-CACAGACCTAGGGAGTAAGAGTTGGGAA-3� 230 59 32
AS: 5�-TCTCTGCCATTCAATTATACATTTGTTAGATA-3�
I: 5�-GTTTTTCACATTCTATATTGTTAAAGG-3�

cl11 BU744284 S: 5�-GGCAAGACTACTTCTTGGATAGTG-3� 330 56 32
AS: 5�-ACTGTTGGAGGATTCTAGGAAGCC-3�
I: 5�-GGAATATTATTCTAATAAGAACAAACTCATCTA-3�

cl12 BU744290 S: 5�-GTATGAACATGAGGGTGTTTTCTCGTGTGAT-3� 200 60 32
AS: 5�-GGAGAACTCTCTGTGCTAGTAACCACGTTC-3�
I: 5�-CATTGTGTTGTGGTAAATATGTAGAGGGA-3�

cl13 BU744291 S: 5�-CCCGGAAATTCCCGGGATTATATACA-3� 280 60 32
AS: 5�-GCTTCAGTATTACTTATTGAGGGCATTCAG-3�
I: 5�-TGAATTACTGGAGTGGGTAGTGAGTGTACTT-3�

cl14 BU744287 S: 5�-GAGACCCTCTCATGAGTTCAGCCTCAC-3� 280 61 32
AS: 5�TAGAAAATTGTGATGAAGTAAGTATACAGTCCTCA3�
I: s�-CAAGGCCTTAAATTTAACCAACATTCCAAGA-3�

cl15 BU744285 S: 5�-GTATTAAGAAAATGCAAAGGGCCAAGAC-3� 250 59 32
AS: 5�-CCATTTAACCTCTTTGTTCCTTATGGG-3�
I: 5�-ACTTCCTGTGTTATAGTTCTAAGCCTAAT-3�

cl6 BU744286 S: 5�-TAGGTAACCAACACTGAAAACTTTGTAGT-3� 360 56 32
AS: 5�-TGCTATCAAGACACAGGATTTTTTCC-3�
I: 5�-CTGTTAGCATAAAGTCGTGGGGGGCA-3�

GAPDH NM004048 S: 5�-ACCACAGTCCATGCCATCAC-3� 374 60 23
AS: 5�-TCCACCACCCTGTTGCTGTA-3�
I: 5�-CTCAAGGGCATCCTGGGCTACACTGAGCAC-3�

Sense (S) and antisense (AS) oligonucleotides were selected from the cDNA sequences of unknown clones (cl), the accession numbers of which are indicated.
The size of each amplified product and its annealing temperature and the number of PCR cycles are indicated (I, internal oligonucleotide probe).
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Double-strand cDNA was purified on a chromaspin-100 column (Clontech,
Heidelberg, Germany), then ligated with EcoRI-SalI-NotI adapters (Clontech).
Molecules longer than 400 bp were selected by size fractionation on a
chromaspin-400 and ligated into the EcorI site of the Bluescript SK(�)
plasmid (Stratagene, Amsterdam, The Netherlands). One fifth of the ligation
reaction was used to transform 100 �L of XL1 blue ultracompetent cells by
heat shock (Stratagene). Selected subtracted inserts obtained previously were
used for screening the library according to a protocol already described (8).

RESULTS

Specific recruitment of unknown transcripts in MCNS
patients. The cDNA subtractive library from MCNS T cells of
patients under relapse and remission revealed 16 cDNA clones
related to yet unknown transcripts. Before proceeding with any
further studies, we wanted to check the specificity of these
cDNA for MCNS patients. Thus, we analyzed by semiquanti-
tative RT-PCR the expression level of these transcripts in 10
patients with MCNS, clinical characteristics of which have
been previously described (9). We found an increased and
specific expression of all of these transcripts in MCNS patients,
whereas normal subjects or patients with membranous ne-
phropathy (MN) exhibited very modest levels of these RNA
forms (Fig. 1A). In all patients but one tested, the expression
level of these transcripts was increased in relapse versus
remission. To determine whether the expression of these tran-
scripts was preferentially restricted to PBMC subset, we puri-
fied CD4 and non-CD4 T cell fractions by negative immuno-
magnetic selection from PBMCs of patients who were in
relapse. The RT-PCR analyses of six transcripts (cl1, cl2, cl4,
cl9, cl10, and cl11) were performed on these cell populations
and revealed that the highest level of these cDNA was ob-
served in the CD4� T cell subset. As an example, the expres-
sion of cl2 and 9 are shown in Figure 1B. These results suggest

that MCNS relapse is associated with generation of abnormal
RNA expression that preferentially occurs in CD4� T cells.

The alignment of these cDNA sequences with sequences
available in Genbank revealed that all of these transcripts either
matched with intronic regions or were spanning an intron
within different genes. These genes are involved in various
functions, including cell-cycle regulation and differentiation,
cytoskeletal organization, transcription factors, and regulation
of proteasome activity and cytokines (Table 2). To assess
whether the presence of these modified transcripts leads to the
production of altered protein in MCNS, we next analyzed by
Western blot the expression patterns of the proteins encoded by
the KIAA1694, ubiquitin-specific protease 16, actin-related
protein type 2, and Runx1 genes that gave rise to cl1, cl2, cl3,
and cl4 and detected an additional truncated form of the protein
exclusively in MCNS patients (data not shown).
Abnormal RNA expression was associated with down-

regulation of SR proteins in MCNS relapse. The modification
of several transcripts in MCNS led us to investigate the ex-
pression of SR proteins. Pre-mRNA splicing takes place in the
nucleus and involves SR proteins, a group of presently known
nine proteins that contain domains rich in arginine and serine
residues (RS domains). SR proteins are essential for constitu-
tive and alternative splicing and have also been implicated in
steps downstream of pre-mRNA splicing, including mRNA
nuclear-cytoplasmic transport. We analyzed expression of SR
proteins in normal resting and activated T cells as well as in 10
nonactivated T cell samples from MCNS patients, using the
MAb 104, which recognizes primarily phosphorylated RS
domains. We detected two major bands, each consisting of a
doublet, corresponding to SRp75 and SRp40. Normal resting T
cell expressed a low level of SR proteins. However, upon
activation with anti-CD3/CD28 antibodies, the upper bands of
the doublets, corresponding to phosphorylated forms, were
increased, whereas the nonphosphorylated forms were barely
detectable (Fig. 2A). That only SRp75 and SRp40 were de-
tected after 36 h of stimulation is in accordance with previous
studies showing that expression of other SR proteins occurs
only after 72 h of stimulation. In all 10 patients who were in
MCNS relapse, we were not able to detect any signal. There-
fore, MCNS relapses were associated with down-regulation of
SR proteins when compared with either activated or nonacti-
vated normal T cells.

To further elucidate whether the lack of expression of SRp40
and SRp75 proteins was due to a defect of gene transcription,
we analyzed the expression of SRp75 and SRp40 mRNA levels
in T cells of MCNS patients by semiquantitative RT-PCR (Fig.
2B). Expression of SRp75 and SRp40 transcripts in MCNS
patients and normal subjects was similar. Taken together, these
results suggest that alteration of splicing RNA in MCNS was
associated with translational inhibition of SRp75 and SRp40
transcripts.

DISCUSSION

In the present study, we reported the preliminary identifica-
tion and characterization of 16 transcripts with an altered
expression in the T cells of MCNS patients. The specificity of

Figure 1. Selective induction of unknown transcripts in patients with MCNS
relapse. (A) Semiquantitative RT-PCR analyses of 16 transcripts (cl1–cl16).
PCR reactions were performed using primers specific for each cDNA clone as
listed in Table 1. Quantification of PCR products was determined using the
Image Quant V 1.11 analysis software. Values for each transcript are given as
a bar graph after normalization against the amount of corresponding glycer-
aldehyde-3-phosphate dehydrogenase (GAPDH) cDNA. (B) Expression of
cl10 and cl11 in CD4� and non-CD4� (nCD4) subsets purified from PBMC as
described in “Methods.” The expression of GAPDH was monitored in parallel.
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the expression of all transcripts in MCNS patients was attested
by the lack of their expression in normal subjects and espe-
cially in patients who exhibited a nephrotic syndrome of
unrelated pathophysiology.

The role of RNA processing in human disease is actually
highlighted. A large majority of diseases related to RNA
processing results from the loss of function of a single gene as
a result of mutations in cis-acting elements required for
premessenger RNA splicing. Here, we observed that RNA
processing anomalies concern several transcripts during
MCNS relapse, suggesting a more general event in which the
pre-mRNA splicing machinery is affected. Thus, alterations in
the trans-acting factors required for RNA processing have
recently been described, particularly in neurologic diseases
such as myotonic dystrophy, spinal muscular atrophy, and
amyotrophic lateral sclerosis and cancer (10).

In the present study, we showed that generation of alterna-
tive spliced forms is associated with a down-regulation of
SRp75 and SRp40 proteins. These proteins are specifically
required for cross-exon interactions in both constitutively and
alternatively spliced pre-mRNA. Recently, it was shown that
relative levels of several SR proteins change upon T cell
activation, inducing change in the pattern of CD45 pre-mRNA
splicing (11). As other SR proteins, SRp40 recognizes specific
5 to 7 nucleotide- degenerated consensus sequence named
exonic splicing enhancers, and at least 29 SRp40-specific
exonic splicing enhancers have already been described (12).
The expression, level, phosphorylation, cellular location, and
specific mix of SR/nRNP (small ribonucleoprotein particles)
are believed to be the major component in the regulation of
specific split site choices. This model presumes that SR protein
patterns and mRNA alternative splicing are tissue specific,
developmentally regulated, and responsive to the metabolic
state of the cell. Here, we suggest for the first time that changes
in the expression of SR proteins and mRNA-processing alter-
ation could also be related to immune disease such as MCNS.

The links between lack of expression of SR proteins and
“abnormal” RNA splicing remain to be determined. It is un-
likely that SR proteins are not at all expressed during MCNS

relapse, although their expression might be under our detection
limits. These results are amazing because 1) an expansion of T
cells expressing CD25 activation marker occurred during the
MCNS relapse (13), and 2) T cell activation increases the level
of expression of SR proteins (11). However, recent studies
have revealed the regulatory and inhibitory functions of the
CD4� CD25� T cells (14).

Such findings are in agreement with the fact that alterations
in CD4 T cell–mediated immunity functions are commonly
observed in MCNS. They lead to cutaneous hypersensitivity
reactions or depression of recall responses to common antigens
and might account for the susceptibility to pneumococcal and

Figure 2. Down-regulation of SRp75 and SRp40 in patients with MCNS
relapse. (A) Immunodetection of SR proteins in normal resting (n � 3) and
activated (n � 4) T cells in 10 MCNS PBMCs, using the MAb 104 that
recognizes the phosphorylated SR proteins. Four normal PBMC populations
were stimulated for 36 h with both anti-CD3 and anti-CD28 antibodies.
PBMCs from MCNS patients (n � 4 and n � 6) were not stimulated. (B)
Expression level of SRp75 and SRp40 mRNA in normal (n � 5) and MCNS
(n � 8) PBMCs by RT-PCR analyses as described in “Methods.”

Table 2. Genes encoding for alternative spliced forms (cl1–c14) or homologous to ncRNAs (cl5–cl16)

Clone
number

EST GenBank
accession number Name

Accession
number Function

cl1 AY172689 KIAA1694 NM_030629 T cell signaling
cl2 BU744278 USP16 NM_006447 Regulation of proteasome activity
cl3 BU744289 ACTR2 NM_005722 Cytoskeletal organization
cl4 BU744279 Runx1 NM_001754 Oncogene (acute myeloid leukemia)
cl5 BU744282 Notch2 NM_024408 Cell differentiation
cl6 BU744280 FLJ12085 NM_022771 Unknown
cl7 BU744281 FLJ12199 AK022261 Unknown
cl8 BU744283 PRKACB NM_002731.1 Signal transduction
cl9 BU744288 PIP5K2A P48426 Signal transduction
cl10 BU744292 YWHAB NM_139323.1 Signal transduction
cl11 BU744284 CNCP1 NM_001812.1 Cell division
cl12 BU744290 HNF1 M57732 Transcription factor
cl13 BU744291 PBCEF AAF19249 Cytokine
cl14 BU744287 GNAQ AF493896 Signal transduction
cl15 BU744285 TRAM X63679 Cellular traffic
cl16 BU744286 SYCP1 X95654 Cell division

Gene names, accession numbers, and putative functions were obtained from the Human Genome Working Draft database (UCSC Genome Bioinformatics).
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other pathogen agents during the course of the disease. These
studies suggest the presence of a soluble factor inhibiting T cell
activation and proliferation (15–17).

Here we demonstrate that abnormal mRNA splicing occurs
mainly in CD4� T cells from patients with MCNS. Whether
the lack of expression of SR proteins in MCNS is related to the
T cell anergic status remains an open question. Functional
implications of the RNA processing anomalies during MCNS
remain to be determined as well. We have previously demon-
strated that alternative splicing of the KIAA1694 gene leads to
a truncated protein named Tc-mip (truncated c-maf inducing
protein) and is involved in the Th2 signaling pathway of CD4�

T cells (9). The significance of other mRNAs’ alternative
splicing forms in the context of pathogenesis of MCNS remain
to be determined.

Patients with MCNS tend to have high IgM and low IgG levels.
Similar to alteration in SR protein expression during MCNS, these
abnormalities are reversible and considered a defect in Ig switch-
ing (18). The immunoglobulin RNA-processing regulation is still
poorly understood. However, it was demonstrated recently that
pre-mRNA processing during B cell development is highly sen-
sitive to artificial change in the SR protein expression (19).
Whether defect in Ig class switching during MCNS relapse is
related to alteration in SR protein remains unresolved but consti-
tutes an exiting challenge in the future.
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