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Abstract
To insight the pathogenesis of Mesangial proliferative glomerulonephritis (MsPGN), we investigated the phosphoproteomic profile of PBMCs from MsPGN 
patients and normal subjects by integrating TiO2 enrichment technology, 2D nano-liter liquid chromatography and linear ion trap quadrupole mass spectrometry. We 
identified totally 693 differential phosphorylation sites and corresponded to 439 genes. Gene ontology (GO) analysis showed that protein or nucleic acid binding took 
up the largest proportion of molecular function, followed by nucleobase, nucleoside, nucleotide and nucleic acid metabolic process in the nucleus. KEGG Pathway 
analysis showed that most of differential gene enrich in mitogen-activated protein kinase (MAPK) signaling pathway and focal adhesion pathway. Gene network 
analysis showed that serine/arginine repetitive matrix (SRRM) 1, histone deacetylase (HDAC) 1 and protein kinase C delta (PRKED) were significantly regulators 
in the network. These results suggested that abnormal changes of protein phosphorylation modification may contribute to MsPGN, and may be derived from the 
dysregulation of MAPK signaling pathway and focal adhesion pathway. In these pathways, the differential genes SRRM1, HDAC1 and PRKCD with higher 
connection may be the promising biomarker for MsPGN. 

Introduction
Mesangial proliferative glomerulonephritis is one of the most 

frequent forms of glomerulonephritis, characterized by mesangial 
hypercellularity and glomerular extracellular matrix expansion, often 
accompanied by mononuclear cell infiltration [1-3]. Generally, a renal 
biopsy is necessary for an accurate diagnosis to observe the lesions in a 
kidney of MsPGN patients [4]. However, due to the mechanical invasion 
with the risk of infection and hemorrhage, it is not very suitable for a 
damaged renal to repeat this approach [5]. Therefore, the development 
of new biomarkers would be of great benefit for further understanding 
the pathogenesis and improving the diagnosis, prognosis and treatment 
of MePGN. Proteomic has been used to globally analyze intracellular 
signaling events as well as related post-translational modifications. Few 
studies have been reported the complicated alteration of proteomics in 
a variety of diseases, even in MePGN [6-8]. W Sui, et al. [8] utilized 
iTRAQ technology to analyze the total proteins in renal tissues of 
MePGN patients, and found that differentially expressed proteome 
profiles of MePGN may enable the development of new approaches to 
diagnosis of MePGN patients.

phosphorylation is a complex regulatory event which is involved 
in the biological activity of protein that affect virtually the signaling 
networks [9]. It has been confirmed that phosphorylation is associated 
with Systemic lupus erythematosus Alzheimer's disease Cysticfibrosis 
and Severe combined immunodeficiency [10-12]. However, an 
integrated analysis of the phosphoproteome in patients with MsPGN 
has been rarely reported in the worldwide. Thus, the research of 
proteomics would be of great benefit to find new biomarkers for 
further understanding the etiology and improving the diagnosis of 
MsPGN. The phosphopeptide proteome utilized highly sensitive Liquid 
chromatography-mass spectrometry (LCMS/MS) system, improved 
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software for phosphopeptide identification and subsequent analysis 
with an elaborate bioinformatics strategy, including gene ontology 
(GO) analysis, pathway analysis and protein network analysis [10]. The 
rich data from the proteomic analysis also provides insight into the 
pathogenesis of MsPGN.

In this study, to investigate the significance of phosphoproteome in 
MePGN, we used a method that combines TiO2 enrichment, 2D nano-
liter LCMS/MS to explore the differentially expressed phosphoproteome 
in MsPGN patients, analyzed their gene ontology and pathway at the 
same time.

Materials and methods
PBMCs culture and lysis 

This study enrolled 12 subjects which included 6 MsPGN patients 
and 6 healthy volunteers (Table 1). All MsPGN patients were recruited 
from the inpatient in nephrology department of Guilin 181st hospital 
and were free of active infections, diabetes mellitus, and autoimmune 
diseases. None of these patients received immunosuppressive treatment 
or nonsteroidal anti-inflammatory drugs during this study. All cases 
were primary chronic glomerulonephritis. The immune deposition was 
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False discovery rate (FDR): Raw files were preprocessed using 
MaxQuant 1.0.13.13. In MaxQuant, we estimated false discovery rate 
(FDR) of all peptide identifications at 1% via automatically filtering 
according to peptide length, mass error estimates, and Mascot scores 
of all forward and reversed peptide identifications. The spectra were 
identified via International Protein Index (IPI; version 3.52) human 
database and the comprehensive enzyme specificity via Open Mass 
Spectrometry Search Algorithm (OMSSA; version 2.1.4). The intensity 
of phosphopeptides were identified using Mascot, and Coon OMSSA 
Proteomic Analysis Software Suite (COMPASS) was utilized to screen 
peptide, protein and phosphorylation site to FDR ≤ 0.01. 

Statistical analysis: For screening differential phosphorylation 
sites between two groups, following methods were used. ① Calculated 
the fold change between two groups. ② Set threshold value as 1, which 
signified the average fold change between two groups was ≥ 2 folds; and 
the p value of t-test was ≤ 0.05. T-test was conducted using MATLAB 
7.5. ③ Labeled gene names corresponding proteins according to the 
NCBI database.

Results
Differential phosphorylation sites identification and cluster 
analysis

In this study, the phosphoproteome in PBMCs of MsPGN was 
profiled using an ultrasensitive and high resolution mass spectrometer. 
With less than two weeks, we utilized euclidean distance and average to 
analyze the cluster of differential phosphorylation sites and identified 
693 differential phosphorylation sites and 439 corresponding genes 
altogether according to the information which was remarked in NCBI 
database. 

GO analysis

To characterize the phosphoproteome, the single or multiple 
biological functions associated with differential phosphoproteins was 
identified via GO database. The major functional informations of GO 
were biological process, cellular component and molecular function. 
The results indicated that nucleotide and nucleic acid metabolic 
process (21.4%), cellular component organization (21.3%), transport 
(14.7%) and multicellular organismal development (12.1%) (Figure 
1A) were prominent in biological processes. Cellular component 
classification showed that nucleus (29.7%), plasma membrane (16.6%), 
cytosol (15.8%) and cytoskeleton (13.1%) were dominant subcellular 
components represented in phosphorylation (Figure 1B). The most 
important molecular functions involved in phosphorylation were 
protein binding (35.5%), catalytic activity (16.1%), nucleic acid binding 
(13.6%) and nucleotide binding (12.9%) in PBMCs of MsPGN (Figure 
1C).

Metabolism comprised a variety of signaling pathways, which are 
activated by DNA, RNA alteration and replication stress, and transduced 
by kinase cascades, mainly through some specific protein kinases. 
Canonical pathway mapping was performed using GenMAPP v2.1 
through KEGG pathway database. This study identified 44 metabolic 
pathways associated with most differential phosphorylation sites 
(Table 2), which contained MAPK signaling pathway, focal adhesion, 
regulation of actin cytoskeleton, FC gamma R-mediated phagocytosis, 
vascular smooth muscle contraction, RNA transport and so on. MAPK 
signaling pathway (Figure 2A) and focal adhesion (Figure 2B) appears 
higher rate which demonstrated more alteration in these pathways. 

MsPGN patients Healthy controls
Males/females (n) 4/2 4/2

Age (years) 37.75±17.76 35.50±4.93
Systolic (mmHg) 137.25±20.12 118.33±7.26
Diastolic (mmHg) 88.00±5.83 83.17±8.11
Hemoglobin (g/L) 117.25±34.71 98.83±14.43
Total protein (g/L) 42.50±10.86 77.99±8.14

Albumin (g/L) 20.60±5.23 53.16±12.54
Globulin (g/L) 21.90±9.81 12.58± 1.99

Creatinine (µmol/L) 105.75±43.21 84.67±19.54
Uric acid (µmol/L) 401.75±67.39 236.00± 55.57

Urea (mmol/L) 7.53±6.07 17.07±10.89
Calcium (mmol/L) 1.86±0.14 2.08± 0.37

Phosphorus (mmol/L) 1.42±0.33 1.15±0.44
Kalium (mmol/L) 3.65±0.25 2.53±0.49

Table 1. Baseline clinical data of patients and controls

homogeneous such as deposition of IgA and C3 be associated with faint 
deposition of IgG. Age-, race-, and sex- matched healthy controls were 
recruited in physical examination department. The Ethics Committee 
of Guilin 181st hospital approved the study and peripheral blood 
samples were obtained with informed consent from all participating 
individuals. Under clinical aseptic conditions, peripheral blood samples 
of 6 MsPGN patients and 6 normal were phlebotomized individually. 
All isolated PBMCs were separated by lymphocyte separation medium 
(Lympholyte®-H), then gathered in EP tube separately. PBMCs was 
cultured essentially according to American Type Culture Collection 
(ATCC) recommendations. PBMCs were cultured for 24 hours in 24-
well plates, using supplemented RPMI-1640 medium, and incubated at 
37 ℃ in a humidified, 5% CO2 atmosphere. PBMCs proliferate with 
phytohemagglutinin (PHA) stimulus. All PBMCs were eluted twice in 
ice-cold buffer solution. Then protein concentrations were measured by 
bicinchoninic acid (BCA) assay.

Phosphopeptide enrichment

When cells reached suitable confluence, we dissolved cells 
via two-step LysC and trypsin digestion in the presence of SDS. 
Phosphopeptides were enriched by TiO2 bead. This phosphopeptide 
enrichment strategies for high-resolution mass spectrometry had a 
renaissance in phosphorylation sites mapping, and recent large-scale 
studies have strengthened the content of phosphorylation. Briefly, 
peptide samples were primarily incubated with TiO2 beads, then eluted 
in NH4OH. Each enriched eluent was gathered for mass spectrometric 
analysis. Subsequently, the remaining part of the eluent was into several 
fractions by IEF using the Agilent 3100 OFFGEL Fractionator. We 
added 10 µl of 10% TFA to each fraction and stage-tipped. Peptides 
were collected at a maximum current of 50 µA and maximum power 
of 200 mW [12]. Finally, all eluates in TiO2 column were separated, 
concentrated and dried and stored at -80°C for future use.

Mass spectrometry: We performed mass spectrometry using a 2D 
nano-liter liquid chromatography system coupled to a linear ion trap 
quadrupole mass spectrometry (LTQ-Orbitrap XL, Thermo Fisher 
Scientific, San Jose, CA). The process of LTQ-Orbitrap XL consisted of 
MS1 scan and MS2 scans. We collected peptides and measure peptide 
fragments generated and used auto matic gain control target values of 
1000000 for MS1 and 50000 for MS2. Dynamic exclusion was activated 
for this process, with a repeat count, exclusive duration of 20 s and 
±5 ppm mass tolerance. MS1 scan was profile mode, MS2 scan was 
centroid mode and multistage activation.
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Figure 1A. Functional classification of phosphoproteins in PBMCs based on the 
involvement in biological processes. The largest group contains proteins related to 
nucleobase, nucleoside, nucleotide and nucleic acid metabolism process. Two other large 
groups are the proteins involved in cellular component organization and transport

Figure 1B. Distribution of phosphoproteins based on the location of cellular components. 
The most enriched cellular components were nuclear proteins and proteins associated with 
the plasma membrane, cytosol or cytoskeleton. The information was compiled from Gene 
Ontology annotations

Pathway P value
MAPK signaling pathway 0.003494
Focal adhesion 0.000573
Fc gamma R-mediated phagocytosis 8.16E-07
Vascular smooth muscle contraction 7.14E-06
Regulation of actin cytoskeleton 0.002977
RNA transport 0.000656
Fc epsilon RI signaling pathway 5.77E-06
GnRH signaling pathway 4.86E-05
T cell receptor signaling pathway 9.03E-05
Leukocyte transendothelial migration 0.000172
Tight junction 0.000534
Chemokine signaling pathway 0.00902
Endocytosis 0.034331
Pancreatic secretion 0.001066
Natural killer cell mediated cytotoxicity 0.009163
Herpes simplex infection 0.043805
Long-term depression 0.000385
Gastric acid secretion 0.000563
Phosphatidylinositol signaling system 0.000951
Salmonella infection 0.001529
Salivary secretion 0.001907
Ribosome 0.002198
Spliceosome 0.015999
Long-term potentiation 0.001978
Progesterone-mediated oocyte maturation 0.006306
Gap junction 0.007588
Retrograde endocannabinoid signaling 0.013264
Glutamatergic synapse 0.042641
Shigellosis 0.004493
Epithelial cell signaling in Helicobacter pylori infection 0.007649
VEGF signaling pathway 0.012929
B cell receptor signaling pathway 0.013733
ErbB signaling pathway 0.023767
mRNA surveillance pathway 0.02754
SNARE interactions in vesicular transport 0.002067
Non-small cell lung cancer 0.011991
Pathogenic Escherichia coli infection 0.012924
NOD-like receptor signaling pathway 0.016014
Bacterial invasion of epithelial cells 0.033175
Leishmaniasis 0.040738
African trypanosomiasis 0.014259
Vasopressin-regulated water reabsorption 0.025544
Endocrine and other factor-regulated calcium reabsorption 0.036159
Thyroid cancer 0.037167

Table 2. Rank of differentially-expressed pathways in MsPGN patients versus healty 
controls

Gene network analysis

We integrated different interactions in order to carry out gene 
network analysis, including enzyme-enzyme, protein-protein and gene 
expression interaction. Briefly, we downloaded data in KEGG database 
via KEGGSOAP (http://www.bioconductor.org/packages/2.4/bioc/
html/KEGGSOAP.html) using R () software, analyzed the interaction 
between gene regulation and protein modification. Enzyme-enzyme 
interaction indicated two enzymes catalyzing successive reaction 
steps. The data on protein-protein interaction was downloaded in 
MIPS database (http://mips.helmholtz-muenchen.de/proj/ppi/). The 
co-cition algorithm was implemented to analyze the gene expression 
interactions of literatures which had been reported. The higher 
frequency of co-citation gene was, the greater probability of gene 

expression interaction was. Finally, we integrated synthetically the gene 
network by the above three results which indicated the interaction 
among genes. Genes had high line connectivity in the network were 
deemed to hub gene which tended to play a central role in the stability 
of the network. Generally, most hub genes were transcription factors, 
sometimes, may be kinase. In this study, gene network analysis showed 
it’s a network diagram (Figure 3A) and a histogram (Figure 3B). The 
result revealed that SRRM1, HDAC1 and PRKED were hub genes. 

Discussion
The World Health Organization Committee have defined MePGN 

as an essentially uniform increase in mesangial cells in more than 80% 
of the glomeruli [13]. Cell proliferation and fibrosis are typical signs of 
it and may ultimately result in end-stage renal disease. Several recent 

http://www.bioconductor.org/packages/2.4/bioc/html/KEGGSOAP.html
http://www.bioconductor.org/packages/2.4/bioc/html/KEGGSOAP.html
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Figure 1C. Molecular functions of phosphoproteins in PBMCs. The largest group is 
constituted by protein binding followed by catalytic activity and nucleic acid binding. The 
information was compiled from Gene Ontology annotations

Figure 2A. Pathway analysis in PBMCs of MePGN. Specific content of MAPK signaling pathway was shown, black shadow rectangles symbolized differentially expressed genes
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Figure 2B. Details of focal adhesion based on pathway analysis, black shadow rectangles symbolized differentially expressed genes

Figure 3A. Gene network analysis in PBMCs of MePGN, including the interaction of genes such as expression, binding and post-transcription modification
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reviews indicate that cytokines, histone H3, lysine 4, P2X7 receptors in 
PBMCs of chronic kidney disease play a critical roles in the process of 
paroxysm [14-16]. Thus, alteration of proteins in PBMCs of MePGN 
patients was considered to be related to the pathogenesis. Protein 
phosphorylation is an important post-translational modification to 
cell development, differentiation and signal transduction. In this sense, 
phosphoproteins are identified comprehensively and may facilitate to 
understand such processes and enable us to find significant therapeutic 
targets to prevent and repair the injury of renal.

Most phosphoproteins can be phosphorylated at serine, threonine 
and tyrosine residues in mammal. The relative abundance of 
phosphoproteins will be altered when protein kinase or phosphatase is 
activated or inhibited, resulting in abnormal cellular biological function 
or metabolic pathway. Utilizing TiO2 enrichment technology combined 
with LTQ-Orbitrap XL device, this research identified 693 differential 
phosphoproteins corresponding to 439 annotated genes in MePGN 
compared with normal control. GO analysis of these differential 
phosphorylation sites and genes showed that protein or nucleic acid 
binding took up the largest proportion of molecular function, which 
involved in nucleobase, nucleoside, nucleotide and nucleic acid 
metabolic process in the nucleus.

Mesangial cell proliferation is one of the typical characters in 
MePGN. Kenichi Suga [17] showed that Hic-5 as a hydrogen peroxide 
(H2O2)-inducible focal adhesion protein is involved in changes in 
the mesangial cell phenotype to produce abnormal extracellular 
matrix remodeling in MePGN. The immune pathogenesis of MePGN 
considered generally is immune complexes deposit, inflammation 
and abnormal secretion of cytokines. MAPKs is serine and threonine 
signal transducing enzymes that can be activated by phosphorylation in 
response to extracellular stimuli of cytokines [18]. The MAPK signaling 
pathway has important biological functions. Activation or inhibition of 
MAPK pathways have been indicated to be a potential pathogenesis in 
systemic lupus erythematosus [19] and rheumatoid arthritis [20], may 
be associated with inflammation. Cytokine-stimulated gene expression 
in airway myocytes can be mediated by Src through MAPK signaling 
pathway [21]. The view that differentially expressed and significantly up-
regulated of neutrophil gelatinase-associated lipocalin receptor by IL-
1β in mesangial cells of human glomerular disease via MAPK activation 
has been suggested [22]. In this study, pathway analysis showed that 
MAPK signaling pathway, Focal adhesion and Fc gamma R-mediated 
phagocytosis were modified significantly in MePGN pathogenesis. 
Notably, regulation of MAPK signaling pathway is abnormally activated 
in response to phosphorylation in PBMCs of MsPGN. This result 
suggested the activity or expression of phosphoproteins in this pathway 
above was altered, mediated by differential genes between MePGN and 

normal. We had faith in that MAPK signaling pathway may be available 
for treating MsPGN via appropriate regulation or interventions, which 
supplied an experimental groundwork for researching the pathogenesis 
and novel therapy of MsPGN. However, future more researches are 
essential to verify the accuracy of the result using western blot or other 
appropriate methods.

HDAC1 can be phosphorylated at Ser421 and Ser423 residues, 
which promotes its enzymatic activity and complex formation [23-
25]. HDAC1 activity is a critical role in normal embryonic kidney 
gene expression, growth, and differentiation [26]. It is also critical for 
mediating proliferation of renal epithelial cells and renal interstitial 
fibroblasts, as well as HDAC1 induced in response to inflammation 
and fibrosis in tubulointerstitial injury [27-30]. In this study, network 
analysis showed that SRRM1, HDAC1 and PRKED were significant 
regulator in the network. This result suggested that HDAC1 played a 
potentially significant role in the phosphorylation of PBMCs, which 
was an experimentally theoretical supplement for exploring the 
pathogenesis of MsPGN.

Conclusion
In conclusion, MAPK signaling pathway was an important 

metabolic way, HDAC1 played an important role in the 
phosphorylation. It suggested that abnormal protein phosphorylation 
may contribute to the pathogenesis of MsPGN. Moreover, interventions 
of the activities of the involved gene and pathways may be able to 
prevent or retard the progressive renal injury of MsPGN. Nonetheless, 
this study was preliminary research for unraveling the modifications 
of phosphoproteome. Further validation step and investigations were 
required to elucidate the pathogenesis of MsPGN.
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