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Abstract. Carbamylation is a post-translational modifica-
tion, the pathophysiological consequences of which remain 
poorly understood. MicroRNAs (miRNAs) are endogenous 
non-coding small ribonucleic acids that have emerged as 
one of the central players in gene expression regulation. This 
study was designed to determine the effect of carbamylated 
albumin (cAlb) on the expression of miRNAs. Albumin was 
carbamylated, and the extent of carbamylation was monitored 
using trinitrobenzenesulphonic acid. Albumin or cAlb were 
added to rat mesangial cells (RMCs), and RNA was extracted. 
miRNA microarray analysis was performed. The expression of 
microRNA-146a (miR-146a) and microRNA-146b (miR-146b) 
was analyzed by real-time RT-PCR. Of 365 miRNAs analyzed, 
the expression of miR-146a/b was found to be markedly 
induced by cAlb (miR-146a, 12.75-fold increase; miR-146b, 
5.88-fold increase). Real-time RT-PCR analysis confirmed the 
increased levels of miR-146a/b by cAlb (p<0.05). It was also 
found that expression levels of miR-146a/b were increased in 
renal cell carcinoma tumor tissues compared to corresponding 
non-tumor tissues (p<0.05). Our data suggest that cAlb stimu-
lates miR-146a/b in RMCs, the levels of which are increased 
in renal cell carcinoma. Further studies on the function of 
cAlb may provide new insights into the pathophysiology of 
renal cell carcinoma. 

Introduction

Cyanate (OCN-), a reactive species in equilibrium with urea, 
carbamylates protein lysine residues to form ε-carbamyl-
lysine (homocitruline), altering protein structure and function. 
A potential role for carbamylation in the post-translational 
modification of proteins in human health and disease has thus 
far been investigated solely in the context of uremia (1-4). 
Recently, an alternative and dominant mechanism for cyanate 

formation and protein carbamylation at sites of inflamma-
tion has been reported. This study confirms that cyanate is 
produced by myeloperoxidase (MPO), a heme protein abun-
dantly expressed in polymorphonuclear neutrophils (PMNs), 
and that cyanate-mediated protein carbamylation occurs under 
physiologically relevant conditions (5). 

MicroRNAs (miRNAs) are a family of approximately 
22-nucleotide non-coding RNAs identified in organisms 
ranging from nematodes to humans (6-8). Many miRNAs are 
evolutionarily conserved across phyla, regulating gene expres-
sion by post-transcriptional gene repression. miRNAs regulate 
gene expression by binding the 3-untranslated region of their 
target messenger RNAs (mRNAs), leading to translational 
repression or mRNA degradation. Several miRNAs exhibit 
a tissue-specific or developmental stage-specific expression 
pattern and have been reported to be associated with human 
diseases such as cancer, leukemia, cardiovascular disorders 
and inflammatory diseases (9-11). 

Although it has been documented that the carbamylation 
of albumin, the most abundant serum protein, occurs in renal 
dysfunction, few studies regarding the potential involvement 
of carbamylated albumin (cAlb) in renal pathophysiology have 
been reported. However, a recent study showed that cAlb is 
a potent inhibitor of PMN respiratory bursts, implicating a 
potential regulatory role of cAlb in the host defense system 
(12). Thus, this study aimed to identify the effect of cAlb 
by determining cAlb-mediated differential expression of 
miRNAs. 

Materials and methods

Cell culture. A monolayer of rat mesangial cells (RMCs) 
was maintained at subconfluent conditions in growth media 
containing DMEM with 4.5 g/l glucose, 100 U/ml penicillin, 
100 µg/ml streptomycin and 10% fetal bovine serum. Cells 
were grown in a humidified incubator at 37˚C with ambient 
oxygen and 5% CO2.

Tissue samples. Renal cell carcinoma specimens that 
included both tumor and non-tumor lesions were provided 
by the Keimyung Human Bio-Resource Bank, a member of 
the National Biobank of Korea, which is supported by the 
Ministry of Health, Welfare and Family Affairs. All samples 
derived from the National Biobank of Korea were obtained 
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with informed consent under institutional review board (IRB)-
approved protocols.

Carbamylation. Human albumin (Sigma, MO, USA) was 
carbamylated as described previously (13). Briefly, albumin 
was incubated at 37˚C with 0.2 M potassium cyanate (KCNO) 
for 1, 2, 4 and 8 h, followed by dialysis. Albumin was also 
carbamylated by incubation at 37˚C with 8, 16, 125, 1,000 
or 2,000 mM cyanate for 8 h. cAlb was then extensively 
dialyzed against 12 l of phosphate-buffered saline at pH 7.4 
at 4˚C to remove excess cyanate. Buffer (2 l) was exchanged 
every 4  h for 12 h. After 12  h, 4 l of dialysis solution was 
exchanged every 8 h for 16 h. After dialysis, protein content 
was measured. cAlb protein (170 µg) was dissolved in 1 ml of 
normal saline and was used for the reaction with trinitrobenze-
nesulphonic acid. The extent of carbamylation was monitored 
by following the loss of free amino groups using trinitrobenze-
nesulphonic acid. Trinitrobenzenesulphonic acid 0.1% (50 µl) 
was added to 1 ml of albumin (500 U/ml in normal saline) 
and 1 ml of 4% sodium hydrogen carbonate, pH 8.4, and this 
was incubated for 1 h at 37˚C. Absorbance was then measured 
at 340 nm against a blank sample, and the trinitrobenzene-
sulphonic acid reactivity was expressed as a percentage of 
the absorbance obtained for the non-carbamylated albumin. 
Electrophoresis of the control and cAlb was performed on a 
10% polyacrylamide gel.

RNA extraction and miRNA microarray analysis. Total RNAs 
of RMCs treated with albumin (500 µg/ml) or cAlb (100 and 
500 µg/ml) and renal cell carcinoma specimens were extracted 
with TRIzol reagents (Gibco, Grand Island, NY, USA) 
according to the manufacturer's protocol. For control and test 
RNAs, the synthesis of target miRNA probes and hybridization 
were performed using the Agilent miRNA Labeling Reagent 
and Hybridization kit (Agilent Technology, Palo Alto, CA, 
USA) according to the manufacturer's instructions. Briefly, 
each 100 ng of total RNA was dephosphorylated with ~15 U 
of calf intestine alkaline phosphatase, followed by RNA dena-
turation with ~40% DMSO and a 10-min incubation at 100˚C. 
Dephosphorylated RNA was ligated with pCp-Cy3 mononu-
cleotide and purified with MicroBioSpin 6 columns (Bio-Rad, 
USA). After purification, labeled samples were resuspended 
with a gene expression blocking reagent and Hi-RPM 
hybridization buffer, followed by boiling for 5 min at 100˚C 
and 5 min chilling on ice. Finally, denatured labeled probes 
were pipetted onto the assembled Agilent miRNA microarray 
(15K) and hybridized for 20 h at 55˚C with 20 RPM rotation 
in an Agilent Hybridization Oven (Agilent Technology). The 
hybridized microarrays were washed according to the manu-
facturer's washing protocol (Agilent Technology).

Data acquisition and analysis. The hybridized images 
were scanned using the Agilent DNA Microarray Scanner, 
and quantified with Feature Extraction Software (Agilent 
Technology). Data normalization and the selection of fold-
changed genes were performed using GeneSpringGX 7.3 
(Agilent Technology). The averages of the normalized ratios 
were calculated by dividing the average of the normalized 
signal channel intensity by the average of the normalized 
control channel intensity. 

Real-time RT-PCR. Real-time reverse transcription-polymerase 
chain reaction (RT-PCR) was performed for quantitative anal-
ysis according to the standard protocol using the GenoExplorer 
microRNA qRT-PCR kit (Genosensor Corp., AZ, USA). 
MicroRNA primer pairs used for the experiments were 
purchased from Genosensor Corp. Real-time PCR was 
performed using the three-step reaction protocol. Total RNA 
was extracted using TRI reagent (Invitrogen Co., USA) at 
37˚C for 30 min, and was heated at 95˚C for 5 min. 
Complementary DNA (cDNA) was synthesized from 1  µg 
total RNA using the first-strand cDNA Core Kit-50 
(Genosensor Corporation) at 42˚C for 60 min and 95˚C for 
5 min. Real-time PCR parameters used were as follows: 94˚C 
for 15 min, then 50 cycles performed at 94˚C for 30 sec, 59˚C 
for 15 sec and 72˚C for 30 sec, followed by a 10-min extension 
at 72˚C for 1 min at 40˚C for 30 sec. The samples were assayed 
on a LightCycler LC II instrument (Roche Diagnostics GmbH, 
Germany), and the concentration was calculated as copies per 
microliter using the standard curve.

Statistical analysis. Statistical analysis was performed 
using the Student's t-test and one-way analysis of variance 
(ANOVA). The accepted level of significance was set at a 
p-value of <0.05. Data are presented as the mean ± standard 
deviation (SD). The SAS Statistical Software Package (release 
8.02; SAS Institute Inc., Cary, NC, USA) was used.

Results

Verification of albumin carbamylation. Albumin (Alb) was 
carbamylated for various time periods (1, 2, 4, 8 and 24 h), 
and the degree of carbamylation was evaluated by trinitroben-
zenesulphonic acid analysis. The results indicated that Alb 
was most extensively carbamylated, in the range of 43-50%, 
when incubated for 8 h (data not shown). Fig. 1 demonstrates 
the electrophoretic mobility of Alb and cAlb incubated with 
KCNO for 8 h. The electrophoretic mobility of cAlb was more 
rapid than that of Alb. In the following experiments, Alb 
carbamylated for 8 h was used.

Effect of cAlb on miRNA expression in rat mesangial cells. 
In preliminary experiments, we confirmed that neither Alb or 
cAlb exerted a toxic effect on RMCs at the dosages employed 
in this study (100-500 µg/ml) (data not shown). Subsequently, 
in order to assess the expression profiles of RMCs treated 

Figure 1. Gel electrophoresis for non-carbamylated albumin (Con) and carbam-
ylated albumin (1, 50% carbamylated albumin; 2, 43% carbamylated albumin).
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with Alb (500 µg/ml) or cAlb (100 and 500 µg/ml), miRNA 
microarray analysis was performed. 

After normalizing the data, miRNAs up- or down-
regulated by >2-fold were analyzed. Notably, no miRNAs 
were found to be down-regulated >2-fold by cAlb treatment. 
miRNAs up-regulated >2-fold by cAlb are listed in Table I. 
Of the up-regulated miRNAs, miR-21*, miR-21 and miR-222 
were excluded from further study since albumin-stimulated 
miR-21 and miR-222 were up-regulated >2-fold and miR-21* 
was up-regulated close to 2-fold. Consequently, expression of 

miR-146a and miR-146b in Alb- or cAlb-treated RMCs was 
evaluated by quantitative real-time RT-PCR analysis.

Effect of cAlb on miR-146a and miR-146b expression in rat 
mesangial cells. The expression of miR-146a and miR-146b 
was investigated by real-time RT-PCR (Fig. 2). In Alb-treated 
RMCs, the expression of miR-146a and miR-146b was 
119±25% and 129±44%, respectively, compared to the 
control. Significantly higher expression of miR-146a and 
miR-146b (miR-146a, 414±83%; miR-146b, 175±63%, p<0.05) 
was observed in cAlb (100 µg/ml)-treated RMCs. Treatment 
with 500 µg/ml cAlb dramatically stimulated the expression 
of miR-146a (903±182%, p<0.05) and miR-146b (460±121%, 
p<0.05) in a dose-dependent manner. These data indicate that 
both miR-146a and miR-146b are significantly induced by 
cAlb in RMCs. 

miR-146a and miR-146b expression in renal cell carcinoma. 
Next, the expression levels of miR-146a and miR-146b in 
human renal cell carcinoma were determined, since altered 
expression of miR-146a and miR-146b, to the best of our 
knowledge, has not been previously reported. As described 
in Materials and methods, 22 renal cell carcinoma specimens 
including tumor and non-tumor lesions from the same patient 
were obtained from the Keimyung Human Bio-Resource 
Bank. Demographics and clinical variables of renal cell 
carcinoma patients are listed in Table II. As shown in Fig. 3, 
compared to the corresponding non-tumor lesions, expression 
levels of miR-146a and miR-146b were markedly increased 

Table I. Up-regulated miRNAs in Alb- or cAlb-treated rat mesangial cells.

miRNAs	 Alb (500 µg/ml)	 cAlb (100 µg/ml)	 cAlb (500 µg/ml)	 Accessions

rno-miR-146a	 2.98	 7.10	 12.75	 mir|rno-miR-146a|mir|MIMAT0000852
rno-miR-146b	 1.67	 4.13	   5.88	 mir|rno-miR-146b|mir|MIMAT0005595
rno-miR-21*	 1.82	 4.40	   5.04	 mir|rno-miR-21*|mir|MIMAT0004711
rno-miR-21	 2.37	 3.13	   2.14	 mir|rno-miR-21|mir|MIMAT0000790
rno-miR-222	 2.09	 2.61	   3.59	 mir|rno-miR-21|mir|MIMAT0000790

miRNAs, microRNAs; Alb, albumin; cAlb, carbamylated albumin.

Figure 2. Effect of albumin (Alb 500 µg/ml) and carbamylated albumin (cAlb 
100 µg/ml and cAlb 500 µg/ml) on the expression levels of miR-146a and 
miR-146b (*p<0.05 vs. control miR-146a; †p<0.05 vs. control miR-146b).

Figure 3. Expression levels of miR-146a and miR-146b in human renal cell 
carcinoma (*p<0.05 vs. miR-146a and †p<0.05 vs. miR-146b in normal lesions 
of renal cell carcinoma).

Table II. Demographics and clinical variables of renal cell 
carcinoma patients (n=22).

Sex (male:female)	 13:9
Age (mean value ± SD)	 64.5±9.1
Type
  Clear cell renal cell carcinoma	 22
Stage
  I	   5
  II	 13
  III	   4

SD, standard deviation.
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(miR-146a, 175.2±54.0%; miR-146b, 158.6±63.5%, p<0.05). 
Due to the limited sample size, an association between the 
expression levels of miR-146a and miR-146b and tumor 
stage was not determined. We are currently in the process of 
obtaining IRB approval for further studies with an extended 
number of tumor samples.

Discussion

It is well recognized that post-translational modifications, such 
as phosphorylation, glycosylation, acetylation and sumoyla-
tion, control various biological and pathologic processes (14). 
Cyanate, which binds to NH2 groups of proteins – in partic-
ular ε-NH2 groups of lysine residues, thereby inducing the 
carbamylation of protein – is generated by spontaneous disso-
ciation from urea. Concentrations of carbamylated protein are 
extremely low when normal plasma levels of urea are present. 
Therefore, the molecular mechanisms underlying the patho-
logical effects of carbamylated proteins, in comparison with 
other post-translational modifications such as glycosylation in 
diabetes mellitus, has received limited attention. 

Few in vitro studies with carbamylated protein have 
been reported. Increased amounts of carbamylated proteins 
in blood and tissues have been documented in CRF (15-17). 
Studies have evaluated the effect of carbamylation on the 
structure and/or function of proteins, enzymes or hormones 
(4,18,19). Both uremic LDL and carbamylated LDL have 
been implicated in multiple proatherosclerotic biological 
effects (3,16). Carbamylated collagen was shown to stimulate 
the production of active matrix metalloproteinase-9 by 
blood monocytes (20), and carbamylated collagen as well as 
carbamylated albumin were also demonstrated to inhibit the 
respiratory burst of PMNs (12,21). One study demonstrated 
that carbamylated serum proteins activate mesangial cells to a 
profibrogenic phenotype (22).

In the present study, we investigated the effect of cAlb on 
the differential expression of miRNAs in RMCs. The results 
indicate that the effect of cAlb on miRNAs is an increase in 
their expression, which is commonly observed in solid tumors 
(23). cAlb was found to markedly stimulate miR-146a and 
miR-146b expression (Table I). It was also confirmed using 
quantitative real-time RT-PCR analysis that cAlb-induced 
miR-146a and miR-146b expression is significantly increased 
(Fig.  2). A rapidly growing body of evidence indicates that 
miRNAs play important roles in development, disease 
and evolution. Although numerous endogenous miRNAs 
implicated in various diseases have been identified, the 
number is likely to increase substantially since commercial 
miRNA profiling platforms have recently become available, 
making possible the detection of as yet undiscovered miRNAs. 
The number of known human miRNAs is thus continuously 
increasing, rendering even the most recently published studies 
incomplete. 

Given the prominent biological importance of miRNAs, 
understanding their mode of action and their physiological roles 
is essential. However, the specific functions of many identified 
endogenous miRNAs remain to be defined. Taganov  et  al 
(24) reported that miR-146a/b are induced in response to 
lipopolysaccharide and proinflammatory mediators, and that 
miR-146a induction is regulated by NF-κB. They also found 

that miR-146a/b targets include TNF receptor-associated 
factor 6 (TRAF6) and IL-1 receptor-associated kinase 1 
(IRAK1) genes, and concluded that miR-146 plays a role in the 
fine-tuning of innate immune responses by negative feedback, 
including the down-regulation of the TRAF6 and IRAK1 
genes. miR-146a and miR-146b have recently been shown 
to inhibit migration and invasion (25). BRMS1, a metastasis 
suppressor that regulates the expression of multiple genes, 
significantly increased miR-146 expression. Therefore, cAlb 
may be involved in renal pathophysiology, particularly in renal 
cell carcinoma, by differentially regulating the expression of 
miR-146a and miR-146b. 

In summary, we provide evidence that cAlb stimulates 
miR-146a and miR-146b expression in rat mesangial cells, and 
that the expression of miR-146a and miR-146b is increased 
in renal cell carcinoma. This study is the first to report the 
regulatory effect of cAlb on miRNAs. We are currently 
investigating the functional relationship between cAlb 
and renal cell carcinoma with a more extended number of 
samples. Further studies to develop miRNA-based therapies 
will follow.
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