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Abstract. Nitric oxide (NO) serves a crucial role in the kidney 
and is synthesized by NO synthase (NOS). Asymmetrical 
dimethylarginine is an endogenous inhibitor of NOS that is 
metabolized by dimethylarginine dimethylaminohydrolase 
(DDAH). To investigate the role of acetylation in DDAH2 
expression, 293 cells were treated with trichostatin A (TSA), 
a deacetylase inhibitor and the mRNA and protein levels 
were assessed using quantitative PCR and western blotting 
respectively. Its promoter activity was detected using a 
luciferase assay. The effect of TSA on NF‑κB acetylation was 
tested after immunoprecipitation. The binding of NF‑κB to 
the DDAH2 promoter was analyzed using an electrophoretic 
mobility shift assay and chromatin immunoprecipitation. TSA 
upregulated DDAH2 expression and transcriptional activity of 
the DDAH2 promoter through a NF‑κB responsive element, 
which is located at the ‑1582 to ‑1573 position of the DDAH2 
promoter. Furthermore, TSA treatment promoted NF‑κB 
acetylation, resulting in enhanced NF‑κB binding affinity to 
its binding site both in vitro and in vivo. Taken together, the 
present study demonstrated that NF‑κB acetylation upregu‑
lated DDAH2 expression by enhancing the binding ability 
of NF‑κB to the DDAH2 promoter, resulting in increased 
promoter activity. The results provided a possible mechanism 
underlying the regulation of NO production in renal cells and 
a potential target for treating certain NO‑associated renal 
disorders.

Introduction

Nitric oxide (NO) is a signaling molecule that plays a crucial 
role in the kidney and participates in a number of physiological 
processes, including ion transportation and blood pressure 
regulation (1). It has been previously reported that NO inhibits 
transepithelial Na+ reabsorption and antidiuretic hormone‑stim‑
ulated osmotic water permeability (2,3). Therefore, modulation 
of NO levels in the kidney is of importance. NO is synthesized 
from L‑arginine by three isoforms of NO synthases (NOS), 
namely neuronal (nNOS), inducible (iNOS) and endothelial. 
Asymmetric dimethylarginine (ADMA) is an endogenous 
analog of L‑arginine that can attenuate the function of NOS 
and has been shown to be harmful for the kidney (4). ADMA 
exhibits a causative role in the development of kidney injury in 
terms of renal fibrosis and is considered to be a predictive risk 
factor for diabetic nephropathy (5). ADMA is metabolized by 
dimethylarginine dimethylaminohydrolases (DDAHs) in vivo 
that can exist as type 1 and 2 isoforms. The kidney serves a role 
in eliminating ADMA, such that the kidney cortex contains the 
highest concentration of DDAH enzymes among all organs (6). 
The two isoforms of DDAH are expressed in a tissue‑specific 
manner. Specifically, DDAH‑2 is expressed in the macula densa 
and distal nephron regions of the kidney (6‑8). 

NOS and DDAH systems are important factors in 
determining NO production. Therefore, their expression 
regulates NO levels. Although mechanism underlying the 
regulation of NOS expression has been widely defined (9), 
reports on the regulatory mechanisms underlying DDAH 
expression are limited, with the majority of the previous 
studies referring to methylation. Hypermethylation of the 
DDAH2 promoter was associated with DDAH2 downregu‑
lation in human umbilical vein endothelial cells and the rat 
corpora cavernosa, whereas the inhibition of methylation 
using 5'‑aza‑2'‑deoxycytidine enhanced DDAH2 expression 
in undifferentiated cells of trophoblast cell lineage (10‑12). 
Acetylation is an important epigenetic modification that has 
been reported to regulate NOS expression by various mecha‑
nisms (13,14). To the best of our knowledge, mechanistically, 
only Tomikawa et al  (12) previously reported that histone 
acetylation regulated the expression of DDAH2 in trophoblast 
stem cells and was involved in the regulation of cell differen‑
tiation. However, the accurate mechanism has not been fully 
elucidated. 
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NF‑κB is a DNA sequence‑specific transcription factor that 
is subject to acetylation. The NF‑κB acetylation status may 
affect its DNA binding affinity, transcriptional activity and 
protein interactions, thereby indirectly regulating the transac‑
tivation of numerous genes (15‑18). A previous study and other 
reports demonstrated that NF‑κB acetylation could regulate the 
expression of NOS genes (19,20). Therefore, the present study 
hypothesized that NF‑κB acetylation may also be involved in 
regulating DDAH2 expression, resulting in the changes in both 
NOS and DDAH levels in turn acting as an important factor in 
modulating NO production. Trichostatin A (TSA), a deacety‑
lase inhibitor, was used to induce acetylation in 293 cells to 
assess the effect of acetylation on DDAH2 expression and its 
mechanisms. 

Materials and methods

Cell culture and treatment. 293 cells, purchased from the Cell 
Bank of Type Culture Collection of the Chinese Academy of 
Sciences, were cultured in DMEM (Thermo Fisher Scientific, 
Inc.) supplemented with 15% FBS in a humidified atmosphere 
containing 5% CO2 at 37˚C. Subsequently, 24 h after seeding, 
cells were treated with 250  ng/ml TSA (Sigma‑Aldrich; 
Merck KGaA) at 37˚C for 24 h or transfected with indicated 
plasmids and collected 24 h after. All cultures were tested for 
mycoplasma.

Reverse transcription‑quantitative PCR (RT‑qPCR). Total 
RNA was extracted from 293 cells using a TRIzol® reagent 
(Thermo Fisher Scientific, Inc.) and cDNA was synthesized 
using the Reverse Transcription System (cat.  no.  A3500; 
Promega Corporation) according to the manufacturer's proto‑
cols. qPCR was performed in an Applied Biosystems 7500 
Real‑Time PCR System (Applied Biosystems; Thermo 
Fisher Scientific, Inc.) using a total reaction volume of 20 µl 
containing 1X  SYBR™‑Green PCR master mix (Thermo 
Fisher Scientific, Inc.), 10 ng cDNA and 100 nmol/l forward 
and reverse primers. The sequences of the intron‑spanning 
primers used were as follows: DDAH2 forward, 5'‑TCT​CTT​
TCT​TCG​TCC​TGG​GT‑3' and reverse, 5'‑CAC​AGG​TAC​
CAG​GGT​GAC​AT‑3' and β‑actin forward, 5'‑CCG​TCT​TCC​
CCT​CCA​TCG​‑3' and reverse, 5'‑GTC​CCA​GTT​GGT​GAC​
GAT​GC‑3'. Thermocycling conditions were 95˚C for 3 min 
followed by 95˚C for 10 sec and 60˚C for 60 sec for 40 cycles. 
Dissociation curves were generated to ensure that a single and 
specific product was amplified. Cycle threshold values (Ct) 
were analyzed using the SDS 2.4 software (Thermo Fisher 
Scientific, Inc.) and quantification of the relative DDAH2 
expression was performed using the 2‑ΔΔCq method (21) with 
the β‑actin transcript serving as an internal control.

Western blot analysis. Whole cell lysate was prepared from 
293 cells using RIPA buffer (Thermo Fisher Scientific, 
Inc.). Protein was quantified using the DC Protein assay 
(Bio‑Rad Laboratories, Inc.) following the manufacturer's 
instructions. In total, 25 µg of each sample was subjected 
to 10% SDS‑PAGE and transferred onto PVDF membranes 
(Bio‑Rad Laboratories, Inc.). Subsequently, the membranes 
were blocked with 5% non‑fat dry milk in TBS containing 
0.1% Tween‑20 at room temperature for 1 h and incubated with 

primary antibodies at 4˚C overnight, followed by incubation 
with an horseradish peroxidase‑conjugated secondary anti‑
body (cat. no. sc‑2004 or sc‑2005; 1:2,500 dilution; Santa Cruz 
Biotechnology, Inc.) at room temperature for 2 h. The protein 
bands were detected with an enhanced chemiluminescence 
detection kit (Bio‑Rad Laboratories, Inc.) and quantified with 
Quantity One 1‑D Analysis Software version 4.6.8 (Bio‑Rad 
Laboratories, Inc.). The primary antibodies used were as 
follows: Anti‑DDAH2 (cat.  no.  sc‑32859; 1:500 dilution; 
Santa Cruz Biotechnology, Inc.), anti‑p65 (cat. no. sc‑8008; 
1:500 dilution; Santa Cruz Biotechnology, Inc.), anti‑β‑actin 
(cat. no. 12262S; 1:2,500 dilution; Cell Signaling Technology, 
Inc.), monoclonal antibody against acetylated lysine 
(cat. no. 9681S; 1:1,000 dilution, Cell Signaling Technology, 
Inc.) and anti‑Lamin B1 antibody (cat. no. 33‑2000; 1:500 dilu‑
tion; Thermo Fisher Scientific, Inc.). 

Analysis of DDAH2 promoter and plasmid construction. A 
2 kbp (from ‑1983 to +17) sequence of the DDAH2 promoter 
was analyzed using the Prediction of transcription factor 
binding sites analysis of Alibaba‑2.1 (default values for all 
parameters) and Matrix Search for Transcription Factor 
Binding Sites analysis with minimal false negatives of 
Match‑1.0 Public software (http://www.gene‑regulation.com). 
The DDAH2 promoter fragment containing a potential NF‑κB 
responsive element (located between‑1582 and ‑1573 positions) 
was cloned into pMD18‑T vector (Takara Bio, Inc.), digested 
with SacI and HindIII restriction enzymes (New England 
Biolabs, Inc.) and then subcloned into SacI/HindIII site of 
the pGL3_Basic vector (Promega Corporation) to construct 
the pGL_1983 wild‑type (wt) plasmid. In addition, a plasmid 
encompassing a mutated NF‑κB binding site (pGL_1983mut) 
was generated using the Q5  site‑directed mutagenesis kit 
following the manufacturer's protocol (New England BioLabs, 
Inc.) to change two corresponding G and A residues to T 
(sequence was changed from GGG​CAG​GGA​A to GGG​
CAG​GTA​T,) to abolish the potential NF‑κB element. All 
constructs were confirmed by Sanger sequencing, as previ‑
ously described (22). 

Luciferase assay. 293 cells were seeded at 10,000 cells/well 
into 96‑well plates, grown to 60‑70% confluence and transiently 
transfected with the plasmids using the Lipofectamine® 2000 
reagent (Thermo Fisher Scientific, Inc.). To normalize trans‑
fection efficiency, a pRL‑TK plasmid (Promega Corporation) 
containing a cDNA encoding Renilla luciferase was used 
as an internal control. A total of 0.5 µg either of the pGL 
constructs (pGL_1983wt, pGL_1983mut or pGL3‑Basic) 
and 0.05 µg pRL‑TK were co‑transfected into the 293 cells. 
Following incubation for 6 h, cells were treated with TSA 
(250 ng/ml) for 24 h. The luciferase activity was determined 
using the Dual‑Luciferase® Reporter assay system following 
the manufacturer's instructions (Promega Corporation) using a 
Lumat LB 9507 luminometer (Berthold Technologies, GmbH). 
Relative luciferase activity was expressed as the ratio of firefly 
activity to that of Renilla. 

Immunoprecipitation. Nuclear extracts were prepared from 
293 cells using the Nuclear Extract Kit (cat. no. 40010; Active 
Motif Inc.) following the manufacturer's protocol and the 
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concentration was quantified with DC Protein Assay kits 
(cat. no. 5000112; Bio‑Rad Laboratories, Inc.) following the 
manufacturer's instructions. In total, 10 µl antibody against p65 
(cat. no. sc‑8008; Santa Cruz Biotechnology, Inc.) was incubated 
with 400 µg nuclear extract at 4˚C overnight. Subsequently, 
20  µl protein A/G‑agarose beads (cat.  no.  sc‑2003; Santa 
Cruz Biotechnology, Inc.) were added and incubated with 
the lysates at 4˚C for 2 h to collect the immunoprecipitated 
proteins before the samples were centrifuged at 1,000 x g for 
5 min and extensively washed with buffer containing 50 mM 
Tris (pH 8.0), 150 mM NaCl, 1 mM EDTA and 0.5% NP‑40. 
The immunoprecipitated proteins were then mixed with SDS 
loading buffer, boiled for 5 min and analyzed by SDS‑PAGE 
and western blot analysis using a monoclonal antibody against 
acetylated lysine (Cell Signaling Technology, Inc.).

Electrophoretic mobility shift assay (EMSA). Nuclear extracts 
were first prepared from 293 cells. The oligonucleotide probes 
(synthesized by Sangon Biotech Co., Ltd.) used were: i) NF‑κB 
consensus, 5'‑AGT​TGA​GGG​GAC​TTT​CCC​AGG​C‑3' and its 
complementary fragment; ii)  for wild‑type (WT) NF‑κB, 
5'‑GGG​CAG​GGA​ATC​CTG​GAG​‑3' and its complementary 
fragment; and iii) for mutant (MUT) NF‑κB, 5'‑GGG​CAG​
GTA​TTC​CTG​GAG​‑3' (mutations underlined) and its comple‑
mentary fragment. The probes were labeled using the Biotin 
3' End Labeling Kit (cat. no. 20160, Thermo Fisher Scientific, 
Inc.) following the details from the manufacturer. EMSA was 
performed using the Lightshift™ Chemiluminescent EMSA 
kit (Thermo Fisher Scientific, Inc.) according to the manu‑
facturer's protocol. Next, 10 µg nuclear extract and 25 pmol 
probe were used in binding reaction. For competition assays, 
nuclear extract was pre‑incubated with a 100‑fold excess of the 
unlabeled WT or MUT competitors with the same sequence 
as indicated above at 4˚C for 30 min. For the supershift reac‑
tion, 1 µg anti‑p65 antibody (cat. no. sc‑8008; Santa Cruz 
Biotechnology, Inc.) or normal IgG (cat.  no.  sc‑3888; 
Santa Cruz Biotechnology, Inc.) was pre‑incubated with 
10 µg nuclear extracts at 4˚C for 30 min. The protein‑DNA 
complexes were separated by electrophoresis on a 6% 
non‑denaturing acrylamide gel in 0.5X TBE before transferal 
onto positively charged nylon membranes and visualized using 
streptavidin‑horseradish peroxidase (Thermo Fisher Scientific, 
Inc.), followed by chemiluminescent detection (Thermo Fisher 
Scientific, Inc.) on ChemiDoc Imaging Systems (Bio‑Rad 
Laboratories, Inc.).

Chromatin immunoprecipitation (ChIP). Cultured 293 cells 
were treated with 1% formaldehyde and incubated at 37˚C for 
20 min. Cells were then harvested, resuspended in lysis buffer 
(1% SDS, 10 mmol/l EDTA, 50 mmol/l Tris‑HCl, pH 8.1), 
incubated at 4˚C for 10 min and sonicated at 20 kHz frequency 
output for 10 min on ice with cycles of 15 sec on/15 sec off 
to generate DNA fragments 100‑300 bp in length along with 
bound proteins. In total, 33% of the lysate was used as the 
DNA input control. The remaining lysate was diluted 10‑fold, 
where 50% of the sample was incubated with 20 ng/µl specific 
p65 antibody and the remaining half was incubated with 
normal rabbit IgG at  4˚C overnight. Immunoprecipitated 
complexes were then collected by incubating with 20  µl 
protein A/G‑agarose beads at 4˚C for 1 h and centrifuged 

at 1,000 x g for 5 min at 4˚C. The beads were extensively 
washed with low salt immune complex wash buffer (0.1% SDS, 
1% Triton X‑100, 2 mmol/l EDTA, 20 mmol/l Tris‑Cl, pH 8.1 
and 150 mmol/l NaCl), high salt immune complex wash buffer 
(the same components apart from the use of 500 mmol/l NaCl) 
and Tris‑EDTA, pH 8.0 successively, and incubated at room 
temperature for 20 min. Precipitates were eluted with elution 
buffer (0.1% SDS and 0.1 mol/l NaHCO3) and cross‑linking 
of protein‑DNA complexes was reversed following incubation 
at 65˚C for 5 h. DNA was then extracted using phenol/chloro‑
form, as previously described (23). qPCR was performed using 
a total reaction volume of 20 µl containing 1X SYBR™ Green 
PCR master mix (Thermo Fisher Scientific, Inc.) with the 
following pairs of primers: i) Forward, 5'‑TGG​TGG​TTT​CCS​
CAT​TGC​TA‑3' and reverse, 5'‑ACT​CAT​CCC​ACC​CCA​CAA​
TA‑3' to detect the binding capacity of p65 to the potential 
NF‑κB element; ii) detection of the DDAH2 promoter region 
without any potential NF‑κB element was used as a negative 
control with the following pair of primers: Forward, 5'‑GGG​
TGG​GTC​AGT​GAT​CTT​GA‑3' and reverse, 5'‑TAG​ACC​TCA​
GAA​CAG​CGC​AA‑3'; and iii) a previously identified NF‑κB 
element within the nNOS promoter (19) was used as a positive 
control, using the following primers: Forward, 5'‑GCA​AGA​
CGA​TCT​GAA​AAG​CA‑3' and reverse, 5'‑CTG​GCT​CTG​
GGT​GAT​TTG​AT‑3'. Thermocycling conditions were 95˚C 
for 3 min followed by 95˚C for 10 sec and 61˚C for 60 sec 
for 40 cycles. The enrichment of immunoprecipitated DNA 
was calculated relative to the input DNA using the 2‑ΔΔCq 
method (24). 

Statistical analysis. All experiments were performed at 
least three times. Results are expressed as the mean ± stan‑
dard deviation from three independent experiments. 
SPSS 22.0 (IBM Corp.) was used for statistical analyses. 
P<0.05 was considered to indicate a statistically signifi‑
cant difference. Differences between DDAH2 mRNA and 
protein expression levels were analyzed using one‑way 
ANOVA with Tukey's multiple comparison post hoc test. 
Luciferase activity and ChIP results were analyzed using 
two‑way ANOVA with Sidak correction and Tukey's 
multiple comparison post hoc test. The levels of NF‑κB 
acetylation between two groups were compared using an 
unpaired two‑tailed Student's t‑test.

Results

TSA upregulates DDAH2 expression. TSA is a deacetylase 
inhibitor that can induce the acetylation of both histones and 
non‑histone proteins (25). Therefore, 293 cells were treated 
with TSA to evaluate the effect of acetylation on DDAH2 
expression. A total of three transcripts of the human DDAH2 
gene were identified, each with different transcription start sites 
(Fig. 1A). However, all transcripts share the same 858‑bp open 
reading frame encoding a 285‑amino acid protein. Therefore, 
qPCR assays were performed to evaluate the effect of TSA on 
total DDAH2 mRNA using a pair of intron‑spanning primers 
targeting the coding sequence (Fig. 1A). Compared with that in 
the untreated control cells, DDAH2 mRNA was significantly 
increased, by 2.2‑fold that of untreated control following treat‑
ment with TSA for 24 h (Fig. 1B). 
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Western blotting results showed that in TSA‑treated cells, 
DDAH2 protein levels were also significantly upregulated, by 
3.2‑fold that of untreated control (Fig. 1C). 

DDAH2 promoter activity is upregulated by TSA through 
an NF‑κB responsive element. NF‑κB is involved in several 
cellular functions, including the initiation and propagation 
of inflammatory and immune responses, which have also 
been reported to serve critical roles in the kidney (26,27). In 
addition, it was previously shown that acetylation regulates 
nNOS gene expression via NF‑κB (19). Therefore, the present 
study aimed to investigate whether the TSA‑induced DDAH2 
expression was also NF‑κB‑dependent, upstream of the strong 

effects on NO synthesis. Therefore, a 2‑kbp DDAH2 sequence 
upstream of the start codon (from ‑1983 to +17) was analyzed 
using bioinformatics tools. The analysis predicted a potential 
NF‑κB binding site located at ‑1582 to ‑1573 (Fig. S1; produced 
using Alibaba‑2.1). This site lies upstream of the transcription 
start sites in all three transcripts, indicating its importance in 
regulating DDAH2 transcription activation. 

To verify the role of this potential NF‑κB element, luciferase 
reporter vectors of the DDAH2 promoter were constructed, 
containing either WT NF‑κB or MUT NF‑κB element. The 
MUT NF‑κB element was produced by changing the two 
corresponding G and A residues to T (GGG​CAG​GTA​T). 
These vectors were subsequently named pGL_1983wt and 

Figure 1. DDAH2 expression is increased by TSA. (A) Structure of human DDAH2 gene. (B) Relative DDAH2 mRNA expression as measured using reverse 
transcription‑quantitative PCR. (C) Immunoblots and densitometry analysis of DDAH2 protein expression. Relative DDAH2 protein level represents the ratio 
of the densitometry of DDAH2 normalized to that of β‑actin. n=3. *P<0.05, ***P<0.001 vs. 24 h UT. DDAH2, dimethylarginine dimethylaminohydrolase 2; 
TSS, transcription start site; F, forward primer; R, reverse primer; 0 h, before treatment; UT, untreated; TSA, trichostatin A. 

Figure 2. DDAH2 promoter activity is upregulated by TSA treatment through an NF‑κB responsive element. (A) Structure of the pGL3_Basic‑based luciferase 
reporter assay system. pGL_1983wt is the plasmid containing the DDAH2 promoter with the WT NF‑κB responsive element, whereas pGL_1983mut is the 
MUT version of pGL_1983wt containing the mutated NF‑κB site. (B) Promoter activities under untreated or TSA‑treated conditions of the corresponding plas‑
mids. n=3. *P<0.05, ***P<0.001 and ****P<0.0001. DDAH2, dimethylarginine dimethylaminohydrolase 2; TSA, trichostatin A; WT, wild‑type; MUT, mutant. 
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pGL_1983mut (Fig. 2A). Alibaba‑2.1 analysis revealed that the 
potential NF‑κB element was abolished, showing no NF‑κB 
binding after the substitution (Fig. S2). Furthermore, as shown 
in Fig. 2B, luciferase assay results demonstrated that under 
basal conditions, pGL_1983wt exhibited increased transcrip‑
tional activity compared with that by pGL3_Basic. However, 
mutation in the NF‑κB site (pGL_1983mut) markedly reduced 
this activity compared with pGL_1983wt in untreated cells. 
Treatment with TSA significantly increased the activity of 
pGL_1983wt compared with that of untreated control, by 
1.6‑fold. Also, after TSA treatment, luciferase activity from 
the pGL_1983mut plasmid was significantly lower compared 
with that exhibited by pGL_1983wt. However, TSA treatment 
exhibited a much less obvious although significant effect 
(1.2‑fold untreated control) on the activity of the pGL1983_
mut plasmid. These results suggested that the potential NF‑κB 
element could serve a role in the transactivation of the DDAH2 
promoter, such that the TSA‑mediated induction of DDAH2 
expression was at least partially promoted by this element.

NF‑κB binding affinity to DDAH2 promoter is enhanced 
by TSA‑induced NF‑κB acetylation. It has been previously 
reported that NF‑κB acetylation is associated with several 
renal diseases. Enhanced NF‑κB acetylation was found in 
diabetic nephropathy  (28,29) and cisplatin‑induced p65 
acetylation resulted in renal proximal tubule cell injury (30). 
Therefore, the acetylation of NF‑κB was assessed in 293 cell 
lysates. Nuclear extracts were immunoprecipitated using a 
p65‑specific antibody, where acetylated protein was detected 
by western blotting using a monoclonal antibody specific for 
acetylated lysine. The results showed that under basal condi‑
tions, p65 was acetylated, which was significantly increased 
following TSA treatment, without any notable effects on total 
p65 protein levels (Fig. 3).

The acetylation status of the transcription factors can influ‑
ence their DNA binding affinity (19). To reveal the mechanism 
underlying the effect of TSA on DDAH2 upregulation in its 
NF‑κB element (from ‑1582 to ‑1573), the binding affinity of 
NF‑κB to the DDAH2 response element was assessed in vitro 
using EMSA. WT probe (lane 3) formed a complex with the 
nuclear extracts isolated from 293 cells, in a similar manner 
to that of the consensus probe (lane 2; Fig. 4A). Following 
site‑directed mutagenesis on the NF‑κB element by changing 
the two corresponding G and A residues to T (MUT probe; 
5'‑GGG​CAG​GTA​TTC​CTG​GAG​‑3'), binding ability with 
nuclear extracts from 293 cells disappeared (lane 6). The WT 
probe‑nuclear extract complex was found to be displaced by 
unlabeled WT competitors (lane 4) but not with unlabeled 
mutant competitors (lane 5). In addition, the binding ability 
of NF‑κB to its responsive element (WT probe) was blocked 
by a p65‑specific antibody, indicating when the nuclear extract 
was pre‑incubated with the antibody, p65 bound to its specific 
antibody, which blocked its binding to the probe. Whereas, 
when a normal IgG was used (Fig. 4B), no evident blocking 
effect was seen, confirming the specificity of NF‑κB binding. 
Notable, binding was markedly enhanced in TSA‑treated 
cells (Fig. 4C). 

Furthermore, ChIP assay was subsequently performed to 
measure NF‑κB binding affinity to the DDAH2 promoter. 
Chromatin from untreated and TSA‑treated cells was 

immunoprecipitated using the p65 antibody. A DDAH2 
promoter fragment containing the NF‑κB element was ampli‑
fied by qPCR, whilst DDAH2 promoter fragments without any 
potential NF‑κB elements and a nNOS gene promoter region 
with an NF‑κB element (19) served as negative and positive 
controls, respectively. The results showed that p65 specifically 
bound to the DDAH2 promoter encompassing the WT NF‑κB 
element, whilst immunoprecipitation using normal IgG did not 
show evident binding (Fig. 5). This was demonstrated by the 
significantly increased number of DDAH2 promoter templates 
in p65 antibody‑incubated samples compared with those in 
IgG‑incubated samples prior to TSA treatment (Fig. 5). In addi‑
tion, TSA significantly augmented p65 binding to the NF‑κB 
responsive element within the DDAH2 promoter  (Fig.  5). 
These findings indicated that NF‑κB could specifically bind 
to the NF‑κB responsive element located at the ‑1582 to ‑1573 
region of the DDAH2 promoter, such that p65 acetylation 
significantly enhanced this binding affinity to this element.

Discussion

The present study demonstrated that DDAH2 mRNA and 
protein expression was upregulated in renal cells following 
NF‑κB acetylation by enhancing its binding to an NF‑κB 
element upstream of all three DDAH2 transcripts, resulting in 
increased promoter activity. 

Reversible protein acetylation has been implicated in the tran‑
scriptional regulation of numerous genes. Histone acetylation 
was first shown to affect gene expression by modifying the 
degree of chromatin condensation (31,32). A growing number 

Figure 3. p65 acetylation is upregulated by TSA. Immunoblotting results 
of Ac‑p65 and total p65 protein level in the nuclear extract of untreated 
or TSA‑treated 293 cells. Lamin  B1 was used as loading control. n=3. 
*P<0.05 vs. Ctrl. Ctrl, control; DDAH2, dimethylarginine dimethylaminohy‑
drolase 2; TSA, trichostatin A; Ac‑, acetylated.  
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of non‑histone proteins, the majority of which are involved in 
transcriptional regulation, were rapidly revealed to undergo 
acetylation, including p53, Tat and NF‑κB (15,33‑35). Histone 
acetyltransferases (HATs) and histone deacetylases (HDACs) 
are involved in regulating the protein acetylation status (36). 
The balance between these two classes of enzymes is crucial in 
maintaining appropriate protein acetylation homeostasis. It has 

been reported that TSA specifically inhibits HDAC activity and 
recruits HATs in gene transcription processes, leading to the 
acetylation of histones and certain transcription factors (16,25). 
Therefore, TSA has entered clinical trials for treating certain 
diseases, such as such as cancer and nerve degradation after 
brain injury (25,37). Therefore, these aforementioned previous 
findings support the present findings that TSA‑induced acetyla‑
tion increased both DDAH2 mRNA and protein expression 
levels in 293 cells, which was in accordance with the reported 
effects of TSA on DDAH2 expression in trophoblasts (12).

NF‑κB is an ubiquitously‑expressed transcription factor 
that is involved in numerous processes in the kidney, including 
inflammation, endothelial function and cellular transforma‑
tion (38). Therefore, the NF‑κB signaling pathway has become 
a potential target for treatment of certain diseases. For example, 
NF‑κB silencing in endothelial cells inhibited a signaling cascade 
leading to reduced hypertension‑induced renal damage (39). It 
was previously shown that the acetyltransferase p300 complexes 
with NF‑κB as a coactivator to acetylate NF‑κB as a HAT, 
resulting in increased acetylation of NF‑κB p65 and p50 
subunits, in turn activating the nNOS exon 1f promoter (13,19). 
Deng and Wu (20) previously reported that p300 could acetylate 
the p50 subunit of NF‑κB, thereby increasing NF‑κB binding 
affinity and NF‑κB‑mediated transactivation, which is essential 
for iNOS transcription. These findings indicate the importance 
of NF‑κB acetylation in NO modulation. Therefore, to elucidate 
the mechanism underlying the acetylation‑regulated DDAH2 
expression in renal cells, the present study focused on the role 
of NF‑κB in this process. DDAH2 is transcribed into three tran‑
scripts due to three different transcription start sites. A number 
of studies have shown that certain polymorphisms within the 

Figure 4. TSA increases the binding of NF‑κB to its responsive element within DDAH2 promoter in vitro by electrophoresis mobility shift assay. 
(A) Identification of NF‑κB binding to the DDAH2 promoter. Lane 1, WT probe without nuclear extract; lane 2, binding of the consensus probe to the nuclear 
extract; lanes 3 and 6, binding of WT and MUT probes to the nuclear extract, respectively; lanes 4 and 5, effect of WT or MUT unlabeled competitor on probe 
binding. (B) Blocking of NF‑κB binding to WT probe using the p65 antibody. (C) Effect of TSA treatment on the binding of NF‑κB. DDAH2, dimethylarginine 
dimethylaminohydrolase 2; TSA, trichostatin A; WT, wild‑type; MUT, mutant; ctrl, control. 

Figure 5. TSA increases the binding ability of NF‑κB as shown using a 
chromatin immunoprecipitation assay. Lysates from 293 cells were immu‑
noprecipitated with a p65 antibody or normal IgG. DNA fragments of the 
DDAH2 promoter containing the NF‑κB responsive element were then 
amplified by quantitative PCR. The binding capacity was determined under 
untreated and TSA‑treated conditions. Lysates that were not subjected to 
immunoprecipitation were used as the input control. A region within the 
DDAH2 promoter without a potential NF‑κB responsive element was used 
as a negative control, and an neuronal nitric oxide synthase promoter region 
with a confirmed NF‑κB site was used as a positive control. n=3. ****P<0.0001. 
DDAH2, dimethylarginine dimethylaminohydrolase 2; TSA, trichostatin A. 
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DDAH2 core promoter can affect its basal transcription (40,41). 
However, the structure of the DDAH2 promoter has not been 
fully elucidated. As a result, the 5'‑region upstream sequences 
of all three of the transcripts were analyzed, where the analysis 
revealed a number of potential responsive elements of certain 
transcription factors, including CCAAT‑enhancer‑binding 
protein, GATA‑binding factor  1, olfactory neuronal tran‑
scription factor 1, activating protein 2, specificity protein 1, 
interferon consensus sequence‑binding protein, NF‑κB, 
retinoid X receptor, ETS Like‑1 protein, Yin Yang 1, nuclear 
factor‑1, helix‑loop‑helix transcription factors E47, myoblast 
determination protein 1, serum response factor and cytoplasmic 
polyadenylation elements binding protein (data not shown). 
Among them, a potential NF‑κB site was located at the ‑1582 
to ‑1573 region. EMSA and ChIP assays demonstrated that in 
293 cells, p65 could specifically bind to the NF‑κB response 
element site. In particular, mutations in the binding site blocked 
the binding of p65, markedly decreasing the promoter activity, 
suggesting a role of the NF‑κB responsive element in regulating 
DDAH2 expression. 

In addition, the present study showed that TSA treatment 
evidently induced the acetylation of NF‑κB p65 subunit. It 
has been previously suggested that increased acetylation of 
transcription factors may affect their subcellular distribution, 
stability, DNA binding affinity and transcriptional activity (42). 
Therefore, the effect of acetylation on the DNA binding ability 
of NF‑κB and DDAH2 transactivation was investigated in the 
present study. EMSA and ChIP assays showed that p65 acety‑
lation increased its binding ability to the DDAH2 promoter. 
Additionally, luciferase assays demonstrated that the promoter 
activity was increased by acetylation. However, luciferase 
activity was attenuated following mutations in the NF‑κB 
responsive element, supporting the role of NF‑κB acetylation in 
DDAH2 transactivation through its enhanced binding capacity. 
The results of the present study were in accordance with find‑
ings from a previous study showing that the cAMP response 
element‑binding protein/p300‑dependent acetylation of p65 at 
lys310 was associated with NF‑κB transcriptional activation 
in activated B cells (43). The possibility that the TSA‑induced 
histone acetylation could also affect NF‑κB binding should 
not be completely excluded. However, this effect was found to 
be at least partially mediated by its induction through NF‑κB 
acetylation. Furthermore, a minor increase in the activity of the 
DDAH2 promoter harboring mutations in the NF‑κB binding 
sites was observed in TSA‑treated cells compared with that in 
the untreated control cells. This observation could result from 
the effect of other acetylated transcription factors, which could 
also bind to the DDAH2 promoter. Interestingly, following 
TSA treatment, changes in the activity of the DDAH2 promoter 
(1.6‑fold to control), mRNA expression (2.2‑fold to control) 
and protein levels (3.2‑fold to control) were not completely 
parallel. This effect could be a result of post‑transcriptional and 
post‑translational regulation of DDAH2, such as the mRNA and 
protein degradation rates and translational efficiency. Although 
these regulatory mechanisms have not been previously reported 
in DDAH2, DDAH1 has been shown to be subject to post‑tran‑
scriptional regulation through its 3' untranslated region (44).

NO deficiency in the kidney is commonly observed in renal 
diseases, including diabetic and hypertensive nephropathy, 
obstructive nephropathy and glomerulosclerosis  (35,45). In 

addition, NO deficiency has been proposed to be the main 
mechanism of systemic hypertension (45,46). NO insufficiency 
may be caused by the decreased abundance and activity 
of NOS and increase in the levels of the endogenous NOS 
inhibitor ADMA (47,48). As aforementioned, NF‑κB acetyla‑
tion is involved in NOS regulation (19,20). Taken together, 
the aforementioned findings indicated that NF‑κB acetylation 
could modulate both NOS and DDAH systems, supporting 
its role in NO synthesis and providing the molecular basis for 
treating NO‑related diseases by modulating NF‑κB acetylation. 
The possibility of treating certain renal disorders by changing 
the NF‑κB acetylation status has been previously discussed. 
Increased acetylation of p65 was observed in diabetic nephrop‑
athy and cisplatin‑induced nephrotoxicity during chemotherapy 
in patients with cancer. Furthermore, overexpression of 
restored Sirtuin‑1 deacetylase ameliorated the increased acety‑
lation of p65, which attenuated renal cell damage and kidney 
injury (29,30). However, Staab et al (49) reported that treatment 
with exogenous ADMA enhanced cigarette smoke‑mediated 
NF‑κB binding activity, indicating that the DDAH/ADMA axis 
could in turn affect NF‑κB signaling. Therefore, their recip‑
rocal effects need further investigation prior their application 
as a therapeutic strategy for certain diseases.

A limitation of the current study was that although the 
immortalized 293 cell line derived from human embryonic 
kidney has been extensively used as models of human renal 
cells in in vitro studies, some evidence in the literature shows 
that 293 cells display genotypic and phenotypic characteristics 
that differ substantially from primary kidney cells (50,51). 
Therefore, the current results need to be further confirmed on 
renal cell lines, such as HK‑2 and podocytes as well.

Overall, the present study demonstrated that NF‑κB 
acetylation could upregulate its binding affinity to the DDAH2 
promoter, thus resulting in the augmentation of its transcrip‑
tional activity and DDAH2 expression in renal cells. These 
findings provided a possible mechanism underlying the regu‑
lation of NO production in renal cells and a potential target for 
treating certain NO‑related renal disorders.
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