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Abstract
Tissue microarray analysis confirmed higher dimethylarginine dimethylaminohydrolase-1 (DDAH1) expression in prostate 
cancer (PCa) compared to benign and normal prostate tissues. DDAH1 regulates nitric oxide (NO) production by degrading 
endogenous nitric oxide synthase (NOS) inhibitor, asymmetric dimethylarginine (ADMA). This study examined whether 
DDAH1 has any physiological role in PCa progression. Using overexpression of DDAH1 in PCa (PC3 and LNCaP) cell lines, 
we found that DDAH1 promotes cell proliferation, migration and invasion by lowering ADMA levels, as well as increasing 
NO production. VEGF, HIF-1α and iNOS were upregulated in DDAH1 expressing cells as result of elevated NO. DDAH1 
increased secretion of pro-angiogenic signals bFGF and IL-8, into conditioned media. Treatment of DDAH1-positive PCa 
cells with NOS inhibitors (L-NAME and 1400 W) attenuated DDAH1 activity to promote cell growth. Xenografts derived 
from these cells grew significantly faster (> twofold) than those derived from control cells. Proliferation rate of cells stably 
expressing mutant DDAH1 was same as control cells unlike wild-type DDAH1-positive PCa cells. Xenograft tumors derived 
from mutant-positive cells did not differ from control tumors. VEGF, HIF-1α and iNOS expression did not differ in DDAH1 
mutant-positive tumors compared to control tumors, but was upregulated in wild-type DDAH1 overexpressing tumors. 
Furthermore, CD31 immunostaining on xenograft tissues demonstrated that DDAH1 tumors had high endothelial content 
than mutant DDAH1 tumors. These data suggest that DDAH1 is an important mediator of PCa progression and NO/DDAH 
pathway needs to be considered in developing therapeutic strategies targeted at PCa.
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Abbreviations
PCa  Prostate cancer
DDAH1  Dimethylarginine dimethylaminohydrolase-1
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Introduction

In prostate cancer (PCa) progression, tumor cells require 
high nutrients and oxygen supply due to their uncontrolled 
growth. Cancerous cells encounter these limitations by alter-
ing the tumor vasculature. In solid tumors, neovasculature 
around the tumor regulates cancer cells growth and metas-
tasis [1–3]. Tumor angiogenesis plays an important role in 
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tumorigenicity and metastasis [4]. To alter the vasculature, 
cancer cells undergo changes which can rework the angio-
genic regulatory pathways and contribute to the changes in 
expression of angiogenic factors for the development of vas-
culature around the tumor [5, 6]. Nitric oxide (NO), a key 
regulator of angiogenesis, promotes endothelial cell prolif-
eration, migration, dissociation and degradation of extra-
cellular matrix [7]. In cancers like gynecological, breast, 
neuronal, prostate, head and neck, NO production has been 
positively correlated with tumor grade and it has a patho-
logical role in cancer by controlling tumor blood supply [8]. 
In addition to angiogenesis, NO plays important roles in 
cell cycle progression, metastasis and survival [9]. Physi-
ological NO is biosynthesized by three isoforms of nitric 
oxide synthases (NOS) (neuronal NOS, endothelial NOS and 
inducible NOS) from l-arginine, oxygen and NADPH in a 
highly regulated manner [8]. In epithelial cancers like colon, 
prostate, breast, bladder and skin cancers, iNOS expression 
is positively correlated with the aggressiveness of cancer. 
Other NOS isoforms are also detected in different cancers 
[10]. However, excessive generation of NO (primarily driven 
by iNOS) could play a major role in many diseases like idio-
pathic pulmonary fibrosis (IPF), sepsis, migraine headaches 
and cancer [11]. Therefore, any alterations in NO production 
may play an important role in regulation of angiogenesis as 
a result in tumor progression. NOS activity is controlled by 
endogenous NOS inhibitors including asymmetric dimethy-
larginine (ADMA), symmetric dimethylarginine (SDMA) 
and L-monomethylarginine (L-NMMA).

ADMA is released from the methylated arginines of pro-
teins during proteolysis and autophagy. It is metabolized 
by the enzyme dimethylarginine dimethylaminohydrolase 
(DDAH). Overexpression of DDAH reduces tissue ADMA 
levels and enhances angiogenesis [12]. DDAH is a cysteine 
hydrolase enzyme that is expressed in all nucleated mam-
malian cells in two isoforms DDAH1 and DDAH2. DDAH1 
is widely expressed in liver, kidney, pancreas and forebrain 
at the sites of nNOS expression. DDAH2 is predomi-
nantly expressed in vascular endothelium, where eNOS is 
expressed. About 80% of endogenous ADMA is metabo-
lized mainly by the DDAH1 isoform [13]. Notably, DDAH1 
overexpression has been detected in a series of human 
tumors such as melanoma, hepatocellular carcinoma, glio-
blastoma and prostate cancer [14–17]. It has been reported 
that DDAH1 is involved in cerebral tumor growth and the 
development of tumor vasculature [14]. Overexpression of 
DDAH1 in a glioma cell line leads to increase NO synthesis 
and increased production of vascular endothelial cell growth 
factor (VEGF) promoting angiogenesis. Tumors derived 
from these cells grow almost twice faster than controls, high-
lighting the importance of DDAH1 in glioblastoma. Expres-
sion of both isoforms has been detected in prostate tissue 
[18]. Importantly, using L-NAME, a direct NOS inhibitor 

not degraded by DDAH, Vanella et al. reported importance 
of targeting DDAH to better control NO biosynthesis and 
inhibit angiogenesis [6].

Previously, we have reported two protein-profiling studies 
on biopsies and prostatectomy tissues identifying differen-
tially expressed proteins in PCa. Both studies have identified 
DDAH1 as being overexpressed in PCa compared to benign 
prostate epithelium (BPH) [19]. To the best of our knowl-
edge, no reports have shown association between DDAH1 
expression in PCa progression and its correlation with 
malignancy. As the precise molecular mechanisms DDAH1 
follows in PCa progression is not investigated so far, the 
main objective of the present study is the functional charac-
terization of DDAH1 alterations and its hydrolase activity 
on endogenous NOS inhibitors associated to PCa. The effect 
of DDAH1 expression and its hydrolase activity on different 
cellular events using both hormone-dependent and hormone-
independent PCa cell lines in in vitro and in vivo xenografts 
were examined to determine the role of DDAH1 in PCa.

Materials

All chemicals and antibodies used in this study were pur-
chased from Sigma-Aldrich (Missouri, USA) and Cell 
Signalling Technologies (CST, USA), respectively, unless 
otherwise specified.

Cell culture

Human prostate cancer cell lines (LNCaP and PC3), HAEC 
and BOSC23 cells were obtained from ATCC (Manassas, 
USA). All cells were grown in RPMI-1640 medium supple-
mented with 10% fetal bovine serum (FBS), 0.1% streptomy-
cin–penicillin, 1% nonessential amino acids and 1% sodium 
pyruvate except HAEC which was grown in EBM-2 (Lonza) 
containing EGM-2 (Lonza) media. To avoid mycoplasma 
contamination in cell culture, cells were regularly tested for 
mycoplasma using gene-specific primers in RT-PCR.

Immunohistochemistry

Human prostate cancer tumor microarrays (TMA) were 
purchased from Abcam, USA. TMAs were printed with 96 
specimens from 96 patients (benign hyperplasia: 46, nor-
mal prostate: 2 and malignant: 48) with progressive Glea-
son score and TNM stages in duplicates. TMA slides were 
deparaffinized using xylene (2 × 10 min) and a series of 
decreasing ethanol concentrations according to the stand-
ard protocol. To block endogenous peroxidase activity, 3% 
peroxide quenching solution was added and incubated for 
15 min. For antigen retrieval, slides were cooked in 10 mM 
citrate buffer (pH 6.0) using a microwave oven for 20 min, 
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at 700 W. Slides were allowed to cool down to RT in citrate 
buffer and washed with deionized water followed by PBS 
buffer (pH 7.4, 3 × 10 min). TMAs were blocked with block-
ing buffer (10% NHS in PBST) for 2 h to avoid nonspecific 
binding of antibodies. After washing twice in PBS, the slides 
were incubated overnight with rabbit anti-DDAH1 monoclo-
nal antibody (1:500) at 4 °C. After washing in PBST next 
day, the slides were incubated with biotinylated anti-rabbit 
secondary antibody for 2 h at RT followed by washing in 
PBS (2 × 5 min). For detection, the slides were incubated 
with ABC reagent (Vector laboratories, USA) for 2 h. After 
washing excess reagent with PBS, the DDAH1 expression 
was visualized by 0.1% DAB (Vector laboratories, USA) 
reagent containing 0.01%  H2O2. DAB staining was ter-
minated by washing with MQ water. Further TMAs were 
counterstained with hematoxylin stain. TMAs were dehy-
drated using ethanol, and tissues on slides were mounted 
using DPX mounting media (Himedia, India). Images were 
obtained using phase contrast microscope (Olympus Xi72, 
Japan).

Cloning for DDAH1 overexpression and site‑directed 
mutagenesis

Wild-type and mutant DDAH1 protein expressing recom-
binant vectors were generated by cloning the coding region 
of the human DDAH1 (accession number NM_012137.3). 
The detailed procedures are provided as supplementary 
information.

Virus production and infection of target cells

BOSC23 packaging cells were transfected with either 
pMSCV or pMSCV-DDAH1 wild-type or mutant with 
pCL-Ampho packaging vector using lipofectamine 3000 
(Invitrogen, USA). The transfection mixture was prepared 
by mixing 5 μg of plasmid DNA and 5 μl of lipofectamine 
3000. The mixture was added drop wise into the cell culture 
medium. After 12 h post-transfection, medium was replaced 
with fresh growth medium. The media supernatant contain-
ing virus was collected at every 24 h. The cells were allowed 
to grow for next 72 h in fresh medium for another round of 
virus collection. The virus-containing media were filtered 
using 0.45-μm sterile filtered directly on the target cells 
(LNCaP and PC3 cells) at around 50% of confluence. Infec-
tion cycles were repeated twice for every 12 h. Infected tar-
get cells were grown in growth medium for 24 h, and recom-
binant cells were selected by adding puromycin (2 μg/ml). 
The cells were grown in selection media until all cells died 
in control dishes. The cells grown as colonies with resist-
ance to puromycin were propagated further and verified for 
overexpression of wt and mutant DDAH1 in both LNCaP 
and PC3 cells.

Proliferation assay

To determine the effect of DDAH1 on PCa cells prolif-
eration, definite count of LNCaP and PC3 cells stably 
expressing DDAH1 and control cells were grown under 
standard growth conditions (37 °C with 5%  CO2 supply). 
At each designated time point as indicated, cells were 
harvested by trypsinization followed by centrifugation at 
2000 rpm for 2 min. The pellet was resuspended in 0.5 ml 
of media, and 10 µl of cell suspension was mixed with 
trypan blue (1:1 V/V) before counting viable cells directly 
using an automated cell counter (Life Technologies, USA). 
The total number of viable cells was plotted against time 
in hours cultivated for cell growth.

Cell‑based citrulline assay

The DDAH1 enzyme activity in PCa cells was determined 
by estimating citrulline produced from enzyme–substrate 
ADMA. The amount of citrulline generated from ADMA 
in DDAH1 enzyme reaction was determined according to 
Knipp et al. [20].

Measurement of NO in PCa cells

The 4, 5-diaminofluorescein (DAF-FM DA) reagent was 
used for the measurement of nitric oxide qualitatively. It 
is non-fluorescent, cell permeant and passively diffuses 
across cellular membranes. After dye uptake, it is dea-
cetylated by intracellular esterases and becomes fluores-
cent upon reacting with NO. To evaluate the regulation 
of DDAH1 on NO synthesis, DAF-FM DA staining was 
performed according to the manufacturer protocol. Briefly, 
35,000 cells per well were seeded in 12-well plate and 
grown for 24 h. The culture media was discarded, and 
cells were washed with Hank’s balanced salt solution 
(HBSS). The buffer was replaced with HBSS containing 
2.5 μm DAF-FM DA reagent. The plates were incubated 
for 20 min in the dark and washed thoroughly twice with 
HBSS to remove excess stain. The plates were observed 
under fluorescence microscope (Olympus IX71), and 
images were captured to determine the amount of NO 
produced. As DAF-FMDA is pH sensitive, we have also 
determined NO levels using alternative fluorometric assay 
by measuring  NO2

−/NO3
− from culture medium which is 

directly proportional to NO production from the cells. The 
assay is performed according to the manufacturer’s proto-
col (nitrate/nitrite fluorometric assay kit, Cayman chemical 
company, USA).
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Reverse transcriptase polymerase chain reaction 
(RT‑PCR) and western blotting

For RT-PCR, total cellular RNA was extracted by using Tri-
zol method. cDNA synthesis followed by PCR using gene-
specific primers was performed. For western blotting, the 
protein lysates were prepared by lysing LNCaP and PC3 
cell pellets directly in M-PER buffer (Thermo, USA). The 
supernatants were cleared by centrifugation at 13,000 rpm 
for 10 min at 4 °C. For detailed protocols, supplementary 
information can be referred.

Estimation of IL‑8, bFGF and ADMA using ELISA

The angiogenic factors and ADMA in culture medium col-
lected from LNCaP and PC3 cells stably expressing DDAH1 
or with DDAH1 downregulated by siRNA and respective 
control cells were estimated by using standard kits (basic 
FGF: R&D systems, IL8: BioLegend, and ADMA: Cloud-
Clone Corp). The media supernatants from experimental 
cells were collected at designated time points and analyzed 
using the kits procured as mentioned above, according to 
manufacturer’s protocol. To estimate intracellular ADMA, 
cells were lysed in lysis buffer same as for citrulline assay. 
For normalization, total protein in samples was estimated 
by Bradford reagent.

Cell migration and invasion assay

To determine the effect of DDAH1 on invasion and migra-
tion, these assays were performed using Boyden transwell 
chambers (Corning). LNCaP and PC3 cells stably express-
ing DDAH1 or with DDAH1 downregulated by siRNA and 
respective control cells were collected in migration buffer 
(serum-free RPMI-1640, 2  mM  CaCl2, 1  mM  MgCl2, 
0.2 mM  MnCl2 and 0.5% BSA). For invasion assay, the 
cells were added onto the membrane (coated with 100 µL of 
Matrigel matrix, 200–300 µg/mL) of assay plates. The upper 
chamber inserts were placed in reservoir chamber filled 
with migration buffer. After 24 h, cells that pass through 
the membrane were fixed with 4% PFA and stained with 
0.5% crystal violet. For migration assay, the same protocol 
was followed except that uncoated Boyden chambers were 
used. The migrated and invaded cells were observed under 
optical microscope. Each image has been captured with non-
overlapping areas, and numbers of migrated and invaded 
cells were counted in each image.

Xenograft tumor models

To analyze the effects of DDAH1 overexpression on tumor 
cells growth in vivo, subcutaneous tumor xenograft model 
has been applied. All animal experiments were performed 

according to the guidelines and requirements of institu-
tional animal ethical committee (IAEC; protocol number: 
IICT/03/2017). The experiments were performed in three 
groups each consisting six male nude mice aged between 
4 and 6 weeks (Vivo biotech, India). The three groups 
were designated as pMSCV-Empty, pMSCV-DDAH1 and 
pMSCV-mutDDAH1. PC3 cells stably expressing either 
DDAH1 or mutant DDAH1 and vector control were pel-
leted and resuspended in sterile DPBS. The respective cell 
suspension (1 × 107 cells in 100 μl) was mixed with equal 
amount of Matrigel (1:1) per mouse and injected subcutane-
ously into the right flank of nude mice to initiate the study. 
Tumor diameters were measured twice weekly using digi-
tal vernier calipers, and volumes were calculated using the 
equation a (b2)/2 [21], where a and b represent the length 
and width of the tumor, respectively. After tumors reached 
800 mm3 in 4 weeks of time, mice were sacrificed by exces-
sive dose of  CO2 inhalation and observed for any gross 
pathological changes in the internal organs. The excised 
primary tumors were processed and fixed in formalin. Fixed 
and paraffin embedded xenograft tissues were cut at 5 μm 
thickness, stained with hematoxylin and eosin following 
standard procedure and examined under light microscope 
(IX71, Olympus, Japan).

Statistical analysis

The data are presented as mean ± SD for three individual 
experiments. One-way variance analysis and Student’s t test 
were used where appropriate; p ≤ 0.05 was considered as 
significant.

Results

DDAH1 is highly expressed in prostate cancer tissue

Our proteomics data reported previously identified DDAH1 
overexpression in PCa. Hence, in the present study we 
determined the tissue-specific expression of DDAH1 using 
immunohistochemistry on PCa TMAs. TMAs stained with 
DDAH1 and counterstained with hematoxylin were exam-
ined by pathologist to evaluate DDAH1 expression. The 
expression of DDAH1 based on immunostaining was scored 
as weak (+), predominant (++) and strong (+++) staining. 
Immunohistochemistry for DDAH1 showed weak (+) cyto-
plasmic staining in non-neoplastic tissues BPH, unaffected 
secretory epithelia (BPE) and normal prostate compared 
to all tumor tissues on TMA slides investigated. Remark-
ably, in BPH samples only hyperplastic epithelium revealed 
weak (+) staining for DDAH1, whereas tumor cells showed 
predominant (++) to intensive (+++) staining. DDAH1 
staining score for individual tissue cores printed on TMA 
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is provided in Supplementary Table 2. The mean relative 
expression of DDAH1 in PCa tissues was significantly high 
compared to BPH tissue sections (p < 0.0001) (Fig. 1a). This 
result confirms that DDAH1 is overexpressed in malignant 
PCa, but not in BPH and normal prostate tissue.

Altered expression of DDAH1 in PCa cell lines affects 
cell proliferation

To understand the role of DDAH1 on PCa progression, 
DDAH1-producing constructs were generated and trans-
ferred into PC3 and LNCaP cells by retroviral transduction. 
The DDAH1-transduced LNCaP and PC3 cells showed clear 
overexpression of DDAH1 mRNA and protein (Fig. 1b). 
Transfection of gene-specific siRNA for DDAH1 confirmed 
downregulation of DDAH1 compared to scrambled siRNA-
transfected PCa cells (Fig. 1b). First, we studied whether 
altered expression of DDAH1 affects the proliferation rate of 
PCa cell lines. Cell proliferation assays showed significantly 
increased proliferation of both PC3 and LNCaP cells with 
exogenous DDAH1 expression (Fig. 1c, d). The proliferation 
rates of these cells are 28 and 50% higher in LNCaP and PC3 
cells, respectively. Downregulation of DDAH1 by siRNA 
interference led to reduced proliferation in both LNCaP and 
PC3 cells (Fig. 1e, p ≤ 0.0005).

Dysregulation of DDAH1 activity effects ADMA 
and NO levels in PCa cells

The specific activity of DDAH1 was determined by measur-
ing the amount of citrulline (μM/min) released. Based on 
the citrulline released, we observed that DDAH1 activity 
is increased due to overexpression, whereas downregula-
tion led to decreased enzyme activity in both the cell types 
(Fig. 2a). The observed changes in DDAH1 activity are more 
prominent in PC3 cells compared to LNCaP cells. Further, in 
DDAH1-positive PCa cells, ADMA levels are significantly 
low compared to control cells (p ≤ 0.05). In PCa cells, in 
which DDAH1 is depleted by siRNA, higher intracellular 
ADMA is accumulated (p ≤ 0.05) (Fig. 2b). Since ADMA 
is an endogenous inhibitor for all three isoforms of NOS, 
we measured the production of NO qualitatively and quan-
titatively. With DDAH1 overexpression, we observed an 
increased intensity of DAF-FM DA, fluorescence indicat-
ing higher NO in LNCaP and PC3 cells, whereas down-
regulation led to low NO levels correlating with accumu-
lated ADMA (Supplementary Figure 2A). As fluorescence 
methods are pH sensitive, NO levels were estimated quan-
titatively using  NO3

−/NO2
− fluorometric assay. In line with 

fluorescence results, we observed fourfold higher NO pro-
duction with DDAH1 expression (p ≤ 0.05) and lower NO 
levels due to DDAH1 downregulation (p ≤ 0.01) (Fig. 2c).

Altered DDAH1 activity controls expression 
of NO regulatory genes in PCa cells

The production of NO within the tumor microenvironment 
promotes tumor growth mainly by stimulating angiogenesis. 
Tumor angiogenesis is a multistage process regulated by 
the expression of different pro-angiogenesis factors such as 
VEGF, HIF-1α, integrins and basic fibroblast growth factor 
(bFGF). From the RT-PCR and western blot results, it is 
clear that the overexpression of DDAH1 in PC3 and LNCaP 
cells induced expression of NO-regulated genes VEGF, 
c-Myc, HIF-1α and iNOS. Downregulation of DDAH1 
negatively regulated RNA and protein-level expression of 
the same target genes in LNCaP and PC3 cells (Supplemen-
tary Figure 1 and Fig. 3a). As we observed expression of 
the angiogenic factors VEGF and HIF-1α is associated with 
DDAH1 activity, angiogenic potential of the DDAH1 in 
PCa cells was investigated. Pro-angiogenic signals such as 
VEGF, platelet-derived growth factor (PDGF), basic fibro-
blast growth factor (bFGF) and IL-8 promote angiogenesis. 
In search of these factors secreted by DDAH1 expression in 
PCa cells, we observed that the overexpression of DDAH1 
increased release of bFGF and IL-8 in both PCa cells 
(Fig. 3c, d, p ≤ 0.01). In support of this observation, with 
downregulation of DDAH1 we found low levels of IL-8 and 
bFGF in CM compared to control PCa cells with DDAH1 
expression (Fig. 3b, c, p ≤ 0.05).

DDAH1 promotes migration and invasion of LNCaP 
and PC3 cells

Once pro-angiogenic factors such as bFGF, VEGF, PDGF, 
and EGF activate their specific receptors, tumor cells 
release proteases to degrade the basement membrane for 
cell migration [22]. Therefore, to understand the role of 
DDAH1 in PCa metastasis, we performed migration and 
Matrigel invasion assays using Boyden chambers. Hap-
totactic cell migration assays demonstrated that overex-
pression of DDAH1 in LNCaP and PC3 cells promotes 
cell migration. Simultaneously, the observed effect on cell 
migration was abolished upon downregulation of DDAH1 
by siRNA (Fig. 4a). Additionally, results from Matrigel 
invasion assays validate that DDAH1 promotes invasion 
of LNCaP and PC3 cells, whereas its downregulation 
significantly decreases their invasive potential (Fig. 4a). 
Number of migrated and invaded cells in respective assays 
confirms that DDAH1 has significantly affected PCa cells 
migration and invasion (p ≤ 0.005; Fig. 4b, c). NO induces 
the tyrosine phosphorylation of FAK which is normally 
activated by integrins and growth factors [23]. FAK inti-
mately regulates the cell motility process mainly through 
adhesion, spreading, migration and survival. The role of 
active FAK in cell motility is mediated by recruiting active 
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Fig. 1  Altered expression of DDAH1 in PCa. a Immunostaining 
with rabbit anti-DDAH1 [1:500] and universal immunoperoxidase 
detection system for DDAH1 (brown color) on tissue microarrays 
printed with hyperplasia, malignant and normal prostate tissues. 
Mean DDAH1 expression scores (weak to strong staining) in hyper-
plasia and cancer tissues indicate significant overexpression of 
DDAH1 in PCa. b Alteration of DDAH1 expression in LNCaP and 
PC3 cell lines. LNCaP and PC3 cells were transduced with either 
pMSCV or pMSCV-DDAH1 recombinant vector for overexpres-
sion of DDAH1. Stable overexpression of DDAH1 in PCa cell lines 

was confirmed (upper panel). PCa cells were transfected with either 
scrambled siRNA (siRNA-Scr) or DDAH1-specific siRNA (siRNA-
DDAH1). Downregulation of DDAH1 in both PC3 and LNCaP cells 
was confirmed. Only representative images are shown here. c, d and 
e Overexpression of DDAH1 enhanced proliferation rate of PCa cells. 
Contrarily, with DDAH1 downregulation, the proliferation rate of 
both PCa cell lines was significantly inhibited. Data presented are 
the mean of ±  SD of at least independent three experiments, ***p 
value ≤ 0.001
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SRC at Y397 position of FAK and phosphorylation of its 
downstream substrates [24]. To investigate whether the 
activation of key target proteins is involved in DDAH1-
induced migration and invasion, we measured the activa-
tion of FAK and SRC kinases. We observed significantly 
increased phosphorylation of FAK and SRC in DDAH1 
overexpressing LNCaP and PC3 cells. Concurrently, upon 
downregulation of DDAH1, we observed a significant 
reduction in the phosphorylation of FAK and SRC lead-
ing to their inactivation in PCa cells (Fig. 4d).

DDAH1 regulates PCa cells growth through NO

From the above results, DDAH1 is considered to be control-
ling PCa cells proliferation, migration and invasion. Hence, 
it is necessary to disseminate the regulatory mechanisms 
of DDAH1 involved in PCa cells growth. Since, DDAH1 
indirectly regulates NO production in tumor cells, inhibition 
of NOS using L-NAME and 1400 W attenuated DDAH1 
effect on PCa cells (Fig. 5a, b). Besides, these results are 
confirmed by reduced NO levels in DDAH1-transduced 
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Fig. 2  a Altered DDAH1 activity in PCa cells. Cell-based citrulline 
assay was performed to determine DDAH1 activity in cell lysates. 
In DDAH1-transduced PCa cell lines, DDAH1 activity was signifi-
cantly increased compared to control cells. In PCa cells transfected 
with DDAH1-specific siRNA, DDAH1 activity was decreased com-
pared to cells transfected with scrambled siRNA control. b In PCa 
cells with DDAH1 overexpression, ADMA levels are significantly 
decreased compared to control cells. In agreement, downregulation 

of DDAH1 by siRNA led to accumulation of intracellular ADMA. 
c Due to elevated DDAH1 activity and decreased ADMA levels, 
nitric oxide (NO) production by NOS enzymes was increased in PCa 
cells. Downregulation of DDAH1 in PCa cells inhibited NO pro-
duction because higher ADMA levels are inhibiting NOS enzymes. 
Data presented are the mean of  ±  SD of at least independent three 
experiments and statistical significance *p  ≤  0.05, **p  ≤  0.01, 
***p ≤ 0.001
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PCa cells due to the complete inhibition of NOS enzymes 
(Fig. 5c and Supplementary Figure 2B). In DDAH1-positive 
cells, inhibition of NOS by L-NAME and 1400 W reversed 
higher expression of VEGF, HIF-1α and iNOS to basal 
levels (Fig. 5d). This may be due to the fact that DDAH1 
function in PCa cells is relying on NO produced by iNOS. 
These results together indicate that DDAH1 activity may be 
associated with regulation of proliferation, migration and 
invasion through NO production which directs overexpres-
sion of its target genes and thus influences PCa cells growth 
and survival.

DDAH1‑mediated increase in PCa cells growth 
is reliant solely upon its hydrolase activity

Since DDAH1 is an enzyme, the PCa cells growth could be 
promoted either by the hydrolase activity of the enzyme or 
by the protein itself. To better understand this, we generated 
PC3 and LNCaP cell lines stably expressing an active site 

(Cys–His–Glu) mutant DDAH1. The replacement of active 
site cysteine with alanine (C274A) inactivated the enzyme 
in metabolizing ADMA in PCa cells. Stable overexpression 
of mutant DDAH1 (pMSCV-mutDDAH1) was confirmed 
by western blot analysis (Fig. 6f). The mutant DDAH1 
overexpressing LNCaP and PC3 cells showed significantly 
lower DDAH1 enzymatic activity than cells with wild-type 
DDAH1 overexpression (p ≤ 0.05; Fig. 6a). Moreover, the 
growth rate of the DDAH1 mutant and control cells did 
not change significantly, whereas active DDAH1-positive 
cells displayed increased rate of proliferation (Fig. 6b, c, 
p ≤ 0.05). Further, higher ADMA levels and decreased NOS 
activity in cells with mutant DDAH1 expression compared to 
wild-type DDAH1-positive cells manifest that the hydrolase 
activity mediates PCa cells growth (Fig. 6d, e, p ≤ 0.02). 
VEGF expression in mutant DDAH1-positive LNCaP and 
PC3 cells did not differ compared to control cells unlike 
its overexpression in cells with wild-type DDAH1 (Fig. 6f). 
These results together suggest that the enzyme hydrolase 

Fig. 3  DDAH1 regulates 
expression of NO downstream 
genes. a Dysregulation of 
DDAH1 in PCa cells regulates 
the NO production and NO 
regulatory genes. With DDAH1 
overexpression or downregula-
tion, VEGF, HIF-1α, iNOS and 
c-MYC protein levels in both 
PC3 and LNCaP cells were 
measured by western blotting. 
The DDAH1 expression is 
directly correlated with expres-
sion of measured target proteins. 
b and c The angiogenic factors 
like bFGF and IL-8 are elevated 
in conditioned media collected 
from DDAH1-positive PC3 and 
LNCaP cells, whereas down-
regulation attenuated secretion 
of these factors into conditioned 
media. Data presented are 
the mean of ± SD of at least 
independent three experiments 
and statistical significance 
*p ≤ 0.05, **p ≤ 0.01
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Fig. 4  DDAH1 promotes PCa cells migration and invasion in in vitro. 
a. In PC3 and LNCaP cells, DDAH1 expression was either overex-
pressed or downregulated and the migration and invasion potential of 
these cells were measured. b and c The % of PCa cells migrated or 
invaded was increased due to high DDAH1 expression, whereas its 
knock down by siRNA minimizes migration and invasion potential 
of both the cells. Data presented are the mean of ±  SD of at least 

independent three experiments and statistical significance *p ≤ 0.05, 
*p ≤ 0.01, ***p ≤ 0.001. d. With DDAH1 overexpression or down-
regulation, activation of FAK and SRC by phosphorylation (pFAK 
(Y397) and pSRC(Y416)) involved in migration and invasion of PC3 
and LNCaP cells was determined by western blotting. Only represent-
ative blots were presented here
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activity of DDAH1 interferes with ADMA and NO levels in 
tumor cells and thus influences cell growth.

DDAH1 promotes PCa growth in vivo

To determine DDAH1 role in PCa growth, the present study 
further examined the effects of DDAH1 on PCa growth 

by establishing PC3 xenograft nude mouse models. Mice 
subcutaneously injected with PC3 cells which were trans-
duced for DDAH1 overexpression exhibited significantly 
larger tumors as compared with control group. The con-
trol group mice were injected with PC3 cells which were 
transduced for control empty vector. Conversely, mice 
injected with PC3 cells overexpressing mutant DDAH1 
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Fig. 6  DDAH1 hydrolase enzyme activity is associated with PCa cells growth. 
a PC3 and LNCaP cells were engineered to stably express active site mutant 
DDAH1 (C274A). In mutant DDAH1-positive cells, enzyme activity was sig-
nificantly less compared to wild-type DDAH1 expressing cells and comparable 
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effect on proliferation of both PC3 and LNCaP cells unlike wild-type DDAH1. 
d In PCa cells with mutant DDAH1 overexpression, ADMA levels were 
not significantly decreased compared to control cells not alike in wild-type 

DDAH1-positive cells. e In agreement with ADMA levels, like control cells 
no significant change in NO production was observed with mutant DDAH1 
overexpression, whereas NO levels are elevated in PCa cells with wild-type 
DDAH1 compared to control cells. f Because of inactive enzyme activity in 
mutant DDAH1-positive PCa cells, VEGF expression was significantly less 
compared to cells with wild-type DDAH1. Representative blots are presented 
here. Data presented are the mean of ± SD of at least independent three experi-
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exhibited significantly smaller tumors as compared with 
mice injected with PC3 cells which were transduced for 
wild-type DDAH1 (Fig. 7a). Once tumor growth was initi-
ated, the sizes of all tumors in xenograft mice were recorded 
up to 24 days post-injection. The tumor volumes and weights 
clearly suggest that the tumors with wild-type DDAH1 grow 
at significantly faster rates compared to control cells and 
cells with mutant DDAH1 expression (pMSCV-Empty: 
428  ±  77  mm3; 280.12  ±  28.13  mg, pMSCV-DDAH1: 
707 ± 52 mm3; 548 ± 56.44 mg, pMSCV-mutDDAH1: 
533 ± 72 mm3; 310 ± 25.19 mg) (Fig. 7b, c). Histology of 
xenograft sections from H & E staining observed that all 
tumors from three groups grew in a nodular shape. Cells 
from pMSCV-Empty and pMSCV-mutDDAH1(C274A) 
tumors are restricted to subcutaneous region, but cells from 
pMSCV-DDAH1 tumors not only restricted to subcutaneous 
region, but also invaded into muscular region. Few mitotic 
figures appeared in cells from pMSCV-Empty and pMSCV-
mutDDAH1(C274A) tumors, but many mitotic figures 
appeared from cells of pMSCV-DDAH1 tumor. Necrosis 
at peripheral and central areas in xenograft tumors around 
proliferation sites was observed in pMSCV-DDAH1 com-
pared to pMSCV-Empty and pMSCV-mutDDAH1 xeno-
grafts (Fig. 7d).

Immunohistochemical analysis was used to stain DDAH1 
to confirm its overexpression in transduced cells injected 
and VEGF, HIF-1α and iNOS to correlate in vitro result. 
Immunostaining for DDAH1 confirms the overexpres-
sion of wild-type and mutant DDAH1 in tumor xenograft. 
There were more cells stained positive for VEGF, HIF-1α 
and iNOS with DDAH1 overexpression, as compared to 
control tumors. In tumors overexpressing mutant DDAH1, 
tumor cells showed a weak staining for VEGF, HIF-1α and 
almost no staining for iNOS like in control tumors (Fig. 7d). 
These results are very well correlating with overexpression 
of these targets in vitro analysis. Further, we stained CD31 
endothelial marker in tumor xenograft tissues to detect 
tumor microvessels. There were many CD31 stained ves-
sels in tumors with DDAH1 overexpression, as compared 
with the control tumors. It was observed that in tumors 

overexpressing mutant DDAH1, very few CD31 stained ves-
sels like control tumors as compared with the DDAH1 over-
expressing tumors (Fig. 7e and Supplementary Figure 4).

Discussion

Proteomic analysis of PCa tissue samples identified signifi-
cant overexpression of DDAH1 in cancer compared to the 
benign and normal prostate tissues [19]. Moreover, DDAH1 
overexpression in different cancer types has been reported 
[17]. Our study using TMAs immunostaining found that 
DDAH1 overexpressed in PCa, but not in BPH and nor-
mal prostate. Immunostaining for DDAH1 was restricted to 
cytoplasm in tumor cells. The degree of DDAH1 expression 
was very well correlated with aggressiveness of PCa sug-
gesting its role in disease progression. To the best of our 
knowledge, this is the first report establishing association 
between DDAH1 expression and PCa. DDAH1 metabolizes 
ADMA, which is an endogenous inhibitor of NOS impli-
cated in pathophysiology of different diseases including 
cancer [11]. However, understanding the physiological role 
of DDAH1 in PCa may provide basis for its role in disease 
pathophysiology and highlights its potential to inhibit its 
enzyme activity in cancer cells. In this study, LNCaP and 
PC3 cells were engineered to stably express either active 
DDAH1 or an active site mutant of DDAH1 and depleted 
for DDAH1 by siRNA in order to establish whether DDAH1 
activity mediates tumor growth and angiogenesis.

In vitro characterization of LNCaP and PC3 cell clones 
overexpressing DDAH1 demonstrated that DDAH1 pro-
motes cell growth. Altered expression of DDAH1 in PCa 
cells evidently regulates the NO synthesis through ADMA 
metabolism. Higher activity of DDAH1 led to reduced 
ADMA and elevated NO levels in PCa cells or vice versa 
with lower DDAH1 activity by siRNA. Previously, it has 
been reported that DDAH1 overexpression in rat C6 glioma 
[14] and endothelial cells [25, 26] result in an increase in 
VEGF expression in in vitro and in vivo. In various cancers, 
NO directly regulates expression of VEGF, HIF-1α, c-Myc 
and iNOS [27, 28]. Likewise, our studies also found that 
there was a significant increase in VEGF, HIF-1α, c-Myc 
and iNOS expression, downstream of an increase in NO 
production. HIF-1α and c-Myc are involved in the broad 
range of cellular activities like transactivation of glycolytic 
enzymes and mitochondrial biogenesis genes, respectively, 
which lead to boosting cellular energetic metabolism for cell 
proliferation [29]. Therefore, it is intriguing to speculate 
that the observed increase in NO level is due to the active 
DDAH1 in its overexpressing PCa cell lines. In tumor cells, 
NO induces HIF-1α expression through MAPK and PI3K 
under normoxic conditions and also stabilizes HIF-1α by 
inhibiting prolyl hydroxylases [30]. Furthermore, activated 

Fig. 7  DDAH1 expression positively correlated with tumor growth in 
in vivo. a The representative images from mice bearing tumors from 
PC3 cells transduced for stable overexpression of either DDAH1 or 
mutant DDAH1 and control cells with empty vector. b and c In vivo 
growth rate and weights of tumor xenografts in nude mice. Data pre-
sented are the mean of ± SD of six mice from each group and sta-
tistical significance **p ≤ 0.01, NS = No significance. d Histology 
of xenograft tumor sections was analyzed by H & E staining. To 
evaluate expression of DDAH1 and NO-regulated genes involved in 
angiogenesis, immunohistochemistry was performed. Arrows repre-
sent the expression of representative gene. e Representative images 
of xenograft tumor sections were stained for the endothelial marker 
CD31 (red color) detected using an Alexa-555-conjugated secondary 
antibody that fluoresces red and DAPI for nuclear stain

◂
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HIF-1α acts as a transcription factor and induces the expres-
sion of iNOS and VEGF [31]. Our results also show that 
VEGF and iNOS are upregulated in DDAH1-positive cells 
possibly explaining the observed repression and/or stabiliza-
tion of HIF-1α. In tumor cells, elevated NO levels contribute 
to tumor angiogenesis by upregulating VEGF and VEGF-
induced neovascularization. VEGF is identified as potent 
tumor angiogenic factor in many cancers [11, 32]. As NO-
associated gene expression is linked to angiogenesis, from 
these results, we note that DDAH1 expression is involved in 
tumor angiogenesis. Most importantly, tumor cells regulate 
angiogenesis in hypoxia through different mechanisms, by 
altering angiogenic factors to induce neovascularisation. The 
overexpression of pro-angiogenic factors like VEGF induces 
several genes such as bFGF, IL8, TNF involved in the pro-
motion of tumor angiogenesis [32, 33]. In our findings, we 
observed elevated levels of secreted bFGF and IL8 in culture 
media from PCa cells with DDAH1 overexpression. Accord-
ingly, its downregulation attenuated their expression and 
release by cancer cells. Therefore, we assume that DDAH1 
controls NO production in tumor cells indirectly by metabo-
lizing ADMA, which in turn induces pro-angiogenic signals 
which promote angiogenesis. The proliferation of DDAH1 
expressing cells treated with NOS inhibitors (L-NAME and 
1400 W) was significantly slower than the untreated and 
control cells without forced DDAH1 expression. It should 
be noted that the NOS enzymes are more affectively inhib-
ited in control cells due to normal levels of ADMA, thereby 
inhibiting cell proliferation. We also found that increase in 
NO production and its downstream effect on overexpression 
of VEGF, HIF-1α and iNOS in DDAH1-positive PCa cells 
are restored upon inhibition of NOS enzymes. These results 
suggest that the DDAH1 hydrolase activity in metabolizing 
ADMA consequently increasing NO production conveys 
higher proliferation and angiogenesis of PCa cells.

In the process of angiogenesis, cancer cells migrate and 
invade into the neighboring tissues and organs through 
surrounding blood vessels. From cell migration and inva-
sion assays, we found that overexpression of DDAH1 in 
LNCaP and PC3 cells promotes cell migration and inva-
sion in vitro. Consistently, downregulation of DDAH1 led 
to decreased migration and invasion potential of PCa cells. 
Overexpression of DDAH1 in trophoblast cells results in 
decreased ADMA and increased NO production. The motil-
ity and invasion of human trophoblast cells are increased by 
DDAH1 overexpression in response to hepatocyte growth 
factor (HGF) stimulation [34]. The expression, activation 
of several genes and integrins, is very important in cancer 
cell metastasis. NO stimulates phosphorylation of FAK, i.e., 
commonly activated by integrins and growth factors [23]. 
Usually, integrins are involved in tumor cells migration and 
invasion [35]. The integrins upon binding to the specific 
ligands (extracellular matrix proteins) activate signaling 

pathways involved in tumor cell metastasis [36]. In PCa, 
ligation of integrins with respective ligands activates FAK 
which interacts and activates PI3 kinase for metastasis. 
Alternatively, elevated NO induces activation of FAK by 
autophosphorylation on Y397 providing substrate for acti-
vated SRC (pSRC-Tyr 416) for additional phosphorylation 
leading to its full activation [37]. Activated FAK and SRC 
kinases phosphorylate many FAK-associated SRC sub-
strates including Crk-associated substrate (CAS), paxillin 
and p190RhoGAP playing a central role in the reorganiza-
tion of the actin in cytoskeleton and migration [38]. The 
results obtained in the present study show the involvement 
of activated FAK and SRC kinase in DDAH1-mediated cell 
invasion and migration through ADMA metabolism may 
play a role in PCa metastasis.

Further, LNCaP and PC3 cells were engineered to stably 
express an active site mutant of DDAH1 in order to establish 
whether the above results highlighting DDAH1 mediated 
increase in tumor cells growth and angiogenesis is reliant 
solely upon its hydrolase activity. In vitro characteriza-
tion of the PCa cells expressing mutant DDAH1 demon-
strated that significantly less enzyme activity with increased 
ADMA levels than wild-type DDAH1 overexpressing cells. 
This confirmed that replacement of the active site cysteine 
with alanine led to inactivation of DDAH1. It should be 
noted that the observed basal enzyme activity in mutant 
DDAH1-positive cells is due to endogenous DDAH activ-
ity [13]. The proliferation rate of mutant DDAH1-positive 
cells is similar to control cells and significantly lower than 
the cells with wild-type DDAH1 overexpression suggesting 
DDAH1 hydrolase activity conveys higher proliferation of 
PCa cells. Here, we show that the increase in NO production 
and overexpression of VEGF expression, NO downstream 
is attenuated in the mutant DDAH1 overexpressing LNCaP 
and PC3 cells. Therefore, the implications are that DDAH1 
hydrolase activity in regulation of VEGF expression is NO 
dependent and thereby involved in tumor cell proliferation 
and angiogenesis.

Investigation of DDAH1 role in PCa progression using 
PCa cell lines in in vitro expressing a defined phenotypic 
change gives an opportunity to examine its role in tumor 
development in in vivo. In in vivo experiments, the growth 
rate of DDAH1 expressing xenografts in nude mice is sig-
nificantly higher than the control tumors, suggesting that 
expression of the DDAH1 conveys growth advantage to 
these tumors over those derived from the empty vector 
transfected cells. Interestingly, the xenografts with mutant 
DDAH1 expressing cells grew slower with intermediate 
tumor size between control and wild-type overexpress-
ing xenografts after 24 days. Initially, the mutant DDAH1 
xenografts grew at the same rate as control tumors. Taken 
together, these results are consistent as seen in in vitro, sug-
gesting that the active DDAH1 impart benefit for growth 
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of these tumors in vivo. VEGF, HIF1-α and iNOS expres-
sion was significantly increased by wild-type DDAH1 over-
expressing tumors like in control tumors, and was low in 
mutant DDAH1 overexpressing tumors. Consequently, 
expression of angiogenic factors downstream of DDAH1 
in PCa cells in vivo is NO dependent. Boult et al. [39] 
reported that DDAH1-mediated mechanisms were involved 
in tumor progression and angiogenesis in the glioblastoma. 
In solid tumors, angiogenesis process is crucial for their 
advancement and increased micro-vessel density (MVD), 
an indicator of aggressiveness and metastatic potential [33]. 
Expression of endothelial markers like CD31, CD34 and 
von Willebrand factor (vWF) assess whether the MVD is 
increased in tumors due to angiogenesis [40]. CD31 stain-
ing of xenografts from this study revealed that wild-type 
DDAH1 tumor tissue sections had more vasculature and 
higher endothelial cell content compared to control tumor 
sections. The mutant DDAH1 overexpressing sections 
stained very weak for CD31, same as control tumor tissue 
sections showing less endothelial content than wild-type 
DDAH1 tissues. The data obtained show that the DDAH1 
overexpression increases PCa cells proliferation, survival 
and angiogenesis around the tumor and involved in the tumor 
progression. These findings reveal that DDAH1 by regulat-
ing NO and its downstream VEGF cascade is involved in 
tumor phenotype described in this study. In cancer therapeu-
tics, targeting angiogenesis is attracting substantial attention. 
There are multiple clinical trials of anti-angiogenic agents 
in PCa are underway. Some of these are in development 
phase, and some are discontinued due to their futility and/or 
toxicity [41–43]. Hence, role of multiple targets involved in 
tumor angiogenesis needs to be discovered for new therapeu-
tics against PCa. Development of inhibitors against multiple 
targets to control tumor NO production and subsequently 
angiogenesis and cancer progression improve clinical out-
come in PCa patients. Along these lines, the results from our 
study further elucidate the role of ADMA/DDAH pathway 
in PCa and suggest a novel role for DDAH1-targeted therapy 
to improve outcome in PCa patients.

In summary, we have demonstrated that the overexpres-
sion of enzymatically active DDAH1 confers prostate cancer 
cells growth in in vitro and in vivo. Also, this study shows 
that the elevated DDAH1 results in enhanced NO produc-
tion and its downstream VEGF and HIF1 expression due 
to reduced tumor ADMA. Further, the increase in in vivo 
tumor growth observed is due to the enzymatic activity of 
DDAH1. Recent studies show growing body of evidence, 
suggesting that DDAH enzymes may have different roles in 
pathophysiology and tumor progression. We also speculate 
that, apart from its enzymatic activity, DDAH1 protein itself 
might regulate other mechanisms and those mechanisms 
have to be analyzed further. Thus, our study reiterates that 
DDAH1 is an important regulator of cancer progression and 

provides a rationale to develop small molecule inhibitors 
against DDAH1 for targeting ADMA/DDAH pathway for 
the treatment of cancer. Our study suggests an additional 
DDAH1-targeted therapy to improve therapeutic strategies 
for PCa treatment.
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