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Abstract: Guanylyl cyclase/natriuretic peptide receptor-A (GC-A/NPRA) is the principal receptor for the regulatory 
action of atrial and brain natriuretic peptides (ANP and BNP) and an important effector molecule in controlling of 
extracellular fluid volume and blood pressure homeostasis. We have utilized RNA interference to silence the ex-
pression of GC-A/NPRA gene (Npr1), providing a novel system to study the internalization and trafficking of NPRA 
in intact cells. MicroRNA (miRNA)-mediated small interfering RNA (siRNA) elicited functional gene-knockdown of 
NPRA in stably transfected human embryonic kidney 293 (HEK-293) cells expressing a high density of recombinant 
NPRA. We artificially expressed three RNA polymerase II-driven miRNAs that specifically targeted the Npr1 gene, but 
shared no significant sequence homology with any other known mouse genes. Reverse transcription-PCR (RT-PCR) 
and Northern blot analyses identified two highly efficient Npr1 miRNA sequences to knockdown the expression of 
NPRA. The Npr1 miRNA in chains or clusters decreased NPRA expression more than 90% as compared with control 
cells. ANP-dependent stimulation of intracellular accumulation of cGMP and guanylyl cyclase activity of NPRA were 
significantly reduced in Npr1 miRNA-expressing cells by 90-95% as compared with control cells. Treatment with 
Npr1 miRNA caused a drastic reduction in the receptor density subsequently a deceased internalization of radiola-
beled 125I-ANP-NPRA ligand-receptor complexes. Only 12%-15% of receptor population was localized in the intracel-
lular compartments of microRNA silenced cells as compared to 70%-80% in control cells.

Keywords: Atrial natriuretic peptide, guanylyl cyclase/natriuretic peptide receptor-A, gene-knockdown, receptor 
internalization, human embryonic kidney cells, microRNA

Introduction

Atrial natriuretic peptide (ANP) is a member of 
the natriuretic peptide hormone family, which 
comprises ANP, brain natriuretic peptide (BNP), 
and C-type natriuretic peptide (CNP), each 
derived from a separate gene [1]. Natriuretic 
peptides elicit vascular, renal, and endocrine 
effects, resulting in the maintenance of blood 
pressure and extracellular fluid volume [2-5]. 
ANP and BNP are primarily stored in the gran-
ules of the heart, circulate in the plasma, and 
display maximum variability in the primary 
structure. In contrast, CNP is largely present in 
the endothelial cells and is highly conserved 
between species. 

Three subtypes of natriuretic peptide receptors 
have been identified, natriuretic peptide recep-

tors A, B, and C (NPRA, NPRB, NPRC, respec-
tively). NPRA and NPRB contain an extracellular 
ligand-binding domain, a single transmembrane 
region, intracellular protein-kinase-like homolo-
gy, and guanylyl cyclase (GC) catalytic domains 
[6, 7]. ANP and BNP activate NPRA; CNP acti-
vates NPRB. However, all three natriuretic pep-
tides indiscriminately bind to NPRC [8-10]. The 
activity and expression of NPRA, assessed pri-
marily through ANP-dependent GC activity and 
cGMP accumulation, are regulated by various 
factors, including the ligand itself [11-14]. 
Recent studies with Npr1 gene-disruption and 
gene-duplication mouse models have shown 
the hallmark significance of NPRA in lowering 
arterial pressure and protecting against renal 
and cardiac pathophysiological functions [15-
19]. ANP binding also triggers efficient NPRA 
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internalization and trafficking into intracellular 
compartments [11, 13, 20-22]. It has also been 
shown that an acidic tyrosine-based cytoplas-
mic motif (GDAY) in the carboxyl-terminal 
domain of NPRA, serves a dual role as an inter-
nalization and recycling signal of this receptor 
protein [23, 24].

RNA interference (RNAi) is a powerful means of 
suppressing gene expression in mammalian 
cells [25]. The endogenously expressed small 
single-stranded RNA sequences of approxi-
mately 22 nucleotides (nt) in length, which nat-
urally direct gene silencing through compo-
nents, share the RNAi pathway [26]. The unique 
structural feature of miRNAs is their initial tran-
scriptional characteristics as a long primary 
transcript (pri-miRNA), which are processed 
into approximately 70 nt precursor stem-loop 
hairpin RNAs [27]. The pre-miRNAs are export-
ed from the nucleus to the cytoplasm by expor-
tin-5, a nuclear transport receptor, where they 
are processed by Dicer into molecules with 
approximately 22 nucleotides of miRNA (mature 
miRNA) each. They are then incorporated into 
an miRNA-containing RNA-induced silencing 
complex (miRISC) [28-32]. Target cleavage can 
be artificially induced by altering the target or 
the miRNA sequence to obtain complete hybrid-
ization [33-35]. Many natural miRNA hairpins 
exit in clusters of multiple identical or a differ-
ent copies [36-38]. Mature miRNAs regulate 
gene expression by mRNA cleavage or transla-
tional repression. In this study, microRNA 
(miRNA) induced RNA silencing of the Npr1 
gene was employed to examine the internaliza-
tion and trafficking of NPRA.

Materials and methods 

Materials 

ANP (rat-28) was purchased from Peninsula 
Laboratories (Belmont, CA). HEK-293 cells were 
received from the American Type Culture 
Collection (Manassas, VA). LT1 transfection 
reagent was obtained from Panvera (Madison, 
WI). Labeled 125I-ANP and [γ32P]ATP (3,000 Ci/
mmol) were purchased from Amersham 
Biosciences (Piscataway, NJ). Tissue culture 
supplies, Lipofectamine 2000 reagent, mam-
malian expression vectors pcDNA6 and 
pcDNATM6.2-GW/EmGFP-miR were purchased 
from Invitrogen (Carlsbad, CA). A cGMP immu-
noassay kit was purchased from Assay Design 

(Ann Arbor, MI). RNA and a plasmid isolation kit 
were obtained from Qiagen (Valencia, CA). 
Single-strand oligos and PCR primers were pur-
chased from Midland Certified Reagent 
(Midland, Texas). A DNA 5’End-Labeling kit was 
purchased from Promega (Madison, WI). All 
other chemicals were of reagent grade.

Cell culture and stable transfection

HEK-293 cells were cultured in Dulbecco’s 
modified Eagle’s medium (DMEM) supplement-
ed with 10% fetal bovine serum albumin (BSA) 
and grown at 37° in an atmosphere of 5% CO2 
and 95% O2. Cells were transfected with murine 
NPRA cDNA using LT-1 and Lipofectamine 
reagents. To detect transient expression, cells 
were examined 48 h after transfection. To 
establish the stably expressing cell lines, 500 
µg/ml of Geneticin was added to the culture 
medium following transfection as previously 
described [13]. Antibiotic-resistant clones were 
isolated and established for receptor expres-
sion by 125I-ANP binding and cGMP assays.

Construction of recombinant plasmids target-
ing Npr1

The engineered pre-miRNA sequence struc-
ture, based on the murine miR-155 sequence 
was utilized as previously reported [38]. Three 
plasmids were constructed for Npr1 and the 
target was chosen as pCMV-Npr1miR-
NA-1595-1616 sense 5’-TGCTGTTAAA- 
GTTCAGGACAACCCTGGTTTTGGCCACTGACTGA- 
CCAGGGTTGCTGAACTTTAA-3’, antisense 5’-C- 
CTGTTAAAGTTCAGCAACCCTGGTCAGTCAGTGG- 
CCAAAACCAGGGTTGTCCTGAACTTTAAC-3’; 
pCMV-pCMVNpr1miRNA-2187-2208 sense 5’-T- 
GCTGTAGAATGTCCTGTAGGCTTCCGTTTTGGC 
CACTGACTGACGGAAGCCTAGGACATTCTA-3’, 
antisense 5’-CCTGTAGAATGTCCTAGGCTTCCG 
TCAGTCAGTGGCCAAAACGGAAGCCTACAGGACA 
TTCTAC-3’; pCMVNpr1miRNA-2931-2952sense 
5’-TGCTGAAATGCCTCAGCCTGGACTGTGTTTTGG 
CCACTGACTGACACAGTCCACTGAGGCATTT-3’, 
antisense 5’-CCTGAAATGCCTCAGTGGACTGTGT 
CAGTCAGTGGCCAAAACACAGTCCAGGCTGAGG 
CATTTC-3’. To identify positive recombinant 
plasmids, the miRNA forward sequencing prim-
er 5’-GGCATGGACGAGCTGTACAA-3’ was consid-
ered to perform polymerase chain reaction 
(PCR). The PCR product, which contained the 
miRNA insert fragments, was verified by DNA 
sequencing. Care was taken to remove clones 
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containing mutated double-stranded oligo 
inserts. After evaluating Npr1 knockdown 
effectiveness of three independent Npr1-
miRNA target sites, the chaining of pCMV-
Npr1miRNA-1595 and pCMV-Npr1miRNA-2931 
was accomplished. The strategies adapted for 

chaining used a combination of BamH1 and 
Xho I to excise the pre-miRNA expression cas-
sette of pCMV-Npr1miRNA-1595 and Bgl II and 
Xho I to digest the pCMV-Npr1miRNA-2931 pre-
miRNA vector. The resulting clones pCMV-
Npr1miRNA chain1595–2931 were analyzed 

Figure 1. Scheme and identification of recombinant plasmids: A. The double-stranded oligo coding for mature miRNA 
was cloned into the linearized pcDNA™6.2-GW/EmGFP-miR plasmid vector. B. Upon transcription, the mature Npr1 
miRNA sequence and its complement of pre-miRNA have a short internal loop that is separated by a larger terminal 
loop. C. Chaining of two Npr1 miRNAs is derived from different vector into one miRNA expression vector.
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Figure 2. Transfection of pCMV-Npr1miRNA of different oligonucleotide sequences efficiently silences Npr1 gene 
expression in recombinant HEK 293 cells: A. Representative RT-PCR image from three independent experiments 
showing the effect of pCMV-Npr1miR1595, pCMV-Npr1miR2931, and pCMV-Npr1miR2187 on Npr1 gene expres-
sion in recombinant HEK 293 cells. B. The effect of target mRNA reduction is measured by the percentage of the 
transcript level in miRNA transfected cells relative to the transcript levels in controlled cells. C. Specific probe for 
Npr1 cDNA was used to detect the mRNA level of Npr1 by Northern blot after 48 h of transfection. D. The ratio of 
specific band to β-actin in recombinant HEK 293 cells was standardized as 100%. and the changes in Npr1 mRNA 
level analyzed from Northern blots.

by sequencing. Expression patterns of single- 
and multi-target pre-Npr1-miRNA from two 
independent vectors are shown in Figure 1A 
and B. We also used pcDNATM6.2-GW/EmGFP-
miR-negative control plasmid containing an 
insert that can form a hairpin structure, which 
can be processed into mature miRNA but pre-
dicted not to target any known vertebrate gene. 
Full- length murine NPRA cDNA was amplified 
from pcDNA3 vector [13] and subcloned into 
the N-terminus of pDsRed-N1 vector (Clontech 

Laboratories, Mountain View, CA). The PCR 
fragment was cloned into Bgl II and Sma I sites. 
Restriction analysis and DNA sequencing con-
firmed the correct sequences cloned in the 
pDsRed-N1 vector.

Transfection of miRNA plasmids

HEK-293 cells expressing wild-type NPRA were 
grown in 6-cm2 culture plates containing DMEM 
supplemented with 10% (v/v) fetal bovine 
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serum (FBS). Four micrograms of purified pcD-
NA-6.2-GW/GFP-miR expression vector con-
taining either Npr1-miRNA insert pCMV-
Npr1miRNA-1595, pCMV-Npr1miRNA-2187, 
and pCMV-Npr1miRNA-2931 or the negative-
control mismatch sequence pCMV-Npr1miR-
NA-neg were transfected into HEK-293 cells 
with the Lipofectamine2000 reagent according 
to the manufacturer’s instructions. RT-PCR and 
Northern blot analyses were done 48 h after 
transfection to assess the effectiveness of 
Npr1 knockdown.

Fluorescence microscopy

PCMV-Npr1miRNA chains 1595–2931 and 
pCMV-Npr1miRNA-neg vectors expressing 
green fluorescent protein (GFP) or red fluores-
cent protein (RFP) were cotransfected into 
HEK293 cells in 6-well plates. After 48 h of 
cotransfection, cells were fixed in 4% parafor-
maldehyde in PBS for 15 min. Slides were coun-
terstained with DAPI, visualized and photo-
graphed with Leica RXDMV fluorescent 
microscope (Meyer Instruments, Houston, TX) 
with an integrated magnifier SP Digital Firewire 
camera system software.

Reverse transcriptase-PCR assay

After 48 h of Npr1 miRNA transfection, cells 
were harvested and total RNA was extracted 
using the RNeasy kit according to the manufac-
turer’s instructions. One microgram of total 
RNA was reverse transcribed by using the 
SuperScript reverse transcriptase kit. The 
sequence of Npr1 gene-specific primers was as 
follows. The upstream primer (5’-ATC TAT TTC 
AGT GAT ATC GTG GGC-3’; 2964 to 2987 bp) 
and downstream primer (5’-CAT CGA ACT CTT 
CCA GCA CAG-3’; 3420 to 3400 bp) were 
designed from a published mouse cDNA 
sequence [6]. The amplification of cDNA syn-
thesis and predenaturation was done for 30 
min at 50°C and 2 min at 94°C, followed by 
PCR amplification (30 sec at 94°C, 30 sec at 
55°C, and 30 sec at 72°C, with an extension 
cycle of 10 min at 72°C) for 35 cycles. Control 
experiments were performed with RNA sam-
ples, but without reverse transcriptase. The 
PCR product of 456 bp was electrophoresed 
through 1.5% agarose gel and stained with 
ethidium bromide. The gel was digitized and sig-
nal intensities of the corresponding bands were 
quantified using the Alpha Innotech Imager Gel 

Analysis system (San Leandro, CA). Specific 

primers for β-actin were included in the PCR as 
an internal control. 

Northern blot analysis

Total RNA was isolated from cells expressing 
Npr1-miRNA using the RNeasey kit according to 
the manufacturer’s protocol. To remove genom-
ic DNA contamination, RNA samples were treat-
ed with RNase-free DNase I (1 unit/µg of RNA) 
at 37°C for 30 min. After electrophoresis on 
1.5% denatured agarose gel, RNA integrity was 
confirmed by visualization of distinct 28 S and 
18 S bands. Total RNA (10 µg) was fractionated 
on 1% formaldehyde-agarose gel and trans-
ferred to Hybond nylon membrane (Amersham 
Biosciences) by capillary action in 10 x SSC. 
Blots were prehybridized in a hybridization solu-
tion containing 7% SDS, 0.5 M NaHPO4 (pH 7.2), 
and 250 µg/ml salmon sperm DNA for 5 h at 
6°C and hybridized with [γ-32P]ATP-labeled oli-
gonucleotide probe for 16 h at 65°C. Blots 
were washed three times with 2 x SSC and 
0.2% sodium dodecylsulfate (SDS) at room 
temperature for 30 min, then with 0.5 x SSC 
and 0.2% SDS at 65°C for 30 min before expo-
sure to X-ray film. The NPRA cDNA contained 
4.2 kilobase (Kb) oligonucleotide, which was 
used as a probe. The insert was labeled with 
[γ-32P] ATP using the DNA 5’ end-labeling kit 
(Amersham Biosciences) according to the man-
ufacturer’s instructions. The intensity of the 
band was quantified using Alpha Innotech 
image density analysis software. The expres-
sion result of Npr1 was normalized with β-actin.

Preparation of plasma membranes 

Plasma membranes were prepared by sus-
pending HEK-293 cells in 5 volumes of sodium 
phosphate buffer (10 mM, pH 7.4) containing 
250 mM sucrose, 150 mM NaCl, 1 mM phenyl-
methylsulfonyl fluoride (PMSF), 5 mM benzami-
dine, 5 mM EDTA, and 10 μg/ml each of leu-
peptin and aprotinin, as described previously 
[39]. The cells were homogenized and centri-
fuged at 2,000 rpm for 10 min at 4°C. The 
supernatant was recentrifuged at 30,000 rpm 
for 1 h at 4°C. The resulting supernatant was 
discarded and the pellet was resuspended in 1 
ml of Hepes buffer (50 mM, pH 7.4) containing 
150 mM NaCl, 1 mM PMSF, 5 mM benzami-
dine, 5 mM EDTA, and 10 μg/ml each of leu-
peptin and aprotinin, then recentrifuged at 
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Figure 3. Npr1microRNA cluster decreases the NPRA 
mRNA level in HEK 293 cells: A. Example of a rep-
resentative reverse transcription-PCR experiment 
evaluating the transcript level of NPRA and β-actin in 
HEK 293 cells after treatment with different controls 
and pCMV-Npr1miR-chain 2931-1595. B. Results 
are expressed as a percentage of untreated control 
of the ratio of optical densities of NPRA RT-PCR prod-
uct versus β-actin. Vertical bars represent the mean 
± SE from three independent experiments. P < 0.05 
versus control.

30,000 rpm for 1 h at 4°C. The final pellet was 
suspended in 200 μl of Hepes buffer (pH 7.4). 
The protein concentration was estimated using 
Bio-Rad protein assay kit according to the 
Bradford method.

Guanylyl cyclase activity assay 

The GC activity was determined according to 
Leitman et al., [40] with modifications [41]. A 
50 μg aliquot of plasma membranes was added 
to 100 ml GC assay buffer containing Tris–HCl 
buffer (50 mM, pH 7.6), 4 mM MnCl2, 2 mM 
3-isobutyl-1-methylxanthine (IBMX), 1 mM BSA, 
5 units of creatinine phosphokinase, 7.5 mM 
creatine phosphate, 0.5 mM GTP, and 1 μM 
ANP. The samples were incubated in a water 
bath at 37°C for 10 min. The reaction was 
stopped by adding 900 μl of sodium acetate 
buffer (55 mM, pH 6.2) to each sample tube. 
The sample tubes were first placed in a hot 
water bath for 3 min, then put on ice for 15 min 
to deactivate the proteins. The samples were 
then centrifuged at 12,000 rpm for 5 min. The 
supernatant was collected and the cGMP pro-
duced was measured using the ELISA kit (Assay 
Design, Ann Arbor, MI) according to the manu-
facturer’s protocol [42].

cGMP assay

Forty-eight hours after transfection, cells were 
washed with assay medium, then treated with 
ANP for 10 min at 37°C in the presence of 0.2 
mM IBMX, according to previously published 
methods [41]. The reaction was stopped by 
aspirating the medium and the addition of 0.5 
M HCl. Cell suspensions were subjected to five 
cycles of freeze and thaw, then centrifuged at 
10,000 rpm for 15 min. In supernatants, cGMP 
was determined with the ELISA kit as previously 
described [42].

Cell-surface 125I-ANP binding assay

Confluent HEK-293 cells in 6-cm2 culture dish-
es were washed with assay medium (DMEM 
containing 0.1% BSA) and labeled with 125I-ANP 
in the absence or presence of 10-fold excess 
unlabeled ANP. After completion of binding at 
4°C, free ligand was removed by four washes 
with ice-cold assay medium (2 ml per wash). To 
determine the cell-surface-associated radioac-
tivity, the acid wash procedure was used as 
described previously [11, 23]. After binding was 

completed, each culture dish received 1 ml of 

ice-cold acetate buffer, pH 3.4 at 4°C for 2 min, 
and the acid eluate from the dishes was col-
lected. Another 1 ml of ice-cold acid buffer was 
added to each dish to wash the cells. Both solu-
tions were combined to determine acid-sensi-
tive radioactivity. Cells were then dissolved in 
0.5 N NaOH and the acid-resistant radioactivity 
was determined as an index of cell-surface-
bound 125I-ANP. The acid-resistant radioactivity 
was used as a measure of the internalized 
ligand-receptor complexes.

Internalization of ligand-receptor complexes

HEK-293 cells expressing NPRA were allowed 
to bind 125I-ANP at 4°C for 60 min. The unbound 
125I-ANP was removed by washing cells with ice-
cold assay medium. The total cell-associated 
radioactivity was determined by dissolving cells 
in 0.5 N NaOH and counting the radioactivity in 
the cell lysate. This represented the initial zero 



Npr1 reduces the receptor density and internalization

47 Int J Biochem Mol Biol 2013;4(1):41-53

Figure 4. Fluorescence-based evaluation of the silencing efficacy of Npr1 miRNA: HEK-293 cells were transfected 
with Npr1-RFP (panel A) or co-transfected with Npr1-RFP and pcDNA6.2-GW/GFP-miR vectors containing miR nega-
tive target (panel B) and Npr1-directed miRNA inserts (panel C). Cells were fixed after 48 h of transfection. A single 
field of cells is shown in each row to reveal nuclei (DAPI), EmGFP (autofluorescence), Npr1-RFP (autofluorescence), 
and overlay of all fields in each panel. The Npr-1 miRNA transfected cells in which EmGFP fluorescence is detectable 
show markedly reduced Npr1 RFP expression, indicating tight correlation between Npr1 miR EmGFP expression 
and Npr1-RFP knockdown. In control miR- negative transfected wells, Npr1-RFP signals in non-EmGFP and EmGFP-
expressing cells are similar, indicating miR-negative on Npr1-RFP expression.

time control value of 100%. To permit the inter-
nalization of ligand-receptor complexes, cells 
were warmed quickly at 37°C. At different time 
intervals, the culture dishes were removed from 
37°C and placed on ice, media were collected. 
The cell-surface-associated radioactivity was 
removed by washing the cells with ice-cold ace-
tate buffer (pH 3.4) at 4°C. After acid wash, the 
internalized 125I-ANP radioactivity was deter-
mined by dissolving cells in 0.5 N NaOH. The 

quantitation of intact and degraded ligand 
released into culture medium after internaliza-
tion of ligand-receptor complexes was done by 
precipitation of medium with 10% trichloroace-
tic acid containing 200 µg/ml BSA as carrier. 
The recovered 125I-ANP in trichloroacetic acid 
precipitate was considered to be intact 125I-ANP 
molecules; that in the supernatant was regard-
ed as degraded products, as described previ-
ously [43]. 
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Figure 5. Saturation binding of 125I-ANP in 293 cells 
stably expressing recombinant NPRA: HEK-293 cells 
were transfected with pCMV-Npr1miR-chain 2931-
1595. The equilibrium binding of 125I-ANP was done 
in 2 ml of assay medium at 4°C for 1 h in the pres-
ence or absence of the indicated concentrations of 
unlabeled and labeled hormones. The results shown 
are representative of four binding experiments per-
formed on triplicate dishes with specific ANP binding. 
The inset shows the Scatchard analysis of 125I-ANP 
binding data.

Statistical analysis

Statistical analysis was done using GraphPad 
Prism Software (San Diego, CA). The results are 
presented as means ± SEM. Differences 
between groups were determined by one-way 
analysis of variance (ANOVA) with Student’s 
t-test. A probability value of p < 0.05 was con-
sidered significant.

Results

MicroRNA-mediated RNAi inhibits Npr1 gene 
expression

The pcDNATM6.2-GW/EmGFP-miR plasmid with 
spectinomycin resistance gene was used to 
clone small synthetic oligonucleotides (Figure 
1A, B). Three different miR155-based Npr1 tar-
geting sequences were designed using the 
RNAi design algorithm (Figure 1C). BLAST 
search showed that these miRNA constructs 
did not match any significant homology to any 
other known mouse gene. The recombinant 
plasmids pCMV-Npr1miRNA-1595, pCMV-
Npr1miRNA-2187, and pCMV-Npr1miRNA-
2931were transfected independently into HEK-
293 cells. To examine miRNA-induced gene 
silencing, gene levels of Npr1 were compared 
among parental and miRNA-knockdown cells. 
Cells transfected with pCMV-Npr1miRNA-1595 
and pCMV-Npr1miRNA-2931 demonstrated 
respective decreases in Npr1 gene expression 
by 80%, 70% and 50% as compared with 
untransfected recombinant HEK-293 cells 
(Figure 2A, B). Northern blot analysis confirmed 
the significant decreases in Npr1 mRNA levels 
(Figure 2C, D). Npr1 mRNA expression levels in 
pCMV-Npr1miRNA-1595 and pCMV-Npr1miR-
NA-2931 transfected HEK293 cells were 
reduced by more than 80% as compared with 
control cells indicating pCMV-Npr1miRNA-1595 
and pCMV-Npr1miRNA-2931 as the specific 
RNAi targets for the Npr1 gene (Figure 2C, D). 

To determine the effect of Npr1 gene knock-
down, multiple miRNA clusters were used. The 
Npr1 multi-miRNA employed a chain of pCMV-
Npr1miRNA-1595 and Npr1miRNA-2931 in 
transfected HEK-293 cells. Npr1 was strongly 
expressed in both control HEK-293 cells and 
neg-Npr1 miRNA transfected cells, which, at 
similar levels, were used as negative controls 
(Figure 3A, B). The miRNA expression in clus-
ters of pCMV-Npr1miRNA-1595–2931, pCMV-

Npr1miRNA-1595, pCMV-Npr1miRNA-2187, 
and pCMV-Npr1miRNA-2931 transfected cells 
reduced Npr1 mRNA expression by more than 
90% as compared to both controls, confirming 
enhanced Npr1 mRNA knockdown by clusters 
or chains of miRNA specific to Npr1.

We used a fast and efficient fluorescence-
based method for evaluating the silencing effi-
cacy of Npr1 miRNA in living cells. HEK-293 
cells were transfected with Npr1-RFP or co-
transfected with Npr1-RFP and pcDNA6.2-GW/
EmGFP-miR vectors to examine the effect of 
miRNA on silencing Npr1 expression. Figure 
4A-C shows that after 48 h the Npr1 miRNA 
transfected cells exhibited EmGFP fluores-
cence, but had markedly reduced Npr1 RFP 
expression, indicating a tight correlation 
between Npr1miR EmGFP expression and 
Npr1-RFP knockdown. In control miR-negative 
transfected wells, Npr1-RFP signals in non-
EmGFP and EmGFP expressing cells were simi-
lar, indicating that miR negative expression had 
no effect on Npr1-RFP expression.

We determined the saturation binding of 125I-
ANP in HEK 293 cells stably expressing recom-
binant NPRA transfected with pCMV-Npr1miR-
chain 2931-1595. The binding of 125I-ANP in 
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Figure 6. Knockdown of the Npr1 gene in recombinant HEK-293 cells reduced internalization of 125I-ANP: Recom-
binant HEK-293 cells were transfected in the presence or absence of pCMV-Npr1miR-chain 2931-1595. In 6-cm2 

dishes, NPRA-HEK-293 cells expressing pCMV-Npr1miR-chain 2931-1595 were allowed to bind 125I-ANP at 4°C 
for 1 h. Cells were washed four times, each time with 2 ml of assay medium, to remove unbound ligand, then re-
incubated in fresh medium at 37°C. At the indicated time points, dishes were transferred at 4°C and the media 
collected. Cell-surface-associated (acid-sensitive) radioactivity was eluted with glycine acidic buffer (pH 3.4) and 
cells were dissolved in 1 M NaOH to measure internalized (acid-resistant) radioactivity. A. Cell-surface-associated, 
B) internalized, and C) released 125I-ANP radioactivity were respectively determined in the acid elute, cell extract, 
and culture medium, respectively. 

recombinant 293 cells was rapid and saturable 
with increasing concentrations of radio- labeled 
ligand (Figure 5). Scatchard analysis of these 
binding data using a one-site model indicated a 
dissociation constant (Kd) value of 2.3 X 10-10 M 
and a density (Bmax) of 2.5-3.0 X 106 receptor 
sites per cell. HEK-293 cells stably expressing 
recombinant NPRA transfected with pCMV-
Npr1 miR-chain had also (Kd) value of 2.3 X 
10-10 M, but lower receptor density (Bmax 
~1-2X104 receptor sites per cell), indicating 
knockdown of NPRA.

Npr1 knockdown inhibits internalization of 125I-
ANP and bound receptor complexes

HEK-293 cells expressing wild-type NPRA 
showed rapid internalization of ligand–receptor 
complexes, with almost 70%-80% of the recep-
tors internalized after 15 min of incubation at 
37°C (Figure 6A). In contrast, only 12%-15% of 
the receptors were internalized in HEK-293 
cells expressing pCMV-Npr1miRNA-1595-2931 
after the same incubation period (Figure 6B). 
The amount of internalized receptor decreased 
rapidly after 10-min incubation at 37°C. The 
release of 125I -ANP into the culture medium of 
control cells progressively increased, reaching 
70%-80% after 30 min of incubation at 37°C. 
However, only 10%-12% of 125I -ANP was 
released into the culture medium of recombi-
nant HEK-293 cells expressing Npr1 miRNA 
(Figure 6C). A large proportion of ligand was not 
internalized in the recombinant HEK-293 cells 
expressing Npr1 miRNA. A rapid release of 125I-

ANP radioactivity, accounting for 75%-85% of 
the total radioactivity, was detected in control 
culture medium. After 30 min of incubation at 
37°C, 125I-ANP radioactivity released into the 
culture medium of control cells consisted of 
70%-80% degraded products and 10%-12% 
intact ligand. However, in Npr1 miRNA-express-
ing cells incubated under the same conditions, 
the release of 125I-ANP included 7%-8% degrad-
ed products and 3-4% intact ligand (Figure 7). 
Neither control cells nor those expressing 
pCMV-Npr1miRNA-neg vector showed any sig-
nificance difference in overall internalization of 
NPRA (data not shown).

Npr1 knockdown inhibits GC activity and re-
duces the intracellular accumulation of cGMP

To examine the involvement of NPRA in ANP-
stimulated intracellular accumulation of sec-
ond messenger cGMP, HEK-293 cells express-
ing pCMV-Npr1miRNA-1595-2931 were treated 
with ANP in a dose-dependent manner. ANP 
stimulated the intracellular accumulation of 
cGMP more than 200-fold in HEK-293 cells 
expressing wild-type NPRA as well as pCMV-
Npr1miRNA-neg controls as compared with 
untreated cells. However, HEK-293 cells 
expressing pCMV-Npr1miRNA-1595-2931 
showed a 90%-95 % reduction in GC activity 
and cGMP production (Figure 8A, B). 

Discussion

In this study, miRNA targeted to Npr1 signifi-
cantly decreased Npr1 mRNA levels in cells 
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Figure 7. Knockdown of the Npr1 gene in recombi-
nant HEK-293 cells reduced degraded and intact 125I-
ANP release: NPRA-HEK-293 cells were transfected 
in the presence or absence of pCMV-Npr1miR-chain 
2931-1595. In 60-cm2 dishes, NPRA- HEK-293 cells 
expressing pCMV-Npr1miR-chain 2931-1595 were 
allowed to bind 125I-ANP at 4°C for 1 h. The cells were 
washed four times with ice-cold assay medium to re-
move the unbound ligand, then reincubated in 2 ml 
of fresh assay medium at 37°C for 30 min. After in-
cubation, the culture medium was collected and the 
intact and degraded ligand products were quantified. 

expressing pCMV-Npr1miRNA-1595 and pCMV-
Npr1miRNA-2931. Furthermore, the chaining of 
pCMV-Npr1miRNA-1595–2931 and its expres-
sion in clusters further reduced Npr1 levels as 
compared to cells expressing either pCMV-
Npr1miRNA-1595 or pCMV-Npr1miRNA-2931. 
It has been reported that artificially expressed 
miRNA against PRL-3 protein expression tar-
geted to the 3’-untranslated region of mRNA 
more efficiently depressed PRL-3 gene expres-
sion than did targeting to an open reading 
frame [44]. It has been shown that multiple 
copies of miRNA expressed from a single poly-
cistronic transcript can greatly enhance the 
RNAi effect [45-47]. However, it has also been 
reported that miRNA yield and gene silencing 
effects were substantially increased when two 
distinct miRNAs were co-expressed in tandem 
from a single transcript [36].

RNAi has been used as a tool to study gene 
function and is being developed as a therapeu-
tic strategy to treat several diseases. Exogenous 
RNAi has been expressed in cultured cells and 
animals as short-hairpin RNAs (shRNAs) or arti-
ficial (primary) miRNA (pri-miRNA) transcripts 
serving as siRNA shuttles [34, 48-51]. It has 
recently been reported that artificial miRNAs 
may provide safer therapeutic RNAi expression 
vectors than do shRNAs [50, 52, 53]. In our sys-

tem, in contrast, polycistronically expressed 
miRNA against the Npr1 gene showed 
enhanced silencing of Npr1 message when tar-
geted to the open reading frame of the gene.

Upon ligand binding, NPRA dimerizes and its 
guanylyl cyclase catalytic domain probably 
becomes activated [54] and triggers efficient 
NPRA internalization and trafficking into intra-
cellular compartments [15]. Our results dem-
onstrate that Npr1 miRNA significantly 
decreased NPRA expression and receptor den-
sity on the cell surface. The reduction in Npr1 
expression silenced by polycistronically 

Figure 8. Knockdown of the Npr1 gene in recombi-
nant HEK-293 cells inhibited cGMP stimulated with 
ANP: A. NPRA-recombinant HEK293 cells were trans-
fected in the presence or absence of pcDNATM6.2-
GW/EmGFP-miRNpr-neg and pCMV-Npr1miR-chain 
2931-1595. Confluent cells were incubated at dif-
ferent concentrations of ANP at 37°C in the pres-
ence of 0.2 mM IBMX. After washing the dishes with 
serum-free assay medium, cells were dissolved in 
0.5N HCl. The intracellular accumulation of cGMP 
was measured in cell extracts by an immunoassay 
kit. B. Knockdown of the Npr1 gene in recombinant 
HEK293 cells inhibited guanylyl cyclase activity in 
response to different concentration of ANP. NPRA-
recombinant HEK293 cells were transfected in the 
presence or absence of pcDNATM6.2-GW/EmGFP-
miRNpr-neg and pCMV-Npr1miR-chain 2931-1595. 
Plasma membrane was prepared, guanylyl cyclase 
activity was measured, and cGMP assay was done 
using an immunoassay ELISA kit.
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expressed miRNA also significantly reduced 
guanylyl cyclase activity and intracellular accu-
mulation of cGMP signal. Furthermore, lack of 
receptor that was silenced by miRNA showed 
extensive reduction in 125I-ANP specific binding. 
Comparatively, control cells or nonsilencing 
negative control miRNA duplex firmly estab-
lished that ANP-NPRA complexes are rapidly 
internalized and sequestered in intracellular 
compartments, while the degraded products 
are released into the culture medium. 

These findings support our previous results on 
ligand-regulated internalization and downregu-
lation of NPRA [23]. It has been reported that 
reduced cGMP levels in mice lacking NPRA lead 
to cardiac hypertrophy and congestive heart 
failure [15]. Cells expressing Npr1 miRNA 
showed a very low levels of receptor density on 
the cell surface and reduced accumulation of 
intracellular cGMP compared with control cells. 
The present results indicate that polycistronic 
expression of artificial multi-miRNA inhibits 
Npr1 gene expression. The data demonstrate 
that post-transcriptional silencing of the Npr1 
gene used by polycistronic miRNA reduces the 
intracellular accumulation of cGMP. Moreover, 
Npr1 miRNA gene expression decreases the 
receptor density in turn reduces the ANP-
dependent NPRA internalization and trafficking 
into the intracellular compartments. The pres-
ent findings are important towards to under-
standing of the mechanisms of ANP-NPRA 
internalization and its functional significance in 
hypertension and cardiovascular regulation.
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