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ANGIOTENSIN II (ANG II), a hormone product of the reninangiotensin system, stimulates both acute and chronic vascular
responses producing both physiological and pathophysiological sequelae. Pharmacological and cloning studies have revealed the existence of at least two classes of ANG II receptors, AT1R and AT2R. The majority of the physiological, and
possibly pathological, events initiated by ANG II are through
AT1R. The AT1R of mouse and rat is further subdivided into
two isoforms, AT1A and AT1B, with 95% homology between
the two proteins and significant differences in genomic characteristics, regulation of expression, chromosomal location and

tissue distribution. AT1AR is the predominantly expressed
isoform, especially in vascular smooth muscle.
Activation by ANG II of AT1Rs produces G protein-mediated intracellular signals that include activation of tyrosine
kinases, nuclear signaling, and vascular remodeling, events
which are central to development of atherosclerosis and hypertension (43). Intracellular signaling initiated by ANG II results
in AT1R desensitization and receptor internalization, thus preventing prolonged and recurrent ANG II-induced cellular responses. Internalization of AT1R occurs by a mechanism that
appears to mimic other G protein-coupled receptors (GPCRs)
and is similar to that originally described for the ␤2-adrenergic
receptor. Agonist interaction with the receptor initiates a transition of the receptor from an inactive to an active state and
produces activation of the G protein-signaling pathway. Activation of GPCR kinases (GRKs) ensues, producing phosphorylation of residues within the cytoplasmic tail of the receptor
with subsequent interaction of the receptor with arrestins. This
results in halting further activation of G proteins and directing
the receptor to the internalization machinery involving the
small GTPase dynamin and clathrin-coated pits. Interestingly,
regions of the receptors shown to be involved with the initial
activation of specific G proteins may not be the same regions
involved in the receptor internalization.
In addition to the plasma membrane-bound AT1R, cytoplasmic and nuclear ANG II binding sites have been identified
(3, 11, 19, 25, 27, 34, 41), as has Ang II-initiated nuclear
translocation of an AT1AR/green fluorescent protein (GFP)
construct (5). Classically, the sequential movement of proteins
into the nucleus is initiated by recognition of the transporting
protein, i.e., importin or karyopherin, of the nuclear localization
sequence (NLS) of the cargo protein (20). The prototypical NLS,
originally identified in the simian virus 40 large t-antigen, constitutes a sequence of basic amino acids, PKKKKKV (29). A
common feature of NLSs so far identified is a single sequence
of basic amino acids (monopartite) or two clusters of basic
amino acids separated by 10 –12 residues (bipartite) (7, 20, 29,
35). Although this specific motif is not resident within the
AT1AR, regions do exist (residues 307–311) that demonstrate a
high concentration of basic residues.
The generation of prostanoids via the activation of the
cycloxygenases (COX-1 and COX-2) is responsible for a
plethora of both physiological and pathological responses. The
activity of constitutive COX-1 results in the generation of
prostanoids utilized to maintain physiological homeostasis.
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Am J Physiol Cell Physiol 292: C1398 –C1408, 2007. First published
December 13, 2006; doi:10.1152/ajpcell.00337.2006.—Angiotensin II
(ANG II) type 1 (AT1) receptors, similar to other G protein-coupled
receptors, undergo desensitization and internalization, and potentially
nuclear localization, subsequent to agonist interaction. Evidence suggests that the carboxy-terminal tail may be involved in receptor
nuclear localization. In the present study, we examined the carboxyterminal tail of the receptor for specific regions responsible for the
nuclear translocation phenomenon and resultant nuclear activation.
Human embryonic kidney cells stably expressing either a wild-type
AT1A receptor-green fluorescent protein (AT1AR/GFP) construct or a
site-directed mutation of a putative nuclear localization sequence
(NLS) [K307Q]AT1AR/GFP (KQ/AT1AR/GFP), were examined for
differences in receptor nuclear trafficking and nuclear activation.
Receptor expression, intracellular signaling, and ANG II-induced internalization of the wild-type/GFP construct and of the KQ/AT1AR/GFP
mutant was similar. Laser scanning confocal microscopy showed that
in cells expressing the AT1AR/GFP, trafficking of the receptor to the
nuclear area and colocalization with lamin B occurred within 30 min
of ANG II (100 nM) stimulation, whereas the KQ/AT1AR/GFP mutant
failed to demonstrate nuclear localization. Immunoblotting of nuclear
lysates with an anti-GFP antibody confirmed these observations.
Nuclear localization of the wild-type receptor correlated with increase
transcription for both EGR-1 and PTGS-2 genes while the nucleardeficient KQ/AT1AR/GFP mutant demonstrated increases for only the
EGR-1 gene. These results suggest that a NLS (KKFKKY; aa307–
312) is located within the cytoplasmic tail of the AT1A receptor and
that nuclear localization of the receptor corresponds with specific
activation of transcription for the COX-2 gene PTGS-2.
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EXPERIMENTAL PROCEDURES

Receptor constructs. The cDNA for the rat AT1AR was kindly
provided by Dr. Kenneth E. Bernstein, Emory University. The AT1AR
expression construct was produced by inserting a coding region of the
AT1AR containing a Kozak sequence into the expression vector
pcDNA3.1⫹ (Invitrogen) at HindIII/XbaI sites. The AT1AR-GFP
fusion protein expression vector was produced by fusing the
coding region of the AT1AR without stop codon to the NH2terminus of GFP in frame with the GFP coding sequence at
XhoI/BamHI sites of pEGFP-N3 expression vector. The mutation of
the AT1AR, [K307Q]AT1AR, in the AT1AR-GFP fusion protein expression vector were generated by using Stratagen’s Quick Change
Mutagenesis Kit. For construction of the receptor mutant, a PCR
primer was designed (cggctttctggggcagaaatttaaaaagtatttcctcc) for the
[K307Q]AT1AR mutant. This region of the receptor was chosen for
mutation because of its high concentrations of basic lysine residues
(KKFKK) mimicking the classic monopartite NLS. Also, others have
suggested that this region of the receptor was involved in the nuclear
localization phenomenon (27). The PCR products were subcloned into
the XhoI/BamHI multiple cloning site of the pEGFP-N3 expression
vector (enhanced GFP, Clontech). Identities of all constructs were
confirmed by sequencing (Medical University of South Carolina
Biotechnology Resource Center).
Cell transfections. HEK-293 cells were obtained from American
Type Culture Collection and maintained in Ham’s F-12 media supplemented with 10% fetal bovine serum (FBS) and penicillin/streptomycin/fungizone. Transfections were carried out using the Lipofectamine 2000 (Invitrogen) transfection reagent according to manufacturer’s directions with 10 g of DNA and 100 l of lipofectamine
in a 100 mm petri dish. Selection of individual stable clones of the
transfected HEK cells was performed by exposure of the transfected
cells to G-418 (400 g/ml) 48 h after introduction of the DNA.
Individual clones were obtained and maintained in selection media
and characterized for AT1AR expression by radioligand binding assays. Individual clones expressing similar levels of AT1A receptors
were utilized for all subsequent studies. Cell culture media and
supplements were obtained from GIBCO-BRL (Grand Island, NY).
Radioligand binding assays and internalization studies. Binding
studies were performed as previously described (5). Confluent monolayers of cells in poly-D-lysine-coated plates (Greiner Bio-One, Longwood, FL) in binding buffer (50 mM Tris, 100 mM NaCl, 5 mM KCl,
AJP-Cell Physiol • VOL

5 mM MgCl, 0.25% BSA, and 0.5 mg/ml bacitracin, pH 7.4) were
exposed to single concentrations of ANG II (50 fmol of [125I]ANG II;
New England Nuclear, Boston, MA) in the presence or absence of
unlabeled ANG II (10 M) for determination of specific binding.
Studies were performed at 4°C for 90 min to prevent receptor
internalization and thus obtain equilibrium surface binding. Free
hormone was removed with three saline washes. Cells were solubilized with 0.1% SDS-0.1 M NaOH, and gamma radioactivity was
counted. Specific binding was calculated by subtracting nonspecific
binding (⬍15% of total binding) from total binding. Specific radioactivity bound was corrected for protein content per well and for
amount of added [125I]ANG II per well.
For receptor internalization studies, cells were exposed to radioiodinated ANG II at 4°C as described above. Subsequently, cells were
either washed with cold saline buffer to remove unbound radioligand
and then solubilized as described (group A, total receptors available),
or acid washed (150 mM NaCl, 50 mM glycine, pH 3.0, for 5 min),
solubilized, and associated radioactivity counted (group B, nonspecific binding), or washed with cold saline to remove unbound ANG II
and then exposed to binding buffer at 37°C for 5 min to allow for
internalization, and then acid washed to remove surface-bound radioligand, solubilized, and associated radioactivity determined (group C).
The amount of internalized receptor was then determined as a percentage from ([C ⫺ B]/[A ⫺ B]) ⫻ 100.
Calcium measurements. Individual cell lines were plated into
lysine-coated 96-well clear-bottom black plates (Greiner Bio-One,
Longwood, FL) at a density of 40,000 cells/well. The next day, media
was changed to 0.1% FBS. Forty-eight hours later, cells were incubated with the calcium-sensitive fluorescent probe Fluo-3 AM (2 M;
Molecular Probes) in Hanks’ balanced salt solution (HBSS) pH 7.4,
containing 2.5 mM Probenecid and 0.1% bovine serum albumin for 60
min, 37°C. At the end of the incubation, the cells were washed 3 times
with HBSS and placed into a fluorometric imaging plate reader
(FLIPR; Molecular Devices) and exposed to ANG II. A FLIPR is a
high-throughput optical screening tool for cell-based fluorometric
assays. Increases in intracellular free calcium were reflected by
increases in detected fluorescence.
Cell fractionation and immunoblotting. Individual cell lines were
plated onto lysine-coated six-well plates (Greiner Bio-One, Longwood, FL) and maintained in selection media until confluence. Medium was changed to 0.1% FBS for 48 h. Medium was then removed
and cells washed twice with HBSS (37°C) and then exposed to ANG
II (100 nM) or vehicle for the indicated times at 37°C. At the end of
the incubation, dishes were placed on ice and gently washed twice
with ice-cold phosphate-buffered saline, followed by isolation of cell
nuclei using the Subcellular Proteome Extraction kit (Calbiochem,
San Diego, CA) according to manufacturer’s instructions. Isolated
nuclear lysates were concentrated approximately twofold by centrifugation using an Amicon Centricon YM-30 centrifugal filter device
(Millipore, Bedford, MA). Concentrated lysates (20 – 40 g) were
separated by SDS-PAGE (4 –20% gradient), transferred to nitrocellulose and probed for the presence of receptor protein using a monoclonal antibody for GFP (BD Biosciences, Palo Alto, CA) or to
phosphorylated ERK and total ERK (Cell Signaling Technology,
Beverly, MA) according to manufacturers’ directions. Detection of
protein bands was performed by the addition of CDP-Star reagent
(New England Biolabs, Ipswich, MA) and visualized by exposure of
the nitrocellulose to radiographic film (X-OMAT, Kodak). Quantitation of the visualized protein bands was performed by densitometric
scanning of the exposed radiographic film.
Laser scanning confocal imaging. Individual cell lines were plated
onto collagen-coated 25-mm glass coverslips in 6-well plates and
maintained in selection medium. Forty-eight hours before the study,
the medium was changed to 0.1% FBS. On the day of study, the
medium was removed and replaced with HBSS containing 5 M of
the DNA-specific stain DRAQ5 (Alexis, San Diego, CA). Approximately 20 min later, the buffer was removed and the cells were gently
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The activation of inducible COX-2 has been implicated in
numerous pathological events such as rheumatoid arthritis,
inflammation, and cancer (38). In vascular smooth muscle,
ANG II induces the transcription for COX-2, via involvement
of nuclear factor-B and mediation of several cytoplasmic
kinases, including Pyk2, MEKK4, and p38 (6, 21, 31). Thus
ANG II is potentially implicated in the activation of several
chronic disease processes mediated by COX-2.
Since the original description of resident nuclear receptors
for ANG II more than 20 years ago (33), information detailing
the trafficking and/or function of nuclear AT1Rs has not
appeared. The present study was designed to address this
deficiency. We examined the possibility that the AT1AR possesses a nuclear localization sequence and that nuclear localization of this receptor results in specific nuclear activation.
Using human embryonic kidney (HEK-293) cell lines expressing GFP-containing constructs of wild-type or a site-directed
mutant of the AT1AR, we present findings suggesting that a
nuclear localization motif exists at the NH2-terminal region of
the cytoplasmic tail of the AT1AR, specifically at lysine307 and
that nuclear localization of the activated receptor results in the
specific induction of the message for COX-2.
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5⬘-TACGGTCAAGCAGTATTTAC-3⬘ and PTGS-2, sense 5⬘-TTCTCTAACCTCTCCTATTATAC-3⬘ and PTGS-2, anti-sense 5⬘-TTCCACAATCTCATTTGAATC-3⬘. Serial dilutions of a template cDNA
that isolated from ATR1-wild-type transfected cells with 10 M of
ANG II stimulation for 90 min were made for PCRs to optimize the
PCR products within the linear range. The conditions for the PCR
reactions were the following: denaturation at 95°C for 10 s and
annealing at 51°C for 45 s for 40 cycles. The data were analyzed using
the iCycler software and Excel. The expression level of EGR1 and
PTGS2 from each samples were normalized using the mRNA expression levels of the housekeeping gene GAPDH.
Statistics. Means ⫾ SE from the indicated number of studies (n)
were compared using Microsoft Excel. Tests for significance were
done using a Student’s t-test when comparing two sets of data or by
ANOVA with Fisher’s post hoc t-test when three or more comparisons were made. Significant differences were indicated at the 95%
level.
RESULTS

For visualization of receptor trafficking to the nucleus, as
well as determining receptor sequence(s) required for this
translocation, GFP constructs of the wild-type AT1AR and a
site-directed mutant were made. In an effort to identify a
nuclear localization motif in the AT1AR, a single point substitution of a glutamine for lysine at position 307, the putative
nuclear localization motif was constructed, [K307Q]AT1AR/
GFP. This region of the carboxy-terminal tail of the receptor
contains a series of positively charged residues (KKFKK)
mimicking the classic NLS, and also has been suggested to be
involved in the nuclear localization phenomenon (27).
The HEK-293 cell line has been used extensively as a model
cell for investigations into the signal transduction pathway for
AT1ARs (14, 28, 44, 45). Through G-418 resistance, stable
clones for each receptor construct were obtained. Receptor
expression was characterized through laser scanning confocal
microscopy (LSCM), immunoblotting with an antibody to
GFP, and screened by ANG II radioligand binding and functional responsiveness to ANG II. Images obtained from LSCM
demonstrated membrane-associated fluorescence in the two
cell lines expressing the AT1AR constructs, indicating membrane localization of the receptor. In certain cells, aggregated
fluorescence is seen in the perinuclear region of the golgi
bodies (Fig. 1, B and C). In the cells expressing only GFP,
fluorescence was seen dispersed throughout the cells (Fig. 1A).
Immunodetection using a monoclonal antibody to GFP of total
cell lysates from HEK cells expressing the wild-type AT1AR/
GFP construct identified the AT1AR/GFP receptor at an approximate molecular size of 79 kDa (Fig. 1D). This band was
not seen in the cells expressing only GFP.
Through equilibrium radioligand binding assays, cell lines
expressing similar levels of the AT1AR constructs were obtained (Fig. 1E). Cells transfected with GFP alone did not
demonstrate specific binding of [125I]ANG II. To demonstrate
that the expressed AT1AR constructs produced a functional
response in the HEK cell lines, we measured elevations in
intracellular free calcium using the calcium-sensitive fluorescent dye fluo-3. HEK cells stably expressing each of the
AT1AR/GFP constructs as well as the nonfluourescent wildtype AT1AR responded in a concentration-dependent manner to
the addition of ANG II (Fig. 2A). Cells expressing GFP only
did not respond to addition of ANG II. Pretreatment of the cells
with an excess of the specific AT1R antagonist losartan (10 M
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washed twice with HBSS. The coverslip was mounted into a thermoregulated heating block at 37°C (Olympus America, Melville, NY)
and HBSS (1 ml) added to the cells. Microscopic images were
acquired by using an Olympus microscope UltraView LCI High
Resolution workstation (Perkin-Elmer Life Sciences, Boston, MA)
equipped with a laser scanning confocal unit (Omnichrome, Chino,
CA), 15-mW krypton 3 line laser head, and a UAPO 340 ⫻40 1.35 or
PlanAPO ⫻60 1.4 numerical aperture oil-immersion objective. GFP
fluorescence was excited by using the 488-nm argon laser emission
line and collected using a standard fluorescein isothiocyanate filter set
(530 ⫾ 30 nm). DRAQ5 was excited with 647-nm krypton laser
emission, and images acquired with a 700-nm band-pass filter. Images
were analyzed with the proprietary software of the microscope workstation (Ultraview, Olympus America).
For immunofluorescence staining, cells were grown on 35-mm
lysine-coated glass-bottom culture dishes (MatTek) and fixed with 4%
paraformaldehyde solution in PBS for 15 min at room temperature.
Subsequently, the cells were permeabilized with 0.1% Triton X-100
(Sigma) in PBS for 5 min and nonspecific binding sites were blocked
with 1% newborn calf serum (Invitrogen) in PBS for 1 h. The cells
were then incubated overnight at 4°C with goat polyclonal anti-lamin
B (C-20) antibody (1:200) (Santa Cruz Biotechnology), followed by
incubation for 1 h at room temperature with Alexa Fluor 555conjugated secondary antibody (1:200) (Molecular Probes). Confocal
microscopy was performed using a laser-scanning microscope (model
LSM 510 META, Zeiss) equipped with a ⫻60 objective, using the
following laser wavelengths: excitation 488 nm, emission 505–530
nm and excitation 543 nm, emission 560 – 615 nm. Three-dimensional
visualization of acquired images of z-axis scans was performed using
Volocity (Improvision, Lexington, MA).
RNA isolation and gene expression profiling. HEK-293 cells were
grown to 75% confluence in 6-well plates and serum starved for
16 –20 h before stimulation for 90 min with 10 M of ANG II. After
stimulation, cells were harvested, and total cellular RNA was isolated
with High Pure RNA Isolation Kit (Roche) according to the manufacturer’s protocols. Total RNA (1 g; A260/A280 ⬎2.0) was used for
synthesis of cDNA probes. Expression profiles were created using the
SuperArray GEArray Q series human G protein-coupled receptor
signaling PathwayFinder gene array (HS-008; SuperArray Bioscience,
Bethesda, MD). These nylon filter arrays contain 96 known human
transcripts specific to GPCR signaling pathways, selected GPCRs, and
standardization control markers. cDNA probes were synthesized from
purified total RNA using GEarray-specific primers incubated with
biotin-16-dUTP, Moloney murine leukemia virus reverse transcriptase, and RNase inhibitor. Gene arrays were prehybridized with
sheared salmon sperm DNA before cDNA probe hybridization. Hybridization was done overnight at 60°C for 16 h. Chemiluminescent
gene array images were recorded on X-ray film. GEArray Expression
Analysis Suite software (Superarray) was used to analyze optimally
exposed radiographs. The abundance of each transcript was normalized to housekeeping gene markers on each array.
Real-time quantitative PCR. To quantify the transcription level of
EGR-1 and PTGS-2, quantitative real-time PCR was carried out
(iCycler iQ Multicolor Real-time Detection System, Bio-Rad). Total
RNA was isolated from cells using the High Pure RNA Isolation Kit
(Roche). The amount of RNA used for cDNA synthesis was 0.5 g of
total RNA per reaction and iScript cDNA Synthesis Kit (Bio-Rad)
was used making cDNAs. cDNA was amplified with the PCR
(GENIUS, 25°C for 5 min, 42°C for 30 min, 80°C for 5 min; one
cycle) using primers containing the oligo (dT) and random hexamer
DNA sequence. The amplified cDNAs were used as template DNAs
for quantitative real-time PCR. Reagent (iQ SYBR Green Supermix)
was obtained from the same supplier (Bio-Rad) and used as described
by manufacturer. The primer sets were designed to span the intronexon borders to distinguish amplified cDNA from genomic DNA.
Specific primer pairs used for amplification were the following: EGR1
sense, 5⬘-GATGATGCTGTGACAATAAG-3⬘, EGR1 anti-sense
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and 100 M) for 5 min significantly inhibited the responses
(Fig. 2B), indicating mediation of the AT1R. The EC50 values
for each cell line and the maximum stimulated response (Table 1)
for the various cell lines were not significantly different. Interaction of ANG II with the AT1R initiates activation of several kinase
pathways, including that for extracellular-regulated kinase (ERK,
p42/44). Phosphorylation and activation of ERK results in nuclear
localization of the activated enzyme. The addition of ANG II to
HEK-293 cells stably expressing either the wild type AT1AR/GFP
or the KQ/AT1AR/GFP resulted in a time-dependent increase
in nuclear localization of phosphorylated ERK (Fig. 3).
There was no significant difference in the time course for the
localization of the activated ERK between cells expressing the
wild-type receptor and the putative NLS-deficient receptor
(Fig. 3B).
Interaction of the AT1AR with its cognate ligand ANG II
results in the rapid internalization of the receptor-ligand complex,
a common feature of many GPCRs. In HEK cells stably expressing either wild-type AT1AR/GFP or the [K307Q]AT1AR/GFP
mutant receptor (putative NLS-deficient mutant), similar internalization dynamics were seen. Five minutes exposure of the
cells at 37°C resulted in 63% ⫾ 9% (n ⫽ 4) and 57% ⫾ 14%
(n ⫽ 5) internalization of surface AT1ARs for the wild-type and
KQ/AT1AR/GFP receptors, respectively. Thus, both receptor
AJP-Cell Physiol • VOL

constructs demonstrate similar surface receptor expression,
intracellular signaling, and receptor internalization dynamics.
Having demonstrated similar receptor expression and function, we then determined whether the mutant receptor differed
in its ability to localize to the nucleus. Using LSCM and the
HEK cell line expressing the wild-type AT1AR/GFP, with
DRAQ5 nuclear staining, we demonstrated receptor internalization and localization to the nucleus in a time-dependent
manner, subsequent to ANG II stimulation. The wild-type
receptor was seen to internalize, evidenced by cytoplasmic
“speckling”, and by 30-min post-ANG II exposure, co-localizing to the nucleus, as evidenced by the presence of “yellow”
over the nuclear area (Fig. 4). Cells expressing the KQ/AT1AR/
GFP mutant did not demonstrate an increase in intensity within
the nuclear area subsequent to ANG II stimulation. Receptor
internalization, indicated by the cytoplasmic “speckling” was
seen in these cells (Fig. 4), with aggregation of the internalized
receptor near the nuclear area. These data, acquired from live
cells visualized in two-dimensions, appeared to indicate the
nuclear localization of the wild-type AT1AR. In additional
studies, a more detailed analysis of this response, using z-axis
scanning with subsequent three-dimensional rendering with
Volocity software, showed that the wild-type receptor appeared to localize to the nuclear membrane subsequent to 60
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Fig. 1. Characterization of stably expressed angiotensin type
1A receptor (AT1AR)/green fluorescent protein (GFP) constructs. Laser scanning confocal microscope (LSCM) images of
GFP/human embryonic kidney (HEK) cells (A), AT1AR/GFP/
HEK cells (B), and [K307Q]AT1AR/GFP/HEK cells (C). D:
GFP immunoblot of 1) recombinant GFP (5 ng), 2) GFP/HEK
cell lysate (5 g), and 3) AT1AR/GFP/HEK cell lysate (5 g).
Position of bands shown by arrows indicates location of
AT1AR/GFP and of GFP. STD, standard. E: surface expression
of AT1A receptors in HEK cell lines stably expressing the
AT1AR constructs. Cells were assessed for expression of
AT1ARs through equilibrium radioligand binding assays using
[125I]ANG II as described. AT1AR in pcDNA3.1 (AT1A/
pcDNA); wild-type AT1AR/GFP (AT1A/GFP); [K307Q]/
AT1AR/GFP (KQ/AT1A/GFP) and GFP alone expressing cells
(GFP). Values shown are the average (⫾SE) from indicated
number of studies (n).
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min of stimulation by ANG II. Receptor localization to the
nucleus appeared as aggregated speckling at the nuclear surface (Fig. 5A), with the “green” receptor intercalating into the
“red” of the nucleus, i.e., localizing with the DNA dye
DRAQ5. Volocity software allows for alterations in voxel
(volume pixels) opacity, or density, when performing threedimensional rendering. When the opacity is set at 100% the
voxels from the red or nuclear DNA/DRAQ5 channel appear as
solid nuclei with the green receptor at its surface for the
wild-type-expressing cells (Fig. 5A) and aggregated in a perinuclear region for the cells expressing the K307Q mutant
Table 1. Comparison of ANG II-stimulated increases
in intracellular free calcium in various stable
HEK-293 cell lines

EC50, nM
MAX, RFU

AT1AR/pCDNA3.1

AT1AR/GFP

KQ/AT1AR/GFP

0.29⫾0.09
22,286⫾1,764
n ⫽ 11

0.12⫾0.07
17,078⫾2,759
n⫽9

0.16⫾0.05
20,457⫾3,261
n ⫽ 10

Values are means ⫾ SE; n, no. of studies. HEK, human embryonic kidney;
GFP, green fluorescent protein; AT1AR, ANG type 1A receptor; EC50, concentration of ANG II producing a half-maximal response; MAX, maximum
fluorescence produced by 100 nM ANG II; RFU, relative fluorescence units as
an indicator of intracellular free calcium.
AJP-Cell Physiol • VOL

receptor. However, when the opacity of the red voxels was
reduced to 50%, allowing for visualization through the surface
of the nucleus, surface localization was seen as being integrated into the nuclear area for the wild-type receptor, as
indicated by the “yellow” in Fig. 5C.
Having seen that the wild-type receptor integrates into the
nuclear area with the DRAQ5/DNA dye, we next examined the
relationship of the receptor with the nuclear envelope itself.
For these studies, cells expressing either the wild-type AT1AR/
GFP or the K307Q/AT1AR/GFP constructs were exposed to
ANG II for 60 min, followed by paraformaldehyde fixation and
immunofluorescence staining with an antibody to lamin-B, a
structural component of the nuclear membrane. Unstimulated
HEK cells expressing the AT1AR/GFP construct demonstrated
plasma membrane distribution of the receptor and no colocalization with lamin B, indicating a lack of association of the
receptor with the nuclear envelope in the basal state (Fig. 6, A
and B). Similar distribution of the receptor was seen with
unstimulated cells expressing the K307Q/AT1AR/GFP construct (data not shown). After exposure of the cells expressing
the wild-type receptor to ANG II for 60 min, the internalized
receptor colocalized with lamin B and in the three-dimensional
reconstruction, appears inserted within the lamin B staining
(Fig. 6, C and D). However, in cells expressing the NLSdeficient mutant, the internalized receptor is once again seen to
concentrate in a peri-nuclear region (Fig. 6, E and F). Cells
expressing GFP alone do not show any colocalization or
changes in distribution of GFP after exposure to ANG II
(Fig. 6, G and F). These images indicate that the nuclear
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Fig. 2. ANG II-stimulated increases in intracellular free calcium in HEK-293
cells expressing the AT1AR constructs. A: concentration-response curves for
ANG II-induced elevations in intracellular free calcium (Cai). Individual
HEK-293 cell lines were loaded with the intracellular fluorescent calcium
probe Fluo-3 and exposed to the indicated concentrations of ANG II. Values
are from a single study done in triplicate and are representative of 5–11 similar
studies. RFU, relative fluorescence units. B: maximum fluorescence stimulated
by ANG II (100 nM) in the absence or presence of the AT1R antagonist
losartan is shown for each cell line. Average values from indicated number of
studies (n) performed in triplicate. *P ⬍ 0.05 vs. ANG II alone for each cell
line.

Fig. 3. ANG II-induced nuclear localization of phosphorylated ERK. A:
representative immunoblot of 3 similar studies. B: summary of densitometric
scans of immunoblots. Amount of phospho-ERK (p-ERK) was corrected for
amount of total ERK (ttl-ERK) in the nuclear lysates from the two cells lines
at each time point (AG, AT1AR/GFP; KQ, [K307Q]/AT1AR/GFP). HEK-293
cells stably expressing the indicated AT1AR constructs were exposed to 100
nM ANG II for the indicated periods of time. Nuclear extracts (20 g) were
prepared, separated by SDS-PAGE, transferred to nitrocellulose, and immunoblotted with an antibody to activated ERK (p-ERK). Blots were subsequently stripped and reprobed with an antibody to total ERK. AT1A, AT1AR/
GFP; KQ, [K307Q]/AT1AR/GFP. Values shown are the average from 3 similar
studies (⫾SE).
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localization of the wild-type receptor after exposure of the
cells to ANG II appears to be the result of colocalizing with
the nuclear membrane. The nuclear localization response of
the wild-type receptor was also observed in additional stable
cell lines expressing threefold lower levels of the AT1AR/
GFP, as determined by radioligand binding assays (data not
shown).
These observational studies utilizing the LSCM were confirmed through immunoblotting of nuclear extracts from cells
stimulated by ANG II. AT1AR/GFP-expressing HEK cells,

when stimulated by ANG II (100 nM) for 30 min, demonstrated an approximate twofold increase in AT1AR/GFP expression in nuclear extracts as demonstrated by anti-GFP
immunoblotting (Fig. 7). This increase was inhibited by preincubation with the specific AT1R antagonist losartan (10 M).
Receptor localization to the nucleus was not seen in ANG
II-stimulated HEK cells expressing the KQ/AT1AR/GFP mutant (Fig. 7). The purity of the nuclear fractions obtained was
confirmed by immunoblotting studies using antibodies for
calpain (cytoplasmic marker), the transcription factor CREB

Fig. 5. Three-dimensional visualization of AT1AR/
GFP trafficking. HEK-293 cells stably expressing
the wild-type AT1AR/GFP construct (A and C) or the
nuclear localization sequence (NLS)-deficient mutant KQ/AT1AR/GFP (B and D) were exposed to
ANG II (100 nM) for 60 min. Images were acquired
through z-axis scanning with subsequent threedimensional rendering using Volocity software (Improvision). Nuclei are indicated by staining with
DRAQ5 (red) and are shown at a density of 100%
(A and B) or 50% (C and D). Calibration grid is
5 m/U. Representative images from three similar
studies using a ⫻40 objective as described.
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Fig. 4. Laser scanning confocal microscopy (LSCM) images of live cells showing the effects of ANG II stimulation on nuclear localization of the
AT1AR/GFP constructs. HEK-293 cell lines stably expressing the wild-type receptor, AT1AR/GFP, or the [K307Q]AT1AR/GFP mutant receptor
(KQ/AT1AR/GFP) were exposed to ANG II (100 nM, 37°C) and time-lapsed images were acquired for up to 60 min (minute shown as ⬘ symbol) post-ANG
II addition. Images shown are from the indicated cell lines taken before exposure to ANG II (Basal) and at 30 min and 60 min post-ANG II addition.
Nuclei are shown by staining with the DNA specific fluorescent dye DRAQ5 (red). Receptors are indicated as green. Nuclear localization of the wild-type
receptor is shown in yellow. Images acquired as described using a ⫻40 objective. Images shown are representative from five similar studies. Scale bar
indicates 10 m.
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Fig. 6. Confocal laser scanning microscopic images of colocalization of AT1AR/GFP with lamin B. HEK-293 cells stably expressing
either the wild-type AT1AR or the NLS-deficient K307Q mutant
were exposed to ANG II (100 nM) for 60 min and prepared for
immunofluorescent staining of the nuclear envelope protein lamin
B as described. Images shown demonstrate location of the receptor/
GFP constructs (green) and of lamin B (red) as well as phase
contrast images and three-dimensional reconstruction of z-axis
scans through a portion of the cells (B, D, and F). Cells are from
unstimulated AT1AR/GFP/HEK cells (A and B), AT1AR/GFP cells
exposed to ANG II (C and D), K307Q/AT1AR/GFP/HEK cells
exposed to ANG II (E and F), and GFP/HEK cells unstimulated (G)
and exposed to ANG II (100 nM) for 60 min (H). Scale bar
indicates 10 m.

(nuclear marker), and sodium/potassium ATPase, a marker for
plasma membrane (Fig. 7C).
To determine the consequences of the nuclear localization of
the AT1AR we examined nuclear activation of transcription
through the use of DNA arrays and real-time PCR. A commercially available human G protein-coupled receptor signaling
PathwayFinder gene array, expressing 96 different genes, was
used to compare DNA expression by wild-type AT1AR and the
nuclear localization-deficient KQ mutant. HEK cells stably
expressing the wild-type AT1AR/GFP construct, when exposed
AJP-Cell Physiol • VOL

to ANG II (10 M, 90 min), demonstrated significant increases
in the expression of two genes, early growth response gene-1
(Egr-1) and the gene for cyclooxygenase-2 (COX-2), PTGS-2.
Cells stably expressing the nuclear-localization deficient construct KQ/AT1AR/GFP showed a significant increase in only
the Egr-1 gene and not that for COX-2 (Fig. 8). These
findings were confirmed through the utilization of quantitative real-time PCR (Fig. 9), thus showing that nuclear
localization of the ANG II AT1AR is necessary for activation of the COX-2 gene.
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DISCUSSION

The data presented in the current study demonstrates the
following: 1) characterization of a wild-type AT1A/GFP receptor and a site-directed receptor mutant stably expressed in
HEK-293 cells, 2) mutation of a single lysine residue, lyAJP-Cell Physiol • VOL

sine307, produced loss of receptor nuclear localization without
altering receptor internalization or intracellular signaling, 3)
nuclear localization appears to involve the nuclear envelope
protein lamin B, and 4) nuclear localization of the AT1AR is
associated with activation of the gene for COX-2 in response to
Ang II stimulation.
Initiation of GPCR trafficking results from the interaction of
cognate ligands with their endogenous receptors, producing
activation of intracellular kinases and phosphorylation of numerous specific and kinase-dependent target proteins, including the receptor itself. Phosphorylation of specific residues by
kinases results in the desensitization and internalization of the
receptor. In the case of AT1ARs, receptor-induced activation of
G protein-coupled receptor kinases (GRKs) produces phosphorylation of specific residues on the cytoplasmic tail of the
AT1A receptor. Regions within the AT1R have been identified
as being essential for internalization of the activated receptor.
One region of the receptor demonstrated to be required for
endocytosis is amino acids 331–338 (-STKMSTLS-) located
within the cytoplasmic tail of the receptor (22, 40, 42).
Additional residues within the cytoplasmic tail of the receptor have been identified as critical for internalization including leucine316 and tyrosine319 (42). Substitution of asparagine
or alanine for methionine134, or replacement of the highly
conserved residues asparagine125 and arginine126 with alanine,
both within the second intracellular loop, results in loss of
internalization and intracellular and nuclear signaling (13).
Analogous to other GPCRs, the AT1R contains an NPX2–3Y
sequence, which in the AT1AR is located at residues 298 –302
(NPLFY). This sequence has been demonstrated in other
GPCRs to be involved in receptor internalization (1). Interestingly, with the AT1AR, this is not the case. Mutations in this
region do not alter internalization dynamics (23, 42).
Since the early 1980s, evidence has gradually accumulated
regarding the existence of nuclear Ang II binding sites. The
earliest studies showed specific Ang II activation of RNA
synthesis in isolated hepatic nuclei (33). Two more detailed
pharmacological approaches demonstrated specific ANG II
binding sites in membranes of isolated hepatic nuclei. These
studies showed that although the receptors associated with the
nuclear membranes were similar in their binding characteristics
and their ability to show decreased receptor affinity in the
presence of nonhydrolyzable GTP analogues, their physiochemical properties differed from those found in the plasma
membrane in that the binding sites found in the nuclear
membranes appeared to be soluble proteins (3, 41). A subsequent study demonstrated that nuclear ANG II “receptors” are
capable of not only interacting with ANG II, but also initiating
nuclear responses. The addition of ANG II to isolated hepatic
nuclei specifically increased the transcription of RNA for renin
and angiotensinogen (9). Further pharmacological analysis of
the ANG II nuclear “binding sites” indicated that these sites
could be classified as ANG II AT1Rs and that they mediated
the ANG II-induced transcription for growth factors, such as
platelet-derived growth factor, and for renin and angiotensinogen as well (10). Cytoplasmic injection of ANG II has also
elicited both cytoplasmic and nuclear responses including elevations in intracellular free calcium and tritiated thymidine
incorporation, respectively (11, 12). Finally, a intracellular
renin-angiotensin system has been suggested to exist with the
demonstration through utilization of immunofluorescence and
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Fig. 7. Immunoblot analysis of AT1AR/GFP nuclear localization. HEK-293
cells stably expressing either the wild-type receptor, AT1AR/GFP or the
NLS-deficient receptor [K307Q]AT1AR/GFP (KQ/AT1AR/GFP) mutant constructs were exposed to buffer or losartan (10 M, 15 min), followed by ANG
II (100 nM, 30 min). Nuclear lysates were prepared as described and proteins
(20 g) separated by SDS-PAGE, transferred to nitrocellulose and probed with
a monoclonal antibody to GFP (BD Biosciences). A: representative study
showing nuclear expression of the receptor/GFP constructs from the two cell
lines after exposure to vehicle (C) or ANG II (A) or to losartan and ANG II
(L/A). Whole cell lysate (LYS) of cells expressing the wild-type AT1AR/GFP
receptor is shown to identify location of the AT1AR, indicated by arrow. B:
summary of scanning densitometry of the obtained immunoblots showing
changes in protein density in samples stimulated by ANG II compared with
control, unstimulated samples and samples preexposed to the AT1R antagonist losartan. Average values from the indicated number of studies (n ⫾
SE). C: representative immunoblots of cytosolic (C), membrane (M) and
nuclear (N) fractions from unstimulated AT1AR/GFP/HEK cells probed
with antibodies to GFP, calpain (cytosolic protein), CREB (nuclear protein), and Na⫹-K⫹-ATPase (membrane protein) indicated on right, demonstrating purity of the individual cell fractions used in these studies. *P ⬍
0.05 vs. control and Los/ANG II.
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confocal microscopy, of nuclear ANG II and ANG 1–7 in
mesangial cells (4).
Activation of cell surface AT1Rs generates intracellular
signals that result in nuclear translocation of second messengers (MAPK, STAT) (2, 8, 18, 30), initiating nuclear events,
such as activation of transcription factors, specific DNA binding proteins, and protein synthesis (2, 13, 16, 36, 43). ANG II
activates several proto-oncogenes involved in cell proliferation
including the early growth response gene (Egr-1) (17, 26, 37).

Fig. 9. Real-time PCR analysis of Egr-1 and PTGS-2 gene induction. Cells
stably expressing either the wild-type AT1AR/GFP (AG) or the nuclear
localization-deficient mutant [K307Q]/AT1AR/GFP (KQ/AT1A/GFP), were
exposed to vehicle or to ANG II (AII, 10 M, 90⬘). RNA was isolated, cDNA
prepared, and PCR performed as described. Number of cycles to reach
threshold was determined for each gene and compared with that for GAPDH
for each treatment. Average values ⫾ SE from 3 similar studies, *P ⬍ 0.05.
AJP-Cell Physiol • VOL

Egr-1, a member of the family of zinc finger transcription
factors, regulates cell cycle progression (15) and has been
shown to mediate the ANG II activation of cyclin D1 (17).
COX-2, a product of the PTGS-2 gene, and an enzyme
responsible for metabolizing arachidonic acid into prostaglandin G2 (PGG2), has been implicated in several pathologies,
including pain, inflammation, and cancer. COX-2 activity may
also be responsible for normal kidney development (38). ANG
II alters the expression for PTGS-2 and COX-2. Indeed, in
vascular smooth muscle cells, the increase in message for
COX-2 is mediated by activation of intracellular kinases,
resulting in an increased message half-life and increased protein expression (6, 21, 31). Alternatively, as in our studies,
trafficking of the AT1R itself into the nucleus, or nuclear
membrane, may be a stimulus for initiating PTGS-2 expression. How nuclear membrane localization of the AT1AR results
in activation of the PTGS-2 gene is not yet understood. However, several possible mechanisms for this effect may be
derived from nuclear trafficking of other receptors and signaling molecules. Recently, activation of the ␦-opioid receptor
was shown to promote nuclear translocation of ␤-arrestin 1 and
subsequent association with the promoter regions of p27 and
c-fos (24). Pokholok et al. (32), demonstrated the association
of mitogen activated kinases with genes whose expression has
been shown to be under the control of those kinases. p38, a
member of the MAPK family and mediator of ANG II-induced
expression of COX-2 in vascular smooth muscle cells, was
shown to directly phosphorylate transcription factors during
myogenesis (39). The AT1AR, as described above, when activated, associates with ␤-arrestin 1 and is subsequently internalized. Thus as the receptor is localized to the nuclear envelope it may act as a scaffold for the translocation of ␤-arrestin
1, p38, or other, as yet unidentified proteins, for the purpose of
delivering these proteins to the nucleus for activation of the
PTGS-2 gene. It should also be noted that although our data
show a lack of both nuclear localization and activation of the
PTGS-2 gene by the NLS-deficient AT1AR, these two phenomena may not be directly linked. Other alterations in signaling
other than those that were examined in this study may exist for
the mutant receptor causing the loss of PTGS-2 gene induction.
In addition to our present data, Lu et al. (27) demonstrated
nuclear translocation of the AT1R in response to cellular
activation by ANG II. This group, using indirect methods of
immunofluoresent staining and immunoblotting, demonstrated
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Fig. 8. ANG II-induced activation of gene expression. HEK-293 cells stably expressing either the
wild-type AT1AR/GFP or the KQ/AT1AR/GFP construct were exposed to vehicle or to ANG II (10 M,
90⬘), RNA isolated, cDNA transcribed and hybridized to the membranes as described. Chemiluminescent detection and scanning densitometry was used
to quantitate differences in gene expression between
cells exposed to vehicle and those exposed to ANG
II in the two different cell lines. A: representative
blots from each cell line exposed to vehicle (⫺) or
to ANG II (⫹). B: summary of densitometric scanning of the changes in gene expression for early
growth response (EGR)-1 and for PTGS-2 compared with unstimulated cells from the obtained
blots (average ⫾ SE, n ⫽ 4, *P ⬍ 0.05, locus of
gene indicated).
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the receptor to the nucleus seen in this study, appeared to
correlate with phosphorylation of p62 nucleoporin, a component of the nuclear pore complex, thus suggesting involvement
of the complex with the nuclear localization of the receptor.
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showed that the nuclear localization of these receptors occurred
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apelin receptor localized to the nucleus only in neuronal cells
and not in HEK-293 cells. The AT1R and B2 receptors demonstrated nuclear localization in the HEK-293 cell line. An
examination of the amino acid sequence of the bradykinin B2
and apelin receptor indicates that the cytoplasmic tails of these
receptors do not possess an area of concentrated lysine residues, like that for the AT1AR. However, this region of the B2
receptor does contain a high concentration of basic residues,
i.e., KRFRK, which can also act as a NLS. Interestingly, the
apelin receptor demonstrates an area of basic residues in the
third cytoplasmic loop, i.e., RKRRR. In the study by Lee et al.,
mutation in this region of the apelin receptor prevented nuclear
localization of the receptor in the neuronal cell line. The fact
that the nuclear localization of the apelin receptor appeared to
be cell specific may be the consequence of this difference in
location of the putative NLS seen between the AT1R, the B2
receptor and the apelin receptor.
In our current studies, a single point mutation of lysine307 to
glutamine produced an AT1AR, which recognized ANG II,
internalized subsequent to binding ANG II, transduced a calcium signal in response to ANG II, and generated nuclear
localization of phosphorylated ERK, but failed to localize to
the nucleus and failed to activate the PTGS-2 gene. In addition,
whereas previous studies have shown localization of certain
GPCRs to the nuclear area, raising the question of how a
membrane-bound receptor could function in the nucleoplasm,
our present study shows receptor colocalization with lamin B,
a structural component of the nuclear envelope. As such, this
provides evidence that an integral plasma membrane receptor
can localize to the nuclear membrane and maintain its physicalchemical properties of a membrane bound protein. Future
studies will determine the mechanism for the nuclear import of
the AT1AR.
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