
Introduction

The study of the oxytocin/oxytocin receptor
(OT/OTR) system increasingly focuses on tissues 

other than the classical oxytocin peripheral targets,
such as breast and uterus, which are mainly involved
in reproductive functions [1, 2]. OTR was recently
described in a variety of normal tissues (reviewed in
[3]) and primary cell cultures including – among oth-
ers – those derived from prostate [4, 5], endothelium
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[6], muscle [7], and bone [8]. OTR is also expressed
in a variety of neoplastic tissues [1, 4, 9, 10] and
established neoplastic cell lines [11–13] in which it
mediates various OT effects.

OTR is a seven-membrane spanning receptor that
signals via trimeric G-protein complexes to a phos-
phoinositide-linked pathway [14], although it also
appears to be coupled to other signal transduction
mechanisms including cAMP/PKA [15,16], ERK2
[17] and mitogen-activated protein kinase (MAP) 
[17, 18]. Both the signaling pathways and the biolog-
ical effects of the OT/OTR system seem to depend
on species, type of tissue, physiological versus neo-
plastic state and receptor location within the cell
membrane [19]. The presence of OTR in a variety of
tissues and the different effects determined following
OT/OTR binding suggests the possibility that the
OT/OTR system may have wider biological activities
than previously thought.

Heptahelical transmembrane G-protein coupled
receptors (GPCR) – to which OTR belongs – are cell
surface proteins involved in the transduction of extra-
cellular signals to the cell interior. Upon activation by
extracellular ligand binding, the receptor associates to
heterotrimeric G-proteins, which interact with down-
stream effectors (such as enzymes or channels) to
generate cellular signals in the form of second mes-
sengers or variations in ion concentration. According
to the classical view, these events are thought to occur
at the plasma membrane and in the sub-plasma mem-
brane cytosolic compartment following receptor endo-
cytosis. The regulation of gene expression by GPCRs
is commonly thought to rely on signal transduction
from cytosolic mitogen activated kinases (MAPK) to
transcription factors and to their subsequent transport
in the nucleus [20]. However, recent evidence sug-
gests nuclear translocation of several GPCRs upon
ligand binding from an extracellular source or by
endogenously produced and not secreted ligand [21].
The activation-induced nuclear localization of GPCRs
suggests the presence of a novel mechanism of tran-
criptional regulation relying on signals directly gener-
ated in the nucleus by GPCR-heterotrimeric G-pro-
tein-effector complexes [22].

Here we report that OTR localizes to several com-
partments within nuclei of cells derived from neoplastic
breast epithelium, normal connective tissue and
osteosarcomas. In addition, we found that translocation
of OTR into the nuclei of some types of cells is consti-
tutive whereas in others it depends on ligand exposure.

Material and methods

Construction of 
oxytocin receptor expression plasmids 

The OTR cDNA was amplified from a plasmid containing
the OTR cDNA [23, 24] using the forward primer 5�-ATG-
GAGGGCGCGCTCGCA-3� and the reverse primer 5�-
CGCCGTGGATGGCTGGGA-3� in a PCR reaction. The
amplified OTR cDNA (1167 bp without the stop codon) was
ligated into the pCRII T/A cloning vector (Invitrogen,
Carlsbad, CA) using T4 DNA ligase. The ligation reaction
was used to transform TOP10F’ One ShotTM cells
(Invitrogen). Colonies were selected by ampicillin resist-
ance and screened with Xgal/IPTG. Isolated plasmid DNA
was digested with EcoRI to confirm those with the desired
insert. The plasmids were also digested using SacI and
SacII resulting in a 1116 bp fragment from the sense
inserts and a 141 bp fragment from the antisense inserts.
Plasmids were produced in E. coli and purified by CsCl
density centrifugation. Sequencing was performed at the
Maine Sequencing Facility (Orono, ME). The fidelity of the
sequences was compared with the known sequence
(GenBank accession #NM_000916).

The pCRII-OTR plasmids were digested with XhoI and
BamHI and gel purified by electrophoresis on a 1%
agarose/ethidium bromide gel. The bands at 1200 bp
were excised from the gel and extracted with ethidium
bromide Minus Elution ColumnsTM (Sigma). The resulting
DNA was ethanol precipitated, dried under vacuum and
resuspended in ddH2O. pEGFP-C1 and pEGFP-N3 vec-
tors (Clontech) were digested with XhoI and BamHI, sep-
arated on a 1.0% agarose gel and extracted as above.
Ligation reactions were prepared containing the OTR
cDNA and pEGFP-C1 or pEGFP-N3 using T4 DNA ligase.
The construction of the pEGFP-OTR plasmids was done
in a manner to (i) minimize the number of amino acids
between the OTR and GFP, (ii) to assure that both the
OTR and GFP sequences were in sense orientation and
(iii) that the entire sense sequence of the fusion protein
was in frame. The ligation reactions were used to trans-
form chemically competent TOP10F’ One Shot’ cells
(Invitrogen) and the colonies were selected on
kanamycin-containing media. The resulting plasmid DNA
was digested with BamHI and BglII and electrophoresed
on a 1.0% agarose gel with ethidium bromide. Colonies
containing the insert were selected and grown in 500 ml
liquid LB cultures containing 30 �g/ml kanamycin. The
plasmids were extracted using an alkaline lysis procedure
and purified twice by CsCl density centrifugation. The
plasmids inserts were sequenced at the University of
Maine sequencing facility.
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Cell culture, reagents and 
anti-OTR antibodies

The human osteosarcoma cell lines, U2OS, SaOS2, MG63
and human breast carcinoma MCF7, were purchased from
the American Type Culture Collection (Rockville, MD). OS-9
and OS-15 human osteosarcoma cells were a gift of 
Dr. Nicola Baldini (Istituti Ortopedici Rizzoli, Bologna, Italy).
The primary human foreskin fibroblasts (HFF) cells were a
gift of Dr. T. Shenk, Princeton University. The U2OS, MG63
and HFF cell lines were cultured in DMEM/F12 containing
10% heat-inactivated fetal bovine serum (HI-FBS; US Bio-
Technologies Inc., Parkerford, PA), 1000 U/ml of penicillin,
and 100 �g/ml streptomycin (P/S; GIBCO BRL, Rockville,
MD). The MCF7, OS-9, OS-15 and SaOS2 lines were cul-
tured in Iscove’s media containing 10% HI-FBS and P/S.
When required, the cells were also cultured in VP-SFM
serum-free media (Gibco BRL) containing 100 U/ml penicillin,
and 100 �g/ml streptomycin. All cells were kept at 37�C in a
5% CO2 atmosphere.

In order to better assess the specificity and reproducibil-
ity of the target identification, three different anti-OTR anti-
bodies were used for IF and western blotting: one mono-
clonal anti-OTR antibody, 1F3, produced at the University
of Torino, whose specificity was assessed by enzyme-
linked immuno-adsorbent and immunoblot tests as previ-
ously described in detail [1]; two commercial polyclonal
antibodies respectively directed towards the N- and the C-
terminal of OTR (Research Diagnostic Inc., Flanders, NJ).

Transfection of cells with the 
OTR-GFP construct 

The cells used for transfections were seeded onto 12 mm diam-
eter round coverslips in 24 well plates and grown to 40–50%
confluency over a minimum of 24 hr. The cells were washed
twice with sterile saline and incubated with 200 �l of serum-free
RPMI media containing 1 �l of lipofectin (Gibco BRL) and 1 �g
of plasmid (pEGFP-N3-OTR and pEGFP-C1-OTR) per trans-
fection.The pEGFP-N3 and pEGFP-C1 plasmids were used in
control transfections.The cells were incubated at 37 �C for 24 hr,
overlayed with fresh media, and incubated for another 48 hr
before fixation with cold 100% methanol.

Internalization of surface-bound oxytocin

Two different approaches were employed for studies of sur-
face-bound radioligand: (1) to measure the levels of sur-
face-bound oxytocin by means of an acid-wash, the cells
were plated in 24-well plates and grown to confluency.
One-day postconfluency, the media were aspirated,
replaced with serum-free VP-SFM media (Gibco) and the

cells were cooled to 4 �C for 10 min. The VP-SFM media
was removed and replaced with 200 �l of 125I-OT (new
England Nuclear, Boston)/10–8 M OT in VP-SFM. All con-
trol wells received 200 �l of 125I-OT/10–5 M OT mixture.The
cultures were incubated for 4 hr at 4 �C and transferred into
a 37 �C, 5% CO2 environment for indicated time periods: 0,
5, 10, 20, 30 and 60 min. At the end of the 37�C incuba-
tion period the cells were quickly washed 2� with ice-cold
PBS and 250 �l of acid wash (0.2 N acetic acid in 150 mM
NaCl, pH 2.5) was added followed by incubation at 4�C for
5 min. Finally, the cell layer was dissolved in 0.5 M NaOH
at 37�C (10 min). Both acid wash and NaOH-digested frac-
tions were counted in a gamma counter. The final data
were corrected for non-specific binding. (2) Flow cytometric
analysis of OTR internalization was conducted with sub-
confluent U2OS osteosarcoma cells incubated with 1 �M
OT for 2 hrs at 4�C. The control cells were kept at 4�C for
an additional 30 min, whereas the test cells were moved to
37�C for the same time period. Both control and experimen-
tal cell samples were incubated with 1 �g 1F3 MAb [1] at
4�C for 60 min. The cells were washed 3� with cold PBS
and incubated with a secondary antibody, goat anti-mouse
IgM-FITC (Sigma) diluted 1:40 for 45 min at 4�C. Finally,
the cells were harvested using a cell scraper and resus-
pended to a density of 500,000 cells/ml and the intensity of
the cell surface-bound fluorescence was recorded by scor-
ing at least 10,000 cells/sample. The data were corrected
for background fluorescence intensity that was determined
after incubating the cells with the goat anti-mouse IgM
reagent alone.

Nuclei isolation 

Cells grown to confluency in 10 cm dishes were washed
three times with PBS, trypsinized and collected by centrifu-
gation (400 � g). To obtain a pure nuclei preparation 
(procedure 1) the cells were resuspended in 500 �l of
hypotonic buffer (10 mM Tris, 5 mM KCl, 1 mM DTT, 0.15
mM spermine, 0.5 mM spermidine, 2 mM EDTA, 10% glyc-
erol and pH 8.0) and transferred into a microcentrifuge
tube. The cell suspension was incubated on ice for 1 min
before addition of 15 �l of 10% Triton-X. The suspension
was dounced 25 times and incubated on ice for additional
3 min and layered onto 1.0 ml of cushion buffer (10 mM
Tris, 5 mM KCl, 1 mM DTT, 0.15 mM spermine, 0.5 mM
spermidine, 0.2 M sucrose, 2 mM EDTA and 10% glycerol
and pH 8.0) and centrifuged at 10,000 rpm for 10 min. The
supernatant was removed, nuclei resuspended in hypoton-
ic/Triton X buffer, passed through a 22-gauge needle [25],
and pelleted through the sucrose cushion. Sedimented
nuclei were resuspended in 250 �l of Locke’s solution for
ligand saturation binding studies, immunofluorescence,
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and protein analyses, respectively. To obtain a crude
nuclear pellet (procedure 2) the straining through the nee-
dle and the second sucrose cushion centrifugation were
omitted. Protein extracts of pure and crude nuclei were
obtained by dissolving nuclei in protein sample buffer prior
to electrophoresis.

Fluorescent immunocytochemistry  

Cells were seeded onto 12 mm diameter round coverslips
in 24-well plates and grown to 70% confluency. The cover-
slips were treated with OT (10–7 M) in complete cell culture
media. Following OT or control treatment, the cell medium
was removed and the coverslips were washed three times
with PBS and fixed with 0.5 ml of ice-cold methanol for 
10 min. The methanol was removed, the coverslips were
dipped into cold acetone for 5 sec and placed back into the
wells and rehydrated with PBS for 10 min at 37�C. The PBS
was removed and 200 �l of 1% BSA was placed on the
coverslips and incubated for 1 hr at 37�C to block non-spe-
cific binding. The 1% BSA solution was removed, 30 �l of
anti-OTR monoclonal antibody [1] in a 1:1 dilution with a
solution of 1% BSA and 50 ng/ml of RNAse A was placed
onto the coverslips, and incubated for 4 hr at 37�C. The
antibody solution was removed and the cells were washed
five times for 5 min with PBS. A solution of fluorescein
isothiocyanate-conjugated antimouse IgG antibody
(Sigma) diluted 1:200 in 1% BSA and containing 10 �g of
propidium iodide was added to the coverslips and incubat-
ed for 1 hr. The coverslips were washed five times for 5 min
and mounted on glass slides using Vectashield mounting
media (Vector Laboratories, Inc., Burlingame, CA). The
cells were observed using confocal and differential interfer-
ence contrast (DIC) microscopy. In selected experiments,
the nuclear membrane was stained using a primary poly-
clonal goat anti-lamin B antibody (SC-6217; Santa Cruz,
CA, USA), diluted 1:5 in phosphate-buffered saline (PBS)
containing 5% bovine serum albumin (BSA). The second-
ary serum was a fluorescein isothiocyanate-conjugated
rabbit anti-goat antibody (Sigma Aldrich, Munich,
Germany), diluted 1:200 in PBS containing 5% BSA

Whole cell protein extraction

Cells were grown to confluency in 10 cm dishes. The media
were discarded and the dishes were washed three times
with PBS. Cell lysis solution (20 mM MOPS, 0.15 M NaCl,
1% NP-40, 1% sodium deoxycholate, 1 mM EDTA, and 1%
SDS; pH 7.4) was added at a ratio of approximately 
1 ml per 107 cells but no less than 0.8 ml per 10 cm dish.
The cells were scrapped into a 1.5 ml microcentrifuge tube,
vortexed, maintained on ice for 30 min and stored at –80�C.

Western blotting of the OTR 

Whole cell extracts and nuclear extracts were separated by
SDS-PAGE in a 10% polyacrylamide Tris-glycine-SDS gel.
The proteins were transferred onto nitrocellulose mem-
branes. The blot was blocked using 10% dry milk in Tris
buffered saline containing 0.05% Tween-20 (TBST) for 1 hr
with agitation. The blot was washed five times for 5 min with
TBST and then exposed to C-terminal specific and N-termi-
nal specific anti-OTR polyclonal antibodies (1:200; Research
Diagnostics, Inc., Flanders, NJ) in 1% dry milk/TBST
overnight at 4�C. The blot was washed five times for 5 min
with TBST and exposed to peroxidase conjugated antigoat
IgG antibody (Sigma) diluted 1:5000 in 1% dry milk/TBST for
30 min at room temperature. ECLTM chemiluminescent
detection system (Amersham Life Sciences, Piscataway, NJ)
was used for visualization of antibody positive bands and
blots were exposed to HyperfilmTM for 5 min. For densitomet-
ric quantification, the film was scanned using a Molecular
Dynamics computing densitometer, model 300A.

Results

Internalization of cell-surface OTR

U2OS osteosarcoma cells were equilibrated with
10–9 M extracellular 125I-OT at 4�C and the loss of
cell surface label was followed in a time-dependent
manner in the presence or absence of excess OT. By
the acid wash technique, it was established that
approximately 85% of total cell surface-localized 125I-
OT is internalized within the first 20 min after ligand
addition (Fig. 1A). These data suggest that the inter-
nalization of cell-surface bound radioactive OT
begins immediately following the receptor ligand
binding.

The fate of cell surface OTR protein was also deter-
mined by means of flow cytometry of cells labeled with
OTR-specific antibodies conjugated to FITC [26]. The
incubation of cells with 1�M OT at 37�C was followed
by a significant decrease (approximately 50%) of the
number of cell surface OTR receptors (Fig. 1B). In
summary, the results shown in Fig. 1A and 1B suggest
that either the cell surface-bound 125I-OT becomes
progressively resilient to recovery by acid-wash or the
OTR, following its occupancy by a ligand, is no longer
recognizable on the surface of the cell membrane by
specific antibodies.These results support the conclusion
that cells internalize both the receptor and its ligand.



Localization of OTR-GFP fusion protein

Two OTR-GFP plasmids were constructed, one with
the GFP at the amino terminus and one with GFP at
the carboxyl terminus. Transfection of these plasmids
into cells showed that the N-terminal fusion failed to
express functional membrane-bound OTR (results not
shown), a result noted by others [27]. Since only the C-
terminal fusion, here designated as OTR-GFP, was sta-
bly expressed as a membrane bound form, all further
studies were carried out with this expression vector.

The functionality of the OTR-GFP fusion protein was
ascertained by cytological relocalization of the
expressed fusion protein following treatment of cells
with OT. Midsection confocal microscopy images of
transfected MCF-7 cells are shown in Fig. 2. Prior to the

treatment with OT, the OTR-GFP fusion protein appears
equally distributed between cell surface and cytoplasm
with essentially no fluorescence in the nucleus (Fig.2A).
For translocation of OTR-GFP from cell membrane/
cytoplasm to nuclei, the MCF-7 cells required treatment
with exogenous OT (10–7 M).Fifteen minutes after treat-
ment with OT (Fig. 2B) nearly all of the OTR-GFP was
sequestered into cytoplasmic vesicles, which appeared
equally distributed throughout the cytoplasm.
Continuous 24-hrs treatment with OT (Fig. 2C) resulted
in concentration of the granular fluorescence around the
nucleus with some accumulation of GFP-generated flu-
orescence within the nucleus itself. After 48 hrs of con-
tinuous OT treatment, the MCF7 cells exhibited large
OTR-containing vesicles within the cytoplasm (Fig. 2D),
some accumulation around the nucleus and a distinct
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Fig. 1 Cell-surface ligand is internalized by OT (oxy-
tocin)-treated cells. (A) Acid-wash method using 125I-
oxytocin. For OT internalization by the acid-wash tech-
nique, confluent cultures of U2OS cells were washed
and cooled to 4�C before adding 125I-OT and cold OT to
a final concentration of 10–9 and 10–5 M, respectively.
The binding was equilibrated at 4�C for 4 hrs. At the end
of the binding period, the cells were transferred to 37�C
for the indicated time periods. The cells were washed,
treated with acid wash and finally dissolved (see
‘Methods’). Both acid wash (representing the 125I-oxy-
tocin fraction bound at the surface) and the cell digest
(representing the 125I-oxytocin fraction internalized)
were collected and their radioactivity determined. Lines
are the mean of two different experiments. Standard
deviation were less than 10%. (B) Flow cytometry
method using a specific antibody to human OTR. Flow
cytometry of OT internalization was performed using
cells equilibrated with 10–9 M OT at 4�C. The hormone-
equilibrated cells were then incubated for additional 30
min either at 4 or 37�C. The cell surface OTR was
labeled sequentially with 1F3 MAb and FITC-secondary
antibody. The cells were scrapped and analysed by
means of flow cytometry.

A

B
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localization of fluorescence within the nuclei of some
but not of all the cells. In control experiments transfect-
ed with GFP plasmid alone, the fluorescence became
evenly distributed within the cytoplasm and nucleus
soon after the expression of the GFP. The process of
GFP distribution was not affected by a treatment with
OT (results not shown).

In contrast to MCF-7 cells, the OTR-GFP protein in
U2OS osteosarcoma cells exhibited strong staining
within the nucleus even in the absence of OT treatment
(Fig. 3A). OT treatment of U2OS cells resulted in
increased vesiculation of OTR-GFP protein. The vesi-
cles surrounded the nucleus followed by a time-
dependent increase of the amount in fluorescence
within the nucleus (Fig. 3B–E). In other experiments 
we found a number of other osteosarcoma cell lines
(MG-63, SaOS2 and OS-15) localize OTR-GFP into
the nucleus with or without OT treatment (see below).
The time-point of initial localization of OTR-GFP into
the nucleus in osteosarcoma cells is difficult to assess
as the expression and translocation of the fusion pro-
tein overlaps with the transfection procedure itself.
Regardless, transfection experiments revealed a differ-
ence between MCF7 breast carcinoma and a number
of osteosarcoma cell lines in terms of OTR-GFP sub-
cellular localization and responses to the treatment
with a ligand. It is also possible that the slow kinetics of
GFP-OTR nuclear localization in MCF-7 cells was due
to a cell-specific interference by GFP in the transloca-
tion of OTR-GFP. In order to resolve this possibility, the
localization of endogenous OTR within cells was exam-
ined using a monoclonal antibody specific for the OTR.

OT-dependent and independent 
distribution of endogenous OTR 

Immunofluorescence avoids problems associated
with expression of the OTR-GFP gene, particularly
the presence of the overexpressed protein in the cell,
time required for expression of the fusion protein,
and possible interference of GFP with either the
translocation of OTR across the nuclear pore or the
interaction of OTR with karyophylic proteins. Similarly
to OTR-GFP experiments, immunofluorescence
studies of endogenous OTR in MCF7 cells show that
both internalization and nuclear localization of the
OTR is strictly dependent on treatment of cells with
ligand (Fig. 4). In MCF7 cells, the OT-dependent
nucleoplasmic transport of OTR can be observed
within minutes following the addition of ligand.
However, only a minor portion of total cytoplasmic
OTR enters the nucleus, while most of the label
accumulates in the perinuclear region. Once trans-
ported into the nucleus, the OTR remained within the
nucleus regardless of the extracellular presence of
OT for at least several hours (results not shown).
Conversely, the endogenous OTR localize into the
nuclei of bone cancer derived U2OS cells (Fig.
5A–C) and SaOS2 cells (Fig. 5D–E) regardless of OT
treatment. Nuclear transport of OTR in normal
human fibroblasts (HFF) cells is only partially
dependent on exogenous OT; however, its nuclear
localization is greatly enhanced by OT treatment
(Fig. 6).

Fig. 2 Midsection confocal microscopy of OTR-GFP in pEGFP-N3-OTR-transfected MCF7 cells before (A) and after (B–D)
OT treatment. Cells in images (B–D) were treated with OT (10–7 M) for 15 min, 24 and 48 hrs, respectively. While the control
nuclei () are essentially free of the GFP-mediated fluorescence, their intensity increased with length of OT treatment.



Properties of intracellular OTR

Relationship between perinuclear and nuclear OTR
Whole cell protein preparations and nuclear protein
extracts of U2OS osteosarcoma cells were prepared
and separated on SDS-polyacrylamide gels. Western
blots revealed the expected ~59 kD OTR in whole
cell extracts as well as nuclear fractions (Fig. 7). Only
about 6% of total OTR present in the cell membrane
could be seen in the nuclear fraction of HFF cells;
however, this amount increased fourfold following
treatment with OT (Fig. 8). These results are in keep-
ing with constitutive and ligand-induced accumula-

tion of OTR in the proximity of the nucleus as indicat-
ed by fluorescence microscopy. Thus, the ‘nuclear
fractions’ analysed by Western blot could include
OTR isolated from the vicinity of the nucleus as well
as that localized exclusively within the nucleoplasm.

We set out to directly determine to what extent the
material reacting with the OTR-antibody remains asso-
ciated with isolated nuclei. In order to highlight this per-
inuclear component, we used an abbreviated nuclear
isolation procedure designed to obtain nuclei with an
excess of the nuclear-associated cytoplasmic frag-
ments (crude nuclei; procedure 2 in ‘Methods’). Nuclear
preparations from OT-treated and -untreated MCF7

102 © 2007 The Authors
Journal compilation © 2007 Foundation for Cellular and Molecular Medicine/Blackwell Publishing Ltd

Fig. 3 Constitutive and time-depend-
ent translocation of OTR-GFP into the
nuclei of U2OS cells. Image A repre-
sents midsection confocal microscopy
of the untreated cells, 2 days post-
transfection with pEGFP-N3-OTR
(time 0). Cells in images B through F
were all treated with OT (10–7 M) for 6,
24, 48, 72 and 96 hrs, respectively.

Fig. 4 Midsection confocal immunoflu-
orescence microscopy of ligand-
dependent nuclear localization of
endogenous OTR in MCF-7 cells.
Cells in images (A–C) represent OT-
untreated controls. Cells in images
(D–F) were treated with OT 10–7 M for
15 min. Staining obtained with propid-
ium iodide stain (A and D) and anti-
OTR antibody FITC immunofluores-
cence (B and E). C and F are overlays
of A and B, and D and E, respectively.



cells were fixed and subjected to immunofluorescence
confocal microscopy. The results showed that nuclei of
MCF7 cells lack OTR in the absence of OT treatment
(Fig. 9). There was, however, a significant increase of
OTR within nuclei as well as the perinuclear cytoplasm
following OT treatment.

OTR localizes into nucleoli and nucleoplasm
The OTR localization appears to be in several
regions of the nucleoplasm of HFF cells. The reten-
tion of both OTR-GFP and native OTR within the
nucleus last hours to days (Fig. 3). In nearly all
images examined, the OTR (or OTR-GFP) could be

seen in the nuclei of cells as specks (4–20 in num-
ber), with ill-defined margins. The large specks are
surrounded by smaller antibody-positive dots too
numerous to be enumerated (Fig. 10A) and are near
the geometrical midline of the nucleus (Fig. 10B); in
no instance is the OTR associated with the internal
nuclear envelope.The latter is further documented by
double-staining the cells for lamin B and OTR (Fig.
11). In some instances, OTR was distinctly localized
into at least one of the nucleoli (Fig. 12A–B) as
demonstrated by superimposing the DIC and fluores-
cence images of the same field. It appeared that the
nucleoli staining occurred prior to treatment with a
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Fig. 5 Ligand-independent transport
of endogenous OTR into nuclei of
U2OS (A–C) and SaOS2 (D and E)
osteosarcoma cells. The cells were
either untreated (A–D) or treated for
15-min with 10–7 M OT (E). Images
were obtained by means of  midsec-
tion confocal microscopy of cells
stained  with propidium iodide (A), or
immuno-fluorescence using a mono-
clonal OTR antibody and FITC conju-
gated rabbit antimouse IgG (B–E).C is
an overlay of A and B.

Fig. 6 Midsection confocal microscopy
images of primary human fibroblast
(HFF) cells. Images A through C were
obtained from control (OT-untreated
cultures) while images D through 
F were from cultures treated with OT at
10–7 M for 15 min. Images A and D
represent staining with propidium
iodide, images B and E are immuno-
histochemistry using monoclonal OTR-
antibody and FITC conjugated rabbit
anti-mouse IgG, and images C and F
are overlays of images A and B, and D
and E, respectively.



ligand (Fig.12C–D). The reason for localization of
OTR to some of the nucleoli in some cells, and in cer-
tain cases, to all nucleoli of the same cell, is not
known.

Bone cancer cells produce increased levels of OTR
The immunofluorescence observations of a variety of
cells indicated quantitative differences in their con-
tent of intracellular OTR. The level of OTR antibody-
mediated staining was consistently higher in
osteosarcoma cells than in any of the other cells
studied. We employed Western blotting to estimate
the relative amount of OTR produced by various cell
lines. When equal amounts of total protein were
loaded onto SDS-PAGE gels, subsequent densito-
metric analysis of Western blots showed that
osteosarcoma cells produce 3.6� as much OTR as
HFF cells and 20� the amount produced by MCF7
breast cancer cells (Fig. 13). It appears, therefore,
that the osteosarcoma cells not only exhibit a ligand-
independent nuclear translocation mechanism, but
also produce increased levels of the OTR in compar-
ison to the non-bone tumours or normal cells exam-
ined.

Discussion 
In this study, we report that OTR localizes to different
compartments within nuclei derived from neoplastic

and normal cells. In addition, we show that transloca-
tion of OTR into the nuclei of some types of cells is
constitutive while in others it is dependent on treat-
ment with oxytocin. Although the localization of OTR
to the nucleus is a novel finding, many other surface
receptors, including other GPCR, were previously
shown to be located within this organelle [21]. In the
past, attempts to locate intranuclear receptors were
hindered by uncertainties such as cytoplasmic con-
tamination of isolated nuclei and, most importantly,
from the reliance on epifluorescence microscopy that
could not conclusively distinguish between nuclear,
cytoplasmic and plasma membrane labelling. The
advent of confocal microscopy, GFP technology and
specific antibodies with localization-enabling tags
has allowed unambiguous characterization of sever-
al nuclear receptors previously known to occur only
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Fig. 7 Western-blot analysis of OTR in U2OS and HFF
cells. The cells were treated with OT 10–7 M for 15 min.
Following the hormone treatment, the cells were used either
for the isolation of total protein (whole cell extract) or for iso-
lation of nuclei. The purified nuclear fraction (procedure 1 in
the ‘Methods’) was then used for isolation of total nuclear
protein extract.

Fig. 8 Treatment with OT increases translocation of OTR
into nuclei of HFF cells. Western-blot indicating the pres-
ence of the OTR in nuclear protein fractions (procedure 1,
‘Methods’) of both control and OT-treated (10–7 M, 15 min)
HFF cells. The relative densitometric units (U) per micro-
gram of protein indicate approximately 10 times higher level
of OTR in OT-treated cells. The total amount of protein
loaded onto the wells is as follows: whole cell extract (60.75
�g), nuclear extract (54 �g) and nuclear extract from cells
treated with OT (24 �g).



in association with the plasma membrane. The pre-
cise localization of GPCR and other surface mem-
brane receptors in the nucleus is not known.
However, some nuclear membrane systems derived
from the invagination of the outer and/or the inner
nuclear envelope or, alternatively, nuclear non-mem-
branous lipophilic domains have been suggested as
possible sites for the nuclear localization of integral
membranous proteins such as GPCR [28].

In this study, confocal immunofluorescent
microscopy of OT-treated cells showed OTR-strongly
labelled endoplasmic reticulum associated with the
outer nuclear envelope as well as the antibody-positive
material within the nucleus. It was observed that 
the OTR-staining was associated with different parts of
the nucleus and assumed several morphological char-
acteristics: (1) several patchy loci scattered within the
nucleus; (2) well-defined nuclear dots not dissimilar
from those known as PML bodies (ND10) [29]; (3) a
clearly delineated nucleolar localization, particularly fol-
lowing transfections with OTR-GFP or before OT treat-
ment in immunofluorescence studies and (4) dispersed
small well-delineated spots within the nucleoplasm. It
was of interest to experimentally verify ligand-induced
accumulation of OTR to the perinuclear and nuclear
compartments using isolated nuclei.We sought to con-
firm the immunofluoresence data by observing physi-
cal association of OTR with crude nuclei preparations
which accent perinuclear cytoplasmic constituents, and
OTR distribution observed in situ by immunofluores-
cence using isolated nuclei.The results of these exper-

iments were indeed similar.
Nuclear OTR was evident in several osteosarco-

ma cell lines with or without prior treatment with
exogenous OT. In contrast, cells other than those of
bone neoplastic origin required treatment with OT in
order to translocate their OTR into the nuclear com-
partment. Human foreskin fibroblasts exhibited an
intermediary behaviour as some OTR could be
detected in nuclei of these cells without OT treat-
ment. Nevertheless, these cells responded with a
robust transport of OTR into the nucleus following
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Fig. 9 Association of OTR with the
perinuclear and nuclear fractions of
MCF-7 cells. A–C depict control cells
and D–F represent OT-treated (10–7 M
for 15 min) cells. A and D are phase
contrast images, B through F are con-
focal images of immuno-fluorescence
with OTR-Ab, FITC-labeled conjugate
and propidium iodide. B and E are
stacked confocal images while C and
F are a single midsection images.

Fig. 10 Confocal immunofluorescent microscopy showing
maximum projection stacked images of a single HFF cell
from cultures treated with 10–7 M OT for 5 min. Image A
shows the front view of the cell. B shows a segment of the
nucleus that was selected for 90� rotation. The resulting
image documents distinct localization of OTR along the mid-
line of the nucleus.
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OT-treatment. The presence of a ligand-induced
nuclear transport of OTR in some cell lines suggest
that the nuclear localization of OTR could have some
functional role in the cellular response to OT. The fact
that in osteosarcoma cells the OTR translocates into
the nucleus even in the absence of OT may be
caused by constitutive activation of the mechanism
involved in the nuclear import of OTR which specifi-
cally affect bone-derived neoplastic cells. As a possi-
ble interpretation, we could hypothesize the involve-
ment of some bone extra-cellular matrix molecules
specifically produced in bone neoplastic cells in pro-
moting the OT-independent OTR translocation into
the nucleus. In a previous study from our group, we
described the presence of a functional plasminogen

activator system on the surface of bone neoplastic
cells promoting the cleavage of the bone matrix pro-
tein osteocalcin [12]. Matrikines (extracellulr matrix
molecules, such as tenescin and its EGFR-like
repeats, i.e.) [30] have been reported to be possibly
involved in the activation of membrane receptors of
growth factors (i.e. EGFR) favoring the internal traf-
ficking and even their eventual nuclear translocation
[30]. Our challenging hypothesis is that, in our exper-
imental model, bone matrix molecules associated
with bone neoplastic cells could account for the OT-inde-
pedent, cell-type specific nuclear translocation of OTR.

To further complicate our scenario, a high aminoacid
homology (five out of six) between the high affinity
E2 region of OTR and an osteocalcin-derived hexa-

Fig. 11 Nuclear OTR does not interact with nuclear enve-
lope. U2OS cells grown on coverslips were fixed/permeabi-
lized and double staining was performed using anti-human
lamin B (green, B and C) and with anti-OTR 1F3 (red, A, B,
and C) Mab as described in the ‘Methods’. The image was
obtained by confocal microscopy of a nucleus midsection
and shows the lack of association of OTR with the internal
nuclear envelope.
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peptide has been described [12]. It cannot be exclud-
ed that such structural similarity could participate in
osteosarcoma-cells specific OT-independent nuclear
translocation of OTR through an unknown mecha-
nism of receptor activation.

OT causes accumulation of OTR in the perinuclear
region in all cells regardless of whether they exhibit
constitutive or ligand-dependent OTR nuclear local-
ization. The accumulation of OTR around the outer
nuclear membrane may represent a necessary step
for nuclear uptake or it may be the result of an inde-
pendent process. The latter appears to be more like-
ly as high perinuclear levels of OTR do not necessar-
ily translate into higher nuclear uptake.

The transport of a membrane receptor to the
nucleus could be attributed to the presence of a 
peptide sequence called the nuclear localization
sequence (NLS). Putative simple and bipartite
NLSs are located within the cytoplasmic but not the
extracellular segments of the OTR and include the
following three clusters of positively charged amino
acids with a strong homology to known NLS
sequences [31]: RTTRQKHSR (1st intracellular loop
[i.l.], aa 65-73, RSLRRRTDR (2nd i.l., aa 146–154)
and KGRR-7aa-KK (C-terminus, aa 353-365). The
RSLRRRTDR sequence also bears a similarity to
the HIV-1 Rev nucleolar localization sequence
(NoLS) described by Cullen et al. [32] and to similar
sequences compiled by Thebault et al. [33]. We
have observed distinct nucleolar localization in
some experiments, while in others the OTR exists
as spots dispersed throughout the nucleoplasm.
This raises the possibility of (i) single import path-
way into the nucleolus followed by dispersion of the
OTR into nucleoplasm or (ii) dual import mecha-
nisms (NLS and NoLS) for the OTR. Alternative
mechanism for the nuclear import of OTR and other
GPCRs include interaction with carrier proteins
containing a NLS [34].

Fig. 12 Nucleolar localization of OTR in MCF-7 and MG-63 cells. Standard epifluorescent immunocytochemistry (A) and DIC
phase contrast microscopy (B) images of the same group of MCF-7 cells show distinct nucleolar localization of OTR. MCF-7
cells were stained with anti-OTR MAb and a FITC-conjugated rabbit anti-mouse IgG (A). Images C and D represent midsec-
tion confocal microscopy of MG63 osteosarcoma cells stained with the same antibodies as above. Control cells (C) were not
treated with OT, while the cells in image D were treated with 10–7 M OT for 15 min.

Fig. 13 Osteosarcoma cells overproduce OTR. Western-
blot of OTR present in whole cell protein extracts obtained
from HFF, MCF7, SaOS2 and U2OS cells, respectively. The
total amount of protein loaded onto gels was adjusted to 
93 �g per each well. The blots were developed according
described methods and subjected to quantitative analysis.
The densitometric data indicate (Relative Densitometric
Units, U) that both osteosarcoma cell lines tested produce as
much as 3.6� more OTR as HFF cells and 20� more OTR
in comparison to MCF-7 cells.
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Translation from alternative start codons represents
another mechanism that may determine the destina-
tion of the protein product. Fibroblast growth factor
that is translated from the first AUG codon is cyto-
plasmic while isoforms that initiate from upstream 
in-frame CUG codons translocate into the nucleus
[35, 36]. Similarly, PTHrP expressed from an AUG
start codon is directed to the cell membrane, where-
as peptides expressed from alternative CUG and
GUG start codons are redirected to other sites with-
in the cell, including the nucleus [37]. Kimura et al.
[23] showed expression of 4.4, 3.6 kb, and possibly
other minor OTR mRNA species from mammary
gland and term myometrium. Multiple OTR mRNA
species were also identified using various 3� UTR-
derived probes [38]. The plausible existence of desti-
nation-determining signals within the OTR mRNA is
an attractive hypothesis because it could impart
translocation of different OTR isoforms into secretory
vesicles, the nucleus or the soluble phase. OTR
could potentially enter the soluble phase following its
internalization from the membrane as was shown
previously for PTHrP [39].

OT has been shown to have many, sometimes
opposite, effects in a variety of cells. Thus, OT may
either promote [6, 9, 40, 41] or inhibit cell proliferation
[11, 16]. The type of tissue or cell may not be the only
factor determining the biological impact of OT. Thus,
caveolae-localized OTR has been shown to elicit a
potent mitogenic signal without internalization while
activation of plasma membrane-localized OTR leads
to the OTR internalization and growth inhibition
[17,19].The biological significance of the nuclear local-
ization of GPCRs can be related to the regulation of
nuclear events directly in the nucleus and nuclear
localization of GPCRs can be necessary for their full
transcriptional activity [33, 42]. The functionality of
nuclear GPCRs is suggested by their association in
the nucleus with G-proteins and enzymatic effectors
[43]. In addition, activation of nuclear GPCRs induce
enzymatic effects in the nucleus and different cellular
effects upon activation of surface and nuclear GPCRs
has been described [21]. Since the significance of the
localization of OTR in the nucleus is not understood at
this time, we can only form a hypothesis concerning
the function of the nuclear or putative intracrine OTRs.
Recently, OT has been reported to up-regulate the
gene expression of different adhesion-related mole-
cules in tumour-derived endothelial cells [41]: the

present evidence suggests that -beside activating the
‘classical’ intracytoplasmic signaling cascade- OT
could be transferred to the cell nucleus and directly
activate transcriptional factors promoting the `switch
on’ of specific genes. It may be asserted that the very
existence of the constitutive and ligand-dependent
translocation is perhaps indicative of the functional
importance of the OT/OTR system in the nuclei of var-
ious type of cells: once again, concerning the OT/OTR
system, the ‘un-expected is not over’ [13], yet.
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