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Activation of the cell membrane angiotensin AT2 receptors in human 
leiomyosarcoma cells induces differentiation and apoptosis by a  PPARγ – 
dependent mechanism 
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Angiotensin II (Ang II), the main effector peptide of the renin-angiotensin system (RAS), acting on AT1 and AT2 recep-
tors participates in the regulation of proliferation, differentiation and apoptosis in tumour cells. The peroxisome-proliferator 
activated receptor γ (PPARγ) and its ligands exert anti-tumour effects in various human cancer cell lines. The present study 
investigates the effects initiated by AT1- and AT2 receptor stimulation in SK-UT-1 cells, a human leiomyosarcoma cell line, 
and clarifies the role of the PPARγ in the AT2 receptor-induced differentiation and apoptosis.

Selective stimulation of AT1- and AT2 receptors was achieved by incubation of the cells with Ang II (10-6 M) in the presence 
of the selective AT2 receptor antagonist, PD 123177 (10-6 M) and the AT1 receptor antagonist, losartan (10-5 M), respectively, 
the selective PPARγ antagonist, GW 9662, was used at concentration 10-6 M. The expression of smooth muscle cell differen-
tiation markers, SM22α and calponin, was analysed at RNA- and protein levels using RT PCR and Western blot, which was 
also used to quantify Bcl-2-, Bax- and cleaved caspase-3 proteins. The translocation of the AT2-receptor interacting protein 
1 (ATIP1) to the nuclei was studied by Western blot and immunofluorescence staining. The mitochondrial status and the 
metabolic activity in response to AT1- and AT2 receptor activation were assessed by the quantification of 99mTc – sestamibi 
and 2´-deoxy-2´-[18F]fluoro-D-glucose uptake.

AT1 receptor stimulation did not exert any profound effects in quiescent SK-UT-1 cells. The effects induced by Ang II act-
ing on AT2 receptors were time-dependent. A short, 3 – 6 h lasting stimulation promotes differentiation, i.e increases in the 
mRNA- and protein levels of SM22α and calponin, whereas a sustained stimulation for 48 h activates the intrinsic apoptotic 
pathway, as evidenced by reduced cell numbers, down-regulation of the anti-apoptotic Bcl-2 protein and increased levels 
of the Bax protein and cleaved caspase-3. The effects were reversed by the PPARγ antagonist, GW 9662, clearly implying 
a PPARγ-dependent mechanism. Our results also demonstrate a co-localisation of the AT2-receptor interacting protein, ATIP1, 
and the PPARγ in nuclei of SK-UT-1 cells and an accumulation of ATIP1 in the nuclear fraction in response to AT2 receptor 
stimulation. The regulation of the differentiation and apoptosis via the AT2 receptor favours an important functional role of 
this receptor in quiescent, slow-cycling SK-UT-1 cells and provides the rationale for the use of AT1 receptor antagonists for 
the treatment of human leiomyosarcomas.
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Local tissue renin-angiotensin systems (RAS), which have 
been identified in most organs such as in the kidney, brain, liver 
and female reproductive organs, participate in the regulation of 
cellular proliferation and apoptosis [1]. The RAS components 
were also detected in human cancers [2]. Angiotensin II (Ang 
II), the main effector peptide of RAS, exerts its effects via bind-

ing to at least two seven-transmembrane domain receptors, 
angiotensin type 1 (AT1) and type 2 (AT2) receptor. The AT1 
receptor in malignant tumours is often up-regulated during 
the progression from normal to malignant phenotypes and its 
over-expression correlates with tumour growth and metastasis. 
Ang II acting on the AT1 receptor is a potent growth – pro-
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moting factor, enhances proliferation and invasion of cancer 
cells and promotes tumour angiogenesis [2, 3]. Generally, 
the AT2 receptor mediates effects opposing and counterbal-
ancing those initiated by the AT1 receptors, e.g. it inhibits 
cellular proliferation and migration and counteracts growth-
promoting actions of growth factors and the AT1 receptor [3, 
4]. AT2 receptor activation or its over-expression attenuated 
cell growth and promoted apoptosis in lung adenocarcinoma 
cells or in rat pheochromocytoma (PC12W) cells [5, 6]. In 
contrast to the AT1 receptor, the AT2 receptor does not couple 
to the heterotrimeric G-proteins, but interacts with different 
AT2-receptor interacting proteins (ATIPs) which mediate the 
biological effects of AT2 receptor activation [7, 8]. ATIPs are 
encoded by a  single gene MTUS1 (microtubule associated 
tumor suppressor 1) and five MTUS1 transcript variants have 
been classified in three groups, ATIP1, ATIP3 and ATIP4. 
All ATIPs isoforms share a common AT2 receptor interacting 
domain and act, especially the ATIP1, as mediators of the 
growth-inhibitory actions initiated by the AT2 receptor [9]. 
For instance, ATIPs expressed in human prostate cancer cell 
lines were demonstrated to mediate the AT2 receptor-induced 
anti-growth effects [10, 11].

The peroxisome proliferator-activated receptor γ (PPARγ), 
a ligand activated transcription factor, is an important regu-
lator of glucose and lipid metabolism. The synthetic PPARγ 
activators thiazolidinediones, such as pioglitazone, decrease 
insulin resistance in the adipose tissue, skeletal muscles and 
the liver [12]. The PPARγ is also expressed in various human 
tumours, including lung, breast and colon cancers and gynae-
cological malignancies. Activation of PPARγ inhibits cellular 
proliferation and induces differentiation and/or apoptosis 
indicating a role for the receptor as a potential tumour sup-
pressor [13, 14]. Experimental data indicates a link between 
the RAS and the PPARγ in vascular smooth muscle cells 
(SMC) or tumour PC12W cells [15-17]. Thus, the interplay 
between angiotensin receptors and the PPARg may consid-
erably contribute to the modulation of processes associated 
with proliferation, differentiation or apoptosis of cancer cells.

We have recently reported that AT2 receptors in SK-UT-1 
cells, a human leiomyosarcoma cell line, are up-regulated in 
quiescent state [18]. The present study conducted in quies-
cent, slow-cycling SK-UT-1 cells investigates the effects of 
AT1- and AT2 receptor stimulation with Ang II on prolifera-
tion, differentiation and/or apoptosis and clarifies the role of 
the PPARγ in these processes. Ang II binds with high affinity 
to the AT1- and the AT2 receptor (IC50 = 0.2 nM and 0.6 nM, 
respectively). To selectively activate the membrane AT1 – and 
AT2 receptors, SK-UT-1 cells were exposed to Ang II and the 
high-affinity AT2 receptor antagonist, PD 123177 (IC50 = 34 
nM) and the AT1 receptor antagonist, losartan (IC50 = 19 nM), 
respectively. These experimental conditions ensure an effective 
and selective activation of both subtypes of the membrane 
angiotensin receptors. The uptake of 99mTc – sestamibi (99mTc-
MIBI) and 2´-deoxy-2´-[18F] fluoro-D-glucose (18F-FDG) 
were used to assess the mitochondrial status and the metabolic 

activity after stimulation of AT1- and AT2 receptors [19, 20]. 
To explore the role of the PPARγ in the mediating of effects 
initiated by the AT2 receptor stimulation, we employed GW 
9662, a potent, high-affinity PPARγ antagonist. Our results 
demonstrate that AT2 receptor stimulation in SK-UT-1 cells 
induces differentiation and activates mitochondrial apoptotic 
pathway by a PPARγ – dependent mechanism and suggest 
a role of ATIP1 in mediating these effects.

Materials and methods

Chemicals. Angiotensin receptor ligands: Ang II was 
purchased from Sigma-Aldrich (Taufkirchen, Germany). 
Losartan was generously supplied by Dr. R. Smith (DuPont 
Merck Pharmaceutical Company, Wilmington, DE, USA). 
PD 123177 was a kind gift from Joan Keiser (Park Davis, Ann 
Arbor, Michigan, USA). Ang II, losartan and PD 123177 were 
dissolved in ultra-pure water. GW 9662, a potent and selec-
tive PPARγ antagonist, purchased from Cayman Chemicals 
Co. (Ann Arbour, MI, USA) was dissolved in DMSO and 
ultra-pure water. All other chemicals, antibodies and kits are 
mentioned in the text and if not otherwise stated, they were 
purchased from Sigma-Aldrich (Taufkirchen, Germany) or 
Merck (Darmstadt, Germany).

Cell culture. The human leiomyosarcoma cell line, SK-
UT-1 cells (HTB-114, American Culture collection) was 
obtained from the European Collection of Animal Cell Cul-
tures. SK-UT-1 cells have been established and characterised 
as a cell line, which can grow in vitro and produce tumours 
in nude mice after transplantation. This cell line is most 
frequently used to study the biology of the human leiomyo-
sarcoma and to test the effects of various anticancer drugs. The 
cells, kindly provided by Dr. Hendrik Ungefroren, University 
of Hospital of Schleswig-Holstein, Campus Kiel, Germany 
[21], were cultured in a  culture medium consisting from 
DMEM and HAM´-12, 1:1(Invitrogen GmbH, Darmstadt, 
Germany) supplemented with 10 % heat inactivated foetal 
calf serum (FCS, Biowhittaker Bioproducts Walkersville MD, 
USA), 100 U/ml penicillin, 100 mg/ml streptomycin, and 2 
mM of L-glutamine. All cells grew as a monolayer in dishes at 
37 °C in a humidified atmosphere of air/CO2 (19:1). The cell 
line was passed using 1.5 ́  trypsin/EDTA (0.05% trypsin and 
0.02% EDTA). To obtain quiescent cells, SK-UT-1 cells were 
maintained in a medium containing 0.1% FBS for 48 hours 
before the experiments.

RNA isolation and RT-PCR. Total RNAs were extracted 
with Trizol-reagent and dissolved in RNase-free water. The 
RNA quantity and quality were measured using a spectro-
photometer. First-strand synthesis (5 µg total RNA) was 
carried out with the Superscript Reverse Transcription Kit 
using Oligo-dT12–18 oligonucleotides (Invitrogen GmbH, 
Darmstadt, Germany). The equality of the reverse-transcribed 

cDNA was verified by RT-PCR using intron spanning primers 
for ß-actin (Clontech, Saint-Germain-en-Laye, France). All 
PCR reactions were carried out under standard conditions 
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unless otherwise stated. The PCR temperature profile used 
was 94 °C (5 minutes) hot start, followed by 30 cycles at 94 °C 
(45 s), 56-60°C (45 s), 72 °C (1 min), and 7 minutes at 72 °C. 

Optimal PCR conditions were established by determining of 
the ratio between the signal strength and the number of PCR 
cycles. The saturation of PCR reactions were reached at 33 
PCR cycles for ß-actin, at 25 cycles for SM22α and calponin 
(data not shown). The PCR products were separated by elec-
trophoresis on 1.0-1.5% agarose gels, stained with 0.5 mg/ml 
ethidium bromide and visualized by UV illumination. The 
amplification for the ß-actin control was verified for the cor-
rect size (1128 bp) to ensure the quality of cDNA and lack of 
contamination with genomic DNA. Autoradiographic signals 
were densitometrically quantified (Bio-Rad Image software, 
Quantity One, Bio-Rad Laboratories; Hercules, CA).

Oligonucleotides. The following oligonucleotides were 
used for RT-PCR cDNA: ß-actin: sense (5’–ATG GAT GAT 
GAT ATC GCC GCG–3’) and antisense primers (5’–CAT 
GAA GCA TTT GCG GTG GAC GAT GGA GGG GCC–3’); 
calponin: sense (5’–AAA CAG GTG AAC GTG GGA G–3’) 

and antisense primers (5’–TAG TTG TGT GCG TGG TGG 
TT–3’) were used for PCR amplification of to yield a 528-bp 
product; SM22α: sense (5’–ACA AGT CTT CAC TCC TCC 
CTG C–3’) and antisense primers (5’–TCA AAG AGG TCA 
ACA GTC TGG A–3’) were used for PCR amplification of to 
yield 408-bp product.

Western blot analysis. Cultured SK-UT-1 cells were lysed 
in CellyticTM MT cell lysis reagent (Sigma Deisenhofen, Ger-
many) containing 1% of the Halt protease and phosphatase 
inhibitor cocktail (Thermo Scientific Rockford, IL, USA). 

After short incubation (5 min at 95° C), the lysates were 
briefly sonicated and centrifuged (15,000 x  g at 4 °C for 
15 min) to remove insoluble materials. The protein concen-
tration in the supernatant was measured by BCATM protein 
assay kit (Thermo Scientific, Rockford, IL, USA). Extracts 

equivalent to 20 µg of total proteins per lane were loaded 
and separated on 12% SDS-polyacrylamide gels and trans-
ferred to Immobilon-P polyvinylidene difluoride membrane 
(PVDF) (Millipore; Billerica, MA, USA). The membranes 
were blocked and incubated overnight with the primary 
antibodies: monoclonal antibody against calponin (1:2000; 
Sigma, Deisenhofen, Germany), polyclonal antibody against 
SM22α (1:10,000; Abcam, Cambridge, UK), monoclonal 
antibody against cleaved (activated) caspase 3 (1:1000; Cell 
Signal Technology, Danvers, MA, USA), monoclonal anti-
Bcl-2 antibody (1:2000; Santa Cruz Biotechnology, Santa 
Cruz, CA, USA) or monoclonal anti-Bax antibody (1:1000; 
Santa Cruz Biotechnology, Santa Cruz, CA, USA). On the fol-
lowing day, the membranes were washed and incubated with 
the horseradish peroxidase-conjugated secondary antibody. 
Western blots were developed with ECL western blot detec-
tion regents on high performance chemiluminescence film 
(Amersham International plc, Amersham; Piscataway, NJ). 
For the re-staining, the blots were stripped in the Restore 
Western Bolt Stripping Buffer (Thermo Scientific, Rockford, 

IL, USA) and washed in PBST. To normalise the protein con-
tent of each lane, all membranes were stained with protein 
staining kit or blotted with anti- β-actin antibody (1:10,000; 
Sigma, Deisenhofen, Germany). The films were scanned and 
quantified using the quantification software (Quantity One, 
Bio-Rad Laboratories; Hercules, CA).

Cell counting. SK-UT-1 cells cultured in 24 well plates were 
washed with PBS and detached from the culture dish with 
trypsin/EDTA solution. The cell suspension was centrifuged 
at 110 g for 5 min, the pellets were re-suspended in PBS and 
mixed 1:1 with Trypan Blue solution 0.4% (w/v). The cell 
counting was carried with a haemocytometer.

Lactate dehydrogenase (LDH) assay. The assessment of cell 
membrane integrity and cell death based on the measurement 
of LDH activity released from the cytosol of damaged cell 
into the culture medium was determined by the Cytotoxicity 
Detection Kit (Roche Diagnostics, Mannheim, Germany).

Preparation of the nuclear fraction. Cultured SK-UT-1 
cells were washed with PBS, detached from the culture dish 
with trypsin/EDTA solution and centrifuged at 500 x g for 
5 min. The pellets were re-suspended with PBS, centrifuged 
again at 500 x g and the supernatant was discarded. The nu-
clear protein extracts were obtained using “NE-PER Nuclear 
and Cytoplasmic Extraction Reagents” (Thermo Scientific, 
Rockford, USA) according to the manufacturer´s instruction. 
The protein extracts were stored at -80 °C.

Uptake of 99mTc – sestamibi (99mTc-MIBI). 99mTc-MIBI 
was synthesised using the Technescan Sestamibi  1 mg-Kit 
(Mallinckrodt, Dublin, Ireland) according to manufacturer’s 
instruction and diluted with culture medium to 10 MBq/ml. 
After treatment of SK-UT-1 cells with angiotensin receptor 
ligands with or without GW 9662 for 48 h, 4 – 5 µl of 99mTc-
MIBI (80-100 KBq) were added to each well and the cells were 
incubated for 10 min. Then, the cells were rinsed 4-times with 
ice-cold PBS, detached from the culture dishes with 200 µl 
of 0.05% trypsin/EDTA and shaken in a  shaker for 3 min. 
Afterwards 200 µl of lysis buffer containing protease inhibitor 
cocktail were added to each well. The cell lysates were then 
transferred to the 3 ml-silicon tube and the radioactivity was 
measured using a γ-counter (PerkinElmer). The lysates were 
then stored at 20 °C for protein determination. Non-specific 
binding was determined in the lysis buffer without cells. Radio-
activity was corrected for the decay and the percentage of the 
radioactivity associated to the cells was calculated as follows: 
the percentage of 99mTc-MIBI uptake = CPM of cell lysate x 100/ 
the total radioactivity (CPM) added to the well. The counts 
in individual samples were normalised for protein content.

Uptake of 2´-deoxy-2´[18F]fluoro-D-glucose (18F –FDG). 
Following stimulation of AT1 or AT2 receptors for 24  h  or 
48h, the cells were incubated in glucose – free medium for 4 
h. Then, 18F-FDG (80-100 Kbq/well, Eckert & Ziegler, Berlin, 
Germany) was added into the wells. After incubation for 20 
min at 37 °C, the cells were rinsed 4-times with ice-cold PBS 
to remove the excess of the tracer and lysed with 200 µl of 0.1 
N NaOH in a shaker for 20 min. The radioactivity in the cell 
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lysates was measured using a γ-counter. The cell lysates were 
then neutralized with an equal amount of 0.1 N HCl, stored 
at -20 °C and used for protein measurements. The counts of 
the samples were corrected for the protein content.

Immunofluorescence staining for the PPARγ and ATIP1. 
Quiescent SK-UT-1 cells grown on cover slips were fixed 
with 4 % paraformaldehyde for 30 min at room temperature 
(RT), washed 3 times with PBST and permeabilised with 0.1 
% Triton X-100 in 0.1 % sodium citrate for 5 min at RT. After 
incubation in the block solution containing 1% BSA, the cells 
were incubated with the first primary antibody mouse anti-
human PPARγ receptor antibody (1:400) at 4°C overnight. 
Following a wash step with PBST, the cells were washed with 
PBST and incubated with the second primary antibody rabbit 
anti-human ATIP1 (1:200) at 4 °C overnight. The cells were 
then washed with PBST and incubated with the secondary 
antibodies, Alexa Fluor® 488 -conjugated donkey anti-rabbit 
antibody and Alexa Fluor® 546- conjugated donkey anti-mouse 
antibody (Molecular Probes, Eugene, Oregon, USA) in 1% 
BSA. The cells were then washed 2-times with PBST, once 
with PBS, dried and mounted in ProLong® Gold Antifade 
Mountant with DAPI (4ʹ,6-diamidine-2ʹ-phenylindole dihy-
drochloride) (ThermoFisher Scientific, Rockford, IL, USA). 
Immunofluorescence analyses were carried out by a fluores-
cence microscope (Leica DMR, Germany).

Protocols. Selective stimulation of angiotensin AT1 and 
AT2 receptors was achieved by a concomitant treatment of 
SK-UT-1 cells with Ang II (10-6 M) and the high-affinity, 
AT2- or AT1 receptor antagonist, PD 123177 (10-6 M) and 
losartan (10-5 M), respectively. The PPARγ antagonist, GW 
9662, was used at a concentration of 10-6 M. The antagonists 
were added to cells 30 min before the application of the 
agonists. The concentrations of Ang II and the antagonists 
were established in preliminary experiments and employed 
in previous studies [18].

Differentiation study. The detection of SM22α and cal-
ponin mRNAs was carried out in quiescent SK-UT-1 exposed 
to vehicle, Ang II ± losartan or PD 123317 for 1, 3 and 6 h; 
proteins for Western blot analysis of SM22α (n = 5) and 
calponin (n = 6) were isolated after AT1- and AT2 receptor 
stimulation for 3, 6, 9 12 and 24 h. In the second set of ex-
periments, quiescent SK-UT-1 cells were treated with vehicle 
or Ang II + losartan with or without the PPARγ antagonist, 
GW 9662, for 9 h. Total proteins were isolated and used for 
Western blot analysis of calponin (n = 10/group) and SM22α 
(n = 11/group).

Effects of a  long-term activation of angiotensin recep-
tors in SK-UT-1 cells. The effects of AT1- and AT2 receptor 
stimulation on cell numbers and the 18F-FDG uptake were 
assessed in SK-UT-1 cells exposed to AT1- and AT2 receptor 
ligands for 24 h (cell counting: n = 8/group; 18F-FDG uptake: 
n = 16/group) or 48 h (cell counting: n = 8/group; 18F-FDG 
uptake: n = 9/group).

Apoptosis. The highest apoptotic rates occur between 36 
and 48 h after the onset of AT2 receptor activation [18]. Apop-

totic processes in the present study were, therefore evaluated 
at 48 h after stimulation of the membrane angiotensin recep-
tors. LDH release into the incubation media was determined 
in SK-UT-1 cells after AT1- and AT2- receptor stimulation for 
48 h (n = 9/group) . Total proteins were isolated and used for 
quantification of the Bax- (n = 6) and Bcl-2 (n = 6) proteins 
and the activated caspase-3 (n = 5). To investigate the potential 
role of the PPARγ in the AT2 receptor – induced apoptosis, the 
cell numbers (n = 11/group) and the uptake of 99mTc-MIBI (n = 
11/group) were assessed in quiescent SK-UT-1 cells incubated 
with vehicle and Ang II + losartan with or without GW 9662 
for 48 h (cell counting: n = 11/group; 99mTc-MIBI: n = 11/group. 
The ongoing apoptosis was documented by quantification of 
Bax- and Bcl-2 proteins and activated caspase-3 (n = 6/group 
for each protein).

PPARγ – ATIP1 interaction. The intracellular localisation 
of the PPARγ and ATIP1 was studied by immunofluorescence 
staining in SK-UT-1 cells treated with vehicle (controls) or 
after AT2 receptor stimulation.

ATIP1 was quantified by Western blot in the nuclear protein 
fraction isolated from SK-UT-1 cells exposed to vehicle or Ang 
II + losartan (selective activation of AT2 receptors) for 3, 6, 12 
and 24 h (n = 5 – 6 for each time point).

Statistical analysis. All values are expressed as the means 
± SEM. The numbers of separate experiments are given in 
brackets. The distribution of the sampled data, except the data 
of the ATIP1 protein values in the nuclear fraction, was ana-
lysed by Kolmogorov-Smirnov test. The statistical evaluation 
of the data was carried out by one-way analysis of variance 
(ANOVA) followed by a post hoc Bonferroni test for pairwise 
comparisons. Due to small sample size, not normally distrib-
uted data (Shapiro-Wilks-test) and apparent differences in 
variances between the values of two time courses of the ATIP1 
protein in the nuclear fraction, nonparametric statistical tests 
were used. The effects of time on the ATIP1 protein values 
(longitudinal comparisons) were evaluated by Friedman test. 
Multiple pairwise semiparametric comparisons to the control 
group (0 h) were performed by Holm-Bonferroni method. The 
differences between the time courses (vehicle group vs. AT2 
receptor-stimulated group) were tested at each time point (3, 
6, 12 and 24 h) by Wilcoxon-Mann-Whitney-Test. P values 
were adjusted for multiple testing by the factor 4.

Results

Stimulation of AT2 receptors in quiescent SK-UT-1 cells 
induces differentiation at early time points by a  PPARγ 
– dependent mechanism. Stimulation of AT2 receptors in 
SK-UT-1 cells up-regulated the mRNA levels of SM22α and 
calponin, activation of AT1 receptors was without effect (Fig-
ure 1A). An increase in the SM22α and calponin mRNA levels 
was detected at 1 h, but not at 3 or 6 h after the treatment had 
started. Activation of AT2 receptors significantly augmented 
the SM22α and calponin proteins only at one time point, 9 h 
(SM22α: F3,16 = 4.419, P<0.05; calponin: F3,20 = 4.130; P<0.05) 
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Figure 1. Ang II induces differentiation in SK-UT-1 cells via AT2 receptor activation. (A) upper panels: RT-PCR to determine the time course of SM22α- (left) and 
calponin (right) mRNA expression after AT1- and AT2 receptor stimulation. Panels (B) show the representative blots and the histograms of Western blot analysis 
of the SM22α- and calponin proteins after AT1- and AT2 receptor stimulation for 9 h. Activation of AT2 receptors significantly up-regulated SM22a and calponin 
in SK-UT-1 cells. Statistical comparison with vehicle treated cells: * P<0.05. (C) panels: Effects of the PPARγ antagonist, GW 9662 (GW), on the AT2 receptor-
induced up-regulation of SM22α and calponin. Depicted are the representative blots and the histograms. ** P<0.01, *** P<0.001, statistical comparison with 
vehicle treated cells, and † P<0.05, †† P<0.01, with cells treated with Ang II + losartan (Los), calculated by one-way ANOVA followed by a post hoc Bonferroni 
test for pairwise comparisons. Results are expressed as the means ± SEM. Ang II: angiotensin II, Los: losartan, PD: PD 123177. (D) Structural features detected 
in quiescent SK-UT-1 cells after vehicle treatment (controls), AT2 receptor activation or AT2 receptor activation and concomitant inhibition of the PPARγ.
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(Figure 1B). We did not observe any changes in SM22α and 
calponin protein levels either at earlier (3 and 6 h) or later time 
points (12 and 24 h) (data not shown). Selective inhibition of 
the PPARγ by GW 9662 prevented the AT2 receptor – induced 
up-regulation of SM22α (F2,27 = 8.798, P<0.01) and calponin 
(F2,30 = 11.354, P<0.001) (Figure 1C).

The morphological changes related to the differentiation 
of SK-UT-1 cells upon AT2 receptor stimulation were also 
observed (Figure 1D). Generally, SK-UT-1 cells are highly 
malignant cells and the rate of cell division in starvation media 
is high. Cells exposed to vehicle show disorganised arrange-
ment, variation in size and shape, loss of normal features and 
mitoses. Activation of AT2 receptors promotes differentiation 
as evidenced by the typical spindle form and anchorage de-
pendence. The co-treatment with the PPARγ inhibitor, GW 
9662, almost completely reversed the effects induced by AT2 
receptor stimulation (Figure 1D).

Effects of a sustained AT1- and AT2 receptor stimulation 
for 24 and 48 h on cell numbers and 18F-FDG uptake into 
SK-UT-1 cells. In line with previous findings, stimulation of 
AT1 – or AT2 receptors for 24 h did not alter the cell numbers 
(Figure 2, left upper panel) [18]. Activation of AT1 receptors 
for 24 h accelerated the 18F-FDG incorporation by SK-UT-1 
(F3,60 = 3.458, P<0.05) cells indicating higher mitotic activities 
(Figure 2, left lower panel), stimulation of AT2 receptors did 
not exert any effect. Ang II acting on AT2 receptors for 48 h 

reduced the numbers of SK-UT-1 cells (F3,28 = 2.786, P<0.05) 
(Figure 2, right upper panel). A sustained stimulation of both 
Ang II receptor subtypes for 48 h did not modify the uptake 
of 18F-FDG into the quiescent SKJ-UT-1 cells (F3,32 = 1.463, 
P=0.243, Figure 2, right lower panel).

Ang II acting on the membrane AT2 receptors induces ap-
optosis in SK-UT-1 cells by a PPARγ-dependent mechanism. 
Prolonged incubation (≥48 h) in serum-deprived medium 
led to spontaneous apoptotic cell death, as evidenced by the 
detectable amounts of activated caspase-3 in vehicle-treated 
SK-UT-1 cells. Bcl-2 and Bax proteins play a crucial role in 
molecular pathways linked to the mitochondria – mediated 
apoptosis. Exposure of SK-UT-1 cells Ang II for 48 h aug-

Figure 2. Effects of Ang II receptor activation on the cell numbers and 
18F-FDG uptake. Cells were treated with vehicle (control group), Ang II, 
Ang II + losartan (Los; stimulation of AT2 receptors) and Ang II + PD 
123177 (PD, selective stimulation of AT1 receptors) for 24 h (left panels) 
or 48 h (right panels). * P<0.05, ** P<0.01, statistical comparison with 
vehicle-treated cells, calculated by one-way ANOVA followed by a post 
hoc Bonferroni test for pairwise comparisons. Results are expressed as 
the means ± SEM. 

Figure 3. Effects of Ang II receptor activation upon apoptosis induction 
in SK-UT-1 cells. Cells were treated with vehicle (control group), Ang II, 
Ang II + losartan (Los, stimulation of AT2 receptors) and Ang II + PD 
123177 (PD, stimulation of AT1 receptors) for 48 h. Representative blots 
and the histograms of Western blot analysis of Bax protein (left upper 
panel), Bcl-2 protein (right upper panel) and activated caspase-3 (left lower 
panel) in SK-UT-1 cells following stimulation of AT1 and AT2 receptors. 
Stimulation of AT2 receptors increased the expression of Bax, suppressed 
the expression of Bcl-2 and considerably increased the cleaved (activated) 
caspase-3. Activation of Ang II receptors did not alter the LDH release into 
the media (lower right panel). * P<0,05, ** P<0.01, statistical comparison 
with vehicle treated cells, calculated by one-way ANOVA followed by a post 
hoc Bonferroni test for pairwise comparisons. Results are expressed as 
the means ± SEM.
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mented the expression of the pro-apoptotic Bax protein (F3,20 
= 10.259, P<001) and down-regulated the anti-apoptotic Bcl-2 
protein (F3,20 = 3.358, P<0.05) via activation of AT2 receptors. 
Stimulation of the AT1 receptor tended to increase the Bax- 
and to decrease the Bcl-2 proteins, the differences failed to 
reach statistical significance (Figure 3, upper panels). Ang II 
acting on AT2 receptors activated caspase-3 (cleavage into 17 
and 19 KDa bands) indicating an irreversible progression of 
apoptotic cascade (F3,16 = 9.125; P<0.001, Figure 3, left lower 
panel). Stimulation of either Ang II receptor did not alter 
release of LDH into the incubation media (Figure 3, lower 
right panel). Inhibition of the PPARγ by the antagonist, GW 
9662, prevented the AT2 receptor – induced decrease in cell 
numbers (F2,30 = 8.10.5, P<0.01) and 99mTc-MIBI uptake (F2,30 = 
3.643, P<0.05) (Figure 4, upper panels). AT2 receptor stimula-
tion down-regulated Bcl-2 protein (F2,15 = 4.593, P<0.05) and 
this effect was not reversed by a concomitant treatment with 
GW 9662 (Figure 4, middle right panel). However, the PPARγ 
antagonist completely prevented the increases in Bax protein 
(F2,15 = 8.180, P<0.01, Figure 4, middle left panel), Bax/Bcl-2 
ratio (F2,15 = 16.07, P<0.001) and the cleaved caspase-3 (F2,15 = 
6.258, P<0.01, Figure 4, lower panels), indicating that PPARγ 
activation is a  prerequisite for the AT2-receptor – induced 
apoptosis in quiescent SK-UT-1 cells. 

Cellular localisation of the PPARγ and ATIP1 in response 
to AT2 receptor stimulation. The localisation and the cellular 
distribution of the ATIP1 protein and the PPARγ are depicted 
in Figure 5. ATIP1 (Figure 5A, ii/green) is under normal 
conditions localised in the cell membrane and the cytosol, 
the PPARγ mostly in the cytosol and less in the nuclei (Figure 
5A, iii/red and v/violet). Importantly, both proteins were dis-
tributed throughout the whole cell. Vehicle treatment did not 
promote a significant binding of ATIP1 to the PPARγ (Figure 
5A, iv) and its translocation to the nuclei, as ATIP1 did not 
matched the distribution of the nuclear fluorescence marker 
DAPI (Figure 5A, vi). In contrast, SK-UT-1 cells treated with 
Ang II and losartan showed, firstly, apparent variations in 
the nuclei size and shape, and secondly, sharply demarcated 
nuclear localisation of the ATIP1 protein and the PPARγ. The 
ATIP1 protein (Figure 5B, ii/green) formed a complex with the 
PPARγ (Figure 5B, iii/red) (ATIP1/PPARγ, Figure 5, iv/yel-
low) and matched the distribution of the nuclear fluorescence 
marker DAPI (Figure 5B, i/blue), the spatial overlap of the 
ATIP1 protein and nuclear signal (DAPI) is depicted in Fig-
ure 5B, vi (turquoise). As already mentioned, the PPARγ was 
exclusively localized in the nuclei (PPARγ/DAPI, Figure 5B, v/
violet). The spatial overlap of the complex ATIP1/PPARγ with 
DAPI in the nuclei is shown in Figure 5B, vii (white) (compare 
to the image vii in Figure 5A). It is noteworthy to state, that 
the most intense overlap of the immunofluorescence staining 
for ATIP1 and the PPARγ was observed in nuclei of apoptotic 
cells (white arrows). Figure 6 shows a time-dependent increase 
in the ATIP1 protein in the nuclear fraction of SK-UT-1 cells 
in response to activation of the membrane AT2 receptors 
(P=0.001). In contrast, SK-UT-1 cells treated with vehicle 

did not show any significant changes in ATIP1 protein. The 
increases of the ATIP1 protein in response to AT2 receptor 
activation detected in cells at 6, 12 and 24 h were statistically 
significant when compared to the values detected in vehicle-
treated controls at the same time points (Figure 6).

Discussion

The present study demonstrates that the effects brought 
about by activation of Ang II receptors in quiescent SK-UT-1 
evolve in time. Stimulation of AT2 receptors induces differ-

Figure 4. Effects of PPARγ inhibition upon the AT2 receptor-induced 
apoptosis. The PPARγ antagonist, GW 9662 (GW), reversed the effects 
of AT2 receptor stimulation on the cell numbers and 99mTc-MIBI uptake 
(upper panels). Representative blots and the histograms show that GW 
9662 prevented the up-regulation of Bax protein (left middle panel), bax/
bcl-2 ratio, and caspase-3 activation (lower panels), indicating a PPARγ – 
dependent mechanism. GW 9662 failed to modify the down-regulation of 
Bcl-2 protein (right middle panel) in response to AT2 receptor activation. 
* P<0.05, **P<0.01, statistical comparison with vehicle treated cells, and † 
P<0.05, †† P<0.01 with cells treated with Ang II + losartan (Los), calculated 
by one-way ANOVA followed by a post hoc Bonferroni test for pairwise 
comparisons. Results are expressed as the means ± SEM.
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entiation at very early time points, but reduces cell numbers, 
promotes cellular damage and activates the intrinsic apoptotic 
pathway at later time points. The most significant finding 
is the role of the PPARγ and its interaction with ATIP1 in 
mediating the effects initiated by activation of the membrane 
AT2 receptors.

The AT2 receptor mRNA and protein were reliably detected 
in SK-UT- 1 cells [18]. Ang II is a selective, high affinity ago-

nist for the AT2 receptor (Ki = 0.63 nM in the myometrium 
[22]). A concomitant treatment of cells with Ang II and the 
AT1 receptor antagonist, losartan, transcriptionally and trans-
lationally up-regulates calponin and SM22α in SK-UT-1 cells 
by activation of the AT2 receptor. Calponin, a differentiation 
marker, is highly expressed in differentiated, but down-reg-
ulated in de-differentiated SMC cells [23]. Consequently, an 
up-regulation of calponin rather occurs in de-differentiated, 

Figure 5. The cellular distribution and co-localisation of ATIP1 with PPARγ in SK-UT-1 cells treated with vehicle (upper panels, A) and with Ang II 
and losartan (Los) (selective stimulation of AT2 receptors, lower panels, B). (i) DAPI staining for nuclei (blue), (ii) ATIP1 staining (green) and, (iii) the 
PPARγ staining (red). (iv) the co-localisation of ATIP1 with the PPARγ (yellow), (v) with DAPI ( violet), (vi) the co-localisation of ATIP1 with DAPI 
(turquoise) and (vii) the co-localisation of ATIP1 with the PPARγ and DAPI. The co-incident signal in the nuclei of apoptotic cells (white arrows) ap-
pears white. Notice that in vehicle-treated SK-UT-1 cells, ATIP1 and the PPARγ were localised in the cytoplasm. Activation of AT2 receptors in SK-UT-1 
cells promoted apparent variations in nuclei size and shape and sharply demarcated nuclear localisation of ATIP1 and the PPARγ.
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malignant leiomyosarcoma cells, in which the intracellular 
level is low [23]. Calponin may act as a tumour suppressor as 
transfection of calponin into leiomyosarcoma or fibrosarcoma 
cells suppressed cell proliferation and tumorigenicity [24]. 
Correspondingly, the calponin induction in leiomyosarcoma 
cells can be considered as a tumour-suppressive action trig-
gered by the AT2 receptor.

The mRNA for SM22α was induced early, up to 1 hour 
after AT2 receptor stimulation. To our knowledge, this is the 
first report demonstrating the effect of AT2 receptor stimula-
tion on the regulation of SM22α expression in tumour cells. 
SM22α is an early specific marker of SMC differentiation and 
evidence from experimental studies suggests, that SM22α acts 
as a tumour suppressor. A weak or lacking SM22α expression 
in de-differentiated cancers derived from SMC supports their 
proliferation and reduces their sensitivity to apoptosis [see 
25 for review]. We therefore propose that the AT2 receptor-
induced differentiation comprising the early induction of 
calponin and SM22α is an integral part of anti-proliferative, 
tumour-suppressive actions of the AT2 receptor in SK-UT-1 
cells. Quiescent SK-UT-1 express the PPARγ. In the rat pheo-
chromocytoma cells (PC12W cells), the AT2 receptor-mediated 
neuronal differentiation was linked to the activation of the 
PPARγ [17]. Although the exact mechanism how the mem-
brane AT2 receptors activate the PPARγ is not fully understood 
(see below), the present data point to the role of the PPARγ 
signalling in the mediating of the AT2 receptor-induced dif-
ferentiation of quiescent SK-UT-1 cells.

AT1 receptor activation did not alter the cell numbers at 
24 h  after the onset of the treatment. Although the role of 
the AT1 receptor in the initiation and progression of gynae-
cologic tumours has been well documented [2, 3], this is not 
a surprising finding, as the AT1 receptor is down-regulated 
in quiescent SK-UT-1 cells [18]. Moreover, starvation media 
are not completely devoid of growth factors and numerous 
signalling pathways in tumour cells are constitutively activated 
[26]. Consequently, proliferation-driving effects of growth fac-
tors most probably overrode the mitotic activity of the weakly 
expressed AT1 receptor. The increased 18F-FDG incorporation 
indirectly points to higher mitotic rates triggered by the AT1 
receptor activation and the higher uptake of 99mTc-MIBI initi-
ated by the AT2 receptor suggests an accelerated cellular and 
mitochondrial metabolic activity [19, 20, 27, 28].

As with other cell lines, a 48 h – lasting activation of AT2 
receptors in quiescent SK-UT-1 cells induced apoptosis 
through activation of the mitochondrial (intrinsic) apoptotic 
pathway [29-31]. Although the initiation of the apoptotic 
processes was already observed at earlier time points, the 
highest apoptotic rates were detected 48 h after the onset of 
AT2 receptor activation [18]. We do not have a plausible expla-
nation for the failure of the selective AT2 receptor antagonist, 
PD 123177 to completely reverse the AT2 receptor-induced 
down-regulation of the anti-apoptotic protein Bcl-2 and the 
augmented expression of the pro-apoptotic Bax protein. Even 
when the number of AT2 receptors considerably increased the 

concentration of the antagonist employed in our experiments 
provided sufficient inhibition. It is conceivable to assume that 
activation of other than AT2 receptors also contributed to the 
observed changes in Bcl-2 and Bax proteins. For instance, 
The AT(1-7) (mas) receptor has been reported to possess anti-
tumour activities in lung cancer. Although Ang II does not 
bind with high affinity to the AT(1-7) receptor, the high-affinity 
agonist Ang (1-7) can easily be formed from Ang II [32, 33]. 
Nevertheless, the down-regulation of the anti-apoptotic pro-
tein Bcl-2- and the induction of the pro-apoptotic Bax protein 
promote the formation of Bax homodimers and the activa-
tion of the executioner caspase – 3 initiates the irreversible 
commitment of SK-UT-1 cells to apoptosis. Correspondingly, 
stimulation of AT2 receptors reduced the numbers of SK-UT-1 
cells and the 99mTc-MIBI accumulation in SK-UT-1 cells, as 
the collapse of the mitochondrial membrane potential and 
mitochondrial activity, which occurs at early stage of ongo-
ing apoptosis, abolished driving forces of 99mTc-MIBI uptake 
[20, 34].

Our data provides strong evidence that the AT2 receptor-in-
duced differentiation and apoptosis are linked to the activation 
of the PPARγ. The membrane AT2 receptor does not couple in 
a typical manner to G-protein heterotrimers, but binds to mul-
tiple AT2 receptor-interacting/binding proteins (ATIP/ATPB) 
with distinct intracellular distribution and function [7]. Most 
of the ATIPs identified to date act as cancer suppressors [7, 9, 
35]. ATIP1 is identical with the ubiquitously expressed tumour 
suppressor protein localized in mitochondria and mimics the 
inhibitory effects of the AT2 receptor on cell proliferation. 
ATIP1, which also regulates the delivery of the AT2 receptor 
to the cell membrane and whose expression is up-regulated 
during quiescence, is therefore the most probable candidate 
protein to mediate the effects triggered by the membrane AT2 
receptors in SK-UT-1 cells [36, 37]. Very recent findings by 
Kukida and co-workers [38] have demonstrated that the in-
hibition of vascular SMC proliferation induced by activation 
of AT2 receptors involves ATIP1/ PPARγ- complex formation. 

Figure 6. The levels of the ATIP1 protein in the nuclear fraction of vehicle-
treated- (empty circles) and AT2 receptor- activated (black circles) SK-UT-1 
cells. Results are expressed as the means ± SEM. *** P<0.001, statistical 
comparison to the value detected at the time point 0 (Holm-Bonferroni 
test).† P<0.05, statistical comparison to the cells treated with vehicle (con-
trols) at the same time point (Wilcoxon-Mann-Whitney-test).
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ATIP1, which is mainly bound to the plasma membrane, was 
increasingly translocated into the nucleus after AT2 receptor 
stimulation. The present results also show a time-dependent 
accumulation of ATIP1 in the nuclear fraction and an intense 
co-localisation of ATIP1and the PPARγ in nuclei of apoptotic 
SK-UT-1 cells. This effect was observed only in SK-UT-1 cells 
treated with Ang II and losartan (selective activation of the 
membrane AT2 receptors), but not in vehicle-treated cells. 
We propose that the dissociation of ATIP1 from the plasma 
membrane and the subsequent translocation into the nucleus 
in response to AT2 receptor stimulation activates the PPARγ via 
forming the complex with ATIP1. To our knowledge, this is the 
first report on the accumulation of ATIP1 in nuclei of cancer 
cells in response to AT2 receptor stimulation. The present data 
suggesting the role of the ATIP1/ PPARγ complex in the activa-
tion of the signalling cascades promoting differentiation and/
or apoptosis in SK-UT-1 cells upon AT2 receptor stimulation 
may initiate a more detailed investigation of cellular processes 
triggered by the crosstalk between the AT2 receptor and the 
PPARγ in tumour cells.

The current results demonstrate that activation of the 
membrane AT2 receptors in quiescent leiomyosarcoma cells 
exerts anti-tumour effects. AT1 receptor antagonists are 
widely prescribed for cardiovascular diseases like hyper-
tension and heart failure. Plasma Ang II concentrations in 
patients treated with AT1 receptor antagonists are high and 
the peptide can increasingly interact with unopposed AT2 
receptors. Therefore, selective AT1 receptor antagonists, es-
pecially telmisartan, which is a partial PPARγ agonist, have 
some clinical potential as anticancer drugs in the treatment 
of human leiomyosarcoma alone or in combination with 
conventional chemotherapeutics.
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