
Cell Physiol Biochem 2014;34:1402-1412
DOI: 10.1159/000366346
Published online: October 03, 2014

© 2014 S. Karger AG, Basel
www.karger.com/cpb 1402

Gu et al.: mAR Signaling in Colon Tumors 

Cellular Physiology 
and Biochemistry

Cellular Physiology 
and Biochemistry

1421-9778/14/0344-1402$39.50/0

Original Paper

Accepted: September 15, 2014

This is an Open Access article licensed under the terms of the Creative Commons Attribution-
NonCommercial 3.0 Unported license (CC BY-NC) (www.karger.com/OA-license), applicable to 
the online version of the article only. Distribution permitted for non-commercial purposes only.

 Copyright © 2014 S. Karger AG, Basel

Department of Physiology, University of Tübingen  
Gmelin Str. 5 72076 Tübingen (Germany)
Tel. +49 7071 29 72194, E-Mail florian.lang@uni-tuebingen.de

Prof. Dr. Florian Lang

Membrane Androgen Receptor Down-
Regulates c-Src-Activity and Beta-Catenin 
Transcription and Triggers GSK-3beta-
Phosphorylation in Colon Tumor Cells
Shuchen Gua,b   Sabina Honischa   Michalis Kounenidakisc    Saad Alkahtanic,d    
Saud Alarifid   Konstantinos Alevizopoulose   Christos Stournarasa,c   Florian Langa

aDepartment of Physiology, University of Tübingen, Germany; bLife Sciences Institute, Zhejiang 
University, Hangzhou, Zhejiang, China; cDepartment of Biochemistry, University of Crete Medical 
School, Heraklion, Greece; dDepartment of Zoology, Science College, King Saud University, Riyadh, 
Saudi Arabia; ePharmacellion Ltd, Wirral CH61 9PN, United Kingdom

Key Words
mARs • c-Src • GSK-3beta • Beta-catenin • Cyclin D1 • Actin • Colon tumors

Abstract 
Background/Aims: Functional membrane androgen receptors (mARs) have recently been 
described in colon tumor cells and tissues. Their activation by specific testosterone albumin 
conjugates (TAC) down-regulates the PI-3K/Akt pro-survival signaling and triggers potent pro-
apoptotic responses both, in vitro and in vivo. The present study explored the mAR-induced 
regulation of gene products implicated in the tumorigenic activity of Caco2 colon cancer cells. 
Methods: In Caco2 human colon cancer cells transcript levels were determined by RT-PCR, 
protein abundance and phosphorylation by Western blotting and confocal microscopy, as 
well as cytoskeletal architecture by confocal microscopy. Results: We report time dependent 
significant decrease in Tyr-416 phosphorylation of c-Src upon mAR activation. In line with 
the reported late down-regulation of the PI-3K/Akt pathway in testosterone-treated colon 
tumors, GSK-3beta was phosphorylated at Tyr-216 after long term stimulation of the cells with 
TAC, a finding supporting the role of this kinase to promote apoptosis. PCR analysis revealed 
significant decrease of beta-catenin and cyclin D1 transcript levels following TAC treatment. 
Moreover, confocal laser scanning microscopic analysis disclosed co-localization of beta-
catenin with actin cytoskeleton. It is thus conceivable that beta-catenin may participate in the 
reported modulation of cytoskeletal dynamics in mAR stimulated Caco2 cells. Conclusions: 
Our results provide strong evidence that mAR activation regulates late expression and/or 
activity of the tumorigenic gene products c-Src, GSK-3beta, and beta-catenin thus facilitating 
the pro-apoptotic response in colon tumor cells. 

S. Gu and S. Honisch contributed equally thus sharing first authorship; C. Stournaras and F. Lang 
contributed equally thus sharing last authorship.
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Introduction

Membrane androgen receptors (mARs) have been described in various tumors including 
prostate tumors [1-5], breast tumors [6, 7] and gliomas [8]. Recently we have reported the 
expression of functional mARs in colon tumor cells and tissues and have addressed their 
biological effects [9, 10]. Using non-permeable androgen derivatives (testosterone albumin 
conjugates, TAC) that do not bind to iAR in colon tumor cells [9-11], it was shown that mAR 
activation triggered rapid non-genomic signaling that regulated various cellular responses 
including actin reorganization, apoptosis and migration. In particular, it was shown that rapid 
activation of the FAK/mTOR/p70S6K/PAK1 cascade governs the early actin cytoskeleton 
rearrangements [11], while vinculin phosphorylation, in association with morphological 
alterations of the focal adhesions, accounts for the inhibition of colon tumor cell migration 
[10]. In line with the observed potent pro-apoptotic responses, late down-regulation of the 
pro-survival PI-3K/Akt signaling activity was observed in colon tumor cells and tissues 
treated with TAC [10]. These findings imply that mAR and mAR-initiated downstream key 
signaling molecules may represent important pharmacological targets in tumors (for recent 
reviews see [5, 12]).

Various proto-oncogenes, including c-Src, and GSK-3/ beta-catenin/ Wnt signaling 
have previously been described to be actively implicated in the regulation of colorectal 
tumors [13-16]. Since a prominent biological response to mAR activation in colon tumors is 
apoptotic regression [9, 10], we have addressed in the present study the potential influence 
of membrane-initiated testosterone effects on the activity and/or expression of specific 
proto-oncogenes. Focussing on the non-receptor protein tyrosine kinase c-Src and the GSK-
3/ beta-catenin pathway, we report here that mAR activation significantly down-regulates 
the activity of c-Src and induces GSK-3beta phosphorylation and down-regulation of beta-
catenin and cyclin D1 gene expression. These results provide novel mechanistic insight into 
testosterone-induced mAR actions regulating expression of genes implicated in colorectal 
tumor progression.

Materials and Methods

Cell cultures 
The Caco2 human colon cancer cell line was obtained from the American Type Culture Collection 

(Manassas, VA) and cultured in DMEM high glucose medium (Gibco, USA) containing 10% FBS and 1% 
penicilin/streptomycin. Based on previous titration experiments [9] we have used a 10-7 M testosterone-
HSA or testosterone-BSA (TAC) concentration for mAR stimulation throughout this study. Before each 
experiment TAC was dissolved in serum-free culture medium at a final concentration of 10-5 M. This stock 
solution was incubated for 30 min at room temperature with 0.3% charcoal and 0.03% dextran, centrifuged 
at 3,000 x g and passed through a 0.45 μm filter to remove any potential contamination with free steroid. 
This is a necessary step to disconnect any possible intracellular testosterone and/or iAR interference with 
the effects mainly induced by the mAR activation.

Western blotting
Cells were incubated with 10-7 M TAC for the indicated time periods, washed twice with ice-cold PBS 

and suspended in ice-cold lysis buffer (50mM Tris/HCl, 1% TritonX-100 pH 7.4, 1% sodium deoxycholate, 
0.1% SDS, 0.15% NaCl, 1 mM EDTA, 1 mM sodium orthovanadate) containing a protease inhibitor cocktail 
(Roche). The protein concentration was determined using the Bradford assay (BioRad). Sixty µg of protein 
were solubilized in sample buffer at 95 °C for 5 min and resolved by 10% SDS-PAGE. For immunoblotting, 
proteins were electro-transferred onto a PVDF membrane and blocked with 5% non-fat milk in TBS-0.10% 
Tween 20 at room temperature for 1 h. Then, the membrane was incubated with anti-phospho-c-Src (Tyr-
416; 1:1000, Cell Signaling, USA), anti-c-Src (1:1000, Cell Signaling, USA), anti-phospho-GSK-3beta (Tyr-
216; 1:1000, Cell Signaling), anti-GSK-3beta (1:1000, Cell Signaling, USA), phospho-p38 MAPK (Thr180/
Tyr182; 1:1000, Cell Signaling), or p38 MAPK (1:1000; Cell Signaling) at 4 °C overnight. After washing 
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(TBST) the blot was incubated with secondary anti rabbit antibody (1:2000, Cell Signaling) for 1 h at room 
temperature. Antibody binding was detected with the ECL detection reagent (Amersham, Germany).

RT-PCR analysis
To determine beta-catenin and cyclin D1 transcript levels, total RNA was extracted from Caco2 cells 

in TriFast (Peqlab, Erlangen, Germany) according to the manufacturer’s instructions. After DNAse digestion 
reverse transcription of total RNA (2,5µg) was performed using random hexamers and GoScript Reverse 
Transcription System (Promega, USA). Real-time polymerase chain reaction (RT-PCR) of the respective 
genes were set up in a total volume of 20 µl using 500 nM forward and reverse primer and 2x GoTaq qPCR 
Master Mix (Promega, USA) according to the manufacturer's protocol. Amplification of the house-keeping 
gene GAPDH was performed to standardize the amount of sample RNA. Cycling conditions were chosen as 
follows: initial denaturation at 95 °C for 5 min, followed by 40 cycles of  95 °C for 15 sec, 59 °C for 15 sec 
and 72 °C for 30 sec. 

For the amplification the following primers were used (5`->3`orientation): 
beta-catenin (CTNNB1)
Fw:  ACTACTGTGGACCACAAGCAGAG 
Rev: AGTCCCAAGGAGACCTTCCATC
GAPDH:
Fw: TGAGTACGTCGTGGAGTCCACTG
Rev: GGTGCTAAGCAGTTGGTGGTG; 
cyclin D1 (CCDN1)
Fw: AAGCTCAAGTGGAACCTGGC
Rev: TCTGGAGAGGAAGCGTGTGAG 

Confocal laser scanning microscopy
For beta-catenin staining, cells were cultured on glass cover slips with TAC or controls without TAC 

for different time periods, as indicated in the figure legends. After washing twice with PBS, cells were 
incubated with 4% PFA for 15 min and then incubated with 5% normal goat serum/1x PBS/0.3% Triton 
for 1 hour at room temperature. Then, the cells were exposed to anti-beta-catenin (1:200, Cell Signaling, 
USA) at 4 °C overnight. The cells were rinsed three times with PBS and incubated with secondary FITC goat 
anti-rabbit antibody (1:500, Invitrogen, UK) for 1.5 h at room temperature. For F-actin staining, cells were 
incubated with rhodamine-phalloidin (1:100, Molecular Probes, Eugene, OR) for 40 min in the dark. After 
three washing steps the nuclei were stained with DRAQ-5 dye (1:1000, Biostatus, Leicestershire, UK) for 10 
min at room temperature. All the slides and coverslips were mounted with ProLong Gold antifade reagent 
(Invitrogen, USA). 

Statistical analysis
Data are provided as means ± SEM, n represents the number of independent experiments. Data were 

tested for significance using unpaired student’s t-test or ANOVA as appropriate. Differences were considered 
statistically significant when p-values were < 0.05. Statistical analysis was performed with GraphPad InStat 
version 3.00 for Windows 95, GraphPad Software, San Diego California USA, www.graphpad.com. 

Results

TAC down-regulates c-Src phosphorylation
c-Src is a non-receptor protein tyrosine kinase highly expressed in colon tumors [15]. 

Elevated levels of c-Src activity have been linked to cancer progression and metastasis (for 
a recent review see [14]). We have addressed the effect of testosterone conjugates-induced 
mAR stimulation in c-Src activity by analyzing the time dependent Tyr-416 phosphorylation 
profile of c-Src in Caco2 colon tumor cells. Figure 1 reveals significant, time-dependent 
down-regulation of c-Src phosphorylation that became evident 30 min upon mAR activation 
and persisted for at least 12 hours.
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TAC induces late GSK-3beta phosphorylation
Glycogen synthase kinase 3 (GSK-3) is a serine / threonine protein kinase shown to 

participate in a number of apoptotic signaling pathways [17]. Activation of the PKB/Akt 
pro-survival signaling down-regulates GSK-3 activity [18, 19]. Since mAR activation in colon 
tumors was shown to induce late down-regulation of PI-3K and Akt activity, both in vitro and 
in vivo [10], we sought to define whether GSK-3 phosphorylation is modified after long-term 
TAC-treatment in colon cancer cells. Figure 2 presents phosphorylation levels of residue Tyr-

Fig 1. Effects of TAC on c-Src phos-
phorylation. Caco2 cells were 
stimulated with 10-7 M TAC for 
the indicated time periods. Fol-
lowing cell lysis equal amounts of 
total lysates were immunoblotted 
with a specific antibody against 
phospho-c-Src (Tyr-416) and total 
c-Src. Immunoblots were analyzed 
by densitometry. A. Original West-
ern blots of phosphorylated c-Src 
(p-c-Src Tyr416) and total c-Src in 
CaCo2 cells without (control) or 
with TAC (100nM) treatment. B. 
Average ± SEM (n=5) of the ratio 
of p-c-Src to total c-Src in CaCo2 
cells without (control) or with 
TAC (100nM) treatment, untreated 
cells ware taken as 100%. *p<0.05,  
**p<0.01, ***p<0.001, (Stundent’s 
t-test).

Fig 2. Effects of TAC on GSK-3beta phospho-
rylation. Caco2 cells were stimulated with 
10-7 M TAC for the indicated time periods. 
Following cell lysis equal amounts of total 
lysates were immunoblotted with a specific 
antibody against phospho-GSK-3beta (Tyr 
216) and total GSK-3beta. Immunoblots 
were analyzed by densitometry. A. Original 
Western blots of phosphorylated GSK-3beta 
(p-Tyr-216 GSK-3beta) and total GSK-3beta 
in CaCo2 cells without (control) or with TAC 
(100nM) treatment. B. Average ± SEM (n=5) 
of the ratio of p-Tyr-216-GSK-3beta to to-
tal GSK-3beta in CaCo2 cells without (con
trol) or with TAC (100nM) treatment, un-
treated cells ware taken as 100%. *p<0.05,  
**p<0.01 (Stundent’s t-test).
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216 of GSK-3. Interestingly, mAR activation induced statistically significant Tyr-216 GSK-3 
phosphorylation after 2 to 12 hours treatment by TAC. This observation points to activation 
of the kinase that is in line with the reported disruption of PI-3K/Akt activation and the 
potent pro-apoptotic response of Caco2 cells to TAC treatment. 

TAC induces down-regulation of beta-catenin and cyclin D1 gene transcription
GSK-3 has been shown to phosphorylate  β-catenin, thus triggering its degradation by 

the proteasome. In addition, overexpression of beta-catenin and β-catenin/Wnt signaling is 
associated with many cancers including colorectal carcinomas [13, 16, 20, 21]. Accordingly, 
we tested whether mAR activation alters beta-catenin gene expression. As shown in Figure 
3A, RT-PCR analysis revealed a significant, late down-regulation of beta-catenin gene 
transcripts in cells treated with TAC, indicating that mAR activation down-regulates beta-
catenin gene expression in colon tumor cells. Since beta-catenin is known to regulate cyclin 
D1 expression in colon carcinoma cells [22] we further tested cyclin D1 gene transcription 
in TAC-treated Caco2 cells. Figure 3B reveals significant late down-regulation of cyclin D1 
gene transcripts. These findings are in agreement with the anti-tumorigenic action of mAR 
stimulation in colon cancer cells. 

Co-localization of beta-catenin with actin microfilaments upon TAC treatment
Previous studies have shown that mAR activation generates robust actin cytoskeleton 

reorganization in colon tumor cells [9]. In addition, beta-catenin has been shown to interact 
with the cortical actin cytoskeleton in various cell models [23, 24]). Accordingly, using 
confocal laser scanning microscopy we further analysed whether actin may co-localize 
with beta-catenin in Caco2 cells. In line with previously reported observations [9, 11], 
figure 4 demonstrates the profound redistribution of actin structures (actin staining, red) 
in mAR stimulated cells that became evident as early as 15 minutes after TAC treatment. 
Interestingly, 30 minutes after TAC treatment a clear co-localization of beta-catenin with 
actin was observed (Fig. 4); this effect persisted for at least 6 hours. Although the mechanism 
of mAR-dependent sequestration of beta-catenin to actin is not clear at this stage, this effect 
most likely reflected formation of an actin meshwork resulting in mAR-dependent reduction 
of cell motility as reported by others [25].

TAC induces significant late p38 MAPK phosphorylation
p38 MAPK is a mediator of apoptosis in response to a number of cellular signals 

(for a recent  review see [26]). Recently, up-regulated p38 MAPK phosphorylation has 
been reported in mAR activated breast cancer cells [27]. In line with these reports, our 
observations indicated that long term (2 and 4 hours) treatment of Caco2 colon cancer cells 

Fig 3. Time dependent effects 
of TAC on beta-catenin and 
cyclin D1 gene transcription. 
Caco2 cells were stimulated 
with 10-7 M TAC for the indi-
cated time periods. Analysis 
of beta-catenin,  (A) and cyclin 
D1, (B) mRNA levels by quan-
titative real-time PCR show-
ing the effects of TAC in Caco2 
cells. Bars indicate the mean 
values of  2-ΔCt using GAPDH 
as housekeeping gene  ± SEM 
from n=4 independent experiments, untreated cells ware taken as 100%. *P<0.05, **p<0,01, ***P<0.001 
(Student’s t-test).
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with TAC significantly increased p38 MAPK phosphorylation (Fig. 5). This finding provides 
strong evidence that p38 MAPK is implicated in mAR-induced effects in colon tumor cells 
and fully supports previous observations. 

Fig 5. Effects of TAC on p38 MAPK phosphorylation in 
Caco2 cells. Caco2 cells were stimulated with 10-7 M TAC 
for the indicated time periods. Following cell lysis equal 
amounts of total lysates were immunoblotted with a spe-
cific antibody against phospho-p38 (Thr-180,Tyr-182) and 
total p38. Immunoblots were analyzed by densitometry. 
A: Original Western blots of phosphorylated p38 (Thr-
180,Tyr-182) and total p38 in CaCo2 cells without (con
trol) or with TAC (100nM) treatment. B: Average ± SEM 
(n=5) of the ratio of phosphor-p38 to total p38 in CaCo2 
cells without (control) or with TAC (100nM) treatment, 
untreated cells ware taken as 100% . *p<0.05 (Stundent’s 
t-test).

Fig 4. Co-localization of beta-
catenin with actin microfila-
ments upon TAC treatment. 
24h serum-starved cells were 
stimulated with 10-7 M TAC for 
the indicated time periods. A. 
Triple staining micrographs 
of the cells, stained with anti-
beta-catenin (green), rhoda-
mine-phalloidin for filamen-
tous actin (red) and DRAQ5™ 
(blue) for nuclei. Confocal la-
ser scanning microscopy ana-
lyzed samples. Magnification 
×100 (Bars: 10µm). B. Cells 
stained with anti-beta-catenin 
(green): Confocal laser scan-
ning microscopy analyzed 
samples. Magnification ×100 
(Bars: 10µm). C. Cells stained 
with rhodamine-phalloidin for 
filamentous actin (red). Confo-
cal laser scanning microscopy 
analyzed samples. Arrows in-
dicate the actin reorganization 
areas. Magnification ×100 (Bars: 10µm). D. The co-localization area (yellow) by staining with anti-beta-
catenin and rhodamine-phalloidin for filamentous actin. Confocal laser scanning microscopy analyzed sam-
ples. Magnification ×100 (Bars: 10µm).
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Discussion

In the present study we report that mAR stimulation by TAC significantly decreases 
c-Src non-receptor tyrosine kinase activity and beta-catenin and cyclin D1 gene transcription 
in colon tumor cells pointing to down-regulation of these important proto-oncogenes. 
Moreover, GSK-3beta was phosphorylated, while beta-catenin was shown to co-localize with 
actin structures, implying that beta-catenin may participate in the reported modulation of 
cytoskeletal dynamics in mAR stimulated cells. These findings, addressing long-term mAR 
effects (Fig. 6), provide novel experimental evidence further supporting the anti-tumorigenic 
activity of mARs in colon cancer cells. It should be pointed out that these molecular responses 
were initiated using the non-permeable androgen derivatives (testosterone albumin 
conjugates, TAC), which cannot interact with iAR in colon tumor cells, as convincingly shown 
in previous studies [9-11], and elucidate specific, mAR-triggered effects.

The non-receptor protein tyrosine kinase c-Src is highly expressed in colorectal tumors 
and actively participates in malignant transformation of those tumors [14, 15, 28]. Elevated 
levels of c-Src activity foster cancer progression and metastasis by promoting either 
pro-survival signaling pathways, including  PI-3K/Akt, or affecting the activity of tumor 
suppressor molecules such as PTEN [29]. Moreover, c-Src activity modulates regulators of 
tumor cell motility, including the FAK/paxillin pathway, or the Rho-GTPases/actin signaling 
(for recent reviews see [30, 31]). c-Src has also been shown to induce PI-3K-independent 
Akt activation in various cancers [32]. Our findings showing profound de-phosphorylation 
of c-Src upon mAR stimulation in colon cancer cells are in line with the previously reported 
late down-regulation of Akt signaling and the induction of pro-apoptotic responses [10], as 
well as the inhibition of cell migration [33]. The role of c-Src dependent signalling in the 
regulation of Tyr-216 phosphorylation/activation of GSK-3 remains to be elucidated.

Fig 6. A model summarizing the current findings on mAR-induced signaling targeting specific pro-survival 
and tumorigenic gene products in Caco2 cells. Late signaling targets upon mAR stimulation by TAC are 
presented in grey; yellow signifies early, mAR-stimulated signaling targets. Full arrows signify novel mAR-
stimulated signaling events presented in this study. Doted arrows signify already known mAR-induced early 
and late signaling events in colon tumors. 
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In line with these findings we further demonstrate mAR-induced down-regulation of the 
beta-catenin gene expression. Mutations and overexpression of beta-catenin are associated 
with many tumors, including colon cancer [34]. Recently, physical association of Smad7 and 
beta-catenin was found to be important for TGFbeta-induced apoptosis of prostate cancer 
cells [35], while beta-catenin was reported to confer resistance to PI-3K and AKT inhibitors, 
promoting metastasis in colon cancer [16]. Moreover, we demonstrate the downregulation of 
cyclin D1 transcription of mAR stimulated colon cancer cells. Cyclin D1 is a major regulator 
of the cell cycle that controls the progression of cells into the proliferative stage [36] and 
its transcription has previously been reported to be regulated by beta-catenin in colon 
carcinomas [22, 37]). Cyclin D1 over-expression is associated with beta-catenin activation 
in carcinogenesis [38].

We further report the association of beta-catenin with actin in mAR activated colon 
cancer cells. This association is most likely the result of a mAR-induced reduction in cell 
motility [33] and has been observed in other epithelial cells in response to actin meshwork 
activating signaling triggered by Rac1 [25]. Candidate mediators of mAR-induced beta-
catenin association to actin could be E-cadherin [25], although interactions via additional 
cytoskeletal components such as the microfilament-bundling protein fascin [24]) cannot be 
excluded. Since actin reorganization is a main cellular event in mAR-induced downstream 
signaling that regulates pro-apoptotic responses [5, 39] the mechanisms linking beta-catenin 
to TAC induced actin cytoskeleton restructuring are of particular interest. We are currently 
addressing this issue in our laboratory. 

GSK-3beta, being part of the canonical beta-catenin/Wnt pathway, is implicated in 
mechanisms governing cell proliferation and apoptosis [17, 40, 41]. Through phosphorylation 
of its target proteins GSK-3beta can promote apoptosis either by activating pro-apoptotic 
factors such as p53 [42] or by inactivating pro-survival molecules [43]. In various human 
cancers GSK-3beta may be effective either as tumor suppressor or as tumor promoter (for 
recent reviews see [44-46]). Our findings showed a significant late phosphorylation of 
GSK-3beta at Tyr-216 that was reported to enhance the enzymatic activity of this kinase 
[47]. In line with this, we observed as well a late significant phosphorylation of the Thr-
390 residue of GSK-3beta (data not shown), further supporting activation of this kinase. 
This result, taken together with the down-regulation of beta-catenin transcription, points 
to a pro-apoptotic activity of GSK-3beta and is in agreement with the reported late down-
regulation of Akt phosphorylation and the concomitant apoptotic response demonstrated 
in TAC-treated colon cancer cells [9, 10]. Indeed, activated Akt phosphorylates serine-9 of 
GSK-3beta, which inhibits its kinase activity [18, 19, 48]. Moreover, previous studies have 
revealed that hyperactive GSK-3beta contributes to cell death [49, 50] and that the pro-
apoptotic action of GSK-3beta may be partly attributable to the regulation by GSK-3beta of 
the activities of transcription factors that play prominent roles in the determination of cell 
fate, including beta-catenin [51]. However, how mAR-induced GSK-3beta phosphorylation 
may regulate beta-catenin degradation is still unknown. One may consider that GSK-3beta 
may be involved in E3 ubiquitin ligase activation, which in turn controls cellular beta-catenin 
levels by ubiquitinylation and proteasomal degradation. Further studies are now required to 
address this issue.

Conclusions

Our work provides novel mechanistic insights that may govern the potent pro-apoptotic 
activity of mAR activation in colon tumor cells. These findings are summarized in the cartoon 
of  Figure 6. Collectively, we demonstrate significant down-regulation of the proto-oncogenes 
c-Src and beta-catenin, decrease of the cyclin D1 gene transcription, late activation through 
phosphorylation of GSK-3beta and p38MAPK and finally beta-catenin/actin cytoskeleton 
interactions. These results indicate that mAR activation is targeting specific pro-survival, 
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tumorigenic and tumor suppressor gene products and offer potential novel molecular 
targets for the development of mAR-specific agents.

Disclosure Statement

The authors declare that they have no competing interests towards any aspect of the 
work described in this paper.

Acknowledgements

Authors would like to thank Tanja Loch for the careful preparation of the manuscript. We 
are also grateful to Dr. E.A. Papakonstanti for noteworthy comments during the preparation 
of the manuscript draft. This work was supported by the Deutsche Forschungsgemeinschaft 
(GRK 1302, SFB773, Mercator program) Open Access Publishing Fund of Tuebingen 
University; University of Crete Research Committee (Grant number KA3452); Deanship of 
Scientific Research at King Saud University; (Research Group Project No. RGPVPP-018).

References

1	 Kampa M, Papakonstanti EA, Hatzoglou A, Stathopoulos EN, Stournaras C, Castanas E: The human prostate 
cancer cell line LNCaP bears functional membrane testosterone receptors that increase PSA secretion and 
modify actin cytoskeleton. FASEB J 2002;16:1429-1431.

2	 Papakonstanti EA, Kampa M, Castanas E, Stournaras C: A rapid, nongenomic, signaling pathway regulates 
the actin reorganization induced by activation of membrane testosterone receptors. Mol Endocrinol 
2003;17:870-881.

3	 Sen A, O'Malley K, Wang Z, Raj GV, Defranco DB, Hammes SR: Paxillin regulates androgen- and epidermal 
growth factor-induced MAPK signaling and cell proliferation in prostate cancer cells. J Biol Chem 
2010;285:28787-28795.

4	 Sun YH, Gao X, Tang YJ, Xu CL, Wang LH: Androgens induce increases in intracellular calcium via a G 
protein-coupled receptor in LNCaP prostate cancer cells. J Androl 2006;27:671-678.

5	 Papadopoulou N, Papakonstanti EA, Kallergi G, Alevizopoulos K, Stournaras C: Membrane androgen 
receptor activation in prostate and breast tumor cells: molecular signaling and clinical impact. IUBMB Life 
2009;61:56-61.

6	 Kallergi G, Agelaki S, Markomanolaki H, Georgoulias V, Stournaras C: Activation of FAK/PI3K/Rac1 
signaling controls actin reorganization and inhibits cell motility in human cancer cells. Cell Physiol 
Biochem 2007;20:977-986.

7	 Kampa M, Nifli AP, Charalampopoulos I, Alexaki VI, Theodoropoulos PA, Stathopoulos EN, Gravanis A, 
Castanas E: Opposing effects of estradiol- and testosterone-membrane binding sites on T47D breast cancer 
cell apoptosis. Exp Cell Res 2005;307:41-51.

8	 Gatson JW, Kaur P, Singh M: Dihydrotestosterone differentially modulates the mitogen-activated protein 
kinase and the phosphoinositide 3-kinase/Akt pathways through the nuclear and novel membrane 
androgen receptor in C6 cells. Endocrinology 2006;147:2028-2034.

9	 Gu S, Papadopoulou N, Gehring EM, Nasir O, Dimas K, Bhavsar SK, Foller M, Alevizopoulos K, Lang F, 
Stournaras C: Functional membrane androgen receptors in colon tumors trigger pro-apoptotic responses 
in vitro and reduce drastically tumor incidence in vivo. Mol Cancer 2009;8:114.

10	 Gu S, Papadopoulou N, Nasir O, Foller M, Alevizopoulos K, Lang F, Stournaras C: Activation of membrane 
androgen receptors in colon cancer inhibits the prosurvival signals Akt/bad in vitro and in vivo and blocks 
migration via vinculin/actin signaling. Mol Med 2011;17:48-58.



Cell Physiol Biochem 2014;34:1402-1412
DOI: 10.1159/000366346
Published online: October 03, 2014

© 2014 S. Karger AG, Basel
www.karger.com/cpb 1411

Gu et al.: mAR Signaling in Colon Tumors 

Cellular Physiology 
and Biochemistry

Cellular Physiology 
and Biochemistry

11	 Gu S, Kounenidakis M, Schmidt EM, Deshpande D, Alkahtani S, Alarifi S, Foller M, Alevizopoulos K, Lang 
F, Stournaras C: Rapid activation of FAK/mTOR/p70S6K/PAK1-signaling controls the early testosterone-
induced actin reorganization in colon cancer cells. Cell Signal 2013;25:66-73.

12	 Lang F, Alevizopoulos K, Stournaras C: Targeting membrane androgen receptors in tumors. Expert Opin 
Ther Targets 2013;17:951-963.

13	 Fonar Y, Frank D: FAK and WNT signaling: the meeting of two pathways in cancer and development. 
Anticancer Agents Med Chem 2011;11:600-606.

14	 Gargalionis AN, Karamouzis MV, Papavassiliou AG: The molecular rationale of Src inhibition in colorectal 
carcinomas. Int J Cancer 2013;10.1002/ijc.28299

15	 Russello SV, Shore SK: SRC in human carcinogenesis. Front Biosci 2004;9:139-144.
16	 Tenbaum SP, Ordonez-Moran P, Puig I, Chicote I, Arques O, Landolfi S, Fernandez Y, Herance JR, Gispert JD, 

Mendizabal L, Aguilar S, Ramon y Cajal S, Schwartz S, Jr., Vivancos A, Espin E, Rojas S, Baselga J, Tabernero 
J, Munoz A, Palmer HG: beta-catenin confers resistance to PI3K and AKT inhibitors and subverts FOXO3a to 
promote metastasis in colon cancer. Nat Med 2012;18:892-901.

17	 Jope RS, Johnson GV: The glamour and gloom of glycogen synthase kinase-3. Trends Biochem Sci 
2004;29:95-102.

18	 Beaulieu JM, Del'guidice T, Sotnikova TD, Lemasson M, Gainetdinov RR: Beyond cAMP: The Regulation of 
Akt and GSK3 by Dopamine Receptors. Front Mol Neurosci 2011;4:38.

19	 Liang J, Slingerland JM: Multiple roles of the PI3K/PKB (Akt) pathway in cell cycle progression. Cell Cycle 
2003;2:339-345.

20	 Fuchs SY, Ougolkov AV, Spiegelman VS, Minamoto T: Oncogenic beta-catenin signaling networks in 
colorectal cancer. Cell Cycle 2005;4:1522-1539.

21	 Lang F, Perrotti N, Stournaras C: Colorectal carcinoma cells--regulation of survival and growth by SGK1. Int 
J Biochem Cell Biol 2010;42:1571-1575.

22	 Tetsu O, McCormick F: Beta-catenin regulates expression of cyclin D1 in colon carcinoma cells. Nature 
1999;398:422-426.

23	 Lee MH, Padmashali R, Koria P, Andreadis ST: JNK regulates binding of alpha-catenin to adherens junctions 
and cell-cell adhesion. FASEB J 2011;25:613-623.

24	 Tao YS, Edwards RA, Tubb B, Wang S, Bryan J, McCrea PD: beta-Catenin associates with the actin-bundling 
protein fascin in a noncadherin complex. J Cell Biol 1996;134:1271-1281.

25	 Noritake J, Fukata M, Sato K, Nakagawa M, Watanabe T, Izumi N, Wang S, Fukata Y, Kaibuchi K: Positive 
role of IQGAP1, an effector of Rac1, in actin-meshwork formation at sites of cell-cell contact. Mol Biol Cell 
2004;15:1065-1076.

26	 Wagner EF, Nebreda AR: Signal integration by JNK and p38 MAPK pathways in cancer development. Nat 
Rev Cancer 2009;9:537-549.

27	 Pelekanou V, Notas G, Sanidas E, Tsapis A, Castanas E, Kampa M: Testosterone membrane-initiated action 
in breast cancer cells: Interaction with the androgen signaling pathway and EPOR. Mol Oncol 2010;4:135-
149.

28	 Windham TC, Parikh NU, Siwak DR, Summy JM, McConkey DJ, Kraker AJ, Gallick GE: Src activation regulates 
anoikis in human colon tumor cell lines. Oncogene 2002;21:7797-7807.

29	 Lu Y, Yu Q, Liu JH, Zhang J, Wang H, Koul D, McMurray JS, Fang X, Yung WK, Siminovitch KA, Mills GB: Src 
family protein-tyrosine kinases alter the function of PTEN to regulate phosphatidylinositol 3-kinase/AKT 
cascades. J Biol Chem 2003;278:40057-40066.

30	 Guarino M: Src signaling in cancer invasion. J Cell Physiol 2010;223:14-26.
31	 Sirvent A, Benistant C, Roche S: Oncogenic signaling by tyrosine kinases of the SRC family in advanced 

colorectal cancer. Am J Cancer Res 2012;2:357-371.
32	 Mahajan K, Mahajan NP: PI3K-independent AKT activation in cancers: a treasure trove for novel 

therapeutics. J Cell Physiol 2012;227:3178-3184.
33	 Schmidt EM, Gu S, Anagnostopoulou V, Alevizopoulos K, Foller M, Lang F, Stournaras C: Serum- and 

glucocorticoid-dependent kinase-1-induced cell migration is dependent on vinculin and regulated by the 
membrane androgen receptor. FEBS J 2012;279:1231-1242.

34	 Morin PJ: beta-catenin signaling and cancer. Bioessays 1999;21:1021-1030.



Cell Physiol Biochem 2014;34:1402-1412
DOI: 10.1159/000366346
Published online: October 03, 2014

© 2014 S. Karger AG, Basel
www.karger.com/cpb 1412

Gu et al.: mAR Signaling in Colon Tumors 

Cellular Physiology 
and Biochemistry

Cellular Physiology 
and Biochemistry

35	 Edlund S, Lee SY, Grimsby S, Zhang S, Aspenstrom P, Heldin CH, Landstrom M: Interaction between Smad7 
and beta-catenin: importance for transforming growth factor beta-induced apoptosis. Mol Cell Biol 
2005;25:1475-1488.

36	 Sherr CJ: Cancer cell cycles. Science 1996;274:1672-1677.
37	 Klein EA, Assoian RK: Transcriptional regulation of the cyclin D1 gene at a glance. J Cell Sci 2008;121:3853-

3857.
38	 Gotoh J, Obata M, Yoshie M, Kasai S, Ogawa K: Cyclin D1 over-expression correlates with beta-catenin 

activation, but not with H-ras mutations, and phosphorylation of Akt, GSK3 beta and ERK1/2 in mouse 
hepatic carcinogenesis. Carcinogenesis 2003;24:435-442.

39	 Stournaras C, Gravanis A, Margioris AN, Lang F: The actin cytoskeleton in rapid steroid hormone actions. 
Cytoskeleton (Hoboken) 2014;10.1002/cm.21172

40	 Mills CN, Nowsheen S, Bonner JA, Yang ES: Emerging roles of glycogen synthase kinase 3 in the treatment of 
brain tumors. Front Mol Neurosci 2011;4:47.

41	 Miyashita K, Nakada M, Shakoori A, Ishigaki Y, Shimasaki T, Motoo Y, Kawakami K, Minamoto T: An 
emerging strategy for cancer treatment targeting aberrant glycogen synthase kinase 3 beta. Anticancer 
Agents Med Chem 2009;9:1114-1122.

42	 Watcharasit P, Bijur GN, Zmijewski JW, Song L, Zmijewska A, Chen X, Johnson GV, Jope RS: Direct, activating 
interaction between glycogen synthase kinase-3beta and p53 after DNA damage. Proc Natl Acad Sci U S A 
2002;99:7951-7955.

43	 Grimes CA, Jope RS: CREB DNA binding activity is inhibited by glycogen synthase kinase-3 beta and 
facilitated by lithium. J Neurochem 2001;78:1219-1232.

44	 Beurel E, Jope RS: The paradoxical pro- and anti-apoptotic actions of GSK3 in the intrinsic and extrinsic 
apoptosis signaling pathways. Prog Neurobiol 2006;79:173-189.

45	 Mishra R: Glycogen synthase kinase 3 beta: can it be a target for oral cancer. Mol Cancer 2010;9:144.
46	 Takahashi-Yanaga F: Activator or inhibitor? GSK-3 as a new drug target. Biochem Pharmacol 2013;86:191-

199.
47	 Menon B, Johnson JN, Ross RS, Singh M, Singh K: Glycogen synthase kinase-3beta plays a pro-apoptotic role 

in beta-adrenergic receptor-stimulated apoptosis in adult rat ventricular myocytes: Role of beta1 integrins. 
J Mol Cell Cardiol 2007;42:653-661.

48	 Cross DA, Alessi DR, Cohen P, Andjelkovich M, Hemmings BA: Inhibition of glycogen synthase kinase-3 by 
insulin mediated by protein kinase B. Nature 1995;378:785-789.

49	 Hetman M, Cavanaugh JE, Kimelman D, Xia Z: Role of glycogen synthase kinase-3beta in neuronal apoptosis 
induced by trophic withdrawal. J Neurosci 2000;20:2567-2574.

50	 Pap M, Cooper GM: Role of glycogen synthase kinase-3 in the phosphatidylinositol 3-Kinase/Akt cell 
survival pathway. J Biol Chem 1998;273:19929-19932.

51	 Rubinfeld B, Albert I, Porfiri E, Fiol C, Munemitsu S, Polakis P: Binding of GSK3beta to the APC-beta-catenin 
complex and regulation of complex assembly. Science 1996;272:1023-1026.


