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The androgen receptor (AR) mediates differentiation, proliferation and transformation of target tissues. These 

processes require a crosstalk between epithelial and stromal cells. Prostate cancer (PCa) represents a major 

cause of cancer-related mortality in men, and is often associated with deregulation of androgen/AR axis. Clinical 

and molecular findings have highlighted the role of epithelial AR in PCa progression. In contrast, the functions 

of AR in mesenchymal cells are still unclear. We previously reported that low androgen concentration (1 pM) 

triggers interaction of AR with the Src tyrosine kinase and PI3-K, thus driving cell cycle progression in 

fibroblasts. In contrast, stimulation of fibroblasts and fibrosarcoma cells with physiological (10 nM) androgen 

concentration leads to interaction of AR with full-length filamin A (FLNa) and does not trigger DNA synthesis. 

On the basis of these findings, we re-examined the role of androgen/AR axis in fibroblasts and human 

fibrosarcoma HT1080 cells. Recently, we obtained two original and integrated findings on the decision of 

mesenchymal cells to undergo reversible quiescence and migrate upon stimulation with 10 nM androgens 

(Castoria et al. 2011 and 2014). This decision is dependent upon the interaction of AR with FLNa. Once 

assembled, the bipartite AR/FLNa complex recruits 1-integrin and triggers Rac1 activation, thereby enhancing 

on the one hand cell motility. On the other, Rac 1 activation triggers its downstream effector DYRK 1B, which 

phosphorylates Ser10 of p27. Stabilization of p27 and cell quiescence then follow. These results strengthen and 

extend our studies, adding a new and exciting piece to the complex puzzle of signaling networks activated by 

androgens in target cells. Our findings might have implications for current approaches to AR-related diseases. 
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Migration/proliferation dichotomy in androgen action 

Cell proliferation and motility are mutually exclusive 

processes. This mechanism, also known as the ‘go or grow’ 

process, is conserved across very different species. It is 

involved, for instance, at the edge of species extinction, when 

high motility might represent an advantage compared with 

the limit of low density [1]. Again, some insects [2] and fish [3] 

exhibit the same behavior under restricted conditions of food 

availability. It is largely accepted that moving cells have a 

low proliferation rates. Conversely, cells usually proliferate 

when they do not move. Depending on the spatial and 

dynamic organization of signaling networks, ligand 

concentration, expression and localization of cognate 

receptors, growth factors (i.e, EGF, VEGF) influence 

whether cells migrate, differentiate or divide [4, 5, 6, 7]. More 

importantly, this mechanism is involved in human cancer 

progression, when highly proliferating cells acquire an 

invasive phenotype [8].  

We previously observed that a low (1 pM) concentration 

of androgens, R1881 or DHT, triggers the S-phase entry, 
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whereas physiological (10 nM) androgen concentration 

activates migration and does not drive DNA synthesis in 

NIH3T3 fibroblasts [9]. A similar dichotomous response 

(migration/proliferation dichotomy) was subsequently 

described in the same cells challenged with low or high 

PDGF concentration, and was attributed to the different types 

of endocytosis (clathrin- or non-clathrin-mediated) and 

degradation engaged by PDGF receptor [10].  

Our findings indicated that fibroblasts switch from a 

proliferative to a migratory phenotype when androgen 

concentration reaches a critical threshold. Although exciting, 

these results raised a number of questions. Firstly, we asked 

when and how androgen levels undergo fluctuations. We 

reflected on the various examples of androgen level changes 

in blood, including circadian rhythm of testosterone, 

age-related androgen deficiency, low androgen concentration 

in hypogonadism, and acute reduction of androgen levels 

following chemical or surgical castration. Although in most 

of these examples fluctuations in androgen levels are mild, a 

more pronounced hormone concentration change might 

induce a dramatic shift, or even paradoxical effects in the 

resulting biological responses. A clinical example is the 

acceleration of metastatic spreading in PCa patients who 

early receive the anti-androgen bicalutamide, as an 

androgen-depleting treatment [11]. Again, the biphasic 

androgen effect we observed might play a role during male 

sexual differentiation when presumptive peritubular myoid 

cells (PTMCs) reduce their proliferation rate and begin to 

migrate from mesonephros into the testis [12]. In adult life, 

Figure 1. The dichotomous effect of androgens in NIH3T3 fibroblasts. Quiescent NIH3T3 fibroblasts were used. 
In A and D, cells were left unstimulated or stimulated for 5 min with the indicated R1881 concentrations. Lysate 
proteins were immunoprecipitated with the anti Src (upper panel A) or anti p85 (lower panel in A) or anti FLNa (D) 
antibodies. Control lysate proteins were immunoprecipitated with non-specific antibodies (ctrl). Proteins in immune 
complexes were resolved by SDS-PAGE, immunoblotted and then probed with the antibodies against the indicated 
proteins. Using an NIH 1.61 image program, a 38% increase in AR/p85 association was detected on 1 pM R1881 
stimulation of cells. This experiment was reproduced with similar findings. Lysate proteins were also used to detect 

Rac1 activation, using pull-down assay (lower panel in D). Quiescent NIH3T3 cells were left untreated or treated for 
18 h (B) or 6 h (C) with the indicated R1881 concentrations, in the absence or presence of 10 microM bicalutamide. 

icroM). BrdU incorporation was analyzed by immunofluorescence and 
expressed as % of total nuclei. In C, the cells were allowed to migrate in Transwell chambers. Migrated cells were 
stained with Hoechst, counted by fluorescent microscope, and expressed as relative increase. 
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such a switch might occur during PCa metastasis, when local 

androgen levels increase [13], or during inflammation and 

wound healing. A similar dichotomy, however, has been 

reported in highly metastatic pancreas cancer-derived cells, 

which are almost insensitive to androgens in terms of cell 

proliferation, while they efficiently migrate in response to 

hormone treatment [14]. We also observed a similar shift in 

PCa-derived epithelial cells, when they progress towards a 

hormone-independent state (unpublished results). However, 

other tumor cell types (i.e., colon and lung cancers) only 

slightly respond to androgens with proliferation. Under 

certain conditions, these hormones even block cell 

transformation [15]. 

In conclusion, our findings highlight the conservation of 

this process across quite different cell types and also point to 

a different role for androgens during the 

epithelial-mesenchymal transition (EMT) of cancer cells. It 

can be speculated that androgens prevalently promote cell 

proliferation in cells with the epithelial phenotype, whereas 

they stimulate motility after the cells undergo EMT.  

Migration/proliferation dichotomy in androgen action: 

the role of androgen-activated AR/Src/PI3-K complex 

The different biological outcomes elicited by low and high 

androgen levels led us to dissect the pathways activated by 

the two hormone concentrations. We firstly hypothesized that 

the observed dichotomy is due to transcriptional or 

non-transcriptional effects triggered by androgens in 

fibroblasts. However, by analyzing both ligand-induced AR 

nuclear translocation and activation of gene transcription in 

NIH3T3 fibroblasts [9], we surprisingly discovered that AR 

expressed in these cells does not enter nuclei and is devoid of 

transcriptional activity. Similar findings were then observed 

in MEFs as well as fibrosarcoma cells [15, 16]. Thus, in 

mesenchymal and transformed mesenchymal cells AR 

appeared as a ‘non-functional’ receptor. Other groups have 

reported similar results. AR from prostate stromal cells 

weakly mediates gene transcription and proliferation in 

response to physiological DHT concentration [17, 18]. Again, it 

has been recently shown that AR expressed in prostate 

stromal WPMY-1 cells is permanently localized in 

cytoplasm and is devoid of transcriptional activity [19]. 

Notably, WPMY-1 cells have been used in combination with 

PCa epithelial PC-3 cells in a mouse model of prostate 

tumorigenesis. These studies concluded that stromal but not 

epithelial AR promotes tumor proliferation at very early 

stage [11]. Thus, AR expressed in stromal WPMY-1 cells 

fosters tumor growth, likely through a non-transcriptional 

mechanism. These results further point to the role of 

non-transcriptional action mediated by AR in stromal cells. 

By investigating the mechanism responsible for cell 

proliferation observed in NIH3T3 cells, we discovered that 1 

pM R1881 induces association of AR with Src (Fig.1, upper 

panel in A). At this hormone concentration, a weaker but still 

significant increase in association of AR with p85, the 

regulatory subunit of PI3-K, was also observed (Fig.1, lower 

panel in A and Figure legend). We then showed that the 

androgen-induced ternary AR/Src/p85 complex activates 

downstream Erk-2 and Akt effectors. In turn, Erk-2 induces 

p27 cytoplasmic release [9, 20], while Akt increases cyclin D1 

transcription [9, 21]. In such a way, the cells enter S-phase 

(Fig.1B). The anti-androgen bicalutamide inhibits BrdU 

incorporation induced by 1 pM R1881 in NIH3T3 cells 

(Fig.1B). We observed similar data in primary fibroblasts 

from embryo or adult mouse, indicating that our findings are 

not restricted to immortalized cells [9, 15, 16].  

The AR/Src/PI3-K complex assembly is consistent with 

our previous findings in hormone dependent epithelial cells, 

as the AR/Src complex was originally observed in 

PCa-derived LNCaP cells challenged with androgens [22]. 

Again, others and we observed the assembly of a ternary 

complex made up of estradiol receptor alpha (ER), Src and 

PI3-K in estradiol-stimulated breast cancer-derived MCF-7 

cells [21, 23]. In both cell types, association of AR or ER with 

Src and p85 induces activation of a downstream pathway 

driving G1-S progression of cell cycle [20, 21, 22, 23]. Other 

groups confirmed these findings in several breast cancer cells 
[24, 25], as well as in other tissues [26]. It was later shown that 

overexpression of the ER/Src/PI3-K complex correlates 

with malignancy and aggressiveness in a subset of human 

breast cancers [27]. 

After many years of investigation, it is now recognized 

that interaction of steroid receptors (ER or , AR and PR) 

with Src and PI3-K has a key role in sex steroid rapid action 
[28, 29, 30]. These findings might lead to identification of new 

targets in hormone-dependent cancers. By specifically 

targeting interaction of AR or ER with Src, small peptides 

inhibiting breast and prostate tumor growth [31, 32] could be 

used advantageously alone or in combination with classic 

endocrine therapy in clinical trials. 

Migration/proliferation dichotomy: the role of androgen- 

activated AR/FLNa complex 

The discovery that the migration/proliferation dichotomy 

depends on androgen concentration led us to investigate the 

mechanism responsible for the shift towards a migratory 

phenotype in fibroblasts. We found that fibroblasts 

challenged with 10 nM R1881 do not enter S-phase (Fig.1B) 

and undergo a reversible state of quiescence [15]. At the same 

time, we observed cytoskeleton changes [9, 16] and 
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enhancement of cell migration (Fig.1C) [16]. Notably, at this 

hormone concentration we detected dissociation of AR from 

Src and PI3-K (upper and lower panels in Fig.1A), thus 

indicating that AR/Src/PI3-K complex assembly is not 

involved in the cell’s decision to halt cell cycle and migrate.  

In an attempt to provide a mechanistic insight into this 

shift, we hypothesized the involvement of FLNa. By 

interacting with a variety of proteins (i.e., integrins, 

Trio-GEF, Fil-GAP, Rac), this scaffold protein commands 

cell motility [33]. Moreover, FLNa and its proteolytic 

fragments directly interact with AR to regulate its nuclear 

translocation [34] or transcriptional activity [34, 35], or even the 

androgen-dependence of PCa LNCaP cells [36]. The 

co-immunoprecipitation experiment presented in Fig.1D 

(upper panel) shows that stimulation of NIH3T3 cells with 

10 nM R1881 significantly increases the association of AR 

with both full-length FLNa and 1-integrin. This complex 

strongly enhances Rac activity (Fig.1D, lower panel). 

Notably, 1 pM R1881 only slightly triggers cell motility 

(Fig.1C), does not significantly increase AR association with 

FLNa, and weakly stimulates AR association with 

1-integrin (upper panel in Fig.1D). Interestingly, this 

hormone concentration does not activate Rac (lower panel in 

Fig.1D). Thus, the shift in AR interaction (Src/PI3-K versus 

FLNa) accounts for the observed change in cell outcome 

(proliferation versus migration). In sum, data presented in 

Fig.1, together with additional analyses above reported [15, 16], 

indicate that 10 nM R1881 induces assembly of the 

AR/FLNa bipartite complex, which then recruits 1-integrin. 

On one hand, the 10 nM R1881-induced 

AR/FLNa/1-integrin complex recruits and activates Rac. On 

the other, the same complex activates the focal adhesion 

kinase (FAK) and its downstream pathway [16]. Noteworthy, 

activation of Rac 1 and FAK are mutually exclusive, since 

the silencing or the chemical inhibition of either FAK or 

Rac1 induces a stronger activation of the other effector. Such 

a control ensures that the upstream AR/FLNa/1-integrin 

complex mutually regulates activation of FAK or Rac, 

enabling a dynamic regulation between focal complex 

turnover and cytoskeleton changes. By this way, the 

migration speed of cells is finely modulated [16].  

In conclusion, we reported for the first time that AR links 

androgen signaling to FLNa and 1-integrin in mesenchymal 

cells challenged with physiological hormone concentration. 

This FLNa-mediated signaling likely overcomes the hormone 

proliferative effects observed at picomolar concentrations of 

androgen. Furthermore, we described an ‘inside-out’ 

mechanism of integrin activation by a sex steroid hormone, 

with implications in migration, development and metastatic 

processes. Our preliminary data suggest that assembly of the 

AR/FLNa/1-integrin complex is involved in neuronal 

differentiation induced by androgens (submitted) and 

metastatic spreading of different androgen-responsive cancer 

cell types (unpublished).  

Our findings, however, call for additional comments. 

Primordial germ cells from null-1-integrin mouse do not 

migrate to the gonads [37], mimicking the phenotype of male 

AR-knockout mice that exhibits severe developmental 

defects [38]. Thus, the 1-integrin functions might intersect 

androgen/AR axis during development and metastatic 

processes. FLNa is an important piece in this puzzle. A 

calpain-generated FLNa fragment was identified as an AR 

co-regulator in cell nuclei [34, 35, 36]. However, in contrast with 

data obtained in PCa-derived epithelial cells [36, 39, 40], we 

were unable to detect nuclear localization [16] and proteolysis 

(unpublished) of FLNa in NIH3T3 fibroblasts. In fact, 

stimulation with physiological androgen concentration 

increases by about 3-fold the co-localization ratio between 

AR/FLNa at intermediate cytoskeleton filaments of NIH3T3 

fibroblasts [15, 16]. These findings suggest that intracellular 

localization of the AR/FLNa complex commands the 

response of cells triggered by androgens, since it controls 

motility when localized in cytoplasm, while it modulates the 

gene transcription in nuclei. The finding that high levels of 

cytoplasmic FLNa can be detected in metastatic PCa [39] 

indicates that cytoplasmic localization of the AR/FLNa 

complex is re-capitulated during progression and metastatic 

spreading of PCa. The behavior of highly metastatic human 

fibrosarcoma HT1080 cells, which undergo a robust 

migration when challenged with androgens [15, 16, 41], favors 

this hypothesis. 

Altogether, these findings suggest that the cytoplasmic 

AR/FLNa complex potentially represents a novel biomarker 

to predict aggressiveness of PCa or even its response to 

endocrine therapies. Notably, a stapled peptide, which 

displaces the AR/FLNa complex and inhibits Rac activation 

impairs the migratory functions induced by physiological 

androgen concentration in target cells (Fig.2A) [15]. These 

encouraging results warrant further investigation based on 

the use of this peptide in preclinical and clinical studies. 

Ten nM androgens activate DYRK 1B and induce 

reversible quiescence in fibroblasts 

Dual-specificity tyrosine-phosphorylation-regulated 

kinases (DYRKs) are involved in many cellular processes 
[42]. These kinases control cell cycle and differentiation 

through phosphorylation of cell cycle regulators [42]. A 

member of the DYRK family, DYRK 1B induces reversible 

quiescence by stabilizing p27 through Ser10 

phosphorylation. In addition, small GTP-binding proteins of 

the Rho family control DYRK 1B [43, 44].  
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In 10 nM androgen-treated NIH3T3 cells, we observed 

congruent effects on Rac and DYRK 1B activation as well as 

p27 Ser10 phosphorylation and DNA synthesis. Ten nM 

R1881, but not 1 pM R1881 activates Rac1 (lower panel in 

Fig.1D), increases activity of DYRK 1B and p27 Ser10 

phosphorylation [15], but does not significantly affect BrdU 

incorporation in NIH3T3 cells (Fig.1B). In contrast, 1 pM 

R1881 does not affect DYRK 1B activity and does not 

trigger p27 Ser10 phosphorylation [15]. At that hormonal 

concentration, indeed, DNA synthesis is robustly increased 

(Fig.1B). Thus, activation of DYRK 1B in fibroblasts 

challenged with 10 nM R1881 would result in p27-Ser10 

phosphorylation, followed by p27 stabilization and 

quiescence. Somatic knock-down of DYRK 1B significantly 

increases BrdU incorporation and almost completely blocks 

p27 Ser10 phosphorylation in 10 nM R1881-treated NIH3T3 

cells [15], supporting the role of DYRK 1B in p27 Ser10 

phosphorylation. Findings recently collected in our lab have 

shown show that Rac1-dependent activation of DYRK 1B 

triggers p27 Ser10 phosphorylation, thereby inducing its 

stabilization and G0 arrest in 10 nM R1881-treated cells [15]. 

Since the upstream AR/FLNa complex controls both Rac1 

and DYRK 1B activation, the FLNa/Rac1/DYRK 1B 

pathway triggered by 10 nM androgen halts cell cycle 

through p27 Ser10 phosphorylation [15]. Stimulation of 

mesenchymal cell proliferation by 10 nM androgen is, 

indeed, observed upon AR/ FLNa/Rac1/DYRK 1B pathway 

inhibition, indicating that high (10 nM) androgen levels 

overcomes the proliferative circuitry activated by low (1 pM) 

androgen concentration in fibroblasts (Fig.2B). Thus, 10 nM 

androgens activate the FLNa/Rac1/DYRK 1B cascade to 

offset their growth, promoting action in mesenchymal cells, 

or inhibit mitogenic signaling elicited by growth factors (i.e., 

EGF; unpublished) or transformation induced by oncogenic 

Ras [15]. In sum, AR could inhibit cell growth by interfering 

in growth factor- or Ras-driven pathways (Fig.2B), without 

affecting cell proliferation triggered by different signaling 

mechanisms (i.e., serum or oncogenic Src) [15].  

DYRK 1B is activated by oncogenic Ras through the 

Rac11/MKK3 signaling pathway, and DYRK 1B activation 

has been reported in pancreatic, ovarian and colon cancers. 

Thus, DYRK 1B emerges as an important player in 

transformation induced by oncogenic Ras and tumor 

progression [45]. DYRK 1B re-directs the autocrine toward 

paracrine hedgehog signaling in a mouse model of pancreatic 

cancer [46]. By enabling the growth of stromal cells through 

hedgehog signaling, DYRK 1B inhibition impairs the growth 

of pancreatic cancer in a mouse model [44]. The discovery that 

androgen/AR axis controls DYRK 1B activation in 

fibroblasts is significant, since AR/DYRK 1B pathway 

inhibition might enhance fibroblast growth and collagen 

content, thereby limiting tumor growth in vivo.  

In conclusion, these findings strongly encourage further 

dissection of androgen/AR axis in the stromal compartment 

of PCa in vivo. Inhibition of AR functions by small peptides 

that specifically disrupt the AR/FLNa interaction [15] or new 

AR pan-antagonists [47] might open up new horizons to 

specifically modulate the functions of stromal AR and 

restrain the growth of AR-expressing cancers. 

Figure 2. Molecular mechanism responsible for migration/ 
proliferation dichotomy induced by different androgen 
concentration in NIH3T3 cells. In A, stimulation of NIH3T3 cells 
with 10 nM androgens induces the assembly of AR/FLNa complex in 
the extra-nuclear compartment of cells. This complex likely recruits 
Trio-GEF to activate Rac and induce cell migration (left panel) [16]. A 

stapled peptide, mimicking the AR sequence responsible for AR 
interaction with FLNa, disrupts the assembly of AR/FLNa complex, 
thereby inhibiting Rac1 activation and cell motility in 10 nM 
androgen-treated NIH3T3 cells (right panel) [16]. In B, low androgen 
concentration (1 pM) triggers cyclin D1 transcription and cell 

lpha complex assembly in 

NIH3T3 cells [9]. High androgen concentration (10 nM) activates the 
FLNa/Rac/DYRK 1B cascade. DYRK 1B activation results in p27 
Ser10 phosphorylation and p27 stabilization. Quiescence of 
fibroblasts then follows [15]. Thus, high androgen concentration (10 
nM) offsets the growth-promoting action of low androgen 
concentration, or transformation induced by oncogenic Ras in 
mesenchymal cells [15]. Mitogenic signaling elicited by growth 

factors is also inhibited (unpublished). 
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