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Abstract. Loss of Forkhead box P1 (FOXP1) protein 
expression confers a poor prognosis in sporadic and familial 
breast cancer patients, and the FOXP1 gene maps to a tumor 
suppressor locus at chromosome 3p14. Although correla-
tion studies have indicated that FOXP1 has a role in tumor 
suppression, determination of the regulatory mechanism of 
FOXP1 is required to establish its function in breast cancer. 
It has previously been identified that FOXP1 is regulated by 
estrogen in breast cancer and that treatment with bisphenol A 
is effective for regulating the transformation of the normal 
human breast epithelial cell line, MCF-10F. In addition, 
FOXO-regulated activation of FOXP1 inhibits the apoptosis 
of MCF-10F cells following tamoxifen and Akt inhibitor VIII 
administration. The present study indicates that FOXP1 
regulation occurs via a PI3K/Akt/p70S6 kinase (p70S6K) 
signaling pathway. Following treatment with wortmannin, 
an inhibitor of phosphatidylinositol 3-kinase (PI3K)/Akt, 
MCF7 and MDA-MB-231 breast cancer cells demonstrated 
decreased FOXP1 protein expression levels; this result was 
also observed in the small interfering (si)RNA silencing 
of Akt. By contrast, overexpression of Akt resulted 
in increased FOXP1 protein expression levels in the 
MDA-MB-231 cells compared with the control cell lysates. 
Furthermore, treatment with rapamycin, a specific inhibitor 
of the mammalian target of rapamycin/p70S6K cascade, 
resulted in decreased FOXP1 expression in the MCF7 cells, 
but not in the MDA-MB-231 cells, which were resistant 
to rapamycin-induced inhibition. In addition, silencing 
of p70S6K using siRNA produced a marked decrease in 
FOXP1 expression. These data indicate that FOXP1 protein 
expression is regulated by a PI3K/Akt/p70S6K signaling 
cascade in breast cancer.

Introduction

The phosphatidylinositol 3-kinase (PI3K)/Akt signaling 
pathway is associated with variable cellular functions critical to 
tumor initiation and progression, including proliferation, migra-
tion, invasion and metastasis, as well as the acquired endocrine 
resistance of breast cancer following hormonal therapy (1,2). 
Akt, an important downstream Ser/Thr kinase, performs its 
functions by activating or inactivating ~200 different down-
stream targets (3). One of these downstream targets is p70S6K, 
a Ser/Thr kinase that is regulated by PI3K/Akt. The roles of 
p70S6K are not limited to protein translation, but additionally 
involve the co-regulation of other cellular responses, such as 
cell survival, proliferation and migration (4-6).

Forkhead box (FOX) transcription factors are another 
group of proteins regulated by PI3K/Akt. Akt negatively 
regulates FOXO transcription factors by promoting proteo-
somal degradation (7) and the nuclear exclusion of FOXO 
proteins (7-9). Furthermore, van Boxtel et al (10) demonstrated 
that the therapeutic targeting of PI3K/Akt with tamoxifen 
facilitates the nuclear import of FOXO, inducing FOXP1 
protein expression (10).

FOXP1, a member of the winged helix transcription factors, 
was initially described by Banham et al (11), using the novel 
JC12 antibody to locate the FOXP1 gene at a tumor suppressor 
locus on chromosome 3. Although FOXP1 mRNA and protein 
expression was identified in a wide range of health human 
tissues (11), the subcellular localization of the FOXP1 protein 
varied between different tissues. For example, nuclear FOXP1 
expression was predominantly identified in tissues such as the 
kidney, thyroid, cerebellum, tonsils, blood and colon, whereas 
cytoplasmic expression was predominantly observed in 
epithelial tissues such as the stomach, colon and lung macro-
phages (11). Similarly, FOXP1 protein expression levels and 
localization vary depending on the tissue type and disease 
stages in cancer. For example, strong nuclear staining and/or 
heterogeneous weak nuclear staining of FOXP1 were identi-
fied in different stages of breast cancer progression (11-13).

Functionally, FOXP1 protein expression has opposing 
effects in different types of cancer. In tumors such as diffuse 
large B-cell lymphoma, glioblastoma and hepatocellular 
carcinoma, FOXP1 exhibits oncogenic functions, however, 
in breast cancer, FOXP1 has been detected to act as a tumor 
suppressor (11,12). Thus, loss of nuclear FOXP1 expression is 
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correlated with a poor prognosis in breast cancer. Previously, 
increased FOXP1 expression demonstrated a significant posi-
tive association with estrogen receptor-α (ER-α) expression 
in the relapse-free, borderline and overall survival of primary 
human breast carcinoma patients (13). Furthermore, nuclear 
FOXP1 expression in primary invasive breast carcinoma 
was positively correlated with nuclear ER-β expression (14); 
and this correlation was associated with a low tumor grade 
and high survival in primary invasive (13) and familial 
breast cancer. Although a number of correlation studies 
have demonstrated an association between clinical outcome 
and FOXP1 protein expression, only a limited number of 
studies have been conducted to investigate the function of 
FOXP1 in breast cancer (10,15). Rayoo et al (16) identified 
increased FOXP1 mRNA expression in MCF7 breast cancer 
cells following estrogen treatment, with elevated FOXP1 
protein levels causing an increase in MCF7 cell prolifera-
tion. Furthermore, FOXP1 appeared to increase transcription 
driven by the estrogen response element, and in relapse-free 
patients treated with tamoxifen, FOXP1 immunoreactivity 
was significantly increased (16). By contrast, FOXP1 hyper-
methylation was found following bisphenol A (BPA) exposure 
in MCF10F healthy immortal breast cells. Although FOXP1 
does not appear to have a binding site for Akt, treatment 
with Akt inhibitor VIII at various time-points resulted in 
increased FOXP1 expression levels (10). This may be due to 
FOXP1 exhibiting recognition sites for p70S6K, a downstream 
molecule of the PI3K/Akt cascade (11). Considering the 
aforementioned findings, the aim of the present study was to 
investigate the regulation of FOXP1 via the PI3K/Akt/p70S6K 
signaling cascade in breast cancer cells.

Materials and methods

Cell culture, and treatment with growth factors and phar‑
macological inhibitors. Commercially available MCF7, 
ZR-75.1, and MDA-MB-231 cancer cell lines were provided 
by Professor Alison H. Banham (Nuffield Department of 
Clinical Laboratory Sciences, University of Oxford, Oxford, 
UK) and grown in Dulbecco's modified Eagle's medium 
(DMEM; Fisher Scientific International Inc., Hampton, NH, 
USA) supplemented with 10% fetal bovine serum (Fisher 
Scientific International Inc.), 100 µg/ml penicillin/strepto-
mycin (Fisher Scientific International Inc.) and 2 mmol/l 
L-glutamine (Fisher Scientific International Inc.). The cells 
were plated at a density of 1x106 cells per well on a 6-well plate 
and placed in a humidified incubator at 37˚C containing 5% 
CO2 (Fisher Scientific International Inc.) overnight. Following 
serum starvation for 24 h, the cells were incubated with human 
recombinant epidermal growth factor (EGF; Invitrogen Life 
Technologies, Carlsbad, CA, USA) at a final concentration 
of 50 ng/ml for 20 min. Wortmannin and rapamycin (Cell 
Signaling Technology, Inc., Danvers, MA, USA) were added 
to the cells 15 min prior to growth factor stimulation at final 
concentration of 100 nM.

Antibodies. Anti-phospho-Akt, anti-Akt, anti-phospho-p70S6K 
and anti-hemagglutinin (HA) antibodies were purchased 
from Cell Signaling Technology, Inc., and used at a 
dilution of 1:1,000, according to the manufacturer's 

instructions. The JC12 anti-FOXP1 antibody was provided by 
Professor Alison H. Banham and used at a dilution of 1:30. 
β-actin mouse monoclonal antibody (dilution, 1:5,000) and 
horseradish peroxidase-conjugated anti-mouse antibody (dilu-
tion, 1:2,500) were purchased from Sigma-Aldrich (St. Louis, 
MO, USA) and Agilent Technologies, Inc. (Santa Clara, CA, 
USA), respectively.

Plasmids and RNA interference. 1071 pBabe puroL myrAkt 
T308A S473A (plasmid no. 9014), 1072 pBabe puroL myrAkt 
K179M T308A S473A (plasmid no. 9015)and PBABE empty 
vector (plasmid no. 21836) were obtained from Addgene, Inc. 
(Cambridge, MA, USA), and pAB195-FOXP1 expression 
plasmid and green f luorescent protein-tagged pAB195 
vector expressing full length FOXP1 were provided by 
Dr Philip J. Brown (University of Oxford). Additionally, a 
SignalSilence® Akt small interfering (si)RNA kit (cat no. 6511), 
p70/85 S6 kinase (S6K) siRNA I (cat no. 6566), p70/85 S6K 
siRNA II (cat no. 6572) and control siRNA (cat no. 6568) were 
purchased from Cell Signaling Technology, Inc.

Plasmid digestion. Plasmid DNA (500 ng) was digested 
using HindIII and BamHI restriction enzymes (New England 
BioLabs, Inc., Ipswich, MA, USA) at 37˚C in an agitated 
water-bath for 1 h. Subsequently, the digested plasmids were 
evaluated on 1% agarose gel (Sigma-Aldrich).

Transfection. TransPass™ D1 transfection reagent (New 
England BioLabs, Inc.) was used for plasmid transfection. The 
MDA-MB-231 cells were seeded at a density of 1x105 cells per 
well on a 24-well plate, and incubated with 1 µg plasmid DNA 
mixed with 3 µl transfection reagent in serum-free high glucose 
DMEM (Lonza, Basel, Switzerland) at room temperature for 
30 min. The cells were washed twice with serum-free DMEM 
prior to replacing the DMEM with transfection mixture. The 
cells were then incubated for 5 h priot to the mixture being 
replaced with complete growth medium for 48 h. TransPass R2 
siRNA transfection reagent (New England Biolabs, Inc.) was 
applied to conduct siRNA transfection. The cells (1x105 cells 
per well) were plated in growth medium without antibiotic on 
a 12-well plate, in a humidified incubator at 37˚C containing 
5% CO2, overnight. The transfection mixture was produced by 
mixing 1.25 µl TransPass R2 solution A to 600 µl serum-free 
high glucose DMEM, then adding 2.5 µl Transpass R2 solu-
tion B and mixing well. Finally, 40 nM siRNA was added to the 
transfection mixture, which was incubated at room tempera-
ture for 20 min. The cells were washed twice with serum-free 
DMEM prior to replacing the DMEM with the transfection 
mixture, and then incubated for 4 h prior to adding 1 ml growth 
medium. After 48 h of transfection, the cells were lysed and 
western blot analysis was performed.

Western blot analysis. The cells were lysed using 1X cell 
lysis buffer (Cell Signaling Technology, Inc.), including 
1 mM phenylmethylsulfonyl fluoride, and transparent protein 
lysates were obtained following centrifugation at 29,994 x g. 
Bradford assay reagent (Fisher Scientific International Inc.) 
was used for protein quantitation, and 40-µg protein samples 
were separated using 5% stacking and 10% resolving gels at 
60 V for 1 or 2 h. The separated proteins were immunoblotted 
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to a polyvinylidene difluoride membrane using iBlot® dry 
blotting system (Invitrogen Life Technologies) and blocked 
for 1 h with 5 % skimmed milk in Tris-buffered saline and 
1% Tween 20 (Sigma-Aldrich). Protein bands were visual-
ized with the SuperSignal West Femto Chemiluminescence 
kit (Fisher Scientific International Inc.) and analyzed using 
Kodak Gel Logic 1500 imaging system software (Eastman 
Kodak Co., Rochester, NY, USA). For all experiments, a 
minimum of three independent experiments were performed 
and representative results were selected for analysis.

Statistical analysis. Statistical analyses were performed 
using GraphPad Prism 5.0 package (GraphPad Software Inc., 
La Jolla, CA, USA). Student’s t-test was used to statistically 
analyze the expression differences. P<0.05 was considered to 
indicate a statistically significant difference. 

Results

Wortmannin blocks Ser473 phosphorylation of Akt and alters 
FOXP1 protein expression levels. EGF was used to activate 
the PI3K/Akt pathway, as MDA-MB-231 cells are known to 
exhibit basal pathway activity. Following a 5-min treatment 
with EGF, PI3K/Akt activity began to increase, with maximum 
PI3K/Akt activity exhibited 10 min after treatment (data not 
shown). After 15 min of exposure to EGF, the activity of the 
PI3K/Akt pathway decreased, therefore, a 10-min treatment 
was selected as the positive control.

Pharmacological inhibition of the PI3K/Akt signaling 
pathway was initially performed by treating the MCF7, ZR-75.1 
and MDA-MB-231 cells with 100 nm wortmannin to elucidate 
the effect of Akt inhibition on FOXP1 protein expression 
levels. Following exposure to wortmannin, the MDA-MB-231 
cells demonstrated decreased FOXP1 expression levels in 
parallel with a decrease in phosphorylated (p)-Akt (P<0.01) 
and p-p70S6K (P<0.05) expression. Conversely, control lysates 
exhibited basal p-Akt and FOXP1 expression levels. In the 
MCF7 cells, wortmannin treatment resulted in marginal p-Akt 
inhibition (P<0.01) and a concordant reduction in p-p70S6K 
(P<0.05) and FOXP1 (P<0.05) expression levels. Furthermore, 

wortmannin exhibited no inhibitory effect on p-Akt or FOXP1 
expression in the ZR-75.1 cells (P>0.05). Three independent 
experiments were performed and representative blots are indi-
cated in Fig. 1.

Figure 2. FOXP1 expression following siRNA silencing and overexpression 
of Akt. (A) Following siRNA-induced silencing of Akt, FOXP1 protein 
expression levels were decreased. (B) Following overexpression of Akt with 
HA-Myr-Akt1 (1071; kinase domain stable), a marginal increase in FOXP1  
protein expression levels were observed compared with the untransfected 
control cells. However, following transfection with HA-Myr-Akt1 (1072; 
kinase domain mutated), FOXP1 expression did not change. siRNA, small 
interfering RNA; FOXP1, forkhead box P1; HA, hemagglutinin.

Figure 1. p-Akt, Akt, p-p70S6K and FOXP1 protein expression levels following wortmannin treatment in MCF7, ZR-75.1 and MDA-MB-231 cells. EGF, epi-
dermal growth factor; p-Akt, phosphorylated Akt; p-p70S6K, phosphorylated p70S6 kinase; FOXP1, forkhead box P1.

  A

  B
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Akt silencing and overexpression affects FOXP1 expression. 
To further determine the effect of Akt inhibition on FOXP1 
expression, the MDA-MB-231 cells were transfected with Akt 
siRNA and HA-Akt overexpression plasmids. To perform 
siRNA silencing, two Akt-targeted siRNAs and an untargeted 
control siRNA were used. Following siRNA transfection 
optimization, siRNA I and II provided effective silencing 
of Akt in MDA-MB-231 cells (P<0.001), however, the cells 
transfected with control siRNA did not inhibit Akt expres-
sion. Subsequent to the effective siRNA-induced silencing 
of Akt, the MDA-MB-231 cells demonstrated a decrease 
in FOXP1 protein expression levels (P<0.05; Fig. 2A). In a 
reciprocal experiment to upregulate Akt expression levels, the 
MDA-MB-231 cells were transfected with 1071 pBabe puroL 
and 1072 pBabe puroL overexpression plasmids. The highest 
FOXP1 expression levels were observed in the 1071 pBabe 
puroL transfected cells (P<0.05), where an increase in HA 
staining was also detected to confirm Akt1 overexpression; 
however, small expression bands were observed in the cells 

transfected with pBABE-puro empty vector (Fig. 2B). In 
addition, HindIII and BamHI restriction endonucleases were 
used to ensure that no cross-contamination of the 1071 pBabe 
puroL and 1072 pBabe puroL AKt1 expression plasmids 
expression plasmids had occurred in the empty vector (data 
not shown). In contrast to the high FOXP1 expression levels 
observed in 1071 pBabe puroL-transfected cells (P<0.05), the 
1072 pBabe puroL and empty vector-transfected cells demon-
strated low FOXP1 expression levels (P>0.05).

Rapamycin does not alter FOXP1 protein expression levels 
in MDA‑MB‑231 cells. The PI3K/Akt signaling pathway 
regulates FOXP1 protein expression levels; however, FOXP1 
does not have any phosphorylation sites for Akt (11). Consid-
ering the proposal by Banham et al (11) that p70S6K has a 
recognition site for FOXP1, the present study investigated 
a possible association between p70S6K, a downstream 
target of Akt, and FOXP1 (11). The MCF7, ZR-75.1 and 
MDA-MB-231 cells were treated with rapamycin, a 
mammalian target of rapamycin (mTOR) inhibitor. In the 
rapamycin-sensitive MCF7 cells, p-p70S6K expression 
was decreased significantly (P<0.05) compared with the 
control cell lysate, however, p-p70S6K expression was 
unaltered in the MDA-MB-231 and ZR-75.1 cells. Further-
more, rapamycin treatment induced a significant decrease 
in FOXP1 expression (P<0.05) in addition to a decrease in 
p-p70S6K expression (P<0.05) in the MCF7 cells; however, 
the MDA-MB-231 and ZR-75.1 cells did not exhibit a 
decrease in these protein expressions following rapamycin 
treatment (Fig. 3).

p70S6K silencing decreases FOXP1 expression in 
MDA‑MB‑231 cells. To directly analyze the regulation of 
FOXP1 by p70S6K, the MDA-MB-231 cells were transfected 
with siRNA specifically targeting p70S6K. FOXP1 expres-
sion was reduced following p70S6K silencing with siRNA I 
(P<0.01) and II (P<0.01) (Fig. 4).

Figure 3. p-Akt, Akt, p-p70S6K and FOXP1 protein expression levels following rapamycin treatment in MCF7, ZR-75.1 and MDA-MB-231 cells. EGF, epi-
dermal growth factor; p-Akt, phosphorylated Akt; p-p70S6K, phosphorylated p70S6 kinase; FOXP1, forkhead box P1.

Figure 4. FOXP1 protein expression levels were significantly abrogated 
following siRNA-induced silencing of p70S6K in the MDA-MB-231 cells. 
siRNA, small interfering; p70S6K, p70S6 kinase; FOXP1, forkhead box P1.
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Discussion

FOXP1, a winged-helix DNA-binding transcription factor, 
belongs to subfamily P of the forkhead box transcription 
factor family and has previously been associated with 
various types of cancer, with FOXP1 protein expression 
levels and different cellular localizations leading to distinct 
outcomes in different types of cancers. For instance, the 
high expression of smaller isoforms of FOXP1 (60-65 kDa) 
in diffuse large B-cell lymphoma (DLBCL) are associ-
ated with a poor prognosis, while recurrent chromosomal 
translocations effect FOXP1 gene expression in B-cell 
non-Hodgkin lymphoma (12). FOXP1 is located on the 
tumor suppressor locus at chromosome 3p14.1, and trisomy 
of chromosome 3 has been associated with increased 
FOXP1 expression in mucosa-associated lymphoid tissue 
lymphoma. However, in breast cancer, FOXP1 acts as a 
tumor suppressor, as loss of nuclear FOXP1 expression and 
cytoplasmic mislocalization are associated with a poor prog-
nosis, and increased immunoreactivity of nuclear FOXP1 
is correlated with a low tumor grade and the status of the 
hormone receptors, ER-α and progesterone receptor (14-16). 
Consequently, identifying the regulatory mechanisms of 
FOXP1 expression and its functions is essential for the iden-
tification of novel therapeutic targets and the evaluation of 
the existing therapeutic inhibitors.

In the present study, it was demonstrated that the expres-
sion of FOXP1 is regulated by the PI3K/Akt signaling pathway. 
Decreased expression of smaller isoforms of the FOXP1 protein 
(60-65 kDa) occurred in the MDA-MB-231 cells following 
treatment with 100 nM wortmannin, while decreased expres-
sion of the larger FOXP1 isoforms (72-kDa) were observed 
in the MCF7 cells. Notably, the p-Akt and FOXP1 expression 
levels did not appear to be affected by wortmannin treatment 
in the ZR-75.1 cells (Fig. 1). To the best of our knowledge, 
no studies investigating wortmannin inhibition of PI3K/Akt 
signaling in ZR-75.1 cells have previously been conducted; 
however, the present study identified a correlation between 
FOXP1, and p-Akt and p-p70S6K expression levels in wort-
mannin-treated ZR-75.1 cells. As wortmannin did not cause 
inhibition of PI3K/Akt/p70S6K signaling, we hypothesized 
that no change in FOXP1 expression levels would occur. This 
mechanism may explain the steady state of FOXP1 expression 
in the ZR-75.1 cells. However, it was reported that wortmannin, 
which is primarily known as a PI3K inhibitor, also inhibits 
mTOR/p70S6K signaling in ZR-75.1 cells, possibly inhibiting 
p-p70S6K by blocking mTOR and thus abrogating the PI3K 
negative feedback loop (17-19), causing mitogen-activated 
protein kinase (MAPK) to be constitutively activated in human 
cancer. As MAPK is mutated in ZR-75.1 cells (20), wortmannin 
treatment may inhibit this constitutive activation, thus p-Akt 
and FOXP1 protein expression levels will remain constant.

In the present study, Akt silencing in the MDA-MB-231 
cells resulted in a significant reduction in FOXP1 
protein expression levels. By contrast, the 1071 pBabe 
puroL-transfected cells demonstrated a significant increase 
in FOXP1 expression compared with the 1072 pBabe puroL 
(catalytically inactive plasmid) and empty vector-transfected 
cells, as well as the untransfected cells  (Fig. 2B). Normally, 
no HA-tagged primary antibody bands are present in empty 

vector-transfected and untransfected cells; however, bands 
similar to those for HA-tagged antibodies were identified in 
the empty vector-transfected and untransfected control cells 
of the present study. This may be due to the HA amino acid 
sequence cross-reacting with other proteins expressed in 
the MDA‑MB-231 cells. This is supported by the results of 
a BLAST search performed on the HA amino acid sequence 
using the National Center for Biotechnology Information 
BLAST program (http://blast.ncbi.nlm.nih.gov/Blast.cgi), 
which identified numerous proteins with the same sequence.

Following the treatment of the MCF7 cells with rapamycin, 
FOXP1 expression was attenuated in parallel with decreased 
p-p70S6K expression levels. Additionally, a previous study 
identified that ZR-75.1 cells were not inhibited following treat-
ment with 100 nm rapamycin for a time period of 20 min to 
1 h (Fig. 3), however, ZR-75.1 cells did demonstrate sensitivity 
to rapamycin following a 4-h treatment (21). Furthermore, 
Sangai et al (20) demonstrated that after a 24-h exposure of 
the ZR-75.1 cells to rapamycin, the T389 phosphorylation 
of p70S6K was lost, whereas the present study determined 
that S371 phosphorylation of p70S6K occurred 20 min after 
the application of rapamycin. Thus, no sustainable changes 
in p-p70S6K and FOXP1 expression levels were detected in 
the ZR-75.1 cells. In addition, rapamycin did not appear to 
inhibit p70S6K phosphorylation in the MDA-MB-231 cells, 
which may explain the rapamycin-resistant property of this 
cell type (Fig. 4A) (20,21). Rapamycin typically inhibits the 
phosphorylation of p70S6K at nanomolar concentrations; for 
example, a previous study identified that a 20-nM dose of 
rapamycin inhibited the phosphorylation of the T389 residue 
of p70S6K in MDA-MB-231 cells (22). The present study 
evaluated S371 phosphorylation of p70S6K in MDA-MB-231 
cells following treatment with 100 nM rapamycin. Although 
rapamycin is a highly specific inhibitor of mTOR, higher 
expression levels of phospholipase D (PHD), which func-
tions in survival signaling and cell cycle progression and 
is essential for mTOR signaling, is associated with the 
development of rapamycin resistance in MDA-MB-231 
cells via the phosphorylation of p70S6K and serum-induced 
Myc expression. By contrast, MCF7 cells were identified to 
be sensitive to rapamycin due to lower expression levels of 
PHD (23). Notably, p-Akt expression levels were increased 
following rapamycin treatment compared with expression 
levels in the EGF-treated MDA-MB-231 cells; in parallel 
with this increase in p-Akt expression, FOXP1 expression 
levels were marginally increased in the treated cells. It has 
previously been established that a negative feedback loop 
exists between p70S6K and PI3K, with p70S6K acting as 
a negative regulator of PI3K (24). However, if mTOR is 
inhibited by rapamycin treatment, this negative feedback 
mechanism is abrogated and PI3K is constitutively activated; 
in MDA-MB-231 cells this has been shown to result in 
increased S473 phosphorylation of Akt (24,25). By contrast, 
inhibition of mTOR complex 1 (C1) by everolimus treatment 
promoted the activation of the PI3K-dependent negative feed-
back loop, thus, activating the MAPK signaling pathway (19). 
Another previous study observed a subsequent increase in 
Akt phosphorylation 4 h after inhibition due to the function 
of rapamycin-insensitive companion of mammalian target of 
rapamycin (26).
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p70S6K is a Ser/Thr kinase and a member of the AGC 
kinase family, and is also termed S6K1. p70S6K modulates 
the activity of numerous downstream proteins by regulating 
translation, and its expression levels are associated with cell 
size, regulation of protein synthesis, cell growth and cell 
proliferation. P70S6K is responsible for translational initia-
tion via mTORC1, in particular regulatory-associated protein 
of mTOR, which specifically phosphorylates p70S6K, which 
in turn activates eukaryotic translation initiation factor 4B 
(eIF4B). eIF4B phosphorylation is a significant factor in the 
initiation of translation, for example, by enhancing the acti-
vation of eIF4A (27,28). Furthermore, p70S6K depletion in 
MDA-MB-231 cells and rapamycin treatment of MCF7 cells 
demonstrated that FOXP1 is regulated by p70S6K. This may 
be due to the translational regulation of FOXP1 by p70S6K, 
as decreased or depleted p70S6K may cause a decrease in 
FOXP1 protein translation. Additional studies are required to 
clarify this regulatory mechanism.

Numerous phase II clinical studies of agents aimed 
at targeting Akt in breast cancer have been conducted 
by the National Cancer Institute, the National Insti-
tutes of Health and other organizations. MK2206, an 
orally available allosteric inhibitor of Akt, is being 
used to treat patients with advanced breast cancer 
(http://clinicaltrials.gov/show/NCT01277757), and AZD5363, 
a novel orally available Akt inhibitor, is being used in the 
treatment of patients with phase I advanced or metastatic 
breast cancer and phase II ER-positive advanced or metastatic 
breast cancer (http://clinicaltrials.gov/show/NCT01625286). 
Additionally, a phase II study investigating mTOR 
targeting with rapamycin in Her2-positive metastatic 
breast cancer patients appears to have been aborted 
(http://clinicaltrials.gov/show/NCT00411788). However, the 
results of all studies aimed at inhibiting the PI3K/Akt/mTOR 
signaling pathway can be analyzed two ways, due to the dual 
roles of FOXP1 in cancer: While FOXP1 exhibits onco-
genic functions in hepatocellular carcinoma, glioblastoma 
and DLBCL, it has also demonstrated suppressor roles in 
non-small cell lung, prostate and breast cancer (15,29,30). 
Furthermore, a number of correlation studies have demon-
strated that the loss of FOXP1 protein expression is 
associated with a poor prognosis, however, the increased 
immunoreactivity of FOXP1 may predict a good response 
to tamoxifen treatment in breast cancer patients (16,31,32). 
FOXP1 also functions in the proliferation of MCF7 breast 
cancer cells. Thus, in conclusion, the PI3K/Akt signaling 
pathway should be considered as a target in the treatment of 
breast cancer, although additional studies are first required to 
determine the mechanism via which FOXP1 is regulated by 
the PI3K/Akt/p70S6K signaling pathway.

Acknowledgements

The authors would like to thank Professor Alison H. Banham 
and Dr Phil Brown of the Nuffield Department of Clinical 
Laboratory Sciences, University of Oxford (Oxford, UK) for 
providing reagents and constructive comments throughout the 
study. In addition, the present study was supported by a grant 
from The Scientific and Technological Research Council of 
Turkey (grant no. 108S382).

References

 1. Beelen K, Hoefnagel LD, Opdam M, et al: PI3K/AKT/mTOR 
pathway activation in primary and corresponding metastatic 
breast tumors after adjuvant endocrine therapy. Int J Cancer 135: 
1257-1263, 2014.

 2. Zhang Y, Tseng CC, Tsai YL, et al: Cancer cells resistant to 
therapy promote cell surface relocalization of GRP78 which 
complexes with PI3K and enhances PI(3,4,5)P3 production. 
PLoS One 8: e80071, 2013.

 3. Chin YR and Toker A: Akt isoform-specific signaling in breast 
cancer: uncovering an anti-migratory role for palladin. Cell Adh 
Migr 5: 211-214, 2011.

 4. Shin S, Wolgamott L, Yu Y, et al: Glycogen synthase kinase 
(GSK)-3 promotes p70 ribosomal protein S6 kinase (p70S6K) 
activity and cell proliferation. Proc Natl Acad Sci USA 108: 
E1204-E1213, 2011.

 5. Matassa DS, Agliarulo I, Amoroso MR, et al: TRAP1-dependent 
regulation of p70S6K is involved in the attenuation of protein 
synthesis and cell migration: Relevance in human colorectal 
tumors. Mol Oncol 8: 1482-1494, 2014.

 6. Segatto I, Berton S, Sonego M, et al: p70S6 kinase mediates 
breast cancer cell survival in response to surgical wound fluid 
stimulation. Mol Oncol 8: 766-780, 2014.

 7. Plas DR and Thompson CB: Akt activation promotes degradation 
of tuberin and FOXO3a via the proteasome. J Biol Chem 278: 
12361-12366, 2003.

 8. Brunet A, Bonni A, Zigmond MJ, et al: Akt promotes cell 
survival by phosphorylating and inhibiting a Forkhead tran-
scription factor. Cell 96: 857-868, 1999.

 9. Biggs WH III, Meisenhelder J, Hunter T, et al: Protein kinase 
B/Akt-mediated phosphorylation promotes nuclear exclusion of 
the winged helix transcription factor FKHR1. Proc Natl Acad Sci 
USA 96: 7421-7426, 1999.

10. van Boxtel R, Gomez-Puerto C, Mokry M, et al: FOXP1 acts 
through a negative feedback loop to suppress FOXO-induced 
apoptosis. Cell Death Differ 20: 1219-1229, 2013.

11. Banham AH, Beasley N, Campo E, et al: The FOXP1 winged 
helix transcription factor is a novel candidate tumor suppressor 
gene on chromosome 3p. Cancer Res 61: 8820-8829, 2001.

12. Brown PJ, Ashe SL, Leich E, et al: Potentially oncogenic B-cell 
activation-induced smaller isoforms of FOXP1 are highly 
expressed in the activated B cell-like subtype of DLBCL. 
Blood 111: 2816-2824, 2008.

13. Bates GJ, Fox SB, Han C, et al: Expression of the forkhead 
transcription factor FOXP1 is associated with that of estrogen 
receptor-beta in primary invasive breast carcinomas. Breast 
Cancer Res Treat 111: 453-459, 2008.

14. Shigekawa T, Ijichi N, Ikeda K, et al: FOXP1, an estrogen-inducible 
transcription factor, modulates cell proliferation in breast 
cancer cells and 5-year recurrence-free survival of patients with 
tamoxifen-treated breast cancer. Horm Cancer 2: 286-297, 2011.

15. Banham AH, Boddy J, Launchbury R, et al: Expression of the 
forkhead transcription factor FOXP1 is associated both with 
hypoxia inducible factors (HIFs) and the androgen receptor in 
prostate cancer but is not directly regulated by androgens or 
hypoxia. Prostate 67: 1091-1098, 2007.

16. Rayoo M, Yan M, Takano EA, et al: Expression of the forkhead 
box transcription factor FOXP1 is associated with oestrogen 
receptor alpha, oestrogen receptor beta and improved survival in 
familial breast cancers. J Clin Pathol 62: 896-902, 2009.

17. McMahon LP, Yue W, Santen RJ and Lawrence JC Jr: 
Farnesylthiosalicylic acid inhibits mammalian target of rapamycin 
(mTOR) activity both in cells and in vitro by promoting disso-
ciation of the mTOR-raptor complex. Mol Endocrinol 19: 175-183, 
2005.

18. Tiwary R, Yu W, Sanders BG and Kline K: α-TEA cooperates 
with MEK or mTOR inhibitors to induce apoptosis via targeting 
IRS/PI3K pathways. Br J Cancer 104: 101-109, 2011.

19. Carracedo A, Ma L, Teruya-Feldstein J, et al: Inhibition 
of mTORC1 leads to MAPK pathway activation through 
a PI3K-dependent feedback loop in human cancer. J Clin 
Invest 118: 3065-3074, 2008.

20. Sangai T, Akcakanat A, Chen H, et al: Biomarkers of response 
to Akt inhibitor MK-2206 in breast cancer. Clin Cancer Res 18: 
5816-5828, 2012.

21. Noh WC, Mondesire WH, Peng J, et al: Determinants of 
rapamycin sensitivity in breast cancer cells. Clin Cancer Res 10: 
1013-1023, 2004.



ONCOLOGY LETTERS  9:  1482-1488,  20151488

22. Yellen P, Saqcena M, Salloum D, et al: High-dose rapamycin 
induces apoptosis in human cancer cells by dissociating mTOR 
complex 1 and suppressing phosphorylation of 4E-BP1. Cell 
Cycle 10: 3948-3956, 2011.

23. Chen Y, Zheng Y and Foster DA: Phospholipase D confers rapamycin 
resistance in human breast cancer cells. Oncogene 22: 3937-3942, 2003.

24. Meric-Bernstam F, Akcakanat A, Chen H, et al: PIK3CA/PTEN 
mutations and Akt activation as markers of sensitivity to allo-
steric mTOR inhibitors. Clin Cancer Res 18: 1777-1789, 2012.

25. O'Reilly KE, Rojo F, She QB, et al: mTOR inhibition induces 
upstream receptor tyrosine kinase signaling and activates Akt. 
Cancer Res 66: 1500-1508, 2006.

26. Breuleux M, Klopfenstein M, Stephan C, et al: Increased 
AKT S473 phosphorylation after mTORC1 inhibition is 
rictor dependent and does not predict tumor cell response to 
PI3K/mTOR inhibition. Mol Cancer Ther 8: 742-753, 2009.

27. Holz MK and Blenis J: Identification of S6 kinase 1 as a novel 
mammalian target of rapamycin (mTOR)-phosphorylating 
kinase. J Biol Chem 280: 26089-26093, 2005.

28. Holz MK, Ballif BA, Gygi SP and Blenis J: mTOR and S6K1 
mediate assembly of the translation preinitiation complex 
through dynamic protein interchange and ordered phosphory-
lation events. Cell 123: 569-580, 2005.

29. Gomez GG, Volinia S, Croce CM, et al: Suppression of 
microRNA-9 by mutant EGFR signaling upregulates FOXP1 to 
enhance glioblastoma tumorigenicity. Cancer Res 74: 1429-1439, 
2014.

30. Qin J, Xu Y, Li X, et al: Effects of lentiviral-mediated Foxp1 and 
Foxq1 RNAi on the hepatocarcinoma cell. Exp Mol Pathol 96: 
1-8, 2014.

31. Feng J, Zhang X, Zhu H, et al: High expression of FoxP1 is 
associated with improved survival in patients with non-small cell 
lung cancer. Am J Clin Pathol 138: 230-235, 2012.

32. Krohn A, Seidel A, Burkhardt L, et al: Recurrent deletion of 3p13 
targets multiple tumour suppressor genes and defines a distinct 
subgroup of aggressive ERG fusion-positive prostate cancers. 
J Pathol 231: 130-141, 2013.


