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The role of prolactin on breast cancer development and progression is debated. Breast 
cancer progression largely depends on cell movement and on the ability to remodel 
the actin cytoskeleton. In this process, actin-binding proteins are requested to achieve 
fibrillar actin de-polymerization and relocation at the cell membrane. Kinases such as 
focal adhesion kinase (FAK) are later required to form actin/vinculin-enriched structures 
called focal adhesion complexes, which mediate firm adhesion to the extracellular matrix. 
These controllers are regulated by c-Src, which forms multiprotein signaling complexes 
with membrane receptors and is regulated by a number of hormones, including pr olactin. 
We here show that breast cancer cells exposed to prolactin display an elevated c-Src 
expression and phosphorylation. In parallel, increased moesin and FAK expression 
and phosphorylation are found. These molecular changes are associated to relocation 
to the plasma membrane of cytoskeletal actin fibers and to increased horizontal cell 
movement. In conclusion, prolactin regulates actin remodeling and enhances breast 
cancer cell movement. This finding broadens the understanding of prolactin actions on 
breast cancer cells, highlighting new pathways that may be relevant to on breast cancer 
progression.
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inTrODUcTiOn

In the recent past, prolactin (PRL) has been recognized to have broader actions than previously 
thought. While first identified as the key hormone mediating growth and differentiation of mam-
mary epithelium and lactation, PRL has recently gained attention for its role in the development 
of breast cancer (1, 2). PRL effects on breast cancer are mediated by interaction with its receptor 
(PRLR), a member of the cytokine receptor superfamily, characterized by a tripartite structure: an 
extracellular ligand-binding domain, a short transmembrane domain, and an intracellular domain. 
PRLR signaling is triggered by the contemporary interaction of PRL with two receptors: a high affin-
ity PRL site binds one receptor, and a lower affinity PRL site binds another receptor, thus favoring 
the formation of a ternary complex comprised of PRL and two PRLR (3).

High PRL levels are directly linked with breast cancer risk (4) and with worse prognosis in breast 
cancer patients (5). Transgenic rodents overexpressing PRLR in the breast develop mammary tumors 

http://www.frontiersin.org/Endocrinology/
http://crossmark.crossref.org/dialog/?doi=10.3389/fendo.2015.00186&domain=pdf&date_stamp=2015-12-17
http://www.frontiersin.org/Endocrinology/archive
http://www.frontiersin.org/Endocrinology/editorialboard
http://www.frontiersin.org/Endocrinology/editorialboard
http://dx.doi.org/10.3389/fendo.2015.00186
http://www.frontiersin.org/Endocrinology/
http://www.frontiersin.org
https://creativecommons.org/licenses/by/4.0/
mailto:tommaso.simoncini@med.unipi.it
http://dx.doi.org/10.3389/fendo.2015.00186
http://www.frontiersin.org/Journal/10.3389/fendo.2015.00186/abstract
http://www.frontiersin.org/Journal/10.3389/fendo.2015.00186/abstract
http://www.frontiersin.org/Journal/10.3389/fendo.2015.00186/abstract
http://loop.frontiersin.org/people/269637/overview
http://loop.frontiersin.org/people/155323/overview
http://loop.frontiersin.org/people/124251/overview


December 2015 | Volume 6 | Article 1862

da Silva et al. Prolactin Promotes Breast Cancer Migration

Frontiers in Endocrinology | www.frontiersin.org

with a high frequency (6). PRL also antagonizes cytotoxicity by 
chemotherapeutic agents, thus reducing the efficacy of available 
treatments (2).

Prolactin receptor is found in up to 80% of breast cancer cells 
(7), where it couples to several signaling pathways, including Janus 
Kinase (JAK)-2/Signal Transducer and Activator of Transcription 
(STAT)-5, mitogen-activated protein kinase (MAPK), and 
phosphatidylinositol-3-OH-kinase (PI3K). Activation of these 
pathways directly impacts proliferation, survival, and cytoskeletal 
dynamics, thus influencing initiation and progression of mam-
mary tumors (1). On these grounds, PRLR is currently being 
exploited as a potential therapeutic target in breast cancer (3).

Activation of MAPK and PI3K is an established mechanism 
through which sex steroid hormones modulate the architecture of 
the cytoskeleton in breast cancer cells (8). The actin cytoskeleton 
forms the backbone of the cell, and its spatial organization is crucial 
for cell movement. Modification of the intracellular localization 
of actin fibers and of their interaction with membrane-anchoring 
structures, such as integrins and focal adhesion complexes, allows 
cell movement in the extracellular environment and is directly 
linked to the ability to achieve local and distant metastasis (9).

Prolactin is able to recruit signaling intermediates such as 
c-Src that are upstream controllers of PI3K and focal adhesion 
kinase (FAK) in breast cancer cells (10). Activation of PI3K by 
PRL results from either direct binding to PRLR or from Src acti-
vation (1). This is remarkably similar to the regulatory actions of 
estrogen receptor alpha (ER alpha) (11), that is, an established 
modulator of the actin cytoskeleton in breast cancer cells through 
the recruitment of c-Src-mediated signaling to actin-regulatory 
proteins and FAK (8).

It is currently unclear whether PRL/PRLR signaling may turn 
into modifications that have an impact on breast cancer cell 
movement and possibly metastasis through the control of actin 
cytoskeleton rearrangement. The aim of this work has been to 
explore this possibility, through the analysis of breast cancer cell 
horizontal movement during exposure to PRL, through the study 
of the cytoskeletal modifications induced in these cells by PRL, 
and by a preliminary characterization of the molecular pathways 
involved.

MaTerials anD MeThODs

cell culture and Treatments
T47D (ATCC®HTB-133™), ZR75-1 (ATCC®CRL-1500™), 
and MCF-7 (ATCC®HTB-22™) human breast cancer cells were 
obtained from the American Tissue Culture Collection (ATCC®, 
Manassas, VA, USA) and cultured as previously described 
(12). T47D and ZR75-1 cells were maintained in Roswell Park 
Memorial Institute 1640 Medium (1X) (RPMI). MCF-7 cells 
were maintained in Dulbecco’s Modified Eagles’s Medium 
(DMEM). The culture mediums were supplemented with 10% of 
fetal bovine serum (FBS), 1.2% of l-glutamine, 1.2% of penicil-
lin, 1.2% of [4-(2-hydroxyethyl)piperazin-1-yl]ethanesulfonic 
acid (HEPES), 1.2% of pyruvate, 2.4% of sodium bicarbonate, 
and 0.24% of insulin. The cells were plated in different dishes 
(six well, 35  mm diameter) at a density of 2  ×  104 cells/ml 

(2 ml of RPMI or DMEM), at a 37°C in 5% CO2. The mediums 
and the FBS were purchased from Gibco (Grand Island, NY, 
USA). All others reagents were purchased from Sigma-Aldrich 
(Gillingham, England). Before treatments, the cells were kept for 
48 h in culture medium containing FBS deprived of steroids with 
charcoal stripping. Before experiments, the cells were kept for 8 h 
in culture medium containing no FBS. We treated the cells with 
three different doses of PRL: 25, 50, and 100 ng/ml, as previously 
described (10). Prolactin was purchased from Abnova (P4122, 
Human Recombinant Protein, Taiwan).

gene silencing with sirna and 
Transfection experiment
To transfect anti-hPRLRsiRNA (AM16708-ID106337, ambiom®, 
ThermoFisher Scientific, Grand Island, NY, USA), cells were 
plated at 70% confluence in six-well dishes. After 12 h, cells were 
transfected with siRNA using Lipofectamine 2000 Transfection 
Reagent (ThermoFisher Scientific, Grand Island, NY, USA) 
according to the manufacturer’s instructions. Briefly, siRNA was 
diluted at a concentration of 30 nM in culture medium, in a final 
volume of 100 μl, mixed by vortexing, and then 6 μl lipofectamine 
was added to the diluted siRNA. The samples were mixed by 
pipetting and incubated for 20 min at room temperature. Then, 
the transfection complex was added to 2  ml medium without 
antibiotics. After 6 h, when the transfection occurred, new cell 
growth medium containing serum and antibiotics was added 
to the cells. Cells were incubated with the transfection complex 
under their normal growth conditions and monitored for gene 
silencing after 48 h (13).

cell-Migration assays
Cell migration was assayed with razor-scrape assays as previ-
ously described (14). Briefly, a razor blade was pressed trough 
the confluent T47D, ZR75-1, and MCF-7 monolayer into the 
plastic plate to mark the starting line. T47D, ZR75-1, and MCF-7 
were swept away on one side of that line. Cells were washed, 
and 2.0 ml of RPMI (T47-D and ZR75-1) and DMEM (MCF-7) 
containing steroid-deprived FBS were added. Cytosine β-d-
arabinofuranoside hydrochloride (Sigma-Aldrich, Gillingham, 
England) (10 μM) was used 1 h before the hormone was added. 
Migration was monitored for 48  h (15, 16). Every 12  h, fresh 
medium and treatment were replaced. Cells were digitally 
imaged and migration distance in micrometer was measured with 
phase-contrast microscopy (Axiolab Standart 2.0 Carl Zeiss, Jena, 
Germany).

cell immunofluorescence
After exposure to 30  min of treatment with PRL, cells were 
fixed with 4% paraformaldehyde for 30 min and permeabilized 
with 0.1% Triton for 5  min. Blocking was performed with 3% 
normal serum for 30 min. Cells were incubated with Texas red-
linked antibody against Phalloidin (Sigma-Aldrich, Gillingham, 
England). The nuclei were counterstained with 4′,6-diamidino-
2-phenylindole (DAPI) (Sigma-Aldrich, Gillingham, England). 
Immunofluorescence was visualized using an Olympus BX41 
microscope and recorded with a high-resolution DP70 Olympus 
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FigUre 1 | (a) Migration of T47D cells 48 h after administration of different PRL doses (nanogram per milliliter) with or without anti-hPRLR siRNA. Images were 
converted into a spectrum of grays. The arrow points to the direction of migration. The upper black line is where migration begins, and the lower black line shows 
the maximal migration distance. The distance covered by the migrating cells was measured in micrometers. *p < 0.05 vs. control. The representative images show 
T47D (a), MCF-7 (B), and ZR75-1 (c) migration. Each experiment was repeated three times. (D) shows PRLR expression after different PRL doses (nanogram per 
milliliter) in the presence or absence of anti-hPRLR siRNA. PRLR densitometry value was adjusted for GAPDH and then normalized to control (Con). The experiment 
was repeated four times. *p < 0.05 versus control.
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digital camera. After conversion to gray scale images, the cell 
membrane thickness and the gray levels of the extracellular area, 
cell membrane, as well as cytoplasm were quantified, as previously 
described (17) using the LeicaQWin image analysis and image 
processing software (Leica Microsystems, Wetzlar, Germany). We 
analyzed, in 50 cells per condition, an area of 40 pixel-distance 
encompassing the extracellular space, the full thickness of the 
membrane and the intracellular space. Five separate measures 
were taken in each cell.

immunoblottings
Cell lysates were separated by sodium dodecyl sulphate (SDS) poly-
acrylamide gel electrophoresis (PAGE). Primary antibodies used 
were: PRLR (D01PID5618, Abnova, Taiwan); Moesin (SC6410, 
Santa Cruz, Texas, USA); p-Moesin (SC12895, Santa  Cruz, 

Texas, USA); FAK (SC271195, Santa Cruz, Texas, USA); p-FAK 
(SC11765-R, Santa Cruz, Texas, USA); c-Src (SC5266, Santa 
Cruz, Texas, USA); p-c-Src (SC166860, Santa Cruz, Texas, USA); 
GAPDH (SC59540, Santa Cruz, Texas, USA). The secondary anti-
bodies Anti-rabbit (SC2357, Santa Cruz, Texas, USA) (1:3000) for 
PRLR; Anti-goat (SC2768, Santa Cruz, Texas, USA) (1:3000) for 
Moesin, p-Moesin and Actin, and Anti-Mouse (SC2005, Santa 
Cruz, Texas, USA (1:3500) for FAK, p-FAK, c-Src, p-c-Src, and 
GAPDH were incubated for 2 h in room temperature. Primary 
and secondary antibodies were incubated with the membranes, 
followed by three 5-min washings with TRIS-buffered saline-
Tween 20. Immunodetection was carried out using enhanced 
chemiluminescence and was recorded with a quantitative digital 
imaging system (Quantity One, BioRad, Hercules, CA, USA), 
enabling us to assess saturation. Band densitometric analysis was 
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FigUre 2 | (a) The box on top of the cells display sample areas of measurement (one per cell, indicated as the yellow area). (B) shows T47D cellular actin stained 
with phalloidin linked to Texas Red (red staining) upon administration of different PRL concentrations (nanogram per milliliter). Nuclei were counterstained with DAPI 
(blue staining). (c) shows the mean thickness of the plasma membrane. Measurements were made in 50 different cells per condition with 5 different membrane 
thickness measurements per each cell. The experiment was carried out three times. *p < 0.05 in vs. control.
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quantified, as previously described (17), with the ImageJ image 
program (National Institute of Health – NIH, USA) using condi-
tions ensuring analysis in the linear range of detection.

statistical analyses
The statistical analysis was performed using the software GrahPad 
Prism 6.03 (GraphPad Software Inc., CA, USA). The data were 
analyzed using a Kruskal–Wallis test followed by Dunn’s post hoc 
test. p < 0.05 was considered to be significant.

The results were expressed as mean ± SD.

resUlTs

Prl enhances T47D, Zr75-1, and McF-7 
cell Migration
To assess whether PRL influences breast cancer cell motility, we 
pretreated T47D, ZR75-1, and MCF-7 cells with cytosine β-d-
arabinofuranoside hydrochloride, a selective inhibitor of DNA 
synthesis that does not inhibit RNA synthesis, and we performed 
horizontal migration assays as previously described (15, 16). The 
PRL doses of 50 and 100 ng/ml significantly increased mean length 

(micrometer) of migration after 48 h of treatment (Figure 1A) in 
T47D cells (Figure 1A), MCF-7 cells (Figure 1B), and ZR75-1 
cells (Figure  1C). PRL acted through PRLR, as shown by the 
addition of PRLR-siRNAs that results in effective silencing of 
PRLR expression (Figure 1D). In this condition, no increase in 
migration is seen in the presence of PRL (Figures 1A–C). These 
data were similar for all cell lines of this study.

Prl induces actin cytoskeleton 
remodeling
Cell movement is initiated by a global remodeling of the actin 
cytoskeleton. Actin redistribution toward the plasma membrane 
allows formation of membrane ruffles and pseudopodia where 
adhesion to extracellular proteins favors movement. We stained 
with Texas red-linked phalloidin the distribution of actin fibers 
and measured the thickness of plasma membrane area with 
immunofluorescence (Figure  2A), so to quantitatively assess 
actin membrane redistribution. We found that cells treated with 
PRL (at the concentration of 50 and 100 ng/ml) develop a rapid 
remodeling of actin toward the membrane, which corresponds to 
the formation of ruffles and pseudopodia (Figure 2B). Membrane 
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FigUre 3 | The figure shows cellular amounts of c-src (a) and p-Tyr530c-src (B) upon administration of different Prl doses (nanogram per milliliter) in 
the presence or absence of anti-hPrlr sirna. The boxes show densitometric analysis of the WB bands adjusted for GAPDH and then normalized to control. 
(c) shows the ratio between c-Src and p-Tyr530c-Src. *p < 0.05 versus control. Experiments were repeated four times.
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actin accumulation during exposure to PRL is also shown by the 
statistically significant increase in thickness of the perimembrane 
area (Figure 2C).

Prl signaling controlling actin 
remodeling
Actin remodeling is tightly controlled. Actin-binding proteins 
such as the Ezrin–Radixin–Moesin (ERM) protein moesin are 
requested to achieve fibrillar actin de-polymerization and reloca-
tion at the cell membrane (18). FAK is later required to form actin/
vinculin-enriched structures called focal adhesion complexes, 
which mediate firm adhesion to the extracellular matrix (ECM) 
(10). Both these controllers are regulated by c-Src, which forms 
multiprotein signaling complexes with a number of membrane 
receptors. The cells exposed to PRL displayed elevated c-Src 
expression and a parallel increase in p-Tyr530 c-Src phosphorylation 
(Figures 3A–B) The Figure 3C shows the ratio between c-Src and 

p-Tyr530 c-Src. In parallel, increased expression of moesin and FAK, 
and enhanced Tyr397FAK and Thr558moesin phosphorylation were 
found in the cells (Figures 4A–H). Modulation of c-Src, moesin, 
and FAK expression and phosphorylation were abolished when 
PRLR was silenced with siRNAs (Figures 3 and 4).

DiscUssiOn

The main result of this work is that PRL increases T47D, ZR75-1, 
and MCF-7 breast cancer cell movement by inducing structural 
changes in the cytoskeleton. This is achieved through signaling 
to the cytoskeletal controllers, moesin and FAK, and turns into a 
remodeling of actin position toward the cell membrane.

Previous evidence indicates that breast cancer cell motility is 
related to the abundance of PRL and PRLR transcripts (19–21), 
therefore suggesting the hypothesis that PRL signaling may have 
a role in this phenomenon. Understanding the means by which 
PRL–PRLR controls the interaction between cancer cells and the 
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extracellular environment thereby influencing breast cancer cell 
motility may have clinical implications (22).

Several levels of evidence suggest that PRL may be directly 
associated with effects on ECM in the context of breast cancer. 
For instance, in a 3D analysis of collagen type 1, it was observed 
that the cells responded with increased ECM’s density after PRL 

stimulation (23). In addition, breast cancer progresses with the 
deposit of fibrillar collagen in the connective tissue near the 
tumor (desmoplasia) (24). In this context, PRL may induce 
reorganization of collagen, increasing the incidence of radially 
oriented fibers and modifying the stiffness of the tissue (25). This 
increased mechanical stiffness of the ECM is known to activate 

FigUre 4 | (a,e) show cellular amounts of PTyr397FAK, FAK, pThr558moesin, and moesin upon administration of different PRL doses (nanogram per milliliter)  
in the presence or absence of anti-hPRLR siRNA. (B,c,F,g) show densitometric analysis of the WB bands adjusted for actin and then normalized to control.  
(D) shows the ratio between FAK and PTyr397FAK. (h) shows the ratio between moesin and pThr558moesin. *p < 0.05 versus control. Experiments were repeated  
four times.
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FAK and Src family kinases (SFK), thereby stimulating cellular 
motility (26). In breast cancer cells, SFKs triggered by PRL may 
generate pro-tumorigenic signals and stimulate cell motility. 
Although JAK2/STAT5 represents the principal physiological 
pathway of PRLR’s action, the signaling to SFKs by this receptor 
could also play a role in breast cancer progression (27).

It is peculiar that modulation of ECM by PRL seems to be 
specifically associated to progression of ER+ breast cancers. In 
this cancer subset, the extent and the type of geometric align-
ment of collagen fibers are predictive of biological aggressiveness 
(28). Approximately 75% of breast cancers express ERs. However, 
ER-targeted therapies fail in about 25% of cases (29). Changes in 
the ECM may thus represent a further area of investigation (23).

Prolactin receptor activation of Src family members has 
previously been studied in other cell types, such as hepatocytes, 
rat lymphocytes (Nb2 and W53), and even in mouse mammary 
epithelial cells (HC11) (10, 30). C-Src is activated through 
direct interaction with cell-membrane receptors, leading to 
auto-phosphorylation and therefore downstream signaling (31). 
Between the many protein kinases controlled by c-Src in breast 
cancer cells, the ERM family member moesin is a key mediator of 
cytoskeletal and cell membrane remodeling. When phosphoryl-
ated, activated moesin depolymerizes and remodels actin toward 
the plasma membrane, inducing the development of a cortical 
actin complex (32). Formation of this membrane actin platform is 
needed to develop transmembrane interactions between the cell’s 
cytoskeleton and proteins of the ECM. A second step that is rel-
evant to achieve cell movement is the formation of focal adhesion 
complexes, or structures enriched in actin and vinculin where 
bridges between the cortical actin complex and the ECM are 
formed through anchoring proteins of the integrin family (33). 
This process is mediated by FAK that promotes the development 
and the turnover of adhesion complexes (34). Later contraction 
of the cytoskeleton allows cell movement. Moesin and FAK are 
overexpressed in breast cancer, and their level of expression is 
related to the metastatic potential (35, 36).

Plasma levels of PRL seem to represent a risk factor for 
breast cancer metastasis (37). Overexpression and functional 

activation of FAK, moesin, and c-SRC in breast cancer cells 
may in part explain this epidemiologic finding. Based on our 
results, it may be hypothesized that some of the effects of PRL 
on breast cancer cell motility may be triggered through recruit-
ment of the small adapter protein, c-Src, and to FAK and moesin 
recruitment, followed by actin rearrangement and enhancement 
of cell motility.

In summary, we here show that T47D, ZR75-1, and MCF-7 
cell motility is enhanced by exposure to PRL. This leads to PRLR-
dependent signaling to c-Src, moesin, and FAK, and to actin 
cytoskeleton remodeling that is related to cell motility. These 
finding highlight new signaling avenues through which PRL may 
influence the biological behavior of breast cancer. These pathways 
may be investigated as new targets for intervention to decrease 
the ability of breast cancer progression.

aUThOr cOnTriBUTiOns

PS and VA carried out the majority of the experiments 
 contributed to the conception and design of the work and drafted 
the manuscript, VG and MG performed immunofluorescence 
assays, PM performed migration assays, EB and JS participated 
to the writing and revision of the manuscript and elaborated the 
results, TS planned and supervised the experiments and wrote 
the paper.

acKnOWleDgMenTs

MCF-7 and ZR75-1 cells were a kind gift of Prof. Romano Danesi 
and Dr. Valentina Citi, University of Pisa.

FUnDing

This work has been supported by University of Pisa funds to TS, 
Pisa, Italy and by Italian Ministry of Education and Research 
Grant 20102CHST5 (to TS). The  project was also supported 
by the Brazilian project Ciencias Sem Fronteiras, Project ID 
12067130 to VdA.

reFerences

1. Swaminathan G, Varghese B, Fuchs SY. Regulation of prolactin receptor levels 
and activity in breast cancer. J Mammary Gland Biol Neoplasia (2008) 1:81–91. 
doi:10.1007/s10911-008-9068-6 

2. LaPensee EW, Schwemberger SJ, LaPensee CR, Bahassi el M, Afton SE, Ben-
Jonathan N. Prolactin confers resistance against cisplatin in breast cancer cells 
by activating glutathione-S-transferase. Carcinogenesis (2009) 8:1298–304. 
doi:10.1093/carcin/bgp120 

3. Jacobson EM, Hugo ER, Tuttle TR, Papoian R, Ben-Jonathan N. Unexploited 
terapie in breast and prostate cancer: blockade of the prolactin receptor. Trends 
Endocrinol Metab (2010) 11:691–8. doi:10.1016/j.tem.2010.08.004 

4. Tworoger SS, Eliassen AH, Sluss P, Hankinson SE. A prospective study of plasma 
prolactin concentrations and risk of premenopausal and postmenopausal 
breast cancer. J Clin Oncol (2007) 12:1482–8. doi:10.1200/JCO.2006.07.6356 

5. Tworoger SS, Hankinson SE. Prolactin and breast cancer etiology: an epi-
demiologic perspective. J Mammary Gland Biol Neoplasia (2008) 1:41–53. 
doi:10.1007/s10911-008-9063-y 

6. Rose-Hellekant TA, Arendt LM, Schroeder MD, Gilchrist K, Sandgren 
EP, Schuler LA. Prolactin induces ERalpha-positive and ERalpha 

negative mammary cancer in transgenic mice. Oncogene (2003) 30:4664–74. 
doi:10.1038/sj.onc.1206619 

7. Zinger M, McFarland M, Ben-Jonathan N. Prolactin expression and secretion 
by human breast glandular and adipose tissue explants. J Clin Endocrinol 
Metab (2003) 2:689–96. doi:10.1210/jc.2002-021255 

8. Sanchez AM, Flamini MI, Baldacci C, Goglia L, Genazzani AR, Simoncini 
T. Estrogen receptor-alpha promotes breast cancer cell motility and invasion 
via focal adhesion kinase and N-WASP. Mol Endocrinol (2010) 11:2114–25. 
doi:10.1210/me.2010-0252 

9. Fu XD, Russo E, Zullino S, Genazzani AR, Simoncini T. Sex steroids and breast 
cancer metastasis. Horm Mol Biol Clin Investig (2010) 2:383–9. doi:10.1515/
HMBCI.2010.058 

10. Acosta JJ, Muñoz RM, González L, Subtil-Rodríguez A, Dominguez-
Caceres  MA, García-Martínez JM, et  al. Src mediates prolactin-dependent 
proliferation of T47D and MCF7 cells via the activation of focal adhesion 
kinase/Erk1/2 and phosphatidylinositol 3-kinase pathways. Mol Endocrinol 
(2003) 11:2268–82. doi:10.1210/me.2002-0422 

11. Simoncini T, Hafezi-Moghadam A, Brazil DP, Ley K, Chin WW, Liao JK. 
Interaction of oestrogen receptor with the regulatory subunit of phosphati-
dylinositol-3-OH kinase. Nature (2000) 407:538–41. doi:10.1038/35035131

http://www.frontiersin.org/Endocrinology/archive
http://www.frontiersin.org/Endocrinology/
http://www.frontiersin.org
http://dx.doi.org/10.1007/s10911-008-9068-6
http://dx.doi.org/10.1093/carcin/bgp120
http://dx.doi.org/10.1016/j.tem.2010.08.004
http://dx.doi.org/10.1200/JCO.2006.07.6356
http://dx.doi.org/10.1007/s10911-008-9063-y
http://dx.doi.org/10.1038/sj.onc.1206619
http://dx.doi.org/10.1210/jc.2002-021255
http://dx.doi.org/10.1210/me.2010-0252
http://dx.doi.org/10.1515/HMBCI.2010.058
http://dx.doi.org/10.1515/HMBCI.2010.058
http://dx.doi.org/10.1210/me.2002-0422
http://dx.doi.org/ 10.1038/35035131 


December 2015 | Volume 6 | Article 1868

da Silva et al. Prolactin Promotes Breast Cancer Migration

Frontiers in Endocrinology | www.frontiersin.org

12. Ray S, Fry MJ, Darbe PD. Enhanced sensitivity to rapamycin following long-
term oestrogen deprivation in MCF-7, T-47-D and ZR-75-1 human breast 
cancer cells. J Endocrinol (2011) 208:21–9. doi:10.1677/JOE-10-0137

13. Sanchez AM, Flamini MI, Zullino S, Gopal S, Genazzani AR, Simoncini T. 
Estrogen receptor-{alpha} promotes endothelial cell motility through focal 
adhesion kinase. Mol Hum Reprod (2011) 4:219–26. doi:10.1093/molehr/
gaq097 

14. Simoncini T, Scorticati C, Mannella P, Fadiel A, Giretti MS, Fu XD, et  al. 
Estrogen receptor alpha interacts with Galpha13 to drive actin remodeling 
and endothelial cell migration via the RhoA/Rho kinase/moesin pathway. Mol 
Endocrinol (2006) 8:1756–71. doi:10.1210/me.2005-0259 

15. Flamini MI, Fu XD, Sanchez AM, Giretti MS, Garibaldi S, Goglia L, 
et  al. Effects of raloxifene on breast cancer cell migration and invasion 
through the actin cytoskeleton. J Cell Mol Med (2009) 8B:2396–407. 
doi:10.1111/j.1582-4934.2008.00505.x 

16. Fu XD, Goglia L, Sanchez AM, Flamini M, Giretti MS, Tosi V, et  al. 
Progesterone receptor enhances breast cancer cell motility and invasion via 
extranuclear activation of focal adhesion kinase. Endocr Relat Cancer (2010) 
2:431–43. doi:10.1677/ERC-09-0258 

17. Giretti MS, Montt Guevara MM, Cecchi E, Mannella P, Palla G, Bernacchi 
G, et al. Effects of estretol on migration and invasion in T47-D breast cancer 
cells through actin cytoskeleton. Front Endocrinol (2014) 5:80. doi:10.3389/
fendo.2014.00080 

18. Zhang H, Berg JS, Li Z, Wang Y, Lång P, Sousa AD, et al. Myosin-X provides a 
motor-based link between integrins and the cytoskeleton. Nat Cell Biol (2004) 
6:523–31. doi:10.1038/ncb1136 

19. Maus MV, Reilly SC, Clevenger CV. Prolactin as a chemoattractant for 
human breast carcinoma. Endocrinology (1999) 11:5447–50. doi:10.1210/
endo.140.11.7245 

20. Zhang C, Cherifi I, Nygaard M, Haxholm GW, Bogorad RL, Bernadet M, 
et  al. Residue 146 regulates prolactin receptor folding, basal activity and 
ligand-responsiveness: potential implications in breast tumorigenesis. Mol 
Cell Endocrinol (2015) 401:173–88. doi:10.1016/j.mce.2014.12.006 

21. O’Leary KA, Shea MP, Schuler LA. Modeling prolactin actions in breast 
cancer in vivo: insights from the NRL-PRL mouse. Adv Exp Med Biol (2015) 
846:201–20. doi:10.1007/978-3-319-12114-7_9 

22. Naderi A. Prolactin-induced protein in breast cancer. Adv Exp Med Biol (2015) 
846:189–200. doi:10.1007/978-3-319-12114-7_8 

23. Barcus CE, Holt EC, Keely PJ, Eliceiri KW, Schuler LA. Dense collagen-i 
matrices enhance pro-tumorigenic estrogen-prolactin crosstalk in MCF-7 and 
T47D breast cancer cells. PLoS One (2015) 1:e0116891. doi:10.1371/journal.
pone.0116891 

24. Alowami S, Troup S, Al-Haddad S, Kirkpatrick I, Watson PH. Mammographic 
density is related to stroma and stromal proteoglycan expression. Breast 
Cancer Res (2003) 5:R129–35. doi:10.1186/bcr622 

25. Conklin MW, Eickhoff JC, Riching KM, Pehlke CA, Eliceiri KW, Provenzano 
PP, et al. Aligned collagen is a prognostic signature for survival in human breast 
carcinoma. Am J Pathol (2011) 3:1221–32. doi:10.1016/j.ajpath.2010.11.076 

26. Butcher DT, Alliston T, Weaver VM. A tense situation: forcing tumour pro-
gression. Nat Rev Cancer (2009) 2:108–22. doi:10.1038/nrc2544 

27. Piazza TM, Lu JC, Carver KC, Schuler LA. SRC family kinases accelerate pro-
lactin receptor internalization, modulating trafficking and signaling in breast 
cancer cells. Mol Endocrinol (2009) 2:202–12. doi:10.1210/me.2008-0341 

28. Barcus CE, Keely PJ, Eliceiri KW, Schuler LA. Stiff collagen matrices increase 
tumorigenic prolactin signaling in breast cancer cells. J Biol Chem (2013) 
18:12722–32. doi:10.1074/jbc.M112.447631 

29. Anderson WF, Katki HA, Rosenberg PS. Incidence of breast cancer in the 
United States: current and future trends. J Natl Cancer Inst (2011) 18:1397–402. 
doi:10.1093/jnci/djr257 

30. Fresno Vara JA, Cáceres MA, Silva A, Martín-Pérez J. Src family kinases are 
required for prolactin induction of cell proliferation. Mol Biol Cell (2001) 
7:2171–83. doi:10.1091/mbc.12.7.2171 

31. Barati MT, Scherzer J, Wu R, Rane MJ, Klein JB. Cytoskeletal rearrangement 
and Src and PI-3K-dependent Akt activation controls GABABR – mediated 
chemotaxis. Cell Signal (2015) 6:1178–85. doi:10.1016/j.cellsig.2015.02.022 

32. Pollard TD, Borisy GG. Cellular motility driven by assembly and disassembly 
of actin filaments. Cell (2003) 4:453–65. doi:10.1016/S0092-8674(03)00120-X 

33. Taliaferro-Smith L, Oberlick E, Liu T, McGlothen T, Alcaide T, Tobin R, et al. 
FAK activation is required for IGF1R-mediated regulation of EMT, migration, 
and invasion in mesenchymal triple negative breast cancer cells. Oncotarget 
(2015) 7:4757–72. doi:10.18632/oncotarget.3023 

34. McLean GW, Carragher NO, Avizienyte E, Evans J, Brunton VG, Frame MC. 
The role of focal-adhesion kinase in cancer – a new therapeutic opportunity. 
Nat Rev Cancer (2005) 7:505–15. doi:10.1038/nrc1647 

35. Schlaepfer DD, Mitra SK. Multiple connections link FAK to cell motility and 
invasion. Curr Opin Genet Dev (2004) 1:92–101. doi:10.1016/j.gde.2003.12.002 

36. Thamilselvan V, Craig DH, Basson MD. FAK association with multiple 
signal proteins mediates pressure-induced colon cancer cell adhesion via a 
Src-dependent PI3K/Akt pathway. FASEB J (2007) 8:1730–41. doi:10.1096/
fj.06-6545com 

37. Tworoger SS, Eliassen AH, Zhang X, Qian J, Sluss PM, Rosner BA, et  al. 
A 20-year prospective study of plasma prolactin as a risk marker of breast 
cancer development. Cancer Res (2013) 15:4810–9. doi:10.1158/0008-5472.
CAN-13-0665 

Conflict of Interest Statement: The authors declare that this research was con-
ducted in the absence of any commercial or financial relationships that could be 
construed as a potential conflict of interest.

Copyright © 2015 da Silva, do Amaral, Gabrielli, Montt Guevara, Mannella, Baracat, 
Soares-Jr and Simoncini. This is an open-access article distributed under the terms 
of the Creative Commons Attribution License (CC BY). The use, distribution or 
reproduction in other forums is permitted, provided the original author(s) or licensor 
are credited and that the original publication in this journal is cited, in accordance 
with accepted academic practice. No use, distribution or reproduction is permitted 
which does not comply with these terms.

http://www.frontiersin.org/Endocrinology/archive
http://www.frontiersin.org/Endocrinology/
http://www.frontiersin.org
http://dx.doi.org/10.1677/JOE-10-0137 
http://dx.doi.org/10.1093/molehr/gaq097
http://dx.doi.org/10.1093/molehr/gaq097
http://dx.doi.org/10.1210/me.2005-0259
http://dx.doi.org/10.1111/j.1582-4934.2008.00505.x
http://dx.doi.org/10.1677/ERC-09-0258
http://dx.doi.org/10.3389/fendo.2014.00080
http://dx.doi.org/10.3389/fendo.2014.00080
http://dx.doi.org/10.1038/ncb1136
http://dx.doi.org/10.1210/endo.140.11.7245
http://dx.doi.org/10.1210/endo.140.11.7245
http://dx.doi.org/10.1016/j.mce.2014.12.006
http://dx.doi.org/10.1007/978-3-319-12114-7_9
http://dx.doi.org/10.1007/978-3-319-12114-7_8
http://dx.doi.org/10.1371/journal.pone.0116891
http://dx.doi.org/10.1371/journal.pone.0116891
http://dx.doi.org/10.1186/bcr622
http://dx.doi.org/10.1016/j.ajpath.2010.11.076
http://dx.doi.org/10.1038/nrc2544
http://dx.doi.org/10.1210/me.2008-0341
http://dx.doi.org/10.1074/jbc.M112.447631
http://dx.doi.org/10.1093/jnci/djr257
http://dx.doi.org/10.1091/mbc.12.7.2171
http://dx.doi.org/10.1016/j.cellsig.2015.02.022
http://dx.doi.org/10.1016/S0092-8674(03)00120-X
http://dx.doi.org/10.18632/oncotarget.3023
http://dx.doi.org/10.1038/nrc1647
http://dx.doi.org/10.1016/j.gde.2003.12.002
http://dx.doi.org/10.1096/fj.06-6545com
http://dx.doi.org/10.1096/fj.06-6545com
http://dx.doi.org/10.1158/0008-5472.CAN-13-0665
http://dx.doi.org/10.1158/0008-5472.CAN-13-0665
http://creativecommons.org/licenses/by/4.0/

	Prolactin Promotes Breast Cancer Cell Migration through Actin Cytoskeleton Remodeling
	Introduction
	Materials and Methods
	Cell Culture and Treatments
	Gene Silencing with siRNA and Transfection Experiment
	Cell-Migration Assays
	Cell Immunofluorescence
	Immunoblottings
	Statistical Analyses

	Results
	PRL Enhances T47D, ZR75-1, and MCF-7 Cell Migration
	PRL Induces Actin Cytoskeleton Remodeling
	PRL Signaling Controlling Actin Remodeling

	Discussion
	Author Contributions
	Acknowledgments
	Funding
	References


