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Extracellular matrix promotes 
clathrin-dependent endocytosis of 
prolactin and STAT5 activation in 
differentiating mammary epithelial 
cells
Rebecca E. Bridgewater, Charles H. Streuli & Patrick T. Caswell  

The hormone prolactin promotes lactational differentiation of mammary epithelial cells (MECs) via 
its cognate receptor and the downstream JAK2-STAT5a signalling pathway. In turn this regulates 
transcription of milk protein genes. Prolactin signalling depends on a cross-talk with basement 
membrane extracellular matrix (ECM) via β1 integrins which activate both ILK and Rac1 and are 
required for STAT5a activation and lactational differentiation. Endocytosis is an important regulator 
of signalling. It can both enhance and suppress cytokine signalling, although the role of endocytosis 
for prolactin signalling is not known. Here we show that clathrin-mediated endocytosis is required 
for ECM-dependent STAT5 activation. In the presence of ECM, prolactin is internalised via a clathrin-
dependent, but caveolin-independent, route. This occurs independently from JAK2 and Rac signalling, 
but is required for full phosphorylation and activation of STAT5. Prolactin is internalised into early 
endosomes, where the master early endosome regulator Rab5b promotes STAT5 phosphorylation. 
These data reveal a novel role for ECM-driven endocytosis in the positive regulation of cytokine 
signalling.

Cells within the tissues of multicellular organisms respond to positional signals from the extracellular matrix 
(ECM) and cell-cell adhesions, and to temporal signals from hormones, cytokines and growth factors1. In breast, 
joint signalling between extracellular matrix (ECM) and cytokines is critical for lactational differentiation. Whilst 
the mechanisms controlling signal integration are still being determined, an emerging theme is the involvement 
of endocytic trafficking pathways2.

Alveoli, which make milk proteins, are comprised of a layer of polarised mammary epithelial cells (MECs) 
surrounded by myoepithelial cells, and subtended by a laminin-rich basement membrane (LrBM). The engage-
ment of LrBM ECM is crucial for MECs to respond to the lactation-inducing cytokine prolactin (Prl)3, however 
the mechanisms linking ECM and Prl signalling are not fully understood.

Prl binds to its cognate type I cytokine receptor (PrlR) at the plasma membrane (PM) of MECs to activate 
Janus kinase 2 (JAK2), resulting in phosphorylation of tyrosine residues on PrlR and recruitment of signal trans-
ducer and activator of transcription 5a (STAT5a)4. STAT5a then becomes phosphorylated by JAK2 on tyrosine 
694 to induce dimerisation and nuclear translocation5. There, the STAT5a dimer causes transcription of milk 
protein genes, such as that encoding β-casein. Despite this detailed understanding to the molecular signalling 
pathway, the mechanism through which class I cytokine receptors are activated by ligand (dimerization versus 
conformational change), and the localisation of downstream signalling within the cell (plasma membrane versus 
endosomal platforms), remain enigmatic6, 7.

Endocytosis, mediated by clathrin-dependent and -independent mechanisms, has an important role in regu-
lating receptor-mediated signalling both positively and negatively8. Endocytic trafficking can enhance signalling 
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downstream of cytokine receptors and is implicated in the activation and nuclear translocation of STATs9–14. For 
example, mutations which retain granulocyte colony stimulating factor receptor (G-CSFR) in early endosomes of 
myeloid progenitor cells promote sustained STAT5 activity15. Furthermore, clathrin-mediated endocytosis (CME) 
is required for INFα receptor (a type II cytokine receptor) internalisation and STAT1/2 activation16. Signalling 
downstream of type I cytokine receptors is also facilitated by endocytosis. Caveolar endocytosis of growth hor-
mone receptor (GHR, closely related to PrlR) is implicated in STAT-mediated transcription, and JAK2 associates 
with GHR following internalisation, suggesting that signalling continues on endosomes17, 18. Interleukin-5 (IL-5) 
receptor is internalised by CME and caveolar endocytosis, both of which are required for optimal downstream 
signalling via JAK219. CME has been implicated in the endocytosis and degradation of PrlR20, and in breast cancer 
cells can enhance downstream signalling to ERK but not STATs21.

In MECs, Caveolin-1 (Cav1) associates with JAK2, and Cav1-null mice exhibit hyper-phosphorylation of 
STAT5 and precocious milk production22, suggesting a link between endocytic regulators and Prl signalling. 
However, the role of endocytosis in Prl signalling in MECs has not been investigated.

MECs interact with basement membrane ECM through β1-integrins, which are critical for Prl-stimulated 
PrlR-JAK2-STAT5 signalling23. Primary MECs isolated from β1-integrin conditional knockout mice do not syn-
thesise β-casein, and β1-integrin-ILK-Rac signalling blocks the activation of SHP2, a phosphatase that inhibits 
JAK224–27. Integrins are cargoes of endocytic trafficking pathways, but can also regulate endocytosis28. For exam-
ple β1-ILK signalling promotes dynamin-dependent endocytosis of apical proteins from the basolateral mem-
brane, thereby establishing polarity29. Similarly, in keratinocytes lacking β1 integrin or ILK, caveolae are absent 
from the PM due to a defect in microtubule targeting and stability30.

In this study we examine the hypothesis that LrBM impacts upon Prl signalling by controlling endocytosis and 
downstream signalling to STAT5. We show that in the presence of LrBM, Prl promotes STAT5 phosphorylation in 
a clathrin-dependent, caveolin-independent manner that requires Rab5b.

Results
Clathrin-mediated endocytosis is required for ECM-dependent Prl signalling. LrBM ECM is 
required for Prl/STAT5a signalling in lactational differentiation. Eph4 cells, a MEC cell line derived from the 
mammary epithelium of pregnant mice, express β-casein when cultured in 3D LrBM extract27, and this is the 
only cell line model which robustly responds to ECM engagement and Prl in the way that primary cells do. When 
cultured on plastic dishes, they show little basal STAT5 phosphorylation, and only a modest increase upon stim-
ulation with Prl (Fig. 1A,B). Culturing primary MECs in 2D with LrBM ECM overlay is sufficient to induce the 
expression of β-casein in response to Prl stimulation23. In Eph4 cells, ECM overlay promotes Prl-driven STAT5 
phosphorylation (Fig. 1A,B), indicating that these cells can respond to lactational differentiation cues in 2D 
culture. In Eph4 cells and primary MECs, Prl stimulates STAT5 but not ERK phosphorylation (Supplementary 
Figure 1A,B), in contrast to findings in cancer cells21.

To investigate the role of endocytosis in Prl/ECM signalling through STAT5, cells were treated with inhibi-
tors of clathrin-dependent and -independent endocytosis pathways. In the presence of Dyngo4, an inhibitor of 
dynamin (a large GTPase required for both clathrin- and caveolin-dependent endocytosis), there were only low 
levels of STAT5 phosphorylation in response to Prl and ECM (Fig. 1C). Endocytosis is therefore key to the correct 
activation of signals downstream of Prl.

Inhibition of CME with Pitstop-2 also prevented Prl/ECM-induced STAT5 activation to levels similar to 
those seen with only Prl, without ECM (Fig. 1D). Equivalent results were obtained with an alternative CME 
inhibitor monodansylcadaverine (MDC, not shown). Inhibition of CME or Dynamin were also observed to sup-
press STAT5 activation in primary MECs (Supplementary Figure 1B). By contrast, cholesterol sequestration with 
Filipin, which suppresses caveolar endocytosis and macropinocytosis, had no effect on Prl signalling (Fig. 1E).

To confirm the requirement for clathrin-dependent endocytosis in Prl signalling, a small interfering RNA 
(siRNA) was used to deplete clathrin heavy chain (CHC). Efficient CHC knockdown, using a SmartPool designed 
to reduce off-target effects, significantly reduced the phosphorylation of STAT5 in response to Prl stimulation 
(Fig. 2A). Individual oligonucleotides (oligo#5 and #6) that efficiently deplete CHC confirmed this (Fig. 2B; note 
that re-expression rescue is not possible in this differentiation model). By contrast caveolin-1 knockdown with 
either SMARTpool or either of two individual siRNA oligos had no influence on Prl/ECM-induced STAT5 phos-
phorylation (Fig. 2C). Because clathrin is not only involved in endocytosis31, we also targeted the major clathrin 
adaptor AP2, depleting the AP2M1 subunit by RNAi. AP2M1 knockdown significantly reduced STAT5 phospho-
rylation in response to LrBM and Prl (Supplementary Figure 1C), confirming that clathrin-dependent endocyto-
sis plays an important role in STAT5 phosphorylation and activation.

These results show that, clathrin- but not caveolar-, mediated endocytosis is required for Prl/ECM signalling 
and STAT5 phosphorylation.

Prolactin is internalised in a clathrin-dependent manner. Because CME is implicated in the endo-
cytosis of cargoes that include cytokine receptors, we determined whether Prl was internalised during lactational 
differentiation. We monitored Prl internalisation as a surrogate for PrlR, because of the lack of reagents available 
to detect mouse PrlR. Cells cultured in the presence or absence of LrBM overlay were stimulated with Prl, and 
acid washed to remove surface Prl, leaving only internalised Prl (Fig. 3A). Prl labelled the cell surface recep-
tor efficiently at 4 °C, but no internalisation occurred and surface Prl could be efficiently removed (Fig. 3B). By 
labelling at 37 °C, we observed a broadly similar level of recruitment of Prl to its cell-surface receptor (Fig. 3C; 
-LrBM + Prl vs. + LrBM + Prl). However Prl was only internalised in cells cultured with LrBM at physiological 
temperature, demonstrating that ECM is required for Prl-endocytosis.

Using siRNA-mediated knockdown, we investigated the route of endocytic entry of Prl. In accordance with the 
requirement for CME in STAT5 activation, knockdown of CHC using two individual oligos significantly reduced 
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Prl internalisation (Fig. 3D). Because CHC knockdown did not completely abrogate Prl internalisation, we inves-
tigated alternative endocytic routes. Caveolin-1 knockdown had no influence on Prl internalisation (Fig. 3E), 
suggesting that CME is a major route of Prl endocytosis which controls Prl signalling to STAT5, although other 
clathrin-independent routes could play a more minor role. Importantly, knockdown of CHC or Caveolin-1 did 
not influence the recruitment of Prl to the cell surface (Supplementary Figure 1D,E).

These results show that LrBM ECM induces Prl internalisation via a clathrin-dependent, but 
caveolin-independent route.

Active JAK2 and Rac1 are not required for Prl internalisation. Since JAK2 activation has been impli-
cated in PrlR internalisation in cancer cells32, we elucidated other mechanisms that could be involved with Prl 
internalisation. However, inhibition of JAK2 with its specific inhibitor AZD-1480 had no effect on Prl internal-
isation in cells cultured with ECM overlay, despite a 60% reduction in the phosphorylation of STAT5 on Y694 
(Fig. 4A–C).

Figure 1. Inhibition of endocytosis suppresses STAT5 activation in MECs. (A) Schematic of 2D lactational 
differentiation model. (B) Eph4 cells were seeded onto plastic and LrBM added to the differentiation medium 
as appropriate. After 24 hours, cells were stimulated with Prl (3  μg/ml) as indicated for 15 mins before lysis. 
Samples were analysed by SDS-PAGE/western blotting with phospho-Y694 STAT5, total STAT5a or tubulin 
specific antibodies, and quantification of Odyssey scanned fluorescent images performed using ImageJ.
(C–E): Eph4 cells as in (A) were treated with Dyngo4 (60 µM), Pitstop II (18 µM), Filipin III (8 µM) or DMSO 
as indicated prior to Prl stimulation, and analysed as in (A). Western blots are representative of, and graphs 
show normalised data from at least 3 independent experiments. *p < 0.05, **p.0.01 ****p.0.0001, ns = not 
significant.
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We previously showed that an ILK-Pix-Rac signalling axis is of critical importance to Prl-induced STAT5 
activation and milk protein production. We therefore investigated the role of Rac in Prl internalisation and Prl 
signalling. Preventing Rac signalling with the drug EHT1864 inhibited Prl-induced STAT5 phosphorylation in 
ECM-engaged MECs (Fig. 4D,E). However, Rac inhibition had no influence on Prl internalisation (Fig. 4D,F). 
Thus whilst ECM is critical for Prl internalisation, signalling via Rac1 is not required for Prl endocytosis.

These results show that ECM promotes endocytosis of Prl, and at the same time elicits β1-integrin signalling 
via Rac (to suppress the JAK2 inactivator SHP2). Together these drive STAT5 phosphorylation and activation.

Internalisation of prolactin into early endosomes promotes STAT5 phosphorylation. To image 
internalised Prl, we fluorescently labelled Prl with Alexafluor-594. We confirmed that labelled Prl (i.e. Prl-594) 
could induce STAT5 phosphorylation to the same extent as unlabelled-Prl (Fig. 5A). MECs cultured with or with-
out ECM were treated with Prl-594 for 15 minutes, then acid-washed to reveal intracellular Prl accumulation. In 
the presence of ECM at 37 °C, Prl-594 was found in small, intracellular punctae throughout the cytoplasm, con-
sistent with a vesicular/endosomal localisation (Fig. 5B). Quantification revealed an 8-fold increase in internal Prl 
punctae compared to cells labelled and chased at 4 °C to suppress internalisation (Fig. 5C). In the absence of ECM 
there was no significant increase of Prl endocytosis compared to the non-internalised (4 °C) control (Fig. 5C). 
These data show that ECM promotes internalisation of Prl into vesicles/endosomes.

Figure 2. Clathrin promotes Prolactin-induced STAT5 activation in LrBM-engaged MECs. (A,B) Eph4 cells 
transfected with CHC-specific SMARTpool (A) or individual oligos (B) were seeded onto plastic and LrBM 
added to the differentiation medium as appropriate. After 24 hours, cells were stimulated with Prl (3 μg/ml) as 
indicated for 15 mins before lysis. Samples were analysed by SDS-PAGE/western blotting with phospho-Y694 
STAT5, total STAT5a or tubulin specific antibodies, and quantification of Odyssey scanned fluorescent images 
performed using ImageJ. (C) Eph4 cells transfected with Caveolin-1-specific SMARTpool or individual oligos 
were treated and analysed as in (A). Western blots are representative of, and graphs show normalised data from, 
at least 3 independent experiments. *p.0.05, **p < 0.01, ns = not significant.
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Because CME derived vesicles transit to early endosomes before for sorting for degradation or recycling 
within 5–15minutes8 (consistent with the peak in STAT5 phosphorylation and activation), we investigated the 
localisation of internalised Prl with respect to the early endosome marker, early endosome antigen 1 (EEA1). 
Cells showed little Prl endocytosis in the absence of ECM or at 4 °C, and little overlap between any internal Prl 
structures and EEA1. However, ECM promoted significant colocalisation of internalised Prl with EEA1-postive 
early endosomes at physiological temperature (Fig. 5D,E).

Early endosomes are platforms for sorting of cargos via recycling or degradative routes, and they also function 
to regulate signalling downstream of several receptor classes33. The Rab5 family of small GTPases are master reg-
ulators of early endosome biogenesis and function34, and the major isoform expressed in the lactating mammary 
gland is Rab5b35. To further investigate the function of Prl endocytosis in downstream signalling we used siRNA 
to knock down Rab5b. Using two separate oligos we found that there was a significant and consistent reduction 
in STAT5 phosphorylation (Fig. 5F). These data indicate that in the presence of LrBM ECM, Rab5b-mediated 
internalisation of Prl into early endosomes is required for STAT5 phosphorylation.

Together these results show that endocytosis of Prl signalling complexes is required for the complete phos-
phorylation and activation of STAT5, and may underpin the programme of lactational differentiation in MECs.

Discussion
We have discovered that clathrin-, but not caveolar-, mediated endocytosis is key to the efficient activation of 
STAT5 downstream of Prl in MECs. LrBM ECM promotes internalisation of Prl into early endosomes, and Rab5b 
is required for STAT5 activation. ECM therefore provides signals to permit STAT5 activation by controlling endo-
cytosis of Prl.

Endosomes are key signalling platforms for several pathways, assembling cascades via adaptor molecules and 
scaffolds, which facilitate signal amplification8. In Drosophila, clathrin-mediated endocytosis is required for effi-
cient JAK-STAT signalling in border cells11, and in mammalian systems endosomal signalling is important for 

Figure 3. Prolactin is internalised via CME in LrBM-engaged MECs. (A) Schematic of Prl internalisation assay. 
(B) Eph4 cells seeded onto plastic were overlaid with LrBM as appropriate and labelled with Prl (3  μg/ml) at 
4 °C for 15 mins. Cells were either washed with PBS to reveal total bound Prl (Total), or acid washed to reveal 
internalised Prl (Internal), and samples analysed by SDS-PAGE and western blotting with Prl, pSTAT5, STAT5 
and tubulin specific antibodies. (C) Eph4 cells were labelled with Prl (3 μg/ml) for 15 mins at 37 °C or 4 °C as 
indicated, and total and internal pools analysed as in (B). Quantification of Odyssey scanned fluorescent images 
performed using ImageJ. Yellow line indicates background signal in the absence of exogenous Prl.  
(D,E) Prl internalisation was analysed in CHC and Caveolin-1 knockdown cells (2 oligos each), background 
signal in the absence of exogenous Prl was subtracted to give relative internal Prl above background. Western 
blots are representative of, and graphs show normalised data from, at least 3 independent experiments. 
*p < 0.01, **p.0.001, ns = not significant.
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sustaining STAT3 activity13, 14. We show that Prl transits through early endosomes at the same time as STAT5 
phosphorylation is intensified. Thus, as is the case for other signalling cascades, endosomes act as key regulators 
of signal propagation in the Prl/ECM-mediated STAT5 pathway in MECs.

GHR is closely related to PrlR, and caveolar endocytosis has been implicated in its downstream signalling17, 18.  
However caveolin knockout mice exhibit hyper-phosphorylation of STAT5a, suggesting that there could 
be important differences in the mechanism controlling downstream signalling22. We have discovered that 
clathrin-dependent endocytosis is required for signalling downstream of a Type I cytokine receptor, PrlR. This 
has previously only been seen for Type II cytokine receptors16. In our experiments, knockdown of CHC (or AP2) 
does not completely abrogate STAT5 phosphorylation, suggesting that while clathrin-dependent endocytosis is 
of important, clathrin-independent pathways could also play a role.

Interestingly in cancer cell lines, PrlR signalling and internalisation is not dependent upon ECM, and CME 
is involved in down-regulation of PrlR20, 32, 36. In this cancer context, JAK2 activation is implicated in the con-
trol of internalisation, but JAK2-STAT5 signalling does not require endocytosis. Moreover, whilst Prl elicits 
JAK2-STAT5 signalling and ERK signalling in cancer cells, normal MECs do not produce an ERK response, 
suggesting that important differences in the regulatory mechanisms controlling PrlR signalling exist in different 
contexts. Our results therefore reveal distinctions between Prl internalisation and signalling in tumorigenic ver-
sus non-tumorigenic cells, which could be exploited for therapeutic benefit.

Integrins elicit a plethora of signalling responses upon engagement of their ECM ligands, and we and others have 
previously shown that they are involved in a wide variety of signalling responses initiated by growth factors3, 37, 38.  
Integrin signalling can also control endocytosis and signalling of PDGF and BMP receptors39, 40. The Rac signal-
ling axis is not required for Prl endocytosis, and likely acts via phosphatases that control JAK225, suggesting that 
ECM impacts on Prl endocytosis via an alternate route (perhaps through β1-integrins or other LrBM receptors). 
For example a Rac1-independent, β1-ILK-microtubule pathway controls tight junction protein internalisation in 
polarising MECs29, and in keratinocytes a similar pathway controls plasma membrane distribution of caveolae30. 

Figure 4. Inhibition of Rac or JAK2 prevents STAT5 phosphorylation without influencing prolactin 
endocytosis. Eph4 cells were seeded onto plastic and LrBM added to the differentiation medium as appropriate. 
After 24 hours, cells were treated with inhibitors (JAK2 inhibitor (AZD-1480, 10 µM; (A–C) or Rac inhibitor 
(EHT 1864, 25–100 µM; D-E)) for 15 mins and then stimulated with Prl (3 μg/ml) as indicated for 15 mins 
before cells were acid washed to remove surface Prl and lysed. Samples were analysed by SDS-PAGE/western 
blotting with phospho-Y694 STAT5, total STAT5a, Prl or tubulin specific antibodies, and quantification of 
relative STAT5 phosphorylation (B,E) and Prl internalisation (C,F) from Odyssey scanned fluorescent images 
performed using ImageJ. Yellow line indicates background signal in the absence of exogenous Prl. Western blots 
are representative of, and graphs show normalised data from, at least 3 independent experiments. *p < 0.01; 
**p.0.001, ***p.0.0001, ns = not significant.
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Figure 5. Prolactin internalisation into early endosomes is required for Prl-signalling in differentiating MECs. 
(A) Eph4 cells were seeded onto plastic and LrBM added to the differentiation medium as appropriate. After 
24 hours, cells were stimulated with unlabelled or labelled Prl (3 μg/ml) as indicated for 15 mins before lysis. 
Samples were analysed by SDS-PAGE/western blotting with phospho-Y694 STAT5, total STAT5a or tubulin 
specific antibodies. (B–E) Eph4 cells were seeded on glass coverslips and LrBM added to the differentiation 
medium as appropriate. After 24 hours, cells were stimulated with labelled Prl (3 μg/ml) as indicated for 15 mins 
before fixation and staining for actin and nuclei (B) or EEA1 and nuclei (D). Confocal stacks were captured 
and representative maximum intensity projections are shown. Internalised Prl particles (C) and internalised 
particles co-localised with EEA1 (E) were analysed using ImageJ. F: Rab5b knockdown cells were treated 
and STAT5 phosphorylation determined as in (A) and quantification of Odyssey scanned fluorescent images 
performed using ImageJ. Western blots and images are representative of, and graphs show normalised data 
from, at least 3 independent experiments. *p < 0.01, **p.0.001, ns = not significant.
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Alternate integrin-dependent signalling pathways may therefore regulate Prl endocytosis downstream of LrBM 
ECM.

In summary, this study demonstrates that basement membrane ECM influences Prl internalisation through a 
clathrin-mediated endocytic route. Delivery to an early endosomal platform promotes downstream signalling to 
STAT5, the master transcriptional regulator of lactational differentiation. We deliver critical new insight into the 
ECM-mediated regulation of hormonal signalling in the mammary gland, and reveal the Prl/PrlR/JAK2/STAT5 
signalling axis as a beneficiary of endosomal signalling.

Conclusions
Prl and ECM are both required for tissue-specific gene expression in MECs, and we reveal that their signalling 
pathways communicate via endocytosis and early endosomes.

 (a) Endocytosis is central for Prl/ECM signalling.
 (b) Clathrin- but not caveolar-, mediated endocytosis is required for Prl/ECM signalling.
 (c) Internalisation of prolactin into early endosomes via a Rab5b pathway is required for STAT5 

phosphorylation.

Materials and Methods
Cell culture and siRNA knockdown. Low passage EpH4 cells41 were cultured in Dulbecco’s Modified 
Eagle Medium (DMEM) supplemented with 10% (v/v) foetal calf serum (FCS), 5 μg/ml insulin and antibiot-
ics. Two rounds of knockdown were performed to achieve protein suppression: 100 pmol siRNA (Dharmacon 
ON-TARGETplus SmartPools and individual oligos: Control pool #001810-10, Control single oligo #001810-
01-05, Clathrin heavy chain SMARTpool #063956-00, Oligo#5 063956-05, Oligo#6 063956-06; Caveolin-1 
SMARTpool 058415-00, Oligo#6 058415-06, Oligo#8 058415-08; Rab5b Oligo#9 040856-09, Oligo#11 040856-11; 
AP2M1 RNAi 5′- AAGUGGAUGCCUUUCGGGUCA42) was used to transfect a single well of a six well plate of 
EpH4 cells and cells were reseeded 24 hours later for a second round of knockdown at 48 hours, and experiments 
were performed and/or cells harvested at 72 hours. Primary MECs were isolated and cultured as described25.

STAT5 phosphorylation. For differentiation assays, EpH4 cells were cultured in DMEM-F12 supplemented 
with 5 µg/ml insulin, 1  μg/ml hydrocortisone and antibiotics overnight with 2% Matrigel (LrBM, BD Biosciences) 
added to the culture medium (LrBM overlay) as required. Cells were stimulated with 3 µg/ml sterile-filtered sheep 
pituitary Prl (Sigma #L6520; 150 nM final Prl concentration) for 15 minutes. EpH4 cells were treated with inhibi-
tors (Pitstop-2 [15 µM, Abcam]; Dyngo-4a [60 µM, Abcam]; Filipin III [8 µM, Sigma-Aldrich]; AZD-1480 [10 µM, 
Santa Cruz Biotechnology]; EHT 1864 [25–100 µM, Tocris]) or an equal volume of DMSO (where appropriate) 
diluted in differentiation medium for 15 minutes at 37 °C before addition of Prl.

Western blotting. Sample buffer (50 mM Tris-HCl pH 6.8, 10% (w/v) glycerol, 4% (w/v) SDS, 0.004% (w/v) 
bromophenol blue) with 10% (v/v) 2-mercaptoethanol (Sigma-Aldrich) was added to samples, which were then 
incubated at 95 °C for 10 minutes. The samples were run alongside Precision Plus Protein All Blue Standards 
(Bio-Rad Laboratories) on 4–12% SDS polyacrylamide gels (Life Technologies) at 100 V. The gels were transferred 
to nitrocellulose membrane at 30 V for 75 minutes. Membranes were incubated with a casein-based blocking 
buffer (Sigma-Aldrich) or 5% BSA in Tris-buffered saline with 0.1% Tween-20 (TBST; for phospho-specific anti-
bodies) for 45 minutes. The membranes were incubated with primary antibodies or Alexa Fluor 680–conjugated 
streptavidin (1:2000; Invitrogen) in blocking buffer overnight at 4 °C.

Proteins levels were analysed by western blotting using the following primary antibodies: pSTAT5 (Y694, 
#9351, CST); pERK1/2 (#4370, CST), ERK1/2 (#9102, CST), ERK2 (sc-154) STAT5a (sc-1081) and Rab5b (sc-
598, Santa Cruz Biotechnology); Prl (ab960, Millipore); Caveolin 1 (#610060, BD Biosciences); Clathrin heavy 
chain (ab172958), α-tubulin (ab6160, Abcam) and AP2M1 (mouse anti-AP50 Clone 31, BD Transduction Labs). 
Secondary antibodies used were: anti-rabbit Alexa Fluor 680 (A-21109), anti-mouse Alexa Fluor 680 (A-21058), 
and anti-rat Alexa Fluor 680 (A-21096, Invitrogen); anti-mouse DyLight 800 (#5257, Cell Signaling); anti-rat 
Alexa Fluor 800 (STAR71D800GA, AbD Serotec). Fluorescent secondary antibodies were detected by Odyssey 
scanner (Li-Cor), and intensity of bands quantified using ImageJ.

Alexa Fluor–labelling of Prl. 10 μg/ml Prl (Sigma-Aldrich; dissolved in water) was dialysed into 0.1 M 
NaHCO3 and incubated with 1 mg Alexa Fluor 488 or 594 NHS Ester (Succinimidyl Ester; Life Technologies, in 
100 μl DMSO) for 1 h at room temperature. The labelled Prl was then dialysed into PBS.

Prl internalisation assay. EpH4 cells cultured with a BM overlay were stimulated with 3 μg/ml Prl or Alexa 
Fluor-labelled Prl for 15 minutes at 37 °C to allow internalisation or at 4 °C to prevent internalisation. The cells 
were washed three times for three minutes each with PBS (Total) or with PBS-HCl pH 4.0 to remove the surface 
Prl (Internal). The cells were then washed three times with PBS and lysed or fixed.

Immunofluorescence. Cells were fixed in 4% paraformaldehyde (PFA) before permeabilisation and blocked 
with 1% BSA in PBS for 30 minutes. Primary antibody (EEA1 #3230 CST) was diluted PBS/1% BSA and detected 
with fluorophore-conjugated secondary antibodies, actin using fluorophore labelled Phalloidin (Invitrogen) and 
nuclei with DAPI. Z-stacks were obtained using the 64x objective of a Leica TCS SP5 inverted confocal micro-
scope. Images were processed using ImageJ.

For quantification of internalisation, background was subtracted using a radius of 100 pixels, and the threshold 
set to 100 pixels to produce a binary (black and white) image. The number of particles was counted automatically 
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using ImageJ, and normalised to the area selected. For quantification of co-localisation, the background was 
subtracted and threshold set as above, and an image of the overlap between the two binary images was produced 
using Image Calculator. The number of particles was counted automatically using ImageJ, and calculated as a 
percentage of the number of particles in the Prl image.

Statistical analysis. Statistical analysis was performed using GraphPad Prism. Analysis of variance 
(ANOVA) and post-hoc analysis was used to assess significance of data. Data are presented in box and whisker 
plots (Tukey) or bar graphs as mean −/+ standard error of the mean (SEM).

Data availability. The datasets generated during and/or analysed during the current study are available from 
the corresponding author on reasonable request.

References
 1. Glukhova, M. A. & Streuli, C. H. How integrins control breast biology. Curr. Opin. Cell Biol. 25, 633–41 (2013).
 2. Ivaska, J. & Heino, J. Cooperation between integrins and growth factor receptors in signaling and endocytosis. Annu. Rev. Cell Dev. 

Biol. 27, 291–320 (2011).
 3. Streuli, C. H. & Akhtar, N. Signal co-operation between integrins and other receptor systems. Biochem. J. 418, 491–506 (2009).
 4. Rui, H., Lebrun, J. J., Kirken, R. A., Kelly, P. A. & Farrar, W. L. JAK2 activation and cell proliferation induced by antibody-mediated 

prolactin receptor dimerization. Endocrinology 135, 1299–306 (1994).
 5. Gouilleux, F., Wakao, H., Mundt, M. & Groner, B. Prolactin induces phosphorylation of Tyr694 of Stat5 (MGF), a prerequisite for 

DNA binding and induction of transcription. EMBO J. 13, 4361–9 (1994).
 6. Clevenger, C. V., Gadd, S. L. & Zheng, J. New mechanisms for PRLr action in breast cancer. Trends Endocrinol. Metab. 20, 223–9 

(2009).
 7. Brooks, A. J. et al. Mechanism of Activation of Growth Hormone Receptor. Science. 344, 1–13 (2014).
 8. Di Fiore, P. P. & von Zastrow, M. Endocytosis, signaling, and beyond. Cold Spring Harb. Perspect. Biol. 6, 8 (2014).
 9. Bild, A. H., Turkson, J. & Jove, R. Cytoplasmic transport of Stat3 by receptor-mediated endocytosis. EMBO J. 21, 3255–3263 (2002).
 10. Claudinon, J., Monier, M. N. & Lamaze, C. Interfering with interferon receptor sorting and trafficking: Impact on signaling. 

Biochimie 89, 735–743 (2007).
 11. Devergne, O., Ghiglione, C. & Noselli, S. The endocytic control of JAK/STAT signalling in Drosophila. J. Cell Sci. 120, 3457–64 

(2007).
 12. Sehgal, P. B. Paradigm shifts in the cell biology of STAT signaling. Semin. Cell Dev. Biol. 19, 329–340 (2008).
 13. Kermorgant, S. & Parker, P. J. Receptor trafficking controls weak signal delivery: a strategy used by c-Met for STAT3 nuclear 

accumulation. J. Cell Biol. 182, 855–63 (2008).
 14. German, C. L., Sauer, B. M. & Howe, C. L. The STAT3 beacon: IL-6 recurrently activates STAT 3 from endosomal structures. Exp. 

Cell Res. 317, 1955–1969 (2011).
 15. Irandoust, M. I. et al. Suppressor of cytokine signaling 3 controls lysosomal routing of G-CSF receptor. EMBO J. 26, 1782–1793 

(2007).
 16. Marchetti, M. et al. Stat-mediated Signaling Induced by Type I and Type II Interferons (IFNs) Is Differentially Controlled through 

Lipid Microdomain Association and Clathrin-dependent Endocytosis of IFN Receptors Marta. Mol. Biol. Cell 17, 2896–2909 (2006).
 17. Lobie, P. E., Sadir, R., Graichen, R., Mertani, H. C. & Morel, G. Caveolar internalization of growth hormone. Exp. Cell Res. 246, 

47–55 (1999).
 18. A D Santos, C. M., Van Kerkhof, P. & Strous, G. J. The Signal Transduction of the Growth Hormone Receptor Is Regulated by the 

Ubiquitin/Proteasome System and Continues After Endocytosis. J. Biol. Chem. 276, 10839–10846 (2001).
 19. Lei, J. T. & Martinez-Moczygemba, M. Separate endocytic pathways regulate IL-5 receptor internalization and signaling. J. Leukoc. 

Biol. 84, 499–509 (2008).
 20. Varghese, B. et al. Polyubiquitination of prolactin receptor stimulates its internalization, postinternalization sorting, and degradation 

via the lysosomal pathway. Mol. Cell. Biol. 28, 5275–5287 (2008).
 21. Piazza, T. M., Lu, J.-C., Carver, K. C. & Schuler, La SRC family kinases accelerate prolactin receptor internalization, modulating 

trafficking and signaling in breast cancer cells. Mol. Endocrinol. 23, 202–12 (2009).
 22. Park, D. S. et al. Caveolin-1-deficient Mice Show Accelerated Mammary Gland Development During Pregnancy, Premature 

Lactation, and Hyperactivation of the Jak-2/STAT5a Signaling Cascade. Mol. Cell. Biol. 13, 3416–3430 (2002).
 23. Muschler, J. & Streuli, C. H. Cell-matrix interactions in mammary gland development and breast cancer. Cold Spring Harb. Perspect. 

Biol. 2, a003202 (2010).
 24. Naylor, M. J. et al. Ablation of beta1 integrin in mammary epithelium reveals a key role for integrin in glandular morphogenesis and 

differentiation. J. Cell Biol. 171, 717–28 (2005).
 25. Akhtar, N. & Streuli, C. H. Rac1 links integrin-mediated adhesion to the control of lactational differentiation in mammary epithelia. 

J. Cell Biol. 173, 781–93 (2006).
 26. Akhtar, N. et al. Molecular dissection of integrin signalling proteins in the control of mammary epithelial development and 

differentiation. Development 136, 1019–27 (2009).
 27. Rooney, N., Wang, P., Brennan, K., Gilmore, A. P. & Streuli, C. H. The Integrin-Mediated ILK-Parvin-αPix Signalling Axis Controls 

Differentiation in Mammary Epithelial Cells. J. Cell. Physiol. 1–10, doi:10.1002/jcp.25390 (2016).
 28. Bridgewater, R. E., Norman, J. C. & Caswell, P. T. Integrin trafficking at a glance. J. Cell Sci. 125, 3695–3701 (2012).
 29. Akhtar, N. & Streuli, C. H. An integrin-ILK-microtubule network orients cell polarity and lumen formation in glandular epithelium. 

Nat. Cell Biol. 15, 17–27 (2013).
 30. Wickström, S. A. et al. Integrin-linked kinase controls microtubule dynamics required for plasma membrane targeting of caveolae. 

Dev. Cell 19, 574–88 (2010).
 31. Royle, S. J. The cellular functions of clathrin. Cell. Mol. Life Sci. 63, 1823–1832 (2006).
 32. Swaminathan, G. et al. Prolactin stimulates ubiquitination, initial internalization, and degradation of its receptor via catalytic 

activation of Janus kinase 2. J. Endocrinol. 2, 1–7 (2008).
 33. von Zastrow, M. & Sorkin, A. Signaling on the endocytic pathway. Curr. Opin. Cell Biol. 19, 436–45 (2007).
 34. Zerial, M. & McBride, H. Rab proteins as membrane organizers. Nat. Rev. Mol. Cell Biol. 2, 107–17 (2001).
 35. Gurkan, C. et al. Large-Scale Profiling of Rab GTPase Trafficking Networks: The Membrome. Mol. Biol. Cell 16, 3847–3864 (2005).
 36. Plotnikov, A. et al. Impaired turnover of prolactin receptor contributes to transformation of human breast cells. Cancer Res. 69, 

3165–72 (2009).
 37. Caswell, P. T. et al. Rab-coupling protein coordinates recycling of alpha5beta1 integrin and EGFR1 to promote cell migration in 3D 

microenvironments. J. Cell Biol. 183, 143–55 (2008).
 38. Muller, P. A. J. et al. Mutant p53 drives invasion by promoting integrin recycling. Cell 139, 1327–41 (2009).
 39. King, S. J. et al. β1 integrins regulate fibroblast chemotaxis through control of N-WASP stability. EMBO J 30, 1705–18 (2011).

http://dx.doi.org/10.1002/jcp.25390


www.nature.com/scientificreports/

1 0Scientific RepoRts | 7: 4572  | DOI:10.1038/s41598-017-04783-6

 40. Du, J. et al. Integrin activation and internalization on soft ECM as a mechanism of induction of stem cell differentiation by ECM 
elasticity. Proc. Natl. Acad. Sci. 108, 9466–72 (2011).

 41. Fialka, I. et al. The estrogen-dependent C-junER protein causes a reversible loss of mammary epithelial cell polarity involving a 
destabilization of adherens junctions. J. Cell Biol. 132, 1115–1132 (1996).

 42. Motley, A., Bright, N. A., Seaman, M. N. J. & Robinson, M. S. Clathrin-mediated endocytosis in AP-2-depleted cells. J. Cell Biol. 162, 
909–918 (2003).

Acknowledgements
This work was supported by a BBSRC PhD studentship and a Research Impact Scholarship from the ‘Your 
Manchester’ Fund (REB) and the Wellcome Trust (090453/Z/09/Z and 090453/Z/09/A to PTC, core funding 
088785/Z/09/Z and 203128/Z/16/Z). We thank the Bioimaging Facility for their help with microscopy; 
microscopes used in this study were purchased with grants from BBSRC, the Wellcome Trust, and the University 
of Manchester Strategic Fund. We thank David Bradley for technical support. We thank Dr Steve Royle 
(University of Warwick) for the kind gifts of AP2M1 RNAi oligos and antibody.

Author Contributions
REB and PTC conducted the experimental work. CHS and PTC were involved in experimental planning and 
study design. All authors wrote the manuscript. All authors read and agreed to the manuscript in its submitted 
form.

Additional Information
Supplementary information accompanies this paper at doi:10.1038/s41598-017-04783-6
Competing Interests: The authors declare that they have no competing interests.
Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the 
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.
 
© The Author(s) 2017

http://dx.doi.org/10.1038/s41598-017-04783-6
http://creativecommons.org/licenses/by/4.0/

	Extracellular matrix promotes clathrin-dependent endocytosis of prolactin and STAT5 activation in differentiating mammary e ...
	Results
	Clathrin-mediated endocytosis is required for ECM-dependent Prl signalling. 
	Prolactin is internalised in a clathrin-dependent manner. 
	Active JAK2 and Rac1 are not required for Prl internalisation. 
	Internalisation of prolactin into early endosomes promotes STAT5 phosphorylation. 

	Discussion
	Conclusions
	Materials and Methods
	Cell culture and siRNA knockdown. 
	STAT5 phosphorylation. 
	Western blotting. 
	Alexa Fluor–labelling of Prl. 
	Prl internalisation assay. 
	Immunofluorescence. 
	Statistical analysis. 
	Data availability. 

	Acknowledgements
	Figure 1 Inhibition of endocytosis suppresses STAT5 activation in MECs.
	Figure 2 Clathrin promotes Prolactin-induced STAT5 activation in LrBM-engaged MECs.
	Figure 3 Prolactin is internalised via CME in LrBM-engaged MECs.
	Figure 4 Inhibition of Rac or JAK2 prevents STAT5 phosphorylation without influencing prolactin endocytosis.
	Figure 5 Prolactin internalisation into early endosomes is required for Prl-signalling in differentiating MECs.




