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Abstract

Epithelial cells forming mammary gland ducts and alveoli require adhesion to the 

extracellular matrix for their function. Mammary epithelial cells need β1-integrins for normal 

cell cycle regulation. However, the role of β1-integrins in tumorigenesis has not been fully 

resolved. β1-integrin is necessary for tumour formation in transgenic mice expressing the 

Polyomavirus Middle T antigen, but it is dispensable in those overexpressing ErbB2. This 

suggests that some oncogenes can manage without β1-integrin to proliferate and form 

tumours, while others still require it. Here we have developed a model to test whether 

expression of an oncogene can surpass the need for β1-integrin to drive proliferation. We co-

expressed the ErbB2 or Akt oncogenes with shRNA to target β1-integrin in mammary 

epithelial cells, and found that they show a differential dependence on β1-integrin for cell 

division. Moreover, we identified a key proliferative role of the Rac1-Pak axis downstream of 

β1-integrin signalling. Our data suggest that, in mammary epithelial cells, oncogenes with the 

ability to signal to Pak surpass the requirement of integrins for malignant transformation. This 

highlights the importance of using the correct combination therapy for breast cancer, 

depending on the oncogenes expressed in the tumour.

Keywords: Beta1-integrin, mammary epithelial cells, proliferation, oncogenes

Abbreviations: MECs – Mammary Epithelial Cells
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Introduction

Integrins are adhesion receptors that control several functions in mammary epithelium, such 

as differentiation, polarity and proliferation (Glukhova and Streuli 2013). Of the integrin 

subunits expressed by mammary epithelial cells (MECs), the β1-subunit plays a key role 

during G1/S transition (Li, et al. 2005; Jeanes, et al. 2012). Previous studies on the role of 

β1-integrin in MEC proliferation have used alveolar tissue or cells isolated from pregnant 

mice. However, integrin-dependent pathways controlling proliferation in cells from virgin mice 

(ductal MECs) remain understudied. Since increased cell cycle is one of the hallmarks of 

cancer and most breast tumours are not pregnancy-related, it is important to understand the 

signalling pathways regulating proliferation in ductal MECs.

Integrin expression is altered in breast cancer. During early stages, the β1-integrin subunit is 

downregulated in human breast tumours (Zutter, Mazoujian, and Santoro 1990; Zutter, 

Krigman, and Santoro 1993). Conversely in invasive breast cancers, β1-integrin is often 

overexpressed, and this correlates with a poor prognosis (dos Santos, et al. 2012). Studies 

investigating whether β1-integrins are required for tumorigenesis have shown contradictory 

results. For example, β1-integrin is required for tumour formation in transgenic mice carrying 

the Polyomavirus middle T promoter (White, et al. 2004). However, in a β1-integrin-null 

mouse strain in which activated ErbB2 is expressed, the lack of β1-integrin only delayed the 

formation of tumours, suggesting that β1-integrin is not necessary for cancer initiation (Huck, 

et al. 2010). Additionally, the metastatic properties of the tumours were decreased in β1-

integrin-null mice. β1-integrin may therefore be important during metastasis, but not during 

initial tumour formation. Furthermore, some oncogenes may overcome the need for β1-

integrin to progress in the cell cycle during tumorigenesis, but it is not known which 

oncogenes can do this.

The fact that some oncogenes such as ErbB2 easily overcome the need for this integrin, 

while others (such as Polyomavirus Middle T antigen) require it, calls for a model system 
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where the mechanistic details of these interactions can be elucidated. In this study, we have 

established a robust method to study both β1-integrin-dependent and independent 

(oncogene-driven) proliferative pathways in MECs.

In normal mammary epithelium, ErbB2 regulates ductal elongation and branching during 

puberty (Hynes and Lane 2005). ErbB2 has no known ligand, requires to be transactivated 

by another ErbB receptor, and is overexpressed in 20% of breast cancers (Slamon 1987). 

This leads to the receptor no longer requiring ligand (when bound to another ErbB receptor) 

or receptor dimerization for activation (Penuel, Akita, and Sliwkowski 2002). Although α6β4 

integrin contributes to ErbB2-induced tumorigenesis, β1-integrin seems to be dispensable for 

tumorigenesis in the mammary epithelium (Guo, et al. 2006; Huck, et al. 2010).

The serine/threonine kinase Akt is the central effector of PI3K signalling (Viglietto, et al. 

2002; Zhang, et al. 2011). In breast cancer, Akt is often activated due to upstream signal 

deregulation. Moreover, there can be somatic mutations in Akt, for example a lysine 

substitution at E17 occurs in 6% of breast tumours (Carpten, et al. 2007; Kim, et al. 2008). 

Other activating mutations in the PH domain of Akt (L52R, Q79K) and one in the kinase 

domain (D323H) are present in 4% of breast cancers (Parikh, et al. 2012).

Here, we have studied the signalling pathways that are disrupted when β1-integrin is 

depleted in ductal MECs isolated from nulliparous mice (Kittrell, Oborn, and Medina 1992). 

We found that ductal MECs require Rac1 and Pak signalling for normal proliferation. 

Furthermore, we used this model to test the dependence of oncogenic ErbB2 and Akt on β1-

integrin to drive proliferation. We show that ErbB2, but not Akt, can surpass the need for β1-

integrin to promote MEC proliferation. Our data also suggest that Akt is not required for 

ErbB2-mediated transformation, either in the presence or absence of β1-integrins. Thus 

oncogenes with the ability to signal to Pak are able to override the integrin requirement for 

MEC proliferation. With this work, we have established a simple model to study the 

dependence of oncogenes on β1-integrin to drive proliferation in ductal MECs.
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Materials and methods

DNA constructs: The shRNAmiR sequence for mouse β1-integrin and the high cycling L61-

Rac1 were cloned in the lentivector plV-Venus (Tronolab, EPFL) and have been previously 

described (Jeanes, et al. 2012). The plasmid pCDNA3-GFP-β1-integrin was a kind gift from 

Prof Bernard Wehrle-Haller (University of Geneva). To construct the human β1-integrin 

rescue vector, four silent point mutations were introduced in pCDNA3-β1-integrin using the 

following primer 5’-

GAAAATCCCAGAGGGTCCAAGGATATCAAGAAGAATAAAAATGTAACC-3’ and the 

QuikChange Lightning Mutagenesis kit (Agilent, Cat. No. 210515-5). The plasmid was 

digested with Not I and Nde I, and the resulting fragment was ligated in plV-shβ1itg 

(previously modified to remove GFP). The EF1α promoter was replaced with the Ubiquitin 

promoter in order to ensure a low expression level of GFP-β1-integrin. All Pak constructs 

were kindly provided by Gary Bokoch (La Jolla, California).

Ethics statement: Mice were housed and maintained according to the University of 

Manchester and UK Home Office guidelines for animal research. Animals were bred under 

Home Office Project Licence 40/3155, and approved by the University of Manchester ethical 

review process. Experiments were conducted in accordance with the S1 killing of the 

Animals Scientific Procedures Act 1986.

Cell culture and transfection: Low passage FSK7 MECs (Kittrell, Oborn, and Medina 1992) 

were cultured in DMEM/F-12 medium (BioWhittaker; Lonza) supplemented with 2% FBS, 5 

μg/ml insulin and 10 ng/ml EGF at 37°C in a humidified atmosphere of 5% CO2. FSK7 MECs 

were transfected for 3 hours by using Lipofectamine® and PlusTM Reagent (Life 

Technologies). After transfection, cells were cultured for 72 h before being replated at 105 

cells/cm2 density on glass coverslips prior to EdU labelling, fixing and staining. HEK293T 

cells (ATCC) were cultured in DMEM with Ultra-glutamine (Lonza) containing 10% FBS 

(Biosera) and 100 U/ml Penicillin/streptomycin. These cells were transfected with JetPEITM 
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reagent (Sigma-Aldrich). Primary MECs were isolated from 8-10 week old nulliparous ICR 

mice and grown on collagen-I coated coverslips as previously described (Pullan, et al. 1996). 

Primary MECs were cultured in growth medium containing 5 µg/ml insulin, 1 µg/ml 

hydrocortisone, 3 ng/ml EGF, 10% FCS, 50 U/ml penicillin/streptomycin, 0.25 µg/ml 

fungizone, and 50 µg/ml gentamycin in F12 medium. 

Immunofluorescence staining: Cells were fixed with 4% formaldehyde for ten minutes. 

After fixation, cells were permeabilised using 0.2% Triton X-100 and blocked with 10% goat 

serum. Cells were sequentially incubated with primary and secondary antibodies for one hour 

each at room temperature, protected from light. Primary antibodies used for immunostaining 

were: β1-integrin (MAB1997 Chemicon), β1-integrin clone 12G10 (Abcam), GFP (Life 

Technologies), and Paxillin (BD Transduction) and Histone3 pS10 (Millipore). Secondary 

antibodies used were Alexa 488 anti-mouse IgG and Alexa 647 anti-rabbit IgG (Molecular 

Probes), Rhodamine Red-X-AffiniPure Anti-Rat IgG and Anti-Mouse IgG (Jackson 

ImmunoResearch Laboratories, Inc.). A solution of 4 μg/ml of DAPI diluted in PBS was used 

to stain the nuclear content. Coverslips were mounted onto glass slides with Dako 

Fluorescent Mounting medium. Cells were observed with a fluorescence microscope (Zeiss 

Axio Imager MZ HXP120C) and pictures were taken with a Hamamatsu ORCA-ER camera.

EdU proliferation assay: Cells grown on coverslips were incubated with 10 μM 5-ethynyl-2´-

deoxyuridine (EdU) for 6 hours (for primary MECs) or 30 minutes (for FSK7). Incorporated 

EdU was detected by incubating the cells with an Alexa Flour 647-azide that binds to EdU in 

the labelled cells, using the Click-iT™ EdU Alexa Fluor® 647 Imaging Kit (Invitrogen 

#C10340). This incubation was followed by immunostaining and DAPI counterstaining. The 

percentage of EdU-positive cells was calculated as a percentage of the total DAPI stained 

nuclei. For primary MECs, an average of 2000 cells was counted per experiment. For FSK7, 

a minimum of 100 transfected cells (expressing the fluorescent reporter gene) was counted 

per experiment. This number was compared to the percentage of non-transfected cells from 



7

the same coverslip. Statistical significance was determined by student’s t-test. Error bars 

represent standard error of the mean (SEM).

Immunoblotting: Equivalent amounts of protein were resolved by SDS-PAGE and 

immunoblotted using the following antibodies: Akt pS473, NICD and myc tag (Cell Signaling), 

β-tubulin (Sigma), β1-integrin (BD Transduction), V5 (AbD Serotec), GFP (Molecular 

Probes). This was followed by incubation with peroxidase-conjugated anti–rabbit or anti–

mouse IgG (Jackson ImmunoResearch Laboratories, Inc.). Finally, signal was detected with 

a chemiluminescent substrate (Super Signal West Pico reagent, Thermo Scientific) and 

developed in an automatic X-ray film processor JP-33 after exposing the membrane to an X-

ray film (Fujifilm).

RNA extraction, cDNA synthesis and qPCR: FSK7 cells were plated on plastic and lysed 

with Trizol. Briefly, 1 ml Trizol was used to lyse a 10 cm plate of 70% confluent FSK7 cells 

and phase separated twice with chloroform. RNA was then precipitated with isopropanol and 

spun at 17000 rpm for 5 minutes at 4°C. Pellets were resuspended in 5 mM LiCl overnight at 

-20°C and then spun at 17000 rpm and 4°C. Pellets were washed with 70% ethanol, dried 

and resuspended in RNAse free water. Samples were assessed for concentration and purity 

by Nanodrop spectrometer 1000 (Thermo Scientific). Synthesis of cDNA was carried out 

using High Capacity RNA-to-cDNA kit (Life Technology). 1 μg RNA was used per cDNA 

reaction. Gene analysis was carried out using TaqMan® Fast Advanced Master Mix (Life 

Technologies) on a StepOnePlusTM (Applied Biosystems). Each reaction was repeated in 

triplicate. Fluorescence was recorded and used to calculate 2-(ΔΔCT) for statistical analysis.

Rac1 activation assay: Lysates from primary MECs were applied onto a multiwell plate 

containing a Rac1-GTP binding protein (GLisa Rac1 activity assay, Cytoskeleton, Cat. # 

BK128). Active Rac1 present in the lysates was captured in the wells and detected using an 

anti-Rac1 antibody coupled to a colorimetric assay. Finally, absorbance was read using a 

Biotek® Powerwave 340 plate reader at 490nm.
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Statistical Analysis: Statistical significance was determined by Student’s t test for paired 

samples or 1-Way ANOVA with Tukey’s multiple comparisons. Differences between samples 

were significant when p = <0.05. For all graphs shown, error bars represent +/- standard 

error of the mean (SEM).
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Results

FSK7 as a culture model to study the effects of β1-integrin depletion on proliferation

We tested whether FSK7 MECs could be used as a model to study how β1-integrin controls 

proliferation. Cells were transfected either with an shRNA to target β1-integrin or the empty 

vector (pVenus). To distinguish the potential off-target effects of the shRNA, a rescue vector 

containing the sequence of a human β1-integrin fused to GFP and the shβ1itg was used 

(Figure 1A). In this construct, GFP is in a flexible loop in the β1 hybrid domain of β1-integrin. 

The extracellular location of the fluorescent tag allows normal function and recruitment of 

adhesion components to the integrin tail (Rondas, et al. 2012). Four silent point mutations 

were introduced in this construct to prevent the shRNA from targeting the ectopic GFP-β1-

integrin mRNA. The rescue vector contained the Ubiquitin promoter to ensure a low 

expression level of the GFP-tagged integrin in transfected cells, because overexpressed 

integrins accumulate as intracellular aggregates or within the endoplasmic reticulum, and are 

unable to integrate into adhesion complexes (Wehrle-Haller 2007). The knockdown efficiency 

for endogenous β1-integrin and the ectopic expression of GFP-β1-integrin was confirmed by 

immunoblotting (Figure 1B). Co-localisation of GFP with paxillin confirmed that GFP-β1-

integrin could incorporate into adhesion sites of cells lacking endogenous β1-integrin (Figure 

S1). Additionally, we stained the cells with an antibody that recognises the active 

conformation of β1-integrin (12G10 antibody). Co-localisation of the GFP signal with that of 

active β1-integrins shows that our GFP-tagged integrin construct is functional.

Three days after transfection, cells were trypsinised, replated onto coverslips and left for 24 

hours to attach. MECs were pulse-labelled with EdU for 30 minutes before being fixed and 

immunostained to detect β1-integrin, and EdU was used as a measure of proliferation. The 

β1-integrin antibody used here only recognises mouse protein (endogenous protein), so the 

ectopically expressed human β1-integrin was not detected. For the MECs transfected with 

shβ1itg, we first identified the cells where β1-integrin was depleted and then analysed their 
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proliferation levels. β1-integrin-knockdown cells proliferated less than the non-transfected 

cells around them (Figure 1C-D). As a control, cells transfected with the empty vector 

showed no difference in the proportion of proliferating cells compared to the surrounding 

non-transfected cells. Expression of GFP-β1-integrin rescued the proliferation defect caused 

by depletion of endogenous β1-integrin.

These results show that β1-integrin is required for the proliferation of MECs, and that these 

cells constitute an appropriate model to silence β1-integrin and study the proliferative defect 

arising from that depletion.

Rac1, via its ability to bind Pak, is required for MEC proliferation downstream of β1-

integrin

We have previously shown that β1-integrin-null primary MECs from pregnant mice show 

decreased proliferation, along with reduced Rac1 activity and Pak phosphorylation (Jeanes, 

et al. 2012). This suggests that β1-integrin controls cell cycle by activating Rac1 and Pak. 

We therefore inhibited Rac1 in ductal MECs and examined proliferation. MECs were isolated 

from nulliparous mice, cultured for 2 days, and treated with the Rac1 inhibitor EHT1864 for 

20 h, prior to EdU incorporation for 6 h. Reduction of Rac1 activity was observed in primary 

cells treated with EHT1864 (Figure S2). EHT1864 binds to Rac1 and promotes the loss of 

bound nucleotide, rendering the GTPase inactive and unable to bind an effector (Shutes, et 

al. 2007). The results revealed a significant reduction of proliferation in response to 

EHT1864, compared to untreated cells (Figure 2A). Due to the intrinsic differences between 

mouse preparations, the reduction in proliferation in the primary cells was illustrated as a 

proportion of the proliferating cells from the untreated control.

We then tested whether a constitutively active version of Rac1 could compensate the 

proliferation defect of β1-integrin depleted MECs.  To do this, we used fast a cycling Rac1 

containing a mutation (F28L) that allows it to be activated spontaneously by conferring an 
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ability to exchange nucleotides rapidly and independently of GEF proteins. Fast cycling Rac1 

restores the normal proliferation levels of β1-integrin depleted MECs (Jeanes, et al. 2012). 

We therefore asked whether disrupting the interaction of Rac1 with one of its effectors might 

explain how Rac1 mediates proliferation in ductal MECs. Two Rac1 effectors have been 

linked to proliferation control. p67phox is a cytosolic component of the NADPH complex that 

interacts with Rac1 to produce ROS (Diekmann, et al. 1994). At low levels, ROS production 

is required for DNA synthesis in fibroblasts (Joneson and Bar-Sagi 1998; Sundaresan, et al. 

1996). Another downstream Rac target, Pak, is involved with proliferation via its ability to 

feedback to the MAPK/Erk pathway (Coles and Shaw 2002; Slack-Davis, et al. 2003).

The N26H mutation in Rac1 impairs its binding to p67phox and thus abolishes superoxide 

production, without interfering with Pak activation (Freeman, Abo, and Lambeth 1996). In 

contrast, the N43D mutation in Rac1 prevents Pak1-3 binding to the GTPase without 

disrupting its interaction with other effectors (Joyce, et al. 1999; Westwick, et al. 1997). We 

therefore introduced either of these mutations into the fast-cycling Rac1 construct to test 

whether interaction of Rac1 with NADPH complex and/or Pak factors is required for the 

regulation of proliferation in MECs. 

Depleting β1-integrin from cells reduced proliferation, which was rescued by co-expression of 

fast-cycling Rac1 (Figure 2B-D). The N26H-mutant Rac1 still rescued proliferation, indicating 

that interaction of Rac1 with p67phox is not required to mediate proliferation in MECs.

Conversely, expression of Rac1 with N43D mutation could not rescue the proliferation defect 

caused by β1-integrin knockdown. This revealed that the ability of Rac1 to bind to Pak is 

required for MEC proliferation. Rac1 is the major Rac isoform expressed in MECs (Figure 

2E), thus suggesting that Rac1 is the main Rac isoform involved in MEC proliferation.

These results show that fast-cycling Rac1 can rescue the proliferation defect in β1-integrin 

depleted MECs. This requires an intact Pak binding site, indicating that Rac1’s ability to 

rescue proliferation depends on binding to and activating its downstream effector, Pak.
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Pak kinase activity is required for MEC proliferation downstream of β1-integrin

To confirm the role of Pak in ductal MEC proliferation, we transfected MECs with the auto-

inhibitory domain of Pak (Pak AID) (Bokoch 2003; Molli, et al. 2009). As a control, we used a 

non-functional auto-inhibitory domain of Pak (Pak NAI), bearing the L107F mutation (Zenke, 

et al. 1999). Expression of Pak AID caused a similar reduction in proliferation as β1-integrin 

depletion, while cells expressing Pak NAI showed similar levels of proliferation as the non-

transfected MECs (Figure 3A). For these experiments, we used phospho-Histone3 staining 

for assessing proliferation instead of EdU incorporation. We have previously shown that both 

methods give similar results in experiments with FSK7 cells (Jeanes et al., 2012). This assay 

was the preferred method when using the Pak myc-tagged constructs, due to a better 

detection of the transfected cells with an Alexa 647 conjugated antibody.

To confirm the role of Pak in adhesion-mediated proliferation, a constitutively active Pak was 

expressed in MECs along with shβ1itg. This form of Pak contains the kinase domain only 

and lacks the auto-inhibitory domain. As a control, an inactive kinase domain with K298A 

mutation was used. Expression of these myc-tagged Pak constructs was confirmed in 

HEK293T cells - both led to synthesis of proteins of the predicted molecular weight of 42 kDa 

(Figure 3B). MECs were co-transfected with shβ1itg and either active Pak kinase domain 

(CA-Pak) or kinase dead (KD-Pak) mutants. CA-Pak rescued proliferation similarly to the 

fast-cycling Rac1, while KD-Pak showed a similar pattern of proliferation as β1-integrin 

knockdown MECs (Figure 3C). Two different isoforms of Pak are expressed in mammary 

epithelial cells, Pak1 and Pak2. Both are expressed at similar levels in FSK7 cells (Figure 

3D). Moreover, the homology between the kinase domain and AID of Pak1 and Pak2 is 93% 

and 97%, respectively. Expressing the kinase domain or AID separately does not 

discriminate between the specific effects of Pak1 and Pak2 isoforms. Both isoforms may 

therefore contribute to MEC proliferation. Our findings place Pak as a crucial effector of MEC 
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proliferation and open a new window to further explore the individual effects of the two Pak 

isoforms in this process.

These results show that an activated form of Pak can rescue the proliferation defect in β1-

integrin depleted MECs. Since Pak kinase activity is required for β1-integrin signalling, this 

indicates that β1-integrin requires the Rac1-Pak signalling axis to control normal proliferation 

in ductal MECs.

Oncogenic ErbB2 can overcome the need for β1-integrin in MEC proliferation

We examined whether FSK7 cells provide a suitable model to test which oncogenes require 

β1-integrin for MEC proliferation. A mutated version of ErbB2 (v-ErbB2, V659E) that confers 

oncogenic features to this protein was expressed alone or co-expressed with shβ1itg (Figure 

4A-B). MECs expressing oncogenic ErbB2 proliferated to a similar extent as the surrounding 

non-transfected cells, even when β1-integrin was depleted (Figure 4C). Thus, ErbB2 is able 

to rescue the shβ1itg phenotype. These results are consistent with in vivo observations that 

ErbB2 mediates mammary tumour formation in β1-integrin-null epithelium (Huck, et al. 

2010). ErbB2 is a mammary oncogene and its transforming activity can be detected only 

when breast epithelial cells are cultured in 3D (Muthuswamy, et al. 2001). Therefore, as 

expected, expression of v-ErbB2 alone did not change the proportion of proliferating MECs 

cultured in monolayer.

ErbB2 can activate Rac1 through phosphorylation of several GEFs, including Dock180, P-

Rex1 and Vav1 (Sosa, et al. 2010; Laurin, et al. 2013). Thus, we hypothesised that ErbB2 

may overcome the requirement of β1-integrin for proliferation by activating Rac1 and Pak. 

We blocked Pak signalling by co-transfecting MECs (+/- shβ1itg) with Pak AID and ErbB2, 

and found that proliferation decreased significantly when Pak was inhibited (Figure 4C).
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These results show that v-ErbB2 overcomes the requirement of β1-integrins for proliferation 

in mammary epithelia, and that ErbB2 needs to activate Pak in order to promote proliferation.

The role of Akt in the control of MEC proliferation by β1-integrin

We then tested whether expression of an oncogene that does not activate Rac1 or Pak might 

also restore proliferation in β1-integrin knockdown MECs. Since the PI3K/Akt pathway plays 

a central role in proliferation control and is deregulated in breast cancer, we used a 

membrane-bound form of Akt to mimic its increased signalling activity in breast cancer 

(Figure 5A). In HEK293T cells, myristoylated Akt appears as a higher molecular weight form 

than endogenous Akt. Phosphorylation of myrAkt at Serine 473 indicates that the protein is 

active (Figure 5B). Myristoylated Akt increased the expression levels of phosphorylated 

GSK3β when expressed in MECs, thus confirming the functionality of the protein (Figure 5C). 

In contrast, an inactive form of myristoylated Akt (myrAkt S473A) showed lower  levels of 

phosphorylated GSK3β compared to non-transfected cells. To test whether myrAkt had an 

effect in MEC proliferation, cells were transfected with myrAkt alone or co-transfected with 

myrAkt and shβ1itg. We found that the myrAkt was not able to rescue the impaired 

proliferation in cells simultaneously expressing the shRNA that targets β1-integrin (Figure 

5D).

These results contrast with the effects of v-ErbB2, showing that oncogenic activated Akt is 

not sufficient to promote proliferation in the absence (or even in the presence) of β1-integrin. 

Moreover, they confirm that the ability to activate the Rac1-Pak axis is required to drive 

proliferation in β1-integrin depleted MECs.
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Discussion

Rac1 and Pak in MEC proliferation

Here we highlight the importance of group I Paks in MEC proliferation. Group I Paks are 

downstream of Rac1, which is the major Rac isoform expressed in MECs (Figure 2E). Pak 

expression has been linked to proliferative changes in the mammary gland. Pak induces 

transcription of cyclin D1 through an NFκB-dependent pathway during lactation, and is a key 

link between integrin signalling and growth factor receptors (GFRs) (Balasenthil, et al. 2004; 

del Pozo, et al. 2000). It phosphorylates Mek1 and provides sustained Erk activation (Slack-

Davis, et al. 2003). We previously showed that in MECs isolated from pregnant mice, Pak 

mediates Erk nuclear translocation downstream of β1-integrin (Jeanes, et al. 2012). Here, we 

show for the first time that Pak is involved with the proliferation in ductal MECs derived from 

nulliparous mice. Thus, in both alveolar and ductal MECs, Rac1 and Pak are required for 

proliferation (Figure 6A).

Pak was needed to restore the proliferative defect in β1-integrin knockdown MECs. 

Furthermore, inhibiting endogenous Pak by expressing the AID peptide blocked proliferation. 

This peptide has been previously used to block Pak signalling and proliferation of breast 

cancer cells (Mira, et al. 2000). However, a constitutively active Pak does not restore 

proliferation of fibroblasts expressing Pak AID, revealing an alternative pathway by which 

Pak controls proliferation independently of its kinase activity (Thullberg, et al. 2007). Indeed, 

Pak acts as a scaffold to recruit Raf, MEK, and ERK to adhesion complexes, thereby 

facilitating Erk activation (Sundberg-Smith, et al. 2005; Wang, et al. 2013). Our results also 

indicate that Pak activates a separate downstream effector for its effects on proliferation.



16

Oncogene dependence on β1-integrin for MEC proliferation

The FSK7 2D model provides a robust method to determine whether an oncogene is able to 

overcome the β1-integrin-requirement for proliferation. Interestingly we reveal that 

oncogenes have differential requirements for β1-integrin to drive proliferation. For example, 

ErbB2 activates the Rac1-Pak axis in the absence of β1-integrin, but Akt cannot drive 

proliferation without integrins. Thus, not all oncogenes can overcome a requirement for β1-

integrin. In addition, adequate activation of MAPK/Erk orchestrated by GFRs and β1-integrin 

is essential to induce MEC proliferation. This supports a hypothesis in which β1-integrin 

contributes to cell cycle progression through the MAPK/Erk pathway.

Our MEC model resembles transformation of a single cell by overexpressing an oncogene, 

which is surrounded by normal cells. Indeed, the low transfection rate achieved is an 

advantage for these studies. In other MEC types such as MCF10A, if only one cell expresses 

the oncogene (e.g. ErbB2) in a growth arrested acinar structure, it translocates to the lumen 

and drives proliferation, resembling the characteristics of ductal carcinoma of the breast 

(Walker 2014; Debnath, Muthuswamy, and Brugge 2003; Leung and Brugge 2012).

FSK7s behave similarly to primary MECs isolated from nulliparous mice and show luminal 

epithelial characteristics in normal 2D cultures. This contrasts with MCF10A, which express 

markers of basal epithelial cells but are unable to form proper tight junctions. The cells 

display impaired cellular polarisation, and they are negative for oestrogen receptor (Debnath, 

Muthuswamy, and Brugge 2003). In our FSK7 model, ErbB2 did not require β1-integrin to 

induce cell proliferation, consistent with previous findings from in vivo and in vitro models 

(Huck, et al. 2010; Arias-Romero, et al. 2010). Moreover, the fact that myrAkt was not 

sufficient to drive proliferation in cells lacking β1-integrin reveals that the model distinguishes 

between oncogenes that require β1-integrin from those that do not. Therefore, the 2D FSK7 

model constitutes a straightforward way to assess whether oncogenes rely on an additional 

input from β1-integrin to promote proliferation.
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α-integrins in mammary cancer

β1-integrin associates with α2, α3 and α6-integrins in luminal MECs (Faraldo, et al. 2000). 

The absence of α3 and α6 integrins does not affect mammary gland growth, suggesting that 

α2β1 integrin might act as the principal heterodimer controlling proliferation (Klinowska, et al. 

2001). However, during breast cancer progression, integrins acquire different functions to 

those in normal mammary gland development. For example, α6β4 integrin is dispensable for 

normal growth, but forms complexes with ErbB2 to promote hyperproliferation in tumours 

(Klinowska, et al. 2001; Guo, et al. 2006).

Deleting α2 integrin does not affect MEC tumour growth in mice overexpressing ErbB2, 

consistent with β1-integrin not being required for ErbB2-tumours (Ramirez, et al. 2011; Huck, 

et al. 2010). However, α2 integrin is a metastasis suppressor. Thus after tumour onset, other 

β1-integrin heterodimers may contribute to tumour progression: for example, α3 and α6 

integrin are both linked to increased metastatic potential (Wang, et al. 2011; Shirakihara, et 

al. 2013). Moreover, α3β1 integrin promotes transformation, and basal breast cancer cells 

that are characterised by an invasive phenotype need α3 and α6 integrins to induce 

migration (Cagnet, et al. 2014; Yang, et al. 2008; Mitchell, et al. 2010). Thus β1-integrins 

have a key role not only in normal mammary growth, but also during cancer development (Li, 

et al. 2005).

ErbB2 and the Rac1-Pak axis

Our results showing that ErbB2 can drive proliferation in the absence of β1-integrin are 

consistent with the observation that mice overexpressing ErbB2 in the mammary epithelium 

do not require β1-integrin to form tumours (Huck, et al. 2010). We now reveal that ErbB2 

requires Pak signalling for proliferation in β1-integrin depleted cells (Figure 6B). Rac and Pak 
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activation downstream of ErbB2 has been mainly linked to migration and invasion. For 

example, ErbB2 activates Rac1 to promote cell motility in several breast cancer cell lines 

(Wang, et al. 2006). Studies using in vivo models suggest that ErbB2 requires the Rac GEFs 

Tiam1 or Dock180 to mediate tumour growth, as their absence reduces the number of 

tumours in MMTV-ErbB2 mice (Strumane, et al. 2009; Laurin, et al. 2013). The GEF P-Rex1 

also facilitates the transforming effects of ErbB2 in breast cancer cells (Sosa, et al. 2010).

Thus, ErbB2 utilises different GEFs in order to activate Rac1 during transformation. In the 

future, we aim to identify the GEF involved in Rac1 signalling downstream of β1-integrin and 

to determine whether ErbB2 uses the same GEF(s). This may reveal what GEFs are used by 

ErbB2 to promote proliferation in cells with no other mutations.

Another possibility is that ErbB2 acts downstream of β1-integrin to control proliferation. 

Indeed, integrins activate GFRs in the absence of GFR ligands (Walker and Assoian 2005). 

Additionally, β1-integrin can co-precipitate with ErbB2 in breast cancer cells (Falcioni, et al. 

1997). This suggests that these two receptors might be in close proximity in the cell, which 

could be important to recruit adaptors and effectors for signalling. In MCF10A MECs, ErbB2 

colocalises with the Rac GEF Vav2 and active Rac1 at cell protrusions after treatment with 

TGFβ (Wang, et al. 2006). Although it is not clear whether β1-integrin could trigger this 

response by itself, ErbB2 can activate the Rac1-Pak pathway by recruiting Rac GEFs in 

collaboration with other signalling receptors (Hynes and Gattelli 2011). This leaves open the 

possibility that β1-integrin initiates the signalling axis comprised of ErbB2, Rac1 and Pak 

(Figure 6A). Rac1 and Pak1, but not Pak2, are required for ErbB2-mediated 

hyperproliferation in MCF10A MECs (Arias-Romero, et al. 2010; Arias-Romero, et al. 2013). 

For our work, Pak AID was used to inhibit Pak signalling, which confirms the importance of 

Pak downstream of an activated ErbB2. Activated ErbB2 may surpass the need for β1-

integrin via the Rac1-Pak pathway in vivo, and we show that this also occurs in 2D culture. 

Indeed, the FSK7 2D model presents advantages for this assay, due to the shorter time 

needed to perform the analyses.
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Summary

In summary, our study highlights the pivotal role that Rac1 and Pak play, not only in normal 

but also in oncogene-driven proliferation. Oncogenes with the ability to signal to Rac1 might 

be able to overcome the requirement for β1-integrin in MECs to promote proliferation. In the 

future, it would be valuable to test this hypothesis with other oncogenes.

Conclusions

Deletion of the beta1-integrin gene reveals a central role for integrins in the cell cycle of 

breast ductal epithelia, which occurs via Rac1 and Pak signalling. The proliferative 

requirement of integrins can be overcome by constitutively-active ErbB2, but not by other 

oncogenes such as Akt.

a) β1-integrin signalling is required for the proliferation of breast epithelia.

b) Breast epithelia only express Rac1, but not Rac2 or Rac3, and the former is required for 

proliferation.

c) Inhibiting Pak signalling blocks epithelial proliferation; a constitutively active Pak can 

rescue the integrin-dependence of cell cycle.

d) The integrin-dependence of mammary cell proliferation can be rescued by an activated 

ErbB2, which requires Pak for this function.

e) Akt signalling is not sufficient to rescue integrin-depleted epithelia, revealing a differential 

requirement for β1-integrin to promote proliferation in cells expressing oncogenic ErbB2 or 

Akt.
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Figure captions

Figure 1. GFP-tagged β1-integrin rescues the proliferation defect caused by β1-

integrin depletion in MECs.

A) Schematic representation of the DNA constructs used. To knockdown β1-integrin, an 

shRNA sequence was cloned into plV-Venus under the control of the H1 promoter 

(shβ1itg). For the rescue vector (shβ1itg + GFP-β1itg), the sequence of the human 

β1-integrin fused to GFP was cloned into plV-Venus containing shRNA to target 

endogenous mouse β1-integrin. Expression of GFP-β1-integrin is under the control of 

the Ubiquitin promoter. The target region of shβ1itg is indicated in the diagram.

B) Immunoblots showing the knockdown of endogenous β1-integrin and the ectopic 

expression of the GFP-β1-integrin. FSK7 MECs were transfected either with the 

empty vector (pVenus) shβ1itg or shβ1itg + GFP-β1itg. After three days, cells were 

sorted for GFP expression and collected in lysis buffer. Cell lysates were subjected to 

immunoblotting using antibodies to detect β1-integrin, GFP and tubulin.

C) Graph showing the percentage of EdU positive cells in transfected FSK7 cells (n=3). 

MECs were transfected either with an empty vector (pVenus), shβ1-integrin alone 

(shβ1itg), or shβ1-integrin and a human β1-integrin fused to GFP (shβ1itg + GFP-

β1itg). Three days after transfection, cells were replated onto coverslips and cultured 

for additional 24 hours. Cells were incubated for 30 minutes with EdU, before being 

fixed and stained to detect EdU incorporation. At least 100 transfected cells were 

counted to quantify the percentage of EdU positive cells for each condition. The 

percentage of proliferating non-transfected cells was quantified in at least 500 cells. 

Statistical significance was determined by Student’s t test for paired samples (** 

indicates p=0.018). Error bars in the graph represent standard error of the mean.
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D) Representative images of immunofluorescence pictures used in quantification of EdU 

positive cells in C. Insets of the shβ1itg + GFP-β1itg transfected cell show expression 

of GFP-β1-integrin localised at the plasma membrane. Scale bar: 15 μm.

Figure 2. β1-integrin promotes proliferation in MECs via Rac1.

A) Inhibition of Rac1 decreases proliferation in MECs. MECs were isolated from ICR 

mice and cultured on collagen I. Two days after isolation, MECs were treated with the 

Rac1 inhibitor EHT1864 for 20 hours. Then, MECs were incubated with EdU for 6 

hours and stained for incorporated EdU. At least 1700 cells were counted for each 

condition (n=2). Proliferation rates are shown as the proportion of EdU positive cells 

from the inhibitor-treated cells compared to the totality of positive cells from the 

untreated cells. Statistical significance was determined using t-test for paired samples 

and error bars represent standard error of the mean.

B) Schematic representation of the GFP-Rac1 mutant vectors. In both vectors, fast 

cycling Rac1 is carrying point mutations to disrupt the binding sites for either p67phox 

(RacN26H) or Pak (RacN43D).

C) Immunoblots showing expression of Rac1 mutants in FSK7 MECs. Cells were 

transfected with each of the Rac1 mutants and the GFP-expressing cells were sorted 

and collected three days post transfection. Collected MECs were cultured for 

additional 24 hours before lysing and harvesting for protein analysis by 

immunoblotting. Blots were probed with anti-GFP and anti-β1-integrin antibodies.

D) Proliferation of FSK7 MECs expressing Rac1 mutants. MECs were transfected with 

pVenus containing the β1-integrin-specific shRNA and the Rac1 mutant vectors. 

Three days after transfection, cells were trypsinised, replated onto coverslips and 

cultured for 24 hours. Then, MECs were labelled with EdU, fixed and immunostained 

to detect EdU incorporation and β1-integrin. At least 100 transfected cells were 

counted to determine the percentage of proliferating cells. This percentage was 

compared to the percentage of EdU-positive cells in non-transfected control cells (n= 
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3). Statistical significance was determined by student’s test. Error bars represent 

standard error of the mean (SEM).

E) Rac1 is the predominantly expressed Rac isoform in FSK7 MECs. FSK7 cells grown 

on plastic express significantly more Rac1 relative to other isoforms. Expression was 

determined by qPCR (n=3; ** p<0.01, **** p<0.0001; 1-Way ANOVA with Tukey’s 

multiple comparisons).

Figure 3. β1-integrin promotes proliferation in MECs via Pak.

A) Blocking Pak signalling decreases proliferation of MECs. FSK7 cells were transfected 

with either the empty vector (pVenus), shβ1itg, fast cycling Rac1 + shβ1itg, the 

autoinhibitory domain of Pak (Pak AID) or a non-autoinhibitory domain (Pak NAI). 

Both Pak constructs were tagged with the myc epitope. Two days after transfection, 

cells were trypsinised, plated onto coverslips and cultured for an additional day. Then, 

cells were fixed and immunostained with anti-β1-integrin, anti-phospho-Histone H3 

and anti-myc antibodies. The percentage of pH3 positive cells was quantified for 

transfected and non-transfected cells (n=3). Statistical significance was determined 

by student’s test. Error bars represent standard error of the mean (SEM).

B) Immunoblots showing expression of Pak constructs. HEK-293T cells were transfected 

with a myc-tagged constitutively active Pak (CA Pak) and a kinase dead Pak (KD 

Pak). Two days after transfection, cells were lysed and harvested for protein analysis 

by immunoblotting. Blots were probed with anti-myc tag antibody. The line separates 

non-adjacent bands from the same blot.

C) Proliferation of FSK7 MECs cotransfected with shβ1itg and Rac, CA Pak, or KD Pak. 

Three days after transfection, MECs were replated onto coverslips and cultured for 24 

hours before fixation and immunostaining to detect p-Histone3. The graph shows the 

percentage of pH3 positive cells in transfected and non-transfected cells (n=3). 
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Statistical significance was determined by student’s test. Error bars represent 

standard error of the mean (SEM).

D) FSK7 cells express similar levels of Pak isoforms 1 and 2. Immunoblots show protein 

expression of Pak1 and Pak2 in FSK7 cells. Actin was used as a loading control.

Figure 4. Oncogenic ErbB2 overcomes the need for β1-integrin to drive MEC 

proliferation.

A) Schematic representation of the ErbB2 vectors. In both plasmids, v-ErbB2-2A-GFP is 

downstream of EF1α promoter and GFP and ErbB2 are expressed as separate 

proteins due to the presence of a self-cleaving 2A sequence.

B) Immunoblot showing expression of v-ErbB2-V5-shβ1itg in HEK-293T cells. Cells 

were transfected with the plasmid and harvested for protein analysis 48 hours after 

transfection. Cell lysates were resolved by SDS-PAGE, transferred to a membrane 

and immunoblotted with anti-V5 and anti-β1-integrin antibodies. β-tubulin was used 

as a loading control.

C) EdU incorporation in FSK7 cells expressing v-ErbB2-V5-shβ1itg. MECs were 

transfected as indicated: empty vector (pVenus) shβ1-integrin (shβ1itg), a mutated 

form of ErbB2 with or without shβ1itg, and with or without Pak autoinhibitory domain 

(Pak AID). 3 days after transfection, cells were trypsinised, plated onto coverslips and 

cultured for additional 24 hours before being pulse-labelled with EdU. EdU 

incorporation was quantified in at least 100 transfected cells and untransfected 

control cells. The graph shows the percentage of EdU positive cells (n=3). Statistical 

significance was determined by student’s test. Error bars in the graph represent 

standard error of the mean (SEM). There was no significant difference between the 

proliferation rates in ErbB2 + Pak AID cells and ErbB2 + shβ1itg + Pak AID cells. This 

indicates that the proliferation defect observed in Pak AID transfected cells is 

independent on the abundance of β1 integrin.



31

Figure 5. myrAkt is not able to overcome the β1-integrin to drive MEC proliferation.

A) Schematic representation of the vector used to express a membrane-targeted Akt 

(myrAkt). The EF1α promoter drives expression of myrAkt and GFP as separate 

proteins due to the presence of a self-cleaving 2A sequence.

B) Immunoblot showing expression of myrAkt in transfected cells. HEK-293T cells 

transiently expressing myrAkt were lysed 48 hours post transfection. Cell lysates 

were subsequently analysed by immunoblotting using antibodies to detect GFP, total 

and phosphorylated Akt. Equal loading of samples was confirmed by equivalent β-

tubulin.

C) FSK7 MECs were transfected with an active (myrAkt) or an inactive form of Akt 

(myrAkt S473A). Cells were lysed and harvested for protein expression. Immunoblot 

shows expression of phosphorylated GSK3β Ser9, which is an AKT downstream 

effector. Vinculin was used as a loading control.

D) EdU incorporation in FSK7 cells expressing myrAkt. MECs were transfected or co-

transfected with different plasmids as indicated: empty vector (pVenus), shβ1-integrin 

(shβ1itg) and myristoylated Akt (Akt). Three days after transfection, cells were 

trypsinised, plated onto coverslips and cultured for additional 24 hours. Then, MECs 

were pulse-labelled with EdU before fixation and immunostaining. EdU incorporation 

was quantified in at least 100 transfected cells and untransfected control cells. The 

graph shows the percentage of EdU positive cells (n=2). Statistical significance was 

determined by student’s test. Error bars represent standard error of the mean (SEM).

Figure 6. Diagram showing the proposed molecular model.
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A) β1-integrin modulates MEC proliferation via Rac1-Pak signalling. β1-integrin recruits Rac1 

and Pak to adhesion sites, providing a sustained signalling response in collaboration with 

GFRs such as ErbB2 to allow MEC proliferation.

B) ErbB2 can induce proliferation of MECs in an integrin-independent manner by activating 

the Rac1-Pak axis.
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Additional Files

Figure S1. GFP-β1-integrin is incorporated to adhesion sites. MECs were transfected 

with the rescue vector containing the GFP-β1-integrin and shβ1-itg. Cells were cultured for 

three days before being trypsinised and replated onto glass coverslips. Cells were left to re-

attach for 24 hours prior to fixation and immunostaining. MECs were stained with antibodies 

to detect paxillin, GFP and active β1-integrin (clone 12G10). Immunofluorescence pictures of 

two transfected cells are shown. Colocalisation pictures of GFP-β1-integrin and paxillin or 

GFP-β1-integrin and active β1-integrin are shown below. The colocalisation pictures were 

generated using ImageJ. Scale: 10 μm.

Figure S2. Rac1 activity is decreased in primary MECs treated with EHT1864. Primary 

cells grown on laminin-rich basement membrane were treaded with 0, 10 or 20 nM of 

EHT1864 for 48 hours. Cells were lysed and a Rac1 activity assay was performed on the 

lysates using GLisa Rac1 activity assay (Cytoskeleton, Cat. # BK128). Error bars represent 

standard deviation of the mean from two readings (n=1).
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