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MMTV-Neu mice were purchased from The Jackson Laboratory (Bar Harbor, ME). 

Pak1−/− mice were backcrossed 10 generations onto a FVB background. MMTV-Neu 

transgenic mice were crossed with Pak1−/− mice to generate a MMTV-Neu:Pak1−/− 

colony. Genotyping was performed by PCR analysis of tail biopsy DNA.  Mice were 

monitored for tumors by palpation twice weekly. Mice were euthanized when the tumor 

reached >2000 mm3 or if mice exhibited signs of illness. 

Cell Cycle Analyses 

MMTV-Neu:Pak1+/+ and MMTV-Neu:Pak1−/− tumor derived cells (2 x 105) were seeded in 

six-well cell culture plates, synchronized using a double thymidine block and collected at 

the indicated time points after release of the second thymidine block. Cells were washed 

with PBS and fixed in 70% ethanol overnight. Cells were then washed twice with PBS 

and stained using a Propidium Iodide/RNase Staining kit (BD PharMingen) for 30 min at 

room temperature in the dark. Cell cycle analysis was carried out using a FACScan 

(Becton Dickinson) and FlowJo software version 7.2. A total of 10,000 cells were 

collected for each sample for analysis. 

Cellular fractionation 

Nuclear extracts were isolated by first incubating cells for 15 min on ice in buffer A (10 

mM HEPES, 2.5 mM MgCl2, 10 mM KCl, 0.5% NP-40) containing protease inhibitors. 

After swelling, nuclei were pelleted for 5 min at 12,000 x g. The supernatant 

corresponding to the cytosolic fraction was collected, while the nuclei were resuspended 

in buffer B (20 mM HEPES, 2.5 mM MgCl2, 20 mM EDTA, 420 mM NaCl, 25% 

glycerol) supplemented with protease inhibitors. After 20 min incubation on ice with 

mixing of lysates every 5 min, the soluble nuclear fraction was collected by 
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centrifugation for 15 min at 15,000 x g. The protein concentration in each fraction was 

assessed using bicinchoninic protein assay reagent (Pierce), and equal amounts of 

proteins were loaded and subjected to SDS-PAGE. 

Apoptosis Analyses 

Apoptosis was measured using the Annexin V-PE Apoptosis Detection kit (BD 

PharMingen) followed by flow cytometry. MMTV-Neu:Pak1+/+ and MMTV-Neu:Pak1−/− 

cells (2 × 105) were seeded in six-well cell culture plates. Both floating and attached cells 

were collected 4 d after cell seeding, washed twice with cold PBS, and suspended in 1× 

binding buffer. A 100 μL aliquot of the cell suspension (representing 5 × 105 cells) was 

transferred to a culture tube, to which 5 μL of Annexin V-PE and 5 μL of 7-

aminoactinomycin D (7-AAD) were added, and the mix was incubated for 15 min at 

room temperature in the dark. Apoptosis analysis was carried out using a FACScan and 

FlowJo software version 7.2. A total of 10,000 cells were collected for each sample for 

analysis.  

Drug synergy testing 

The combination index (CI) between pharmacological inhibitors was established by the 

Chou-Talalay method (1). We used the software package CalcuSyn (BioSoft, UK) to 

automate calculations. Briefly, for each drug tested, an IC50 curve was established in 

each cell line, and used to select combination doses of drugs for subsequent synergy tests. 

3500 cells were plated per well in 96-well plates. After 24 hours, cells were treated with 

serial dilutions of individual inhibitors or combinations of two inhibitors maintained at a 

constant molar ratio. After 72 hours incubation, cell viability was measured using either 

CellTiter Blue (Promega, USA) or a WST1 assay (Roche Applied Science, Indianapolis, 
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IN). The CI values for each dose and corresponding cytotoxicity were expressed as the 

fraction affected (Fa) and were calculated using CalcuSyn computer software and 

presented as Fa-CI plots. 

In Vitro Scratch Wounding Assay  

The assay was performed using the Cytoselect wound healing kit (Cell Biolabs) 

according to the manufacturer's instructions. Briefly, 2.5 × 105 MMTV-Neu:Pak1+/+ or 

MMTV-Neu:Pak1−/− tumor derived cells were added to each well and incubated 

overnight to form a monolayer. Well inserts were then removed to create a wound field of 

0.9-mm diameter, and after washing cells were incubated at 37°C for 24 h in the presence 

of low calcium medium supplemented with 5% horse serum. The extent of wound closure 

was determined with a phase-contrast microscope (Nikon TE-300 Inverted Epifluorescent 

Microscope). 

Cell Invasion Assay  

The assay was performed using BD BioCoat (8-μm pore size) Matrigel invasion 

chambers (Becton Dickinson) according to the manufacturer's instructions. Briefly, 2.5 × 

104 MMTV-Neu:Pak1+/+ or MMTV-Neu:Pak1−/− tumor derived cells were added to the 

top chamber and 10% horse serum to the bottom chamber of the Transwell invasion 

plates. Cells were incubated for 36 h at 37°C. Invaded cells were fixed and stained (Diff 

Quick) and counted in four separate, random view fields under a light microscope. 

DNA constructs and siRNA 

Retrovirus bearing inducible shRNA against Pak1 and Pak2 were previously described 

(2).  Recombinant viruses were generated using the Phoenix amphotropic packaging 

system (3). Target cells were transduced with these viruses and sterile-sorted (top 2–5%) 
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by flow cytometry for presence of GFP.  Cells were characterized for doxycycline-

inducible protein knockdown by Western blot analysis. 

The pcDNA3.1 Flag-β-catenin vector was a gift from Zhimin Luo, MD Anderson Cancer 

Center.  The β-catenin mutant S675E was generated by site-directed mutagenesis with the 

Quick Change kit (Stratagene). siRNAs targeting Pak1 and Pak2 were obtained from 

Dharmacon.  

Immunofluorescence analysis 

The acinar structures were fixed in 4% paraformaldehyde at room temperature for 15 

min, and processed as described (4).  Confocal analyses were performed with a Nikon 

TE2000 confocal microscopy system.  

Phospho-Specific Protein Microarray Analysis 

ErbB phospho-specific protein microarray was obtained from Full Moon Biosystems, Inc. 

Protein microarray analysis was carried out using the protocol provided. Briefly, 100 μg 

of cell lysate in 50 μL of reaction mixture were labeled with 1.43 μL biotin in 10 μg/μL 

N,N-dimethyformamide. The resulting biotin-labeled proteins were diluted 1:20 in 

coupling solution before applying to the array for conjugation. To prepare the antibody 

microarray, it was first blocked with blocking solution for 30 min at room temperature, 

rinsed with Milli-Q grade water for 3 min, and then dried with compressed nitrogen; 

finally, the array was incubated with the biotin-labeled cell lysates at 4°C overnight. 

After the array slide was washed thrice with 60 mL of 1× wash solution for 10 min each, 

the conjugated-labeled protein was detected using Cy3-streptavidin.  

Real-time PCR 
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Total cellular RNA was extracted from cells using RNeasy Mini kits. RNA was 

quantified by Nanodrop ND-1000. Using Reaction Ready First-Strand cDNA Synthesis 

kit (SuperArray), 1 μg total RNA was reverse transcribed and then real-time PCR was 

done by adding cDNA directly to PCR Master Mix containing SYBR Green and 

References Dyes (SuperArray). The mixtures were then aliquoted into 96-well PCR array 

plates, which profile the expression of 84 Wnt signaling-specific genes plus controls for 

the human Wnt signaling pathway. Thermal cycling was done according to the 

manufacturer's protocol (Ta, 55°C; total cycles, 40). Finally, we determined the fold 

changes in expression by ΔΔCt as described previously (5). 

Immunohistochemistry and western Blotting 

IHC was performed with the following antibodies: rabbit polyclonal antibody for Pak1 

(1:50), phospho-Pak1/2/3 (1:50), phospho-Erk1/2 (Thr202/Tyr204) (1:100), phospho-Akt 

(Ser308) (1:30) (Cell Signaling Technology, Danvers, MA) and ErbB2 (1:5000) (Ventana 

Medical Systems), Cleaved Caspase-3 (Cell Signaling) and Ki-67 (Santa Cruz 

Biotechnology).  The evaluation of the IHC was conducted blindly, without knowledge of 

the origin or genotype.  Immunoblot analyses were performed on lysates extracted from 

tumors.  Antibodies used for western blot included EGFR, ErbB2, Pak1, Mek, Erk, 

phospho-Erk1/2 (Thr202/Tyr204), Akt, phospho-Akt (Ser308), β-catenin, phospho- β-

catenin (Ser675), phospho- β-catenin (Ser33), GSK-3 β , phospho- GSK-3 β (Ser9), 

cleaved caspase-3, c-myc and cyclin D1 from Cell Signaling Technology; phospho-Pak 

(Ser141) and phospho-Mek (Ser298) were from Invitrogen, Ki-67 was from Santa Cruz 

Biotechnology.  GAPDH was used as loading control. 

Tumor Xenografts 



Supplemental Information (Arias-Romero et al.)  

Four- to 6-week-old inbred C.B17/Icr-SCID mice were obtained from the Fox Chase 

Cancer Center Laboratory Animal Facility. BT-474 cells (5 x 106 in 0.3 ml of rBM) were 

injected subcutaneously into the abdomen of each mouse. Mice were treated with either 

vehicle or Pak inhibitor PF3758309 at dose of 20 mg/kg/day, β-catenin inhibitor iCRT-14 

at dose of 50 mg/kg/day, in the combination groups, the compounds were given with 4-6 

h interval. At completion of all xenograft studies mice were sacrificed, the tumors were 

excised and tumor volumes estimated with the following formula: volume = (a2 X b) / 2, 

where a = short and b = long tumor lengths, respectively, in millimeters. 

 

Supplemental References 

1.  Chou, T.C. and Talalay, P. Quantitative analysis of dose-effect relationships: the 

combined effects of multiple drugs or enzyme inhibitors. Adv Enzyme Regul 1984;22: 27-

55. 

2.  Ong, C.C., Jubb, A.M., Haverty, P.M., Zhou, W., Tran, V., Truong, T., et al. 

Targeting p21-activated kinase 1 (PAK1) to induce apoptosis of tumor cells. Proceedings 

of the National Academy of Sciences of the United States of America 2011;108: 7177-82. 

3.  Kinsella, T.M. and Nolan, G.P. Episomal vectors rapidly and stably produce high-titer 

recombinant retrovirus. Hum Gene Ther 1996;7: 1405-13. 

4.  Muthuswamy, S.K., Li, D., Lelievre, S., Bissell, M.J., and Brugge, J.S. ErbB2, but not 

ErbB1, reinitiates proliferation and induces repopulation in epithelial acini. Nat Cell Biol 

2001;3: 785-92. 

5.  Livak, K.J. and Schmittgen, T.D. Analysis of relative gene expression data using real-

time quantitative PCR and the 2(-Delta Delta C(T)) Method. Methods 2001;25: 402-8. 



Supplemental Information (Arias-Romero et al.)  

 

Supplemental Figure and Movie Legends  

Figure S1. Effects of Pak depletion on proliferation and survival signaling pathways 

in breast cancer cells. (A) Western analysis shows expression levels of the indicated 

proteins in MCF10A, BT-474, SK-BR3, MCF-7 and MDA-MB-231 cells. (B) Western 

blot analysis shows specific loss of Pak1 and Pak2 in siRNA transfected cells (C) 

Proliferation of Pak1 and Pak2 deficient breast cancer cells. Cells were seeded, harvested 

and counted at 0, 24, 48, 72 and 96 h. The data are representative of three independent 

experiments. Points, mean; bars, SD. (D) Apoptosis of Pak1 and Pak2 deficient breast 

cancer cells. Apoptosis was measured calculating the percent of positive Annexin V-PE 

cells by flow cytometry. The data are representative of three independent experiments. 

Bars, SD. 

 

Figure S2. Subcellular localization of Pak1 and Pak2 in ErbB2-stimulated cells. (A) 

GFP-Pak1 cellular localization was detected by immunofluorescence after 10A.B2 cells 

were treated or untreated with 10 ng/ml of EGF or 1 μM of AP1510 for 1 h. (B) 

GFPPak2 cellular localization was detected by immunofluorescence after 10A.B2 cells 

were treated or untreated with 10 ng/ml of EGF or 1 μM of AP1510 for 1 h. (C) Graphic 

representation of the percentage of cells with nuclear Pak1 or Pak2 staining. *p<0.05. (D) 

Western Blot analysis of cytoplasmic [C] and nuclear [N] fractions of 10A.B2 cells 

treated or untreated with 10 ng/ml of EGF or 1 μM of AP1510 for 1 h using an anti-GFP 

antibody. Potential cross contamination of nuclear and cytoplasmic fractions was assessed 

by immunoblot analysis of Laminin A/C and Vinculin, respectively. 
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Figure S3. Effects of Pak overexpression or depletion on proliferation and survival 

signaling pathways. (A) The ErbB2 negative breast cancer cells MCF-7 and MDA-MB-

231 and the ErbB2 positive breast cancer cell lines BT-474 and SKBR3 were infected 

with adenoviruses bearing a constitutively active (CA) form of Pak1 (L107F). The 

activities of ERK and Akt were assessed by immunoblot using total and phosphospecific 

antibodies. (B) The ErbB2 positive breast cancer cell lines BT-474 and SKBR3 were 

infected with adenoviruses bearing a dominant negative (DN) form of Pak1 (K299R) or 

treated with 1 μM of PF3758309, the expression of β-catenin was assessed by Western 

blot. (C) 10A.B2 cells were treated with vehicle or 1 μM of PF3758309, the expression of 

β-catenin and its target genes was assessed by Western blot. 

 

Figure S4. Nuclear translocation of β-catenin following Wnt3 or ErbB2 stimulation. 

(A) β-catenin localization was detected by immunofluorescence with the anti-β-catenin 

antibody after cells were treated or untreated with 1 μM of AP1510 or 100 ng/ml of Wnt3 

for the indicated times. (B) Graphic representation of the percentage of cells with nuclear 

β-catenin staining, each time point was scored based on assessment of 100 cells. *p<0.05. 

 

Figure S5. Pak1 deficiency affects cell cycle progression in mouse mammary 

epithelial cells. Representative histograms showing the proportions of cells in G1/S and 

G2/M phase of MMTV-Neu:Pak1+/+ and MMTV-Neu:Pak1−/− mammary epithelial cells at 

6, 12, 18, 24, 30 and 36 h. 
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Figure S6. Tumor derived and breast cancer cell lines morphology in 3D culture. 

(A) MMTV-Neu:Pak1+/+ and MMTV-Neu:Pak1−/− mammary epithelial cells were purified 

and plated atop reconstituted basement membrane. Cells were fixed on day 12 and 

stained for the indicated proteins. Bar, 50 μm. (B) MMTV-Neu:Pak1+/+, MMTV-

Neu:Pak1−/−, MCF-7, MDA-MB-231, BT-474 and SK-BR3 cells were plated atop 

reconstituted basement membrane. Cells were fixed on day 12 and stained for with 

Oregon green-phalloidin and DAPI. Bar, 50 μm. 

 

Figure S7. Signaling analysis in Neu/Pak1+/+ and Neu/Pak1-/- mouse mammary 

epithelial cell lines. Western analysis shows expression and activation levels of the 

indicated proteins in MMTV-Neu:Pak1+/+ and MMTV-Neu:Pak1−/− mammary epithelial 

cells stimulated with 10 ng/ml of EGF at the indicated times. 

 

Movie S1. Wound healing assay. MMTV-Neu:Pak1+/+ cells were subjected to wound 

healing assay as described in the Materials and methods. One hour after insert removal, 

cells were imaged at 15 minute intervals for 24 hours. 

 

Movie S2. Wound healing assay. MMTV-Neu:Pak1-/- cells were subjected to wound 

healing assay as described in the Materials and methods. One hour after insert removal, 

cells were imaged at 15 minute intervals for 24 hours. 

 


