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Summary 23 

 24 

Components of the evolutionarily conserved developmental planar cell polarity (PCP) 25 

pathway were recently described to play a prominent role in cancer cell dissemination. 26 

However, the molecular mechanisms by which PCP molecules drive the spread of cancer cells 27 

remain largely unknown. PRICKLE1 encodes a PCP protein bound to the promigratory 28 

serine/threonine kinase MINK1. We identify RICTOR, a member of the mTORC2 complex, 29 

as a PRICKLE1-binding partner and show that the integrity of the PRICKLE1-MINK1-30 

RICTOR complex is required for activation of AKT, regulation of focal adhesions and cancer 31 

cell migration. Disruption of the PRICKLE1-RICTOR interaction results in a strong 32 

impairment of breast cancer cell dissemination in xenograft assays. Finally, we show that up-33 

regulation of PRICKLE1 in basal breast cancers, a subtype characterized by high metastatic 34 

potential, is associated with poor metastasis-free survival. 35 

 36 
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Introduction 39 

Recent data have revealed the importance of the PCP pathway in breast cancer dissemination 40 

(Anastas et al., 2012; Belotti et al., 2013; Luga et al., 2012). This pathway is best known for 41 

its physiological role in epithelial tissue morphogenesis during embryonic development of 42 

invertebrates and vertebrates. The organization of PCP signaling relies on a set of 43 

evolutionarily conserved molecules whose prominent members are Wnts, Frizzled, Vang 44 

Gogh, Flamingo, Dishevelled, Prickle and Diego in Drosophila (Zallen, 2007). In vertebrates, 45 

the homologous genes regulate convergent-extension cell movements during the early stages 46 

of gastrulation, consisting of convergence of cells towards the midline, their intercalation 47 

allowing the elongation of the anterio-posterior body axis (Zallen, 2007). The PCP pathway 48 

also regulates stereocilia alignment in neurosensory cells of the cochlea and epidermal 49 

homeostasis (Narimatsu et al., 2009). In breast cancer, targeting this group of molecules using 50 

silencing strategies has demonstrated its importance for cell motility and cancer 51 

dissemination, in particular for VANGL1, the mammalian homologue of Vang Gogh, and its 52 

associated molecules DISHEVELLED, PRICKLE1, and FRIZZLED-2, which constitutes a 53 

potential target for antibody-based therapies (Anastas et al., 2012; Gujral et al., 2014). 54 

Overexpression of VANGL1, VANGL2 and FRIZZLED2 has been consistently demonstrated 55 

in breast cancer and correlates with tumor aggressiveness (Anastas et al., 2012; Gujral et al., 56 

2014; Puvirajesinghe et al., 2016). 57 

Prickle1 is known to regulate PCP in Drosophila (Gubb and Garcia-Bellido, 1982) as well as 58 

convergent-extension in Zebrafish (Veeman et al., 2003) and Xenopus (Takeuchi et al., 2003). 59 

Prickle1 is conserved in evolution including in humans and encodes a protein containing an 60 

amino-terminal Prickle Espinas Testis (PET) domain followed by three zinc finger-like 61 

domains called LIM domains and a carboxy-terminal farnesylation site (Fig. 2A). Prickle 62 

interacts with Vang Gogh in Drosophila (Jenny et al., 2003) and localizes asymmetrically at 63 
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the anterior pole during gastrulation and neurulation of polarized cells in Zebrafish (Ciruna et 64 

al., 2006). We have previously demonstrated that, in vertebrates, the asymmetric localization 65 

of PRICKLE1 requires its phosphorylation by its binding partner MINK1, a Ste20-like 66 

serine/threonine protein kinase involved in cell migration (Daulat et al., 2012) (Hu et al., 67 

2004). Recently, PRICKLE1 has been shown to play a role in the motility of MDA-MB-231 68 

breast cancer cells and to be required for tumor progression in a xenograft mouse model 69 

(Luga et al., 2012). However how it regulates cell motility and cancer cell dissemination 70 

remains unknown. 71 

Here we show that depletion of either PRICKLE1 or MINK1 in MDA-MB-231 cells 72 

decreases cell motility by enhancing the formation of thick actin bundles and cell spreading. 73 

We purified a set of PRICKLE1 interactors and identified a protein complex comprising 74 

RICTOR, SIN1 and LST8, three members of the mTORC2 complex. The mTORC2 complex 75 

phosphorylates and activates the serine-threonine kinase AKT through its interaction with the 76 

serine-threonine kinase mTOR (Sarbassov et al., 2005). The mTOR-AKT pathway is crucial 77 

for many cellular processes including cell migration (Zoncu et al., 2011) and plays a pivotal 78 

role in tumor progression and metastatic dissemination (Agarwal et al., 2013; Gulhati et al., 79 

2011; Kim et al., 2011; Lamouille et al., 2012; Zhang et al., 2010). We show that the 80 

PRICKLE1-MINK1-mTORC2 complex controls the phosphorylation of AKT and contributes 81 

to cancer cell migration in vitro and in vivo. The integrity of the complex is required for the 82 

regulation of focal adhesion turnover, a crucial event controlling cell motility. We find that 83 

up-regulation of PRICKLE1 is associated with shorter metastasis-free survival in basal breast 84 

cancers. Our data suggest that targeting the PRICKLE1-mTORC2 complex could constitute a 85 

promising strategy to treat this disease. 86 

  87 
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Results 88 

PRICKLE1 and MINK1 are involved in breast cancer cell migration 89 

To investigate the role of PRICKLE1 in cancer cell motility, we knocked-down PRICKLE1 90 

expression by two siRNAs in MDA-MB-231, a highly invasive basal breast cancer cell line 91 

(Ahmed et al., 2012; Luga et al., 2012; Zhang et al., 2010) (Fig. 1A, left panel). 92 

Downregulation was correlated with a strong decrease of cell migration in Boyden chamber 93 

assays (Fig. 1A, right panel). Given that MINK1 binds to and phosphorylates PRICKLE1 94 

(Daulat et al., 2012), we downregulated MINK1 in MDA-MB-231 cells (Fig. 1B, left panel) 95 

and measured a strong decrease of cell motility (Fig. 1B, right panel). Downregulation of 96 

PRICKLE1 and MINK1 also led to reduced cell proliferation (Fig. 1C, 1D), to increased cell 97 

spreading (Fig. 1E) and to the formation of thick actin bundles (Fig. S1A). We also measured 98 

the relative size of the cells using flow cytometry analysis based on forward scatter and we 99 

observed an increase of the size of cells downregulated for PRICKLE1 and MINK1 compared 100 

to cells treated with non-targeting siRNA (Fig. S1B). Both PRICKLE1- and MINK1-depleted 101 

cells presented a flattened phenotype as judged by the larger diameter of the nucleus, an 102 

increased cell surface (quantified in Fig. 1F), and the absence of lamellipodia, suggesting a 103 

lack of cellular polarization.  Using the same assays, we obtained similar results with two 104 

other basal breast cancer cell lines (SUM159 and SKBR7) and one ER/PR-positive breast 105 

cancer cell line (MCF7) (Fig. S2). We also stained MDA-MB-231 cells with anti-VINCULIN 106 

antibody, a marker of focal adhesions (FAs), and phalloidin (Fig. 1G), and found larger FAs 107 

in PRICKLE1- or MINK1- depleted cells which mainly localized at the tips of actin bundles 108 

as compared to control cells (Fig. 1G). We measured the area of more than 390 FAs observed 109 

in one experiment, which is representative of three independent experiments using two 110 

independent siRNAs per gene (Fig. 1H). We found that downregulation of either PRICKLE1 111 

or MINK1 increased the presence of active β1-integrin, a major component of FAs, at the cell 112 
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surface (Fig. S3A), which correlates with the presence of more mature FAs in Fig. 1G. 113 

Biotinylation assays of cell surface proteins showed a decreased internalization of β1-integrin 114 

in PRICKLE1- or MINK1-depleted cells (Fig. S3B and S3C). Our findings indicate that 115 

PRICKLE1 and MINK1 regulate FA stabilization, integrin recycling and therefore actin 116 

cytoskeleton organization and cell migration. 117 

 118 

Interaction of PRICKLE1 with MINK1 and phosphorylation of PRICKLE1 are 119 

required for cell migration  120 

We previously showed that the second LIM domain of PRICKLE1 (LIM2) is required for the 121 

interaction with MINK1 (Fig. 2A) (Daulat et al., 2012). We wondered whether the interaction 122 

of PRICKLE1 with MINK1, and PRICKLE1 phosphorylation are important for cell 123 

migration. We engineered MDA-MB-231 cells stably depleted for PRICKLE1 using two 124 

independent shRNAs (Fig. 2B) and observed as with siRNAs (Fig. 1A) a decreased cell 125 

migration proportional to knockdown efficiency (Fig. 2B). Cell migration was rescued by 126 

expression of a VENUS-PRICKLE1 construct resistant to shRNA-PRICKLE1 (VENUS-127 

PRICKLE1 res) (Fig. 2C). To determine the contribution of the interaction between 128 

PRICKLE1 and MINK1 in cell migration, we used a similar rescue strategy and expressed a 129 

version of PRICKLE1 (VENUS-PRICKLE1 ΔLIM2) unable to bind MINK1 or a version of 130 

PRICKLE1 (VENUS-PRICKLE1 P mutant) resistant to MINK1 phosphorylation in MDA-131 

MB-231 cells expressing shRNA-PRICKLE1 (Daulat et al., 2012). These two constructs were 132 

unable to rescue cell motility of PRICKLE1-deficient MDA-MB-231 cells (Fig. 2D), 133 

suggesting that both the interaction between PRICKLE1 and MINK1, and PRICKLE1 134 

phosphorylation are required for cell motility. Expression of all constructs was confirmed by 135 

western blot analysis (Fig. 2 B-D). 136 

 137 
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PRICKLE1 forms a complex with mTORC2 and MINK1 138 

To characterize the signaling pathway associated with the MINK1-PRICKLE1 complex, we 139 

generated a HEK293T cell expressing FLAG-PRICKLE1 and performed anti-FLAG 140 

immunoprecipitation followed by mass spectrometry analysis. Among the identified proteins, 141 

in addition to MINK1, we found that RICTOR, SIN1 and LST8, three members of the 142 

mTORC2 complex, co-purified with PRICKLE1 (Fig. 3A). As RICTOR, SIN1 and LST8 are 143 

associated with mTOR, a serine-threonine kinase responsible for the phosphorylation of AKT 144 

(Sarbassov et al., 2005), we assessed its interaction with FLAG-PRICKLE1. Anti-FLAG 145 

immunoprecipitation confirmed the presence of endogenous RICTOR and mTOR in the 146 

PRICKLE1 complex (Fig. 3B). We also confirmed this interaction in MDA-MB-231 cells 147 

stably expressing VENUS-PRICKLE1 (Fig. 3C). mTORC1 and mTORC2 are protein 148 

complexes with distinct substrate specificities due to the presence of the RAPTOR and 149 

RICTOR subunits, respectively. In HEK293T cells, FLAG-PRICKLE1 was able to co-150 

immunoprecipitate with Myc-RICTOR, but not with Myc-RAPTOR, confirming the specific 151 

interaction of PRICKLE1 with the mTORC2 complex. We then asked whether MINK1 152 

belongs to the PRICKLE1-RICTOR complex. We immunopurified FLAG-MINK1 from 153 

HEK293T cells and observed a weak but reproducible MINK1-RICTOR co-purification (Fig. 154 

3E, lane 1), which was increased by overexpression of VENUS-PRICKLE1 (Fig. 3E, lane 2), 155 

suggesting that the MINK1-RICTOR interaction is dependent on the presence of PRICKLE1. 156 

To prove this, we downregulated PRICKLE1 with two independent siRNAs and looked for 157 

the presence of RICTOR in immunoprecipitated FLAG-MINK1 (Fig. 3F). The interaction 158 

between MINK1 and RICTOR (Fig. 3F, lanes 1 and 2) was decreased upon PRICKLE1 159 

downregulation (Fig. 3F, lanes 3 and 4). We next asked if MINK1 modulates the interaction 160 

between PRICKLE1 and RICTOR. We immunopurified a mutant form of PRICKLE1 lacking 161 

its MINK1 interaction domain (PRICKLE1ΔLIM2) and observed a weaker RICTOR 162 
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interaction (Fig. 3G, compare lanes 2 and 3). Accordingly, overexpression of FLAG-MINK1 163 

increased the interaction between VENUS-PRICKLE1 and endogenous RICTOR (Fig. 3H, 164 

compare lanes 1 and 3). Expression of a kinase deleted MINK1 reduced this interaction (Fig. 165 

3H, compare lanes 2 and 3). Finally, expression of VENUS-PRICKLE1 T370D, a 166 

phosphomimetic mutant of PRICKLE1, in MDA-MB-231 cells led to an increased interaction 167 

between PRICKLE1 and RICTOR compared to expression of VENUS-PRICKLE1 (Fig. 3I, 168 

compare lanes 2 and 3). PRICKLE1 phosphorylation by MINK1 thus positively regulates the 169 

interaction between PRICKLE1 and RICTOR. Like mTOR and RICTOR (McDonald et al., 170 

2008), FLAG-MINK1 localized at the lamellipodia (Fig. 3J). Moreover, we observed 171 

colocalization of RICTOR and VENUS-PRICKLE1 at the lamellipodia of MDA-MB-231 172 

cells (Fig. 3K, upper panels). Downregulation of MINK1 led to delocalization of PRICKLE1 173 

from the cell cortex as previously shown in Xenopus cells (Daulat et al., 2012), as well as that 174 

of RICTOR (Fig. 3K, lower panels). We quantified the decreased PRICKLE1/RICTOR 175 

colocalization in the absence of MINK1 by counting the cells harboring cytoskeleton 176 

modification seen in Fig. 1G as a marker of MINK1 downregulation (Fig. 3L and Fig. 3M). 177 

Altogether these data suggest evidence that MINK1 controls PRICKLE1-dependent 178 

recruitment of the mTORC2 complex at the leading edge of migratory cells where it regulates 179 

actin cytoskeleton organization (Fig. 3N). 180 

 181 

Stability of focal adhesions is increased by targeting the PRICKLE1-mTORC2 complex  182 

Previous works had shown the involvement of MINK1 and mTORC2 in the modulation of 183 

actin cytoskeleton organization (Hu et al., 2004; Lamouille et al., 2012; Sarbassov et al., 184 

2004). Consistent with these studies, we found that downregulation of RICTOR in MDA-MB-185 

231 cells led to actin cytoskeleton reorganization (Fig. S1A), decreased cell migration and 186 

increased of cell spreading, and FA area (Fig. S4A-F), increase of relative cell size using flow 187 
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cytometry (Fig. S1B), and alteration of integrin endocytosis (Fig. S3), as observed for 188 

PRICKLE1 and MINK1 downregulation (Fig. 1 and S3). Migratory cells have two major 189 

populations of FAs, nascent and mature, when adhering to extracellular matrices. Nascent 190 

FAs present in the lamellipodia are highly dynamic and short lived. Some of these nascent 191 

FAs mature following binding to actin filaments and ROCK activation, and appear as stable 192 

patches at the plasma membrane (Burridge and Chrzanowska-Wodnicka, 1996; Parsons et al., 193 

2010). As depletion of PRICKLE1 or MINK1 increases the proportion of large, potentially 194 

mature, FAs in MDA-MB-231 cells (Fig. 1G), we monitored the stability of FAs by Total 195 

Internal Resonance Fluorescence (TIRF) microscopy, a well-suited method for the analysis of 196 

dynamic events at the plasma membrane. MDA-MB-231 cells stably expressing VENUS-197 

PAXILLIN, a marker of FAs (Ahmed et al., 2012), seeded on collagen were downregulated 198 

for PRICKLE1, MINK1 or RICTOR and the FA patches were followed over a period of 11 199 

minutes. Fig. 4A (upper panels) shows a typical image of migratory MDA-MB-231 cells in 200 

which FAs were localized every minute from 1 minute (red) to 11 minutes (purple) and each 201 

FA was tracked and processed by a Matlab-based tracking software (Salles et al., 2013) (Fig. 202 

4A, lower panels). Stable (mature) FAs were circled in white and were present throughout the 203 

11 min acquisition. Transient FAs were considered unstable (nascent, circled in black) since 204 

they appear or disappear within 11 min. Cells transfected with a control siRNA (siRNA NT) 205 

had 20±3% of stable FAs whereas the proportion of stable FAs rose in MINK1- (34± 2%), 206 

PRICKLE1- (38± 4%) and RICTOR- (32± 4%) depleted cells (Fig. 4B). We also monitored 207 

the disassembly of FAs by determining the half-life of these structures: downregulation of 208 

PRICKLE1, MINK1 and RICTOR led to stabilization of FAs whose half-life was increased 209 

from 6.9 min (siRNA NT) to 8.2 min (siRNA PRICKLE1 or siRNA MINK1) and to 7.6 min 210 

(siRNA RICTOR) (Fig. 4C). We also assessed PAXILLIN phosphorylation at Tyrosine 118, 211 

a marker of mature FAs (Schaller and Parsons, 1995). Increased phosphorylation was 212 
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observed in PRICKLE1, MINK1 or RICTOR depleted cells confirming the conclusion of the 213 

TIRF experiments (Fig. 4D). Our results reveal that the PRICKLE1-MINK1-RICTOR 214 

complex controls cell migration of cancer cells by interfering with FA dynamics. 215 

 216 

The PRICKLE1 complex regulates mTORC2 activity 217 

As AKT is a substrate for mTORC2, we asked whether PRICKLE1 contributes to AKT 218 

phosphorylation. In MDA-MB-231 cells, AKT phosphorylation monitored using specific anti-219 

phosphoSerine 473 (pS473-AKT) and anti-Threonine 308 (pT308-AKT) antibodies was 220 

maximal after 30 min of serum treatment (Fig. 5A). AKT phosphorylation at both sites was 221 

decreased upon PRICKLE1 downregulation (Fig. 5B). We did not observe an obvious 222 

modification of phosphorylation of AKT at Threonine 450 or PKCα at Serine 657 suggesting 223 

site- and substrate-specificities of the PRICKLE1-mTORC2 complex. Because the 224 

phosphomimetic mutant of PRICKLE1 (T370D) improved PRICKLE1-RICTOR association 225 

(Fig. 3I), we examined its effect on AKT phosphorylation. Although overexpression of 226 

PRICKLE1 increased AKT phosphorylation at Serine 473 compared to the control, 227 

overexpression of PRICKLE1 T370D was slightly more potent (Fig. 5C). We next examined 228 

to what extent MINK1 contributes to AKT phosphorylation and found a strong reduction of 229 

AKT phosphorylation in the absence of MINK1 (Fig. 5D). As for PRICKLE1 knockdown 230 

(Fig. 5B), phosphorylation of AKT on Threonine 450 or of PKCα at Serine 657 was not 231 

altered by MINK1 depletion (Fig. 5D). Cell motility of the highly invasive MDA-MB-231 232 

cells was not increased by overexpressing either PRICKLE1 or PRICKLE1 T370D (data not 233 

shown). We thus used SKBR7, another basal breast cancer cell line expressing lower levels of 234 

PRICKLE1 (2.75 fold less PRICKLE1 mRNA levels than MDA-MB-231 cells as measured 235 

by Q-PCR) and presenting lower invasive properties. Downregulation of PRICKLE1 and 236 

MINK1 decreased SKBR7 cell motility and led to actin skeleton reorganization (Fig. S2), and 237 
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decreased AKT phosphorylation (Fig. S5A). Conversely, overexpression of PRICKLE1 or 238 

PRICKLE1 T370D increased AKT phosphorylation, cell motility and cell proliferation of 239 

SKBR7 cells (Fig. S5B-D). Obviously, PRICKLE1 T370D was more potent than wild type 240 

PRICKLE1 in these assays. These results provide evidence of the importance of PRICKLE1 241 

in mediating mTORC2 activity and function. 242 

We next purified FLAG-PRICKLE1 from HEK293T cells and performed in vitro kinase 243 

assays using recombinant GST-AKT as a substrate. The PRICKLE1 complex promoted AKT 244 

phosphorylation (Fig. 5E, lane 1) in comparison with a control RADIL complex (Fig. 5E, 245 

lane 2). To test whether this event was due to the presence of the mTORC2 complex 246 

associated with PRICKLE1, we downregulated RICTOR expression using two independent 247 

shRNAs (Fig. 5F). Purification of the PRICKLE1 complex from these cells and incubation 248 

with recombinant GST-AKT reduced AKT phosphorylation (Fig. 5F, lanes 2 and 3). The 249 

PRICKLE1 complex thus contributes to AKT phosphorylation in living cells and in vitro. 250 

MDA-MB-231 cells express two AKT forms (AKT1 and AKT2) whose phosphorylation was 251 

decreased by PRICKLE1 downregulation (Fig. 5G). However, only AKT2 knockdown could 252 

recapitulate the phenotype observed in PRICKLE1-depleted cells (actin cytoskeleton 253 

reorganization, cell spreading and stabilization of FAs as revealed by vinculin staining) (Fig. 254 

5H, Fig. 5I) although both AKT1 and AKT2 were efficiently depleted by specific shRNAs 255 

(Fig. 5J). We also looked at the effects of specific inhibitors of AKT (MK2206) and MEK 256 

(U0126) on MDA-MB-231 cells. With MK2206 (Fig. 5K, 5L), we observed increased cell 257 

spreading and a remodeling of the cytoskeleton with the formation of thick actin bundles (Fig. 258 

S1D) which phenocopied the results obtained upon PRICKLE1 or MINK1 downregulation 259 

(Fig. 1G, Fig. 1H, Fig. S1). No such effects were found with U0126. However, in contrast to 260 

the observation made with siRNAs directed against PRICKLE1, MINK1 and RICTOR (Fig. 261 

S1B), we did not observe alteration of cell size under MK2206 treatment compare to control 262 
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by flow cytometry (Fig. S1C). The efficiency of the chemical treatments was assessed by 263 

western blot using phosphorylation of AKT and of FOXO, a known AKT substrate, as 264 

readouts (Fig. 5M). We thus conclude that PRICKLE1 can promote AKT phosphorylation 265 

through its interaction with MINK1 and mTORC2. 266 

 267 

Interaction between PRICKLE1 and mTORC2 is required for AKT phosphorylation 268 

and cell migration 269 

We next determined the role of the PRICKLE1-mTORC2 interaction in AKT phosphorylation 270 

and cell migration. We generated deleted versions of PRICKLE1 lacking the PET and/or the 271 

LIM domains and a construct encompassing the PRICKLE1 C-terminus region only 272 

(PRICKLE C2) (Fig. 6A). In HEK293T cells, we found that the PET and LIM domains were 273 

dispensable for the interaction, and that the PRICKLE C2 construct was not able to bind 274 

RICTOR (Fig. 6B). The region between the LIM3 domain and the PRICKLE C2 region is 275 

thus likely involved in the interaction with RICTOR. We fused this region (hereafter named 276 

C1 domain) to VENUS (VENUS-C1) and transiently expressed the construct in HEK293T 277 

cells. VENUS-C1, but not VENUS, was able to co-immunoprecipitate with endogenous 278 

RICTOR (Fig. 6C). We next expressed FLAG-PRICKLE1 together with VENUS or VENUS-279 

C1 in HEK293T cells and found that expression of VENUS-C1 led to a strong decrease of 280 

PRICKLE1-RICTOR interaction, highlighting its dominant-negative effect (Fig. 6D). 281 

Overexpression of VENUS-C1 in MDA-MB-231 cells led to a robust inhibition of AKT 282 

phosphorylation (Fig. 6E) and cell migration (Fig. 6F). In addition, expression of VENUS-C1 283 

phenocopied the increase of cell spreading (Fig. 6G, 6H) and actin cytoskeleton 284 

reorganization (Fig. S1E) previously observed by downregulating PRICKLE1 (Fig. 1E, 285 

S1A). In conclusion, disruption of the PRICKLE1-RICTOR interaction decreases AKT 286 
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phosphorylation and cell migration similarly to depletion of the PRICKLE1 complex 287 

components. 288 

 289 

The MINK1-PRICKLE1-RICTOR complex plays a role in tumor growth and metastatic 290 

dissemination 291 

We next aimed to assess the in vivo contribution of the PRICKLE1 complex in cancer cell 292 

spreading. PRICKLE1 and RICTOR have been linked to tumor progression and dissemination 293 

using MDA-MB-231 cells in xenograft experiments (Luga et al., 2012) (Zhang et al., 2010). 294 

No such data were available for MINK1. We generated luciferase-positive MDA-MB-231 295 

cells stably downregulated for MINK1 expression (Fig. S6A) and observed a decrease of cell 296 

motility (Fig. S6B) and cell proliferation (Fig. S6C) as was observed with siRNAs (Fig. 1B, 297 

1D). In orthotopic transplantation assays into the mammary fat pad of NOD/SCID/γc mice, 298 

we found, after 33 days, a decrease of the primary tumor volume with MINK1-deficient 299 

MDA-MB-231 cells compare to control cells (Fig. S6D). Whereas MDA-MB-231 control 300 

cells (shRNA NT) invaded the lungs (Fig. S6E) and the livers (Fig. S6G), we observed a 301 

lower invasion rate (fewer metastases or no metastases in the lungs and in the livers, see 302 

quantification of bioluminescence in Fig. S6F and Fig. S6H) with MINK1-deficient MDA-303 

MB-231 cells. Taken together, these in vivo data demonstrate that, like PRICKLE1 (Luga et 304 

al., 2012) and RICTOR (Zhang et al., 2010), MINK1 is involved in the metastatic 305 

dissemination of MDA-MB-231 cells. 306 

We next addressed the role of the PRICKLE1-RICTOR interaction in cancer dissemination in 307 

vivo using VENUS or VENUS-C1 in MDA-MB-231 cells stably expressing firefly luciferase. 308 

VENUS-C1 expression decreased cell proliferation (Fig. 7A) and AKT phosphorylation (data 309 

not shown), and led to compromised in vivo tumor growth (Fig. 7B). Metastasis formation 310 

was observed in the lungs of all mice of the control group (7 out of 7 mice), whereas only 3 311 



14 
 

out of 8 mice developed lung metastases when VENUS-C1 was expressed (Fig. 7C, 7E). 312 

Comparable results were obtained when considering metastasis in the liver (7 out of 7 mice 313 

for VENUS as compared to 2 out of 8 mice for VENUS-C1) (Fig. 7D, Fig. 7F). We also 314 

performed tail vein injections of luciferase-positive MDA-MB-231 cells expressing dominant-315 

negative PRICKLE1 VENUS-C1 (vs VENUS alone) or shRNA MINK1 (vs shRNA control), 316 

and monitored the dissemination of cancer cells in the mice. We observed that, upon 317 

intravenous injection, MDA-MB-231 cells populate the lungs and that, after 2 or 3 weeks, 318 

total luminescence (mostly in lungs) was statistically lower in mice injected with cells 319 

transfected with VENUS-C1 (Fig. 7G, Fig. 7H) or shMINK1 (Fig. S6I, Fig. S6J) compared 320 

to controls. This phenotype is likely the result of a combinatory decrease of tumor growth and 321 

metastatic potential of MDA-MB-231 cells. In conclusion, we have demonstrated the 322 

importance of the PRICKLE1-RICTOR association in tumor growth and metastatic 323 

dissemination in vivo. 324 

 325 

PRICKLE1 upregulation correlates with poor prognosis in basal breast cancer 326 

Breast cancer is classified in five major intrinsic molecular subtypes (luminal A and B, basal, 327 

ERBB2-enriched, normal-like) (Perou et al., 2000; Sorlie et al., 2001). Breast cancer cell lines 328 

are classified in luminal, basal or mesenchymal subtypes. We analyzed PRICKLE1 mRNA 329 

expression in publicly-available datasets of 45 breast cancer cell lines and 5,410 primary 330 

invasive breast carcinomas. Basal/mesenchymal cell lines (N=19) showed higher PRICKLE1 331 

expression level than luminal cell lines (N=17; p=1.78E-02, Student t-test; Fig. 7I), the 332 

expression levels being similar between basal and mesenchymal cell lines (p=0.95, Student t-333 

test; data not shown). In clinical samples, PRICKLE1 expression level, measured as 334 

continuous value, was also higher in basal breast cancers than in luminal A, luminal B and 335 

ERBB2-enriched breast cancers (Fig. S7A, Fig. 7J; Supplementary Table 1). We then 336 
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searched for correlation between PRICKLE1 expression (as binary variable) and 337 

clinicopathological features of breast cancers, including metastasis-free survival (MFS). 338 

Within the 5,410 breast cancer samples analyzed, 860 tumors (16%) showed PRICKLE1 339 

upregulation when compared to normal breast (ratio T/NB ≥2; “PRICKLE1-up” group), and 340 

4,550 (84%) did not show any upregulation (ratio <2; “PRICKLE1-no up” group). 341 

Correlations were found between “PRICKLE1” status and age of the patient (p<0.001), 342 

pathological type (p<0.001), axillary lymph node status (p=0.049), and grade (p=0.007), ER 343 

status (p<0.001), PR status (p<0.001), ERBB2 status (p=0.009), and molecular subtypes 344 

(p<0.001) (Supplementary Table 2). MFS data were available for 1,037 patients, including 345 

613 who remained metastasis-free during a median follow-up of 83 months and 424 who 346 

displayed metastatic relapse. The 5-year MFS rate was 61% [95CI, 58-65]. In the whole 347 

population, PRICKLE1 upregulation was not associated with MFS (p=0.49, log-rank test). 348 

The same analysis was done in each molecular subtype separately. As shown in Fig. 7K, in 349 

the basal subtype, PRICKLE1 upregulation was associated with shorter 5-year MFS (41% 350 

[95CI, 31-55] when compared with the “PRICKLE1-no up” group (61%, [95CI, 54-68]; 351 

p=0.008; log-rank test). By contrast, no correlation with MFS was seen in the luminal A, 352 

luminal B, ERBB2-enriched, and normal-like subtypes (data not shown). We next used 353 

publicly available data sets to look for a possible correlation between PRICKLE1 mRNA 354 

expression and AKT activation. Among the 534 breast cancer samples from the TCGA 355 

dataset (https://tcga-data.nci.nih.gov/tcga/), 368 had available data from reverse-phase protein 356 

array (RPPA), allowing us to assess the expression of both AKT and activated AKT (pS473 357 

and pT308 phosphorylated forms) and their correlation with PRICKLE1 mRNA expression. 358 

In the whole series of 368 samples, AKT expression was not associated with PRICKLE1 359 

expression, whereas expression of each phosphorylated form was (pS473, p<0.001; pT308, 360 

p<0.001; Fig. S7B). The same analysis limited to the basal subtype (N=85) showed similar 361 

https://tcga-data.nci.nih.gov/tcga/


16 
 

correlations, with higher expression of phosphorylated AKT in the PRICKLE1-up samples 362 

than in the “PRICKLE1-no up” (pS473, p=0.015; pT308, p<0.001; Fig. 7L), suggesting a 363 

positive correlation between PRICKLE1 expression and AKT activation. Interestingly, in 364 

basal breast cancers, PRICKLE1 expression was also correlated to levels of phosphorylated 365 

forms of FOXO3A and PRAS40, two downstream components of AKT signaling (Fig. 7L), 366 

but not to phosphorylated MAPK and JNK (Fig. S7C). Together these data show 367 

overexpression of PRICKLE1 in basal breast cancer, its correlation with poor prognosis and 368 

AKT signaling in this molecular subtype.  369 
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Discussion 370 

Components of the evolutionary conserved group of developmental PCP genes play a pivotal 371 

role in several aspects of cancer progression including cell proliferation, epithelial-372 

mesenchymal transition, cell migration and metastatic development. Overexpressed WNT5A 373 

in breast cancer and melanoma contributes to enhanced cell migration and resistance to 374 

treatment (Anastas et al., 2014; Dissanayake et al., 2007; Pukrop et al., 2006). Deregulation of 375 

SCRIBBLE was observed in breast (Anastas et al., 2012) and prostate cancers (Pearson et al., 376 

2011), and found associated with increased cell proliferation and cell migration (Anastas et 377 

al., 2012; Belotti et al., 2013). VANGL1 and VANGL2 are involved in cell motility, 378 

proliferation and dissemination in breast cancer (Anastas et al., 2012; Belotti et al., 2013; 379 

Luga et al., 2012; Puvirajesinghe et al., 2016). In addition, overexpression of SFRP1, an 380 

inhibitor of the PCP pathway, limits cancer cell motility (Matsuda et al., 2009). Recently, high 381 

levels of FRIZZLED2 and its ligand WNT5A were found in metastatic liver, lung, colon and 382 

breast cancers (Gujral et al., 2014). This upregulation was correlated with epithelial-383 

mesenchymal transition and poor survival, and it was suggested that targeting this pathway 384 

may benefit to cancer patients. At the molecular level, alterations of PCP components in 385 

cancer lead to increased activation of important cell signaling pathways such as the RAS-386 

MAPK and Hippo pathways in the case of SCRIBBLE defects (Cordenonsi et al., 2011; Dow 387 

et al., 2008) or the FYN-STAT3 pathways for WNT5A-FRIZZLED up-regulation (Gujral et 388 

al., 2014). 389 

Here we have studied PRICKLE1, a PCP component first described in Drosophila (Gubb and 390 

Garcia-Bellido, 1982), known for its involvement in the metastatic potential of MDA-MB-231 391 

breast cancer cell line (Luga et al., 2012). We have shown that PRICKLE1 and its partner 392 

MINK1, as well as their interaction, are involved in cancer cell proliferation, migration and 393 

actin cytoskeleton organization (Fig. 1, Fig. 2). In agreement with a previous report (Luga et 394 
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al., 2012), we observed that PRICKLE1 localizes at the leading edge of MDA-MB-231 cells 395 

and provided evidence that this is a MINK1-dependent process (Fig. 3K). Previous studies 396 

have shown that VANGL1 and VANGL2, two binding partners of PRICKLE1, are also 397 

located at the leading edge of migratory cancer cells (Anastas et al., 2012; Belotti et al., 2013; 398 

Luga et al., 2012).  399 

We next purified PRICKLE1-associated partners by a proteomic approach and identified 400 

RICTOR as an interactor (Fig. 3). RICTOR belongs to the mTORC2 complex that contains 401 

mTOR (Jacinto et al., 2004; Sarbassov et al., 2004), which we found associated with 402 

PRICKLE1. This finding highlights a connection between PRICKLE1, MINK1 and the 403 

mTORC2 complex, which is important for AKT phosphorylation (Sarbassov et al., 2005), 404 

actin cytoskeleton remodeling and cell migration (Jacinto et al., 2004; Sarbassov et al., 2004). 405 

Two recent studies have demonstrated a connection between PCP core components, mTORC2 406 

pathway, and AKT activation in melanoma and in muscles (Anastas et al., 2014; von 407 

Maltzahn et al., 2012). We show that association of the mTORC2 complex with PRICKLE1 is 408 

required for phosphorylation of AKT on Serine S473 in cells and in vitro (Fig. 5). 409 

Phosphorylation of AKT at Serine 473 and Threonine 450 are required for signaling and 410 

stability of AKT, respectively (Facchinetti et al., 2008). We did not found alteration of 411 

phosphorylation of AKT at Threonine 450 and PKCα at Serine 657 when the expression of 412 

PRICKLE1 or MINK1 was lost (Fig. 5B and 5D) suggesting a role of the PRICKLE1 413 

complex in AKT-mediated signaling. The involvement of MINK1 and mTORC2 in actin 414 

cytoskeleton remodeling (Hu et al., 2004; Jacinto et al., 2004; Sarbassov et al., 2004) fits well 415 

with our observation that these components, as well as PRICKLE1, play a role on FA 416 

dynamics (Fig. 1, Fig. 4). We cannot exclude a role for RICTOR in cell migration 417 

independently of mTORC2 as shown by others (Agarwal et al., 2013; Zhang et al., 2010). 418 

However, downregulation of AKT2 and treatment with MK2206 recapitulated partially the 419 
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phenotypes we observed with loss of PRICKLE1, MINK1 and RICTOR expression (Fig. 5H, 420 

Fig. 5K) suggesting a prominent role of AKT in the PRICKLE1-dependent pathway. 421 

However, the fact that chemical inhibition of AKT (MK2206 treatment) did not change the 422 

cell size by flow cytometry (Fig. S1C) and was less efficient than the absence of MINK1, 423 

PRICKLE1, and RICTOR on cell spreading (Fig. 1E, F and Fig. 5K, L) cannot rule out the 424 

additional implication of AKT-independent signaling events. It is also intriguing that whereas 425 

both AKT1 and AKT2 phosphorylation was decreased by PRICKLE1 downregulation (Fig. 426 

5G), only AKT2 loss gave rise to a PRICKLE1-like phenotype (Fig. 5H). Our study supports 427 

the conclusion drawn by others about non-overlapping functions of AKT1 and AKT2 (Chin 428 

and Toker, 2009). As RICTOR localized at the leading edge of MDA-MB-231 cells (Fig. 3K) 429 

(McDonald et al., 2008), together with PRICKLE1 in a MINK1-dependent manner, we 430 

propose a model whereby MINK1 controls PRICKLE1-mTORC2 localization at the leading 431 

edge of migrating cells, a step necessary for local AKT phosphorylation by mTORC2 (Fig. 432 

3N). We were not able to rescue loss of cell migration and cell proliferation of MINK1-433 

depleted cells by overexpression of PRICKLE1 or PRICKLE1 T370D. MINK1 is thus 434 

required for PRICKLE1 functions, a result in agreement with our conclusion that interaction 435 

between MINK1 and PRICKLE1 (and its phosphorylation by MINK1) represents a key step 436 

for PRICKLE1 functions. Because MINK1 has probably other substrates than PRICKLE1, it 437 

remains important to further study the mode of action of this protein kinase.  438 

Novel AKT substrates such as Cortactin, a protein implicated in cell migration and invasion 439 

(Wu et al., 2014), could be implicated in the control of actin cytoskeleton by the PRICKLE1-440 

mTORC2 complex. Indeed, Cortactin binds to the ARP2/3 complex and regulates actin 441 

branching, polymerization during cell motility and FA dynamics (MacGrath and Koleske, 442 

2012; Tomar et al., 2012). Previous work has shown that downregulation of mTOR and 443 

RICTOR leads to reorganization of actin cytoskeleton (Sarbassov et al., 2004) and FAs 444 
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(Lamouille et al., 2012) in migrating cells. We confirmed these findings using an AKT 445 

inhibitor and obtained similar effects by downregulation of the PRICKLE1 complex 446 

components (Fig. 1, Fig. 5). To further determine the involvement of PRICKLE1 and its 447 

binding partners in FA dynamics, we used TIRF experiments and observed that PRICKLE1, 448 

MINK1 and RICTOR play a prominent role in FA stability (Fig. 4). Previous work has found 449 

that RICTOR is associated with integrins and regulates AKT phosphorylation (McDonald et 450 

al., 2008). Downregulation of PRICKLE1, MINK1 or RICTOR led to a defect of integrin 451 

internalization and polarization (Fig. S3) linked to altered FA dynamics and decreased cell 452 

migration (Fig. 1, Fig. 4) Interestingly, the Drosophila MINK1 ortholog, Misshapen (Msn), 453 

similarly regulates integrin level at the cell surface which probably explains its promigratory 454 

function (Lewellyn et al., 2013). A connection exists between the PCP pathway and FA 455 

dynamics (Cui et al., 2013; Matsumoto et al., 2010; Wei et al., 2013). Indeed, WNT5A 456 

promotes localization of FRIZZLED2 at the leading edge of migrating cells and triggers FAK 457 

and PAXILLIN phosphorylation (Matsumoto et al., 2010). Furthermore, SYNDECAN4, a 458 

membrane protein with PCP functions associated with FRIZZLED7 (Munoz et al., 2006) and 459 

VANGL2 (Escobedo et al., 2013), regulates the formation of FAs through engagement of 460 

α5β1 integrin (Saoncella et al., 1999) and, in endothelial cells, regulates mTORC2 461 

localization and AKT (Partovian et al., 2008). As PRICKLE1 and MINK1 control 462 

internalization and recycling of PCP receptors by a RAB5-dependent mechanism (Daulat et 463 

al., 2012), we thus hypothesize that the PRICKLE1 complex could, directly or indirectly, play 464 

such a role on integrins or other FA-associated molecules. Future studies will have to 465 

determine how the PRICKLE1 complex regulates the functions of integrins.  466 

We identified a region (C1) in PRICKLE1 required for its interaction with RICTOR and 467 

showed that it behaves as a dominant-negative construct in vitro and in vivo (Fig. 6 and Fig. 468 

7) (Tao et al., 2009). Our (Fig. S6) and previously published (Luga et al., 2012) (Zhang et al., 469 
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2010) data show that knockdown of MINK1, RICTOR or PRICKLE1 reduces the capacity of 470 

breast cancer cells to invade secondary organs in xenograft experiments. In our previous 471 

report, we concluded that only MINK1, and not its paralogs TNIK or MAP4K4, was 472 

associated with PRICKLE1 (Daulat et al., 2012). MINK1 has been previously shown to 473 

regulate HT1080 cell motility (Hu et al., 2004), a role apparently conserved during evolution 474 

(Houalla et al., 2005). We propose a molecular mechanism whereby PRICKLE1 specifically 475 

associates with MINK1, and contributes to cell motility in vitro and in vivo.  476 

Using a large dataset of clinical primary invasive breast cancers, we found that PRICKLE1 is 477 

overexpressed in basal breast cancers where its up-regulation is correlated with poor 478 

prognosis (Fig. 7I-L, Fig. S7). We also found that PRICKLE1 mRNA upregulation in basal 479 

breast cancers correlates with increased phosphorylation of AKT and its downstream 480 

components (FOXO and PRAS40), but not with phosphorylated MAPK and JNK, which 481 

nicely confirms our results obtained in cultured cells. No alteration of MINK1 mRNA 482 

expression was found in this series (data not shown). Targeted therapy has allowed a 483 

significant improvement of patient outcome in breast cancers expressing ERBB2 or hormone 484 

receptors. This is not the case for the basal subtype characterized by a high degree of cell 485 

proliferation, metastatic development, and frequent relapse. Major efforts are thus required to 486 

uncover novel markers and therapeutic targets for this poor prognosis cancer to improve 487 

patients care. Targeting the AKT-mTOR pathway is a potential option to treat basal breast 488 

cancers (Tao et al., 2014; Yunokawa et al., 2012). In our study, we have shown that inhibition 489 

of PRICKLE1, MINK1 or RICTOR expression as well as disruption of the PRICKLE1-490 

RICTOR interaction decrease cell migration and tumor growth. Our findings may pave the 491 

way to strategies able to inhibit or disrupt this complex that may benefit cancer patients.  492 
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Figure Legends: 508 

Figure 1: PRICKLE1 and MINK1 are involved in cell migration and cell proliferation of 509 

MDA-MB-231 cells. A. Loss of PRICKLE1 mRNA expression was confirmed by quantitative 510 

PCR (left panel). Transfected cells were subjected to a cell migration assay using Boyden 511 

chambers (right panel). B. Same as (A) using two independent siRNAs targeting MINK1. C-512 

D. PRICKLE1 (C) and MINK1 (D) play a role in cell proliferation. Cell proliferation was 513 

measured at the indicated times. E. Cell spreading of MDA-MB-231 treated with the 514 

indicated siRNA. F. Quantification in (E). Cell spreading were measured using ImageJ 515 

software. G. Same as (E) H. Sizes of focal adhesions were measured using vinculin staining 516 

and ImageJ software analysis. One way ANOVA with Tukey post-test statistical analysis. *P 517 

<0.05; **P<0.01; ***P<0.001. Data are presented as means ±SEM. Scale bars are 20 µM. See 518 

also Figures S1, S2, S3.  519 

 520 

Figure 2: Interaction of PRICKLE1 with MINK1 is required for cell migration. A. 521 

Schematic representation of PRICKLE1. Phosphorylation (S324, S349, T370 and T795) and 522 

the carboy-terminal farnesylation (CIIS) sites are shown. B. Boyden chamber assays using 523 

MDA-MB-231 cells (top panel). Downregulation of PRICKLE mRNA was confirmed by 524 

semi-quantitative PCR (bottom panel). C. Rescue of PRICKLE1 expression in MDA-MB-231 525 

cells followed by Boyden chamber assay. D. MDA-MB-231 cells stably expressing the 526 

indicated PRICKLE1 mutants were subjected to shRNA treatment targeting PRICKLE1 527 

(#405) and subjected to Boyden chamber assays. Protein expression was evaluated by western 528 

blot with anti-GFP antibody. B-D. One way ANOVA with Tukey post-test statistical analysis. 529 

***P<0.001. Data are presented as means ±SEM. 530 

 531 
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Figure 3: PRICKLE1 forms a complex with RICTOR and mTOR. A. Schematic 532 

representation of the protein complex associated to PRICKLE1. Total Spectral Counts (TSCs) 533 

is given for each member of the PRICKLE1 purified protein complex. B. In 293T cells, 534 

FLAG-PRICKLE1 is associated with endogenous RICTOR and mTOR. C. MDA-MB-231 535 

cells were transfected with VENUS-Ctrl or VENUS-PRICKLE1. After anti-GFP 536 

immunoprecipitation, bound proteins were revealed with the indicated antibodies. D. In 293T 537 

cells, PRICKLE1 was associated with RICTOR but not RAPTOR. E. In 293T cells, the 538 

interaction between MINK1 and RICTOR is enhanced when PRICKLE1 is overexpressed. F. 539 

In 293T cells, downregulation of PRICKLE1 leads to a decreased association between 540 

MINK1 and RICTOR. G. Lower interaction between RICTOR and PRICKLE1 was observed 541 

in the absence of MINK1. H. RICTOR is associated to PRICKLE1 in the presence of MINK1 542 

but not MINK1-KD. I. In MDA-MB-231 cells, endogenous RICTOR was more associated 543 

with PRICKLE1 T370D than with PRICKLE1. J. FLAG-MINK1 localizes at the cell cortex 544 

in MDA-MB-231 cells. K. Colocalization of VENUS-PRICKLE1 and RICTOR at the leading 545 

edge of MDA-MB-231 cells (scale bars are 20 µM). Quantification of cortical colocalization 546 

of PRICKLE1 and RICTOR and western blot analysis to confirm siRNA MINK1 efficiency 547 

are provided in L and M, respectively. N. Model of mTORC2 recruitment at the plasma 548 

membrane by PRICKLE1.  549 

 550 

Figure 4: Stability of focal adhesions is increased by targeting of the PRICKLE1-551 

mTORC2 complex. A. MDA-MB-231 cells stably expressing VENUS-PAXILLIN were 552 

treated with the indicated siRNAs. Top images: rainbow pictures are built by summing up and 553 

assigning a different color for every time-point, from red to purple (see color-bar). Stable 554 

adhesions appear in white, while dynamic adhesions appear as a pattern only partially 555 

depicting the rainbow colors. Bottom images: after tracking, focal adhesion trajectories are 556 
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represented using the same color scheme as for encoding time. Stable adhesions, tracked over 557 

the entire time-lapse movie, are circled in white, while unstable adhesions, tracked only over a 558 

subset of frames, are circled in black. For each condition and in both panels, representative 559 

stable and unstable adhesions are denoted by white and black arrowheads, respectively. B. 560 

Statistical analysis representing the percentage of stable and unstable focal adhesions for each 561 

siRNA treatment. C. Disassembly rates measured for each focal adhesion under the indicated 562 

siRNA treatment. The line inside the box plot represents the median and the + sign represents 563 

the mean. Student t test two tailed with 95% confidence of interval. ***P<0.001. Total 564 

number (n) of focal adhesion measured is between 741 and 4156, recorded in 18 to 49 565 

movies, from at least 3 independent experiments. D. Western blot analysis (anti-phospho-566 

PAXILLIN) of MDA-MB-231 cells treated with the indicated siRNAs. See also Figure S4. 567 

 568 

Figure 5: The PRICKLE1 complex phosphorylates AKT through mTORC2. A. Kinetics 569 

of AKT phosphorylation in MDA-MB-231 cells stimulated with 5% FCS for the indicated 570 

times. B. and D. PRICKLE1 (B) and MINK1 (D) contribute to AKT phosphorylation 571 

(treatment: 5% FCS during 30 min). C. Expression of VENUS-PRICKLE1 and VENUS-572 

PRICKLE1 potentiates AKT phosphorylation in MDA-MB-231 cells (treatment: 5% FCS 573 

during 10 min). E. In vitro kinase assays were performed on anti-FLAG 574 

immunoprecipitations of HEK293T cell extracts. Phosphorylation at Serine 473 of 575 

recombinant AKT was evaluated by western blot. F. Same as E. Decreased expression of 576 

RICTOR impaired AKT phosphorylation by the PRICKLE1 complex. G. Same as B. 577 

PRICKLE1 contributes to AKT1 and AKT2 phosphorylation. H. AKT1 or AKT2 expression 578 

was downregulated in MDA-MB-231 cells as confirmed by western blot (J) and focal 579 

adhesion area were measured using ImageJ software. Quantification is represented in (I). K. 580 

MDA-MB-231 cells seeded on collagen-coated coverslips were treated with the indicated 581 
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inhibitors for 16 hours. Polymerized actin was stained using phalloidin staining. Cell 582 

spreading was measured and shown in L. M. Cells treated as in K were analyzed by western 583 

blot using indicated antibodies. Statistical analysis was performed using one way ANOVA 584 

with Tukey post-test. Statistical analysis was performed against control (black histogram). 585 

**P<0.01; ***P<0.001. Data are presented as means ±SEM. See also Figure S1, S5. 586 

 587 

Figure 6: Mapping of the PRICKLE1-mTORC2 complex. A. Schematic of the PRICKLE1 588 

mutants. B. Proteins extracted from HEK293T cells expressing the indicated constructs were 589 

immunopurified and the presence of endogenous RICTOR was assessed. C. VENUS or 590 

VENUS-C1 of PRICKLE1 (see A) were expressed in HEK293T cells and immunopurified to 591 

detect the presence RICTOR. D. Overexpression of the C1 domain of PRICKLE was able to 592 

decrease the interaction between PRICKLE1 and RICTOR. E. and F. MDA-MB-231 cells 593 

were transfected with VENUS or VENUS-C1 and stimulated with FCS for 30 minutes. 594 

Phosphorylation of AKT (E) and cell migration (F) were assessed by western blot and 595 

Boyden chamber assays, respectively. G and H. same as (E) except that the transfected MDA-596 

MB-231 cells were seeded on collagen-coated coverslips. H. Quantification of cell spreading 597 

in (G). Scale bar are 20 µM. Statistical analysis was performed against control (black 598 

histogram). ***P<0.001. Data are presented as means ±SEM. 599 

 600 

 601 

Figure 7: Dominant negative effect of the C1 domain of PRICKLE1 on tumor growth 602 

and formation of metastasis. A. MDA-MB-231 cells expressing VENUS or VENUS-C1 of 603 

PRICKLE1 were assayed for cell proliferation. B. Mice were xenografted with luciferase-604 

positive MDA-MB-231 cells expressing VENUS or VENUS-C1 of PRICKLE1. The volume 605 

of primary tumors was measured after 35 days. C-D. Lungs (C) and Liver (D) of sacrificed 606 
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mice were assayed by bioluminescence. Quantification are shown in (E) for lungs and in (F) 607 

for livers. G. Mouse tail injection of luciferase-positive MDA-MB-231. After 15 days, the 608 

luminescence of the entire mouse was measured and represented in H. ANOVA with 609 

Dunnett’s correction for multiple testing was used to assess the significance of differences 610 

among the different groups of animals. *P<0.05; **P<0.01; ***P<0.001. I. Box plot of 611 

PRICKLE1 expression in breast cancer cell lines. J. Box plot of PRICKLE1 expression across 612 

basal versus non-basal breast cancers. K. Kaplan-Meier curves of metastasis-free survival 613 

among basal breast cancers patients according to overexpression (Up) versus no 614 

overexpression (no Up) of PRICKLE1 mRNA. L. Box plot of standardized protein expression 615 

levels (RPPA) of the indicated proteins in TCGA breast basal cancer samples (N=85) between 616 

“PRICKLE1-up” and “PRICKLE1-no up” groups. See also Figures S6 and S7, Tables S1 and 617 

S2.  618 
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Experimental procedures 619 

Cell culture, transfection and antibodies 620 

HEK293T, MDA-MB-231, SKBR7, MCF7 cells were obtained from the ATCC. Cells were 621 

grown in DMEM containing 10% Fetal Calf Serum. Transfections were performed using 622 

Polyethyleimine (Santa Cruz), Lipofectamine 2000 and Lipofectamine LTX (Thermo). siRNA 623 

were used as reverse transfection using Lipofectamine RNAimax (Thermo). Antibodies 624 

targeting MINK1 and α-β1-INTEGRIN were obtained from Bethyl. α-β1-INTEGRIN (clone 625 

9EG7) was obtained from BD Bioscience. The following antibodies were obtained from Cell 626 

Signaling: α-AKT, α-pS473-AKT, α-pT308-AKT, α-RICTOR, α-mTOR, α-pS473-AKT1, α-627 

pS472-AKT2, α-pT450-AKT, α-PKCα, α-FOXO, α-pT32-FOXO, α-pY118-PAXILLIN and 628 

from EMD Millipore: α-pS657-PKCα.  629 

Affinity purification, immunoprecipitation and western blot 630 

48 hours post-transfection, cells were lysed with the TAP lysis buffer and incubated at 4ºC for 631 

1 hour to solubilize proteins. Affinity purification and immunoprecipitations were performed 632 

using either streptavidin resin (GE Healthcare) or anti-FLAG-M2 beads (Sigma) for 3 hours at 633 

4°C. After extensive washes with lysis buffer, proteins were eluted with 2x Laemmli sample 634 

buffer and heated at 95ºC for 5 min in the presence of β-mercaptoethanol (Sigma). Whole cell 635 

lysates or purified protein samples were resolved by SDS-polyacrylamide gel electrophoresis 636 

(SDS-PAGE) and transferred onto Biotrace NT Nitrocellulose Transfer Membranes (Pall 637 

Corporation). Western blotting were performed with antibodies as indicated in figures legend, 638 

followed by chemiluminescent detection using appropriate HRP-conjugated antibodies and 639 

the SuperSignal West Pico (Thermo Scientific) reagent. 640 

Boyden chamber assays 641 

50,000 cells were counted and loaded in serum starved condition in the upper chamber of a 642 

Boyden chamber. Lower chamber was filled with media supplemented with 5% FCS. After 12 643 
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hours, migrating cells were gently recovered from the bottom side of the chamber by trypsin 644 

treatment and counted using a Promega cell titer assay as described elsewhere (Puvirajesinghe 645 

et al., 2016). 646 

Confocal imaging 647 

Cells were seeded on coverslips pretreated with rat tail Collagen (Roche). Cells were fixed 648 

using paraformaldehyde followed by permeablization using PBS/Triton X-100 at 0.2%. Cells 649 

were treated with the indicated antibody and imaged on confocal LSM 510 META (Zeiss) 650 

with a UV laser and × 63 and x40 objectives. Confocal images were analyzed using ImageJ 651 

software. 652 

TIRF experiments 653 

For live-cell TIRF microscopy, engineered MDA-MB-231 stably expressing venus-654 

PAXILLIN cells were siRNA transfected with the indicated siRNA and seeded 48 hours later 655 

on collagen coated glass bottom Petri dishes. Cells were imaged the next day with a Roper 656 

Scientic ILas2 laser illuminator for TIRF Microscopy with 491 nm laser excitation (Cobolt 657 

Calyso 100 mW)  on a Axio Observer Z1 microscpe (ZEISS) and TIRF objective alpha plan 658 

neoFluar x100/1.48 with EM-CCD Evolve 512 Camera (photometrics), and driven by 659 

MetaMorph 7 software (Molecular devices). 660 

In vitro kinase assay  661 

The PRICKLE1 or RADIL complexes were purified from HEK293T cells stably expressing 662 

FLAG-PRICKLE1 or FLAG-RADIL. Protein complexes were incubated with soluble 663 

recombinant GST-AKT1 protein purified from Escherichia coli. Phosphorylation reactions 664 

were performed in kinase buffer (25 mM Hepes, pH 7.4, 25 mM β-glycerophosphate, 25 mM 665 

MgCl2, 0.1 mM Na3VO4, 0.5 mM DTT) supplemented with 20 µM ATP at 37°C for 1 hour. 666 

Reactions were stopped by addition of 4x Laemmli sample buffer. Proteins were resolved by 667 

SDS-PAGE and analyzed by anti-Serine 473-AKT antibody. 668 
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FIGURE S1 related to Fig. 1, 5 and 6

Actin cytoskeleton remodelling in MDA-MB-231 cells. A. Confocal images of F-actin in cells treated as indicated and 
following spreading for 24 hours on collagen coated coverslips (n=3). A line was drawn and the intensity profile plotted 
(below) to show the relative distribution of actin bundles in cells. B-C. Flow cytometry analysis based on forward scatter 
(FSC-A) to measure the relative cell size under downregulation of PRICKLE1, MINK1 or RICTOR compare to control cells 
(siRNA NT) (B) or MK2206 treatment (C). D.Inhibition of AKT and mTORC2 alters actin cytoskeleton. Confocal images of 
F-actin in cells treated as indicated. Cells were first seed for 24 hours on collagen coated coverslips  and treated for 16 
hours with the indicated drugs (n=3). Cells were treated as follows: MK2206 (1m) and U0126 (1m). A line was drawn 
and the intensity profile plotted (below) to show the relative distribution of actin bundles in cells. E. Expression of 
VENUS-C1 leads to cytoskeleton reorganization. Confocal images of F-actin in cells treated as indicated following sprea-
ding on collagen coated coverslips for 24 hours (n=3).  A line was drawn and the intensity profile plotted (below) to show 
the relative distribution of actin bundles in cells.  
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FIGURE S2 related to Fig. 1
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PRICKLE1 and MINK1 are required for cytoskeleton organization and cell migration. A. siRNAs 
directed against PRICKLE1 or MINK1 were transfected into SUM159, SKBR7 and MCF7 cells and 
seeded on collagen-coated cover slips. After fixation, cells were stained with Phalloidin (red) to reveal 
polymerized actin and DAPI (blue). Scale bars are 20μM. Images are representative of three inde-
pendent experiments. B. Migration assays using Boyden chamber assays show that downregulation of 
either PRICKLE1 or MINK1 leads to a decrease of cell motility. 
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FIGURE S3 related to Fig. 1 

1-integrin activity and internalization is controlled by the MINK1-PRICKLE1-RICTOR 
protein complex. A. MDA-MB-231 cells were treated with the indicated siRNAs and seeded 
on collagen coated coverslips. After fixation with PFA, cells were stained with anti-β1-integrin 
(clone 9EG7) shown in green. Actin is shown in red and nucleus was stained with DAPI (blue). 
After acquisition, we observed an increase of activated β1-integrin staining under MINK1, 
PRICKLE1 and RICTOR downregulation. We also observed that staining was not restricted 
within the lamellipodium as observed with siRNA NT condition but all over the surface of the 
cells. B. Internalization assay was performed using surface labelling with biotin followed by 
streptavidin pull down. We observed after 60 min of FCS treatment that cells downregulated 
for MINK1, PRICKLE1 and RICTOR have a decrease of β1-integrin internalization. C. Western 
blot analysis to confirm downregulation efficiency of the indicated siRNA treatment. 
Western blot quantification is presented in the inset. Statistical analysis was performed using 
on way ANOVA with Turkey post-test. **P<0.01 and ***P<0.001. 
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FIGURE S4, related to Fig. 4 

A

B

D

RICTOR is involved in cell migration and cell proliferation of MDA-MB-231 cells. A. Inhibition of RICTOR expression 
decreases MDA-MB-231 cell motility. Two independent siRNAs targeting RICTOR or a control siRNA (Non Targeting, NT) were 
transfected into MDA-MB-231 cells. Loss of RICTOR mRNA expression was confirmed by western blot (data not shown). Transfec-
ted cells were subjected to a cell migration assay using Boyden chambers. B. Two independent siRNAs directed against RICTOR 
were transfected into MDA-MB-231 cells seeded on collagen-coated cover slips. After fixation, cells were stained with Phalloidin 
(red) to reveal polymerized actin and DAPI (blue). Scale bars are 20μM. Images are representative of three independent experi-
ments. C. Statistical analysis of experiments presented in (B). Cell areas were measured using ImageJ software. Statistical analy-
sis was performed using one way ANOVA with Tukey post-test. *P <0.05; ***P<0.001. D. Same as (B) except that staining was done 
performed with phalloidin (red), α-Vinculin antibody (green) and DAPI (blue). Images are representative of three independent expe-
riments. Scale bars are 20 μM. F. Sizes of focal adhesions were measured using vinculin staining and ImageJ software analysis. 
Data represent the statistical repartition spread of focal adhesion area when RICTOR is downregulated by two independent siRNAs 
.
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FIGURE S5, related to Fig. 5 
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PRICKLE1 regulates AKT phosphorylation in SKBR7 cells. A. SKBR7 cells were subjected 
to downregulation of PRICKLE1 expression using siRNA treatment. Cells were serum starved 
during 16 hours before being stimulated with 5%FCS during 30 min. PRICKLE1 downregula-
tion leads to a decrease of AKT activation after FCS stimulation at Serine 473 and Threonine 
308.  B. Overexpression of VENUS-PRICKLE1 and VENUS-PRICKLE1 T370D increases AKT 
activation under FCS stimulation. Fold induction is given by measuring the ratio between 
pS473-AKT and total AKT. C-D. SKBR7 expressing VENUS-PRICKLE1 or VENUS-PRICKLE1 
T370D have higher cell migration in boyden chamber assays as shown in C, and higher prolife-
ration as shown in D. Western blot quantification is presented in the inset. Statistical analysis 
was performed using on way ANOVA with Turkey post-test. **P<0.01 and ***P<0.001.
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FIGURE S6, related to Fig. 7 

MINK1 plays a role in tumor growth and cancer cell dissemination. A. Western blot analysis using anti-MINK1 antibody of 
MDA-MB-231 cells stably expressing either a non-targeting shRNA (shRNA NT) or two shRNAs targeting MINK1 expression. 
B. MDA-MB-231 cells subjected to stable downregulation of MINK1 were assayed in Boyden chamber assays: downregulation 
of MINK1 was associated with a decrease of cell proliferation. C. MDA-MB-231 cells subjected to stable downregulation of 
MINK1 were evaluated in cell proliferation assays: downregulation of MINK1 was associated with a decrease of cell prolifera-
tion. D. Luciferase-positive MDA-MB-231 cells stably expressing shRNAs were xenografted into the fat pads of SCID mice. 
After 35 days, the volume of primary tumors was measured: downregulation of MINK1 was associated with a decrease of tumor 
volume. E.  Images of the lungs from sacrificed mice obtained by bioluminescence. Before sacrifice, an intraperitoneal injection 
of luciferine allowed the detection of MDA-MB-231 cells present in the lung. In the cohort of mice injected with MDA-MB-231 
cells, 6 out of 8 had lungs colonized by MDA-MB-231 cells. Mice injected with MDA-MB-231 cells stably expressing shRNA 
MINK1 (#06) or (#03) developed lung metastasis in 4 (out of 6) mice and 1 (out of 6) mice, respectively. Total luminescence was 
measured in the lung and reported in F. G. The same investigation for liver metastasis in the cohort of mice injected with MDA-
MB-231 cells, 4 out of 8 had liver colonized by MDA-MB-231 cells. Mice injected with MDA-MB-231 cells stably expressing 
shRNA MINK1 (#06) or (#03) do not developed liver metastasis, quantification in H. I. Tail vein injection of luciferase positive 
MDA-MB-231 cells stably downregulating for MINK1 expression. Images were taken after 21 days and show luminescence in 
the lungs in both conditions and within the rear part of the mouse in control condition only. Quantification of the fold induction 
of luciferase between days 1 to 21 were given in J. ANOVA with Dunnett’s correction for multiple testing was used to assess 
the significance of differences among the different groups of animals. *p < 0.05; **p < 0.01; ***p < 0.001.
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A
FIGURE S7, related to Fig. 7

Overexpression of PRICKLE1 mRNA in basal breast cancer, correlation with poor prognosis and AKT 
phosphorylation. A. Box plot of PRICKLE1 expression across 5,410 patient samples. Difference in expres-
sion levels between breast cancer subtypes classified as basal, ERBB2-enriched, luminal A, luminal B, and 
normal-like. The data show an increased expression of PRICKLE1 mRNA in basal breast cancers. *P<0.05; 
***P<0.001.  B. Boxplot of standardized protein expression levels (RPPA) of AKT and 2 phosphorylated forms 
(i.e. pS473 and pT308) in TCGA breast cancer samples (N=368) between “PRICKLE1-up” group and 
“PRICKLE1-no up”. C. Boxplot of standardized protein expression levels (RPPA) of phosphorylated forms of 
MAPK (pT202/Y204) and JNK (pT183/pT185) in TCGA breast basal cancer samples (N=85) between 
“PRICKLE1-up” group and “PRICKLE1-no up”.
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Supplementary Table 1 related to Fig. 7 and S7: List of breast cancer data sets 
included in the gene expression analysis

Ivshina et al.,
Cancer Res 2006

GEO database
GSE4922_1456

448 Affymetrix 
U133 A+B

2x22K

Bonnefoi et al., 
Lancet Oncol 2007

GEO database 
GSE6861/GSE4779

125 Affymetrix X3P 22K

Guedj et al.,
Oncogene 2012

Array Express,
E-MTAB-365

452 Affymetrix
U133 Plus 2.0

54K

Desmedt et al.,
J Clin Oncol 2011

GEO database
GSE16446 120

Affymetrix
U133 Plus 2.0 54K

Korde et al.,
Breast Cancer Res Treat 2010

GEO database
GSE18728 61

Affymetrix
U133 Plus 2.0 54K

Expression Project in Oncology GEO database
GSE2109

348 Affymetrix
U133 Plus 2.0

54K

Hoeflich et al.,
Clin Cancer Res 2009

GEO database
GSE12763 30

Affymetrix
U133 Plus 2.0 54K

Marty et al.,
Breast Cancer Res 2008

GEO database
GSE13787

23 Affymetrix
U133 Plus 2.0

54K

Bos et al., 
Nature 2009

GEO database
GSE12276

204 Affymetrix
U133 Plus 2.0

54K

Barry et al.,
J Clin Oncol 2010

GEO database
GSE23593

50 Affymetrix
U133 Plus 2.0

54K

Silver et al., 
J Clin Oncol 2010

GEO database
GSE18864 84

Affymetrix
U133 Plus 2.0 54K

Chen et al.,
Breast Cancer Res Treat 2010

GEO database
GSE10780 42

Affymetrix
U133 Plus 2.0 54K

Sabatier et al.,
PLoS ONE 2011

GEO database
GSE 31448 352

Affymetrix
U133 Plus 2.0 54K

Jönsson et al.,
Breast Cancer Research 2010

GEO database
GSE22133

344 SWEGENE H_v2.1.1 55K

The Cancer Genome Atlas Network, 
Nature 2012

TCGA Data Portal
(https://tcga-

data.nci.nih.gov/tcga/)
534 Agilent custom 244K 244K

Ellis et al.,
Nature 2012

GEO database
GSE35191 201

Agilent-014850
Whole Human Genome 

Microarray 4x44K G4112F
4x44K

Curtis et al.,
Nature 2012

EGA database
EGAS00000000083

1992 Illumina HT 12 48K

* only non redundant primary tumors are included in the analyses

Reference Source of data Technological platform N° of probe 
sets

N° of samples 
analyzed*



no up up
Age (years) 8,61E-08

<=50 1244 (28%) 987 (26%) 257 (36%)
>50 3207 (72%) 2756 (74%) 451 (64%)

Pathological tumor size, pT 0,197
pT1 1244 (44%) 1042 (39%) 202 (43%)
pT2 1592 (51%) 1371 (52%) 221 (47%)
pT3 276 (9%) 232 (9%) 44 (9%)

Pathological axillary lymph node status, pN 4,95E-02
nega ve 1937 (50%) 1643 (50%) 294 (46%)
posi ve 1971 (50%) 1625 (50%) 346 (54%)

Pathological type 1,83E-05
ductal 2913 (81%) 2479 (82%) 434 (76%)
lobular 276 (8%) 204 (7%) 72 (13%)
mixt 120 (3%) 98 (3%) 22 (4%)
other 277 (8%) 237 (8%) 40 (7%)

SBR grade 6,66E-03
1 465 (21%) 368 (10%) 97 (14%)
2 1759 (42%) 1478 (42%) 281 (42%)
3 1989 (47%) 1693 (48%) 296 (44%)

ER status 2,70E-17
nega ve 1647 (30%) 1280 (28%) 367 (43%)
posi ve 3763 (70%) 3270 (72%) 493 (57%)

PR status 2,68E-04
nega ve 2566 (48%) 2108 (47%) 458 (54%)
posi ve 2789 (52%) 2394 (53%) 395 (46%)

ERBB2 status 9,31E-03
nega ve 4719 (87%) 3945 (87%) 774 (90%)
posi ve 691 (13%) 605 (13%) 86 (10%)

Molecular subtypes 1,00E-06
Basal 1186 (22%) 885 (19%) 301 (35%)
ERBB2-enriched 850 (16%) 756 (17%) 94 (11%)
Luminal A 1494 (28%) 1245 (27%) 249 (29%)
Luminal B 1232 (23%) 1194 (26%) 38 (4%)
Normal-like 648 (12%) 470 (10%) 178 (21%)

5-year metastasis-free survival [CI95] 61% [58-65] 61% [58-65] 63% [56-69] 0,487

PRICKLE1 expression-based groupAll BCs P .valueCharacteris cs

Supplementary Table 2 related to Fig. 7 and S7: Clinicopathological characteris c of pa ents and 
samples included in the gene expression analysis and PRICKLE1 expression-based groups



Supplementary Material and Methods 

 

DNA constructs, siRNAs and shRNAs 

The following sequences of siRNA were used to target MINK1 (#9) 

GGAACAAACUGCGGGUGUA, MINK1 (#10) GAAGUGGUCUAAGAAGUUC, 

PRICKLE1 (#02) GAGAGAAGCAUCGGAUUAA, PRICKLE1 (#04) 

GAAGAUAAAUGGAGGUGAA, RICTOR (#1) UCAACGAGCUCACAUAUGA, RICTOR 

(#17) GCAGAUGAGUCUUACGGAA. shRNAs were cloned into PLKO backbone and 

lentiviral particles were produced using PSPAX and VSV-G systems in HEK293T cells. The 

following sequences of shRNA were used to target MINK1 (#03) 

AGCGGCTCAAGGTCATCTATG, MINK1 (#06) GCTACTGAAGTTTCCCTTCAT, 

PRICKLE1 (#403) GCTCAGCATGTGACGAGATAA, PRICKLE1 (#405) 

CCACCACATGATAATGAGGTA, AKT1 GAGTTTGAGTACCTGAAGCTG and AKT2 

GCGTGGTGAATACATCAAGAC. Lentiviral vectors coding for shRNAs targeting 

RICTOR were obtained from Addgene (plasmids #1854 and #1853). The PSL9-VENUS-

PAXILLIN construct was described elsewhere (Ahmed et al., 2012). AKT1 cDNA was 

cloned in the PGEX4 vector to generate a recombinant GST protein. Myc-RICTOR and myc-

RAPTOR were obtained from Addgene (plasmids #11367 and #1859, respectively). 

 

β1-integrin internalization assay 

MDA-MB-231 cells were treated with siRNAs directed against Ctl, MINK1, PRICKLE1 or 

RICTOR in 6-wells dishes. After 48 h, cells were washed three times with PBS supplemented 

with 2mM MgCl2 and biotinylated for 20 min with reducible sulfo-NHS-SS-biotin (Pierce) at 

4°C. After stimulation with FCS 10% for 1 hour at 37°C, cell surface biotin was removed by 

treatment (2x20 min) at 4°C with sodium 2-mercaptoethanesulphonate (MesNa, Sigma). To 



determine the intracellular pools of biotinylated integrin, cells were lysed and incubated with 

streptavidin resin (Thermo Scientific). After capture and washes, the complexes were 

separated by SDS–PAGE and β1-integrin was detected by western blot. Signals were detected 

by chemiluminescence.  

Immunopurification  

5x107 HEK293T cells expressing either FLAG-PRICKLE1 were used for affinity purification 

procedure. Briefly, cells were lysed and solubilized in TAP lysis buffer (0.1% Igepal CA 630, 

10% glycerol, 50mM Hepes-NaOH; pH 8.0, 150mM NaCl, 2mM EDTA, 2mM DTT, 10mM 

NaF, 0.25mM NaOVO3, 50mM β-glycerophosphate, and protease inhibitor cocktail 

(Calbiochem). After 30 min centrifugation at 40,000xg (18,000 rpm in a Beckman JA20 

rotor), the soluble fraction is incubated overnight at 4°C with anti-FLAG M2 beads (Sigma). 

Beads were washed with TAP lysis buffer followed by 50mM ammonium bicarbonate. 

Finally, proteins were eluted twice from the beads using 200μl of 500mM ammonium 

hydroxide at pH 11.0. The eluted fraction was evaporated by speedvac and the remaining 

pellet was then washed with 100μl of milliQ water. The pellet was then resuspended in 50mM 

ammonium bicarbonate, reduced with 25mM DTT and alkylated with 100mM iodoacetamide 

(Sigma) and supplemented with 1mM CaCl2 (Bioshop) prior to digestion with 1μg of 

sequencing-grade trypsin (Promega). 

Mass spectrometry analysis 

Mass spectrometry analysis was carried out by LC-MSMS using a LTQ-Velos-Orbitrap 

(Thermo Electron, Bremen, Germany) online with a nanoLC Ultimate 3000 chromatography 

system (Dionex, Sunnyvale, CA). 5µl corresponding to 1/5th of whole sample were injected 

on the system. After pre-concentration and washing of the sample on a Dionex Acclaim 

PepMap 100 C18 column (2cm × 100μm i.d. 100 A, 5μm particle size), peptides were 

separated on a Dionex Acclaim PepMap RSLC C18 column (15cm × 75μm i.d., 100 A, 2µm 



particle size) at a flow rate of 300nL/min a two steps linear gradient (4-20% acetonitrile/H20; 

0.1 % formic acid for 90 min and 20-45-45% acetonitrile/H20; 0.1 % formic acid for 30 min. 

The separation of the peptides was monitored by a UV detector (absorption at 214 nm). For 

peptides ionization in the nanospray source, spray voltage was set at 1.4 kV and the capillary 

temperature at 275°C. All samples were measured in a data dependent acquisition mode. Each 

run was preceded by a blank MS run in order to monitor system background. Peptide masses 

are measured in a survey full scan (scan range 300-1700 m/z, with 30 K FWHM resolution at 

m/z=400, target AGC value of 1.00×106 and maximum injection time of 500 ms). In parallel 

to the high-resolution full scan in the Orbitrap, the data-dependent CID scans of the 10 most 

intense precursor ions were fragmented and measured in the linear ion trap (normalized 

collision energy of 35 %, activation time of 10 ms, target AGC value of 1.00×104, maximum 

injection time 100 ms, isolation window 2 Da). Parent masses obtained in orbitrap analyzer 

were automatically calibrated on 445.1200 locked mass. The fragment ion masses are 

measured in the linear ion trap to have a maximum sensitivity and the maximum amount of 

MS/MS data. Dynamic exclusion was implemented with a repeat count of 1 and exclusion 

duration of 30 s. Raw files generated from mass spectrometry analysis were processed with 

Proteome Discoverer 1.4 (ThermoFisher Scientific). This software was used to search data via 

in-house Mascot server (version 2.4.1; Matrix Science Inc., London, UK) against the Human 

subset (20,194 sequences) of the SwissProt database (version 2014_10). Database search were 

performed using the following settings: a maximum of two trypsin miscleavage allowed, 

methionine oxidation, N-terminal protein acetylation as variable modifications, cysteine 

carbamido-methylation as fixed modification. A peptide mass tolerance of 6 ppm and a 

fragment mass tolerance of 0.8 Da were used for search analysis. Only peptides with high 

stringency Mascot score threshold (identity, FDR<1%) were used for protein identification. 

The mass spectrometry proteomics data have been deposited to the ProteomeXchange 



Consortium via the PRIDE (Vizcaino et al., 2016) partner repository with the dataset 

identifier PXD003784.  

Cell size measurement 

Cells were incubated with the indicated siRNAs for 48 hours or MK2206 at 1µM for 16 hours 

and then treated with trypsin-EDTA and fixed with 2% PFA. Data acquisition was performed 

on a LSR2® flow cytometer (BD Biosciences) and analyzed using FlowJo Software (Tree 

Star). 

Quantitative RT-PCR 

mRNA were extracted using kit supplier protocol (PROMEGA) and RT-PCR was performed 

as described previously (Ahmed et al., 2012). PRICKLE1 forward primer 

TGCTGCCTTGAGTGTGAAAC, PRICKLE1 reverse primer 

CACAAGAAAAGCAGGCTTCC. MINK1 forward primer ATCATGAACGTGCCTGGAG, 

MINK1 reverse primer TCCTTCTGCTCCTCTATGCG. 

Mouse experiments 

NOD/SCID (non-obese diabetic/severe combined immunodeficient)/gc null mice (NSG)) 

were obtained from Charles River Laboratory Charles River France or bred in-house and 

maintained under specific pathogen-free conditions. 5x105 Luciferase-expressing MDA-MB-

231 cells were transplanted (100µL PBS 1x/matrigel, vol/vol) into mammary fat pads of mice 

(6-8 week-old female). For tail vein injections, luciferase-expressing MDA-MB-231 cells (0.5 

× 106 cells suspended in 100 μL of PBS) were inoculated in the tail vein of NSG mice. After 

completion of the analysis, autopsy of mice was done, the tumors were weighted and organ 

luminescence was assessed. Bioluminescence analysis was performed using PhotonIMAGER 

(BiospaceLab), following intraperitoneal injection of luciferin (30 mg/kg). 

PRICKLE1 mRNA expression analysis in breast cancer samples 



We analyzed the mRNA expression of PRICKLE1 in mammary cell lines by exploring our 

previously published gene expression data of 45 cell lines profiled using oligonucleotide 

microarrays (Charafe-Jauffret et al., 2006): BT-20, BT-474, BT-483, CAMA-1, HBL100, 

HCC38, HCC202, HCC1395, HCC1500, HCC1569, HCC1806, HCC1937, HCC1954, HME-

1, carcinosarcoma-derived Hs578T, MCF-7, MCF-10A, MDA-MB-134, MDA-MB-157, 

MDA-MB-175, MDA-MB-231, MDA-MB-361, MDA-MB-415, MDA-MB-436, MDA-MB-

453, SK-BR-3, SK-BR-7, T47D, UACC-812, ZR-75–1, ZR-75–30 (http://www.atcc.org/), 

HMEC-derived 184A1 and 184B5 (ATCC, http://www.atcc.org/), BrCa-MZ-01, SUM44, 

SUM-52, SUM102, SUM-149, SUM159, SUM-185, SUM-190, SUM206, SUM-225, 

SUM229 http://www.cancer.med.umich.edu/breast_cell/production), and S68 (a kind gift 

from V. Catros, Cell Biology Department, CHU Rennes, France). All cell lines are derived 

from carcinomas except MCF-10A, which is derived from a fibrocystic disease, and HME-1 

and 184B5, which represent normal mammary tissue. The molecular subtypes (luminal, basal, 

and mesenchymal) were defined as previously reported (Ross and Perou, 2001). Seventeen 

cell lines were classified as luminal, 19 as basal or mesenchymal, whereas 9 could not be 

classified in any subtype. 

PRICKLE1 mRNA expression in breast cancer and normal breast was analyzed in our own 

gene expression dataset (352 patients with invasive adenocarcinoma and 4 pools of normal 

breast (NB) tissue samples (11 healthy women) (Sabatier et al., 2011) coupled with publicly 

available data sets. The 16 public data sets comprising at least one probe set representing 

PRICKLE1 were collected from the National Center for Biotechnology Information 

(NCBI)/Genbank GEO database, the European Bioinformatics Institute (EBI) ArrayExpress 

database or at the authors’ websites (Supplementary Table 1). This resulted in a total of 

5,410 non-redundant pre-therapeutic samples of non-metastatic, non-inflammatory, primary, 

invasive breast cancers with PRICKLE1 mRNA expression and clinicopathological 



annotations (Supplementary Table 2). Data analysis required pre-analytic processing. For 

the non-Affymetrix-based data sets, we applied quantile normalization to available processed 

data. Regarding the Affymetrix-based data sets, we used Robust Multichip Average (RMA) 

(Irizarry et al., 2003) with the non-parametric quartile algorithm as normalization parameter. 

Then, hybridization probes were mapped across the different technological platforms 

represented as previously described (Bertucci et al., 2015). To be comparable across data sets 

and to exclude bias from population heterogeneity, PRICKLE1 expression levels were 

standardized within each data set using the luminal A population as reference. All steps were 

done in R using Bioconductor and associated packages. Expression level for each tumor was 

then centered by the average expression level of the 4 NB samples. PRICKLE1 upregulation 

in a tumor was defined by a ratio tumor/NB ≥2, the other cases being defined as “no 

upregulation”. The molecular subtypes of tumors were defined using the PAM50 predictor 

(Parker et al., 2009). ER, progesterone receptor (PR), and ERBB2 expression 

(negative/positive) was defined at the transcriptional level using gene expression data of 

ESR1, PGR, and ERBB2 respectively, as previously described (Lehmann et al., 2011). 

Correlations between tumor groups and clinicopathological features were analyzed using the 

t-test or the Fisher’s exact test (variables with 2 groups) when appropriate or one-way analysis 

of variance (ANOVA; variables with more than 2 groups). Metastasis-free survival (MFS) 

was calculated from the date of diagnosis until the date of distant relapse. Follow-up was 

measured from the date of diagnosis to the date of last news for event-free patients. Survivals 

were calculated using the Kaplan-Meier method and curves were compared with the log-rank 

test. All statistical tests were two-sided at the 5% level of significance. Statistical analysis was 

done using the survival package (version 2.30) in the R software (version 2.15.2; 

http://www.cran.r-project.org/). We followed the reporting REcommendations for tumor 

MARKer prognostic studies (REMARK criteria) (McShane et al., 2005). 
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