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Abstract

Scribble (SCRIB) localizes to cell-cell junctions and regulates establishment of epithelial cell

polarity. Loss of expression of SCRIB functions as a tumor suppressor in Drosophila and

mammals, conversely, overexpression of SCRIB promotes epithelial differentiation in mammals.

Here, we report that SCRIB is frequently amplified, mRNA over-expressed and protein is

mislocalized from cell-cell junctions in human breast cancers. High levels of SCRIB mRNA are

associated with poor clinical prognosis identifying an unexpected role for SCRIB in breast cancer.

We find that, transgenic mice expressing a SCRIB mutant (Pro 305 to Leu (P305L)) that fails to

localize to cell-cell junctions, under the control of the mouse mammary tumor virus long terminal

repeat promoter, develop multifocal hyperplasia that progresses to highly pleomorphic and poorly

differentiated tumors with basal characteristics. SCRIB interacts with PTEN and the expression of

P305L, but not wild-type SCRIB, promotes an increase in PTEN levels in the cytosol.

Overexpression of P305L, but not wild type SCRIB, activates the Akt/mTOR/S6K signaling

pathway. Human breast tumors overexpressing SCRIB have high levels of S6K but do not harbor

mutations in PTEN or PIK3CA, identifying SCRIB amplification as a mechanism of activating

PI3K signaling in tumors without mutations in PIK3CA or PTEN. Thus, we demonstrate that high

levels of mislocalized SCRIB functions as a neomorph to promote mammary tumorigenesis by

affecting subcellular localization of PTEN and activating an Akt/mTOR/S6kinase signaling

pathway.
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Introduction

Scribble (SCRIB) was identified in a Drosophila screen for maternal effects mutants that

displayed defects in epithelial polarization and morphogenesis. Loss of SCRIB that results in

uncontrolled proliferation and tissue growth identifying it as tumor suppressor (1). SCRIB is

a scaffold protein containing 16 N-terminal leucine rich repeat (LRR) domains and four

PDZ (PSD-95/Discs-large/ZO-1) domains, conserved from Drosophila to humans (1). In

mammals, loss of SCRIB induces dysplastic growth in vivo (2, 3) identifying loss of

expression as a tumor suppressive mechanism. While the precise mechanism of tumor

suppression is unclear, SCRIB is known to inhibit apoptosis in a β-PIX (PAK-interacting

exchange factor β)/Rac/JNK pathway-dependent manner, and promote proliferation in a

Ras/MAPK-dependent manner in mammary and prostate epithelia, respectively (2, 3).

Conversely, overexpression of SCRIB in mammary epithelial cells promotes epithelial

differentiation by suppressing expression of epithelial mesenchymal transition regulators in

a Ras/MAPK dependent manner (4). Conditional deletion of SCRIB in the corneal

epithelium decreases E-cadherin expression and promotes mesenchymal transition

suggesting that SCRIB is required for maintaining epithelial cell identity (5). In addition,

SCRIB also regulates the Hippo signaling pathway (6), and signal transducer and activator

of transcription (STAT) (7). SCRIB interacts with the Akt phosphatase PHLPP1 (8), the

planar cell polarity protein VANGL1 (9), and the neuronal nitric oxide synthase adaptor

protein NOS1AP (10) to regulate cancer cell migration and axon morphogenesis.

In epithelial cells, SCRIB localizes to cell-cell junctions and mislocalization of SCRIB

phenocopies a complete null phenotype in Drosophila (11) demonstrating that subcellular

localization is critical for SCRIB function. Flies carrying the scrib 1 allele, in which a

conserved leucine within the tenth LRR domain is mutated to glutamine (L223Q) display

epithelial defects, including disrupted cell shape and multilayered organization.

Interestingly, overexpression of SCRIBL223Q fails to rescue the scrib null phenotype,

demonstrating the importance of basolateral localization for normal function. In mammals, a

genetic screen for cortical defects in mice uncovered a novel SCRIB allele, encoding an

isoleucine to lysine mutation within an LRR domain, displaying an open neural tube and

disorganized and hyperplastic neuroepithelium (12). A specific point mutation within

LRR13 (Prol 305 to Leu, P305L) of the human SCRIB protein (hSCRIB) has also been

shown to abrogate membrane localization (13), disrupting recruitment of βPIX, and

exocytosis. Consistently, overexpression of wild-type hSCRIB in MCF-10A mammary

epithelial cells grown in 3D had no impact on morphogenesis, whereas expression of

hSCRIBP305L displayed defective morphogenesis (2). These observations demonstrate that

basolateral membrane localization is required for normal SCRIB function in both

Drosophila and mammals.

In addition to changes in SCRIB gene expression, hSCRIB protein is mislocalized from cell-

cell junctions in multiple human cancers, including breast, prostate and colon (2, 3). In

prostate cancer, hSCRIB mislocalization is correlated with poor patient survival (3).

Mislocalization of other polarity proteins, including LGL and DLG, has also been associated

with cancer progression (14), suggesting that mislocalization of polarity proteins is likely to

have important implications for cancer in addition to changes in gene expression levels.
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However, it is not known if mislocalization of SCRIB is a consequence or if mislocalized

SCRIB has a causal role in the cancer process.

To investigate the effect of expressing Scribble that does not localize to cell-cell junctions,

we generated a transgenic mouse expressing hSCRIBP305L within the mammary epithelium

under the control of the mouse mammary tumor virus (MMTV) long terminal repeat

promoter. We show that expression of hSCRIBP305L induces mammary tumors, providing

direct evidence that SCRIB mislocalization can have a causal role during tumorigenesis.

Materials and Methods

Plasmids and reagents

The hSCRIBP305L vector was previously described (2). The T7-SCRIB construct was

generated by subcloning the SCRIB cDNA into the pET vector (Novagen). The T7-tagged

SCRIB PDZ mutants were generated by site-directed mutagenesis using the QuikChange kit

(Stratagene). Four conserved residues in each PDZ domain (PDZ1-R733/L738/I740/I742);

PDZ2-A871/L877/F879/I881; PDZ3 – R1009/L1014/L1016/I1018; PDZ4 – K1105/L1111/

I1113/I1115) were mutated to alanine. The WT-PTEN and PTEN399 plasmids were kind

gifts from Dr. Nicholas Tonks (Cold Spring Harbor Laboratory, Cold Spring Harbor, NY).

The following antibodies were purchased from commercial sources: Scribble (Santa Cruz),

β-Actin (Sigma), CK14 (Covance), E-cadherin (BD Biosciences), PTEN (Cell Signaling),

GFP (Invitrogen), c-Met (Cell signaling), pAKT308 (Cell Signaling), pAKT473 (Cell

Signaling), AKT (Cell Signaling), p-ERK1/2 (pT202, pY204) (Biosource), ERK2 (BD

Transduction Laboratories), pTSC2 (T1462) (Cell Signaling), TSC2 (Cell Signaling),

pPRAS40 (T246) (Cell Signaling), PRAS40 (Cell Signaling), pp70S6K (T389) (Cell

Signaling), p70S6K (Cell Signaling), pS6 (S235/236) (Cell Signaling), S6 (Cell Signaling),

Ki67 (Invitrogen), cleaved caspase 3 (Cell Signaling), Vimentin (Abcam), CD49f-PE

(eBioscience), CD61-647 (BioLegend), CD31-Biotin (BD Biosciences), CD140a-Biotin

(eBioscience), FITC-Streptavidin (AnaSpec), Biotin mouse lineage panel (BD Biosciences)

and p-(S/T)-AKT Substrate (Cell Signaling). The T7 antibody was a kind gift from Dr.

Adrian Krainer (Cold Spring Harbor Laboratory, Cold Spring Harbor, NY) and the

caspase-3 antibody was from Dr. Yuri Lazebnik (Cold Spring Harbor Laboratory, Cold

Spring Harbor, NY).

Transgenic mouse generation

Full length SCRIB cDNA (from pBluescript SCRIBibble P305L) containing a P305L

mutation (2) was subcloned into the MMTV p206 vector. Mice were generated by

pronuclear injection. Screening of founder mice for insertion was confirmed by PCR from

genomic DNA using the MMTV forward primer (5′-GGCCCCGGCCCCAAGCTT-3′) and

SCRIB reverse primers (5′-GCAGAACTTGATGCTCTC-3′) and (5′-

ATCATCCTCCGTCTGGAAC-3′) with predicted 300 and 1200 bp PCR products.
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Cell culture

MCF-10A cells were grown as previously described (2). Stable cell lines were generated by

retroviral infection as previously described (15). HEK293 cells were cultured in DMEM

supplemented with 10% FBS. HEK293 cells were transfected using Lipofectamine 2000

(Invitrogen) according to the manufacturer’s suggested protocol. All cell lines were obtained

from ATCC.

Immunoprecipitation and fractionation

All immunoprecipitations were carried out on cells lysed with 0.7% CHAPS buffer. 1mg

protein was incubated with 1μg antibody and 10μl Protein G Sepharose beads (GE

Healthcare) overnight at 4°C. The beads were washed three times in lysis buffer and the

bound proteins were eluted with sample buffer. The samples were subjected to SDS-PAGE

on 8% acrylamide gels, the separated proteins transferred to PVDF membranes, and the

membranes probed with the appropriate antibodies. Cell fractionation was performed with

the subcellular protein fractionation kit for cultured cells (Thermo Scientific) according to

the manufacturer’s suggested protocol.

Immunobloting

Cell lysates were prepared in radioimmunoprecipitation assay buffer and normalized as

previously described (2).

Histology and immunohistochemistry

Histological and immunohistochemical analysis of paraffin embedded mouse tissue was

performed as previously described (2). Mammary glands were harvested and stained as

whole mounts with carmine alum.

Microscopy and image analysis

All fluorescence images were collected using an Axiovert 200M equipped with an Apotome

imaging system. Images were analyzed using Axiovision software.

Quantitative polymerase chain reaction

RNA was Trizol extracted from NDL and P305L tumors and reverse transcribed as

previously described (2). Primer sets were as follows: CK5 5′-

ACAGGAAGCTGCTGGAGGGC, 5′-GGTGGAGACAAATTTGACACTGG; CK6 5′-

AGAGAGGGGTCGCATGAACT, 5′-TCATCTGTTAGACTGTCTGCCTT; CK14 5′-

GATCTGCAGGAGGACATTGG, 5′- GGCCCACTGAGATCAAAGAC; CK18 5′-

CTTGCTGGAGGATGGAGAAG, 5′- CTGGCTGGAGCAGGAGATTCG; GATA3 5′-

AGCCACATCTCTCCCTTCAG, 5′-AGGGCTCTGCCTCTCTAACC; Actin 5′-

TCTTGGGTATGGAATCCTGTGGCA, 5′-ACAGCACTGTGTTGGCATAGAGGT.

Flow cytometry analysis

Mammary glands were isolated from 30-week old mice, placed in wash buffer (DMEM/F12,

5% FBS), chopped into a paste, then digested with collagenase A. After a one-hour

incubation at 37°C, cells were separated from fat by centrifugation at 600 × g for 10
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minutes, and epithelial organoids were isolated by short spins at 450 × g. After a wash in

PBS the organoids were resuspended in trypsin-EDTA and incubated at 37°C for 20

minutes. Wash buffer was then added and the cells passed through a 70μm filter. Single cells

were resuspended in HBSS+ (HBSS, 2%FBS, 100mM Hepes) and prepared for FACS

analysis. One million cells (in 200μL HBSS+) were incubated with primary antibodies

(1:100) on ice for one hour. Cells were washed in HBSS+ and then incubated with

secondary antibodies (1:100) on ice for 20 minutes. Cells were washed in HBSS+ and then

filtered into 5mL flow tubes.

Gene expression analysis

SCRIB gene expression was analyzed in an available microarray dataset of 266 breast

tumors with defined molecular subtypes (16). Comparison of levels of SCRIB expression in

molecular subtype groups was performed using the Kruskal-Wallis nonparametric method

with post-hoc Dunn’s test and plotted using Graphpad Prism version 6.0.

The relationship of SCRIB gene expression and overall survival was evaluated in an

integrated multi-study breast cancer transcriptomic dataset using Kmplotter (17). Kaplan-

Meier estimates of 10-year overall survival were calculated with upper quartile of SCRIB

expression used to dichotomise data into high and low expression groups. Differences in

survival curves were evaluated by log-rank test and cox-regression analysis.

For the TNBC subtype analysis, gene expression (GE) profiles were obtained from 21

publicly available data sets that contained 3,247 primary human breast cancers (18). Using a

2-component Gaussian mixture distribution model we estimated the posterior probability of

negative expression (< 0.5) for ER, PR, and HER2 within each dataset and identified 587

triple negative breast cancer cases by mRNA. Raw microarray data were collectively RMA

normalized, summarized and log-transformed using the combined raw GE from each data

set. For genes containing multiple probes, the probe with the largest interquartile range

across the samples was chosen to represent the gene. TNBC subtypes were assigned to each

of the cases according to previously published methods (19). Gene expression for SCRIB

(212556_at) was extracted and used for all comparisons.

Results

Genomic and gene expression changes in SCRIB associated with breast cancer

To investigate if the SCRIB gene is altered in human breast cancer, we analyzed the data

from the Cancer Genome Atlas (TCGA), curated in cBioPortal (20). Among the 748 breast

cancer samples analyzed, SCRIB was amplified in 116 tumors (15.6%), homozygous

deleted in two (0.3%) and contained a somatic frame shift mutation in one (Fig. 1A). SCRIB

mRNA was upregulated, in the absence of genomic amplification, in 68 samples (9.1%).

These observations demonstrated that the SCRIB gene is frequently amplified or

overexpressed and not lost or downregulated in breast tumors.

We next sought to determine if SCRIB overexpression was variable among breast cancer

subtypes. In four publically available datasets (16, 21–23) using normalized and median-

centered SCRIB gene expression (Fig. 1B, Supp. Figs. 1A,B,C), we observed that SCRIB
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expression was significantly higher in the basal and luminal B tumors, as compared with

luminal A, Her2 and normal-like tumors. We have recently reported that triple negative

breast cancer (TNBC) can be subdivided into six types that differ in cancer signaling

pathway activation and drug sensitivity (18). Here we find that SCRIB was significantly

upregulated in Basal-like 1 (BL1) and Mesenchymal (M), as compared with Basal-like 2

(BL2), Immunomodulatory (IM), Mesenchymal stem-like (MSL) and Luminal androgen

receptor (LAR) (Fig. 1C, Supp. Figs. 1D,E) suggesting that high SCRIB levels are selected-

for in certain breast cancer subtypes while not in others.

To determine the relationship between SCRIB upregulation and patient outcome, we

evaluated Kaplan-Meier estimates of 10-year overall survival in a series of 663 breast

tumors and find that high SCRIB expression predicts for worse overall survival (HR = 1.61,

p < 0.0007; Fig 1D). These observations demonstrate that SCRIB overexpression is

associated with the aggressive forms of breast cancers and with poor clinical prognosis.

Characterization of SCRIB localization in human breast tumors

Although it is counterintuitive that a tumor suppressor is amplified and overexpressed in

breast cancer, previous studies in Drosophila (11) and in mammals (13), demonstrate that

expression of a mislocalized form of SCRIB fails to rescue a loss of function phenotype,

suggesting that, mislocalizing SCRIB phenocopies a complete loss of function. We analyzed

the SCRIB immunohistochemistry reported in 20 breast cancer samples with moderate to

strong SCRIB expression from the Human Protein Atlas (Fig. 1E) to determine if SCRIB is

mislocalized in breast cancers. 11 of the 20 samples showed predominantly cytosolic SCRIB

localization (Fig. 1Eiii), while the remaining nine showed a combination of membrane and

cytosolic localization (Fig. 1Ei,ii). This is consistent with our previous observation that

primary breast tumors show intra-tumor heterogeneity in Scribble localization (2). As

SCRIB localization is mediated by the LRR domains, we sequenced the SCRIB LRR region

in several human breast cell lines, including the non-transformed mammary epithelial cell

line MCF-10A, as well as the cancer cell lines MDA-MB-231, T47D and MCF7. While the

cancer cell lines all showed mislocalized SCRIB, no mutations within the Pro 305-

containing LRR domain were found (data not shown). It is likely that SCRIB localization is

dysregulated by multiple mechanisms in cancer cell lines and human tumors. While detailed

investigation is needed to understand the mechanisms by which SCRIB is mislocalized in

cancers, we sought to investigate if expression of mislocalized SCRIB plays a causal role for

promoting cancer in the mammary gland. To accomplish this, we developed a transgenic

mouse model expressing a SCRIB Pro 305 to Leu mutant, which fails to localize to cell

membranes (13).

Generation and characterization of MMTV-hSCRIBP305L mice

To investigate the consequence of expressing a mislocalized mutant version of SCRIB in

vivo, we generated transgenic mice expressing hSCRIBP305L in the mammary epithelium

under the control of the mouse mammary tumor virus (MMTV) long terminal repeat

promoter (Fig. 2A). Two distinct lines (P305L1, P305L2) were shown to transmit the

transgene and used for further characterization. Both lines harbor 8 – 10 copies of the

transgene as determined by quantitative polymerase chain reaction (QPCR) analysis (data
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not shown). Cell lysates from mammary glands isolated from FVB and hSCRIBP305L mice

were analyzed for expression of SCRIB (Fig. 2B). As expected, hSCRIBP305L mice

displayed higher levels of SCRIB protein in the mammary gland than control mice.

To determine the spatial distribution of hSCRIBP305L expression in vivo, we analyzed

localization of SCRIB, E-cadherin (E-cad), a luminal epithelial marker and cytokeratin 14

(CK14), a basal epithelial marker, by immunohistochemistry (IHC) (Fig. 2C,D). In adult

virgin mammary glands of FVB mice, SCRIB co-localizes with E-cad to the basolateral

surface of luminal epithelial cells (Fig. 2C,D, left panels). In hSCRIBP305L mice, SCRIB

expression in the mammary gland was primarily expressed in E-cad positive luminal

epithelial cells (Fig. 2C,D, right panels). However, within the luminal epithelial cells of

hSCRIBP305L mice, SCRIB is localized throughout the cytosol (Fig. 2D).

hSCRIBP305L mice display mammary morphogenesis defects

To investigate the early changes in mammary morphogenesis in hSCRIBP305L mice,

mammary glands were excised from virgin FVB and hSCRIBP305L mice at different ages

and their branching patterns analyzed by whole mount carmine alum staining (Fig. 3A). In

FVB mice, tertiary side branches were visible by 20 weeks and prominent at all subsequent

time points analyzed (up to 50 weeks) (Fig. 3B). In contrast, hSCRIBP305L mice displayed

fewer side branches, a difference first apparent by 30 weeks of age and sustained over

subsequent time points (Fig. 3A, right panels). Quantitative analysis of hSCRIBP305L mice

through 50 weeks of age demonstrated a significant impairment in tertiary side branching as

compared with control mice (Fig. 3B). These results demonstrate that overexpression of

mislocalized SCRIB disrupts mammary gland morphogenesis.

The lack of tertiary structures within the adult virgin hSCRIBP305L mice led us to speculate

that these glands may show defects in differentiation of luminal progenitor cells. To test this

directly, we isolated epithelial organoids from FVB and hSCRIBP305L mammary glands,

dissociated them into individual cells, and then performed flow cytometry analysis with

antibodies for CD49f (integrin α6) and CD61 (integrin β3). In 30-week old virgin FVB

mice, 10.9% of organoid-derived cells were found in the CD49flo/CD61+ population (Fig.

3C). This population accounted for 17.1% of cells in hSCRIBP305L mice, a 57% increase

over FVB controls. Since mammary epithelial cells within the CD49flo/CD61+ population

have been functionally characterized as luminal progenitors (24), our results suggest that

expression of mislocalized SCRIB results in accumulation of luminal progenitor cells in the

mammary gland.

hSCRIBP305L mice develop multifocal hyperplasia

Virgin hSCRIBP305L mice, but not FVB control mice, developed regions of hyperplastic

growth, as determined by whole mount carmine alum-stained mammary glands (Fig. 4A)

and H&E-stained sections (Fig. 4B). The hyperplastic nodules were widespread and filled

the entire mammary fat pad (Fig. 4B). In addition, the hyperplasia phenotype was highly

penetrant and observed in 8/10 transgenic mice older than one year of age (Fig. 4C).

Histological analysis of the hyperplastic glands showed evidence of scattered inflammatory

and squamous nodules and secretory lobuloalveolar hyperplasia (Supp. Fig 2A).
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To understand the differentiation status of the epithelial cells in hyperplastic glands, we

performed IHC analysis for the luminal marker cytokeratin-18 (CK18) and the basal marker

CK14 (Fig. 4D,E). In aged, virgin FVB mice, 50% of the ductal cells were CK18-positive,

while 40% were CK14-positive and the remaining 10% were double positive (Fig. 4E). In

contrast, hyperplastic hSCRIBP305L mammary glands showed increased levels of CK18-

positive and double positive cells, with a decrease in the percentage of CK14-positive cells

(Fig. 4D,E).

hSCRIBP305L mice develop spontaneous mammary tumors

To determine if the hyperplasia can progress to carcinoma, we allowed cohorts of virgin

FVB and hSCRIBP305L mice to age, checking for tumor onset weekly by palpation. Within

one and a half years of age, virgin hSCRIBP305L mice from two distinct lines developed

focal mammary tumors (Fig. 5A). Penetrance of the tumor phenotype reached as high as

55% by two years of age in P305L2 demonstrating that overexpression of mislocalized

SCRIB can initiate tumorigenesis in the mouse mammary gland.

SCRIB mislocalization generates mammary tumors with high pathologic diversity

To characterize the hSCRIBP305L tumor phenotype we analyzed the pathological features

of 14 hSCRIBP305L tumors [six from P305L1 and eight from P305L2] (Fig. 5B, Supp. Fig.

2B). The tumors were broadly classified as adenocarcinomas (29%), spindle cell tumors

(14%), adenosquamous carcinoma (21%), and cystic squamous cell carcinoma (14%), while

the remainder did not fall into simple classification (21%) (Fig. 5C). We observed both

inter-tumor and intra-tumor heterogeneity for histological characteristics (Fig. 5B, insets).

Interestingly, one of the 14 hSCRIBP305L tumor-bearing mice revealed intravascular tumor

emboli in lung tissue (Fig. 5D), suggesting that the tumor cells are not benign and have the

capacity to extravasate from the primary site.

To determine if the pathological heterogeneity was maintained at the level of lineage

specific markers, we performed IHC for CK18 and CK14 in the hSCRIBP305L tumors (Fig.

5E, Supp. Fig. 3A). In concordance with the pathological analysis, no clear unifying pattern

emerged. While several tumors were composed entirely of CK18/CK14 double positive

cells, others were mostly CK18 or CK14 positive (Fig. 5E, Supp. Fig. 3A). Intra-tumoral

heterogeneity was also observed, as different staining patterns were evident throughout

individual tumors. In addition, the tumors displayed varying levels of proliferation and

regions of extensive apoptosis, as measured by Ki67 and cleaved caspase-3 IHC,

respectively (Fig. 5F, Supp. Fig. 3B).

SCRIB mislocalization promotes mammary tumors with basal characteristics

To define if the hSCRIBP305L tumors belong to tumor subtype, we probed the tumors for

expression of luminal and basal markers by QPCR (Fig. 5G,H). As the hSCRIBP305L

tumors possessed significant intra-tumor heterogeneity, we chose to utilize a candidate gene

approach, measuring the expression of known luminal and basal markers, rather than whole

genome expression arrays. Previous studies have demonstrated that mammary tumors

induced by expression of a constitutively active ErbB2 (NDL) under the control of the

MMTV promoter, expressed high levels of the luminal markers GATA3 and CK18 and are
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classified as luminal tumors (25). Therefore, we used RNA from NDL tumors as a reference

for luminal-type gene expression. Although relative expression levels of GATA3 and CK18

varied among different hSCRIBP305L tumors, all samples analyzed (6/6) expressed

decreased levels of these markers compared with NDL tumors (Fig. 5G). As expected, two

NDL tumors analyzed expressed low levels of the basal markers cytokeratin-5 (CK5),

cytokeratin-6 (CK6), and CK14 (Fig. 5H). In contrast, all six hSCRIBP305L tumors

analyzed expressed dramatically enhanced levels (10- to 60-fold increase) of at least two of

these basal markers. These observations were extended by Western blot analysis of protein

lysates from five NDL and hSCRIBP305L tumors (Fig. 5I). NDL tumors expressed high

levels of the luminal marker E-cadherin and low levels of the basal markers Vimentin and

CK14. In contrast, hSCRIBP305L tumors expressed lower levels of E-cadherin and high

levels of Vimentin and CK14. Taken together, our data provide evidence that SCRIB

mislocalization induces histologically diverse mammary tumors with basal characteristics.

SCRIB mislocalization promotes activation of Akt

To gain mechanistic insight into pathways activated by mislocalized SCRIB, we generated

MCF-10A cells stably expressing SCRIBWT or hSCRIBP305L (Fig. 6A). Overexpressed

SCRIBWT localizes to the cell membrane and is concentrated at cell-cell junctions, whereas

hSCRIBP305L is predominantly localized to the cytosol (Fig. 6B). Others and we have

shown that knockdown of SCRIB regulates Rac-JNK and RAS-MAPK signaling pathways

in mammary epithelial cells (2). We analyzed if expression of hSCRIBP305L affects

epidermal growth factor (EGF)-induced activation of extracellular signal-related kinase

(ERK), c-Jun N-terminal kinase (JNK), p38, and Akt. EGF-stimulation of MCF-10A cells

promoted ERK phosphorylation within 2.5 minutes, which was maintained through 15

minutes (Fig. 6C). The kinetics and amplitude of EGF-stimulated ERK phosphorylation was

similar in cells expressing either SCRIBWT or hSCRIBP305L. As with ERK, neither

SCRIBWT nor hSCRIBP305L modified EGF-stimulated JNK or p38 kinase

phosphorylation (data not shown).

We next focused on Akt, a potent oncogene in human breast cancer. Akt is phosphorylated

within the activation loop at Thr308 by PDK1 (3-phosphoinositide dependent protein

kinase-1) in response to insulin and other growth and survival factors (26). In MCF-10A

cells grown in the absence of EGF, phosphorylation of Akt at Thr308 was undetectable (Fig.

6C). Addition of EGF to the cells led to an increase in Akt308 phosphorylation within 2.5

minutes, reduced after 5 minutes and returned to basal levels by 15 minutes. In MCF-10A

cells expressing SCRIBWT, addition of EGF led to higher levels of Akt308 phosphorylation

(Fig. 6C). MCF-10A cells expressing hSCRIBP305L displayed a marked increase in Akt308

phosphorylation as compared with either control or SCRIBWT cells (Fig. 6C).

Akt is also phosphorylated within the carboxyl-terminal hydrophobic motif at Ser473 by the

serine/threonine kinase mammalian target of rapamycin complex 2 (mTORC2), within a

rapamycin-insensitive protein complex (27). In parental MCF-10A cells, Akt is

phosphorylated at Ser473 within 5 minutes of EGF stimulation (Fig. 6C). In cells expressing

SCRIBWT, addition of EGF led to three-fold increase Ser473 phosphorylation within 2.5

minutes, with a peak at 5 minutes after stimulation. MCF-10A cells expressing
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hSCRIBP305L displayed a nine fold increase of Ser473 phosphorylation at 2.5 minutes that

was maintained through 5 minutes and decreased by 15 minutes, suggesting that Akt kinase

is activated early in both SCRIBWT and hSCRIBP305L expressing cells but sustained

longer in cells expressing hSCRIBP305L.

Phosphorylation of Akt at 308 and 473 is associated with an increase in its kinase activity.

To directly monitor changes in Akt activity, we probed the cell lysates using an Akt-

substrate antibody that recognizes p-Ser/Thr within the Akt phosphorylation motif

RxRxxS/T (Supp. Fig. 4A). In parental MCF-10A cells, an EGF stimulation-induced

increase in substrate phosphorylation was detectable by 30 minutes. However, cells

expressing hSCRIBP305L showed a greater increase in signal compared to those observed

in parental or SCRIBWT expressing cells (Supp. Fig 4A), suggesting that expression of

hSCRIBP305L activates Akt in MCF-10A cells.

To probe the effects of SCRIB mislocalization on specific downstream targets of Akt

activation, we analyzed phosphorylation of PRAS40 (40kDa proline-rich protein) and TSC2

(tuberin) in EGF-stimulated MCF-10A cells (28, 29). Akt directly phosphorylates PRAS40

at Thr246, relieving the PRAS40 inhibitory effect on the mTOR1 complex (mTORC1) (30).

In MCF-10A cells, EGF stimulation induced PRAS40 phosphorylation within 2.5 minutes,

returning to near basal levels by 30 minutes (Fig. 6D). In MCF-10A cells expressing

SCRIBWT, EGF induced PRAS40 phosphorylation with similar kinetics and intensity but

greater at 30 minutes after EGF-stimulation. In MCF-10A cells expressing hSCRIBP305L,

PRAS40 phosphorylation was both enhanced and sustained at all time points tested, as

compared with control cells or those expressing SCRIBWT. Akt directly phosphorylates

TSC2 at Thr1462, resulting in activation of mTORC1 (29). Expression of hSCRIBP305L

enhanced EGF-induced phosphorylation of TSC2, as compared with MCF-10A cells and

those expressing SCRIBWT (Fig. 6D).

As PRAS40 and TSC2 regulate the activity of mTOR, we investigated the effect of SCRIB

mislocalization on mTOR-induced signaling events. mTOR phosphorylates p70S6 kinase

(p70S6K) at several residues, resulting in increased kinase activity (31). Active p70S6K

phosphorylates the ribosomal protein S6, enhancing translation of mRNA transcripts

involved in cell cycle progression (32). MCF-10A cells expressing hSCRIBP305L displayed

phosphorylation of p70S6K as early as 15 minutes following EGF stimulation, which was

maintained through 45 minutes (Fig 6E). In contrast, in MCF10A cells, and those expressing

SCRIBWT, EGF stimulation did not significantly increase p70S6K phosphorylation up to

45 minutes after stimulation. Consistently, MCF-10A cells expressing hSCRIBP305L

displayed enhanced phosphorylation of S6, as compared with parental MCF-10A cells or

MCF-10A cells expressing SCRIBWT (Fig. 6E). Therefore, SCRIB mislocalization

specifically induces activation of Akt/mTOR pathway that leads to activation of downstream

targets in mammary epithelial cells.

To investigate if the increase in phosphorylation of p70S6K and S6 requires mTORC1

activity, we inhibited mTOR with rapamycin. MCF-10A cells expressing hSCRIBP305L

displayed enhanced phosphorylation of p70S6K and S6 45 minutes after EGF stimulation, as

compared with MCF-10A cells or MCF-10A cells expressing SCRIBWT (Fig. 6F). In the
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presence of rapamycin, mTORC1-mediated phosphorylation of p70S6K and S6 proteins was

inhibited (Fig 6F). As expected, mTORC2 mediated phosphorylation of Akt at 473 was not

affected in rapamycin treated cells (Fig 6G). The above results, taken together, identify

mTOR and Akt signaling as downstream effectors of expression of hSCRIBP305L.

SCRIB interacts with PTEN in a PDZ domain-dependent manner

To define the mechanism by which SCRIB mislocalization activates Akt, we investigated

the hypothesis that SCRIB interacts with phosphatase and tensin homolog (PTEN), a tumor

suppressor frequently mutated or deleted in human cancers, including those of the breast

(33, 34). PTEN is a phosphatase that dephosphorylates phosphatidylinositol (3,4,5)-

trisphosphate (PIP3), a second messenger generated by phosphoinositide 3-kinase (PI3K)

(35). Loss of PTEN enhances PIP3-mediated signaling, including phosphorylation and

activation of Akt (36). PTEN is localized to cell-cell junctions and binds through its C-

terminus to the PDZ domain of the basolateral polarity protein DLG1 as well as the PDZ2

and PDZ3 domains of the apical polarity determinant PARD3. Furthermore, knockdown of

PTEN in mammary epithelial cells grown in 3D culture results in hyperproliferation and

disrupted acinar organization (37). Finally, disruption of PTEN membrane localization,

through removal of the C-terminal PDZ binding site, has been shown to disrupt its ability to

suppress Akt activation.

To investigate a possible interaction between SCRIB and PTEN, we utilized a SCRIB

antibody to immunoprecipitate (IP) endogenous SCRIB from luminal epithelial Eph4 cells

and analyzed PTEN interaction by immunoblot (Fig. 7A). Whereas no PTEN was pulled

down in the control IP (IgG), endogenous SCRIB was able to pull down endogenous PTEN.

To determine if the hSCRIBP305L mutation altered PTEN binding, we immunoprecipitated

T7-epitope tagged SCRIB from HEK293 cells transfected with T7-SCRIBWT, T7-

hSCRIBP305L, GFP-PTEN, or an empty vector (Fig. 7B). Importantly, both SCRIBWT and

hSCRIBP305L were able to pull down PTEN. Next, we utilized GFP-tagged wild type

PTEN (WT) and a PTEN mutant lacking the PDZ binding motif (PTEN-399) to determine if

the SCRIB-PTEN interaction is PDZ-dependent. T7-SCRIB was immunoprecipitated from

HEK293 cells transfected with T7-SCRIB, WT-PTEN, PTEN-399, or an empty vector (Fig.

7C). T7-SCRIB was able to pull down WT-PTEN, but significantly less PTEN-399,

demonstrating that the C-terminal PDZ binding site of PTEN is critical for the SCRIB/PTEN

interaction. To determine which of the SCRIB PDZ domains was required for PTEN

binding, we generated four T7-SCRIB mutants (see methods section for details), each with a

mutation in only one of the four PDZ domains (P1, P2, P3, P4). T7-SCRIB, either WT or

PDZ mutant, was immunoprecipitated from HEK293 cells co-transfected with GFP-PTEN,

or an empty vector (Fig. 7D). Whereas GFP-PTEN was able to bind T7-WTSCRIB, or PDZ

mutants P2, P3 and P4, mutation of the first PDZ domain of SCRIB significantly reduced

the SCRIB/PTEN interaction (Fig. 7D,E). Taken together, our results suggest that SCRIB

and PTEN are present in a protein complex requiring the PDZ-binding motif of PTEN and

the first PDZ domain of SCRIB.

To determine the significance of the SCRIB/PTEN interaction, we analyzed the localization

of endogenous PTEN in MCF-10A cells expressing SCRIBWT and hSCRIBP305L. Cell
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fractionation was performed, effectively separating the cytosolic fraction from the

membrane (Fig. 7F). MCF-10A cells expressing hSCRIBP305L had a more than three-fold

increase in cytosolic PTEN than the parental or WTSCRIB expressing cells (Fig. 7F, left

panels). We then analyzed the effect of disrupting the SCRIB/PTEN interaction on EGF-

induced signaling in MCF-10A cells. MCF-10A cells, either expressing an empty vector,

WT-PTEN or PTEN-399, were probed for Akt308 phosphorylation in response to EGF (Fig.

7G). Expression of WT-PTEN, but not PTEN-399, attenuated EGF-induced phosphorylation

of Akt (Fig. 7G). These results suggest that PTEN localization modulates EGF-induced

activation of Akt.

hSCRIBP305L mammary tumors and human breast cancers with amplified SCRIB show
activation of S6 kinase but no correlation with mutations in PTEN or PIK3CA

To determine if expression of mislocalized SCRIB activates Akt/mTOR signaling in vivo,

we analyzed FVB and hSCRIBP305L mammary glands for phosphorylation of S6 by IHC

(Supp. Fig. 4B). At the eight-week time point, no change was seen in the intensity of pS6

staining between FVB and hSCRIBP305L mice. However, ductal structures from 20-week

old hSCRIBP305L mice displayed markedly higher pS6 staining than controls, and

maintained this enhanced signal through 50 weeks. Western blot analysis of mammary

glands isolated from FVB and hSCRIBP305L mice at 30 weeks (Fig. 7H), and hyperplastic

glands at 75 weeks (Fig. 7I) showed higher levels of phospho-S6 in hSCRIBP305L glands.

Finally, we evaluated Akt pathway activation in primary tumors through analysis of

phospho-S6 levels (Fig. 7J). hSCRIBP305L tumors displayed enhanced phosphorylation of

S6, as compared with NDL controls. In addition, IHC analysis showed enhanced phospho-

Akt308 in hSCRIBP305L tumors (Fig. 7K). To determine if human breast tumors with

SCRIB amplification display enhanced Akt pathway activation, we analyzed RPPA data

from the TCGA dataset (20). Similar to our findings with mouse tumors induced by

expressing mislocalized SCRIB, tumors with SCRIB amplification had higher levels of

phosphorylated S6 as compared to non-amplified tumors (Fig. 7L). Interestingly, there was

no correlation between amplification of SCRIB and mutations in PTEN (P=0.2, n=760) and

PIK3CA (p=0.3, n=482), regulators of the PI3K signaling pathway, suggesting that SCRIB

amplification is mutually exclusive with alternate mechanisms of activating the PI3K

signaling pathway (Fig. 7M).

We have previously shown that expression of hSCRIBP305L cooperates with Myc during

transformation of mammary epithelial cells (2). Consistent with this observation, there was a

strong correlation between SCRIB and MYC co-amplification in human breast cancer (p=0,

n=760) (Fig. 7M). By contrast, SCRIB amplification did not correlate with HER2

amplification in human breast cancer (p=0.06, n=760). Consistently, we find that transgenic

mice co-expressing hSCRIBP305L and NEU/HER2 under the control of MMTV promoter

did not show any change in latency of tumor onset (Supp. Fig. 4C), demonstrating lack of

cooperation between hSCRIBP305L and HER2 during mouse mammary tumorigenesis. To

gain a better understanding of possible genetic changes associated with SCRIB

amplification, we compared the genetic interaction between SCRIB and 40 breast cancer

driver genes (38) using the TCGA data archived in the cBioPortal analysis platform. SCRIB

amplification correlated with alterations in TP53, BRCA1, BRCA2, FGFR1, EGFR,
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MAP3K1 and ZNF217, demonstrating a correlation between SCRIB amplification and

genes frequently altered in aggressive forms of breast cancer. Taken together our

observations demonstrate that amplification or overexpression of SCRIB is associated with

aggressive subtypes of human breast cancer and that mice overexpressing SCRIB activate a

PI3K/S6K pathway and induce formation of mammary tumors with the basal subtype.

Discussion

Herein, we identify an unexpected role for the polarity protein Scribble in the pathogenesis

of cancer. We demonstrate that overexpression of a mislocalized form of SCRIB functions

as a neomorph by interacting with another tumor suppressor, PTEN, and activating an

mTORC1/Akt/S6K signaling pathway in culture and in vivo.

Others and we have previously reported that downregulation (or loss) of SCRIB expression

functions as a tumor suppressor by inhibiting cell death or inducing proliferation (2, 3). In

addition, Scribble is required for directional migration, promotes epithelial identity and

suppresses epithelial to mesenchymal transition in mammary and corneal epithelial cells (4,

5, 39). Together, these observations suggest a working model that SCRIB normally

promotes epithelial differentiation and loss of expression results in mesenchymal transition

and tumorigenesis. As we report here, large-scale cancer genome analysis identifies SCRIB

gene amplification and overexpression as a frequent and clinically relevant event in breast

cancer and not deletion or decrease in gene expression, raising new questions on how

SCRIB may regulate the biology of cancer cells. We report that mislocalization of SCRIB

results in acquisition of a new function (neomorph), it mislocalizes PTEN and activates a

mTORC1/Akt/S6K pathway and thus results in a gain of function. It is likely that the gain of

function associated with hSCRIBP305L drives tumorigenesis and contributes to the invasive

behavior observed in mammary tumors.

It is not clear how SCRIB localization would be altered in breast cancer. Our sequencing

efforts and those reported by TCGA do not show evidence of frequent mutations in SCRIB

suggesting that changes in Scribble localization must involve alternate mechanisms.

Trafficking of SCRIB may be impaired by defects in the intracellular trafficking machinery.

In support of this hypothesis, proper vesicle trafficking is critical for maintenance of

epithelial polarity (40). Phosphorylation of serine residues in the carboxy terminal domain of

SCRIB induces mislocalization to the cytosol (41). Furthermore, alterations in SCRIB

binding partners, including E-cadherin, may disrupt SCRIB membrane localization (42).

Therefore, multiple distinct mechanisms may account for the high prevalence of SCRIB

mislocalization observed human tumors. Together, these observations begin to explain why

high levels of SCRIB are frequently selected-for in breast cancers.

Our results showing that SCRIB mislocalization enhances Akt signaling and results in

mammary morphogenesis defects are consistent with a mouse model of Akt pathway

activation (43). Knockdown of PTEN in normal mammary epithelial cells implanted into

humanized mouse fat pads resulted in disorganized, hyperplastic lesions (44). These

outgrowths displayed increased basal markers (smooth muscle actin, CK5, CK6) and

decreased luminal markers (estrogen receptor, CK18), similar to our findings with
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mislocalization of SCRIB. Furthermore, a mouse model in which direct activation of PI3K

was accomplished by recruitment of p110α to the membrane resulted in alveolar hyperplasia

and low penetrance tumorigenesis (45). Mice in which PTEN was deleted within the

mammary epithelium developed pathologically heterogeneous tumors with high expression

of basal markers (46). Therefore, our results are consistent with a model in which aberrant

Akt activation within the mouse mammary gland results in basal-like tumors.

The observation that SCRIB mislocalization leads to basal tumors and that SCRIB mRNA is

higher in basal-like and mesenchymal human breast tumors raises interesting clinical

perspectives. A recent analysis, combining mutation, mRNA expression and protein levels,

determined that the PI3K/Akt pathway was elevated in basal-like cancers as compared with

luminal or HER2+ (47). Despite high pathway activity, basal-like cancers rarely display

PIK3CA (PI3K catalytic domain) mutations (48). Our observations raise that possibility that

mislocalization of SCRIB, and other PTEN interacting polarity proteins, play a critical role

in modulation of Akt/mTOR signaling breast cancer. Thus, understanding the mechanisms

that regulate subcellular localization of SCRIB, and possibly other cell polarity proteins can

provide novel insights into cancer biology.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Genomic changes in SCRIB associated with human breast cancer
(A) The cBioPortal was used to detect genomic alterations and gene expression changes

(mutations, copy number alterations, mRNA expression) in the SCRIB gene among 748

human breast tumors. (B) SCRIB gene expression in breast cancer molecular subtypes.

Normalized and median-centered SCRIB gene expression levels were compared in breast

cancer molecular subtypes as defined in a publically available dataset of breast tumors.

SCRIB expression is expressed as log2 values. Mean SCRIB expression between tumors

within each subtype is represented by a black line. Lines above the graph represent statistical
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significance of variance between subtypes as determined by Kruskall-Wallace non-

parametric method. Asterisks represent p values; *** = p<0.001; ** = p<0.01; * = p<0.05;

n.s. = p>0.05. (C) Analysis of SCRIB mRNA across TNBC subtypes. Gene expression (GE)

profiles were obtained from 21 publicly available data sets that contained 3,247 primary

human breast cancers. Gene expression for SCRIB (212556_at) was extracted and used for

all comparisons. The lower panel displays p-values representing the difference between

SCRIB expression in each subgroup (D) SCRIB expression stratifies overall survival in

breast cancer. Kaplan-Meier estimates of overall survival were calculated in a publically

available integrated multi-study breast cancer transcriptomic dataset through the KMplotter

tool. The upper quartile of SCRIB expression used to dichotomise data into high versus low

expression groups. Number of total patients are shown, significance of differences in

survival curves are determined by log-rank p-values and hazard ratios are calculated by cox

regression analysis. (E) (i) Human breast tumor with predominantly membrane SCRIB

localization. (ii) Human breast tumor with membrane and cytosolic SCRIB localization. (iii)

Human breast tumor with predominantly cytosolic SCRIB localization.
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Figure 2. Generation and characterization of MMTV-hSCRIBP305L mice
(A) Schematic of MMTV-hSCRIBP305L targeting construct. (B) Cell lysates from

mammary glands isolated from FVB and hSCIBP305L mice were analyzed for expression

of SCRIB and actin (loading control) by Western blot. (C) Expression of SCRIB, CK14 and

E-cad was analyzed by IHC in mammary glands isolated from FVB and hSCRIBP305L

mice. (D) Expression of SCRIB, CK14 and E-cad was analyzed by IHC in mammary glands

isolated from FVB and hSCRIBP305L mice. Scale bars = 10μm.
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Figure 3. Mislocalization of SCRIB in the mouse mammary gland disrupts morphogenesis
(A) Whole mount analysis of FVB and hSCRIBP305L mammary glands collected at the

indicated time points. (B) Quantitative analysis of the results presented in (A), from three

mice per condition. Error bars represent standard error of the mean (SEM). * denotes

p<0.05. (C) FACS analysis of luminal progenitor cell (CD49flow/CD61+) content in

mammary epithelial cells isolated from FVB and hSCRIBP305L mice. * denotes p<0.05.
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Figure 4. Mislocalization of SCRIB induces hyperplastic lesions in the mammary gland
(A) Whole mount analysis of FVB and hSCRIBP305L mammary glands collected at the

indicated time point. (B) H&E staining of mammary glands collected from FVB and P305L

mice. (C) Analysis of hyperplastic phenotype in two distinct hSCRIBP305L lines. (D)
Expression of CK18 and CK14 were analyzed by IHC in mammary glands isolated from

FVB and hSCRIBP305L mice. Scale bars = 20μm. (E) Quantitative analysis of the results

presented in (D).
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Figure 5. Mislocalization of SCRIB generates tumors with basal characteristics
(A) Kaplan-Meier curve of tumor onset in FVB and two distinct hSCRIBP305L lines. (B)
H&E staining of mammary tumors collected from hSCRIBP305L mice. (i) Glandular

adenocarcinoma, (ii) microacinar tumor, (iii) spindle cell tumor, (iv) adenosquamous

carcinoma. (C) Pathological classification of hSCRIBP305L tumors. (D) H&E staining of

tumor emboli within lung from hSCRIBP305L tumor bearing mouse. (E) Expression of

CK18 and CK14 were analyzed by IHC in mammary tumors isolated from hSCRIBP305L

mice. Scale bars = 50μm. (F) Expression of Ki67 and cleaved caspase 3 was analyzed by
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IHC in mammary tumors isolated from hSCRIBP305L mice. Each image was taken from a

different tumor. (G) Quantitative PCR analysis was utilized to examine expression of

luminal markers (GATA3, CK18) on cDNA generated from NDL and hSCRIBP305L

tumors. (H) Quantitative PCR analysis was utilized to examine expression of basal markers

(CK5, CK6, CK14) on cDNA generated from NDL and hSCRIBP305L tumors. (I) Western

blot analysis was utilized to examine expression of the luminal marker E-cad, and the basal

markers Vimentin and CK14 in NDL and P305L tumors.
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Figure 6. Mislocalization of SCRIB enhances EGF-induced AKT activation
(A) Expression of SCRIB was analyzed in MCF-10A stably expressing SCRIBWT or

hSCRIBP305L. (B) MCF-10A cells, either control or overexpressing SCRIBWT or

hSCRIBP305L, were analyzed by IF for SCRIB localization. (C) MCF-10A cells, either

control or overexpressing SCRIBWT or hSCRIBP305L, were grown in the absence of EGF

overnight, then allowed to recover in EGF-containing medium for the indicated lengths of

time. Protein lysates from each condition were analyzed for phosphorylation of AKT at

Thr308 and Ser473, and ERK1/2 at Thr202/Tyr204. (D) MCF-10A cells, either control or

overexpressing SCRIBWT or hSCRIBP305L, were grown in the absence of EGF overnight,
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then allowed to recover in EGF-containing medium for the indicated lengths of time. Protein

lysates from each condition were analyzed for phosphorylation of TSC2 at Thr1462 and

PRAS40 at Thr246. (E) MCF-10A cells, either control or overexpressing SCRIBWT or

hSCRIBP305L, were grown in the absence of EGF overnight, then allowed to recover in

EGF-containing medium for the indicated lengths of time. Protein lysates from each

condition were analyzed for phosphorylation of p70S6K at Thr389 and S6 at Ser235/236.

(F) MCF-10A cells, either control or overexpressing SCRIBWT or hSCRIBP305L, were

grown in the absence of EGF overnight, pretreated with rapamycin for 30 minutes, then

allowed to recover in EGF-containing medium for 45 minutes. Protein lysates from each

condition were analyzed for phosphorylation of p70S6K at Thr389 and S6 at Ser235/236.

(G) MCF-10A cells, either control or overexpressing SCRIBWT or hSCRIBP305L, were

grown in the absence of EGF overnight, pretreated with rapamycin for 30 minutes, then

allowed to recover in EGF-containing medium for 30 minutes. Protein lysates from each

condition were analyzed for phosphorylation of Akt at Ser473.

Feigin et al. Page 26

Cancer Res. Author manuscript; available in PMC 2015 June 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Figure 7. SCRIB is found in a protein complex with PTEN
(A) Control (IgG) and SCRIB immunoprecipitations were performed on Eph4 protein

lysates. (B) HEK293 cells were transfected with an empty vector, T7-tagged SCRIBWT

(WT), T7-tagged hSCRIBP305L (PL), and GFP-WT-PTEN. Immunoprecipitations were

carried out from total cell lysates utilizing the T7 antibody or control IgG. (C) HEK293 cells

were transfected with an empty vector, T7-tagged SCRIB, GFP-WT-PTEN or GFP-

PTEN399. Immunoprecipitations were carried out from total cell lysates utilizing the T7

antibody. (D) HEK293 cells were transfected with an empty vector, T7-tagged SCRIB or
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T7-tagged SCRIB PDZ mutants, and GFP-WT-PTEN. Immunoprecipitations were carried

out from total cell lysates utilizing the T7 antibody. (E) Quantification of results presented

in (D), from three independent experiments. (F) MCF-10A cells, either control or

overexpressing SCRIBWT or hSCRIBP305L, were fractionated to separate the membrane

and cytosol fractions. Protein lysates from each condition were analyzed for PTEN, caspase

3 (cytosolic marker) and c-Met (membrane marker). (G) MCF-10A cells were transfected

with an empty vector, WT-PTEN (WT) or PTEN-399 (399), grown in the absence of EGF

overnight, then allowed to recover in EGF-containing medium for 10 minutes. Protein

lysates from each condition were analyzed for phosphorylation of AKT at Thr308. (H)
Phosphorylation of Akt and S6 was analyzed by WB in mammary glands isolated from FVB

and hSCRIBP305L mice. (I) Phosphorylation of S6 was analyzed by WB in mammary

glands isolated from FVB and hSCRIBP305L mice. (J) Western blot analysis was utilized to

examine phosphorylation of S6 in NDL and P305L tumors. (K) Phosphorylation of Akt was

analyzed by IHC in NDL and P305L tumors. (L) Analysis of phosphorylation of S6 at

Ser235 in human tumor samples with amplification of SCRIB. (M) Mutual exclusivity

calculations of alterations in selected genes in human breast cancer. p>0.05 for pairs

outlined in red. Orange=strong tendency towards co-occurrence (odds ratio>10);

Yellow=tendency towards co-occurrence (2<odds ratio<10); Blue=strong tendency towards

mutual exclusivity (0<odds ratio<0.1); White=no association (0.5<odds ratio<2).
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