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Summary

Oncogenic mutations in PIK3CA, the gene encoding the catalytic subunit of phosphoinositide 3-

kinase (PI 3-K), occur with high frequency in breast cancer. The protein kinase Akt is considered 

to be the primary effector of PIK3CA, although mechanisms by which PI 3-K mediates Akt-

independent tumorigenic signals remain obscure. We show that serum and glucocorticoid-

regulated kinase 3 (SGK3) is amplified in breast cancer and activated downstream of PIK3CA in a 

manner dependent on the phosphoinositide phosphatase INPP4B. Expression of INPP4B leads to 

enhanced SGK3 activation and suppression of Akt phosphorylation. Activation of SGK3 

downstream of PIK3CA and INPP4B is required for 3D proliferation, invasive migration and 

tumorigenesis in vivo. We further show that SGK3 targets the metastasis suppressor NDRG1 for 

degradation by Fbw7. We propose a model in which breast cancers harboring oncogenic PIK3CA 

activates SGK3 signaling while suppressing Akt, indicative of oncogenic functions for both 

INPP4B and SGK3 in these tumors.
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Introduction

Somatic mutations, amplifications and other genetic lesions in genes that encode proteins in 

the phosphoinositide 3-kinase (PI 3-K) pathway play a critical role in breast cancer etiology 

and progression by regulating phenotypes such as cell proliferation, survival and metastasis. 

The importance of PI 3-K signaling is highlighted by identification of activating oncogenic 

mutations of PIK3CA, the gene that encodes the p110α catalytic subunit of class I PI 3-K. 

Oncogenic PIK3CA mutations are frequent in breast cancers, particularly in estrogen 

receptor positive disease where approximately 40% of cases harbor one of the two most 

frequent mutations, H1047R and E545K (Cancer Genome Atlas, 2012; Engelman et al., 

2006; Lee et al., 2005; Samuels et al., 2004). Class I PI 3-K activate signaling cascades by 

generating the phosphoinositides PtdIns-3,4-P2 and PtdIns-3,4,5-P3 (Manning and Cantley, 

2007). Arguably the most studied and best understood effector of PI 3-K is the serine/

threonine protein kinase Akt/ protein kinase B (PKB). Activation of Akt is initiated though 

interaction of the pleckstrin homology (PH) domain with either PtdIns-3,4-P2 or 

PtdIns-3,4,5-P3 (Chin and Toker, 2009; Franke et al., 1997; Woodgett, 2005). This is 

followed by phosphorylation of Akt by the phosphoinositide-dependent kinase-1 (PDK-1) 

and mammalian target of rapamycin complex 2 (mTORC2), locking the enzyme in the 

catalytically competent conformation (Mora et al., 2004; Sarbassov et al., 2005).

Signal termination of PI 3-K and Akt signaling is mediated by the Phosphatase and Tensin 

homolog (PTEN), a tumor suppressor protein that dephosphorylates PtdIns-3,4,5-P3 

converting it back to PtdIns-4,5-P2 (Li et al., 1997; Maehama and Dixon, 1998). Loss of 

heterozygosity (LOH), inactivating mutations or deletions in PTEN are frequent in many 

cancers, and lead to excessive PtdIns-3,4,5-P3 accumulation and hyperactivation of 

downstream effectors, including Akt (Engelman et al., 2006). An alternative mechanism of 

negative regulation of the Akt pathway is through the SH2 domain-containing inositol 

phosphatase (SHIP) family of proteins that dephosphorylate PtdIns-3,4,5-P3 and generate 

PtdIns-3,4-P2, (Choi et al., 2002; Scheid et al., 2002). In turn, PtdIns-3,4-P2 signaling is 

terminated by dephosphorylation, mediated by the inositol polyphosphate-4-phosphatases 

type I and II (INPP4A and INPP4B), resulting in PtdIns-3-P generation (Gewinner et al., 

2009; Norris et al., 1997; Norris and Majerus, 1994). INPP4A and INPP4B both function as 

suppressors of Akt activity (Ivetac et al., 2009), however, INPP4A expression is primarily 

restricted to the brain while INPP4B is expressed in most tissues, including breast (Fedele et 

al., 2010).

Despite numerous studies pointing to Akt as a primary transducer of the PI 3-K signal, 

PIK3CA mutant tumors have strikingly low levels of phosphorylated (hence activated) Akt, 

indicating that other PtdIns-3,4-P2 and PtdIns-3,4,5-P3 effectors link PI 3-K to 

tumorigenesis (Stemke-Hale et al., 2008; Vasudevan et al., 2009). Such effectors include the 

Tec family kinases Btk and Itk (Luo et al., 2003; Miao et al., 2010). Moreover, GTPase 

activating proteins for Rho family GTPases also transduce PI 3-K signaling, such as GRP1 

(Lai et al., 2013). A more recent study showed that PIK3CA-mediated breast cancer cell 

growth and survival is dependent on the Serum and Glucocorticoid-regulated Kinase 3 

(SGK3), in cases where Akt was dispensable (Vasudevan et al., 2009). SGK3 is an AGC 

protein kinase family member along with two other isoforms, SGK1 and SGK2. SGK 

Gasser et al. Page 2

Mol Cell. Author manuscript; available in PMC 2015 November 20.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



isoforms share ~55 % sequence identity with the Akt1-3 catalytic domains (Firestone et al., 

2003; Kobayashi et al., 1999; Tessier and Woodgett, 2006b). SGK and Akt isoforms also 

phosphorylate the same consensus substrate motif, RXRXXS/T, and thus possess a large 

number of shared substrates (Murray et al., 2004). SGK isoforms are activated by the same 

upstream kinases as Akt, PDK-1 at the activation loop residue and TORC2 at the 

hydrophobic motif (Garcia-Martinez and Alessi, 2008; Kobayashi and Cohen, 1999; 

Kobayashi et al., 1999; Liu et al., 2000). As with Akt, SGK phosphorylation at these 

residues is necessary for catalytic activity. However, unlike Akt, SGKs have unique 

regulatory regions. In the case of SGK3, this includes an amino-terminal Phox Homology 

(PX) domain (Xu et al., 2001). The SGK3 PX domain binds to PtdIns-3-P, thereby 

localizing a pool of the kinase to endosomal membranes (Tessier and Woodgett, 2006a; Xu 

et al., 2001).

Despite the nomenclature, SGK3 expression is not regulated by glucocorticoids, instead 

estrogen receptor (ER) signaling has been shown to induce SGK3 transcription (Wang et al., 

2011a; Xu et al., 2012). Interestingly, INPP4B is also an ER-induced gene (Fedele et al., 

2010). Luminal breast cancers are defined by their expression of estrogen and progesterone 

receptors, distinguishing them from HER2 and basal-like (triple-negative) subtypes (Fedele 

et al., 2010; Sorlie et al., 2001). INPP4B inactivation by LOH is a frequent event in basal-

like cancers, and its loss leads to Akt hyperactivation (Cancer Genome Atlas, 2012; Fedele 

et al., 2010; Gewinner et al., 2009). Conversely, INPP4B has been proposed to be a novel 

biomarker for luminal-type breast cancers, which also harbor frequent PIK3CA oncogenic 

mutations.

The mechanisms linking PIK3CA to SGK3 signaling and downstream phenotypes have not 

been defined. Here we show that INPP4B mediates PIK3CA-dependent SGK3 activation in 

breast cancer cells. We also show that SGK3 regulates N-Myc downstream regulated 1 

(NDRG1) leading to ubiquitination and degradation mediated by the E3 ligase F-box and 

WD repeat domain-containing 7 (FBW7). Finally, we show that SGK3 functions as a PI 3-K 

effector in the control of oncogenic signals promoting cell growth and migration of breast 

cancer.

Results

SGK3 is amplified and hyperactivated in breast cancer

A recent study demonstrated that SGK3 is required for the survival of certain breast cancer 

cell lines with oncogenic PIK3CA mutations. These same cells showed minimal Akt activity 

and furthermore, Akt was dispensable for survival (Vasudevan et al., 2009). The Akt PH 

domain binds the PI 3-K lipids PtdIns-3,4-P2 and PtdIns-3,4,5-P3, however the SGK3 

regulatory region lacks a functional PH domain. Instead, SGK3 regulation is in part 

mediated by the PX domain that primarily binds PtdIns-3-P (Tessier and Woodgett, 2006a). 

Since PtdIns-3-P is not a product of class I PI 3-kinases, the mechanism by which SGK3 

functions as an effector of PIK3CA remains undefined.

Somatic activating mutations in the SGK3 gene have not been identified with any 

appreciable frequency. We examined whether amplifications or deletions of SGK3 exist in 
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human cancers and cancer cell lines in a published database of 3131 cancers (Beroukhim et 

al., 2010). Amplifications were present in 30% of tumors. In 4.8% of cases, these were focal 

events encompassing less than half of chromosome 8q, a rate significantly above the 

genome-wide average (q=0.00168; Figure 1A). Among the 243 breast cancers in the study, 

54% exhibited amplifications of SGK3, including 12% with focal alterations (q=0.186), and 

indeed SGK3 is one of 64 genes within the “peak region” where these amplifications most 

overlap (Figure 1B). Chromosome 8q also includes MYC, which is the most commonly 

amplified gene among these cancers. However, the SGK3 peak was significant even after 

discounting amplifications which encompassed MYC.

We next analyzed SGK3 protein levels in a panel of breast cancer cell lines informed by the 

Tumorscape analysis to have amplified SGK3, along with PIK3CA and PTEN mutation 

status. Cells were serum-starved and stimulated with insulin-like growth factor-1 (IGF-1) to 

activate PI 3-K and Akt signaling (Figure 1C). We used an antibody against the SGK3 

activation loop site T320, targeted by PDK-1, as a surrogate for SGK3 activation. 

Concomitantly, we evaluated Akt phosphorylation at the activation loop residue (T308), also 

targeted by PDK-1, and hydrophobic motif (S473), phosphorylated by the TORC2 complex. 

An antibody that recognizes the endogenous SGK3 hydrophobic motif site at S486 is not 

available. We also used total and phospho-NDRG1 antibodies as surrogates for the activity 

of SGK3, noting that NDRG1 is a pan-SGK substrate (Murray et al., 2004; Najafov et al., 

2011). We find that in cells that harbor PI 3-K pathway mutations, such as oncogenic 

PIK3CA or PTEN inactivation, SGK3 is basally phosphorylated and further stimulated by 

IGF-1 (ZR-75-1, MCF7, T47D, Figure 1C). Interestingly, in cells that display basal SGK3 

phosphorylation, the total levels of NDRG1 protein are low or undetectable. Since NDRG1 

is a direct SGK substrate, this correlation suggests that SGK3 activation and signaling may 

modulate NDRG1 degradation.

Not all breast cancer cell lines that harbor PIK3CA mutations or PTEN inactivation display 

elevated SGK3 phosphorylation (e.g., SUM159PT, BT-549) (Figure 1C). We therefore 

considered additional PI 3-K pathway alterations that would account for SGK3 

phosphorylation. INPP4B is 4’ phosphoinositide phosphatase that exclusively 

dephosphorylates the PI 3-K lipid PtdIns-3,4-P2, converting it to PtdIns-3-P. Loss of 

INPP4B by LOH is frequently observed in basal-like cancers and leads to elevated 

PtdIns-3,4-P2 levels and in turn, Akt hyperactivation (Fedele et al., 2010; Gewinner et al., 

2009). However, INPP4B loss is not observed in estrogen receptor-positive breast cancers, 

where PIK3CA mutations occur with the highest frequency (Cancer Genome Atlas, 2012). 

In our comparative analysis, we find that elevated SGK3 phosphorylation correlates directly 

with both elevated INPP4B expression and PIK3CA/PTEN mutation status (Figure 1C).

To provide cause-and-effect evidence for SGK3 as a PI 3-K effector, we used pathway 

inhibitors in cells with PIK3CA mutation and high INPP4B, as well as robust SGK3 

phosphorylation. Since phosphorylation-state antibodies such as pT320 (for SGK3) or 

pT308 and pS473 (for Akt) do not directly measure protein kinase activity, we developed a 

kinase assay to measure SGK3 activity. Endogenous SGK3 was immunoprecipitated and 

used in in vitro kinase assays with a peptide substrate derived from GSK-3β that is a defined 

optimal Akt and SGK substrate, since they share a similar consensus phosphorylation motif 

Gasser et al. Page 4

Mol Cell. Author manuscript; available in PMC 2015 November 20.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



(Murray et al., 2004). Using this assay, we show that SGK3 activity is stimulated by IGF-1, 

concomitant with increased T320 phosphorylation and increased NDRG1 phosphorylation 

(Figure 1D). SGK3 activation is attenuated by both BKM-120 and A66, pan class I and 

p110α specific inhibitors, respectively (Buonamici et al., 2010; Jamieson et al., 2011). 

Conversely, inhibition of TORC1 using rapamycin does not block SGK3 activation, 

consistent with the notion that SGK isoforms are TORC2 targets (Garcia-Martinez and 

Alessi, 2008). The increase in pSGK3 T320 phosphorylation in cells treated with rapamycin 

implies that SGK3 and Akt isoforms share overlapping substrates that modulate feedback 

inhibition of the TORC1 complex, thereby resulting in enhanced SGK3 activation (Figure 

1D). Collectively, these data demonstrate that SGK3 is amplified in breast cancer and its 

activity is dependent on oncogenic PI 3-K signaling.

INPP4B regulates SGK3 activation

PtdIns-3-P directly binds to the SGK3 PX domain (Tessier and Woodgett, 2006a). Since 

high INPP4B levels correlate with the ability of IGF-1 to stimulate SGK3 in PIK3CA mutant 

cells (Figure 1C), and INPP4B generates PtdIns-3-P, we reasoned that INPP4B levels are 

rate-limiting for SGK3 activation downstream of PI 3-K. SGK3 activity measured by in 

vitro kinase assay is significantly enhanced in cells co-expressing INPP4B, whereas Akt 

phosphorylation is attenuated, as expected (Figure 2A). Moreover, endogenous SGK3 

phosphorylation is also stimulated by expression of wild-type INPP4B, but not by a 

catalytically-inactive phosphatase mutant (Figure 2B). A requirement for INPP4B in 

PIK3CA-mediated SGK3 activation is further substantiated by minimal increases SGK3 

phosphorylation at T320 in response to IGF-1 stimulation in MDA-MB-435 cells and the 

lack of effect of PI 3-K inhibitors on SGK3 phosphorylation (Figure S1), since this line 

expresses very low levels of INPP4B (Figure 1C). Although the primary route of PtdIns-3-P 

synthesis is through the class III PI 3-K Vps34, expression of an active Vps34 allele does 

not promote SGK3 phosphorylation (Figure 2B). Moreover, VPS34 null MEFs (fl/fl) display 

the same level of IGF-1-stimulated SGK3 and NDRG1 phosphorylation as control cells 

(Figure S2A).

Silencing INPP4B using lentiviral shRNA completely attenuates SGK3 phosphorylation in 

response to IGF-1, with a concomitant decrease in phospho-NDRG1 (Figure 2C). Similarly, 

reduced SGK3 phosphorylation induced by INPP4B silencing is rescued by expression of an 

shRNA-resistant INPP4B allele (Figure 2D). Inhibition of both exogenous and endogenous 

SGK3 protein kinase activity is also observed in cells transduced with INPP4B shRNA 

(Figures S2B and S2C). Consistent with the notion that INPP4B is an estrogen-induced 

gene, T47D, MCF7, and ZR-75-1 cells grown in charcoal-stripped media show significantly 

reduced total INPP4B levels (Figure S2D). Moreover, expression of constitutively active 

myristoylated-Akt does not affect either total SGK3 or pT320 SGK3, indicating that 

signaling through Akt does not affect SGK3 signaling as part of feedback regulation (Figure 

S2E). We conclude that INPP4B is required for the ability of PI 3-K to activate SGK3, and 

that the phosphatase activity of INPP4B is essential. Moreover, we propose that Vps34 is 

dispensable for PIK3CA-mediated SGK3 activation.

Gasser et al. Page 5

Mol Cell. Author manuscript; available in PMC 2015 November 20.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



SGK3 promotes proliferation in 3D and anchorage independence of growth

To explore the functional significance of SGK3 downstream of PIK3CA, we investigated the 

ability of SGK3 and INPP4B to drive anchorage independent growth, since PIK3CA has 

been shown to promote this phenotype (Isakoff et al., 2005). ZR-75-1 cells (PTEN missense, 

high SGK3 and high INPP4B, Figure 1C) were transduced with vector control, SGK3 or 

INPP4B shRNA, combined with cDNA rescue alleles of wild-type SGK3 or INPP4B or 

respective catalytically-inactive mutants, and colonies allowed to form in soft agar (Figure 

3A and 3C). Whereas control cells form robust colonies in soft agar, silencing either SGK3 

or INPP4B significantly inhibits the number of colonies growing in an anchorage 

independent manner (Figure 3B). Moreover, introduction of shRNA-resistant SGK3 and 

INPP4B cDNA partially rescues the defect in anchorage independent growth, whereas the 

catalytically-inactive mutants do not (Figure 3). Representative images of each condition are 

shown in Figure 3A. Similar findings are observed in MCF7 cells (PIK3CA E545K, high 

SGK3, and high INPP4B, Figure 1C) whereby SGK3 and INPP4B shRNA attenuate colony 

formation, and this is rescued by the corresponding wild-type cDNAs (Figures S3A, S3B, 

and S3C). To further evaluate the requirement of INPP4B in mediating SGK3 signaling to 

phenotypes associated with malignancy in breast cancer cells, we analyzed ZR-75-1 

xenograft tumor growth in the mammary fat pad of nude mice using control, INPP4B 

shRNA and INPP4B cDNA rescue. INPP4B silencing significantly attenuates xenograft 

tumor growth, with concomitant reduction of SGK3 phosphorylation at pT320, and both 

tumor growth and SGK3 phosphorylation are rescued using wild-type INPP4B cDNA 

resistant to silencing (Figure 3D).

Growth of cancer cells in 3 dimensional (3D) culture further corroborates phenotypes that 

control tumor growth in vivo (Debnath and Brugge, 2005). 3D Matrigel growth of ZR-75-1 

breast cancer cells (PTEN missense, high SGK3, high INPP4B) is significantly attenuated 

upon silencing of either SGK3 or INPP4B (Figures 4A, 4B, and 3C). A partial rescue of 3D 

growth is observed upon expression of shRNA-resistant wild type SGK3 and INPP4B, but 

not catalytically-inactive SGK3 or INPP4B mutants. Moreover, inhibition of 3D Matrigel 

growth is also observed in MCF7 cells (PIK3CA E545K, high SGK3, and high INPP4B, 

Figure 1C) with 2 distinct SGK3 or INPP4B shRNA sequences (Figure S3D).

SGK3 promotes breast cancer cell invasive migration

Signaling through PIK3CA also modulates breast cancer cell migration and invasion, pre-

requisite phenotypes for metastatic dissemination of tumor cells (Pang et al., 2009). We 

therefore examined if SGK3 is required for breast cancer cell invasive migration. Using in 

vitro Transwell migration assays, we first evaluated SUM159PT cells that express low levels 

of endogenous SGK3 (Figure 1C). Ectopic expression of SGK3 robustly enhances 

SUM159PT cell migration (Figure 5A). Conversely, SGK3 or INPP4B shRNA both 

significantly attenuate ZR-75-1 and MCF7 cell migration (Figure 5B, Figure S4A). A 

catalytic small molecule pan-SGK inhibitor, GSK650394 (Sherk et al., 2008) also 

significantly blocks MCF7, ZR-75-1, and T47D cell migration (Figure 5C, Figures S4B–C). 

Finally, ectopic expression of SGK3 also promotes invasive migration through Matrigel 

(Figure 5D). Therefore, SGK3 protein kinase activity promotes migration of breast cancer 

cells that display elevated levels of INPP4B. Notably, silencing of SGK3 or INPP4B in 
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MDA-MB-435 cells does not lead to significant alterations in anchorage independent 

growth, 3D colony formation, or cell migration (Figure S5), and since this cell line does not 

robustly express INPP4B, this further corroborates the requirement for INPP4B activity in 

mediating PI 3-K-dependent SGK3 activation.

SGK3 mediates NDRG1 proteolytic processing

Finally, since NDRG1 is an established metastasis suppressor and is also an SGK substrate 

(Kachhap et al., 2007; Murray et al., 2004; Najafov et al., 2011), we evaluated the ability of 

SGK3 to regulate NDRG1 stability. We initially noted a correlation of NDRG1 protein 

levels and SGK3 phosphorylation (Figure 1C). Consistent with this, silencing SGK3, but not 

Akt1, results in a decrease in phosphorylated NDRG1 (pT346), with a concomitant increase 

in total NDRG1 (Figure 6A). A cycloheximide chase experiment reveals that the half-life of 

NDRG1 in serum-containing media is approximately 1 hour (Figure 6B). We also examined 

NDRG1 protein stability in cells treated with a proteasome inhibitor, and find that NDRG1 

levels are dramatically enhanced upon inhibition of the 26S proteasome with MG132 

(Figure 6C). Curiously, in T47D cells, NDRG1 levels are not affected by MG132. T47D 

cells are PIK3CA H1047R mutant, have high SGK3 and INPP4B, and moreover are FBXW7 

null (Mao et al., 2008). Fbw7 is an F-box E3 ubiquitin ligase and substrate recognition 

domain of the SKP1-cullin-F-box (SCF) ubiquitin ligase complex. A cycloheximide chase in 

T47D cells shows no significant changes in NDRG1 total protein levels, as predicted (Figure 

S6A). Moreover, expression of Fbw7 in T47D cells leads to a decrease in NDRG1 total 

protein levels (Figure S6B). We also made use of wild-type and Fbw7 null DLD-1 colon 

carcinoma cells (Rajagopalan et al., 2004) and show that Fbw7 deletion leads to a dramatic 

increase in NDRG1 protein levels, compared to wild-type cells, whereas NDRG1 message 

levels remain unchanged (Figure 6D and Figure S6C). Moreover, silencing of Fbw7 using 

two distinct shRNA sequences leads to significantly increased NDRG1 protein levels 

compared to control cells (Figure 6E). Increased NDRG1 levels upon Fbw7 silencing are 

also observed in a distinct breast cancer cell line, BT-20 (Figure S6D). Importantly, the fold 

increase in NDRG1 is comparable to that observed with Cyclin E, a known Fbw7 substrate 

(Figure 6E).

Studies have shown NDRG1 phosphorylation by SGK3 at T346/T356/T366 primes for 

phosphorylation by GSK-3β at S342/S352/S462 (Murray et al., 2004). GSK-3β 

phosphorylation is a common priming event for Fbw7 substrate binding (Wang et al., 

2011b). To assess whether NDRG1 stability is dependent on the concerted action of SGK3, 

GSK-3β and Fbw7, we co-expressed each component in combination and measured NDRG1 

stability. Maximal NDRG1 degradation is only observed when both SGK3 and GSK-3β are 

simultaneously co-expressed with Fbw7 (Figure 6F). Treatment of cells with SGK inhibitor, 

GSK650394, or GSK3 inhibitor, SB415286, conversely causes an increase in NDRG1 

levels, while dual treatment with both GSK650394 and SB415286 increases NDRG1 

stability even further (Figure 6G). Finally, we used an established cell-based ubiquitination 

assay to evaluate NDRG1 ubiquitination. NDRG1 ubiquitination is increased when Fbw7 is 

co-expressed, and ubiquitination is maximal when SGK3 and GSK-3β are co-expressed 

(Figure 6H). In the absence of MG132, NDRG1 ubiquitination is completely eliminated. 

Furthermore, NDRG1 ubiquitination is significantly attenuated in a mutant that lacks SGK3 
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and GSK-3β consensus phosphorylation sites (Figure 6H; FLAG-8A-NDRG1). Therefore, 

NDRG1 stability is regulated by SGK3 activity and subsequent Fbw7-mediated degradation. 

To address Fbw7 binding to NDRG1 a GST-binding assay was performed. NDRG1. T346A 

has reduced ability to bind Fbw7-GST and the 8A-NDRG1 eliminates binding to Fbw7, 

demonstrating SGK3 and GSK-3β phosphorylation is necessary for Fbw7 binding (Figure 

S6E). In order to determine the phenotypic significance of SGK3 regulation of NDRG1 we 

investigated the ability of NDRG1 to mediate migration. In ZR-75-1 cells the expression of 

NDRG1 dramatically inhibits Transwell cellular migration, while co-expression with SGK3, 

GSK-3β, and Fbw7 causes a dramatic increase in migration and decrease in NDRG1 protein 

levels, rescuing the NDRG1 suppression of motility (Figure 6I). Expression of the 8A-

NDRG1 mutant phenocopies wild-type NDRG1-mediated inhibition of cell migration, 

however this is not rescued by co-expression of SGK3, GSK-3β and Fbw7, to the extent that 

is seen with wild type NDRG1 (Figure 6I). We argue that NDRG1 degradation provides a 

significant contribution to SGK3 downstream signaling including cell migration.

Discussion

The frequency of PI 3-K pathway mutations in many human solid tumors, including breast 

cancer, has led to the development of numerous small molecule inhibitors currently in phase 

I and II clinical trials (Baselga, 2011). These include inhibitors to PIK3CA, such as the pan 

class I PI 3-K inhibitor BKM-120, as well as p110α-specific inhibitors such as BYL-719 

and A66. Various Akt catalytic inhibitors are also undergoing pre-clinical validation for 

many tumor types (Cleary and Shapiro, 2010; Courtney et al., 2010). Arguably, most studies 

that have evaluated the mechanism by which PI 3-kinases transduce signals to phenotypes 

associated with malignancy have focused on Akt as the effector molecule. However, other 

PI 3-K targets have been shown to signal downstream of PtdIns-3,4,5-P3, for example the 

Tec family kinases such as Btk in hematological malignancies (Davids and Brown, 2012). A 

more recent study pointed to SGK3 as a critical effector of oncogenic PIK3CA-mutant breast 

cancer cells in which Akt is dispensable (Vasudevan et al., 2009). This finding provides 

insight into an additional target for the development of new drugs for combination therapy 

in PI 3-K pathway mutant tumors.

Since SGK3 does not possess a PH domain in the regulatory region that would bind 

PtdIns-3,4,5-P3, the mechanism by which PIK3CA can activate SGK3 has remained obscure 

(Tessier and Woodgett, 2006b). We reasoned that such a mechanism would have to take into 

account the lipid-binding property of the SGK3 PX domain, which binds PtdIns-3-P (Tessier 

and Woodgett, 2006a). Although PI 3-K has been shown to activate SGK isoforms through 

PDK-1 and TORC2 (Garcia-Martinez and Alessi, 2008), it has also been shown that a PX 

domain lipid-binding mutant of SGK3 is catalytically inactive (Tessier and Woodgett, 

2006a). This same PX domain mutant is not phosphorylated at the corresponding Thr320 

and Ser486 sites, indicating PtdIns-3-P binding as a pre-requisite for phosphorylation and 

activation. Since class I PI 3-kinases do not synthesize PtdIns-3-P directly, an intermediate 

step(s) is required for SGK3 activity. Our data show that INPP4B is both necessary and 

sufficient to transduce the PIK3CA signal to SGK3 activation. INPP4B is a PtdIns-3,4-P2 

phosphatase, such that inactivation of INPP4B by LOH in human tumors leads to Akt 

hyperactivation (Fedele et al., 2010; Gewinner et al., 2009). Conversely, one would predict 

Gasser et al. Page 8

Mol Cell. Author manuscript; available in PMC 2015 November 20.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



that in tumors with normal or elevated expression of INPP4B, the synthesis of PtdIns-3-P 

would promote the activation of an alternative effector(s). We propose that SGK3 is one 

such effector, whose activation by PIK3CA is mediated by INPP4B in breast cancer cells. 

This model is supported by several lines of evidence. First, breast cancer cell lines with high 

INPP4B levels show elevated SGK3 phosphorylation and activity, whereas lines with low or 

undetectable INPP4B do not (Figure 1C). Expression of catalytically active, but not inactive 

INPP4B leads to activation of SGK3 with a concomitant inhibition of IGF-1-stimulated Akt 

phosphorylation (Figure 2A). Moreover, silencing INPP4B with shRNA attenuates SGK3 

activation, and also leads to inhibition of anchorage-independent growth and proliferation in 

3D (Figure 2D, Figure 3 and Figure 4). In a previous study, silencing INPP4B with shRNA 

was shown to result in increased anchorage-independent growth, also in MCF7 cells (Fedele 

et al., 2010). The reason for the discrepancies between the two studies is unclear, but could 

be due to differences in shRNA sequences used. In our studies, two distinct shRNA 

sequences were used, and introduction of INPP4B cDNA rescued the phenotype. 

Regardless, our data support a model in which INPP4B functions as both an oncogene and a 

tumor suppressor. A tumor suppressor function is evident in basal-like tumors which show a 

high frequency of INPP4B LOH, and a concomitant increase in Akt activity (Fedele et al., 

2010). Conversely, an oncogenic role for INPP4B is supported by breast cancer cell lines 

derived from luminal tumors that show elevated SGK3 activation and high INPP4B 

expression.

INPP4B dephosphorylates PtdIns-3,4-P2 to generate PtdIns-3-P, and our results show that 

INPP4B catalytic activity is required for SGK3 activation. Since the SGK3 PX domain 

binds PtdIns-3-P, this would argue that SGK3 activation would occur at sites of PtdIns-3-P 

accumulation. PtdIns-3-P is also generated by class I and II PI 3-kinases. Specifically, a 

significant pool of PtdIns-3-P is generated by the class III enzyme VPS34 at endosomal 

membranes (Backer, 2008). Previous studies have shown that SGK3 is localized at the 

endosome in a manner that depends on an intact PX domain (Tessier and Woodgett, 2006a). 

Since SGK3 phosphorylation and subsequent activation are dependent on a functional PX 

domain, this would argue that SGK3 activation occurs primarily at the endosome. However, 

in our studies we find that PIK3CA-mediated activation of SGK3 does not require VPS34 

(Figure S2A). The products of PIK3CA, PtdIns-3,4,5-P3 and PtdIns-3,4-P2 are synthesized 

primarily at the plasma membrane, indicating that the pool of PtdIns-3-P generated by 

INPP4B would also reside at the plasma membrane. In turn, a plasma membrane pool of 

PtdIns-3-P would recruit SGK3 leading to its activation. Although we cannot formally rule 

out that the PtdIns-3-P generated by INPP4B recruits SGK3 at the endosome, this is unlikely 

because studies have demonstrated that the endosomal recruitment of SGK3 is PI 3-K-

independent (Tessier and Woodgett, 2006a). Tools for detecting endogenous SGK3 

localization, such as activation-state antibodies, are not of sufficient sensitivity for use in 

immunofluorescence or immunohistochemistry, and to date our results aimed at localizing 

SGK3 in response PI 3-K and INPP4B signaling have been inconclusive. Future studies 

using more specific reagents will be required to address the relevant localization of SGK3 

downstream of PIK3CA.
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Oncogenic PIK3CA mutations are particularly prevalent in ER-positive breast cancers 

(Cancer Genome Atlas, 2012). Interestingly, INPP4B has been identified as a potential 

biomarker for luminal-type breast cancers (Fedele et al., 2010). Moreover, both INPP4B and 

SGK3 are transcriptionally regulated by estrogen (Harvell et al., 2006; Wang et al., 2011a; 

Xu et al., 2012). This suggests that the PIK3CA/INPP4B/SGK3 signaling axis is particularly 

important at promoting tumorigenesis in hormone receptor-positive cancers. It is also 

interesting to note that the original characterization of SGK3 as a required target for 

PIK3CA-mediated growth and survival was conducted in MCF7 cells, which express 

estrogen receptor (Vasudevan et al., 2009). Whether ER expression is necessary or rate-

limiting for the PIK3CA/INPP4B/SGK3 pathway remains to be determined, since other 

mechanisms contribute to the transcriptional induction of both INPP4B and SGK3.

The majority of SGK3 substrates identified to date have also been shown to be 

phosphorylated by Akt, and thus likely share overlapping phenotypes during tumor 

progression (Tessier and Woodgett, 2006b). However, NDRG1 is the only known specific 

SGK substrate, although the functional consequence of SGK-mediated phosphorylation of 

NDRG1 is not known. We explored NDRG1 as a target of SGK3 in breast cancer cells, 

since NDRG1 is a known metastasis suppressor and its expression inversely correlates with 

breast cancer grade (Kovacevic and Richardson, 2006). Our results show that SGK3 is 

required for invasive migration, a pre-requisite for metastatic dissemination (Figure 5). We 

also find that NDRG1 protein levels are inversely correlated with SGK3 activity, suggesting 

that SGK3 might control NDRG1 stability (Figure 1C). It has been shown that SGK3 

phosphorylation of NDRG1 primes for subsequent phosphorylation by GSK-3β (Murray et 

al., 2004). Our studies provide additional insight into NDRG1 regulation, as we show that 

SGK3 and GSK-3β control the interaction of NDRG1 with the substrate recognition domain 

of the E3 ligase SCF complex, Fbw7 (Figure 6). Fbw7 targets NDRG1 for degradation by 

the 26S-proteasome. In turn, loss of NDRG1 expression is known to reduce the recycling of 

E-cadherin to the plasma membrane, increase cell migration and eventual metastatic 

dissemination (Kachhap et al., 2007). Consistent with this, we find that silencing SGK3 

inhibits cell migration, an effect that is phenocopied by expression of NDRG1 (Figure 5 and 

Figure 6). In this model, PIK3CA-mutant tumor cells with elevated SGK3 activity would 

maintain low NDRG1 levels, resulting in enhanced invasive migration.

In summary, we have identified a new mechanism by which PIK3CA transduces 

tumorigenic phenotypes in breast cancer, specifically though SGK3 activation. INPP4B 

catalytic activity is required for the ability of breast cancer cells with oncogenic PIK3CA to 

activate SGK3. This provides an alternative mechanism for the PI 3-K signaling axis to 

drive cancer progression under conditions in which Akt is inactive. These findings advocate 

for the development of small molecule inhibitors targeting SGK3, for PIK3CA-addicted 

tumors resistant to Akt inhibition.

Experimental Procedures

Cell culture and transfection

BT-20, DLD-1, HEK293T, HCC1937, HeLa, MDA-MB-435, MDA-MB-231, NIH/3T3 and 

MCF7 cells were cultured in DMEM (Cellgro) supplemented with 10% Fetal Bovine Serum 
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(FBS; Gibco). ZR-75-1 cells were grown in RPMI 1640 supplemented with 10% FBS. 

MCF10A cells were maintained in DMEM/Ham’s F12 medium with 5% equine serum 

(Cellgro), 10 µg/ml insulin, 500 ng/ml hydrocortisone (Sigma-Aldrich), 20 ng/ml epidermal 

growth factor (EGF) (R&D systems) and 100 ng/ml cholera toxin (List Biological Labs). 

T47D and BT-549 were cultured in RPMI 1640 supplemented with 10% FBS and 10 µg/ml 

insulin. SUM159PT were grown in HAM’s F12 with 5% FBS and 5 µg/ml insulin and 1 

µg/ml hydrocortisone. Hs578T were grown in 10% FBS/DMEM and 0.01 mg/ml bovine 

insulin. VPS34 fl/fl MEFs were provided by Wei-Xing Zong (Stony Brook University) and 

cultured as described (Jaber et al., 2012). Transient transfections were performed using X-

tremeGENE HP(Roche).

Growth factors and inhibitors

Cells were stimulated for 20 min with 100 ng/ml recombinant human IGF-1 (R&D systems). 

MG132 (Cayman Chemicals) was used at 10 µM for 16 hr. Cycloheximide was used at 10 

µg/ml. Inhibitors were as follows: BKM120, 1µM; A66, 1µM; rapamycin, 100nM; 

GSK650394, 10µM; and SB415286, 25 µM. Charcoal stripping was used to deplete cell 

growth media of estrogen. Cells were grown in 10% charcoal-stripped FBS/ phenol red-free 

media for 5 days prior to lysate collection.

Antibodies

Anti-Akt (#4685), anti-phospho-Akt S473 (#4060), anti-phospho-Akt T308 (#9275), anti-

Cyclin E (#4129), anti-GSK3β (#9315), anti-phospho-GSK3β (#9336), anti-NDRG1 (# 

5196), anti-phospho-NDRG1 (#3217), anti-p110α (#4249), anti-S6K (#2705), anti-pS6K 

T389 (#9205), anti-SGK3 (#8156), anti-Vps34 (#4263) and anti-β-actin (#4970) were 

purchased from Cell Signaling Technologies. Anti-FLAG M2 (#F3165) was from Sigma-

Aldrich. Anti-SGK3 pT320 (# S1010-85W8) was from US Biologicals. Anti-GFP (# 

sc-9996), anti-GST (# sc-459) and anti-INPP4B (#sc-12318) were from Santa Cruz. Anti-

Fbw7 (#A301–720A) was from Bethyl Laboratories. Anti-SGK3 (#LS-C132061) for 

immunoprecipitation was from LifeSpan BioSciences. Anti-HA was generated and purified 

from the 12CA5 hybridoma. Anti-p85, generated in house, has been described. Horseradish 

peroxidase-conjugated anti-goat was from Millipore. Horseradish peroxidase-conjugated 

anti-rabbit and anti-mouse immunoglobulin G antibodies were from Chemicon.

In vitro protein kinase assays

SGK3 was isolated from cell lysate with glutathione beads and incubated with 75ng GST-

GSK3β substrate peptide and 250 µM cold ATP in kinase assay buffer (Cell Signaling 

Technologies) for 35 min at 30°C.

Transwell migration and invasion assays

Transwell assays were carried out as previously described (Chin and Toker, 2010). Briefly, 

NIH 3T3 conditioned media was added to the lower chamber of 8 µm pore Transwells 

(Corning). For invasion assays, wells were coated with 10 mg Matrigel (BD Biosciences). 

Cells were added to the upper chamber and migration was allowed to proceed for 2–24 hr at 

37°C, depending on the cell line.
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Immunoblotting

Immunoblotting was carried out as previously described (Chin and Toker, 2010).

Quantitative RT-PCR analysis

RNA was extracted using the Qiagen RNeasy. Reverse transcription reaction was carried out 

with ABI Taqman Reverse Transcriptional Reagent. Quantitative RT-PCR was performed 

using SYBR Green PCR master mix in an ABI Prism 7500 sequence detector (Applied 

Biosystems, Foster City, CA) with primers described in the supplemental methods.

Copy number analysis

The algorithm GISTIC (Genomic Identification of Significant Targets in Cancer) was used 

to analyze chromosome 8 gene copy numbers of the Tumorscape database. Tumorscape data 

analysis was performed as described (Beroukhim et al., 2010). SGK3 GISTIC profile was 

generated using 3131 cell lines and tumors. GISTIC analysis for breast cancer was 

performed using 243 breast samples and a limit of Q-value < 0.250 for focal peak 

amplification. Significance values were determined using the FDR (false discovery rate) 

test.

3D Culture Assay

3D cultures were performed as described (Debnath et al., 2003). Chamber slides were coated 

with growth factor-reduced Matrigel (BD Biosciences). Subsequently, 3000 cells were 

seeded to each chamber slide in assay media (10% FBS/RPMI, 2 µg/ml puromycin, and 2% 

Matrigel). Media was replaced 4 days after seeding. ImageJ was used to quantify 2D surface 

area on Day 8(NIH).

Soft Agar Colony Formation Assay

Soft agar assays were performed by coating 6 cm3 tissue culture plates with 5 mL of 0.8% 

Noble agar / growth media (10% FBS/DMEM and 2 µg/ml puromycin) and allowed to 

solidify at 20°C. 5×104 cells were plated in 1 mL top layer 0.4% Noble agar/ growth media. 

Growth media was added every 4 days and cells were counted and measured 28 days after 

seeding. Quantitation was performed using MatLab software (MathWorks).

Tumor xenografts

6–8 week-old female nude mice were purchased from Taconic and maintained in a 

pathogen-free environment. All procedures were carried out under the approval of the 

Institutional Animal Care and Use Committee at the Beth Israel Deaconess Medical Center 

and comply with the federal guidelines for maintenance and care of laboratory animals. 3 

mice for each experimental condition were injected in the mammary fat pad with 1.5 × 106 

ZR-75-1 cells in media with 50% Matrigel. Tumor volume was measured by: volume=0.52 

× L × W^2.

Ubiquitination Assay

Cell based in vivo ubiquitination assays was performed as described (Chan et al., 2012). 

293T cells were transfected with indicated plasmids for 48 hr followed by lysis in denatured 
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buffer (6M guanidine-HCl, 0.1M Na2HPO4/NaH2PO4, 10 mM imidazole). The cell lysates 

were incubated with nickel beads for 3 hr, washed, and subjected to immunoblotting 

analysis.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. SGK3 is amplified in breast cancer
(A) Copy-number profiles across chromosome 8 (y-axis) for 3,131 cancer samples (x-axis). 

A magnified view of the region including the SGK3 gene locus is shown in the inset. 

Analysis was performed from a data set obtained from a study of 3,131 cancers of over 25 

subtypes. Samples are sorted by frequency of amplification at the SGK3 locus.

(B) Copy-number profiles from 243 breast cancers selected from the data set described in 

(A).
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(C) Cell lysates derived from the indicated breast epithelial and cancer cell lines, serum-

starved (−) or stimulated with IGF-1 for 20 min (+) were immunoblotted (IB) with the 

indicated antibodies.

(D) T47D cells were serum-starved for 24 hr, then pretreated with the invocated inhibitors, 

rapamycin (100nM), A66 (1µM) or BKM120 (1µM) for 20 min, then stimulated with IGF-1 

for a further 20 min. SGK3 was immunoprecipitated with anti-SGK3 and subjected to an in 

vitro kinase assay (IVK) using GSK-3β peptide substrate. Peptide substrate phosphorylation 

was detected using anti- GSK-3β pS9-antibody. SGK3 phosphorylation was detected using 

anti-SGK3 pT320. Total SGK3 was evaluated as control. Whole cell lysates were 

immunoblotted with the indicated antibodies. All results are representative of at least 3 

independent experiments. See also Figures S1 and S5.
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Figure 2. INPP4B positively regulates SGK3 activity
(A) HeLa cells were transfected with SGK3-GST alone or with INPP4B and serum-starved 

for 24 hr, prior to stimulation with IGF-1 for 20 min. SGK3 was isolated from cell lysates 

with glutathione beads, and incubated with GST-GSK3β peptide in an in vitro kinase assays 

(IVK). Peptide substrate phosphorylation was detected using anti-GSK-3β pS9-antibody. 

Total SGK3 was evaluated as control. Whole cell lysates were immunoblotted with the 

indicated antibodies.
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(B) HEK293T cells were transfected with wild-type INPP4B, catalytically-inactive 

INPP4B.C842A or Vps34, then serum-starved for 24 hr and stimulated with IGF-1 for 20 

min. Whole cell lysates were immunoblotted with the indicated antibodies.

(C) ZR-75-1 cells were infected with shRNA lentivirus targeting INPP4B, or control pLKO, 

serum-starved and stimulated with IGF-1 for 20 min. Cell lysates were immunoblotted with 

the indicated antibodies.

(D) MCF7 cells were infected with shRNA lentivirus targeting INPP4B, followed by 

retroviral infection with INPP4B cDNA rescue virus. Cell lysates were immunoblotted with 

the indicated antibodies. All results are representative of at least 3 independent experiments. 

See also Figure S2.
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Figure 3. SGK3 promotes anchorage- independent growth
(A) ZR-75-1 cells infected with pLKO vector control, INPP4B or SGK3 shRNA lentiviral 

vectors and grown in agar/growth media for 28 days. Additional conditions include 

retroviral infection of INPP4B (INPP4B*) and SGK3 (SGK*) cDNA rescue virus or 

INPP4B-CD* and SGK3-KD* (catalytically-inactive mutants).

(B) Number of colonies in soft agar obtained in (A) was quantitated using MatLab software.

(C) Immunoblot analysis of whole cell lysates (WCL) from (A) and (B) with indicated 

antibodies. All results are representative of at least 3 independent experiments.
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(D) ZR-75-1cells infected with control pLKO, INPP4B.shRNA2, or shRNA-resistant 

INPP4B cDNA rescue were injected into the mammary fat pad of nude mice. Tumor volume 

was measure by calipering at 7 weeks post-injection. Error bars represent standard deviation 

(SD). See also Figures S3 and S5.
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Figure 4. SGK3 regulates 3D growth of breast cancer cells
(A) ZR-75-1 cells infected with control pLKO, SGK3 shRNA, or INPP4B shRNA, shRNA 

rescue, and cDNA catalytic mutants and grown for 8 days in 3D Matrigel/growth media. 

Representative images spheroids at 4× magnification are shown.

(B) Quantitation of 2D spheroid size from (A) was performed using ImageJ software. Error 

bars represent SD. *P < 0.05; **P < 0.01; ***P < 0.001. Results are representative of at 

least 3 independent experiments. See also Figures S3 and S5.
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Figure 5. SGK3 promotes breast cancer cell invasive migration
(A) SUM159PT breast cancer cells were infected with SGK3 or pLEGFP followed by 2 hr 

migration through Transwell assays. Relative migration is measured along the Y-axis as the 

ratio of migrated cells in the test condition versus the control.

(B) ZR-75-1 breast cancer cells infected with SGK3 or INPP4B shRNA lentiviral vectors or 

control pLKO for 48 hr followed by Transwell migration assays.

(C) MCF7 cells were inhibited with SGK inhibitor, GSK650394 (10uM), or control DMSO 

for 20 min prior to Transwell migration.
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(D) HS578T breast cancer cells were infected with SGK3 of control pLEGFP-N1 followed 

by Transwell Matrigel invasion assays. Error bars represent standard deviation. See also 

Figures S4 and S5.
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Figure 6. NDRG1 is an FBW7 substrate
(A) MCF7 cells infected with SGK3 shRNA, Akt1 shRNA or control pLKO, serum-starved 

then stimulated with IGF-1 for 20 min. Cell lysates were immunoblotted with the indicated 

antibodies.

(B) MCF10A cells were treated with cycloheximide or control DMSO for the indicated 

times and cell lysates immunoblotted with anti-NDRG1 and anti-p85.

(C) T47D, MCF10A, MCF7, and ZR-75-1 cells were treated with MG132 for 16 hr and 

immunoblotted with anti-NDRG1 and anti-p85.
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(D) Cell lysates of wild-type (Fbw7 WT) or DLD-1 colon cancer cells null for Fbw7 (Fbw7 

−/−) were immunoblotted with the indicated antibodies.

(E) MCF7 cells were infected with two distinct Fbw7 shRNA’s or control pLKO, and 

lysates immunoblotted with the indicated antibodies.

(F) HEK293T cells were transfected with control GFP vector, alone or with the indicated 

combinations of NDRG1-FLAG, HA-Fbw7, HA-GSK3β.S9A and SGK3-GST. NDRG1 

stability was evaluated by immunoblotting whole cell lysates with anti-FLAG, and indicated 

antibodies.

(G) HEK293T cells were transfected for 48 hr with NDRG1 -FLAG prior to 5 hr treatment 

with GSK650394, SB415286, GSK650394 and SB415286, or MG132 in order to examine 

NDRG1 protein stability.

(H) A His-Ubiquitin assay was performed after transfection of HEK293T cells with FLAG-

NDRG1, GST-Fbw7, HA-GSK3β.S9A, SGK3-GFP, and His-Ub, followed by treatment 

with MG132 for 12 hr. Nickel NTA beads were used to isolate His-ubiquitin complexes, 

followed by immunoblotting with the indicated antibodies.

(I) ZR-75-1 cells transfected for 24 hr with pcDNA3, NDRG1, 8A–NDRG1, Fbw7, 

GSK-3β, and SGK3 followed by an 18 hr Transwell migration assay. Quantification of 

migrated cells and representative immunoblots of whole cell lysates (WCL) with indicated 

antibodies are shown. Error bars represent standard deviation. See also Figure S6.
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