
 67 

 



 68 

 

No Growth Factor Stimulation 

Antibody 

 

Average Fold Change (Exp #1 Fold 

Change, Exp #2 Fold Change) 

B-catenin* 2.3 (2.9, 1.7) 

Bcl-2* ±2.8 (3.4, -2.2) 

Caveolin-1* -2.9 (-2.3, -3.5) 

P-S6RP (S240/S244)* -5.3 (-4.7, -5.8) 

Smad3* -2.0 (-1.5, -2.4) 

VEGFR2* -2.2 (-1.7, -2.7) 

YAP* ±2.4 (-1.7, 3.0) 

 
 

EGF Stimulation 

Antibody 

 

Average Fold Change (Exp #1 Fold 

Change, Exp #2 Fold Change) 

B-catenin* 2.4 (2.8, 2.0) 

Bcl-2* ±2.0 (2.2, -1.8) 

Caveolin-1* -4.0 (-4.0, -4.0) 

Cox-2** 2.0 (2.5, 1.5) 

P-p70S6K (T389)* -2.4 (-2.1, -2.8) 

P-S6RP (S235/S236)* -2.1 (-1.7, -2.6) 

P-S6RP (S240/S244)* -6.1 (-5.2, -7.0) 

YAP* ±2.3 (-1.8, 2.8) 

 
 

IGF1 Stimulation 

Antibody 

 

Average Fold Change (Exp #1 Fold 

Change, Exp #2 Fold Change) 

P-ACC (S79)* 2.2 (1.8, 2.6) 

B-catenin* 2.2 (2.4, 2.0) 

Caveolin-1* -3.2 (-2.8, -3.6) 

P-S6RP (S240/S244)* -4.0 (-4.2, -3.8) 

YAP* ±2.6 (-1.6, 3.7) 

 

 

Figure 4.7 RPPA antibody signals showing at least 2-fold change in response to        
GSK3 knockdown in MDAMB231 cells. Given fold change values are averaged from the 

two independent experiments, and fold change values from each individual experiment are 

included in parentheses. “Validated” antibodies, indicated by the “*” symbol, demonstrate 

performance for RPPA comparable to an ELISA assay. “Use with Caution” antibodies, 

indicated by the “**” symbol, provide high-quality useful information considered to need 

confirmation by additional technology. 



 69 

4.3 Discussion 

 

We have demonstrated here that GSK3 is required for optimal signaling upstream of 

Akt. While knockdown of GSK3 in human and MEF cells markedly decreased 

phosphorylation of Akt, this effect was not recapitulated by inhibition of GSK3 kinase 

activity. Thus either GSK3 functions as a linker molecule or long term inhibiton of GSK3 

kinase activity is required to reveal the function of GSK3 upstream of Akt.  

 

GSK3 does not regulate signaling to Akt in all breast cancer cell lines. Differences in 

genetic background may play a role in whether or not Akt signaling will be sensitive to 

regulation by GSK3. The MDAMB231 breast cancer cell line that has CDKN2, p53, NF2, 

Ras and Raf mutation and the AU565 cell line that exhibits HER2 amplification and PTEN 

and p53 mutations demonstrated dependence on a GSK3 regulated event for optimal 

signaling to Akt. MDAMB415 that has a p53 mutation, MCF7 that has a CDKN2 and a 

helical domain PIK3CA mutation, and T47D that has catalytic domain PIK3CA and p53 

mutations did not demonstrate dependence on GSK3 of Akt phosphorylation. The three cell 

tested that did not exhibit dependence on GSK3 of Akt phosphorylation (MDAMD415, 

MCF7, and T47D) all overexpress the estrogen receptor, which has been shown to activate 

Akt (148), and may be the major driver of signaling to Akt in these lines. Further 

investigation is required to characterize the cell context dependence of GSK3 regulation of 

signaling to Akt. 
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The RPPA approach allowed a screen of 88 proteins and phospho-proteins for 

signaling changes in response to GSK3 knockdown. We identified a series of proteins that 

showed marked changes in expression or phosphorylation status in response to GSK3 

knockdown. Known mechanisms of modulation by GSK3 of these proteins and known 

mechanisms for each protein in the regulation of Akt phosphorylation are described below.  

 

Caveolin-1: 

Caveolin is the primary structural component of caveolae, which are plasma 

membrane microdomains containing large amounts of cholesterol and sphingolipids. 

Caveolins contain a scaffolding domain which binds and concentrates a number of signaling 

molecules including receptor tyrosine kinases (RTKs) and G-protein coupled receptors 

(GPCRs). No known mechanism of GSK3 modulation of caveolin-1 expression is reported 

in the literature. A significant body of literature does link expression of caveolin-1 to Akt 

activation. Caveolin-1 inhibits PP2A and PP1, preventing these phosphatases from 

dephosphorylation and inactivating Akt (149). In addition to inhibiting inactivation of Akt 

by phosphatases, caveolin-1 is colocalized with IGF1R (150) and augments the activation of 

Akt through IGF1 signaling. IGF1-stimulated phosphorylation of Akt has been shown to be 

reduced with knockdown of caveolin-1 in PC12 cells (150) and in an MCF-7-derived cell 

line (151). Similarly, Matthews et al. showed that IGF1-stimulated Akt phosphorylation was 

reduced in caveolin-1 knockout MEFs (152). Caveolin-1 also increased EGF-stimulated Akt 

phosphorylation in the MCF7 breast cancer cell line (153). Thus caveolin-1 is a strong 

candidate to explain the effects of GSK3 knockdown on Akt signaling. 
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p70S6K pathway: 

GSK3 is known to inhibit the mTOR/p70S6K pathway through phosphorylation of 

TSC2 (112). Based on this connectivity, we might have expected knockdown of GSK3 to 

result in an increase in phosphorylation of p70S6K and subsequent increase in Akt 

phosphorylation through IRS1-mediated feedback. However, our experimental results show 

decreased phosphorylation of p70S6K and its substrate, S6 Ribosomal Protein (S6RP). No 

published studies have proposed signaling mechanisms that would decrease phosphorylation 

of p70S6K and S6RP in response to GSK3 knockdown, and decreased phosphorylation of 

these proteins is not known to reduce Akt phosphorylation. Thus it is likely that the effect of 

GSK3 knockdown on these proteins is through inhibiton of Akt activity. 

 

β-catenin and Smad3: 

GSK3 phosphorylation of β-catenin and Smad3 targets these proteins for degradation 

(111, 154). Consequently, decreased expression of GSK3 results in accumulation of β-

catenin and Smad3, as seen in our RPPA results. There are no known mechanisms for 

modulation of Akt phosphorylation by β-catenin and Smad3. 

 

YAP: 

 Akt and other kinases have been reported to phosphorylate YAP on its Ser127 

residue, promoting YAP binding to 14-3-3 and cytoplasmic retention of the YAP/14-3-3 

complex (155, 156). However, Akt is not reported to regulate expression levels of YAP. 

YAP is not known to regulate signaling upstream of Akt, but YAP does interact with 

membrane proteins including NHERF family members and HER4 (156), which are known 
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to signal upstream of Akt. GSK3 knockdown was associated with markedly decreased 

expression of YAP in Experiment #1 and dramatically increased YAP expression in 

Experiment #2. Further experiments are needed to determine the significance of the changes 

in YAP expression in the two experiments. YAP protein levels are known to be cell density-

dependent (157), and this may account for some of the differences seen between the two 

experiments.  

 

Bcl-2:  

 GSK3 regulates function of NFkB and is known to affect transcription of NFkB 

target genes, including Bcl-2 (158, 159). Based on both this known regulation of Bcl-2 

expression by GSK3 and the known regulation of Bcl-2 by Akt (160), we expect knockdown 

of GSK3 to result in the decreased Bcl-2 expresssion seen in Experiment #2. Further repeats 

of the experiment are needed to determine the significance of the unexpected and marked 

increase of Bcl-2 expression seen with GSK3 knockdown in Experiment #1. Bcl-2 has 

recently been implicated in upstream regulation of Akt in a pancreatic cancer cell line (161), 

and thus could potentially mediate GSK3 regulation of upstream Akt signaling. 

 

VEGFR2:  

VEGFR2 is a tyrosine kinase-containing member of the VEGFR family of receptors. 

Although studied mainly in the context of neovascularization, VEGF receptors are expressed 

on cancer cells. Caution needs to be used in interpretation of the VEGFR2 results as 

although the antibody is reported to be specific by the manufacturer, others in our laboratory 

have not been able to confirm this result and it likely interacts with multiple VEGFR 



 73 

isoforms. Downregulation of VEGFR2 by GSK3 has not been noted previously. Further, 

none of the known effects of GSK3 would be predicted to decrease VEGFR2 levels. On the 

contrary, GSK3β has been shown to decrease ability of kallikrein, a peptidase important in 

vasodilation and angiogenesis, to induce VEGFR2 mRNA expression levels in myocardial 

cells (162). VEGFR2 is a known upstream activator of Akt signaling (163), and thus, 

decreased VEGFR2 expression with GSK3 knockdown may result in concomitant decrease 

in Akt phosphorylation. Further evaluation of VEGFR2 as a potential intermediate in GSK3 

signaling upstream of Akt is warranted.  

 

Cox-2: 

Cox-2 catalyzes the formation of pro-inflammatory prostaglandins. GSK3 is not 

known to modulate Cox-2 expression, and Cox-2 is not known to inhibit Akt 

phosphorylation. On the contrary, the inhibition of Cox-2 has been reported to inhibit 

phosphorylation of Akt (164, 165). 

 

P-ACC (Ser79): 

Phosphorylation of acetyl-CoA carboxylase (ACC), an important enzyme in fatty 

acid synthesis, on its Ser79 residue by AMPK inhibits ACC activity. GSK3 is not known to 

regulate ACC phosphorylation, and ACC activity is not known to regulate Akt 

phosphorylation. However, there is marked crosstalk between the Akt and AMPK pathway 

through the ability of Akt to upregulate glucose uptake and bioenergetics. Indeed, the 

increase in pACC levels is likely to reflect this effect in the MDAMB231 cells. 
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Decreased expression of caveolin-1 associated with GSK3 knockdown for all growth 

factor conditions tested provides a potential mechanism for GSK3 regulation of Akt 

phosphorylation. Alternatively, GSK3 regulation of Akt could be mediated by proteins 

exhibiting less than a two-fold change in signal intensity with GSK3 knockdown, proteins 

not currently known to affect Akt, or proteins not assayed in this experiment.  Additional 

studies are required to elucidate in further detail the mechanism of GSK3 regulation of Akt 

phosphorylation. 

 

Further studies elucidating the molecular events in GSK3 regulation of signaling 

upstream of Akt will define novel signaling interactions in the PI3K/Akt pathway and may 

identify potential molecular targets for anti-cancer therapy.  
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CHAPTER 5:  DISCUSSION 

 

In this work we have described a novel role for GSK3 in signaling upstream of Akt. 

Specifically, we have demonstrated that GSK3 functions in the pathways of signaling to Akt 

mediated by three separate ligands – Akt catalytic domain inhibitors, epidermal growth 

factor (EGF), and insulin-like growth factor-1 (IGF1).  

 

5.1 Models of Akt Catalytic Domain Inhibitor-induced Akt Phosphorylation  

 

 Currently two models have been described in the literature that have the potential to 

explain the increase in Akt phosphorylation that occurs with treatment of Akt catalytic 

domain inhibitors. In the first model, phosphorylation of Akt induced by Akt catalytic 

domain inhibitors is independent of decreased Akt substrate phosphorylation. In this model, 

inhibitor binding alters the interaction of the catalytic domain with other regions of Akt, 

resulting in stronger affinity for PIP3 of the Akt PH domain and increased susceptibility of 

the Thr308 and Ser473 sites to phosphorylation and/or decreased susceptibility to 

dephosphorylation by phosphatases (137). In the second model, upregulated phosphorylation 

of Akt results from disruption of a homeostatic negative feedback signaling loop that adjusts 

upstream signaling to Akt based on level of Akt activity towards its downstream substrates 

(93). The two models of increased Akt phosphorylation of Akt induced by Akt catalytic 

domain inhibitors are illustrated in Figure 5.1.   
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Figure 5.1. Two possible mechanisms of induction of Akt phosphorylation with 

catalytic domain Akt inhibitors. A. Pathway-independent model of intrinsic Akt kinase 
alteration by inhibitor binding to Akt catalytic domain. B. Feedback signaling model of 

Akt inhibitor-induced Akt phosphorylation. 
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The pathway-independent model of Akt inhibitor-induced Akt phosphorylation is 

based on studies of a mutant Akt, asAkt (analog sensitive Akt), with a modified ATP-

binding pocket. To abolish any off-target signaling effects of the Akt inhibitor, an A443654-

derived catalytic domain inhibitor, PrINZ, was developed that selectively binds to the asAkt 

mutant (137). Treatment of cells with PrINZ induces phosphorylation of Thr308 and Ser473 

sites of asAkt mutant molecules but not wildtype Akt. This finding argues against an 

activation of signaling upstream of Akt, which would likely lead to phosphorylation of both 

endogeneous Akt and asAkt.  

 

However, we have provided evidence in this work of stimulation by A674563 of 

signaling upstream of Akt. Specifically, we demonstrated increased tyrosine 

phosphorylation of a p85-associated protein in response to cell treatment with A674563. The 

identity of this p85-associated tyrosine-phosphorylated protein has not yet been determined. 

Potential candidates, listed in Table 1, include proteins containing a p85-binding motif (p-

YxxM) in the 90-110 kDa molecular weight range. The most likely candidates for identity of 

this protein will be determined by mass spectrometry analysis of the p-85-associated 

tyrosine phosphoprotein Western blot band that is induced by A674563 treatment. We have 

not yet investigated whether induction of p85-associated tyrosine phosphorylation is driving 

the increase in Akt phosphorylation, this but induction of tyrosine phosphorylation clearly 

shows that Akt catalytic domain inhibitors induce signaling changes other than alteration of 

Akt intramolecular structure. Dependence of Akt inhibitor-induced Akt phosphorylation on 

physiologic upstream regulators of Akt as reported in the literature and demonstrated in our 

work is consistent with both the kinase intrinsic and pathway-dependent models.  
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Table 4. List of 90-110 kDa proteins containing the p85-binding motif sequence. 
Candidate proteins were identified using the “Site Search” advanced search interface of 

PhosphoSitePlus (www.phosphosite.org), a manually curated phosphorylation site database. 

Protein abbreviations are included in the List of Abbreviations on pages xv-xix.  

Protein p85-Binding Motif 
Tyrosine Phosphosite 

p85-Binding Motif Sequence 

AFAP-110 Y54 SSSSDEEyIYMNKVT 

AP1G1 Y55 RNVAKLLyMHMLGYP 

Y276 LLPKDSDyYNMLLKK AP2B1 
 Y737 THRQGHIyMEMNFTN 

AR Y534 MDSYSGPyGDMRLET 

Y779 ADCLDGLyALMSRCW Axl 
 Y821 QEPDEILyVNMDEGG 

Y263 CETVISYyTDMEEIG 

Y419 GEEADAVyESMAHLS 

Y444 PGCDEDLyESMAAFV 

BCAP 
 
 
 Y459 PAATEDLyVEMLQAS 

Y371 TQEQYELyCEMGSTF Cbl 
 Y731 QQIDSCTyEAMYNIQ 

Cbl-b Y363 TQEQYELyCEMGSTF 

CNNM2 Y713 EASAFSYyGVMALTA 

CSFR Y723 SSQGVDTyVEMRPVS 

Y296 MGYDDLDyGMMSDYG CTNND1 
 Y321 PRRRLRSyEDMIGEE 

DDR1 Y881 PACPQGLyELMLRCW 

EML4 Y226 IINQEGEyIKMFMRG 

EphA2 Y628 AGEFGEVyKGMLKTS 

ESYT2 Y824 SEDGSDPyVRMYLLP 

FGFR1 Y730 SNCTNELyMMMRDCW 

Y721 CSDSTNEyMDMKPGV Kit 
 Y900 EHAPAEMyDIMKTCW 

Kv7.2 Y562 FKESLRPyDVMDVIE 

Y214 RSQESGYyDRMDYED 

Y250 YHKFDSEyERMGRGP 

Matrin 3 
 
 Y526 PYGKIKNyILMRMKS 

MuSK Y554 RLHPNPMyQRMPLLL 

PDE2A Y754 DHFSRKDyQRMLDLM 

PMS2 Y181 QRNIKKEyAKMVQVL 

PTPN3 Y324 EKNVLSQyWTMGSRN 

RBM10 Y36 NRSRDHDyRDMDYRS 

RTF Y163 ESDSLLDySCMQRLG 

Sec5 Y113 VWVDEMNyYDMRTDR 

SLC4A1 Y8 MEELQDDyEDMMEEN 

SLITRK3 Y213 NRLKVLFyRGMLDHI 

TAO3 Y305 RELDNLQyRKMKKIL 

TAP Y655 HDNIVTHyKNMIREQ 

TLR5 Y798 VVGSLSQyQLMKHQS 

TrkC Y800 RVCPKEVyDVMLGCW 

USP13 Y63 PNSEGGLyVCMNTFL 
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5.2 GSK3 Mediation of Akt Inhibitor-induced Akt Phosphorylation 

 

 This work demonstrates dependence on GSK3 of Akt inhibitor-induced Akt 

phosphorylation. Knockdown of GSK3 expression prevented A674563-induced 

phosphorylation of Akt in the MDAMB231 breast cancer cell line and in mouse embryonic 

fibroblasts. However, GSK3 dependence of Akt-inhibitor induced Akt phosphorylation was 

not tested in other cell lines so it is unclear whether GSK3 is required for the increased 

phosphorylation of Akt in the multiple cell lines where we and others have demonstrated 

that Akt inhibitors increase Akt phosphorylation. Knockdown of both the GSK3α and 

GSK3β isoforms is required for significant decrease of Akt inhibitor-induced Akt 

phosphorylation, indicating redundance of the two isoforms in mediating this signaling 

function.  

  

Requirement of GSK3 for induction of Akt phosphorylation indicates that GSK3 

positively regulates an activator of Akt phosphorylation or negatively regulates a 

downregulator of Akt phosphorylation. Possible proteins GSK3 may modulate include 

regulatory binding partners of Akt or one of the numerous kinases or phosphatases in the 

PI3K/Akt signaling network. As demonstrated in Chapter 4, knockdown of GSK3 alters 

levels and phosphorylation of many different proteins. Thus, knockdown of GSK3 

modulates functions of many proteins and deconvoluting those that are required for the 

effect of GSK3 knockdown is likely to prove challenging. The effect of complete 

knockdown of GSK3 on multiple signaling pathways is not surprising given that concurrent 

knockout of both GSK3α and GSK3β is embryonic lethal. 
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Since GSK3 functions as both a kinase and protein binding partner (linker molecule), 

effects of GSK3 on Akt phosphorylation may be mediated by either the kinase or linker 

molecule function of GSK3. Our studies showed no effect on A674563-induced Akt 

phosphorylation of preincubation of cells with GSK3 kinase inhibitor, indicating GSK3 

kinase function is not required to mediate the phosphorylation of Akt. However, in addition 

to mediating rapid phosphorylation/dephosphorylation signaling cascades, GSK3 

phosphorylates several proteins that modify activity of transcription factors, resulting in 

further changes in cell signaling after a period of several hours required to alter target gene 

expression. The observed abrogation of A674563-induced Akt phosphorylation with 

knockdown of GSK3 expression for several days may result from either the physical linker 

function of GSK3 or from chronic loss of GSK3 kinase activity.  

  

GSK3 is a known substrate of Akt, with Akt inactivating the constitutive GSK3 

kinase through serine phosphorylation. GSK3 mediation of Akt inhibitor-induced 

phosphorylation of Akt may result from two separate signaling functions of GSK3 upstream 

and downstream of Akt. Alternatively, GSK3 may serve as a downstream sensor of Akt 

kinase activity and mediate a feedback signaling loop to regulate upstream phosphorylation 

of Akt. The model of GSK3 as a sensor of Akt activity provides a potential mechanism of 

Akt inhibitor-induced Akt phosphorylation. In this model, inhibition of Akt decreases 

phosphorylation of GSK3, leading to accumulation of unphosphorylated GSK3, which 

upregulates upstream signaling to Akt. This potential mechanism is illustrated in Figure 5.2. 

Other potential downstream sensors of the proposed feedback loop include any of the many  
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Figure 5.2. Potential mechanism of Akt feedback signaling through GSK3. 
Inhibition of Akt kinase activity leads to accumulation of unphosphorylated GSK3, 
which increases upstream signaling to increase levels of phosphorylated Akt. 
Increased font size indicates increased amount of molecule. Increased arrow 

thickness indicates greater signaling intensity. 
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proteins downstream of Akt. We have tested for mediation of Akt inhibitor-induced 

feedback signaling by the Akt downstream signaling kinases JNK1/2 (data not presented) 

and by the Akt downstream signaling protein complex mTORC1.   

 

5.3 GSK3 Regulation of Signaling from EGF and IGF1 to Akt  

 

In addition to GSK3 playing a role in Akt-inhibitor induced Akt phosphorylation, we 

have discovered a role of GSK3 in regulating stimulation of Akt in response to the 

endogenous growth factors EGF and IGF1. The general pathway of signaling from EGF and 

IGF1 to Akt is known. EGF or IGF1 activate their respective tyrosine kinase receptors, 

leading to binding of signaling proteins to receptor phosphotyrosine residues. Participation 

of the regulatory subunit of PI3K in protein complexes (EGFR-Grb2-Gab1-PI3K and 

IGF1R-IRS-PI3K) formed by the growth factor receptor and adaptor molecules results in 

activation of PI3K and downstream Akt (166, 167). EGFR also heterodimerizes with other 

members of the EGFR family and in particular HER3 that contains multiple p85 binding 

motifs (168). Decreased EGF- and IGF1-stimulated Akt phosphorylation observed in our 

studies with knockdown of GSK3 expression in MDAMB231 breast cancer cells and mouse 

embryonic fibroblasts reveals a previously uncharacterized signaling event in these 

pathways. The observed decrease of the basally high levels of phosphorylated Akt with 

GSK3 knockdown in the AU565 breast cancer cell line likely indicates dependence on 

GSK3 of signaling to Akt from a constitutively active overexpressed HER2 receptor in this 

cell line. Since the HER2 receptor is known to dimerize with EGFR and other EGFR family 
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receptors (169), this result may represent GSK3 regulation of signaling to Akt downstream 

of HER2 homodimers or heterodimers of HER2 with other receptors in the EGFR family.  

 

Regulation of EGF- and IGF-stimulated Akt phosphorylation by GSK3 was observed 

in only a subset of the cell lines tested, indicating cell context dependence of this signaling 

mechanism. GSK3 knockdown with targeted siRNA did not significantly decrease EGF- and 

IGF1-stimulated Akt phosphorylation in the MDAMB415, MCF7, or T47D breast cancer 

cell lines (data not presented). Screening a larger panel of cell lines will be necessary to 

reveal which cell characteristics determine sensitivity of EGF and IGF- stimulated Akt 

phosphorylation on GSK3 modulation. 

 

As with GSK3 playing a role in Akt inhibitor-induced Akt phosphorylation, EGF- 

and IGF1-stimulated phosphorylation of Akt were not significantly affected by knockdown 

of individual GSK3 isoforms while knockdown of both the GSK3α and GSK3β isoforms 

markedly decreased induction of Akt phosphorylation by EGF and IGF1. Regulation of 

EGF- and IGF1-stimulated Akt phosphorylation by GSK3 was also independent of short-

term GSK3 kinase signaling events. It is possible that regulation by GSK3 of both 

EGF/IGF1-stimulated and Akt inhibitor-induced Akt phosphorylation are mediated by the 

same mechanism.  

 

In an effort to detect proteins or phosphoproteins that may be responsible for the 

effect of GSK3 on Akt phosphorylation, we screened multiple cell signaling pathways in 

unstimulated and EGF- or IGF1-stimulated MDAMB231 cells for changes associated with 
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decreased GSK3 expression. Knockdown of GSK3 yielded changes in expression or 

phosphorylation level of numerous proteins, including decreased expression of Caveolin-1, a 

known upstream activator of Akt. Regulation of expression of Caveolin-1 provides a 

potential mechanism by which GSK3 could alter ligand induced Akt phosphorylation.  

 

5.4 Future Directions 

 

Further studies are required to determine the signaling events by which Akt catalytic 

domain inhibitors increase Akt phosphorylation and the roles of GSK3 inhibitor-induced and 

EGF/IGF1-stimulated Akt phosphorylation.  

 

Measurement of PIP3 lipid from lysates of cells treated with Akt catalytic domain 

inhibitors and comparison with basal levels will inform us whether or not the Akt inhibitors 

increase PI3K activity and induce accumulation of phosphatidylinositols. An increase in 

PIP3 levels with Akt inhibitor treatment would support the feedback signaling model of Akt 

inhibitor-induced Akt phosphorylation and would in turn direct our studies to evaluate 

potential molecules involved in Akt feedback signaling. Identification through mass 

spectrometry of the tyrosine phosphoprotein induced by A674563 treatment would enable 

siRNA-targeted knock down of its expression and assessment of any role of this protein in 

Akt inhibitor-induced Akt phosphorylation. The existence of a feedback loop would require 

a molecular sensor of changes in Akt kinase activity that communicates with upstream Akt 

signaling molecules. We would need to determine if GSK3 mediates this sensor function.  

Overexpression of GSK3 in MDAMB231 cells will aid our studies of GSK3 regulation of 
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Akt phosphorylation. An increase in phosphorylation of Akt in response to overexpression 

of GSK3 would indicate that GSK3 is not merely serving a permissive role in signaling 

upstream of Akt but is sufficient to drive phosphorylation of Akt.  

 

We need to evaluate long-term signaling effects of the GSK3 kinase function in 

GSK3 regulation of Akt inhibitor-induced and EGF/IGF1-stimulated Akt phosphorylation.  

In MDAMB231 cells, inhibition of GSK3 kinase activity by SB216763 (assayed by 

immunoblot of β-catenin phosphorylation on the Ser33/37/Thr41 sites) lasts for less than six 

hours even with addition of fresh inhibitor (data not presented). Therefore, we could not 

study long-term GSK3 kinase inhibition with this reagent. Additional chemical inhibitors of 

GSK3 kinase activity need to be evaluated for use in long-term inhibition studies. 

Alternatively, we may employ GSK3β-Y216F MEFs that produce a mutant GSK3β with 

markedly decreased kinase activity for these studies. 

  

 Multiple growth factors such as FGF (fibroblast growth factor) and PDGF (platelet-

derived growth factor) are known to activate Akt signaling. GSK3 dependence of signaling 

to Akt from growth factors other than EGF and IGF1 needs to be tested to determine the 

scope of the role of GSK3 in upstream Akt signaling. Importantly, we would need to 

determine why GSK3 knockdown in some lines but not others blocks signaling to Akt. 

Indeed, a detailed RPPA study comparing the effects of GSK3 knockdown in lines where 

GSK3 is required to induce optimal Akt phosphorylation to those where GSK3 is not 

required could identify potential candidates. This screen could be further improved by 

comparing the effects of GSK3α and GSK3β siRNA alone, which are insufficient to block 
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Akt phosphorylation with the pan-GSK3 siRNA that efficiently blocks Akt activation. This 

could be extended further by comparison to the effect of inhibition of GSK3 kinase activity 

with a chemical inhibitor that does not decrease ligand-induced increase of Akt 

phosphorylation.  

  

While we have identified GSK3 as an upstream regulator of Akt activation, we have 

not determined the precise placement of GSK3 in the signaling pathway. Determining if 

knock down of GSK3 prevents the massive increases in levels of PIP3 known to occur with 

EGF and IGF1 stimulation will inform us if GSK3 signals upstream or downstream of this 

event. However, the demonstration that tyrosine phosphorylation of a protein that associates 

with p85 induced by Akt catalytic domain inhibition occurs despite GSK3 knockdown 

argues that the effect of GSK3 knockdown is distal to receptor activation and proximal to 

Akt phosphorylation. The recruitment of p85 to phosphotyrosine-containing molecules also 

argues that the effect of GSK3 knockdown is distal to p85 and PI3K activation. 

 

Decreased expression of Caveolin-1, a known upstream activator of Akt, was 

correlated with GSK3 knockdown. Knockdown of Caveolin-1 expression using targeted 

siRNAs and measurement of Akt phosphorylation in response to EGF and IGF1 stimulation 

will reveal if Caveolin-1 is activating signaling to Akt downstream of EGF and IGF1. 

Positive results would then be followed up by overexpression studies to determine if 

Caveolin-1 is downstream of GSK3 in the Akt signaling pathway. 
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5.5 Concluding Remarks  

 

Inhibition of signaling pathways upstream of Akt represents a major strategy being 

evaluated for control of cancers dependent on the PI3K/Akt signaling pathway. Therapies 

targeting EGF and IGF1 signaling are in the clinic, and Akt catalytic domain inhibitors are 

in clinical trials. Discovery of a novel function of GSK3 in mediating signal from these 

ligands to Akt may improve understanding and anticipation of drug effects. Further 

elucidation of the molecular events mediating GSK3 control of signaling to Akt may 

identify additional druggable targets in the pathway and facilitate development of more 

effective cancer therapeutic strategies. 
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APPENDIX 

 

Table 1. Changes in expression levels and phosphorylation status in response to GSK3 

knockdown in MDAMB231 cells. 

Table 2. Changes in expression levels and phosphorylation status in EGF-treated 

MDAMB231 cells in response to GSK3 knockdown.  

Table 3. Changes in expression levels and phosphorylation status in IGF1-treated 

MDAMB231 cells in response to GSK3 knockdown. 
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Table 1. Changes in expression levels and phosphorylation status in response to GSK3 
knockdown in MDAMB231 cells. Given fold change values are averaged from the two 

independent experiments, and fold change values from each individual experiment are 

included in parentheses. “Validated” antibodies, indicated by the “*” symbol, demonstrate 

performance for RPPA comparable to an ELISA assay. “Use with Caution” antibodies, 

indicated by the “**” symbol, provide high-quality useful information considered to need 

confirmation by additional technology. 

Antibody 

 

Average Fold Change (Exp #1 Fold 

Change, Exp #2 Fold Change) 

14-3-3 Beta* -1.3 (-1.1, -1.5) 

14-3-3 Zeta* 1.2 (1.4, 1.0) 

P-4EBP1 (S37)* -1.4 (-1.8, -1.1) 

P-4EBP1 (S65)* -1.4 (-1.3, -1.5) 

P-4EBP1 (T70)** -1.1 (-1.1, -1.1) 

4EBP1* 1.1 (1.1, 1.1) 

P-ACC (S79)* 1.9 (1.6, 2.2) 

AIB-1* 1.2 (1.3, 1.0) 

P-Akt (T308)* ±1.2 (-1.1, 1.2) 

P-Akt (S473)* -1.4 (-1.5, -1.2) 

Akt* -1.3 (-1.3, -1.2) 

P-AMPK (T172)* 1.4 (1.0, 1.8) 

AMPK** ±1.3 (1.2, -1.3) 

Androgen Receptor* -1.5 (-1.3, -1.6) 

P-B-catenin (S33/S37/T41)** 1.5 (1.5, 1.4) 

B-catenin* 2.3 (2.9, 1.7) 

BCL2* ±2.8 (3.4, -2.2) 

BIM* 1.0 (1.1, 1.0) 

P-c-Jun (S73)** 1.7 (1.7, 1.7) 

c-Kit* 1.0 (1.0, 1.0) 

c-Myc** 1.2 (1.3, 1.0) 

Caspase 3** 1.1 (1.0, 1.3) 

Caspase 7** ±1.1 (1.1, -1.1) 

Caveolin-1* -2.9 (-2.3, -3.5) 

CD31* ±1.5 (-1.3, 1.7) 

Collagen VI* 1.1 (1.1, 1.1) 

Cox-2** ±1.5 (1.8, -1.1) 

c-Raf* 1.6 (1.3, 1.8) 

Cyclin B1* 1.7 (1.5, 1.9) 

Cyclin D1* -1.2 (-1.1, -1.2) 

Cyclin E1* -1.1 (-1.0, -1.1) 

E-cadherin* 1.8 (1.0, 2.6) 

P-EGFR (Y992)* ±1.3 (-1.2, 1.5) 

P-ER alpha (S118)* ±1.2 (1.2, -1.1) 

ETV6** -1.8 (-1.9, -1.6) 

FAK** 1.2 (1.0, 1.3) 

Fibronectin** 1.6 (1.0, 2.1) 

FoxO3** 1.0 (1.0, 1.0) 

P-FoxO3 (S318)** -1.2 (-1.2, -1.2) 

GATA3* 1.0 (1.0, 1.1) 

P-GSK3 (S21/9)* -4.4 (-4.7, -4.1) 
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GSK3* -11.1 (-9.7, -12.5) 

P-HER2 (Y1248)* -1.4 (-1.2, -1.7) 

Hsp27** 1.3 (1.4, 1.3) 

IGFBP2* ±1.1 (-1.1, 1.1) 

IGFR1 beta** -1.2 (-1.1, -1.3) 

IRS1* ±1.1 (-1.2, 1.1) 

JNK2** 1.3 (1.2, 1.3) 

P-MAPK (T202)* 1.3 (1.6, 1.0) 

P-MEK1/2 (S217)* 1.5 (1.5, 1.5) 

MEK1* 1.4 (1.5, 1.3) 

MGMT* 1.2 (1.1, 1.3) 

P-mTOR (S2448)* 1.3 (1.1, 1.5) 

mTOR* 1.1 (1.1, 1.2) 

N-Cadherin* -1.1 (-1.0, -1.1) 

p21** ±1.4 (1.5, -1.2) 

p27* 1.2 (1.3, 1.1) 

p38** ±1.2 (1.1, -1.3) 

p53* 1.1 (1.1, 1.2) 

P-p70S6K (T389)* -1.3 (-1.3, -1.4) 

p70S6K* 1.4 (1.3, 1.5) 

PI3K p85* -1.0 (-1.1, -1.0) 

P-p90RSK (T359)** 1.2 (1.1, 1.3) 

PARP** 1.4 (1.1, 1.7) 

P-PDK1 (S241)* -1.4 (-1.4, -1.4) 

PDK1* -1.1 (-1.2, -1.0) 

P-PKC alpha (S657)* -1.2 (-1.4, -1.0) 

PKC alpha* -1.3 (-1.3, -1.4) 

Progesterone Receptor* 1.0 (1.0, 1.0) 

Patched** -1.4 (-1.4, -1.5) 

PTEN* 1.1 (1.1, 1.1) 

Rab25** 1.0 (1.0, 1.1) 

P-Rb (S807)* 1.2 (1.1, 1.3) 

Rb* ±1.3 (1.3, -1.3) 

P-S6RP (S235/S236)* -1.7 (-1.7, -1.7) 

P-S6RP (S240/S244)* -5.3 (-4.7, -5.8) 

Smad3* -2.0 (-1.5, -2.4) 

P-Src (Y527)* -1.3 (-1.3, -1.2) 

Src* -1.3 (-1.3, -1.4) 

P-STAT3 (Y705)* -1.1 (-1.2, -1.0) 

Stathmin* -1.1 (-1.1, -1.2) 

Tau** 1.0 (1.0, 1.1) 

TAZ* 1.4 (1.0, 1.8) 

TSC2** 1.5 (1.2, 1.8) 

VASP** ±1.2 (1.2, -1.2) 

VEGFR2* -2.2 (-1.7, -2.7) 

XIAP** 1.1 (1.0, 1.1) 

YAP* ±2.4 (-1.7, 3.0) 

 

 



 116 

Table 2. Changes in expression levels and phosphorylation status in EGF-treated 
MDAMB231 cells in response to GSK3 knockdown. Given fold change values are 

averaged from the two independent experiments, and fold change values from each 

individual experiment are included in parentheses. “Validated” antibodies, indicated by the 

“*” symbol, demonstrate performance for RPPA comparable to an ELISA assay. “Use with 

Caution” antibodies, indicated by the “**” symbol, provide high-quality useful information 

considered to need confirmation by additional technology. 

Antibody 

 

Average Fold Change (Exp #1 Fold 

Change, Exp #2 Fold Change) 

14-3-3 Beta* -1.2 (-1.2, -1.3) 

14-3-3 Zeta* -1.0 (-1.1, -1.0) 

P-4EBP1 (S37)* ±1.4 (-1.8, 1,1) 

P-4EBP1 (S65)* -1.4 (-1.4, -1.4) 

P-4EBP1 (T70)** -1.1 (-1.1, -1.10 

4EBP1* 1.2 (1.2, 1.2) 

P-ACC (S79)* 1.6 (1.4, 1.8) 

AIB-1* 1.1 (1.2, 1.1) 

P-Akt (T308)* -1.8 (-1.9, -1.8) 

P-Akt (S473)* -10.1 (-11.5, -8.7) 

Akt* -1.2 (-1.2, -1.3) 

P-AMPK (T172)* 1.2 (1.1, 1.3) 

AMPK** 1.2 (1.2, 1.1) 

Androgen Receptor* -1.3 (-1.3, -1.2) 

P-B-catenin (S33/S37/T41)** 1.3 (1.4, 1.2) 

B-catenin* 2.4 (2.8, 2.0) 

BCL2* ±2.0 (2.2, -1.8) 

BIM* 1.1 (1.0, 1.2) 

P-c-Jun (S73)** 1.7 (1.9, 1.5) 

c-Kit* 1.1 (1.0, 1.2) 

c-Myc** ±1.0 (1.0, -1.1) 

Caspase 3** ±1.1 (-1.1, 1.1) 

Caspase 7** ±1.2 (1.3, -1.1) 

Caveolin-1* -4.0 (-4.0, -4.0) 

CD31* 1.1 (1.1, 1.1) 

Collagen VI* -1.1 (-1.1, -1.0) 

Cox-2** 2.0 (2.5, 1.5) 

c-Raf* 1.4 (1.2, 1.6) 

Cyclin B1* 1.9 (1.6, 2.2) 

Cyclin D1* -1.4 (-1.3, -1.5) 

Cyclin E1* -1.2 (-1.2, -1.1) 

E-cadherin* 1.0 (1.0, 1.0) 

P-EGFR (Y992)* 1.4 (1.0, 1.8) 

P-ER alpha (S118)* 1.2 (1.3, 1.1) 

ETV6** -1.2 (-1.1, -1.4) 

FAK** 1.0 (1.0, 1.0) 

Fibronectin** 1.7 (1.1, 2.3) 

FoxO3** 1.1 (1.1, 1.0) 

P-FoxO3 (S318)** 1.1 (1.0, 1.1) 

GATA3* 1.3 (1.3, 1.2) 

P-GSK3 (S21/9)* -6.8 (-6.8, -6.8) 
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GSK3* -10.6 (-11.0, -10.2) 

P-HER2 (Y1248)* -1.7 (-1.5, -1.9) 

Hsp27** 1.4 (1.6, 1.2) 

IGFBP2* ±1.1 (-1.1, 1.1) 

IGFR1 beta** -1.2 (-1.2, -1.2) 

IRS1* -1.2 (-1.2, -1.1) 

JNK2** 1.3 (1.1, 1.4) 

P-MAPK (T202)* ±1.1 (1.2, -1.1) 

P-MEK1/2 (S217)* 1.2 (1.2, 1.3) 

MEK1* 1.7 (1.8, 1.6) 

MGMT* -1.0 (-1.0, -1.1) 

P-mTOR (S2448)* 1.1 (1.0, 1.2) 

mTOR* 1.1 (1.0, 1.1) 

N-Cadherin* 1.0 (1.0, 1.0) 

p21** ±1.2 (1.2, -1.3) 

p27* 1.1 (1.2, 1.1) 

p38** ±1.2 (1.1, -1.2) 

p53* ±1.2 (-1.3, 1.1) 

P-p70S6K (T389)* -2.4 (-2.1, -2.8) 

p70S6K* 1.2 (1.1, 1.2) 

PI3K p85* ±1.2 (1.1, -1.2) 

P-p90RSK (T359)** 1.2 (1.1, 1.3) 

PARP** 1.6 (1.4, 1.7) 

P-PDK1 (S241)* -1.3 (-1.2, -1.4) 

PDK1* ±1.1 (-1.1, 1.1) 

P-PKC alpha (S657)* ±1.3 (-1.5, 1.1) 

PKC alpha* -1.2 (-1.2, -1.1) 

Progesterone Receptor* 1.2 (1.2, 1.2) 

Patched** -1.4 (-1.3, -1.5) 

PTEN* 1.2 (1.0, 1.3) 

Rab25** 1.0 (1.0, 1.0) 

P-Rb (S807)* 1.1 (1.0, 1.2) 

Rb* ±1.1 (1.0, -1.2) 

P-S6RP (S235/S236)* -2.1 (-1.7, -2.6) 

P-S6RP (S240/S244)* -6.1 (-5.2, -7.0) 

Smad3* -1.8 (-1.6, -2.0) 

P-Src (Y527)* -1.4 (-1.3, -1.6) 

Src* ±1.2 (1.0, -1.3) 

P-STAT3 (Y705)* 1.1 (1.1, 1.1) 

Stathmin* -1.1 (-1.1, -1.1) 

Tau** 1.1 (1.1, 1.0) 

TAZ* 1.2 (1.0, 1.4) 

TSC2** 1.4 (1.3, 1.5) 

VASP** ±1.3 (1.4, -1.2) 

VEGFR2* -1.2 (-1.3, -1.1) 

XIAP** 1.1 (1.1, 1.0) 

YAP* ±2.3 (-1.8, 2.8) 
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Table 3. Changes in expression levels and phosphorylation status in IGF1-treated 
MDAMB231 cells in response to GSK3 knockdown. Given fold change values are 

averaged from the two independent experiments, and fold change values from each 

individual experiment are included in parentheses. “Validated” antibodies, indicated by the 

“*” symbol, demonstrate performance for RPPA comparable to an ELISA assay. “Use with 

Caution” antibodies, indicated by the “**” symbol, provide high-quality useful information 

considered to need confirmation by additional technology. 

Antibody 

 

Average Fold Change (Exp #1 Fold 

Change, Exp #2 Fold Change) 

14-3-3 Beta* -1.3 (-1.1, -1.4) 

14-3-3 Zeta* 1.1 (1.1, 1.2) 

P-4EBP1 (S37)* ±1.5 (-1.7, 1.3) 

P-4EBP1 (S65)* -1.5 (-1.6, -1.4) 

P-4EBP1 (T70)** -1.1 (-1.2, -1.1) 

4EBP1* 1.1 (1.2, 1.1) 

P-ACC (S79)* 2.2 (1.8, 2.6) 

AIB-1* 1.1 (1.2, 1.0) 

P-Akt (T308)* -2.2 (-2.7, -1.7) 

P-Akt (S473)* -6.5 (-11.0, -2.0) 

Akt* -1.3 (-1.4, -1.2) 

P-AMPK (T172)* 1.6 (1.1, 2.0) 

AMPK** 1.3 (1.6, 1.1) 

Androgen Receptor* -1.4 (-1.4, -1.4) 

P-B-catenin (S33/S37/T41)** 1.3 (1.4, 1.2) 

B-catenin* 2.2 (2.4, 2.0) 

BCL2* ±1.9 (2.6, -1.3) 

BIM* 1.1 (1.1, 1.2) 

P-c-Jun (S73)** 1.5 (1.7, 1.4) 

c-Kit* -1.1 (-1.1, -1.0) 

c-Myc** ±1.2 (1.3, -1.1) 

Caspase 3** ±1.1 (-1.1, 1.1) 

Caspase 7** ±1.2 (1.1, -1.2) 

Caveolin-1* -3.2 (-2.8, -3.6) 

CD31* 1.1 (1.0, 1.1) 

Collagen VI* 1.1 (1.0, 1.2) 

Cox-2** ±1.5 (1.7, -1.3) 

c-Raf* 1.4 (1.2, 1.6) 

Cyclin B1* 1.9 (1.6, 2.2) 

Cyclin D1* ±1.2 (-1.2, 1.2) 

Cyclin E1* -1.1 (-1.1, -1.1) 

E-cadherin* 1.2 (1.0, 1.4) 

P-EGFR (Y992)* ±1.2 (-1.2, 1.2) 

P-ER alpha (S118)* 1.2 (1.3, 1.1) 

ETV6** -1.4 (-1.7, -1.1) 

FAK** ±1.1 (-1.2, 1.1) 

Fibronectin** 1.3 (1.0, 1.5) 

FoxO3** 1.1 (1.1, 1.1) 

P-FoxO3 (S318)** -1.1 (-1.2, -1.1) 

GATA3* 1.1 (1.0, 1.2) 

P-GSK3 (S21/9)* -9.0 (-10.3, -7.7) 
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GSK3* -11.6 (-11.2, -12.0) 

P-HER2 (Y1248)* -1.5 (-1.0, -1.9) 

Hsp27** 1.4 (1.6, 1.3) 

IGFBP2* -1.3 (-1.3, -1.2) 

IGFR1 beta** -1.4 (-1.2, -1.6) 

IRS1* ±1.2 (-1.2, 1.1) 

JNK2** 1.2 (1.1, 1.3) 

P-MAPK (T202)* 1.2 (1.2, 1.2) 

P-MEK1/2 (S217)* 1.4 (1.2, 1.7) 

MEK1* 1.6 (1.7, 1.5) 

MGMT* 1.1 (1.1, 1.0) 

P-mTOR (S2448)* ±1.2 (-1.2, 1.3) 

mTOR* ±1.1 (-1.1, 1.1) 

N-Cadherin* -1.1 (-1.1, -1.1) 

p21** ±1.1 (1.2, -1.1) 

p27* 1.2 (1.3, 1.1) 

p38** ±1.2 (1.2, -1.1) 

p53* ±1.4 (-1.3, 1.4) 

P-p70S6K (T389)* -1.9 (-2.4, -1.5) 

p70S6K* 1.2 (1.1, 1.4) 

PI3K p85* ±1.5 (1.1, -1.8) 

P-p90RSK (T359)** 1.1 (1.0, 1.2) 

PARP** ±1.1 (-1.1, 1.2) 

P-PDK1 (S241)* -1.3 (-1.2, -1.4) 

PDK1* -1.1 (-1.3, -1.0) 

P-PKC alpha (S657)* -1.2 (-1.4, -1.0) 

PKC alpha* -1.3 (-1.2, -1.4) 

Progesterone Receptor* 1.1 (1.2, 1.0) 

Patched** -1.4 (-1.4, -1.3) 

PTEN* 1.1 (1.1, 1.2) 

Rab25** ±1.1 (1.0, -1.2) 

P-Rb (S807)* 1.2 (1.2, 1.3) 

Rb* 1.0 (1.1, 1.0) 

P-S6RP (S235/S236)* -1.9 (-1.6, -2.1) 

P-S6RP (S240/S244)* -4.0 (-4.2, -3.8) 

Smad3* -1.7 (-1.5, -2.0) 

P-Src (Y527)* -1.4 (-1.2, -1.6) 

Src* -1.3 (-1.3, -1.3) 

P-STAT3 (Y705)* ±1.2 (-1.1, -1.3) 

Stathmin* -1.1 (-1.2, -1.1) 

Tau** ±1.1 (1.1, -1.1) 

TAZ* 1.3 (1.0, 1.6) 

TSC2** 1.3 (1.1, 1.6) 

VASP** ±1.2 (1.3, -1.2) 

VEGFR2* -1.8 (-1.9, -1.8) 

XIAP** -1.1 (-1.0, -1.1) 

YAP* ±2.6 (-1.6, 3.7) 
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