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Abstract

Generation of the lipid messenger phosphatidylinositol-3,4,5-trisphosphate (PtdIns(3,4,5)P3) is 

crucial for development, cell growth and survival, and motility, and it becomes dysfunctional in 

many diseases including cancers. Here we reveal a mechanism for PtdIns(3,4,5)P3 generation by 

scaffolded phosphoinositide kinases. In this pathway, class I phosphatidylinositol-3-OH kinase 

(PI(3)K) is assembled by IQGAP1 with PI(4)KIIIα and PIPKIα, which sequentially generate 

PtdIns(3,4,5)P3 from phosphatidylinositol. By scaffolding these kinases into functional proximity, 

the PtdIns(4,5)P2 generated is selectively used by PI(3)K for PtdIns(3,4,5)P3 generation, which 

then signals to PDK1 and Akt that are also in the complex. Moreover, multiple receptor types 

stimulate the assembly of this IQGAP1–PI(3)K signalling complex. Blockade of IQGAP1 

interaction with PIPKIα or PI(3)K inhibited PtdIns(3,4,5)P3 generation and signalling, and 

selectively diminished cancer cell survival, revealing a target for cancer chemotherapy.

Phosphatidylinositol-4,5-bisphosphate (PtdIns(4,5)P2) and PtdIns (3,4,5)P3 are lipid 

messengers that regulate most cellular functions1,2. PtdIns(4,5)P2 serves as a substrate for 

phospholipases and class I PI(3)Ks to generate additional messengers3,4. Besides, 

PtdIns(4,5)P2 directly binds to its effector proteins and regulates their targeting and 

activities5. The majority of PtdIns(4,5)P2 is made by phosphorylation at the 5 hydroxyl of 

the myo-inositol ring of PtdIns(4)P by type I phosphatidylinositol phosphate kinases 

(PIPKIs). In humans, there are three PIPKI isoforms (α, β and γ) with multiple splice 

variants2,6. Stimulation of receptor tyrosine kinases (RTKs), G-protein-coupled receptors 

(GPCRs) and integrins leads to activation of PI(3)Ks, which utilize PtdIns(4,5)P2 as a 
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substrate to generate PtdIns(3,4,5)P3 (ref. 7). Although PI(3)Ks catalyse phosphorylation of 

PtdIns(4,5)P2 at the 3 hydroxyl in vitro8 and in vivo9, the cellular source of PtdIns(4,5)P2 

used as the substrate has not been studied. It is hypothesized that a pre-existing plasma 

membrane pool of PtdIns(4,5)P2 is used by PI(3)Ks to synthesize PtdIns(3,4,5)P3 (ref. 10), 

as the cellular PtdIns(4,5)P2 content is orders of magnitude higher than that of 

PtdIns(3,4,5)P3 (ref. 10). Yet, the majority of membrane PtdIns(4,5)P2 is sequestered11 and 

little is present on endosomal compartments where PtdIns(3,4,5)P3 is generated after 

receptor internalization12. This suggests that de novo synthesis of PtdIns(4,5)P2 by PIPKIs is 

required for efficient PtdIns(3,4,5)P3 synthesis. In support, depletion of a single PIPKI 

isoform has no significant impact on cellular PtdIns(4,5)P2 levels13,14, while Akt 

phosphorylation, a readout of PI(3)K activity, is reduced following inhibition of a PIPKI15. 

These suggest that a locally organized specific pool of PtdIns(4,5)P2 is responsible for 

PtdIns(3,4,5)P3 synthesis.

IQ-motif-containing GTPase-activating protein 1 (IQGAP1) is a multidomain protein that 

scaffolds multiple signalling pathways to regulate a plethora of cell functions16,17. The 

scaffold role of IQGAP1 in the mitogen-activated protein kinase (MAPK) pathway is best 

characterized. MAPK pathway components, such as Raf, MEK and Erk, directly interact 

with IQGAP1, which brings these kinases in close proximity to facilitate their sequential 

phosphorylation18,19. Additional scaffold roles for IQGAP1 in GPCR, Wnt and integrin 

signalling were also identified16. These versatile roles of IQGAP1 are in part supported by 

its abundance. Notably, an unbiased quantitative study reveals that the messenger RNA and 

protein copy number of IQGAP1 is at least two orders of magnitude higher than that of its 

interacting proteins20. This is consistent with IQGAP1 integrating multiple signalling 

complexes and pathways. Although IQGAP1 is reported to modulate Akt under stress 

conditions21,22, the molecular mechanism by which IQGAP1 controls Akt is not known.

Here, we show an IQGAP1 complex that scaffolds the entire PI(3)K–Akt pathway and 

controls agonist-stimulated PtdIns(3,4,5)P3 synthesis and signalling. IQGAP1 interacts with 

PIPKIα and PI(3)K, bringing the phosphoinositide kinases in close proximity, which allows 

for the PtdIns(4,5)P2 produced by PIPKIα to be channelled to PI(3)K for PtdIns(3,4,5)P3 

synthesis. Further, IQGAP1 assembles phosphatidylinositol 4-kinase III alpha (PI(4)KIIIα), 

which generates PtdIns(4)P from PtdIns, and the PtdIns(3,4,5)P3 effectors phosphoinositide-

dependent kinase 1 (PDK1) and Akt. This IQGAP1-mediated pathway is responsible for 

PtdIns(3,4,5)P3 synthesis stimulated by integrin, RTK or GPCR activation. Further, blockade 

of the IQGAP1 interaction with either PIPKIα or PI(3)K inhibited PtdIns(3,4,5)P3 synthesis 

and Akt activation, which blocks cancer cell proliferation and survival. Collectively, these 

results establish that agonist-stimulated PtdIns(3,4,5)P3 synthesis requires spatiotemporal 

organization of PIPKIα and PI(3)K by IQGAP1.

RESULTS

PI(3)K–Akt pathway requires PI(4)KIIIα, PIPKIα and IQGAP1

To define roles with phosphoinositide kinases, IQGAP1-associated proteins were analysed 

by immunoprecipitation. This demonstrated that PI(4)KIIIα, PIPKIα and PI(3)K associate 

with IQGAP1 (Fig. 1a). IQGAP1 also associated with the PI(3)K downstream effectors of 

Choi et al. Page 2

Nat Cell Biol. Author manuscript; available in PMC 2017 November 09.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



PtdIns(3,4,5)P3 PDK1 and Akt. In addition, IQGAP2 and PIPKIγ associated with IQGAP1, 

confirming known interactors23,24. MEK1 and Erk associate with IQGAP1 in mouse 

embryonic fibroblasts (MEFs)25 and IQGAP1 is required for Erk phosphorylation (Fig. 1e) 

but these interactions were not detected in the cancer cells examined here, suggesting that 

these interactions are cell type specific. IQGAP1 associations with PI(4)KIIIα, PIPKIα, 

PI(3)K, PDK1 and Akt were increased by EGF stimulation (Fig. 1b,c), indicating that these 

interactions are enhanced by agonist stimulation. Increased Ras association was also 

detected, consistent with its interaction with and activation of PI(3)K (Fig. 1c).

The associations of all components of the PI(3)K pathway required for PtdIns(3,4,5)P3 

generation and Akt activation suggest that PI(3)K signalling may be regulated by an 

IQGAP1 scaffold. To explore whether IQGAP1 modulates PI(3)K signalling, protein 

expression was depletedby RNA-mediated interference (RNAi) and PI(3)K activation was 

measured by Akt phosphorylation, which mirrors PtdIns(3,4,5)P3 generation3 (Fig. 1d and 

Supplementary Fig. 1a,g). Loss of IQGAP1, but not IQGAP2, significantly reduced Akt 

phosphorylation. PIPKIα was the only PIPKI isoform whose knockdown decreased Akt 

phosphorylation (Fig. 1d). These results are not due to off-target effects of short interfering 

RNAs (siRNAs) as Iqgap1-null MEFs also have reduced EGF-stimulated Akt 

phosphorylation that is rescued by reexpression of wild-type (WT) IQGAP1 (Fig. 1e). 

Significantly, PIPKIα kinase activity was required, as ectopic expression of WT PIPKIα, 

but not the kinase-dead mutant, increased Akt phosphorylation (Supplementary Fig. 1b,c,e). 

Expression of PIPKIγ did not impact Akt phosphorylation, indicating specificity for PIPKI 

isoforms. Knockdown of PI(4)KIIIα also significantly reduced Akt phosphorylation 

(Supplementary Fig. 1g). These results were replicated in multiple cell lines including 

MDA-MB-231, Hs578T, MCF-7 and HaCaT. These combined data support a model such 

that PI(4)KIIIα and PIPKIα via association with IQGAP1 generate a PtdIns(4,5)P2 pool that 

flows into the PI(3)K pathway for PtdIns(3,4,5)P3 synthesis and Akt activation 

(Supplementary Fig. 1e).

IQGAP1 and PIPKIα loss diminished Akt activation. This was not due to increased 

expression of the phosphatase and tensin homologue (PTEN), which dephosphorylates 

PtdIns(3,4,5)P3 to PtdIns(4,5)P2 (ref. 26; Fig. 1d). As PI(4)KIIIα and PIPKIα loss could 

reduce cellular PtdIns(4,5)P2 levels, diminishing its availability for PI(3)K generation of the 

PtdIns(3,4,5)P3 required for Akt activation9, PtdIns(4)P, PtdIns(4,5)P2 and PtdIns(3,4,5)P3 

content was measured. Loss of PI(4)KIIIα, PIPKIα or IQGAP1 significantly reduced 

PtdIns(3,4,5)P3 levels (Fig. 1f and Supplementary Fig. 1h). Yet, PtdIns(3)P, PtdIns(4)P and 

PtdIns(4,5)P2 did not change (Fig. 1f and Supplementary Fig. 1f), indicating that diminished 

PtdIns(3,4,5)P3 generation or Akt phos-phorylation is not due to lack of PtdIns(4)P or 

PtdIns(4,5)P2. Ectopic expression of IQGAP1 or PIPKIα did not increase PtdIns(4,5)P2 but 

dramatically increased PtdIns(3,4,5)P3 (Supplementary Fig. 1d). Collectively these data 

suggest that PtdIns(4,5)P2 generation by PIPKIα leads to PtdIns(3,4,5)P3 synthesis and Akt 

activation that is regulated by IQGAP1.
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IQGAP1 mediates a PIPKIα and PI(3)K complex

The PIPKIα- and PI(3)K-binding sites on IQGAP1 were mapped (Supplementary Fig. 

2a)24,27. Deletion of the IQ domain abrogated PIPKIα co-immunoprecipitation and binding, 

indicating that the IQ domain is required, while interaction with PI(3)K required both the 

WW and IQ domains (Fig. 2a–d). To define IQGAP1-binding sites on PI(3)K, p85α domain 

constructswereused28.IQGAP1-Nboundtothe P-BH-P and cSH2 domains of p85α (Fig. 2e).

The IQ domain of IQGAP1 contains four structurally conserved IQ motifs (IQ1—IQ4)27. 

Polypeptides for WW and each IQ motif were fused to GST (Supplementary Fig. 2d) for 

binding assay. PIPKIα specifically bound to GST-IQ3, which blocked PIPKIα interaction 

with IQGAP1-N (Supplementary Fig. 2e–g). PI(3)K consisting of p110α and p85α bound to 

GST-WW and -IQ3 and either peptide blocked IQGAP1 interaction with PI(3)K 

(Supplementary Fig. 2h–j). In summary, PIPKIα and PI(3)K could bind distinct regions on 

IQGAP1 (Fig. 2f). Consistently, ectopic expression of the IQ domain that binds PIPKIα and 

PI(3)K reduced Akt phosphorylation (Supplementary Fig. 6b). Also, theWWandIQdomains 

were required for EGF-stimulated Akt activation (Fig. 1e).

Endogenous IQGAP1, PIPKIα and PI(3)K form a complex in vivo (Fig. 3a) and loss of 

IQGAP1 eliminated the PI(3)K interaction with PIPKIα (Fig. 3b) indicating that IQGAP1 is 

necessary for the phosphoinositide kinases’ interaction. Loss of PIPKIα or PI(3)K (p110α) 

had no impact on the interaction of the other kinase with IQGAP1 (Fig. 3c,d). 

Overexpression of IQGAP1 significantly increased the PIPKIα co-immunoprecipitation 

with p110α and the generation of PtdIns(3,4,5)P3 (Fig. 3e,f and Supplementary Fig. 1e). As 

PIPKIα and PI(3)K do not bind to one another (Supplementary Fig. 2b,c), these data 

indicate that IQGAP1 scaffolds PIPKIα and PI(3)K, bringing them in proximity and 

enhancing generation of PtdIns(3,4,5)P3 in vivo.

IQGAP1 regulates PtdIns(3,4,5)P3 synthesis

The scaffolding of PIPKIα and PI(3)K by IQGAP1 (Fig. 3) positions these kinases to 

coordinate enzymatic processivity. To test this, in vitro kinase assays were performed using 

PtdIns(4)P-containing liposomes. PIPKIα phosphorylates PtdIns(4)P to generate 

PtdIns(4,5)P2, which is then phosphorylated by PI(3)K to PtdIns(3,4,5)P3. PIPKIα alone or 

with IQGAP1 did not generate PtdIns(3,4,5)P3. PIPKIα in combination with PI(3)K 

generated PtdIns(3,4,5)P3 and this was significantly enhanced (~4.5-fold) by adding 

IQGAP1-N (Fig. 4a). These data indicate that IQGAP1-N, which scaffolds PIPKIα and 

PI(3)K, enhances PtdIns(3,4,5)P3 synthesis. Importantly, PtdIns(4,5)P2 accumulation was 

reduced by added IQGAP1-N, suggesting that PtdIns(4,5)P2 generated by PIPKIα is utilized 

by PI(3)K for PtdIns(3,4,5)P3 synthesis. As IQGAP1-N does not enhance enzyme activity of 

PIPKIα or PI(3)K (Fig. 4a and Supplementary Fig. 3a), the data indicate that PtdIns(4,5)P2 

produced by PIPKIα is selectively passed to PI(3)K for PtdIns(3,4,5)P3 synthesis in the 

scaffold.

To further examine whether IQGAP1 mediates concerted PtdIns(3,4,5)P3 synthesis by 

scaffolding these kinases in vitro, the WW-IQ fragment was used as a minimal scaffold 

(Supplementary Fig. 2a). PIPKIα, PI(3)K and WW-IQ formed a ternary complex that peaks 

Choi et al. Page 4

Nat Cell Biol. Author manuscript; available in PMC 2017 November 09.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



at a 1:1:1 ratio, but the complex was diminished with increasing WW-IQ (Fig. 4b). 

Consistently, addition of WW-IQ enhanced PtdIns(3,4,5)P3 synthesis from PtdIns(4)P and 

this peaked when the ratio was 1:1:1, but diminished at a higher ratio of WW-IQ (Fig. 4c). 

Collectively, these data signify that each IQGAP1 binds a single PIPKIα and PI(3)K, and 

PIPKIα and PI(3)K require scaffolding by IQGAP1 for efficient PtdIns(3,4,5)P3 synthesis.

In a concerted mechanism, the IQGAP1-tethered PI(3)K would selectively utilize the 

PtdIns(4,5)P2 generated from PIPKIα. To test this, in vitro kinase assays were performed 

with PIPKIα and PI(3)K using liposomes containing PtdIns(4)P or with increasing amounts 

of PtdIns(4,5)P2 (Fig. 4d). Without IQGAP1, PtdIns(3,4,5)P3 synthesis increased 

proportionally with the PtdIns(4,5)P2 molar percentage, suggesting that PtdIns(3,4,5)P3 is 

largely generated from the PtdIns(4,5)P2 in the liposomes. AdditionofIQGAP1 with PIPKIα 
and PI(3)K increased synthesis of PtdIns(3,4,5)P3 ~8-fold (compare green bars),with 

onlyamodest increase when PtdIns(4,5)P2 was added. This indicates that the PtdIns(3,4,5)P3 

is preferentially generated from the PtdIns(4,5)P2 synthesized by PIPKIα. Most significant, 

the PIPKIα– PI(3)K–IQGAP1 complex synthesized PtdIns(3,4,5)P3 ~20-fold more rapidly 

than PIPKIα or PI(3)K alone (Fig. 4e, green bars), confirming that IQGAP1-bound PI(3)K 

preferentially utilizes the PtdIns(4,5)P2 generated by PIPKIα.

To explore a concerted mechanism in vivo, PtdIns(3)P-, PtdIns(4)P-and PtdIns(4,5)P2-

binding proteins were used to sequester free lipid. PtdIns(3)P-, PtdIns(4)P- and 

PtdIns(4,5)P2-specific binding do-mains29–31 were stably expressed 

andtheimpactoncollagen- and EGF-stimulated PtdIns(3,4,5)P3 synthesis and Akt 

phosphorylation was quantified. The PtdIns(4)P (Osh2-PH2x)- and PtdIns(4,5)P2 (PLCδ1-

PH)-binding proteins, but not the PtdIns(3)P-binding protein (Hrs-FYVE2x), blocked 

PtdIns(3,4,5)P3 synthesis and Akt activation in suspended and serum-starved cells but not 

following stimulation by collagen or EGF (Fig. 4f and Supplementary Fig. 3b–d). These 

results are consistent with a previous report using neomycin, which is a PtdIns(4,5)P2 

sequestration reagent. Neomycin reduced Akt and Akt downstream effectors’ activity in 

unstimulated conditions, whereas neomycin had no impact on insulin-stimulated 

conditions32. This indicates that at least two distinct pathways of PtdIns(3,4,5)P3 synthesis 

exist in cells. One is a canonical pathway, where PtdIns(3,4,5)P3 is generated from a pool of 

membrane PtdIns(4,5)P2 that is accessible to the binding domains and is inhibited by 

sequestration of PtdIns(4)P or PtdIns(4,5)P2 (Supplementary Fig. 3b). In the IQGAP1-

mediated pathway, PtdIns(4)P and PtdIns(4,5)P2 sequestration does not impact 

PtdIns(3,4,5)P3 synthesis as the binding domains would not access the channelling 

substrates in the IQGAP1-scaffolded complex, consistent with the data (Fig. 4f and 

Supplementary Fig. 3d).

If PIPKIα and PI(3)K are functionally linked by IQGAP1 then separating the PIPKIα and 

PI(3)K binding sites on IQGAP1 could uncouple PtdIns(4,5)P2 and PtdIns(3,4,5)P3 

synthesis. This concept was assessed by inserting 17 amino acids between the WW domain 

and the IQ3 motif (Supplementary Fig. 4a). Consistent with this hypothesis, a 17-residue 

insert mutant reduced EGF-stimulated PtdIns(3,4,5)P3 synthesis and Akt phosphorylation 

(Fig. 1e and Supplementary Fig. 5b). Yet, the quantity of PIPKIα, PI(3)K, PDK1 and Akt1 

that co-immunoprecipitated withtheinsertIQGAP1 mutant did not change (Supplementary 
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Fig. 5b–e). This supports a model where IQGAP1 scaffolds PIPKIα and PI(3)K and the 

close proximity is required for the sequential phosphorylation of PtdIns(4)P to 

PtdIns(3,4,5)P3.

The above data indicate that the IQGAP1-PI(3)K scaffold functional assembly on a 

membrane compartment would be linked to a biological role. During cell migration, PI(3)K 

activation and PtdIns(3,4,5)P3 synthesis are localized to the leading edge of migrating 

cells33–35 and IQGAP1 is required for migration24. To examine a physiological role of the 

IQGAP1-mediated PtdIns(3,4,5)P3 synthesis, cells migrating into scratch wounds were 

immunostained (Supplementary Fig. 3e,f). PIPKIα co-localized with PtdIns(3,4,5)P3 at the 

leading edges in control cells, whereas PIPKIα and PtdIns(3,4,5)P3 at the leading edges 

were lost by IQGAP1 knockdown. These data demonstrate that the IQGAP1–PI(3)K 

scaffold synthesizes PtdIns(3,4,5)P3 at the leading edge of migrating cells.

Stimulated PtdIns(3,4,5)P3 synthesis needs IQGAP1

EGF stimulated IQGAP1 interactions with PI(3)K pathway components (Fig. 1b,c). To 

further investigate receptor regulation of the IQGAP1-mediated PtdIns(3,4,5)P3 synthesis 

pathway, control, IQGAP1 and PIPKIα knockdown cells were treated with agonists for a 

number of membrane receptor classes. Fibronectin or collagen receptor-mediated Akt 

activation and PtdIns(3,4,5)P3 generation were significantly reduced by IQGAP1 or PIPKIα 
loss (Fig. 5a,b and Supplementary Fig. 5a–c). Focal adhesion kinase (FAK) phosphory-

lation is reported to regulate integrin-mediated PI(3)K activation36, but FAK 

phosphorylation remained unchanged following knockdown of IQGAP1 and PIPKIα, 

consistent with the complex functioning downstream of FAK (Fig. 5a and Supplementary 

Fig. 5d,e). IQGAP1 and PIPKIα loss reduced Akt phosphorylation and PtdIns(3,4,5)P3 

generation by ligands for multiple RTKs and GPCRs (Fig. 5c–e and Supplementary Fig. 5c). 

This is not due to a loss of EGF receptor signalling following IQGAP1 knockdown 

(Supplementary Fig. 5f). To investigate how IQGAP1 and PIPKIα regulate the PI(3)K–Akt 

pathway downstream of receptors, IQGAP1 complex formation was quantified following 

agonist stimulation. The interaction of the PI(3)K p110α subunit with IQGAP1 and PIPKIα 
was enhanced by activation of all three receptor types (Fig. 1b,c,f,g). These data support a 

model where receptor activation stimulates IQGAP1–PIPKIα–PI(3)K assembly, which 

ensures efficient PtdIns(3,4,5)P3 synthesis and Akt activation.

IQGAP1-derived peptides block PtdIns(3,4,5)P3 synthesis

In vitro the WW domain and IQ3 motif mediate the interaction of IQGAP1 with PIPKIα and 

PI(3)K (Supplementary Fig. 2). To expand on this, peptides corresponding to the WW 

domain and IQ motifs were synthesized and their impact on the PI(3)K–Akt pathway 

examined. These IQGAP1-derived peptides (IG1DPs) were made membrane-permeable by 

adding eight arginine residues to the amino terminus (Supplementary Fig. 6a)19. Consistent 

with the GST-fusion peptide data (Supplementary Fig. 2), IG1DPIQ3 bound to PIPKIα, and 

both IG1DPWW and IG1DPIQ3 bound to PI(3)K in vitro and blocked interactions with 

IQGAP1 in vitro and in vivo (Fig. 6a–c). The IQGAP1-mediated PtdIns(3,4,5)P3 synthesis 

was blocked by IG1DPWW and IG1DPIQ3 in vitro and in cells grown in normal culture (Fig. 

6d,e). Activation of Akt was also diminished (Supplementary Fig. 6c–e). Overexpression of 
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PI(3)K and PIPKIα increased PtdIns(3,4,5)P3 synthesis and this also required IQGAP1 

(Supplementary Figs 1d,e and 6c). Treatment with both IG1DPWW and IG1DPIQ3 did not 

further inhibit Akt activation, consistent with blockade of the same pathway.

IQGAP1 peptides selectively kill cancer cells

The PI(3)K–Akt pathway regulates survival of many cell types3,7. To examine the roles of 

IG1DPs in cell survival, a variety of breast cancer cells and normal cells were treated with 

IG1DPs and cell viability was quantified. IG1DPWW and IG1DPIQ3 reduced the number of 

viable cells in breast cancer cell lines (Fig. 6f,g) with little or no effect on survival of normal 

cells (Fig. 6h). Expression of a constitutively active Akt137 partially rescued cell death by 

IG1DPIQ3 and IG1DPWW (Fig. 6f), suggesting that cell death induced by IG1DPs is not 

solely attributable to blockade of Akt. Akt-independent signalling downstream of PI(3)K, 

such as the PDK1-mediated pathway, is also reported to contribute to survival38. IQGAP1 

modulates Rac1 and Cdc42 (refs 27,39) and Rac1 and Cdc42 activate p110β of PI(3)K40, 

but constitutively active Rac1 or Cdc42 did not rescue cell death by IG1DPs (Supplementary 

Fig. 7).

IQGAP1 modulates Ras-dependent Erk pathways via the WW and IQ domains18,19,22,25,41. 

Consistently, depletion of IQGAP1 reduced Erk phosphorylation and the WW and IQ 

domains are required for Erk phosphorylation in MEFs (Fig. 1e). However, knockdown of 

IQGAP1 in MDA-MB-231 and Hs578T cells had no impact on Erk phosphorylation (Figs 

1d and 5c,d and Supplementary Fig. 5a,f). Also, overexpressionoftheIQ domainortreating 

with IG1DPs (WWorIQ3 peptides) had no impact on Erk phosphorylation in MDA-MB-231 

and Hs578T cells (Fig. 7d and Supplementary Fig. 6b). Further, we could not co-

immunoprecipitate Erk and MEK1 with IQGAP1 from those cells (Fig. 1a). These data 

indicate that IQGAP1 scaffolds the MAP kinase pathway only in certain cells (MEFs, 

MCF-7 and Hek293 cells25,42,43) but not in the cancer cells that we have tested in this study. 

This suggests that these cancer cells become addicted to the IQGAP1–PI(3)K pathway for 

survival and the MAPK pathway is not modulated by IQGAP1 in these cells. In support, a 

recent study indicates that WW peptide in a skin cancer model had no impact on Erk 

activity44.

To investigate the combined roles of PI(3)K in PtdIns(3,4,5)P3 generation compared with 

IQGAP1-selective PtdIns(3,4,5)P3 generation, Hs578Bst, HUVEC (normal), Hs578T and 

MDA-MB-231 (breast cancer) cells were treated with small-molecule PI(3)K inhibitors that 

are currently in clinical trials45 or the IG1DPs and cell viability was measured (Fig. 7). The 

PI(3)K inhibitors used in this study have submicromolar IC50, but in many cancer cell lines 

1–10µM concentration is needed to effectively block the PI(3)K–Akt signalling 

pathway46,47. We used 1–5µM of PI(3)K inhibitors and at these concentrations observed cell 

killing. However, in some cell lines (including MDA-MB-231, MDA-MB-468 and Cal51), 

PI(3)K inhibitors showed an antiproliferative effect without killing. Under these conditions, 

PI(3)K inhibitors fully blocked the PI(3)K–Akt pathway (Fig. 7d) resulting in cell death or 

suppressing proliferation in both normal and cancer cells (Fig. 7a–c). In contrast, IG1DPs 

had a selective effect on cancer cells (Fig. 7a–d).
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IG1DPs inhibit only a fraction of PtdIns(3,4,5)P3 generation in cells (Fig. 7d), consistent 

with the data indicating that PtdIns(3,4,5)P3 generation involves multiple pathways. 

IQGAP1 is required for IG1DPs inhibition of Akt activation as Iqgap1-null MEFs were not 

impacted by IG1DPs (Fig. 7e), validating the specificity of IG1DPs toward blockade of the 

IQGAP1–PI(3)K scaffold. The data indicate that the canonical PtdIns(3,4,5)P3 synthesis 

pathway is responsible for PtdIns(3,4,5)P3 synthesis from an accessible pool of PtdIns(4)P 

and PtdIns(4,5)P2, whereas the IQGAP1 pathway is for receptor-stimulated synthesis. 

IG1DPs inhibit only the IQGAP1 pathway, while PI(3)K inhibitors inhibit both. This is 

supported by data showing that IG1DPs partially reduced Akt phosphorylation in Hs578T 

breast cancer cells, but not in Hs578Bst normal mammary epithelial cells, leading to a 

selective antiproliferative effect on these cancer cells. In contrast, small-molecule PI(3)K 

inhibitors blocked both the IQGAP1-dependent and -independent pathways, leading to 

nonspecific loss of cells (Fig. 7a–d).

IQGAP1 is required for insulin signalling in vivo

The PI(3)K–Akt pathway plays a key role in insulin signalling48. To assess the role of 

IQGAP1 in the insulin signalling, Akt phosphorylation was quantified in WT and Iqgap1-

null MEFs stimulated by insulin. Akt activation was significantly reduced in Iqgap1-null 

MEFs (Fig. 8a). To establish the in vivo role, insulin or saline was injected into WT or 

Iqgap1-null mice. This demonstrated that insulin-stimulated PtdIns(3,4,5)P3 synthesis and 

Akt activation were significantly reduced in classic insulin-stimulated tissues, namely 

skeletal muscle and liver in the Iqgap1-null compared with WT mice (Fig. 8b,c). These data 

demonstrate that IQGAP1 is required for maximal activation of the PI(3)K–Akt pathway 

downstream of the insulin receptor in cells and mice.

DISCUSSION

Here we define a concerted mechanism for agonist-stimulated PtdIns(3,4,5)P3 generation 

and signalling that is key for survival of some cancer cells. Agonist-activated PI(3)Ks use 

PtdIns(4,5)P2 as a substrate tosynthesize PtdIns(3,4,5)P3 andweshow thatIQGAP1 spatially 

organizes PtdIns(4,5)P2 and PtdIns(3,4,5)P3 producing kinases into a scaffolded complex. In 

this complex, PIPKIα and PI(3)K bind to the WW and IQ domains of IQGAP1. PIPKIα 
generates PtdIns(4,5)P2 that is channelled to PI(3)K, facilitating efficient PtdIns(3,4,5)P3 

synthesis. The PtdIns(3,4,5)P3 in turn activates downstream effectors such as PDK1 and Akt 

that are also in the complex (Fig. 8d). The type IIIα PI(4)K, which generates PtdIns(4)P, is 

also required for Akt activation (Supplementary Fig. 1g,h), and is associated with IQGAP1 

(Fig. 1a–c). IQGAP1 assembles all phosphoinositide kinases required for sequential 

phosphorylation of PtdIns to PtdIns(3,4,5)P3 and the effectors regulated by PtdIns(3,4,5)P3. 

Growth factors, extracellular matrix and other agonists stimulate the assembly and signalling 

of the IQGAP1–PI(3)K scaffold. This complex, summarized in Fig. 8d, has the intrinsic 

activities to spatially generate PtdIns(3,4,5)P3 from PtdIns leading to activation of PDK1 

and Akt. Many receptors following agonist activation are rapidly internalized and continue 

signalling from endosomal compartments12,49, although these endosomal compartments 

contain little PtdIns(4)P or PtdIns(4,5)P2 (refs 1,50,51). As PtdIns is present in all internal 

membranes50,51, the IQGAP1–PI(3)K scaffold reveals a clear mechanism for efficient 
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PtdIns(3,4,5)P3 generation and signalling from these compartments. Our results also support 

an IQGAP1-independent pathway(s) for PI(3)K generation of PtdIns(3,4,5)P3. The last 

pathways are sensitive to PtdIns(4)P- and PtdIns(4,5)P2-binding proteins, suggesting that 

they work on the accessible substrates in membranes. The PI(3)K pathway(s) that are 

independent of IQGAP1 may explain the survival of Iqgap1-null mice52. Significantly, mice 

lacking IQGAP1 are resistant to the development of some tumours19,27,39, consistent with a 

role in the PI(3)K pathway.

Alteration of the PI(3)K–Akt pathway is linked to many human diseases including 

cancers45,53,54. IQGAP1 is overexpressed in many cancers55 and correlated with 

tumorigenesis56,57. Recently, inhibition of PIPKIα was shown to significantly reduce Akt 

activation in prostate cancers15 and selectively kills cancer cells. This study supports our 

conclusion that PIPKIα directly integrates with the IQGAP1–PI(3)K pathway to regulate 

cell survival. Although the IQGAP1 pathway is present in normal and neoplastic cells, some 

cancer cells appear to depend onthis pathway for survival. These findings provide a potential 

target for cancer therapies. Unlike conventional PI(3)K inhibitors by ATP competition45, 

IG1DPs inhibit the IQGAP1-scaffolded kinases’ assembly and block Akt activation leading 

to selective cancer cell death. This suggests that some cancer cells become addicted to the 

IQGAP1-PI(3)K pathway for their survival58.

Insulin-stimulated PI(3)K signalling is implicated in many pathophysiological conditions 

including diabetes, cardiac function, ageing and others48,59–61. IQGAP1 is required for full 

insulin stimulation of PI(3)K and Akt activation that is important for many aspects of insulin 

function61. This establishes an in vivo role for the IQGAP1-scaffolded phosphoinositide 

kinases and effectors beyond cancers. IQGAP1 binding to the p85 subunit via the cSH2 

domain (Fig. 2e) suggests a mechanism for activation of class I PI(3)Ks within the scaffold. 

As binding of the cSH2 domain of the p85 subunit to the catalytic p110 subunit suppresses 

kinase activity of PI(3)K, the interaction of the cSH2 domain with IQGAP1 could relieve the 

intramolecular inhibition activating PI(3)K in the IQGAP1 complex62. The interactions with 

both the P-BH-P and cSH2 may link multiple isoforms of class I PI(3)Ks explaining the 

diversity of agonist and receptors that require IQGAP1 for the PI(3)K signalling62.

In summary, here we have revealed a remarkable mechanism for PtdIns(3,4,5)P3 generation 

and signalling. This is achieved by the scaffold IQGAP1, where PI(4)KIIIa, PIPKIa and 

PI(3)K are linked for sequential phosphorylation of PtdIns for robust and efficient 

PtdIns(3,4,5)P3 synthesis that leads to the activation of associated effectors.

METHODS

Cell culture and constructs

MDA-MB-231, MDA-MB-468, HEK 293, Hs578T, Cal51, UACC812, SkBr3, HaCaT, Cos7 

and MEF cells were purchased from ATCC and maintained in DMEM supplemented with 

10% fetal bovine serum (Gibco). MCF-763, HUVEC64 (a gift from A. Rapraeger, University 

of Wisconsin-Madison, USA), MCF10A65 and Hs578Bst66 cells were maintained as 

described. All the cell lines used in this study are routinely tested for mycoplasma 

contamination and mycoplasma-negative cells were used. No cell lines used in this study 
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were found in the database of commonly misidentified cell lines that is maintained by 

ICLAC and NCBI Biosample. The cell lines were not authenticated. For cell viability 

assays, cells were switched to DMEM supplemented with 10% fetal bovine serum at least 24 

h before assay. The PIPKIα and IQGAP1 constructs used for this work have been described 

previously24,67. The WW-IQ region was amplified using 5′-GATGGAT 

CCGGTGAAACTTACCACAGTGATCTTGCT-3′ (Forward) and 5′-GATAAG 

CTTCTAATCCTCAGCATTGATGAGAGTCTTGTA-3′ (Reverse) primers and cloned in 

pET28a vector (Novagen) within BamHI and HindIII enzyme sites. Bovine p85oc constructs 

(Fig. 2e) (gifts from D. Anderson, University of Saskatchewan, Canada) were described 

previously28. p85 (Fig. 2b),p100α, constitutively active Akt1 (Fig. 6f), Rac1 and Cdc42 

(Supplementary Fig. 6f) constructs used in the study were purchased from Addgene and 

subcloned in pcDNA3.1 vector (Invitrogen). The GFP-PH domain constructs (gifts from T 

Balla, National Institutes of Health, USA) (Fig. 4f and Supplementary Fig. 3c,d) were 

described previously29,68–70. The 17Insert IQGAP1 construct (Fig. 1e and Supplementary 

Fig. 4) was generated by a series of site-directed mutagenesis polymerase chain reactions to 

insert 5′-C ATCTCTGGGGTGACTGCCCATATAACCGAGAACAGCTGTGGCTGGTC 

GAC-3′. Constructs were transfected in cells by a lipid-based delivery system from Mirus 

(MDA-MB-231 cells) or Invitrogen (other cell lines) according to the manufacturer’s 

instructions. Typically, 3–9 µg of DNA and 6–12 µl of lipid were used for transfecting in 6-

well plates. In all overexpression experiments, GFP construct was transfected in parallel to 

monitor the transfection efficiency. Cells having at least 70% transfection efficiency were 

used for further analysis.

Stable cell line generation

To generate stable MDA-MB-231 and Hs578T cell lines expressing shRNAs against human 

IQGAP1, PIPKIoc or vector control, a pLL3.7 vector-based lentiviral delivery system was 

used. pLL3.7 lentiviral vector was cloned to express shRNAs against IQGAP171 and 

PIPKα72. After infection, cells were passaged at least 5 times before sorting GFP-positive 

cells in a cell sorter to select cells expressing shRNAs as pLL3.7 vector also expresses GFP 

bicistronically73. For generation of stable MEFs, cells were infected with retrovirus for 24 h. 

Then, cells expressing GFP-IQGAP1 were first selected for GFP expression, and then 

further sorted by expression level. For generation of stable Hs578T cells expressing GFP-

tagged PH domains, cells transfected with lipid were selected by 1.2mgml−1 neomycin. 

Then, GFP-positive cells were further selected in a cell sorter.

Antibodies and siRNAs

All antibody information can be found in Supplementary Table 2. Polyclonal and 

monoclonal antibodies against total and PIPKIoc and PIPKIγ were produced as described 

previously74,75. Pooled siRNAs used in the study were obtained from Dharmacon (Fig. 1d). 

Single siRNAs targeting IQGAP1 (either 5′-G GAAAGCUCUGGCAAUUUAUU-3′ or 5′-

GAACGUGGCUUAUGAGUACUU-3′) and PIPKIα (either 5′-

AAGTTGGAGCACTCTTGG-3′ or 5′-GCACATTATCC CTACCTTA-3′) were used 

elsewhere71,72. siRNA targeting the 3′UTR of PIPKIα (5′-

UGACUCCUGGAAGAAUACUCCUGUA-3′) was purchased from Thermo Fisher 

Scientific. Non-targeting siRNA (Dharmacon) was used as a control. siRNAs were delivered 
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to cells by RNAiMAX reagent (Thermo Fisher Scientific) and knockdown efficiency was 

determined by immunoblotting. Knockdown efficiency greater than 80% was required to 

observe phenotypic changes in the study. This is consistent with a recent report that at least 

80% knockdown of IQGAP1 is required to observe reduced Erk activity44.

Replating assay on extracellular matrix

To measure Akt and FAK phosphorylation in response to integrin activation on type I 

collagen and fibronectin (Figs 4f and 5a,b,f,g and Supplementary Figs 3d and 5a–e) 

replating assays were performed. Briefly, cells were serum starved for at least 4h and then 

lifted by treating with trypsin-EDTA for a short time (less than 1 min). Cells were treated 

with serum-free DMEM containing 0.2% bovine serum albumin and pelleted to remove 

trypsin– EDTA. For the remaining steps, cells were maintained in serum-free DMEM 

containing 0.2% bovine serum albumin. Cells were suspended at least for 1 h at 37°C by 

rotation before replating on tissue culture plates coated with 10 µg ml−1 type I collagen 

(Sigma Aldrich) or fibronectin (Thermo Fisher Scientific). After incubation for 15 to 60 

min, cells were lysed and further analysed by immunoblotting or immunoprecipitation.

Cell viability assay

Cells were plated on 6-well plates at 30–50% confluency at the time of treatment. Cells were 

changed with fresh media containing class I PI(3)K inhibitors or IQGAP1-derived peptides 

at the indicated concentrations for the indicated times (24 to 72 h) (Figs 6f–h and 7a–e and 

Supplementary Fig. 6c–f). Dead cells floating in the culture medium were removed by 

washing twice with PBS. Residual PBS was completely removed and cells were lifted by 

incubating with trypsin-EDTA for 10 m. Cells were stained with 0.4% trypan blue solution 

(Thermo Fisher Scientific) and counted with a haemocytometer. The number of trypan blue-

negative cells was counted and used for the statistical analysis.

Immunoprecipitation and immunoblotting

Cells were lysed in a buffer containing 1% Brij58, 150 mM NaCl, 20 mM HEPES, pH 7.4,2 

mM MgCl2, 2 mM CaCl2,1 mM Na3VO4, 1 mM Na2MoO4 and protease inhibitors. The 

protein concentration of lysates was measured by the BCA method (Pierce) and equal 

amounts of protein were used for further analysis. All antibodies were diluted in a 1:1,000 

ratio for immunoblotting. For immunoprecipitation, 0.5 to 1 mg of proteins were incubated 

with 1 µgof antibodies at 4°C for 8 hand then incubated with a 50% slurry of Protein G 

Sepharose (GE Life Sciences) for another 2h. After washing 5 times with lysis buffer, the 

protein complex was eluted with SDS sample buffer. For immunoblotting, 5 to 20 µg of 

proteins were loaded. After developing immunoblots, the film was scanned using a 

transmitted light scanner (resolution: 600 dpi). Protein bands were quantified using ImageJ, 

and statistical analysis of the data was performed with Microsoft Excel. The statistical 

analysis was performed using data from at least three independent experiments.

In vitro binding assay

Recombinant proteins were expressed in the BL21 E. coli strain. GST-tagged proteins were 

then purified with GST Sepharose 4B (GE Life Sciences) and His-tagged proteins were 
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purified with His-Bind Resin (Novagen). Recombinant PI(3)K (p110a and p85α) proteins 

were purchased from Echelon Biosciences. GST-tagged proteins were incubated with 

glutathione beads before binding assays. The binding assay was performed in the lysis buffer 

used for immunoprecipitation by adding 10 nM to 5 µM of His-tagged proteins and 20 µl of 

GST-tagged protein-bound glutathione beads. After incubation for 1 h at 25 °C, unbound 

proteins were washed out and the protein complex was analysed by immunoblotting. For the 

triple binding assay with recombinant GST-IQGAP1, His-PIPKIα and PI(3)K (His-p110oc 

and untagged p85oc), PIPKIα was pulled down with an anti-PIPKIα antibody pre-bound on 

Protein G Sepharose beads. For binding assays with p85α, wild-type or deletion mutants of 

bovine p85α28 were expressed in HEK293 cells and cell lysates were used for binding 

experiments with recombinant IQGAP1 proteins.

Immunofluorescence microscopy

Glass coverslips were coated with 10µg ml−1 collagen, fibronectin or 10% serum before 

seeding cells. Cells were grown on coverslips placed inside 6-well plates until experimental 

manipulation. Immunostaining of PtdIns(3,4,5)P3 was performed as previously 

described28,76,77 with modifications. Briefly, cells grown in medium were rapidly fixed by 

adding an equal volume of 8% paraformaldehyde and 0.5% glutaraldehyde to medium for 15 

min at room temperature. After a 30 min wash with PBS containing 50 mM NH4Cl, cells 

were permeabilized and blocked with a solution of buffer A (20 mM PIPES, pH 6.8, 135 

mM NaCl, 5 mM KCl) containing 0.5% saponin and 5 vol% FBS for 45 min at room 

temperature. Primary antibodies were incubated in a solution of buffer A containing 0.1% 

saponin and 5 vol% of FBS for 12hat4°C. Concentrations of 2–4 µg ml−1 primary antibodies 

were used. After a 30 min wash with buffer A, fluorophore-conjugated secondary antibodies 

were incubated in a solution of buffer A containing 0.1% saponin and 5 vol% of FBS for 1 h 

at room temperature. Then, cells were washed with buffer A for 45 m at room temperature 

before post-fixation with 2% paraformaldehyde and 0.125% glutaraldehyde for 10 m at 

room temperature. Coverslips were washed 5 times with PBS containing 50 mM NH4Cl and 

once with distilled water. Fluorescence microscopy was performed using a 40 or 60 × plan-

fluor objective on a Nikon Eclipse TE2000U equipped with a Photometrics CoolSNAP ES 

CCD (charge-coupled device) camera. Images were captured using MetaMorph v6.3 

(Molecular Devices). Images were exported to Photoshop CS2 (Adobe) for final processing 

and assembly.

Cellular phosphoinositide measurement

Lipid extraction and cellular phospho-inositide measurement were performed using a kit 

from Echelon Biosciences according to the manufacturer’s instructions. Briefly, cells were 

lysed in ice-cold trichloroacetic acid (TCA, 0.5 M). Pellets were washed in 5% TCA/1mM 

EDTA and neutral lipids were extracted with CH3OH/CHCl3 (2:1) and discarded. Acidic 

lipids were extracted with CH3OH/CHCl3/HCl (80:40:1), recovered by phase-split. 

Recovered lipids were dried and resuspended for competitive ELISA analysis. PtdIns(3)P, 

PtdIns(4)P, PtdIns(4,5)P2 and PtdIns(3,4,5)P3 levels were quantified by competitive ELISA 

(Echelon Biosciences). For measuring PtdIns(4)P and PtdIns(4,5)P2, cells were harvested 

from 10 cm plates. For PtdIns(3)P and PtdIns(3,4,5)P3, cells were harvested from 15 cm 

plates.
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In vitro phosphoinositide kinase assay

In vitro phosphoinositide kinase assays were performed as described previously74,78 with 

modification. Briefly, 0.02–0.1 µM of recombinant IQGAP1, PIPKIα and PI(3)K were 

incubated with 250 µM phosphoinositide in liposomes in a kinase buffer (50mM Tris HCl, 

pH 8.0, 10mM MgCl2, 0.5mM EDTA). The liposomes containing 10 mol% of 

phosphoinositides were generated as described previously24. Kinase reaction was initiated 

by adding 20 µM ATP and incubated for 30m at 25°C. A 50 µl reaction was terminated by 

adding 100 µl 1M HCl and 200µl CHCl3/CH3OH (1:1). Extracted lipids were dried and 

PtdIns(4,5)P2 and PtdIns(3,4,5)P3 levels were quantified by competitive ELISA (Echelon 

Biosciences) as above.

PtdIns(4)P liposomes that were used as a substrate contain 30% PC, 30% PE, 30% PS and 

10% PtdIns(4)P in a molar ratio. Liposomes containing PtdIns(4,5)P2 were made by 

decreasing the PC content. For example, liposomes containing 5% PtdIns(4,5)P2 were 

generated with 25% PC, 30% PE, 30% PS, 10% PtdIns(4)P and 5% PtdIns(4,5)P2. All 

phospholipids (natural, porcine brain) were purchased from Avanti Polar Lipids. Mixed 

phospholipids were dried and rehydrated with 50mM Tris, pH 8.0 for kinase assays. 

Hydrated lipids were subjected to at least 5 cycles of freeze thawing in liquid nitrogen 

followed by 1min bath sonication and extrusion through a 0.1 µm filter.

PtdIns(4)P and PtdIns(4,5)P2 lipids used in kinase assays (Fig. 4 and Supplementary Fig. 3a) 

were from porcine brain (Avanti Polar Lipids) and their purity was extensively tested for the 

presence of contamination with PtdIns(3)P or PtdIns(3,4,5)P3. The identity and purity of 

brain PtdIns(4)P was tested using mass spectrometry, proton NMR, phosphorus NMR, TLC, 

and oxidation by UV/VIS. In addition to confirming the identity of brain PtdIns(4)P, the 

mass spectrometry also confirms the absence of PtdIns(4,5)P2 and PtdIns(3,4,5)P3 species as 

their m/z are not present in the release spectra. As for the presence or absence of PtdIns(3)P, 

phosphorus NMR was used. There are distinctly different shifts for the phosphorus peaks in 

PtdIns(3)P and PtdIns(4)P. PtdIns(3)P has two peaks, one at approximately 0.1 and another 

at approximately −0.75. PtdIns(4)P contains two peaks, one around −0.45 and the second at 

around 2.5. These shifts can fluctuate slightly, but the pattern is consistent across synthetic 

and natural PIPs. Brain PtdIns(4,5)P2 was analysed by mass spectrometry, TLC, proton 

NMR, phosphorus NMR, and oxidation by UV/VIS. The phosphorus NMR peaks for 

PtdIns(4,5)P2 are at approximately 2.4, 1.7 and −0.4. The shifts for PtdIns(3,4,5)P3 are 

typically 0.7, 0.0 and 0.8. None of these overlaps with the peaks present in the PtdIns(4,5)P2 

species.

PtdIns(3,4,5)P3 measurement in mouse tissues

Male 16–19-week-old wild-type or Iqgap1−/− mice (129 background) were fasted for4 h and 

received an intraperitoneal injection of saline or insulin (5Ukg−1). Mice were euthanized by 

CO2, and 15 min post-injection, tissues (liver and quadriceps muscle) were harvested and 

immediately frozen in a dry-ice ethanol bath and stored on dry ice until being placed in a 

−80°C degree freezer. Lipids were extracted from mouse tissues with the TCA extraction 

method as above. Lipids extracted from equal weights (approximately 100 mg) of mouse 
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tissues were analysed for PtdIns(3,4,5)P3 using a competitive ELISA (Echelon Biosciences) 

and normalized by weight of tissue. Statistical analysis was performed with 6 paired cases.

Mice were bred in the animal facility at the National Institutes of Health (NIH) and 

maintained according to NIH guidelines. The studies were performed with approval of the 

NIH Animal Care and Use Committee.

Peptide production and treatment in cells

Octo-arginine-conjugated WW domain and IQ motif peptides were synthesized by 

Genscript. Peptides were dissolved in water to a 2.5–5mM working solution. Small-

molecule class I PI(3)K inhibitors were purchased from Selleckchem and dissolved in 

dimethylsulfoxide to a 5mM working solution. Peptide and PI(3)K inhibitors were added 

directly into the tissue culture medium at the concentrations indicated. Dimethyl sulfoxide 

was used as a vehicle control.

Statistics and reproducibility

ImageJ software was used to quantify the intensity of immunoblotting images. Non-

saturating exposure of immunoblot films was used for quantification with the appropriate 

loading controls as standards. Two-tailed unpaired t-tests were used for pairwise significance 

unless otherwise indicated. For consistency in these comparisons, the following denotes 

significance in figures: *,P <0.05; **,P <0.01. We note that no power calculations were used. 

Sample sizes were determined on the basis of previously published experiments where 

differences were observed. Each experiment was repeated independently at least three times 

and sample sizes and number of repeats are defined in each figure legend. We used 3–7 

cases for statistical analysis. No samples were excluded. Investigators were blinded to 

allocation during experiments and outcome assessment.

Data availability

Source data for Figs 1d–f, 3f, 4a–f, 5b,e–g, 6c–h, 7a–c,e, 8a–c and Supplementary Figs 

1a,d–h, 3a,d,f, 4b, 5b–f and 6c,e,f have been provided as Supplementary Table 1. All other 

data supporting the findings of this study are available from the corresponding author on 

request.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
PIPKIα and IQGAP1 are required for PtdIns(3,4,5)P3 generation. (a) IQGAP1-associated 

proteins were analysed by immunoprecipitation in Hs578T cells. IgG, nonspecific 

immunoglobulin. (b,c) Changes in IQGAP1- (b) and PIPKIα- (c) associated proteins 

following EGF stimulation were analysed by immunoprecipitation. S. free, serum free. (d) 

Immunoblotting after RNAi of the indicated proteins in Hs578T cells (top), mean ± standard 

deviation (s.d.) of n = 3 independent experiments (bottom). P = 0.021, 0.016. Con, non-

targeting siRNA. *P < 0.05; **P < 0.01; NS, not significant (Student’s t-test). (e) Iqgap1−/− 

mouse embryonic fibroblasts (MEFs) were reexpressed with the indicated IQGAP1 proteins 
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(Supplementary Fig. 2a) and immunoblotted after EGF treatment (top), mean ± s.d. of n=3 

independent experiments (bottom). P = 0.020, 0.015, 0.0083. (f) PtdIns(4,5)P2 and 

PtdIns(3,4,5)P3 contents after knockdown of the indicated proteins in Hs578T, mean ± s.d. 

of n=3 independent experiments. P=0.01, 0.01, 0.001. Source data for d,e,f can be found in 

Supplementary Table 1. Unprocessed original scans of blots are shown in Supplementary 

Fig. 7.
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Figure 2. 
PIPKIα and PI(3)K interact on the WW and IQ domains of IQGAP1. (a,b) PIPKIα and the 

p85 subunit of PI(3)K-binding sites on IQGAP1 were mapped with the indicated truncation 

mutants (Supplementary Fig. 2a) by immunoprecipitation. (c,d) In vitro binding experiments 

with the indicated recombinant proteins, representative of at least three experiments. (e) 

IQGAP1 binding sites were mapped in vitro with the indicated bovine p85α fragments. (f) A 

model summary of in vitro binding experiments. Unprocessed original scans of blots are 

shown in Supplementary Fig. 7.
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Figure 3. 
IQGAP1 physically links PIPKIα to PI(3)K. (a) The indicated endogenous proteins were 

immunoprecipitated from Hs578T cell lysates. Associated proteins were analysed by 

immunoblotting. (b–d) Hs578T cells were transfected with non-targeting (siCon), IQGAP1, 

p110α or PIPKIα siRNA for 48 h. The indicated proteins were immunoprecipitated and 

associated molecules were analysed by immunoblotting. (e) Hs578T cells were transfected 

with empty vector (Mock) or Myc-IQGAP1 for 48 h. p110α was immunoprecipitated and 

associated PIPKIα was analysed by immunoblotting. (f) Immunoblots for e were quantified 

and the graph is shown as mean ± s.d. of n=3 independent experiments. Rel., relative. **P = 

0.028. Unprocessed original scans of blots are shown in Supplementary Fig. 7.
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Figure 4. 
PtdIns(4,5)P2 produced by PIPKIα is channelled to PI(3)K for PtdIns(3,4,5)P3 synthesis. 

(a,d,e) PtdIns(4,5)P2 and/or PtdIns(3,4,5)P3 measurement of in vitro kinase assays with 

PIPKIα, PI(3)K, IQGAP1-N or -C in the indicated combinations. Liposomes containing 10 

mol% PtdIns(4)P (for a,e) with the indicated amount of PtdIns(4,5)P2 (for d) were used as 

substrates, mean ± s.d. of n=4 independent experiments. (b) In vitro binding experiments 

with PIPKIα, PI(3)K (p110α/p85α) and the WW-IQ fragment (Supplementary Fig. 2a), 

mean ± s.d. of n=3 independent experiments. The molar ratio of recombinant proteins used 

is shown. (c) PtdIns(3,4,5)P3 measurement of in vitro kinase assays with PIPKIα, PI(3)K 

and WW-IQ in the indicated combinations, mean ± s.d. of three experiments. (f) 
Immunoblotting after replating on type I collagen (COL) for 45 min or 20 ng ml−1 EGF 

treatment for 15 min in Hs578T cells expressing the indicated PH domains (top), mean ± 

s.d. of n=3 independent experiments (bottom). P=0.0068, 0.001. Two-tailed unpaired 

Student’s t-tests were used for statistical analysis (*,P < 0.05; **,P < 0.01; NS, not 

significant). Sus, suspension. Source data for a–f can be found in Supplementary Table 1. 

Unprocessed original scans of blots are shown in Supplementary Fig. 7.
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Figure 5. 
Membrane receptor signalling activates the IQGAP1-mediated pathway. (a,b) 

Immunoblotting after replating on fibronectin (FN) or COL for 30 min in MDA-MB-231 

cells transfected with siRNAs against the indicated proteins (a), mean ± s.d. of n = 3 

independent experiments (b). P = 0.82, 0.011, 0.95 (FN), 0.0036, 0.0001, 0.88 (COL). (c–e) 

Immunoblotting after treating with the indicated agonists (10 ng ml−1 EGF, 30 ng ml−1 

PDGF, 20 ng ml−1 IGF-1, 15 µM LPA, or 30 ng ml−1SDF-1α) for 15 min in MDA-MB-231 

cells transfected with siRNAs against control, IQGAP1 or PIPKIα (c,d), mean ± s.d. of n = 

3 independent experiments (e). P = 0.011, 0.001 (S. free), 0.012, 0.001 (EGF), 0.0069, 0.001 

(PDGF), 0.021, 0.001 (IGF-1), 0.0042, 0.009 (LPA), 0.001, 0.001 (SDF-1α). (f,g) 

Interactions of the p110α subunit of PI(3)K with IQGAP1 and PIPKIα were analysed by 

immunoprecipitation in Hs578T cells expressing shRNAs against the indicated proteins (f), 
mean ± s.d. of n = 3 independent experiments (g). P = 0.001, 0.001, 0.011, 0.001, 0.042, 

0.020, 0.026, 0.020, 0.016, 0.001, 0.001, 0.012. Paired Student’s t-tests were used for 
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statistical analysis (*, P < 0.05; **, P < 0.01; NS, not significant). Source data for b,e,g can 

be found in Supplementary Table 1. Unprocessed original scans of blots are shown in 

Supplementary Fig. 7.
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Figure 6. 
IG1DPs inhibit cancer cell survival by blocking PtdIns(3,4,5)P3 synthesis. (a) In vitro 
binding assays of IG1DPs with PIPKIα or PI(3)K. (b,c) Effects of IG1DPs on IQGAP1 

interactions with PIPKIα and PI(3)K were analysed by in vitro binding assay (b) or 

immunoprecipitation in Hs578T cells (c). (d,e) Effects of IG1DPs on PtdIns(3,4,5)P3 

synthesis were analysed in vitro (d) or in Hs578T cells (e) of n = 3 independent experiments. 

P = 0.005, 0.042 (c), 0.011, 0.036 (e). (f) Viability of MDA-MB-231 cells transfected with a 

constitutively active Akt1 after 30µM IG1DP treatment, mean ± s.d. of n=3 independent 

experiments. P=0.013, 0.02. (g,h) Cell viability was measured after treating with 20µM 

IG1DPs in the indicated cells for 48 h, except 30 µM for T47D and Cal51 cells, mean ± s.d. 

of n = 3 independent experiments. P = 0.012, 0.015 (Hs578T), 0.024, 0.022 (MDA-

MB-468), 0.034, 0.020 (UACC812), 0.027, 0.026 (SkBr3), 0.010, 0.015 (BT474), 0.020, 

0.020 (MCF-7), 0.034, 0.028 (T47D), 0.033, 0.020 (Cal51), 0.022, 0.020 (HCC1954). Paired 

Student’s t-tests were used for statistical analysis (*, P < 0.05; **, P < 0.01; NS, not 

significant). Source data for c,e–h can be found in Supplementary Table 1. Unprocessed 

original scans of blots are shown in Supplementary Fig. 7.
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Figure 7. 
Inhibition of IQGAP1-mediated PtdIns(3,4,5)P3 synthesis is a mechanism for targeted 

cancer therapy. (a) Viability after IG1DP or PI(3)K inhibitor treatment in Hs578Bst, 

HUVEC, Hs578T (20 µM) and MDA-MB-231 cells (30 µM), mean ± s.d. of n = 3 

independent experiments. (b,c) Viability of Hs578T and HUVEC cells after 1–50 µM 

IG1DP or PI(3)K inhibitor treatment, mean ± s.d. of n=3 independent experiments. (d) 

Immunoblots after treating with dimethylsulfoxide (DMSO; 5 µM), BKM120 (1 µM), 

BYL719 (5 µM), ZSTK474 (5 µM) or IG1DPs (20 µM) in Hs578T and Hs578Bst cells, 

representative of n = 3 independent experiments. (e) WT or Iqgap1−/− MEFs treated with 40 

µM of the indicated peptides were stimulated with 20 ng ml−1 EGF for 15 min. Cell lysates 

were analysed by immunoblotting with the indicated antibodies (top). pS473Akt immunoblots 

were quantified and the graph is shown as mean ± s.d. of n=3 independent experiments 

(bottom). P = 0.030, 0.021. Paired Student’s t-tests were used for statistical analysis (*, P < 

0.05; **, P < 0.01; NS, not significant). Source data for a–c,e can be found in 

Supplementary Table 1. Unprocessed original scans of blots are shown in Supplementary 

Fig. 7.
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Figure 8. 
Insulin-stimulated PtdIns(3,4,5)P3 synthesis requires IQGAP1. (a) Insulin-

stimulated pS473Akt was measured in MEFs, mean ± s.d. of n = 3 independent experiments. 

(b) WT or Iqgap1−/− mice were injected with insulin and the indicated tissues were analysed 

for PtdIns(3,4,5)P3. P value of paired t-test result is shown (n = 6 animals). P = 0.010, 0.014. 

(c) pS473Akt immunoblots with lysates from tissues were quantified (n = 3 samples). (d) A 

model for the IQGAP1-mediated PtdIns(3,4,5)P3 generation and downstream signalling. 

Source data for a–c can be found in Supplementary Table 1. Unprocessed original scans of 

blots are shown in Supplementary Fig. 7.
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