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SUMMARY

Phosphatidylinositol 3-kinase α (PI3Kα) is a heterodimer of p110α catalytic and p85 adaptor 

subunits that is activated by agonist-stimulated receptor tyrosine kinases. Although p85α recruits 

p110α to activated receptors on membranes, p85α loss, which occurs commonly in cancer, 

paradoxically promotes agonist-stimulated PI3K/Akt signaling. p110α localizes to microtubules 

via microtubule-associated protein 4 (MAP4), facilitating its interaction with activated receptor 

kinases on endosomes to initiate PI3K/Akt signaling. Here, we demonstrate that in response 

to agonist stimulation and p85α knockdown, the residual p110α, coupled predominantly to 

p85β, exhibits enhanced recruitment with receptor tyrosine kinases to endosomes. Moreover, the 

p110α C2 domain binds PI3-phosphate, and this interaction is also required to recruit p110α to 

endosomes and for PI3K/Akt signaling. Stable knockdown of p85α, which mimics the reduced 

p85α levels observed in cancer, enhances cell growth and tumorsphere formation, and these effects 

are abrogated by MAP4 or p85β knockdown, underscoring their role in the tumor-promoting 

activity of p85α loss.

In brief

In this work, Thapa et al. define a mechanism by which p85α loss, which occurs in cancer, leads 

to the coupling of p110α with p85β (isoform switch), which promotes enhanced association with 

receptors and p110α C2 domain-dependent targeting to endosomes regulated by PI3P and MAP4, 

culminating in paradoxically increased agonist-stimulated PI3K/Akt signaling.
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INTRODUCTION

The class IA phosphatidylinositol (PI) 3-kinase (PI3K) responsible for activating PI3K/Akt 

signaling downstream of agonist-stimulated receptor tyrosine kinases is a heterodimer 

composed of adaptor (p85α, p55α, p50α, p85β, and p55γ) and catalytic (p110α, p110β, 

and p110δ) subunits.1,2 Src homology 2 (SH2) domain-mediated recruitment of the 

p85 adaptor subunit to phosphorylated YXXM motifs on activated receptor tyrosine 

kinases liberates the intermolecular constraints imposed on the p110 catalytic subunit, 

allowing it to the interact with the membrane surface to catalyze PI 4,5-bisphosphate 

(PI4,5P2) phosphorylation, generating PI3,4,5P3.3 PI3,4,5P3, in turn, recruits Akt and the 

Akt-activating kinases PDK1 and mTORC2 (Sin1 subunit) via their pleckstrin homology 

domains to activate Akt by catalyzing Akt phosphorylation on T308 and S473, respectively.4

Despite a role for p85 in recruiting/activating the p110α catalytic subunit, heterozygous 

deletion of the p85α gene in mice paradoxically upregulates PI3K/Akt signaling 

downstream of the insulin receptor (IR).5–7 Similarly, liver-specific deletion of the p85α 
gene leads to increased PI3K/Akt signaling and hepatocellular carcinoma.8 Moreover, p85α 
mRNA and protein levels are often downregulated in breast cancer, bladder cancer, cancer-

associated fibroblasts, and other tumor types, implicating p85α as a tumor suppressor.8–

11 Several studies have demonstrated decreased p85α expression but increased p85β 
expression in cancer, suggesting opposing functions for the p85 isoforms.12–14 Although 

several potential explanations for the paradoxical increase in agonist-stimulated PI3K/Akt 
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signaling in response to p85α loss1,9,14 have been postulated, the underlying mechanisms 

remain largely unknown. Given the frequent loss of p85α expression in cancer and its 

tumor-suppressive function,8,9 the elucidation of these mechanisms could lead to a better 

understanding of therapeutic targets for cancer.8

In PI3Kα heterodimers, the membrane recruitment of the p110α catalytic subunit is critical, 

as induced membrane targeting of p110α via myristoylation drives constitutive PI3K/Akt 

signaling and is highly oncogenic.15 Although the p85 adaptor subunits recruit p110α to 

activated receptor tyrosine kinases at the plasma membrane or endomembrane, multiple 

domains of p110α, including the Ras-binding domain, the C2 domain, and the catalytic 

domain can directly or indirectly recruit p110 to the membrane.3,16,17 Specifically, the 

C2 domain is a well-defined membrane-binding module present in the catalytic subunit 

of all PI3Ks (class I, II, and III) and many other proteins such as PTEN and PKC.3,18,19 

However, the precise role of the PI3Kα C2 domain in membrane targeting in response to 

agonist-stimulated PI3K/Akt signaling remains poorly understood.

Previously, we introduced the concept of IQGAP1 and microtubule-associated protein 

4 (MAP4) scaffolding of PI3Kα in the regulation of the agonist-stimulated PI3K/Akt 

signaling pathway.20,21 Specifically, PI3Kα is recruited by a MAP4-dependent mechanism 

to the endosomal compartment, where it binds activated receptor tyrosine kinases to initiate 

PI3K-Akt signaling,21 and IQGAP1 is a component of this complex.20,22 In the present 

study, we discovered that p85α knockdown (KD) augments agonist-stimulated PI3K/Akt 

signaling predominantly at endosomal membranes. Although the expression level of p110α 
is substantially reduced upon p85α KD, the residual p110α, coupled largely to p85β, 

localizes along microtubules by binding MAP4, resulting in its recruitment to endosomal 

membranes and association with activated epidermal growth factor receptor (EGFR). 

Several basic amino acid residues in the C2 domain of p110α mediate its interaction 

with the endosomal phosphoinositide PI3-phosphate (PI3P), a key step in recruiting p110α 
to endomembranes and activating PI3K/Akt signaling. Stable KD of p85α in cancer 

cells enhances cell growth and tumorsphere formation by a MAP4/p85β/PI3K-dependent 

mechanism, underscoring the pathogenic relevance of our findings for cancer. Overall, 

these results provide a comprehensive mechanism for the seemingly paradoxical enhanced 

activation of agonist-stimulated PI3K/Akt signaling in the setting of p85α loss and highlight 

its role in tumor growth.

RESULTS

p85α adaptor subunit KD promotes Akt activation downstream of multiple receptor 
tyrosine kinases

We first examined the effect of p85α KD on agonist-stimulated Akt activation using small 

interfering RNAs (siRNAs) that target all the transcriptional variants of p85α (p85α, p55α, 

and p50α). KD of p85α enhanced Akt activation by multiple agonists as determined by 

western blot (WB) of pAkt levels (Figures 1A–1D). Moreover, three individual siRNAs 

targeting p85α similarly promoted EGF-stimulated Akt activation (Figure 1E). p85α KD 

promoted EGF-stimulated Akt activation in multiple cell lines (Figures S1A–S1C). We 

recapitulated the enhanced activation of Akt through stable KD of p85α using a lentiviral 
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shRNA system in MDA-MB-321 and A431 cells (Figures S1D and S1E). However, the 

enhanced agonist-stimulated activation of PDK1 and mTOR in response to p85α KD was 

observed only in A431 cells, as the basal levels of phosphorylated PDK1 and mTOR were 

high in MDA-MB-231 cells. Collectively, these results indicate that p85α KD augments 

PI3K/Akt signaling downstream of multiple receptor tyrosine kinases.5,6

The p85 adaptor and p110 catalytic subunit are present in 1:1 stoichiometry in the PI3K 

holoenzyme.23,24 However, some studies indicate that the p85 adaptor subunit is more 

abundant than the p110 catalytic subunit (10%–30% more depending on cell types and 

tissues). Moreover, the free p85α adaptor subunit has been postulated to compete with 

PI3Kα heterodimers for binding to activated receptor tyrosine kinases, resulting in impaired 

PI3K/Akt signaling.1,24 To investigate whether this mechanism contributes to enhanced Akt 

activation in response to p85α KD, we first performed a dose-response experiment using 

increasing concentrations of p85α siRNAs. The degree of p85α KD correlated inversely 

with EGF-stimulated pAkt levels, with the most robust activation noted when p85α KD 

was >70% (Figure 1F). We next examined the effect of ectopically overexpressing p85α 
on EGF-stimulated PI3K/Akt signaling. Robust overexpression of p85α had no effect on 

EGF-stimulated Akt activation (Figure 1G) despite efficient co-immunoprecipitation (coIP) 

of the endogenous p110α subunit with FLAG-tagged p85α (Figure 1H). These results argue 

against the concept that excess p85α adaptor subunits compete with the PI3Kα heterodimers 

for activated receptor tyrosine kinases in these cellular models.

p85α binds PTEN, and increased PI3K/Akt signaling upon p85α loss has been attributed 

to compromised PTEN recruitment to membranes to antagonize PI3K/Akt signaling.25 To 

investigate this possibility, we examined the effects of p85α KD on EGF-stimulated Akt 

activation in PTEN-null PC-3 prostate cancer cells. p85α KD enhanced EGF-stimulated Akt 

activation in these PTEN-null cells (Figure 1H). Furthermore, combined KD of p85α and 

PTEN resulted in more robust Akt activation under basal and EGF-stimulated conditions 

than individual KD of p85α or PTEN (Figures 1J and 1K). Taken together, these findings 

demonstrate that the enhanced agonist-stimulated activation of Akt in response to p85α loss 

is PTEN independent in these cellular models.

PI3,4,5P3 generation and Akt activation induced by agonist stimulation and p85α KD occur 
at the endomembrane

Although the prevailing dogma is that agonist-stimulated PI3,4,5P3 generation and Akt 

activation occur exclusively at the plasma membrane,3,26 we recently demonstrated 

that PI3,4,5P3 generation and Akt activation downstream of activated receptor tyrosine 

kinases occur predominantly in internal membrane compartments.21 In response to agonist 

stimulation, PI3Kα distributes along microtubules, and receptor tyrosine kinases are 

rapidly internalized and activated on endosomes to initiate agonist-stimulated PI3,4,5P3 

generation and Akt activation in the endomembranes.21,27–29 We examined the expression 

and phosphorylation levels of EGFR, IR, and Akt following agonist stimulation in a time 

course using control vs. p85α short hairpin RNA (shRNA) cells. EGFR, IR, and Akt 

were robustly phosphorylated within 5 min (Figures 2A and 2B). After 30–60 min, the 

activation of both receptors and Akt decreased. Notably, the kinetics and activation levels 
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of EGFR and IR were comparable throughout the time course in control vs. p85α shRNA 

cells, but pAkt levels were consistently greater in p85α shRNA cells compared to controls 

cells at each time point. Moreover, the internalized EGFR co-localized with the endosomal 

marker early endosome antigen 1 (EEA1) following EGF stimulation (Figures 2C and 2D) 

to a comparable degree in control vs. p85α shRNA cells. As internalized EGFR in early 

endosomes progresses to late endosomes/lysosomes, the number of EGFR-EEA1-positive 

puncta decreased in alignment with decreased phosphorylation of receptors and decreased 

Akt activation. Congruent with our WB results (Figure 1), EGF stimulation and p85α 
KD each augmented pAkt and PI3,4,5P3 levels as determined by immunofluorescence (IF) 

(Figures S2A and S2B). Consistent with this result, p85α KD increased the number of 

EEA1- and transferrin receptor (TFR)-positive endosomes that co-localized with activated 

Akt and PI3,4,5P3 in response to EGF stimulation (Figures 2E, 2F, S2C, and S2D). 

Next, we isolated plasma membrane- and endosomal membrane-enriched fractions as 

described previously21 and observed that p85α KD and EGF stimulation each activated 

Akt predominantly in the EEA1-enriched endosomal fraction (Figure 2G). Similarly, the 

analysis of activated Akt in different subcellular fractions (plasma membrane, cytosol, 

endosome, and nuclear fractions) of another cell line (A431) validated the spatial enrichment 

of activated Akt in the endosomal fraction and its enhanced activation in response to p85α 
KD (Figure 2H). These data indicate that the increased agonist-stimulated PI3,4,5P3 and 

pAkt levels in response to p85α KD localize largely to the endosomal membrane, aligning 

with our previous findings.21

Residual p110α catalytic subunit is responsible for increased agonist-stimulated Akt 
activation in response to p85α KD

Among class IA PI3Ks, PI3Kα and PI3Kβ are ubiquitously expressed enzymes in non-

hematopoietic cells, and PI3Kδ is expressed in hematopoietic cells.2 As the p85 adaptor 

subunit stabilizes p110 catalytic subunits, we examined the expression level of p110α and 

p110β catalytic subunits upon p85α or p85β KD. p85α KD (more than 90%) resulted in an 

~60% decrease in p110α levels but only an ~25% reduction in p110β levels (Figure 3A). 

p85β KD resulted in an ~20% decrease in p110α levels and an ~10% reduction in p110β 
levels. To examine the contribution of p110α and p110β catalytic subunits to Akt activation 

in response to p85α KD and agonist stimulation, we used siRNAs to knock down p85α 
and p110α or p110β. KD of p110α, but not p110β, inhibited EGF-stimulated Akt activation 

upon EGF stimulation (Figure 3B), indicating that the residual p110α catalytic subunit 

is responsible for activating PI3K/Akt signaling in response to p85α KD, consistent with 

PI3Kα inhibitor blockade of PI3K/Akt signaling in response to p85α KD.9 Furthermore, 

overexpression of p110α augmented EGF-stimulated Akt activation in response to p85α KD 

(Figure 3C), providing additional evidence for the functional role of p110α in these events.

Next, we undertook a semiquantitative mass spectrometry approach to analyze the p110α 
catalytic subunit-associated adaptor subunits in response to p85α KD. The analysis of 

spectral counts of proteins that coIPed with p110α indicated that p85α and p85β constituted 

~40% and ~57% of p85 adaptor subunits, respectively (together ~97%), that associated with 

p110α in cells treated with non-silencing control (siCon) siRNAs (Figure 3D). In response 

to p85α KD, p85β association with p110α increased from ~57% to ~72%, with ~14% 
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of p110α not associated with any p85 adaptor subunits (Figure 3D). We did not detect 

p55γ or its association with p110α in the cells examined. These results were validated 

by coIP experiments, which revealed increased p85β association with residual p110α in 

response to p85α KD (Figure 3E). In alignment with the tumor-promoting role of p85β, 

p85β KD dramatically impaired EGF-stimulated Akt activation (Figure 3F). However, KD 

of both p85α and p85β adaptor proteins virtually abolished p110α expression and EGF-

stimulated Akt activation (Figure 3G). These results indicate that p110α retains competency 

for receptor tyrosine kinases in response to p85α KD, likely through increased coupling 

with p85β.

Residual p110α localizes to microtubules, integrates into endosomes, and associates with 
receptor kinases in response to p85α KD

We recently demonstrated that PI3Kα localizes to microtubules via a direct interaction 

of p110α with MAP4.21 MAP4 serves as a scaffolding molecule to recruit PI3Kα 
vesicles along microtubules, facilitating its incorporation into endosomes containing active 

receptors.21 Consistent with these results, residual p110α localized along microtubules 

following p85α KD (Figure S3A) and co-localized with MAP4 in a pattern indistinguishable 

from cells treated with siCon (Figure 4A, top). p85α KD enhanced the interaction of 

residual p110α with MAP4 (Figures 4A, bottom, S3B, and S3C). Furthermore, agonist 

stimulation enhanced the association of residual p110α with MAP4 in p85α shRNA cells 

(Figure 4B). Following p85α KD, the residual p110α exhibited enhanced co-localization 

with the endosomal markers EEA1 and TFR in response to EGF stimulation (Figures 4C 

and S4A–S4C). These results indicate that p85α KD increases agonist-stimulated p110α 
localization along microtubules and MAP4 binding, resulting in its enhanced incorporation 

in endosomal membranes.

Activated receptor tyrosine kinases undergo rapid internalization, and the endosomal 

compartments are major platforms for intracellular signaling.29 As agonist stimulation 

was required to drive enhanced activation of PI3K/Akt signaling in response to p85α 
KD, we envisioned that the residual p110α binds activated receptor tyrosine kinases to 

regulate agonist-activated PI3K/Akt signaling. Although p85α KD reduced p110α levels, 

much of the residual p110α remained associated with EGFR following EGF stimulation, 

as demonstrated by coIP, IF, and proximity ligation assays (PLAs) (Figures 4D, 4E, and 

S3F). Furthermore, the association of residual p110α with IR following insulin stimulation 

was significantly increased in response to p85α KD (Figure 4F). These results suggest 

that p85α KD may increase the efficiency of targeting p110α to activated receptors. The 

increased association of p110α with MAP4 and its distribution along microtubules facilitate 

the association of residual p110α, presumably coupled to p85β, with activated receptors 

localized largely on endosomal membranes in response to agonist stimulation and p85α 
KD. These results are in accord with our recent report regarding the spatial localization 

of PI3K/Akt signaling predominantly in endosomal compartments downstream of activated 

receptor tyrosine kinases.21
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The p110α C2 domain-PI3P interaction promotes agonist-stimulated endosomal PI3K/Akt 
signaling in response to p85α KD

We next examined the mechanisms by which p110α is recruited to the endosomal 

compartments following agonist stimulation and p85α KD. The C2 domain of p110α is 

a presumed membrane-interacting module in PI3Ks26 that binds the iSH2 domain of p85α 
by contact at two different sites.30–32 Moreover, the p85α iSH2 domain partially masks the 

p110α C2 domain and creates steric hindrances with an anionic phospholipid membrane 

surface,14,33 thereby inhibiting p110α interaction with membranes.30 This suggests that 

p85α loss may enhance the p110α C2 domain interaction with membranes to regulate 

PI3K/Akt signaling. Consistent with this idea, ectopically expressed hemagglutinin (HA)-

tagged p110α with the C2 domain deleted disrupted its co-localization with the endosomal 

marker EEA1 compared to wild-type p110α (Figure 5A). Moreover, the C2 domain deletion 

mutant p110α did not support agonist-stimulated Akt activation following p85α KD (Figure 

5B). Furthermore, HA-tagged wild-type p110α, but not the C2 domain deletion mutant 

p110α (C2 Del HA-p110α), rescued the effects of endogenous p110α KD on agonist-

stimulated Akt activation (Figure 5C). Importantly, an in vitro lipid kinase assay of the 

immuno-isolated HA-tagged p110α using a PI4,5P2 substrate showed increased lipid kinase 

activity of the C2 domain deletion mutant p110α, indicating that C2 domain deletion does 

not compromise p110α kinase activity in vitro (Figure 5D). These results indicate that the 

C2 domain of p110α is required for its spatial recruitment to endosomal membranes and for 

enhancing agonist-stimulated Akt activation in response to p85α KD.

To define the critical amino acid residues in the C2 domain of p110α, we mutated the 

basic residues K410, R412, K413, and K416 in the CBR3 loop of the C2 domain that are 

the putative membrane-interacting residues30 and are highly conserved (Figure 5E). The 

C2 domain assumes a characteristic eight-stranded antiparallel β-sandwich.30 We performed 

a lipid overlay assay using the glutathione S-transferase-tagged C2 domain and its 4Q 

mutant form (K410, R412, K413, and K416 each mutated to Q). The p110α C2 domain, 

but not its 4Q mutant, bound robustly to PI3P, a critical endosomal phosphoinositide.16 

Pull-down of the C2 domain, but not its corresponding 4Q mutant, by PI3P PolyPIPosome 

provides compelling evidence of the p110α C2 domain interaction with PI3P (Figure 

5F). Additionally, HA-tagged 4Q mutant p110α exhibited impaired endosomal localization 

(Figure 5G). These mutations severely abrogated the ability of p110α to enhance agonist-

stimulated Akt activation following p85α KD (Figures 5G and 5H). Furthermore, these 

mutations also disrupted the association of p110α with EGFR and the co-localization with 

endosomal EGFR upon EGF stimulation (Figures 6A–6C). The impaired association of 

the 4Q mutant p110α with EGFR upon agonist stimulation was further validated by coIP 

and PLA after transient transfection (Figures 6D–6F). Together, these data indicate that the 

p110α C2-PI3P interaction is pivotal for bringing p110α to the endomembrane to associate 

with the activated receptor.

Increased tumorsphere formation induced by stable p85α KD depends on p85β and MAP4

p85α downregulation is associated with oncogenic transformation and increased 

invasiveness.9,34,35 We used a lentiviral shRNA system to stably KD p85α in murine 

mammary epithelial cells (NMuMG) and observed that stable p85α KD resulted in increased 
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Akt activation, enhanced phosphorylation of downstream mTORC1 target proteins p70S6K1 

and 4E-BP-1, and increased cell growth (Figure 6G). These effects were abrogated by 

PI3Kα inhibitor alpelisib. Furthermore, stable p85α KD in two additional cancer cell lines 

resulted in increased PI3K/Akt signaling pathway activation (Figures S1D and S1E) and 

increased tumorsphere formation, and these effects were inhibited by transient KD of p85β 
or MAP4 (Figures 6H and 6I), consistent with our results demonstrating the critical role of 

p85β and MAP4 in the augmented agonist-stimulated PI3K/Akt activation in response to 

p85α loss (Figures 3G and S3D). These results demonstrate that p85α KD promotes tumor 

cell growth by a MAP4- and p85β-dependent mechanism, thereby providing insights into 

the tumor-promoting mechanisms of p85α loss.

DISCUSSION

We recently reported that agonist-stimulated PI3,4,5P3 generation and Akt activation occur 

predominantly at internal membranes.21 The rapid endocytosis of activated receptor tyrosine 

kinases and PI3Kα organization along microtubules via MAP4 promotes spatial activation 

of PI3K/Akt signaling at the endomembrane by facilitating the association of PI3Kα with 

activated receptor tyrosine kinases.21 In the current study, we deciphered the comprehensive 

mechanism by which loss of the p85α adaptor subunit paradoxically elicits enhanced 

PI3K/Akt signaling downstream of activated receptor tyrosine kinases by emphasizing the 

inherent capacity of the p110α catalytic subunit for membrane interaction. The organization 

of p110α along microtubules, p110α recruitment into internal membrane compartments, and 

p110α association with receptor tyrosine kinase remain completely intact and augmented 

by p85α KD. Notably, the p110α C2 domain interaction with PI3P guides the spatial 

recruitment of p110α into endosomes, where the majority of receptor tyrosine kinase 

remains active after agonist stimulation. As a result, p110α elicits pronounced PI3K/Akt 

signaling downstream of activated receptor tyrosine kinases in response to p85α loss.

p85α and p85β constituted virtually all the adaptor subunits (~97%) of class IA PI3Ks, with 

no detectable expression of p55γ in the cell lines used in these experiments. We observed 

that in response to p85α KD, the majority of p110α associates with p85β. Moreover, 

p85β KD abrogates the effects of p85α KD in augmenting agonist-stimulated PI3K/Akt 

signaling, underscoring the key functional role of p85β in the paradoxical PI3K/Akt 

hyperactivation upon p85α loss. Consistent with these results, p110α coupled with p85β 
was reported to be more competent at inducing PI3K/Akt signaling.14 Furthermore, p110β 
(i.e., PI3Kβ) cannot assume the predominant role in receptor tyrosine kinase-stimulated 

PI3K/Akt signaling even in the p85α-p110α downregulated condition because of the more 

stringent constraint imposed on p110β by p85 adaptor subunits.36 Although p110α devoid 

of p85α and expressed in mammalian cells, as opposed to in insect or yeast cells, is 

enzymatically inactive, as demonstrated by in vitro kinase assay,37,38 the residual p110α 
uncoupled from p85 may also contribute to agonist-stimulated PI3K/Akt signaling upon 

p85α loss in mammalian cells. It seems plausible that upon p85α loss, residual p110α 
remains active due to disengaged intermolecular constraints imposed by the p85α nSH2 

and iSH2 domains. However, unlike p110α helical domain mutants (e.g., E542K, E545K), 

which disrupt the p85 nSH2 domain interaction and induce the constitutive activation of 

PI3K/Akt signaling independent of receptor tyrosine kinase activation,39 agonist stimulation 
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is required for the enhanced activation of PI3K/Akt signaling in response to p85α KD. This 

finding indicates that rapidly internalized active receptor tyrosine kinases in endosomes are 

indispensable for eliciting the spatial activation of p110α at endomembranes.

By deleting and mutating key basic residues in the C2 domain of p110α, we have 

demonstrated that the interaction of this domain with the phosphoinositide PI3P is required 

for its recruitment to endosomal membranes and activating agonist-stimulated PI3K/Akt 

signaling upon p85α KD. These findings are consistent with the observation that the 

p85α iSH2 domain partially masks the C2 domain from interacting with membranes.30 

Additionally, the C2 domain mutant p110α (N345K) or deletion of the C-terminal segment 

of the C2 domain, which disrupts the p85α iSH2 domain interaction, promotes PI3K/Akt 

signaling.32 Furthermore, the more negative electrostatic charge distribution in the p85α vs. 

the p85β iSH2 domain creates a steric hindrance for membrane interaction.14 Collectively, 

these studies support a model whereby the p110α C2 domain is not fully exposed 

for PI3P binding and endosomal recruitment until hindrance from p85α is removed.21 

Upon p85α loss, the resulting enhanced C2-domain-mediated recruitment of p110α to 

endomembranes promotes its interaction with receptor tyrosine kinases activated by agonist 

stimulation, resulting in augmented PI3K/Akt signaling. PI3Kα mutants observed in cancer 

(e.g., activating mutations in the C2 or helical domains) that lose inhibitory contacts 

and constraints of the p85α adaptor subunit may utilize and exploit enhanced endosomal 

targeting via the p110α C2-PI3P interaction and/or augmented interaction with scaffolding 

molecules like MAP4 and IQGAP1 to drive oncogenic PI3K/Akt signaling.20,21,40 As many 

components of PI3K/Akt signaling, including activated receptor tyrosine kinases, PI3K, Akt, 

and mTOR, are localized in endosomes and internal membrane compartments,41 therapeutic 

targeting of the molecular interaction of the p110α C2 domain with PI3P could prove to 

be a promising strategy to disrupt receptor tyrosine kinase-stimulated endosomal PI3K/Akt 

signaling in cancer, including those with loss or diminished expression of p85α. Indeed, 

a recent report of an allosteric PI3Kα-activating compound42 indicates that its binding 

diminishes p85α interactions with the p110α kinase domain and the inhibitory interface 

between p85α and the p110α-C2 domain, which would be predicted to enhance p110α 
interaction with the lipid membrane and PI3P. This mechanism of activation of PI3Kα is 

fully consistent with our model for p85α/β, MAP4, and PI3P regulation of PI3Kα. Notably, 

both p85β and MAP4 function as tumor promoters, and MAP4 is overexpressed in different 

cancer types.43–45 In summary, the lost or reduced expression of p85α leads to residual 

p110α coupling with p85β, increased MAP4 interaction, enhanced integration to endosomal 

membranes, and increased interaction with activated receptors, all resulting in increased 

agonist-stimulated PI3K/Akt signaling. Finally, the observation that the tumor-promoting 

effects of p85α KD, which mimics the reduced expression of p85α in some human tumors, 

are dependent on p85β and MAP4 implicates these molecules as potential therapeutic targets 

in these tumors.

Limitations of the study

This study presents data utilizing multiple approaches to uncover the mechanisms 

underlying the paradoxical augmented PI3K/Akt activation in response to p85α loss, yet 

there are limitations. First, the analysis of mass spectrometry data indicated the existence 
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of p85 adaptor-free p110α. However, more rigorous and detailed analyses will be required 

to either prove or disprove the existence of p85 adaptor-free p110α in physiologically 

relevant cellular contexts. Second, the overexpression of different mutant forms of p85α 
eliciting PI3K/Akt signaling has been observed in human tumors (e.g., endometrial cancer). 

The mechanisms by which the p85α mutant results in augmented PI3K/Akt signaling need 

to be carefully examined in further studies. Third, the detailed intermolecular interactions 

between residual p110α in complex with p85β, MAP4, and IQGAP1 and their integration 

into endosomal membranes via PI3P interaction will require biochemical and structural 

approaches to map the precise amino acid residues required to regulate these critical 

interactions and illuminate their functional roles in regulating agonist-stimulated PI3K/Akt 

signaling in the setting of p85α loss.

STAR★METHODS

RESOURCE AVAILABILITY

Lead contact—Further information and requests for resources and reagents should 

be directed to and will be fulfilled by the lead contact, Dr. Richard A Anderson 

(raanders@wisc.edu).

Materials availability

• Plasmids generated in this study will be deposited to Addgene and can also be 

obtained by contacting the lead contact.

• Cell lines with stable expression of the HA-tagged p110α constructs or stable 

knockdown of p85α can be obtained by contacting the lead contact.

• This study did not generate other new and unique reagents.

Data and code availability

• Availability of Data: All the raw data used to generate the graphs in this study 

are stored and will be made made available upon reasonable requests. Mass 

spectrometry data of the HA-p110α immunoprecipitates from control vs. p85α 
KD MDA-MB-231 cells are available via ProteomeXchange with identifier 

ProteomeXchange: PXD050817. All the confocal microscopy data reported in 

this paper are stored in Optical Imaging Core Facility at UW-Madison and will 

be shared by the lead contact upon a reasonable request.

• This paper does not report the original code.

• Any additional information required to reanalyze the data reported in this paper 

is available from the lead contact upon request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Cell culture—MDA-MB-231, A431, H4, HCT116, HEK293T and COS-7 were purchased 

from American Type Culture Collection (ATCC). All cell lines were cultured in DMEM-

containing 10% FBS (Hyclone) and antibiotics (penicillin/streptomycin) at 37°C in a 

5% CO2 incubator. NMuMG, murine mammary epithelial cells were cultured in DMEM-
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containing 10% FBS (Hyclone) and antibiotics (penicillin/streptomycin) supplemented by 

10 μg/mL insulin as previously.46 All cell lines were routinely tested for the mycoplasma 

contamination and sub-cultured before reaching 80–90% of confluency. Cells were cultured 

and passaged continuously for not more that 2 months. After that, fresh stock of cells from 

liquid nitrogen were revived and cultured.

siRNA-mediated knockdown—For siRNA-mediated knockdown of protein expression, 

cells were seeded 12–18 h before the cell transfection. LipofectamineRNAiMAX 

(#13778150, Invitrogen) was used following the protocol provided by the manufacturer, 

and cells were assayed 48–72 h post-transfection.

Plasmids transfection—For plasmid transfections, cells were seeded 12–18 h before 

the cell transfection. Lipofectamine-3000 (#L3000015, Invitrogen) was used following the 

protocol provided by the manufacturer, and cells were harvested 24–48 h post-transfection.

Lentiviral-mediated ectopic gene expression—The expression of the HA-tagged 

p110α (wild type), C2 deletion mutant (p110α C2 Del.) and p110α 4Q mutant in MDA-

MB-231 cells were carried out by lentiviral-mediated ectopic gene expression as described 

previously.47 Briefly, for the generation of the infectious viral particles, cDNAs for the 

indicated contructs cloned into pWPT-GFP lentiviral vector were transfected along with the 

accessory plasmids, psPAX2 and pMD2.G (Addgene) into HEK 293T cells using calcium 

phosphate. Conditioned medium was collected 48 h post-transfection, cleared of debris 

by centrifugation at low speed, filtered through 0.45 μM filter and viral particles were 

concentrated by centrifugation at 24,000 rpm in Beckman SW28 centrifuge for 2 h at 4°C. 

The concentrated viral particles either used to infect the target cells, MDA-MB-231 or stored 

at −80°C for later use. Alternatively, the conditioned medium containing the infectious viral 

paricles were used directly without concentrating the virus partcilces. For the transduction 

of the target cells, the cells were sub-cultured 12–18 h before the infection in the presence 

of 0.5 μg/mL polybrene (Sigma). The indicated gene expression were anylazed 48–72 h 

post-infection. The target cells stably expressing the indicated genes were identified by 

individual clone selections and the pool of more than 10 clones used for the experiments.

shRNA-mediated knockdown—The stable knockdown of p85α in MDA-MB-231, 

A431 and NMuMG cells were carried out using lentiviral shRNA system. For this, control 

shRNA lentiviral particles (sc-108080), human p85αshRNA lentiviral particles (sc-36217-

v) and murine p85αshRNA lentiviral particles (sc-36218-v), all transduction-ready viral 

particles were purchased from Santa Crutz Biotechnologies and used following the shRNA 

lentiviral particles transduction protocol. For this, target cells seeded 12–18 h before viral 

transduction were infected with lentiviral particles in fresh and complete growth medium 

containing 5 μg/mL of Polybrene. After 2–3 days, cells were replated and allowed to grow 

in complete growth medium containing the puromycin dihydrochloride (0.5 μg/mL). The 

transduced and puromycin-resistant cells growing in the culture plates were refed with 

fresh growth medium containing the puromycin selection marker. After 7 days, puromycine-

resistant cells remaining in the culture plate were harvested and replated in new culture 

plates for further propagation as well as to analyze p85α knockdown by western blotting. 
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After confirming the p85α KD in the pool of puromycin-resistant cells, the cells were used 

for the experiments.

Tumorsphere formation—The single cells were suspended in complete growth medium 

containing 0.25% Matrigel (Cat#356231, Corning) and seeded into ultralow attachment 

culture plates (Costar Cat#3473) at the concentration of 1x103 cells/well. The 3–4 days later, 

cells were suppletemented with 250 μL of fresh growth medium on the top layer and allowed 

to grow for additional 3–4 days before examining and counting the spheres or tumorsphere 

formed.

Cell proliferation by manual cell counting—The equal number of conshRNA or p85α 
shRNA cells (1x105 cells/well) were seeded into 6-well culture plate in the complete growth 

medium. After 72-h, the cells growing in the culture plates were collected by trypsinization 

and counted manually using Neubauer counting chamber.

METHOD DETAILS

Agonist stimulation of cells—For examination of the phosphorylation levels of Akt and 

other components of pathway (e.g., PDK1 and mTOR) or PI3,4,5P3 generation, cells were 

serum starved overnight before agonist stimulation. Different agonist used were EGF (50 

ηg/ml) or insulin (10 μg/mL) or PDGF (10 ηg/ml) or FBS (10%). The cells were harvested 

at different time points following agonist stimulation as described previously.21,48

Immunoprecipitation and immunoblotting—For immunoprecipitation, the cells were 

often grown and harvested from 10 cm culture dishes. Before cell lysis, cells were washed 

with cold 1x PBS 2 times. Cells were lysed using lysis buffer (50 mM Tris-HCl pH 

7.4, 150 mM, 1% Triton X-100, 1 mM EDTA, 1 mM EGTA and protease/phosphatase 

inhibitors). The clear supernatants were obtained by centrifuging at 14,000 rpm at 4°C. 

Clear supernatants were incubated with antibody-coated agarose beads or control beads 

overnight at 4°C. If nascent antibodies were used, protein-antibody complexes were isolated 

using protein G or A Sepharose 4B beads (Amersham). Beads were washed three times with 

lysis buffer before eluting the immunocomplexes with 2x sample buffer, run through SDS-

PAGE gel and subjected to immunoblotting using specific antibodies. For immunoblotting/

western blotting, primary antibodies were diluted 1:2000 in 3% BSA in TBS-T (0.1% Tween 

20). This was followed by incubation with HRP-labelled secondary antibodies. The images 

were acquired using LI-COR Odyssey FC.

Small interfering RNA (siRNA)—Control siRNA (siCon):5′-

UUUCCGCACUGUGAUUCGG-3’.

sip85α I: 5′-GGAUCAAGUUGUCAAAGAA-3’.

sip85α II: 5′-GCAGCUGAGUAUCGAGAAA-3’.

sip85α III: 5′-GGGTGACATATTGACTGTGAATAAA-3’.

siPTEN: 5′-GCUUGAAGACUAAAGCAUA-3’.
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sip110α: 5′-UCAAGAAGAAAGCUGACCAUGCUGC-3’.

sip110β: 5′-GCUUCAGAUUUGGCCUAAA-3’.

siMAP4: 5′-CCGGGAACUCAGAGUCAAA-3’.

sip85β was purchased from Dharmacon (Cat#L-003021-00-0005).

These siRNA oligonucleotides were designed using Invitrogen Block-iT RNAi Designer 

and purchased from Thermo Fisher or Dharmacon. For all the experiments with p85α KD, 

sip85α I siRNA were used.

Immunofluorescence (IF) staining and confocal microscopy—For 

immunofluorescence study, cells were grown on glass coverslips. Cells were fixed with 

4% PFA followed by permeabilization with 0.1% Triton X-100 and blocking with 3% 

BSA in TBS. Cells were incubated with a primary antibody overnight at 4°C followed 

by incubation with fluorescent-conjugated secondary antibodies (Molecular Probes) for 1 

h at room temperature. Cells were mounted in Prolong Glass Antifade Mounting media 

(#P36984, Thermo Fisher Scientific). The images were taken by Leica SP8 3X STED 

Super-Resolution Microscope, which is both a point scanning confocal and 3X STED super-

resolution microscope. The Leica SP8 3X STED microscope was controlled by LAS-X 

software (Leica Microsystems). Images were acquired using 60x or 100x objective lens. 

Only the image in Figure 4A were taken by Nikon TE2000-U and image processed using 

Metamorph. For quantification of fluorescence intensity, the mean fluorescent intensity of 

interested channels in each cell (at least 20 cells used) was measured by LAS-X. The images 

were processed using ImageJ.

For the investigation of activated Akt or PI3,4,5P3 lipid messenger generated by 

immunofluorescence study, the cells growing in the coverslips were stimulated with EGF 

stimulation followed by rapid fixation with 4% PFA prepared in TBS, and phosphatase 

inhibitors (2.5 mM NaF and 2.5 mM Na3VO4) were included in the TBS used for 

incubation of antibodies and washing. For the immunofluorescence staining of MAP4, cells 

were fixed in ice-cold methanol and anti-MAP4 antibody (#sc-390286, Santa Cruz) was 

used. Following 3-times washing with TBS, cells were permeabilized with 0.1% Triton 

X-100 in TBS-containing phosphatase inhibitors. Then, cells were incubated in the blocking 

buffer containing 3% BSA in TBS for 1 h at room temperature followed by overnight 

incubation with primary antibody (prepared in TBS-T containing 3% BSA) at 4°C in 

humidified chamber. Cells were washed 3 times with TBS-T (TBS-containing 0.1% Tween 

20) followed by incubation with secondary antibody for 1 h. Cells were washed 3 times 

before mounting.

Examination of activated Akt in endosomes—For endosome isolation, cells grown in 

10 cm culture plates were used. Cells after EGF stimulation, cells were fractionated using 

an endosome isolation kit (ED-028, Invent Biotechnologies). Briefly, cells were washed 

with cold TBS on ice before detaching the cells with Trypsin-EDTA. Then, collected cells 

were suspended in buffer A. The cell suspension were passed through the column. Then, 

the cell supernatant was centrifuged at 14,000 rpm for 1 h and at first to remove the 
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plasma membrane/larger organelles before using supernatant for endosome isolation. The 

equal amount of isolated plasma membrane/larger organelles vs. endosomal fractions were 

run through SDS-PAGE and immunoblotted with activated Akt and markers for plasma 

membrane and endosomes.

For examining the activation level of the Akt in different subcellular fractions, A431 cells 

(conshRNA vs. p85αshRNA) growing in 10 cm culture plates were stimulated with EGF 

(50 ηg/ml) for 5 min before harvesting the cells. The same endosome isolation kit (ED-028, 

Invent Biotechnologies) were used to examine the activation level of the Akt in different 

subcellular fractions. For this, the initial cell fractions enriched with cell nuclei were 

collected and stored after washing with TBS. Then, cell supernatant was centrifuged at 

14,000 rpm for 1 h at 4°C to obtain the cell fraction enriched with plasma membrane and 

larger organelles. Then, remaining fraction were mixed with buffer B and incubated for 2 

h at 4°C before centrifuging at 14,000 rpm for 1 h at 4°C. The endosomal fraction were 

recovered as pellete and remaining fraction were used as cytosolic fraction.

Semiquantitative mass spectrometry analysis of p110α immunocomplex from 
p85α KD cells—MDA-MB-231 cells stably expressing the HA-p110α and grown in 15 

cm culture plates were used. Cells were transfected with p85α siRNA and used 48–72 

h-post transfection. Cells were lysed using lysis buffer (50 mM Tris-HCl [pH 7.4], 150 

mM NaCl, 0.5% Triton X-100, 1 mM EDTA, 10 mM NaF and 5 mM Na3VO4) containing 

protease/phosphatase inhibitors (Roche). Cells were incubated in lysis buffer for 2–3 h in 

rotator at 4°C. After centrifuging at 14,000 rpm for 15 min, the clear cell lysates were used 

to immune-precipitate HA-p110α using HA agarose beads. Isolated immunocomplex were 

eluted using 2x sample buffer without dye. The immunocomplexes obtained from mock 

or control siRNA or p85α KD cells were analyzed at the mass spectrometry facility of 

UW-Madison Biotech Center. The spectral count of the p110α, p85α, and p85β peptides 

obtained were used for the analysis. However, p55γ was not detected in MDA-MB-231 cells 

by mass spectrometry analysis.

Lipid overlay assay—PIP Strips membranes (#P-6001, Echelon Biosciences) were 

blocked with 3% fatty acid free BSA (#A7030, Sigma) in TBS for 1–2 h at room 

temperature. After blocking, the membrane was incubated with purified GST-fusion proteins 

(GST alone, GST-C2 and GST-C2 4Q) diluted in 3 mL TBS-T 3% BSA at the concentration 

of 0.2 μg/mL. The membrane was washed with 5 mL TBS-T three times with gentle 

agitation for 10 min each. This was followed by incubation with anti-GST-HRP antibody 

diluted in TBS-T 3% BSA for 1 h in room temperature. The membrane was washed 3–5 

times with TBS-T before examining the bound GST-fusion protein using ECL detection 

system.

PI3P PolyPIPosome binding assay—Purified GST-fusion proteins of the p110 α 
C2 domain (WT GST-C2 or 4Q mutant GST-C2) were incubated with 12 μL PI3P 

PolyPIPosome (Echelon Biosciences) for 60 min at 4°C in binding buffer (50 mM HEPES, 

pH 7.4, 150 mM NaCl, 2 mM EGTA, 2 mM MgCl2 and 1% glycerol). PolyPIPosomes were 

isolated by centrifuging at 14,000 rpm at 4°C and washed three times with binding buffer. 

The protein bound to PolyPIPosome was analyzed by WB using anti-GST-HRP antibody.
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In vitro lipid kinase assay using PI4,5P2 micelles—HA-tagged p110α was immune-

isolated from MDA-MB-231 cells stably expressing the wild type HA-p110α or C2 deletion 

p110α using HA antibody agarose beads (ThermoFisher). Beads were washed three times 

with cell lysis buffer and two times with kinase reaction buffer (20 mM HEPES pH 7.4, 

100 mM Nacl, 1% BSA, 2 mM Mgcl2, 2 mM DTT and 100 μM ATP). For preparation 

of PI4,5P2 micelles, bovine brain PI4,5P2 power was dissolved in ultra-pure water (2 

mg/mL) and allowed to hydrate for 1 h at room temperature. Then, the PI4,5P2 mixture 

was sonicated gently until it appear clear. For lipid kinase reaction, prepared PI4,5P2 

micelles were diluted with 2x kinase reaction buffer and 30 μL of lipid mixture added to 

immuno-isolated HA-p110α coupled in beads. The lipid kinase reaction mix was incubated 

for 1 h at room temperature. The same lipid mixture with or without commercially available 

PI3Kα holoenzyme was also used as positive and negative controls, respectively. After 1 

h, the lipid mixture was separated from immuno-isolated HA-p110α coupled in beads and 

mixed with 60 μL of methanol:chloroform:HCl (60:40:1). The lipid dissolved in chloroform 

was separated by centrifuging the mixture at 12,000 rpm for 10 min. The dissolved lipid 

in chloroform appearing at the bottom was carefuly pipetted and immediately spotted on a 

nitrocellulose membrane. The membrane was allowed to dry for 1 h at room temperature 

before soaking in methanol and the membrane was then washed with TBS buffer 3-times. 

For the detection of the PI3,4,5P3 generated, the membrane was incubated overnight at 4°C 

with PI3,4,5P3 Grip, GST-Grp1-PH (Echelone) at a concentration of 0.5 μg/mL in TBS 

buffer with 3% BSA. The GST-Grp1-PH bound to the PI3,4,5P3 generated and spotted on 

the membrane was detected using HRP-labelled anti-GST antibody.

Proximity ligation assay (PLA)—PLA was applied to detect in situ protein-protein 

interaction as described previously.21,48 Cells after fixation and permeabilization were 

blocked before incubation with primary antibodies as in the routine IF staining procedure. 

After that, the cells were processed for PLA (#DUO92101, Millipore Sigma) according 

to the manufacturer’s instruction and previously. PLA signals are detected by Leica SP8 

confocal microscope as discrete punctate foci and provide the intracellular localization of the 

protein-protein complex and were later quantified by ImageJ.

Subcloning of human p110α and its constructs into PWPT-GFP lentiviral 
vector—The cDNA for human p110α was a kind gift of Dr. Peter K. Vogt 

(Scripps Research Institute). The detailed procedure for subcloning of p110α in 

frame with HA-tag at N terminus of pWPT-GFP lentiviral vector has been 

described previously.21 Similarly, the generation of C2 domain deletion mutant 

of p110α has also been described previously.21 For the generation of p110α 
4Q mutant, p110α cDNA was cloned, at first into SalI and XhoI sites of 

pCMV-HA vector using primers: 5′-AAAGTCGACCATGCCTCCACGACCATCATC-3′ 
and 5′-AAACTCGAGTCAGTTCAATGCATGCTGT-3’. Then, C2 domain residues 

Lys410, Arg412, Lys413 and Lys416 were mutated to Glutamine (Q) in two 

steps. At first, the mutation on Lys410 and Lys416 were created using 

primers: 5′-TGCTCTGTTCAAGGCCGAAAGGGTGCTCAAGAGGAAC-3′ and 5′-

GTTCCTCTTGAGCACCCTTTCGGCCTTGAACAGAGCA-3’. This mutant was used as 

a template to generate remaining mutation in Arg412 and Lys413 using a second 

Thapa et al. Page 15

Cell Rep. Author manuscript; available in PMC 2024 September 07.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



set of primers: 5′-TGCTCTGTTCAAGGCCAACAGGGTGCTCAAGAGGAAC-3′ and 5′-

TGCTCTGTTCAAGGCCAACAGGGTGCTCAAGAGGAAC-3’. The generated 4Q mutant 

p110α in pCMV-HA vector was further subcloned into pWPT-GFP lentiviral vector as 

described previously.21,47 The mutations created and integrity of DNA were confirmed by 

DNA sequencing.

Cloning of C2 domain and its mutant form into pGEX-6p-1 vector and protein 
purification—The PCR products for p110α C2 domain and its 4Q mutant form were 

generated by using the primers: 5′-AAAGGATCCAGTGCACTCAGAATAAA-3′ and 5′-

AAACTCGAGTCATTATAGTCTGTTACTCAGTC-3’. The amplified PCR products were 

subcloned into BamH1 and XhoI sites of pGEX-6p-1 vector (Amersham). The integrity of 

DNA sequences was validated by DNA sequencing.

The E. coli BL21 (DE3) (Thermo Fisher Scientific) were used for the expression of the 

GST-fusion proteins. Almost all expressed proteins were recovered in the insoluble fractions 

(inclusion bodies). To recover proteins in soluble fraction, we induced the expression of each 

protein at 25°C by culturing the bacteria (2 L of LB medium for each protein) for 48 h in the 

presence of 0.1 mM of isopropyl-β-D-thiogalactoside (IPTG) and osmotic stress (330 mM 

sorbitol and 2.5 mM betaine) as described previously.21 Proteins were purified from soluble 

fractions of the bacterial cell lysates using Glutathione Sepharose beads (GE Healthcare). 

Proteins were dialyzed in 1x TBS overnight at 4°C overnight and protein quantified. The 

integrity and purity of purified GST-fusion proteins were examined by running 1 μg of 

proteins through 12% SDS-PAGE gel followed by Coomassie staining.

QUANTIFICATION AND STATISTICAL ANALYSIS

Data are presented as mean ± SD from at least three independent experiments with similar 

results. At least three western blot images from three independent experiments were used 

to generate the graphs and unpaired t test was conducted to determine the p-value between 

the two groups. All the micrographs (IF images) are the representative images of three 

representative experiments as indicated in each figure legend. For the quantification of 

immunofluorescence images, the number of cells used for each representative experiment 

is indicated and unpaired t test was conducted to determine the p-value between the two 

groups. The p-value less than 0.05 were considered significant between two groups.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

• Loss of p85α promotes the coupling of residual p110α with p85β

• The p110α-p85β complex has increased endosomal and receptor association

• The p110α C2 domain interacts with PI3P for endosomal targeting

• p110α C2 domain/PI3P interaction is required for agonist-stimulated PI3K 

activation
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Figure 1. p85α KD promotes Akt activation downstream of activated receptor tyrosine kinases
(A–D) p85α KD promotes agonist-stimulated Akt activation. MDA-MB-231 cells were 

transfected with either control siRNAs or siRNAs targeting all the transcriptional variants 

of p85α. 48–72 h post-transfection, cells were stimulated with EGF, insulin, platelet-derived 

growth factor (PDGF), or fetal bovine serum (FBS) for different time intervals before 

being harvested. Phospho-Akt and p85α levels were analyzed by western blot (WB) using 

antibodies specific for phospho-Akt and p85α. The data represent the mean ± SD from three 
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independent experiments. The indicated p value is for the 5 min time point for p85α siRNA- 

vs. control siRNA-treated cells.

(E) Three individual siRNAs targeting p85α show similar effects in inducing EGF-

stimulated Akt activation. MDA-MB-231 cells were transfected with control siRNAs or 

one of three individual siRNAs targeting endogenous p85α. 48–72 h post-transfection, 

cells were stimulated with EGF for 5 min before being harvested. Phospho-Akt and p85α 
levels were analyzed by WB. The data represent the mean ± SD from three independent 

experiments. The indicated p value is for control individual p85α siRNA- vs. control 

siRNA-treated cells.

(F) The extent of p85α KD correlates inversely with increased EGF-stimulated Akt 

activation. MDA-MB-231 cells were transfected with control siRNAs or different amounts 

of siRNAs targeting endogenous p85α. 48–72 h post-transfection, cells were stimulated with 

EGF for 5 min before being harvested. Phospho-Akt and p85α levels were analyzed by WB. 

The data represent the mean ± SD from three independent experiments.

(G) Ectopic expression of p85α does not impair EGF-stimulated Akt activation. Cos-7 cells 

were transiently transfected with empty plasmid or plasmid containing p85α (FLAG-tagged 

p85α). 48–72 h post-transfection, cells were stimulated with EGF for different time intervals 

before being harvested. Phospho-Akt and p85α levels were analyzed by WB. The data 

represent the mean ± SD from three independent experiments. The indicated p value is for 

the 5 min time point for p85α- vs. mock-transfected cells.

(H) Ectopically expressed p85α associates with the endogenous p110α catalytic subunit. 

Cos-7 cells were transfected with empty plasmid or plasmid containing p85α (FLAG-

tagged p85α). 48 h post-transfection, cells were harvested for immunoprecipitation (IP) 

of ectopically expressed p85α using anti-FLAG antibody agarose beads. Endogenous p110α 
that coIPed with ectopically expressed p85α was examined by WB using a p110α-specific 

antibody.

(I) p85α KD increases EGF-stimulated Akt activation in PTEN-null cells. PC-3 cells were 

transfected with control siRNAs or siRNAs targeting p85α. 48–72 h post-transfection, 

cells were stimulated with EGF before harvesting to examine the phospho-Akt and p85α 
levels by WB. The data represent the mean ± SD from three independent experiments. The 

indicated p value is for the 5 min time point for p85α siRNA- vs. control siRNA-treated 

cells.

(J and K) Simultaneous KD of p85α and PTEN enhances EGF-stimulated Akt activation. 

MDA-MB-231 cells were transfected with control siRNAs or siRNAs targeting endogenous 

p85α and/or PTEN. 48–72 h post-transfection, cells were either unstimulated (J) or 

stimulated with EGF (K) for 5 min before cell harvesting. Phospho-Akt and p85α levels 

were analyzed by WB using antibodies specific for phospho-Akt and p85α. The data 

represent the mean ± SD from three independent experiments. The indicated p value is 

for p85α KD vs. combined p85α and PTEN KD.

See also Figure S1.
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Figure 2. Agonist-stimulated PI3K/Akt signaling in response to p85α KD occurs at endosomal 
membranes
(A and B) Phosphorylation level of EGFR and IR at different time points following agonist 

stimulation. MDA-MB-231 cells with stable p85α KD were stimulated with EGF or insulin 

for different amounts of time before harvesting cells to examine the phosphorylation level 

of EGFR, IR, and Akt by WB. Representative images of three independent experiments are 

shown.

(C and D) Co-localization of the internalized EGFR with the endosomal marker EEA1 

following EGF stimulation. MDA-MB-231 cells with stable p85α KD were stimulated with 
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EGF for different amounts of time before fixing the cells with 4% paraformaldehyde (PFA). 

The cells were immunostained with antibodies for EGFR (red) and EEA1 (green). The 

number of EEA1-positive puncta that were also EGFR positive was counted in at least 

20–30 cells. The p value indicates p85α KD compared with control siRNA upon EGF 

stimulation. Scale bar: 10 μM.

(E and F) Activated Akt and PI3,4,5P3 co-localize with endosomal marker EEA1. MDA-

MB-231 cells were transfected with control siRNAs or siRNAs targeting p85α. 48–72 h 

post-transfection, cells were stimulated with EGF for 5 min before cell fixation with 4% 

PFA for IF using antibodies specific for phospho-Akt (red) or PI3,4,5P3 (red) and endosomal 

markers EEA1 (green). The number of EEA1 puncta positive for Akt or PI3,4,5P3 was 

counted in at least 20–30 cells. The p value indicates p85α KD compared with control 

siRNA upon EGF stimulation. Scale bar: 10 μM.

(G) Subcellular fractionation shows enrichment of activated Akt at endosomal fractions in 

EGF-stimulated cells. MDA-MB-231 cells were transfected with either control siRNAs or 

siRNAs targeting p85α. 48–72 h post-transfection, cells were stimulated with EGF for 5 min 

before being harvested for subcellular fractionation. Phospho-Akt levels were analyzed in 

the plasma membrane vs. endosomal fractions by WB. The data represent the mean ± SD 

from three independent experiments. The p value indicates p85α KD compared with control 

siRNA upon EGF stimulation.

(H and I) Examination of activated Akt in different subcellular fractions after EGF 

stimulation. A431 cells with stable p85α KD were stimulated with EGF for 5 min before 

being harvested for subcellular fractionation. pAkt levels were analyzed in the plasma 

membrane (PM), cytosol (Cyt.), endosome (End.), and nuclear (Nucl.) fractions by WB. 

pAkt levels in different subcellular fractions were quantified and represent the mean ± SD 

from three independent experiments. The p value indicates p85α KD compared with control.

See also Figure S2.
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Figure 3. Residual p110α catalytic subunit is responsible for increased agonist-stimulated Akt 
activation upon p85α KD
(A) p85α KD decreases p110α catalytic subunit levels. MDA-MB-231 cells were 

transfected with control siRNAs or siRNAs targeting p85α or p85β. 48–72 h post-

transfection, cells were harvested, and the expression levels of p85α, p85β, p110α, and 

p110β were examined by WB. The data represent the mean ± SD from three independent 

experiments.

(B) Residual p110α catalytic subunit is responsible for EGF-stimulated Akt activation upon 

p85α KD. MDA-MB-231 cells were transfected with control siRNAs or siRNAs targeting 
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p85α and p110α or p110β. 48–72 h post-transfection, cells were stimulated with EGF 

for different time intervals before being harvested. Phospho-Akt, p85α, p110α, and p110β 
levels were analyzed by WB. The data represent the mean ± SD from three independent 

experiments. The significance is indicated by p values (sip85α vs. sip85α/sip110α; sip85α 
vs. sip85α/sip110β).

(C) p85α KD promotes EGF-stimulated Akt activation in p110α-overexpressing cells. 

MDA-MB-231 cells stably overexpressing mock or HA-p110α-overexpressing cells were 

transfected with control siRNAs or siRNAs targeting endogenous p85α. 48–72 h post-

transfection, cells were stimulated with EGF for 5 min before being harvested. pAkt 

and p85α levels were analyzed by WB. The data represent the mean ± SD from three 

independent experiments. The statistical significance is indicated by p value (sip85α in 

mock vs. p110α-overexpressing cells upon EGF stimulation).

(D) Mass spectrometry analysis of p110α-associated adaptor proteins. MDA-MB-231 cells 

stably expressing HA-p110α were transfected with control siRNAs or siRNAs targeting 

p85α. 48–72 h post-transfection, cells were stimulated with EGF for 5 min before being 

harvested. p110α was IPed using anti-HA agarose beads and coIPed proteins analyzed by 

mass spectrometry. The data table shows the spectral counts of IPed p110α catalytic subunit 

and its associated adaptor subunits and represents three independent mass spectrometry 

analyses.

(E) Increased association of p85β adaptor protein with p110α upon p85α KD. MDA-

MB-231 cells were transfected with control siRNAs or p85α siRNAs. 48–72 h post-

transfection, p110α was IPed and coIPed p85 adaptor proteins were examined by WB. 

The data represent the mean ± SD from three independent experiments.

(F) p85β KD impairs EGF-stimulated Akt activation. MDA-MB-231 cells were transfected 

with control siRNAs or siRNAs targeting p85α or p85β. 48–72 h post-transfection, cells 

were stimulated with EGF for 5 min before being harvested. pAkt, p85α, and p85β were 

analyzed by WB. The data represent the mean ± SD from three independent experiments. 

The statistical significance is indicated by p value (siCon vs. sip85β).

(G) Combined KD of p85α and p85β adaptor subunit abolishes EGF-stimulated Akt 

activation. MDA-MB-231 cells were transfected with control siRNAs or siRNAs targeting 

p85α and/or p85β. 48–72 h post-transfection, cells were stimulated with EGF for 5 min 

before being harvested. Phospho-Akt p85α, p85β, p110α, and p110β levels were analyzed 

by WB. The data represent the mean ± SD from three independent experiments. The 

statistical significance is indicated by p value (p85α siRNA vs. sip85α/sip85β).
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Figure 4. Residual p110α distribution along microtubules, integration into endosomal 
membranes, and association with agonist-stimulated receptor tyrosine kinases are enhanced 
upon p85α KD
(A) Residual p110α localizes along microtubules and associates with MAP4 upon p85α 
KD. Top, MDA-MB-231 cells were transfected with control siRNAs or siRNAs targeting 

p85α. 48–72 h post-transfection, cells were fixed with 4% PFA. The distribution of p110α 
along microtubules in cells treated with control and p85α siRNAs was examined by IF using 

antibodies specific for p110α (red) and MAP4 (green). Bottom, the enhanced association of 

residual p110α with MAP4 upon p85α KD is shown by coIP and WB. The data represent 
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the mean ± SD from three independent experiments. The statistical significance is indicated 

by p value (siCon vs. p85α siRNA).

(B) Agonist stimulation promotes residual p110α association with MAP4 in p85α shRNA 

cells. MDA-MB-231 cells with stable p85α KD were either serum starved or stimulated 

with EGF or insulin before being harvested. MAP4 was IPed, and the coIPed residual p110α 
in p85α shRNA cells was examined by WB. The data represent the mean ± SD from three 

independent experiments. The statistical significance is indicated by p value (unstimulated 

vs. stimulated condition in p85α shRNA cells).

(C) p110α co-localizes with endosomal markers upon p85α KD. MDA-MB-231 cells were 

transfected with control siRNAs or siRNAs targeting p85α. 48–72 h post-transfection, cells 

were stimulated with EGF and fixed with 4% PFA. The co-localization of p110α with 

endosomal markers in cells treated with control and p85α siRNAs was examined by IF 

using antibodies specific for p110α (red) and EEA1 (green). The number of EEA1-puncta 

positive for p110α was counted in at least 20–30 cells. The statistical significance is 

indicated by p value (control vs. p85α KD, EGF stimulated). Scale bar: 5 μM.

(D) EGF-stimulated p110α association with EGFR upon p85α KD. MDA-MB-231 cells 

were transfected with control siRNAs or siRNAs targeting p85α. 48–72 h post-transfection, 

cells were stimulated with EGF before being harvested. EGFR was IPed using anti-EGFR 

antibody beads, and coIPed p110α was examined by WB. The data represent the mean ± 

SD from three independent experiments. The statistical significance is indicated by p value 

(siCon vs. p85α siRNA, EGF stimulated).

(E) Insulin-stimulated p110α association with IRβ upon p85α KD. MDA-MB-231 cells 

with stable p85α KD were either serum starved or stimulated with insulin before being 

harvested. IRβ was IPed using anti-IRβ antibody beads, and the coIPed p110α was 

examined by WB. The data represent the mean ± SD from three independent experiments. 

The statistical significance is indicated by p value (unstimulated vs. insulin-stimulated p85α 
KD cells).

(F) EGF-stimulated p110α co-localization with EGFR upon p85α KD. MDA-MB-231 cells 

were transfected with control siRNAs or siRNAs targeting p85α. 48–72 h post-transfection, 

cells were stimulated with EGF for 5 min before fixation with 4% PFA. The co-localization 

of p110α with EGFR was examined by IF study using antibodies specific for p110α (red) 

and EGFR (green). EGFR puncta positive for p110α were counted in at least 20–30 cells. 

The statistical significance is indicated by p value (control vs. p85α KD, EGF stimulated). 

Scale bar: 5 μM.

See also Figure S3.
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Figure 5. p110α integration into endosomes and agonist-stimulated PI3K/Akt signaling upon 
p85α KD are regulated by the C2 domain-PI3P interaction
(A) Deletion of p110α C2 domain impairs its integration into endosomal membranes upon 

agonist stimulation. MDA-MB-231 cells stably expressing wild-type (WT) HA-p110α or 

C2 domain deletion HA-p110α were transfected with control siRNAs or siRNAs targeting 

endogenous p85α. 48–72 h post-transfection, cells were stimulated with EGF for 5 min 

before fixation with 4% PFA. The cells were immunostained with antibodies for HA (red) 

and EEA1 (green). EEA1 puncta positive for HA were counted in least 20–30 cells. The 
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statistical significance is indicated by p value (control vs. p85α KD, EGF stimulated). Scale 

bar: 10 μM.

(B and C) C2 domain deletion mutant p110α disrupts EGF-stimulated Akt activation upon 

p85α KD. MDA-MB-231 cells stably expressing empty vector, WT HA-p110α, or C2 

domain deletion HA-p110α were transfected with control siRNAs or siRNAs targeting 

endogenous p85α (B) or endogenous p110α at 3′ prime UTR regions (C) before EGF 

stimulation. Phospho-Akt, endogenous p85α, endogenous p110α, and HA-p110α (WT or 

C2 domain deletion mutant) were examined by WB. The data represent the mean ± SD 

from three independent experiments. The statistical significance is indicated by p value (WT 

p110α vs. C2 domain deletion mutant p110α, EGF stimulated).

(D) C2 domain deletion does not affect the in vitro kinase activity of p110α. p110α was 

immuno-isolated from MDA-MB-231 cells stably expressing WT HA-p110α or C2 domain 

deletion HA-p110α using anti-HA antibody agarose beads. The in vitro kinase activity of 

immuno-isolated p110α was examined using PI4,5P2 micelles. The PI3,4,5P3 generated in 

the reaction mixture was quantified by dot blot assay using GRP1-PH protein. The immuno-

isolated p110α was then examined by WB. The same reaction mixture with or without 

purified PI3Kα holoenzyme was used as negative and positive controls for PI3,4,5P3 

generation. The data are the mean ± SD from at least three independent experiments. The 

statistical significance is indicated by p value (WT HA-p110α vs. C2 domain deletion 

mutant HA-p110α).

(E) Alignment of the p110α C2 domain from different species. The conserved lysine and 

arginine residues in the CBR3 loop are indicated in red. Bottom, all three lysine and 

one arginine residues were mutated to glutamine (4Q) to generate the mutant glutathione 

S-transferase (GST)-fusion protein of the C2 domain.

(F) Lipid overlay assay. The lipid overlay assay was performed by incubating the PIP-Strip 

membrane with purified GST-fusion proteins (each 0.5 μg/mL) overnight at 4 C°, followed 

by the detection of bound protein using horseradish peroxidase (HRP)-conjugated anti-GST 

antibody. Representative data of three independent experiments are shown.

(G) PI3P PolyPIPosome binding assay. A GST-fusion protein of the p110α C2 domain or 

its 4Q mutant (2 μg) was incubated with 10 μL PI3P PolyPIPosome beads. After 30 min 

of incubation at room temperature, the protein bound to beads was examined by WB using 

anti-GST antibody. The data are the mean ± SD from at least three independent experiments. 

The statistical significance is indicated by p value (WT C2 domain vs. 4Q mutant C2 

domain).

(H) 4Q mutant p110α exhibits impaired integration into early endosomes. MDA-MB-231 

cells stably expressing HA-p110α (WT) or C2 domain mutant p110α (4Q) were stimulated 

with EGF before fixing the cells with 4% PFA. The cells were immunostained with 

antibodies for HA (red) and EEA1 (green). EEA1 puncta that co-stained with HA were 

counted in least 20–30 cells. The statistical significance is indicated by p value (p110α WT 

vs. p110α 4Q, EGF stimulated). Scale bar: 10 μM.

(I and J) 4Q mutant p110α exhibits impaired EGF-stimulated Akt activation upon p85α KD. 

MDA-MB-231 cells stably expressing empty vector or HA-p110α (WT of 4Q mutant) were 

transfected with control siRNAs, p85α siRNAs (I), or siRNAs targeting endogenous p110α 
at 3′ prime UTR region (J) before EGF stimulation. Phospho-Akt, endogenous p110α and 

p85α, and HA-p110α WT or 4Q mutant levels were examined by WB. The data represent 
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mean ± SD from three independent experiments. The statistical significance is indicated by p 
value (p110α WT vs. p110α 4Q, EGF stimulated).
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Figure 6. PI3P binding is required for p100a association with activated receptors, and 
tumorsphere formation mediated by p85α KD depends on p85β and MAP4
(A) Impaired association of the p110α 4Q mutant with EGFR. MDA-MB-231 cells stably 

expressing HA-tagged WT p110α or 4Q mutant p110α were stimulated with EGF for 5 

min before being harvested. p110α was IPed using anti-HA antibody agarose beads, and 

the coIPed endogenous EGFR was examined by WB. The data are representative of three 

independent experiments.

(B and C) Impaired co-localization of the p110α 4Q mutant with EGFR. MDA-MB-231 

cells stably expressing HA-tagged WT or 4Q mutant p110α were stimulated with EGF 
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for 3–5 min before fixing the cells with 4% PFA. The cells were immuno-stained with 

antibodies for HA (red) and EGFR (green). The EGFR puncta that co-localized with HA 

were counted in least 20–30 cells. The statistical significance is indicated by p value (p110α 
WT vs. 4Q mutant p110α, EGF stimulated). Scale bar: 10 μM.

(D) Impaired association of the p110α 4Q mutant with EGFR. COS-7 cells transiently 

expressing HA-tagged WT p110α or 4Q mutant p110α were stimulated with EGF for 5 min 

before being harvested. Endogenous EGFR was IPed, and the coIPed p110α was examined 

by WB. The data are representative of three independent experiments.

(E and F) PLA shows the impaired association of the p110α 4Q mutant with EGFR. COS-7 

cells transiently expressing HA-tagged WT or 4Q mutant p110α were stimulated with EGF 

for 3–5 min before fixing the cells with 4% PFA. The cells were processed for PLA. The 

PLA puncta were counted in least 20–30 cells and normalized to control cells. The statistical 

significance is indicated by p value (p110α WT vs. p110α 4Q, EGF stimulated). Scale bar: 

10 μM.

(G) Stable p85α KD enhances PI3K/Akt signaling and cell growth. A lentiviral shRNA 

system was used to stably KD p85α in NMuMG cells. Control or p85α KD cells were 

grown for 24 h in complete growth medium before harvesting to examine phosphorylation 

levels of Akt, S6K1, and 4E-BP-1 by WB. For cell growth analyses, equal numbers of cells 

(1 × 105 cells/well) were seeded and allowed to grow for 48 h before trypsinization and cell 

counting. The data represent mean ± SD from three independent experiments. The statistical 

significance is indicated by p value (conshRNA vs. p85αshRNA).

(H and I) p85β or MAP4 KD impairs increased tumorsphere formation mediated by p85α 
KD. Specific siRNAs were used to knock down p85β or MAP4 in MDA-MB-231 (H) 

and A431 (I) cells with stable p85α KD. 72 h post-transfection, cells were detached, and 

equal numbers of each cell type (1 × 104 cells/well) were suspended in complete medium 

with 3% Matrigel and allowed to grow for 6 days on ultra-low attachment plates. The 

number of tumorspheres formed by each cell type was counted. p85β or MAP4 KD was 

examined by WB. The data represent mean ± SD from three independent experiments. The 

statistical significance is indicated by p value (conshRNA vs. p85αshRNA; p85αshRNA vs. 

p85αshRNA with sip85β or siMAP4).
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