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Summary

The Phosphoinositide 3-Kinase (PI3K) pathway regulates multiple steps in glucose metabolism
but also cytoskeletal functions, such as cell movement and attachment. Here we show that PI3K
directly coordinates glycolysis with cytoskeletal dynamics in an AKT-independent manner.
Growth factors or insulin stimulate the PI3K-dependent activation of Rac, leading to disruption of
the actin cytoskeleton, release of filamentous actin-bound aldolase A and an increase in aldolase
activity. Consistently, PI3K-, but not AKT-, SGK- or mTOR-inhibitors, cause a significant
decrease in glycolysis at the step catalyzed by aldolase, while activating P/IK3CA mutations have
the opposite effect. These results point towards a master regulatory function of PI3K that
integrates an epithelial cell’s metabolism and its form, shape and function, coordinating glycolysis
with the energy-intensive dynamics of actin remodeling.

Introduction

Results

Glucose avidity and cytoskeletal plasticity are hallmarks of epithelial cancers, including
breast cancers. The phosphoinositide 3-kinase (P13K)-pathway regulates cytoskeletal
functions such as cell movement and intracellular compartmentalization, reviewed in
(Cantley, 2002), and also modulates multiple steps in glucose uptake and metabolism
(Rathmell et al., 2003). Binding of insulin and other growth factors to their specific cell
membrane receptors activates PI3K, resulting in production of phosphatidylinositol-3,4,5-
trisphosphate (PIP3) and recruitment of PIP3-binding proteins to the cytosolic side of the
plasma membrane, thereby initiating signaling events that control glucose metabolism, cell
growth and movement. While there is extensive evidence that glucose uptake and
phosphorylation are mediated by PIP3-dependent activation of the protein Ser/Thr kinase
AKT, actin remodeling is mediated by PIP3-dependent activation of guanine nucleotide
exchange factors (GEFs), namely the Rho/Rac/CDC42 family members (Hanna and EI-
Sibai, 2013). Here we show that full activation of glycolysis by PI3K requires both AKT
activation and Rac-dependent actin remodeling. We show that in quiescent epithelial cells
aldolase is trapped in the actin cytoskeleton in a low activity state and that activation of
PI3K releases aldolase A, resulting in enhanced flux through glycolysis. We propose that
coordination of actin remodeling with glycolysis may facilitate macromolecular biosynthesis
needed for cell growth and cell division.

PI3K inhibition blocks the aldolase step of glycolysis in an AKT-independent manner

In order to dissect the contributions of PI3K pathway components to the regulation of
glycolysis, we examined the effects of specific enzyme inhibitors on the reduction of
NAD(+) (Nicotinamide adenine dinucleotide) to NADH, occurring at the glyceraldehyde 3-
phosphate dehydrogenase (GAPDH) step (Fig. 1 A) as well as on extracellular acidification
rate (ECAR, Fig. 1 B), as read-outs for glycolysis in mammary epithelial cells (MCF10A).
The pan-PI3K inhibitor BKM120, Buparlisib (Maira et al., 2012) and the PI3Ka specific
inhibitor BYL719, Alpelisib (Furet et al., 2013) led to a decrease in the NADH/NAD(+)
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ratio in MCF10A cells starting within minutes and reaching a minimum plateau at 4 hours
(Fig. 1 A, first two panels), while inhibition of AKT with MK2206 or mTOR with
rapamycin caused only a transient decline in the NADH/NAD(+) ratio (Fig. 1A, 3¢ and 4t
panel). Both, BKM120 and BYL719 reduced the initial ECAR increase in response to
insulin stimulation and a glucose challenge, and drastically reduced the cells’ ability to
mobilize the glycolytic reserve, i.e. to respond with increased glycolysis after addition of
Oligomycin to the medium (Fig. 1 B, first two panels). MK2206 and rapamycin also
decreased the ECAR after addition of glucose, as expected (Rathmell et al., 2003), but
different from the PI3K-inhibitors, the AKT- and the mTOR-inhibitor did not block
mobilization of the glycolytic reserve (Fig. 1 B, right two panels). When we examined the
ECAR in MCF10A cells expressing constitutively active, myristoylated AKT, mAKT,
(Barthel et al., 1997), the PI3K-inhibitors BYL719 and BKM120 prevented mobilization of
the glycolytic reserve (Fig. S1A), suggestive of a specific role for PI3K for the maximum
achievable glycolytic rate that can not be compensated for by constitutive activation of AKT.
The PI3K} inhibitor TGX221 and GSK650394, an inhibitor of serum and glucocorticoid-
induced protein kinase (SGK), had little effect on the NADH/NAD(+) ratio (Fig. S1 B) or
the ECAR (Fig. S1C). The concentration of drugs used achieved target inhibition (Fig. S1
D). All the inhibitors caused a variable degree of glucose uptake inhibition (Fig. S1 E, F)
while the prolonged effects on the NADH/NAD+ ratio (Fig. 1A) and on mobilization of the
glycolytic reserve (Fig. 1B) were specific to pan-PI13K and PI3Ka-inhibition. These data
suggest that PI3K exerts a regulatory role on the maximal glycolytic capacity that cells can
mount and that this regulatory role is independent of AKT, SGK or mTOR.

To distinguish PI3K versus AKT effects on glycolytic intermediates, we examined responses
to BKM120 or BYL719 in mAKT MCF10A cells (Fig. 1C). Quantification of steady-state
metabolite levels by LC-MS/MS revealed that BKM120 or BYL719 caused a decrease in
glyceraldehyde 3-phosphate (Ga3P) and dihydroxyacetone-phosphate (DHAP), the products
of the aldolase reaction. While a change in the steady-state levels of DHAP and Ga3P could
be caused by either a decrease in aldolase activity or an increase in conversion to
downstream metabolites, the decrease in glycolytic rate implied by the reduction in the
NADH/NAD(+) ratio (Fig. 1A) and ECAR (Fig. 1B) supports a selective decrease in
aldolase activity. In WT-AKT MCF10A, both BKM120 and BYL719 inhibited AKT
phosphorylation and caused a general decrease in glycolytic intermediates (Fig. 1 D),
consistent with the well-known role of AKT in glucose uptake and phosphorylation
(Rathmell et al., 2003). Similar effects of BKM120 on glycolysis were seen in HCC1937
breast cancer cells, while the AKT inhibitor MK2206 caused a decrease in F1,6BP, but not
the decline in Ga3P or DHAP observed with the PI13K-inhibitor (Fig. 1E). Measuring the
breakdown of U-13Cg-glucose, we observed that both MK2206 and BKM120 decreased flux
into the aldolase substrate F1,6BP but only BKM120 also decreased the aldolase products
DHAP and Ga3P (Fig. 1F). These results are consistent with a model in which PI3K, but not
AKT, regulates net flux through lower glycolysis through the selective regulation of
aldolase.
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PI3K pathway activation increases the cytosolic abundance and activity of aldolase

To examine the regulation of aldolase activity by the PI3K pathway, we measured its
enzymatic activity directly. Following insulin stimulation, cells were lysed with digitonin
and aldolase activity measured in the culture plates with the hydrazine assay (Jagannathan et
al., 1956). Total aldolase activity increased up to 4-fold (Fig. 2A), suggestive of post-
transcriptional regulation. Previous studies had shown that binding of aldolase to actin
filaments (F-Actin) inhibits its activity (Arnold and Pette, 1970; Harris and Winzor, 1987;
Wang et al., 1996). Activation of PI3K signaling regulates actin dynamics, independent from
signaling through AKT (Cantley, 2002; Cantley et al., 1991), raising the possibility that
PI13K-initiated actin dynamics and release of aldolase from the cytoskeleton are coordinated
and regulate glycolysis.

To test this hypothesis, we examined the cytoskeletal binding and enzymatic activity of
aldolase A in response to experimental manipulation of PI3K (Fig. 2, S2, S3). Acute PI3K
pathway activation was achieved with insulin for 3 hours unless indicated otherwise (Fig.
2A-F, S2, S3 A,B) or IGF (Fig. S3C). The PI3K pathway was blocked with pharmaceutical
inhibitors (Fig. 2 D-F, S3 A-C) or siRNA ablation of PI3K p110 subunits (Fig. S3 D, E).
Constitutive PI3K pathway activation was achieved with knock-in of the clinically relevant
PIK3CA mutants H1047R and E545K (Fig. 2 G, S3F). To estimate the fraction of aldolase A
in the soluble versus immobilized state we permeabilized cells with Digitonin to allow for
efflux of diffusible aldolase A, followed by separate collection of supernatant and cell
lysates for aldolase analyses (Fig. 2 B-G, Fig. S2, Fig. S3 A-F). In GFP-expressing
MCF10A cells, insulin treatment resulted in the release of aldolase A in a time- (Fig. S3A)
and concentration-dependent (Fig. 2B, C and S3B) manner, that paralleled the increase in
AKT phosphorylation (Fig. 2B, S3A, S3B), while GFP was released independent of insulin
addition. Insulin-dependent mobilization of aldolase A occurred within 20 minutes with a
maximum effect by 3 hours (Fig. S3A). We estimate that ~30% of the aldolase A is
mobilized by treatment with insulin (Fig. 2B, C and Fig. S2 A). Proportionate to the
increasing amounts of aldolase A protein in the supernatant, increased enzymatic activity
was detected (Fig. 2 C),

When we examined the effect of insulin (Fig. 2D-F, S3A,B) or IGF1 (Fig. S3C) pathway
inhibition, the pan-PI3K inhibitors BKM120 and GDC0941, and to some extent the PI3Ka
inhibitor BYL719, blocked release of aldolase A, but inhibitors of PI3Kp (TGX221), AKT
((MK2206 (allosteric inhibitor) or GSK690693 (ATP-competitive), SGK1/2 (GSK650394)
or mTOR (rapamycin) did not (Fig. 2 E-F, Fig. S3 C). Consistently, BKM120 and BYL719
also blocked the insulin-induced increase in aldolase activity in the total cell lysate (Fig. 2
D) and supernatant (Fig. 2 F). Consistently, siRNA ablation of the p110 a but not  subunit
prevented the insulin-induced release of aldolase (Fig. S3D, E). Activating mutations of
PI13K occur frequently in cancer, especially in breast cancer, mostly at two ‘hotspots’ within
the kinase (H1047R) and helical domains (E542K or E545K) of p110a (Samuels et al.,
2004). In knock-in cell lines (Gustin et al., 2009) both activating A/K3CA mutations, but not
the activating AK7 mutation (E17K) led to an increase of aldolase A release (Fig. 2G, S3F).
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In summary, these data indicate that the effects of insulin on aldolase activity and on overall
control of glycolysis are dependent on the activation of PI3K, independent of AKT, SGK or
mMTOR, and correlate with the release of aldolase A from the cytoskeleton.

Cell fractionation confirmed that, insulin caused a shift of aldolase A from the cytoskeletal
to the cytosolic fraction, preventable by BKM120 (Fig. 3A, S3G). To visualize the
association of aldolase A with F-actin, we expressed HA-tagged aldolase A in immortalized
human mammary epithelial cells (HMECs), which have a flat morphology that allows
visualization of actin structures. In serum-deprived HMECs much of the HA-aldolase co-
localized with F-actin, (Fig. 3B, upper panels). Stimulation with insulin led to actin
remodeling (Fig. 3B, panels 2-5); less HA-aldolase A co-localized with F-actin at the cell
periphery and instead concentrated centrally in the cytoplasm (Fig. 3B, panels 2-5). The
dissociation of HA-aldolase A from F-actin was prevented by BKM120 (Fig. 3B, bottom
panel). Inhibition of actin polymerization with membrane-permeable mycotoxins
(cytochalasins D and E) that by themselves do not affect cellular glucose uptake (Jijakli et
al., 2002), enhanced the release of aldolase A (Fig. 3C, S3H). Conversely, the actin-
stabilizing agent Jasplakinolide prevented the mobilization of aldolase (Fig. 3 D, S3I) and
led to retention of aldolase in the cytoskeletal fraction (Fig. 3 E, S3J).

The dynamics of the aldolase-actin interaction are regulated by PI3K and determine
glycolytic flux

To determine the interdependence of cytoskeletal dynamics, aldolase binding and PI13K
signaling, we examined the mobility of GFP-aldolase A and glycolytic flux in response to
experimental manipulation of the PI3K pathway and actin polymerization (Fig. 4).
Assuming that binding of aldolase to F-actin should slow its rate of diffusion, we used 2-
photon fluorescence correlation spectroscopy (FCS) in live cells to measure the diffusion
time of GFP-aldolase A and its R42A mutant which is unable to bind F-actin (Wang et al.,
1996, Fig. S4 A). GFP-aldolase A paralleled endogenous aldolase in the digitonin release
and F-actin precipitation assays while the R42 MT was not affected by either insulin or
PI3K-inhibition (Fig. S4 A, B). PI3K pathway activation decreased the diffusion time within
20 min (Fig. 4 A, B, Fig. S4 C,D), consistent with increased aldolase mobility. Decreased
diffusion time was sustained for at least 2 hours, consistent with the timing of the release of
aldolase (Fig. S3A, S4) and blocked by BKM120 but not MK2206 (Fig. 4A). Consistent
with sequestration of aldolase A by F-actin, cytochalasin D led to a decrease in diffusion
time while the actin-stabilizing Jasplakinolide partially prevented the acceleration of
diffusion (Fig. 4 B). Consistent results were obtained when we determined the rate of
fluorescence recovery after photobleaching (FRAP, Fig. 4 C-E, S5, S6) of GFP-aldolase A.
The aldolase mutant unable to bind actin but with full catalytic activity (R42A) had rapid
FRAP kinetics unaffected by PI3K pathway manipulation (Fig. 4 C, S5A). In serum-
deprived cells FRAP of wild-type (WT) GFP-aldolase A was slower than FRAP of R42A
GFP-aldolase A (Fig. 4 D, S5B). With insulin stimulation, FRAP of WT GFP-aldolase A
accelerated (Fig. 4 D), and acceleration was prevented by BKM120 but not MK2206 (Fig.
4D, S5B), indicative of a PI3K-mediated release of aldolase from the cytoskeleton.
Treatment with Jasplakinolide partially reversed FRAP acceleration, while the actin-
destabilizing Cytochalasin D accelerated FRAP further (Fig. 4 E, S6).
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Glycolytic flux, as determined by ECAR, tightly correlated with the mobility of aldolase A
(Fig. 4 F-H). In R42A GFP-aldolase A expressing cells, glycolytic flux was similar to that
of control cells stimulated with insulin, and not significantly affected by BKM120 (Fig. 4 F,
S4E). In WT GFP-aldolase A expressing cells, BKM120 prevented the mobilization of the
glycolytic reserve (Fig. 4 G). As expected from FRAP and FCS, the actin-stabilizing
Jasplakinolide prevented mobilization of the glycolytic reserve while the actin-destabilizing
Cytochalasin D led to a maximum increase in glycolytic flux (Fig. 4 H).

Aldolase mobilization is mediated by PI3K-signaling through activation of Rac

Activation of the PI3K pathway including activation of Rac leads to cytoskeletal
reorganization (Brachmann et al., 2005) (Cantley, 2002). Binding of GTP-Rac to the Rac/
Cdc42 (p21) binding domain (PBD) of PAK promotes actin remodeling (Benard et al.,
1999). PBD domain-dependent pull-down of endogenous Rac (Fig. 5A, S7A) or GFP-Rac
(Fig. S7B) was enhanced by insulin and blocked by BKM120 and BYL719 but not by
inhibitors of AKT or SGK. Downstream targets of Rac include the p21-activated protein
kinase (PAK) (Joneson et al., 1996) as well as the WAVE/p34 complex (Miki et al., 1998).
Insulin-induced phosphorylation of PAK was blocked by BKM120 and BYL719, but not by
inhibitors of PI3Kp, AKT or SGK (Fig. 5 B) and paralleled aldolase release (Fig. 5 B). PAK
activation, aldolase release and activity were decreased after transfection of a dominant
negative form of Racl (Rac1T17N) while over-expression of WT or constitutively active
Racl (Rac1Q61L) augmented PAK phosphorylation, aldolase release and activity (Fig. 5C,D
and S7 C,D). Similarly, depletion of Racl, restored through transfection of a SiRNA-
resistant GFP-Racl, decreased the response to insulin stimulation with regard to aldolase
mobilization, aldolase activity or PAK1/2 phosphorylation, but had little effect on AKT
S473 phosphorylation (Fig. 5 E, F, STE). Consistently, an inhibitor of Racl, NSC 23766,
abolished insulin-induced PAK phosphorylation and aldolase A mobilization and aldolase
activity, but not AKT phosphorylation (Fig 5G, H, S7F). As expected, the RAC1-inhibitor
also decreased aldolase A mobility (Fig. 6 A,B) as determined by FCS or FRAP, and the
glycolytic reserve (Fig. 6 C).

Consistent with Rac activation, WAVE?2 and p34, components of the WAVE and ARF2/3
complexes, co-localized with F-actin in response to insulin (Fig. S7 G,H). SiRNA ablation
of p34 or WAVE2 (Fig. 6 D, S8 1) or the Arp2/3 inhibitor CK-666 (Fig. 6 E, S7J) decreased
the ability of cells to mobilize aldolase A from F-actin. These data show that mobilization of
aldolase A in response to PI3K pathway activation is mediated by Rac and its downstream
effectors.

PI3K-inhibitors block the aldolase step in breast cancers in vivo

Since alterations in PI3K signaling are highly prevalent in epithelial cancers, we tested if
PI3K-inhibition had a similarly profound effect on mid- and lower glycolysis in cancer /n
vivo. We used a mouse model of BRCAL-related breast cancer, where we had previously
observed a synergistic effect of PI3K- and PARP-inhibition (Juvekar et al., 2012). Cohorts of
tumor-bearing mice were created through syngeneic transplantation (Rottenberg et al.,
2007).
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Upper glycolysis was probed with positron emission tomography of 18FDG (*8fluoro-
deoxyglucose) uptake (Fig. 7 A, C). FDG-PET measures glucose uptake and
phosphorylation, and previous studies have shown that PI3K inhibitors can suppress FDG-
PET uptake in breast tumors (Mayer et al., 2014). We used NMR detection to determine the
interconversion of hyperpolarized 13C-pyruvate to 13C-lactate (Fig. 7 B, C), which is
influenced by glucose uptake, LDH activity, NADH availability and endogenous lactate
concentration (Witney et al., 2011). For each tumor-bearing mouse (n=4 for PET-CT and
NMR), baseline imaging was performed. Then, two doses of BYL719 were given to the
mice, 12-16 hours and 2—4 hours before the second scan. All measurements are expressed as
change relative to the pre-treatment baseline (Fig. 7C). Tumors proved highly glucose-avid
at baseline (Fig. 7A) and, similarly, the inter-conversion of pyruvate to lactate was readily
detected (Fig. 7B). BYL719 caused only a minor, insignificant reduction in FDG-uptake
during this period of time similar to what was seen with 2-DG in MCF10A (Fig. S1E) or
HCC1937 cells (Fig. S1F). However, BYL719 caused a 40 to 50% decrease in the rate of
conversion of 13C-pyruvate to 13C-lactate (Fig. 7B, quantified in Fig. 7C), i.e. there was a
disproportionate reduction of the 13C-pyruvate to 13C-lactate conversion relative to the
minor reduction in FDG-uptake, while levels of total aldolase A, GAPDH and LDH in
tumors did not change (Fig. 7D). The in vitro studies (Fig. 1) showed that BYL719
suppresses production of the substrate for GAPDH, Ga3P and the product of GAPDH,
NADH. Although there may be multiple explanations for the ability of BYL719 to inhibit
the conversion of 13C-pyruvate to 13C-lactate in the tumor, a reduction in NADH required to
convert pyruvate to lactate via lactate dehydrogenase (LDH) would explain this finding and
is consistent with the regulation of mid- or lower glycolysis by PI3K independent from
glucose uptake and phosphorylation.

In vivo isotope tracing analyses with ([U]-13C)-glucose pinpointed the block to the aldolase
step. A bolus of [U]-13C-glucose was administered intraperitoneally 90 min prior to
euthanasia, followed by tumor harvest and mass spectrometry (Fig. 7D). The sharpest drop
in 13C-glucose metabolites was again seen in the aldolase product DHAP (Fig. 7D).
Immunoblotting of tumor tissue lysates showed that enzyme levels did not decrease in
response to BYL719, and hence the differences in glycolytic flux were not explained by
transcriptional or post-transcriptional regulation of aldolase A (Fig. 7D, insert), but by PI3K-
induced mobilization of aldolase.

Discussion

Regulation of glycolysis through mobilization of aldolase

Systemically elevated aldolase activity was first observed in cancer, /n vivo, 70 years ago
(Warburg, 1945). The tumor tissue was subsequently found to be the source of high aldolase
activity (Sibley, 1958) and specifically high aldolase A levels (Schapira, 1966). Our data
provide a mechanism for this finding and may explain its biological significance: Signal
transduction via PI3K allows for the physical dissociation of aldolase from F-actin into the
cytoplasm where it is active (Fig. 7E). This simple, biophysical mechanism of activating
aldolase through recruitment from the cytoskeleton is a rapid and efficient way for cells to
increase metabolic flux. Redistribution of aldolase in response to PI3K signaling achieves
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coordination of cytoskeletal dynamics and glycolysis, while avoiding the time- and energy-
consuming path of transcriptional activation and biosynthesis of new enzyme molecules.

While a number of glycolytic enzymes associate with the cytoskeleton, and will presumably
be released when actin dynamics increase, the change of glycolytic flux in response to
insulin signaling appears to be primarily mediated by the mobilization and activation of
aldolase. Aldolase catalyzes a reverse aldol condensation leading to break-up of F-1,6-BP
into DHAP and Ga3P in an energetically unfavorable multi-step reaction that is slow relative
to the preceding phosphorylation and subsequent oxidation steps of glycolysis. With its
unique mechanism, aldolase A has a low turnover rate (Kcat) relative to the upstream
Hexokinase or Phosphofructokinase (Albe et al., 1990; Morris et al., 1996). Hence when
insulin stimulation leads to a rapid increase in cytosolic F1,6 BP, the cytoplasmic abundance
of active aldolase A may become rate-limiting to pace mid- and lower glycolysis.
Conversely, PI3K-inhibition can limit glycolytic flux by tethering aldolase to the actin
cytoskeleton, even under conditions where AKT remains active and supports glucose uptake
and phosphorylation (Fig. 1C).

The differential response to PI3K- versus AKT-inhibition is most clearly seen after 3—4
hours (Fig. 1A) when the PI13K-inhibitor effect persists, while the NADH/NAD ratio in cells
treated with the AKT-inhibitor recovers (Fig 1A). Consistent with recent reports showing
that disruption of mitochondrial metabolism can lead to feedback activation of the PI3K
pathway (Pelicano et al., 2006), this recovery may be due to feed-back activation of enzymes
upstream from aldolase, such as phosphofructokinase (PFK1). In the case of AKT-inhibition,
such feed-back activation would compensate for increasing ATP depletion and rescue the
NADH/NAD ratio (Fig. 1A, 3d and 4" panel). However, with PI3K-inhibition blocking
glycolysis at the aldolase step downstream from PFK1, such feedback activation of PFK1
could not result in a recovery of the NADH/NAD ratio (Fig. 1A, first two panels). The acute
disruption of mitochondrial electron flux with oligomycin resulting in the mobilization of
the glycolytic reserve may be the equivalent of ATP depletion due to prolonged AKT-
inhibition (Fig. 1B).

Metabolic implications of a selective block at the aldolase step

Recent studies from our and other laboratories have shown that in some tumors, the non-
oxidative pentose phosphate pathway, which requires the product of aldolase A, Ga3P, is a
major source of the ribose needed for nucleotide synthesis and 3PG conversion to Ser and
Gly can play a critical role in purine synthesis (Locasale et al., 2011) and glycolysis supplies
ATP needed for deoxynucleotide phosphorylation. Thus, regulation of glycolysis at the step
of aldolase can potentially have a profound effect on deoxynucleotide synthesis, perhaps
explaining the dramatic effect of PI3K inhibitors in combination with a PARP-inhibitor on
rapidly growing BRCA1-related tumors (Juvekar et al., 2012) that need high rates of
nucleotide synthesis both for cell cycle progression and DNA repair.

The combined analysis of /7 vivo imaging with 8FDG-PET scanning and MRI of
hyperpolarized 13C-pyruvate to lactate conversion suggests that PI3K o regulates glycolysis
in mid- and lower glycolysis, independent from and in addition to its role in regulating initial
steps in glycolysis. While the data could be explained by a decrease of the cytosolic
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NADH/NAD*- ratio resulting from effects of PI3K inhibition outside of lower glycolysis,
our /n vitro observations support the concept of regulation of the aldolase reaction by PI3K,
mediated by Rac and independent from AKT. They are consistent with and may explain the
recent observation that AKT-independent PI3Ka regulation of Racl is required for KRAS-
induced pancreatic tumorigenesis in mice (Wu et al., 2014). Recent clinical studies
demonstrated that the ability of PI3K-inhibitor treatments to cause a decrease in 18FDG-PET
uptake in tumors may be predictive of response to these agents (Mayer et al., 2014) It is
possible that metabolic imaging of 13C-pyruvate to 13C-lactate conversion (Fig. 7B), which
has recently been shown to be safe and feasible in humans (Nelson et al., 2013), could
potentially be helpful in guiding the use of PI3K- versus AKT- or mTOR-inhibitors for
cancer treatment, although such approach would require prospective clinical evaluation.

Coordination of glycolysis and cytoskeletal remodeling by PI3K signaling

Functional epithelial cells are polar and respond to localized growth factor stimulation with
PI3K activation leading to cytoskeletal remodeling. The structure and dynamics of F-actin
are determined by the Arp2/3 complex, the initiation site for the polymerization of new,
branched actin filament strands (Rotty et al., 2013). The Arp2/3 complex itself is regulated
by signaling events, specifically the small GTPase Rac and phosphatidylinositol (3,4,5)-
trisphosphate (PIP3), which jointly activate the SCAR-WAVE complex which in turn further
activates the Arp2/3 complex (Lebensohn and Kirschner, 2009). Recent studies have shown
the spatial and temporal integration of F-actin polymerization, Arp2/3 nucleation and PI3K
signaling on the subcellular level in fibroblasts (Johnson et al., 2015) and suggest that PI3K
signaling can both promote and respond to Arp2/3-mediated actin polymerization in
subcellular areas where architecture rapidly changes, such as membrane protrusions. Our
results add to this model as they suggest that PI3K regulates epithelial function through the
temporary and spatially controlled release of aldolase from the actin cytoskeleton, resulting
in the coordination of glycolysis and cytoskeletal dynamics. In functional epithelial cells it
may ensure the proximity of energy production and cytoskeletal rearrangement. Conversely,
in epithelial cancer cells, constitutive activation of the PI3K pathway, for example as a result
of an activating P/IK3CA mutation, may lead to uncoordinated, increased cytoskeletal
turnover resulting in loss of epithelial cell function and excess of free, cytoplasmic aldolase
that drives tumoral glycolysis, effectively leading to the de-differentiation characteristic of
cancer cells.

Experimental Procedures

For additional information see Supplemental Experimental Procedures Drugs and

treatments

BKM120 (Buparlisib) and BYL719 (Alpelisib) were obtained via a MTA from Novartis
pharmaceuticals. See Table S1 for sources and concentrations of drugs used.

Cell culture and transfection

Immortalized mammary epithelial cells (HMEChtert, in short HMEC, a gift from Dr. Robert
Weinberg) and MCF-10A and HCC1937 (both from ATCC) were cultured in standard
conditions. MCF-10A cells expressing inducible myristoylated HA-AKT1 or WT HA-AKT1
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(gift from Dr. Alex Toker) were treated with doxycycline at 0.5 pg/ml 16 hours prior to lysis
to induce AKT1 expression. MCF10-A cells with knock-in of PIK3CA or AKT mutations
were generated as described (Lauring et al., 2010). Unless noted otherwise, cells were
serum- and growth factor deprived for 18 hours overnight, and then stimulated with insulin
for 3 hours prior to permeabilization and/or lysis. For drug treatments, drugs were added to
the cell cultures 15 min prior to insulin.

Plasmids and siRNA experimentation

For a list of plasmids and transfected cells see table S4. Two siRNA duplexes that target
P110a were used., 5,-GCTTAGAGTTGGAGTTTGA-3, and 5,-
GCGAAATTCTCACACTATT-3. siRNA duplexes that target Racl were 5’-
AGACGGAGCTGTAGGTAAA-3 and 5-CCTTTGTACGCTTTGCTCA-3). For controls
and transfection procedures see Supplemental Experimental Procedures.

Syngeneic tumor implants—Animal experiments were conducted in accordance with
Institutional Animal Care and Use Committee (IACUC) approved protocols at Beth Israel
Deaconess Medical Center. Tumors generated in K14-Cre Brcal f/f, Tp53 f/f mice were
syngeneically transplanted as described (Rottenberg et al., 2007) into the mammary pad of
Cre-negative females to generate cohorts of mice.

NADH/NAD+ determination with Wide-Field Time-Lapse Microscopy—MCF10A
cells stably expressing nuclear-targeted NADH biosensor Peredox-mCitrine were maintained
at ~37°C and ~5% CO2. T-Sapphire and YFP images were acquired on a Nikon Eclipse Ti
microscope at intervals of 5-6 minutes. After baseline imaging, cells were treated with
vehicle control or inhibitors and imaged for additional ~20 hours. We generated T-Sapphire-
to-YFP ratios for a population of ~300-700 cells over time in two independent assays for
each condition.

Immunofluorescence

MCF10A cells were examined with a Zeiss Axiovert 200M fluorescence microscope or a
Zeiss LSM 510 Inverted Live-Cell Confocal System.

Fluorescence Recovery After Photobleaching—FRAP was performed on a Zeiss
LSM 510 confocal microscope at 37°C, using a 63x objective. Bleaching was done using the
488 nm argon ion laser and the 543 nm Helium-Neon laser, set to 100% outpult.
Fluorescence recovery curves represent the median of the fluorescence recovery of at least
14 cells. Curves were modeled using GraphPad Prism software and the one phase
exponential decay algorithm.

Cell permeabilization, fractionation and determination of aldolase A levels—2
x 10° MCF10A cells/well were seeded into 6-well plates and treated with as indicated. For
permeabilization, cells were washed with 3x PBS and then incubated in 30 pg/ml
digitonin/PBS for 5 min at 4°C. After incubation, the supernatant was collected and cells
lysed with 200 ul of RIPA buffer for each well. The supernatant was centrifuged at 2000 rpm
to remove cellular components. 40 pl of supernatant (8% of total supernatant) or 20 pl (10%
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of total lysate) of cell lysate were run on the same SDS-page, transferred to PVDF
membrane for immunoblotting and scanned using a LI-COR system. Another 40 pl of
supernatant was used for an enzymatic aldolase assay. The abundance of aldolase protein
was calculated based on the intensity of the aldolase A signal determined with Image J and
corrected for the dilution.

Aldolase enzymatic assay—The aldolase enzymatic assay was performed based on
Boyer’s modification of the hydrazine assay (Jagannathan et al., 1956) in which 3-
phosphoglyceraldehyde reacts with hydrazine to form a hydrazone which absorbs at 240 nm.
Assays were done on either cell lysates (Digitoning 100 pg/ml) or supernatants of
permeabilized cells (Digitonin 30 pg/ml).

Metabolism analysis—For steady state studies metabolite fractions were resuspended in
HPLC-grade water and analyzed by targeted liquid chromatography - tandem mass
spectrometry (LC-MS/MS) using a 5500 QTRAP mass spectrometer (AB/SCIEX) coupled
to a Prominence UFLC HPLC system (Shimadzu) with Amide HILIC chromatography
(Waters). Data were acquired in selected reaction monitoring (SRM) mode using positive/
negative ion polarity switching for steady-state polar profiling. SRM transitions were also
created for 13C labeled precursor and fragment ions for monitoring 13C incorporation. Peak
areas from the total ion current for each metabolite SRM transition were integrated using
MultiQuant v2.0 software (AB/SCIEX).

FDG-PET Scanning—Mice were examined on a NanoPET/CT (Bioscan/Mediso) scanner
under isoflurane anesthesia as described previously (Juvekar et al., 2012).

Hyperpolarized NMR Studies—100mM hyperpolarized pyruvate solution was prepared
by dynamic nuclear polarization as described previously (Varma et al., 2015). A 28 mm
transmit/receive 13C surface coil was placed over the tumor of an anaesthetized mouse. T2-
weighted proton images were acquired. 250ul of hyperpolarized pyruvate solution was
administered intravenously as a 10s bolus, and slice-selective 13C spectra were acquired
from the tumors. Acquisition parameters and quantification of relative lactate signal are
described in the supplementary methods.

Two-photon fluorescence correlation spectroscopy—MCF10A cells expressing
eGFP-labeled aldolase were grown on a cover glass and mounted onto a custom-made
heating stage with temperature controlled by thermocouple. eGFP fluorophores were excited
by two-photon excitation: 3 mW at 850 nm, generated by a mode-locked Ti-sapphire laser.
FCS curves were acquired over a 2-hour time period at 15 min intervals. The FCS curves
obtained during the experiments were fit by a model function for freely diffusing particles
and a 3-dimensional Gaussian confocal volume.

Glucose uptake

Cells were treated with 1 mM 13C labeled 2DG for 30 seconds and metabolites collected
with 70% methanol extraction for LC-MS/MS. Alternatively, glucose uptake was measured
with the a kit from abcam (ab136955).
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Seahorse assay

An XF24 Extracellular Flux Analyzer (Seahorse Bioscience, North Billerica, MA, USA)
was used to determine the effects of the inhibitors on MCF10A or mAKT-MCF10A cells
which were seeded at 20,000 cells/well Measurements of extracellular acidification rate
(ECAR) were performed according to the manufacturer’s instructions.

Statistical analysis—Unless otherwise noted, data are presented as the means + SD; a
two-tailed ¢test was used to determine significance.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

Inhibition of AKT does not phenocopy the effects of PI3K inhibition on glycolysis. A, B.
PI3K-, but not AKT- or mTOR-inhibitors decrease the cytosolic NADH/NAD? ratio and
glycolysis in MCF10A cells. The NADH/NAD? ratio (A) was determined in MCF10A cells
expressing the fluorescent biosensor Peredox (Hung et al., 2011) treated with inhibitors of
pan-P13K (BKM120, 2.5 uM), PI3Ka (BYL719, 2.5 uM), AKT (MK2206, 200 nM), or
mTOR (Rapamycin, 100 nM; see Tab S1 for a list of the inhibitors). The ratio of
NADH/NAD+ (right scale, red numbers) was estimated based on /n vitro calibration
experiments shown in (Hung et al., 2011). The red arrow indicates start of treatment. Each
curve represents the median biosensor response for a population of ~300-700 cells, acquired
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in two independent assays. B. Glycolysis, including glycolytic reserve (mobilized and
extinguished with Oligomycin or 2-deoxy-glucose (2DG) respectively) were measured using
a Seahorse instrument after pre-incubation with drugs or insulin. Shown are ECAR means +
SD of experimental triplicates. C, D. Effect of the pan-PI3K inhibitor BKM120 and the
P13Ka inhibitor BYL719 on glycolytic intermediates in MCF10A cells expressing
constitutively active mAKTI (C) or WT AKT1 (D). Cells were treated with BKM120 (1
uUM) or BYL719 (1 uM) for 3 or 8 hours, and metabolite abundance determined by mass
spectrometry. E, F. Effects of BKM120 or MK2206 on glycolytic intermediates in
HCC1937 cells, E. Steady-state after 16 hours of treatment; F. cells were treated with
inhibitors as indicated for 3 hours, glucose was replaced with [U-13C]-glucose for 0.5 min
before extraction flux analysis. All metabolite levels (Tab. S2) were normalized to vehicle
control, each bar represents the mean £ SD of experimental triplicates.
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Figure 2.

PI3K pathway activation promotes mobilization of aldolase and increases its catalytic
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activity. A. Aldolase activity in response to insulin stimulation. GFP-expressing MCF10A
were serum-starved overnight, insulin-stimlated for 3 hours, lysed with Digitonin (100 pg/
ml), followed by aldolase enzyme activity determination. B. Cells were treated as in A.
Where indicated, cells were permeabilized with digitonin (30 pg/ml) for 5 min. Supernatant

(upper two panels) and cell lysate (lower 4 panels) for each assay were subjected to

immunoblotting as indicated. C. Quantification of aldolase A in the immobile (cell lysate)
and the diffusible fraction (supernatant) by immunoblotting (for scan see Fig. S2A), and of
aldolase activity in the immobile fraction (supernatant). Bar graphs represent means + SD of
three independent experiments. D. Serum- and growth factor deprived MCF10A cells were
prepared as in A, pre-treated with drugs for 15 min, followed by addtion of insulin for 3
hours, lysed with Digitonin (100 pug/ml) and aldolase activity was determined. Bar graphs
represent means + SD of three independent experiments. E. MCF10 cells were treated as in
D, and permeabilized with Digitonin (30 pug/ml). Supernatant and cell lysate were collected

separately for immunoblotting. F. Quantification of aldolase A protein in the immobile
fraction (cell lysate) and in the diffusible fraction (supernatant), and determination of
aldolase activity in the supernatant (for scan see Fig. S2B and C). Bar graphs represent

means + SD of experimental triplicates. G. Determination of free aldolase in MCF10A cells
with knock-in mutations of activating mutations in P/IK3CA (E545K, H1047 R) or AKT1

(E17K). Digitonin permeabilization as in B; quantification of aldolase release in three
independent experiments is provided in Fig. S3F. See Tab. 1 for details on drugs used.
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Figure 3.

PIQSK activation mobilizes aldolase from F-actin. A. MCF10A cells were prepared as in Fig.
2 D, lysed and fractionated. Vimentin is used as a marker for the cytoskeletal (CF) and
GAPDH for the soluble fraction (SF). Fractions from untreated cells are controls for the
fractionation procedure (far-right lane) (also see Fig. S3G). B. Co-localization of aldolase
with F-actin is disrupted by PI3K activation. HA-ALDOA (visualized with Alexa-green)
was transfected into HMEC cells. Cells were serum-starved, pretreated with BKM120 or
vehicle control for 15 min, followed by addition of insulin, fixation, immunostaining (green)
and phalloidin staining (red). Scale bar represents 10 pm. C. The actin polymerization status
affects insulin-induced aldolase mobilization from the cytoskeleton. MCF-10A were treated
as in Fig. 2 D, except that cytochalasin D or E were used, permeabilized and supernatant and
lysates were collected (also see Fig. S3H). D. MCF10A were treated as in Fig. 3C, except
that Jasplakinolide was used to stabilize F-actin (also see Fig. S31). E. Time course of
aldolase mobilization from the cytoskeleton and its reversal by actin stabilization (also see
Fig. S3J).
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Figure 4.

Regulation of aldolase dynamics and glycolytic flux by PI13K and F-actin remodeling.
Fluorescence correlation spectroscopy (FCS) measures the mobility of GFP-aldolase
molecules as they cross the path of a laser beam focused on a given point in the cytoplasm
(also see Fig. S4 C, D). Fluorescence recovery after photobleaching (FRAP) measures the
influx of fluorescent GFP-aldolase into a cytoplasmic area after photobleaching (Fig. S5 and
S6). A, B. FCS of GFP-aldolase transfected into MCF10A cells. Serum or growth factor-
deprived cells were scanned and treated with insulin in the absence or presence of drugs as
indicated. Every 15 min, the diffusion time was obtained for at least 8 different cells.
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Displayed are means +/- SD relative to control, i.e. time point O prior to insulin and/or drug
treatment. C, D, E. FRAP analysis of GFP-aldolase. HMEC cells expressing the aldolase
mutant GFP-R42A ALDOA (C) or GFP-WT ALDOA (D, E) were serum-deprived and
treated with BKM120, MK2206 (C, D) and the actin de-stabilizing Cytochalasin D or actin-
stabilizing Jasplakinolide (E). Insulin was added 15 min after drugs for a total of 3 hours.
Time point zero is set to the start of the recording of the recovery signal following
completion of the laser pulsing (7 seconds) and recovery was recorded every 4 seconds. For
each condition, at least 14 different cells were analyzed over time. Note that diffusion of the
GFP-proteins continues during the bleach, leading to a y-intercept of 0.8 for GFP-R42A
aldolase A (C) and 0.7 for GFP-WT aldolase A under serum starvation (D and E). F—H. The
actin-aldolase interaction regulates glycolysis. MCF10A cells were transfected with vector
control, HA-R42A-ALDOA (F) or HA-WT-ALDOA (G) (also see Fig. SAE) and treated
with BKM120 (F, G) or Cytochalasin D or Jasplakinolide (H) and insulin and subjected to
ECAR determination as described in Fig. 1 B. See Tab. S1 for details on drugs used.
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Aldolase mobilization from the cytoskeleton is regulated by PI13K through the Rac pathway.

A. Binding of endogenous, activated Racl to the PAK1-PBD is prevented by PI3K-

inhibition. MCF10A cells were prepared as in Fig 2D and lysed. In lane 1, GDP (1 mM final
concentration) was added prior to precipitation as a negative control. Immunoblotting of
GST-PAK-PBD precipitates (first row) or total lysates (rows 2—7) as indicated (also see Fig.
S7A). B Inhibition of total PI3K and PI3Ka but not inhibition of AKT, SGK or PI3K},
prevents insulin-induced PAK1/2 phosphorylation and aldolase mobilization (see Tab. S1 for

details on drugs used). Treatment of cells and collection of supernatant and immaobile
fractions were as in Fig. 2E. C. Effects of Racl mutants on insulin-induced aldolase

mobilization. MCF10A cells were transfected with control vector, HA-Rac1, dominant
negative HA-RaclT17N, or constitutively active HA-Rac1Q61L, treated with BKM120 and
insulin, permeabilized and lysed as in Fig. 2E (also see Fig. S7D). D. Quantification of

aldolase activity in the supernatant of cells treated in C as described in 2F. Bar graphs

represent means + SD of experimental triplicates. E. Depletion of Racl decreases insulin-
induced aldolase mobilization from F-actin. MCF10A cells were transfected with Racl

siRNAs or controls and treated as in Fig. 2B. SiRNA resistant GFP-Rac1 expression
constructs were used to rescue the sSiRNA-mediated effects (also see Fig. STE). F.

Quantification of aldolase activity in the supernatant of cells treated in E, as described in

Fig. 2C. Bar graphs represent means + SD of three independent experiments. G. Rac

inhibition prevents insulin induced mobilization of aldolase A. MCF10A cells were treated
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as in Fig. 2E except that a Rac inhibitor (NSC23766) was used (also see Fig. S7F). H.
Quantification of aldolase activity in the supernatant of permeabilized cells treated in G. Bar
graphs represent means x SD of experimental triplicates.
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Figure 6.

Rac1 inhibition reduces insulin-induced aldolase mobilization from F-actin and glycolytic
flux A. Two-photon fluorescence correlation spectroscopy of GFP-aldolase transfected into
MCF10A cells. Serum or growth factor-deprived cells were scanned and then treated with
insulin in the absence or presence of the Rac inhibitor NSC23766. FCS was performed as
described in Fig. 4 A. B. FRAP analysis of GFP-aldolase. Cells expressing GFP-WT
ALDOA were serum-deprived overnight, stimulated for 3 hours with insulin in the absence
or presence of the Rac inhibitor and FRAP was determined as in Fig. 4C (also see Fig. S6).
C. Rac-inhibtion decreases the glycolytic reserve similar to PI3K-inhibition. MCF10A cells
were treated with PI3K- or Rac-inhibitor and insulin and subjected to ECAR determination
as described in Fig. 1 B. D. Depletion of Wave2 or P34 decreases insulin-induced aldolase
mobilization from F-actin. MCF10A cells were transfected with pooled siRNAs or controls
and then treated as in Fig. 2B (also see Fig. S71). E. Arp2/3 complex inhibition prevents
insulin induced mobilization of aldolase A. MCF10A cells were treated as in Fig. 2E, except
that a Arp2/3 complex inhibitor (CK-666) was used (also see Fig. S7J).
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Figure 7.
The PI3K-inhibitor BYL719 blocks glycolysis in breast cancers /n vivo. Cohorts of mice

with breast cancer were created through syngeneic transplantation of K14-Cre BRCAL#/f
p53f/ftumors and randomized to control or BYL719. Mice were treated twice with
BYL719, 12 hours and again 2 hours prior to the MRI or PET-CT scans. A. Effect of
BYL719 on tumoral 18FDG uptake. Mice were scanned and tumor uptake determined before
(upper panel) and after (lower panel) treatment with BYL719. FDG-PET (left panels) and
computer tomography (right panels) were obtained simultaneously. B. Time dependence of
the 1-13C-pyruvate and 1-13C-lactate signals in a representative tumor following injection of
hyperpolarized 1-13C-pyruvate solution. Tumor-bearing mice (n=4) were scanned at baseline
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and after BYL719. For each scan a ~10 second bolus of 13C-pyruvate was given via tail vein
injection and slice-selective 13C spectra were acquired every 2 seconds starting at the time of
the injection. C. Summary of the reduction in 18FDG-uptake and pyruvate to lactate
conversion upon /n vivo treatment with BYL719. The bar graph represents the mean
reduction observed between pre- and post-treatment scans (done within a 2—4 day window)
for each of the two modalities. D. Effect of BYL719 on the metabolism of [U-13Cg] glucose
in breast tumors /n vivo. Mice were injected intraperitoneally with a [U-13Cg]-glucose
solution and metabolites extracted from the tumors. Data are presented as the fractional
labeling of the pool (Tab. S3). Error bars represent the means + SD of four tumors per
treatment group. Immunoblot insert shows target inhibition (pAKT) and metabolic enzyme
levels in tumors. E. PI3K activation promotes glycolysis through mobilization of aldolase
from the cytoskeleton. PI3K-initiated AKT activation leads to increased glucose import and
positively regulates the hexokinase and phosphofructokinase reactions, providing increased
substrate for the aldolase reaction. In parallel, PI3K-activation accelerates actin dynamics
via Rac increasing levels of free, cytoplasmic aldolase thereby coordinates the generation of
ATP and biomass with the energy-intensive process of cytoskeletal remodeling.
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