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ABSTRACT
Macropinocytosis is an actin-dependent but clathrin-independent
endocytic process bywhich cells nonselectively take up large aliquots
of extracellular material. Macropinocytosis is used for immune
surveillance by dendritic cells, as a route of infection by viruses and
protozoa, and as a nutrient uptake pathway in tumor cells. In this
study, we explore the role of class I phosphoinositide 3-kinases
(PI3Ks) during ligand-stimulated macropinocytosis. We find that
macropinocytosis in response to receptor tyrosine kinase activation is
strikingly dependent on a single class I PI3K isoform, namely PI3Kβ
(containing the p110β catalytic subunit encoded by PIK3CB). Loss of
PI3Kβ expression or activity blocks macropinocytosis at early steps,
before the formation of circular dorsal ruffles, but also plays a role in
later steps, downstream from Rac1 activation. PI3Kβ is also required
for the elevated levels of constitutivemacropinocytosis found in tumor
cells that are defective for the PTEN tumor suppressor. Our data shed
new light on PI3K signaling during macropinocytosis, and suggest
new therapeutic uses for pharmacological inhibitors of PI3Kβ.
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INTRODUCTION
Macropinocytosis is an actin-dependent but clathrin-independent
endocytic process that mediates the nonselective internalization of
extracellular contents (Bloomfield and Kay, 2016; Bohdanowicz and
Grinstein, 2013; Swanson, 2008). Tumor cells use macropinosomes
for nutrient uptake (Commisso et al., 2013; Kim et al., 2018; Palm
et al., 2017), and dendritic cells use macropinosomes for immune
surveillance (Canton, 2018). Viruses and protozoa hijack the
macropinocytic pathway to infect target cells (de Carvalho et al.,
2015; Sobhy, 2017). Macropinosomes may also serve as a platform
that amplifies phosphoinositide 3-kinase (PI3K)-dependent
downstream signaling (Erami et al., 2017; Yoshida et al., 2018).
Macropinocytosis occurs constitutively in immune system cells

such as macrophages and dendritic cells, or in cells transformed by
activated Ras or loss of PTEN (Bar-Sagi and Feramisco, 1986; Kim
et al., 2018). It can also be stimulated by receptor tyrosine kinases
(RTKs), G protein-coupled receptors (GPCRs) and the Wnt
pathway in a variety of cell types (Ard et al., 2015; Lim and

Gleeson, 2011; Racoosin and Swanson, 1992; Redelman-Sidi et al.,
2018; Roach et al., 2008).Macropinosomes are formedwhen circular
dorsal ruffles (CDRs) form on the dorsal surface of cells, circularize
into cups, and eventually seal and pinch off to form macropinosomes
(Bloomfield and Kay, 2016; Bohdanowicz and Grinstein, 2013;
Swanson, 2008). While there are differences in signaling
mechanisms that regulate constitutive versus ligand-induced
macropinocytosis (Canton et al., 2016), signaling events common
to both forms include the activation of Rac1 and its downstream
effector Pak1 (Dharmawardhane et al., 2000), the activation of
protein kinase C (PKC) via the activation of phospholipase C (PLC),
the production of diacylglycerol (Amyere et al., 2000; Swanson,
1989), and the activation of class I PI3Ks (Araki et al., 2007, 1996).

Class I PI3Ks are the sole source of phosphatidylinositol-(3,4,5)-
P3 (PIP3) in cells, as well as a major source of phosphatidylinositol-
(3,4)-P2 [PI(3,4)P2] via the additional action of 5′-phosphatases
such as SHIP2, synaptojanin and INPP5K (Goulden et al., 2018;
Hawkins and Stephens, 2016). Activation of PI3Ks during
induction of macropinocytosis occurs downstream of activated
RTKs, Src or Ras, but upstream of PLC/PKC (Amyere et al., 2000;
Palm et al., 2017). In Dictyostelium, patches of PIP3 form prior to
the organization of the macropinocytic cup, placing PI3K activation
at an early stage in the process (Veltman et al., 2016). Similarly,
PI3K activation leads to the activation of Rac1 and Pak1, whose
constitutive activation in mammalian cells is sufficient to activate
macropinocytosis (Dharmawardhane et al., 2000; Hodakoski et al.,
2019; Redka et al., 2018), presumably via stimulation of actin-
dependent ruffling. However, PI3Ks are also involved in the later
steps of macropinosome formation, as the sequential production of
PIP3 and PI(3,4)P2 in macropinocytotic cups is required for sealing
and scission (Maekawa et al., 2014; Welliver and Swanson, 2012;
Yoshida et al., 2009).

The specific isoforms responsible for PIP3 production during
macropinocytosis in mammalian cells have not been previously
identified. Macrophages, which express all four class I PI3K
isoforms [PI3Kα, PI3Kβ, PI3Kγ and PI3Kδ; note, these are defined
by the presence of the catalytic subunit p110α, p110β, p110γ or
p110δ, respectively (encoded by PIK3CA, PIK3CB, PIK3CG or
PIK3CD, respectively)] exhibit partial inhibition of CXCL12-
stimulated macropinocytosis following treatment with selective
inhibitors for each isoform, and substantial inhibition with
combinations of inhibitors for PI3Kγ together with PI3Kδ, and
PI3Kα together with PI3Kβ (Pacitto et al., 2017). Isoform
specificity has been demonstrated in Dicytostelium (Hoeller et al.,
2013), but class I PI3Ks in this organism do not contain a regulatory
subunit, and it is difficult to directly compare them to the
mammalian class I enzymes.

In this study, we used both genetic and pharmacological methods
to define the PI3Ks involved in growth factor-stimulated
macropinocytosis in fibroblasts and breast cancer cells. We find aReceived 6 March 2019; Accepted 16 July 2019
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striking requirement for PI3Kβ, and little requirement for the other
isoforms. Loss of PI3Kβ expression or activity blocks
macropinocytosis at an early step, before the formation of circular
dorsal ruffles. PI3Kβ is also required for macropinocytosis
stimulated by constitutively active Rac, suggesting additional
roles for this isoform during macropinosome sealing. Finally,
PI3Kβ is required for the elevated basal macropinocytosis seen in
tumor cells defective for PTEN expression or activity. The
demonstration of a highly selective requirement for PI3Kβ during
macropinocytosis suggests that it could be a useful target in
suppressing pathological processes that rely on this process.

RESULTS
Knockout of PIK3CB does not affect clathrin-mediated or
fluid-phase endocytosis
To explore the isoform specificity of PI3K signaling during clathrin-
mediated endocytosis, we generated stable NIH3T3 cells in which
endogenous PIK3CA or PIK3CB were knocked out using CRISPR/
Cas9; loss of the p110α or p110β subunits was confirmed by
immunoblotting (Fig. 1A).
We measured internalization of [125I]-PDGF in the NIH3T3 cell

lines. p110β has been previously reported to play a kinase-
independent role in receptor-mediated endocytosis of the
epidermal growth factor (EGF) (Ciraolo et al., 2008) and
transferrin (Jia et al., 2008) receptors in mouse embryonic
fibroblasts (MEFs). Surprisingly, we did not observe any
significant differences in PDGF endocytosis between control and
either PIK3CAKO or PIK3CB KO cells (Fig. 1B). Additionally, we
measured the internalization of Lucifer Yellow, a hydrophilic
marker for fluid-phase pinocytosis. Genetic ablation of p110α or
p110β had no effect on the basal uptake of Lucifer Yellow (Fig. 1C).

Knockout or inhibition of PIK3CB/PI3Kβ but not PIK3CA/
PI3Kα blocks growth factor-stimulated macropinocytosis
To investigate the role of PI3Kα and PI3Kβ in macropinocytosis, we
incubated PIK3CA and PIK3CB KO NIH3T3 cells with
tetramethylrhodamine (TMR)-conjugated 70 kDa dextran, an
established marker of macropinocytosis. Consistent with previous
observations (Yoshida et al., 2015), PDGF-BB-stimulated
macropinocytosis in control cells led to an increase in the number
of fluorescently labeled dextran-positive structures (ranging from
0.75 to 5 μm in diameter). TMR–dextran uptake peaked by 30 min
(Fig. S1A). Genetic ablation of PIK3CB but not PIK3CA reduced

macropinocytosis to levels observed in unstimulated cells
(Fig. 2A–C); this data was verified in a second clone for each
knockout (Fig. S1B,C). We saw a similar requirement for PI3Kβ
using isoform-selective kinase inhibitors. Pretreatment with the
PI3Kβ-selective inhibitor TGX221 for 30 min blocked PDGF-
BB-stimulated macropinocytosis to basal levels, whereas we saw
no inhibition with the PI3Kα-selective inhibitors BYL719 or A66
(Fig. 2D). We also tested the role of the two other class I PI3Ks,
PI3Kγ and PI3Kδ, which are expressed at low levels in NIH3T3 cells
(Guillermet-Guibert et al., 2008). Pretreatment with CZC24832 or
IC-87114 to selectively inhibit PI3Kγ or PI3Kδ, respectively, had no
effect on PDGF-BB-stimulated macropinocytosis (Fig. 2E). Taken
together, these data suggest that PI3Kβ is the sole class I PI3K
regulating PDGF-BB-stimulated macropinocytosis in fibroblasts.

To determine whether the isoform-specific contribution of PI3Kβ
to macropinocytosis is unique to fibroblasts, we measured
macropinocytosis in MDA-MB-231 breast cancer cells.
Hepatocyte growth factor (HGF) has been previously reported to
induce membrane ruffling and actin reorganization in MDCK and
KB cells (Nishiyama et al., 1994; Ridley et al., 1995). Stimulation of
quiescent MDA-MB-231 cells with HGF induced a robust
macropinocytic response, and selective inhibition of PI3Kβ, but
not PI3Kα, PI3Kγ or PI3Kδ abolished HGF-stimulated
macropinocytosis (Fig. 2F). Taken together, these data suggest an
essential and unique role for PI3Kβ in growth factor-induced
macropinocytosis.

Knockout or inhibition of PIK3CB/PI3Kβ but not PIK3CA/
PI3Kα blocks growth factor-stimulated circular dorsal
ruffle formation
To define the mechanism by which PI3Kβ regulates
macropinocytosis, we measured circular dorsal ruffles (CDRs),
actin-rich structures that form at the dorsal surface of the cell and are
precursors of macropinocytic cups. PDGF is known to induce
circular dorsal membrane ruffling in fibroblasts (Mellström et al.,
1988). PIK3CA or PIK3CB KO NIH3T3 cells were stimulated with
PDGF-BB for 5 min, and CDRs were identified as actin- and
cortactin-positive circular rings at the dorsal surface of cells. PDGF
stimulation greatly enhanced CDR formation in control NIH3T3
cells (Fig. 3A). Importantly, genetic ablation of PIK3CB but not
PIK3CA abolished PDGF-BB-stimulated CDR formation; loss of
p110β expression significantly decreased both the percentage of
cells forming CDRs and the area of CDRs that did form (Fig. 3A,B;

Fig. 1. PIK3CA or PIK3CB knockout does not affect clathrin-mediated or fluid-phase endocytosis. (A) Immunoblots showing expression of p110α,
p110β and p85α in parental, lentiviral control (CTL) and knockout (KO) NIH3T3 lines. GAPDHwas used as a loading control. (B) Internalization of [125I]-PDGF-BB
by control and knockout NIH3T3 lines. (C) Lucifer Yellow uptake by control and knockout NIH3T3 lines. Data represent the mean±s.e.m. from three independent
experiments (n≥250 cells per condition). n.s., not significant.
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Movie 1–3). Similar results were observed in a second clone from
each knockout cell line (Fig. S2A,B). Consistent with the genetic
ablation data, pharmacological inhibition of PI3Kβ but not PI3Kα
almost completely blocked CDR formation in response to PDGF
(Fig. 3C,D). In cells treated with the PI3Kβ inhibitor, the few CDRs
that did form had significantly smaller areas as compared to control
cells (Fig. 3E). These data suggest that PI3Kβ acts at an early step of
growth factor-stimulated macropinocytosis.
Studies in primary bone marrow-derived macrophages (BMMs)

have shown that the pan-PI3K inhibitor wortmannin had no effect
on CDRs, but blocked the closure of macropinocytic cups into

macropinosomes (Araki et al., 1996). To address the observed
differences in the macropinocytic defect in macrophages versus
fibroblasts, parental NIH3T3 cells were treated with the PI3Kβ-
selective inhibitor TGX221 and/or wortmannin and stimulated with
PDGF. Similar to what was seen with TGX221, wortmannin
abolished CDR formation in NIH3T3 cells (Fig. S3A,B).

Gβγ coupling to PI3Kβ is necessary for macropinocytosis
We have previously identified point mutants in p110β that
selectively disrupt its binding to Gβγ proteins (Dbouk et al.,
2012), and described knockdown/rescue MDA-MB-231 breast

Fig. 2. Knockout or inhibition of
PIK3CB/PI3Kβ blocks ligand-
stimulated macropinocytosis in
fibroblasts and breast cancer cells.
(A) Representative images of PDGF-
stimulated 70 kDa TMR–dextran
uptake by lentiviral control NIH3T3
cells or PIK3CB- and PIK3CA-
knockout (KO) cells. Scale bar:
25 μm. Arrowheads indicate
positions of macropinosomes.
(B) Quantification of PDGF-
stimulated macropinocytosis by
control and PIK3CB-knockout cells
(n≥540 cells per condition).
Macropinosomes were defined as
intracellular vesicles ≥0.7 µm in
diameter. (C) Quantification of
PDGF-stimulated macropinocytosis
by control and PIK3CA-knockout
cells (n≥525 cells per condition).
(D) PDGF-stimulated
macropinocytosis by parental
NIH3T3 cells pretreated with 0.1%
DMSO, PI3Kβ inhibitor (500 nM
TGX221) or two different PI3Kα
inhibitors (α, 1 μM BYL719; α′, 3 μM
A66) (n≥610 cells per condition).
(E) PDGF-stimulated
macropinocytosis by parental
NIH3T3 cells pretreated with a PI3Kβ
inhibitor (500 nM TGX-221), PI3Kδ
inhibitor (1 μM IC-87114) or PI3Kγ
inhibitor (2 μM CZC24832) (n≥470
cells per condition). (F) HGF-
stimulated macropinocytosis by
MDA-MB-231 breast cancer cells
pretreated with isoform-selective
PI3K inhibitors (n≥485 cells per
condition). Data represent the
mean±s.e.m. from three independent
experiments. *P<0.03; **P=0.005;
****P<0.0001.
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cancer cells in which endogenous human p110β was replaced with
murine wild-type, kinase-dead (K-R) or Gβγ-uncoupled (KK-DD)
p110β (Khalil et al., 2016). To test whether Gβγ binding to PI3Kβ is
required for macropinocytosis, we used p110β-knockdown cells
that were infected with lentivirus expressing wild-type or mutant
HA-tagged p110β. Expression of p110β in all of the knockdown/
rescue lines was similar, although higher than in parental MDA-
MB-231 cells (Fig. 4A, top). Expression of p110α was also slightly
increased in the knockdown/rescue cell lines as compared to
parental MDA-MB-231 cells (Fig. 4A, bottom). Control
experiments showed that both lysophosphatidic acid (LPA)-
and HGF-stimulated Akt phosphorylation was inhibited in cells
expressing Gβγ-uncoupled p110β (Fig. 4B,C); the reduction in
HGF-stimulated Akt phosphorylation was surprising, given that
PI3Kα is also able to couple to activated receptor tyrosine
kinases.

Macropinocytosis of 70 kDa TMR–dextran was measured after
stimulation with HGF. Whereas cells expressing wild-type p110β
showed levels of HGF-stimulatedmacropinocytosis that were similar
to those seen in parental cells, cells expressing the kinase-dead or
Gβγ-uncoupled p110β mutant were defective for ligand-stimulated
macropinocytosis (Fig. 4D,E). These data suggest that production of
free Gβγ through the activation of trimeric G-proteins is required for
HGF-stimulated macropinocytosis. Consistent with these data,
pretreatment with pertussis toxin (PTX) significantly blocked
HGF-stimulated macropinocytosis in parental MDA-MB-231
cells (Fig. 4F).

Studies in Ras-transformed cells have suggested that PI3K
activation stimulates macropinocytosis through the activation of
Rac1 (Rodriguez-Viciana et al., 1997). To test this possibility, we
measured dextran uptake in MDA-MB-231 cells expressing
constitutively active Rac (CA-Rac), which potently stimulates

Fig. 3. Knockdown or inhibition of PIK3CB/PI3Kβ blocks PDGF-stimulated CDR formation in fibroblasts. (A) Starved lentiviral control or knockout NIH3T3
cells were stimulated with PDGF for 5 min. Cells were fixed and stained for actin, cortactin and DAPI, and CDRs were identified as actin- and cortactin-
positive rings at the dorsal surface of cells. (B) CDR area in NIH3T3 cells was measured as described in the Materials and Methods. (C) Representative
images of PDGF-stimulated parental NIH3T3 cells pretreated with isoform selective inhibitors for PI3Kα (1 μM BYL719) or PI3Kβ (500 nM TGX221). Cells were
fixed and stained for actin, cortactin and DAPI. Scale bar: 25 μm. (D,E) Quantification of CDR number and area in cells treated with isoform-selective PI3Kα
and PI3Kβ inhibitors. Data represent the mean±s.e.m. from three independent experiments. *P=0.04; ***P<0.0009; ****P<0.00001.
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macropinocytosis (Erami et al., 2017). Interestingly, CA-Rac-
induced macropinocytosis was almost completely blocked in cells
expressing Gβγ-uncoupled p110β (Fig. 4G). Thus, in addition to its
role in CDR formation, PI3Kβ is required for a step in
macropinocytosis that is downstream from Rac1 activation.

PI3Kβ but not PI3Kα is required for macropinocytosis in
PTEN-null tumors
Previous reports have identified PI3Kβ as necessary for the growth
of tumors driven by PTEN loss (Ni et al., 2012; Wee et al., 2008).
Additionally, a recent study has suggested a requirement for
macropinocytosis in the survival and proliferation of PTEN-null

cancers under nutrient stress. Using patient-derived xenografts and
prostate cancer organoids, Edinger and colleagues described a
robust constitutive macropinocytic uptake mechanism in PTEN-null
tumors that is blocked by PI3K inhibition (Kim et al., 2018). We
therefore examined the PI3K isoform specificity of constitutive
macropinocytosis in PTEN-null tumor cells. TGX221 inhibited
constitutive dextran uptake in both PTEN-deficient human breast
(BT-549) (Fig. 5A,B) and prostate (PC3) (Fig. 5C,D) cancer cells,
whereas inhibition of PI3Kα did not significantly affect
macropinocytosis. The macropinocytosis inhibitor EIPA
completely blocked TMR–dextran uptake (Fig. 5B,D). These
data indicate that, in addition to growth factor-stimulated

Fig. 4. Gβγ binding to PI3Kβ is required for HGF- and Rac1-stimulated macropinocytosis in breast cancer cells. (A) Western blots showing p110β
and p110α expression in MDA-MB-231 p110β-knockdown cells expressing wild-type (WT), kinase-dead (K-R) or Gβγ-uncoupled (KK-DD) p110β. (B) Starved
cells expressing wild-type or Gβγ-uncoupled p110β were stimulated for 5 min with 1 ng/ml HGF, 10 μM LPA or a combination of both. Cell lysates were
blotted for Akt, pT308-Akt or GAPDH. (C) Quantification of pAkt:Akt ratios from immunoblots in C. (D) Representative images of PDGF-stimulated 70 kDa
TMR–dextran uptake by cells expressing wild-type or mutant p110β. The cell outline is shown in white in the fluorescence images. Scale bar: 25 μm. (E)
Quantification of HGF-stimulated macropinocytosis in MDA-MB-231 p110β-knockdown cells expressing WT, K-R or KK-DD p110β (n≥630 cells per condition).
(F) HGF-stimulated macropinocytosis in parental MDA-MB-231 cells pretreated with pertussis toxin. (G) p110β-knockdown cells rescued with WT or KK-DD
p110β were transiently transfected with GFP or CA-Rac1 (Rac1Q61L-GFP). Cells were serum starved overnight and macropinocytosis was measured in the
absence or presence of EIPA. Data represents the mean±s.e.m. from three independent experiments; in panel G, data represents the mean±s.d. from two
independent experiments. *P=0.01; **P=0.008; ****P<0.0001.
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macropinocytosis, PI3Kβ has important functions in constitutive
macropinocytosis in PTEN-deficient cells. This could provide a
mechanism by which PI3Kβ contributes to tumor growth that is
driven by the loss of PTEN.

DISCUSSION
PI3Ks are key regulators of macropinocytosis, and inhibition of this
family of enzymes has been shown to block macropinocytosis in
many cell types and tissues (Amyere et al., 2000; Araki et al., 1996;
Kim et al., 2018). This study identifies PI3Kβ as a unique regulator
of macropinocytosis in response to growth factor stimulation or loss
of the tumor suppressor PTEN. By using both genetic and
pharmacological inhibition of class I PI3Ks, we show that PI3Kβ
is the major PI3K isoform required for growth factor-stimulated
macropinocytosis in NIH3T3 cells and MDA-MB-231 breast
cancer cells, and for the enhanced macropinocytosis in PTEN-null
tumor cells.
PDGF stimulation of fibroblasts causes dorsal ruffling and

macropinocytic cup formation, with subsequent cup closure and
release of the macropinosome into the cytoplasm (Bohdanowicz
and Grinstein, 2013; Mellström et al., 1988; Yoshida et al., 2015).
Our data suggests that PI3Kβ is required at an early step in this
process, as PDGF-stimulated CDR formation is selectively blocked
by knockout or inhibition of PI3Kβ. These results are consistent
with a specific requirement for PI3Kβ in apoptotic cells and Fcγ
receptor-mediated phagocytosis by primary murine macrophages
(Leverrier et al., 2003). However, in BMMs (Araki et al., 1996) and
spleen-derived dendritic cells (West et al., 2000), the pan-PI3K
inhibitor wortmannin blocked macropinocytosis but did not inhibit

early dorsal ruffle formation. Of note, while PI3Kα and PI3Kβ are
ubiquitously expressed (Hiles et al., 1992; Hu et al., 1993),
expression of PI3Kδ and PI3Kγ in macrophages might provide a
compensatory mechanism for cells to overcome the requirement for
PI3Kβ in CDR formation. In fibroblasts, which primarily express
PI3Kα and PI3Kβ, we find that wortmannin does block CDR
formation.

The mechanism by which PI3Kβ selectively regulates CDR
formation is not known. Early studies in porcine aortic endothelial
(PAE) cells have shown that PI3K inhibition blocks PDGF-
stimulated membrane ruffling, and this could be rescued by the
expression of wild-type or constitutively active Rac (Hawkins et al.,
1995; Wennström et al., 1994). All class I PI3Ks can activate Rac1
by generating the lipid second messenger PI(3,4,5)P3. Moreover, all
class I PI3Ks can, in principle, be activated by GTP-bound Rac1 or
Cdc42 binding to the BCR domain of the PI3K regulatory subunit
p85 (Bokoch et al., 1996; Tolias et al., 1995; Zheng et al., 1994).
However, PI3Kβ is the only isoform that binds to GTP-bound Rac1
and Cdc42 through its catalytic subunit (Fritsch et al., 2013); this
binding is of substantially higher affinity than Rac1 binding to p85
(Heitz et al., 2019). Moreover, PI3Kβ and Rac1 can form a positive-
feedback loop in PTEN-null hematopoietic stem cells (Yuzugullu
et al., 2015). A positive-feedback loop between Rac1 and PI3Kβ
could amplify Rac1-mediated membrane ruffling, and could be
required for CDR formation.

However, we also see a complete loss of CA-Rac-stimulated
macropinocytosis in MDA-MB-231 cells expressing a Gβγ-
uncoupled mutant of PI3Kβ, and a partial loss in cells expressing
a Rac1-uncoupled mutant (Erami et al., 2017). These data suggest

Fig. 5. Selective inhibition of PI3Kβ blocks constitutive macropinocytosis in PTEN-null cancer cells. (A) Representative images of BT-549 breast cancer
cells pretreated with DMSO, TGX221, BYL719 or EIPA for 30 min, and then incubated with 70 kDa TMR–dextran. The cell outline is shown in white in the
fluorescence images. Scale bar: 25 μm. (B) Quantitation of constitutive dextran uptake in BT-549 cells. (C) Representative confocal images of PC3 prostate
cancer cells treated as in A. Scale bar: 30 μm. (D) Quantification of constitutive dextran uptake in PC3 cells. Data represent the mean±s.e.m. from three
independent experiments. *P<0.02; ***P=0.0003; ****P<0.0001.
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that PI3Kβ plays additional roles at later steps in the formation of
macropinosomes, downstream from Rac1 activation. It is also
interesting that EIPA inhibits micropinocytosis induced by CA-
Rac1. It has been previously shown that EIPA inhibits
micropinocytosis by reducing Rac1 and Cdc42 activation at the
plasma membrane (Koivusalo et al., 2010); in cells expressing CA-
Rac1, EIPA-mediated inhibition of macropinocytosis could be
occurring through effects on Cdc42.
It is surprising that mutation of the Gβγ-binding site in p110β

inhibited HGF-stimulated macropinocytosis and Akt
phosphorylation in MDA-MB-231 cells. This suggests that
optimal signaling by PI3Kβ requires dual inputs from RTKs and
Gβγ, which is consistent with previous in vitro and in vivo data
describing synergistic activation of PI3Kβ by RTKs and GPCRs
(Dbouk et al., 2012; Houslay et al., 2016). The source of Gβγ in
HGF-stimulated breast cancer cells is unknown, but could include
non-receptor trimeric G-protein GEFs such as Girdin or Daple
(Aznar et al., 2015; Garcia-Marcos et al., 2009; Leyme et al., 2015)
or classical GPCRs responding to autocrine growth factors. For
example, MDA-MB-231 breast cancer cells secrete stromal cell-
derived factor 1α (SDF-1α) and express its cognate C-X-C
chemokine receptor type 4 (CXCR-4) (Lee et al., 2004).
Furthermore, while transactivation of GPCRs by the HGF
receptor has not been described, GPCR transactivation has been
documented to occur in response to activation of other RTKs
(Delcourt et al., 2007). The loss of HGF signaling in cells
expressing mutant p110β is not due to effects on p110α expression,
which is slightly increased compared to that seen in parental cells.
Work in Dictyostelium cells has suggested that distinct PI3K

isoforms can regulate different steps in macropinocytosis (Hoeller
et al., 2013). Analysis of phosphoinositide signaling in live cells has
documented the accumulation of PIP3 on nascent macropinosomal
membranes, after the formation of CDRs, but prior to the closure of
CDRs to circular cups (Araki et al., 2007; Welliver and Swanson,
2012; Yoshida et al., 2009). PIP3 then declines and PI(3,4)P2
increases, presumably through the action of a 5′-phosphatase,
such as SHIP2. SHIP2 has in fact been visualized in CDRS,
where it is recruited by binding to the PIP3-binding protein
SH3YL1 (Hasegawa et al., 2011), and depletion of SHIP2 blocks
macropinosome sealing in EGF-stimulated A431 cells (Maekawa
et al., 2014). These data suggest a role for a class I PI3Ks in the late
steps of macropinosome closure. Given that inhibition of other class I
PI3Ks does not inhibit dextran uptake, we suspect that production
of PIP3 by PI3Kβ in the macropinocytotic cup is required for
SHIP2-dependent production of PI[3,4]P2. This would be consistent
with our recent finding that PI3Kβ is required for the production of
PI[3,4]P2 in tumor cell invadopodia (Erami et al., 2019). Direct
demonstration of PI3Kβ action in the cup will require experimentally
bypassing its role in CDR formation; experiments to accomplish this
are in progress.
Multiple reports have identified PI3Kβ as being required for

oncogenic transformation and tumor growth in cancers lacking the
tumor suppressor PTEN (Jia et al., 2008; Wee et al., 2008). The
mechanism that links PI3Kβ to the growth of PTEN-null tumors is
not yet clear. A recent study showing that macropinocytic uptake of
necrotic debris serves as a nutrient uptake mechanism in PTEN-
deficient tumors during times of nutrient stress (Kim et al., 2018)
suggests a novel function for PI3Kβ in these tumors. Our finding
that PI3Kβ is selectively required for constitutive macropinocytosis
in PTEN-null cancer cells is consistent with a mechanism in which
PI3Kβ-mediated macropinocytosis contributes to PI3Kβ-dependent
growth and proliferation of PTEN-null tumors.

In summary, we have demonstrated a specific requirement for
PI3Kβ to mediate macropinocytosis in both ligand-stimulated and in
PTEN-null cells. PI3Kβ acts at an early stage in this process,
promoting the formation of CDRs that mature into macropinocytotic
vesicles. These data suggest that pharmacological inhibition of
PI3Kβ could be therapeutically useful in disorders such as viral
entry into host cells or nutrient scavenging by tumor cells that
depend on robust macropinocytosis.

MATERIALS AND METHODS
Antibodies and reagents
Fibronectin from human plasma (F2006) was purchased from Sigma-Aldrich.
Antibodies against phospho-Akt (Thr308) (1:1000, #13038), Akt (1:1000,
#9272), p110α (1:1000, #4249), p85 (1:1000 #4257) and GAPDH (1:5000,
#2118) antibodies for western blot analysis were purchased from Cell
Signaling Technology. p110β antibody (1:1000, ab151549) was purchased
from Abcam, or produced in-house from rabbits immunized with a KLH-
coupled peptide from the C-terminal 16 amino acids of human p110β (Khalil
et al., 2016). Cortactin antibody (1:200, 05-180)was purchased fromMillipore
Sigma. HRP-linked horse anti-mouse IgG (#7076) and goat anti-rabbit IgG
(#7074) were purchased from Cell Signaling Technology. Alexa Fluor® 488–
phalloidin (#8878) was purchased from Cell Signaling Technology, Alexa
Fluor™ 647 goat anti-mouse IgG (H+L) (A21235) was from Invitrogen,
and DAPI Fluoromount-G® (0100-20) was from SouthernBiotech. For
transient transfection, Lipofectamine 3000 (L3000-015) was purchased from
Life Technologies. Recombinant human PDGF-BB (220-BB) and
recombinant human HGF (294-HG) were obtained from R&D Systems.
Tetramethylrhodamine-conjugated dextran (TMR–dextran), 70,000 Da
(D1818) was obtained from Molecular Probes. TGX221 (S1169) and
CZC24832 (S7018) were purchased from Selleckchem, A66 (SML1213)
and pertussis toxin (PTX) were from Calbiochem (516561). Wortmannin
(W1628), EIPA (A3085) and AS1949490 (SML1022) were from Sigma-
Aldrich. BYL719 and IC-87114 were gifts from Novartis and Professor Peter
R. Shepherd (The University of Auckland, New Zealand), respectively.

Cell culture
Murine embryonic fibroblasts NIH3T3 (CRL-1658), human breast cancer
cells MDA-MB-231 (HTB-26), human breast cancer cells BT-549 (HTB-
122) and the human prostate cancer cell line PC-3 (CRL-1435) were
obtained from the American Type Culture Collection (ATCC). MDA-MB-
231 and NIH3T3 cell lines were maintained in Dulbecco’s modified Eagle’s
medium (DMEM) (Gibco) supplemented with 10% fetal bovine serum
(FBS) (Atlanta Biologicals) and 1% sodium pyruvate (GE Healthcare,
SH30239.01). BT-549 cells were grown in Roswell Park Memorial Institute
(RPMI 1640) medium (Gibco 11875-093) supplemented with 10% FBS,
1% sodium pyruvate and 0.023 IU/ml insulin. PC-3 cells were grown in
Ham’s F-12K (Kaighn’s) Medium (21127-022) supplemented with 10%
FBS and 1% sodium pyruvate. Cells were tested for mycoplasma every
6 months.

Generation of knockout and knockdown/rescue cell lines
PIK3CA-knockout (KO) NIH3T3 cells were generated using CRISPR/
Cas9-targeted genome editing. Briefly, cells were infected with separate
iCRISPR/Cas9 and sgRNA mouse lentiviral vectors (Applied Biological
Materials; target sequence: 5′-CCGTGAGGCCACACTCGTCA-3′) and
selected using Geneticin (Gibco, 11811-031) and puromycin (Sigma-
Aldrich, 61-385-RA). Clonal lines were derived by limiting dilution.
Knockout was confirmed by western blotting and next-generation
sequencing (NGS). PIK3CB KO NIH3T3 cells were generated using an
iCRISPR/Cas9 and sgRNA all-in-one mouse lentiviral vector (Applied
BiologicalMaterials; target sequence: 5′-CCTCATGGACATTGACTCGT-3′)
and selected using puromycin. Clonal lines were derived by limiting
dilution. Knockout was confirmed by western blotting and Sanger
sequencing.

The development of p110β-knockdown MDA-MB-231 cells using
lentiviral shRNA has been previously described (Khalil et al., 2016). HA-
tagged murine wild-type, kinase-dead (K799R; K-R) and Gβγ-uncoupled
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(K532D-K533D; KK-DD) p110β lentiviruses were used to express p110β in
the knockdown cells. Stable cell lines were selected by using blasticidin
(10 μg/ml, InVivoGen). Expression of exogenous p110β was confirmed by
western blotting.

Inhibitor treatments
Inhibitors were added in medium containing 0.5% FBS and 0.2% BSA for
30 min prior to the assays at the following concentrations: TGX221
(500 nM), BYL719 (1 μM), CZC24832 (2 μM), IC-87114 (1 μM), and
EIPA (75 μM). PTX pretreatment (200 ng/ml) was carried out overnight
before the assays. Wortmannin pretreatment (100 nM) was performed in
medium in the absence of FBS or BSA.

PDGF endocytosis
Control, PIK3CA- or PIK3CB-knockout NIH3T3 cells were plated in
24-well dishes. Cells were starved overnight in DMEM containing 0.5%
FBS and 0.2% BSA, and then incubated in the presence of [125I]-PDGF-BB
(50,000 c.p.m./ml; Perkin Elmer). After incubation for 5–30 min, cells were
washed three times for 5 min each in PBS/0.1% BSA or 200 mM acetic acid
with 500 mM NaCl and 0.1% BSA, to measure total cell-associated and
internalized PDGF, respectively. Cells were lysed in 0.1% NaOH with 0.1%
SDS and counted in a gamma counter.

Lucifer Yellow uptake assay
NIH3T3 cells were seeded in 35 mm MatTek dishes (MatTek Corporation,
P35G-1.5-14-C) coated with 10 μg/cm2 fibronectin and cultured overnight
in complete medium. Lucifer Yellow was added to the cells at 1 mg/ml for
30 min at 37°C. The MatTek dishes were placed on ice, washed five times
with ice-cold PBS, fixed with 4% paraformaldehyde (PFA) in PBS for
20 min at room temperature, washed three times with PBS and mounted.
Images were collected using an Olympus IX70 inverted microscope
equipped with a 40× (0.75 NA) objective and analyzed using ImageJ
software as previously described for TMR–dextran uptake (Erami et al.,
2017). The scale was set to 3100 pixels/mm and background subtraction was
performed using a rolling ball radius of 10 pixels. Image adjustment was
made using the Image:Adjust:Threshold commands, selecting Dark
Background and a threshold value where the macropinosomes were
selectively labeled. The resulting thresholded image was compared to a
duplicate image to ensure that all puncta were selected; when necessary,
manual adjustments were made to the threshold value. The same threshold
value was applied to all subsequent images in the same data set. Using the
phase-contrast image, the outline of each cell was traced and superimposed
on the thresholded image. The total threshold area was calculated, divided
by the number of cells in each field and expressed as average fluorescence
area/cell.

Macropinocytosis assay
NIH3T3 cells were seeded as described above and starved overnight in
DMEM supplemented with 0.2% BSA and 0.5% FBS. PDGF-BB (0.5 nM)
and 70 kDa TMR–dextran (1 mg/ml) were added to the cells for 30 min at 37°
C. MDA-MB-231 cells were seeded on glass and cultured overnight in
DMEM supplemented with 0.2%BSA, and then incubated with HGF (50 ng/
ml) and 70 kDa TMR–dextran (1 mg/ml) for 30 min at 37°C. BT-549 and
PC3 cells were plated on glass and grown in complete medium overnight.
Cells were incubated with 70 kDa TMR-dextran (1 mg/ml) for 30 min at 37°
C. In all cases, dishes were transferred to ice, washed five times with ice-cold
PBS, fixed using 4% paraformaldehyde for 20 min at room temperature,
washed three times with PBS and mounted. Image acquisition was performed
as described above, using a 40× (0.75 NA) objective; for PC3 cells, 0.77 µm
sections were taken with a 63×1.4 N.A. objective on a Leica SP5 AOBS
confocal microscope. Images were analyzed using ImageJ software as
described above, except that macropinosomes were defined as particles
greater than 0.75 μm in diameter using the Analyze Particle function.

Circular dorsal ruffle assay
NIH3T3 cells were seeded as described above. Cells were cultured overnight
in DMEM supplemented with 0.2% BSA, 0.5% FBS. PDGF-BB (0.5 nM)

was added for the specified times at 37°C. Cells were fixed using 4%
paraformaldehyde, permeabilized for 3 min with 0.05% Triton X-100, 4%
paraformaldehyde and blocked with PBS containing 1%BSA for 1 h at room
temperature. Samples were then stained for actin and cortactin, washed three
times for 10 min andmounted for microscopy. Samples were imaged using a
40× (0.75 NA) objective. For each experiment, ten random fields were
selected and circular dorsal ruffles (CDRs) were identified as actin- and
cortactin-positive circular structures at the dorsal surface of the cells. The
number of cells showingCDRswas counted, aswere the number of CDRs per
cell. CDR area was determined on superimposed actin and cortactin images
using the polygon selection function to measure the circumference of dorsal
circular ruffles positive for both proteins. The CDR areawas averaged for each
condition and plotted. 868, 380 and 493 cells were examined for lentivirus
control, p110β KO and p110α KO, respectively; 710, 624 and 646 cells were
counted for DMSO, BYL719 and TGX-211 treatments, respectively.

Live-cell imaging
NIH3T3 cells were seeded and cultured as described above. HEPES
(10 mM) was added to the medium, and cells were placed on a heated stage.
Images were recorded at 10-s intervals for a total of 30 min, using a 20× (0.5
NA) objective. PDGF-BB (0.5 nM) was added 1 min after the beginning of
imaging. Time-lapse images were then stacked using ImageJ software.

Western blotting
Cells were pretreated with inhibitors and/or growth factors as indicated, then
lysed with ice-cold lysis buffer [150 mM sodium chloride, 50 mM Tris-HCl
pH 7.4, 1 mM orthovanadate, 1% Triton X-100, 5 mM sodium
pyrophosphate, 0.25% deoxycholate, 5 mM EDTA, 100 mM sodium
fluoride, 100 μM PMSF, and the Pierce™ Protease Inhibitor Mini Tablets
(A32955)]. Lysates were clarified by centrifugation at 13,000 g for 10 min at
4°C, and protein concentrations were determined using the DC™ (Detergent
Compatible) protein assay kit (Bio-Rad). Lysates containing 100 μg of
protein were mixed with sample buffer and DTT (100 mM), boiled for 5 min
and analyzed by western blotting with SuperSignal™ West Pico PLUS
Chemiluminescent Substrate (Thermo Scientific). Gels were quantitated by
densitometry using Image Studio Lite (LI-COR Biosciences).

Statistical analysis
Data are expressed as the mean±s.e.m. from three independent experiments
unless otherwise indicated. Statistical analyses were conducted using one-
way ANOVA.
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