
Chapter 7
Roles for 3’ Phosphoinositides
in Macropinocytosis

Joel A. Swanson and Nobukazu Araki

Abstract The distinct movements of macropinosome formation and maturation
have corresponding biochemical activities which occur in a defined sequence of
stages and transitions between those stages. Each stage in the process is regulated by
variously phosphorylated derivatives of phosphatidylinositol (PtdIns) which reside
in the cytoplasmic face of the membrane lipid bilayer. PtdIns derivatives phosphor-
ylated at the 3’ position of the inositol moiety, called 3’ phosphoinositides (3’PIs),
regulate different stages of the sequence. 3’PIs are synthesized by numerous
phosphoinositide 3’-kinases (PI3K) and other lipid kinases and phosphatases,
which are themselves regulated by small GTPases of the Ras superfamily. The
combined actions of these enzymes localize four principal species of 3’PI to distinct
domains of the plasma membrane or to discrete organelles, with distinct biochemical
activities confined to those domains. Phosphatidylinositol (3,4,5)-trisphosphate
(PtdIns(3,4,5)P3) and phosphatidylinositol (3,4)-bisphosphate (PtdIns(3,4)P2) regu-
late the early stages of macropinosome formation, which include cell surface ruffling
and constrictions of circular ruffles which close into macropinosomes.
Phosphatidylinositol 3-phosphate (PtdIns3P) regulates macropinosome fusion with
other macropinosomes and early endocytic organelles. Phosphatidylinositol (3,5)-
bisphosphate (PtdIns(3,5)P2) mediates macropinosome maturation and shrinkage,
through loss of ions and water, and subsequent traffic to lysosomes. The different
characteristic rates of macropinocytosis in different cell types indicate levels of
regulation which may be governed by the cell’s capacity to generate 3’PIs.
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Introduction

Increased appreciation for the importance of macropinocytosis in health and disease
has highlighted limits to our understanding of the mechanisms of its regulation. The
formation of macropinosomes requires several distinct movements of cytoplasm
which must be coordinated spatially and temporally. The movements include tran-
sient extension of curved protrusions from the plasma membrane followed by
retraction and contraction of those protrusions that close them into membrane-
bounded macropinosomes derived from plasma membrane. Subsequent intracellular
movements of macropinosomes are accompanied by their fusion with endosomes
and lysosomes (collectively referred to as the endolysosomal network (Huotari and
Helenius 2011)), or by reversal of the process through fusion with plasma mem-
brane. These activities are mediated by the assembly, contraction, and disassembly
of the actin filament network that underlies plasma membrane protrusions, by
localized fusion and fission between the macropinosome and endolysosomes, and
by regulated flux of water, ions, and solutes across the bounding membrane of the
macropinosome. The movements are analogous to the movements that phagocytic
cells use to ingest particles. However, unlike phagocytosis, the movements of
macropinocytosis occur without a particle surface to guide the process. The organi-
zation of cytoplasm and signaling molecules during macropinosome morphogenesis
varies between cell types and different kinds of stimulation. In all cases,
macropinosomes form through a self-organized series of distinct chemical activities
which require mechanisms to coordinate the timing of their activation and inhibition.

3’ phosphoinositides (3’PIs) are essential to many of these activities and their
coordination. Although 3’PIs provide no mechanical or structural support for
macropinosome morphogenesis, they do serve to organize the component activities
in space and time. This chapter summarizes the known roles for 3’PIs in the
component activities and overall organization of macropinocytosis.

Phosphoinositides and the Enzymes that Affect their
Abundance

Phosphatidylinositol (PtdIns) is a minor species of phospholipid in cellular mem-
branes, localizing primarily in the leaflet of the membrane lipid bilayer that faces the
cytosolic space (inner leaflet). The hydroxyl groups of the inositol sugar moiety of
PtdIns (Fig. 7.1a) are readily modified by phosphorylation. Thus, PtdIns is substrate
for enzymes that generate phosphatidylinositol 3-phosphate (PtdIns3P), PtdIns4P,
and PtdIns5P, which are substrates for lipid kinases that generate
phosphatidylinositol (4,5)-bisphosphate (PtdIns(4,5)P2), PtdIns(3,4)P2, and PtdIns
(3,5)P2. Phosphatidylinositol (3,4,5)-trisphosphate (PtdIns(3,4,5)P3) is generated by
phosphorylation of PtdIns(4,5)P2 (Fig. 7.1b). These phosphoinositides may be
dephosphorylated by lipid phosphatases; for example, the phosphatase PTEN
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(phosphatase and tensin-homolog) synthesizes PtdIns(4,5)P2 from PtdIns(3,4,5)P3
(Di Paolo and De Camilli 2006).

The 3’PIs in metazoan cells are PtdIns3P, PtdIns(3,4)P2, PtdIns(3,5)P2, and
PtdIns(3,4,5)P3, which are synthesized and degraded by localized activities of
phosphoinositide kinases and phosphatases. For example, PtdIns3P may be synthe-
sized by the phosphorylation of PdtIns by the class III phosphoinositide 3-kinase
(PI3K) VPS34, by the dephosphorylation of PtdIns(3,4)P2 by INPP4, or by dephos-
phorylation of PtdIns(3,5)P2 by Fig. 4 (Di Paolo and De Camilli 2006). The different
3’PIs distribute into different and characteristic membrane compartments. The
reversibility of the phosphorylation reactions allows for the abundance and
location of different phosphoinositide species to be regulated rapidly. Also,
phosphoinositides diffuse laterally in the plane of the membrane leaflet, conferring
on them the ability to integrate laterally the membrane-associated chemical activities
within an organelle or membrane domain. Thus, the cytosolic surface of a

Fig. 7.1 (a) The chemical structure of phosphatidylinositol (PtdIns). The blue box highlights the
hydrophilic inositol moiety, the phosphodiester linkage to glycerol, and the positions of the
hydroxyls which may be variously phosphorylated. The pink box highlights the hydrophobic
diacylglycerol moiety which resides in the membrane lipid bilayer. (b) Essential pathways of
3’PI metabolism. 3’PIs most relevant to macropinocytosis are indicated in red, the principal
pathways of their synthesis and degradation for macropinocytosis are indicated with blue arrows,
and the essential enzymes are indicated in purple font. Overlays indicate the biochemical activities
associated with ruffling (green), macropinosome formation (blue), and macropinosome maturation
(orange). PI3K I: class I PI3K; PI3K II: class II PI3K; PI3K III: Vps34 or class III PI3K. Other
labels are indicated in the text
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macropinosome or phagosome can be rapidly enriched in, or rapidly depleted of, a
single species of 3’PI (Henry et al. 2004).

Phosphoinositides can also be hydrolyzed by reactions which are less readily
reversed. Phospholipase C (PLC) hydrolyzes PtdIns(4,5)P2 on the glycerol side of
the phosphodiester bond, yielding diacylglycerol (DAG) and inositol (1,4,5)-
trisphosphate (InsP3). Other important phospholipases, D, A1 and A2 (PLCD,
PLCA1, PLCA2), primarily hydrolyze phospholipid substrates other than
phosphoinositides. The reaction products of phospholipases have potent biological
activities. Although 3’PIs are not hydrolyzed by phospholipases, the activities of
PLCγ1 and PLCγ2 are regulated in part by PtdIns(3,4,5)P3 and PtdIns(3,4)P2
(Falasca et al. 1998), which may organize PLC-mediated signaling spatially inside
cells through their localization and concentrations.

Enzymes that Synthesize or Degrade 3’PIs

Metazoan cells have three classes of PI3K (Jean and Kiger 2014; Vanhaesebroeck
et al. 2012). Class I PI3Ks, which synthesize PtdIns(3,4,5)P3 from PtdIns(4,5)P2
(Toker and Cantley 1997; Vanhaesebroeck et al. 2012), are comprised of two
subsets. PI3K class IA includes the catalytic proteins p110α (protein symbol:
PIK3CA), p110β (PIK3CB), and p110δ (PIK3CD), and the regulatory proteins
p85α, p55α and p50α (PIK3R1), p85β (PIK3R2), p55γ (PIK3R3), and p150
(PIK3R4). They can be activated by tyrosine kinase receptor signaling, and dimers
containing p110β can also be activated by heterotrimeric G proteins. Class IB PI3K
is comprised of the catalytic protein p110γ (PIK3CG), and the regulatory protein
p101 (PIK3R5), which are activated by heterotrimeric G proteins. Class I PI3K
catalytic proteins have domains that bind to the small GTPase Ras (p110α, p110δ,
and p110γ) or to the GTPases Rac and Cdc42 (p110β), which increase PI3K catalytic
activity (Fruman et al. 2017). Class II PI3Ks (PIK3C2A, PIK3C2B, PIK3C2G)
synthesize PtdIns3P from PtdIns, and PtdIns(3,4)P2 from PtdIns4P. Class III PI3K
(PIK3C3), also called VPS34, synthesizes PtdIns3P from PtdIns.

Some 3’PIs are synthesized by phosphatases or lipid kinases other than PI3K.
SHIP1 (INPP5D) and SHIP2 (INPPL1) are 5’PI phosphatases that hydrolyze PtdIns
(3,4,5)P3 to produce PtdIns(3,4)P2. Inositol polyphosphate-4-phosphatase (INPP4)
synthesizes PtdIns3P from PtdIns(3,4)P2 (Maekawa et al. 2014). PIKfyve (PIP5K3)
is a 5’PI kinase that synthesizes PtdIns(3,5)P2 from PtdIns3P (Shisheva 2012). 3’PI
phosphatases relevant to macropinocytosis include myotubularin-related protein
6 (MTMR6: PtdIns3P to PtdIns (Maekawa et al. 2014)), INPP4 (PtdIns(3,4)P2 to
PtdIns3P; (Maekawa et al. 2014)), Fig. 4 (PtdIns(3,5)P2 to PtdIns3P; (McCartney
et al. 2014)), and PTEN (PtdIns(3,4,5)P3 to PtdIns(4,5)P2 and PtdIns(3,4)P3 to
PtdIns-4P) (Goulden et al. 2019; Jiao et al. 2020; S. M. Kim et al. 2018). PTEN is
an important inhibitor of class I PI3K functions (Maehama et al. 2001). PTEN
deletion occurs in many cancers, highlighting the significance of PtdIns(3,4,5)P3
in supporting cell growth (S. M. Kim et al. 2018).
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The strong association of PI3K metabolism with cancer and other diseases has led
to the development of many inhibitors of PI3K and related enzymes. Broad speci-
ficity PI3K inhibitors include wortmannin and LY294002, both of which inhibit
macropinocytosis (Araki et al. 1996). Numerous inhibitors of class I PI3Ks are in
clinical use or various stages of evaluation. Class III (VPS34) PI3K inhibitors,
including 3-methyladenine, VPS34-IN1, and SAR405 (Araki et al. 2006; Bago
et al. 2014; Miller et al. 2010; Ronan et al. 2014), have potential for therapeutic
treatments in cancer. Class II PI3K inhibitors have not been described. The PIKfyve
inhibitor apilimod has been used to treat autoimmune disease and cancer (de Campos
et al. 2020; Ikonomov et al. 2019).

How Phosphoinositides Organize Cytoplasm

A membrane lipid bilayer containing phosphoinositides presents a surface decorated
with variously phosphorylated inositide sugars anchored to the membrane by their
diacylglycerol moieties. Cytoplasmic proteins with phosphoinositide-binding
domains concentrate at these membrane surfaces by diffusion and binding, where
they are activated allosterically or by their increased proximity to membrane-
localized binding proteins. Many kinases, phosphatases, and hydrolases bind
3’PIs, as do proteins that regulate small GTPases of the Ras superfamily which
can modulate other effectors allosterically. Thus, an organelle membrane enriched in
a particular 3’PI recruits and activates a distinct combination of enzyme activities
that stabilize the identity of that domain, execute a defined set of effector activities,
and guide its transition to a specific different identity. The identities of some
membranous compartments in cells, especially those that comprise the
endolysosomal system, are transient and vectorial, meaning that the molecular
profile of the organelle membranes remains stable for a limited period before
changing to another specific profile as the organelle ages. During the two to five
minutes it takes to form a macropinosome, the biochemical profile of the membrane
changes transiently and sequentially from that of the plasma membrane to that of
early endosomes. A newly formed macropinosome is enriched in the GTPase Rab5a.
Active Rab5a activates the class III PI3K VPS34, which synthesizes PtdIns3P,
thereby increasing concentrations of PtdIns3P in the macropinosome membrane.
The GTPase-activating protein (GAP) that inactivates Rab5a is itself activated by
PtdIns3P (Law et al. 2017). Thus, increasing concentrations of PtdIns3P on the
macropinosome membrane activate feedback inhibition that leads to the loss of
Rab5a and the arrival of Rab7 (Langemeyer et al. 2020). Consequently, the
Rab5a-positive, PtdIns3P-rich membrane of the nascent macropinosome transitions
after several minutes to another profile depleted of those molecules and enriched in
Rab7 and PtdIns(3,5)P2.

These chemistries underlie the progression of different stages during
macropinosome maturation. The characteristic profiles organize the local effector
activities: actin polymerization, actomyosin contractility, membrane fusion, and the
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transitions to different stages of the maturation sequence. These transitions some-
times define decision branch-points between two maturation routes. In phagocytosis,
3’PI concentrations must reach thresholds for commitment to particle ingestion
(Zhang et al. 2010). In this way, 3’PIs can integrate and direct the activities of
cytoplasm.

Localization and Mapping of 3’PIs and Associated
Chemistries

Much of what is known about the organization of 3’PIs in macropinocytosis has
been discovered through fluorescence microscopy (Maekawa and Fairn 2014).
When expressed in cells, fluorescent protein (FP) chimeras of PI-binding domains
can concentrate near membranes enriched for the target PI. The net synthesis and
degradation of the target PIs can be monitored by confocal microscopy or by
ratiometric widefield fluorescence microscopy of the FP chimeras (Araki et al.
2007; Hoppe and Swanson 2004; Vieira et al. 2001). For example, a yellow
fluorescent protein (YFP) chimera with the PtdIns(3,4,5)P3-binding PH domain of
the enzyme Bruton’s tyrosine kinase (YFP-BtkPH), when expressed inside a cell,
distributes uniformly through the cytoplasm of an unstimulated cell. When stimula-
tion increases class I PI3K activity, the YFP-BtkPH concentrates on membranes
enriched in PtdIns(3,4,5)P3. This has allowed study of the distributions and dynam-
ics of PtdIns(3,4,5)P3 in living cells during macropinosome formation (Araki et al.
2007; Yoshida et al. 2009). A drawback of this method is that high levels of
expression of 3’PI-binding FP chimeras can interfere with the 3’PI-dependent
reactions they are meant to reveal (Wills et al. 2018; Wills et al. 2021). Control
experiments are needed to ensure such artifacts do not alter the essential 3’PI
dynamics significantly.

The Cellular Activities Essential for Macropinocytosis

Some cancer cells exhibit macropinocytosis constitutively. In many
non-transformed cells, however, macropinocytosis occurs in response to stimulation
of cell surface receptors, most notably growth factor receptors, which initiate cell
movements that lead to macropinosome formation. The morphologies of these
movements vary widely among cell types and even within a single cell. The pro-
trusions which close into macropinosomes are called ruffles, which are curved folds
of plasma membrane with underlying meshworks of actin filaments. The actin
filaments inside ruffles are polymerized into roughly planar arrays of parallel
filaments or cross-linked networks of filaments. Actin polymerization occurs either
at the distal margins of ruffles, which are enriched in the growing ends of actin
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filaments, or at branch-points along the sides of actin filaments. Actin cross-linking
proteins may reinforce the meshwork structure (Sasaki et al. 2001). The organization
of ruffles is regulated by cytoplasmic microtubules (Rosania and Swanson 1996;
Waterman-Storer et al. 1999). In actively macropinocytic cells observed on cover-
slips, ruffles extend as protrusions from the dorsal surface (i.e., the surface facing
away from the coverslip; Fig. 7.2). Most ruffles form as curved sheet-like extensions,
which either continue growing into fully circular, crater-shaped extensions of the cell
surface or close back against the cell as a cresting wave, trapping extracellular fluid
into plasma membrane-derived vesicles. In a cell which is spread out on a coverslip,
single ruffles that cover large areas of the surface, called circular dorsal ruffles, often
appear after acute stimulation with growth factors. They mature by constricting
centripetally and forming macropinosomes near the ruffling regions. More com-
monly, the ruffles on a cell surface are smaller and short-lived, lasting only one to
five minutes. They resolve by receding back into the cell or by closing into
macropinosomes. Closure was thought to occur at the distal margins of ruffles
(J. A. Swanson 2008). This occurs sometimes but the more common processes
involve either an asymmetric wavelike closing against the cell (Quinn et al. 2021)
or a circumferential constriction of the macropinocytic cup near the base of the
circular ruffles, creating macropinosomes which are small relative to the ruffles that
precede them (Fig. 7.3). The basal constriction that closes into a macropinosome
may involve a twisting movement of tent-pole like actin bundles within the ruffle
(Condon et al. 2018), or other kinds of constrictions away from the distal margin of
the ruffle (Quinn et al. 2021).

Once a macropinosome has separated from plasma membrane as an intracellular
organelle, which we refer to here as macropinosome closure, it takes either of two
routes. It may reverse course and return to the plasma membrane (Feliciano et al.
2011) or begin a series of changes that ultimately lead the macropinosome to merge
with endolysosomes. The regurgitation may simply be a redistribution of plasma
membrane following incomplete closure of the macropinosome. Macropinosomes

Fig. 7.2 Scanning electron micrographs of bone marrow-derived macrophages stimulated with
CSF-1, showing dorsal surface ruffling and macropinocytic cup formation. Scale bars: 5 μm
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that do not recycle immediately to the plasma membrane swell initially, transforming
from irregular shapes into more rounded shapes, then shrink by the export of the
ingested sodium and chloride and the osmotically obliged water (Freeman et al.
2020). The ions introduced into cytoplasm by export from macropinosomes are
expelled from the cell by plasma membrane ion transporters such as the Na/K
ATPase, thereby allowing equilibration of cell volume (Freeman et al. 2020).
Macropinosome shrinkage allows the formation of small vesicles or narrow mem-
branous tubules which break away from the macropinosome and return membrane
and plasma membrane proteins to the cell surface (Freeman et al. 2020; Kerr et al.
2006). Meanwhile, newly formed macropinosomes migrate from the cell periphery
to perinuclear positions, first fusing with others of their kind or with early
endosomes, then merging with endolysosomes (Racoosin and Swanson 1993).
This later stage of maturation sometimes occurs by transient and reversible connec-
tions between the macropinosome and the endolysosomes, which has been called
pyranhalysis or kiss-and-run (Willingham and Yamada 1978; Yoshida et al. 2015b).
Eventually the macropinosome merges completely into the endolysosomal network,
where the internalized macromolecular solutes are degraded by acid hydrolases.
Thus, in a cell which is continuously forming macropinosomes, internalized water
and ions move across macropinosome membranes into cytoplasm and out of the cell,
internalized membrane is recycled to plasma membrane via recycling tubules, and
extracellular macromolecules are scavenged efficiently for hydrolytic degradation to
smaller molecules that support cell metabolism.

Fig. 7.3 Summary of the stages of macropinocytosis and the corresponding 3’PIs. The stages of
macropinosome formation and maturation are indicated as side view sections progressing from left
to right. The predominate phosphoinositides at each stage are indicated. Overlays indicate the
membrane movements associated with ruffling (green), macropinosome formation (blue), and
macropinosome maturation (orange). Small ruffles on a quiescent surface are activated by Arf6
and PtdIns-4P to generate early ruffles, enriched in PtdIns(4,5)P2 and active Cdc42. As ruffles
enlarge, concentrations of PtdIns(3,4,5)P3 increase, as well as the activities of Ras, Rac, and Rab35.
Ras and Rab35 promote the feedback amplification of class I PI3K and Rac activities. Closing
macropinosomes are enriched in PtdIns(3,4,5)P3 and PtdIns(3,4)P2. During or just after closure, Rac
is deactivated and the activities of Rab5 and Vps34 increase. Nascent macropinosomes are
stabilized by elevated concentrations of PtdIns3P and by increased activities of Rab5, Rab35,
Rab20, Rab21, and Arf6. Maturing macropinosomes fuse with other macropinosomes and with
endolysosomes. Increasing concentrations of PtdIns(3,5)P2 on macropinosomes increase the activ-
ities of TPC1, TPC2, and Septins
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3’PI-Dependent Activities of Macropinocytosis

Macropinocytosis requires the localized synthesis of 3’PIs at different stages of the
process (Fig. 7.3). PtdIns(3,4,5)P3 and PtdIns(3,4)P2 are concentrated in circular
ruffles and closing macropinosomes (Yoshida et al. 2009). PtdIns3P is concentrated
in newly formed macropinosomes (Araki et al. 2006). Quantitative fluorescence
microscopy of 3’PI-binding FP chimeras expressed in macrophages showed that
macropinocytic cups formed in response to stimulation with Colony-stimulating
Factor-1 (CSF-1) exhibited a sequence of associated phosphoinositides during
their formation and closure; PtdIns(4,5)P2 increased first in circular ruffles, followed
by transient, sequential peaks of PtdIns(3,4,5)P3, PtdIns(3,4)P2, and PtdIns3P as
macropinosomes closed into the cell (Welliver and Swanson 2012). Imaging of other
cell types indicated similar patterns of PtdIns(4,5)P2 and 3’PIs during
macropinocytosis (Araki et al. 2007; Porat-Shliom et al. 2008). Genetic analysis of
macropinocytosis in Caenorhabditis elegans embryos demonstrated an essential
sequence of 3’PI-modifying enzymes necessary for macropinosome formation and
maturation that was consistent with the fluorescence microscopic studies (Maekawa
et al. 2014). The implied sequence of 3’PIs in the C. elegans study was PtdIns(3,4,5)
P3, PtdIns(3,4)P2, PtdIns3P, PtdIns. PtdIns(3,5)P2 is not readily visualized in living
cells, but experimental manipulation of PIKfyve activity indicates the importance of
PtdIns(3,5)P2 for late stages of macropinosome maturation (Krishna et al. 2016).
With this sequence of phosphoinositides in the various stages of macropinocytosis,
we next review the roles for the principal 3’PI species in the underlying biochemical
activities.

Class I PI3K Is Necessary for Some But not all Ruffling

The four class I PI3K catalytic proteins have been implicated in macropinocytosis to
varying degrees depending on their levels of expression and the receptor pathways
that initiate the process. They can be activated by growth factor receptors, Toll-like
receptors (TLR), chemokine receptors, and G-protein-coupled receptors (GPCR).
p110β is regulated by inputs from both GPCR and tyrosine kinase receptors,
and functions as a coincidence detector or integrator of signaling inputs (Bresnick
and Backer 2019). Receptors bind to PI3K directly or to adapter proteins that recruit
and activate p85 regulatory proteins (Fruman et al. 2017). PtdIns(3,4,5)P3 synthesis
increases by allosteric activation of PI3K catalytic proteins and by the increased
proximity of the enzymes to their substrates. The actin cytoskeleton, organized by
cytoplasmic microtubules (Rosania and Swanson 1996) or some other structural
feature of the cups themselves, facilitates amplification of PI3K activities in plasma
membrane domains circumscribed by ruffles (Erami et al. 2017; Pacitto et al. 2017;
Yoshida et al. 2018). FP chimeras of PH domains show increased concentrations of
PtdIns(3,4,5)P3 and PtdIns(3,4)P2 in the membranes associated with ruffles (Araki
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et al. 2007; Yoshida et al. 2018). The phosphatase PTEN lowers levels of PtdIns
(3,4,5)P3 in cells and provides a brake on stimulation of PI3K leading to
macropinocytosis. PTEN deletion or inhibition often stimulates macropinocytosis
(S. M. Kim et al. 2018). For some cells, class I PI3K is required for ruffling, a
necessary prerequisite for macropinosome formation. In murine embryonic fibro-
blasts (MEF) and PTEN-deficient cancer cells, p110β is required for ruffling and
macropinocytosis in response to PDGF (Salloum et al. 2019). In contrast, PI3K
inhibition in macrophages inhibits macropinosome closure but not ruffling in
response to CSF-1 (Araki et al. 1996). In summary, class I PI3Ks are required for
both ruffling and closure in some cells, but only for closure in others.

How do class I PI3Ks organize ruffling? The localized and oriented polymeriza-
tion of actin filaments beneath ruffles requires the small GTPase Rac, an essential
regulator of ruffling and macropinosome formation (Buckley et al. 2020; Fujii et al.
2013; Grimmer et al. 2002). The Rac effectors p21-activated kinase-1 (Pak1) and
WAVE are important for macropinocytosis (Dharmawardhane et al. 2000; Veltman
et al. 2016). Phosphorylated Pak1 binds to and activates LIM kinase, which phos-
phorylates proteins that regulate actin filament dynamics, including filament-
uncapping proteins and the filament-severing protein cofilin (Delorme et al. 2007).
Pak1 also activates Ctb1/BARS, a protein essential to macropinosome closure which
works through activation of phospholipase D (Haga et al. 2009). Rac also activates
WAVE, which stimulates ruffle extension by activating Arp2/3, which mediates the
formation of actin filament branches on other actin filaments (Eden et al. 2002).
PtdIns(3,4,5)P3-dependent guanine nucleotide exchange factors (GEFs) which acti-
vate Rac include Tiam-1, Vav, and TRIO (Bai et al. 2015). For cells that require
PI3K for ruffling, these Rac GEFs may initiate the ruffles leading to
macropinocytosis. However, as inhibition of class I PI3K does not inhibit ruffling
in all circumstances, it is not certain that the PtdIns(3,4,5)P3-dependent Rac GEFs
are necessary for macropinocytosis.

The mechanism by which ruffles become circular is still unclear. The signaling
pathway and machinery of large circular dorsal ruffle formation are distinct from
those of relatively small circular ruffles or macropinocytic cups formed by the
curling of peripheral ruffles (Itoh and Hasegawa 2013). The mechanism of large
circular dorsal ruffle formation is well characterized in PDGF-stimulated fibroblasts.
The formation of circular ruffles from peripheral ruffles is not perturbed by PI3K
inhibitors in macrophages or EGF-stimulated A431 cells (Araki et al. 2007; Araki
et al. 1996). However, the formation of large circular dorsal ruffles (> 20 μm in
diameter) observed in some types of culture cells, such as PDGF-stimulated fibro-
blasts, is dependent on class I PI3K activity (Salloum et al. 2019; Wymann and
Arcaro 1994). In cells that form circular dorsal ruffles, increased PtdIns(3,4,5)P3
concentrations persist for several minutes within the domain of plasma membrane
circumscribed by the actin-rich ruffles (Yoshida et al. 2018). These domains may
facilitate PI3K amplification (Pacitto et al. 2017). Macropinosomes form at the base
of the contracting circular dorsal ruffles. Lanzetti et al. showed that Rab5 organizes
circular dorsal ruffle formation through coordinated activities of PI3K, Ras, and Rac
(Lanzetti et al. 2004). SH3YL1 (SH3 domain containing Ysc84-like 1), which binds

128 J. A. Swanson and N. Araki



to PtdIns(3,4,5)P3, is an important regulator of dorsal ruffle formation (Hasegawa
et al. 2011). PtdIns(3,4)P2 synthesis from PtdIns(3,4,5)P3 by the 5’PI phosphatase
SHIP2, which also binds to SH3YL1, is correlated with formation of the circular
ruffles. ARAP1 (Arf GAP with Rho GAP domain, ankyrin repeat, and PH domain
1), which is an Arf GAP with multiple PH domains that bind to PtdIns(3,4,5)P3,
localizes to the membrane inside the circular ruffles after PDGF-stimulation. ARAP1
and its substrate Arf1/5 are involved in the ring size control of circular ruffles
(Hasegawa et al. 2012). The actin cytoskeleton machineries N-WASP, WAVE,
and Arp2/3, which are effectors of Rac1, are also localized to circular ruffles
(Krueger et al. 2003; Legg et al. 2007; Suetsugu et al. 2003). Also, the F-actin-
bundling protein actinin-4 localizes in circular ruffles of macrophages (Araki et al.
2000) and PDGF-stimulated fibroblasts (Lanzetti et al. 2004). PtdIns(4,5)P2 and
PdtIns(3,4,5)P3 differentially regulate actinin flexibility and actin-bundling function
through their binding to the calponin homology domain 2 of α-actinin (Corgan et al.
2004; Fraley et al. 2003). The Rab5 GAP RN-tre interacts with both F-actin and
actinin-4 and is also necessary for circular ruffle formation (Lanzetti et al. 2004).

As mentioned above, Rac1 is indispensable for membrane ruffling. However,
strong overexpression of constitutively active Rac1 produces long straight linear
ruffles in RAW264 cells, indicating that a Rac1 effector promotes ruffle formation
but not circularization of the ruffles (Ikeda et al. 2017). Lanzetti et al. (2004) showed
the same result in PDGF-stimulated MEFs. Local and temporal modulation of Rac1
activity within a small cell surface area may be required for circular ruffle formation.

Oncogenic Ras stimulates macropinocytosis in many cells (Bar-Sagi and
Feramisco 1986). Stimulation may occur through the binding of GTP-Ras to the
Ras-binding domains of PI3K catalytic subunits p110α, p110δ, or p110γ, which
leads to local generation of PtdIns(3,4,5)P3. H-Ras-dependent macropinocytosis in
HeLa cells leads to formation of PtdIns(3,4,5)P3-rich macropinosomes (Porat-
Shliom et al. 2008). Alternatively, stimulation of macropinocytosis may be due to
the effects of oncogenic Ras on the redistribution of cholesterol to plasma membrane
which consequently increases Rac localization to plasma membrane (Ramirez et al.
2019). The requirement for wild-type Ras in macropinocytosis is uncertain, how-
ever, as deletion of H-, K-, and N-Ras in MEFs did not inhibit macropinocytosis
(Palm et al. 2017).

Ruffling and macropinocytosis also require other Class I PI3K-dependent
GTPases, including Arf6, Cdc42, RhoG, and Abi1. Arf6 is required for
macropinocytosis in H-Ras-transformed HeLa and HT1080 cells (Porat-Shliom
et al. 2008; Williamson and Donaldson 2019). The Arf6 GEF cytohesin 2 is acti-
vated by PI3K (Davies et al. 2014). Arf6 effectors are PI4P5K, WAVE, and JIP3/4,
which together increase actin polymerization and recycling of internalized mem-
brane to the plasma membrane. The RhoG GEF SGEF was shown to stimulate
macropinocytosis (Ellerbroek et al. 2004). P-Rex1 is a PtdIns(3,4,5)P3-dependent
GEF for RhoG (Damoulakis et al. 2014). RhoG activates Rac by binding to ELMO
in complex with the Rac GEF DOCK180. Thus, 3’PIs may promote ruffling through
RhoG, upstream of Rac. Abi1, in complex with Abl and PI3K p85, promotes
macropinocytosis (Dubielecka et al. 2010; N. Kim et al. 2019; Kotula 2012).
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Rab-family GTPases can also activate class I PI3Ks for macropinocytosis. Rab35
immunoprecipitates with PI3K p85α and stimulates actin dynamics (Marat et al.
2012) and the formation of phagosomes (Egami et al. 2011), circular dorsal ruffles,
and macropinosomes (Corallino et al. 2018). Rab35 inhibits Arf6 (Egami et al.
2015). The Rab35 effector ACAP2 is an Arf6 GAP which may be relevant to
macropinocytosis (Kobayashi and Fukuda 2012). Rab8a is activated by TLRs and
activates p110γ (Wall et al. 2019; Wall et al. 2017). Rab10 is recruited to PtdIns
(3,4,5)P3-positive macropinosomes in macrophages and regulates the formation of
recycling vesicles (Liu et al. 2020). However, Rab10 recruitment is PtdIns(3,4,5)P3-
independent (Kawai et al. 2021).

Class I PI3K and Macropinosome Closure

Although class I PI3Ks are not always necessary for cell ruffling, they are nearly
always required for macropinosome closure. The constriction that closes ruffles and
cups into macropinosomes requires a PI3K-dependent contractile activity mediated
by nonmuscle myosins (Araki et al. 1996; J.A. Swanson et al. 1999). High local
concentrations of PtdIns(3,4,5)P3 and PtdIns(3,4)P2 at the base of the ruffles may
activate PLCγ1 or PLCγ2, generating DAG from PtdIns(4,5)P2. The only known
exception to this requirement for class I PI3K in macropinosome closure is in
phorbol myristate acetate (PMA)-stimulated macropinocytosis, which does not
require class I PI3K for ruffling or closure (Yoshida et al., 2015a). Moreover,
PMA-elicited macropinosomes do not generate significant levels of PtdIns(3,4,5)
P3 or PtdIns(3,4)P2 in murine bone marrow-derived macrophages (Yoshida et al.
2015b). This indicates that PMA bypasses class I PI3K-dependent activities neces-
sary for closure; likely through mimicry of DAG, the product of PLCγ1. However,
studies of other cells indicate roles for type I PI3K in PMA-stimulated
macropinocytosis, so further studies will be needed to explain the different results.

Protein kinase C isoforms (PKCs) essential to macropinosome formation are
activated by DAG and possibly also by calcium released by InsP3-binding channels
in endoplasmic reticulum. PKC (Yoshida et al. 2015a) or another DAG-dependent
activity (Ard et al. 2015) then stimulates the contractile activities of myosin that
constrict the cup. Myosin 1B, myosin 1E, and myosin IF are also implicated in
macropinosome formation in Dictyostelium discoideum (Brzeska et al. 2016; Chen
et al. 2012). Because Myosin 1E and myosin 1F, which have a PtdIns(3,4,5)P3-
binding tail homology region 1 (TH1) domain, are recruited to the membrane
through interaction with PtdIns(3,4,5)P3 during chemotaxis and phagocytosis in
neutrophils (Chen and Iijima 2012) and RAW macrophages (Ikeda et al. 2017),
these isoforms of myosin may contribute to macropinosome closure in mammalian
cells as well as Dictyostelium cells. Macropinocytosis is inhibited by the myosin II
inhibitor blebbistatin (Jiang et al. 2010; Lou et al. 2014; Williamson and Donaldson
2019; Yoshida et al. 2015b) and by the myosin light chain kinase (MLCK) inhibitor
ML-7 (Araki et al. 2003). Unlike the myosin I isoforms, the recruitment and
contractile activity of myosin II is independent of PtdIns(3,4,5)P3 (Araki et al. 2003).
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Macropinosome closure requires the inactivation of Rac. Fluorescence micros-
copy of YFP-BtkPH in macrophages showed a transient spike (ca. 90 sec) of PtdIns
(3,4,5)P3 in cup membranes associated with closure of macropinosomes. Fluores-
cence resonance energy transfer (FRET)-based imaging showed a coincident spike
of Rac activity, which suggested that Rac activation and deactivation are both
necessary for macropinosome closure. Consistent with this idea, Fujii et al. (Fujii
et al. 2013) showed that although Rac activity is necessary for the ruffling that
creates macropinosomes, Rac must be inactivated to allow closure of the
macropinosome. Experimentally forcing Rac to remain in its active, GTP-bound
conformation inhibited macropinosomes from fully closing into the cell. This sug-
gests that inactivation of Rac by a GTPase-activating protein (GAP) is necessary for
closure. PtdIns(3,4,5)P3-binding GAPs for Rac and Cdc42 were shown to be nec-
essary for phagocytosis of large particles (Schlam et al. 2015). Similar PtdIns(3,4,5)
P3-dependent Rac GAP activities may be required for macropinosome closure.

PtdIns(3,4)P2 may have distinct functions in macropinocytosis. Most of the class
I PI3K activities that increase PtdIns(3,4,5)P3 also increase PtdIns(3,4)P2, and both
species can activate many class I PI3K-dependent activities. Specific roles for the
dephosphorylation of PtdIns(3,4,5)P3 to PtdIns(3,4)P2 by SHIP-1 or SHIP-2 in
ruffles have not been demonstrated; however, there are suggestions that PtdIns
(3,4)P2 facilitates scission of macropinosomes from plasma membrane into the
cytoplasm (Hawkins and Stephens 2016).

PtdIns3P Facilitates Macropinosome Formation
and Macropinosome Maturation

All macropinocytosis requires synthesis of PtdIns3P. In metazoan cells, PtdIns3P
accumulates on membranes of cups and nascent macropinosomes. In A431 cells, the
class III PI3K inhibitor 3-methyladenine did not inhibit macropinosome formation
but prevented accumulation of PtdIns-3P and EEA1 on macropinosomes, as well as
homotypic fusion of macropinosomes and subsequent macropinosome maturation
(Araki et al. 2006). PtdIns3P synthesis on macropinosomes may occur by a sequen-
tial cascade in cup membranes, in which PtdIns4P is phosphorylated to PtdIns(4,5)
P2 and PtdIns(3,4,5)P3, then dephosphorylated to PtdIns(3,4)P2 then PtdIns3P
(Welliver and Swanson 2012). Alternatively, macropinosomal PtdIns3P may be
synthesized simply by VPS34-mediated phosphorylation of PtdIns. Which of these
pathways to PtdIns3P predominates, and how these pathways are selected, remains
unknown.

Rab5a is also required for macropinosome closure. Experimentally limiting
Rab5a activation leads to the formation of unstable macropinosomes which either
fail to close into the cell or fuse back with the plasma membrane without maturing
(Feliciano et al. 2011). Rab5a may stabilize macropinosomes by recruiting and
activating Vps34, thus promoting the synthesis of PtdIns3P (Christoforidis et al.
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1999). PtdIns3P stabilizes macropinosomes for fusion with other endosomes and for
continued maturation. The PtdIns3P-binding sorting nexins (e.g., SNX5) and other
PtdIns3P-binding proteins associate with the tubular extensions of macropinosomes
that mediate membrane recycling following shrinkage. Rab5a markedly accumulates
on nascent macropinosomes after the PtdIns(3,4,5)P3 spike, coincident with the rise
in PtdIns3P levels (Welliver and Swanson 2012). PtdIns3P-rich membrane may
prevent regurgitation by promoting activation of CORVET-HOPS complexes,
which regulate PtdIns3P-dependent homotypic fusion of endosomes (CORVET)
and the Rab5 to Rab7 transition (HOPS) (Solinger and Spang 2013). Nascent
macropinosomes lacking PtdIns3P often fail to mature, and in some cells
macropinosomes recycle without fusing to endolysosomes (Hewlett et al. 1994). In
EGF-stimulated macropinocytosis by A431 cells, PtdIns3P and EEA1 persisted on
membrane of macropinosomes as long as the macropinosomes were present in the
cells. Macropinosomes decreased in size and number with time but did not mature
into late endosome/lysosomes (Araki et al. 2006; Hamasaki et al. 2004). Their
content was not delivered to endolysosomes but instead recycled to extracellular
space. It remains unclear why this cell behaves differently than most cells.

Synthesis of PtdIns(3,5)P2 by PIKfyve Mediates
Macropinosome Shrinkage

PIKfyve activity is required for the shrinkage of macropinosomes that accompanies
maturation (Krishna et al. 2016). Macropinosome shrinkage is mediated by the
lysosomal cation channel TRPML1/MCOLN1 and by the two-pore channels TPC1
and TPC2, which mediate the PtdIns(3,5)P2-dependent export of sodium and cal-
cium from macropinosomes (Freeman et al. 2020; Krishna et al. 2016). Depletion of
PtdIns(3,5)P2 by PIKfyve inhibition prevents ingested sodium and chloride of
internalized fluids from being transported out of macropinosomes via TPC1; conse-
quently, water accumulates and distends the vacuolar compartments and thereby
inhibits the return of membrane to the cell surface via recycling tubules (Freeman
et al. 2020). PtdIns(3,5)P2 also regulates macropinosome fusion through recruitment
of septin GTPases (Dolat and Spiliotis 2016).

Roles for PI3K in Macropinocytosis by Dictyostelium
discoideum

The free-living amoeba Dictyostelium discoideum feeds by phagocytosis of smaller
microbes and, to a limited extent, by macropinocytosis of extracellular fluids.
Laboratory strains of Dictyostelium selected for axenic growth in liquid medium
exhibit increased macropinocytosis, which allows sufficient ingestion of soluble
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nutrients to support their metabolism (Hacker et al. 1997). Macropinosomes of
axenic strains form similarly to those of metazoan cells and wild-type Dictyostelium:
protrusions of plasma membrane organize into cup-shaped cell extensions which
constrict and close into macropinosomes. The macropinosomes of axenic strains are
larger than those of wild-type strains because of spontaneous mutations in the gene
for the Ras GAP NF-1. The deficiency of NF-1 increases the activity of
Dictyostelium Ras proteins and associated PI3K activity in the domains of plasma
membrane that form macropinocytic cups, which allows the formation of larger cups
and macropinosomes. The versatility of Dictyostelium for genetics and fluorescence
microscopy has allowed insightful and revealing analyses of the roles for 3’PIs in
macropinosome formation.

PI3K is essential for macropinocytosis inDictyostelium, but it does not synthesize
3’ phosphoinositides. Rather, the variously phosphorylated inositol headgroups are
anchored to the membrane by an ether linkage between a fatty acid chain and the
glycerol backbone, rather than an ester linkage, and the substrates for Dictyostelium
PI3K isoforms and PTEN are plasmanylinositols (Clark et al. 2014). Thus,
macropinosome formation in Dictyostelium is regulated by a molecule with the
same inositol headgroup as PtdIns(3,4,5)P3, which we refer to here as PIP3, but
with a different lipid backbone. PIP3 is concentrated within the borders of the
circular cup or patch of membrane, with a distinct boundary between the PIP3-rich
interior and the PIP3-poor membrane outside the cup. In contrast to metazoan cells,
PI3P does not accumulate in forming cups or nascent macropinosomes. PTEN
localizes to plasma membrane outside of the cup, which suggests that its exclusion
helps define the PIP3 patch. Dictyostelium PI3K1 and PI3K2 support ruffling and
cup formation; PI3K4 supports closure (Hoeller et al. 2013). They are activated
allosterically by GTP-RasG or GTP-RasS and their Ras-binding domains are
required for macropinocytosis (Hoeller et al. 2013). PIP3 and active Ras coincide
in the cup membranes, which suggests a positive feedback amplification mechanism
involving Ras and PI3K (Veltman et al. 2016). Such feedback interactions have been
identified in other motility systems (Thevathasan et al. 2013).

Macropinosome formation in Dictyostelium also requires the GTPase Rac and its
effector SCAR/WAVE, which activates Arp2/3-based actin polymerization at the
outer rim of the cup. Coronin and formins are also essential for macropinocytosis
(Junemann et al. 2016; Kelsey et al. 2012). Thus, despite the different mechanisms
between metazoans and Dictyostelium of inositol anchorage to membranes, the
conserved requirement for Ras-regulated PI3K in macropinocytosis indicates the
importance of anchored inositol phosphates for organizing actin into cups and
macropinosomes.

Feedback Regulation of Macropinocytosis by 3’PIs

The cell’s ability to generate PtdIns(3,4,5)P3 and macropinosomes may be limited by
metabolism or cellular dimensions. Macropinocytosis is a source of nutrients for
some cancer cells, which suggests that ingestion may be regulated by nutrient supply
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or other metabolic needs. AMP kinase, whose activity increases when ATP levels
are low, is required for macropinocytosis in starved PTEN-deficient cancer cells
(S. M. Kim et al. 2018). Activation of Akt by PtdIns(3,4,5)P3 increases activity of
the metabolic regulatory complex mTORC1 (Laplante and Sabatini 2012).
mTORC1 can limit protein scavenging by macropinocytosis (Palm et al. 2017).
mTORC1 is negatively regulated by TSC1/2, which is itself negatively regulated by
Akt1. However, TSC2-deficiency, which increases mTORC1 activity, upregulates
VPS34-dependent macropinocytosis (Filippakis et al. 2018), and this discrepancy is
not simply explained.

The ability to synthesize 3’PIs necessary for macropinocytosis may be regulated
by larger-scale feedback related to the actin and microtubule cytoskeleton, or to the
dimensions of the vacuolar compartment or of the cell itself. PI3K is required for
phagocytosis of large but not small particles (Cox et al. 1999), which suggests a role
for 3’PIs in regulating the size of permissible gulps. Phagocytosis requires concen-
trations of PtdIns(3,4,5)P3 to exceed a threshold concentration for particle ingestion
(Zhang et al. 2010). The cell’s ability to attain such concentrations of PtdIns(3,4,5)P3
in phagosomal or macropinocytic cups may be regulated by the cell’s capacity for
enlargement. That is, 3’PIs may serve as permissive gates for invagination or for
progression through the stages of macropinosome maturation.

Remaining Questions

Most of the essential components of macropinocytosis have been identified, yet we
remain largely ignorant about how their activities are regulated overall. What factors
regulate the characteristic rates or capacity of macropinocytosis in different cell
types? If macropinocytosis occurs by self-organized chemistries, then what controls
the magnitude of those reactions? Do 3’PIs regulate cup size, frequency of
macropinosome formation, or macropinosome stability? If so, how? Why is only
some ruffling PI3K-dependent? How does PtdIns(3,4,5)P3 or PtdIns(3,4)P2 organize
cup closure? What regulates the curvature of ruffles? How does Ras regulate
macropinocytosis? Answers to these questions will likely reveal how
macropinocytosis contributes to health and disease.
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