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Macropinosome formation occurs as a localized sequence of biochemical
activities and associated morphological changes, which may be considered
a form of signal transduction leading to the construction of an organelle.
Macropinocytosis may also convey information about the availability of
extracellular nutrients to intracellular regulators of metabolism. Consistent
with this idea, activation of the metabolic regulator mechanistic target
of rapamycin complex-1 (mTORC1) in response to acute stimulation
by growth factors and extracellular amino acids requires internalization
of amino acids by macropinocytosis. This suggests that macropinocytosis
is necessary for mTORC1-dependent growth of metazoan cells, both as a
route for delivery of amino acids to sensors associated with lysosomes
and as a platform for growth factor-dependent signalling to mTORC1 via
phosphatidylinositol 3-kinase (PI3K) and the Akt pathway. Because the
biochemical signals required for the construction of macropinosomes are
also required for cell growth, and inhibition of macropinocytosis inhibits
growth factor signalling to mTORC1, we propose that signalling by
growth factor receptors is organized into stochastic, structure-dependent
cascades of chemical reactions that both build a macropinosome and
stimulate mMTORC1. More generally, as discrete units of signal transduction,
macropinosomes may be subject to feedback regulation by metabolism and
cell dimensions.

This article is part of the Theo Murphy meeting issue ‘Macropinocytosis’.

Macropinosomes are transient endocytic organelles which form spontaneously
or in response to chemical or physical stimulation. Although the details of macro-
pinosome formation vary among different cell types [1], the process always
involves cell surface protrusions that enclose extracellular fluids into plasma
membrane-derived intracellular vesicles, which may range in diameter from
0.2 pm to larger than 8 um (macropinosomes are distinguished from micro-
pinosomes, which are smaller than 0.2 pm, the limit of resolution for light
microscopy). In macrophages and fibroblasts, macropinosomes originate from
actin-rich, cell surface ruffles that reorganize into cups or circular dorsal ruffles,
then close at their distal margins and separate into the cytoplasm from
the plasma membrane as vacuoles. The profiles of these nascent macropino-
somes are often irregularly shaped, but mature within seconds into rounded,
swollen-looking vacuoles. Rounded macropinosomes frequently fuse with
other macropinosomes, migrate centripetally from the cell periphery, and
shrink in size (figure 1a; electronic supplementary material, Video S1). In macro-
phages, macropinosomes mature by acquiring markers of early endosomes then
late endosomes before fusing with lysosomes, all within 15 min of their formation
[3]. They may form intravacuolar vesicle inclusions reminiscent of multivesicular
bodies [4]. Fusion between macropinosomes and lysosomes occurs by direct and
complete fusion, or by transient association and dissociation of macropinosomes
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Figure 1. Transient appearance of phosphatidylinositol (3,4,5)-trisphosphate (PIP) in macropinocytic cups. Phase-contrast (phase) and ratiometric fluorescence images
(PIP3) of a bone-marrow-derived macrophage expressing YFP-BtkPH and CFP and stimulated with macrophage colony-stimulating factor (M-CSF). (a) Entire cell. (b)
Time sequence of the region of the cell indicated by the arrows in (a) (see also electronic supplementary material, Video S1). Indicated times are relative to the
beginning of ruffle formation. Increased PIP; concentrations (i.e. increased YFP-chimera/CFP ratios) are indicated by warm colours. PIP; concentrations increased
inside macropinocytic cups at 180 and 200 s and returned to baseline at 220 s. Scale bars: (a) 5 um, (b) 2 m. Methods described in Yoshida et al. [2].
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Figure 2. Solute size-dependent delivery of dye from endolysosomes into macropinosomes by piranhalysis. Time-series of a macrophage stimulated with M-CSF after
pre-loading endolysosomes with Lucifer yellow (LY) and Texas Red-labelled dextran (TRDX) (see also electronic supplementary material, Video S2). One image set
was collected every 20 s. Top panels: Phase-contrast. Indicated times, in seconds, are relative to the first frame. Arrows at +-0 s indicate two macropinosomes which
received LY and TRDx during the sequence. Bottom panels: phase-contrast with a blue overlay indicating endolysosomes containing both LY and TRDx fluorescence
and red overlay indicating macropinosomes containing increased concentrations of LY relative to TRDx. Preferential labelling of macropinosomes with LY indicated the
molecular size-selective transfer of fluid-phase probes between the interacting organelles (i.e. LY entered macropinosomes from endolysosomes earlier than did
TRDx). Scale bar: 5 pm. Adapted from a supplementary movie described in Yoshida et al. [6].

and lysosomes, a process called ‘pyranhalysis” [5] or ‘kiss-
and-run’ [6]. Such transient interactions can lead to molecular
size-dependent, differential delivery of solute contents
between macropinosomes and lysosomes (figure 2; electronic

maintain high rates of macropinocytosis for hours by returning
membrane to the cell surface via small recycling vesicles with
accompanying water flux across membranes and out of the
cell [10]. Internalized solutes concentrate into lysosomes,

supplementary material, Video S2) [6,7]. In some cells, macro-
pinosomes recycle directly to the cell surface without fusing
with lysosomes [8].

Compared to smaller clathrin-coated vesicles (0.15 wm
diameter), macropinosomes internalize relatively large quan-
tities of plasma membrane, water and solutes [9]. Cells can

where they may accumulate or be degraded by acid hydro-
lases. Thus, because of their large size and mechanism of
maturation, macropinosomes can be considered as mechanical
pumps that move water through cytoplasm and efficiently deli-
ver extracellular solutes into lysosomes [7]. This efficient
delivery of extracellular solutes into lysosomes may explain
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how, in actively macropinocytic cells, cell growth can be
supported by the ingestion of extracellular proteins [11-14].

In conventional models of signal transduction, an extra-
cellular stimulus initiates changes in intracellular chemistry,
which lead to alterations of cell behaviour or metabolism. Typi-
cally, ligand binding to cell surface receptors initiates chemical
reactions that modify phospholipid chemistry and protein
function, and those modifications reach intracellular targets
by diffusion or membrane traffic. The cellular response may
be localized to a region of the surface, as, for example, during
phagocytosis; it may occur throughout the cell, as in metabolic
regulation; or it may be graded along the length of the cell, as
in chemotactic migration [15]. Intracellular signals can also
originate independently of cell surface receptors, leading to
self-organized patterns of cellular motility responses [15,16].

Macropinosomes can form in response to receptor-mediated
signals or as self-organized structures formed independently of
external stimuli [17,18]. Whether macropinocytosis is spon-
taneous or induced, the construction of the organelle requires
a sequence of intracellular signals that organize the sequence
of different movements: actin polymerization for ruffle protru-
sion followed by contractile activities that close the organelle
into the cell. The signals associated with macropinocytosis
may be strictly limited to organizing the construction and dispo-
sal of this transient organelle. However, they may also influence
cell function by conveying additional information. For example,
as a mechanism for internalizing large portions of plasma
membrane, macropinocytosis could regulate levels of cell
surface receptors or transport proteins. Accordingly, clathrin-
independent endocytosis, of which macropinocytosis is a
subset, can internalize plasma membrane proteins that are not
cleared by concentration into clathrin-coated vesicles [19].

Here we consider the roles for signalling molecules in the
formation and maturation of macropinosomes and the evi-
dence that macropinosomes convey signals that modulate cell
metabolism and growth. We consider two kinds of signal:
(i) those chemical activities which organize membranes and
the cytoskeleton for macropinosome formation and trafficking
and (ii) activities associated with macropinocytosis which have
separate functions related to metabolism. We propose that
macropinosomes serve as discrete, independent units of signal-
ling for cell growth, whose magnitude may be modulated by
feedback stimulation or inhibition.

2. Localized signals essential to macropinosome
formation and maturation

Macropinosome formation exploits biochemical pathways
associated with many kinds of receptor, including growth
factor receptors, chemoattractant receptors and Fc receptors
[18,20]. Upon binding their cognate ligands, these receptors
recruit from cytoplasm various adapter proteins and enzymes,
including tyrosine kinases, phospholipase C-yl (PLCyl)
and isoforms of class I phosphatidylinositol 3-kinase (PI3K),
which lead to various cellular responses. PI3K synthesizes
phosphatidylinositol (3,4,5)-trisphosphate (PIP3) from phospha-
tidylinositol (4,5)-bisphosphate (PI(4,5)P,). In non-transformed
cells, plasma membrane concentrations of PIP; are maintained
low by the activity of the 3'-phosphatase PTEN [21] (Many
kinds of cancer cell have elevated levels of PIP; due to activating
mutations of PI3K or to inactivating mutations of PTEN
[22].) Elevated concentrations of PIP; in membranes activate

proteins with PIP;-binding domains, including Akt, PLCyl, n

3'-phosphoinositide-dependent protein kinase-1 (PDK1) [23],
and guanine-nucleotide exchange factors (GEFs) that activate
the small GTPases Racl and Ras [24,25]. These signalling pro-
teins figure prominently in signalling associated with plasma
membrane receptors.

PI3K is required for most forms of macropinocytosis.
In some cells, inhibition of PI3K inhibits ruffling, likely through
inhibition of PIPs-activated Racl GEFs [26]. In most cells, how-
ever, general PI3K inhibitors do not reduce ruffling in response
to the growth factors, but rather inhibit a contractile activity
that closes macropinocytic cups into macropinosomes [27,28].
Fluorescent reporters of PIP; expressed in living cells reveal
PIP;-rich membrane within macropinocytic cups [2,29]
(figure 1b). The increased concentration of PIP; in cups is tran-
sient and precedes cup closure, consistent with a role for a
PI3K-dependent activity in the closure process [2].

Other activities associated with receptor signalling are
necessary for macropinosome formation. Racl, a GTPase that
regulates the actin cytoskeleton, and its effectors p21-activated
kinase-1 (Pakl) and Ctb1/BARS are required for macropino-
cytosis [30,31]. Racl is transiently activated in macropinocytic
cups, coincident with the PIP; spike [2]. Racl supports ruffling
and cup formation, but must be converted to its inactive GDP-
bound form for cup closure to occur [32]. PLCy1, which
hydrolyses PI(4,5)P, to inositol trisphosphate and diacylgly-
cerol (DAG), is required for macropinosome formation
[33,34]. DAG activates protein kinase C (PKC), which directs
cup closure by an unknown mechanism. PLCy contains a
PIP;-binding domain required for membrane binding and
activity [35]; and PLCyl may be activated by the elevated
concentrations of PIP; in cups. Macropinocytosis occurs inde-
pendently of class I PI3K in macrophages stimulated by
phorbol myristate acetate (PMA) [34], which is a DAG mimetic.
The PI3K-independence of PMA-stimulated macropinocytosis
suggests that the DAG-dependent activities of macropinosome
closure function downstream of PI3K in the signalling path-
way. This sequence is supported by fluorescence microscopic
studies localizing both PIP; (Btk-PH) and DAG (C18-PH) in
single cells [34]. PMA-stimulated macropinocytosis is sensitive
to PI3K inhibitors with broader specificity, which suggests a
role for other classes of PI3K acting downstream of DAG and
PKC. Other molecules necessary for macropinosome formation
and other kinds of signal transduction are DAG kinase [36],
Rabba [37], Cdc42 [38], Arf6 [39], RhoG [40], Trio [41] and
phospholipase D [42]. Because signalling for macropinocytosis
has been analysed thoroughly in only a few cell types, it
remains possible that the contributions of various signalling
molecules to macropinosome formation may be different in
other cells or in different kinds of macropinocytic response
(e.g. constitutive versus induced).

(a) Signal cascades are restricted to macropinocytic cups
Macrophages stimulated acutely with macrophage colony-
stimulating factor (M-CSF) show a striking asynchrony in the
timing of the signals that appear at their surfaces. Racl activity
and PIP; concentrations increase initially at cell margins,
but then settle into a sustained pattern of transient spikes of
activity, localized to macropinocytic cups and appearing at
different times after stimulation [2] (figure 1b; electronic sup-
plementary material, Video S1). Moreover, a full sequence of
biochemical responses to M-CSF unfolds during the formation
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Figure 3. Signal cascades within circular ruffles and macropinosomes. (a) Diagram of

the stages of macropinosome formation. The top row shows a side view and

the bottom row shows a top view (as observed in the microscope) of plasma membrane and macropinosome membranes. Ruffle closure is the formation of a
complete circular ruffle, comprised entirely of plasma membrane. Cup dosure occurs when the macropinosome separates from the plasma membrane. (b) The
timing of signals in cups relative to ruffle closure and cup closure. The sequence of chemical transformations occurring between ruffle closure and cup closure

begins with a transient increase in PI(4,5)P,, followed by increases of PIP;, DAG
PI(3,4)P,. Within Node 1, the increase in DAG follows shortly after the PIP; spi
(Node 2) increase continuously in the cup, peaking after cup closure and the trans
of chemical changes in cups and macropinosomes. Solid lines with small arrowheads i

and the activity of Racl (Node 1), and later by a transient increase of
ke [34]. The levels of PI(3)P and the activities of Ras, Rab5 and PKCa
ient increases of PI(4,5)P,, PIP;, DAG and PI(3,4)P,. (c) Proposed sequence
ndicate precursor—product relationships. Hatched lines with large arrowheads

indicate activation pathways enhanced inside circular ruffles. Red font indicates signals comprising Node 1; blue font indicates signals comprising Node 2. Adapted

from Yoshida et al. and Welliver et al. [34,43].

of each macropinosome. These responses include transient
increases in PI(4,5)P,, DAG, PI(3,4)P,, PI3P and recruitment
of Rabba, Rab20, Rab21, Ras and PKCa [2,43,44] (figure 3).
Maekawa et al. [45] described a similar sequence of activities
required for macropinocytosis in Caenorhabditis elegans cells
and identified essential roles for phosphoinositide phospha-
tases MTMR6 and INPP4P, and a Ca™ "-activated K+ channel
(KCa3.1) in macropinosome formation. In macrophages, the
irregular timing of these signal cascades relative to when
M-CSF was added, and the correlation of the signal cascades
with closure of ruffles into cups, indicate that signal propa-
gation after receptor activation is contingent on the formation
of cup domains in plasma membrane. Thus, the signals

used to build macropinosomes are confined to cups and the
closing macropinosome.

(b) Cup domains of plasma membrane are isolated
from the contiguous membrane outside of the cups

How can signal cascades be limited to the macropinocytic cups
when the membrane comprising those very cups is still part of
the plasma membrane? One possible explanation is that the
structure of the cup forms a barrier that confines lateral diffusion
of membrane proteins or lipids. In macrophages expressing
photoactivatable green fluorescent protein (GFP) tethered to
the inner leaflet of plasma membrane, cup-shaped ruffles
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inhibited the lateral diffusion of GFP into or out of those cups
[46]. This suggests that the circular barrier of the cup facilitates
signal propagation, perhaps through feedback amplification of
PI3K or other signal molecules.

However, physical barriers may not be required for the
construction of large subdomains of plasma membrane.
Axenic strains of the soil ameba Dictyostelium discoideum exhibit
increased macropinocytosis due to mutations in the Ras GAP
neurofibromin, which allows them to grow in liquid medium
[11]. Macropinosome formation in these cells is organized by
PI3K and Ras, whose activities are confined to large patches
of plasma membrane surrounded by a narrow rim of the
actin-regulatory protein SCAR/WAVE at the advancing
edges of macropinocytic cups. Veltman ef al., [16] showed
that PIP;/Ras patch formation in D. discoideum occurred in
cells whose actin cytoskeleton was disrupted by latrunculin
A/B, which suggests that this large domain of plasma mem-
brane does not require an actin-based diffusion barrier to
maintain lateral heterogeneity. Other possible mechanisms of
restricting lateral diffusion of plasma membrane molecules
have been described [47]. At present, however, the physical
properties and molecular components of cups essential for
maintaining the sharp boundary of cup domains (PIP; spikes
and Ras patches) remain largely undefined.

(c) Signalling for macropinocytosis is similar to

signalling for phagocytosis
Ingestion of particles by phagocytosis entails activities of the
actin cytoskeleton which are much like the movements of
macropinocytosis. In Fc receptor-mediated phagocytosis by
macrophages, PI3K is required for ingestion of particles larger
than 3 pm diameter [27,48]. Inhibition of PI3K does not prevent
phagocytic cup formation, but rather inhibits a contractile
activity that closes the cup into a phagosome [27]. Fluorescence
microscopic methods showed PIP; and active Racl localizing to
phagocytic cups throughout the ingestion process [49]. Forster
resonance energy transfer-based microscopy of other small
GTPases showed two distinct kinds of cytoskeletal regulation
associated with phagosome formation: active Cdc42 and Arf6
localized to early stages of cup formation and to distal regions
of cups, whereas active Rac2 and Arfl appeared later and loca-
lized to the proximal, basal regions of cups [49]. This spatially
organized conversion of one category of signals to another
(Racl/Cdc42/Arf6 to Racl/Rac2/Arfl) within phagocytic
cups was named the “signal transition” [50].

The signal transition during phagocytosis is regulated
by PI3K. Inhibition of PI3K does not limit early signals or
cup initiation, but blocks the appearance of the late signals,
indicating that PI3K is required for the transition from early
to late signals. The signal transition during phagocytosis may
be regulated by a PIP; concentration threshold. Macrophages
fed particles with different surface densities of opsonizing
IgG showed all-or-none ingestion responses. Over a wide
range of IgG densities on particle surfaces, all particles stimu-
lated actin-dependent movements over the particle surface
and generation of PIP; in the plasma membrane near the par-
ticle, but the ingestion of particles with low IgG densities
stalled [51]. Particles with higher densities of IgG were ingested
completely, generated more PIP; in phagocytic cups, and
recruited the late stage protein PKCe as the cups closed into
phagosomes. These studies indicated that a threshold concen-
tration of PIP; in phagosomal membranes must be exceeded

to allow completion of phagocytosis. The PIP; concentration
threshold could regulate the signal transition from early activi-
ties (actin polymerization and cup extension) to late activities
(cup contraction and closure).

In macropinocytosis as in phagocytosis, distinct activities
must be organized spatially on a relatively large scale, first
to assemble the cup, then to close the cup into a macropino-
some. Like phagocytosis, macropinosome formation may be
modulated by the magnitude of PI3K signalling, in deter-
mining either the size of the macropinosome or the ability of
cups to close into macropinosomes. Ruffling is a kind of
exploratory behaviour, in which actin-rich protrusions extend
and withdraw into the cell, and only occasionally close into
macropinosomes. This behaviour is regulated by the readily
reversible chemistry of PIP; synthesis (PI3K versus PTEN),
similar to the excitable signal transduction networks associated
with chemotaxis [15]. By contrast, the later stages of macropi-
nosome formation require the hydrolysis of PI(4,5)P, to
DAG, which may, by its irreversible nature, signal an all-or-
none commitment to completing macropinosome closure.
Thus, a cell’s ability to make a macropinosome may be modu-
lated by feedback that affects its ability to create a patch of the
membrane with sufficiently high concentrations of PIP; to
trigger the late signals necessary for cup closure.

(d) Downstream effectors of PI3K may be requlated
differentially by PIP; concentration thresholds

The various PIP;-binding domains of signalling proteins
bind 3'-phosphoinositides with different characteristic specifi-
cities and affinities. Some, such as the pleckstrin-homology
(PH) domain of Bruton’s tyrosine kinase (Btk) bind to PIP;
specifically and with high affinity [52]. The PH domains of
the different isoforms of Akt bind to both PIP; and PI(3,4)P,,
but exhibit widely different affinities for those phospholipids
[53]. Thus, the quality and quantities of PIP;-binding proteins
recruited into a membrane-associated signal cascade will
likely vary according to the concentrations of PIP; generated
in membranes by the stimulus. Phosphorylation of Akt
requires the recruitment to membranes of Akt and two
additional PIPs;-binding proteins, PDK1 [54,55] and mSIN1
[56], which is a component of mechanistic target of rapa-
mycin complex 2 (mTORC2). Because Akt phosphorylation
requires three different proteins to bind to PIP; near each
other [57], Akt activation may require higher local concen-
trations of PIP; than does recruitment of Btk or activation of
PLCvyl. PI3K activity is stimulated by receptor-associated,
PIPs-binding adapter proteins Gabl and Gab2 [58,59]; their
spatially organized activities could facilitate PIP; concentration
increases confined to cup domains of macropinosomes or pha-
gosomes. Moreover, different PIP; concentration thresholds
within cups could define a sequence of PIP;-dependent effector
activities associated with macropinosome formation.

(e) Traffic of macropinosomes into lysosomes or back to
the cell surface is requlated

Macropinosome closure creates an intracellular vacuole
with enclosed water and solutes from outside the cell. The
membrane bounding the nascent macropinosome differs
from plasma membrane in several respects: Rab5a, PI3P and
DAG are enriched in the membrane, whereas PI(4,5)P, is
depleted. The Rab5-positive macropinosome eventually
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matures to a Rab20/Rab21-positive organelle before acquiring
Rab 7 [3,44,60,61]. Active Rab5a promotes the formation of
tubulovesicular extensions [37], which are rich in PI3P-binding
sorting nexins (Snx), especially Snx5 [62]. These morphological
rearrangements alter the surface-to-volume ratio of the macro-
pinosome vacuole and likely increase hydrostatic pressure
inside the organelle [62]. Inhibition of Rab5 activity promotes
macropinosome recycling to the plasma membrane [37].
Studies of PI3P dynamics during phagocytosis showed
that concentrations of PI3P are integrated over phagosome
membranes [63]. Thus, the concentrations of PI3P in macropi-
nosome membranes and the attendant Rab5a activity could
regulate whether macropinosomes recycle to the plasma mem-
brane (low PI3P or Rab5 activity) or fuse with lysosomes (high
PI3P or Rabb activity).

Thus, macropinosome formation and maturation occurs by
a regular sequence of cytoskeletal activities and changes in
membrane chemistry. The networks of molecular interactions
that organize these activities and the transitions from one
activity to the next are likely to be affected by positive and
negative feedback regulation.

3. Macropinocytosis-associated signals that
modulate cell metabolism

To what extent are the chemical reactions organized to build the
organelle also conveying other information that cells use? Inges-
tion of extracellular albumin by macropinocytosis and its
subsequent digestion in lysosomes is sufficient to support the
growth of K-Ras-transformed cells [13]. In this way, the macropi-
nosome delivers a nutrient required for cell growth. Moreover,
recent studies demonstrated that amino acids internalized by
macropinocytosis can signal their presence in lysosomes [6]
and that macropinocytic cups and macropinosomes localize
essential elements of growth factor signalling which are unrelated
to the process of macropinosome formation [64,65]. These studies
suggest that macropinocytosis is more than an aberrant process
of nutrient acquisition used by transformed cells, but is rather
an essential component of signalling for normal cell growth.

(a) Activation of mTORC1 requires ingestion of amino

acids by macropinocytosis
The mechanistic target-of-rapamycin complex-1 (mTORC1)
is a cytosolic protein complex that regulates metabolism in
response to various inputs, including nutrient status and
growth factor receptor signalling [66]. mTORC1 phosphory-
lates S6 kinase, 4EBP1 and other proteins which increase
anabolic metabolism. Regulation of mTORCI activity occurs
on the cytosolic face of the lysosomal membrane. In nutrient-
rich conditions, Rag GTPases associated with lysosomes recruit
mTORC1 from cytosol onto those membranes, where mTORC1
can be activated by the GTPase Rheb [67,68]. The ability of Rag
GTPases to recruit mTORCT1 to lysosomes is regulated by a com-
plex of lysosome-associated proteins called Ragulator, which
integrates detection of amino acid concentrations in cytosol
and lysosomes [69,70]. Elevated lumenal concentrations of the
amino acid leucine in the lysosome signal to Ragulator through
the lysosomal membrane proteins V-ATPase and SLC38A9
[71,72]. Ragulator then recruits mTORC1 from cytosol [73].

Macropinocytosis provides a route for delivery of extra-
cellular amino acids into lysosomes for the rapid activation of

mTORCI. One biochemical model for measuring mTORC1
activation by growth factors or amino acids measures increased
mTOR kinase activity following transient deprivation of
growth factors or amino acids [74]. Re-addition of essential
amino acids leads to activation of mTORC1 within 20 min in
fibroblasts and HEK293 cells, which suggests that amino
acids reach the lysosome lumen from outside the cell within
that time period. Macropinocytosis can deliver solutes into
lysosomes that quickly [6]. Growth factor stimulation enhances
the activation of mTORC1 by amino acids. Moreover, acti-
vation of mMTORC1 by amino acids also requires proteins that
regulate endocytic membrane traffic, including Rab5a, Arfl
and enzymes which increase levels of the endolysosomal phos-
pholipid PI(3,5)P, [75-77]. Inhibition of macropinocytosis in
macrophages and fibroblasts, by the sodium-proton antiporter
inhibitor ethylisopropylamiloride, by the cytoskeletal inhibi-
tors jasplakinolide and blebbistatin, or by depletion of Racl,
leads to decreased phosphorylation of S6K in response to leu-
cine and growth factors [6]. Upregulation of macropinocytosis
by acute growth factor stimulation increases the rate and effi-
ciency of extracellular leucine delivery into lysosomes,
permitting the recruitment and activation of mMTORC1 on lyso-
somes (figure 4). This macropinocytosis-dependent pathway of
mTORCI activation serves as a vesicular mechanism of growth
factor receptor signal transduction. Discovery of this depen-
dency of mTORC1 activity on macropinocytosis led to the
proposal that anabolic metabolism leading to cell growth is
supported by amino acids internalized by macropinocytosis,
or by similarly internalized proteins which are degraded to
amino acids within lysosomes [6].

However, this concept of macropinocytosis-dependent cell
growth was not supported by experimental models measuring
cell proliferation instead of acute stimulation of mMTORCL. Cells
transformed by oncogenic Ras proteins exhibit increased
macropinocytosis [78], which is required for protein synthesis
and cell proliferation when albumin is provided as a source
of amino acids [13,14]. By contrast, macropinocytosis is not
required for proliferation of fibroblasts or Ras-transformed
cells when amino acids are provided instead of albumin [79].
These studies suggest that amino acids reach mTORC1 and
amino acid-detection mechanisms in cytosol by direct import
of amino acids through transport proteins in the plasma mem-
brane. The different results are not easily reconciled, especially
for fibroblasts, which showed macropinocytosis-dependent
activation of mMTORC1 by amino acids [6] but macropinocyto-
sis-independent proliferation in amino acids [79]. We speculate
that the difference is due to mechanisms of cell growth or pro-
liferation that are independent of mTORC1 activity [14,80].
Nonetheless, activation of mTORC1 by macropinocytosis-
dependent delivery of leucine into lysosomes is clearly detect-
able in acute responses to stimulation. Whether other amino
acids are capable of this macropinocytosis-mediated signalling
to mTORC1 remains unknown.

(b) The actin cytoskeleton differentially stimulates

receptor-dependent phosphorylation of Akt
In addition to Rag GTPases, growth factor receptor signalling
to mTORC1 requires that lysosome-associated Rheb be in its
active, GTP-bound form. An essential component of Rheb acti-
vation is the kinase Akt, which is required for the activation of
mTORC1 but not for macropinosome formation [34]. Rheb
activity on lysosome membranes is maintained at low levels
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Figure 4. Receptor-mediated activation of mTORC1 by macropinocytosis of amino acids. Interaction between ligand and receptor activates Ras, PI3K and Rac, leading
to membrane ruffling. Some ruffles change into cup-like structures, in which activated PI3K then transiently generates high local concentrations of PIP; (red line).
PIP; in macropinocytic cups facilitates phosphorylation of Akt (pAkt) and the activation of PLCry. pAkt is not required for macropinosome formation, but may be
internalized on macropinosome membranes. PLCy generates DAG in the cup (green line), leading to PKC-dependent pathways that close the macropinosome.
Extracellular proteins or amino acids internalized by the macropinosomes are delivered rapidly into lysosomes through fusion reactions. Nutrient transfer from macro-
pinosomes to lysosomes leads to activation of Rag GTPases (black to red), followed by mTORC1 recruitment from cytoplasm onto lysosomal membranes. pAkt
generated in plasma membrane or macropinocytic cups may reach its substrate TSC1/2 via macropinosome traffic to lysosomes. Phosphorylation of TSC2 by
pAkt leads to dissociation of pTSC1/2 from lysosome membrane, displacing a GAP activity that allows GTP loading of Rheb on lysosome membranes (black to

red). GTP-bound Rheb activates mTORCT on the lysosomal membranes (black to red).

by the GTPase-activating protein (GAP) complex TSC1/2 [81],
which also locates at the lysosomes. Growth factor receptor sig-
nalling activates Rheb via PI3K, which synthesizes PIP; in
membranes. The PIPs-rich membrane recruits Akt and the
kinases PDK1 and mTORC2, which phosphorylate Akt [57].
Phospho-Akt phosphorylates TSC2, leading to the dissociation
of TSC1/2 complex from lysosome membranes and separation
from its substrate Rheb [82,83]. Thus, Rheb activity toward
mTORCI is increased by signalling that activates Akt to
displace the Rheb GAP TSC1/2.

Whether macropinocytosis affects growth factor receptor
signalling to Rheb via Akt remains largely unresolved. In our
initial characterization of signalling in macrophages and
fibroblasts stimulated by M-CSF and platelet-derived growth
factor (PDGF), respectively, we observed that inhibition of
macropinocytosis blocked S6K phosphorylation (a measure
of mTORCT activity) but did not reduce Akt phosphorylation
[6]. This indicated the existence of a cytoskeleton-independent
pathway from growth factor receptors to Rheb via PI3K, Akt
and TSC1/2. However, a requirement of the actin cytoskeleton
for growth factor-induced Akt phosphorylation has been
demonstrated previously [84], and subsequent studies of
macrophages stimulated with CXCL12 showed that cyto-
skeletal inhibition reduced phosphorylation of not only S6K,
but also Akt and TSC2 [65]. Thus, CXCL12 initiates a cytoske-
leton-dependent pathway leading to phosphorylation of Akt
and TSC2. This suggests that ruffles or macropinocytic cups
formed in response to CXCL12 amplify PI3K activity or
otherwise locally stimulate phosphorylation of Akt.

Why is the actin cytoskeleton required for Akt phosphoryl-
ation in response to CXCL12 but not to M-CSF or PDGF? The
signals generated by CXCR4, the G-protein-coupled receptor
that binds CXCL12, may be qualitatively different from the
signals generated by the M-CSF receptor, such that Akt phos-
phorylation occurs by distinct biochemical pathways which
are differentially dependent on the actin cytoskeleton. How-
ever, we observed in macrophages that the maximal Akt
phosphorylation response to CXCL12 was significantly lower
than the maximal response to M-CSF [65]. We hypothesized
that receptor signalling which generates low concentrations
of PIP; in membranes may be enhanced by cytoskeleton-
dependent amplification of PI3K activity, such as occurs in
macropinocytic cups. Consistent with this model, stimulation
of macrophages with lower concentrations of M-CSF
(140 pM), which generated lower levels of Akt phosphoryl-
ation than did receptor-saturating concentrations of M-CSF
(6.9 nM), could be reduced by cytoskeleton inhibitors [65].
A similar relationship between the maximal levels of Akt phos-
phorylation responses and sensitivity to cytoskeletal inhibition
was also observed in fibroblasts stimulated with PDGF, which
generates a high maximal Akt response, and epidermal growth
factor, which generates a low maximal Akt response [85]. These
studies indicate that the actin cytoskeleton can amplify PI3K
activity locally, and suggest that ruffles, macropinocytic cups
or macropinosomes may serve as platforms for localized
amplification of Akt phosphorylation by both PDK1 (generat-
ing pAkt(308)) and mTORC2 (pAkt(473)) [85]. Receptors with
lower potential for generating PIP; in membranes may be
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better suited to modulation of PIP; concentrations by the
actin cytoskeleton and therefore better suited for organizing
cytoplasmic signalling spatially.

We proposed that macropinocytic cups or dorsal ruffles
create large subdomains of the plasma membrane which loca-
lize signal amplification and propagation [86]. Such domains
may restrict diffusion of enzymes, substrates and /or products,
which could lead to locally elevated concentrations of PIP;.
Alternatively or additionally, Akt phosphorylation may be
directly increased by Racl-dependent cytoskeletal activity.
The Racl effector PAK, which is also required for macro-
pinosome formation, can enhance Akt phosphorylation by
serving as a scaffold for both Akt and PDK1 [87].

4. Possibilities

Whether macropinosomes form spontaneously or in response
to receptor ligation, the spatially confined biochemical reactions
leading to their formation are a kind of signal transduction.
Macropinosomes are also capable of signalling to mTORC1
by delivering leucine or other amino acids into lysosomes,
and macropinocytic cups provide platforms for localized
activation of Akt. Additional roles for macropinocytosis in
cell signalling, and for cell metabolism to feedback regulate
signalling for macropinocytosis, are largely speculation. The
distinct molecular constituents of macropinosome membranes
may render them as platforms for signalling from internalized
receptors [64,88]. The increased volume of ingested water and
its subsequent flux across membranes and out of the cell
could regulate cell volume or convey other information about
extracellular conditions. Several additional possibilities are
offered here.

(a) Akt phosphorylated at the plasma membrane could
reach its substrate TSC2 on lysosomal membranes

via macropinocytosis
As described above, activation of PI3K by growth factor
receptors leads to Akt phosphorylation in plasma membranes
and eventually to Rheb activation on lysosomal membranes.
The Rheb GAP TSC1/2 dissociates from lysosomal mem-
branes when TSC2 is phosphorylated by phospho-Akt,
thereby permitting activation of mTORC1 by Rheb [89]. It
is not yet known how phospho-Akt at the plasma membrane
accesses TSC2 on lysosomal membranes, but the enzyme and
its substrate may be brought together via macropinocytosis
(figure 4). Akt is present in macropinocytic cups [90] and
has been localized to macropinosomes [64,65], where it may
be en route to lysosomes.

(b) Signalling in constant concentrations of growth
factors may be stochastic and contingent on the
formation of ruffles and cups

How important is macropinocytosis to receptor-regulated
growth in metazoan cells? We propose that, in cells which are
proliferating in constant concentrations of growth factor, recep-
tor signalling is confined to cups and amplified by the
cytoskeleton. As a mechanism to coordinate cell proliferation
with organogenesis, growth factor-mediated regulation of cell
growth may have co-opted macropinocytosis as an ancient

mechanism of nutrient acquisition and feedback regulation. [ 8 |

However, not all cells are as robustly macropinocytic as macro-
phages and tumor cells, and it remains to be determined
whether macropinosomes form frequently enough or convey
sufficiently strong signals to explain growth factor-dependent
growth in other metazoan cells. Maybe when PI3K is active con-
stitutively then other forms of endocytosis, less efficient than
macropinocytosis, can deliver sufficient amino acids into lyso-
somes to activate mMTORC1 and to support slow cell growth.
Alternatively, amino acid transport proteins in plasma mem-
brane of some cells may obviate the need for endocytic
mechanisms of activating mTORCI. In that case, macropino-
cytosis may be unnecessary or function simply as a mechanism
for clearing solutes and membranes.

(¢) Nutrient status or cellular dimensions may feedback
requlate macropinocytosis

Cellular metabolic status can modulate macropinocytosis.
Inhibition of mTORC1 or Akt increases rates of protein
degradation in lysosomes without affecting rates of macropino-
some formation [79], which suggests that nutritional status,
signalling through mTORC1 or Akt, affects macropinosome-
lysosome fusion. More generally, these observations suggest
that starvation or nutrient sufficiency regulates the signalling
pathways that initiate or complete macropinosome assembly
or that mediate macropinosome fusion with lysosomes. As a
mechanism for scavenging extracellular nutrients, macropino-
cytosis is likely to be regulated by cellular metabolic status,
just as metabolic status regulates degradation of cytoplasm by
autophagy [91].

The large-scale ingestion of membrane and extracellular
fluid that occurs during macropinosome formation changes cel-
lular dimensions by decreasing cell surface area and increasing
cell volume. In earlier experiments, we examined the effects of
cell dimensions on pinocytosis by asking whether macrophages
recognize satiety. We reasoned that if cells can monitor their
dimensions, then they should be capable of responding to the
enlargement of their lysosomal compartment that follows pha-
gocytosis. We determined that expansion of the lysosomal
compartment by phagocytosis of a latex bead meal or by inges-
tion of sucrose did not affect rates of basal pinocytosis but
significantly inhibited pinocytosis in macrophages stimulated
by phorbol myristate acetate (PMA), which we later determined
to be macropinocytosis [9]. Moreover, the more cells ate, the less
they drank [92,93]. The mechanism by which expansion of
the lysosomal compartment or overall cell size inhibits macro-
pinocytosis remains unknown, but it indicates the existence
of a feedback regulation of macropinocytosis by cellular dimen-
sions. We speculate that PI3K, PTEN and PIP; are components
of a mechanism that translates cell dimensions into feedback
regulation of cell behaviour, including macropinocytosis,
phagocytosis and chemotaxis.

5. Conclusion

At the very least, macropinosomes organize and propagate sig-
nals necessary for their own construction. Their formation and
maturation are subject to regulation by other inputs, and the
distinct features of macropinosomes may influence other cell
activities. The same signals that stimulate cell growth and
oriented cell motility also direct macropinosome formation,
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which suggests that macropinocytosis itself is essential to cell
growth. Although macropinosomes are capable of activating
mTORCI through delivery of amino acids into lysosomes, it
is not yet clear whether these activities are required for cell
growth. Macropinosomes may serve transient regulatory func-
tions associated with their distinct compartmental identity
within cytoplasm. That is, cells may be responsive to the
abrupt appearance in cytoplasm of large acidic organelles
with bounding membranes similar to plasma membrane but
depleted of PI(4,5)P, and rich in PI3P, which possibly also
maintain a membrane electrical potential or high internal

hydrostatic pressure. Moreover, cells may call on such orga- [ 9 |

nelles to deal with unusual situations, such as the appearance
in cytoplasm of pathogens or other disruptive particles [94].

This article has no additional data.
Both authors wrote, discussed and revised the
manuscript. Y.S. performed the microscopy shown in figure 1.
J.A.S. performed the microscopy shown in figure 2.
The authors have no competing interests.
This work was supported by NIH grant R0O1 GM110215 to
J.A.S. We thank Dr David Friedman for suggestions.

1. Mercer J, Helenius A. 2009 Virus entry by 13. Commisso C et al. 2013 Macropinocytosis of protein ~ 25. Wertheimer E, Gutierrez-Uzquiza A, Rosemblit C,
macropinocytosis. Nat. Cell Biol. 11, 510-520. is an amino acid supply route in Ras-transformed Lopez-Haber C, Sosa MS, Kazanietz MG. 2012 Rac
(doi:10.1038/nch0509-510) cells. Nature 497, 633—637. (doi:10.1038/ signaling in breast cancer: a tale of GEFs and GAPs.

2. Yoshida S, Hoppe AD, Araki N, Swanson JA. 2009 nature12138) Cell. Signal. 24, 353 -362. (doi:10.1016/j.cellsig.
Sequential signaling in plasma-membrane domains ~ 14. Palm W, Park Y, Wright K, Pavlova NN, Tuveson DA, 2011.08.011)
during macropinosome formation in macrophages. Thompson (B. 2015 The utilization of extracellular ~ 26. Michiels F, Stam JC, Hordijk PL, van der Kammen RA,
J. Cell Sci. 122, 3250—3261. (doi:10.1242/jcs. proteins as nutrients is suppressed by mTORC1. Cell Ruuls-Van Stalle L, Feltkamp CA, Collard JG. 1997
053207) 162, 259-270. (doi:10.1016/j.cell.2015.06.017) Regulated membrane localization of Tiam1, mediated

3. Racoosin EL, Swanson JA. 1993 Macropinosome 15. Devreotes PN, Bhattacharya S, Edwards M, Iglesias by the NH2-terminal pleckstrin homology domain, is
maturation and fusion with tubular lysosomes in PA, Lampert T, Miao Y. 2017 Excitable signal required for Rac-dependent membrane ruffling and
macrophages. J. Cell Biol. 121, 1011—1020. (doi:10. transduction networks in directed cell migration. (C-Jun NH2-terminal kinase activation. J. Cell Biol. 137,
1083/jch.121.5.1011) Annu. Rev. Cell Dev. Biol. 33, 103—125. (doi:10. 387-398. (doi:10.1083/jch.137.2.387)

4. Lou J, Low-Nam ST, Kerkvliet JG, Hoppe AD. 2014 1146/annurev-cellbio-100616-060739) 27. Araki N, Johnson MT, Swanson JA. 1996 A role for
Delivery of CSF-1R to the lumen of macropinosomes ~ 16. Veltman DM, Williams TD, Bloomfield G, Chen BC, phosphoinositide 3-kinase in the completion of
promotes its destruction in macrophages. J. Cell Sci. Betzig E, Insall RH, Kay RR. 2016 A plasma macropinocytosis and phagocytosis in macrophages.
127, 5228-5239. (doi:10.1242/jcs.154393) membrane template for macropinocytic cups. eLife J. Cell Biol. 135, 1249-1260. (doi:10.1083/jcb.135.

5. Willingham MC, Yamada SS. 1978 A mechanism for 5, 20085. (doi:10.7554/eLife.20085) 5.1249)
the destruction of pinosomes in cultured fibroblasts: ~ 17. Bloomfield G, Kay RR. 2016 Uses and abuses of 28. Araki N, Hamasaki M, Egami Y, Hatae T. 2006 Effect
Piranhalysis. J. Cell Biol. 78, 480—487. (doi:10. macropinocytosis. J. Cell Sci. 129, 2697 —2705. of 3-methyladenine on the fusion process of
1083/jch.78.2.480) (doi:10.1242/jcs.176149) macropinosomes in EGF-stimulated A431 cells. Cell

6. Yoshida S, Pacitto R, Yao Y, Inoki K, Swanson JA. 18. Swanson JA. 2008 Shaping cups into phagosomes Struct. Funct. 31, 145—157. (doi:10.1247/csf.06029)
2015 Growth factor signaling to mTORC1 by amino and macropinosomes. Nat. Rev. Mol. Cell Biol. 9, 29. Araki N, Egami Y, Watanabe Y, Hatae T. 2007
acid-laden macropinosomes. J. Cell Biol. 211, 639—649. (doi:10.1038/nrm2447) Phosphoinositide metabolism during membrane
159-172. (doi:10.1083/jch.201504097) 19. Scarselli M, Donaldson JG. 2009 Constitutive ruffling and macropinosome formation in EGF-

7. Berthiaume EP, Medina C, Swanson JA. 1995 internalization of G protein-coupled receptors and G stimulated A431 cells. Exp. Cell Res. 313,
Molecular size-fractionation during endocytosis in proteins via clathrin-independent endocytosis. 1496—1507. (doi:10.1016/j.yexcr.2007.02.012)
macrophages. J. Cell Biol. 129, 989—998. (doi:10. J. Biol. Chem. 284, 3577 -3585. (doi:10.1074/jbc. 30. Liberali P et al. 2008 The closure of Pak1-dependent
1083/jch.129.4.989) M806819200) macropinosomes requires the phosphorylation of

8. Hewlett LJ, Prescott AR, Watts C. 1994 The coated  20. Goodridge HS, Underhill DM, Touret N. 2012 (tBP1/BARS. EMBO J. 27, 970-981. (doi:10.1038/
pit and macropinocytic pathways serve distinct Mechanisms of Fc receptor and dectin-1 activation emboj.2008.59)
endosome populations. J. Cell Biol. 124, 689—703. for phagocytosis. Traffic 13, 1062—1071. (doi:10. 31.  Dharmawardhane S, Schurmann A, Sells MA,
(doi:10.1083/jch.124.5.689) 1111/1.1600-0854.2012.01382.x) Chernoff J, Schmid SL, Bokoch GM. 2000 Regulation

9. Swanson JA. 1989 Phorbol esters stimulate 21. Song MS, Salmena L, Pandolfi PP. 2012 The of macropinocytosis by p21-activated kinase-1.
macropinocytosis and solute flow through functions and regulation of the PTEN tumour Mol. Biol. Cell. 11, 3341—3352. (doi:10.1091/mbc.
macrophages. J. Cell Sci. 94, 135-142. suppressor. Nat. Rev. Mol. Cell Biol. 13, 283—296. 11.10.3341)

10. Swanson JA, Watts C. 1995 Macropinocytosis. Trends (doi:10.1038/nrm3330) 32. Fujii M, Kawai K, Egami Y, Araki N. 2013 Dissecting
Cell Biol. 5, 424—428. (d0i:10.1016/50962- 22. Bunney TD, Katan M. 2010 Phosphoinositide the roles of RacT activation and deactivation in
8924(00)89101-1) signalling in cancer: beyond PI3K and PTEN. macropinocytosis using microscopic photo-

11. Bloomfield G, Traynor D, Sander SP, Veltman DM, Nat. Rev. Cancer 10, 342—352. (doi:10.1038/ manipulation. Sci. Rep. 3, 2385. (doi:10.1038/
Pachebat JA, Kay RR. 2015 Neurofibromin controls nrc2842) srep02385)
macropinocytosis and phagocytosis in Dictyostelium. ~ 23. Gagliardi PA, Puliafito A, Primo L. 2018 PDK1: at 33.  Amyere M, Payrastre B, Krause U, Van der Smissen
elife 4, €04940. (doi:10.7554/eLife.04940) the crossroad of cancer signaling pathways. Semin. P, Veithen A, Courtoy PJ. 2000 Constitutive

12. Hoeller 0, Bolourani P, Clark J, Stephens LR, Cancer Biol. 48, 27-35. (doi:10.1016/j.semcancer. macropinocytosis in oncogene-transformed
Hawkins PT, Weiner 0D, Weeks G, Kay RR. 2013 Two 2017.04.014) fibroblasts depends on sequential permanent
distinct functions for PI3-kinases in 24. Vivanco |, Sawyers CL. 2002 The phosphatidylinositol activation phosphoinositide 3-kinase and

macropinocytosis. J. Cell Sci. 126, 4296—4307.
(doi:10.1242/jcs.134015)

3-kinase AKT pathway in human cancer. Nat. Rev.
Cancer 2, 489-501. (doi:10.1038/nrc839)

phospholipase C. Mol. Biol. Cell. 11, 3453—3467.
(doi:10.1091/mbc.11.10.3453)


http://dx.doi.org/10.1038/ncb0509-510
http://dx.doi.org/10.1242/jcs.053207
http://dx.doi.org/10.1242/jcs.053207
http://dx.doi.org/10.1083/jcb.121.5.1011
http://dx.doi.org/10.1083/jcb.121.5.1011
http://dx.doi.org/10.1242/jcs.154393
http://dx.doi.org/10.1083/jcb.78.2.480
http://dx.doi.org/10.1083/jcb.78.2.480
http://dx.doi.org/10.1083/jcb.201504097
http://dx.doi.org/10.1083/jcb.129.4.989
http://dx.doi.org/10.1083/jcb.129.4.989
http://dx.doi.org/10.1083/jcb.124.5.689
http://dx.doi.org/10.1016/S0962-8924(00)89101-1
http://dx.doi.org/10.1016/S0962-8924(00)89101-1
http://dx.doi.org/10.7554/eLife.04940
http://dx.doi.org/10.1242/jcs.134015
http://dx.doi.org/10.1038/nature12138
http://dx.doi.org/10.1038/nature12138
http://dx.doi.org/10.1016/j.cell.2015.06.017
http://dx.doi.org/10.1146/annurev-cellbio-100616-060739
http://dx.doi.org/10.1146/annurev-cellbio-100616-060739
http://dx.doi.org/10.7554/eLife.20085
http://dx.doi.org/10.1242/jcs.176149
http://dx.doi.org/10.1038/nrm2447
http://dx.doi.org/10.1074/jbc.M806819200
http://dx.doi.org/10.1074/jbc.M806819200
http://dx.doi.org/10.1111/j.1600-0854.2012.01382.x
http://dx.doi.org/10.1111/j.1600-0854.2012.01382.x
http://dx.doi.org/10.1038/nrm3330
http://dx.doi.org/10.1038/nrc2842
http://dx.doi.org/10.1038/nrc2842
http://dx.doi.org/10.1016/j.semcancer.2017.04.014
http://dx.doi.org/10.1016/j.semcancer.2017.04.014
http://dx.doi.org/10.1038/nrc839
http://dx.doi.org/10.1016/j.cellsig.2011.08.011
http://dx.doi.org/10.1016/j.cellsig.2011.08.011
http://dx.doi.org/10.1083/jcb.137.2.387
http://dx.doi.org/10.1083/jcb.135.5.1249
http://dx.doi.org/10.1083/jcb.135.5.1249
http://dx.doi.org/10.1247/csf.06029
http://dx.doi.org/10.1016/j.yexcr.2007.02.012
http://dx.doi.org/10.1038/emboj.2008.59
http://dx.doi.org/10.1038/emboj.2008.59
http://dx.doi.org/10.1091/mbc.11.10.3341
http://dx.doi.org/10.1091/mbc.11.10.3341
http://dx.doi.org/10.1038/srep02385
http://dx.doi.org/10.1038/srep02385
http://dx.doi.org/10.1091/mbc.11.10.3453

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

4,

45.

46.

Yoshida S, Gaeta |, Pacitto R, Krienke L, Alge 0,
Gregorka B, Swanson JA. 2015 Differential signaling
during macropinocytosis in response to M-CSF and
PMA in macrophages. Front. Physiol. 6, 8. (doi:10.
3389/fphys.2015.00008)

Falasca M, Logan SK, Lehto VP, Baccante G,
Lemmon MA, Schlessinger J. 1998 Activation of
phospholipase Cg by PI 3-kinase-induced PH
domain-mediated membrane targeting. EMBO J.
17, 414—422. (d0i:10.1093/emboj/17.2.414)
Bohdanowicz M, Schlam D, Hermansson M, Rizzuti
D, Faim GD, Ueyama T, Somerharju P, Du G, Parent
C. 2013 Phosphatidic acid is required for the
constitutive ruffling and macropinocytosis of
phagocytes. Mol. Biol. Cell. 24, 1700—1712. (doi:10.
1091/mbc.e12-11-0789)

Feliciano WD, Yoshida S, Straight SW, Swanson JA.
2011 Coordination of the Rab5 cycle on
macropinosomes. Traffic 12, 1911—1922. (doi:10.
1111/j.1600-0854.2011.01280.)

Garrett WS, Chen L-M, Kroschewski R, Ebersold M,
Turley S, Trombetta S, Galan JE, Mellman 1. 2000
Developmental control of endocytosis in dendritic
cells by Cdcd2. Cell 102, 325—-334. (doi:10.1016/
$0092-8674(00)00038-6)

Frittoli E et al. 2008 The primate-specific protein
TBC1D3 is required for optimal macropinocytosis
in a novel ARF6-dependent pathway. Mol. Biol.
Cell. 19, 1304-1316. (doi:10.1091/mbc.e07-
06-0594)

Ellerbroek SM, Wennerberg K, Arthur WT, Dunty JM,
Bowman DR, DeMali KA, Der C, Burridge K. 2004
SGEF, a RhoG guanine nucleotide exchange factor
that stimulates macropinocytosis. Mol. Biol. Cell. 15,
3309-3319. (doi:10.1091/mbc.e04-02-0146)
Valdivia A, Goicoechea SM, Awadia S, Zinn A,
Garcia-Mata R. 2017 Regulation of circular dorsal
ruffles, macropinocytosis, and cell migration by
RhoG and its exchange factor, Trio. Mol. Biol. Cell.
28, 1768—1781. (doi:10.1091/mbc.e16-06-0412)
Haga Y, Miwa N, Jahangeer S, Okada T, Nakamura
S. 2009 CtBP1/BARS is an activator of phospholipase
D1 necessary for agonist-induced macropinocytosis.
EMBO J. 28, 1197—1207. (doi:10.1038/emboj.
2009.78)

Welliver TP, Swanson JA. 2012 A growth factor
signaling cascade confined to circular ruffles in
macrophages. Biol. Open 1, 754—760. (doi:10.1242/
bi0.20121784)

Egami Y, Taguchi T, Maekawa M, Arai H, Araki N.
2014 Small GTPases and phosphoinositides in the
regulatory mechanisms of macropinosome
formation and maturation. Front. Physiol. 5, 374.
(doi:10.3389/fphys.2014.00374)

Maekawa M, Terasaka S, Mochizuki Y, Kawai K,
lkeda Y, Araki N, Skolnik EY, Taguchi T, Arai H. 2014
Sequential breakdown of 3-phosphorylated
phosphoinositides is essential for the completion of
macropinocytosis. Proc. Natl Acad. Sci. USA 111,
E978—E987. (doi:10.1073/pnas.1311029111)
Welliver TP, Chang SL, Linderman JJ, Swanson JA.
2011 Ruffles limit diffusion in the plasma
membrane during macropinosome formation.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

J. Cell Sci. 124, 4106—4114. (doi:10.1242/
je5.091538)

Trimble WS, Grinstein S. 2015 Barriers to the free
diffusion of proteins and lipids in the plasma
membrane. J. Cell Biol. 208, 259—-271. (doi:10.
1083/jch.201410071)

Cox D, Tseng CC, Bjekic G, Greenberg S. 1999

A requirement for phosphatidylinositol 3-kinase

in pseudopod extension. J. Biol. Chem. 274,
1240—1247. (doi:10.1074/jbc.274.3.1240)

Hoppe AD, Swanson JA. 2004 (dc42, Rac1, and Rac2
display distinct patterns of activation during
phagocytosis. Mol. Biol. Cell. 15, 3509—3519.
(doi:10.1091/mbc.e03-11-0847)

Beemiller P, Hoppe AD, Swanson JA. 2006 A
phosphatidylinositol-3-kinase-dependent signal
transition regulates ARF1 and ARF6 during Fcy
receptor-mediated phagocytosis. PLoS Biol. 4, e162.
(doi:10.1371/journal.phio.0040162)

Zhang Y, Hoppe AD, Swanson JA. 2010 Coordination
of Fc receptor signaling regulates cellular
commitment to phagocytosis. Proc. Natl Acad. Sci.
USA 107, 19 332—19 337. (doi:10.1073/pnas.
1008248107)

Varnai P, Rother KI, Balla T. 1999 Phosphatidylinositol
3-kinase-dependent membrane association of the
Bruton's tyrosine kinase pleckstrin homology domain
visualized in living cells. J. Biol. Chem. 274,

10 983—10 989. (doi:10.1074/jbc.274.16.10983)
Park WS, Heo WD, Whalen JH, O'Rourke NA, Bryan
HM, Meyer T, Teruel MN, 2008 Comprehensive
identification of PIP3-regulated PH domains

from C. elegans to H. sapiens by model prediction
and live imaging. Mol. Cell. 30, 381-392. (doi:10.
1016/j.molcel.2008.04.008)

Alessi DR, James SR, Downes CP, Holmes AB,
Gaffney PR, Reese (B, Cohen P. 1997
(haracterization of a 3-phosphoinositide-dependent
protein kinase which phosphorylates and activates
protein kinase Bax. Curr. Biol. 7, 261—269. (doi:10.
1016/50960-9822(06)00122-9)

Stokoe D, Stephens LR, Copeland T, Gaffney PR,
Reese (B, Painter GF, Holmes AB, McCormick F,
Hawkins PT. 1997 Dual role of phosphatidylinositol-
3,4,5-trisphosphate in the activation of protein
kinase B. Science 277, 567—570. (doi:10.1126/
science.277.5325.567)

Liu P et al. 2015 PtdIns(3,4,5)P3-dependent
activation of the mTORC2 kinase complex. Cancer
Discov. 5, 1194—1209. (doi:10.1158/2159-8290.CD-
15-0460)

Manning BD, Toker A. 2017 AKT/PKB signaling:
navigating the network. Cell 169, 381—405.
(doi:10.1016/j.cell.2017.04.001)

Rodrigues GA, Falasca M, Zhang Z, Ong SH,
Schlessinger J. 2000 A novel positive feedback loop
mediated by the docking protein Gab1 and
phosphatidylinositol 3-kinase in epidermal growth
factor receptor signaling. Mol. Cell. Biol. 20,

1448 —1459. (doi:10.1128/M(B.20.4.1448-
1459.2000)

Gu H, Botelho RJ, Yu M, Grinstein S, Neel BG. 2003
(ritical role for scaffolding adapter Gab2 in Fc yR-

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

AR

72.

73.

74.

mediated phagocytosis. J. Cell Biol. 161,
1151-1161. (doi:10.1083/jch.200212158)

Egami Y, Araki N. 2012 Spatiotemporal localization
of Rab20 in live RAW264 macrophages during
macropinocytosis. Acta Histochem. Cytochem. 45,
317-323. (doi:10.1267/ahc.12014)

Egami Y, Araki N. 2009 Dynamic changes in the
spatiotemporal localization of Rab21 in live RAW264
cells during macropinocytosis. PLoS ONE 4, e6689.
(doi:10.1371/journal.pone.0006689)

Kerr MC, Lindsay MR, Luetterforst R, Hamilton N,
Simpson F, Parton RG, Gleeson PA, Teasdale RD.
2006 Visualisation of macropinosome maturation by
the recruitment of sorting nexins. J. Cell Sci. 119,
3967 —3980. (doi:10.1242/j¢s.03167)

Henry RM, Hoppe AD NJ, Swanson JA. 2004 The
uniformity of phagosome maturation in
macrophages. J. Cell Biol. 164, 185—194. (doi:10.
1083/jch.200307080)

Porat-Shliom N, Kloog Y, Donaldson JG. 2008

A unique platform for H-Ras signaling involving
clathrin-independent endocytosis. Mol. Biol. Cell.
19, 765—775. (doi:10.1091/mbc.e07-08-0841)
Pacitto R, Gaeta I, Swanson JA, Yoshida S. 2017
(XCL12-induced macropinocytosis modulates two
distinct pathways to activate mTORC1 in
macrophages. J. Leukoc. Biol. 101, 683 —692.
(doi:10.1189/jlb.2A0316-141RR)

Saxton RA, Sabatini DM. 2017 mTOR signaling in
growth, metabolism, and disease. Cell 168,
960-976. (doi:10.1016/j.cell.2017.02.004)

Jewell JL, Russell RC, Guan KL. 2013 Amino acid
signalling upstream of mTOR. Nat. Rev. Mol. Cell
Biol. 14, 133—139. (doi:10.1038/nrm3522)

Efeyan A, Zoncu R, Sabatini DM. 2012 Amino acids
and mTORC1: from lysosomes to disease. Trends
Mol. Med. 18, 524-533. (doi:10.1016/j.molmed.
2012.05.007)

Lim CY, Zoncu R. 2016 The lysosome as a
command-and-control center for cellular
metabolism. J. Cell Biol. 214, 653—664. (doi:10.
1083/jch.201607005)

Zoncu R, Bar-Peled L, Efeyan A, Wang S, Sancak Y,
Sabatini DM. 2011 mTORC1 senses lysosomal amino
acids through an inside-out mechanism that
requires the vacuolar H(+)-ATPase. Science 334,
678-683. (doi:10.1126/science.1207056)

Wyant GA, Abu-Remaileh M, Wolfson RL, Chen WW,
Freinkman E, Danai LV, Vander Heiden MG, Sabatini
DM. 2017 mTORCT activator SLC38A9 is required to
efflux essential amino acids from lysosomes and use
protein as a nutrient. Cell 171, 642—654. (doi:10.
1016/j.cell.2017.09.046)

Rebsamen M et al. 2015 SLC38A9 is a component of
the lysosomal amino acid sensing machinery that
controls mTORC1. Nature 519, 477—-481. (doi:10.
1038/nature14107)

Bar-Peled L, Schweitzer LD, Zoncu R, Sabatini DM.
2012 Ragulator is a GEF for the rag GTPases that
signal amino acid levels to mTORC1. Cell 150,
1196—1208. (doi:10.1016/j.cell.2012.07.032)

Hara K, Yonezawa K, Weng QP, Kozlowski MT,
Belham C, Avruch J. 1998 Amino acid sufficiency


http://dx.doi.org/10.3389/fphys.2015.00008
http://dx.doi.org/10.3389/fphys.2015.00008
http://dx.doi.org/10.1093/emboj/17.2.414
http://dx.doi.org/10.1091/mbc.e12-11-0789
http://dx.doi.org/10.1091/mbc.e12-11-0789
http://dx.doi.org/10.1111/j.1600-0854.2011.01280.x
http://dx.doi.org/10.1111/j.1600-0854.2011.01280.x
http://dx.doi.org/10.1016/S0092-8674(00)00038-6
http://dx.doi.org/10.1016/S0092-8674(00)00038-6
http://dx.doi.org/10.1091/mbc.e07-06-0594
http://dx.doi.org/10.1091/mbc.e07-06-0594
http://dx.doi.org/10.1091/mbc.e04-02-0146
http://dx.doi.org/10.1091/mbc.e16-06-0412
http://dx.doi.org/10.1038/emboj.2009.78
http://dx.doi.org/10.1038/emboj.2009.78
http://dx.doi.org/10.1242/bio.20121784
http://dx.doi.org/10.1242/bio.20121784
http://dx.doi.org/10.3389/fphys.2014.00374
http://dx.doi.org/10.1073/pnas.1311029111
http://dx.doi.org/10.1242/jcs.091538
http://dx.doi.org/10.1242/jcs.091538
http://dx.doi.org/10.1083/jcb.201410071
http://dx.doi.org/10.1083/jcb.201410071
http://dx.doi.org/10.1074/jbc.274.3.1240
http://dx.doi.org/10.1091/mbc.e03-11-0847
http://dx.doi.org/10.1371/journal.pbio.0040162
http://dx.doi.org/10.1073/pnas.1008248107
http://dx.doi.org/10.1073/pnas.1008248107
http://dx.doi.org/10.1074/jbc.274.16.10983
http://dx.doi.org/10.1016/j.molcel.2008.04.008
http://dx.doi.org/10.1016/j.molcel.2008.04.008
http://dx.doi.org/10.1016/S0960-9822(06)00122-9
http://dx.doi.org/10.1016/S0960-9822(06)00122-9
http://dx.doi.org/10.1126/science.277.5325.567
http://dx.doi.org/10.1126/science.277.5325.567
http://dx.doi.org/10.1158/2159-8290.CD-15-0460
http://dx.doi.org/10.1158/2159-8290.CD-15-0460
http://dx.doi.org/10.1016/j.cell.2017.04.001
http://dx.doi.org/10.1128/MCB.20.4.1448-1459.2000
http://dx.doi.org/10.1128/MCB.20.4.1448-1459.2000
http://dx.doi.org/10.1083/jcb.200212158
http://dx.doi.org/10.1267/ahc.12014
http://dx.doi.org/10.1371/journal.pone.0006689
http://dx.doi.org/10.1242/jcs.03167
http://dx.doi.org/10.1083/jcb.200307080
http://dx.doi.org/10.1083/jcb.200307080
http://dx.doi.org/10.1091/mbc.e07-08-0841
http://dx.doi.org/10.1189/jlb.2A0316-141RR
http://dx.doi.org/10.1016/j.cell.2017.02.004
http://dx.doi.org/10.1038/nrm3522
http://dx.doi.org/10.1016/j.molmed.2012.05.007
http://dx.doi.org/10.1016/j.molmed.2012.05.007
http://dx.doi.org/10.1083/jcb.201607005
http://dx.doi.org/10.1083/jcb.201607005
http://dx.doi.org/10.1126/science.1207056
http://dx.doi.org/10.1016/j.cell.2017.09.046
http://dx.doi.org/10.1016/j.cell.2017.09.046
http://dx.doi.org/10.1038/nature14107
http://dx.doi.org/10.1038/nature14107
http://dx.doi.org/10.1016/j.cell.2012.07.032

75.

76.

71.

78.

79.

80.

and mTOR regulate p70 S6 kinase and elF-4E BP1
through a common effector mechanism. J. Biol.
Chem. 273, 14 484—14 494. (doi:10.1074/jbc.273.
23.14484)

Li L, Kim E, Yuan H, Inoki K, Goraksha-Hicks P,
Schiesher RL, Neufeld TP, Guan K-L. 2010
Regulation of mTORCT by the Rab and Arf GTPases.
J. Biol. Chem. 285, 19705-19 709. (doi:10.1074/
jbc.C110.102483)

Bridges D, Fisher K, Zolov SN, Xiong T, Inoki K,
Weisman LS, Saltiel AR. 2012 Rab5 proteins
regulate activation and localization of target of
rapamycin complex 1. J. Biol. Chem. 287,

20 913-20921. (doi:10.1074/jbc.M111.334060)
Bridges D, Ma JT, Park S, Inoki K, Weisman LS,
Saltiel AR. 2012 Phosphatidylinositol 3,5-
bisphosphate plays a role in the activation and
subcellular localization of mechanistic target of
rapamycin 1. Mol. Biol. Cell. 23, 2955-2962.
(doi:10.1091/mbc.e11-12-1034)

Bar-Sagi D, Feramisco JR. 1986 Induction of
membrane ruffling and fluid-phase pinocytosis in
quiescent fibroblasts by ras proteins. Science 233,
1061—1066. (doi:10.1126/science.3090687)

Palm W, Araki J, King B, DeMatteo RG, Thompson
(B. 2017 (ritical role for PI3-kinase in regulating
the use of proteins as an amino acid source. Proc.
Natl Acad. Sci. USA 114, E8628—E8E36. (doi:10.
1073/pnas.1712726114)

Nofal M, Zhang K, Han S, Rabinowitz JD. 2017
mTOR inhibition restores amino acid balance in cells
dependent on catabolism of extracellular protein.

81.

82.

83.

84.

85.

86.

8.

Mol. Cell 67, 936—946. (doi:10.1016/j.molcel.2017.
08.011)

Inoki K, Li Y, Xu T, Guan KL. 2003 Rheb GTPase is a
direct target of TSC2 GAP activity and regulates
mTOR signaling. Genes Dev. 17, 1829—1834.
(doi:10.1101/gad.1110003)

Dibble CC, Cantley LC. 2015 Regulation of mTORCT
by PI3K signaling. Trends Cell Biol. 25, 545—555.
(doi:10.1016/j.tcb.2015.06.002)

Menon S, Dibble CC, Talbott G, Hoxhaj G, Valvezan AJ,
Takahashi H, Cantley LC, Manning BD. 2014 Spatial
control of the TSC complex integrates insulin and
nutrient regulation of mTORC1 at the lysosome. Cell
156, 771-785. (doi:10.1016/j.cell.2013.11.049)
Peyrollier K, Hajduch E, Gray A, Litherland GJ,
Prescott AR, Leslie NR, Hundal HS. 2000 A role for
the actin cytoskeleton in the hormonal and growth-
factor-mediated activation of protein kinase B.
Biochem. J. 352, 617-622. (doi:10.1042/
bj3520617)

Yoshida S, Pacitto R, Sesi C, Kotula L, Swanson JA.
2018 Dorsal ruffles enhance activation of Akt by
growth factors. J. Cell Sci. 131, 220517. (doi:10.
1242/jcs.220517).

Yoshida S, Pacitto R, Inoki K, Swanson J. 2018
Macropinocytosis, mTORC1 and cellular growth
control. Cell. Mol. Life Sci. 75, 1227-1239. (doi:10.
1007/500018-017-2710-y)

Higuchi M, Onishi K, Kikuchi C, Gotoh Y. 2008
Scaffolding function of PAK in the PDK1-Akt
pathway. Nat. Cell Biol. 10, 1356—1364. (doi:10.
1038/nch1795)

89.

90.

9.

92.

93.

9%4.

. Sorkin A, von Zastrow M. 2009 Endocytosis and

signalling: intertwining molecular networks. Nat.
Rev. Mol. Cell Biol. 10, 609—622. (doi:10.1038/
nrm2748)

Inoki K, Li Y, Zhu T, Wu J, Guan KL. 2002 TSC2 is
phosphorylated and inhibited by Akt and
suppresses mTOR signalling. Nat. Cell Biol. 4,

648 —657. (doi:10.1038/nch839)

Wall AA, Luo L, Hung Y, Tong SJ, Condon ND,
Blumenthal A, Sweet MJ, Stow JL. 2017 Small
GTPase Rab8a-recruited phosphatidylinositol
3-kinase gamma regulates signaling and cytokine
outputs from endosomal toll-like receptors. J. Biol.
Chem. 292, 4411—-4422. (doi:10.1074/jbc.M116.
766337)

Feng Y, He D, Yao Z, Klionsky DJ. 2014 The
machinery of macroautophagy. Cell Res. 24, 24-41.
(doi:10.1038/cr.2013.168)

Swanson JA, Yirinec B, Burke E, Bushnell A,
Silverstein SC. 1986 Effect of alterations in the size
of the vacuolar compartment on pinocytosis in
J774.2 macrophages. J. Cell. Physiol. 128, 195-201.
(doi:10.1002/jcp.1041280209)

Swanson JA, Burke E, Silverstein SC. 1987 Tubular
lysosomes accompany stimulated pinocytosis in
macrophages. J. Cell Biol. 104, 1217 —1222. (doi:10.
1083/jch.104.5.1217)

Wong AO, Marthi M, Mendel ZI, Gregorka B,
Swanson MS, Swanson JA. 2018 Renitence vacuoles
facilitate protection against phagolysosomal
damage in activated macrophages. Mol. Biol. Cell.
29, 657—-668. (doi:10.1091/mbc.E17-07-0486)


http://dx.doi.org/10.1074/jbc.273.23.14484
http://dx.doi.org/10.1074/jbc.273.23.14484
http://dx.doi.org/10.1074/jbc.C110.102483
http://dx.doi.org/10.1074/jbc.C110.102483
http://dx.doi.org/10.1074/jbc.M111.334060
http://dx.doi.org/10.1091/mbc.e11-12-1034
http://dx.doi.org/10.1126/science.3090687
http://dx.doi.org/10.1073/pnas.1712726114
http://dx.doi.org/10.1073/pnas.1712726114
http://dx.doi.org/10.1016/j.molcel.2017.08.011
http://dx.doi.org/10.1016/j.molcel.2017.08.011
http://dx.doi.org/10.1101/gad.1110003
http://dx.doi.org/10.1016/j.tcb.2015.06.002
http://dx.doi.org/10.1016/j.cell.2013.11.049
http://dx.doi.org/10.1042/bj3520617
http://dx.doi.org/10.1042/bj3520617
http://dx.doi.org/10.1242/jcs.220517
http://dx.doi.org/10.1242/jcs.220517
http://dx.doi.org/10.1007/s00018-017-2710-y
http://dx.doi.org/10.1007/s00018-017-2710-y
http://dx.doi.org/10.1038/ncb1795
http://dx.doi.org/10.1038/ncb1795
http://dx.doi.org/10.1038/nrm2748
http://dx.doi.org/10.1038/nrm2748
http://dx.doi.org/10.1038/ncb839
http://dx.doi.org/10.1074/jbc.M116.766337
http://dx.doi.org/10.1074/jbc.M116.766337
http://dx.doi.org/10.1038/cr.2013.168
http://dx.doi.org/10.1002/jcp.1041280209
http://dx.doi.org/10.1083/jcb.104.5.1217
http://dx.doi.org/10.1083/jcb.104.5.1217
http://dx.doi.org/10.1091/mbc.E17-07-0486

	Macropinosomes as units of signal transduction
	Introduction
	Localized signals essential to macropinosome formation and maturation
	Signal cascades are restricted to macropinocytic cups
	Cup domains of plasma membrane are isolated from the contiguous membrane outside of the cups
	Signalling for macropinocytosis is similar to signalling for phagocytosis
	Downstream effectors of PI3K may be regulated differentially by PIP3 concentration thresholds
	Traffic of macropinosomes into lysosomes or back to the cell surface is regulated

	Macropinocytosis-associated signals that modulate cell metabolism
	Activation of mTORC1 requires ingestion of amino acids by macropinocytosis
	The actin cytoskeleton differentially stimulates receptor-dependent phosphorylation of Akt

	Possibilities
	Akt phosphorylated at the plasma membrane could reach its substrate TSC2 on lysosomal membranes via macropinocytosis
	Signalling in constant concentrations of growth factors may be stochastic and contingent on the formation of ruffles and cups
	Nutrient status or cellular dimensions may feedback regulate macropinocytosis

	Conclusion
	Data accessibility
	Authors’ contributions
	Competing interests
	Funding
	References


