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ELSEVIER

Macropinocytosis at the crossroad between nutrient
scavenging and metabolism in cancer

Elena Rainero

Abstract

Macropinocytosis (MP), the actin-dependent bulk uptake of
extracellular fluids, plays a central role in nutrient scavenging,
allowing cancer cells to sustain their growth in the hypoxic and
nutrient-deprived microenvironment often found in solid tu-
mours. The lack of soluble nutrients and several oncogenic
signalling pathways, with RAS being the most studied, push
MP-dependent internalisation of extracellular proteins, which
are then digested in the lysosomes, replenishing the intracel-
lular nutrient pools. This review will highlight recent advances
in understanding how MP is regulated in hypoxic cancers, how
it impinges on chemoresistance, and how different MP cargos
facilitate tumour growth. Finally, | will highlight the crosstalk
between MP and extracellular matrix receptors.
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Abbreviations

MP, macropinocytosis; TME, tumour microenvironment; mTOR,
mammalian target of Rapamycin; AMPK, AMP-activated protein kinase;
ECM, extracellular matrix; PDAC, pancreatic ductal adenocarcinoma;
HIF1A, hypoxia-inducible factor 1A; KRAS*, mutant KRAS; SDC1,
syndecan 1; NHE1, sodium/proton exchanger 1; HCC, hepatocellular
carcinoma; TCA, tricarboxylic acid cycle; ACLY, ATP citrate lyase;
DNM2, dynamin 2; ATM, ataxia-telangiectasia; ATR, Ataxia telangiec-
tasia and Rad3-related protein; MMP, matrix metalloproteinase; DDR1,
Discoidin Domain Receptor 1; HA, hyaluronic acid; HBP, hexosamine
biosynthetic pathway.

Introduction

The movement of cargo within the cells is controlled by
membrane trafficking, a complex network of tubular and
vesicular compartments [1]. Vesicular trafficking can
impinge on cell metabolism through the regulation of
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nutrient uptake mechanisms and by controlling nutrient
signalling. The plasma membrane levels of nutrient
transporters are controlled by the balance between
internalisation and recycling, and multiple endocytic
pathways have been involved in these processes [2]. In
recent years, macropinocytosis (MP) has taken the
centre stage as a controller of nutrient scavenging under
the limited nutrient availability conditions found in the
tumour microenvironment (TME) [3]. MP is defined as
the bulk uptake of extracellular fluids, and it is mediated
by the extension of actin-rich protrusions, eventually
forming a vesicle called the macropinosome. These
vesicles are transported through the endosomal system
and eventually fuse with lysosomes, allowing for their
content to be degraded by lysosomal proteases [4,5].
The complex branched glucan dextran, in its high mo-
lecular weight form, has been extensively used as a MP
marker, as it is too large to fit into smaller endocytic
vesicles [6]. MP has been shown to be controlled by a
variety of mechanisms, including oncogenic signalling,
nutrient availability, autophagy, and nutrient signalling
by mammalian targets of rapamycin (mTOR) and AMP-
activated protein kinase (AMPK) pathways [5]. Here 1
will present recent advances highlighting how MP is
regulated in cancer, including under hypoxic conditions,
how MP can support drug resistance, and the different
cargos that can be internalised through MP. I will
conclude by describing the crosstalk between cell/
extracellular matrix (ECM) adhesion and MP, raising the
intriguing possibility of an ECM-driven MP component.

Macropinocytosis regulation in the tumour
microenvironment

Most solid tumours are characterised by a hypoxic TME,
which has been associated with drug resistance and a
poor prognosis [7]. Aspartate represents an endogenous
metabolic limitation under hypoxia. Interestingly,
GOT?2, a mitochondrial aspartate synthesis enzyme, is
required for pancreatic ductal adenocarcinoma (PDAC)
cell growth  wvitro, while m vivo this requirement is
bypassed by albumin internalisation mediated by MP.
Indeed, in PDAC tumour xenografts, there was a
marked increase in dextran uptake in hypoxic regions,
while 7z vitro hypoxia led to a hypoxia-inducible factor
1A (HIF1A)-dependent increase in dextran uptake in
PDAC cells harbouring different KRAS mutations
(KRAS*) but not in wild-type (WT) KRAS cells. It
would be important to confirm these data in orthotopic
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settings, closely recapitulating the PDAC microenvi-
ronment, as opposed to xenograft experiments. Mech-
anistically, the canonical HIF1A target carbonic
anhydrase 9 (CA9) promoted MP through a bicarbonate/
soluble adenylate cyclase/protein kinase A axis [8], as
previously shown [9]. Finally, the loss of CA9 signifi-
cantly reduced the ability of GOT2 KO cells to grow in
hypoxic tumour regions without affecting the prolifera-
tion of WT cells. This highlights the importance of MP
in maintaining the metabolic fitness of the cells and
compensating for the lack of nutrients. Intriguingly,
hypoxia induction mediated by CoCl, treatment in
KRAS*512D PDAC cells has been shown to promote MP
through NRF2-dependent expression of MP-related
proteins, including syndecan 1 (SDC1), CDC42, and
sodium/proton exchanger 1 (NHE1) [10]. This in-
dicates that, at least in PDAC, hypoxia can elicit the
activation of MP through different signalling path-
ways (Figure 1a).

A similar correlation between hypoxia and dextran
uptake was observed in hepatocellular carcinoma
(HCCQ), both in 2 vive orthotopic xenografts and  vitro.
Interestingly, MP-dependent albumin uptake supported
cell proliferation under low glutamine in hypoxia but not
in normoxia. However, MP has been shown to support
HCC cell growth under serum starvation in normoxia
[11], suggesting a potential crosstalk between nutrient
levels, MP, and oxygen levels, which requires further
evaluation. Mechanistically, HIF1A directly induced the
expression of the dynamin-related ATPase EHD?2,
required for the maintenance of plasma membrane
curvature to induce membrane fission and macro-
pinosome formation (Figure 1a). Several i vivo models
showed that hypoxia- and EHD2-dependent MP is a
general phenomenon in HCC, not linked to a specific
oncogenic mutation [12], while in PDAC hypoxia-
induced MP is specifically linked to KRAS*. It is
therefore likely that different mechanisms are under-
pinning hypoxia-mediated MP in different cancer types.
In PDAC, KRAS*-independent MP has been described
[13], but it is possible that hypoxia does not play a role
in this context. The deubiquitinase USP21 has been
shown to promote KRAS*-independent tumour growth
by driving MARK3-dependent MP, which in turn
maintains intracellular amino acid levels and activates
mTORCI1. Interestinglyy, MARK3 is a regulator of
microtubule dynamics, and evidence from this work
strongly supports the idea that, in addition to the actin
cytoskeleton, microtubule dynamics can foster MP [14].
Consistently, the inhibition of microtubule dynamics by
nocodazole treatment opposed ruffle formation and
macropinocytosis in macrophages [15], and microtu-
bules were shown to be required for macropinosome
formation and inward movement in fibrosarcoma cell
lines [16]. Evidence suggests the existence of a crosstalk
between hypoxia and microtubules, whereby on the one

hand hypoxia promotes microtubule stabilisation [17],
while on the other hand microtubules can regulate
HIF1A trafficking and activity [18]. It would therefore
be interesting to characterise in more detail the role of
microtubules in hypoxia-driven MP.

Cellular bioenergetics and extracellular  protein-
scavenging are interconnected processes. Acetyl coen-
zyme A (acetyl-CoA) plays a central role in cellular
metabolism. Being produced by nutrient catabolism, it
fuels the tricarboxylic acid (TCA) cycle, provides building
blocks for lipid biosynthesis, and is involved in the acet-
ylation of histones and other proteins. Acetyl-CoA
metabolic enzymes are often upregulated in cancer
[19]. Interestingly, the acetyl-CoA-producing enzyme
adenosine triphosphate (ATP) citrate lyase (ACLY) is
associated with the actin cytoskeleton, coupling citrate
exported from mitochondria located in close proximity to
membrane ruffles with actin polymerisation, resulting in
macropinosome formation (Figure 1b). Indeed, the
blockade of citrate mitochondria export, ACLY KO, or its
pharmacological inhibition, prevented dextran uptake in a
panel of RAS* cell lines [20]. Similarly, the acetyl-CoA
enzyme short chain family member 2 (ACSS2) was
upregulated by metabolic stress, promoting the expres-
sion of SDC1 and dynamin 2 (DNMZ2), which in turn
stimulated MP in KRAS*@12P or GIZV pDAC cells
(Figure 1b). Noteworthy, ACSS2 KO suppressed tumour
growth in an orthotopic xenograft mouse model [21].

MP has been shown to be associated with resistance to
therapy. In HCC, sorafenib treatment induces cell death
through ferroptosis, via cysteine depletion. In sorafenib-
resistant cells, the stimulation of MP-dependent pro-
tein scavenging replenished cysteine levels, preventing
ferroptosis (Figure 1¢). Iz vivo, the inhibition of MP by
amiloride treatment enhanced sorafenib anti-tumour ef-
fects [22]. Consistently, in fibrosarcoma, lung, and PDAC
cells, MP-dependent albumin uptake prevented ferrop-
tosis [23]. This was observed in both KRAS* and WT
cells, and it is possible that other mechanisms, in addition
to MP, contributed to albumin internalisation. Similarly,
in breast cancer cells, MP-dependent uptake of necrotic
cell debris has been shown to support resistance to drugs
targeting nucleotide biosynthesis by replenishing the
cellular nucleotide pool (Figure 1c) [24]. In PDAC cells,
protein scavenging by MP, followed by lysosomal degra-
dation, mediated mT'OR inhibitor resistance in PTEN
null cells. Interestingly, in this context, MP was pre-
dominantly driven by mTORC2 [25]. Together, this in-
dicates that inhibition of MP could represent a strategy
to overcome therapy resistance in different contexts.

Macropinocytosis cargos in the tumour
microenvironment

MP as a nutrient-scavenging mechanism has been
implicated in the uptake of a variety of cargos.
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MP regulators in the TME. (a) Hypoxia promotes MP via different mechanisms. Blockade of the aspartate (Asp) synthesis enzyme GOT2 depletes cellular Asp
pools in KRAS* PDAC cells. HIF1A-dependent expression of cerbonic anhydrase 9 (CA9) promotes albumin MP via bicarbonate, adenylate cyclase (AC) and
protein kinase A (PKA). Albumin lysosomal degradation restores Asp levels. NRF2-dependend expression of syndecan 1 (SDC1), CDC42 and NHE1 also
promote MP in KRAS* PDAC cells. In hepatocellular carcinoma (HCC), HIF1A-dependent EHD2 expression promotes MP. (b) The acetyl-CoA producting
enzyme ATP citrate lyase (ACLY) promotes MP by controlling actin polymerisation at membrane ruffles. ACSS2, another acetyl-CoA generating enzyme, drives
MP by promoting the expression of SDC1 and dynamin 2 (DNM2). (c) MP confers resistance to sorafenib-induced ferroptosis and cell death by nucleotide
synthesis inhibitors by providing a source of cysteine (via a phosphatidylinositol 3 kinase (PI3K)/RAC1/PAK1 singnalling pathway) and nucleotides, respectively.

Extracellular protein scavenging is a well-known regu-  degradation [26]. It is therefore not surprising that,
lator of cancer cell growth, and it is well established that ~ when cells rely on extracellular protein sources, lyso-
extracellular proteins are targeted to lysosomes for  somal cathepsins, as well as lysosomal enzyme
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MP cargos. (a) ErbB2/EGFR signalling drives cholesterol MP. Cholesterol at the plasma membrane (PM) can activate RAC1, with a potential feedback
loop driving further MP. (b) ATM inhibition promotes branched chain amino acids (BCAA) MP in ovarian cancer cells. (¢) DDR1 binding to collagen |
fragments promotes collagen | MP, by stimulating p62-dependent expression of the NRF2 targets SDC1, CDC42 and RAC1. (d) In breast cancer cells,
PAK1 drives ECM component MP. (e) Hyaluronic acid (HA) uptake via MP maintains the glycosylation pool in PDAC cells.

trafficking factor (LYSET), an enzyme mediating lyso-
somal enzyme targeting, are required for scavenging-
dependent cell growth [27,28].

In addition to the role of MP in extracellular proteins/
albumin internalisation, other MP cargos have been
identified. In ovarian and breast cancer cells, cholesterol
uptake is required for cell invasion [29]. A constitutively
active and therapy-resistant form of ErbB2 (p95ErbB2)
was shown to increase MP-dependent cholesterol uptake
and promote cell invasion (Figure 2a) [30]. Interestingly,
in HCC cells, the accumulation of cholesterol at the
plasma membrane was shown to promote RAC1 activa-
tion and MP, supporting ATP production and cell

proliferation under conditions in which cell growth is
dependent on extracellular protein uptake [11]. These
observations might suggest the existence of a positive
feedback loop whereby MP-driven cholesterol uptake
further activates MP to promote nutrient scavenging,

In ovarian cancer cells, the inhibition of ataxia-
telangiectasia (ATM), but not ataxia-telangiectasia and
Rad3-related protein  (ATR), promoted the MP-
dependent uptake of branched-chain amino acids
(BCAA), potentially through a mechanism driven by the
inhibition of mTOR (Figure 2b). It is quite well estab-
lished that the blockade of mMTORC1 promotes MP and
growth in cells relying on extracellular protein scavenging

Current Opinion in Cell Biology 2024, 88:102359
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[31]. Interestingly, AT'M-inhibited tumours were found
to be associated with a reduction in BCAA levels in as-
cites and interstitial fluids, while the combined inhibi-
tion of ATM and MP impaired proliferation and induced
cell death both  vitro and i vive [32]. In glioblastoma,
ATR has been shown to promote dextran uptake by MP
and the retrograde transport of macropinosomes along
the neurites, indicating that ATR likely regulates MPin a
context-dependent manner. Interestingly, several integ-
rin isoforms, including a3, a6, and a5, are internalised
through MP and are required for neurite detachment and
cell migration [33], supporting the idea that integrins can
be selectively recruited in macropinocytic cups, as pre-
viously shown [34]. It is therefore tempting to speculate
that the presence of integrins in cups could define a
subtype of MP, which could impinge on the regulation of
MP-dependent ECM uptake and invasive cell growth.
Indeed, ECM receptors have been implicated in the
control of MP and nutrient scavenging [35,36].

The internalisation of collagen I fragments generated by
matrix metalloproteinase (MMP) activity supported
PDAC cell growth i vitro and in vivo. This process was
dependent on the collagen receptor discoidin domain
receptor 1 (DDR1), which resulted in the activation of
the NFkB/p62/NRF2 cascade, eventually leading to the
upregulation of MP-related genes, including SDCI,
RAC/CDC42, and NHE1 (Figure 2¢) [37], as previously
described [10]. It is not clear whether DDRI1 is
internalised together with the cleaved collagen 1 frag-
ments or whether the binding of collagen to DDR1 at
the plasma membrane drives the downstream signalling
pathway, resulting in the engulfment of soluble collagen
I fragments.

SDC1 has been shown to be upregulated at the plasma
membrane in KRAS*“'?P mouse PDAC cells. Mecha-
nistically, KRAS* promotes ARF6-dependent recycling
of SDC1 back to the plasma membrane, which in turn
promotes RAC activation and MP, supporting albumin-
dependent cell growth under glutamine starvation
conditions [38]. Consistently, the KO of another
member of the SDC family, SDC4, resulted in a 50%
reduction in MP in PDAC and colon adenocarcinoma
cells and led to a significant inhibition of xenograft
tumour growth z vivo [39]. Interestingly, SDC4 was also
identified among the proteins upregulated at the plasma
membrane upon KRAS*C12P induction in mouse PDAC
cells [38]. Both SDC1 and SDC4 are co-receptors for
ECM components and have been shown to interact with
integrins and growth factor receptors. While SDC1
mostly signals through the activation of Mitogen-acti-
vated protein kinase (MAPK) and PI3K/AKT signalling
[38], SDC4 mainly results in the activation of protein
kinase C alpha [40]. Since SDC4 binding to the ECM
leads to RAC activation [41], it is possible that SDC4-
dependent MP is also mediated by RAC activation, as
in the case of SDCI1. Therefore, it would be interesting

Macropinocytosis and nutrient scavenging Rainero 5

to elucidate whether SDC/ECM interaction plays any
role in MP activation.

Our group recently demonstrated that in breast cancer
cells grown under amino acid starvation, MP-
dependent internalisation of ECM components
supported cell proliferation (Figure 2d). Interestingly,
ECM lysosomal degradation resulted in an increase in
intracellular amino acid content, in particular tyrosine
and phenylalanine. We found that phenylalanine
catabolism was required for ECM-dependent cell
growth and migration in both 2D and 3D culture sys-
tems. Interestingly, ECM internalisation was strongly
associated with invasive cancer cells, and ECM-
dependent cell growth under starvation was a specific
feature of invasive and metastatic breast cancer cells
[42]. To note, we found that in breast cancer cells,
ECM internalisation and ECM-dependent cell growth
were independent of MMP activity. Similarly, in lung
cancer cells, MP-dependent collagen I uptake was not
affected by MMP inhibition [43], suggesting that
collagen I and ECM cleavage requirements could be
context-dependent.

Consistent with the idea that ECM components can be
alternative nutrient sources, hyaluronic acid (HA) has
been shown to be a source of sugar in PDAC (Figure Ze)
by fuelling the hexosamine biosynthetic pathway (HBP).
HBP is crucial to control cell structure, signalling, and
survival through the modulation of glycosylation [44].
Interestingly, while HBP is required for cell growth
m vitro, it is bypassed i wviwo, where MP-dependent
internalisation and subsequent metabolism of low mo-
lecular weight HA restored the glycosylation pool [45].
The details of the molecular mechanisms contributing to
HA macropinocytosis await elucidation, but this seems to
be conserved across multiple cancer types, as it has also
been observed in melanoma [46].

Interestingly, ECM internalisation is not an exclusive
feature of cancer cells, and it has been described in
different cell types. For instance, the removal of exces-
sive collagen I by macrophages is important for inflam-
mation resolution, wound healing, and embryonic
development [47]. Although the molecular mechanisms
behind this uptake are not entirely clear, it has been
suggested that glucose metabolism [47] and the
vATPase subunit B2 [48] are required for this. It would
be interesting to extend these studies in the context of
macrophages within the TME to elucidate whether
ECM internalisation contributes to macrophage differ-
entiation and metabolism and, if so, how this might
contribute to cancer progression.

Conclusions
MP plays a key role in supporting tumour cell growth by
sustaining nutrient scavenging. This is particularly
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important in the context of a harsh TME, such as in
hypoxic regions or in response to anti-cancer treat-
ments. In addition to albumin, several MP cargos have
been described, including amino acids, lipids, and
ECM components. Importantly, different ECM re-
ceptors were shown to either be endocytosed through
MP or be involved in MP regulation, raising the
intriguing hypothesis of a receptor-dependent MP
subtype, whereby ECM receptors are concentrated in
macropinocytic cups and drive MP-dependent nutrient
scavenging. It would therefore be interesting to eluci-
date how cell/ECM interactions and/or ECM uptake
impinge on the scavenging of other MP cargos. Finally,
MP is not limited to cancer cells, and it will be
important to determine the impact of MP on shaping
the tumour-promoting functions of other TME com-
ponents, such as macrophages.
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