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ABSTRACT OF THE DISSERTATION

Macropinocytosis fuels cancer cell growth and drug resistance
By
Vaishali Jayashankar
Doctor of Philosophy in Biological Sciences
University of California, Irvine, 2019

Professor Aimee L. Edinger, Chair

To support their accelerated non-homeostatic proliferation, cancer cells depends on
access to extracellular nutrients derived from the tumor vasculature. However,
dysfunctional tumor vasculature and high interstitial pressure limit tumor perfusion
leaving many tumor cells nutrient-deprived. To bypass this nutrient limitation, RAS
driven cancer cells recycle their own nutrients via autophagy or scavenge
macromolecules from the tumor microenvironment (TME) via macropinocytosis.
Oncogenic mutations in RAS promote macropinocytosis, a bulk scavenging process
through which components in the TME can be non-specifically acquired. When
macropinosomes fuse with lysosomes, degradative enzymes release nutrients that can
support cancer cell growth and proliferation. We report macropinocytosis is not just a
RAS driven phenotype but a cancer phenotype. Lipid PIP3; generated by the PI3K
pathway is necessary for closure of macropinosomes in most contexts. We identified
prostate and breast cancers with hyper-activation of the PI3K pathway perform
macropinocytosis in an AMPK dependent manner. AMPK mediated macropinocytosis is
necessary for proliferation of PTEN-deficient cells in low nutrients but not autophagy.

XV



Because scavenging allows cells to acquire nutrients from cell extrinsic sources, it is
likely to play a greater role in promoting tumor growth than cell-autonomous autophagy,
which leads to atrophy. Necrosis is observed in most solid tumors; necrotic cell debris is
selectively scavenged via macropinocytosis. Nutrient-deprived macropinocytic breast
cancer cells acquired not just amino acids, but also sugars, lipids, and nucleotides from
necrotic cell debris (necrocytosis) suggesting macropinocytosis plays a larger role than
previously appreciated in supporting cancer anabolism. In addition, necrocytosis also
conferred resistance to various therapies that target de novo nucleotide synthesis, fatty
acid synthesis as well standard of care genotoxic therapies resulting in the first
demonstration that scavenging confers drug resistance. Together, these studies
suggest that macropinocytosis inhibitors could have therapeutic value in many cancer

patients, particularly in combination with conventional therapies.
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CHAPTER 1

INTRODUCTION

The following introduction contains excerpts taken from our review article entitled
“Nutrient Scavenging in Cancer” published in Nature Reviews Cancer (2018). I'm a co-
author of this review. All authors contributed to substantial discussions, research and
collection of references and the writing and editing of the article. B.T.F. and A.L.E.

organized and planned the display figures and boxes.



l. Deregulated nutrient acquisition pathways allow tumor cells to be
metabolically flexible in nutrient-deficient environments

A hallmark of cancer is uncontrolled cell growth and division mediated by gain of
function mutations in oncogenes or loss of function mutations in tumor suppressors™.
For a cell to divide, it has to be able to duplicate its biomass. The biomass of a cell for
the most part, is composed of proteins, lipids and nucleotides that are synthesized from
metabolic precursors?. Amino acids are the monomers of proteins, acetyl-CoA is a
precursor of lipids, and purines and pyrimidines serve as the backbone of nucleotides.
Like most rapidly proliferating cells, cancer cells require a steady supply of these
building blocks to support their continuous growth. A fundamental principle of cancer
development is the increased dependence and uptake of extracellular nutrients. Many
oncogenic mutations increase the expression of genes encoding cell surface
transporters for amino acids, glucose, monocarboxylates, fatty acids and lipoproteins.
In order to get access to these nutrients, cells have to rely on the blood supply. Unlike
normal tissues, blood vessels in the tumors are dilated, leaky, and torturous
compromising nutrient delivery to tumor cells® #. In addition, most solid tumors have
buildup of fibrotic tissue referred to as desmoplasia, which leads to high interstitial
tumor pressure further compromising perfusion. How tumor cells acquire and
maintain sufficient levels of nutrients under these conditions remain poorly
characterized. Understanding how oncogenic mutations rewire metabolism could
identify novel, effective therapeutic strategies to inhibit tumor growth by directly
targeting their metabolic vulnerabilities. Targeting these vulnerabilities may be
sufficient to restore sensitivity in tumors that have developed resistance to standard

of care therapies, many of which target metabolism. It has been well established that



tumor cells survive in vascularly compromised environments recycling intracellular
components to get access to nutrients, but recent studies have identified tumor
growth also depends on the ability to scavenge nutrients directly from the tumor

microenvironment (TME)>.

A) Recycling cell-intrinsic nutrients via autophagy supports tumor cell survival.
Autophagy is a catabolic process by which cells recycle their own components after
sequestering them in double-membrane-bound vesicles that are ultimately degraded
upon fusion with the lysosomes and release of the digested intracellular nutrients in
the cytoplasm®. Autophagy is necessary to maintain a balanced redox state, prevent
buildup of cellular waste, maintain organelle function, and to provide access to
substrates upon nutrient limitation. The role of autophagy in tumorigenesis remains
highly context dependent’. Cumulative studies have demonstrated that autophagy
contributes to tumor suppression during the early stages of tumorigenesis while
promoting growth as tumors progress. Tumor suppressive roles of autophagy are
attributed to its ability to reduce ROS and pro-growth inflammatory responses.
Autophagy is upregulated in nutrient-deprived regions of advanced solid tumors® °.
Many studies have demonstrated that autophagy allows tumor cells to survive
nutrient deprivation® °. Autophagy is tightly regulated by both nutrient and energy
sensing kinases, mechanistic target of rapamycin complex 1 (mTORC1) and AMP-
activated protein kinase (AMPK)®. Under nutrient rich conditions, mTORC1 inhibits
autophagosome formation by suppressing ULK1 kinase activity'®. When the ATP: AMP

ratio falls, AMPK is activated promoting autophagy by both directly activating ULK1



and indirectly by inhibiting mTORCL1 through the tuberous sclerosis complex 2 (TSC2)

and Raptor proteins™™.

While blocking autophagy often reduces both tumor volume and the number of viable,
proliferating cells, it is impossible for autophagy to fuel cell-autonomous

growth. When a cell reallocates its own resources through recycling, there is no
opportunity for growth; autophagic cells eventually face atrophy (Fig. 1). Itis
conceivable autophagy is necessary for maximal growth of the macroscopic tumor
because it promotes cell survival; these viable cells can proliferate only if they are
able to acquire extrinsic nutrients or macromolecules from the TME. It is important to
keep in mind that nutrients generated by non-cell autonomous autophagy thus
performed by supporting cells in the TME or cells in normal tissues may support
tumor cell growth and proliferation because the tumor cells are receiving cell-extrinsic
nutrients™ ™,

B) Acquiring cell-extrinsic nutrients via scavenging supports tumor cell growth
By definition, scavengers search for and collect items that can be re-purposed into
useful material. In the context of tumor metabolism, we define scavenging as
removing macromolecules synthesized by other cells from the TME and breaking
them down into components that can be used for ATP production and/or anabolism.
All scavenging mechanisms rely on successful completion of four distinct steps:
uptake, trafficking to the lysosome, lysosomal proteolysis, and export of the monomeric

amino acids to the cytosol (Fig. 2). The building blocks that make up these scavenged
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Fig. 1: Contributions of cell autonomous autophagy vs. scavenging to tumor
survival and proliferation. In nutrient-limiting conditions, recycling intracellular
components via cell autonomous autophagy fuels survival, but cannot support
growth, as intracellular recycling leads to atrophy. Because scavenging provides
access to extracellular macromolecules, it can support both survival and
proliferation. Tumor cells that acquire nutrients via both strategies may exhibit the
greatest proliferative advantage. This model is experimentally validated in

Chapter 1.




molecules that are released after lysosomal degradation can be used for biosynthesis
or ATP generation. Several scavenging pathways have been identified to support
cancer cell proliferation in low-nutrient environments include: scavenging of
extracellular matrix proteins via integrins, receptor-mediated albumin uptake and
catabolism, the engulfment and degradation of entire live cells via entosis and
macropinocytic consumption of multiple components of the tumor microenvironment

(Fig. 2) and are reviewed in depth in® but briefly summarized below.

Selective scavenging- receptor mediated endocytosis of proteins

The TME contains variety of extracellular matrix (ECM) proteins including collagen,
laminin and fibronectin produced by supporting fibroblasts®. Integrins, heterodimeric cell
surface receptors link ECM components to the cytoskeleton®. Recent reports suggest a
novel, pro-growth role for integrins: fueling anabolism by mediating ECM scavenging in
both nutrient deprived normal and transformed cells. a531 integrin-bound fibronectin is
endocytosed and degraded in the lysosome of ovarian cancer cells likely supplying
amino acids*®. Given that ECM proteins are heavily glycosylated, sugars may also be
liberated by ECM scavenging'’. Many other integrin scavenged ECM proteins are
degraded in the lysosomes suggesting additional opportunities for retrieving amino
acids and sugars'® '°. AMPK activation increases integrin-mediated ECM scavenging
and promotes lysosomal degradation of ligand-bound integrin coupling scavenging to
energy deprivation'® ?>%2. Importantly, integrin receptors are over-expressed in many

cancer classes and correlate with poor prognosis® 2. Whether ECM scavenging



supports anabolism in these cancer classes remain to be identified. Albumin, produced
primarily by the liver, is the most abundant plasma protein®. Consistent with the idea
that the main function of albumin is as a carrier molecule and not a fuel source, albumin
is generally recycled after its receptor-mediated endocytosis®®. The intracellular
neonatal Fc receptor (FcRn) inhibits lysosomal degradation of albumin by binding with
high affinity to albumin in acidic endosomes and promoting its recycling back to the
extracellular space®’. Many cancer cells have reduced FcRn expression, a state that is
favorable for receptor-mediated albumin scavenging. Forced over-expression of FCRn in
prostate cancer cells is sufficient to prevent albumin scavenging, reduce intracellular
glutamate levels and slow xenograft growth?®. Conversely, knockdown of endogenous
FcRn in breast cancer cells increases intracellular glutamate levels and dramatically
accelerates tumor growth?®, Importantly, albumin has up to seven fatty acid-binding
sites and thus may provide cancer cells with fatty acids as well as amino acids when
digested®. In summary, these selective protein scavenging strategies are likely

employed by various cancer classes to support biosynthesis and growth.

Selective scavenging in bulk- Cannibalism and murder via entosis

Cancer cells engulf and digest their living neighbors within large endolysosomes
through a process termed entosis®. Therefore, entosis requires both autophagy proteins
like microtubule-associated protein 1A/1B-light chain 3 (LC3) and lysosome-mediated
cell digestion®. During entosis, RHOA and RHO-associated protein kinase (ROCK)

activation in the “loser cell” that is encapsulated, promotes myosin-dependent invasion
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Fig. 2: Cancer cells successfully utilize multiple, parallel scavenging
strategies. Receptor mediated scavenging of albumin and extracellular proteins,
live cell cannibalism by entosis and protein scavenging by macropinocytosis are
strategies employed by cancers to overcome nutrient limitation. Successful
scavenging requires four distinct steps: (1) uptake of macromolecules, (2)
trafficking and fusion of endocytic intermediates with lysosomes, (3) catabolism
of macromolecules in lysosomes and (4) release of the liberated nutrients into
the cytosol. Each of these steps is regulated by multiple signaling inputs. ECM,
extracellular matrix; RME, receptor-mediated endocytosis.



into the winner cell. Therefore, entosis relies on biophysical forces produced by the
invading cell rather than relying on signals from the host cell. The most energetically
compromised cells in the population may be marked as loser cells since within a
population of starved cells, AMPK activity is greatest within loser cells and is required
for their uptake into winner cells®'. This process may have arisen as a cell suicide
pathway; ‘loser’ cells are likely the most energetically compromised and sacrifice
themselves by serving as the fuel source necessary to support the growth and
proliferation of winner cells that are not as seriously compromised. Though entosis
supports proliferation of winner cells in vitro, determining the extent to which entosis
contributes to cancer cell anabolism and tumor heterogeneity in vivo will require the
identification of proteins that selectively control this process, rendering the complete

molecular dissection of this process a high priority in the field.

Power of non-selective bulk scavenging- cancer’s big bite via macropinocytosis
Macropinocytosis is a non-selective form of endocytosis through which cells
assimilate both extracellular fluid and macromolecules by generating large, uncoated
endocytic vesicles (macropinosomes) that range in diameter from 0.2 to 5.0 ym (FIG.
3)%2. Macropinocytosis has been extensively studied in Dictyostelium discoideum and
in mammalian cells including macrophages, dendritic cells, growth factor-stimulated
fibroblasts and A-431 carcinoma cells in a variety of different contexts, including viral
entry, antigen processing, and metabolism. Unlike other forms of endocytosis,

macropinocytosis is not dependent on the recruitment of specific receptors, cargos or



o ATP
‘@ proteins
8% solutes
actin
NHE A
() exosomes

lysosome mMacropinosome

!

Biosynthesis

AA

survival T% <
%)
ATP

proliferation

lysosome

Fig. 3: Macropinocytosis allows cancer cells to proliferate in nutrient-limiting
conditions. RAS and PI3K orchestrate actin-driven membrane ruffling and
macropinosome formation. Growth factor signals or oncogenic mutations that
constitutively activate the Ras signaling pathways trigger constitutive
macropinocytosis. Macropinocytosis allows non-selective uptake of, proteins,
solutes, exosomes and extracellular fluid. Lysosomal catabolism of the
macromolecules present in macropinosomes provides anabolic substrates. Amino
acid depletion leads to the inactivation of mMTORC1, which enhances lysosomal
catabolism of macropinocytosed proteins. Findings from this dissertation work
have led to advances in this model; these advances are depicted in the discussion
section as Fig. 1.



adaptor proteins®** *. The functional relevance of macropinocytosis during tumor
progression has only recently been identified. Consistent with macropinocytosis being
non-selective, it can provide tumor cells with access to a plethora of fuel present in the
TME including, but not limited to albumin, ECM proteins, and exosomes®. The
anabolic value of macropinocytosis for cells in poorly perfused tumors is likely high,
making it vital to understand the oncogenic signals that regulate macropinocytosis,
and the pervasiveness as well as the true contributions of macropinocytosis to cancer
anabolism will be reviewed in more depth below and will be the focus of this

dissertation work.

Il. Oncogene driven macropinocytosis supports cancer cell anabolism

Multiple oncogenic signals trigger macropinocytosis

RAS, a GTP binding protein transduces signals from the cell surface mediated by
growth factors and G-proteins to promote cell growth, differentiation, migration,
cytoskeletal rearrangements as well as many other cellular processes®*. The three
human RAS genes inclduing Kirsten rat sarcoma viral oncogene homolog (KRAS),
neuroblastoma RAS viral (v-ras) oncogene homolog (NRAS) and Harvey rat sarcoma
viral oncogene homolog (HRAS)] encode RAS proteins®. Activating mutations in these
genes lock RAS in an constitutively active state. These mutations in K-RAS, N-RAS and
H-RAS genes in total occur approximately in 30% of all human cancers*®. RAS
activation is sufficient to induce macropinosome formation because it activates the small
GTPases RACL, and CDC42, which stimulate membrane ruffles by promoting actin

polymerization and the class 1 PI3K which generates a signature lipid PIP3 necessary
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for macropinosome closure (FIG. 3)** %" 3% How RAC1 and CDC42 are recruited to
specific sites to induce macropinosome formation remain unclear. Agents that disrupt
actin polymerization downstream from RAC activation block macropinosome formation”.
Amiloride is a compound best known for its ability to inhibit channels formed by the
Epithelial Sodium Channel (ENaC)/Degenerin (Deg) family of proteins as well as
sodium hydrogen ion exchangers (NHE)*°. RAC inactivation is also the mechanism by
which the amiloride blocks macropinocytosis®. By decreasing acidification at the
plasma membrane, amiloride blocks the plasma membrane recruitment and activation
of Racl and Cdc42 GTPases preventing macropinosome formation without affecting the
fate of other endocytic compartments*'. RAC1 and Cdc42 recruitment to the plasma
membrane is necessary for their interaction with their effector proteins required for
promoting actin remodeling. Though amiloride has been used as a NHE inhibitor, NHE
is not its primary target. Therefore, more specific NHE inhibitors were derived including
5-(N-ethyl-N-isopropyl) amiloride (EIPA) which inhibits multiple isoforms of NHE and
cariporide a NHE1 specific inhibitor> *2. Which NHE isoforms are necessary for
macropinocytosis remain to be identified. In fact, sensitivity to amilioride class of

compounds is a defining feature of macropinocytosis.

Phosphoinositides are produced by the phosphorylation of phospholipid
phosphatidylinositol (P1) on the 3, 4, and 5 positions of its inositol ring**. Spatiotemporal
generation of various phosphoinositides is regulated by the heterodimeric PI3K family of
lipid kinases that are necessary for macropinosome formation*®. Class | P13 kinases

phosphorylate PI(4,5)P, converting it to PI(3,4,5)P3 (PIP3). Both plasma membrane
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remodeling and macropinosome closure require PIP3 in most cell types reported®.
Whether activating mutations in the PI3 kinase pathway are sufficient to induce
macropinocytosis in tumor cells was, at the time my thesis was initiated, unknown.
Importantly, hyperactivation of the PI3K pathway is one of the most commonly occurring
events in human cancers making it crucial to identify if these cancer classes perform

macropinocytosis**.

Contributions of RAS driven macropinocytosis to tumor anabolism and growth
A) Macropinocytosis supports protein scavenging in RAS driven cancers

Initially demonstrated in oncogenic KRAS-driven models of pancreatic cancer,
macropinocytosis has also been documented in urinary bladder, colon and lung cancer
cells with activating mutations in HRAS, NRAS or KRAS*™°. The functional
significance of macropinocytosis in tumor anabolism has been best characterized in
pancreatic ductal adenocarcinomas (PDAC), a lethal form of cancer characterized by
hyperactivated KRAS signaling, profound desmoplasia, poor perfusion and increased
hypoxia®® #" % °1 Macropinocytosis is observed in human PDAC patient tumor cells
as well as murine PDAC xenograft and autochthonous tumor models*™*’. Metabolic
analysis from human PDAC tumor samples suggests PDAC cells are deprived of both
glutamine and glucose despite their ability to sustain rapid cell growth*’. Glutamine-
addicted, KRAS-transformed PDAC cells continue to proliferate despite glutamine,
leucine or essential amino acids deprivation by catabolizing macropinocytosed
albumin into amino acids, pyruvate, lactate and tricarboxylic acid (TCA) cycle

intermediates**’. Recent studies have also shown scavenged exogenous proteins
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contribute to the amino pools of PDAC tumors in vivo*®. These cumulative findings
have identified a pivotal role for macropinocytosis in contributing to cancer cell

biomass and growth.

B) Macropinocytosis supports PDAC tumor growth

Macropinocytosis inhibition with EIPA slowed the growth of macropinocytic,
KRASC®*P harboring tumor xenograft but not non-macropinocytic, KRAS-wild-type
pancreatic tumor xenografts, suggesting that macropinocytosis promotes tumor
growth in vivo®. However, EIPA was delivered for only 1 week and the KRAS-
negative xenografts are slow-growing and thus that EIPA is selectively toxic to
macropinocytic cells remains in doubt given that altering pH will have broad effects on
tumor biology and growth. Further research is required to assess whether
macropinocytosis inhibitors could benefit human patients harboring RAS mutant tumors.
Use of genetically engineered mouse models with deletions in essential autophagy
genes has helped identify pivotal role autophagy plays in cancer progression, initiation
and drug resistance’. Tools to selectively inhibit macropinocytosis and identification of
signals that regulate macropinocytosis are necessary for understanding the role

macropinocytosis plays in tumorigenesis.

C) Tumor microenvironment determines functional implications of
macropinocytosis

The extent to which macropinocytosis can drive tumor growth depends on the quantity
and quality of the material that can be scavenged. Leaky tumor vasculature and

suboptimal lymphatic drainage leads to high albumin levels in the tumor interstitium
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providing a potential source of amino acids for macropinocytic tumor cells®. Because it
is physiologically relevant, albumin is the cargo that has been provided in virtually all
in vitro studies evaluating the contribution of macropinocytosis to tumor anabolism.
However, as macropinocytosis is a non-selective uptake route, many components of
the TME are likely to be engulfed in macropinosomes. ECM proteins can also be
scavenged via macropinocytosis*® >3, Scavenging multiple different proteins would
afford a more balanced ratio of amino acids than solely consuming albumin. Exosomes,
approximately 100 nm vesicles released into the TME by both normal and
transformed cells, are also consumed via both macropinocytosis dependent and
independent pathways>*>’. Exosomes contain RNA, proteins, and metabolic
intermediates and could supply multiple biosynthetic pathways. Extracellular ATP
levels can also be much higher in tumors than in normal tissues. In a non-small-cell lung
carcinoma (NSCLC) xenograft tumor model, with the use of a non-hydrolyzable
fluorescent form of ATP it was identified that ATP is internalized by macropinocytosis®®.
Uptake of extracellular ATP is known to induce resistance to various chemotherapeutic
drugs in cancer cells and may promote survival of hypoxic or glucose deprived tumor
cells. However, all TME components identified thus far can be taken up by both
macropinocytic independent and dependent mechanisms. Therefore, identification of
fuel sources that are abundant in the TME of many different tumor classes and are
selectively taken up via macropinocytosis is hecessary to determine the extent to which

macropinocytosis supports anabolism.
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[I. Significance and organization of chapters

As summarized above macropinocytosis, an evolutionarily conserved feeding
mechanism can also fuel starving cancer cells. Oncogene driven macropinocytosis has
received attention in the recent years in RAS driven cancers. This dissertation
addresses many open questions that remain in the macropinocytosis and tumor

metabolism field summarized in the box below.

Chapter 2 and 3: Is macropinocytosis a RAS associated phenotype?
Hypothesis: Macropinosome formation will be supported in cancers with elevated levels of
the lipid PIP3,

Chapter 2 and 3: Can stress signals coordinate macropinosome formation?
Hypothesis: Nutrient stress promotes macropinocytosis via AMPK activation.

Chapter 2: Are there physiologic components in the tumor microenvironment that
can be selectively scavenged via macropinocytosis?

Hypothesis: Necrotic cells prevalent in most nutrient deprived solid tumors can be
scavenged via macropinocytosis.

Chapter 3. Can macropinocytosis confer therapeutic resistance?
Hypothesis: Acquiring cell extrinsic nutrients can allow cells to bypass anabolic therapies
that target biosynthesis and nutrient import.

Box 1: Open questions in the macropinocytosis and tumor metabolism field addressed in
this dissertation work.

In Chapter 2, we identify that macropinocytosis is not just a KRAS-driven phenotype.
Prostate tumors, which frequently contain mutations in PTEN, a PI3K antagonist were
demonstrated to be macropinocytic in vitro and in vivo and blocking macropinocytosis
limits prostate tumor growth, even causing some regressions. In addition, we identified
AMPK activity as a general requirement for macropinosome formation suggesting that

nutrient stress promotes not just autophagy but also macropinocytosis. However,
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macropinocytosis but not autophagy is necessary for AMPK driven proliferation under
nutrient stress. Albumin, the primary anabolic cargo used to study macropinocytosis is
taken up independently of macropinocytosis in prostate cancer cells. We coined the
term “necrocytosis” to describe the selective uptake of necrotic cell debris via
macropinocytosis. Necrocytosis supports protein synthesis in both nutrient replete and

limited states as well as helps starved prostate cancer cells maintain lipid droplets.

In Chapter 3, we demonstrate that breast cancers with mutations in KRAS or the PI3K
pathway can also use necrocytosis to fuel growth when nutrients are limiting unlike
albumin. Necrocytosis provides not just amino acids but also sugars, lipids and
nucleotides thus supporting multiple biosynthetic pathways. Consistent with the idea
scavenging can override a block in biosynthesis; we provide the first demonstration that
macropinocytosis confers resistance to various therapies targeting metabolism. Thus,
therapeutic value of standard of care therapies in lethal and difficult to treat,
macropinocytic cancer classes such as pancreas, prostate, and TNBC are likely to
benefit from macropinocytosis inhibitors, particularly when used in combination with

cytotoxic and metabolic therapies.

The conclusion in chapter 4 will summarize the most impactful findings from this

dissertation work, discuss the strategies to successfully target scavenging, and outline

future directions and remaining knowledge gaps in the tumor macropinocytosis field.
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CHAPTER 2

PTEN deficiency and AMPK activation promote nutrient scavenging and
anabolism in prostate cancer cells

Contributions:

This chapter is derived from our manuscript that is published Cancer Discovery. This
work was a result of a close collaboration between many authors with Seong Kim, Tricia
Nguyen and Archna Ravi as the leading contributors. | conducted majority of the
experiments that were necessary during the peer review process. Main figures: Fig. 2C-
H; Fig 3. A-B; Fig 4D. . All statistical analysis. Supplemental Figures: Fig. 2B and 2D-F;

Fig. 3B and 3D-E; Fig. 4A-D and 4F-G; Fig. 8A-B . All statistical analysis.
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Detailed declaration of contributions:

Figure 2 and related supplementary Figures:

| was able to demonstrate that AMPK is necessary for proliferation of macropinocytic
PTEN deficient MEFs which provides an example of pro-tumorgenic role for AMPK
rather than it’s perception as a tumor suppressor. Importantly, AMPK driven
macropinocytosis but not autophagy was necessary for PTEN deficient MEFs to
proliferate in low nutrients suggesting scavenging nutrients via macropinocytosis
provides a greater anabolic contribution than recycling nutrients via autophagy. In
addition, inhibiting macropinocytosis did not upregulate autophagy or vice-versa.
Figure 3 and related supplementary Figures:

RAS is a potent driver of macropinocytosis. | was able to identify AMPK is necessary for
RAS driven macropinocytosis not just PI3K pathway driven macropinocytosis.
Therefore, targeting AMPK may be a beneficial strategy for cancers driven by the PI3K
pathway or RAS.

Figure 4 and related supplementary Figures:

PTEN-deficient prostate cancers performed robust macropinocytosis. By using genetic
tools, | was able to demonstrate both PTEN loss, AMPK activity as well as RAC1
activity was necessary for macropinocytosis.

Figure 5 and related supplementary Figures:

Necrotic cells are selectively taken by through macropinocytosis. | was able to identify
that necrotic cells are localized in the same compartments as a well-established marker
for macropinosomes suggesting necrotic cell debris is taken up by macropinosomes.

| also conducted all the statistical analysis.
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ABSTRACT

We report that PTEN-deficient prostate cancer cells use macropinocytosis to survive
and proliferate under nutrient stress. PTEN loss increased macropinocytosis only in the
context of AMPK activation revealing a general requirement for AMPK in
macropinocytosis and a novel mechanism by which AMPK promotes survival under
stress. In prostate cancer cells, albumin uptake did not require macropinocytosis, but
necrotic cell debris proved a specific macropinocytic cargo. Isotopic labeling confirmed
that macropinocytosed necrotic cell proteins fueled new protein synthesis in prostate
cancer cells. Supplementation with necrotic debris, but not albumin, also maintained
lipid stores suggesting that macropinocytosis can supply nutrients other than amino
acids. Non-transformed prostatic epithelial cells were not macropinocytic, but patient-
derived prostate cancer organoids and xenografts and autochthonous prostate tumors
all exhibited constitutive macropinocytosis, and blocking macropinocytosis limited
prostate tumor growth. Macropinocytosis of extracellular material by prostate cancer
cells is a previously unappreciated tumor-microenvironment interaction that could be

targeted therapeutically.
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STATEMENT OF SIGNIFICANCE: As PTEN-deficient prostate cancer cells proliferate
in low nutrient environments by scavenging necrotic debris and extracellular protein via
macropinocytosis, blocking macropinocytosis by inhibiting AMPK, RAC1, or PI3 kinase
may have therapeutic value, particularly in necrotic tumors and in combination with

therapies that cause nutrient stress.
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INTRODUCTION

Cancer cells up-regulate nutrient acquisition pathways to fuel oncogene-driven
anabolism and proliferation (1). However, as tumors grow, their abnormal vasculature
leads to the development of areas of extracellular nutrient limitation. Nutrient import
pathways become substrate-limited and fail to meet nutrient demand, leading to tumor
necrosis (2). Macropinocytosis, a process by which cells non-selectively engulf
extracellular material via plasma membrane ruffling (3-5), allows cancer cells with
activating mutations in RAS to use extracellular proteins such as albumin as fuel when
amino acids are limiting (6-9). Downstream of RAS, PI(3,4,5)P3 (PIP3) and RAC1-GTP
are both necessary for macropinosome formation. RAC1 activation induces the actin
remodeling and membrane ruffling necessary to form macropinosomes by activating
PAK kinases (10, 11). PIP3 produced by type | PI3Ks is required for macropinosome
closure; in some cell types, PIP3 is also required for membrane ruffling (12, 13). The
lipid phosphatase PTEN opposes PI3K pathway signaling by converting PIP3 to
P1(4,5)P, (14). PTEN is the most frequently deleted tumor suppressor gene in prostate
cancer (15, 16); monoallelic PTEN deletion occurs in up to 60% of localized prostate
cancers and complete loss of PTEN is commonly associated with increased risk of
metastasis and the development of lethal, castration-resistant disease (16, 17).
Consistent with the central role of PIP3 in macropinocytosis, we report that PTEN-
deficient prostate cancer cells use macropinocytosis to support anabolism and survival
in nutrient-limiting environments. Interestingly, PTEN loss was not sufficient to trigger
macropinocytosis in all contexts, revealing a previously unappreciated requirement for

AMPK activation to support RAC1 activation and macropinosome formation. Robust
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macropinocytosis-independent albumin uptake in prostate cancer cells also led to the
discovery that necrotic cell debris is a specific macropinocytic cargo suggesting that
macropinocytosis can supply many nutrients, not just amino acids. Taken together,
these studies provide critical insights into how nutrient-responsive signaling pathways
coordinate the adaptive response to nutrient limitation and suggest a novel mechanism

by which the microenvironment impacts prostate tumor growth.

RESULTS

PTEN loss promotes macropinocytosis in fibroblasts under nutrient-limiting
conditions. Oncogenic mutations constitutively drive anabolism and limit adaptive
metabolic changes under nutrient stress (18). Nevertheless, tumor cells with activating
mutations in RAS are paradoxically resistant to amino acid deprivation because they
can degrade macropinocytosed proteins in the lysosome to produce amino acids (6-8).
PI3K pathway activation is essential for macropinocytosis downstream of RAS (4, 5,
19). To assess whether activating the PI3K pathway would be sufficient to drive
macropinocytosis and confer resistance to nutrient stress, uptake of the macropinocytic
cargos 70 kD dextran and bovine serum albumin (BSA) was measured in PTEN null
and wild type murine embryonic fibroblasts (PTEN KO and WT MEFs, respectively) in
the presence or absence of the NHE inhibitor 5-(N-ethyl-N-isopropyl) amiloride (EIPA).
The dextran or BSA index (percent of cell area that contains dextran or BSA) was
calculated using Image J and established protocols (Supplemental Methods and
Supplementary Fig. S2.1A) (20). EIPA inhibits RAC1 activation indirectly by reducing

the submembranous pH (21). While EIPA has pleiotropic effects on cells (22), it is
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selective for macropinocytosis among endocytic pathways and does not inhibit the
clathrin-mediated endocytosis of the EGFR or the transferrin receptor (23, 24). Neither
PTEN WT nor PTEN KO MEFs took up dextran or BSA in complete medium (Fig. 2.1A-
C). However, incubation in medium containing only 1% the amount of glucose and
amino acids present in standard DMEM (1% AA/gluc) dramatically enhanced both
dextran and BSA uptake selectively in PTEN KO MEFs. This increased uptake was
sensitive to EIPA, the RAC inhibitor EHT1864, the PAK inhibitor FRAX597, and to
dominant-negative RAC1 T17N expression (Fig. 2.1A,C,D and Supplementary Fig.
S2.1B) consistent with internalization via macropinocytosis. Chemical inhibitors of PI3K
and PTEN confirmed that PTEN’s catalytic activity suppresses macropinocytosis.
Inhibiting PTEN with bpV(pic) was sufficient to stimulate macropinocytosis in PTEN WT
MEFs in low-nutrient medium (Fig. 2.1E) but not complete medium (not shown).
Conversely, inhibiting Class | PI3K with a combination of the a or 3 isoform-selective
inhibitors BYL719 and AZD8186 prevented macropinocytosis in PTEN KO MEFs in 1%
AA/gluc (Fig. 2.1F). Together, these results suggest that PI3K pathway activation by
PTEN loss is sufficient to promote macropinosome formation selectively under nutrient-

limiting conditions.

When macropinocytic cells are subjected to amino acid limitation, albumin
supplementation (2-5%) stimulates proliferation (6-8). A caveat to this approach is that
albumin also enters cells through receptor-mediated endocytosis (RME), and
supplementation with BSA promotes survival and proliferation even in non-

macropinocytic cells, albeit to a lesser degree (7). Similar to published data from
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control LSL and KRAS G12D MEFs (7), supplementation with 2% BSA increased
proliferation of both PTEN WT and KO MEFs in 1% AA/gluc medium, although
macropinocytic PTEN KO MEFs proliferated more (Fig. 2.1G). The value of
macropinocytosis was much more apparent in unsupplemented 1% AA/gluc medium as
macropinocytic PTEN KO MEFs were able to proliferate while non-macropinocytic
PTEN WT MEFs died. Albumin is the principal protein in fetal calf serum
(Supplementary Fig. S2.2A). Because BSA uptake by macropinocytosis was much
more efficient than uptake by RME (Fig. 2.1A,C), the 0.3% albumin contributed by the
serum in the 1% AA/gluc medium was likely sufficient to support survival only in
macropinocytic PTEN KO MEFs. Macropinocytic KRAS G12D-expressing MEFs, but
not matched non-macropinocytic LSL MEFs, also survived in unsupplemented 1%
AA/gluc medium (Supplementary Fig. S2.2B). In both KRAS G12D MEFs and PTEN KO
MEFs, this survival advantage was fully reversed by EIPA (Fig. 2.1H and
Supplementary Fig. S2.2B,C). Importantly, EIPA was minimally and equally toxic to
macropinocytic and non-macropinocytic MEFs in complete medium (Fig. 2.1H and
Supplementary Fig. S2.2B). Similar to EIPA, EHT1864 (allosteric RAC inhibitor) and
FRAX597 (PAK inhibitor) were selectively toxic to PTEN KO MEFs relying on
macropinocytosis for nutrients (Supplementary Fig. S2.2D,E). Furthermore,
reconstitution with PTEN blocked macropinocytosis and eliminated the survival
advantage of PTEN KO MEFs in low nutrient medium (Fig. 2.11 and Supplementary Fig.
S2.2F). Taken together, these results demonstrate that macropinocytosis confers a

survival and proliferative advantage on PTEN KO MEFs in low-nutrient medium.
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AMPK activation is necessary for macropinocytosis. Unexpectedly, PTEN KO
MEFs that proliferated in 1% AA/gluc medium (Fig. 2.1G and 2.2A) died when deprived
of only amino acids (Fig. 2.2A and Supplementary Fig. S2.3A). This result suggested
that glucose withdrawal stimulated growth. Cells sense and respond to glucose
depletion by activating AMPK (25). Strikingly, the allosteric AMPK activator A769662
stimulated robust proliferation in 1% AA medium in PTEN KO MEFs but not in PTEN
WT MEFs (Fig. 2.2A). AMPK promotes the macropinocytosis-dependent entry of Ebola
and vaccinia viruses (26, 27). Either glucose depletion or A769662 was sufficient to
stimulate dextran uptake in PTEN KO but not WT MEFs (Fig. 2.2B and Supplementary
Fig. S2.3B). In contrast, amino acid depletion failed to trigger macropinocytosis in PTEN
KO MEFs (Fig. 2.2B). These results suggest that PTEN loss is not sufficient to drive
macropinocytosis; AMPK activation is also necessary. Consistent with this model, PTEN
deletion from MEFs lacking both AMPK catalytic subunit isoforms (28) failed to trigger
macropinocytosis in 1% AA/gluc medium (Fig. 2.2C and Supplementary Fig. S2.3C,D).
The expression of a dominant-negative AMPK mutant or treatment with the AMPK
inhibitor Compound C also blocked macropinocytosis in PTEN KO MEFs in 1% AA/gluc
(Supplementary Fig. S2.3E,F). Although glucose deprivation or A769662 was sufficient
to stimulate dextran uptake in PTEN KO MEFs in the presence of normal amino acid
levels, co-localization of dextran and Lysotracker Red was reduced relative to 1%
AA/gluc (Fig. 2.2B). This result is consistent with previous reports that mnMTORC1
inactivation is necessary for efficient macropinosome-lysosome fusion in MEFs (7, 29).
In keeping with its role in macropinocytosis, AMPK was necessary for PTEN null cells to

proliferate in 1% AA/gluc medium (Fig. 2.2D). Taken together, these results
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demonstrate that AMPK activation is necessary for PTEN-deficient MEFs to form

macropinosomes and proliferate under nutrient-limiting conditions.

AMPK activation drives autophagy by activating ULK1 and inactivating mTORC1 (30-
32). Autophagy is often necessary for maximal tumor growth (33). To dissect the
relative contribution of autophagy and macropinocytosis to AMPK-driven cell
proliferation in low nutrients (Fig. 2.2A), dominant-negative PTEN C124S was
introduced into MEFs that were either capable of autophagy but deficient in
macropinocytosis due to PAK1 deletion or capable of macropinocytosis but deficient in
autophagy due to ATG5 deletion. PTEN C124S expression in either PAK1 WT or ATG5
WT MEFs led to macropinocytosis upon AMPK activation with A769662 similar to
results in PTEN null MEFs (Fig. 2.2E,F and Supplementary Fig. S2.4A-D). Deletion of
PAK1, but not ATGS5, eliminated macropinocytosis. Conversely, deletion of ATG5, but
not PAK1, blocked autophagy (Supplementary Fig. S2.4E-G). Consistent with their
effect on macropinocytosis (Fig. 2.2E), PTEN C124S expression combined with
A769662 drove proliferation in PAK1 WT, but not PAK1 KO, MEFs in amino acid
deficient medium (Fig. 2.2G). Compensatory up-regulation of autophagy was not
observed when macropinocytosis was blocked by PAK1 deletion, however, autophagy
was slightly elevated basally in PAK1 KO MEFs relative to PAK1 WT controls
(Supplementary Fig. S2.4E and not shown). Intriguingly, A769662 stimulated
proliferation in both ATG5 WT and KO MEFs expressing PTEN C124S in low amino
acids (Fig. 2.2H). Autophagy-deficient PTEN C124S ATG5 KO MEFs may have

proliferated less than autophagy-competent PTEN C124S ATG5 WT MEFs, but
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autophagy was not necessary for proliferation in amino acid deficient medium. Taken
together, these studies demonstrate that AMPK drives proliferation in nutrient-stressed
cells by inducing macropinocytosis. While autophagy may promote proliferation by
sparing macropinocytosis-derived nutrients for anabolic processes, cell-autonomous

autophagy is not sufficient to support cell division.

How AMPK stimulates macropinosome formation was next investigated. AMPK
activates RAC1 in certain contexts (34), and RAC1 activation is required for membrane
ruffling during macropinocytosis (4, 5, 19). We measured RAC1-GTP levels and
localization using a dual-chain RAC1 Fdrster resonance energy transfer (FRET)
biosensor and fluorescence lifetime imaging microscopy (FLIM) (35). When the
biosensor (PAK1 effector domain-YPET fusion) binds CyPet-RAC1-GTP, the resulting
FRET quenches the fluorescence lifetime of the donor (CyPET). Detecting FRET by
monitoring donor lifetime rather than following the ratio of acceptor:donor fluorescence
intensity has the key advantage that measurements are independent of protein
concentration, while the phasor approach to fluorescence lifetime data analysis can
provide a global view of the RAC1 activation state in an image by transforming the
histogram of time delays in each pixel into a phasor (Supplementary Fig. S2.5A). When
the AMPK activator A769662 was added to PTEN KO MEFs in complete medium,
RAC1-GTP levels increased, particularly in the cell periphery (Fig. 2.2 and
Supplementary Fig. S2.5B,C). A769662 also stimulated robust AMPK and RAC1
activation and membrane ruffling in PTEN WT MEFs indicating that PTEN deficiency

was not required for RAC1 activation. Macropinosome closure leads to RAC1
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inactivation (36). Thus, productive macropinosome formation in PTEN KO MEFs (Fig.
2.1A) may lead to reduced total RAC1-GTP levels relative to PTEN WT MEFs.
Confirming the specificity of the assay, RAC1-GTP levels did not increase in the
absence of A769662, and adding the RAC inhibitor EHT1864 60 min after A769662
restored donor lifetime to basal levels (Supplementary Fig. S2.5D,E). Using standard
ratiometric technigues to monitor the localization and dynamics of RACL1 activation in
real time, dynamic waves of RAC1-GTP were seen in the periphery of A769662-
stimulated PTEN WT and KO cells; consistent with dextran uptake results, circular
macropinosome-like structures bounded by activated RAC1 were observed only in
PTEN KO MEFs (Fig. 2.2J and Supplementary Video S2.1-2). Thus, AMPK activation
promotes macropinocytosis by increasing RACL1 activation (Fig. 2.2l), but RAC1
activation is not sufficient to trigger macropinosome formation in the presence of PTEN

(Fig. 2.21,K and Supplementary Fig. S2.3B).

Whether AMPK activation was a general requirement for macropinocytosis or
selectively required in PTEN-deficient cells was not clear. The LKB1 tumor suppressor
is mutated in up to 30% of NSCLC, including tumor cells with activating mutations in
KRAS (37). LKBL1 is reported to be the major AMPK-activating kinase under metabolic
stress (38). It was therefore of interest to determine whether LKB1 and AMPK are
required for RAS-driven macropinocytosis. Introduction of KRAS G12D drove
macropinocytosis in AMPK WT but not AMPK DKO MEFs (Fig. 2.3A). Consistent with
these results, DN-AMPK expression or Compound C blocked dextran uptake in KRAS

G12D MEFs (Fig. 2.3B,C). Thus, AMPK activity is also necessary for KRAS-driven
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macropinocytosis. In contrast, KRAS G12D expression stimulated equally robust
macropinocytosis in LKB1 WT and KO MEFs (Fig. 2.3D) consistent with studies
showing that LKB1 loss reduces but does not eliminate AMPK activity. Moreover, the
LKB1-deficient, KRAS G12S-expressing NSCLC cell line A549 exhibited a high
macropinocytic index that was dramatically reduced by Compound C or DN-AMPK
expression (Fig. 2.3E,F). These results suggest that AMPK activation is a general

requirement for macropinosome formation.

PTEN-deficient prostate cancer cells exhibit constitutive macropinocytosis. At
diagnosis, the majority of prostate tumors exhibit PTEN deficiency or mutation and
complete loss of PTEN is closely linked to the castration resistance and metastasis that
render prostate cancer a lethal disease (16). Our results in MEFs suggest that
macropinocytosis may supply PTEN-deficient prostate cancers with fuel for biosynthesis
and growth. For initial in vitro studies, human prostate cancer cells with PTEN deletion
(PC3, LNCaP) or deficiency (DU145) and mouse prostate cancer epithelial (mPCE)
cells derived from a tumor in a Pten"/1%:tp531loxpB_Cre4 mouse, an established
model for castration-resistant prostate cancer (CRPC), were utilized (18, 39). All of
these PTEN-deficient prostate cancer cell lines exhibited robust, EIPA-sensitive dextran
uptake in 1% AA/gluc medium (Fig. 2.4A). In contrast, the immortalized but non-
transformed PTEN-replete prostate epithelial cell line RWPE-1 did not exhibit
macropinocytosis under nutrient deprivation or in the presence of A769662 (Fig. 2.4B).
These results suggests that prostatic epithelial cells are not normally macropinocytic

and that macropinocytosis is a cancer-associated phenotype that stems from the loss of
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PTEN function. In keeping with this model, PTEN reconstitution or the pan-PI3K
inhibitor ZSTK474 blocked dextran uptake in prostate cancer cells (Fig. 2.4C,D). As
observed in MEFs (Fig. 2.2C, 2.3A-C, and Supplementary Fig. S2.3E-F), AMPK
activation was also necessary for macropinocytosis in prostate cancer cells, as
Compound C or expression of DN-AMPK blocked macropinocytosis to a similar extent
as RAC inhibition (Fig. 2.4C,D and Supplementary Figure S2.6A). Given this
requirement for AMPK activation, it was somewhat surprising that prostate cancer cells
exhibited equally robust dextran uptake in complete and nutrient-deficient media (Fig.
2.4E,F). Neither nutrient deprivation nor A769662 increased the amount of dextran
taken up by prostate cancer cells over 30 min, a time point when steady state was
reached (Fig. 2.4F and Supplementary Fig. S2.6B,C). However, when the dextran pulse
was shortened to 5 min, A769662 increased uptake in both PC3 and LNCaP prostate
cancer cells (Fig. 2.4G and Supplementary Fig. S2.6D). These results are consistent
with studies demonstrating that AMPK activity is basally elevated in prostate tumors
relative to normal tissue (40). AMPK also stimulates autophagy, and blocking
macropinocytosis in prostate cancer cells did not further increase autophagic flux
(Supplementary Fig. S2.6E). Together, these results confirm that PTEN loss and AMPK
activation promote macropinosome formation in prostate cancer cells even in complete

medium.

Albumin uptake is independent of macropinocytosis in prostate cancer cells.
Having established that PTEN-deficient prostate cancer cells exhibit robust

macropinocytosis (Fig. 2.4), whether prostate cancer cells could use macropinocytosis
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to support growth and survival in low nutrients was evaluated. BSA is routinely used as
a fuel in assays designed to measure whether macropinocytosis supports proliferation
and survival in low nutrients (6-8). However, BSA is taken up by multiple mechanisms
(41). Efficient BSA uptake in MEFs required macropinocytosis (Fig. 2.1A,C), and thus
this cargo could be used to dissect the role of macropinocytosis in resistance to nutrient
stress in MEFs (Figs. 2.1G-1 and 2.2A,D,G,H). In contrast, prostate cancer cells took up
similar amounts of BSA in the presence or absence of macropinocytosis
(Supplementary Fig. S2.7A-C). As expected, LDL and transferrin, two classic RME
cargos, were taken up with equal efficiency in the presence or absence of EIPA
suggesting that BSA entry via RME would also be EIPA-resistant (Supplementary Fig.
S2.7D,E). Consistent with this model, dominant-negative dynaminl K44A expression
inhibited uptake of transferrin and BSA, but not dextran (Supplementary Fig. S2.7F);
RME but not macropinocytosis is dynamin-dependent (5). Because these experiments
indicated that albumin efficiently enters prostate cancer cells through macropinocytosis-
independent pathways, an alternative, physiologically relevant and purely
macropinocytic cargo was sought to determine whether macropinocytosis can support

prostate cancer anabolism.

Necrotic cell debris is taken up by prostate cancer cells solely by
macropinocytosis. As tumors grow, tortuous and poorly formed vasculature leads to
necrosis in regions where oxygen and nutrient delivery are inadequate to meet tumor
cell demand (2). Necrosis is present in many aggressive, high-grade tumors, including

prostate cancers and RAS-driven tumors, and correlates with negative patient outcomes
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and resistance to radiation and chemotherapy (42-48). Macropinosomes are large
structures, ranging from 0.2 to 5 pM in diameter. Necrotic cell debris could be small
enough to be engulfed via macropinocytosis, while live or apoptotic cells should be too
large to enter via this mechanism. To test this idea, murine hematopoietic FL5.12 cells
were fluorescently labeled with carboxyfluorescein diacetate succinimidyl ester (CFSE)
and then killed using different protocols. FL5.12 cells were ideal for these studies
because apoptotic death upon withdrawal of the cytokine IL-3 avoids the need to
remove a cytotoxic drug before supplying the corpses as fuel for prostate cancer cells.
A necrotic FL5.12 cell preparation was prepared by allowing sufficient time after IL-3
withdrawal for secondary necrosis to occur (48-72 h). As shown in Fig. 5A and B,
freshly killed apoptotic FL5.12 cells are intact, Annexin V- and CFSE-positive, and label
with the fluorescent vital dye DAPI. In contrast, necrotic FL5.12 cell preparations contain
only cell fragments that retain CFSE- and Annexin V-positivity. As expected, live FL5.12
cells are CFSE-positive but do not stain with DAPI or Annexin V. Consistent with their
relative sizes, CFSE-labeled necrotic debris but not apoptotic or live FL5.12 cells were
engulfed by macropinocytic mPCE and DU145 cells (Fig. 2.5C). Importantly, uptake of
necrotic debris was was fully EIPA-sensitive, only observed in macropinocytic cells, and
green necrotic debris fully co-localized with red dextran in macropinosomes (Fig. 2.5C
and Supplementary Fig. S2.8A,B). The selective uptake of necrotic debris but not intact
cell corpses or live cells clearly differentiates this process from efferocytosis
(phagocytosis of apoptotic cells) (49) or entosis (engulfment of viable cells by cancer
cells)(50). To confirm that necrotic debris could be accommodated within

macropinosomes, co-labeling studies were performed. When prostate cancer cells
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were fed both red and green dextrans, macropinosomes were uniformly yellow in the
merged image as expected (Supplementary Fig. S2.8C,D). In contrast, when red and
green necrotic debris were added simultaneously, macropinosomes were either red or
green demonstrating that large cell fragments in the necrotic cell preparation were taken
up via macropinocytosis (Supplementary Fig. S2.8D,E). Taken together, these

experiments demonstrate that necrotic debris enters cells solely via macropinocytosis.

Whether macropinocytosis could drive prostate cancer cell proliferation in low-nutrient
medium was measured using necrotic debris as fuel. Because macropinocytosis in
prostate cancer cells did not depend on glucose depletion (Fig. 2.4E,F), only amino
acids were limited to allow maximal macropinocytosis-driven proliferation. The addition
of necrotic cell debris significantly stimulated the proliferation of mPCE, PC3, and
DU145 cells in amino acid-deficient medium (Fig. 2.5D). Macropinocytosis was required
to derive a benefit from necrotic debris as PTEN reconstitution eliminated both
macropinocytosis (Fig. 2.4C) and the enhanced prostate cancer cell proliferation (Fig.
2.5E). Necrotic debris also supported the proliferation of nutrient-deprived
macropinocytic KRAS G12D MEFs and PANC-1 pancreatic cancer cells but not non-
macropinocytic LSL MEFs or BXPC3 pancreatic cancer cells (Supplementary Fig.
S2.8F,G). In fact, adding necrotic debris increased death in nutrient-deprived non-
macropinocytic LSL MEFs or BXPC3 cells confirming that the necrotic cell preparation
did not contain sufficient soluble amino acids to support growth. In summary,
macropinocytic cells can use necrotic cell debris to support anabolism under nutrient

stress.
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To confirm that macropinocytosed material fueled prostate cancer anabolism, we
assessed amino acid-sensitive mTORCL1 signaling. Amino acids produced by the
degradation of macropinosomes can re-activate mMTORCL1 (7). As expected, shifting
prostate cancer cells to amino acid-deficient medium reduced mTORC1-dependent
phosphorylation of p70S6 kinase at Thr389 (Fig. 2.5F). Supplementation with necrotic
debris at a concentration of 0.05% protein restored mMTORCL1 signaling in an EIPA-
sensitive manner. BSA supplementation (2%) also restored Thr389 phosphorylation, but
this effect was incompletely reversed by EIPA as expected given that BSA uptake is
macropinocytosis-independent in prostate cancer cells (Fig. 2.5F and Supplementary
Fig. S2.7A,B). Interestingly, necrotic debris increased mTORC1 signaling in an EIPA-
sensitive manner even in complete medium suggesting that macropinocytosis also fuels
prostate cancer growth in nutrient-replete conditions (Fig. 2.5F). Importantly, necrotic
cell debris did not itself contribute to the pThr389 p70S6K signal. These results suggest
that necrotic debris supplies amino acids to nutrient-deprived macropinocytic prostate

cancer cells.

To directly test whether proteins scavenged via macropinocytosis are broken down into
amino acids to build biomass, we developed a novel isotopic labeling strategy (Fig.
2.6A). To label the macropinocytic cargo, FL5.12 cells were grown in stable isotope
labeling with amino acids in cell culture (SILAC) medium containing **Cs,*°N; lysine (K4)
and *3Cg,°N, arginine (R10) for more than 10 generations. Complete labeling of the

FL5.12 proteome was confirmed by LC-MS/MS. Necrotic debris containing only fully-
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labeled (K4R10, heavy, 14 Da mass shift) peptides, depicted in green in Fig. 2.6A-C,
was produced from these FL5.12 cells and fed to macropinocytic prostate cancer cells
whose proteins contained only unlabeled amino acids (KORO, light, depicted in blue).
Proliferation assays were conducted in medium containing only unlabeled amino acids,
and thus the only source of isotopically labeled amino acids was the proteins in the
necrotic debris. When prostate cancer cells fed necrotic debris are harvested and their
proteins digested with LysC, peptides that contain both lysine and arginine can be
present in four different isotopic forms (Fig. 2.6A-C). Peptides produced independently
of macropinocytosis will be unlabeled (KORO, light, blue). Peptides that contain one
unlabeled and one labeled amino acid (K4RO0 producing a 4 Da shift or KOR10
producing a 10 Da shift, mixed peaks, red) must have been synthesized in prostate
cancer cells using both a labeled amino acid obtained via macropinocytosis and an
unlabeled amino acid obtained from the medium. Fully isotopically labeled peptides
(K4R10 producing a 14 Da shift, heavy, green) could come from either undigested,
heavy-labeled FL5.12 proteins or represent proteins synthesized in prostate cancer
cells using both heavy-labeled arginine and lysine obtained via macropinocytosis. An
example isotopic profile for the LysC peptide “*FDRGYISPYFINTSK?*? from the
mitochondrial heat shock protein HSPD1 exhibits these four classes of peptides (Fig.
2.6C). To summarize, peptides that are KORO were generated independent of
macropinocytosis, K4R0 and KOR10 peptides can only be generated if
macropinocytosis supplies amino acids, and peptides that are K4R10 are either from
engulfed but undigested FL5.12 proteins or proteins synthesized in prostate cancer cells

using two labeled amino acids derived from macropinocytosis.
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To calculate the maximum biomass derived from macropinocytosis, we assumed that all
K4R10 peptides (heavy, green) were synthesized in prostate cancer cells using lysine
and arginine derived from macropinocytosis (see Supplementary Methods for details).
The minimum amount of protein biomass derived from macropinocytosis was calculated
by assuming all of these K4R10 peptides were derived from engulfed but undigested
FL5.12 proteins. Using this approach, we found that in amino acid-deficient medium, at
least 35-37% of proteins and as much as 60-71% of prostate cancer cell protein
biomass was derived from macropinocytosed protein (Fig. 2.6D,E and Supplementary
Fig. S2.9A). Moreover, even in complete medium where free, unlabeled amino acids
were abundant, between 14% and 25% of the prostate cancer cell protein biomass was
derived from macropinocytosed protein. To complement the LysC approach, we
performed tryptic digests of proteins isolated from human DU145 prostate cancer cells
fed heavy-labeled necrotic debris generated from murine FL5.12 cells. In this scenario,
uniquely human peptides that contain an isotopically-labeled amino acid (K4 or R10)
must have been synthesized using amino acids acquired via macropinocytosis. This
approach produced similar estimates of the contribution of macropinocytosis to the
amino acid pool for protein synthesis (Supplementary Fig. S2.9B). In summary, isotopic
labeling conclusively demonstrates that macropinocytosed protein contributes to

prostate cancer biomass even in nutrient-replete conditions.

Cellular corpses are rich sources of other building blocks besides amino acids. Lipids

and cholesterol in particular are key drivers of prostate cancer growth (51, 52). Fatty

42



acids and cholesterol are stored in lipid droplets, and depleting these lipid pools
suppresses prostate cancer proliferation (51-53). Lysosomal degradation of lipid
droplets increases in response to amino acid or glucose depletion as triglycerides in
these droplets are utilized to fuel mitochondrial metabolism (53, 54). Using label-free
Coherent Anti-stokes Raman Spectroscopy (CARS) to detect C-H stretching vibration
signals from lipids (52), lipid droplet content declined significantly in glucose- and amino
acid-restricted prostate cancer cells as expected (Fig. 2.6F and Supplementary Fig.
S2.9C). Supplying necrotic cell debris completely restored lipid droplet content in an
EIPA-sensitive manner. As noted earlier (Supplementary Fig. S2.7D), EIPA did not
interfere with LDL uptake and it did not decrease lipid droplet content when added in
complete medium (Supplementary Fig. S2.9D). Interestingly, supplementation with 2%
BSA did not restore lipid droplet content in nutrient-deprived prostate cancer cells (Fig.
2.6F). This suggests that the membranes and lipids present in necrotic debris rather
than proteins are responsible for maintaining lipid stores and that prostate cancer cells

can scavenge multiple nutrients from cell corpses.

Prostate cancer cells exhibit macropinocytosis under physiologic conditions. To
assess whether normal and transformed prostate epithelial cells perform
macropinocytosis under more physiologic conditions, we evaluated dextran uptake in
prostate organoids derived from C57BL/6 mice and from Pten"/"°:tp537o¥iox-pR_creq
mice that develop autochthonous prostate tumors. PTEN-deficient prostate cancer
spheroids but not PTEN-replete normal prostate epithelial organoids exhibited EIPA-

sensitive macropinocytosis in nutrient-replete standard 3D culture medium (Fig. 2.7A)
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(55). Macropinocytosis in prostate cancer organoids was sensitive to Compound C
suggesting that AMPK activation was also required in this context (Supplementary Fig.
2.10A). Primary, metastatic tumor cells from CRPC patients can also be propagated in
3D culture where they form tumor organoids that exhibit histological features that mimic
the original patient tumor (56). A patient sample deficient in both PTEN and p53, MSK-
PCal, also exhibited constitutive macropinocytosis in 3D culture (Fig. 2.7B). Patient-
derived xenografts (PDX) were also evaluated in situ. Subcutaneous PTEN- and p53-
deficient PDX prostate tumors (Jackson Laboratory PDX model TM00298) also
exhibited EIPA-sensitive dextran uptake in vivo following intra-tumoral injection of
dextran (Fig. 2.7C). Similarly, autochthonous tumors in Pten 1®/1o%;tp531oXox: pg_Creq
mice exhibited robust macropinocytosis of intravenously delivered 70 kD FITC-Ficoll;
uptake was again sensitive to systemic EIPA administration (Fig. 2.7D).
Macropinocytosis was not observed in the prostates of normal mice given 70 kD FITC-
Ficoll intravenously (Fig. 2.7E). Importantly, in all cases where macropinocytic uptake
was not detected (e.g. in EIPA-treated and wild-type animals), Evan’s Blue dye that was
co-injected with the dextran or Ficoll was present in the tumor or tissue confirming
successful delivery of dextran or Ficoll and EIPA. These results demonstrate that
PTEN-deficient prostate cancer cells, but not normal prostate epithelial cells, exhibit

robust macropinocytosis in 3D culture and in vivo.

To evaluate whether prostate tumors rely on macropinocytosis for growth, C57BL/6
mice bearing subcutaneous prostate cancer isografts were treated with EIPA.

Consistent with a role for macropinocytosis in driving prostate tumor growth in vivo,
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alternate day subcutaneous injections of EIPA inhibited both 70 kD FITC-Ficoll uptake
and prostate tumor growth, even producing some regressions, without affecting body
weight (Fig. 2.7F-H and Supplementary Fig. S2.10B-E). Again, Evan’s Blue dye co-
injected with Ficoll robustly labeled tumors that failed to take up FITC-Ficoll in the
presence of EIPA confirming successful IV injection and that EIPA delivered with this
dosing protocol inhibits macropinocytosis (Supplementary Fig. S2.10E). While all
prostate tumor cells we evaluated exhibited macropinocytosis, xenograft growth of a
non-macropinocytic pancreatic cancer cell line is not affected by EIPA (6). Taken
together, these results in cell lines, organoid cultures, and mouse models support the
conclusion that prostate cancers use macropinocytosis to acquire extracellular nutrients

to fuel growth and proliferation both in vitro and in vivo.

DISCUSSION

This study defines macropinocytosis as a previously unrecognized fuel source in
prostate cancer, a tumor class known for its enigmatic nutrient dependencies. This
discovery could lead to new therapeutic approaches to this lethal disease. Despite the
introduction of second-generation androgen inhibitors such as enzalutamide and
abiraterone acetate, CRPC patients still develop resistance to all available targeted
drugs; chemotherapy with docetaxel affords limited clinical benefit and produces
significant toxicity (57, 58). Our finding that prostate cancer cells use macropinocytosis
to support anabolism suggests that inhibiting this pathway could provide a novel, safe,
and effective strategy to target metabolism in late-stage prostate cancer.

Macropinocytosis inhibition could synergize with inhibitors of androgen signaling.
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Androgen deprivation therapy triggers tumor cell death, but castration-resistant disease
eventually emerges. The growth of PTEN-deficient tumor cells that survive androgen
deprivation therapy may be fueled in part by the macropinocytic catabolism of the
corpses of their deceased, androgen-dependent brethren. Similarly, cell death resulting
from chemotherapy or radiation therapy may paradoxically increase the nutrient pool
available to the surviving PTEN-deficient tumor cells. Inhibitors of lysosomal function
such as chloroquine that are often used as autophagy inhibitors may limit prostate
cancer cell growth in part by blocking macropinosome degradation. The synthetic
sphingolipid SH-BC-893 works upstream from chloroquine, preventing macropinosome-
lysosome fusion; SH-BC-893’s anti-neoplastic activity in prostate cancer models may
stem in part from its ability to block macropinocytosis (18). While EIPA is generally
considered to have poor pharmacological properties, it inhibited both macropinocytosis
and tumor growth in mice following systemic administration without obvious toxicity (Fig.
7F-H, and Supplementary Fig. S10B-E). It will be important to evaluate the sensitivity of
autochthonous and metastatic prostate tumors to macropinocytosis inhibitors alone and
in combination with standard of care therapies in future studies to provide a more

complete picture of their potential clinical value.

The discovery that AMPK activation is a general requirement for macropinosome
formation in cancer cells dramatically extends our understanding of the regulation of this
process. By increasing RAC1-GTP levels, AMPK activation stimulates macropinosome
formation (Fig. 2.21-K and Supplementary Fig. S2.5). The relatively slow kinetics of

RAC1 activation by A769662 (Fig. 2.21), while somewhat unexpected, are consistent
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with prior work (59). Our finding that A769662 activates RAC1-GTP even more
efficiently in PTEN WT MEFs than in PTEN KO cells (Fig. 2.2I) without stimulating
dextran uptake (Supplementary Fig. S2.3B) seems at first contradictory. However,
macropinosome maturation leads to RAC1 inactivation (36), and RAC1 may be trapped
in the GTP-bound state in PTEN WT MEFs. Closure of macropinosomes in the
presence of elevated PIP; may prevent the accumulation of RAC1-GTP in PTEN KO
MEFs. Intriguingly, the RAC GEFs ARHGEF6 and ARHGEF7 may be substrates for
AMPK (60). Additional studies will be required for a full mechanistic understanding of

how macropinocytosis is regulated by signal transduction cascades.

While previous studies evaluating the role of macropinocytosis in cancer deprived cells
of individual or classes of amino acids (6-8), we utilized media that was either deficient
in all amino acids or in both amino acids and glucose. It is difficult to accurately model
the nutrient stress that tumors will experience in their normal microenvironment, but
inadequate perfusion is likely to restrict access to multiple nutrients simultaneously.
The 1% nutrient condition was selected because nutrient titration experiments indicated
that this was the least severe reduction in nutrients that killed the majority of wild type
MEFs within 48 h. The specific nutrient conditions employed can influence conclusions
regarding the importance of macropinocytosis. When PTEN KO MEFs are deprived of
only amino acids, they do not exhibit macropinocytosis (Fig. 2.2B). Amino acid limitation
would only be relieved by autophagy, a catabolic process that cannot by itself drive cell-
autonomous growth (Fig. 2.2F). In contrast, combined glucose and amino acid stress

(1% AA/gluc) activates AMPK and stimulates macropinocytosis (Fig. 2.2B) thereby
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providing amino acids from the degradation of albumin in the medium. That AMPK-
driven macropinocytosis is responsible for the growth-stimulatory effects of glucose
deprivation is supported by the observations that: 1) A769662 enhances proliferation in
macropinocytosis-competent amino acid-deprived PTEN KO MEFs but not non-
macropinocytic PTEN WT MEFs (Fig. 2.2A), 2) PAKL1 is necessary for A769662 to drive
macropinocytosis and proliferation in PTEN-deficient MEFs in low nutrients (Fig. 2.2F),
and 3) A769662 can drive proliferation in PTEN-deficient MEFs in low nutrients even in
the absence of autophagy (Fig. 2.2H). Thus, it is not glucose limitation per say but
rather AMPK-induced macropinocytosis that stimulates proliferation in Fig. 2.2A.
Indeed, direct AMPK activation in full glucose (1% AA medium + A769662) permits
almost twice as much proliferation as AMPK activation by glucose limitation (1%
AA/gluc). Itis worth noting that, while autophagy is not sufficient to fuel proliferation in
low nutrient medium, autophagy is necessary for maximal macropinocytosis-driven
proliferation (Fig. 2.2H), most likely because it spares amino acids derived from
macropinocytosis for anabolism. In conclusion, the seemingly paradoxical effect of
glucose deprivation on the proliferation of amino acid-deprived MEFs is readily

explained by the stimulation of macropinocytosis.

An intriguing implication of this study is that AMPK inhibitors could be deployed against
cancer cells as macropinocytosis inhibitors. AMPK is a negative regulator of
macromolecular synthesis and often classified as a tumor suppressor based on its
ability to limit anabolism and stimulate catabolic processes (25). On the other hand,

multiple studies suggest that AMPK plays a supportive role in established tumors similar
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to the reciprocal role of autophagy as a suppressor of tumor initiation and a driver of
tumor progression (38, 61-64). Indeed, many studies indicate that AMPK promotes
prostate cancer progression (40). AMPK stimulates autophagy, and autophagy
inhibitors have been incorporated into combination therapies based on the premise that
blocking the stress response will sensitize tumor cells to other drugs. Like autophagy,
macropinocytosis may provide a bypass system that could rescue tumor cells from
metabolic stress induced by other agents. Our finding that AMPK promotes not just
autophagy but also macropinocytosis suggests that AMPK inhibitors could be effective

against macropinocytic tumors alone or as a part of drug combinations.

Histologic evidence of tumor necrosis is a negative prognostic indicator that is
correlated with recurrence and aggressive, metastatic disease in multiple solid tumors,
including prostate cancer and RAS-driven malignancies (42-46). Our observations that
necrotic cell corpses are a rich source of proteins and lipids capable of driving both
PTEN-deficient prostate cancer cell and KRAS-driven pancreatic cancer cell growth
(Fig. 2.5D,E and Supplementary Figs. S2.8F,G) may partially explain this correlation.
Necrosis may enhance tumor growth by triggering inflammation (65) while at the same
time providing a fuel source for the cytokine-driven growth of macropinocytic tumor
cells. The correlation between inflammatory markers and necrosis is imperfect (47), and
in some tumors necrosis may promote cancer cell anabolism primarily by providing
metabolic substrates rather than by stimulating a pro-tumorigenic immune response. It
is important to recognize that any extracellular material small enough to fit in a

macropinosome could be consumed and catabolized through this pathway; cargo that
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are taken up by selective pathways, for example albumin, would still be taken up non-
selectively by macropinocytosis. It is also significant that necrotic cell debris was
supplied here at only 0.05 — 0.1% protein, a 20-40 fold lower concentration than BSA,
suggesting that relatively small amounts of necrosis could have a significant impact on
tumor growth. Rather than attempting to define the relative anabolic value of different
macropinocytic cargos in vivo, the most critical next step is to uncover more specific
ways to disrupt macropinocytosis than the chemical tools currently available in order to
better define the importance of this nutrient scavenging pathway for tumor initiation and
progression. Therapeutically, any inhibitor of macropinocytosis would simultaneously
block the uptake of BSA, necrotic debris, and any other extracellular cargos. While the
contribution that dead cell catabolism makes to tumor cell growth is difficult to quantify,
the uptake of necrotic debris through macropinocytosis (necrocytosis) defines a new

way the microenvironment likely supports tumor cell anabolism.

These studies also highlight that caution is required when using BSA as a tool to
evaluate the contribution of macropinocytosis to anabolism and growth as there are
significant, cell line-specific differences in the relative amount of BSA that is taken up
through macropinocytosis and dynamin-dependent processes like RME (Fig. 2.1A,B
and Supplementary Fig. S2.7A,B,F). In cell lines that take up BSA efficiently in the
absence of macropinocytosis (Supplementary Fig. S2.7A,B), necrotic cell debris
provides an alternative, physiologically-relevant substrate that is taken up solely by
macropinocytosis (Fig. 2.5C). Moreover, necrotic cells are likely a more complete diet

than extracellular protein. The observation that necrotic debris, but not extracellular
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protein, can maintain lipid droplets in nutrient-restricted cells (Fig. 2.6F) is strong
evidence that the membrane component of dead cells can be efficiently recycled via
macropinocytosis. From a technical perspective, using necrotic cell debris as
macropinocytic cargo has the advantage of facile fluorescent (Fig. 2.5A-C and
Supplementary Fig. S2.8A-E) or isotopic (Fig. 2.6A-E) labeling, permitting both tracing
of the engulfed material and analysis of its ultimate fate. Importantly, the novel SILAC
labeling approach we developed to show that macropinocytosed proteins contribute
amino acids to protein synthesis in nutrient-replete as well as -limited media is readily
adoptable by other research groups. We anticipate that the use of necrotic cells as
cargo will facilitate future studies defining the role of macropinocytosis in tumor cell

growth.

In conclusion, while the anabolic value of macropinocytosis in tumor cells is now well
accepted, there remains an unmet need for specific agents that block only
macropinosome formation or degradation to better define the importance of this process
in tumor growth and progression, particularly in vivo. While their pleiotropic actions
somewhat complicate the dissection of the role of macropinocytosis in cancer, NHE
inhibitors, AMPK inhibitors, and SH-BC-893 may actually prove to be superior
therapeutic agents for the very reason that they possess multifaceted and

complementary anti-neoplastic effects (18).

51



METHODS

Cell culture. DMEM or RPMI containing 1% of the normal amount of amino acids
and/or glucose was generated by preparing DMEM or RPMI lacking amino acids and/or
glucose from chemical components and mixing it 99:1 with complete medium. In all
experiments, the medium was supplemented with 10% standard fetal calf serum which
supplies amino acids, glucose, and albumin. LNCaP (2016), PC3 (2011), DU145
(2011), A549 (2013), PANC-1 (2013), BXPC3 (2017), and RWPE-1 (2012) were
obtained from the ATCC in indicated years. mPCE cells and PTEN WT/KO MEFs were
generated in the Edinger lab (2015); other MEF lines were obtained from collaborating
labs in 2003 (LSL/KRAS G12D), 2007 (AMPK WT/DKO and ATG5 WT/KO), or 2017
(PAK1 WT/KO). Cell lines were cultured for < 3 wk at which point a frozen low passage
(< 4 wk after receipt) stock was thawed. Cell lines were authenticated by evaluating the
expression patterns of androgen receptor (PC3, DU145, LNCaP, mPCE) and gene
deletions (MEFs, LNCaP, PC3, mPCE) at least every 6 months. Cells were tested for
Mycoplasma at least every 4 months (VENOR GeM PCR kit, Sigma). Before they were
used in experiments, PAK1 WT and KO MEFs were cured of Mycoplasma by culture in
ciprofloxacin for 2 months (PCR confirmed); all other cell lines tested negative.

Additional details in Supplementary Methods.

Light Microscopy. Unless otherwise indicated, fluorescent dextran (1 mg/mL), Alexa
488 BSA (0.5 mg/ml), or Alexa 488 transferrin (0.5 mg/ml) were added in combination
with Lysotracker Red (1:10,000 dilution) and Hoechst 33342 for 30 min, cells were

washed three times with PBS, and live cells evaluated on a spinning disc confocal
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microscope. Dextran index was calculated using ImageJ software as detailed in (20)
and Supplementary Fig. S1A. When nutrient-deficient medium was used, 70 kD dextran
or BSA uptake was measured after a 16 h incubation; cells were pre-incubated with 50
MM A769662 for 2 h. EIPA was used at 50-75 uM and added 1 h prior to dextran
addition. In Dil-LDL uptake assays, cells were incubated in media with 10% charcoal-

stripped serum for 24 h then 20 pg/ml Dil-LDL was added + EIPA for 2 h.

SILAC labeling. FL5.12 cells were incubated in SILAC media containing “heavy” **C- or
>N-labeled arginine (R10) and lysine (K4) for >10 divisions. FL5.12 cells were then
killed by IL-3 withdrawal; cells were maintained at high density and 72 h allowed for
secondary necrosis to produce necrotic debris. Supernatant was fully aspirated from
necrotic cell pellets which were used directly or stored at -80°C. In isotopic labeling
experiments, prostate cancer cells were washed with PBS after 72 h, lysed, and
proteins digested with trypsin or Lys-C and analyzed by mass spectrometry as

described in the Supplementary Methods.

RAC1 activity assays. MEFs were transfected with biosensors generously provided by
the Hahn Laboratory (University of North Carolina): (1) RAC1 FLARE dual-chain
biosensor (CyPet-RAC1 and YPet-PBD); (2) RAC1 constitutively-active dual-chain
biosensor (CyPet-RAC1-Q61L and YPet-PBD); or (3) CyPet-RAC1 donor alone. Cells
were imaged 24 h after transfection and stimulated with 50 yM A769662 where

indicated. FLIM-FRET measurements of the RAC1 FLARE biosensors were acquired
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and processed using the SImFCS software package developed at the Laboratory for

Fluorescence Dynamics (www.lfd.uci.edu) as described in the Supplementary Methods.

Lipid droplet content measurement by CARS. The CARS imaging system is
described in detail in (66). Cells were fixed with 4% formaldehyde and imaged with a
60X water objective. The laser power on the sample was at 10 mW with 10 ms pixel
dwell time. The lipid droplet area was estimated from CARS images using a
customized Matlab program. Four components Otsu thresholding method was used to
separate the lipid droplets, cell cytoplasm, cell nucleus and the background. The lipid
droplet area was defined as the number of pixels covered by lipid droplets over the

number of pixels covered by cytoplasm.

In vivo experiments. Experiments conducted in mice were performed in accordance
with the Institutional Animal Care and Use Committee of University of California, Irvine.
Prostate isografts were produced by injecting 5 million mPCE cells subcutaneously in
the flank of 5 wk old C57BL/6 mice. Once tumors reached 100 mm?, animals were
randomly assigned to either the vehicle (1% DMSO in PBS) or EIPA (7.5 mg/kg
subcutaneously every other day) group (n=10-11). Tumor volume was calculated using
the formula volume (mm?) = length [mm] x (width [mm])? x 0.52. For in vivo dextran
uptake analysis, JAX PDX TM00298 tumors were intratumorally injected with 2 mg
Oregon Green dextran dissolved in 1% Evan’s Blue Dye 1 h after intraperitoneal (i.p.)
injection with vehicle or 10 mg/kg EIPA. Ten wk old male C57BL/6,

Pteno/1ox.n53foxlox-pR_Cre4,or C57BL/6 mice with or without mPCE isografts were
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intravenously injected with 250 mg/kg FITC-Ficoll dissolved in 1% Evan’s Blue Dye 1 h
after i.p. injection of vehicle or 10 mg/kg EIPA or 1.5 h after subcutaneous injection of

7.5 mg/kg EIPA as indicated.

Statistical methods and data analysis. Significance was determined using two-tailed

t-tests. *, P <0.05; **, P <0.01; ***, P <0.001; n.s., not significant (P >0.05). Tukey’s

method was used to correct for multiple comparisons.
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Figure 2.1. PTEN loss promotes growth and survival in nutrient-limiting
conditions by promoting macropinocytosis. A) 70 kD Dextran or BSA uptake in
complete medium (CM) or 1% AA/gluc + EIPA (50 uM). B) Western blot
demonstrating loss of PTEN in PTEN KO MEFs. C) Quantification of dextran
uptake (dextran index) and BSA uptake (BSA index) from panel (A). D) Dextran
uptake was quantified in GFP-positive PTEN KO MEFs in 1% AA/gluc 24 h after
transfection with plasmids encoding GFP or GFP and dominant-negative RAC1
T17N. E) Dextran uptake in PTEN WT MEFs in 1% AA/gluc £ 1 h pretreatment
with the PTEN inhibitor bpV(pic) (10 uM). F) Dextran uptake in PTEN KO MEFs in
1% AA/gluc £ 1 h pretreatment with the PI3K inhibitors (PI13Ki) BYL719 (2.5 uM)
and AZD8186 (250 nM). G) Proliferation of PTEN WT or KO MEFs after 72 hiin 1%
AA/gluc £ 2% BSA. H) Viability of PTEN WT and KO MEFs in CM or 1% AA/gluc
EIPA. H) Viability of PTEN WT, PTEN KO, or PTEN KO MEFs reconstituted with
PTEN in CM or 1% AA/gluc after 48 hr. In all panels, means £+ SEM shown, n = 3.
Using a paired, two-tailed t test, *, P < 0.05; **, P < 0.01; ***, P <0.001, n.s. not
significant. Uptake index (dextran or BSA) is indicated in images in white; = 25
cells were examined. Scale bar, 20 um. See also Supplementary Figures S1 and
S2.
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Figure 2.2. AMPK activation is necessary for macropinocytosis in PTEN-
deficient cells. A) Proliferation of PTEN WT or KO MEFs after 72 h in complete
or nutrient-deficient medium + A769662 (10 uM). Where indicated, amino acids
and/or glucose were reduced to 1% the level in complete medium. B) Dextran
uptake (white, statistics relative to CM control) or dextran-lysosome co-localization
(yellow, statistics relative to 1%AA/gluc) in PTEN KO MEFs in the indicated media
+ A769662 (50 uM). C) Dextran uptake in AMPK WT or DKO MEFs +
CRISPR/Cas9-mediated PTEN deletion in CM or 1% AA/gluc; statistics relative to
AMPK replete cells. D) Proliferation of MEFs null for AMPK and/or PTEN as
indicated after 96 h in 1% AA/gluc medium + 2% BSA. E,F) Dextran uptake in
PAK1 WT or KO (E) or ATG5 WT or KO (F) MEFs expressing dominant-negative
PTEN C124S in 1% AA = A769662; statistics relative to PAK1 (E) or ATGS5 (F)
replete cells. G,H) Proliferation of PAK1 WT or KO MEFs (G) or ATG5 WT or KO
MEFs (H) £ PTEN C124S after 72 h in 1% AA medium supplemented with 2%
BSA + A769662 (10 uM). 1) FLIM-FRET-phasor analysis of RAC1 activation in
PTEN WT or KO MEFs in CM = A769662 (50 uM); statistics relative to T=0. J)
Single frames from Supplementary Videos 1 and 2 showing ratiometric GP-FRET
(RAC1 activity) and RAC1-CyPet intensity in the periphery of a PTEN KO MEF
stimulated with A769662 for 2 h. Arrowheads indicate macropinosomes. Scale bar,
5 um. K) Summary of signaling pathways regulating macropinocytic flux. Means +
SEM shown, n = 3 in all panels. In panels D, G, and H, a two-way ANOVA was
performed with Tukey’s correction for multiple comparisons. In all other panels, a
paired two-tailed t test was employed. *, P <0.05; **, P <0.01; ** P <0.001; n.s.,
not significant. Scale bar, 20 ym except in (J). For imaging, = 25 cells were
examined. See also Supplementary Figures S3-5 and Supplementary Videos S1-
2.
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Figure 2.3. AMPK activity is necessary for KRAS-driven macropinocytosis.
A) Dextran uptake in GFP-positive AMPK WT or DKO MEFs 48 h after co-
transfection with KRAS G12D and GFP plasmids. B) Dextran uptake in GFP-
positive KRAS G12D MEFs 72 h after transfection with plasmids expressing GFP
or DN-AMPK-IRES-GFP. C) Dextran uptake in KRAS G12D MEFs £ Compound C
(10 uM). D) As in (A) but in LKB1 WT or KO MEF. E) Dextran uptake in A549
(LKB1™, KRAS G12S) £ Compound C (10 uM). F) As in (B) but in A549 cells.
Scale bars, 20 um. All experiments were performed in complete medium. Dextran
index = SEM indicated in white with statistics relative to untreated, vector, or
wildtype control; = 25 cells were examined. Using a paired, two-tailed t test, ***, P
< 0.001; n.s., not significant.
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Figure 2.4. PTEN-deficient prostate cancer cells exhibit constitutive
macropinocytosis. A) Dextran uptake in prostate cancer in 1% AA/gluc = EIPA (50-75
MM). B) Dextran uptake in RWPE-1 cells in CM or 1% AA/gluc £ A769662 (50 uM). C)
Dextran uptake in mPCE cells + PTEN reconstitution or a 1 h pretreatment with the pan-
PI3Ki ZSTK474 (200 nM) or Compound C (10 uM). D) Dextran uptake in GFP-positive
DU145 cells 48 h after transfection with plasmids expressing GFP or GFP and RAC1
T17N, DN-AMPK, or wild type PTEN. E,F) Dextran uptake in prostate cancer cell lines
in CM % EIPA (50-75 uM), compared to results in 1% AA/gluc in (F). G) Dextran index in
prostate cancer cells incubated with dextran for 5 min in CM + A769662 (50 uM). All
panels except (A) and part of (B) were conducted in complete medium. Scale bar, 20
pm. Dextran index in white, means = SEM shown with statistics relative to control, CM,
or vector; = 25 cells were examined. Using a paired two-tailed t test, *, P < 0.05; **, P <
0.01; *** P < 0.001; n.s., not significant. See also Supplementary Figure S6.
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Figure 2.5. PTEN-deficient prostate cancer cells consume necrotic debris via
macropinocytosis to fuel growth. A) FL5.12 cells were killed by IL-3 withdrawal for 24
h at low density density (25,000 cells/ml) to produce apoptotic cells or 48 h at high
density (100 million cells/ml) to trigger primary and secondary necrosis and stained as
indicated. B) CFSE-labeled FL5.12 cells were killed as in (A). Statistics comparing
necrotic cells £ EIPA. C) Prostate cancer cells were fed 1 million live, apoptotic, or
necrotic CFSE-labeled FL5.12 cells or cell equivalents for 1 h prior to imaging. Where
indicated, EIPA (50 uM) was added 1 h prior to necrotic cells; statistics test control
versus EIPA. D) Prostate cancer cell proliferation after 72 h in 1% (mPCE, PC3) or 2%
(DU145) AA medium % necrotic debris (0.1% protein). DU145 cells did not proliferate in
1% AA medium. E) mPCE cells treated as in (D) + PTEN reconstitution. In (D) and (E),
results are expressed relative to the low nutrient control. F) mTORCL1 signaling in mPCE
cells after 4 h in CM or 1% AA/gluc = necrotic cells (0.05% protein), 2% BSA, and/or
EIPA (75 uM) as indicated. The far right lane is necrotic cells only. Scale bars, 10 um.
Means + SEM shown, n = 3 in all panels. Using a paired, two-tailed t test, *, P < 0.05; **,
P <0.01; **, P £0.001; n.s., not significant. Tukey's method was used to correct for
multiple comparisons in (F). Uptake index indicated in white in (C); = 25 cells were
examined. See also Supplementary Figure S7-8.
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Figure 2.6. Necrotic debris consumed by macropinocytosis is used to build
biomass. A) Proteomics workflow. Unlabeled mouse mPCE or human DU145 prostate
cancer cells were fed K4R10-labeled necrotic FL5.12 cells for 72 h in 1% AA or CM,
washed with PBS 3 times, then digested with Lys-C for LC-MS peptide analysis. B)
Hypothetical predicted mass spectra of one peptide from the experiment in (A). Light
peaks (blue) do not contain lysine or arginine derived from macropinocytosed proteins.
Medium peaks (red) correspond to newly synthesized protein containing both unlabeled
(MP independent) and labeled (MP dependent) lysine and arginine. Heavy peaks
(green) correspond to newly synthesized peptides containing both heavy labeled lysine
and arginine (MP dependent) or peptides from engulfed undigested necrotic debris. C)
Actual peptide spectra of a triply charged peptide (amino acid sequence
FDRGYISPYFNTSK from the HSPD1 protein) from Lys-C digested mPCE cells fed
necrotic debris. D,E) Maximum and minimum protein biomass derived from
macropinocytosed debris calculated as depicted graphically using violin plots (D) or
described in the text and tabulated in (E). F) DU145 cells were cultured for 24 h in 1%
AA/gluc £ necrotic debris, 2% BSA, + EIPA (50 uM) then lipid droplets were imaged by
CARS. Scale bar, 20 um. See also Supplementary Figure S9.
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Figure 2.7. Prostate cancer cells exhibit macropinocytosis in 3D and in vivo. A,B)
Dextran uptake in organoid cultures generated from prostate epithelial cells from
C57BL/6 or Pten "1®/1o%.tp53oxlox: pB_Cre4 mice (A) or PTEN- and p53-deficient MSK-
PCal metastatic human CRPC organoids (B). In (A), mouse prostate organoid media
(55) or mPCE medium (67)containing 5% growth factor reduced Matrigel was utilized. In
(B), human prostate organoid medium was utilized (56). C) Dextran uptake (2 mg
intratumorally) in subcutaneous PTEN- and p53-deficient JAX PDX TM00298 tumors +
EIPA (10 mg/kg? i'P')' D,E? 70 kD FITC-Ficoll (250 mg/kg i.v.) uptake in autochthonous
tumors in Pten "/Mo%:tp53M1oxox-pR_Creq mice + EIPA (10 mg/kg i.p.) (D) or normal
prostate in C57BL/6 mice (E). F,G) Tumor volume in C57BL/6 mice bearing
subcutaneous mPCE isografts after 28 d of treatment with vehicle or EIPA (7.5 mg/kg
s.c. every other day) once tumors reached 100 mm?. In G, means + SD shown, n = 10-
11. Using an unpaired, two-tailed t test, ***, P < 0.001. H) FITC-Ficoll (250 mg/kg i.v.)
uptake in tumors in mice in (F,G) 2 h after treatment with vehicle or EIPA. Dextran or
Ficoll index (mean =+ SEM) shown in white; statistics not performed for normal prostate,
otherwise are relative to control. Scale bar, 20 um. See also Supplementary Figure
S10-11.
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Supplementary Figure S2.2, related to Figure 2.1. PTEN-deficient cells use macropinocytosis to
consume albumin and survive nutrient stress. A) The indicated protein equivalents of complete
medium (DMEM with 10% serum) or BSA were evaluated by SDS-PAGE and Coomassie staining. B)
Viability of LSL WT or KRAS G12D MEF after 48 h in complete medium or 1% AA/gluc + EIPA (25
puM). C) Dextran uptake in PTEN KO MEFs in 1% AA/gluc after 36 h £ EIPA (25 uM). D,E) Viability of
PTEN WT or KO MEF after 48 h in complete medium or 1% AA/gluc + EHT1864 (25 uM) (D) or
FRAX597 (10 puM) (E). F) Dextran uptake in GFP-positive PTEN KO MEFs transfected with GFP or
GFP and PTEN in 1% AA/gluc. Scale bars, 20 um. Dextran index + SEM indicated in white. n = 3 in
panels B, D, and E. For imaging = 25 cells were examined. Using a paired, two-tailed t test, *, P < 0.05;
*»* P <0.01; **, P <0.001, n.s. not significant.
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Supplementary Figure S2.3, related to Figure 2.2. A) Viability of PTEN WT or KO MEFs after
72 h in the indicated media £ A769662 (10 uM). B) Dextran uptake in PTEN WT MEFs in CM £
A769662 (50 uM). C) Western blot of AMPK WT and DKO MEFs following CRISPR/Cas9-
mediated PTEN deletion. D) Dextran uptake in AMPK WT or DKO MEFs with WT PTEN in CM
or 1% AA/gluc. E) Dextran uptake in GFP-positive PTEN KO MEFs expressing GFP or
dominant-negative AMPK (DN-AMPK) and GFP in 1% AA/gluc. F) Dextran uptake in PTEN KO
MEFs in 1% AA/gluc £ Compound C (10 uM). Scale bars, 20 ym. Means + SEM shown, n = 3 in
panel A. Dextran index + SEM indicated in white. For imaging = 25 cells were examined. Using
a paired, two-tailed t test, *, P < 0.05; **, P < 0.01; ***, P < 0.001, n.s. not significant.
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Supplementary Figure S2.4, related to Figure 2.2. PAK1 is necessary for macropinocytosis
but not autophagy while ATG5 is necessary for autophagy but not macropinocytosis. A)
Western blot in PAK1 WT and KO MEFs. B) Dextran uptake in PAK1 WT or KO MEFs + PTEN
C124S in 1% AA = A769662 (50 uM). C) Western blot in ATG5 WT and KO MEFs. D) Dextran
uptake in ATG5 WT or KO MEFs £ PTEN C124S in 1% AA £ A769662 (50 uM). E) Western blot of
PAK1 WT or KO MEFs after 1 h in the indicated medium + A769662 (50 uM) £ chloroquine (CQ, 25
UM). LC3-1l was quantified using LICOR software. F) GFP-LC3 and Lysotracker Red in PAK1 WT
or KO cells maintained in 1% AA + A769662 (50 uM) for 3 h. G) GFP-LC3 in ATG5 WT or KO
MEFs maintained in the indicated medium + A769662 (50 uM) for 3 h. Scale bars, 20 um. In panels
B and D, means + SEM shown, = 25 cells were examined. Using a paired, two-tailed t test, ***, P <
0.001.
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Supplementary Figure S5, Related to Figure 2.2. Analysis of RAC1 biosensor
activation by A769662 in MEFs. A) Phasor plot analysis of RAC1 biosensor activity in
PTEN KO MEFs. Left top: Phasor plot representation of two simulated fluorescence
lifetime decays. Left bottom: FRET analysis represented on the phasor plot. Red cursor
indicates the off-state of the inactive RAC1 biosensor (unquenched donor), black cursor
indicates maximal on-state of constitutively-active RAC1 biosensor (quenched donor), and
blue cursor indicates the position of cellular autofluorescence. From these positions on the
phasor plot, the theoretical FRET trajectory of RAC1 biosensor was identified (curved black
line). Tracking the FRET trajectory allows for translation of the lifetime shift to FRET
efficiency. Middle: Positions of the unquenched donor (top) or quenched donor (bottom) on
the phasor plot. Right: FRET efficiency calculated by the trajectory of donor to
constitutively-active RACL1 biosensor (top) and FRET efficiency of the RAC1 FLARE
biosensor upon the addition of A769662 (bottom). B) RAC1 activation in PTEN KO and WT
MEFs over time after addition of A769662 (50 uM). Top: Pseudo-color representation of
RACL1 activity (FLIM-FRET). Bottom: RAC1 biosensor intensity. The field of view is 74.6
pMm x 74.6 um. Scale bars, 20 um. C) Western blot showing kinetics of AMPK activation in
PTEN WT or KO cells treated with A769662 (50 uM). D) PTEN KO MEFs were transfected
with FLARE RAC1 constructs and imaged by FLIMFRET. Cells were treated with medium
containing DMSO vehicle and imaged at 5, 15, 30, 45, and 60 minutes following addition.
The amount of pixels that contain active RAC1 are plotted as a percentage of the total
pixels of the cell. (n=3). E) PTEN KO MEFs were transfected with FLARE RAC1 constructs
and imaged by FLIM-FRET. Following addition of A769662 for 60 minutes, the RAC1
inhibitor EHT1864 was added to block FRET. After 15 minutes with EHT1864 (50 uM),
cells were imaged. The amount of pixels that contain active RAC1 are plotted as a
percentage of total pixels of the cell. Mean £ SEM shown; **, P < 0.01 with an unpaired t
test (A769662: n=7; A769662 + EHT1864: n=3).
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Supplementary Figure S2.6, related to Figure 2.2. AMPK promotes macropinocytosis in
prostate cancer. A) Dextran uptake in LNCaP cells in CM % pre-treatment (2 h) with EHT1864 (50
MM). B) Prostate cancer cells were pulsed with dextran for the indicated intervals (0, 5, 15, 30 and
60 min) and dextran uptake quantified. In each cell line, steady state was reached by 30 min. E,F)
Dextran uptake in prostate cancer cells in complete medium + A769662 (50 uM) after 30 min (E) or
5 (F) min incubation with dextran. Mean + SEM shown. Scale bars, 20 pM. Dextran index indicated
in white in images. = 25 cells were examined except for (F) where 15 cells evaluated. G) Western
blot PC3 cells after 1 h in the indicated medium * chloroquine (CQ, 25 uM). LC3-1l was quantified
using LICOR software.
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Supplementary Figure S2.7, related to Figure 2.2. AMPK promotes macropinocytosis
in prostate cancer. A) Alexa 488 BSA or Texas Red dextran uptake in prostate cancer
cells £ EIPA (50-75 uM). B,C) Quantification of (A). D) Dil-LDL uptake * EIPA (50-75 pM).
E) Transferrin-488 uptake + EIPA (50-75 uM). F) BSA, dextran, and transferrin uptake in
mMPCE cells £ DN dynaminl (Dynl K44A). Nu, nucleus. Dextran or BSA Index shown in
white. Scale bar 20 ym. Means + SEM shown, = 15 cells were examined. Using paired
two-tailed t test, *, P < 0.05; **, P < 0.01; ***, P < 0.001; n.s., not significant.
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Supplementary Figure S2.8, related to Figure 2.5. Necrotic debris is taken up through
macropinocytosis in prostate cancer cells. A) CFSE-labeled necrotic cell debris uptake in PTEN
WT and KO MEFs in 1% AA/gluc £ EIPA (50 uM). B) Green CFSE-labeled necrotic cell debris and
Texas Red Dextran uptake in mPCE cells in CM. C) Texas Red- and Oregon Green-dextran were
added together to mPCE prostate cancer cells in CM and uptake measured after 30 min. D) As in (B)
except Far Red CTSE- and green CFSE-labeled necrotic cell debris were added instead of dextran. E)
Quantification of green pixels co-localized with red pixels within cells in (C and D). F) Proliferation of
control LSL or KRAS G12D MEF after 72 h in 1% AA/gluc + necrotic debris (0.1% protein). G)
Proliferation of BXPC3 or PANC-1 cells after 96 h in 1% AA + necrotic debris (0.1% protein). Scale
bars, 20 um. n 2 3 in panels F,G. For imaging = 25 cells were examined. Using a paired, two-tailed t
test, *, P < 0.05; **, P < 0.01; ***, P < 0.001.
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Supplementary Figure S2.9, related to Figure 6. Macropinocytosis is used to
build biomass. A) Measured ratio distributions resulting from Lys-C digests that were
used to calculate median biomass in Figures 6D-E. Distribution represents counts
versus log2 fold change of peptide ratios measured for medium (red, sum of K4R0 and
KOR10 mixed peak ratios) or heavy peptides (green, K4R10) in Lys-C digests. B)
Tryptic digests of human DU145 cells were used to confirm Lys-C results (Figures 6D-
E). Distributions depict SILAC ratios measured in peptides arising from proteins unique
to humans in an Andromeda search. The incorporation of isotopically labeled amino
acids into 65% of the human peptides in 1% AA medium and 16% in CM is consistent
with biomass build estimates using Lys-C digestion. C) Quantification of lipid droplets
detected by CARS in Figure 6F. D) DU145 cells were cultured in complete medium + 50
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MM EIPA for 24 h and fixed with 4% PFA. Lipid droplets were imaged by CARS. = 25
cells were examined. Using a paired, two-tailed t test, *, P < 0.05; **, P < 0.01; ***, P <
0.001, n.s. not significant. Tukey’s test was used to correct for multiple comparisons in

(C). Scale bar, 20 pm.
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Supplementary Figure S2.10: Inhibiting macropinocytosis reduces prostate tumor growth,
Related to Figure 7. A) Dextran uptake in mouse prostate tumor organoids + Compound C (20 pM).
B-D) Body weight (B), tumor weight at sacrifice (C), or tumor volume measured with calipers (D) in
C57BL/6 mice with subcutaneous mPCE isograft tumors treated with vehicle (1% DMSO in PBS) or

EIPA (7.5 mg/kg) subcutaneously every other day once tumors reached 100 mm3. Panel (D) is the
same as Figure 7F but displayed with a Y-axis that allows discrimination of tumor regressions. E)
MPCE isograft tumors excised from mice in (B-D). Tumors that are blue were from mice intravenously
co-injected with FITC-Ficoll and Evan’s blue dye prior to sacrifice. Evan’s blue dye was used to
confirm successful i.v. injection of Ficoll and delivery to tumors even in mice where EIPA blocked tumor
cell macropinocytosis. Boxed images indicate tumor samples used in Figure 2.7H.
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Supplementary Figure S2.11. Model Figure. PTEN-deficiency induces AMPK-
dependent macropinocytosis that allows the conversion of necrotic debris into amino
acids and lipids used to drive growth. Intact cells are too large to enter but extracellular
proteins may also be engulfed.
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Macropinocytosis supports mammary tumor growth and confers resistance to
therapies targeting cancer anabolism
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ABSTRACT

KRAS-driven pancreas and PTEN-deficient prostate tumors use macropinocytosis to
scavenge extracellular proteins and proliferate in amino acid-deficient media. Here we
show that breast cancer cell lines with activating mutations in KRAS or the PI3K
pathway use macropinocytosis to proliferate under multiple forms of nutrient stress. A
click chemistry-based flux assay revealed that macropinocytosis of dead cell debris
provides not just amino acids, but also sugars, fatty acids, and nucleotides that can
support biosynthesis. In fact, macropinocytic breast and prostate cancer cells became
resistant to fatty acid synthesis inhibition when supplemented with necrotic debris
consistent with their ability to recover palmitate, the product of fatty acid synthase.
Strikingly, supplementation with necrotic debris conferred near complete resistance to
multiple standard-of-care chemotherapies that inhibit and/or create dependence on
nucleotide biosynthesis provided that cells were macropinocytic. These findings imply
that macropinocytosis plays a much larger role in tumor anabolism than previously

appreciated and define a novel mechanism for therapeutic resistance.
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INTRODUCTION

Because oncogenic mutations constitutively drive anabolism, cancer cells require
continuous access to extracellular nutrients for their survival 1. At the same time,
nutrient delivery to tumor cells is limited by abnormal, leaky vasculature and high
interstitial pressure that collapses blood vessels, further compromising perfusion. These
limitations make tumor cells reliant on the catabolic process of autophagy 2. While
macroscopic tumor growth depends on autophagy because it keeps tumor cells alive,
tumor cell catabolism produces atrophy, not growth. For nutrient-deprived tumor cells to
proliferate, they must complement nutrient recycling via autophagy with the scavenging
of macromolecules from the microenvironment *. Because scavenged nutrients are
derived from extrinsic, rather than intrinsic, macromolecules, they can support
proliferation as well as survival °. Macropinocytosis is one scavenging strategy *.
Macropinosomes form when plasma membrane ruffles close on themselves and pinch
off, producing large, uncoated intracellular vesicles encapsulating extracellular proteins,
fluid, and small particles. Oncogenic mutations in RAS or activation of the
phosphoinositide 3-kinase (P13 kinase) pathway can drive macropinocytosis *°. The
RACL1 activation required for ruffling can occur via phosphatidylinositol-(3,4,5)-
trisphosphate (PIP3) dependent guanine nucleotide exchange factors °, downstream of
AMP-sensitive kinase (AMPK) 2, or through alternative mechanisms. PIP; is also
required for macropinosome closure ’. Pancreas and prostate cancers bearing
oncogenic mutations in KRAS or PTEN, respectively, use amino acids derived from
engulfed extracellular proteins to proliferate in nutrient-limiting environments > * 1°. p|3

kinase pathway mutations are also common in breast cancer **. While macropinocytosis

98



has not yet been described in this cancer class, breast tumors would likely benefit from
macropinocytosis. Desmoplasia, excessive fibrosis that limits perfusion, creates a
selective pressure that would favor the outgrowth of breast cancer cells that are capable
of nutrient scavenging *2. Necrosis is a common feature of invasive breast cancer;
breast tumor growth often outstrips the vasculature leaving tumor cells nutrient-limited
13 Necrotic cell debris consumed via macropinocytosis could sustain protein synthesis

in poorly perfused areas where extracellular amino acids would be limiting °.

Many standard-of-care chemotherapeutics kill tumor cells by creating nutrient stress **.
Some of these agents target enzymes required for de novo nucleotide synthesis, while
others cause DNA damage that increases the demand for nucleotides for DNA repair *°.
Autophagy can supply cells with recycled nucleotides and confers resistance to both
chemotherapy and radiation ***”. By providing amino acids, macropinocytosis might
also confer resistance to therapies that increase the demand for nucleotides by fueling
de novo nucleotide synthesis pathways. If macropinocytic cells could produce
nucleotides directly from scavenged DNA, even greater protection might be observed
because the energetic cost of nucleotide synthesis would be avoided. Necrocytosis, the
macropinocytosis of necrotic cell debris, could in principle supply the end-products of all
biosynthetic pathways. Because nutrients supplied by necrocytosis would be derived
from cell-extrinsic sources rather than catabolism, they could support not only survival,
but even allow proliferation in cells exposed to chemotherapies that target metabolism.
Here we demonstrate that breast cancer cell lines with oncogenic mutations that

activate KRAS or the PI3K pathway can use macropinocytosis to fuel proliferation in
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nutrient-limiting conditions. Moreover, macropinocytic breast cancer cells that are able
to scavenge not just amino acids, but also sugars, lipids, and nucleotides from necrotic
cell debris exhibited dramatic resistance to a range of therapies targeting the metabolic

dependencies of cancer cells.

RESULTS

Macropinocytosis supports anabolism in amino acid-deprived breast cancer cells
To determine whether breast cancer cells with activating mutations in KRAS and
PIK3CA or the loss of PTEN are macropinocytic, 70 kD dextran uptake was measured
in a panel of breast cancer cell lines. Because nutrient stress is required to induce
macropinocytosis in some cells 3, experiments were conducted in both complete and
nutrient-deficient medium containing 1% the normal level of amino acids and glucose
(1% AA/gluc). To confirm that dextran uptake occurred via macropinocytosis, 5-[N-ethyl-
N-isopropyl] amiloride (EIPA), an Na*/H* exchanger (NHE) inhibitor that blocks
macropinocytosis but not receptor-mediated endocytosis > ¥, was used to block dextran
uptake. Immortalized but non-transformed hTERT-HME1 mammary epithelial cells and
MCF10A cells did not exhibit macropinocytosis in complete medium, but dextran uptake
was stimulated by nutrient deprivation (Fig. 3.1a and Supplementary Fig. 3.1a). Similar
to pancreas, bladder, and lung cancer cell lines with KRAS mutations * 4, KRAS-mutant
MDA-MB-231 breast cancer cells were robustly macropinocytic in complete medium
(Fig. 3.1a and Supplementary Fig. 3.1a). MCF-7 and T-47D cells with PIK3CAF*** and
PIK3CA™9'R mytations, respectively, also efficiently took up high molecular weight

dextran in both complete and 1% AA/gluc medium. Hs578T breast cancer cells carry a
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mutation in the PI3K regulatory subunit p85a, PIK3R1, that leads to hyper-activation of
the PI3K pathway. Like MCF-7 and T-47D cells, Hs578T cells exhibited constitutive
macropinocytosis. PTEN-null BT-459 breast cancer cells exhibited constitutive
macropinocytosis similar to PTEN-deficient prostate cancer cells ® (Fig. 3.1a and
Supplementary Fig. 3.1a). In contrast, PTEN-null HCC1569 cells did not exhibit
macropinocytosis even under nutrient stress, although they were capable of performing
macropinocytosis when stimulated with phorbol 12-myristate 13-acetate (PMA), an
inducer of robust macropinocytosis in multiple cell types (Fig. 3.1a and Supplementary
Fig. 3.1a, b). 4T1 murine mammary carcinoma cells, a commonly used model for triple-

negative breast cancer ' %

, were also evaluated. While not macropinocytic in complete
medium, glucose restriction or directly activating AMPK with A769662 stimulated
macropinocytosis in 4T1 cells (Fig. 3.1a and Supplementary Fig. 3.1a,c). EIPA-sensitive
70 kD FITC-Ficoll uptake was observed in orthotopic, syngeneic 4T1 tumors in female
BALB/c mice indicating that the level of AMPK activation in tumors is sufficient to trigger

macropinocytosis (Fig. 3.1b). Together, these results suggest that many breast tumors

are macropinocytic.

Prostate and pancreas cancer cell lines can support proliferation in amino acid-limiting
conditions with macropinocytosis ** 9. In most of these studies, albumin is provided as
a macropinocytic fuel source as it is one of the most abundant extracellular proteins in
tumors. However, physiological levels of bovine serum albumin (BSA, 5%) did not
support the proliferation of constitutively macropinocytic MCF-7 or T-47D cells or non-

macropinocytic HCC1569 cells in medium containing 1% of the normal amount of amino
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acids (1% AA, Fig. 3.1c). BSA can only provide amino acids in proportion to their
presence in its primary sequence, a ratio that may not be ideal to support global protein
synthesis. Necrotic cell debris is also consumed by macropinocytosis. Upon digestion in
the lysosome, dead cell fragments will provide amino acids at the ratio they are present
in cellular proteins. As expected, breast cancer cells were able to consume necrotic, but
not apoptotic or live, CFSE-labeled cells (Fig. 3.1d-f), a process we have termed
necrocytosis >. Necrotic cell debris supported the proliferation of macropinocytic (MCF-7
and T-47D) breast cancer cells in 1% AA medium even when provided at a 25-fold
lower concentration than BSA (0.2% protein, Fig. 3.1c). Non-macropinocytic HCC1569
cells did not benefit from supplementation with necrotic debris. Moreover, apoptotic
cells, which are too large to be consumed by macropinocytosis, did not support the
proliferation of macropinocytic MCF-7 breast cancer cells under the same conditions
(Fig. 3.1f,0). These studies confirm that the rate of macropinocytic flux in amino acid-
limited breast cancer cells is sufficient to support proliferation, that necrotic cell debris is
a superior fuel source compared to albumin, and that the nutrients contained in necrotic

debris are only accessible to macropinocytic cells.

Using click chemistry to measure protein flux through macropinocytosis

For macropinocytosed proteins to support protein synthesis in a nutrient-deprived cell,
four processing steps are required: uptake, trafficking to the lysosome, lysosomal
proteolysis, and export of the monomeric amino acids to the cytosol 1. The transfer of
isotopically-labeled amino acids from the necrotic cells’ proteome into the

macropinocytic cells’ proteome requires that each of these steps is completed and is
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therefore a holistic measurement of macropinocytic flux 3. Although highly specific and
guantitative, this approach requires relatively expensive labeling medium and
proteomics capabilities that are not readily accessible to all laboratories. Copper-
catalyzed azido-alkyne cycloaddition, a common form of “click” chemistry %, offers an
alternative strategy for measuring macropinocytic flux (Fig. 3.2a). A “clickable” alkynyl
form of methionine, homopropargylglycine (HPG), is commercially available,
inexpensive, and readily incorporated into proteins %. HPG can be followed using azido-
modified reagents. For example, HPG derived from necrocytosed proteins can be
visualized in the macropinocytic cell proteome by microscopy after clicking on azido-

biotin and staining with Alexa488-streptavidin.

To validate this new strategy for measuring macropinocytic flux, HPG-labeled FL5.12
murine hematopoetic cells were generated (Fig. 3.2b). FL5.12 cells are ideally suited for
creating labeled, necrotic debris due to their rapid growth (doubling time of 12 h) and
their strict dependence on exogenous IL-3 for survival which allows for the induction of
apoptosis and secondary necrosis without the application of noxious chemicals. As
expected, adding free HPG to amino acid-deprived MCF-7 (macropinocytic) or
HCC1569 (non-macropinocytic) cells also resulted in robust labeling of cytosolic and
nuclear proteins (Fig. 3.2c). In contrast, when HPG was provided in the form of labeled
necrotic debris, only macropinocytic MCF-7 cells were labeled. At 1 h, HPG labeling
was confined to macropinosome-like structures distributed throughout the cytosol (Fig.
3.2d). Confirming that necrotic debris was consumed via macropinocytosis, the HPG-

positive structures in MCF7 cells were eliminated by EIPA, and no HPG labeling was

103



observed in non-macropinocytic HCC1569 cells incubated with HPG-labeled necrotic
debris (Fig. 3.2d-f). After 24 h, the HPG signal in MCF-7 cells was distributed
throughout the nucleus and cytosol, producing a pattern similar to that seen in MCF-7
cells labeled with free HPG (Fig. 3.2c, g). Blocking macropinocytosis with EIPA
prevented the transfer of HPG from necrotic cell debris into the macropinocytic MCF-7
proteome (Fig. 3.2g, h). Blocking protein synthesis with cycloheximide resulted in a
diffuse cytosolic staining pattern in MCF-7 cells fed HPG-labeled necrotic debris
confirming that new protein synthesis was required for HPG labeling of nuclear and
cytosolic proteins in macropinocytic cells. Non-macropinocytic HCC1569 breast cancer
cells did not incorporate HPG from necrotic debris even when the incubation period was
extended to 24 h (Fig. 3.2h, i). In summary, a clickable amino acid tracer can be used to
monitor macropinocytic flux and confirmed that nutrient-deprived, macropinocytic breast
cancer cells can fuel new protein synthesis with proteins scavenged from dead cell

corpses.

Necrocytosis provides access to carbohydrates

Several studies have demonstrated that amino acids can be scavenged from
macropinocytosed proteins * %8 % 23 However, necrotic cell debris contains all of the
building blocks necessary to produce a new cell provided that each macromolecule can
be broken down in the lysosome and the subunits exported to the cytosol. Cancer cells
import and oxidize glucose to generate ATP, but glucose is also funneled into the
hexosamine biosynthesis pathway to produce N-acetylglucosamine (GIcNAc) required

for protein O-GlcNAcylation reactions ?*. To assess whether GIcNAc, and potentially
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other carbohydrates, can be scavenged via necrocytosis, FL5.12 cells were labeled with
a clickable, alkynyl form of GIcNAc, tetraacylated N-(4-pentynoyl)-glucosamine
(AcsGIcNAI) (Fig. 3.3a, #°). The acetyl groups on AcsGIcNAI increase the membrane
permeability of this unnatural sugar but are removed by carboxyesterases in the cytosol,
generating the monosaccharide. FL5.12, MCF-7, and HCC1569 cells all labeled
efficiently with free AcsGIcNAI, producing labeling patterns consistent with the wide
range of membrane, cytosolic, and nuclear proteins that undergo O-GIcNAcylation (Fig.
3.3a, b, %°). Macropinocytic MCF-7 breast cancer cells, but not non-macropinocytic
HCC1569 cells, were able to recover GIcNAI from labeled necrotic cell debris, producing
a staining pattern similar to that observed upon free Ac,GIcNAI addition (Fig. 3.3b-e).
Blocking macropinocytosis with EIPA significantly reduced GIcNAI flux from necrotic
debris into MCF-7 cells (Fig. 3.3c, d). As EIPA completely blocked HPG incorporation
from labeled necrotic debris under similar experimental conditions (Fig. 3.2g, h), MCF-7
cells may secrete enzymes that liberate free GICNAI from necrotic debris. As non-
macropinocytic HCC1569 breast cancer cells did not label when incubated with GIcNAI-
labeled necrotic cell debris (Fig. 3.3d, e), enzymes that release free GICNAI are not
present in the necrotic debris itself. The ability to scavenge carbohydrates may
contribute to the ability of macropinocytic MCF-7 and T-47D, but not non-macropinocytic
HCC1569, cells to proliferate in low glucose medium (1% AA/gluc) in the presence of
necrotic debris (Fig. 3.3f). In summary, GIcNAc can be scavenged from necrotic

material via macropinocytosis.

Necrocytosis relieves dependence on fatty acid synthesis
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While necrocytosis preserves lipid droplets in nutrient-restricted prostate cancer cells 2,
it is not clear whether lipids can be directly scavenged from cell corpses or whether
scavenging of other nutrients simply reduces ATP demand and, consequently, lipid
catabolism in the macropinocytic cell. To directly monitor lipid flux from necrotic cell
debris into macropinocytic breast cancer cells, FL5.12 cells were labeled with alkynyl
palmitate, a fatty acid used for fatty acid oxidation, post-translational protein
modifications, and to build cell membranes ?’. FL5.12, MCF-7, and HCC1569 cells
labeled efficiently with free alkynyl palmitate (Fig. 3.4a, b). Similar to results with HPG
and GIcNAI (Fig. 3.2 and 3.3), macropinocytic MCF-7, but not non-macropinocytic
HCC1569, breast cancer cells recovered alkynyl palmitate from labeled necrotic debris
(Fig. 3.4c, d and Supplementary Fig. 3.2). Inhibiting macropinocytosis with EIPA
eliminated labeling in MCF-7 cells confirming that macropinocytosis was required. Thus,
necrocytosis can provide macropinocytic breast cancer cells with palmitate and likely
other fatty acids. Fatty acid synthesis is critical for tumor cell growth **. Fatty acid
synthase (FASN) is over-expressed in some breast tumors 2%, and FASN inhibition limits
breast tumor growth 2° *°. As macropinocytic breast cancers can scavenge the product
of FASN, palmitate, from necrotic cell debris (Fig. 3.4c, d), necrocytosis may reduce
dependence on FASN and sensitivity to FASN inhibitors. The FASN inhibitor
GSK2194069 *! killed MCF-7 cells and slowed the proliferation of HCC1569 breast
cancer cells (Fig. 3.4e, f). Consistent with the proposal that palmitate scavenging would
reduce dependence on FASN, supplementation with necrotic cell debris rescued
macropinocytic MCF-7, but not non-macropinocytic HCC1569, breast cancer cells from

GSK2194069. Prostate cancers both over-express FASN %23 and depend on fatty acid
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uptake **; blocking either process limits prostate cancer cell growth and survival. PTEN-
deficient prostate cancers (e.g. LNCaP) are macropinocytic 3, while PTEN-replete
22Rv1 prostate cancer cells are not (Fig. 3.4g). Both LNCaP and 22Rv1 prostate cancer
cells died when exposed to the FASN inhibitor GSK2194069 (Fig. 3.4h, i). Similar to
results with breast cancer cells, macropinocytic LNCaP cells, but not non-
macropinocytic 22Rv1 cells, were rescued by supplementation with necrotic cell debris.
These results demonstrate that necrocytosis provides fatty acids and affords resistance

to therapeutics that limit lipid biosynthesis.

Necrocytosis affords resistance to therapies that increase dependence on
nucleotide synthesis

Nucleotide synthesis represents a metabolic bottleneck for rapidly proliferating cancer
cells **. Amino acids derived from macropinocytosed proteins could be used to support
nucleotide synthesis. Alternatively, scavenging nucleotides via necrocytosis would avoid
energetically-demanding biosynthesis. When the alkynyl thymidine analog 5-ethynyl-2-
deoxyuridine (EdU) ** was added to the culture medium, it was readily incorporated into
the genomic DNA of FL5.12, MCF-7, and HCC1569 cells as expected (Fig. 3.5a, b).
AKkin to results obtained with HPG, GIcNAI, and alkynyl palmitate, macropinocytic MCF-
7 cells, but not non-macropinocytic HCC1569 cells, were able to recover EAU from
necrotic cell debris (Fig. 3.5c-e). Blocking macropinocytosis with EIPA prevented the
transfer of EAU from necrotic cell debris to MCF-7 cells, again implicating
macropinocytosis in this process. Blocking DNA replication with hydroxyurea > also

eliminated the nuclear EdU signal in MCF-7 cells, confirming that EdU was incorporated
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into genomic DNA. In sum, macropinocytic cells can recover nucleotides directly from

necrotic debris.

Many conventional cancer therapies target nucleotide biosynthesis directly or indirectly
37.38 Agents such as 5-FU and gemcitabine block nucleotide biosynthesis, while DNA
damaging agents increase dependence on nucleotide synthesis necessary to support
DNA repair. Many different solid tumors initially respond to genotoxic chemotherapies,
but resistance frequently develops. Metabolic adaptations include the up-regulation of
de novo nucleotide synthesis pathways, nutrient import, and recycling via autophagy *>
17.39 By providing breast cancer cells with scavenged nucleotides (Fig. 3.5),
necrocytosis may also contribute to resistance to standard-of-care therapies that
deplete nucleotide pools. Breast cancer is often treated with the pyrimidine analog 5-
fluorouracil (5-FU) that inhibits thymidylate synthase “°. MCF-7 cells died when treated
with 5-FU while HCC1569 cells stopped proliferating (Fig. 3.6a, b). Supplementation
with necrotic cell debris afforded striking protection to 5-FU-treated macropinocytic
MCEF-7 cells, restoring proliferation to the level seen in untreated cells. As necrotic cell
debris did not protect HCC1569 cells, the debris is not simply reducing toxicity by
sequestering 5-FU. Like 5-FU, gemcitabine blocks nucleotide synthesis, but in this case
by inhibiting ribonucleotide reductase *°. Gemcitabine is a standard-of-care treatment
for pancreas cancer, a tumor type that is frequently macropinocytic. Gemcitabine killed
both macropinocytic PANC-1 and non-macropinocytic BxPC3 cells (Fig. 3.6c, d).
Supplementation with necrotic cell debris fully restored proliferation in PANC-1 cells

while failing to benefit BxPC3 cells that are incapable of necrocytosis * (Fig. 3.6¢, d).
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The ability of necrocytosis to protect from DNA damaging agents was next evaluated.
Doxorubicin and cisplatin stimulated macropinocytosis in contextually macropinocytic
4T1 cells (Fig. 3.7a). These agents are known to stimulate ROS which can stimulate
AMPK activation. ROS was sufficient to stimulate macropinocytosis in an AMPK
dependent manner (Fig. 3.7b). The topoisomerase inhibitor doxorubicin also induces
DNA damage *®. Doxorubicin triggered cell death in MCF-7, MDA-MB-231, and
HCC1569 breast cancer cells (Fig. 3.7c). Necrotic cell debris prevented death in both of
the macropinocytic cell lines, MCF-7 and MDA-MB-231, while non-macropinocytic
HCC1569 cells remained fully sensitive to doxorubicin. Radiation has been reported to

increase AMPK activation % %2

, and y-irradiation stimulated macropinocytosis in 4T1
cells even though they were maintained in complete medium (Fig. 3.7d). While the
human breast cancer cell lines MCF-7, MDA-MB-231, and HCC1569 were resistant to
y-irradiation (not shown), murine 4T1 mammary carcinoma cells were sensitive (Fig.
3.7e). Supplementation with necrotic cell debris supported proliferation in irradiated 4T1
breast cancer cells in a manner reversed by the macropinocytosis inhibitor EIPA (Fig.
3.7e). The cytotoxic chemotherapeutic commonly used in prostate cancer, docetaxel, is
a microtubule-stabilizing agent that does not kill via metabolic stress. Consistent with
this, necrocytosis did not protect macropinocytic LNCaP cells from docetaxel-induced
death (Supplementary Fig. 3.3b, c¢). Together, these findings demonstrate that

necrocytosis can render cancer cells resistant to a variety of metabolic cancer therapies

by providing the end products of biosynthesis.
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DISCUSSION

Many cancer cells are likely macropinocytic. Activation of the RAS and PI3 kinase
pathways is common across cancer classes and has been shown to drive
macropinocytosis in pancreas, lung, colorectal, bladder, prostate, and now breast

3.4.44.95 (Fig. 3.1a). Importantly, the rate of macropinocytic flux in breast

cancer cells
cancer cells is sufficient to support proliferation in nutrient-limiting conditions provided
that necrotic corpses are supplied as fuel (Figs. 3.1c and 3.3f). Albumin can support the
proliferation of some macropinocytic cells in low glutamine or when non-essential amino
acids are limiting * *°, but was not sufficient to support breast cancer cell proliferation in
media generally deficient in amino acids (Fig. 3.1c). As necrotic cell debris supported
proliferation in amino acid- and glucose-deficient medium even when provided at a 25-
fold lower concentration than albumin (Fig. 3.1c and Fig 3.3f), necrotic cell debris is
likely to be an important macropinocytic fuel in tumors. Tumor growth represents the
sum of tumor cell death and birth; dead cells are present throughout tumors, not just in
large, necrotic foci *°. In some cases, triggering apoptosis paradoxically promotes
tumorigenesis, stimulating the proliferation of neighboring cells. This death-driven
proliferation may stem from a combination of inflammatory signals and necrocytosis
when apoptotic cells undergo secondary necrosis. Similarly, co-injection of dead cells
with viable 4T1 cells accelerates their proliferation in subcutaneous tumor models *’;
these dead cells may fuel the proliferation of their viable neighbors. In poorly perfused
areas of the tumor, macroscopic necrosis would represent a banquet for macropinocytic

tumor cells. Most solid tumors, including breast cancers, contain necrotic areas, and

evidence of tumor necrosis correlates with poor prognosis ** 8% In summary, necrotic
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cell debris is a high-value macropinocytic fuel that likely makes an important
contribution to tumor anabolism and helps to explain paradoxical observations that cell

death drives tumor growth.

Prior to this report, macropinocytosis had only been documented to provide amino acids
3>,810.44.51 ‘While necrocytosis can maintain lipid droplet content in amino acid-
deprived prostate cancer cells 3, whether this occurred because protein scavenging
decreased the need for lipid droplet catabolism or because necrotic cell debris supplied
lipids was unclear. Click chemistry-based flux analysis now shows that many
macromolecules, not just amino acids, can be recovered via necrocytosis. Extracellular
proteins are often glycosylated, and thus many macropinocytosed proteins would carry
sugars that could be recycled. Carbohydrate scavenging (Fig. 3.3d) could spare glucose
that would otherwise be required for glycosylation and stimulate pro-growth signal
transduction and transcription. For example, GIcNAc synthesis is important for the
expression of growth factor receptors that are critical for breast cancer cell proliferation
and survival °* *3. The fatty acid palmitate was also scavenged from necrotic cell debris
via macropinocytosis (Fig. 3.4c, d). Palmitate can be oxidized, used for membrane
synthesis, or support signaling in growing cancer cells. Fatty acid synthesis is
particularly important in breast and prostate cancer cells, and fatty acids synthase
inhibitors are in clinical trials % >*. The effectiveness of the fatty acid synthase inhibitor
GSK2194069 against breast and prostate cancer cells was significantly compromised if
macropinocytic cells had access to necrotic cell debris (Fig. 3.4e-i); if palmitate can be

scavenged from the tumor microenvironment, cells will no longer need to synthesize it
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with fatty acid synthase. In sum, necrocytosis is likely to decrease the effectiveness of
many different therapies targeting tumor anabolism by providing the end products of
biosynthesis. Pairing these drugs with macropinocytosis inhibitors may increase the

depth of the response and limit the development of resistance.

Therapeutic resistance remains a major obstacle in combating cancer. In keeping with
the results presented here (Fig. 3.6), patients with tumors bearing PIK3CA or KRAS
mutations or with decreased PTEN activity are more likely to be resistant to
chemotherapy >, There is also a strong link between tumor necrosis and therapeutic
resistance across tumor classes. Necrosis would facilitate the scavenging DNA
fragments reducing dependence on nucleotide biosynthesis pathways that are a known
therapeutic liability ** *>°%%°_|t is particularly striking that the nucleotide synthesis
inhibitors 5-FU and gemcitabine failed to even limit proliferation if cells were able to
perform necrocytosis (Fig. 3.6a-d). This result is consistent with recent reports that
deoxycytidine release from macrophages also limits the effectiveness of gemcitabine °*.
The effectiveness of genotoxic therapies such as doxorubicin and y-irradiation that

15,62 \vas also

create dependence on de novo nucleotide synthesis pathways
compromised by necrocytosis (Fig. 3.6 e-g). Genotoxic therapies and radiation are
standard-of-care treatments for many cancer classes that are likely to be

macropinocytic. Glioblastomas, a cancer class with a dismal long-term survival rate
even with therapy, often have PTEN and PIK3CA mutations, AMPK activation, and

large areas of necrosis at diagnosis °* ®. Both radiation and temozolomide, an

alkylating agent, are first line treatments; necrocytosis may play an important role in
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therapeutic resistance in glioblastoma patients. In summary, macropinocytosis inhibitors
have the potential to produce significant gains in patient survival when used in

combination with radiation and standard-of-care chemotherapy.

The contribution that macropinocytosis makes to cancer cell anabolism and therapeutic
resistance has likely been unrecognized in part due to the conditions under which in
vitro experiments are generally conducted. Standard tissue culture media are largely
bereft of macropinocytic fuel, containing only limited amounts of albumin (0.3%), a
suboptimal macropinocytic fuel even when supplemented to 17-fold higher levels (Figs.
3.1c and 3.3f). In contrast, the tumor microenvironment is rich in macromolecules and
debris that are ripe for scavenging. Indeed, macropinocytosis may provide one
explanation for discrepant results with metabolic inhibitors in vitro and in vivo (e.g. %).
An additional translational implication of this study is that the clinical benefits of
autophagy inhibitors that block lysosomal degradation (e.g. chloroquine derivatives °
®") may be derived as much from blocking macropinocytic flux as from autophagy
inhibition. If so, the biomarkers selected to identify sensitive patients and confirm
therapeutic efficacy would need to be reconsidered. Given the accumulating evidence
that many tumor classes are macropinocytic and the clear anabolic benefits of
scavenging, it is very likely that macropinocytosis makes a major contribution to

therapeutic resistance across cancer classes.
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METHODS

Cell lines and cell culture

All cultured cells were maintained at 37°C in 5% CO,. All media were supplemented
with 10% standard fetal bovine serum and antibiotics unless otherwise stated. MDA-
MB-231, MCF-7, T-47D, BT-549, Hs578T, HCC1569, hTERT-HME1 PANC-1, BXxPC3
and LNCaP, cells were obtained from the ATCC. The 4T1 cell line was provided by
Jennifer Prescher (UC Irvine). MCF-10A cells were supplied by Ben Ho Park (Johns
Hopkins School of Medicine). 22Rv1 cells were provided by lonis Pharmaceuticals
(Carlsbad, CA). hTERT-HME1 were cultured without serum in MEGM base medium
supplemented additives provided in the MEGM™ BulletKit™ medium. MCF-10A cells
were cultured in DMEM/F12 Ham’s Mixture without phenol red and supplemented with
5% horse serum, EGF (20 ng/ml), insulin (10 pg/ml), hydrocortisone (0.5 mg/ml),
cholera toxin (100 ng/ml), 1% penicillin and streptomycin. MDA-MB-231 and PANC-1
cells were cultured in DMEM media with L-glutamine, 4.5 g/L glucose and without
sodium pyruvate and supplemented with 1% sodium pyruvate. MCF-7 cells were
cultured in RPMI supplemented with 1% L-glutamine. LNCaP, HCC1569, 22Rv1 and
BxPC3 cells were cultured in RPMI-ATCC modified medium. T-47D and BT-549 cells
were cultured in RPMI-ATCC modified medium with 0.2 units/ml or 0.023 1U/ml bovine
insulin, respectively. 4T1 were cultured in DMEM media with L-glutamine, 4.5 g/L
glucose and without sodium pyruvate. Hs578T were cultured in the same medium as
4T1 but supplemented with 15% FBS and 0.01 ug/ml insulin. FL5.12 cells were
maintained in RPMI 1640 medium supplemented with 10 mM HEPES, 55 uM -

mercaptoethanol, antibiotics, 2 mM L-glutamine, and 500 pg/ml murine rIL-3. All cells
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were passaged for < 3 wk at which point low-passage vials were thawed. Mycoplasma
testing was performed using the VENOR GeM PCR kit every 4-6 months for all cell
lines. 4T1 cells were cured of Mycoplasma by culturing in ciprofloxacin for 8 wk

(confirmed by PCR).

Dextran uptake assays

Cells were seeded into 8-chamber slides (Cellvis, cat# C8-1.5H-N) 12-16 h before
uptake assays. Cells were subjected to nutrient stress for 16 h prior to dextran uptake
assays. MEM or RPMI containing 1% of the normal amount of amino acids and/or
glucose (1% AA or 1% AA/gluc medium) was produced by preparing DMEM or RPMI
lacking amino acids and/or glucose from chemical components and mixing it 99:1 with
complete medium. Cells were incubated with 70 kD Oregon Green fluorescent dextran
(2 mg/mL) or 70 kD Texas Red fluorescent dextran (1 mg/mL) and Hoechst 33342
(1:1,000) for 30 min, washed three times with PBS, and fresh culture medium added.
Drug pre-treatment and concentrations were as follows: EIPA, 50 uM, 1.5 h pre-
treatment; PMA, 250 nM, co-treatment with dextran uptake assays; A769662, 50 uM,

1.5 h pre-treatment. Dextran uptake assays were performed 2 h after irradiation (2 Gy).

Generation and uptake of necrotic cell debris and apoptotic cells

Apoptotic and necrotic cells were prepared as described previously 2. Briefly, apoptotic
FL5.12 cells were generated by withdrawing IL-3 from cells maintained at a density of 1
million/ml. Necrotic cell debris was collected after 72 h of IL-3 withdrawal where cells

were maintained at 10 million/ml. Where indicated, FL5.12 cells were labeled with 5 uM

115



CFSE at 500,000 cells/ml in PBS containing 1% FBS and 500 pg/ml IL-3 for 30 min.
One million necrotic or apoptotic CFSE-labeled cell equivalents were spun down in a
microfuge at 13,000 rpm at 4°C for 10 min, the supernatant discarded, and the pelleted
debris added to nutrient-deprived (1% AA/gluc for 16 h) macropinocytic breast cancer
cells for 1 h. Where indicated, breast cancer cells were pre-treated with 50 uM EIPA for
1.5 h. Cells were imaged live in fresh culture medium after 4-6 washes with PBS to

completely remove any remnants of apoptotic or necrotic cells.

Proliferation assays

Cells at 60% confluence (12-16 h after seeding in a 24 well plate) were washed twice
with PBS then incubated in 1% AA or 1% AA/gluc medium and supplemented with 10
million necrotic cell equivalents (0.2% protein), 10 million apoptotic cell equivalents (1%
protein), or 5% fatty acid free bovine serum albumin. The degree of nutrient stress was
selected based on nutrient titration experiments demonstrating a 50% reduction in cell
viability at 48 h. For proliferation assays in Figs. 4 and 6, cells were treated when 30%
confluent (12-16 h after seeding in a 24 well plate) with: FASN inhibitor GSK2194069
(20 pM), 5-FU (30 pM), gemcitabine (20 uM), docetaxel (5 uM), or doxorubicin (1 uM) or
subjected to y-irradiation (5 Gy). Treated cells were provided with 10 million necrotic cell
equivalents (0.2% protein) or left un-supplemented. Cell proliferation was determined by
flow cytometry by recording the number of cells that excluded vital dye (DAPI (1 mg/mL)
or PI (1 mg/mL)) over a fixed collection interval (30 sec). Representative bright field

images were obtained before cells were processed for flow cytometry.
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Flux analysis using click chemistry

FL5.12 cells were labeled with 100 uM L-homopropargylglycine hydrochloride (HPG),
500 pM alkynyl palmitic acid (alk-PA), 100 yM N-(4-pentynoyl)-glucosamine
tetraacylated (Ac,GIcNAI), or 1 mM EdU for 24 h at a density of 10 million/ml. HPG
labeling was performed in methionine-free medium and alkynyl palmitic acid labeling
was conducted in medium containing 10% charcoal stripped serum. Necrosis was
induced in labeled cells as described above. MCF-7 or HCC1569 (70% confluence in 8
chamber slides) were maintained in 1% AA for 16 h before 1 million cell equivalents of
alkyne-labeled necrotic debris was added for 24-48 h. Cells were washed 3-5 times with
PBS, fixed in 4% paraformaldehyde (10 min, RT), washed twice with PBS,
permeablized and blocked (10% FBS and 0.3% Triton-X100 in PBS for 30 min rocking
at RT), and washed twice with PBS. The click reaction (copper catalyzed cycloaddition)
was performed using 100 uM Tris [(1-benzyl-1H-1,2,3-triazol-4-yl)methyl] amine TBTA,
1 mM sodium ascorbate (made fresh each time), 100 yM CuS04 and 0.5 mM biotin-
azide in 100 pl blocking solution for 1 h at 30°C. After 3 washes with PBS, cells were
incubated for 1 h with Alexa488-streptavidin (1:1,000 in blocking solution), stained with
DAPI (1 mg/ml in PBS) for 10 min, washed, and imaged in PBS. Drug concentrations
and pre-treatments were as follows: cycloheximide, 50 mg/mL (4 h); hydroxyurea, 10

mM, (4 h); or EIPA, 50 uM (1.5 h).

In vivo experiments
All experiments conducted in mice were performed in accordance with the Institutional

Animal Care and Use Committee of University of California, Irvine. To produce
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orthotopic tumors, 1 x 10* 4T1 cells in 100 ul PBS were injected into the 4™ mammary
fat pad of 3-4 week old female BALB/c mice. Twenty-three days later (tumor volume <
1,100 mm?), 70 kD FITC-FICOLL (1 mg dissolved in 1% Evan’s Blue Dye in saline) was
injected intratumorally 1 h after intraperitoneal (i.p.) injection of vehicle (DMSO) or 10
mg/kg EIPA. Mice were sacrificed 1 h after Ficoll injection and tumors were excised and
frozen in OCT. Cryosections (5-8/tumor) were fixed in 4% paraformaldehyde, stained
with 1 mg/mL DAPI in PBS, washed twice with PBS, and mounted using Vectashield

mounting medium.

Image analysis

Images were collected on either a Yokogawa spinning disk confocal using a 100X oil
objective (dextran and CFSE labeled FL5.12 uptake assays) or 40X water objective with
1.5X magnification (click chemistry and in vivo Ficoll uptake) or a Nikon Eclipse-TI
inverted microscope (bright field only). All live imaging (dextran or CFSE labeled FL5.12
uptake assays) was performed at 37°C. Z-stacks were collected with step size of 0.5
microns and 8-10 stacks were obtained from 20-40 independent fields. Microscope
acquisition settings were held constant within each experiment and determined for each
experiment using positive and negative controls. All image processing and analysis was
performed using Image J software (version 2.0, NIH). Maximum projections of z-stacks
are shown in the figures; rolling ball background subtraction was applied. Dextran and
CFSE-necrotic or -apoptotic cell uptake was quantified using the “analyze particles”
function to determine the ratio of total particle area to total cell area as described

previously * 8,
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Statistical analysis

Significance was determined using a two-tailed unpaired t test or a two-way ANOVA or
one-way ANOVA where multiple groups were compared; Tukey’s method or Dunnet’s
test, respectively, was used to correct for multiple comparisons. Mean + SEM is shown

unless otherwise indicated. *, P<0.05; **, P<0.01; ***, P<0.001; ns, not significant.
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Figure 3.1. Macropinocytosis supports proliferation in amino acid-deprived
breast cancer cells. a Dextran index in complete medium (CM) or 1% AA/gluc medium
in the indicated breast cancer cell lines. Grey bars represent contextually
macropinocytic cell lines, blue bars represent constitutively macropinocytic cell lines,
and red bars represent non-macropinocytic cell lines. Mean = SEM shown. Using a two-
way ANOVA with Tukey’s method to correct for multiple comparisons, ***, P< 0.001, no
asterisks indicates P > 0.05. b FITC-Ficoll uptake in orthotopic 4T1 tumors. Where
indicated, EIPA (10 mg/kg) was administered 1 h before Ficoll. Fifteen fields were
evaluated from 4-6 tumor sections; Ficoll field index £ SEM shown in white. Using an
unpaired, two-tailed t test, ***, P< 0.001. ¢ Proliferation of macropinocytic MCF-7 and T-
47D cells or non-macropinocytic HCC1569 cells in 1% AA medium = fatty acid-free
albumin (5%) or necrotic debris (0.2% protein). Mean £ SD, n=3. Using a one-way
ANOVA and Dunnett’s test to correct for multiple comparisons, *, P < 0.05; ***, P <
0.001, n.s., not significant. d IL-3 was withdrawn from CFSE-labeled FL5.12 cells for 24
h at low density (25,000 cells/ml) to produce apoptotic cells or 48 h at high density (100
million cells/ml) to produce necrotic cell debris. Scale bar, 10 um. e The indicated cell
lines were maintained in 1% AA/gluc £ EIPA (50 uM) and supplemented with CFSE-
labeled necrotic debris. f MCF-7 cells maintained in 1%AA/gluc + EIPA (50 uM) and
supplemented with CFSE-labeled apoptotic FL5.12 cells. For e,f, in white, percent of
cell area positive for CFSE (mean + SEM). Using a one-way ANOVA and Dunnett’s test
to correct for multiple comparisons, ***, P < 0.001, n.s., not significant. g MCF-7 cell
proliferation in 1% AA + apoptotic cells (1% protein) or necrotic cell debris (0.2%
protein). Proliferation evaluated at 48 h to avoid secondary necrosis of apoptotic cells.
Mean = SD, n=3. Using a one-way ANOVA and Dunnett’s test to correct for multiple
comparisons, n.s., not significant. In a,e, and f, 50-100 cells from 2-3 independent
experiments were evaluated. Scale bars, 20 pm.
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Fig. 2
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Figure 3.2. Measurement of macropinocytic protein flux in breast cancer cells. a
Assay schematic. FL5.12 cells were labeled with L-homopropargylglycine (HPG) prior to
the induction of necrosis. Macropinocytic MCF-7 cells were supplemented with HPG-
labeled necrotic debris for 1 h or 24 h. HPG incorporation into the MCF-7 cell proteome
was detected with clickable biotin-azide followed by Alexa488-streptavidin. b FL5.12
cells were labeled with HPG (100 uM) for 24 h in complete medium (CM); HPG was
detected with biotin-azide and strepavidin-488. ¢ MCF-7 or HCC1569 cells labeled as in
(b) but in 1% AA medium. d,e MCF-7 (d) or HCC1569 (e) cells in 1% AA medium were
supplemented with unlabeled or HPG-labeled necrotic cell debris (nec-HPG) for 1 h +
50 uM EIPA. f Integrated fluorescence intensity per cell in (d,e) normalized to cells fed
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unlabeled necrotic debris. A total of 50 cells from 1-3 independent experiments were
examined; mean + SEM shown. Using a one-way ANOVA and Tukey’s method to
correct for multiple comparisons, ***, P < 0.001, n.s., not significant. ¢ MCF-7 cells were
supplemented with necrotic cell debris as in (d) but for 24 h + 50 uM EIPA or £ 50 ug/ml
cycloheximide. h Integrated fluorescence intensity per cell from (g,i) normalized to cells
fed unlabeled necrotic debris. i HCC1569 cells were supplemented with necrotic cell
debris as in (e) but for 24 h. Scale bars, 20 pm.
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Fig. 3
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Figure 3.3: Macropinocytic breast cancer cells scavenge sugars via necrocytosis.
a FL5.12 cells labeled with Ac4GIcNAI (100 uM) in complete medium for 24 h; GIcNAl
detected with biotin-azide and Alexa488-streptavidin. b MCF-7 and HCC1569 cells
were labeled as in (a) but in 1% AA medium. ¢ Macropinocytic MCF-7 cells = 50 yM
EIPA maintained in 1% AA medium for 24 h with unlabeled or GIcNAIl-labeled necrotic
cell debris (nec-GIcNAl). d Integrated fluorescence intensity per cell in (c,e) normalized
to cells fed unlabeled necrotic cell debris. A total of 50 cells were examined from 1-3
independent experiments; mean + SEM shown. Using a one-way ANOVA and Tukey’s
method to correct for multiple comparisons, ***, P < 0.001, n.s., not significant. e As in
(c), but with non-macropinocytic HCC1569 cells. f Proliferation of macropinocytic MCF-
7 and T-47D cells or non-macropinocytic HCC1569 cells in 1% AA/gluc medium
supplemented with fatty acid-free albumin (5%) or necrotic debris (0.2% protein).
Means = SD, n=3. Using a one-way ANOVA and Dunnett’s test to correct for multiple
comparisons, *, P < 0.05; ***, P £0.001, n.s., not significant. Scale bars, 20 ym.
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Fig. 4
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Figure 3.4. Necrocytosis supplies fatty acids and confers resistance to fatty acid
synthase inhibition. a FL5.12 cells labeled with alkynyl-PA (500 uM) in complete medium for
24 h; alk-PA detected with biotin-azide and Alexa488-streptavidin. b MCF-7 and HCC1569 cells
labeled as in (a) but in 1% AA medium. ¢ Macropinocytic MCF-7 cells maintained in 1% AA
medium for 24 h + 50 uM EIPA supplemented with unlabeled or alk-PA-labeled necrotic cell
debris (nec-alk-PA). d Integrated fluorescence intensity per cell in (c, Supplementary Fig. 2)
normalized to cells fed unlabeled necrotic cell debris. A total of 50 cells were quantified from 1-
3 independent experiments; mean = SEM shown. Using a one-way ANOVA and Tukey’s
method to correct for multiple comparisons, ***, P < 0.001, n.s., not significant. e Proliferation of
macropinocytic MCF-7 or non-macropinocytic HCC1569 cells + 20 yM FASNi (GSK 2194069) +
necrotic debris (0.2% protein) at 96 h. f Representative bright field images for proliferation
assay in (e). g 70kD dextran uptake in LNCaP or 22Rv1 prostate cancer cells. Dextran index +
SEM shown in white. A total of 50 cells were quantified from 1-3 independent experiments;
mean = SEM shown. h Proliferation of macropinocytic LNCaP cells or non-macropinocytic
22Rv1 cells + 20 yM FASNI (GSK 2194069) + necrotic debris (0.2% protein) at 96 h. i
Representative bright field images for proliferation assay in (h). For e,h, means + SD, n=3.
Using a one-way ANOVA and Dunnett’s test to correct for multiple comparisons, *, P < 0.05;
*** P <0.001, n.s., not significant. Scale bars, 20 um.
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Fig. 5
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Figure 3.5. Necrocytosis provides nucleotides. a FL5.12 cells labeled with EdU (1
mM) in complete medium; EdU detected with biotin-azide and Alexa488- streptavidin. b
MCF-7 and HCC1569 cells labeled as in (a) but in 1% AA medium. ¢ Macropinocytic
MCF-7 cells £ 50 yM EIPA or 10 mM hydroxyurea (HU) were maintained in 1% AA
medium for 48 h and supplemented with unlabeled or EdU-labeled necrotic cell debris
(nec-EdU). d Integrated fluorescence intensity per cell in (c,e) normalized to cells fed
unlabeled necrotic cell debris. A total of 50 cells were quantified from 1-3 independent
experiments; mean £+ SEM shown. Using a one-way ANOVA and Tukey’s method to
correct for multiple comparisons, ***, P < 0.001, n.s., not significant. e As in (c) but for
non-macropinocytic HCC1569 cells. Scale bars, 20 um.
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Fig. 6
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Figure 3.6. Necrocytosis confers resistance to nucleotide synthesis inhibitors. a
Proliferation of macropinocytic MCF-7 or non-macropinocytic HCC1569 cells + 30 uM
5-FU = necrotic debris (0.2% protein) at 96 h. b Representative bright field images for
proliferation assay in (a). ¢ Proliferation of macropinocytic PANC-1 or non-
macropinocytic BXPC-3 cells £ necrotic debris (0.2% protein) + 20 uM gemcitabine at
96 h. d Representative bright field images for proliferation assay in (c). In a and c,
means + SD, n=3; Using a one-way ANOVA and Dunnett’s test to correct for multiple
comparisons, *, P < 0.05; ***, P <0.001, n.s., not significant.
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Fig. 7
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Figure 3.7. Standard of care therapies stimulate macropinocytosis which confers
resistance to genotoxic agents. a Dextran uptake in 4T1 cells £ doxorubicin (250 nM)
or cisplatin (1 uM). b Dextran uptake in 4T1 cells £ H,0, (500 uM) £ compound C (10
MM. ¢ Proliferation of macropinocytic MCF-7 and MDA-MB-231 or non-macropinocytic
HCC1569 cells + 1 uM doxorubicin + necrotic debris (0.2% protein) at 72 h. ). d Dextran
uptake in 4T1 or MDA-MB-468 cells + 5 gy gamma irradiation. e Proliferation of 4T1
cells in CM subjected to 5 Gy of y-irradiation + nec cells and £ 10 uM EIPA at 72 h.
Statistics compare dextran index in control and treated cells. In B-F, 30-100 cells
examined in 2-3 independent experiments; mean +SEM shown. In ¢ and e, means *
SD, n=3; Using a one-way ANOVA and Dunnett’s test to correct for multiple
comparisons, *, P < 0.05; ***, P <0.001, n.s., not significant.
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Supplementary Fig. 1 - Related to Figure 1
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Figure S3.1. Standard of care therapies stimulate macropinocytosis which
confers resistance to genotoxic agents. Breast cancer cells lines with activating
mutations in KRAS or the PI3K pathway exhibit macropinocytosis. a 70 kD dextran
uptake in CM * EIPA (50 uM) or 1% AA/gluc medium in the indicated breast cancer cell
lines. Representative images for dextran index in breast cancer cells shown in Fig. 3.1a.
Statistics compare dextran index in CM and 1% AA/gluc (white asterisks) and CM +
EIPA (50 uM). Using a two-way ANOVA with Tukey’s method to correct for multiple
comparisons, *** P < 0.001, n.s., not significant. b Dextran uptake in HCC1569 cells +
PMA (250 nM). Statistics compare dextran index in cells £ PMA. Using an unpaired,
two-tailed t test, ***, P < 0.001. In a,b, dextran index shown in white (mean £ SEM);
Scale bars, 20 um. c Dextran index in 4T1 cells maintained in CM £ A769662 (50 uM),
1% AA, 1% gluc, or 1% AA/gluc medium as indicated. Using a two-way ANOVA with
Dunnett’s method to correct for multiple comparisons, ***, P < 0.001, n.s., not
significant.
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Supplementary Fig. 2 - Related to Figure 4
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Figure S3.2. Standard of care therapies stimulate macropinocytosis which
confers resistance to genotoxic agents. a Dextran uptake in 4T1 cells £ doxorubicin
(250 nM) or cisplatin (1 uM). b Dextran uptake in 4T1 cells + H,0, (500 pM) +
compound C (10 yM. c Proliferation of macropinocytic MCF-7 and MDA-MB-231 or non-
macropinocytic HCC1569 cells + 1 yM doxorubicin + necrotic debris (0.2% protein) at
72 h.). d Dextran uptake in 4T1 or MDA-MB-468 cells + 5 gy gamma irradiation. e
Proliferation of 4T1 cells in CM subjected to 5 Gy of y-irradiation = nec cells and + 10
MM EIPA at 72 h. Statistics compare dextran index in control and treated cells. In B-F,
30-100 cells examined in 2-3 independent experiments; mean +SEM shown. In ¢ and e,
means + SD, n=3; Using a one-way ANOVA and Dunnett’s test to correct for multiple
comparisons, *, P < 0.05; *** P < 0.001, n.s., not significant.
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Supplementary Fig. 3 - Related to Figure 6
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Figure S3.3. Contribution of necrocytosis to drug-resistance. a Dextran uptake in
4T1 cells 2 h after exposure to y-irradiation (2 Gy). Statistics compare dextran index in
control and irradiated cells. Dextran index shown in white (mean = SEM); 50-100 cells
from 2-3 independent experiments were evaluated. Using an unpaired, two-tailed t test,
*** P <0.001. b Proliferation of macropinocytic LNCaP cells + 5 yM docetaxel £
necrotic debris (0.2% protein) at 96 h. Means = SD, n=3. Using a one-way ANOVA and
Dunnett’s test to correct for multiple comparisons, p>0.05, n.s., not significant. ¢
Representative brightfield images for proliferation assay in (b).
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Macropinocytosis is a not just a KRAS phenotype, but a cancer phenotype
Classifying macropinocytosis as just a KRAS-driven metabolic adaptation has led to a
gross underestimation of its contribution to tumor anabolism. Downstream of RAS, the
lipid P1(3,4,5)P3 (PIP3) generated by class 1 PI3K triggers signaling cascades that
control both actin organization and macropinosome closure’. Consistent with the
central role of PIP3 in macropinocytosis, prostate cancers with loss of function
mutations in the PI3K antagonist PTEN exhibit macropinocytosis in vitro and in vivo
(Fig. 2.1A and 2.4A). Breast cancers with mutations in PTEN, PI3K or KRAS also
exhibit macropinocytosis (Fig. 3.1A). PI3K signaling is elevated in a wide spectrum of
cancer classes; whether additional tumor classes with elevated PIP;

production perform macropinocytosis requires further investigation. Constitutive Wnt,
Src and Pkc signaling promotes macropinocytosis suggesting that multiple oncogenic
mutations can drive this process?”>. In non-transformed cells, macropinocytosis is
induced by growth factors; cancer classes with overexpression or gain of function
mutations in epidermal growth factor receptor (EGFR) or the platelet-derived growth
factor (PDGF) are likely to perform macropinocytosis as well® . Finally, 4T1 murine
mammary carcinoma cells perform macropinocytosis although they do not harbor
mutations in any of the above signaling pathways demonstrating that additional
signals that promote macropinosome formation remain to be identified®. In sum,
macropinocytosis likely supports the growth of most solid tumors and agents that
inhibit macropinocytosis could have broad therapeutic applications across cancer

classes.
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Although AMPK has historically been classified as a tumor suppressor protein, pro-
tumorigenic roles for this stress-activated kinase are being uncovered®. While AMPK
slows growth in nutrient-replete conditions, when nutrients are limiting, several studies
demonstrate that AMPK can promote proliferation by providing access to alternative
nutrient sources™®. We defined an essential role for AMPK in macropinosome formation
as an activator of RAC1 consistent with prior studies implicating AMPK in promoting
actin polymerization™*3. In poorly perfused tumors, AMPK is activated by low oxygen
and glucose levels'. However, the mutational burden in cancer cells can lead to
“oncogenic stress” that activates AMPK even when nutrients are plentiful®>*’,
Although a few breast cancer cell lines were contextually macropinocytic where they
required glucose deprivation or AMPK activation to stimulate macropinocytosis, the
majority of cancer cells are constitutively macropinocytic (Fig. 3.1A). Even contextually
macropinocytic 4T1 mammary cancer cells were robustly macropinocytic in vivo
suggesting that the amount of stress in the TME is sufficient to activate AMPK (Fig.
3.1B). PTEN-deficient prostate cancers were wired to constitutively do macropinocytosis
in vitro unlike most PTEN-deficient breast cancer cells. Different cancers harboring the
same driver mutations can also have different metabolic needs since gene expression
patterns would more closely resemble the tissue of origin rather than tissues of other
tumor types. K-RAS activating mutations and P53 loss are commonly occurring
mutations in both PDAC and non—small cell lung carcinomas (NSCLC). A recent study
using a single genetically engineered mouse model with differential expression of Cre to
drive KrasLSL®?P"*; Trp5319/1°% in hoth the pancreas and lung tissues™®. This study

identified that NSCLC tumor cells exhibit less macropinocytosis compared to PDAC
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tumor cells derived from the same mouse. These differences in macropinocytosis may
correlate with differential uptake and utilization of BCAAs. These differences in uptake
of BCAAs may also correlate with the perfusion of each of the tumors where NSCLC
can derive BCAAs from amino acid transporters directly but poorly perfused PDAC cells
might rely on macropinocytosis for replenished scavenged pool of BCAAs. The
interesting observation that non-transformed mammary epithelial cells perform
macropinocytosis when AMPK is stimulated while normal prostate and pancreas cancer
cells do not (Fig. 3.1A and 2.4B) may be related to the fact that the mammary gland
undergoes physiologic involution following pregnancy™ ?°. The mammary gland goes
through severe remodeling during this stage, which disperses milk and dying cell
corpses in the extracellular space. Ability of these epithelial cells to perform
macropinocytosis allows them to scavenge the redistributed milk proteins back into the
cell. In addition, tissues that often face nutrient stress like corneal epithelial cells may
also rely on macropinocytosis for survival and proliferation®:. AMPK activation may
drive cell-autonomous proliferation in nutrient-stressed cancer cells by stimulating
multiple forms of scavenging including entosis and integrin mediated scavenging of
ECM proteins, not just macropinocytosis, and can support survival by stimulating
autophagy®??*. Together, these findings support a paradigm-shift in the field:
therapeutic AMPK inhibition, not activation, makes the most sense in established

tumors® 2?7,

To date, all published studies demonstrating a role for macropinocytosis in tumor

anabolism have focused on its ability to supply amino acids from degraded extracellular
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proteins. Albumin has been universally supplied as the macropinocytic fuel when
nutrient stress is produced by limiting glutamine or non-essential amino acids. However,
macropinocytosis is a non-selective, bulk uptake process; many components of the
TME are likely to be engulfed in macropinosomes, not just extracellular proteins.
Necrosis is present in most solid tumors and negatively correlated with prognosis®® 2®
30 We have demonstrated that macropinocytosis of necrotic cell corpses provides a
wide array of nutrients and supports proliferation under conditions where albumin
cannot (Fig. 3.1C) and defined this process as necrocytosis given the extended benefits
of scavenging corpses over protein. A novel approach to measuring macropinocytic flux
using alkyne-modified nutrients coupled with click chemistry confirmed that necrocytosis
can provide macropinocytic cancer cells with lipids, amino acids, sugars, nucleotides
and probably most nutrients that are required for biosynthesis. Supplementation with
necrotic cells but not albumin maintained lipid droplets in starved prostate cancer cells
(Fig. 2.6F) and breast cancer cells (data not shown) suggesting fatty acids are derived
via necrocytosis and can be stored in lipid droplets®. Unlike albumin, proteins in
necrotic cell debris likely contain amino acids at an ideal ratio which can support protein
synthesis. Importantly, necrotic cell debris was supplied at only 0.05%-0.2%, a 25- to
40-fold lower concentration than albumin, suggesting that relatively small amounts of
necrosis could have a significant impact on tumor growth. Inflammatory signals released
by apoptotic cells can drive growth of viable neighboring cells; it is possible that the
proliferation of these viable cells could be fueled by necrocytosis®. In fact, co-injection
of dead cells with viable 4T1 mammary cancer cells accelerates their proliferation in

subcutaneous tumor models®. This work indicates that in vitro studies where the only
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macropinocytic fuel provided is albumin will significantly underestimate the contribution
of this process to tumor anabolism and provides a mechanism that could partially
explain the association between tumor necrosis and a poor prognosis. It is important to
note though macropinocytosis has been established to be support tumor growth in
pancreatic and prostate cancers, induction of macropinocytosis in other cancer types
can be jeopardizing. Studies have identified that hyperactivation of macropinocytosis or
aberrant trafficking of macropinosomes to the lysosomes or recycling of macropinosome
to the plasma membrane can result in an accumulation of cytoplasmic vacuoles

resulting in cell death®*

. This phenomenon is referred to as methuosis and is selective
for tumor cells. Activating mutations in RAS results in methusosis in glialblastomas,
gastric cancers and osteocarcinomas®. High RAC1 activity is necessary downstream of
KRAS signaling and sufficient to induce methuosis in glioblastoma cells. Mutations in
either EGFR or K-RAS are relatively common in human lung carcinomas where
expression of both mutations together results in synthetic lethality explaining why these
genetic events remain mutually exclusive®®. Increased number of macropinosomes
observed upon the combination of both oncogenes leads to cell death. Identifying what

accounts for this unique effect in some K-RAS cells but not in others can help identify a

novel way of targeting macropinocytosis.

Machinery involved in mediating macropinocytosis are also involved in regulating cell
motility and metastasis. Some studies have identified macropinocytosis and cell
migration are inversely correlated where highly motile cells are less macropinocytic®.

This correlation is attributed to redirection of SCAR/WAVE complex, a major nucleator
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of actin filaments by elevated PIP3 levels causing a shift towards macropinocytosis
rather than cell migration. How these dynamics interplay in tumor cell invasion and
metastasis remain to be identified. In other cases macropinocytosis may directly or
indirectly aid in promoting cell migration. Degradation of ECM surrounding tumors by
macropinocytosis may increase cellular invasion. In addition, internalization of cadherin
or other proteins that mediate cell-cell adhesion and cellular mechanics by
macropinocytosis may also aid in promoting EMT. Integrins and cadherins also have
novel roles in linking macropinocytosis and cell migration. Tumor exosomes have
established roles in metastasis initiation and promotion. Therefore, uptake of exosomes
by macropinocytosis may also aid this process. It is also tempting to speculate that
macropinocytosis may play a role in helping metastatic niches adapt to stresses in a
new foreign land. Macropinocytosis may also be the means by which dormant breast
cancer cells can acquire nutrients necessary to proliferate and repopulate tumors. Many
unanswered questions remain. Can macropinocytosis play a role in selecting and
providing an advantage to metastasis initiating cells? Is macropinocytosis regulated
differentially in primary vs. metastasized tumors? Can macropinocytosis be differentially

regulated depending on the site of secondary metastasis?

Targeting macropinocytosis for cancer therapy

It is widely acknowledged that autophagy contributes to both macroscopic tumor growth
and drug resistance, and more than 80 clinical trials are evaluating drugs that limit
autophagic flux as single agents or in combination with other cancer therapies®*“°. This

work demonstrates that inhibiting macropinocytosis is likely to have a greater
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therapeutic impact than blocking autophagy. Acquiring cell-intrinsic nutrients by
autophagy can allow nutrient-deprived cells to survive, but does not support
proliferation; autophagy-deficient ATG5 KO MEFs but not macropinocytosis-deficient
PAK1 KO MEFs, can proliferate when amino acids are limited (Fig. 2.2G,H). However,
the best approach to targeting macropinocytosis in patients is uncertain. To date, no
proteins that are involved only in macropinocytosis have been identified, and all
inhibitors have pleiotropic effects. The most commonly used macropinocytosis inhibitor,
EIPA, targets Na'/H" exchangers (NHE) resulting in pH changes and multifaceted
antitumor effects (Table 1)'°. These pleiotropic effects likely contribute to its anti-cancer
activity. As subcutaneous administration every-other-day of EIPA blocks
macropinocytosis and caused some tumor regressions in a syngeneic prostate tumor
model (Fig. 2.7F-H), the conventional wisdom that EIPA’s pharmacologic properties
preclude its use in the clinic merits re-evaluation. EIPA inhibits multiple NHE isoforms®.
Selective NHEL1 inhibitors have been tested in clinical trials in a non-oncology context
and have been found to be safe*’. These agents block macropinocytosis more
transiently in vitro (data not shown), but given that they may have superior
pharmacologic properties, should also be tested in vivo. While RAC1 and p21-activated
kinase 1 (PAK1) inhibitors block macropinocytosis and are valuable as tool compounds,
their efficacy as clinical agents remain unknown (Table 1). Blocking lysosomal
degradation is currently the primary strategy for inhibiting autophagy in tumors*® and
also limits macropinocytic flux. Given that macropinocytosis, but not autophagy, drives
growth in nutrient-limiting conditions, the beneficial effects of lysosomal inhibitors like

chloroquine (CQ) or its derivative hydroxychloroquine (HCQ) may stem more from the
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inhibition of macropinocytosis than from blocking autophagy**“*°. Alternative inhibitors
of lysosomal function with improved pharmacologic properties are under
development*’ and may also limit macropinocytosis. It is possible that reported
benefits of PI3K inhibitors in pre-clinical and clinical trials partially stem from inhibiting
macropinocytosis” “®. In summary, while defining the true anabolic contributions of
macropinocytosis to tumorigenesis will require macropinocytosis-specific agents, the
most therapeutic value may come from deploying pleiotropic macropinocytosis
inhibitors. AMPK activation has been demonstrated to be an effective anti-cancer
strategy in some contexts*®. Some of these anti-tumorgenic effects have been reported
with the use of indirect AMPK activators such as metformin which also activate multiple
other signalizing cascades. In addition, indirect activation of AMPK via metformin can
promote renal tumor growth and thus renal cancers would benefit from AMPK inhibitors
rather than activators. Findings that AMPK can promote anabolism through many
strategies including macropinocytosis suggest development of AMPK inhibitors is
necessary and may be an effective strategy as they would inhibit multiple metabolic
adaptions. Macropinocytosis inhibitors could address the critical unmet clinical need for
new strategies that prevent or overcome drug resistance. Chemotherapy and irradiation
extend survival in patients with solid tumors, but resistance almost invariably develops.
Autophagy plays a pivotal role in mediating resistance to these standards of care
therapies, but macropinocytosis may make an even greater contribution. Advanced,
drug-resistant solid tumors often contain necrotic regions, and tumor necrosis is
positively correlated with therapeutic resistance across cancer classes®.

Necrocytosis protected cancer cells from therapies that target de novo nucleotide
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synthesis or therapies that mediate genotoxic stress (Fig. 3.6A-D and 3.7C). Triple-
negative breast cancer cells that survive chemotherapy accelerate pyrimidine synthesis
to alleviate DNA replication stress*. Necrocytosis could provide nucleotides without the
energetic costs associated with synthesis. It is noteworthy that cisplatin can activate
AMPK at the same time it induces DNA damage, potentially stimulating
macropinocytosis. Inhibiting AMPK, which would block macropinocytosis, increases
cisplatin-induced death®'. Macropinocytosis may also provide resistance to therapies
that disrupt tumor vasculature such as angiogenesis inhibitors; anti-angiogenic
therapies are currently being tested in phase Il clinical trials in breast cancers®* 3.
Many other therapeutics that target biosynthesis could be undermined by

macropinocytosis as well>*°’. These findings suggest that inhibiting macropinocytosis

could enhance the efficacy of many standard of care therapies.

Future Directions

The oncogenic signals that drive macropinocytosis and the contributions this process
makes to tumor initiation, tumor progression, and anti-tumor immunity merit further
investigation. The therapeutic potential of inhibiting macropinocytosis should also be

more accurately defined. Several critical open questions are defined below:

How do oncogenic signals drive the AMPK activation necessary for
macropinosome formation? Further elucidation of the signals that drive
macropinocytosis in cancer cells could help identify novel therapeutic targets and

identify biomarkers to predict which tumors will respond to macropinocytosis inhibitors.
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To what extent does macropinocytosis support different stages of
tumorigenesis? Genetic strategies to selectively inhibit macropinocytosis are
necessary to identify the contributions macropinocytosis makes to tumor initiation,
progression and drug resistance. However, no proteins involved solely in
macropinocytosis have been identified. A selective, genetic strategy to inhibit
macropinocytosis will be necessary to define whether macropinocytosis fuels the

migration and/or survival of metastatic cells.

Does tumor macropinocytosis regulate tumor immunity? Immune cells use
macropinocytosis to collect antigens®®. Before macropinocytosis inhibitors are
employed in clinical oncology, it will be vital to determine whether macropinocytosis
limits or enhances tumor immunity. Tumor cell macropinocytosis could dampen tumor
immunity. Macropinocytic tumor cells may compete with dendritic cells for antigens in
the TME suppressing the anti-tumor immune response. In addition, pro-tumorigenic
M2 macrophages perform increased rates of macropinocytosis compared to anti-
tumor macrophages thus decreasing macropinocytosis could suppress M2
macrophages®®. To preserve antigen presentation and anti-tumor immunity, it may be
necessary to identify signals that specifically regulate macropinocytosis in cancer but

not immune cells.

What is the best therapeutic strategy to target macropinocytosis in tumors?
AMPK inhibitors should be developed and tested as they will inhibit many metabolic

adaptations in parallel. Targeting the lysosome would block all scavenging
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mechanisms and recycling via autophagy as they rely on the lysosome for
degradation and release of nutrients. However, lysosomal inhibitors may prove
unacceptably toxic at effective doses. NHE inhibitors have proven safe in clinical trials

and might be employed as pleiotropic macropinocytosis inhibitors in the clinic®.

Summary statement

Although many open questions remain, our findings provide strong evidence that
scavenging via macropinocytosis is a key component of cancer’s anabolic supply
chain. Necrocytosis likely fuels the growth of many solid tumors and may contribute to
drug resistance in many aggressive and lethal cancers including PDAC, castration-
resistant prostate cancers, and TNBC. Therapies that target the oncogenes that drive
these cancers like KRAS or PI3K may be successful and would also limit
macropinocytosis, but if these upstream approaches are too toxic, downstream
inhibition may be most effective. Targeting macropinocytosis could improve clinical
outcomes in patients and the development of macropinocytosis inhibitors should be

prioritized.

Table 1. Scavenging inhibitors with potential value in cancer therapy.

Pathway Tumor class where

Compound Target Step blocked Ref

effective

Targeted

MIA PaCa-2 xenograft
PDAC tumors
EIPA NHE1/3 MP Uptake 20
PTEN- and p53-null
prostate tumor isografts
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Cariporide

NHE1

MP

Uptake

not evaluated in vivo
tumor models; clinical
trials suggest favorable
safety profile

60-62

PI3Ki
(pan)*

PI3K

MP

Uptake

BKM120 in clinical trials;
progressed to phase Il
in some cancer classes.

Many other PI3K
inhibitors (e.g.,
ZSTK474) in clinical
trials with encouraging
results

63-65

EHT1864

RAC1

MP

Uptake

BT-474 breast cancer
xenografts

Fulvestrant-resistant
MCF-7 breast cancer
xenografts in
combination with
fulvestrant

66

EHop-016

RAC1/3

MP

Uptake

orthotopic MDA-MB-453
breast cancer tumors

MXF8000
myxofibrosarcoma
xenografts

67

TBOPP

DOCK1

MP

Uptake

Metastatic ex-3LL Lewis
lung carcinoma xenograft

DLD-1 colorectal
adenocarcinoma
xenografts

68

FRAX597

PAK
(group 1)

MP

Uptake

SC4 NF2-null orthotopic
schwannoma tumors

69 70
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Murine Pan02 orthotopic

PDAC tumors in

combination with
gemcitabine

OVCARS3 xenograft
tumors in combination
with Rotterlin

Local and metastatic

71

Gemcitabine-resistant
PDAC (isograft derived

for PDAC)

from KPC GEMM model

PAK
FRAX1036 | groupny . MP Uptake STS26T and S462TY
peripheral neural sheath
xenograft tumors in
combination with
MEKZ1/2 inhibitor
Single agent in A549 and
Uptake SMMC-7721 xenograft
MP Trafficking tumors 72.73
Compound ¢ | AMPK** | Integrin Lysosome
Entosis | biogenesis/fu In combination with
nction cisplatin in HCT116
xenograft tumors
Apilimod PIKfyve Al Ly?os_omal B-cell non-Hodgkin 74
usion lymphoma
Many tumor models;
Lvsosomal combinations with
CQ/HCQ - All ¥ ; chemotherapy S 432
unction N
successful in clinical
trials
Melanoma (BRAFY6%%E.
mutant xenograft)
Colon cancer (HT29
D661 PPT1 All Lysosqmal xenograft) 75
function
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Rat GH3 pituitary
xenograft tumors

BEL7402 and HepG2
HCC xenograft tumors 51, 73,

Uptake
76, 77

All Lysosomal
function

Bafilomycin V-
Al ATPase Capan-1 PDAC

xenograft tumors

HIF wildtype
fibrosarcoma xenograft
tumors

Autochthonous and
isograft PTEN;p53-null 72
prostate tumors; SW620
colorectal cancer
xenografts

Lysosomal

SH-BC-893 PP2A All .
fusion

MP = macropinocytosis; Integrin = integrin-mediated scavenging of ECM; NF2 =
neurofibronmin 2; PPT1 = palmitoyl-protein thioesterase 1; PDAC = pancreatic ductal
adenocarcinoma; KPC GEMM = genetically engineered mouse model for pancreatic
adenocarcinoma KrasLSL.G12D/+; p53R172H/+; PdxCretg/+; HCC = hepatocellular
carcinoma; HIF = hypoxia-inducible factor *While isoform-specific inhibitors may be
effective in tumors with PI3Ka mutations, dual inhibition of PI3Ka and 3 was required to
block macropinocytosis in PTEN deficient cells *Compound c inhibits AMPK but also
has many off-target effect.
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Fig. 4.1: Macropinocytosis stimulated by RAS or PI3K activation
promotes cancer cell survival, proliferation and confers drug
resistance. Macropinocytosis allows PTEN-deficient prostate cancer
cells to proliferate in nutrient-limiting conditions. Phosphatase and
tensin homology (PTEN) loss or activation of the PI3 kinase , promote
AMP-activated protein kinase (AMPK) dependent macropinosome
formation. Macropinocytosis allows non-selective uptake of necrotic
cell debris. Lysosomal catabolism of the macromolecules derived via
scavenging necrotic cell debris provides anabolic substrates. Boxed
proteins are potential targets for pleiotropic macropinocytosis
inhibitors. Because macropinocytosis provides access to extracellular
macromolecules, it can support both survival and proliferation as well
as provide resistance against metabolic therapies. Asterisks (in red)
indicate occurrence of oncogenic activating mutations in the
respective gene.
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