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CHAPTERI

RENAL CELL CARCINOMA BACKGROUND AND LITERATURE REVIEW

Introduction to Renal Cell Carcinoma

Although the incidence and mortality rate of cancer is declining in the United States, the
number of kidney cancer cases continues to rise, with over 73,000 new diagnoses in 20203,
Kidney cancer is the deadliest urologic malignancy and remains among the top ten most
commonly diagnosed tumors each year, accounting for approximately 4% of all new cancer
diagnoses in the United States'. Worldwide, kidney cancer accounts for 2% of global cancer
deaths®.

The most common form of kidney cancer arises from the epithelial cells in the nephron
and is called renal cell carcinoma (RCC), which accounts for 90% of adult kidney cancer.
Although most cases of RCC are detected as incidental findings on imaging studies, some
patients present with the classic triad of hematuria, flank pain, and a palpable abdominal mass’.
Up to one-third of patients with RCC present with or later develop metastatic disease, which
confers a 12% 5-year survival rate*°. Several modifiable and unmodifiable risk factors are
strongly correlated with RCC, including smoking, obesity, hypertension, age, sex, and race'*.
The average age of diagnosis is 64 years old, and males are affected more than females in a two-
to-one ratio®. Hispanic Americans, African Americans, and Native Americans have a higher risk

for RCC and tend to have worse survival rates than White Americans®. Ongoing efforts to



understand the interplay between all of these factors may provide novel insights into RCC
biology.

RCC is traditionally divided into several subtypes based on histological characteristics’.
The most common histologic subtype is clear cell renal cell carcinoma (ccRCC), which accounts
for 75% of RCCs’. Papillary RCC (pRCC), chromophobe RCC (ChRCC), and other rarer tumor
subtypes encompass the remaining 25% of RCCs. In addition, sarcomatoid features, which
predict a more aggressive tumor, can be found in 20% of advanced RCC cases'°.

With recent advances in sequencing and integration of genomic, epigenomic,
transcriptomic, proteomic, and metabolomic data!!, RCC is now recognized as a heterogenous
tumor, and RCC classification schemes have been expanded to include multiple molecular
subtypes to risk stratify patients and predict response to certain therapies!®!>!3, One recent
RNAseq study of over 800 advanced RCC tumors revealed eight molecular subtypes:
angiogenic/stromal, angiogenic, complement/Q-oxidation, T-effector/proliferative, proliferative,
stromal/proliferative, and small nucleolar RNA'C. For the remainder of this dissertation, I will

focus on ccRCC, given that it is the predominant subtype.

Genomic Landscape of Clear Cell Renal Cell Carcinoma

von Hippel-Lindau and hypoxia inducible factor

ccRCC is characterized by loss of the tumor suppressor gene von Hippel-Lindau (VHL),
which occurs in 90% of cases'*"!". A recent set of studies from the TRACERx group, which
sequenced multiple regions of over one hundred tumor samples, detailed the evolutionary history

of ccRCC'>!'®, They showed that a chromothripsis event occurs early in childhood or adolescence



with loss of chromosome 3p, on which the VHL gene resides, and gain of chromosome 5q'*!8,

Decades later, an inactivating mutation of the other copy of VHL or methylation of its promoter
occurs!>!8, The importance of VHL loss in the pathogenesis of RCC is underscored by the fact
that patients with VHL syndrome, an autosomal dominant genetic condition associated with a
germline mutation of VHL, develop multiple, bilateral kidney cysts and tumors, usually of the
clear cell subtype®.

Seminal reports from the laboratories of Nobel laureates William Kaelin, Jr., Gregg
Semenza, and Sir Peter Radcliffe, as well as others, illustrate the central role VHL plays in cells
as an oxygen sensor and an antagonist of the hypoxia signaling pathway [Figure 1]. VHL can be
translated into two proteins: a larger, 24-30 kilodalton (kDa) protein and a smaller, 18-20 kDa
protein?’. The smaller VHL protein is the predominant form in most cells, though it is unclear
why cells produce both forms?’. When cells sense oxygen, prolyl-hydroxylase domain (PHD)
dioxygenase proteins hydroxylate hypoxia-inducible factor (HIF), allowing VHL to bind to
HIF?°-23, VHL forms a complex with Cullin2, RBX, Elongin B, and Elongin C [Figure 2] and
functions as an E3 ubiquitin ligase, attaching ubiquitin molecules onto the o subunit of HIF to
mark it for degradation by the 26S proteasome?>%}. However, when there is a lack of oxygen,
which commonly occurs in the tumor microenvironment, or when a “pseudohypoxic” state
occurs with the absence of VHL, HIFa will escape proteolysis, leading to HIFo accumulation.
Consequently, HIFa is free to form a heterodimer with HIF-1p and translocate from the cytosol
to the nucleus to activate genes associated with hypoxia-response elements such as vascular
endothelial growth factor (VEGF) to promote angiogenesis, glucose transporter 1 (GLUTI) to
induce glucose uptake, and other genes to promote other biological processes such as cell growth

and survival?>?*2’ [Figure 1].



Although both HIF-1a and HIF-2a can activate genes associated with hypoxia-response
elements, there is still debate about which isoform is more important in ccRCC. Both in vitro and
in vivo studies suggest that HIF-2a. is an oncoprotein critical for ccRCC tumorigenesis — indeed,
inhibition of HIF-2a, was sufficient to suppress VHL-deficient ccRCC growth?®2’. On the other
hand, there have been reports supporting a tumor suppressor role for HIF-1a.. Loss of
chromosome 14q, on which the HIF1A gene resides, portends a poor prognosis in ccRCC?%2°, In
fact, one study found that 40% of ccRCC cases have loss of chromosome 14q that encompasses
the HIF1A4 locus®®. Moreover, HIF-1a stabilization under normoxic conditions was not sufficient
to induce tumorigenesis®’, and overexpression of HIF-1o impeded tumor growth in vitro and in
vivo?®31. However, a recent study using an autochthonous mouse model of ccRCC showed that
HIF-1a is critical for tumor formation, whereas HIF-2a had insignificant effects on tumor
growth in this model*?. This model had the advantage of having an intact immune system, which
xenograft studies performed previously did not have, and thus may better model the ccRCC
tumor microenvironment. However, Rb/, which negatively regulates E2F transcription factors to
antagonize cell cycle progression, was deleted in their mouse model, which may be partially
redundant with HIF-20’s function to activate Myc-dependent cell cycle progression. Although
this preclinical work has been leveraged to develop HIF-2a inhibitors, which have demonstrated
efficacy against ccRCC in early clinical trials**34, differentiating the roles of each HIF isoform in

ccRCC with different genetic backgrounds warrants further exploration.
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Figure 1. VHL regulation of hypoxia-inducible factors

In normoxic conditions, hypoxia-inducible factora (both HIF1a and HIF2a) are hydroxylated
on one or both of two conserved proline residues by prolyl hydroxylase 1 (PHD1), PHD2, and
PHD3. Prolyl-hydroxylated HIFa is recognized by the VHL—elongin C (ELC)—elongin B—cullin
2 (CUL2)-RBXI1 E3 ubiquitin ligase complex and targeted for ubiquitylation (Ub) and
proteasomal degradation. In hypoxic conditions, PHD1, PHD2, and PHD3 are inactive (oxygen
is an essential cofactor). HIFa therefore accumulates and forms heterodimers with HIF1.
These heterodimers translocate to the nucleus, bind to hypoxia-response elements (HREs) and
induce the transcription of genes involved in adaptations to hypoxia. The figure and caption
were reproduced and adapted with permission!’; permission conveyed through Copyright

Clearance Center.



Figure 2. Ribbon diagram of the VHL-elongin B-elongin C complex

von Hippel-Lindau protein (VHL; pink) consists of two tightly coupled domains, o and 3. The
B-domain consists of seven strands arranged in two B-sheets in a sandwich arrangement with
an a-helix, and it has the properties of a substrate docking site. The a-domain consists of three
a-helices and binds to elongin C (blue). The H4 helix of elongin C fits into an extended
groove formed by the H1, H2, and H3 helices of the VHL a-domain. The VHL—elongin C
complex nucleates a complex containing elongin B (green), cullin 2 (not shown) and the RING
finger protein RBX1 (not shown). The figure and caption were reproduced and adapted with

permission!’; permission conveyed through Copyright Clearance Center.



Chromatin modifier SETD2

Although VHL loss is a hallmark of ccRCC, alterations in VHL alone are not sufficient to
generate renal tumors®—7. Subsequent mutations in key genes, particularly in genes located on
chromosome 3p, occur during ccRCC tumorigenesis. Among the most commonly mutated driver

genes in ccRCC include “writers” of the histone code®®3?

such as protein polybromo 1 (PBRM1),
BRCA-associated protein 1 (BAPI), and SET Containing Domain 2 (SETD2) [Figure 3].
Mutations in these chromatin modifiers have been found to induce chromosomal instability and a
more aggressive phenotype in ccRCC*~#, PBRM1 encodes a component of the SWitch/Sucrose
Non-Fermentable (SWI/SNF) chromatin remodeling complex* and represses genes involved in
hypoxia signaling*®. BAP1, which is rarely mutated concurrently with PBRM1 in ccRCCY, is a
deubiquitinase involved in homologous recombination that maintains genomic integrity*’. For
more information about these two chromatin modifiers, the reader is referred to the Nature
Reviews Urology review article by de Cubas and Rathmell*®. The remainder of this sub-section
will focus on SETD? as it is more relevant for the subsequent chapters of this dissertation.
Originally discovered in a yeast-2-hybrid screen to interact with huntingtin protein®,
SETD2 has been shown to be mutated in many cancer types®*>!. SETD2 was first discovered to
be mutated in ccRCC in 2010°2, and further genomic studies demonstrate that approximately
15% of ccRCC cases contain mutations in SE7D2 [Figure 3]. SETD2 is classically known as a
N-lysine histone methyltransferase, and it is the only protein known to trimethylate histone 3
lysine 36 (H3K36me3), which marks actively transcribed genes [Figure 4]. This trimethylation
activity is mediated by its Suppressor of variegation, Enhancer of Zeste and Trithorax (SET)
domain. SETD?2 also contains a Set2 Rpbl Interacting (SRI) domain, which binds the Rpbl

50,51

subunit on the C-terminal domain of RNA polymerase’’~'. Consequently, SETD2 performs a



myriad of functions related to maintaining genomic integrity and transcription, including
engaging the p53-mediated checkpoint, recruiting the DNA repair machinery to active sites of

3354 mRNA processing>?®, and preventing cryptic transcription®®, to name a few.

transcription

Recently, several studies have uncovered the diversity of SETD2’s substrates, showing
that this versatile methyltransferase has non-histone targets. For example, SETD2 was shown to
trimethylate lysine 68 on actin and is a key regulator of actin polymerization/depolymerization
dynamics and cell migration®’. SETD2 was shown to trimethylate another cytoskeleton protein:
a-tubulin at lysine 40°8. Loss of this trimethylation mark on o-tubulin leads to chromosomal
segregation errors and formation of micronuclei®®. In fact, haploinsufficiency of SETD2, which is
frequently seen with loss of the short arm of chromosome 3 in the early stages of ccRCC
pathogenesis, induced loss of the a-tubulin lysine 40 trimethylation mark®®. Even though
SETD?2’s ability to trimethylated H3K36 remained intact in these cells, ablation of o-tubulin
lysine 40 trimethylation was sufficient to form chromosomal bridges and lagging chromosomes
during mitosis, suggesting that loss of the trimethylation mark on tubulin is an early driver of
genomic instability in ccRCC™.

Other targets of SETD2 besides histones and cytoskeletal proteins include Signal
Transducer and Activator of Transcription 1 (STAT1) and Enhancer of Zeste Homolog 2
(EZH2). SETD2 can mono-methylate lysine 525 on STAT1, which was shown to be required for
subsequent phosphorylation of STATI and its transcriptional activity®®. Without SETD2, liver
cells were more susceptible to infection by hepatitis B virus, highlighting the importance of this
methyltransferase in antiviral responses®. In addition, SETD2 can mono-methylate lysine 735 on
EZH2, leading to EZH2 degradation via Smurf2 E3 ubiquitin ligase and hindering prostate

cancer metastasis®'. An R1523 missense mutation in SETD? is found in a subset of prostate



cancer, which disrupts its interaction with EZH2 but not its H3K36me3 activity®!. This indicates
SETD2’s antagonism of EZH2 and not its histone methylating activity may be more critical for
tumor suppression in prostate cancer. Ongoing work aimed at identifying novel targets of SETD2
will broaden our understanding of this multifaceted methyltransferase and its diverse cellular

functions in disease.
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Genes located on the short arm of chromosome 3 are the most commonly mutated genes in,

including VHL, PBRM1, SETD2, and BAP1. Adapted from mycancergenome.org
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Figure 4. BAP1, PBRM1, and SETD2 chromatin modification activities

The switch/sucrose nonfermentable (SWI/SNF) chromatin remodeling complex — shown here
as polybromo-associated BRG1-associated factor (PBAF) — comprises >11 subunits, including
a catalytic core subunit (protein brahma homologue (BRM) or transcription activator BRG1),
accessory subunits (B-actin, SWI/SNF-related matrix-associated actin-dependent regulator of
chromatin subfamily B member 1 (SMARCB1), BRG1-associated factor 45 (BAF45), BAF57,
BAF60, BAF155, and BAF170), and DNA-binding subunits (AT-rich interactive domain-
containing protein 2 (ARID2), bromodomain-containing protein 7 (BRD7), and protein
polybromo 1 (PBRM1), or alternatively, ARID1A and ARID1B). PBRMI1 contains six
bromodomains that mediate DNA targeting by binding acetylated histone residues. Histone-
lysine N-methyltransferase SETD2 associates with hyperphosphorylated RNA polymerase 11
(RNA Pol II) and deposits the histone H3 lysine 36 trimethyl mark (H3K36me3) as it travels
along with RNA Pol II during transcription; SETD2 uses S-adenosyl-L-methionine (SAM) as a

one-carbon donor during methylation. Consequently, SETD2 deposits the H3K36me3 mark
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primarily on exons of actively transcribed genes. Thus, SETD2 and its associated mark
(H3K36me3) are involved in regulating transcription and mediating DNA damage repair.
Polycomb repressive complex 1 (PRC1) and PRC2 are responsible for regulating cellular
differentiation and lineage commitment and maintenance via transcriptional repression of target
genes. PRC2, comprising Polycomb protein SUZ12, Polycomb protein EED, and histone-
lysine N-methyltransferases EZH1 or EZH2, catalyzes the addition of the trimethyl mark on
lysine 27 of histone H3 (H3K27me3), a mark that is associated with gene silencing.
Canonically, H3K27me3 subsequently recruits PRC1 to reinforce gene repression through
monoubiquitylation of lysine 119 on histone H2A (H2AK119ubl). PRC1 activity can be
reversed by ubiquitin carboxyl-terminal hydrolase BAP1, a deubiquitinase that catalyzes the
deubiquitylation of H2ZAK119ubl. BAP1-mediated deubiquitylation of H2AK119ub1 has
important roles in regulating transcription and mediating DNA damage repair. The figure and
caption were reproduced and adapted with permission**; permission conveyed through

Copyright Clearance Center.
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PI3K-AKT-mTOR
Phosphoinositide 3-kinase (PI3K) is the most frequently activated signaling pathway in
cancer®?. Although not frequently mutated in ccRCC, downstream activation of the PI3K

signaling pathway is elevated in ccRCC patients®3-¢7

. Humans encode multiple isoforms of this
lipid kinase, which is divided into the following classes: Ia, Ib, II, and I1I°*-7°, Studies have
focused on Class Ia, as this is the main isoform implicated in cancer’!. Class Ia PI3K is
composed of a p110 catalytic subunit and a p85 regulatory subunit that keeps PI3K in an inactive
form in the cytosol ®-70. The three Class Ia p110 catalytic subunits are o, B, 8, which are
encoded by PIK3CA, PIK3CB, and PIK3CD, respectively.

PI3K is activated by a variety of different signals, including epidermal growth factor
(EGF), platelet-derived growth factor (PDGF), VEGF, insulin, and others®®®. Following
activation of a growth factor receptor, the Src homology 2 (SH2) domains on the p85 regulatory
subunit will associate with the phosphorylated tyrosine residues on the growth factor receptor
[Figure 5]. This interaction will disinhibit p110, which is now in close proximity to the cell
membrane. pl10a and p110d have a Ras Binding Domain (RBD) that binds to Ras or R-ras
family members, whereas p1103’s RBD binds to the Rho family of GTPases Rac/cdc42, which
regulate actin cytoskeleton dynamics’?. In addition, unlike the other p110 subunits, p1 10B can
become activated by interacting with the G-protein Py via G-coupled protein receptor
signaling”.

PI3K phosphorylates phosphatidylinositol-4,5-bisphosphate (PtdIns-4,5-P2) to
phosphatidylinositol-3,4,5-trisphosphate (PtdIns-3,4,5-P3) within seconds of growth factor
stimulation”. This activity is under tight control and is opposed by Phosphatase and tensin

homolog (PTEN), the second most common tumor suppressor gene mutated in cancer’>76,
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PtdIns-3,4,5-P3 then acts as a second messenger to activate downstream targets that contain a
pleckstrin homology (PH) domain, such as AKT (also known as protein kinase B) and
phosphoinositide-dependent kinase 1 (PDK1)%-7%77. AKT and PDK1 are recruited to the cell
membrane, and binding of AKT to PtdIns-3,4,5-P3 induces a conformational change, allowing
phosphorylation of threonine 308 by PDK1 and serine 473 by mammalian target of rapamycin
complex 2 (mTORC2)’8. Phosphorylation of these residues is essential for full activation of
AKT’s kinase activity’® [Figure 5]. AKT in turn serves as a serine and threonine kinase with over
100 substrates involved in diverse processes from cell cycle regulation to metabolism to vesicle
trafficking’®8°. Some of its most well studied targets include negative regulators of mTORCI,
such as tuberous sclerosis complex 2 (TSC2) and proline-rich AKT substrate of 40 kilodaltons
(PRAS40)8%3!, Phosphorylation of TSC2 leads to activation of Ras homolog enriched in brain
(RHEB), which turns on mTORC1¥'. mTORC1 will phosphorylate 4E-binding protein 1
(4EBP1) and ribosomal protein S6 kinase, inducing protein translation, cell proliferation, and
angiogenesis®? [Figure 5].

In ccRCC, there is considerable crosstalk between the HIF signaling and
PI3K/AKT/mTOR signaling pathways. As described previously, HIF signaling increases the
expression of growth factors such as PDGF, EGF, and VEGF. These growth factors, through
autocrine and paracrine signaling, activate the PI3K/AKT/mTOR pathway as described above.
mTORCI and 2 are known to increase the translation of HIF-1 mRNA transcripts®*®*, Thus, the
HIF and PI3K/AKT/mTOR signaling pathways are closely linked and play critical roles in

ccRCC.
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Figure 5. PI3K-AKT-mTOR signaling axis

Activation of a tyrosine kinase receptor by a growth factor leads to PI3K localizing to the cell
membrane where it can phosphorylate PtdIns-4,5-P> to PtdIns-3,4,5-P3. PtdIns-3,4,5-P3
subsequently activates downstream AKT and mTOR signaling, promoting proliferation, cell
survival, and angiogenesis. PTEN turns this pathway off by dephosphorylating PtdIns-3,4,5-
P3. The figure was reproduced and adapted with permission®’; permission conveyed through

Copyright Clearance Center.
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Metabolic Reprogramming in Clear Cell Renal Cell Carcinoma

Metabolism is central to all cellular processes, and one emerging hallmark of cancer is
the deregulation of cellular energetics®®. Normally, cells use glucose to generate pyruvate, which
undergoes oxidative metabolism in the mitochondria. In the 1920s, Otto Warburg hypothesized
that cancer cells utilize glucose for glycolysis even in the presence of oxygen, which was termed
aerobic glycolysis or the Warburg effect®’. It is postulated that the metabolic shift to aerobic
glycolysis supports cancer cells by re-directing nutrients for the biosynthesis of macromolecules
and organelles needed for rapid growth and proliferation®.

The clear cell phenotype of ccRCC derives its name from the fact that these cells
accumulate glycogen and lipids, pointing to metabolic derangements in this cancer subtype®®~!.
Unsurprisingly, some of the most well characterized downstream targets of HIF are genes
involved in cellular metabolism [Figure 6]. Although HIF-1a is thought to primarily mediate
transcription of glycolytic genes, whereas HIF-2a is thought to be more involved with lipid
metabolism and activating Myc and mTOR signaling, ChIP-seq studies revealed that there is
considerable overlap in the metabolic genes controlled by both HIF isoforms®>*. Moreover,
TCGA analysis demonstrated that metabolic shifts away from oxidative phosphorylation and
toward aerobic glycolysis, fatty acid synthesis, and the pentose phosphate pathway were
associated with high stage and low survival in ccRCC tumors!#. These changes, which are
described in more detail in the following subsections, illustrate that ccRCC undergoes
advantageous metabolic adaptations that permits growth and survival in nutrient-deplete

environments.
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Figure 6. HIF mediates metabolic reprogramming in VHL-deficient RCC

Mutations that render the tumor suppressor gene VHL defective, as observed in a majority of

clear cell renal carcinoma cells (ccRCC), interfere with VHL-mediated proteolysis of HIFa

(compare a classic model of cellular metabolism in A with pseudohypoxic HIF-driven RCC

metabolic reprogramming in B). Stabilized HIFa translocates to the nucleus, where it

dimerizes with HIFP and directly upregulates transcription of genes related to cellular

metabolism, among hundreds of others. HIF reprograms metabolism away from aerobic

respiration and toward aerobic glycolysis by increasing conversion from pyruvate to lactate

(via upregulation of LDHA) and by blocking pyruvate conversion to acetyl-CoA by PDH (via

upregulation of PDK1). HIF increases metabolic nutrients by upregulating transporters for

both glucose (GLUT1 and GLUT3) and glutamine (SLCA1 and SLCA3), thereby increasing

rates of glycolytic and reductive carboxylation pathways, respectively. In addition, HIF

mediates a reduction in aerobic respiration by upregulating BNIP3 and BNIP3L, which leads
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to selective mitochondrial degradation. HIF interferes with TCA cycle enzymes via miR-210,
which disrupts formation of Fe-S clusters necessary for catalysis. Upregulation of the
transcription suppressor MXI1 represses c-MY C expression that greatly facilitates the
metabolic shift in cancer cells. HIF amplifies its own transcriptional activity by upregulating
the HIFa cofactor PKM2. Ub, ubiquitin. a-KG, a-ketoglutarate. The figure and caption were
reproduced and adapted with permission®®; permission conveyed through Copyright Clearance

Center.
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Aerobic glycolysis is highly active in ccRCC

Due to the increase in HIF signaling as a result of VHL loss, ccRCC tumors display
increased expression of Glutl, hexokinase-2 (HK-2), glyceraldehyde-3-phosphate
dehydrogenase (GAPDH), lactate dehydrogenase-A (LDH-A), and pyruvate dehydrogenase
kinase, which inactivates pyruvate dehydrogenase and thus impedes oxidative metabolism of
pyruvate in the TCA cycle!*. Chan et al. demonstrated a synthetic lethal interaction between
VHL loss and GLUT]1 inhibitors in vitro and in vivo, highlighting ccRCC’s dependence on
glycolysis®. Data from metabolomic studies performed in ccRCC are consistent with this
finding. These studies demonstrate an increase in glycolytic intermediates, such as glucose-6-
phosphate, fructose-6-phosphate, and lactate, with a concomitant a decrease in TCA metabolites
in ccRCC”7%, In fact, pyruvate carboxylase, which converts pyruvate to oxaloacetate to fuel the
TCA cycle, was found to be downregulated ccRCC tumors®®. Furthermore, fructose-
bisphosphatase (FBP), which opposes the activity of phosphofructokinase in glycolysis, was
found to be depleted in 600 ccRCC tumor samples and correlated with higher stage and worse
prognosis®®. FBP inhibits ccRCC progression in two ways: reducing glycolytic flux as well as
inhibiting HIF-1a. and HIF-2a. in the nucleus by interacting with their C-terminal domain®.
These data suggest that ccRCC tumor cells preferentially use glucose for lactate fermentation

instead of TCA cycle metabolism.

Glutamine addiction in ccRCC
Glutamine consumption is elevated in ccRCC!?, Glutamine is converted to glutamate by
the enzyme glutaminase (GLS). Glutamate is one of three amino acids required to produce the

antioxidant glutathione to curb reactive oxygen species (ROS) levels, and it was reported that
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glutamate-dependent formation of glutathione was elevated in ccRCC tumors with higher
grades”®. Further support of glutamate’s important role in glutathione formation in ccRCC comes
from the observation that inhibition of GLS with the drug CB-839 in ccRCC cells led to
increased ROS!'% as well as reduced ccRCC xenograft growth!°:192. Consequently, glutamine is
a critical nutrient for ccRCC tumorigenesis, and multiple GLS inhibitors are currently being
studied in clinical trials to exploit this weakness in ccRCC and other tumor types!'®.

Another pathway for glutamine is conversion to o-ketoglutarate. o-ketoglutarate can
subsequently form several metabolites, including the oncometabolite 2-hydroxyglutarate (2-HG),
which alters the epigenome by antagonizing 2-oxyglutarate-dependent dioxygenases'%*. o.-
ketoglutarate can also be converted to citrate by reductive carboxylation. This reaction is
promoted by HIF in VHL-deficient ccRCC cells by keeping intracellular citrate levels low!%!-1%5,
and consistent with this phenomenon, citrate levels were found to be decreased in late stage

ccRCC tumors”’. Citrate will subsequently be converted to acetyl-CoA, fueling lipogenesis!® as

described in the next section.

Fatty acid synthesis in ccRCC

Lipid accumulation in ccRCC tumors compared to normal kidney tissue was described as
early as 1987'%7. Consistent with this initial observation, subsequent studies reported that fatty
acid synthase expression correlates with tumor aggressiveness and poor survival'®®, Furthermore,
expression of stearoyl-CoA desaturase 1, which mediates monounsaturated fatty acid
biosynthesis, is elevated in all stages of ccRCC, and inhibition of this enzyme reduced tumor cell
growth and promoted cell death in vitro and in vivo'?. In addition, carnitine palmitoyltransferase

1A (CPTI1A) expression was found to be suppressed by HIF1 and HIF2 in ¢ccRCC!'!?, Reduced
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CPT1A expression led to the shunting of fatty acids from mitochondria into lipid droplets for
storage and correlated with poor patient outcomes!!?. Finally, metabolomics and proteomics

9111 a5 well as increased levels

studies of ccRCC show decreased levels of B-oxidation enzymes
of long chain fatty acids®’. Together, these findings indicate upregulation of fatty acid synthesis

and lipid storage and downregulation of -oxidation in ccRCC.

Current Therapies for Advanced Clear Cell Renal Cell Carcinoma

Cytokine therapies

Metastatic renal cell carcinoma is historically known to be resistant to traditional
chemotherapy. Elucidation of the fundamental genomic and molecular characteristics of ccRCC
have revolutionized the treatment landscape of ccRCC [Figure 7]. Cytokine immunotherapy with
interferon-a (IFN-a) and high dose IL-2 was used in the 1990s to activate antitumor immunity.
Patients treated with high dose IL-2 had a 25% response rate and showed durable responses!!?,
whereas IFN-a had a 10-15% response rate and a median overall survival of 13 months!'!?,
Unfortunately, due to severe systemic toxicity associated with these cytokines, their utility was

limited because patients had to receive treatment at a facility with the appropriate expertise.

Consequently, there was heightened interest in developing targeted therapies for ccRCC.
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Figure 7. Development of ccRCC treatments timeline

Since the 2000s, cytokine therapies that were used to treat metastatic clear cell renal cell
carcinoma, such as [FNa and IL-2, have been largely supplanted by targeted therapies directed
at VEGFRs and mTOR. New inhibitors with improved specificity for VEGFR (for example,
Axitinib) were subsequently developed, as well as multi-kinase inhibitors. Cabozantinib, for
example, targets the MET receptor tyrosine kinase encoded by MET and the tyrosine protein
kinase receptor UFO encoded by 4XL, whereas Lenvatinib targets include VEGFRs and
fibroblast growth factor receptors. Nivolumab, which prevents signaling through programmed
cell death 1 (PD-1), was the first immunotherapy agent approved for RCC. The combination of
Nivolumab and Ipilimumab, which inhibits cytotoxic T lymphocyte-associated protein 4
(CTLA4), was subsequently shown to improve patient survival and became the standard of care
first-line treatment for patients with intermediate and high-risk RCC. The latest combination
therapy regimens include agents that target VEGF and immune checkpoints such as Axitinib—
Avelumab and Axitinib—Pembrolizumab, which target VEGFR in combination with PD-1
ligand 1 (PD-L1) and PD-1, respectively. The figure and caption were reproduced and adapted

with permission'!*; permission conveyed through Copyright Clearance Center.
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Targeted therapies

Elucidation of the pro-angiogenic effects of VHL loss spurred the development of anti-
VEGEFR inhibitors. In 2005, Sorafenib became the first anti-angiogenic tyrosine kinase inhibitor
(TKI) targeting VEGFR to be approved, ushering in the targeted therapy era. Newer generations
of anti-angiogenic TKIs were developed, and Sunitinib soon replaced Sorafenib and was shown
to prolong progression-free survival and improve response rates compared to IFN-o.!!>. Sunitinib
is known to target multiple tyrosine kinases in addition to VEGFR such as c-KIT and platelet
derived growth factor receptor. Bevacizumab, a monoclonal antibody that targets VEGF, was
approved in combination with IFN-a.''6, but has since fallen out of favor. TKIs more specific for
VEGFR (such as Axitinib!'!'7-!!®) with fewer side effects (such as Pazopanib'!®), and that inhibit
other receptors implicated in resistance (such as Cabozantinib that also targets AXL and MET!?%)
have since been approved. In addition, mTOR inhibitors like Everolimus and Temsirolimus were
approved in 2009 for ccRCC. However, resistance to these agents is nearly universal, with the

majority of patients developing resistance six to fifteen months after starting treatment'?!.

Immune checkpoint blockade

The introduction of immune checkpoint blockade (ICB) has revolutionized cancer
treatment, especially in ccRCC'?2, These agents target inhibitory T cell receptors such as
cytotoxic T lymphocyte associated protein-4 (CTLA-4) and programmed cell death protein 1
(PD-1) to reinvigorate these immune cells to attack tumor cells. Even though ccRCC doesn’t
have a high mutational burden, which is usually a positive predicative marker for response to
ICB, ccRCC is known to be an immunogenic tumor that is highly infiltrated with cytotoxic T

cells!?. As described above, the cytokine treatments for ccRCC, IFN-a. and high dose IL-2, were
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the first evidence that activating the immune system could lead to durable responses in ccRCC
patients. In 2015, Nivolumab, a monoclonal antibody targeting PD-1, was approved in the
second-line setting for metastatic ccRCC. Patients on Nivolumab showed greater response rate
and longer median overall survival compared to Everolimus!?*. Patients on combination
Nivolumab and Ipilimumab, which inhibits CTLA-4, showed an increased response rate,
including a 9% complete response rate, compared to Sunitinib in previously untreated advanced
RCC.

More recently, combination anti-angiogenic TKIs with ICB have been approved for first-
line treatment in advanced RCC. This combination was shown to prolong overall survival and
improve objective response rates in four clinical trials testing this combination (Avelumab plus
Axitinib!®, Pembrolizumab plus Axitinib!26, Pembrolizumab plus Lenvatinib'?’, and Nivolumab
plus Cabozantinib!?®), compared to Sunitinib monotherapy. One possible reason that this
combination is effective is VEGFR inhibitors are known to induce vascular normalization, which
paradoxically improves blood flow and thus immune infiltration into a tumor!%. In addition,
VEGEF has been shown to mediate immune suppression by activating myeloid derived suppressor
cells (MDSCs) and regulatory T cells!*®. As combination anti-angiogenic TKIs with ICB
regimens replace Sunitinib as standard of care, future clinical trials will have to compare effects

of new treatment options to this new baseline regimen.
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Summary and Thesis Projects

ccRCC is characterized by loss of the VHL protein, leading to activation of HIF signaling
and metabolic alterations. Our improved understanding of the molecular biology and
heterogeneity underlying ccRCC has provided the framework for new studies to translate these
findings into novel therapeutic strategies. Chapter II reviews the metabolism of cancer and
immune cells and the metabolic barriers to immune function and immunotherapy efficacy in
cancer. In Chapter III, we discuss our discovery of a synthetic lethal interaction between SETD?2
loss and PI3KJ} inhibition. We found that PI3Kf3 inhibitors can inhibit growth of SETD2-
deficient ccRCC cells in vitro and in vivo, suggesting that the ~15% of ccRCC patients harboring
SETD?2 mutations could benefit from PI3K-specific inhibitors. We then shift gears in Chapter
IV, which provides an overview of the current literature on emerging players in intercellular
communication in cancer: extracellular vesicles. This is followed by a chapter on our discovery
that anti-angiogenic TKIs increase the secretion and glycolytic activity of sSEVs in ccRCC,
indicating that these bioactive vesicles could be impacting the metabolic composition of the
tumor microenvironment. Finally, the last chapter of this dissertation summarizes these findings

and presents the remaining questions for the field to tackle.
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Abstract

Recent breakthroughs in our understanding of the role of T cells in anti-tumor immunity
have led to unprecedented advances in immunotherapy. However, a great majority of cancer
patients will not respond to these treatments as tumors and the tumor microenvironment (TME)
restrain immunity. It is now clear that T cells must substantially increase their nutrient uptake to

mount a proper immune response. Each T cell functional population utilizes a distinct metabolic
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program that supports the differentiation and activity of those cells. Failure to obtain sufficient
nutrients or engage the appropriate metabolic pathways can alter or prevent effector T cell
differentiation and function. The TME, however, can be metabolically hostile to these functions
due to insufficient vascular exchange and cancer cell metabolism that leads to hypoxia, depletion
of nutrients, and accumulation of waste products. Further, cancer cells themselves can express
inhibitory receptors that inhibit T cell metabolism and can alter T cell signaling through release
of extracellular vesicles such as exosomes. Together, these aspects of the TME can impose
metabolic barriers to anti-tumor immunity. This review will discuss the metabolic changes that
drive T cells into different stages of their development and how the TME influences the

metabolism and activity of tumor infiltrating lymphocytes.

Introduction

Hanahan and Weinberg’s seminal paper “The Hallmarks of Cancer” was revised in 2011
to include deregulating cellular energetics and evasion of immune destruction®. Tumors fuel
their rapid growth and proliferation with aerobic glycolysis, a process initially described by Otto
Warburg in which cells undergo glycolysis even in the presence of oxygen'*2. Although less
energetically efficient than oxidation that occurs in most mature tissues, aerobic glycolysis
shuttles intermediates into biosynthetic pathways to make amino acids, nucleotides, fatty acids
and other macromolecules to support rapid anabolic growth!*3. As a consequence, glucose and
amino acids can be rapidly consumed while waste products accumulate. Activated T cells also
undergo a metabolic switch from oxidative metabolism to aerobic glycolysis to proliferate and

develop effector function'**!33, Rapid proliferation and acquisition of effector function are
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demanding processes that require precise metabolic re-wiring. Failure of activated T cells to
undergo metabolic re-wiring impairs effector function'3®. As T cell metabolism dictates effector
function, it is now apparent that the effect of cancer cell metabolism on the tumor
microenvironment (TME) may impair anti-tumor immunity, and these new hallmarks of cancer
are therefore inextricably linked.

Expanded understanding of the basic biology of T cell activation has enabled
immunotherapy to combat cancer, and T cell metabolism now offers the opportunity to optimize
and improve these therapeutic strategies. Two of the primary immunotherapies are immune
checkpoint blockade (ICB) and adoptive cell transfer (ACT). ICB is based on the use of
antibodies to neutralize inhibitory immune receptors such as CTLA-4 or PD-1 to reinvigorate T

cells!3?

. In contrast, ACT expands a patient’s own T cells ex vivo to direct anti-tumor immunity
when transfused back into the patient. These treatment modalities have shown great promise in
many types of cancer and even produce long-lasting responses in some patients!*®, However,
many patients fail to respond to these therapies, and metabolic barriers imposed on T cells by the
TME may contribute. This review will discuss the metabolic adaptations necessary for T cells to
meet changing biochemical needs throughout different stages of differentiation. We will then
examine how tumor cells create a toxic milieu for T cells that enter the TME. Finally, we will
provide an overview of how utilizing an understanding of T cell metabolism may inform

strategies to alter the TME or enhance T cell metabolism to strengthen the immunotherapy

arsenal.

Metabolic Reprogramming of T Cells
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There is a growing appreciation that distinct metabolic programs drive different
developmental stages of a T cell throughout its lifespan [Figure 8]. After leaving the thymus,
naive T cells utilize a catabolic metabolism in which small amounts of glucose are used to
generate ATP mainly through oxidative phosphorylation to support immune surveillance!3%140,
To proliferate and gain effector function, stimulated T cells must undergo rapid metabolic
reprogramming and switch to aerobic glycolysis to support anabolic metabolism and exit
quiescence!3%1%0 Although fewer ATP molecules are generated per glucose molecule, aerobic
glycolysis allows T cells to build substrates needed for growth and proliferation and is essential
for effector differentiation'**. Metabolic reprogramming from catabolism to anabolism is
initiated upon T Cell Receptor (TCR) recognition of cognate antigen presented on major
histocompatibility complex (MHC) and with the help of CD28-mediated co-stimulation. TCRs
cluster and signal to the phosphatidtyl-inositide-3 kinase (PI3K)/AKT/mTORC]1 pathway to
upregulate nutrient uptake, glycolysis and, to a lesser extent, oxidative phosphorylation!'4!-142, T
cell metabolism is further re-wired by transcription factors such as c-Myc and hypoxia inducible
factors (HIFs), which transcribe genes essential for T cell activation and regulate glycolysis and
glutaminolysis!#>!4, Tmportantly, limiting glucose availability or inhibiting glycolytic enzymes
impairs effector T cell proliferation and cytokine production!*-!47, Increased amino acid uptake
is also essential, and deficiency of glutamine, neutral amino, or essential amino acid transporters
can impair effector T cell development!#¥-15!, While glutamine uptake itself is required for T cell
activation, glutamine metabolism appears to play a complex role, as glutaminolysis can suppress

effector T cell differentiation and function!>!-152

. In addition to these pathways, mitochondria
undergo physical and functional changes required for efficient T cell activation. T cell activation

with CD28 co-stimulation leads to mitochondrial fragmentation that can reduce oxidative
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efficiency in effector T cells'>>, although CD28 co-stimulation increased respiration under

glucose limiting conditions!'#?

. This distinction may be due to findings that CD28 co-stimulation
can increase T cells spare respiratory capacity and remodel cristae, allowing memory T cells to
manage metabolic stress and quickly to future stimuli!>*. The mitochondria of T lymphocytes
also undergo significant proteomic changes that favor one-carbon metabolism critical for
nucleotide synthesis, methylation, and redox balance in T cell activation!>. Meanwhile,
mitochondrial reactive oxygen species (ROS) production promotes nuclear factor of activated T
cells (NFAT) activation and IL-2 production'4!.

Although most of our understanding of T cell metabolism comes from in vitro or ex vivo
studies, the question of whether this translates in vivo has been understudied. A recent study by
Ma et al. compared CD8" T cell metabolism in vivo versus in vitro by tracing glucose
metabolism with '3C-glucose IV infusions in a listeria monocytogenes infection mouse model'>®,
Their results showed that CD8" T cells in situ had reduced lactate production and higher rates of
oxidative metabolism and serine metabolism compared to in vitro CD8" T cells that adopted a
metabolic phenotype consistent with the Warburg effect!>®. The environment may contribute to
these metabolic differences, since in vitro conditions often supply high amounts of glucose.
Indeed, when the in vivo effector T cells were cultured in the same in vitro media conditions, the
cells secreted more lactate!*6. These data suggest that T cells in vivo utilize glucose primarily as
an anabolic source with alternate fuels such as glutamine supporting ATP, whereas glucose may
play a broader anabolic and energetic role in vitro that would necessitate higher glucose flux and
subsequent lactate production to maintain redox balance. Re-assessing the nutrients in vitro
cultures of T cells to better reflect in vivo conditions is necessary to more precisely study T cell

metabolism under a variety of contexts such as cancer.
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Long-lived memory T cells that form after the induction of an immune response also
have distinct metabolic features. Unlike activated T lymphocytes, memory T cells have low
mTOR signaling and high AMPK signaling, promoting fatty acid oxidation!*”-!%%, To support this
state, memory T cells increase their uptake of glycerol, which is used to synthesize fatty acids
that subsequently fuel fatty acid oxidation!>. In contrast to naive or activated T cells, memory T

160

cells have more mitochondrial mass and mitochondrial spare respiratory capacity °° and are

poised to rapidly induce aerobic glycolysis'®!192, This unique metabolic program allows memory

163 However, when effector T

T cells to quickly respond upon encountering the cognate antigen
cells cannot effectively clear antigens such as during chronic infection or cancer, they may not
form memory T cells and instead may become exhausted!®*. Exhausted T cells are a distinct class
of T lymphocytes characterized by lower proliferative capacity, survival, and cytokine
production. They also express different transcription factors and high amounts of inhibitory
receptors such as PD-1, leading to metabolic re-wiring!. In particular, PD-1 signaling promotes

the switch from glycolysis to fatty acid oxidation by suppressing AKT and mTOR activity'®.

167

These functionally impaired T cells also have impaired mitochondria'®’, and improving

mitochondrial function with anti-oxidants restored T cell activity!®

. In addition, overexpression
of peroxisome proliferator-activated receptor-y coactivator (PGC-1a) increased glucose uptake

and decreased mitochondrial mass and polarization, and it enhances the function of exhausted T
cells in both a lymphocytic choriomeningitis virus (LCMV) infection'® and in a B16 melanoma

model'”°, Overall, T cells must adapt their metabolism to fuel a program that meets their

changing needs at different activation, functional, and microenvironmental stages.
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Figure 8. T cells undergo metabolic rewiring in different stages of their life

(A) Naive T cells uptake sufficient amounts of glucose to fuel oxidative phosphorylation and
survive as they survey antigens. (B) Upon encountering cognate antigen, activated T cells
rapidly uptake glucose and glutamine to fuel their bioenergetic needs. Activated T cells
perform aerobic glycolysis, which shunts products of glycolysis to biosynthetic processes
necessary for proliferation and effector function and generates lactate as a byproduct. (C) Once
the antigen is cleared, T cells can form long-lived memory cells in which AMPK signaling
stimulates fatty acid oxidation. Memory T cells also increase their mitochondrial mass and

spare respiratory capacity to prepare for future encounter with cognate antigen. (D) T cells can



become exhausted if they fail to clear antigens such as during chronic infections or cancer. T
lymphocytes isolated from tumors display elevated levels of PD-1, which decreases
PI3K/Akt/mTOR signaling and glycolysis. Exhausted TILs rely on fatty acid oxidation,

though they often have dysfunctional mitochondria and decreased mitochondrial mass as well.
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T Cells Encounter a Hostile Metabolic Environment in Tumors

T cells isolated from tumors often show signs of exhaustion and have distinct metabolic
signatures!?*!17°, For example, tumor-infiltrating lymphocytes (TILs) isolated from clear cell
renal cell carcinoma patients show decreased glucose uptake as well as small, fragmented
mitochondria with elevated ROS!'?3. Bypassing these metabolic defects by supplementing with
pyruvate or adding ROS scavengers partially restored TIL activation'?*. TILs in a murine
melanoma model have also been shown to have dysfunctional enolase!”! and reduced
mitochondria biogenesis!’, and tumor-associated lactate and cholesterol suppress TIL
function!’>!73, Tn addition, TILs can infiltrate sarcoma tumors but do not produce cytokines until
after checkpoint blockade!”*. These studies suggest that antigen recognition and infiltration into
tumors alone are insufficient for an antitumor response, and that the tumor metabolic

microenvironment can directly suppress T cells.

Hypoxia

T cells are primed in nutrient-rich lymphoid tissues but enter tumors where cancer cell
metabolism and poor vascular exchange may lead to a fierce competition for resources. One
hostile aspect of the TME that infiltrating T cells encounter is hypoxia, created by the high
metabolic rate of tumor cells in conjunction with inadequate vasculature. Cancer cells can adapt
to thrive under low oxygen conditions, and several studies have shown the association of
hypoxia with angiogenesis, metastasis, and chemoresistance!”>!’6, Under low oxygen states, the
transcription factor hypoxia-inducible factor (HIF) is free from its negative regulator von Hippel-

Lindau (VHL) to upregulate its target genes'”’. Studies have begun to show how hypoxia can
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lead to metabolic dysfunction in T cells, though it still remains a complex subject. There are
studies that suggest hypoxia can have an immunostimulatory effect on T cells in the TME. For
example, lack of oxygen stabilizes HIF-1a, which increases pyruvate dehydrogenase kinase and
lactate dehydrogenase A expression and thus decreases oxidative phosphorylation!”®!”. Hypoxic
CD8" T cells increase granzyme B packaging into granules and reject B16 tumors in mice more
efficiently than normoxic T cells'®’, and loss of HIF-1a., but not HIF-2a, inhibited the activity
and migration of OT-I T cells and enhanced tumorigenesis'**. In contrast, other studies indicate
an immunosuppressive role for hypoxia. For example, HIF-1a is known to upregulate PD-L1 on
myeloid-derived suppressor cells (MDSCs), which leads to T cell exhaustion, and can promote
the generation of regulatory T cells!®!-!83, Highly oxidative cancer cells can lead to areas of
hypoxia, and this has been associated with decreased T cell response to ICB!, Indeed, T cells
have been shown to avoid areas of hypoxia in the TME, but mice breathing 60% oxygen
displayed enhanced CD8 T cell infiltration into the TME and increased tumor regression and
survival in multiple tumor models'®*. These studies underscore that there is likely a fine balance
with HIF-1a expression in TILs that can later their function in the TME. Further investigation is

warranted to tease out the effects of hypoxia in the TME.

Nutrient competition and metabolic byproducts

Consistent with both cancer cells and effector T cells utilizing aerobic glycolysis in tumor
microenvironments that can have poor vascular exchange, evidence supports competition for
available nutrients that can impair TILs [

Table 1]. Indeed, intratumor glucose levels have been measured and can be significantly

reduced in some settings!”%!33 although glucose levels can remain unchanged in others!%.
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Cancer cells may contribute to reduced glucose availability as rapid glucose consumption by
mouse sarcoma cells was found to restrict the effector function of TILs and thus permitted tumor
progression!®, Tumor regression and TIL function were inversely associated with the capacity of
sarcoma cells to perform aerobic glycolysis. Another study found that culturing T lymphocytes
in conditioned media from ovarian cancer cells decreased expression of the methyltransferase
EZH2 in T cells and their polyfunctionality, and these effects were abrogated upon glucose
supplementation'®’. In addition, treating human ovarian cancer-specific T cells with an EZH2
inhibitor prior to adoptive transfer led to increased tumor growth in a humanized ovarian cancer
mouse model'®’. These data suggest that glucose metabolism can regulate T cell
polyfunctionality by modulating EZH2 expression, although whether one should induce EZH2
expression in cancer patients is complicated since some cancers acquire gain-of-function
mutations in this methyltransferase!®3. It would be interesting to test whether inducing EZH2
expression in adoptively transferred T cells could overcome the effects of glucose deprivation in
the TME. Insufficient glucose in tumors may also impair T cell signaling to restrain anti-tumor
immunity through a phosphoenolpyruvate-dependent regulation of calcium signaling!®>.
Collectively, these studies highlight the importance of glucose in the TME for T cell function.

In addition to potential limitations to available glucose, other nutrients may also become
limiting in context specific manners. A mass spectrometry-based analyses of institutional fluid
from a pancreatic ductal carcinoma mouse model showed depletion of some essential and branch
chain amino acids, while others were enriched in the tumor microenvironment!?. Importantly,
the tumor location, diet, and cancer type could shift the metabolic composition of the tumor
interstitial fluid, indicating that the overall tumor context may exert a strong influence over the

TME. Strategies to increase alternative programs, such as lipid metabolism driven by PGCla!°
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or PPARa!'?’, may rewire metabolism and overcome these metabolic deficiencies, although the
metabolic implications of these adaptations for T cell proliferation and effector function remain
poorly understood.

Tumor cells also produce byproducts detrimental to T cells. Indoleamine 2,3-dioxygenase
(IDO) in cancer cells catalyzes oxidative catabolism of tryptophan, thus dampening antitumor
immune responses by depleting this essential amino acid and producing kyneurenine, which
generates immunosuppressive regulatory T cells (Tregs)!!!°2. These Tregs in turn can promote
IDO expression on dendritic cells, further increasing kynurenine and depleting tryptophan in the
TME.!”? Another toxic byproduct produced by cancer cells is lactate!**. High lactate
concentrations produced by tumor cells impeded lactic acid export in CD8" T cells and thus
suppressed their effector function!®®. Tumor-associated expression of lactate dehydrogenase A is
associated with lower survival and impaired T cell activity in melanoma patients!’2. In contrast, a
recent proteomic analysis of melanoma showed that tumors with higher oxidative
phosphorylation and lipid metabolism had increased antigen presentation and were associated
with response to anti-PD-1 or TIL-based immunotherapy!®®. One possible explanation could be
that these tumors are undergoing less glycolysis, creating an excess supply of glucose for
infiltrating T cells'®®. In addition, these tumors would also secrete less lactate, creating a more

1% Overall, T cells face fierce competition for

favorable environment for T cell-mediated killing
nutrients and are exposed to a multitude of toxic byproducts that can impair their function in the

TME.
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Component of the TME Impacton T Cell Effect on Anti-Tumor
Metabolism Immunity
Hypoxia Stabilizes HIF-1a Increases granzyme B

Increases pyruvate
dehydrogenase kinase,
blocking the conversion
of pyruvate to acetyl-CoA
and thus mitochondrial
respiration and ROS
production

Increases lactate
dehydrogenase A
expression and inactivates
pyruvate dehydrogenase,
shunting pyruvate to
lactate

packaging into granules,
leading to rejection of
B16 tumors in mice
Upregulates PD-L1
expression on MDSCs
Decreases T cell
infiltration

Depletion of Glucose

Reduces aerobic
glycolysis

Decreases levels of
phosphoenolpyruvate,
which regulates calcium
and NFAT signaling

Suppresses TIL effector
function

Reduces EZH2
expression, decreasing T
cell polyfunctionality

Accumulation of Lactate

Impedes lactic acid export
from CD8" T cells, which
slows down glycolysis

Inhibits T cell
proliferation, activation,
and function

and reduces ATP levels Induces T and NK cell
Decreases NFAT levels apoptosis
and translocation to the
nucleus
Tumor-derived Modulates the Suppresses TIL anti-

Extracellular Vesicles (EVs)

metabolism of tumor
associated macrophages
and other cell types.
Effects of EVs on T cell
metabolism are currently
unknown

tumor function.
However, blocking EV
biogenesis induces T cell
activation, proliferation,
and effector function.

Table 1. Hostile conditions in the tumor microenvironment impair T cell metabolism and

anti-tumor immunity
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Cancer cell metabolism, improper blood vessel formation, and extracellular vesicles all
contribute to a toxic milieu deficient in key nutrients, such as glucose and oxygen, and high in
waste products, such as lactate. Consequently, TILs entering the TME are deprived of key

nutrients, disturbing metabolic processes critical for their anti-tumor functions.
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Extracellular vesicles

In addition to the concentration of metabolites, gradients in molecular elements like O,
and changes in physical characteristics of the TME such as pH, there are other discrete
transferable factors that may also influence immune cell metabolism and function. Extracellular
vesicles (EVs) encompass a diverse set of membrane vesicles secreted by most, if not all, cell

197 Tumors have been shown to secrete an abundance of EVs that can subsequently have

types
biological effects on many different cell types, including immune cells'**2%, Under hypoxic
conditions, pancreatic cancer cells secrete microRNAs into EVs that activate the PI3K signaling
pathway to induce M2 macrophage polarization, which subsequently promotes cancer
progression and predicts poor prognosis?’!. Recent studies have begun to investigate metabolic
effects of secreted EVs. In particular, both hepatic stellate cells and mutant KRAS colonic cells
have been found to release EVs containing Glutl, which induces glycolysis in other cells in the
TME?2203_Tn addition, proteomic and lipidomic analysis of EVs released from tumor associated
macrophages were shown to contain a Th1/M1 signature and enzymes involved in lipid
metabolism, which strongly correlated with an anti-tumor immune phenotype?®*. The full range

of effects of EVs on immune cell metabolism and function in anti-tumor immunity remains

uncertain but has the potential to impact immunotherapy.

Directly Manipulating T Cell Metabolism to Improve Immunotherapy

There is considerable excitement surrounding ICB to treat cancer, which may derive its
efficacy in part by altering T cell metabolism. Although both PD-1 and CTLA-4 impair

utilization of glucose and glutamine by decreasing their uptake, these immune checkpoint
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proteins change lymphocyte metabolism through distinct molecular mechanisms?°>2%, In
particular, PD-1 signaling blocks activation of PI3K and Akt in T lymphocytes, flipping a
metabolic switch from glycolysis to lipolysis and fatty acid oxidation and thus impairing effector
function?®. A similar metabolic shift and decrease in cytokine production was observed upon
PD-1 ligation activating STAT3 in CD8" T cells, facilitating obesity-associated breast cancer

progression??’

. These findings suggest that PD-1 blockade may function synergistically at two
levels by re-invigorating T cell glycolysis while simultaneously inhibiting tumor cell glycolysis.
On the other hand, binding of CD80 and CD86 to CTLA-4, a negative regulator of CD28 co-
stimulation, inhibits glycolysis without affecting fatty acid oxidation, maintaining the metabolic
program of quiescent cells and blocking this interaction can enhance CD28-mediated T cell
metabolic reprogramming?. Like PD-1, ligand engagement of CTLA-4 also blocks Akt
activation, but CTLA-4 performs this function in a PI3K-independent fashion??°. Thus, the
suppressive effects of CTLA-4 on T cell activation may stem from its preservation of a
bioenergetic profile similar to non-stimulated cells, while PD-L1 binding to PD-1 induces a
distinct T cell metabolic state.

Modulating the metabolism of T cells presents an exciting avenue to improve current
immunotherapies, in particular adoptive cell transfer, in which T cells are taken from a patient,
primed, and expanded ex vivo before transfusing them back into the patient. This process
requires careful manipulation of the T cells and presents an opportunity for discrete access to the
cells for metabolic interventions. Several studies have shown that modulating the metabolism of
adoptively transferred T cells with pharmacologic agents is a promising path to improve this

208

form of immunotherapy="°. Treating T cells in vitro during the priming and expansion phases

with 2-deoxyglucose (2-DG), an inhibitor of glycolysis, increased memory T cell formation and
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subsequently enhanced antitumor function in vivo*®. Adoptive transfer of antigen-specific T
cells treated ex vivo with an inhibitor of oxygen-sensing prolyl-hydroxylase domain proteins
increased glycolytic activity and reduced lung metastasis in a B16-melanoma model?!°.

Similarly, treating T cells in vitro with Mdivi, an inhibitor of mitochondrial fission, also

133 Moreover, in vitro Akt pharmacologic inhibition

increases in vivo anti-tumor activity
increased the persistence of memory T cells after adoptive transfer and led to increased antitumor
function in vivo?!!. Finally, adding bicarbonate to neutralize acidic environments improved

response rates to checkpoint inhibition and adoptive cell therapy in mice models of melanoma?!2,

Taken together, these studies indicate that fine-tuning T cell metabolism in vitro prior to

transfusion back into patients is key to their success in vivo.

Conclusion

Disruption of T cell activation due to altered tumor cell metabolism and other metabolic
features in the TME indicates that this is an important mechanism for immunosuppression. As
tumors grow and proliferate, they rapidly consume nutrients such as oxygen and glucose and
secrete lactate, creating regions of hypoxia and high acidity. Cancer cells and cells in the tumor
microenvironment also shed EVs which may convey metabolic signals that can further hinder
immune cell function. Upon entering the TME, TILs must overcome these metabolic challenges
in order to mount a successful immune response. Although significant progress has been made in
strengthening immunotherapy regimens, there remains significant knowledge gaps about how

they work and why a majority of patients do not respond to treatment.
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There are a number of challenges and opportunities to exploit the TME and
immunometabolism in immunotherapy. One key challenge is to identify metabolic pathways that
are cancer-specific or targets that can negatively influence cancers while improving the TME for
immune function and not overly impairing immune cells. Targeting some pathways, such as
glucose metabolism, may be challenging because both cancer and effector T cells and
macrophages use and require these pathways. However, it was recently shown that other
metabolic pathways, such as glutamine-dependent metabolism, may be more critical for cancer

I5L152.213 “indicating that it may be

cells than inflammatory effector T cells or macrophages
possible to both target cancer metabolism and enhance immunity. The influence of tumor type,
location, and diet on metabolites in the TME!® though could necessitate context-specific
interventions. Nevertheless, dietary modifications that affect nutrient availability in the TME and
have shown promise in clinical trials to slow tumor growth, though context specific aspects may
require distinct guidelines for different cancers®!4.

Another instance where immunometabolism may be exploited to enhance
immunotherapy is through adoptive cell therapy. Indeed, the potential to enhance the metabolic
capacity of Chimeric Antigen Receptor (CAR)-T cells or other cells through in vitro
manipulation prior to cell transfer may overcome barriers of unintended direct effects on the
tumor cells. The potential side effects of metabolic modulatory drugs have also not been fully
explored and must be considered as normal tissues may be affected. Nevertheless, metabolic
inhibitors have had fewer toxicities than expected, possibly due to the lower metabolic activity
and high degree of metabolic flexibility of most tissues. Key remaining questions include: Can

we translate findings from experimental models to humans? How do we keep T cells alive long

enough to form memory cells to reject future cancer cells? How do we balance activating anti-
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tumor T cells with autoimmune side effects or inadvertently enhancing cancer cell growth?
Understanding the T cell metabolic program and how it underlies function and dysfunction

represents a promising venue that can be exploited to improve immunotherapy efficacy.
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Abstract

Upregulation of the PI3K pathway has been implicated in the initiation and progression

of several types of cancer, including renal cell carcinoma (RCC). Although several targeted
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therapies have been developed for RCC, durable and complete responses are exceptional. Thus,
advanced RCC remains a lethal disease, underscoring the need of robust biomarker-based
strategies to treat RCC. We report a synthetic lethal interaction between inhibition of
phosphatidylinositol 3-kinase beta (PI3Kf) and loss of SETD2 methyltransferase. Clear cell RCC
(ccRCC)-derived SETD2 knockout 786-0 and SETD2 mutant A498 cells treated with TGX221
(PI3KB-specific) and AZD8186 (PI3K[- and §-specific) inhibitors displayed decreased cell
viability, cell growth, and migration compared to SETD?2 proficient 786-0 cells. Inhibition of the
p110 6 and a isoforms alone had modest (8) and no (o) effect on ccRCC cell viability, growth,
and migration. /n vivo, treatment of SETD2 mutant A498 cells, but not SETD2 proficient 786-0
cells, with AZD8186 significantly decreased tumor growth. Interestingly, inhibition of the
downstream effector AKT (MK2206) recapitulated the effects observed in AZD8186-treated
SETD? deficient cells. Our data show that specific inhibition of PI3K[3 causes synthetic lethality
with SETD?2 loss and suggest targeting of the AKT downstream effector pathway offers a
rationale for further translational and clinical investigation of PI3K[(3-specific inhibitors in

ccRCC.

Introduction

Renal cell carcinoma (RCC) is composed of a heterogeneous group of cancers and is the
ninth most common cancer worldwide®. Clear cell renal cell carcinoma (ccRCC), the most

216 ¢cRCC tumors

common histological subtype, accounts for the majority of RCC-related deaths
are known to be unresponsive to traditional chemotherapies and lack the genetic hallmarks of

other solid tumors, such as KRAS and 7P53 mutations®!”. A number of targeted therapies against
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the vascular endothelial growth factor (VEGF) and mechanistic target of rapamycin (mTOR)
pathways have been developed, in addition to recent advances in immunotherapy, but the
response to these treatments is varied with the majority of patients eventually developing

progressive disease?!8

. This underscores the urgent need to identify biomarkers that better predict
tumor behavior in response to targeted therapeutics.

In ccRCC tumors, the tumor suppressor von Hippel-Lindau (VHL) is the most frequently
mutated gene!'*?!?. Its complete inactivation by either mutation or methylation is observed in
more than 80% of ccRCCs and represents the earliest truncal oncogenic event in these
tumors!>220-222 In recent years, large-scale cancer genomic projects have revealed numerous
additional mutations in other tumor suppressors genes encoding chromatin remodelers, including
protein polybromo 1 (PBRM1/BAF180), BRCA associated protein 1 (BAP1), and Set domain
containing 2 (SETD2) 472223 As opposed to VHL inactivation, a known founding event of
ccRCC, mutations in genes involved in disease progression such as PBRM1, BAPI1, and SETD?2
are associated with aggressive clinical features??4-22°,

SETD?2 encodes a methyltransferase known to be responsible for the trimethylation of
lysine 36 on histone H3 (H3K36me3)??’%% a mark associated with actively transcribed genes. In
addition to H3K36, SETD2 methylates two novel non-histone targets: o tubulin on lysine 40
(aTubK40me3) of mitotic microtubules®® and STATI on lysine 525 (STAT1K525me1)%. By
methylating such diverse targets, SETD2 contributes to the maintenance of a wide spectrum of
biological processes ranging from chromatin accessibility, mRNA splicing and processing™,

DNA double-strand break repair®®, genomic stability®®, and cellular defense against viral

infection®. The diversity of molecular pathways requiring SETD2’s methylating activity
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underscores the enzyme’s crucial role in maintaining cellular homeostasis and warrants further
investigation into molecular networks involving SETD2 that drive ccRCC oncogenesis.

The phosphoinositide 3-kinase (PI3K)-AKT axis is the most commonly altered molecular
pathway in cancer??’. Although the PI3K-AKT pathway presents a relatively low overall
mutation rate in ccRCC when compared to other cancer types, the overall activation of AKT and
downstream substrates is high®%. A recent study utilizing the Genomics of Drug Sensitivity in
Cancer (GDSC) database identified that RCC cells with mutated VHL or SETD2 were sensitive
to the small molecule PIK3p inhibitor TGX221%3°. TGX221 was also shown to target cancer
cells with CDKN2A4 and PTEN mutations, suggesting nonspecific inhibition at the molar
concentration (5 pM) used in the study.

In this study, we sought to expand on this reported sensitivity by examining the effects of
genetic and pharmacologic inhibition of the PI3K-AKT axis and its downstream effectors in
more well-defined and in vivo model systems. We show that SETD?2 deficient 786-0 and A498
cells are significantly more sensitive to PI3K-specific (TGX221 and GSK2636) and PI3K[3/5-
specific (AZD8186) inhibitors than SETD?2 proficient (+/+) isogenic paired 786-0 cells, as
evidenced by impaired viability, cell migration, spheroid formation, as well as genotype-
selective reduced growth in vivo. These findings are replicated with siRNA approaches to
confirm the target involvement. At the molecular level, we show that pAKT-S473, pPRAS40,
and pS6-S235/236 phosphorylation levels are selectively reduced in SETD2 deficient cell lines
treated with the PI3K-specific inhibitors TGX221 and AZD8186. Lastly, SETD?2 deficient cell
lines treated with MK2206 (AKT-specific inhibitor) recapitulated the effects observed in
AZD8186-treated SETD? deficient cells, implicating canonical PI3K signaling via AKT as a key

mechanism of viability. Combined, our data demonstrate a molecular crosstalk between SETD2
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methyltransferase and PI3Kf3 kinase critical for in vitro cell proliferation and migration and for
growth in vivo. Further, our results demonstrate that p-AKT-S473 is an integral component of the

SETD2-PI3K} axis and shed light on the molecular mechanism underlying this novel pathway.

Results

PI3KB-specific inhibitors cause synthetic lethality with SETD2 loss in ccRCC-derived cells
We have observed that the deletion of SETD2, following clonal selection, consistently
produces cells with a slightly more rapid cell cycle transit time?3!, and a measurable advantage in
proliferation. Notably, SETD2 knockout (KO) ccRCC-derived 786-0 cells, previously generated
and described in more detail®®, showed a significantly higher proliferation rate than their SETD2
proficient (+/+) counterparts [Figure 9]. To explore the molecular mechanism underlying the
proliferative advantage of these cells and determine whether critical vulnerabilities exist between
targetable PI3K-AKT pathway members and SETD?2 loss, we treated SETD2 proficient and
SETD? deficient ccRCC-derived cell lines with a panel of inhibitors targeting PI3Ka (BYL719);
PI3KB (TGX221, GSK2636, AZD8186); PI3K? (Idelalisib); and all PI3K isoforms with a Pan-
PI3K inhibitor (BKM120). In addition to 786-0 SETD2 proficient (+/+) and SETD2 knockout
(KO) cells, we used SETD?2 deficient A498 cells, which have lost one SETD?2 allele due to loss
of the short arm of chromosome 3 (3p) and carry a two-base pair ¢.6098 6099 deletion (delTG)
that causes a frameshift in the carboxyl terminus that inactivates the second allele. These cells
express a SETD2 with reduced histone H3 on lysine 36 trimethylating activity and hereinafter

referred to as (-/-), for simplicity.
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We seeded all three cell lines in duplicate into 24-well plates and assessed viability by
counting cell number from one well and by staining living cells with 0.3% crystal violet solution
in the other for each treatment at 10 days, and obtained data from three independent biological
experiments. Characterization of the three cell lines by immunoblotting showed that, as
expected, SETD?2 proficient 786-0 cells express a functional SETD2 protein, whereas SETD2 KO
786-0 cells do not. Moreover, SETD?2 (-/-) A498 cells express reduced levels of SETD2 protein
accompanied by a noticeably reduced capacity to trimethylate histone H3 on lysine 36
(H3K36me3) [Figure 10A]. The two SETD?2 deficient cell lines showed a significant increase in
sensitivity to all three PI3K (AZD8186>TGX221>GSK2636) inhibitors, as evidenced by their
decreased relative cell viability. When treated with the PI3Ka-specific inhibitor BYL719,
SETD? deficient 786-0 and A498 lines did not show the pronounced relative cell viability
changes consistently observed with PI3K[3-specific inhibitors, although viability was somewhat
decreased [Figure 10B and Figure 11A]. As AZD8186 is known to inhibit both PI3K[3 and &
isoforms in a cell-free assay (ICso = 4nM and 12nM, respectively), we also treated cells with the
PI3K&-specific inhibitor Idelalisib to see if this PI3K isoform also contributed to synthetic
lethality with SETD?2 loss. Both SETD?2 deficient cell lines were sensitive to Idelalisib; however,
cell viability was not as dramatically decreased as with PI3K[-specific inhibitors [Figure 10B
and Figure 11A]. When SETD? deficient cells (KO 786-0 and (-/-) A498) were treated with the
Pan-PI3K inhibitor BKM120, they displayed a significant increase in sensitivity that resembled
the effects observed with PI3K[-specific inhibitors [Figure 10B and Figure 11A].

To further examine whether the observed sensitivity of SETD2 deficient cells was
specifically determined by PI3K[} isoform inhibition, we conducted a dose-response assay using

AZD8186, as it displayed the most pronounced response among the three PI3K[3-specific
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inhibitors [Figure 11A], along with BYL719 (PI3Ka-specific), Idelalisib (PI3Kd-specific), and
BKM120 (Pan-PI3K) inhibitors and calculated their respective half maximal inhibitory
concentrations (ICsos). Dose-response curves showed that SETD?2 deficient 786-0 and A498 cells
were highly sensitive to AZD8186 when compared to SE7D2 proficient 786-0 cells (ICso =
0.29uM, 0.01uM, and 21uM respectively) [Figure 11B]. In addition, all three cell lines were
only sensitive to BYL719 at toxic concentrations?32. Idelalisib dose-response curves showed that
SETD? deficient 786-0 and A498 cells were more sensitive to the PI3K3-specific inhibitor than
SETD? proficient 786-0 cells. However, the difference was not as pronounced as that observed
with AZD8186 treatment. The Pan-PI3K dose-response curves also showed that, at low
concentrations, SETD?2 deficient cells were more sensitive to the compound than SETD2
proficient cells. However, at higher drug concentrations, sensitivity was SETD2-independent, as
all three cell lines showed increased sensitivity. Combined, these data show that PI3Kf3-specific
inhibitors, and most prominently AZD8186, cause a synthetic lethal-type interaction with SETD?2

loss in ccRCC-derived cell lines.
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Figure 9. Increased proliferation rate in SETD?2 deficient ccRCC-derived cells
Graph showing proliferation curves for SETD?2 proficient (+/+) and SETD2 deficient (KO)
786-0 cells as a function of time (day). Cell count was normalized to control (CTL). *, P <

0.05; **** P <0.0001. Standard deviations were calculated and represented for all conditions.
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Figure 10. Response of SETD?2 proficient and SETD?2 deficient RCC cell lines to PI3K
inhibitors

(A) Western blot analysis of indicated proteins showing variations in histone H3 lysine 36
trimethylation (H3K36me3) levels in SETD?2 proficient (+/+) and SETD?2 deficient (KO) 786-0

and (-/-) A498 cells. SETD?2 blotting is shown in two exposures (light and dark). Whole-cell
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protein lysates from cells grown for 24 hours were resolved by SDS-PAGE. Actin is a loading
control. (B) Bright-field microscopy images showing living cells (attached to bottom of well)
stained with 0.3% crystal violet solution of SETD2 (+/+) 786-0 and SETD2 (KO) 786-0 and (-/-
) A498 cells were treated with vehicle (DMSO) or 1uM inhibitor for 10 days. (C) Graphs
plotting normalized integrated density calculated from cells stained with 0.3% crystal violet
solution as a function of time (day) showing proliferation rates of SE7D2 proficient (+/+) and
SETD? deficient (KO) 786-0 and (-/-) A498 cells treated with 0.5uM of TGX221 (blue line),
AZDS8186 (red line), and BYL719 (green line) or DMSO (black line) as control for 7 days. *, P
< 0.05; ** P <0.005; **** P <(.0001; ns, no statistical significance observed. Standard
deviations were calculated and represented for all conditions. (D) Cell viability for 786-0 cells
treated with a dose titration of TGX221. Genetic modifications to knock out and rescue SETD2
expression are indicated in the legend, showing increased sensitivity for those cells lacking

SETD2 methylating activity.
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Figure 11. Increased sensitivity of SE7D2 deficient ccRCC-derived cells to PI3KB-specific
inhibitors

(A) Bar graph showing relative cell viability as a percentage of CTL (DMSO-treated) of SETD2
proficient (+/+) 786-0 and SETD?2 deficient (KO) 786-0 and (-/-) A498 cells in response to
treatment with small-molecule inhibitors. *, P < 0.05; **, P <0.005; *** P <0.001; **** P <
0.0001; ns, no statistical significance. Standard deviations were calculated and represented for
all conditions. (B). Dose-response curves showing sensitivity to AZD8186, BYL719, Idelalisib,
and BKM120 at different concentrations. ICso was calculated for each treated cell line with a

non-linear fit of transformed values using GraphPad software. (C) Western blot analysis of
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indicated proteins showing variations in phosphorylation levels in response to chemical
inhibition. Whole-cell protein lysates from cells treated with 1uM inhibitor for 24 hours were

resolved by SDS-PAGE. Actin is a loading control.
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PI3KB-specific inhibitors TGX221 and AZD8186 decrease proliferation in SETD2 deficient
ccRCC-derived cells

To explore if the synthetic lethal interaction between SETD2 loss and targeted PI3Kf3
inhibition specifically affects cell proliferation, we treated SETD2 (+/+) 786-0, SETD2 (KO)
786-0, and SETD?2 (-/-) A498 cell lines with TGX221, AZD8186, and BYL719 and measured
cell number over 7 days. SETD2 deficient cells showed a significantly decreased proliferation
rate when treated with TGX221 and consistently more so with AZD8186, while BYL719 showed
a mild or no decrease in all tested cell lines [Figure 10C]. Notably, 786-0 SETD2 KO cells
rescued with functional truncated SETD2 (tSETD2) abrogated sensitivity to PI3KJ} inhibition,
whereas a catalytically inactivating mutation in the SET domain (R1625C) still retained
increased sensitivity to PI3K[ inhibition [Figure 10D].

To interrogate what downstream effectors of the PI3K-AKT axis might mediate the
synthetic lethal interaction, we conducted a drug-target engagement experiment treating SE7D2
proficient (786-0) and SETD?2 deficient (786-0 and A498) cells with 1uM inhibitor for 24 hours.
Immunoblotting of whole-cell extracts from treated cells showed that phosphorylation of pAKT-
S473 and pS6-S235/236 were decreased in SETD?2 deficient cells relative to SETD2-proficient
cells by TGX221, whereas AZD8186 treatment resulted in inhibition of AKT and S6
phosphorylation in both SETD2-proficient and SETD2-deficient cells. The same was observed
for pPRAS40, which is a phosphorylation target of AKT [Figure 11C]. These results show that
SETD? deficient ccRCC-derived cells are significantly less proliferative when treated with
PI3K} inhibitors and strongly suggest inhibition of downstream effectors in the PI3K pathway

(pAKT-S473 and pS6) may play a role in this synthetic lethal interaction.
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Genetic inhibition of PI3Kp with siRNA reduces viability of SETD2 deficient ccRCC-
derived cells

To confirm that pharmacological inhibition (small-molecule inhibitors) specifically
causes synthetic lethality in SETD2 deficient cells via effects on PI3Kf} (as opposed to off-target
effects elsewhere), we conducted a genetic knockdown experiment using siRNA specifically
targeting the o, 3, and J isoforms of PI3K. We interrogated the effect of siRNA for single targets
or in combinations (o/p and 3/5) on cell viability. We predicted that siRNA targeting PI3K[3
would closely replicate the effect on relative cell viability observed in SETD?2 deficient ccRCC-
derived cells when treated with PI3Kf3-specific inhibitors. Knockdown using two different
siRNAs specifically targeting PI3K[3 (si-p110B-1 and -2) consistently showed a significant
decrease in the relative viability of both SETD2 KO 786-0 and SETD?2 -/- A498 cells when
compared to that of SETD2 proficient 786-0 cells, a phenomenon not observed with si-p110a.- or
si-p1105-specific knockdowns [Figure 12A]; immunoblotting confirmed the specificity of the
single and combinatorial knockdowns [Figure 12B].

When siRNAs targeting PI3K[3 were used in combination with those against o and &
PI3K isoforms, the combinatorial siRNA treatments showed a significant decrease in relative cell
viability, but not as pronounced as the effect observed when cells were treated with either of
these siRNAs against PI3Kp (si-p110B-1 or -2) alone [Figure 12A]. Phosphorylation levels of a
PI3K downstream effector, pAKT-S473, were assessed by immunoblot analysis to corroborate
the efficiency of PI3K isoform knockdowns. We found that reduced levels of pAKT-S473 were
observed in whole cell extracts from the three RCC-derived cell lines when treated with siRNA
against PI3Kf3 alone and in combination with si-p1100 [Figure 12B]. These results strongly
suggest that the decrease in pAKT-S473 phosphorylation levels observed when PI3Kf is
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chemically inhibited (TGX221 and more consistently AZD8186) [Figure 11C] was due to the
specific inhibition of PI3K[3’s enzymatic activity, revealing pAKT-S473 as a critical reporter,

and perhaps mediator, of the SETD2-dependency on the PI3K[} signaling network.
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Figure 12. Genetic inhibition of PI3K p110 with siRNA reduces viability of SETD2
deficient ccRCC-derived cells

(A) Bar graph showing relative cell viability as a percentage of control (si-CTL) of SETD?2
(+/+) 786-0 and SETD?2 (KO) 786-0 and (-/-) A498 cells in response to treatment with siRNA
specific to p110a, p110B, and p1103 (singlets and doublets). *, P < 0.05; **, P <0.005; *** P
<0.001; **** P <0.0001; ns, no statistical significance observed. Standard deviations were
calculated and represented for all conditions. (B) Western blot analysis of indicated proteins
showing decrease in expression of p110a, p110p, and p1109 in individual or combinatorial
treatments (specificity) and variations in phosphorylation levels of known downstream target

pAKT-S473 (efficacy). Actin is a loading control.



PI3KB-specific inhibitors TGX221 and AZD8186 abrogate spheroid formation and cell
migration in SETD?2 deficient ccRCC-derived cells

To determine if the tumor growth capacity of SETD2 deficient ccRCC-derived cell lines
was similarly dependent on PI3K[3, we utilized 3-D spheroid cultures in Matrigel to allow cells
to self-assemble into organotypic structures (spheroids). These spheroids mimic in vitro tumor
morphology adopted in vivo and provide a tractable model for evaluating tumor growth in
response to pharmacological agents. Untreated SETD2 proficient 786-0 cells displayed a round
spheroid morphology that remained almost unaffected despite the diverse treatments with PI3K
isoform-specific and Pan PI3K inhibitors [Figure 13A]. Conversely, both SETD2 deficient cell
lines showed a less structured spheroid morphology and a significant decrease in their number
when treated with PI3Kf-specific, but not PI3Ka-specific, inhibitors when compared to SE7D2
proficient cells [Figure 13A and C]. Interestingly, both Idelalisib (PI3Kd-specific) and BKM120
(Pan-PI3K) inhibitors showed significant cell growth decrease in SETD2 deficient cell lines, but
more prominently with the latter inhibitor, recapitulating the effects observed with PI3Kf3-
specific inhibitors [Figure 13C].

To interrogate the ability of SETD2 deficient cells to migrate in the presence of
pharmacological agents, we performed a 2-D wound-healing assay. We then tracked migration
through time (2 days) and stained with crystal violet once cells treated with vehicle reached
confluency and calculated migration as a percentage (%) of wound closure. We observed that
SETD? deficient cells were significantly less migratory than their SETD2 proficient counterparts
when treated with PI3K-specific inhibitors, a phenomenon closely resembled by the treatment
with the Pan-PI3K inhibitor, BKM120 [Figure 13B and D]. Combined, these data demonstrate

that the capacity of SETD2 deficient ccRCC-derived cell lines to form spheroids (3-D) and to
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migrate (2-D) is significantly hindered by PI3K3-specific inhibitors, which we observed is
closely replicated when these cells are treated with the Pan-PI3K inhibitor BKM120. These data
also strongly suggest that the PI3K3 pathway may participate in the regulation of both migration

and tumor growth in SETD2-deficient states.
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Figure 13. PI3KB-specific inhibitors TGX221 and AZD8186 abrogate spheroid formation

and cell migration in SETD2 deficient ccRCC-derived cells

63




(A) Phase-contrast pictures showing spheroid formation of SETD2 (+/+) 786-0 and SETD2
(KO) 786-0 and (-/-) A498 cells in response to treatment with vehicle (DMSO) and 500 nM
inhibitor for 14 days grown in Matrigel. Scale bar: 30um. (B) Bright-field microscopy images
showing living cells stained with 0.3% crystal violet solution. Treated cells (1 pM for 3 days)
incapable of migrating show remnants of scratch (wound) of different widths. Scale bar: 30 pm.
(C) Bar graph showing average colony number for the three cell lines treated with different
inhibitors. *, P < 0.05; *** P <0.001; **** P <(0.0001; ns, no statistical significance
observed. Standard deviations were calculated and represented for all conditions. (D) Bar graph
showing percentage (%) of wound closure compared to cells treated with vehicle (DMSO). *, P
< 0.05; **** P <(.0001; ns, no statistical significance observed. Standard deviations were

calculated and represented for all conditions.
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PI3KB-specific inhibitor AZD8186 abrogates SETD2 deficient tumor formation in vivo

To translate our in vitro findings that SETD2 deficient ccRCC-derived cells exhibit
increased sensitivity to PI3K-specific inhibition to the in vivo setting, we conducted xenograft
studies. NOD scid gamma mice were injected subcutaneously with SE7D2 mutant ccRCC-
derived A498 cells and approximately a month later, mice bearing tumors measuring >150 mm?
were randomized to treatment with vehicle (control) or AZD8186. Animals treated with the
PI3KB-specific inhibitor AZD8186 showed a significant decrease in tumor growth and final
tumor weight compared to control mice [Figure 14A-C]. However, 786-0 SETD2 proficient
xenograft tumors did not have a significant response to PI3Kf} inhibition [Figure 15]. Thus,
AZDB8186 can effectively reduce growth of SETD2 mutant tumors but not SETD2 wild-type

tumors, underscoring the importance of the molecular connection between the PI3Kf3 signaling

network and SETD? loss as a promising therapeutic target for ccRCC.
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Figure 14. PI3KB-specific inhibitor AZD8186 hinders SETD?2 deficient tumors in vivo

(A) Graph plotting tumor volume (mm?) as a function of time (day) showing changes in volume
of untreated (control) and AZD8186-treated tumors. **** P <(0.0001. (B) Bar graph showing
average tumor weight (g) for control and AZD8186-treated tumors. *, P < 0.05. (C) Pictures of

untreated (control) and AZD8186-treated tumors. Scale bar: Icm.
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Figure 15. PI3KB-specific inhibitor AZD8186 does not significantly change SETD2

proficient tumor growth in vivo

Graph plotting tumor volume (mm?) as a function of time (week) for vehicle-treated (control)

and AZD8186-treated tumors. Data are represented by mean + standard deviation.
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AKT-specific inhibitor MK2206 decreases cell viability, spheroid formation, and migration
of SETD? deficient ccRCC-derived cells

Our previous data demonstrating that PI3Kf3-specific inhibitors decrease phosphorylation
levels of key downstream effectors in the PI3K-AKT pathway (pAKT-S473 and pS6-S235/236)
in SETD?2 deficient ccRCC-derived cells prompted us to further explore the molecular
mechanism connecting SETD2 to PI3Kf3. To do this, we challenged SETD2 proficient and
SETD? deficient ccRCC-derived cell lines with the AKT-specific inhibitor MK2206 and
observed their sensitivity to the compound, spheroid formation, and migration. Similar to the
treatment with PI3KB-specific inhibitors, we observed that SETD2 deficient cells were more
sensitive to MK2206, as evidenced by a significant decrease in their cell viability [Figure 16A
and B]. Sensitivity of SETD2 deficient cells was also observed in 3-D growth and 2-D wound
healing assays, where they displayed a significantly reduced ability to form spheroids and to
migrate [Figure 16C-F]. Immunoblotting of whole-cell lysates from a drug-target engagement
assay using 1uM of MK2206 showed that MK2206 effectively reduces phosphorylation levels of
pAKT-S473. Interestingly, however, dramatically reduced pS6 phosphorylation levels were only
observed in SETD? deficient cell lines [Figure 16G]. Together, these data demonstrate that AKT
is a key effector of a molecular axis connecting SETD2 to PI3Kf that is required for the

regulation of growth and migration.
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Figure 16. AKT-specific inhibitor MK2206 decreases cell viability, spheroid formation,
and migration of SETD?2 deficient ccRCC-derived cells

(A) Bright-field microscopy images showing living cells (attached to bottom of well) stained
with 0.3% crystal violet solution of SETD2 (+/+) 786-0 and SETD2 (KO) 786-0 and (-/-) A498
cells were treated with vehicle (DMSO) or 1 uM AKT-specific inhibitor MK2206 for 10 days.
(B) Bar graph showing relative cell viability as a percentage of CTL of SETD2 (+/+) 786-0 and
SETD?2 (KO) 786-0 and (-/-) A498 cells in response to treatment with MK2206. **** P <
0.0001; ns, no statistical significance observed. Standard deviations were calculated and
represented for all conditions. (C) Phase-contrast pictures showing spheroid formation of
SETD? (+/+) 786-0 and SETD?2 (KO) 786-0 and (-/-) A498 cells in response to treatment with
vehicle (DMSO) and 500 nM inhibitor for 14 days grown in Matrigel. (D) Bar graph showing
average colony number of SETD2 (+/+) 786-0 and SETD?2 (KO) 786-0 and (-/-) A498 cells
treated with MK2206 inhibitor. **** P < (.0001; ns, no statistical significance observed.
Standard deviations were calculated and represented for all conditions. (E) Bright-field
microscopy images showing living cells stained with 0.3% crystal violet solution. (F) Bar graph
showing percentage (%) of wound closure compared to cells treated with vehicle (DMSO). (G)
Western blot analysis of indicated proteins showing variations in phosphorylation levels in
response to chemical inhibition with MK2206 (AKT-specific). Whole-cell protein lysates from
cells treated with 1 pM inhibitor for 24 hours were resolved by SDS-PAGE. Actin is a loading

control.
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Discussion

ccRCC tumors are highly lethal and are characterized by resistance to chemotherapy,
resulting in targeted therapies and immunotherapy emerging as the major mechanisms for
treatment. Approximately 30% of ccRCC patients presenting with localized disease develop
metastases after nephrectomy?!%2%3, During the past decade, several therapeutic treatments for
RCC have been developed, but treatment response is varied, and development of resistance is
common, which underscores the urgent need to develop a broader panel of effective therapies for
ccRCC. Here, we report a synthetic lethal interaction between targeted PI3KB-AKT axis and loss
of SETD2 both in vitro (ccRCC-derived cells) and in vivo (ccRCC cell line-derived xenografts).

In ccRCC tumors, SETD? is ubiquitously haploinsufficient (>95%) as a consequence of
the loss of the short of arm of chromosome 3 (3p), a phenomenon widely accepted as an early
event in ccRCC transformation'*. SETD2 bi-allelic loss occurs in at least 20% of primary human
RCC tumors, which is associated with more advanced disease and the lethal metastatic
phenotype*. Further, bi-allelic loss of SETD2, or mutations rendering the protein catalytically
inactive, result in loss of H3K36me3 in ccRCC-derived cells and tumors®>23+233 Interestingly, a
study of ccRCC intratumoral heterogeneity identified distinct SE7D2 mutations across
subsections of an individual tumor, suggesting a selection bias for SE7D2 mutation in the course
of ccRCC development?*®. This mutation is associated with the development of metastatic
disease, and the mechanisms by which this mutational event supports cellular growth have been
elusive to date. Cellular signaling and the remodeling of signaling pathways likely underscores

the growth advantage that emerges downstream of the nuclear and cytoplasmic process
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(chromatin remodeling, genomic instability, impaired DNA repair) that have been directly
attributed to SETD2 loss.

One of the more significantly activated pathways in ccRCC is the PI3K-AKT-mTOR
axis'>. PI3Ks are a family of lipid kinases that translate numerous environmental signals from
growth factors, cytokines, and other cues into signaling pathways controlling diverse biological
processes, such as cell proliferation, growth, and motility among others”’. Multiple PI3K families
are known in eukaryotes. Class IA PI3Ks are heterodimers containing a p110 catalytic subunit
and a p85 regulatory subunit. The genes PIK3CA, PIK3CB, and PIK3CD encode three highly
homologous catalytic isoforms: PI3K (p110)a, PI3K (p110)pB, and PI3K (p110)9, respectively.
Of note, mainly class TA PI3Ks have been implicated in cancer’!. Further, the PI3K-AKT axis is
known to be activated by gene mutations and copy number alterations (CNAs) than any other

altered molecular pathway in cancer??

. When compared to other cancers, although the PI3K-
AKT pathway presents a relatively low overall mutation rate in ccRCC, the overall activation
(phosphorylation levels) of AKT and downstream substrates is high%3-63,

Supporting the critical role of the PI3K-AKT pathway in ccRCC and the emerging notion
as a promising druggable target, a recent study demonstrated a connection between targeted
PI3K inhibition with the small-molecule inhibitor TGX221 and loss of SETD2?%, In this study,
ccRCC-derived cells deficient for both VHL and SETD?2 are significantly more sensitive to
TGX221 than those deficient for VHL alone. They also demonstrated that TGX221-treated VHL
and SETD?2 deficient ccRCC-derived cell lines have a significantly reduced migrating and
invading capacity when compared to VHL deficient ccRCC-derived cell lines, suggesting a novel

molecular connection between PI3Kf3 and SETD2. However, the mechanism underlying the

crosstalk between SETD?2 loss and the targeted PI3K-AKT axis remains unknown. Our combined
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data demonstrating that SETD2 deficient ccRCC-derived cells are significantly sensitive, less
migratory, and less capable of forming spheroids and that tumor formation of SE7D2 mutant
xenografts is abrogated, further underscore the biological relevance of this molecular connection
between SETD2 and PI3K[3. We also reveal the critical role that a functional AKT plays in
supporting growth and migration specifically in SETD2 mutant ccRCC-derived cells. Based on
our findings, we propose that in ccRCC, which typically harbors inactivating SE7D2 mutations,
the PI3KB-AKT axis is essential for growth and migration and that when targeted, is inhibitory

to cells with SETD? loss, therefore revealing tantalizing therapeutic applications.

Materials and Methods

Cell culture and generation of SETD2-null human 786-0 and A498 cells

786-0 and A498 cell lines were acquired from the American Type Culture Collection
(Manassas, VA). RCC-derived SETD2-null 786-0 cells were generated using TAL effector
nucleases targeted to exon 3 of SETD?2, as previously described>®. Functional truncated SETD2
(tSETD2) with wild-type or SET domain mutant (R1625C) sequences were expressed in 786-0
SETD? deficient cells as previously described®**. All cells undergo annual STR analysis for
genetic confirmation. All cell lines were cultured in Dulbecco’s Modified Eagle Medium
(DMEM, Gibco/Life Technologies, Carlsbad, CA) supplemented with 10% FBS (Gemini Bio-
Products, West Sacramento, CA), non-essential amino acids, L-glutamine, penicillin, and

streptomycin. All cultures were maintained at 37°C in 5% CO2.
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Dose-response assays

Cells were seeded in DMEM 10% FBS in 96-well plates. 1000 cells per well were plated
in quadruplicate for each cell line (SETD2 proficient and KO 786-0 and SETD2 mutant A498
cells) and allowed to attach to bottom of plates overnight. The following day, cells were treated
with different concentrations of inhibitors (10 uM was the highest concentration, which was
subsequently diluted 6 times at a 1:3 ratio and control wells had only DMSO) for 7 days and then
fix/stained with 0.3% crystal violet solution followed by image analysis of the plates using an
Odyssey Infrared Imaging System (LI-COR Biosciences). ICso values were determined after
double log-transformation of dose response curves as previously described?’’. Alternatively, cell

viability was assayed with CellTiter Glo according to the manufacturer’s instructions (Promega).

Cell proliferation assays

Cells were seeded in DMEM 10% FBS for proliferation in two-dimensional (2D) growth
assays and fixed/stained with crystal violet. 3000 cells per well were plated in quadruplicate for
each cell line (SETD2 proficient and KO 786-0 and SETD2 mutant A498 cells) and then allowed
to grow for 7 days. Each row of a 24-well plate (three rows/plate) contained a cell line and each

plate represented a time point*8

. Media and inhibitors were replenished every 2 days during the
7-day assay; adherent cells were fixed/stained with 0.3% crystal violet solution followed by
image analysis of 24-well plates using an Odyssey Infrared Imaging System (LI-COR

Biosciences). Integrated densities from three independent experiments were calculated for all

treatments and then normalized to control (DMSO-treated cells) to assess growth rate.

74



Cell viability assays

Cells were seeded in DMEM 10% FBS and allowed to grow in two-dimensional (2D)
viability assays and counted or fixed/stained with crystal violet as described previously?*2. 3000
cells per well were plated in quadruplicate for each cell line (SETD2 proficient and KO 786-0
and SETD2 mutant A498 cells) and then allowed to grow for 7-10 days in the presence of 1uM
inhibitor. Media and inhibitors were replenished every 2-3 days; after 7-10 days, adherent cells
were trypsinized and counted using a Coulter Counter or fixed/stained with 0.3% crystal violet
solution followed by image analysis of the plates using an Odyssey Infrared Imaging System (LI-
COR Biosciences). Cell number (Coulter Counter) and cell density (Crystal Violet fix/stain) for
all treatments were obtained from three independent experiments and normalized to control

(DMSO-treated cells) to assess cell response to inhibitors.

siRNA transfections
Cells were transfected with human SMART pool ON-TARGETplus PIK3CB (L-003019-

00-0005), PIK3CA (L-003018-00-0005), PIK3CD (L-006775-00-0005), and ON-TARGETplus
Non-targeting pool (D-001810-10-05) siRNAs using DharmaFECT 1 transfection reagent (T-2-
001-02) (GE Dharmacon) or with human PI3-Kinase p110a (sc-39127), PI3-Kinase p110p (sc-
37269), PI3-Kinase p1103 (sc-39101), and Control siRNA-A (sc37007) siRNAs (Santa Cruz
Biotechnology) using Lipofectamine RNAiMax Transfection Reagent (Invitrogen) according to
the manufacturer’s protocol. Transfections were performed in serum-reduced, antibiotic-free

DharmaFECT Cell Culutre Reagent (DCCR) (B-004500-100) (GE Dharmacon).
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3D growth assays

3D growth assays were conducted in growth factor-reduced Matrigel (BD Biosciences) as
described previously?®. In brief, cells were resuspended in a 1:1 ratio in 5% Matrigel containing
medium supplemented with the drug treatments. For each drug condition, cell mixture (400uL of
cell mixture containing 5000/cells and 500 nM of TGX221, AZD8186, BYL719, BKM120,
Idelalisib, MK2206, or DMSO) was plated in triplicate wells of a 48-well plate containing
solidified Matrigel. Fresh media containing 5% Matrigel and drugs (500 nM) or DMSO were
replaced every 2-3 days. After 14 days, phase-contrast pictures were taken using an Olympus

CK40 microscope and colonies were counted using the GelCount scanning software.

Scratch assays

Cells were seeded in triplicate in 24-well plates such that, after 24 hours of growth, cells
would be ~70-80% confluent as a monolayer (25,000 cells/well for SETD2 proficient and KO
786-0 cells; 50,000 cells/well for SETD2 mutant A498). The following day, a “wound” was
made with a new 1 ml pipette tip across the center of the well. A straight line was scratched in
one direction and another straight line perpendicular to the first line to create a cross in each
well. After scratching, each well was washed twice with medium to remove the detached cells
and replenished with fresh medium containing drugs (1 uM). After 48 h of cell growth, cells
were fixed and stained with 20% methanol/80% water/0.5% crystal violet for 30 min, washed
with water, and dried. Photos for the original wound and for the stained monolayer were taken
using an Olympus CK40 microscope. Gap distances from images were measured in 3 different

areas in each well. The percent wound closure was calculated from the ratio of the current wound
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area to the original wound area. Please refer to the following link https://bio-protocol.org/e100

for more details.

Immunoblot analysis

Adherent cells were first washed with 1X PBS, then thoroughly dried, and consequently
frozen down at -20°C overnight. The day after, frozen cells were scraped and lysed with RIPA
buffer (150mM NaCl, 1.0% IGEPAL®, 0.5% sodium deoxycholate, 0.1% SDS, and 50mM Tris,
pH 8.0. [Sigma], and 1x protease inhibitor cocktail [Roche]). Lysates (20 pg) were resolved by
SDS-PAGE and transferred to nitrocellulose or PVDF membranes; these were first incubated
with primary antibodies at 4°C overnight, followed by incubation with HRP-conjugated anti-
rabbit or anti-mouse secondary antibodies (1:10,000) (Santa Cruz Biotechnology) for 1 hour at
room temperature. Immunoreactive bands were visualized by enhanced chemiluminescence
(Thermo Scientific). Antibodies and dilutions: phospho-AKT-S473 (Cell Signaling 9271, 1:500),
AKT (Cell Signaling 9272, 1:1500), phospho-PRAS40 (Cell Signaling 2997, 1:500), phospho-
S6-S235/236 (Cell Signaling 4858, 1:500), S6 (Cell Signaling 2217, 1:1500), B-Actin (Cell
Signaling 4970, 1:5000), SETD2 (Sigma HPA042451, 1:500), Histone H3K36me3 (Active Motif

61101, 1:500), Histone H3 (Abcam ab10799, 1:500), p110a (Cell Signaling 4249, 1:500), p110

(Cell Signaling 3011, 1:500), p1108 (Cell Signaling 34050, 1:500).

Xenograft studies
Mouse experiments were approved by the Vanderbilt Institutional Animal Care and Use
Committee. Female NOD scid gamma (NSG) mice (Jackson Laboratories) were used. A498 or

786-0 cells (1x107) were suspended in DMEM and Matrigel (BD Biosciences, San Jose, CA) at
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1:1 ratio and injected subcutaneously (s.c.) into the right flank of each mouse. Approximately 4
weeks later, mice bearing tumors measuring >150 mm? were randomized to treatment with 1)
vehicle (control) or 2) AZD8186 (30mg/kg/day via orogastric gavage). Animal weights (data not
shown) and tumor diameters (with calipers) were measured twice weekly and tumor volume was

calculated with the formula: volume = (width? x length)/2.
Statistical analyses

Unless otherwise indicated, significant differences (p<0.05) were determined by ANOVA

using GraphPad Prism software.
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CHAPTER IV

EXTRACELLULAR VESICLES IN CANCER

Abstract

Research in the area of extracellular vesicles (EVs) has grown exponentially in the past
decade. These evolutionary conserved vesicles are now appreciated as important carriers of
protein, nucleic acids, lipids, metabolites, and other biologically active molecules that mediate
cell-to-cell communication. This review highlights the advancements made in EV biology in
cancer. We discuss EV subtypes and their biogenesis before delving into key studies describing
their multitude of roles in cancer and diagnostic potential. Ongoing studies to fully elucidate
their functions will deepen our understanding of their contributions to tumorigenesis and inform

the development of EV-based biomarkers and therapies.

Introduction
First described in the 1960s as ‘platelet dust’ released during the coagulation cascade?*,
EVs represent a heterogenous population of vesicles each with their own distinct properties,
sizes, and origins. Although they were originally thought to contain nonfunctional protein as a

way for cells to get rid of waste products?*!24?

, emerging evidence suggests they represent a
novel method by which cells can communicate with adjacent or distant cells?*’. Nearly all cells

are known to secrete EVs, and their cargo is thought to directly reflect their cellular origins,
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bringing up the tantalizing possibility of using EVs as liquid biomarkers for cancer?**. EVs are
commonly isolated from the conditioned medium of cultured cells, though they have also been
obtained from patient biofluids such as serum and urine. Techniques for isolating these vesicles
include ultracentrifugation, density gradient centrifugation, size exclusion chromatography,
immunoprecipitation, polymer-based precipitation, and asymmetric flow field flow fractionation,
to name a few?%.

In tumors, EVs perform many different functions that influence almost every hallmark of
cancer?*®, EVs interact with tumor cells and non-tumor cells by a variety of mechanisms,
including receptor-ligand binding, phagocytosis, clathrin-mediated endocytosis, and
macropinocytosis?*’, and delivery of their cargo requires endosomal acidification and membrane
fusion?*®. Additionally, different signals and stresses can alter EV secretion and cargo from
cancer cells, highlighting the therapeutic potential of targeting EVs. In the subsequent sections,
we examine the perturbations induced by EVs in the tumor landscape and their potential as
diagnostic biomarkers. Finally, we address the lingering barriers to studying and utilizing EVs

for clinical applications.

Biogenesis and Secretion of Extracellular Vesicles

Many EVs have been characterized, though in general, they are divided into two groups

based on size: small (sEVs) and large (IEVs) [Table 2]. Additionally, vesicles are often classified

based on their subcellular origins and biogenesis mechanisms. The machinery that orchestrates

the biogenesis and secretion of EVs is complex and is still being elucidated®* [Figure 17].
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Below, we discuss the current knowledge on the generation of exosomes and microvesicles, the

two most popular studied types of vesicles.
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Type of EV Origin Size Class Diameter
Oncosome Plasma Membrane Large 1-10pm
Apoptotic Body Apoptosis Large 1-5um
Exopher Unknown Large 3.5um
Microvesicle/Ectosome | Plasma Membrane Large 100nm -1ym
Exosome Multivesicular Body Small 30-150nm
Exomere Unknown Nanoparticle 30-50nm

Table 2. Types of extracellular vesicles

Table listing the types of extracellular vesicles, their biogenesis origin, size class, and diameter.
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Figure 17. Biogenesis and secretion of extracellular vesicles

Microvesicles bud directly from the plasma membrane with the help of small GTPases ADP
Ribosylation Factor 1 (ARF1) or ARF6, which activate myosin light chain kinase (MLCK) to
induce scission of the vesicle. Another class of microvesicles uses Arrestin domain containing
protein 1 (ARRDCT1) to recruit tumor susceptibility gene 101 (TSG101) to the plasma
membrane. On the other hand, exosomes are derived from the endosomal pathway. Intraluminal
vesicles (ILV) bud inward from endosomes to form multivesicular bodies (MVBs). Several
pathways have been described to induce ILV formation, including the Endosomal Sorting
Complex Required for Transport (ESCRT), ceramide, and syndecan-syntenin-ALIX pathways.
ISGylation of ESCRT proteins or activation of Rab7 promotes MVB trafficking to the

lysosome, which degrades the contents of the MVB. However, MVBs can also traffic along the
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cytoskeletal network to dock on the plasma membrane with the help of Rab27a/b and cortactin
and fuse with the plasma membrane using SNARE proteins to release their ILVs into the
extracellular milieu as exosomes. Apoptotic bodies are a type of large EV that form when a cell

undergoes apoptosis, while the origins of exophers and exomeres are unknown.
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Exosome biogenesis and secretion

Exosomes originate from intraluminal vesicles (ILVs) that bud inward from an early
endosome, which matures into a late endosome or multivesicular body (MVB). Several exosome
biogenesis pathways have been described. The best characterized pathway is the Endosomal
Complex Required for Transport (ESCRT) pathway, the same pathway enveloped retroviruses
use for egress?*, in which four ESCRT complexes act in sequential order?*°. ESCRT-0 recruits
ubiquitinylated protein and clusters them to the limiting membrane of endosomes. ESCRT-I
recognizes the ubiquitylated protein and activates ESCRT-II to induce budding. ESCRT-III,
which cleaves the budding vesicle, is recruited by ALG-2 Interacting Protein X (ALIX). ALIX
acts as an intermediary between ESCRT-III and ESCRT-I, binding the ESCRT-III protein
charged MVB protein 4A (CHMP4A) and the ESCRT-I protein tumor susceptibility gene 101
(TSG101)*!. Several studies revealed that ALIX can mediate exosome biogenesis in an
alternative ESCRT pathway involving syndecan heparan sulfate proteoglycans and their
cytoplasmic adaptor syntenin-1. In the syndecan-syntenin-ALIX pathway, ALIX interacts with
the LYPX(n)L domain of syntenin to induce ILV formation?>? in a process regulated by
heparanase, Src kinase, ADP Ribosylation Factor 6 (ARF6), and phospholipase D2233-2%,
Specifically, ARF6 activates phospholipase D2 to produce phosphatidic acid, which promotes
inward curvature of the MVB limiting membrane?>3.

However, even in the absence of the ESCRT pathway, exosomes have been found to be
produced and released from cells?*S. ESCRT-independent pathways involving lipids and RAB
proteins have since been described. Lipidomic studies found enrichment of sphingomyelin,

257,258

ceramide, cholesterol, and phosphatidylserine in exosomes . Ceramides concentrated in

MVBs exert physical forces to induce inward budding of vesicles in MVBs?*. Inhibition of
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neutral sphingomyelinase 2 (nSMase2) with GW4869 reduces ILV budding and exosome
secretion in an ESCRT-independent manner?®, though it also promotes a compensatory increase

262 Thus, one

in microvesicles from the plasma membrane?®! and cell death in myeloma cells
should be cautious when interpreting experiments involving GW4869. A recent study implicated
Rab31 in an ESCRT-independent pathway in which this GTPase clusters flotillins at lipid rafts to
drive receptor tyrosine kinase sorting into ILVs?®, It is unclear whether a single MVB can form
exosomes through multiple mechanisms or whether there are unique MVB populations within a
cell. Thus, future investigations will need to delineate how these pathways work in concert to
control exosome secretion and whether each pathway generates different kinds of exosomes with
unique cargoes.

MVBs can fuse with lysosomes for degradation or traffic to the plasma membrane where
they dock with the help of Rab27a/b and cortactin and release their vesicles as exosomes into the
extracellular space?®*. The regulatory processes determining whether a MVB is targeted for
degradation or for secretion are still unclear, though they likely involve components of the
ESCRT pathway and Rab proteins. A recent study showed Type I interferon signaling
upregulates Interferon-Stimulated Gene 15 (ISG15), a ubiquitin-like protein that, when
conjugated with ESCRT proteins, promotes lysosomal degradation of MVBs2%. Small GTPases
and synaptosomal-associated protein (SNAP) Receptor (SNARE) proteins also play critical roles
in MVB trafficking and fusion with the plasma membrane to release exosomes. Rab31
inactivates Rab7, thus directing MVBs to the plasma membrane to release ILVs as exosomes
instead of trafficking to the lysosome for degradation?®®. Calcium also stimulates exosome
release via the calcium-binding protein Munc13-4, which regulates Rab11 trafficking of

MVBs?6¢, Ral GTPases have been found to regulate MVB formation and interact with the
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SNARE protein syntaxin-5 at the plasma membrane to promote exosome secretion?¢’. Finally,
phosphorylation of SNARE protein SNAP23 at serine 110 induces fusion of MVB with plasma

membrane?3,

Microvesicle biogenesis and secretion

In contrast to exosomes, microvesicles (also called ectosomes or oncosomes among other
names) directly bud off the plasma membrane and range in size from 50-1000nm in diameter,
and their biogenesis mechanisms are not as well characterized. Microvesicles are thought to be
shed by outward budding and pinching of the plasma membrane, leading to release of these
vesicles into the extracellular environment?®®. The regulation of microvesicle blebbing and
fission involves redistribution of lipids, flippases, and contraction of actin and myosin
cytoskeleton under the control of the small GTPase RhoA?’%?’!, In melanoma, ARF6 regulates
the secretion of microvesicles by recruiting ERK, which subsequently activates myosin light-
chain kinase (MLCK)?"2. ARF6 also sorts specific cargo into melanoma-derived microvesicles,
including B1 integrin and MHC class I?”2. However, in breast cancer, ARF1, and not ARF6, was

shown to drive microvesicle secretion?’?

. Why one cell type uses one ARF isoform over others
and the applicability of this system in other cancer types is not well understood.

There is also evidence that microvesicle biogenesis involves ESCRT proteins, the same
machinery described above in exosome biogenesis. Arrestin domain containing protein 1
(ARRDCI), which contains a PSAP domain similar to HIV-1 Gag protein’s PTAP domain,
localizes to the cytosolic side of the plasma membrane and recruits the ESCRT-1 protein

TSG101 to initiate budding of vesicles called ARRDC1-mediated microvesicles (ARMMSs)?"4,

However, even though they use similar machinery and are of similar size, ARMMs are distinct
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from exosomes and lack other endosomal markers typically found in exosomes?’*. This study
suggests shared biogenesis machinery of exosomes and microvesicles, and further investigations
are warranted to identify specific components of EV subtype biogenesis®’>.

Due to the overlap in biogenesis mechanisms, it can be difficult to distinguish vesicle
subtypes. Consequently, many studies unknowingly isolate a mixed population of EVs due to the
limitation of current techniques to purify specific EV subtypes?’®. Thus, for the remaining
sections describing the functions of EVs in tumors, we preferentially use the general terms
“small extracellular vesicle” and “large extracellular vesicle”?’”. However, we will use the term
“exosome” when a particular study identified their EVs as endosomal in origin, and the term

“microvesicle” when their origin is from direct budding from the plasma membrane.

EVs Enhance Tumor Growth

EVs can deliver oncogenic cargo to cancer cells or other cells in the tumor
microenvironment to promote tumor growth. For example, ectopic expression of EGFRVIII in
U373 glioma cells led to the transfer of EGFRVIII and activation of the MAPK and Akt signaling
pathways in U373 glioma cells that do not harbor this mutation?’®, Gain-of-function mutant p53
packaged in tumor-derived sEVs reprogrammed fibroblasts to a cancer-associated phenotype,
enhancing tumor growth in vitro and in vivo*”. In the reverse direction, cancer-associated
fibroblasts (CAFs) were shown to secrete unshielded RNA into EVs that activate retinoic acid-
inducible gene I (RIG-I) in breast cancer cells to enhance growth?®’. Furthermore, breast cancer-
derived EVs, but not normal cells, were found to contain the RNA induced silencing complex

(RISC)-loading complex proteins Dicer, TAR RNA Binding Protein (TRBP), and Ago2 to
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process pre-miRNAs into mature miRNAs in a cell-independent manner?®!, Treating normal
human mammary epithelial cells with these EVs altered their gene expression profile and

281 Breast cancer-derived EVs also contain tissue

promoted tumor formation in mice
transglutaminase and fibronectin that can be delivered to normal epithelial cells and fibroblasts
to induce anchorage-independent growth?®2, Finally, amphiregulin-containing sEV's altered

EGFR trafficking and promoted intestinal tumor organoid growth?33. Taken together, these data

indicate that EVs can disseminate oncogenic cargo that significantly contribute to primary tumor

growth.

EVs Promote Tumor Cell Migration and Metastatic Niche Formation

Cell migration is a complex and tightly coordinated process that allows cancer cells to
spread away from the primary tumor. Recently, EVs have been shown to play critical roles in
cell motility. Fibroblast EVs stimulated breast cancer cell motility and metastasis by activating
Whnt-planar cell polarity (PCP) signaling?%4. Matrix metalloproteinases (MMPs) secreted in EVs
can degrade the extracellular matrix (ECM) and facilitate cell invasion?®*. ECM proteins have
also been found to be packaged in exosomes, which form an adhesive substrate that controls the
speed and directional motility of cancer cells in an autocrine manner?®. In live cell imaging
experiments, fibrosarcoma cells were observed to secrete exosomes at the leading edge, make
contact with them via filopodia, and migrate toward them?®’. In another recent study using an
elegant in vivo Cre-LoxP system, malignant breast cancer cells were found to secrete EVs that

reprogram less malignant cells with increased migratory and metastatic capacity?*®. Breast cancer
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cells can also secrete sEVs that make normal mammary epithelial cells more migratory via
mitochondrial reprogramming?®’.

EVs have also been found to be key mediators in setting up a premetastatic niche to
mediate metastatic disease. Peinado ef al. demonstrated this functional role for EVs when they
showed that tumor-derived EVs reprogrammed bone marrow-derived cells to express higher
levels of MET, which promoted their migration to the lungs and lymph nodes to facilitate tumor
colonization®?. Another study showed that cell migration inducing and hyaluronan-binding
protein (CEMIP) was enriched in breast and lung cancer EVs that were taken up by endothelial
and microglial cells in the brain, leading to upregulation of pro-inflammatory cytokines known to
remodel brain vasculature and facilitate metastasis®!. Breast cancer cells can also take up
astrocyte-derived EVs containing miR-19a, which downregulated PTEN in the breast cancer
cells and promoted metastasis to the brain?®2, In addition, integrins packaged in EVs redirected
cancer cells to organs where they normally do not metastasize to, and patient plasma EVs with

293 These EV-associated integrins were

these integrin profiles could predict sites of metastasis
observed to interact with extracellular matrix components at the metastatic site, such as asf1 and
a6P4 binding to fibronectin and laminin-332, respectively. Finally, melanoma-derived EVs were
shown to downregulate Type I interferon signaling in the lungs to establish a premetastatic

niche®*. Together, these findings highlight the ability of EVs to modulate cell migration and

metastasis.

EVs Facilitate Angiogenesis
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The generation of new blood vessels is a critical process in the tumor microenvironment
in order to supply nutrients that support rapid tumor growth. Interestingly, a variety of different
cargo packaged in tumor-derived EVs have been implicated in angiogenesis. For instance,
different isoforms of vascular endothelial growth factor (VEGF), one of the most well
characterized mediators of neovascularization, have been described on the surface of tumor-
derived EVs that activated vascular endothelial growth factor receptor 2 (VEGFR2) on
endothelial cells independent of uptake?*>2°%. These variant isoforms of VEGF associated with
EVs could not be neutralized by bevacizumab, suggesting that VEGF" EVs in the tumor
microenvironment could promote angiogenesis even in the presence of anti-angiogenic agents
and thus serve as a potential resistance mechanism?°>2%, In addition, EphB2 on head and neck
cancer sEVs induced angiogenesis in vitro and in vivo by activating ephrin reverse signaling?®’.
Although the ephrin signaling pathway is canonically thought of as a juxtacrine signaling
pathway, this finding highlights a unique role for EVs to drive angiogenesis at a distance and
independent of cell-to-cell contact.

EVs can also directly deliver cargo to induce blood vessel formation. EVs packaging

4298 or prolyl-hydroxylase domain

microRNA that downregulate Kruppel-like factors 2 and
(PHD) proteins PHD1 and PHD2%*° promoted angiogenesis in multiple tumor models. TGFB1 in
prostate cancer-derived EVs induced the formation of myofibroblasts which were pro-
angiogenic®®, In breast cancer, annexin A2, which interacts with tissue plasminogen activator,
was enriched in breast cancer-derived EVs that induced angiogenesis in vitro and in vivo®°'.
Furthermore, glioblastoma secretes miRNA into EVs that induce angiogenesis®??, and these cells

secreted EVs that further stimulated angiogenesis when grown under hypoxic conditions’®.

Together, these findings highlight the importance of tumor-derived EVs in angiogenesis, and
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future studies investigating the synergy between EV cargo with secreted soluble factors during

this process are warranted.

EVs in Immune Crosstalk

A main hallmark of cancer is evasion of the immune system, and it has been a long-term
goal in oncology to harness the immune system to fight cancer. With the advent of
immunotherapy, the treatment landscape for cancer has changed dramatically in the past decade.
These highly efficacious agents can even lead to durable responses in patients, though there are
numerous barriers in the tumor microenvironment to immune cell function!®!, including EVs.
Tumor-derived EVs were shown to downregulate the activating cell surface receptor NKG2D on
NK and CD8 T cells***. Fas ligand (FasL) and tumor necrosis factor-related apoptosis-induced
ligand (TRAIL) packaged in colorectal cancer EVs induced T cell death’®. PD-L1, a main target
of immune checkpoint blockade, on EVs abrogated activation of T cells and thus led to T cell
anergy!'?®1%°, Reducing EV secretion with knockdown of Rab27a led to regression of tumors,
which could be reversed by intravenous injection of exogenous PD-L1+ EVs?%, Together, these
findings reveal that EVs are a major mechanism by which tumors suppress the immune system,
and inhibiting EV secretion can enhance anti-tumor immunity.

At the same time, EVs have also been shown to activate components of the immune
system. Chimeric Antigen Receptor (CAR) T cells, which are genetically engineering T cells
with specific receptors to target cancer antigens, were found to secrete CARs into sEVs that can
induce anti-tumor immunity3°. Tumor-derived EVs can also transfer antigens to dendritic cells,

which present these antigens to and activate anti-tumor T cells*”?. Furthermore, melanoma cells
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with poor metastatic potential secreted exosomes that elicited an innate immune response that

abrogated lung metastasis®*®

. A recent study showed inactivation of the Hippo pathway in
multiple tumor models induced anti-tumor immunity by increasing secretion of EVs with nucleic
acids that activated a type I interferon response®®’.

EVs from immune cells can also directly impact cancer cells and cells in the tumor
microenvironment. For example, DC-derived EVs were shown to contain mIR-186, which
downregulated MYCN, AURKA, TGFBRI and TGFBR?2 in neuroblastoma cells to inhibit their
growth?!°, Tumor-associated macrophages (TAMs) were shown to secrete a HIF-1a stabilizing
long noncoding RNA that enhanced aerobic glycolysis in breast cancer cells®'!. In addition,
alveolar macrophages secrete EV's with suppressor of cytokine signaling 3 (SOCS3) which

inhibited STAT3 signaling and proliferation of lung cancer cells*!2. Thus, immune cells also

communicate with tumor cells via EVs to influence their oncogenic properties.

EVs in Cancer Metabolism

Metabolism underlies every cellular process, and dysregulated cellular metabolism is an
emerging hallmark of cancer®®3!3, There is increasing evidence that EVs are metabolically active

and affect the metabolism of recipient cells?!*

. For example, prostate cancer EVs were shown to
perform glycolysis and generate ATP3!5, Furthermore, treatment with anti-angiogenic tyrosine

kinase inhibitors increased GLUT1" EV secretion from RCC cells and modulated the glycolytic
activity of SEVs [Lim et al. Cancer Gene Therapy under revision]. C13-labeling studies showed

that EVs derived from CAFs inhibited oxidative phosphorylation while stimulating glycolysis

and reductive carboxylation of glutamine in prostate and pancreatic cancer cells®'®. Metabolomic

93



studies revealed an enrichment of amino acids such as glutamine in these EVs, which could
subsequently be transferred to tumor cells to fuel the TCA cycle in nutrient-deprived conditions.
Finally, prostate cancer IEVs called large oncosomes, but not exosomes, were found to alter
glutamine metabolism in recipient tumor cells by transferring the protein GOT13!7. These data
suggest that EVs can influence the nutrient composition of the tumor microenvironment and

even alter metabolic programs in tumor cells.

EVs Mediate Drug Resistance

EVs have also been shown to key mediators of drug resistance in cancer. In a recent
study, Qu et al. describe a long non-coding RNA packaged into EVs that were taken up by
sensitive cells where they upregulated AXL and ¢c-MET expression®'®, which have previously
been shown to mediate Sunitinib resistance®!®. Another study showed that TAMs secrete miRNA
into EVs that were taken up by pancreatic cancer cells where they increased the triphospho-
nucleotide pool and cytidine deaminase, which inactivates gemcitabine®?°. In breast cancer, EVs
enriched with survivin promoted cell survival in breast cancer cells treated with paclitaxel*?!. In
addition, transient receptor potential channel 5 (TrpC5) packaged in chemo-resistant breast
cancer EVs traps Adriamycin in EVs*2, Furthermore, stromal cells can package RNA into EVs
that activate RIG-I and STAT]1 signaling, which cooperate with NOTCH signaling to induce
radiation and chemotherapy resistance in breast cancer cells*?. These studies collectively

demonstrate that EVs can facilitate resistance against multiple anti-cancer therapies.
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EVs as Cancer Biomarkers

Since tumor cells behave differently from normal cells, it is thought that the cargo of EVs
derived from malignant tissue is different from EVs secreted from non-malignant tissue. This
idea has been demonstrated in several studies. Serum from EGFRvIII-mutated glioblastoma
patient serum, but not healthy donor serum, were found to contain EVs that harbor this mutated
protein®?*. Moreover, these EGFRVIIT" EVs were not detected two weeks after patients had their
tumor resected, indicating that EGFRVIII in EVs could potentially be used for disease
surveillance®?*. Pancreatic cancer-derived sEVs were shown to be enriched with a proteoglycan
Glypican-1, which may identify early pancreatic cancer lesions**. However, this was challenged
with a subsequent study, which used liquid chromatography-tandem mass spectrometry (LC-MS)
to show that Glypican-1 was not significantly elevated in pancreatic cancer sEVs — rather, an EV
miRNA signature outperformed glypican-1 EV levels as a marker for pancreatic cancer®2S. This
discrepancy may stem from variations in cohorts and differences in methodology for analyzing
protein cargo in the EVs (antibody capture versus LC-MS). In a landmark study, Hoshino ef al.
performed proteomic analysis on EVs from over four hundred human tissue, blood, and other
bodily fluid sample types spanning eighteen different cancer types®?’. They distinguished tumor-
derived EV markers from non-malignant EVs and even defined unique EV signatures across
different cancer types. Their findings indicate that EVs could be leveraged as a screening tool for
early detection for cancer, though validation in subsequent cohorts of patients with and without

cancer is needed.
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Conclusion

A growing body of EV research over the past two decades has unraveled the diverse roles
these vesicles play across multiple cancer types. With the explosion of interest in EVs, the future
of the field holds great promise, though there are plenty of knowledge gaps still left to be filled.
Efforts aimed at uncovering their contributions to tumorigenesis will be crucial to understanding
how tumors behave and potentially allow us to harness EVs for therapeutic and diagnostic
purposes.

However, significant barriers must be addressed in order to advance the EV field. For
example, there is still a great need to develop better tools for tracking and studying EVs in vivo.

The Cre-LoxP system described earlier to track EV uptake?$®-328

cannot distinguish what type of
EV was taken up by recipient cells nor distinguishes EV uptake from other transfer mechanisms.
Recently, a brighter, more stable pHLuorin-CD63 tag was described to visualize exosome
secretion and uptake in live cells?’. Utilization of this reporter in future studies to track the
exosome life cycle in diverse cancer types offers new avenues for elucidating their cellular
effects. In addition, several groups have drawn attention to the heterogeneity of vesicles that are
isolated with multiple techniques®?’, highlighting that current purification methods need to be
refined without sacrificing yield. Due to this heterogeneity, fluorescent reporters used in EV
studies will miss EV subpopulations that lack the particular marker. Improvements in
technologies such as flow cytometry*° will bring us closer to achieving single EV resolution and
unveiling molecular signatures that define EV subtypes.

Although there is great interest in harnessing EVs for clinical applications, biodistribution

studies of EVs indicate that they are rapidly cleared in vivo by the liver, spleen, and
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kidneys**!-332, Moreover, the mechanisms governing EV cargo sorting, uptake, and
organotropism are still poorly understood. However, their presence in easily accessible bodily
fluids, such as blood and urine, may one day replace or supplement invasive procedures in order
to diagnose or monitor tumor progression. The landmark study by the Lyden group has led us
closer to realizing the potential of using EVs for cancer surveillance, though the results of this
study, as well as others looking at the diagnostic role for EVs, still require larger validation
studies. Additionally, studies comparing the diagnostic value of EVs to that of cell-free DNA,
circulating tumor cells, or other cancer biomarkers are lacking. Finally, the practicality of
isolating EVs from patient samples, which is hampered by low yields and costly equipment such
as ultracentrifuges, remains to be seen, though highly sensitive methods to detect circulating

tumor EVs are in the development pipeline®3?.
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Abstract

Extracellular vesicles (EVs) encompass a wide range of vesicles that are released by all
cell types. They package protein, nucleic acids, metabolites, and other cargo that can be
delivered to recipient cells and affect their phenotypes. However, little is known about how
pharmaceutical agents can alter EV secretion, protein and metabolic cargo, and the active
biological processes taking place in these vesicles. In this study, we isolated EVs from human
renal cell carcinoma (RCC) cells treated with tyrosine kinase inhibitors (TKIs) Sunitinib and
Axitinib. We found these TKIs increase the number of large (IEVs) and small extracellular
vesicles (sEVs) secreted from RCC cells in a dose-dependent manner. In addition, quantitative
proteomics revealed that metabolic proteins are enriched in sEVs secreted from Sunitinib-treated
cells. In particular, the glucose transporter GLUT1 was enriched in sEVs purified from TKI-
treated cells. These sEVs displayed increased glucose uptake and glycolytic metabolism
compared to sEVs released from vehicle-treated cells. Overexpression of GLUT1 in RCC cells
augmented GLUTT levels in sEVs, which subsequently displayed higher glucose uptake and
glycolytic activity. Together, these findings suggest that these TKIs alter metabolic cargo and

activity in RCC sEVs.

Introduction

The incidence of kidney cancer continues to rise in the United States, with over 70,000
new cases diagnosed last year’**. Greater than 90% of kidney cancers are classified as renal cell

carcinoma (RCC), with clear cell (ccRCC) being the most common histologic subtype!4. The
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majority of ccRCC tumors lose the tumor suppressor von Hippel-Lindau (VHL), leading to
constitutive activation of downstream hypoxia-inducible factor (HIF) signaling pathways.
Among the canonical targets of HIF transcriptional activation include glucose transporter type 1
(GLUT1), hexokinase, and lactate dehydrogenase, fueling glycolytic metabolism?3, and vascular
endothelial growth factor (VEGF), driving regional angiogenesis in a paracrine manner>*¢ and
promoting tumor progression via both paracrine and autocrine signals®?’.

Based on this molecular understanding of RCC, the first tyrosine kinase inhibitor (TKI)
targeting vascular endothelial growth factor receptor (VEGFR) was approved in 2005 to treat
RCC patients’. Today, the FDA has approved several TKIs that are currently in clinical use.
These agents are high potency ATP analogues that competitively inhibit tyrosine kinases and are
selected for their activity toward VEGFR, although several kinases are targeted by each of these
agents>*. Notable examples include the small molecule TKIs Sunitinib and Axitinib. Responses
to Sunitinib and Axitinib have led to their approval as single agents or, in the case of Axitinib, in
combination with immunotherapy in the first line treatment of RCC33¥, Unfortunately, the
emergence of resistance to these agents is nearly universal'?!. Additionally, although some
patients show durable responses with combination VEGFR TKI and immune checkpoint
blockade regimens, such as Axitinib and Pembrolizumab, responses are unpredictable and many
will not respond to this treatment!>-126, In fact, up to 12% of patients demonstrate intrinsic
resistance to dual VEGFR TKI and immunotherapy regimens!?>126, Thus, revealing the effects of
anti-angiogenic targeted agents on tumor cells and in the tumor microenvironment will have real
world implications for future enhancements to front line single agent therapy and for

understanding effects that could influence immune combinations.
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Several resistance mechanisms to anti-angiogenic TKIs have been proposed in RCC!?!,
Interestingly, it was recently shown that extracellular vesicles (EVs) from RCC cells can transfer
resistance to Sunitinib by delivering a long non-coding RNA that increases AXL and c-MET

318

expression’ . Originally thought to package “junk” secreted from cells, EVs have now been

implicated in several areas of tumor biology, including cell migration and metastasis,

243

angiogenesis, tumor immunity, and metabolism“*. EVs are recognized as a distinct form of cell-

to-cell communication by delivering their cargo to recipient cells*#

, and they can also perform
cell-independent functions including energy metabolism*3°. EVs can be loosely categorized into
two main groups: large extracellular vesicles (IEVs) and small extracellular vesicles (SEVs)?.
IEVs are larger in size (50 nm to 1 micron in diameter) and bud outward from the plasma
membrane?®. SEVs range in size between 30-150 nm in diameter and may include both small
microvesicles that bud from the plasma membrane as well as exosomes that originate from
intraluminal vesicles (ILVs) formed within late endosomal multivesicular bodies (MVBs)?#.

The regulation of EV secretion and cargo packaging likely depends on the physiologic
state of the cell**. External stimuli, in particular hypoxia and acidic environments, have been
shown to increase EV secretion from tumors**-3#4, Pharmacologic agents affecting EV secretion
are emerging, and the spectrum of TKI effects, especially on EV secretion and cargo, is not fully
understood, despite the widespread use of these agents for RCC and other tumor types.

In this study, we explore the effects of anti-angiogenic TKIs on EV metabolism and
secretion from RCC cells. We observed that treatment with Sunitinib or Axitinib fundamentally

alters the extent of vesicle secretion as well as the metabolic protein cargo and overall metabolic

activity of the sEVs. Our results demonstrate a previously unknown consequence on EV biology
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when anti-angiogenic TKIs are used to treat RCC and reveal a potential role for EVs to modulate

the metabolic composition of the tumor microenvironment in RCC.

Materials and Methods

Cell culture

786-0, A498, and 293FT cell lines were acquired from the American Type Culture
Collection (ATCC). 786-0 cells were cultured in RPMI 1640 (Corning, Catalog #10040CV),
whereas A498 and 293FT cells were cultured in DMEM (Gibco, Catalog #11965118). Both
RPMI 1640 and DMEM were supplemented with 10% FBS (Gemini Bio-Products, Catalog
#100106), penicillin, and streptomycin (Corning, Catalog #30002CI). Cells were maintained at
37°C in 5% COz. All cells underwent annual short tandem repeat analysis (ATCC) for genetic

confirmation and monthly mycoplasma testing (Applied Biological Materials, Catalog #G238).

Virus production and infection

Empty vector and hGLUT1 expression constructs were purchased from Genecopoeia.
Constructs were maxiprepped with NucleoBond Xtra Maxi Endotoxin-Free (Macherey-Nagel,
Catalog #740424.10), and then transfected into 293FT cells with pMD2.G and psPAX2.
pMD2.G and psPAX2 were gifts from Didier Trono (Addgene plasmids #12259 and #12260,
respectively). Lentivirus was collected, filtered through a 0.45 pm filter, and then 786-0 cells
were infected with lentivirus plus polybrene. Cells were treated with puromycin to select for

positive clones.
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Isolation of extracellular vesicles

Extracellular vesicles were isolated as described previously?®. Briefly, cells were plated
into T-225 flasks and allowed to reach 60-70% confluence overnight. The cells were washed
with PBS three times, and then Opti-MEM media with DMSO or Sunitinib or Axitinib
(Selleckchem, Catalog #S1042 and S1005, respectively) was added. After incubation at 37°C in
5% CO; for 48 hours, the cell count and viability were assessed with trypan blue in a TC20
automated cell counter (Bio-Rad). Only samples with cell viability greater than 95% were used
for further studies. The media was collected and sequentially spun at 300g for 10 minutes, 2000g
for 20 minutes, 10,000g for 30 minutes, and 100,000g for 18 hours at 4°C in a 45 Ti rotor to
pellet live cells, dead cells and debris, IEV, and ultracentrifuged (UC)-sEV, respectively. After
the 10,000g spin, the pellet was resuspended in sterile PBS and spun at 10,000g for one hour in a
TLA-110 fixed angle rotor in a tabletop ultracentrifuge (Beckman). The resulting IEV pellet was
then resuspended in sterile PBS. To purify the UC-sEVs from protein aggregates and
lipoproteins, the 100,000g pellets were washed with sterile PBS and spun in a TLA-110 fixed
angle rotor in a tabletop ultracentrifuge at 100,000g for 6 hours, and the subsequent pellet was
resuspended in sterile PBS and loaded onto an iodixanol gradient. The iodixanol gradient was
prepared by diluting OptiPrep (60% w/v aqueous iodixanol, Millipore Sigma, Catalog #D1556)
with 0.25M sucrose/10mM Tris, pH 7.5 to form 40% w/v, 20% w/v, 10% w/v, and 5% w/v from
the bottom to the top of a 14 x 95 mm Ultra-clear tube (Beckman, Catalog #344060). A
continuous gradient was made by spinning at 100,000g in a SW40 Ti rotor for 18 hours. Twelve
ImL fractions were collected from the top and washed in sterile PBS, and the fractions were
subsequently pelleted in a TLA-110 fixed angle rotor in a tabletop ultracentrifuge at 100,000g

for 3.5 hours. The resulting pellets were resuspended in sterile PBS. The ZetaView analyzer
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(Particle Metrix GmbH) was used to analyze the size and concentration of particles in EV

samples.

Transmission electron microscopy

Transmission electronic microscopy was utilized to visualize purified EV samples by
negative staining as previously described®’. Briefly, formvar carbon film-coated grids (FCF-
200-Cu; Electron Microscopy Sciences) were washed with water and then with 100% ethanol. 7-
10 pL of sample was pipetted onto parafilm, and the formvar carbon film-coated grids were
placed on top of the sample for 1-5 minutes at room temperature. The grids were then stained
with 2% phosphotungistic acid, pH 6.1 for 10-20 seconds at room temperature and imaged with a
FEI Tecnai T12 transmission electron microscope (120 kV LaB6 source), Gatan cryotransfer

stage, and AMT XR41-S side mounted 2Kx2K CCD camera, 2102 SC.

Quantitative proteomics
Samples were reduced with 5 pL of 200 mM TCEP at 55°C for 1 hour and were

carbamidomethylated by addition of 375 mM lodoacetamide for 30 minutes in the dark at room
temperature. Protein samples were then precipitated with ice-cold acetone overnight at -20°C.
Following precipitation, samples were centrifuged at 18,000g at 4°C, and precipitates were
washed with cold acetone, dried, and reconstituted in 100 mM TEAB (pH 8.0). Samples were
digested with sequencing-grade trypsin (Promega) overnight at 37°C. Quantitative proteomics
analysis was performed using isobaric tags for relative and absolute quantification (iITRAQ). For
25 pg of protein, 1 unit of iTRAQ labeling reagent (SCIEX) was used. The peptides from the

control sample were labeled with iTRAQ reagent 115, and peptides from the treated sample were
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labeled with iTRAQ reagent 117. Labeling reagent was reconstituted in ethanol such that each
protein sample was labeled at a final concentration of 90% ethanol, and labeling was performed
for 2 hours. After labeling was complete, labeled peptides were combined and fractionation was
performed using the Thermo Scientific Pierce High pH Reversed-Phase Peptide Fractionation
Kit (Product No. 84868) similar to the manufacturer’s recommended protocol for TMT-labeled
peptides. Elution steps consisted of the following: 7.5% 10%, 12.5%, 15%, 17.5%, 20%, 22.5%,
25%, 30%, 35%, 50%, and 80% Acetonitrile with 0.1% Triethylamine. Eluted fractions were
dried via vacuum centrifugation in a SpeedVac concentrator, and peptides were reconstituted in
0.1% formic acid for analysis by LC-coupled tandem mass spectrometry (LC-MS/MS). An
analytical column was packed with 35cm of C18 reverse phase material (Jupiter, 3um beads,
300A, Phenomenox) directly into a laser-pulled emitter tip. Peptides were loaded on the capillary
reverse phase analytical column (360pum O.D. x 100um I.D.) using a Dionex Ultimate 3000
nanoLC and autosampler. The mobile phase solvents consisted of 0.1% formic acid, 99.9% water
(solvent A) and 0.1% formic acid, 99.9% acetonitrile (solvent B). For the peptide fractions eluted
from the high pH reverse phase column with 7.5% - 25% acetonitrile, peptides were analyzed via
LC-MS/MS at a flow rate of 400 nL/min, using a 180-minute gradient. The gradient consisted of
the following: 5-30%B in 140 min, 30-50%B in 10 min, 50-70%B in 5 min, 70%B in 5 min; 70-
5%B in 4 min, followed by column equilibration for the next sample. A Q Exactive Plus mass
spectrometer (Thermo Scientific), equipped with a nanoelectrospray ionization source, was used
to mass analyze the eluting peptides using a data-dependent method. The instrument method
consisted of MS1 using an MS AGC target value of 3e6, followed by up to 15 MS/MS scans of
the most abundant ions detected in the preceding MS scan with an MS2 AGC target of 1e5.

Dynamic exclusion was set to 20s, HCD collision energy was set to 30 nce, and peptide match
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and isotope exclusion were enabled. For the high pH column fraction eluted with 30%
acetonitrile, the peptides were analyzed by LC-MS/MS using a gradient of 5-30%B in 85 min,
30-50%B in 10 min, 50-70%B in 5 min, 70%B for 5 min, 70-5%B in 4 min, followed by column
re-equilibration. For the remaining fractions, the peptides were combined eluted from the reverse
phase analytical column using a gradient of 5-50%B in 70 min, 50-98%B in 35 min, 98%B for 2

min, 98-5%B in 2 min.

Protein identification and quantitative analysis

Peptide/protein identifications and quantitative analysis were performed using Spectrum
Mill (Agilent) as previously described**. MS/MS spectra were searched against a subset of the
UniProt KB protein database containing Homo sapiens protein sequences. Autovalidation
procedures in Spectrum Mill were used to filter the data to <1% false discovery rates at the
protein and peptide level. Quantified proteins were then filtered to include those proteins for
which a minimum of two unique peptides were identified. Logy protein ratios were fit to a
normal distribution using non-linear (least squares) regression. The calculated mean derived
from the Gaussian fit was used to normalize individual log ratios for each quantified protein.
The normalized logy ratios were then also fit to a normal distribution, and the mean and standard
deviation values derived from the Gaussian fit of the normalized ratios were used to calculate p
values. Subsequently, p values were corrected for multiple comparisons by the Benjamini-

Hochberg method*#¢. Gene Ontology analysis was performed using WebGestalt.
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Immunoblot analysis

Cells were washed with ice cold 1X PBS three times, collected by scrapping in ice cold
1X PBS, and then pelleted at 300g for 5 minutes at 4°C. The pellets were lysed with RIPA buffer
(Millipore Sigma, Catalog #R0278) supplemented with Halt protease and phosphatase inhibitor
cocktail (Thermofisher, Catalog #78440). Samples were incubated on ice for 5 minutes and then
sonicated for 30 seconds on, 30 seconds off in the cold room for a total of three times. Samples
were subsequently incubated on ice for 20 minutes before spinning at 20,000g at 4°C for 20
minutes. The supernatant was transferred to new microcentrifuge tubes. EVs were lysed with 1%
SDS to isolate their protein. Protein concentration was quantified with a Pierce BCA assay
(Thermofisher, Catalog #23227). 10-20 pg of protein was then run on a 4-20% SDS-PAGE Gel
and transferred onto polyvinylidene difluoride (PVDF) membranes. The membranes were
blocked for at least 30 minutes with 5% bovine serum albumin in TBST or 5% milk in TBST.
The membranes were then probed overnight at 4°C with the following primary antibodies:
Rabbit anti-GLUT1 (1:1000, Cell Signaling Technology, Catalog #12939), Rabbit anti-GM130
(1:1000, Cell Signaling Technology, Catalog #12480), Mouse anti-ALIX (1:1000, Cell Signaling
Technology, Catalog #2171), Mouse anti-GAPDH (1:500, Santa Cruz Biotechnology, Catalog
#365062), Rabbit anti-TSG101 (1:10,000, Abcam, Catalog #125011), Mouse anti-HSP70
(1:10,000, Santa Cruz Biotechnology, Catalog #32239), Mouse anti-Flotillin-1 (1:10,000, BD
Biosciences, Catalog #610820). After three ten-minute washes with TBST, the membranes were
probed with either goat anti-mouse IgG-HRP (Promega, Catalog #W4021) or goat anti-rabbit
IgG-HRP (Promega, Catalog #W4011) for 30 minutes. After three ten-minute washes with
TBST, the membranes were incubated for 5 minutes with SuperSignal West Pico Plus

Chemiluminescent Substrate (Thermofisher, Catalog #34577) or SuperSignal West Femto
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Maximum Sensitivity Substrate (Thermofisher, Catalog #34096) and imaged with the ChemiDoc
MP Imaging System (BioRad, Catalog #12003154). Images were analyzed with Image Lab

software (BioRad).

Metabolic studies of EVs

EVs were immediately used after isolation for metabolic assays. For the bioluminescent
glucose uptake assay (Promega, Catalog #J1341), an equal number of vesicles for each condition
were plated in 96-well opaque plates. 1 mM of 2-deoxyglucose was added to each well for 60
minutes at room temperature. The reaction was stopped with the provided Stop and
Neutralization buffers, and the 2DG6P detection reagent (consisting of glucose-6-phosphate
dehydrogenase, NADP+, luciferase, reductase, prolucferin, and luciferase) was added for 30
minutes®*’. For the GAPDH activity assay (Millipore Sigma, Catalog #MAK277), equal number
of vesicles were homogenized in the kit’s GAPDH assay buffer on ice for 10 minutes. The
samples were then spun at 10,000g for 5 minutes at 4°C, and the supernatant was plated into 96-
well plates. The provided GAPDH developer and substrate reagents were then added to the well
and incubated for 10-30 minutes. For the ATP measurement assay (Millipore, Catalog
#MAK135), an equal number of vesicles per condition was incubated in 5 mM of glucose for 10
minutes at 37°C, and then ATP was measured according to the manufacturer’s protocol. For the
lactate measurement assay (Promega, Catalog #J5021), equal number of vesicles were incubated
in 5 mM glucose for 48 hours at 37°C, and then lactate was measured according to the
manufacturer’s protocol. Luminescence (Glucose uptake, ATP, and lactate assays) and 450nm
absorbance (GAPDH activity assay) values were measured using a Promega GloMax Plate

Reader. Luminescence values were normalized to the DMSO or empty vector sEVs conditions.
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GAPDH activity was calculated using the following formula: B / (T*V), where B represents the
amount of NADH generated, T represents the time of the reaction, and V represents the sample

volume. GAPDH activity was then normalized to the DMSO or empty vector sEVs conditions.

Cell-titer glo viability assay

6000 cells were seeded in 96-well dishes. The next day, the cells were washed three times
with PBS and incubated with Opti-MEM + VEGFR TKIs at different concentrations. Forty-eight
hours later, the Cell-Titer Glo viability assay was performed according to manufacturer’s

protocol. Luminescence values were measured using a Promega GloMax Plate Reader.

UALCAN portal analysis of the cancer genome atlas and clinical proteomic tumor Analysis
consortium datasets

TCGA and CPTAC datasets was analyzed on UALCAN (http://ualcan.path.uab.edu) as
previously described**%34°, SLC2A1 (GLUT1) mRNA expression, proteomic expression profile,

and survival correlation were analyzed in clear cell renal cell carcinoma.

GLUT1 expression analysis in Pazopanib-treated RCC tumors

GLUT! transcriptomic data from RCC patients receiving Pazopanib therapy prior to
nephrectomy were obtained from a phase II study (NCT01361113) as described in Wood et al**.
Upper quartile normalized gene counts were log2 transformed, and GLUT1 expression in pre-

treatment and post-treatment tumors was normalized to the mean GLUT1 expression in normal

kidney tissue. Full expression data is located in a MINSEQE-compliant public database (dbGap;
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accession hon. phs002053.v1.p1; https://www.ncbi.nlm.nih.gov/projects/gap/cgi-

bin/study.cgi?study id=phs002053.v1.p1).

Statistical analysis

All graphs and statistical tests were made in GraphPad Prism 8. Sample sizes were
determined by previous experiments and sufficient for determination of statistical significance
between groups. Cells were randomly assigned to experimental groups. Data were excluded only
for systematic quality control purposes, such as if cells were ill-appearing or dead. Statistical
significance between two groups was calculated using a two-sided unpaired Student’s t-test.
Multiple groups were compared with a one-way ANOVA with Tukey post hoc test. The Shapiro-
Wilk test was used to test for normality. The P value for the Kaplan-Meier survival plot was
calculated with log-rank test**®. P values less than 0.05 were considered significant. A simple
linear regression was performed for the SEV dose curve in the glucose uptake assay, and 1> was
calculated to measure the goodness-of-fit of the best-fit line. The sample size (n) for each
experimental condition is plotted as individual data points in bar graphs as described in each
figure legend. Bars represent the mean, and error bars represent the SEM. The minimum, first
quartile, median, third quartile, and maximum are showed in boxplots. Experiments were

performed three times unless otherwise stated in the figure legend.

Results
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Sunitinib and Axitinib increase secretion of EVs from human RCC cells
We first characterized the EVs secreted from 786-0 human RCC cells in accordance with

31 Vesicles were isolated from the cell culture media with differential

established guidelines
ultracentrifugation—the IEVs were obtained from the 10,000g pellet, whereas the sEVs were
obtained from the 100,000g pellet followed by density gradient centrifugation for further

286 Western blot analysis revealed that

purification according to previously established protocols
fractions 6 and 7 of the density gradient contained sEV markers such as Heat Shock Protein 70
(HSP70), Tumor Susceptibility Gene 101 (TSG101), and Flotillin-1, and lacked the negative
marker GM130 [Figure 18A], confirming these fractions were enriched with sEVs. In addition,
nanoparticle tracking analysis of the fractions 6 and 7 vesicles showed they had a peak diameter
of 129nm, which is within a distribution typical of sEVs [Figure 18B]. Finally, transmission
electron microscopy revealed small, round structures with a cup-shaped morphology [Figure
18C]. Henceforth, the term “sEV” will be used to refer to vesicles purified from fractions 6 and 7
of the density gradient.

Although TKIs have played a significant role in treating RCC for over a decade, their
tumor cell-intrinsic effects have been challenging to establish. Given that hypoxia signaling has

been shown to increase EV secretion from cancer3#!-344

, we hypothesized that these
pharmaceutical agents, which influence the activity of multiple hypoxia targets, could affect the
secretion of tumor-derived EVs. To test this hypothesis, we treated 786-0 cells with Sunitinib or
Axitinib. Neither inhibitor significantly changed 786-0 cell viability using concentrations up to
10 uM [Figure 19A-B]. However, 786-0 cells treated with either Sunitinib or Axitinib exhibited

a dose-dependent increase in their IEV and sEV secretion on a per cell basis compared to their

DMSO-treated counterparts [Figure 20A-B, D-E]. Nanoparticle tracking analysis showed that
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neither of these inhibitors altered the size distribution of the 786-0 EVs [Figure 20C, F]. We
selected 5 uM of TKI as our standard dose based on previous work3>2. Transmission electron
microscopy revealed that the SEVs from Sunitinib-treated cells were similar in morphology to
sEVs from vehicle-treated cells [Figure 20G-H]. To validate these findings, we tested a second
RCC cell line, A498, and observed that Sunitinib and Axitinib treatment also led to an increase
in EV secretion from these cells without affecting cell viability or the size distribution of their
vesicles [Figure 21 A-H]. Collectively, these studies reveal that Sunitinib and Axitinib augment

vesicle secretion from human RCC cells in vitro.
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Figure 18. Characterization of extracellular vesicles from 786-0 human renal cell
carcinoma cells

A. Representative immunoblots of the whole cell lysate (WCL), conditioned media (CM), large
EV (IEV), ultracentrifuged sEV (UC-sEV), and the twelve fractions (fxn) of density gradient
sEVs isolated from 786-0 cells from two independent experiments (n = 2). B. Representative
nanoparticle tracking analysis showing the size distribution of particles isolated from density
gradient fractions 6 and 7 from 786-0 cells from three independent experiments (n = 3). Peak
diameter is 129nm (typical size of sEVs is 30-150 nm). C. A negative stained transmission

electron microscopy image of 786-0 sEVs from one independent experiment (n = 1).
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Figure 19. Sunitinib and Axitinib do not affect 786-0 cell viability

A-B. CellTiter-Glo viability assay of 786-0 cells treated with 0-10 pM of (A) Sunitinib or (B)
Axitinib. The differences in cell viability were not statistically significant by one-way ANOVA.
Results are from 3 independent experiments (n = 3). Data points represent values from
independent experiments. Bars represent the mean of the plotted data points, and error bars

represent the standard error of the mean (SEM).
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Figure 20. Tyrosine kinase inhibitors Sunitinib and Axitinib augment EV secretion

A-B. Relative secretion of (A) large extracellular vesicles (IEVs) or (B) small extracellular
vesicles (SEVs) per 786-0 cell after treatment with DMSO, 1 uM Sunitinib, or 5 uM Sunitinib.
Results are from 3 independent experiments (n = 3). C. Average nanoparticle tracking analysis
traces from 3 independent experiments (n = 3) showing the size distribution of IEVs (dotted

lines) and sEVs (solid lines) isolated from 786-0 cells treated with DMSO, 1 uM Sunitinib, or 5

115



UM Sunitinib. D-E. Relative secretion of (D) IEVs or (E) sEVs per 786-0 cell after treatment
with DMSO, 1 uM Acxitinib, or 5 uM Axitinib. Results are from 3 independent experiments (n
= 3). F. Average nanoparticle tracking analysis traces from 3 independent experiments (n = 3)
showing the size distribution of IEVs (dotted lines) and sEVs (solid lines) isolated from 786-0
cells treated with DMSO, 1 pM Axitinib, or 5 uM Axitinib. G-H. Representative transmission
electron microscopy images of sEVs isolated from 786-0 cells treated with (G) DMSO or (H) 5
UM Sunitinib from one independent experiment (n = 1). Bars represent the mean of the plotted
data points (n = 3). Error bars are standard error of the mean (SEM). P values were calculated
using a two-sided unpaired Student’s t-test for the other panels. * p <0.05, ** p <0.01, *** p <

0.001, **** p <0.0001.
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Figure 21. Tyrosine kinase inhibitors increase GLUT1" EV secretion from A498 cells

A-B. CellTiter-Glo viability assay of A498 cells treated with 0-10 uM of (A) Sunitinib or (B)

Axitinib. The differences in cell viability were not statistically significant. Results are from 3

independent experiments (n = 3). C-D. Relative secretion of (C) large extracellular vesicles

(IEVs) or (D) small extracellular vesicles (SEVs) per A498 cell after treatment with DMSO or 5

UM Sunitinib from three independent experiments (n = 3). E. Average nanoparticle tracking

analysis traces from 3 independent experiments (n = 3) showing the size distribution of IEVs

117



(dotted lines) and sEVs (solid lines) isolated from A498 cells treated with DMSO or 5 uM
Sunitinib. F-G. Relative secretion of (F) IEVs or (G) sEVs per A498 cell after treatment with
DMSO or 5 uM Axitinib from three independent experiments (n = 3). H. Average nanoparticle
tracking analysis traces from 3 independent experiments (n = 3) showing the size distribution of
IEVs (dotted lines) and sEVs (solid lines) isolated from A498 cells treated with DMSO or 5 uM
Axitinib. I. Western blot analysis of whole cell lysates (WCLs) and sEVs secreted from A498
cells treated with DMSO or 5 uM Sunitinib from one independent experiment (n = 1). Data
points represent values from independent experiments. Bars represent the mean of the plotted
data points, and error bars represent the standard error of the mean (SEM). P values were
calculated using a one-way ANOVA for A-B or a two-sided unpaired Student’s t-test for the

other panels. * p <0.05, ** p <0.01, *** p <0.001.
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Sunitinib-treated 786-0 cells packaged more GLUT1 into SEVs
Sunitinib treatment has previously been shown to alter protein expression in RCC

tumors>>3 as well as the RNA content of EVs released from these cells3!®

. We next sought to
determine whether the protein cargo of RCC EVs changes upon Sunitinib treatment. Since the
yield of IEVs was considerably lower than the yield of sEVs, we decided to focus the rest of our
studies on sEVs. Using isobaric tags for relative and absolute quantification (iTRAQ)-liquid
chromatography tandem mass spectrometry, we analyzed differences in protein cargo of sEVs
secreted from vehicle- and Sunitinib-treated 786-0 cells [Figure 22A]. A total of 337 proteins
with greater than a 1.5-fold increase were identified in the Sunitinib sEVs. Gene ontology
analysis revealed over half of these proteins were involved with metabolic processes [Figure
22B]. Interestingly, glucose transporters, such as GLUT1, were among the top proteins enriched
in sEVs purified from Sunitinib-treated cells [Figure 22A]. To validate this finding, we ran a
western blot with whole cell lysates and sEVs from 786-0 cells treated with DMSO or Sunitinib.
While there was an increase in cellular GLUT]1 protein levels upon treatment with Sunitinib, the
increase of GLUT1 in Sunitinib sEVs was striking [Figure 22C]. We also observed a similar
increase in GLUTI levels in A498 cells and in their sEVs after treatment with Sunitinib [Figure

211]. These data reveal that Sunitinib alters the protein composition of human RCC sEVs,

especially those involved in metabolism.

119



iTRAQ Proteomics: 786-0 Sunitinib vs. DMSO sEVs

Protein Fold Change
Glucose transporter member 3 (GLUT3) 2.68
Thymosin beta-10 2.58
Rho GTPase-activating protein 23 2.53
Transmembrane protein 163 2.53
LDL receptor-related protein 10 2.43
GABA receptor-associated protein-like 2 2.39
Sodium-coupled neutral amino acid transporter 1 2.34
Scavenger receptor class B member 1 2.32
Trans-Golgi network integral membrane protein 2 2.28
Serine incorporator 3 2.26
Protein TFG 2.20
Glucose transporter member 1 (GLUT1) 217
Tubulin-specific chaperone A 213
Transmembrane prostate androgen-induced protein 212
Vesicle-associated membrane protein 8 2.1
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Figure 22. Sunitinib increases GLUT1 packaging into RCC sEVs

A. The top 15 proteins enriched in Sunitinib sEVs and their fold change values in the iTRAQ
proteomics analysis are listed. Results are from one independent experiment (n = 1). B.
Biological processes identified in a gene ontology analysis of proteins with greater than 1.5-fold

change in Sunitinib vs. DMSO sEVs. Results are from one independent experiment (n = 1). C.
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Representative immunoblots of whole cell lysates (WCLs) and sEVs secreted from 786-0 cells

treated with DMSO or 5 uM Sunitinib from two independent experiments (n = 2).
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GLUT1 expression correlates with poor survival and increases after TKI treatment in RCC
patients

The increase in GLUT]1 cellular and sEV protein levels after TKI treatment led us to
examine GLUT1 expression in patient tumors. RCC undergoes metabolic reprogramming with a
high dependence on GLUT!] for glycolysis and ATP production®®33°, Using TCGA data, we
observed that RCC tumors have higher mRNA transcript levels of GLUT1, which translates into
higher GLUT1 protein levels than in normal tissue [Figure 23A-B]. In addition, higher GLUT1
expression correlated with worse survival in RCC patients [Figure 23C]. We also analyzed
GLUTT! expression data from RCC patients enrolled in a multi-institution, single-arm phase I1
study who received Pazopanib, a multi-targeted TKI, prior to planned nephrectomy>*’. In
concordance with TCGA data, the pre- and post-treatment tumors exhibited higher GLUT1
expression compared to normal kidney tissue [Figure 23D]. Post-treatment specimens also
demonstrated an increase in GLUT1 expression compared to their pre-treatment counterparts,
although the difference was not statistically significant (p = 0.14) [Figure 23D]. These data
indicate RCC tumors express higher levels of GLUT1, which portends a poor prognosis in these
patients, and point toward further increased GLUT1 expression following systemic exposure to

an anti-angiogenic TKI.
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Figure 23. GLUT1 expression is higher and correlates with poor patient survival in RCC
A. TCGA analysis from UALCAN of GLUT! transcript levels in clear cell renal cell carcinoma
(ccRCC) vs. normal tissue. Significance of difference was calculated by a two-sided unpaired t-
test considering unequal variance. B. CPTAC analysis from UALCAN of GLUT]1 protein levels
in ccRCC vs. normal tissue. Z-values represent standard deviations from the median across
samples. Significance of difference was calculated by a two-sided unpaired t-test considering
unequal variance. C. Analysis of ccRCC patient survival from UALCAN based on high (red) or
low (blue) GLUT1 expression. High expression patients show expression value greater than the
third quartile. Significance of survival impact was measured by a log-rank test. D. GLUT1
expression in five pre- and post-Pazopanib treated RCC tumors normalized to normal kidney
tissue. Significance was calculated with a one-way ANOVA with Tukey post hoc test. ** p <

0.01, *** p <0.001.
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SEVs from TKI-treated RCC cells take up more glucose and have increased glycolytic
activity

Given that GLUT1 expression increases in RCC tumors after TKI treatment and was
enriched in Sunitinib SEVs, we hypothesized that these vesicles would, themselves, take up
glucose, and do so proportionally to the level of GLUT]1 present in the SEVs. To test this
hypothesis, we used a bioluminescent assay to measure uptake of the glucose analog 2-
deoxyglucose (2-DG)**7. We found that RCC vesicles take up 2-DG in a dose-dependent manner
[Figure 24A]. Further, treating 786-0 cells with either Sunitinib or Axitinib led to the secretion of
sEVs that took up two-fold more 2-DG than sEVs from vehicle-treated cells [Figure 24B-C].
These results indicate that RCC sEVs actively take up glucose from their environment, and TKI-
treatment of the parental cells can enhance sEV glucose uptake capacity commensurately with an
increase in their glucose transporter levels.

To determine whether these vesicles utilize glucose in downstream glycolytic reactions,
we applied a colorimetric-based GAPDH activity assay and found that sEVs released from
Sunitinib- and Axitinib-treated 786-0 cells also displayed higher GAPDH activity [Figure 24D-
E]. In addition, upon addition of 5 mM glucose, the sEVs from Axitinib- and Sunitinib-treated
cells produced more ATP and secreted more lactate than those from vehicle-treated cells [Figure
24F-I]. The increases in glucose uptake, GAPDH activity, ATP content, and lactate production
were also observed in sEVs secreted from A498 cells treated with Sunitinib [Figure 25A-D].
Together, these results suggest that TKIs increase the glucose uptake into RCC sEVs, and
glucose can subsequently undergo glycolytic reactions in sEVs to produce the end products ATP

and lactate.
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Figure 24. sEVs secreted from tyrosine kinase inhibitor-treated cells have increased
glucose uptake and glycolytic activity

A. Relative light units measured in a 2-deoxyglucose (2-DG) bioluminescent uptake assay (n =
1) for an increasing number of 786-0 sEVs. The best-fit line is graphed. A simple linear
regression was performed, and r?> was calculated to measure the goodness-of-fit of the best-fit
line. B. Relative 2-DG uptake of 786-0 DMSO vs. Sunitinib SEVs from 3 independent
experiments (n = 3). C. Relative 2-DG uptake of 786-0 DMSO vs. Axitinib sEVs from 3
independent experiments (n = 3). D. Relative GAPDH Activity of 786-0 DMSO vs. Sunitinib
sEVs from 3 independent experiments (n = 3). E. Relative GAPDH Activity of 786-0 DMSO
vs. Axitinib sEVs from 3 independent experiments (n = 3). F. Relative ATP produced by 786-0
DMSO vs. Sunitinib sEVs after addition of 5 mM glucose for ten minutes from 3 independent
experiments (n = 3). G. Relative ATP produced by 786-0 DMSO vs. Axitinib sEVs after
addition of 5 mM glucose for ten minutes from 3 independent experiments (n = 3). H. Relative
lactate secretion of 786-0 DMSO vs. Sunitinib sEVs after addition of 5 mM glucose for 48
hours from 3 independent experiments (n = 3). I. Relative lactate secretion of 786-0 DMSO vs.
Axitinib sEVs after addition of 5 mM glucose for 48 hours from 3 independent experiments (n
= 3). Data points represent values from independent experiments. Bars represent the mean of
the plotted data points, and error bars represent the standard error of the mean (SEM). P values
were calculated using a two-sided unpaired Student’s t-test. * p <0.05, ** p <0.01, *** p <

0.001.
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Figure 25. Sunitinib increases glucose uptake and glycolytic activity of A498 sEVs

A. Relative 2-DG uptake of A498 DMSO vs. Sunitinib SEVs from three independent
experiments (n = 3). B. Relative GAPDH Activity of A498 DMSO vs. Sunitinib sEVs from
three independent experiments (n = 3). C. Relative ATP produced by A498 DMSO vs. Sunitinib
sEVs after addition of 5 mM glucose for ten minutes from three independent experiments (n =
3). D. Relative lactate secretion of A498 DMSO vs. Sunitinib sEVs after addition of 5 mM
glucose for 48 hours from three independent experiments (n = 3). Data points represent values
from independent experiments. Bars represent the mean of the plotted data points, and error
bars represent the standard error of the mean (SEM). P values were calculated using a two-sided

unpaired Student’s t-test. * p <0.05, ** p <0.01, *** p <0.001.
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SEVs with more GLUT1 have increased glycolytic activity

To investigate whether higher GLUT1 expression in RCC cells leads to changes in the
metabolic activity of SEVs, we overexpressed GLUT1 in 786-0 cells and isolated sEVs from the
culture media. By Western blot analysis, we found that the increase in GLUT1 levels in the cells
led to more GLUT1 packaging into sEVs [Figure 26A]. There was no significant change in the
number of SEVs secreted per cell upon overexpression of GLUT1 [Figure 26B]. To determine
whether SEVs containing higher levels of GLUT1 show increased glucose uptake and metabolic
activity, we performed the same metabolic assays as we did for the TKI-treated vesicles. We
found that the sEVs from the GLUT1 overexpressing (OE) cells indeed exhibited higher 2-DG
uptake and increased GAPDH activity [Figure 26C-D]. The GLUT1 OE sEVs also produced
more ATP and secreted more lactate upon addition of 5 mM glucose [Figure 26E-F]. Thus, RCC
cells with higher GLUT1 expression secrete more GLUT]1 into their sEVs, which is sufficient to

augment glucose uptake and metabolism in sEVs.
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Figure 26. SEVs from cells overexpressing GLUT1 have increased glycolytic activity
A. Immunoblots of 786-0 whole cell lysates (WCL) infected with empty vector or GLUT1
overexpression (OE) lentiviral constructs and their secreted sEVs from one independent

experiment (n = 1). B. Relative number of sEVs secreted per cell from 786-0 empty vector and
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786-0 GLUT1 OE cells from 3 independent experiments (n = 3). Difference was not significant
by a two-sided unpaired Student’s t-test. C. Relative 2-DG uptake of 786-0 empty vector vs.
GLUT1 OE sEVs from 3 independent experiments (n = 3). D. Relative GAPDH activity of 786-
0 empty vector vs. GLUT1 OE sEVs from 3 independent experiments (n = 3). E. Relative ATP
produced by 786-0 empty vector vs. GLUT1 OE sEVs after addition of 5 mM glucose for 10
minutes from 3 independent experiments (n = 3). F. Relative lactate secretion of 786-0 empty
vector vs. GLUT1 OE sEVs after addition of 5 mM glucose for 48 hours from 3 independent
experiments (n = 3). Data points represent values from independent experiments. Bars represent
the mean of the plotted data points, and error bars represent the standard error of the mean
(SEM). P values were calculated using a two-sided unpaired Student’s t-test. ns = not

significant, * p < 0.05, ** p <0.01.
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Discussion

VHL loss is an early genetic event characteristic of ccRCC, leading to a “pseudohypoxic”
state with constitutive HIF signaling!#. Previous data indicate that hypoxia can drive EV
secretion from cancer cells**!13%, We report here for the first time that the TKIs Sunitinib and
Axitinib can also augment EV secretion from tumor cells with known VHL loss. Loss of VHL
leads to the accumulation of HIF-1o and HIF-2a, both of which upregulate GLUT1
expression?*3>4, Our results support previous data demonstrating that GLUT1 can be packaged
and enriched in EVs in response to different conditions?**-1°. In fact, protein databases show that
some of the most commonly identified cargo in EVs include proteins involved in glycolysis®>.

Although EVs were first thought to carry junk protein, our study supports previous
evidence showing EVs are metabolically active. For example, EVs containing adenylate cyclase
synthesize cyclic AMP to direct the migration of Dictyostelium discoideum?*S. Prostate cancer
EVs also contain glycolytic enzymes that can carry out glycolytic functions®!>. In addition,
GLUT-containing EVs secreted from hepatic stellate cells can induce glycolysis in recipient
cells?%2, Similarly, glioma cells that take up exosomes from glioma stem cells exhibit increased

357 Our findings supplement these data, adding that Sunitinib and

glycolytic activity in vitro
Axitinib can impact the metabolic cargo and glycolytic metabolism of EVs in RCC.

This study introduces several new questions for the field to tackle. First, although there
was an increase in cellular GLUT1 protein levels after TKI treatment of RCC tumor cells, the
mechanism behind TKIs increasing GLUT1 packaging into EVs, and whether this effect also

occurs in vivo or in other tumor types, is a topic for future investigation. Another unresolved

question is the role of hypoxia and HIF signaling in EV secretion upon treatment with TKIs. It is
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possible that these TKIs may also contribute to increased EV secretion by inducing hypoxia in
the tumor microenvironment, though this would require an in vivo system to test. However, anti-
angiogenic therapies have also been known to induce “vessel normalization” and thus
paradoxically improve blood flow to the tumor®>®. Therefore, the pseudohypoxic state
characteristic of ccRCC may be regulating EV secretion through HIF signaling. In ccRCC, it is
thought that HIF-1a plays a tumor suppressor role?® whereas HIF-2a is an oncoprotein®*. In fact,
71% of metastatic cases of ccRCC exhibit loss of chromosomes 9q and 14q, on which the HIF'la
gene resides®®, and loss of 14q was associated with decreased overall survival in ccRCC¢!,
Previous studies have explored the roles of both HIF-1a and HIF-2a in regulating EV secretion
and cargo under hypoxia. For example, in breast cancer, which is known to be driven by HIF-
1032, knockdown of HIF-10 was found to decrease EV secretion under hypoxic conditions®*.
Furthermore, it was found that knockdown of either HIF isoform reduced secretion of certain
microRNA into pancreatic cancer and head and neck cancer EVs?°!393, Another report
demonstrated that knockdown of either HIF-1a or HIF-2a reduced RAB224 expression, leading
to decrease microvesicle secretion from hypoxic breast cancer cells*®*. In our study, the 786-0
and A498 cells both lack HIF-1a expression, suggesting the possibility that HIF-2a may be
driving the increased EV secretion upon TKI treatment. However, there are likely other factors
mediating EV release after TKI treatment, and additional studies are necessary to differentiate
these mediators of EV secretion.

Whether these vesicles from TKI-treated cells alter the metabolic phenotype of selected
cells in the tumor microenvironment in vivo was not investigated in our study and needs to be
addressed in the future. A recent report showed that cardiomyocytes package mitochondria into

IEVs called exophers that are subsequently released and cleared by macrophages®®®. Impaired
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clearance of these exophers led to metabolic abnormalities and cardiac dysfunction®®. In contrast
to the RCC sEVs that were able to take up glucose and subsequently carry out downstream
glycolytic metabolism in our studies, the cardiac-derived exophers were not observed to exhibit
metabolic activity®®>. In another report, glutamine metabolism was altered in cells upon uptake of
prostate cancer large oncosomes, which are large tumor-derived microvesicles, but not by their

317 Tt would be prudent to investigate the metabolic effects of vesicle subtypes on the

exosomes
different populations of cells in the tumor microenvironment given the renewed interest in these
interactions with the advent of immunotherapy in solid tumor oncology.

It is interesting to note that other glucose transporters were also identified in our iTRAQ
proteomics study as highly enriched proteins in Sunitinib sEVs. Glut3 was highly enriched with
a 2.68-fold increase in Sunitinib sEVs [Figure 22A], and likely further contributes to the
metabolic activity of these vesicles. Although Glut3 was previously identified in prostate cancer
EVs*13, only GLUTI, and not GLUT2, GLUT3, or GLUT4, could be detected in mutant KRAS

exosomes in colorectal cancer?®?

. Thus, which glucose transporter in EVs is the most important
for their metabolic activity, or whether all types of glucose transporters play an equal role,
remains unanswered. Besides glucose transporters, other metabolic regulators were identified in
our iTRAQ proteomics, including sodium-coupled neutral amino acid transporter 1 (SNATTI),
which was the 7% highest protein enriched in Sunitinib sEVs [Figure 22A]. We speculate that
TKIs may affect vesicle uptake of metabolites other than glucose, with subsequent widespread
and diverse impacts on their metabolism.

Finally, since RCC sEVs take up glucose in an autonomous manner, an intriguing

possibility exists that these vesicles may be competing with cells for glucose and other

metabolites in the tumor microenvironment. The observation of increased ATP production and
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lactate secretion from TKI-treated sEVs indicate that cells are not the only sources of these
important metabolites. Therefore, these sEVs may be altering the metabolic composition and
metabolism of a variety of cell types in the RCC tumor microenvironment, such as tumor
infiltrating lymphocytes that require glucose for activation®®. This is a particularly important
question to investigate because anti-angiogenic therapies are increasingly being combined with
immunotherapy to treat RCC as well as other cancer types'?®. EVs may thus play an important
role in response or resistance to this combination therapy in patients. Further research about the
metabolic interface of EVs and cells is critical to understand how tumors adapt to these therapies.
In summary, we report that RCC cells treated with anti-angiogenic TKIs increase their
secretion of EVs. In particular, SEVs released from these cells contain more GLUT] transporters,
which results in increased glucose uptake and glycolytic activity in the SEVs. Moreover, higher
GLUT]1 levels is sufficient to increase the glucose uptake and glycolytic activity of sEVs. Thus,
our study reveals a novel effect of TKIs commonly used to treat RCC: they alter vesicle secretion
and enhance the metabolic activity taking place in EVs [Figure 27]. Our findings provide the first
evidence that TKIs can affect tumor cells in this way, and this metabolic enhancement to SEVs

potentially confer metabolic alterations to regional cells.
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Figure 27. Proposed model of the effect of Sunitinib and Axitinib on extracellular vesicle
secretion and metabolism

Upon treatment with Sunitinib or Axitinib, RCC cells secrete more extracellular vesicles that
contain GLUTI, leading to increased glycolytic metabolism in their vesicles. Figure created

with BioRender.com
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CHAPTER VI

CONCLUSION, CLINICAL RELEVANCE, AND FUTURE DIRECTIONS

Conclusion and Clinical Relevance

Cancer remains the second leading cause of death in the United States, with over half a
million deaths each year. Although data from the past two years demonstrate a decline in cancer
deaths, most of the decrease in deaths is accounted for by lung, breast, and colon cancer, likely
due to reductions in smoking, better detection, and more effective therapies*®’. Although this is
significant progress, the incidence of other cancers such as kidney cancer continues to rise.
Additionally, this progress is currently being severely threatened by the COVID-19 pandemic,
which forced hundreds of laboratories and clinical trials to shut down or work at reduced

capacities®®®

. The direct impact of the pandemic on scientific progress are concerning and will
likely persist for several years, and its adverse effects will not be fully appreciated for a long
time.

However, there is hope on the horizon. With the rapid development of COVID-19
vaccines, laboratories are re-opening and getting back up to speed. Improvements in
technologies, including faster and cheaper sequencing methods and integration of multi-omics
data, will permit better understanding of the molecular underpinnings of cancer that can be

leveraged for diagnostic and therapeutic benefit. Consequently, the rapid development of several

new therapies over the past two decades have extended patient survival for numerous tumor
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types including ccRCC, which has historically been refractory to traditional chemotherapies and
radiation therapy.

In the early days of cancer research, the majority of studies focused on the characteristics
of the tumor cells themselves. When it was discovered that cancer is a genetic disease, studying
the DNA mutations and molecular signaling pathways that drive cancer growth became the
cornerstone of cancer research. Groundbreaking research describing the effects of chromosome
3p loss, HIF signaling, and chromatin modifiers have significantly improved our understanding
of ccRCC in the past few decades. More recently, there has been a greater appreciation that
cancer is not one disease — it is a heterogenous disease. Many subclones can be found within a
single patient tumor, and this has been delineated in numerous reports including the TRACERx
studies in ccRCC. This insight into tumor heterogeneity gave birth to the field of precision
medicine in oncology, where treatments can be tailored for individual cancer patients based on
the genetic and molecular characteristics of their tumor. Chapter III explored a synthetic lethal
interaction between SETD2 loss and PI3Kf} inhibition, opening up the possibility of treating
patients with SE7D2 mutations with targeted PI3K3 and AKT inhibitors. Novel therapeutic
targets and biomarkers to monitor patients’ tumors are likely to emerge as more genomic studies
of ccRCC are performed.

Importantly, cancer researchers and oncologists are increasingly recognizing the
importance of the tumor microenvironment on tumorigenesis. Cancer growth can be influenced
by the other cells in proximity to the tumor, including immune cells, fibroblasts, blood vessels,
and others. In particular, significant headway has been made in the field of immuno-oncology.
The advent of immune checkpoint blockade has revolutionized cancer treatment — cancers that

were once thought to be incurable are now showing prolonged survival rates with
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immunotherapy. In Chapter II, we reviewed important metabolic barriers to T cells and
immunotherapy in the tumor microenvironment. These metabolic alterations are critical to
consider as we utilize immunotherapies to treat more tumors types, and they are particularly
important in ccRCC which harbors many metabolic alterations that were reviewed in Chapter 1.
We even found metabolic activity within the EVs they secrete, and their glycolytic activity
increases upon TKI treatment as described in Chapter V. As discussed in Chapter IV, interest in
these vesicles has exploded as an increasing number of reports have demonstrated their
important contributions to tumorigenesis in the tumor microenvironment and even at distant
sites. Fully elucidating how all of these complex components of tumor biology interact, from
tumor heterogeneity to the tumor microenvironment to metabolism to EVs, will yield insights

into the molecular make-up of cancer that will permit expansion of our therapeutic arsenal.

Future Directions

The important work described in this dissertation reveal new aspects of ccRCC that lay
the foundation for future studies. They have opened up many questions for the field to address,

some of which are discussed below.

What are the potential mechanisms of TKI-driven EV secretion?

Our results in Chapter V showing increased EV secretion from ccRCC cells treated with
Sunitinib and Axitinib raise the question of which HIF isoform is more important in driving EV
343,363

secretion. Hypoxia is known to promote the release of EVs in several tumor types

However, the cell lines used in our study are HIF-1a deficient, suggesting that HIF-2a could be
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driving EV secretion under TKI treatment in our model. Differentiating the role of HIF-1a vs.

HIF-2a in TKI-induced EV secretion from ccRCC cells warrants further investigation.
However, it is also important to consider other regulators of EV secretion, which are
discussed extensively in Chapter IV. For example, activation of the Ras/Raf/ERK pathway has
been implicated in exosome biogenesis and secretion®®. A previous study showed that 786-0
cells treated with Sunitinib undergo kinome reprogramming, including increased activation of

353, We also observe an increase in phospho-

multiple RTK pathways such as MAPK signaling
ERK levels, but not Rab27a or Alix, after Sunitinib treatment by western blot [Figure 28]. Thus,
MAPK signaling, as well as other signaling pathways, may be contributing to the increased EV
secretion with anti-angiogenic TKI treatment.

Another regulator of exosome secretion is the ceramide pathway, as discussed in Chapter
IV. Are anti-angiogenic TKIs increasing EV secretion from ccRCC cells via this other pathway?
Does the ESCRT pathway or the ceramide pathway play a bigger role in exosome secretion from
ccRCC tumors? It would be prudent to treat ccRCC cells with GW4869, a sphingomyelinase
inhibitor known to suppress exosome secretion, in conjunction with Sunitinib or Axitinib to
observe whether this compound abrogates the augmentation of EV secretion with TKIs. Defining

the mechanisms of EV secretion will bring us closer to potentially targeting these EV's for future

therapeutic applications.
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Figure 28. Sunitinib treatment increases levels of phospho-ERK, but not Alix and Rab27a
Representative western blots from 2 independent experiments (n = 2) showing levels of (A)
Alix and Rab27a and (B) Phospho-ERK and total ERK after 786-0 cells were treated with 5
UM Sunitinib for 48 hours in Opti-MEM media. Band intensities were first normalized to 3-
actin loading control, and the subsequent normalized Phospho-ERK band intensities were then

normalized to the normalized Total ERK band intensities.
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What are the cellular targets and functions of EVs performing glycolysis?

Another interesting future area of research entails investigating the biological purpose of
metabolically active sEVs. As reviewed in Chapter IV, EVs represent a novel form of cell-to-cell
communication implicated in many areas of cancer biology. A recent study showed that viral
infection increases release of iron-containing EVs from respiratory epithelial cells, and the iron
carried by EVs can be transferred to promote biofilm growth of the bacteria Pseudomonas
aeruginosa®’’. Furthermore, there is increasing evidence indicating that EVs perform cell-

independent metabolic activities!>3%

, suggesting that these vesicles are not simply delivery
messengers but rather are actively carrying out biochemical reactions. These findings link the
metabolites carried in EVs to important physiological effects with other cells in the environment.
We wondered whether the metabolic activity of EVs affects the metabolism of adjacent
tumor cells or adjacent normal kidney epithelial cells. We tested this hypothesis by
overexpressing a fluorescent-tagged GLUT1 (mCherry-GLUT1) in 786-0 cells. We observe with
western blot that the mCherry-GLUT1 was incorporated into sEVs secreted from 786-0 cells
overexpressing this construct [Figure 29A]. After quantifying the number of sEVs with
nanoparticle tracking analysis, we treated 3x10° wild-type 786-0 cells or 3x10> HKC normal
kidney epithelial cells for twenty-four hours with 2.0x10° sSEVs in 3mL of serum-free media.
This dose of sEVs represented the maximum amount of sEVs purified from one round of
isolation in order to give us the highest probability of seeing uptake. We subsequently washed
the cells three times with PBS and then collected the cells by scrapping and analyzed for
mCherry fluorescence using a Tali image-based flow cytometer. A ‘negative’ gate was set by

using a sample of wild-type 786-0 cells treated with PBS [Figure 29B], while a ‘positive’ gas

was set by using a sample of mCherry-GLUT1 expressing 786-0 cells [Figure 29C].
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Unfortunately, neither the 786-0 nor the HKC cells treated with mCherry-GLUT1 sEVs
exhibited any mCherry florescence [Figure 29D-E].

There are several possible explanations for these results. First, it is possible that the cells
took up the sEVs containing mCherry-GLUTT1 but not enough to meet the limits of detection by
the Tali image-based flow cytometer. Another possibility is the cells took up the SEVs with
mCherry-GLUT]1, but then quickly degraded the cargo in lysosomes. Finally, the cells and sEVs
may not have compatible receptors or honing molecules to allow uptake by these particular cells.
Future studies are currently in the pipeline to investigate the different cargo and cellular
receptors that permit EVs to preferentially target certain cells.

Another tantalizing speculation is that EVs preceded the first single-cell organisms as
early primordial particles’’!. Indeed, there are many similarities between retroviruses and EVs,
and it is difficult to distinguish EVs derived from virus-infected cells versus the virus itself?’2. In
Chapter V, we demonstrated that EVs can perform glycolysis and generate ATP when glucose is
provided, which supports previous studies that EVs are metabolically active. But can EVs grow
and divide? What other autonomous biochemical reactions can they perform? Future
biochemical studies that uncover their cell-independent functions may reveal the evolutionary

history of EVs.
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Figure 29. 786-0 sEVs do not transfer GLUT1 to 786-0 or HKC cells

(A) Immunoblot of WCLs and sEVs isolated from 786-0 cells expressing mCherry-Glutl. The
mCherry-GLUT1* sEVs were then used to treat wild-type 786-0 cells or HKC cells for 24
hours, and a Tali imaging-based flow cytometer was used to quantify mCherry positive cells.
(B) Wild-type 786-0 cells treated with PBS served as a negative control to set the “negative”
gate. (C) 786-0 cells expressing mCherry-GLUT1 served as a positive control to set the
“positive” gate. mCherry positive cells were not detected in (D) wild-type 786-0 cells or (E)
HKC normal kidney epithelial cells after 24 hours of treatment with 2.0 x 10° mCherry-
GLUTI1" sEVs in 3mL of serum-free media. The data presented above is from one independent

experiment (n = 1).
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Do metabolically active EVs modulate immune cell metabolism and function in the tumor
microenvironment?

Another possible function of these metabolically active EVs is to alter the metabolism of
immune cells. As discussed in Chapter I, immune cells are important components of the tumor
microenvironment, and each immune cell has a unique metabolic program. T cells in particular
are known to require high levels of glucose and other nutrients to fully activate!®!. Previous
reports indicate that EV's can suppress T cell activity. For example, PD-L1* exosomes have been
shown to interact with PD-1 on T cells, inducing T cell exhaustion and anergy!?%2%,

Can metabolic sEVs compete for metabolites with T cells? It has previously been
suggested that tumor cells can compete with T cells for important nutrients, leading to their
dysfunction and immune evasion!'®®. In addition, lactic acid accumulation in the tumor
microenvironment was previously shown to inhibit T cell function and proliferation!’>373, Does
the lactate produced by these metabolically active sEVs antagonize T cell function? Answering
these questions would define a novel metabolic mechanism by which tumor-derived EVs could
modulate immune cell function. Given the importance of immune function to current therapeutic
strategies, comprehensively understanding these interactions are paramount to advancing
immunotherapies.

We tested these hypotheses by isolating peripheral blood mononuclear cells (PBMCs)
from healthy human donor blood by Ficoll separation and plating two million PBMCs into each
well of a 48-well dish. PBMCs were the treated for three days with increasing numbers of SEVs
isolated from DMSO or Sunitinib-treated 786-0 cells under activating conditions (anti-CD3, anti-
CD28, and IL-2). Compared to PBMCs treated with IL-7 control or under activating conditions

with PBS, the median fluorescence intensity (MFI) of the activation markers CD71 and C25 on
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CD4" T cells [Figure 30] and CD8" T cells [Figure 31] in sEV treatment groups varied
considerably from donor to donor, likely due to the inherent variability found between donors.
CD4" and CD8" T cell activation did not display a dose-dependent response to DMSO or
Sunitinib sEVs [Figure 30]. We hypothesize that the variability observed in T cell activation to
different EV numbers could be due to different EV cargo exerting their predominant effect at
different doses. It is also possible that T cells are not the main targets of these EVs — others have
reported, for example, that macrophages can have their metabolic phenotype altered by tumor-
derived EVs?’!. Our group recently reported that myeloid cells preferentially take up glucose
whereas tumor cells preferentially take up glutamine®.

Tracking EV uptake by different immune cell populations would also provide valuable
information about their metabolic effects on these cells. An initial experiment to address this
question would be to add the mCherry-tagged GLUT1 sEVs or DiD-labeled sEVs to healthy
human donor PBMCs and use flow cytometry to determine which immune cell populations take
up the tagged sEVs. One can also intravenously inject the mCherry-tagged GLUT1 sEVs into
mice harboring tumors, and then perform flow cytometry to characterize the cell populations that
took up these vesicles. Following these studies, we can isolate the populations of cells that took
up GLUTI1" sEVs and investigate alterations in their metabolism with glucose uptake assays and

glycolytic flux assays using the Seahorse Bioanalyzer machine.
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Figure 30. 786-0 DMSO or Sunitinib sEVs have varying effects on activation of CD4* T
cells from healthy donor blood

PBMCs were treated with IL-7 control with PBS, activating conditions (anti-CD3, anti-CD28,
and IL-2) with PBS, or increasing numbers of sEVs from 786-0 DMSO or Sunitinib treated
cells under activating conditions. Flow cytometry was used to quantify the median fluorescence
intensity (MFT) of (A) CD71 expression from 4 donors (n = 4) and (B) CD25 expression from 2
donors (n =2) on CD4" T cells. Data was not significant by two-way ANOVA with post hoc

tukey test comparing to the anti-CD3, anti-CD28, and IL-2 with PBS positive control group.
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Figure 31. 786-0 DMSO or Sunitinib sEVs have varying effects on activation of CD8* T
cells from healthy donor blood

PBMCs were treated with IL-7 control with PBS, activating conditions (anti-CD3, anti-CD28,
and IL-2) with PBS, or increasing numbers of sEVs from 786-0 DMSO or Sunitinib treated
cells under activating conditions. Flow cytometry was used to quantify the median fluorescence
intensity (MFT) of (A) CD71 expression from 4 donors (n = 4) and (B) CD25 expression from 2
donors (n=2) on CD8" T cells. Data was not significant by two-way ANOVA with post hoc

tukey test comparing to the anti-CD3, anti-CD28, and IL-2 with PBS positive control group.
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Can EVs serve as biomarkers for RCC?

Currently, no reliable biomarker is available for accurate RCC detection in the clinic.
Tour de force work led by Dr. Charles Swanton and the TRACERXx group revealed that loss of
chromosome 3p occurs early in life (in adolescence or even in childhood)'®. Since the average
age of diagnosis of ccRCC is 64 years, that leaves ample time (~50 years) from the first
foundational mutational event until ccRCC is diagnosed later in adult life to detect a tumor. The
idea of using circulating EVs for clinical applications such as biomarkers for cancer diagnosis
has generated considerable excitement in the EV field***. Can EVs, either from serum, urine, or
other readily accessible bodily fluids, serve as early biomarkers of 3p loss and therefore higher
preponderance for development of ccRCC? Furthermore, can EVs from ccRCC patients be used
to monitor progression or predict disease outcome?

We have begun investigating the protein cargo of ccRCC cells in order to identify
potential biomarkers. sSEVs were isolated 786-0 cells cultured in Opti-MEM media with density
gradient centrifugation. Protein was then isolated from the SEVs by adding 1% SDS, and
Multidimensional Protein Identification Technology (MudPIT) was performed [Table 3].
Unsurprisingly, the top hits included proteins were extracellular matrix proteins such as versican,
heparan sulfate, and fibronectin, as well as exosome markers such as ALIX and flotillin-1. These
results are consistent with previous proteomics data on sEVs which showed enrichment for
proteins involved in exosome biogenesis machinery, cell-matrix adhesion, and cell-cell
junctions®”>,

An interesting protein that displayed high abundance in 786-0 sEVs was fatty acid
synthase — it was the 11" most abundant protein identified in our MudPIT analysis [Table 3]. As

discussed in Chapter I, fatty acid synthase expression was shown to predict poor prognosis in
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ccRCC patients'®®. The fact that fatty acid synthase was identified in 786-0 sEVs brings up the
intriguing idea of using fatty acid synthase levels in SEVs as a biomarker for aggressive disease.
Furthermore, we showed in Chapter V that RCC-derived sEVs are glycolytically active.
Therefore, it would be interesting to test if fatty acid synthase is actively performing lipid
synthesis in 786-0 sEVs. We also are interested in performing comparative proteomics to
differentiate protein enriched in SEVs from ccRCC cell lines versus normal kidney cell lines. We
also receive blood from RCC patients on a weekly or biweekly basis — it would be prudent to
isolate EVs from their blood and compare their cargo to EVs from normal donor blood. These
ongoing efforts to unveil the unique cargo of tumor-derived EVs will expand our diagnostic

toolkit in oncology.
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Spectral

Identified Proteins Accession Number
Count
Verswa%‘;‘;fvpcr‘:;r;gffslgfg sapiens sp|P13611|CSPG2_HUMAN 396
Basement membrane-specific heparan sulfate
proteoglycan core protein OS=Homo sapiens sp/P98160|PGBM_HUMAN 309
GN=HSPG2 PE=1 SV=4
Fibronectin OS=H0n;({] szaél‘)lens GN=FNI1 PE=1 sp[P02751[FINC_HUMAN (+1) 249
Serotransferrin 1())ES:lHé){l/li);ap1ens GN=TF sp[P02787|TRFE_HUMAN 140
Hemopexin OS=H0mSoV siglens GN=HPX PE=1 sp|P02790[HEMO_HUMAN 117
Galectin-3-binding protein OS=Homo sapiens
ONALGA 93P PEoL SVl T sp|Q08380|LG3BP_HUMAN 116
Iprf]|754920A albumin [Bos primigenius taurus] 2i|229552 112
Programmed cell death 6-interacting protein
OS=Homo sapiens GN=PDCD6IP PE=1 SV=1 splQ8WUM4PDC6I_HUMAN 101
|lgb|AAG41947.1] keratin 1 [Homo
sapiens]gi|17318569|ref]NP_006112.2| keratin 1 .
[Homo sapiens]i|39794653|eblAAH63697.1] gi[11935049 (+1) 02
Keratin 1 [Homo sapiens]
Fatty a%%f;i’gﬁ I%S:IHSO{}E’;@IG“S sp|P49327[FAS_HUMAN 81
sp|P00761|TRYP_PIG TRYPSIN .
sl P|RECUI—{SOR_ gi[136429 79
Heat shock cognate 71 kDa protein OS=Homo
sapienngN=HSP e £E=l SVl sp[P11142|HSP7C_HUMAN 78
Syndecan binding protein (Syntenin), isoform
CRA_a OS=Homo sapiens GN=SDCBP PE=4 | tr|G5EA09|G5EA09 HUMAN 76
Sv=1
Agrin OS=Homo Sasp\lle: GN=AGRN PE=1 sp|000468|AGRIN. HUMAN 70
[ref]NP_000217.2| keratin 9 [Homo sapiens] 2155956899 (+1) 62
[refINP_000412.2| keratin 10 [Homo
sapiens]gi|21961605|gb|AAH34697.1| Keratin 2i/40354192 (+3) 58
10 [Homo sapiens]
Myoferlin OS=Homo sapiens GN=MYOF sp|QINZMIMYOF _HUMAN 57
PE=1 SV=1 (+1)
Sodium/potassium-transporting ATPase subunit
alpha-1 OS=Homo sapiens GN=ATP1A1 PE=1 sp|P05023|AT1A1_HUMAN 57
Sv=1
Flotillin-1 OS=§§inlo Sss}pzlgns GN=FLOTI1 sp|075955[FLOTI_HUMAN 55
Actin, cytoplasmic 1 OS=Homo sapiens sp/P60709|ACTB_ HUMAN 47

GN=ACTB PE=1 SV=1

D
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|lgb|]AAC83410.1| epidermal cytokeratin 2
[Homo sapiens]gi|2565257|gb|AAB81946.1]
keratin 2e [Homo
sapiens]gi|482387|pir||A44861 keratin, 67K type

11 epidermal - gi|181402 (+2) 45
humangi|547754|sp|P35908]K22E. HUMAN
Keratin, type II cytoskeletal 2 epidermal
(Cytokeratin 2¢) (K2e) (CK 2e¢)
Polyubiquitin-B OS=Homo sapiens GN=UBB sp/[POCG47|[UBB_ HUMAN 45
PE=1 SV=1 (+18)
4F2 cell-surface antigen heavy chain OS=Homo
sapions GN-SLC3A2 PE-1 SV-3 splPO819S|4F2_HUMAN (+2) | 36
Clathrin heavy chain 1 O 1omo sapiens spIQ00610[CLHI_HUMAN 36
Ras-re1atec(1};§2§21]3[;?-ggzolss=\}}$m SAPIENS 1 oh|P51149)RAB7A_HUMAN 35
Heat shock 70 kDa protein 1A/1B OS=Homo
sapiens GN=HpSPA1A PE=1 SV=5 splP08107[HSP71_HUMAN 34
Flotillin-2 OS=§§inlo Sss}pzlgns GN=FLOT2 sp|Q14254FLOT2_ HUMAN 30
Collagen alpha-1(XVIII) chain OS=Homo
sa§iens gN=C(OL181)U PE=1 SV=5 spP39060|COIAT_HUMAN 29
Cytoplasmic dynein 1 heavy chain 1 OS=Homo
g psapiens GN-DYNCIHI PE-1 SV—3 splQ14204DYHCI_HUMAN 29
Ep‘dersn;;ef:gﬁj;%%ﬂ;‘?’gﬂtfggz}lomo splP00S33[EGFR_HUMAN (+1) | 29
Pyruvate kinase isozymes M1/M2 OS=Homo
Y sapiens GN:IXKM PE_1 SVt sp|P14618[KPYM HUMAN 29
CD63 antigen Ols)EP:Ii)nSl% iz;plens GN=CD63 sp|P08962/CD63_HUMAN (+6) 27
Elongatg’;i%’gg%%iﬁiﬁiz Sapiens sp[P13639|EF2_HUMAN 27
Thromg‘;jﬂ‘}rﬁg‘; gg:?g&;aplens sp|P07996/TSP1_HUMAN 27
Transforming growth factor-beta-induced
protein ig-h3 OS=Homo sapiens GN=TGFBI Sp|Q15582|B(SII§3—HUMAN 27
PE=1 SV=1
Ephrin tyrc’f&‘ié%ﬁ%grpéglszsggo SapIens | y1P29317|EPHA2._ HUMAN 26
Integrin beta-1 O?;:Ii(l)nsu\)/ iazplens GN=ITGBI sp|P05556ITB1_HUMAN 25
Myosin-9 OS=Homo Sss/pzlzns GN=MYH9 PE=1 splP35579MYH9 HUMAN 24
Prostaglandin F2 receptor negative regulator sp|QOP2B2|FPRP_HUMAN 24

OS=Homo sapiens GN=PTGFRN PE=1 SV=2
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EGF-like repeat and discoidin I-like domain-

containing protein 3 OS=Homo sapiens sp|O43854/EDIL3 HUMAN 23
GN=EDIL3 PE=1 SV=1
Solute carrier family 2, facilitated glucose
transporter member 1 OS=Homo sapiens sp/lP11166|GTR1_HUMAN 23

GN=SLC2A1 PE=1 SV=2

Table 3. List of proteins identified in 786-0 SEVs in MudPIT proteomics analysis

786-0 cells were cultured in Opti-MEM media for 48 hours, and their sEVs from the culture

media were subsequently isolated by density gradient ultracentrifugation. Protein was isolated

from sEVs and underwent MudPIT proteomic analysis. Only proteins with a spectral count of

23 or higher are listed. Results are from one independent experiment (n = 1).
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Can SETD2 regulate EV secretion?

Several groups have discovered non-histone targets of SETD2’s methylation activity,
including cytoskeletal proteins such as actin and tubulin®’-*%. Loss of SETD?2 led to the reduction
in actin lysine 68 trimethylation and thus impairment of cell migration in ccRCC cells,
suggesting that SETD?2 is a critical regulator of actin polymerization/depolymerization
dynamics®’. Chapter IV briefly discussed the role of cytoskeletal proteins in vesicle trafficking
and exosome release. For example, MVBs travel along microtubules to reach the plasma
membrane. MVBs subsequently dock and fuse with the plasma membrane to release exosomes, a
process mediated by RABs, actin, and SNARE proteins?*®. Pharmacological inhibition of Neural
Wiskott-Aldrich Syndrome Protein (N-WASp), which is critical for actin polymerization at
invadopodia, reduced exosome secretion by 70-80%>376. Thus, an intriguing idea is mutations in
SETD?2 may alter EV secretion from ccRCC cells by de-regulating microtubule and/or actin
polymerization/depolymerization dynamics.

We tested this hypothesis by isolating SEVs from SE7TD2 knockdown (KD) normal
kidney HKC cells and wild-type HKC cells using density gradient centrifugation. With western
blot, we confirmed knockdown of SETD2 [Figure 32A], and with nanoparticle tracking analysis,
we observed a reduction in SEVs secretion from knockdown cells compared to wild-type cells
[Figure 32B].

A critical future direction will be to determine whether defects in actin polymerization or
microtubule formation from SE7TD2 loss abrogates sEVs secretion. One may potentially use the
recently developed pHluo M153R-CD63-mScarlett construct?®” to visualize MVB trafficking
and fusion in live cells with and without SETD? loss or catalytically-dead SET-domain mutants

(tSETD2-R1625C). In addition, determining any changes in the MVB life cycle in cells
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expressing mutant actin K68A, which is insensitive to methylation by SETD2, would be

interesting to see.
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Figure 32. SETD2 loss in HKC cells promotes sEV secretion and HRS expression

(A) Representative western blots from two independent experiments (n = 2) showing levels of
SETD?2 protein levels in wild-type (WT) HKC cells vs. SETD2 knock-down (KD) HKC cells.
Band intensities were first normalized to B-actin loading control. (B) Nanoparticle tracking
analysis quantification of SEVs secreted from WT HKC cells vs. SETD2 KD HKC cells. Bars
represent the mean of two independent experiment (n = 2), and the error bars represent the

SEM. * p < 0.05 two-sided unpaired Student’s t-test.
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Appendix A

CHROMOPHOBE RENAL CELL CARCINOMA

Aaron R. Lim and W. Kimryn Rathmell, M.D., Ph.D.

The work presented in this section is republished with permission from a chapter in Rare Kidney
Tumors: Comprehensive Multidisciplinary Management and Emerging Therapies®’’ written to
expand my knowledge about the scope of RCC; permission conveyed through Copyright

Clearance Center.

Defining Chromophobe Renal Cell Carcinoma

Chromophobe renal cell carcinoma (ChRCC) makes up approximately 5% of all cases of
renal cell carcinoma (RCC)*7®, First described in 1985, this rare subtype of RCC was originally
thought to arise from the intercalated cells of the collecting ducts. This disease is challenging to
diagnose, and on biopsy this malignancy can share histologic similarities with benign
oncocytomas using conventional evaluation, or even be misclassified as the more common clear
cell RCC?7-38! Therefore, careful histologic attention is needed to appropriately capture these
cases. Histologically, two variants of ChRCC are recognized: classic ChRCC and an eosinophilic
variant®®2, The classic type is more common and is characterized by large cells with pale

“chromophobe” cytoplasm and a perinuclear halo or clearing. On the other hand, the tumor cells
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in the eosinophilic variant display a dense eosinophilic cytoplasm and perinuclear halos [Figure
33].

Karyotyping studies have recognized for some time that there is a characteristic pattern of
chromosome loss that is recurrent in this disease®®*-*%4, The high frequency loss of one copy of
chromosomes 1, 2, 6, 10, 13, and 17 remains a conundrum that will be discussed in detail below.
Recent genetic analysis of ChRCC by The Cancer Genome Atlas (TCGA) confirmed this unique
genomic landscape that distinguishes this rare subtype from clear cell renal cell carcinoma
(ccRCC) and papillary renal cell carcinoma (pRCC). In addition to the large-scale loss of
multiple chromosomes, this disease is also characterized by high frequency of mutations in 7P53
and PTEN%. Although most cases of ChRCC occur sporadically, a subset of patients with
Tuberous Sclerosis Complex and Birt-Hogg-Dubé syndrome develop a renal neoplasm consistent
with a chromophobe histology38¢-3%7,

Clinical staging of ChRCC is derived from other forms of RCC. However, Fuhrman
grading, which is used for grading ccRCC, does not provide prognostic value for ChRCC388-389,
Although other grading systems for ChRCC have been developed, these other systems have not

been rigorously tested®*?. Thus, the International Society of Urologic Pathology recommends that

ChRCC should be not be graded®*".
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Figure 33. Pathology of classic and eosinophilic ChRCC

(A) A representative H&E stain of a classic ChRCC highlighting cells with pale cytoplasm and
a perinuclear halo (red arrow). (B) A representative H&E stain of an eosinophilic variant of
ChRCC showing crowded cells with eosinophilic cytoplasm. Images obtained from
http://cancer.digitalslidearchive.net, TCGA-KL-8324-01Z-00-DX1, TCGA-KN-8436-01Z-00-

DX1, and reproduced with permission.
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Genomic Landscape of Chromophobe Renal Cell Carcinoma

An important genetic feature of ChRCC, introduced above, is the loss of numerous
chromosomes [Figure 34]. Copy number analysis of 66 ChRCC samples in the TCGA showed
frequent loss of chromosomes 1, 2, 6, 10, 13, and 17°%. Less frequently, but still at significantly
higher frequency than observed in other tumors, chromosomes 3, 5, 8,9, 11, 18, and 21 show
evidence of loss**>. The reason behind the extensive loss of genomic material remains unknown.

Using whole exome sequencing, the TCGA demonstrated that 7P53 is the most
commonly mutated gene in ChRCC. It is notable that this common tumor suppressor is rarely
mutated in ccRCC and pRCC**>, Along with frequent loss of chromosome 17, frequent 7P53
mutation suggests that deficiency of p53 may be one feature driving ChRCC tumorigenesis. The
second most commonly mutated gene in ChRCC identified by the TCGA is PTEN.?*° In
combination with frequent loss of chromosome 10, complete absence of PTEN points to
constitutive activation of the PI3K/AKT/mTOR signaling pathway in ChRCC, which may
explain the efficacy of mTOR inhibitors in ChRCC3%,

Interestingly, a subset of tumors in the TCGA showed increased expression of
telomerase, which is encoded by the TERT gene. Unexpectedly, whole genome sequencing
revealed that the tumors with the highest telomerase expression had genomic breakpoints within
the TERT promoter leading to structural rearrangement3®>. This finding has spawned a new
search for structural variants due to mutations outside the TERT open reading frame that can
alter TERT protein levels.

In addition to these distinctions, expression based profiling has demonstrated that these

tumors share transcriptional features most consistent with a distal tubule origin, when compared
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with microdissected kidney tubule segments®®-3°2, This is in contrast to both clear cell and
papillary type RCC, which map more closely to the proximal tubule segments. Taken together,
these genomic features unique to ChRCC support the argument that ChRCC is a completely
different cancer, derived from a separate geographic region of the nephron and with a distinct

mutational profile, that distinguishes this malignancy from the other RCC subtypes®®.
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Figure 34. Hypodiploidy in ChRCC
Chromosomes 1, 2, 6, 10, 13, and 17 are frequently lost in ChRCC (blue chromosomes).
Chromosomes 3, 5, 8,9, 11, 18, and 21 are less frequently lost in ChRCC (purple

chromosomes), though still at an elevated rate compared to other tumors.
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Hereditary Forms of Chromophobe Renal Cell Carcinoma

Several genetic conditions have been associated with the development of ChRCC,
including Birt-Hogg-Dubé (BHD) syndrome and Tuberous Sclerosis Complex (TSC). Named
after three physicians who described it in a Canadian family in 1977, BHD syndrome is an
autosomal dominant condition characterized by fibrofolliculomas, pulmonary cysts, spontaneous
pneumothorax, and kidney neoplasms*****>, Approximately 12-34% of BHD patients will
develop a renal neoplasm, 40% of which are ChRCC?87-396-37 Qther renal tumors found in this
syndrome include oncocytomas, hybrid oncocytic/chromophobe tumors, and ccRCC38,
Genetically, patients with BHD syndrome harbor germline mutations in the tumor suppressor
gene FLCN, which is rarely mutated in sporadic cases of ChRCC3%!, The majority of these
mutations result in truncation of the folliculin protein®°%4°2, Numerous functions of folliculin
have been proposed, including regulating AKT/mTOR and TGFf signaling, sequestering

transcription factor E3 in the cytoplasm, and facilitating cell-cell adhesion*?3-407

. However,
further studies are needed to elucidate the connection between the functions of this tumor
suppressor and the manifestations of BHD syndrome.

TSC is an autosomal dominant condition that results from mutations in either 7SC/ or
TSC2, causing severe neurologic dysfunction and tumors in the brain, kidney, skin, heart, and
lung*®®4%° Tnactivating either of these tumor suppressor genes leads to increased activation of
mTOR signaling and cellular proliferation*!?. Renal disease in TSC, which is the second leading
cause of death in these patients, includes renal angiomyolipomas, renal cysts, and RCC*!!,

Although patients with TSC have a similar incidence of RCC as the general population (2-3%),

they tend to develop these tumors at a median age of 28 years, which is 25 years younger than

164



the general population*'!#12, A recent study of 46 renal tumors from TSC patients showed that
33% contained a hybrid oncocytic/chromophobe phenotype, though it is important to note that

TSC-associated RCCs encompass other histologic subtypes including ccRCC and pRCC#12-414,

Metabolism of Chromophobe Renal Cell Carcinoma

It had previously been shown that mitochondrial DNA was altered in both oncocytomas
and the eosinophilic variant of ChRCC, both of which have been known to contain an abundance
of mitochondria*!>#1¢. The TCGA extended their analysis of ChRCC to include mitochondrial
DNA and found that 18% of their ChRCC tumors had mutations leading to inactivation of the
electron transport chain (ETC) complex I’%. MT-ND35, which encodes an essential component of
ETC complex I called NADH dehydrogenase 5, was the most frequently altered mitochondrial
gene and correlated strongly with the eosinophilic ChRCC variant’*>4!7. However, mutations in
ETC complex I did not correlate with loss of oxidative phosphorylation®®. It remains to be
determined whether inactivation of ETC complex I triggers increased mitochondrial abundance

as a compensatory mechanism or if it leads to an alternative metabolic route to support ChRCC.

Clinical Aspects and Management of Chromophobe Renal Cell Carcinoma

ChRCC has a more favorable prognosis than ccRCC and pRCC, with five-year survival
rates ranging from 78% to 100%%*'%. This beneficial survival stems largely from the overall better
prognosis for localized disease, which generally shows low risk for metastatic spread. Although

most cases of ChRCC remain localized, metastatic cases of ChRCC have been known to
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occur*?42° However, only 1.3% of patients with ChRCC present with metastatic disease, and
they usually have a better prognosis compared to patients with other metastatic RCC
subtypes*?!422, Factors that predict worse prognosis include sarcomatoid dedifferentiation,
microscopic necrosis, and advanced stage*'%.

Due to the rarity of ChRCC, studies on how to manage patients with ChRCC are scarce.
ChRCC patients are usually managed similarly to ccRCC patients, with localized disease being
treated with surgical resection. Surgical guidelines for the management of this cancer are applied
from those developed for ccRCC. Advanced ChRCC remains difficult to treat, and it is strongly
recommended to enroll these patients into chromophobe-specific clinical trials*?3. Most studies
that investigate treatment for RCC exclude non-ccRCC patients, and those that include non-
ccRCC subtypes are usually made up of mostly pRCC patients with a small number of ChRCC
patients.

Historical therapies such as interferon and IL-2 have not been shown to be efficacious in
advanced ChRCC. For example, in a study of 64 patients with metastatic non-ccRCC, only one
of the twelve patients with metastatic ChRCC responded to interferon alpha 2a, IL-2, or
combination of interferon alpha 2a and IL-2 therapy**?. Chemotherapy is of limited use in the
renal cell carcinomas, as discussed elsewhere in this text. A phase II trial showed that only one
out of seven patients with ChRCC had a complete response to capecitabine monotherapy*?*.
Thus, systemic chemotherapy is not currently recommended for advanced ChRCC, although the
new data demonstrating the strong association with TP53 mutations is rekindling interest in the
possibility for chemotherapy to be re-investigated in this disease.

On the other hand, patients with advanced ChRCC have been shown to respond to the

targeted therapies that are widely used in ccRCC, such as vascular endothelial growth factor
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receptor (VEGFR) inhibitors and mTOR inhibitors. One study showed that 25% of metastatic
ChRCC patients in five US and French institutions had clinical response to VEGFR inhibitors
sunitinib and sorafenib compared to only 5% of metastatic pRCC patients*?. Similar results were
demonstrated in a recent phase II trial which showed that metastatic ChRCC patients treated with
sunitinib had a 40% response rate and a median progression free survival of 12.7 months*?,
Since PTEN mutations and loss of chromosome 10 have been found in ChRCC, mTOR
inhibitors have a strong biological rationale and have been investigated as potential therapies for
ChRCC patients. A subtype group analysis from the phase III global advanced renal cell
carcinoma (ARCC) trial demonstrated that temsirolimus had superior efficacy compared to

interferon in non-ccRCC subtypes*?’

. In addition, ChRCC patients in a recent phase Il Korean
study had a median progression-free survival of 13.1 months on everolimus, whereas pPRCC
patients had a median progression-free survival of only 3.4 months*?®, In the ESPN trial
comparing everolimus and sunitinib, neither drug showed superiority as a first-line therapy for
metastatic non-ccRCC*?. However, the ASPEN trial, which included more patients than the
ESPN trial, concluded that metastatic ChRCC patients treated with everolimus had longer
median progression-free survival compared to those treated with sunitinib, which was the
opposite result they saw for pRCC patients*°. Taken together, these trials show that both
VEGFR and mTOR inhibitors may provide therapeutic benefit to patients with advanced
ChRCC, though future studies should investigate molecular biomarkers that can predict response
to targeted therapies.

Other therapies such as radiation therapy and immune checkpoint blockade have not been

extensively studied in ChRCC. There is no clear role for using radiation to treat ChRCC except

as a means for palliative care. Although immune checkpoint inhibitors such as Nivolumab, a
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monoclonal antibody targeting PD-1, have demonstrated efficacy in ccRCC, their efficacy in
ChRCC remains unknown. Choueiri et al. recently characterized PD-L1 expression in non-
ccRCC tumors and found that patients with PD-L1* tumors have worse prognoses*!. In addition,
there is currently a clinical trial investigating Nivolumab’s efficacy and safety in advanced non-
ccRCC patients (Clinical Trials.gov Identifier: NCT02596035). Thus, immune checkpoint

blockade represents an interesting area of future study for ChRCC.

Conclusion

ChRCC is a rare subtype of RCC that is usually indolent compared to the other RCC
subtypes. With the TCGA’s recent comprehensive genetic analysis of ChRCC, we have learned
that ChRCC has distinct genomic features, including an unprecedented loss of numerous
chromosomes, mutations in 7P53 and PTEN, rearrangements in the 7ERT promoter, and
mutations in mitochondrial DNA. BHD syndrome and TSC are two examples of genetic
syndromes that predispose individuals to developing ChRCC, though most ChRCC cases are
sporadic. These unique genomic characteristics underscore the importance of distinguishing
ChRCC from the other RCC subtypes. Even though there is strong evidence to consider ChRCC
as a separate disease from ccRCC, we currently do not have separate treatment guidelines for
ChRCC. Although recent clinical trials have shown that advanced ChRCC patients may respond
to targeted therapy such as VEGFR and mTOR inhibitors, current studies that have non-ccRCC
patients are dominated by pRCC patients and simply do not enroll enough ChRCC patients due

to its rarity. Thus, it is prudent to further our understanding of its molecular biology and establish
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clinical trials that include more ChRCC patients in order to develop better therapies for this

distinct disease entity.
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