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SUMMARY

Therapeutic targeting of tumor angiogenesis with
VEGF inhibitors results in demonstrable, but transi-
tory efficacy in certain human tumors and mouse
models of cancer, limited by unconventional forms
of adaptive/evasive resistance. In one such mouse
model, potent angiogenesis inhibitors elicit com-
partmental reorganization of cancer cells around re-
maining blood vessels. The glucose and lactate
transporters GLUT1 and MCT4 are induced in distal
hypoxic cells in a HIF1«-dependent fashion, indica-
tive of glycolysis. Tumor cells proximal to blood ves-
sels instead express the lactate transporter MCT1,
and p-S6, the latter reflecting mTOR signaling. Nor-
moxic cancer cells import and metabolize lactate,
resulting in upregulation of mTOR signaling via gluta-
mine metabolism enhanced by lactate catabolism.
Thus, metabolic symbiosis is established in the
face of angiogenesis inhibition, whereby hypoxic
cancer cells import glucose and export lactate, while
normoxic cells import and catabolize lactate. mTOR
signaling inhibition disrupts this metabolic symbio-
sis, associated with upregulation of the glucose
transporter GLUT2.

INTRODUCTION

Judah Folkman’s vision of targeting the tumor neovasculature as
a new modality of cancer therapeutics has inspired a series of
drugs that either exclusively (e.g., bevacizumab) or primarily
(e.g., sunitinib, axitinib, and sorafenib) inhibit VEGF signaling
(Mclintyre and Harris, 2015; Vasudev and Reynolds, 2014; and
references therein) with associated beneficial responses, repre-
senting proof of principle and new additions to the armamen-
tarium of anti-cancer drugs. However, as with many targeted
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therapies, clinical responses to angiogenesis inhibitors (Al) are
typically limited, manifested as increased, but limited progres-
sion-free survival and variable (or no) overall survival (Vasudev
and Reynolds, 2014; and references therein). Concurrent with
such clinical investigations, a number of preclinical studies of
Al in various mouse models of human cancer have revealed mul-
tiple forms of adaptive resistance that enable tumors to evade
the effects of Al therapy (Bergers and Hanahan, 2008; Clarke
and Hurwitz, 2013; Welti et al., 2013; MclIntyre and Harris,
2015; Rigamonti et al., 2014; Rivera et al., 2015). One such
model—RIP1Tag2 transgenic mice, which develop de novo
pancreatic neuroendocrine tumors (PanNET) via a multistage
pathway—has been particularly instructive: tumorigenesis in-
volves a discrete angiogenic switch (Folkman et al., 1989), which
is necessary for initial tumor formation. Als, in particular ones tar-
geting the VEGF signaling pathway, show demonstrable efficacy
in this model (Bergers et al., 2003), the results of which motivated
clinical trials that led to the approval of one such agent, sunitinib,
in human PanNET (Raymond et al., 2011). Importantly, however,
Als are not curative in this mouse model, much as in human can-
cer patients. The basis for treatment failure lies in part in the
development of multiple forms of adaptive resistance to Als,
including revascularization mediated by alternative pro-angio-
genic signaling circuits (Casanovas et al., 2005), recruitment of
vascular-protective myeloid cells (Shojaei and Ferrara, 2008),
and cooption of normal tissue vessels via increased invasion
and metastasis (Sennino et al., 2012; Ebos and Kerbel, 2011;
Ebos et al., 2009; Paez-Ribes et al., 2009).

The RIP1Tag2 model has also been used to investigate other
cancer hallmarks, including resistance to apoptosis and induc-
tion of invasiveness, which are variously regulated by signaling
from receptor tyrosine kinases, including EGFR, IGFR, IR, and
ALK (Chun et al., 2010; Nolan-Stevaux et al., 2010; Ulanet
et al., 2010); these signals converge in part on the mTOR kinase,
which orchestrates a broad program affecting cell survival and
metabolism (Laplante and Sabatini, 2012; Cornu et al., 2013).
Notably, both preclinical (Chiu et al., 2010) and clinical studies
(Yao et al., 2011) have demonstrated the efficacy of targeting
mTOR in PanNET.
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Figure 1. Effects of Potent Angiogenesis Inhibition on mTOR Signaling; Upregulation and Relocalization into Focal Clusters

(A) Quantitation of p-S6 intensity in western blots (WB) of tumors treated with sunitinib versus sham control (top left). All samples were first normalized using a
Bradford assay and a WB for actin. The blots were probed with p-S6 antibodies, and the relative values of Mono-S- (n = 8, red) treated tumors were compared to
controls (blue, n = 7) by quantitation using the Fusion FX7 imaging system (see Supplemental Information). A similar trend was seen for tumors treated with axitinib
(data not shown). The protein lysates were prepared from PanNET tumors collected from RIP1Tag2 mice, following a 1-week trial from 14-15 weeks of age. The

(legend continued on next page)
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We have continued to assess the effects on Al therapy in this
PanNET model, including a comparative analysis of two multi-ki-
nase inhibitors, sunitinib and axitinib, both of which target the
VEGFR/PDGFR signaling pathways to inhibit new blood vessel
growth and disrupt endothelial cells and pericytes of the preex-
isting tumor vasculature (Bergers et al., 2003), reducing vascular
density and functionality rather than producing the vasculariza-
tion characteristic of less potent Al such as bevacizumab.
Although both compounds have a similar target profile, axitinib
exhibits fewer off target effects and toxicity (Gunnarsson et al.,
2015) (http://www.accessdata.fda.gov). In the course of further
characterizing cellular and histologic responses to the two
drugs, in particular their effects on the aforementioned mTOR
signaling pathway, we observed an intriguing switch in the
pattern of mTOR activity, reflected by phosphorylation of its
downstream effector S6. Specifically, the diffuse pattern seen
in untreated tumors was replaced by one of focal clusters. This
focal reorganization of mTOR signaling motivated the investiga-
tion reported below, where we implicate metabolic symbiosis as
another mode of adaptive resistance to anti-angiogenic therapy.

RESULTS

Sunitinib/Axitinib Treatment Affects mTOR Signaling in
Mouse PanNET

Given that mTOR signaling is prominently involved in the PanNET
phenotype (see above), we had asked whether it was affected by
disruption of the tumor vasculature with sunitinib. Indeed, mTOR
signaling was found to be elevated in a set of sunitinib-treated
tumors, as reflected in the heightened levels of phospho-S6 ki-
nase (p-S6). In contrast, sunitinib treatment of cultured mouse
PanNET cells did not elicit this upregulation (data not shown).
To substantiate this observation, molecular efficacy trials were
performed with sunitinib, in which mice with late stage tumors
were treated for 7 days followed by analysis of tumor lysates
by western blotting. Sunitinib elicited an increase in p-S6 (Fig-
ure 1A, left), which was blocked by concomitant administration
of the mTOR inhibitor rapamycin (Figure 1A, right), demon-
strating that its upregulation is mTOR dependent. Axitinib-
treated tumors produced a similar trend (data not shown).

The elevated mTOR signaling was surprising in that sunitinib-
and axitinib-treated tumors become hypoxic in response to
collapse of the tumor vasculature (Paez-Ribes et al., 2009; Sen-
nino et al., 2012), and observations presented below), and mTOR
is typically downregulated in hypoxic conditions (Brugarolas

et al., 2004). Indeed, a derivative PanNET cancer cell line
(BTC4) downregulated p-S6 in hypoxic versus normoxic condi-
tions (Figure 1B). Intrigued by this apparent dichotomy, we
further investigated mTOR signaling in tumors treated for
4 weeks using immunohistochemistry. As shown in Figure 1C,
p-S6 was elevated in sunitinib-treated tumors, but its expression
was relocalized from the diffuse pattern seen in control tumors
into focal clusters. The specificity of the p-S6 staining in control
and sunitinib-treated tumors was confirmed by treatment with
rapamycin, which ablated p-S6 expression, even when dosed
in combination with sunitinib.

Next, we assessed the relationship between p-S6 expression
and hypoxia in treated tumors. Co-staining of sunitinib- and ax-
itinib-treated tumors with antibodies to p-S6 and pimonida-
zole—to reveal regions of hypoxia—revealed an anti-correlation:
p-S6 was predominantly expressed in the normoxic, and not
hypoxic, regions of the treated tumors (Figure 1D).

Eventually, as the vascular regression and inhibition of new
growth continues, the normoxic regions seen in Figure 1D can
coalesce into the focal clusters seen in Figure 1C. This is further
illustrated in Figure 1E, which shows a highly necrotic/hypoxic
tumor (left); within the regions of fibrosis/necrosis, focal clusters
of viable cancer cells can be seen (H&E, middle left). These clus-
ters are highly proliferative (Ki-67, middle right) and are cuffing
blood vessels (CD31, right).

Al Treatment of Mouse PanNETs Produces Upregulation
of Glucose and Lactate Transporters in Patterns
Suggestive of Metabolic Symbiosis

The clustering of viable cancer cells around the few remaining
blood vessels inside long-term treated tumors is consistent
with their need for oxygen, but also for blood-borne nutrients,
in particular glucose. We performed short-term trials using suni-
tinib alone or in combination with rapamycin and then performed
RNA-sequencing (seq) analysis on the treated and control tu-
mors. We conducted enrichment analysis on the top 2,500 un-
regulated genes in the control versus treated tumors, and the
top ten enriched hallmark pathways for sunitinib monotherapy
are depicted in Figure 2A, including hypoxia and glycolysis.
The enrichment plot for the hallmark glycolysis signature
(Figure 2A) includes Sic16a3 (MCT 4) and Ldha (lactate
dehydrogenase A; Figure 2B), along with (to a lesser degree)
Slc2a1 (GLUT1, data not shown). Both sunitinib and axitinib pro-
duced marked reductions in tumor vasculature (Figure S1A) with
widespread hypoxia, consistent with the hypoxia signature.

mice were treated daily (see Supplemental Information) with vehicle control (Con), rapamycin monotherapy (Mono-R), sunitinib monotherapy (Mono-S), or a
combination of the two (R+S) (top right). The lysates were normalized to actin by WB, blotted, and probed with anti-p-S6 as a readout for mTOR signaling and

reprobed for actin normalization.

(B) The BTC4 cell line was cultured in normoxic (20% O,/5% CO,) or hypoxic (1% O,/5% CO,) conditions, and the lysates were prepared and analyzed by WB as

above.

(C) Tissue sections from tumors treated for 4 weeks in an intervention trial (see Figure 4A for a description of trial formats) were used for IHC using anti-p-S6. The

representative images are shown. The scale bars represent 100 um.

(D) Representative images from tissue sections of tumors treated with sunitinib (top) or axitinib (bottom). Pimonidazole (pimo, green) staining indicates tumor
hypoxia (right), p-S6 reactivity (red, arrowheads) indicates that mTOR/p-S6 signaling is mostly excluded from the hypoxic regions (middle), and the merged

images are shown in the left image. The scale bars represent 50 um.

(E) A highly regressed sunitinib-treated tumor after 8 weeks of Mono-S (13-21 weeks). The islands of highly proliferative cells (Ki-67+) are embedded in fibrotic
tissue, which are organized around the few remaining blood vessels (CD31, blue, arrows). The scale bar represents 700 um in the leftmost image and 200 um in

all others.
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Figure 2. Gene Specific Expression Analysis
Reveals a Strongly Glycolytic Signature in
Mono-S-Treated Tumors

(A) Gene set overlapping analysis on the top
2,500 upregulated genes in sunitinib treatment
compared to vehicle treated controls, revealing
that glycolysis and hypoxia were among the most
enriched pathway signatures (left). The glycolysis
enrichment plot for sunitinib-treated tumors,
including the profile of running ES Score are shown
(right).

(B) Top five ranked genes from the hallmark
glycolysis gene set, adopted from the Molecular
Signatures Database of the Broad Institute, for the
sunitinib-treated cohort.

(C) MCT4 expression was assessed using IHC on
15 week control tumors (Con, left) and tumors
treated with rapamycin monotherapy (Mono-R,
middle left), axitinib (Mono-A, middle right), or su-
nitinib (Mono-S, right). The MCT4 expression is
high in 4/4 larger and 5/6 smaller Mono-A- and 4/4
larger Mono-S-treated tumors and absent in Con
and Mono-R-treated tumors. The scale bars
represent 2 mm in top image and 200 um in the
bottom image.

(D) Pimonidazole (pimo, green) staining was per-
formed to assess tumor hypoxia (center left); the
glucose transporter, GLUT1, is shown in red
(center right), and the leftmost image depicts the
merged images. A merged image of R+A-treated
tumors for MCT4 and pimonidazole is depicted
in the rightmost image. The GLUT1 and MCT4
staining is highest in the most pimonidazole+/
hypoxic regions, but can also be found in the
peri-hypoxic areas. The scale bars represent
100 um in the three left images and 50 um in the
right image.

(E) IHC using anti-GLUT1 (middle) and anti-MCT4
(right) indicates that their expression is highly
reduced/absent in tumors containing a cell-type-
specific (B-cell) gene knock out of HIF1a that were
treated with sunitinib. The top row shows a repre-
sentative Rip1Tag2_Rip1Cre_Hif1aWT tumor, while
the bottom row shows a Rip1Tag2_Rip1Cre_
Hif1afl/fl litermate whose tumors do not express
Hif1e; this result is representative of all tumors from
4/4 wild-type (WT) versus 6/6 HIF1o. KO mice, all
similarly treated with sunitinib. The scale bar repre-
sents 100 um.

(F) Monotherapy with sunitinib (middle row) or
axitinib (bottom row) elicits upregulation of MCT4
(green, first, second, and fourth) versus control
untreated tumors (top row); in addition, MCT1 (in
red) is upregulated in both Al-treated arms (middle
and bottom rows, first, third, and fourth) versus
controls (top row, first, third, and fourth). The scale
bar represents 25 um.

ysis (Ullah et al., 2006). Concordantly, the striking upregulation
of Slc16a3/MCT4 revealed by the RNA profiling of sunitinib-
treated tumors was detected by immunohistochemistry in tissue
sections from the majority of sunitinib- and axitinib-treated
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tumors and was very low/absent in control or rapamycin-treated
tumors (Figure 2C). In treated tumors, GLUT1 and MCT4 were
upregulated in the hypoxic regions, as revealed by co-staining
with pimonidazole (Figure 2D). Such upregulation in hypoxic
conditions is consistent with previous reports that GLUT1 and
MCT4 are regulated by the HIF hypoxia response system (Ebert
etal., 1995; Ullah et al., 2006; Seagroves et al., 2001). To confirm
this interpretation, we evaluated compound mice carrying a tis-
sue-specific gene knock out of HIF1a in the oncogene-express-
ing cancer cells. Indeed, sunitinib treatment failed to upregulate
GLUT1 and MCT4 in the Hif1a-knockout (KO) tumors (Figure 2E),
supporting the expectation that HIF 1o drives their upregulation.

The compartmental expression of GLUT1/MCT4 was reminis-
cent of a phenomenon—observed in certain tumors—known as
metabolic symbiosis, wherein hypoxic regions import and
metabolize glucose (Ebert et al., 1995) and secrete lactate, while
normoxic regions import and metabolize the lactate (Sonveaux
et al., 2008; Kennedy et al., 2013). We therefore assessed
expression of the lactate transporter MCT1 and found that it
was upregulated in a distinct compartment from the hypoxic,
MCT4 positive region (Figure 2F), although a small minority of
cells are MCT1*/MCT4" double positive (Figure S1B).

Mouse PanNET Tumors and Cell Lines Consume and
Catabolize Lactate to Establish Metabolic Symbiosis
The hypothesis of metabolic symbiosis demands that the
secreted lactate is not merely “toxic acidic waste”, but rather
a source of fuel that is imported and metabolized by the nor-
moxic cancer cells. We assessed whether cultured BTC3 cells
could recapitulate key aspects of the hypoxic response in culture
and found that GLUT1 and MCT4 were upregulated under
hypoxic conditions (Figure 3A). We further assessed lactate uti-
lization in cultured cancer cells and in tumor-bearing mice, by
supplying isotopically labeled lactate or glucose, and assessing
their catabolism into metabolites by NMR spectroscopy (Figures
3B and 3C). Thus, BTC3 cancer cells were cultured in hypoxic
and normoxic conditions, in which they were supplied with
=13G-glucose or with *'3C-lactate in glucose-free media, in
both cases similarly supplemented with glutamine and fetal
calf serum (FCS); after 20 hr, the cells were harvested for NMR
analysis. At this time point, cells cultured in ~'°C-glucose
increased the levels of lactate in conditioned media both in hyp-
oxia and normoxia, whereas cells cultured in 3'3C-lactate
reduced the levels of lactate in conditioned media under
normoxia and slightly increased lactate in hypoxic conditions
(Figure 3B, legend). The ®3C NMR analysis revealed that in
aerobic conditions 3 '3C-lactate was catabolized to C4-gluta-
mate, C2- and C3-aspartate (Asp), and C3-alanine (Figure 3B),
consistent with previous studies on lactate metabolism by can-
cer cells and neurons (Kennedy et al., 2013; Waagepetersen
et al, 1998; Yang et al., 2014). In contrast, lactate was
imported, but not catabolized in hypoxic conditions (Figure 3B).
Notably, the lactate catabolites coincide with those produced by
=13G_glucose, indicating that both sets are likely produced
through the same intermediate, pyruvate.

Next, tumor-bearing mice treated for 10 days with sunitinib,
rapamycin+sunitinib, or vehicle control were infused with
3-13C-lactate and the tumors excised and evaluated by NMR.
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Both treated and control tumors metabolized lactate (Figure 3C).
Additionally, the branched metabolic pathways involved in
lactate catabolism may be altered in activity. The prominent
3-13G-alanine band produced from 3-'°C-lactate — *'°C-pyru-
vate + glutamate — 37'3C-Ala + a-ketoglutarate is relatively
undiminished versus the glutamate and Asp species in the suni-
tinib-treated tumors; notably, the pathway producing *~'3C-Ala +
a-ketoglutarate is involved in sustaining tricarboxylic acid (TCA)
cycle intermediates important both for energy production and
biosynthesis of cellular building blocks, a process referred to
as anaplerosis. Intriguingly, RNaseq and RT-quantitative (q)
PCR analysis (Table S1) of sunitinib versus control tumors re-
vealed upregulation of Gpt2, an aminotransferase catalyzing
the transamination that produces alanine + o-ketoglutarate
from pyruvate and glutamate. In addition, G/s2, which converts
glutamine to glutamate in the first step of its metabolism, is
also upregulated (Table S1). In contrast, the rapamycin+suniti-
nib-treated tumors did not produce 37'3C-Ala. Rather, lactate-
derived pyruvate evidently was converted to acetyl-CoA to enter
the TCA cycle, producing C2- and C4-glutamate and C2- and
C3-Asp (Figure 3C). Thus, the data suggest that glutamine-asso-
ciated catabolism of lactate to alanine becomes favored in the
context of sunitinib therapy, which in the combination-treated
tumors is repressed —directly or indirectly —by mTOR inhibition.
Collectively, these observations, along with previous studies
indicating the link between glutamine metabolism and mTOR
signaling (Csibi et al., 2014; Duran et al., 2012), led us to consider
the possible involvement of glutamine and the observed meta-
bolism of lactate in the induction of mTOR signaling.

mTOR Signaling in Cultured Cancer Cells can Be
Upregulated by Lactate and Glutamine Metabolism
Motivated by the observation that expression of Gls2 was
increased in sunitinib-treated tumors (Table S1), we asked
whether it was expressed in the hypoxic or normoxic compart-
ment. Analysis of sunitinib-treated and control untreated tumors
by fluorescent staining with anti-glutaminase 2 (GLS2) and pimo-
nidazole demonstrated elevated expression of glutaminase 2 in
both cases, and it could be found in both normoxic and hypoxic
compartments in sunitinib-treated tumors (Figure 4A), a result
that was substantiated via RT-qPCR analysis of fTC3s cultured
under normoxic and hypoxic growth conditions (Table S2); we
also analyzed additional metabolic genes for differential expres-
sion and found significant upregulation of Sic2a1, Sic16a3, and
Ldha in hypoxic conditions, whereas Sic2a2, Ldhb, and Gpt2
were elevated in normoxic growth conditions (Table S2).

Next, we investigated possible links between glutamine,
lactate metabolism, and mTOR signaling. First, we assessed
the importance of glutamine for cell proliferation of BTC3 cells
by EdU incorporation, which revealed minimal difference
between the various culture conditions containing glutamine,
with or without glucose and/or lactate; there was, however, a
block in cell-cycle progression under glucose without glutamine
conditions (w/wo lactate) (Figure S2A), highlighting the depen-
dence of these cells on glutamine. Then, we evaluated mTOR
signaling in BTC3 cells (Figure 4B) cultured in different combina-
tions of lactate and glutamine. Cells were cultured in FCS and
glutamine-supplemented, glucose-free media, with or without
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lactate. Net changes in lactate levels in conditioned media (CM)
were assessed. Lactate levels in glutamine-supplemented,
glucose-free cell media decreased reproducibly under aerobic
conditions, consistent with its uptake by BTC3 cells (Figures
4B and S2B). Moreover, there was significant upregulation of
p-S6 levels in cells cultured in lactate + glutamine versus gluta-
mine alone (Figure 4B, top and bottom), correlating with a net
reduction of lactate in CM. As expected, upregulation of p-S6
could be reversed by rapamycin. Notably, p-S6 upregulation
could also be reversed by inhibiting lactate uptake with CHC or
7ACC2, two distinctive inhibitors of the MCT1 lactate transporter
(Sonveaux et al., 2008; Draoui et al., 2014) (Figure 4B, top and
bottom). In addition, a glutaminase inhibitor, DON (Duran et al.,
2012) (Figure 4B, top and bottom), and an alanine aminotrans-
ferase inhibitor, AOA (Lamonte et al., 2013) (Figure 4B, top),
also reversed p-S6 upregulation, whereas a glutaminase 1-spe-
cific inhibitor, BPTES, did not (Figure 4B, bottom). We observed
similar effects of lactate and glutamine on mTOR signaling in
lactate-avid SiHa ovarian cancer cells (Figure S2C), which have
been extensively used to study metabolic symbiosis (Sonveaux
et al., 2008). Collectively, the data support a mechanism
whereby cancer cells take up and metabolize lactate in the
context of bioavailable glutamine in normoxic, but not hypoxic
conditions (Figures 3B and 3C), thereby upregulating mTOR
signaling (Figure 4B). A schematic depicting the branched meta-
bolic pathways involved in lactate catabolism in control and
treated Rip1Tag2 PanNET tumors is depicted in Figure S2D. In
addition, we found that BTC3 cells cultured in lactate + glutamine
upregulated a-ketoglutarate compared to cells cultured in gluta-
mine only (Figure 4C). Concordantly, Sonveaux and colleagues
recently reported a link between lactate and glutamine meta-
bolism in cultured SiHa and HelLa cancer cells under oxidative
conditions (Pérez-Escuredo et al., 2016).

Effects of Co-targeting Angiogenesis and mTOR
Signaling

In light of the proposition that potent Als were inducing tumors to
adapt a strategy of metabolic symbiosis, and the observed reloc-
alization of mTOR signaling into the normoxic compartment of
putative symbiotic clusters, we investigated the impact of
blocking mTOR signaling on the Al-induced symbiosis and
consequent tumor phenotypes. Regression trials (depicted in
Figure 5A) were initiated at 13 weeks, when the mice already
had appreciable tumor burden, and continued to a defined
endpoint 2 weeks later (15 weeks), when most untreated animals
have succumbed to hypoglycemia attributable to increased in-

sulin secretion from the multiple pancreatic tumors that develop.
Reasoning that vascular collapse might affect the bioavailability
of rapamycin in the tumor microenvironment, we tested a trial
regimen in which R+S and R+A arms were dosed for an initial
2D with rapamycin alone, followed by continuous dosing in
combination with the Al (called “stagger” or “St”). Another
cohort of R+S was dosed simultaneously with both drugs from
the beginning (“simultaneous” or “Sim”). All three monothera-
pies (Mono-S, red triangles; Mono-R, yellow triangles; and
Mono-A, green circles) showed anti-tumor activity, blocking
further growth to produce tumor stasis compared to 13 week
controls (Figure 5B, blue circles). In marked contrast, each of
the combinations of rapamycin plus an Al (R+S-St, purple dia-
monds; R+S-Sim, purple triangles; and R+A-St, rose squares)
produced significant tumor regression versus the 13 week start-
ing time point (Figure 5B, blue circles). An additional 4-week-long
intervention trial was performed with sunitinib, starting at
11 weeks, when the tumors were smaller, until the same defined
15 week endpoint (Figure 5C). Again, while Mono-S (red trian-
gles) and Mono-R (yellow triangles) produced significantly
smaller tumors than vehicle-treated controls (blue circles), their
combination (R+S-St, purple diamonds and R+S-Sim, purple tri-
angles) produced significantly lower tumor burden than either
efficacious monotherapy. Other dosing strategies were also as-
sessed, including a shift from Mono-R to Mono-S (Figure 5C,
R->S, green circles), which appeared indistinguishable from
each monotherapy in regard to tumor burden (TB). There was
also an efficacious response to the combination R+S when
sunitinib was reduced by half (Figure 5C, R+1/2S, blue-gray cir-
cles). Thus, both experimental therapeutic trials demonstrated
anti-tumoral efficacy for the combination of the mTOR inhibitor
rapamycin and a potent Al.

In order to further characterize the therapeutic response, open
endpoint survival trials were performed with the combinations, in
comparison to monotherapy- and vehicle-treated controls. Co-
horts of mice were treated starting at 13 weeks until they became
moribund and were sacrificed (Figure 5D). All treatments,
including the monotherapy arms, led to a significant survival
advantage versus vehicle-treated mice. End stage tumors had
progressed to a considerable size on rapamycin monotherapy,
larger on average than untreated controls, indicating an adaptive
resistance involving enhanced growth rates (Figure S3A), as re-
ported previously (Chiu et al., 2010). Overall, TB at end stage
was higher in regimens involving axitinib versus sunitinib (Fig-
ure S3A). Interestingly, both Als produced tumors that never re-
vascularized (data not shown). Additionally, the combination

Figure 3. Mouse PNET Cell Lines and Tumors Consume and Catabolize Lactate to Establish Metabolic Symbiosis
(A) BTC3 cancer cells cultured in normoxic conditions show low levels of GLUT1 (green) and MCT4 (green) expression, whereas both proteins are upregulated in

hypoxic conditions. The scale bars represent 25 um.

(B) NMR analysis of BTC3 cells, cultured in low glucose (6.25 mM glucose + 2 mM GIn + FCS), plated in the same media at 7 x 10° for 2 days, switched to 0%
glucose/0% Gin + FCS ON, then plated in 20 mM '~'3C-glucose + 2 mM GIn +FCS (top) or 20 mM *~'3C-lactate + 2 mM Gin+ FCS, cultured 16 hr in hypoxic
(1% 0,/5% CO,) or normoxic conditions (20% 0,/5% COy), and harvested for NMR. The net production of lactate in CM from time 0 in '~'3C-glucose conditions
in hypoxia was +15.6 mM and normoxia +4.6 mM, while 3'3C-lactate levels were either increased in hypoxia by +0.4 mM or reduced in normoxia by —2.7 mM.
The gray arrow highlights *~'3C-glutamine, which was found as a product of *~'C-lactate catabolism in TC3 cells when these results were replicated (data not

shown).

(C) Tumor-bearing mice were treated for 10 days with Mono-S or R+S, or vehicle control, and then infused with 3-13_C-lactate for 90 min prior to sacrifice. The
tumors were excised, quick frozen in liquid nitrogen, and prepared for NMR (see Experimental Procedures).
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Figure 4. Metabolic Regulation of mTOR Signaling

(A) Pimonidazole (green) is merged with anti-GLS2 (red) in left
images, and right images depict tumors anti-GLS2 only (red) in
control untreated tumors (top) and sunitinib-treated tumors
(bottom). The arrow indicates GLS2-negative staining, while the
arrowhead indicates GLS2-positive staining in hypoxic cells.
The scale bars represent 25 um.

(B) BTC3 cells, acclimated to low glucose as in Figure 3, were
cultured in 2 mM glutamine (GIn), or 2 mM GiIn + 20 mM lactate +
selective metabolic inhibitors, and assessed for p-S6 levels.
Both BTC3s and lactate avid SiHa cells (Figure S2C) markedly
upregulated p-S6 when cultured in lactate + Gin versus Gin
alone; this upregulation could be reversed by 100 nM rapa-
mycin treatment, or partially reversed using 40 uM DON, a
competitive inhibitor of glutaminase. In addition, blocking
lactate uptake with the MCT1 inhibitors 1 mM CHC or 10 uM
7ACC2 also reversed this upregulation, as did 200 uM AOA,
which blocks the transamination of pyruvate + glutamate to
alanine + a-ketoglutarate. The bottom images depict experi-
ments performed with the selective GLS1 inhibitor, 50 puM
BPTES, which failed to reverse the lactate induced pS6 upre-
gulation, in contrast to DON, CHC, or 7ACC2. Below the blot is
a graphic depicting the net consumption or production of
lactate from time = 0.

(C) Graphic depicting the relative production of a-ketoglutarate
in GIn + lactate versus GIn-only conditions. The samples were
normalized by protein concentration.
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therapies reduced the frequency of metastasis compared to
both Al monotherapies, despite the significantly longer survival
of mice in the dual therapy arms (Figure S3B). It is unclear why
the mice with only residual TB were dying, which is a topic worthy
of future investigation.

mTOR Inhibition Disrupts Metabolic Symbiosis

The combination of rapamycin plus sunitinib treatment for
1-2 weeks reproducibly elicited tumor regression, characterized
by widespread necrosis and fibrosis, and markedly reduced
proliferation, particularly in large tumors (Figures S4A, S4B,
and S6). In contrast, while 8 weeks of Mono-S also produced
tumors with pronounced necrosis and fibrosis, the remaining
tumor cells were highly proliferative (Figure 1E). When 13- to
15-week-treated tumors were analyzed comparatively for prolif-
eration rates via Ki-67 staining, there was a significant reduction
in proliferation in R+S-treated tumors versus controls and both
monotherapies (Figure S4B). Tumors treated with Mono-R had
limited necrosis (data not shown), consistent with this and our
previous study indicating it elicited heighted rates of apoptosis
without appreciable necrosis (Chiu et al., 2010) (Figure S4C).

Seeking to understand the basis for this heightened necrosis,
and having identified putative symbiotic clusters of cancer cells
associated with remaining blood vessels in the Mono-S-treated
tumors, we asked whether rapamycin was affecting symbiosis in
the R+S-treated tumors. The clusters could still be detected, as
revealed by co-staining with MCT1 and MCT4, but their
morphology was altered. Surprisingly, we observed that cancer
cells in the hypoxic GLUT1M" MCT4"" and mTOR"¥
compartment were selectively depleted compared to those cells
in the normoxic GLUT1'°%, MCT1"9" and mTOR"9" regions
where rapamycin was acting to suppress mTOR signaling.
Only a rim of MCT4 cells could be detected, flanking regions of
necrosis, in contrast to the multiple layers of such cells seen in
the Mono-S-treated tumors (Figure 6A). In contrast, rapamycin
did not obviously disrupt the (previously p-S6M9") MCT1Moh
compartment (Figure 6A). Thus, inhibition of mTOR signaling in
the normoxic compartment was disrupting the symbiosis, but
via an unexpected paracrine mechanism.

A tenant of the symbiosis hypothesis is that the normoxic can-
cer cells have not upregulated glucose transporters, in contrast
to the hypoxic cells (Figure 2D), thereby sparing limited bioavail-
able glucose to diffuse from the nearest blood vessel to distal,
but still viable hypoxic cancer cells. We wondered, therefore, if
mTOR inhibition affected expression of glucose transporters?
We first surveyed untreated tumors and observed heteroge-
neous expression of GLUT1 and a related transporter GLUT2,
which is involved in glucose homeostasis in pancreatic islets
(Guillam et al., 1997) (Figure S5A). A third transporter, GLUT3,
was not consistently expressed (data not shown). Mono-S-
and R+S-treated tumors were stained with antibodies that
recognized pimonidazole adducts, indicative of hypoxia, and
anti-GLUT1 and anti-GLUT2 antibodies (Figure 6B). The analysis
revealed appreciable upregulation of GLUT2 expression (red
staining) in the normoxic regions of R+S, but not Mono-S-treated
tumors (Figure 6B, bottom); the Mono-S tumors express very lit-
tle GLUT2 (or GLUT1) in normoxic regions proximal to the ves-
sels. In contrast to GLUT2, GLUT1 is not widely upregulated in
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the normoxic compartment of R+S-treated tumors. We also per-
formed comparative IHC using automated staining with GLUT1
and GLUT2 and saw a similar upregulation of GLUT2 in the nor-
moxic regions of R+S- versus Mono-S-treated tumors (Fig-
ure S5B). Western blot analysis on tumors also confirmed
GLUT2 upregulation in R+S-treated tumors versus Mono-S
(Figure S5C), as did qRT-PCR (Table S1). There was also a
modest upregulation of GLUT2 in BTC3 cells cultured in glutami-
ne+lactate+rapamycin versus glutamine + lactate (Figure S5D),
conditions we believe may be a surrogate for those found in
the oxidative cancer cells inside Al-treated tumors. Although
consistent with the in vivo results, further work is required to sub-
stantiate these findings and determine the molecular pathway
that governs this regulation. Thus, we envision that the normoxic
compartment of the putative symbiotic clusters switches, in the
context of mMTOR inhibition, to importing and metabolizing
blood-borne glucose instead of sparing it to favor lactate.
Consequently, the vascular non-proximal hypoxic cells would
starve from glucose deprivation and die; likely exacerbated by
lactic acidosis, since the normoxic cells are now net secretors
of lactate as a consequence of aerobic glycolysis. Transmission
electron microscopy (Figure S6) of cancer cells in the peri-
necrotic region of a R+S-treated tumor reveals cells with
granulated cytoplasm and grossly distended mitochondria,
and abundant insulin granules, potentially indicative of the
extreme conditions of insufficient oxygen and glucose, and an
acidic microenvironment. To further substantiate these associa-
tions, Figure S7 shows images of additional Control, Mono-S-,
and R+S-treated tumors on serial sections stained with anti-
MCT1, anti-MCT4, and pimonidazole, matched with anti-phos-
pho-S6 ribosomal protein (pS6), -GLUT1, and -GLUT2. These
images further document the upregulation of MCT1/4 in
Mono-S- and R+S-treated tumors versus untreated controls
and abundant MCT1 staining in the R+S tumors. The pimo-
nidazole/pS6 panels show strong and relatively homogenous
staining of pS6 in non-hypoxic control tumors, and compartmen-
talized pS6 staining in the normoxic regions of Mono-S tumors,
but no reactivity in the R+S-treated tumors. The TEM and immu-
nostaining analysis both support the interpretation that the hyp-
oxic compartment is being eliminated faster than the normoxic
one in the R+S-treated tumors.

DISCUSSION

In this and the two companion reports in this issue of Cell Re-
ports from Pisarsky et al., 2016 and Jiménez-Valerio et al.,
2016, we describe an unanticipated new mode of adaptive resis-
tance—metabolic symbiosis—that is induced in response to
potent anti-angiogenic therapies that cause vascular collapse
and consequent hypoxia. We show that cancer cells compart-
mentalize themselves in the acute condition of vascular insuffi-
ciency into comparatively hypoxic and normoxic compartments,
based on their relative proximity to the few remaining functional
blood vessels. The hypoxic cancer cells induce expression of the
glucose importer GLUT1 and the lactate exporter MCT4, which
is dependent on HIF1a. The normoxic cells express the lactate
transporter MCT1, and we show that both normoxic cancer cells
in culture and tumors in vivo import and catabolize lactate; thus
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Figure 5. Therapeutic Targeting of Al-Induced, p-S6+ Clusters with Rapamycin
(A) Trial designs are indicated in this schematic: trials were initiated and terminated at discrete time points, as established by previous studies in the Rip1Tag2
model (Bergers et al., 1999). The intervention trials were initiated at 11 weeks when tumors were small (Figure 5C), while fixed endpoint regression trials (Figure 5B)

and open endpoint survival trials (Figure 5D) were initiated at 13 weeks when tumors were already large; molecular efficacy trials commenced at 13.5-14 weeks
and proceeded for 7-10 days.

(legend continued on next page)

Cell Reports 15, 1144-1160, May 10, 2016 1153



OPEN

ACCESS
CellPress

lactate is not just toxic waste from glycolysis, but rather is being
used for energy metabolism. Moreover, our data reveal that the
metabolic branch of lactate catabolism involving glutamine
metabolism is favored, and this branch is blocked in tumors
treated with rapamycin and anti-angiogenic therapy. Moreover,
PanNET cancer cells cultured in the presence of lactate and
glutamine upregulate phospho-S6 ribosomal protein (p-S6);
the proposition that glutamine metabolism upregulates mTOR
activity is consistent with previous studies in other cell culture
systems (Duran et al., 2012). The association of lactate and
glutamine catabolism in the regulation of mTOR in these condi-
tions of stressful vascular insufficiency is further substantiated
by our results showing that mTOR upregulation can be sup-
pressed by impairing lactate uptake with known inhibitors of
MCTH1, or by inhibiting enzymes involved in glutaminolysis,
namely glutaminase 2 that converts glutamine to glutamate in
the first step of its metabolism and an alanine aminotransferase
that in turn catalyzes the production of alanine + a-ketoglutarate
from (lactate-derived) pyruvate and glutamate. Other studies
have reported that mTOR regulates glutamine flux and gluta-
minase levels (Csibi et al., 2014).

The observed upregulation/segregation of mTOR activity into
the normoxic cell compartment induced by two potent Als, and
the resultant putative metabolic symbiosis, can be disrupted
by concomitant inhibition of mTOR signaling with rapamycin.
Remarkably, the initial impact of inhibiting mTOR in normoxic
cancer cells is the necrotic death of the hypoxic cells, which
lack elevated levels of mTOR signaling. An explanation for this
intercellular crosstalk is offered by the observation that another
glucose importer, GLUT2, is upregulated in normoxic peri-
vascular cancer cells in response to rapamycin. The data sug-
gest that the normoxic cancer cells proximal to the few remaining
vessels consume the available blood-borne glucose when
mTOR is inhibited, thereby starving distal hypoxic cancer cells,
leading to their demise. Additionally, our NMR analysis of tumors
suggests that mTOR inhibition blocks lactate catabolism via the
anaplerotic pathway, and this abrogation of lactate consumption
may lead to the intra-cellular and peri-cellular accumulation of
toxic levels of lactate. The regulatory pathways involved in
GLUT2 induction and metabolic reprogramming when the nor-

moxic compartment is subjected to mTOR inhibition warrant
future investigation.

Remarkably, as summarized in the introduction, multiple
modes of adaptive or evasive resistance to therapies targeting
tumor angiogenesis have been reported (Casanovas et al.,
2005; Shojaei and Ferrara, 2008; Bergers and Hanahan, 2008;
Ebos et al., 2009; Paez-Ribes et al., 2009; Sennino et al., 2012)
in experimental therapeutic trials performed using conventional
transplant and genetically engineered de novo mouse models
of cancer. Of these, only heighted invasiveness has been clearly
implicated as an adaptive resistance mechanism in a human
cancer, namely glioblastoma (Lu and Bergers, 2013; and refer-
ences therein), although similar mechanisms can be envisioned
to underlay the transitory clinical responses to Al therapy in
virtually all tested forms of human cancer. Notably, the accom-
panying report by Jiménez-Valerio et al. (2016, this issue of
Cell Reports) documents the induction of MCT1/MCT4 lactate
transporters in a pattern consistent with metabolic symbiosis
in renal cell carcinoma (RCC) patient-derived xenograph tumor
(PDX) models treated with Al therapy. Moreover, analysis of bi-
opsies of tumors from RCC patients treated with sunitinib pro-
duced histologic signatures of metabolic symbiosis that were
exacerbated in relapsing/progressing (resistant) tumors from pa-
tients on anti-angiogenic therapy. Their data further show that
this metabolic patterning is associated with TOR signaling, since
its inhibition can evidently block this characteristic patterning.
This study in human RCC, along with the accompanying article
by Pisarsky et al. (2016, this issue of Cell Reports) in a mouse
model of breast cancer and the results presented herein collec-
tively and compellingly add metabolic symbiosis to the roster of
adaptive/evasive resistance mechanisms to anti-angiogenic
therapy.

In a broader context, the existence of metabolic symbiosis in
tumors has been previously reported by Dewhirst, Sonveaux,
Feron, and colleagues to arise spontaneously in certain trans-
plant tumor models (Kennedy et al., 2013; Sonveaux et al.,
2008; Semenza, 2008). They have described in a series of publi-
cations a metabolic symbiosis that conveyed decreased reliance
on bioavailable glucose that limited the collateral damage from
secreted lactate and consequent lactic acidosis, achieved by

(B) Fixed endpoint regression trials were performed from 13-15 weeks, as described in the Supplemental Information. Mean values + SEM are indicated, and
a two-tailed Mann-Whitney test was used to assess statistical significance; 13 week timepoint (TP) control versus R+S St and R+A St, p = 0.003** and versus
R+S Sim, p = 0.0003***; 15 week TP control versus Mono-R, p = 0.02*, R+S St, p = 0.0003***, R+S Sim, p = 0.0004***, Mono-A, p = 0.006**, and R+A St,
p = 0.0005***; Mono-R versus R+S Sim, p = 0.0008***; Mono-S versus R+S St, p = 0.044* and R+S Sim, p = 0.0008***; and Mono-A versus R+A, p = 0.004**
(*p = 0.05-0.01, **p = 0.009-0.001, and ***p < 0.001).

(C) Fixed endpoint intervention trials were performed for 4 weeks, commencing at 11 weeks, and described in Supplemental Information. Mean values + SEM
are indicated. Two-tailed Mann-Whitney test for statistical significance; 11-15 week vehicle control versus Mono-R and Mono-S, p = 0.0004***, R> S and R+S St,
p =0.0001***, R+S Sim, p = 0***, and 1/2R+1/2S and R+1/2S,p =8 x 10~% Mono-R versus R+S St, p =0.036" and R+S Sim, p = 0.0006***; Mono-S versus R+S St,
p = 0.0009*** and R+S Sim, p = 0.0001***; R->S versus R+S St, p = 0.0032** and R+S Sim, p = 8 x 10> and R+1/2S (p = 0.0023**); R+S St versus R+S Sim,
p = 0.002**; and 1/2R+1/2S versus R+S Sim, p = 0.0009*** (*p = 0.05-0.01, **p = 0.009-0.001, and ***p < 0.001).

(D) Open endpoint survival trials were performed in Rip1Tag2 mice from 13 weeks of age until animals became moribund and were sacrificed. Cohorts were
composed of 7-12 mice/arm, and p values were derived using the log rank test (LR). Survival was assessed for each cohort as mean survival in weeks + SD:
control vehicle-treated mice (n = 10; 16.9 + 0.8 weeks); Mono-S (n = 10; 21.8 + 1.6 weeks); Mono-R (n = 10; 22.9 + 1.7 weeks); Mono-A (n =12; 21.7 + 2.2 weeks);
and R+S St (n=9; 24.51 + 3.3 weeks), R+S Sim (n = 7; 25.4 + 3.8 weeks), and R+A St (n = 9; 25.8 + 4.4 weeks). The R+S Sim arm was comprised of fewer animals
than the other arms, signified by a stippled line, and was not statistically different than each cognate monotherapy. Long surviving, healthy mice from different
arms were sacrificed for evaluation of TB and metastasis at the following time points: R+S St, 30.4 weeks; R+S Sim, 30.1 weeks; and two mice from R+A St,
28.4 weeks. All of the treated arms show significantly higher survival than the vehicle-treated mice of p < 0.0001***, except for Mono-A, which has a p < 0.0002***.
R+S St versus Mono-S, p = 0.015*; R+A St versus Mono-A, p = 0.002**; and Mono-R, p = 0.004** (*p = 0.05-0.01, **p = 0.009-0.001, and ***p < 0.001).

See also Figures S3A and S3B.
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symbiotic cells importing and utilizing the lactate produced by
glycolysis (Kennedy et al., 2013; Sonveaux et al., 2008; Se-
menza, 2008). The concept of metabolic symbiosis in neoplasia
has been extended to interactions between cancer cells and
cancer-associated fibroblasts endothelial cells, macrophages
(Nakajima and Van Houten, 2013; and references therein), and
also documented in pancreatic adenocarcinoma (Guillaumond
et al., 2013). Its physiological basis lays in analogous symbiotic
relationships operative in certain normal tissues, in particular
brain and muscle (Draoui and Feron, 2011; and references
therein). The concept can now be extended further, with the
demonstrations that metabolic symbiosis can be induced in
response to a serious environmental stress—angiogenesis inhi-
bition, with consequent dropout and insufficiency of the tumor
vasculature, and widespread hypoxia—in models of pancreatic
neuroendocrine, breast, and renal cancer and in human RCC
(this report, and the accompanying reports by Pisarsky et al.
[2016] and Jiménez-Valerio et al. [2016])

The question arises as to whether disruption of this mode of
resistance might have value in extending the duration of effica-
cious responses by anti-angiogenic therapies. We show that
metabolic symbiosis induced by sunitinib/axitinib can be disrup-
ted by concomitant inhibition of mTOR signaling, resulting in sig-
nificant reductions in TB and viability, but with only modest
(albeit significant) extension in survival. The limited survival
benefit suggests that “rapalogs” may not prove to be ideal drugs
to disrupt this form of adaptive resistance; moreover, combina-
tions of sunitinib/axitinib with the rapalog everolimus have
been tested clinically, with limited benefit and significant toxicity
(Molina et al., 2012). An alternative and potentially more attrac-
tive strategy may be to inhibit the MCT1 and/or MCT4 lactate
transporters with highly selective drugs. Indeed, the preliminary
studies reported herein and in the companion paper by Christo-
fori et al. (2016), in which expression of MCT4 was suppressed
genetically, encourages further preclinical and then potentially
clinical evaluation, given that a number of MCT1 and MCT4 in-
hibitors are in pharmacological development.

An important further consideration is that tumors faced with
vascular dropout and insufficiency evoked by potent Als may
activate multiple modes of adaptive/evasive resistance, in
different regions of the tumor microenvironment. For example,
in the RIP1Tag2 mouse model of PanNET, sunitinib is apparently
inducing two distinctive modes of adaptive resistance, namely,
symbiosis in hypoxic regions of regressing tumors, and, as
reported previously, increased invasion and metastasis (Paez-
Ribes et al., 2009), in part by upregulating cMET signaling
(Sennino et al., 2012). It is presently unclear whether these
invading cancer cells also induce symbiosis upon reaching a
size/location where diffusion of oxygen and glucose from co-

opted normal vessels is insufficient, evoking hypoxia and, in
turn, symbiosis. In fact, others have postulated that tumor acidity
may promote local invasion (Gatenby and Gillies, 2004; Estrella
et al., 2013). Interestingly, we observed that co-inhibiting angio-
genesis and mTOR reduces the incidence of metastasis, but it is
unclear whether this effect relates to disruption of symbiosis or
some other physiological parameter. Future studies in preclinical
and clinical trials may shed light on the interplay between
adaptive resistance mechanisms and means to concomitantly
disrupt them.

An interesting question, not fully answered by the current
studies, is how these metabolic clusters are induced to form,
and in particular, why the peri-vascular normoxic cancer cells
choose to take up and metabolize lactate and spare the limited
glucose for their hypoxic brethren. A plausible explanation for
the formation and disruption of metabolic symbiosis is illustrated
schematically in Figure 7, and might transpire as follows: exten-
sive vascular collapse elicited by the Als results in hypoxia to
trigger the HIF1a transcription factor; HIF1e induces GLUT1
and MCT4 and activates glycolysis in the hypoxic cancer cells,
leading to high levels of lactate secretion; accumulating extracel-
lular lactate induces expression of the MCT1 lactate transporter
and, consequently, import of lactate into the normoxic cancer
cells; in concert with serum-derived glutamine, lactate is catab-
olized in the normoxic cancer cells with consequent induction of
mTOR signaling to promote tumor metabolism.

Notably, mTOR expression must be both cause and conse-
quence, since its pharmacological inhibition results in the nor-
moxic cancer cells upregulating a glucose transporter (GLUT2),
and apparently switching to secrete rather than import lactate,
resulting both in insufficient glucose for the hypoxic cells and
likely toxic acidosis in the extracellular microenvironment. In
addition, mTOR has been shown by others to be upregulated
by (Duran et al., 2012) and also to control glutamine metabolism
(Csibi et al., 2014). We extend these results by showing that its
inhibition blocks the conversion of lactate-derived pyruvate/
glutamate to alanine/a-ketoglutarate in R+S-treated tumors,
disrupting the production of TCA cycle intermediates, poten-
tially contributing to increased levels of (toxic and non-catabo-
lized) lactate. While plausible, this rationale for the assembly
and disruption of symbiosis will require future experimental
validation.

In conclusion, the induction of metabolic symbiosis in
response to vascular insufficiency elicited by potent Als further
illustrates the remarkable propensity of cancer cells to circum-
vent barriers that arise during tumorigenesis, tumor progression,
and in response to treatment. This symbiotic adaptation
evidently constitutes another mechanism that enables tumors
to overcome the damaging effects of targeted therapies, by

Figure 6. mTOR Inhibition Disrupts Metabolic Symbiosis

(A) Evaluation by tissue immunostaining of MCT1 (red) and MCT4 (green) expression in representative tumors treated with Mono-R or Mono-S (top row) or with the
combination (bottom row). The Mono-R-treated tumors (top left) appear similar to control vehicle-treated tumors (Figures 2F and S7) in having relatively weak
expression of the MCT1/4 transporters. In the R+S-treated tumors (bottom), MCT4-expressing regions (green) are reduced versus MCT1-expressing regions,
which have expanded (red), in contrast, note relatively more expanded MCT4-positive regions in Mono-S-treated tumors (top: center and right: green). The scale

bar represents 100 um. See also Figure S7.

(B) In contrast to the overlapping distribution between GLUT1 (red) and hypoxia (pimo, green) in both Mono-S and R+S-treated tumors (top row), GLUT2 (red) is
selectively upregulated in the non-hypoxic compartment of R+S-treated tumors (bottom row). The scale bars represent 25 um. See also Figure S5B.
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Figure 7. Schematic Conceptualizations of Al-Induced Metabolic Symbiosis

(A) Untreated PanNET tumors are highly vascularized and express low levels of MCT1, MCT4, and GLUT1, but appreciable levels of GLUT2. Potent Als targeting
the VEGFR and PDGFR pathways elicit regression of the tumor vasculature with consequent regional hypoxia and tumor compartmentalization, marked by
upregulation of MCT4 and GLUT1 in a hypoxic compartment and elevated levels of MCT1 and pS6 along with reduced levels of GLUT2 in a normoxic
compartment. Combined inhibition of VEGFR/PDGFR and mTOR produces necrotic cell death in the hypoxic compartment, associated with GLUT2 upregulation
and altered lactate metabolism in the normoxic compartment, followed by eventual necrosis.

(B) Extensive vascular collapse resulting from Al treatment results in hypoxia that induces HIF1a, which in turn upregulates the glycolytic targets GLUT1 and
MCT4 in the hypoxic cancer cells, leading to high levels of lactate secretion. Accumulating extracellular lactate induces expression of the MCT1 at the cell surface
and lactate import into the normoxic compartment. In concert with serum-derived glutamine, lactate is catabolized in normoxic cancer cells with consequent
induction of mTOR signaling to promote tumor metabolism. The data imply that normoxic cancer cells spare glucose for the hypoxic cells and fuel themselves by
importing the lactate byproduct of glycolysis operative in the hypoxic cells in conjunction with glutamine. The bottom image suggests that metabolic symbiosis is
disrupted by inhibition of mTOR through (indirect) upregulation of GLUT2 in the normoxic cells within the putative symbiotic clusters. Additionally, NMR studies
indicate that mTOR inhibition disrupts the conversion of lactate-derived pyruvate/glutamate to alanine/a-ketoglutarate (anaplerosis) in dual-treated tumors,
thereby disrupting the production of TCA cycle intermediates and potentially further enhancing toxic lactate accumulation.

Cell Reports 15, 1144-1160, May 10, 2016 1157



OPEN

ACCESS
CellPress

co-opting cellular processes intended for important homeostatic
purposes that instead serve the evolving cancer.

EXPERIMENTAL PROCEDURES

Therapeutic Agents

Sunitinib and axitinib were purchased from LC laboratories. Rapamune (rapa-
mycin) was purchased from Galexis. Please see Supplemental Information for
details on dosing regimens, formulations, etc.

Mice

All mice used in this study were maintained in a pathogen-free barrier animal
facility of the Swiss Federal Institute of Technology Lausanne (EFPL) in accord
with Swiss regulations for the care and use of mice in experimental research.

3-13G.Jactate and '-'3C-glucose in Tumor Cells

BTC3 cells were acclimated to “low” glucose (6.25 mM glucose + 4 mM
GIn +10% FCS). They were subsequently plated at 7 x 10° cells/10 cm tissue
culture dish in low glucose culture media for 2 days, switched to 0% glucose/
0% GIn + 10% FCS ON, then cultured in 20 mM 37'3C-lactate or 20 mM
1-13C-glucose + 4 mM Gin (no glucose) for 16 hr in hypoxic (1% 0./5% CO.)
or normoxic (21% 0,/5% CO,) conditions, and harvested for NMR. Plates
were harvested individually on ice, rinsed twice with PBS, and collected in
0.9 M perchloric acid, which was subsequently titrated to approximately neutral
pH with 0.9 M potassium hydroxide (KOH); extracts were lyophilized for NMR.

3-13C.lactate Uptake in Tumors

Mice were treated for 10 days with sunitinib or vehicle control and were infused
with 3'3-C-lactate in PBS, by intraperitoneal (i.p.) injection, over a period of
90 min. Pentobarbital was administered, and the mice were perfused
intravenously (i.v.) with a fluoresceinated lectin. Tumors were excised and
immediately quick frozen in liquid nitrogen. For NMR, the frozen tumors
were pulverized in liquid nitrogen, 0.9 M perchloric acid was added to the pul-
verized tumor tissue, rotated at 4°C for 2 hr, and titrated with 0.9 M KOH to a
final of approximately pH 6-7.

NMR Acquisition

NMR analysis was performed using a Bruker AVIl 800 MHz spectrometer
(18.8 T) equipped with a triple channel 5 mm cryoprobe (CPTCIz). 13C and
1H spectra were acquired using 30° angle pulses on 13C with decoupling on
proton (zgpg). A repetition delay (d1) of 3 s and 2,048 scans (ns) was used.
Spectra were processed with MestreNova software 10 using 5 Hz of line
broadening. The chemical shift scale was calibrated with 3-13C lactate
(21 ppm) as a reference, according to Shen et al. (1999) and Patel et al.
(2005). To prepare samples for introduction into the NMR, 300 ul of pulverized
cell solution was mixed with 100 pul of D20 (99.9% deuterated), shaken for
2 min, and directly poured into a 5 mm NMR tube.

Statistical Analysis

Statistical analysis was performed using GraphPad Prism (GraphPad Software)
software, and a log rank test was performed using software from the Broad
Institute (http://bioinf.wehi.edu.au/software/russell/logrank/index.html). Due
to the small sample size (as few as eight animals per treatment group) and
the fact that not all the data are normally distributed, a non-parametric, suitable
Mann-Whitney test was used (Figures 1A, 5B, 5C, S1A, S3A, S4B, and S4C; Ta-
bles S1 and S2), the log rank test was used for survival studies (Figure 5D), and
the Student’s t test was used for Figures 4C, S5C, and S5D. For the incidence of
metastasis during survival trials (Figure S3B), data were analyzed using R,
where the event is “metastasis” and the horizontal axis is “age of sacrifice
due to declining health status”, we tested whether the metastases are more
frequent in one group versus the other (function “survdiff”).
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Figure S1, related to Figure 2. Quantitation of vascularity in tumors treated from 13-15W. (A) Control untreated tumors
showed characteristically high vascularity (top left), as did Mono-R (top right). Mono-S (top middle left), Mono-A (top middle right),
and combination R+S (lower middle left) and R+A (lower middle right) show all have significantly reduced vascularity. Bottom
panels depict DC101 (anti-VEGFR2 only, Mono-D) alone (bottom left) or in combination with rapamycin (R+D, bottom right). All
mono- and combo therapy arms using Al produced significantly reduced vascularity versus controls or Mono-R, and all arms with
sunitinib or axitinib produced significantly reduced vascularity versus those using DC101. 12-15 fields were scored from 2-3
mice/treatment group. Scale bars represent 100 um. (B) Quantitation of MCT1/MCT4 co-expression. Ten treated tumors from 4
Mono-S or R+S mice were analyzed for co-expression of MCT1/MCT4 in strongly MCT4 positive tumor regions.
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Figure S2, related to Figure 4. Schematic depicting lactate catabolism in treated tumors. (A) Proliferation of TC3s in
different carbon sources. BTC3s were cultured in differing combinations of glucose, glutamine, and lactate +/- rapamycin over 18H,
and then assayed using a EdU incorporation assay to assess whether proliferation was effected. Little difference was found for all the
arms that contained glutamine, but culture in glucose only +/- lactate produces a block in cell cycle progression. Data represents 3
replicates. (B) Lactate reduction in CM in BTC3s A scatter plot depicting the normalized reduction in lactate levels in CM for GIn
only, GIn+Lactate, and GIn+Lactate + Rapa (C) SiHa cells upregulate pS6/mTOR when cultured in lactate + glutamine, can be
reversed by rapamycin or lactate uptake inhibition using CHC. Lactate avid SiHa cells consumed lactate and upregulated pS6
when cultured in lactate and GIn, and this upregulation in GlIn+lactate could be reversed rapamycin or the MCT1 inhibitor, 1mM
CHC, which blocks lactate uptake. Below the blot are the values of the net reduction of lactate in conditioned media. (D) Schematic
depicting lactate catabolism in treated tumors. 13C-lactate is converted to 13C-pyruvate, and enters the TCA cycle as acetyl-CoA
to produce glutamate or aspartate, or replenishes TCA cycle intermediates (anaplerosis) by a transamination between pyruvate and
glutamate that yields alanine and a-ketoglutarate. The 13C-lactate NMR results reveal that control, untreated tumors produce
products of both pathways, while Mono-S favors the pathway that produces alanine, and R+S favors production of glutamate and
aspartate. This schematic is adapted from Sybille Mazurek, https://commons.wikimedia.org/wiki/File:Glutaminolysisengl2.png.
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https://commons.wikimedia.org/wiki/File:Glutaminolysisengl2.png

Figure S3, related to Figure 5. Tumor burden and metastasis in mice from open end survival trials.

(A) Tumor burden was assessed in end-stage mice that were exhibiting end stage signs (weight loss, lethargy, loss of appetite, low
body temperature), with age indicated next to each point. Some R+S treated mice were healthy and survived until 30W, at which time
they were sacrificed for evaluation, along with 2 healthy R+A animals at 28.6W. One 30W R+S Sim animal had very low tumor
burden and no metastasis, whereas a second 30W R+S St animal had somewhat higher but still markedly reduced tumor burden, along
with some micrometastasis. Due to low sample size, there are only statistical differences between Vehicle and Mono-S and Vehicle
and R+S. Overall, tumor burden was higher in axitinib versus sunitinib therapies at end stage (B) Mice from Mono-S and Mono-A
were combined as the “Al only” group and R+S and R+A groups were combined as “Rapa/Al”. One end-stage rapamycin-treated
mouse had macroscopic liver metastases, in contrast to vehicle and other treated arms, which only produced micro-metastases. The
data was analyzed using the R package “survival” (function “survdiff”), and there was a very significant reduction in the incidence of
micrometatasis in the Rapa/Al vs Al dosing arms.
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Figure S4, related to Figure 5. Combination therapy in treated tumors reduces proliferation versus other treatment arms.

(A) IHC analysis of 13-5W R+S tumor. HE staining of an R+S treated tumor produces markedly necrotic/fibrotic tumors with extensive immune infiltration and large swaths of
fibrotic/necrotic tumor (upper panels, H&E), with vessels in regions devoid of TCs (CD31, arrows). In contrast to Mono-Su, (13-21W, depicted in Figure 1E) TC proliferation can
sometimes be almost entirely absent in combination arms (Ki-67). Scale bar represents 700um in the upper panel, 100um in upper middle and bottom panels, and 200pm in lower
middle panel. (B) KI67 staining of 13-5W control or treated tumors. Overall proliferation was comparatively quantitated for different treatment groups (right panels, Ki-67
staining), and representative images are depicted. There is a striking downregulation of proliferation in some combination treated tumors (R+S, 4™ row panels), and an overall
reduction in proliferation versus controls, in contrast to monotherapies which did not produce a significant difference. Scale bars represent 50 um. (C) Tunel staining of 13-5W
control or treated tumors. There is a highly significant increase in tunel staining in all treated arms versus control, but no significant difference in between treatment arms. Both
tumor cell and endothelial cell tunel staining is scored, as in the rightmost Mono-S panel. Between 28-42 fields were scored from 2 different animals/treatment group. Scale bars
represent 50 um.
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Figure S5, related to Figure 6. Heterogeneous GLUT1/GLUT?2 expression in untreated Rip1Tag2 tumors. (A) In very large,
hypoxic untreated RiplTag2 tumors, GLUT1 expression (blue) is upregulated in central hypoxic regions, while GLUT2 (brown)
staining can be found in more normoxic regions in the tumor periphery. Notably, heterogenous staining of GLUT1/GLUT?2 is
detected in other control tumors (not shown). Scale bars represent 200um in the top and 50um in the bottom panels. (B)
Upregulation of GLUT2 in Mono-S vs R+S tumors, IHC. Combination GLUT1 (blue) and GLUT2 (brown) IHC was performed
under identical conditions using the Ventana automated staining system on 13-15W treated tumors from three different representative
mice/group. In tumors with matched GLUT1 staining (blue), there is higher GLUT?2 staining (brown) in regions flanking hypoxia in
R+S treated tumors versus Mono-S. Scale bars represent 200um. (C) Upregulation of GLUT2 in Mono-S vs R+S tumors, western
analysis. The panel depicts western blot analysis of lysates from total treated tumors from Mono-S and R+S treated tumors, and
GLUT2 levels are modestly upregulated. (D) Upregulation of GLUT2 in glutamine+lactate+rapamyin versus glutamine+/-
lactate, western analysis The right panel depicts BTC3 cells cultured in GIn alone, GIn+Lac, or GIn+Lac+Rapa, and there was
modest upregulation of GLUT2 receptor in the GIn+Lac+Rapa treated tumor cells. Statistical analysis was performed using a one-
tailed Student’s T-test.
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Figure S6, related to Figure 6. Ultrastructural analysis of necrotic regions of R+S combination treated tumors.

(A) Ultrastructural analysis by EM of an osmium stained R+S tumor with extensive necrosis/fibrosis (upper right, black arrowheads
show tumor border). Transmission electron microscopic (TEM) images were taken and overlapped to image the vessel (middle) with
associated viable perivascular TCs, extending to the dying TCs at the fibrotic border. Bottom panels show images of the granular and
fibrotic tumor regions (bottom left) and the viable TCs that border these regions (bottom right). In the right panel, black arrows
indicate relatively healthy mitochondria clustered around the nucleus, while in both panels dashed arrows indicate swollen and
degenerating mitochondria, and arrowheads indicate insulin granules. In the right panel, purple arrows show the borders of a
degenerating cell membrane from a cell that contains relatively healthy mitochondria clustered around the nucleus, with cellular
contents spilling into the surrounding dying, fibrotic tissue. The highly necrotic tissue has markedly distended mitochondria in
comparison to that in the adjacent cell. See also Figure S4A and panel B. Scale bars are 2mm in the middle and lower panels. (B)
Panels depict additional images from tissue within the R+S treated islet tumors. The left panel shows cells abundant with insulin
granules (arrow heads), and granulated cytoplasm with swollen mitochondria (dashed arrows) that contain flocculent densities. Right-
hand panel depicts another region where this degeneration extends to a blood capillary where an endothelial cell (EC) appears normal.




Figure S7, related to Figure 6. A comprehensive summary of the antibody staining of MCT4/MCT1, pimonidazole with pS6, GLUT2, and GLUT1 in Control, Mono-S
and R+S tumors. MCT4/MCT1 (left, top) reactivity is strongly upregulated in Mono-S and R+S treated tumors versus Controls, with very strong MCT1 staining in the R+S
panels. Pimo/pS6 (left, bottom). Control, non-hypoxic (Pimo-) tumors have homogenous pS6 staining, while Mono-S tumors have compartmentalized pS6 staining in the
normoxic regions, and no pS6 reactivity in R+S treated tumors. GLUT2/Pimo (top, right). GLUT2 expression is highest in normoxic Control tumors, with lower expression in
R+S treated tumors, and the lowest expression in Mono-S tumors. GLUT1/Pimo (bottom, right) GLUT 1 expression is lowest in non-hypoxic Control tumors, with much higher
expression in Mono-S and R+S tumors. In R+S tumors, the pimo+ hypoxic regions are smaller in the R+S treated tumors than in Mono-S, although there is residual GLUT1+
staining, supporting the notion that the hypoxic regions are dying first in the R+S tumors. The scale bar represents 50um.

Control Mono-S R+S Control Mono-S R+S

GLUT2/Pimo/
Dapi

MCT1/MCT4/
Dapi

MCT4/Dapi Pimo/Dapi

MCT1/Dapi GLUTZ2/Dapi

pS6/Pimo/ GLUT1/Pimo/
Dapi Dapi

pS6/Dapi Pimo/Dapi

Pimo/Dapi GLUT1/Dapi




Table S1.

a. RNAseq Results, related to Figure 2.

e

Control 4 Slc2al/GLUT1 1.00

Mono-S 4 2.20 0.004
R+S 5 1.11 0.09
Control 4 Slc2a2/GLUT2 1.00

Mono-S 4 0.55 0.07
R+S 5 0.63 0.17
Control 4 Gpt2/ 1.00

Mono-S 4 Alanine aminotransferase 2 1.38 0.008
R+S 5 0.35 0.03
Control 4 Gls2/ 1.00

Mono-S 4 Glutaminase 2 1.43 0.028
R+S 5 0.88 0.83
Control 4 Ldha/ 1.00

Mono-S 4 Lactate dehydrogenase A 7.13 0.004
R+S 5 0.95 0.72
Control 4 Slc16a3/MCT4 1.00

Mono-S 4 14.19 0.004
R+S 5 3.34 0.002
Control 4 Slc16al/MCT1 1.00

Mono-S 4 10.78 0.03
R+S 5 1.50 0.28

Gene expression data was derived from RNAseq analysis from 4-5 tumors from each treatment group, and
adjusted pValue is shown.



b. RT-gPCR Results, related to Figure 2.

Control 5 Slc2al/GLUT1 1.00 -
Mono-S 5 4.54 0
R+S 6 3.46 0
Control 5 Slc2a2/GLUT?2 1.00 -
Mono-S 5 0.39 0
R+S 6 0.50 0.0003
Control 5 Gpt2/ 1.00 -
Mono-S 5 Alanine aminotransferase 2 1.52 0.028
R+S 6 0.89 0.171
Control 5 Gls2/ 1.00 -
Mono-S 5 Glutaminase 2 1.72 0.007
R+S 6 1.88 0.028
Control 5 Ldha* 1.00 -
Mono-S 5 Lactate Dehydrogenase A 2.73 0.0009
R+S 6 0.96 0.689
Control 5 Slc16a3/MCT4 1.00 -
Mono-S 5 5.11 0
R+S 6 1.39 0.033
Control 5 Slc16al/MCT1 1.00 -
Mono-S 5 2.63 0.183
R+S 6 1.12 0.833

Gene expression data was derived from Q-RT-PCR analysis using 5-6 tumors from each treatment group with 1
primer pair/gene, and both Rpl19 and Rpl13 normalization controls, (or *Rpl19 and GAPDH). Samples were
analyzed in triplicate for each gene, and data was analyzed using a 2-tailed Mann-Whitney test.



Table S2. RT-gPCR Results from BTC3 cells under normoxia/hypoxia, related to Figure 4.

Hyp/Norm
Gluc/GIn 6 Slc2al/GLUT1 5.85 0.0051
Gluc/GlIn/Lac 5.48 0.0051
Gin 3.79 0.0051
Gln/Lac 2.66 0.0051
Gluc 5.76 0.0051
Gluc/Lac 5.30 0.0051
Norm/Hyp
Gluc/GIn 6 Slc2a2/GLUT2 2.77 ns
Gluc/GlIn/Lac 4,06 0.0083
Gln 6.15 0.0080
Gln/Lac 6.28 0.0080
Gluc 4.35 0.0658
Gluc/Lac 4.84 0.0203
Hyp/Norm
Gluc/GIn 6 Slc16a3/MCT4 7.06 0.0051
Gluc/GlIn/Lac 6.53 0.0051
GIn 5.46 0.0051
Gln/Lac 3.11 0.0051
Gluc 8.31 0.0051
Gluc/Lac 711 0.0051
Norm/Hyp
Gluc/GIn 6 Slc16al/MCT1 0.89 ns
Gluc/GlIn/Lac 0.78 ns
Gln 1.27 ns
Gln/Lac 1.12 ns
Gluc 1.12 ns
Gluc/Lac 1.34 ns
Hyp/Norm
Gluc/GIn 6 Ldha/Lactate dehydrogenase A 10.62 0.0051
Gluc/GlIn/Lac 10.03 0.0051
Gln 15.92 0.0051
Gln/Lac 5.61 0.0051
Gluc 27.14 0.0051
Gluc/Lac 17.76 0.0051
Norm/Hyp
Gluc/GIn 6 Ldhb/ Lactate dehydrogenase B 1.35 0.0131
Gluc/GlIn/Lac 1.12 ns
GIn 1.89 0.0051
Gln/Lac 1.81 0.0051
Gluc 1.42 ns
Gluc/Lac 1.33 0.0460
Norm/Hyp
Gluc/GIn 6 Gls2/Glutaminase 2 0.65 ns
Gluc/GlIn/Lac 0.85 ns
Gln 0.81 ns
Gln/Lac 1.65 ns
Gluc 1.28 ns
Gluc/Lac 1.48 ns
Norm/Hyp
Gluc/GIn 6 Gpt2/Alanine aminotransferase 2 1.71 0.0203
Gluc/GlIn/Lac 1.73 ns
Gin 2.35 0.0080
Glin/Lac 2.39 0.0203
Gluc 0.97 ns
Gluc/Lac 0.92 ns

Six combinations of media with distinct carbon sources were cultured in normoxia or hypoxia and used for RT-
gPCR analysis using Rpl19 as a control, and this was repeated once and the results combined; data was for each
carbon source was normalized, and then the ratio of expression in hypoxia versus normoxia was calculated.
Statistics were generated using a 2-tail Mann-Whitney. ns= not significant



Supplemental Experimental Procedures.

Mice and trial design

The generation and characterization of the single transgenic RT2 (RIP1-Tag2) mice has been previously described (Hanahan 1985).
Briefly, RT2 mice undergo multifocal stepwise tumorigenesis, producing hyper- and dysplastic islets, a subset of which subsequently
undergo an angiogenic switch, leading in turn to formation of highly angiogenic PNET starting around 10 week; mice die at 15-16
week with a burden of 5-15 independent large, red, hemorrhagic PNET. Trial designs utilized in this study (intervention, fixed and
open-ended regression/survival) are depicted in Figure 4A.

Therapeutic trials

RT2 mice were treated starting at 11, 13 or 14W with the following therapeutic regimens on a schedule of 6D per week: 1) Sunitinib
(LC laboratories, Woburn MA, USA) was prepared once weekly at 10 mg/ml for the free base, and administered by oral gavage at 40
mg/kg in a vehicle formulation of 0.5% Carboxymethylcellulose sodium (USP, 0.5% w/v), 1.8% NaCl (USP, 1,8% w/v), 0.4% Tween
80 (NF, 0.4% wi/v) and 0.9% benzyl alcohol (NF, 0.9% w/v); 2) axitinib (LC laboratories, Woburn MA, USA and Medchemexpress
Co, Ltd.) was prepared at 10 mg/ml once weekly in a vehicle formulation of in 0.5% carboxymethylcellulose and administered by oral
gavage twice daily as monotherapy at 30 and 40 mg/kg or once daily at 40 mg/kg in combination with rapamycin; 3) Rapamume
(Galexis-AG, Ecublen, Switzerland) was administered by oral gavage at a dose of 5 mg/kg/day; 4) anti-VEGFR2 blocking antibody
(DC101) was obtained in bulk by affinity purification from the supernatant of a hybridoma culture (DC101) available from American
Type Culture Collection (ATCC) or was purchased from the UCSF Monoclonal Antibody Core, 513 Parnassus Ave., San Francisco,
CA, USA, and administered at 1 mg/animal, twice weekly through intra-peritoneal injection as previously described; control mice
were gavaged once daily with the sunitinib vehicle formulation for a period of time equivalent to the corresponding therapeutic
regimens.

Histopathological analyses, hypoxia and lectin perfusion; western blot analyses

Pancreas, spleen and liver were obtained following PFA perfusion, cryoprotected in 30% sucrose, OCT embedded and frozen; non-
perfused tissue was fixed in buffered formalin and embedded in paraffin, and antigen retrieval was performed with citrate. For
immunohistochemistry or IF, sections were blocked in 4% NDS, 4% NMS, and 0.1% bovine serum albumin prior to addition of the
primary antibody. The following antibodies were used for specific tissue immunostaining: Rabbit anti-GLUT1 (07-1401) and rabbit
anti-GLUT2 (07-1402) were from Millipore, goat anti-MCT1 (T19, sc-14917), rabbit anti-MCT4 (H90, sc-50329), rat monoclonal
anti-mouse CD31 (clone MEC13.3, 1:50, BD-PharMingen); rat anti-mouse CD31 (Sz31, DIA310, Dianova) rabbit polyclonal serum
anti-large T antigen (1:10,000, preparation from the Hanahan laboratory); and rat anti-MECA32 antibody (1:200, 550563, BD-
Pharmingen), phospho-S6 Ribosomal Protein Antibody Ser 235/236 (2211L), rabbit anti-GLS2 (AV43562-100ug, Sigma-Aldrich).
FITC-, Rhodamine-, and HRP conjugated secondary antibody were obtained from Jackson ImmunoResearch (West Grove PA) and
used according to the manufacturer’s instruction. The following secondary antibodies were used at a dilution of 1:200: Alexa Fluor
488 goat anti-rat 1gG and Alexa Fluor 546 goat anti-rabbit 1gG. For specific staining of the nuclei samples were mounted with
Vectashield with DAPI (Vector labs). To analyze functional vasculature, FITC-labeled tomato lectin (Vector labs, 0.1 mg in 0.1 ml)
was injected intravenously and allowed to circulate for 5-10 min. Mice were anesthetized, heart perfused with neutral buffered
formalin and PBS, and tissue was excised and OCT embedded for frozen sectioning. Detection of hypoxia was performed using
pimonidazol (pimo) (60mg/kg), which was injected i.p. to the mice an hour before they were anesthetized, heart perfused with
formalin, and tissue excised and OCT embedded for frozen sectioning. For the pimonidazol immunodetection, Hypoxyprobe-FITC
conjugated antibody was used following manufacturer’s instructions (Natural Pharmacia International Inc., Burlington MA).

Western blot analysis utilized p-actin (Abcam, ab8226, 1:2000) Monoclonal Anti-B-Actin antibody (A5441, Sigma-Aldrich) and
monoclonal anti-a-tubulin antibodies (T5168-.2ML). Rabbit anti-GLUT1 (07-1401) and rabbit anti-GLUT2 (07-1402) were from
Millipore. Survivin, (2808S), Phospho-S6 Ribosomal Protein Antibody Ser 235/236 (2211L), and rabbit anti-GAPDH (2118S) were
from Cell Signaling Technology, Danvers MA, USA. For western blots in Figure S4C, quantitation was performed using the LI-COR
system and software (LI-COR Biosciences, Germany), and statistics were performed using a one-tail T-Test.

IHC using the Ventana automated system

CD31 protocol. Immunohistochemical detection of endothelial cells (rat a-CD31, clone SZ1, Dianova, diluted 1:100) was performed
using the fully automated Ventana Discovery XT (Roche Diagnostics, Rotkreuz, Switzerland). All steps were performed on the
machine with Ventana solutions. Briefly, dewaxed and rehydrated paraffin sections were pretreated with heat using mild condition (20
minutes) CC1 solution. The primary antibodies was incubated 1 hour at 37°C. After incubation with a donkey a-rat biotin (Jackson



ImmunoResearch Laboratories), chromogenic revelation was performed with BlueMap kit (Roche Diagnostics, Rotkreuz,
Switzerland) for 60min. Tissue was counterstained with Nuclear Fast Red (Carl Roth) for 30 seconds.

Protocol double IHC. Double immunohistochemical detection of rabbit anti GLUT1 (07-1401, Millipore, diluted 1:200) and rabbit
anti-GLUT?2 (07-1402, Millipore, diluted 1:200) was performed using the fully automated Ventana Discovery XT (Roche Diagnostics,
Rotkreuz, Switzerland). All steps were performed on the machine with Ventana solutions. Briefly, dewaxed and rehydrated paraffin
sections were pretreated with heat using standard conditions (36 minutes) CC2 solution. The GLUT2 antibody was incubated 1 hour at
37°C. After incubation with the ready to use anti Rabbit OmniMap (Roche Diagnostics, Rotkreuz, Switzerland) chromogenic
revelation was performed with DabMap kit (Roche Diagnostics, Rotkreuz, Switzerland). Antibodies were denatured for 8 minutes at
95°C before incubating Glutl antibody for 1 hour at 37°C. Donkey a-rabbit biotin (Jackson ImmunoResearch Laboratories) was
incubated before the chromogenic revelation was performed with BlueMap kit (Roche Diagnostics, Rotkreuz, Switzerland) for 60
minutes.

Tumor measurements
RT2 mice were euthanized and tumor volume (in mm®) was measured from freshly excised pancreata by using the formula [volume =
0.52 x (width)? x (length)], approximately the volume of a sphere.

Glucose and lactate measurements
Serum glucose levels were monitored using the Bayer Breeze2 glucose meter. Lactate levels in conditioned media of cultured cancer
cells were measured using the Lactate Pro 2 kit (Axon labs).

o-Ketoglutarate assay

One million cells BTC3 cells were plated 6.25mM glucose + 4mM GIn +FCS in 1 well of a 6-well dish, grown for 2D, shifted ON to
media with 0% glucose/0% GlIn + FCS, and plated in DMEM +/- glucose, +/- Gln, and +/- lactate. Cells were harvested on ice in
RIPA buffer + protease inhibitors, sonicated, and insoluble material removed by centrifugation. Extracts were quantitated for protein
level using the Qubit system (Lifetechnolgies), and analysed for o-ketoglutarate levels using the a-KG assay kit (Abcam). The assay
was repeated 3 times to produce 6 values each for GIn vs GIn + Lac, and relative measures are displayed and analyzed using a 2 tailed
T-Test.

Tumor vascularity

Control or treated mice (13-15W) were analyzed for tumor vascularity by immunostaining with CD31 (blue) using the Ventana
automated staining system (see above). For microvessel area quantification, either entire tumors or tumor regions up to 250 um X 300
um were randomly chosen from treated/untreated tumors, and ratio of CD31-stained area to total area was calculated in each spot
using image analysis software, ImageJ (National Institute of Health, Washington DC, USA). The microvessel area (MVA) of the
region was expressed as the average ratio of these calculations, and the total number of tumors/regions analyzed and mice utilized are
shown beneath each treatment group in Figure S3, and data was analyzed using the Mann-Whitney test.

RNA-seq experiments

RNA quality was assessed with the Advanced Analytical Fragment Analyzer and samples with RNA quality number (RQN) above 7
were selected for library preparation and sequencing. RNA-seq libraries were generated with the Illumina TruSeq Stranded protocol,
with polyA selection. The libraries were sequenced on an Illumina HiSeq2500 machine, generating a minimum of 40 million reads per
sample. After sequencing, a further quality control was performed by analyzing the mapped read distribution along the gene length.
Samples with a strong 5°-3” bias in read coverage variation were removed from the dataset, as this bias is indicative of RNA
degradation (Khrameeva and Gelfand, 2012).

RNA-seq data processing

The RNA-seq reads were aligned on the mouse genome (assembly version mm10/GRCm38, downloaded from the Ensembl (Flicek et
al., 2014) database release 74) using TopHat (Kim et al., 2013) release 2.0.13 and Bowtie2 (Langmead and Salzberg, 2012) release
2.1.0. The alignments were processed to extract uniquely mapping reads, which were used for all further analyses.

Enrichment analysis

To conduct the Gene Set Enrichment Analysis on the expression data, we proceeded with two separate data preparation and
consecutive analytical methods as the following;

1) All the gene expression data from various treatment condition were collected and applied to the online GSEA software
(Subramanian , et. al). Hallmark Gene Set collection were chosen from MSigSB as the reference for gene sets enrichment analysis.



2) To gain insight on common processes, pathways, and underlying biological themes that are produced from different treatments,
gene expression values were sorted based on the fold change differences between control (no treatment) and treatment groups; the top
2500 genes with a pValue <0.05 which had the highest increase in their expression were selected and examined their overlap to
different gene sets (adopted from Hallmark Gene Set).

Transmission electron microscopy of pancreatic tissue

Rip1Tag2 mice (14.5-15W of age) were treated as indicated for 7D, perfused with via the heart with 200 ml of 2.5 % glutaraldehyde
and 2.0 % paraformaldehyde in 0.1M phosphate buffer (pH 7.4). After 2 hours the tissue was removed, and after embedding in 5%
agarose, vibratome sliced at a thickness of 80 microns. Slices containing appropriate regions of interest were then washed thoroughly
with cacodylate buffer (0.1M, pH 7.4), postfixed for 40 minutes in 1.0 % osmium tetroxide with 1.5% potassium ferrocyanide, and
then another 40 minutes in 1.0% osmium tetroxide alone. The slices were finally stained for 30 minutes in 1% uranyl acetate in water,
before being dehydrated through increasing concentrations of alcohol and embedded in Durcupan ACM (Fluka, Switzerland) resin.
The sections were then placed between glass microscope slides coated with mold releasing agent (Glorex, Switzerland) and left to
harden for 24 hours in a 65°C oven. Regions of interest were cut away from the rest of the tissue sections, glued to blank resin blocks
with cyanocrylate glue, and thin (50 nm thick) sections cut with a diamond knife. These were collected onto pioloform support films
on single slot copper grids, contrasted with lead citrate and uranyl acetate, and images taken with a transmission electron microscope
at 80 kV (Tecnai Spirit, FEI Company with Eagle CCD camera).

EdU incorporation assay
The EdU incorporation assay from Invitrogen, Carlsbad CA, USA, was utilized (cat# A10044).
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