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Learning objectives

»Understand the importance various facets of
metabolic reprogramming in cancer

=|_earn about the various hyperpolarized 3C-MRS
probes and their use to monitor tumor metabolism
in cell and animal models of cancer
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Cancer is a complex, multi-step process

Development
Of Cancer

Mutation inactivates

ol ol tumor suppressor gene
takes place

to replace

lost tissue
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CELLS PROLIFERATE

Mutation inactivates

Cell division DNA repair gene

accelerates

Mutation of proto-oncogene
creates an oncogene

Mutation inactivates
several more
tumor suppressor genes

Tumorigenesis is a multistep process involving genetic alterations that

drive the progressive transformation of normal human cells into highly
malignant cells
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Hallmarks of cancer

Sustaining Evading
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signaling suppressors
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IDH, FH and SDH mutations- paradigm shift
in the role of metabolism in cancer
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Mutations in metabolic enzyme drives cancer
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Metabolic reprogramming is central to
tumorigenesis

Three layers of metabolic
reprogramming:

USE OF OPPORTUNISTIC
DEREGULATED MODES OF NUTRIENT

UPTAKE OF GLUCOSE ACQUISITION

AND AMINO ACIDS \

USE OF GLYCOLYSIS/TCACYCLE
INTERMEDIATES FOR BIOSYNTHESIS INC;OERA?\IIIE'IPR%EG'\EQND
AND NADPH PRODUCTION

 gain access to conventional
and unconventional nutrient
sources

ONCOGENE-DIRECTED
NUTRIENT UPTAKE

* build new biomass to sustain
deregulated proliferation

OF INTRACELLULAR
METABOLISM

 exploit the ability of select

METABOLITE-DIRECTED REPROGRAMMING

metabolites to affect cell fate of 332  ALTERATIONS I NTERACTIONS WITH THE
both tumor cells as well as =2
variety of normal cell types Qﬁkﬁ%@

within the tumor i

microenvironment.

Pavlova et al., Cell Metabolism, 23, 27-47, 2016
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Deregulated nutrient uptake is a common
metabolic hallmark
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Glucose and glutamine are the two principal nutrients- they are the
source of carbon intermediates and reducing equivalents for biosynthesis

Pavlova et al., Cell Metabolism, 23, 27-47, 2016 3419 U(.\SF



Cancer cells use opportunistic modes of
nutrition .

Lysosomal
lipases

Z

Unsaturated lipids

Macropinocytosis, entosis, phagocytosis of apoptotic bodies and
extracellular lipid uptake are all means of taking in extra nutrients

Pavlova et al., Cell Metabolism, 23, 27-47, 2016 3419 U('\SF



Cancer cells have an increased demand for

nitrogen
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Glutamine is the principal nitrogen donor in cancer cells

Pavlova et al., Cell Metabolism, 23, 27-47, 2016
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Metabolite levels directly control tumor
gene expression
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Metabolic networks are not passive recipients of growth signals. They directly
alter tumor genetic and epigenetic status

Pavlova et al., Cell Metabolism, 23, 27-47, 2016 U(.\SF
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Warburg effect- the most famous hallmark

THE METABOLISM OF TUMORS IN THE BODY,
By OTTO WARBURG, FRANZ WIND, axo ERWIN NEGELEIN.
(From the Kaiser Wilkelm Institul filr Biologie, Berlin-Daklem, Germany.)
(Received for publication, April 29, 1926.)

In this contribution we discuss the question of whether tumor cells
in living animals can be killed off through lack of energy, and the
related question of how the tumors are supplied with oxygen and glu-
cose in the body.

We assume it is understood that tumor cells obtain the energy
required for their existence in two ways: by respiration and by fer-
mentation. In respiration they burn organic materials to carbon
dioxide and water; in fermentation they split glucose to lactic acid.
All tumors go far tested behave fundamentally alike, There is no
essential difference between the cancer cells of transplanted rat tumors
and spontaneous tumors, sarcoma and carcinoma cells, and the tar
carcinoma, and Rous sarcoma produced by filtrate.

The fermentation of tumors was first found with cut pieces of tumor
in vitro.! C. and G. Cori* demonstrated it in living animals as well.
They determined the glucose and lactic adid in the axillary veins of
hens having in one wing a Rous sarcoma, and found in 100 cc. of
blood 23 mg. less glucose and 16 mg. more lactic acid on the tumor
side than on the normal side. A corresponding experiment with a
human fore-arm tumor showed in 100 cc. of blood 12 mg. less glucose
and 9 mg. more lactic acid on the tumor side.

In experiments on the nourishment of tumors through the blood
stream, we, like Cori, determined the glucose and lactic add in tumor
veins, Our procedure differed from Cori’s in that we compared tumor
veins and arteries, nof tumor veins and corresponding normal veins.
Our differences were greater than Cori's because we went closer to

1 Warburg, 0., Biockem. Z., 1923, cxlii, 317. Warburg, O., Posener, K., and
Negelein, E., Biochem. Z,, 1924, clii, 309. Negelein, E., Biochem. Z., 1925, cviii,
121; 1925, clx, 307.

#Cori, C. F., and Cori, G. T,, J. Biol. Chem., 1925, Ixiv, 11; 1925, Ixv, 397.

519

Elevated glucose uptake and conversion to lactate in tumor cells
even under conditions of normal oxygen tension
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The Paradox of the Warburg effect

Differentiated tissue Proliferative Tumor

/ tissue

{

+O2 \02 ~ +/-0
I

Glucose Glucose Glucose
O, Pyruvate J O Pyruvate
\ Pyruvate %
Lactate ‘ v e
Lactate
CO,
Oxidative Anaerobic Aerobic
phosphorylation glycolysis glycolysis
~36 mol ATP/ 2 mol ATP/ (Warburg effect)
mol glucose mol glucose ~4 mol ATP/mol glucose

Paradox: Tumor cells use glycolysis in spite of lower ATP yield
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The Warburg effect facilitates macromolecular
biosynthesis
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Paradox: Tumor cells use glycolysis in spite of lower ATP yield

But ATP may not be limiting for cell proliferation
The major function is to provide glycolytic intermediates for biosynthesis

of RNA, DNA, proteins, lipids, NADH and NADPH
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The PI3K/Akt/mTOR pathway is a major
facilitator of the Warburg effect
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Interrogating the Warburg effect:
2-['8F]fluoro-2-deoxy-d-glucose (8 F-FDG-PET)




Interrogating the Warburg effect:
2-['8F]fluoro-2-deoxy-d-glucose ('®F-FDG-PET).
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Interrogating the Warburg effect:
Hyperpolarized [1-13C]-pyruvate
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Hyperpolarized [1-13C]-pyruvate can monitor
response to PI3K inhibition in GBMs
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Venkatesh et al. Neuro Oncol, 14(3): 315-325, 2012
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Hyperpolarized [1-13C]-pyruvate can monitor
response to PI3K inhibition in GBMs
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Reduced hyperpolarized lactate production correlates with reduced LDHA
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Hyperpolarized [1-13C]-pyruvate can monitor
early response to PI3K inhibition in GBMs
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Hyperpolarized [1-13C]-pyruvate can monitor
early response to anti-VEGF treatment in GBMs

B N . : .
ormal-appearing brain Glioma
Lactate phantom
P H&E stained
Pyruvate
e Lactate

\'_‘—— == Basedne |
Glioma ’

Glioma 34r post . ,' ‘

Normal-appearing brain ant-VEGF b S ettt A

(= Bicarbonate/tC

"\
0

Baseline 3-hr post anti-VEG

0

Baseline 3-hr post anti-VEGF

0

Basealine 3-hr post anti-VEGF

F ) G H s
01 Bicarbonate/tC Lactate/tC 40 Lactate/Bicarbonate
-8~ Tumor <
| =0~ Normal-appeanng brain 0.6 3
0.08¢ =
).5) 0t
0.06l . 25¢
s (Y S S
T I 0 0.3 8-‘--..._ ~:
DO (o lceaeme SO A S ———rt 15}
/ o @I ;
| 104
0.02}
0.1} &t
ot 0 ol ] N
Baseline 3-hr post anti-VEGF Baseline 3-hr post anti-VEGF Baseline 3-hr post anti-VEGF

Park et al., NMR Biomed, 29: 650-659, 2016
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Hyperpolarized [1-1°C]-pyruvate can tumor

burden in prostate cancer
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Elevated hyperpolarized lactate production is
observed in Myc-driven hepatocellular carcinoma

Anatomic Imaging Pyruvate Lactate Alanine

C Normal Liver Pre-Tumor MYC Tumor

pyr pyr
lac

ala ala

23 Huetal, Cell Metab , 14: 131-142, 2011 31419 UCSF



Hyperpolarized [1-13C]-pyruvate imaging in
prostate cancer patients
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Hyperpolarized [1-'3C]-pyruvate imaging in GBM
patients
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Park et al., Magn Reson Med, 80(3):864-873, 2018
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Hyperpolarized [1-°C]-pyruvate imaging in GBM
patients
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Interrogating the Warburg effect and TCA cycle:
Hyperpolarized [2-1°C]-pyruvate
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Park et al., NMR Biomed, 26: 1197-1203, 2013
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Hyperpolarized [2-13C]-pyruvate can monitor
response to dichloroacetate therapy in the brain
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Hyperpolarized [2-13C]-pyruvate can monitor
response to dichloroacetate therapy in the brain

J.Y [2-13C]Pyruvate

15 4 4 [5-13C]Glutamate

Pre-DCA Post-DCA
E0,0S
O' 1 2 | — baseline
\ post-DCA
o 004 [22%CIPyr
o | Resonance for
3 | Acetoaceatate
5003 [5FCIGlu 1y
%) ( :
. - |
Pre-DCA Post-DCA o 002 I | [1=CJALCAR
=y |
. Region of Interest = | 15CiCy y
& 0.01 |} 1ECiPy
® (| »
A &
O—J - -;. ! [ \‘J.,‘V%",'\j"a\"“*
|
210 200 190 180 170

chemical shift [ppm]

Park et al., NMR Biomed, 26: 1197-1203, 2013
29

3/4/19 U(‘SF



Hyperpolarized [2-13C]-pyruvate can monitor mutant
IDH1-associated PDH down-regulation
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Hyperpolarized [2-13C]-pyruvate is moving to the
clinic
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Interrogating the Warburg effect: Hyperpolarized
[U-13C, U-?H]- glucose &
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Interrogating the Warburg effect: Hyperpolarized
[U-13C, U-°H]- glucose
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Altered glutamine metabolism is a hallmark of
cancer
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Interrogating glutaminolysis- hyperpolarized [5-13C]-
glutamine

[5-13C] -glutamate
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Gallagher et al., Magn Reson Med 60:253-257, 2008

Rapid, spontaneous degradation of glutamine to glutamate (product of interest)
in the prep is an issue.
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Interrogating glutamine metabolism-hyperpolarized
[1-13C]-glutamine can detect 2-HG production
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Interrogating glutamine metabolism-hyperpolarized
[1-13C]-glutamine can detect 2-HG production
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Cell Metabolism 26, 830-841, 2017
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Interrogating glutamine metabolism by PET-
(2S,4R)-4-["8F]fluoro-I-glutamine
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Interrogating oncometabolite production-
hyperpolarized [1-'3C]-a-ketoglutarate
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Interrogating oncometabolite production-
hyperpolarized [1-'3C]-a-ketoglutarate

a T2-WMRI b [1-°C] a-KG ¢ [1-13C] 2-HG
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Chaumeil et al. Nat Commun, 4: 2429, 2013.
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Interrogating transamination- hyperpolarized [1-
13C]-a-ketoglutarate
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Interrogating the pentose phosphate pathway-
hyperpolarized 0-[1-13C]-gluconolactone
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Interrogating the pentose phosphate pathway-
hyperpolarized 6-[1-1°C]-gluconolactone
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Interrogating the pentose phosphate pathway-
hyperpolarized 6-[1-1°C]-gluconolactone
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Interrogating the pentose phosphate pathway-
hyperpolarized 6-[1-1°C]-gluconolactone
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Interrogating the pentose phosphate pathway-
hyperpolarized 6-[1-1°C]-gluconolactone
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Interrogating the pentose phosphate pathway-
hyperpolarized 6-[1-1°C]-gluconolactone

T2-weighted 6-PG/gluconolactone

Batsios et al., unpublished data
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Interrogating redox status: Hyperpolarized
[1-13C]-dehydroascorbic acid

NADP+ NADPH

HP DHA

HO
HP Vitamin C

Keshari et al., Diabetes, 64(2): 344-352, 2015
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Interrogating redox status: Hyperpolarized
[1-13C]-dehydroascorbic acid
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Keshari et al., PNAS, 108 (46) 18606-18611, 2011
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Interrogating redox status: Hyperpolarized
[1-13C]-dehydroascorbic acid

T,-weighted Vitamin C
VitC

DHA

Keshari et al., PNAS, 108 (46) 18606-18611, 2011
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Hyperpolarized [1-°C]DHA reduction depends
not only on GSH levels, but also on PPP flux

. - b o C ) d ;\? **
e Oxidative PPP £ 20 € 30 " e i‘
x 2 X3 ket
é § 154 — é § % §
G6P G6PDH 6PGL 6PGLase 6PG 6PGDH RUSP Eg = gg 204 €0 404
; - 8% 10] 23 8D
1$ NADP* NADPH H,0 NADP* NADPH co, £5 55 ol = n:;g =
RS " 3 [lga) aa -
F6P RN Non-oxidative PPP' ar O a5 & &
T LT ! o 2 o <
LS ! ) - &3 Q- @ X
|T s : b "G ews @ Ctl  H,0, % 0 Ctl  DHA
G3P “u, 4
LIS e f g
-~ '
| GAPDH \‘~J 100- 100- 100-
I — etk P —~ FT3.2 3
1 AA \/»GSSG \ / NADPH \ / DHA o8 8 - of 80 o 80 gl
Pyruvate /\ PMf/\ g é: 601 2 éf 801 3 é: 601
/\ + -N9) 5O S0
LDH DHA o> GSH G NADP* € 0 o2 w0 oI 40 o 40
GST © &9 &9
Lactate - 3a-HSD = 20 4 20 - 2
0- 0- 0-
ctl  PMS Ctrl  H,0, Ctl  DHA
51 3/4/19 U(_‘SF



20
40
60
80
100
120

Hyperpolarized [1-3C]DHA reduction depends
not only on GSH levels, but also on PPP flux
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Interrogating pH:

H13CO3-
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Interrogating pH: Hyperpolarized zymonic acid
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Interrogating cell death: Hyperpolarized
[1,4-13C]-fumarate

Untreated Etoposide treated EL4 lysate
EL4 cells EL4 cells
A

--------------
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Gallagher et al. PNAS, 106 (47): 19801-19806, 2009.
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Summary

= Several hyperpolarized 3C-MRS probes are currently available-
hopefully more will come!

= [n designing your experiments, consider the biology and the
mechanism you are trying to image

= For more information, read

« Chaumeil et al., Studies of Metabolism Using 3C MRS of
Hyperpolarized Probes, Methods in Enzymology, Volume 561,
Pages 1-71, 2015

« Lumata et al., Hyperpolarized 3C Magnetic Resonance and Its Use
in Metabolic Assessment of Cultured Cells and Perfused Organs,
Methods in Enzymology, Volume 561, 73-106, 2015
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