Spectroscopy and Tumor Metabolism

Learning Objectives

* Understand the important metabolic changes that
occur in cancer and their cause.

Awareness of the NMR approaches and pre-clinical
model systems used to identify metabolic targets for
patient imaging studies.

Awareness of 'H & hyperpolarized 3C MRI metabolic
imaging methods that can be used to assess tumor
metabolism and the types of clinical questions that
can be addressed.
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Cancer — A Metabolic Disease

Tumors rewire metabolism to meet the

bioenergetics and biosynthetic Giyis ~—— rvono AT AN
demands of cancer cell growth. s \ 7 s

omHos S reactions
The tumor metabolic phenotype %
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consumption of glucose and Ang2 —| i o e
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Oncogenes and tumor suppressors so2 7

have key roles in cancer-associated o M{m / o s Lacate
changes in metabolism. e

Tumors also rewire metabolism for

protection against reactive oxygen Guido Kroemer and Jacques Pouysségur,
species and to affect their “Tumor Cell Metabolism: Cancer“s Achilles”

microenvironment through secreted Heel’, Cancer Cell, 13: 6, June 2008, 472-482.

lactate and low extracellular pHe.
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Glycolysis, TCA and Glutaminolysis

« There is higher flux of glucose through Extraoahiar hicose
most metabolic pathways in tumor cells nracauiar gocose
compared with normal cells. More glucose Sy s Q
carbons are incorporated in lactate, citrate, v S iy
glutamate, and metabolites involved with ool ! aP e
fatty acid synthesis, to oxidative forts
phosphorylation in some tumors. Sei «—3Ptogichoente  Hudeioscde

* Meeting all of these conditions requires o W:P‘_ sl _ Esacalur
increased glucose uptake which has been i
observed by FDG PET studies in most, but =t Bt N
not all tumors. AR o |

« Pyruvate from glycolysis often enters a (

Inacellulr,__Extracella

truncated TCA cycle Malsleg___aKG +— Guamale g fomine

« This truncated TCA cycle results in a flow of  Hiary A Coller, Is Cancer a Metabolic Disease? The
metabolites out of the TCA cycle American Journal of Pathology, 184: 1, January 2014, 4—
. 17.
(cataplerosis) that needs to be balanced by

an influx of metabolites (anaplerosis). In Red lines indicates up-regulation .
. ills this role Green lines indicates down-regulation
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The Cancer MeEaboIic Phenotype

* Increased phospholipid heine
metabolism — provides a or Phospholipid Metabolism
measure of cellular proliferation Kennedy Cycle
— cell membrane synthesis.

However, cellular degradation ~ Choline  <----- GPC <= 1-Acyiglycero-
and other metabolic pathways ATP phosphocholine
can affect phospholipid CKKADP A

metabolite levels ‘
PC —> CDP-Choline — Phosphatidyicholine

* Increased reducing capacity -
The use of aerobic glycolysis
protects tumor cells from ROS  nappH

GSSG Vitamin C
that would be generated by X X
performing oxidative NADP* GsH DHA
phosphorylation. Both glucose
and the glutamine consumed by
cancer cells can be metabolized Glutathione Reductase 1. Glutaredoxin (EC 1.20.4.1)
Ec1e17 2.PDI (EC534.1)

to generate NADPH. 3.GSTOs (EC 25.1.18)

Cyclic in vivo DHA Reduction via Glutathione and NADPH
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Metabolic Impact - Oncogenes and Tumor Suppressor Genes

» The oncogenic molecules I
AKT, MYC, and hypoxia- our | g AT

inducible factor-1 (HIF-1) __ ~ "Gfe=
can all contribute to the ~ pebmensster 7;;??2 -
cancer metabolic e N
phenotype, whereas the ~ @ina —— P/ —

tumor suppressor p53 acts Serine _s-Phasvn:ewcem«e / /)
to minimize the glycolytic I |
phenotype and its loss T e
contributes to aerobic IS T T e T e
glycolysis. s B

» Oncogene — gene that o Cirgte
causes cancer — mutated or ra/ o
highly expressed

v v
Intracellular Extracelular
Malats. aKG ~—Glutamate +— —_
~ .

taming iamine
Tumor suppressor gene — con.cor  ats " somms”
_anticancer function ColerHi. T AmeranJoural of Pathogy 2014184417

UCsr




Model systems used to study metabolomics by MR
spectroscopy

= In vitro
« Cellftissue extracts High resolution aqueous NMR spectroscopy

* Intact cells
High resolution magic angle spinning NMR

* Exvivo spectroscopy
* Patient derived tissue
« Perfused organs Micro imaging spectrometers + perfusion
systems
=In vivo Requires localization via imaging gradients or

surface coils
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Model systems — Ex vivo — cell extracts

1. Cell harvesting approaches 2. Extraction protocols
L)
@ Vst & 9 _/_\ Aqueous
Topsinzaton | S methanol —
= . acetonitrile >
methanol/chloroform/H,O
methanol/chloroform/acetonitrile
Per-chloric acid e

Lyophilized
powder
reconstituted i
D20 with TSP

MR compatible 3D cell/tissue culture bioreac

= Precision engineered

= Susceptibility matched

= Perfusion system with well controlled temperature and
oxygen delivery

= Enables serial dynamic multinuclear measurement
on the same sample

= Small sample chamber
= Minimized use of sample

= High mass sensitivity

= High BO field homogeneity
Keshar KL Wisn DV, Vo iing M, Sk Kol Warp 2,V HF, Ph 1
S B i P Koot o gt bosas e 1o

Prostate 401 10.1002pr05 23036,

9 BioE297 Hyperpolarized MR Seminar 7130115 l,%:




Alginate microspheres

10 BioE297 Hyperpolarized MR Seminar 7130115

Identification of Metabolic Targets for Imaging Studies

MRI-guided Human Tissue Analyses Image guided .
High Resoltuion NMR Biopsies O 3 PET/MRI

ﬁ-

PET/HP MR cell and tissue
culture bioreactor Studies

Patient Studies \'f
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lac/pyr
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NMR approaches to study metabolic alterations

= Steady state metabolite profile H / 3P spectroscopy

= Isotopomer based flux analysis

‘ 13C enriched substrate
based spectroscopy
= Hyperpolarized real time enzyme kinetics

DNP based '3C enriched
metabolites. Requires
“live” cells/tissue

3P spectroscopy has been used for studying bioenergetics,
pH and physiology using steady state spectroscopy as well as
magnetization transfer techniques
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Steady state metabolism using 'H spectroscopy

= Models implemented in
. . 1D > CPMG, presat
Cell / Tissue extracts 2D - TOCSY
« Intact cells
High resolution magic angle spinning NMR

= Exvivo spectroscopy
« Patient derived tissue

Requires localization via imaging gradients or
surface coils

= In vivo

"H NMR Spectroscopy — Extracts & Intact Tissues

Immunohistochemistry  Molecular Analysis
Quantitative Pathology ~ MIB-1-Proliferation n o

High Resolution 'H NMR of Cancer Tissue
Swanson Magn Reson Acptate
Med, 2003;50(5):944-54; GAC+PC
Magn Reson Med,

2006;55(6):1257-64; Magn ;\
Reson Med. 2008 "
Jul;60(1):33-40. Zektzer

'AS, Magn Reson Med, Lipids
2005;53(1):41-8.; Keshari cr Aley

Lactate

citrate

KR, Magn Reson Med, i GluGin
2005,53(3):519-27; Albers

MJ, Magn Reson Med.

2009 Mar,61(3):525-32;

Santos CF, NMR Biomed.
2010 4.0 35 30 25 20 15 10 PPM

High Resoultion Magic Angle Spectroscopy of image targeted human biopsy sample, By spinning at the magit
angle (54.7° ) and using moderate spin rates (2,250 Hz), solution-like spectra can be acquired prior ttkalsméogwc
immunohistochemical, proteomic, and/or genetic analysis of the same samples.

Metabolic Biomarkers of Prostate Cancer
PC+GPC
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Phospholipid Metabolism — Cancer Aggressiveness(Pathologic Grade]

. Grade N
§1 PC+GPCA
84
o
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g 2
o] — é
Benign <34 2443
Gleason

Choline

cr Phospholipid Metabolism

Kennedy Cycle
Choline ~ «(----+ GPC -+ 1-Acylglycero-
ATP phosphocholine

CcK A
ADP :
PC — CDP-Choline — Phosphatidyicholine

3 iomed. Correlation of phospholipid metabolites with
prostate cancer pathologic grade, prolferative status and surgical stage - impact -

Keshari, et.

of tissue

MR Biomed, 2011; 24(6),691-699,

Metabolic Biomarkers of Prostate Cancer

HR-MAS spectroscopy of 98 snap frozen Patient Prostate biopsies
Il Prostate Cancer, n= 56 [ Healthy Glandular, n= 122,
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Metabolic Biomarkers of Therapeutic Response — Radiation Therapy
'H HR-MAS o = o
Cho 2
Benign| | 715K - e d @ 1
5 — - a3 a2 a a0 19’ 38 of
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+ [PC + GPC] and [lactate] obtained from post-radiation s gf Fi
MRI targeted prostate cancer biopsies discriminated éu 2
residual cancer after failed radiation therapy. Zo semgn | 00knt Paresive
« [PC + GPC] was able to discriminate 14
proliferating/aggressive (Ki-67 > 5%, Primary Gleason 1.2 €
score 4) prostate cancer from indolent/dying prostate E o; i i
cancer after failed radiation therapy. 506 X
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Unique Glucose Metabolism in Prostate Cancer

Glucose Metabolic Reprograming in Malignant Prostate cells
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Malignant ~ Normal

Normal Malignant

* Both Benign and malignant prostate exhibits high glycolytic metabolism
limiting FDG PET imaging.13

* Fundamental switch in cancer is the utilization of carbons not the uptake of
glucose.

* Normal prostate — a majority of glucose carbons end up in citrate, not
utilized in the TCA cycle, but secreted into ducts and ending up in semen.

* Prostate Cancer — glucose carbons end up in a combination of lactate
(aerobic glycolysis), citrate which is subsequently utilized in TCA cycle and
lipid/phospholipid metabolism.

“Costello and Franklin Mol Cancer 2006, Costello and Franklin Mol Cell Biochem 2005, *Keshari, Kurhanewicz et al. The PIDSM

In vivo 3!P spectroscopy in prostate

= Cancer tissue had increased A i B T
PME and PDE and reduced | LT
PCr compared to normal . Pl T
prostate L M P | |
e T o
¢ e
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e . i Ao i e, 20 40413 UGse

Isotopomer based metabolism using 'H/ 1°C spectroscopy

Quantification of intracellular fluxes
= Isotopomer (Isotope + Isomer)

= Implies

» “live” cells

» Requires '3C enriched substrate

Models implemented in
« Cell/ tissue extracts :;"CU D, 2D), "H{"*C}

« Intact cells

* Ex vivo Dynamic acquisition in a perfusion set-up

« Organs

= In vivo Requires localization via imaging gradients or
surface coils
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Isotopomer detection using 'H spectroscopy

Media
5) Lactate
—
Cs
b13C4 Glucose “cy
13C Glucose
Lactate
) Chemical Shit (ppm) g0 o

Glutamate

Isotopomer detection using 'TH TOCSY

e ° = Labeling studies using [3-13C] Glutamine
crevere ' o : = Androgen independent PC3 (representative of
etertee N NEPC) cells have increased glutaminolysis

compared to prostate adenocarcinoma (LnCaP)

569G 4 MGG
.G 4 C-"C R
ee i TOCSY of PC3 cells labeled with
. Glutamate 10mM (3-13C] glutamine for 24 hrs
CIC 4 ICIC 4 CTC
C-1C +C-"C + "C-"C o Glutamine | seesieeeeens

561G 4 6"
+7C-"C 4 "C-C

0.01 1

0.008 1
Cross-peak patterns for

glutamate. Open circles
denote protons attached to
12C and filled circles denote
protons attached to '*C.

0.006

0.004

0.002

Ratio of 13C metabolites to TSP

Fen, T. (1996). , 0
Prograss in Nuclear Magnetic Resonance Speciroscopy. C3 glutamate C3 Glutamine C3 glutathione
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Increased Glycolytic and TCA Metabolism

2-D HR-MAS HSQC Fractional Enrichment

|
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® Human prostate tissues [3-°C] Pyruvate Labeling for 2 - hours in culture.

® Increased conversion of [3-13C]pyruvate to [4-'3C]glutamate, [3-'*CJaspartate and
[3-3C]lactate, and no labeling of citrate in malignant relative to benign tissue

“Costello and Franklin Mol Cancer 200f
2Costello and Franklin Mol Cell Biochef

3Keshari et al. The Prostate, 2013




Isotopomer detection using *C spectroscopy

F TCA cycle is the dominant player in metabolism

« Common pathway for oxidation

« Provides anaplerotic substrates for biosynthesis

k  Carbons flow at high rate although the TCA intermediates
are at low concentration

k  Glutamate a TCA intermediate in fast exchange with
aKG

« Higher concentration
« Multiplets well resolved from other metabolites

CRER
« Rapid exchange relative to TCA flux. ot
<0 glutamate
:
|
TCA cycle L w1/ %\

e /
== Jmz 1
e — :

S\ p
JW\» = exch i

e 3 ;;
Johannes H. G. M. van Beek et al. Am J Physiol HeartCirc Physiol 1999:277:H1630-H1640
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Isotopomer detection using °C spectroscopy
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Isotopomer ftlux analysis in tumor cells using *>C
spectroscopy
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