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Mammalian physiology is circadian

Cardiovascular system:
heartbeat, blood pressure

Sleep-wake cycles

Body temperature

Il
AP AR il

Hormone levels
in the blood

Mating time

Digestion / detoxication

Renal activity







e How do these clocks affect metabolism,
and in particular metabolomics?

 What consequences does circadian
metabolic control have for cancer?



Ten percent of mouse genes are expressed In
circadian fashion
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(from Storch et al., 2002)



20% of mouse liver proteins are rhythmic

Circadian time

0 48121620
Alb
Cat (1)
Aldh2 (1)
Aco2
Aldh2 (2)
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Sdh1
Aldh-M1
Eif3s4d
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And not surprisingly, 20% of the mouse
metabolome Is also rhythmic...(Minami 2009)

...but how much of this pattern is due to rhythmic
food intake or sleep?

 The human ant routine protocol:
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Overall results

Time Awake (h)
1 12 24 36

 Plasma
— 281 metabolites
— 41 circadian rhythmic

max max

e Saliva
— 178 metabolites
— 29 circadian rhythmic

min min




Rhythmic plasma metabolites
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Rhythmic plasma metabolites

13-HODE +9-HODE
21-hydroxypregnenolone disulfate
arachidonate (20:4n6)

cortisone

dihomo-linoleate (20:2n6)
dihomo-linolenate (20:3n3 or n6)
docosadienoate (22:2n6)
docosahexaenoate (DHA; 22:6n3)
docosapentaenoate (n3 DPA; 22:5n3)
docosapentaenoate (N6 DPA; 22:5n6)
linoleate (18:2n6)

linolenate [alphaor gamma; (18:3n3 0r6)]
nonadecanoate (19:0)

palmitate (16:0)

pregn steroid monosulfate
pregnen-diol disulfate

stearidonate (18:4n3)
4-androsten-3beta,17beta-diol disulfate 2
4-ethylphenylsulfate
5alpha-androstan-3alpha,17beta-diol disulfate
alpha-hydroxyisocaproate
10-heptadecenoate (17:1n7)
1-oleoylglycerol (1-monoolein)
1-palmitoylglycerophosphoinositol
2-oleoylglycerophosphoethanolamine
eicosapentaenoate (EPA; 20:5n3)
fructose

palmitoleate (16:1n7)

glycerol

lactate

3-hydroxydecanoate
2-hydroxybutyrate (AHB)
cis-4-decenoylcarnitine

heme

laurylcamitine

octanoylcarnitine

pregnenolone sulfate

pyridoxate

4-hydroxyphenylpyruvate

cortisol

3-indoxyl sulfate
1-eicosadienoylglycerophosphocholine
2-linoleoylglycerophosphoethanolamine
glutamate

hippurate

glycerol 2-phosphate

LC/GC-MS (normalized)

DHA
n6 DPA
n3 DPA
EPA (20:5n3)

& linoleate (18:2n6)
- linolenate (o or y (18:3n3 or 6))
- dihomo-linolenate (20:3n3 or n6)
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Rhythmic saliva metabolites

00:00

®Lipids
® Energ
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.o ®Carbohydrates
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Rhythmic saliva metabolites

heptanoate (7:0)
N-carbamoylaspartate
3-methyl-2-oxovalerate
4-hydroxyphenylacetate
arginine

cis-aconitate

citrate

fumarate

galactose
glycyltyrosine

histidine
N-acetylmethionine
serine
threonylphenylalanine
tyrosine
3-methyl-2-oxobutyrate
4-methyl-2-oxopentanoate
3-dehydrocamitine
succinate
8-hydroxyoctanoate
p-cresolsulfate
creatine

creatinine
ethanolamine
levulinate (4-oxovalerate)
3-phenylpropionate
N-acetylgalactosamine
pyroglutamylglutamine
ornithine

= =
i T

LC/GC-MS (normalized)
o
o

O
o

3-methyl-2-oxobutyrate
== creatine
=8~ tyrosine
=¥= arginine
== |evulinate

o

10 20 30
Hours of wakefulness
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The next step:
Metabolic breathylomics
directly in the clinic
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Human circadian breath
metabolome from 3 subjects

Subject A

Subject B
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Human circadian breath
metabolome from 3 subjects

Robert Dallmann / Leila Tarokh
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Human circadian breath
metabolome from 3 subjects

Subject A

Subject B
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Subject C




Supervised PCA of Breath Metabolome of
One Subject during 24 hours

(similar colors sign. similar times)
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Breathprint predicts time of day

+ 3hrs
subject B
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Why is circadian time relevant to medicine?
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Why is circadian time relevant to medicine?
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Set-up for mouse breath analysis
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PK curve for ket and
metabolites

—
!

ket
= = =NK

+ HK
v = HNK
DHNK
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Relative Signal intensity
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Time (min)

Normalized signal intensity for ketamine and its metabolites detected in the breath of a
mouse injected with 60 mg/kg of ketamine. Note the different kinetics. Peaking times are:
Ketamine Ket= 34.5; Norketamine NK= 46; Hydroketamine HK= 51; Hydronorketamine
HNK and Dihydronorketamine DHNK= 77 min.



Signal intensity (counts)
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Circadian modulation of ket
metabolites
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A current challenge in medicine:
identifying when timing matters.
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Circadian behavior predicts chemotherapy survival in

humans.
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(Innominato et al., 2012)



Methods: measuring cellular clocks
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Methods: measuring cellular clocks
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Methods: measuring cellular clocks
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Methods: measuring cellular clocks

lentiviral cirlgedian reporter

I circadian promoter | luciferase |
Fll Fil

Period length: the time for 1 cycle

| N .
13000 Amplitude:
c 120007 The ratio of max
S 11000 - to min expression
10000 T ; ; ‘ ' '
0 20 40 60 80 100 120 . 140
hours Phase: the tlmlng of each cycle relative

to an external “zeitgeber”



Clock In glioblastoma cell lines
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Clock In glioblastoma cell lines
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Clock In glioblastoma cell lines
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Clock In glioblastoma cell lines
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Rel. Biolum.

Clocks in GBM

Grade Il & I
300001 30000
15000 - & 15000
=
)
0- 5 0
-15000 - ‘O -15000-
nd
-30000 1 -30000 1
1 1 L 1 1
0 1 2 3 4 0
Time (Days)

Grade IV

Time (Days)

Dallmann, Ritz et al. unpublished



Are these differences relevant for
cancer progression?




Killing the clock in a cancer cell line

100 -o- (C26-Bluf
- C26-Bluf-shRNABmal
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Time (days)
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Breaking the clock in C26 In 2 ways

GrowthCurve GrowthCurve
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Breaking the clock in C26 In 2 ways
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Breaking the clock in C26 In 2 ways
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Hypothesis: maybe clock function
IS being systemically driven here.
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In vivo luminometry- principle

Room

Controllable
I Light

(Saini, 2013)



Bioluminescence

Bioluminescence

Rhythmic tumor: Bmal-luciferase in vivo
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Arrhythmic tumor: Bmal-luciferase in vivo
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Conclusions: A four-clock problem?
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