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o Different paths to get from A (substrate) to B (product)
o Bottlenecks or blocks can be circumvented (for a price)

o Not everyone wants to go to the East Village (cells rewire
their metabolism to suit their needs)



Carbon Metabolism
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Carbon Metabolism
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Carbon Metabolism

Electron Transport Chain (ETC)
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Electron Transport Chain (ETC)
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U = uridine
P = pyruvate
206 = 143B RhoO cells (no mtDNA)
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Oxidative Phosphorylation is dispensable

o oyrivate for cell proliferation
206 = 143B RhoO cells (no mtDNA)
100 ¢ +P-U- /
| CELLS WITHOUT AN
T ELECTRON TRANSPORT
O ks
S I A CHAIN CAN GROW,
§ 1 / - AS LONG AS THEY HAVE PYRUVATE AND

206. 417. U3

0 80 160 240

Time (hours)



Carbon Metabolism

Electron Transport Chain (ETC) TuRNS ouT
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Proliferating cells need I.ESS ATP than differentiated tissues
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Proliferating cells need I.ESS ATP than differentiated tissues

)

-

7
PR P < 0.05
QX
R
c Q
N
o
Eé

E

th'@@ N

PMID: 36725930



Ephraim Racker Otto Warburg

Bioenergetics and the Problem
of Tumor Growth

An understanding of the mechanism of the generation and control of
biological energy may shed light on the problem of tumor growth
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Ephraim Racker Otto Warburg

Bioenergetics and the Problem
of Tumor Growth

An understanding of the mechanism of the generation and control of
biological energy may shed light on the problem of tumor growth
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NB THE WARBURG EFFECT 16 NOT

THE BASIS FOR WHY PET SCANS ARE
USEFUL TO IMAGE TUMORS.
FDG-PET — GLUCOSE UPTAKE
(BROWN FAT LIGHTS UP!)

Ephraim Racker Otto Warburg

Bioenergetics and the Problem
of Tumor Growth

An understanding of the mechanism of the generation and control of
biological energy may shed light on the problem of tumor growth

PMID: 4332766



Cells rewire metabolic pathways to fulfill
anabolic, catabolic and regulatory needs
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Takehome points 1

Metabolic flux is malleable (many ways to make a product)
Metabolism is not ALWAYS about energy

Growth (anabolic metabolism) requires SUBSTRATES >>> ENERGY
Cells (and organisms) rewire their metabolism to suit their needs



METABOLISM AFFECTS ALL CELLULAR PROCESSES... BUT
HOW DO WE FIND OVT WHICH METABOLITES INELVENCE
SPECIFIC PROCESSES AND HOW?



Auxotrophs & Prototrophs: the genetics of biochemistry

mutagenize tﬁﬂgfgr B B = - _
spore Incubate - - -
- transfer single arg-1 y arg-2 arg-3 '
spore to different
types of media, ~ ~ ~
o/ N g .
then incubate
Vi V V V V V V V
\—/ \—/ \_/ \_/ \_/ \_/ \_/ \—/ \_/ \_/ \_/ \_/ \_/ \_/ \_/ \_/ \_/ \_/ \—/ \_/ \_/ \—/
CM MM MM MM MM MM MM MM MM MM MM MM MM MM MM MM MM MM MM MM MM MM
+Ala +Leu +Cys +Met +Trp +Arg +Val +Tyr +0Orn +Cit +Arg +0Orn +Cit +Arg +0Orn +Cit +Arg

GeneA i GeneB )k 0 GeneC )k 0
PI‘ ccursor mm'"b H,N OH "m”“"b H,N /\/ﬁ)}\ H,N H/\/%OH
arg-1 arg-2

N arg- 3

Ornithine Citrulline Arginine



Auxotrophs are a powerful tool to study metabolic pathways
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Auxotrophs are a powerful tool to study metabolic pathways

A Cell proliferation
A Whole  pito-1P proli |
Ce” 8 I **k - SgCtrI
- = T 3 — B sqNADK2-1
SRR a S -
B é é B é é T , O sgNADK2-2
e = S -
2539355 B Whole cell C Mitochondria Q
R IR R R I o — 5 -
'g -— e — 3. 3. * k% 'Q 1— -
@) C
2| NADK2 () = B 10— T 2 1 0 = 0 |
o u »
S| cox v menesepeses S °© N =
= = s =
@ | Lamin A =
3 | Lamin C .—" 20.5- 20.5- L] -
S © © =
Cytosol | Vinculin | e % 0- | % 0-
. < SN < S N A
Peroxt | caT - = O WA > O U
—we RS R
Golgi [GOLGAT Ny N\
E—— S S
ER| CALR
()]
£ | Lavez 00
o
5| CTSC i
.|

pmid: 33888598



Auxotrophs are a powerful tool to study metabolic pathways
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Auxotrophs are a powerful tool to study metabolic pathways
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Auxotrophs are a powerful tool to study metabolic pathways
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What about screens? (1)

SINGLE CELL CLONES (1941)
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What about screens? (1)

G6INGLE CELL CLONES (19u1)

arg-1 } arg-2 ] arg-3 }

POOLED LIBRARIES (2025)

+0Orn +Cit +Arg




What about screens? (1)

SINGLE CELL CLONES (1941)

+0Orn +Cit +Arg

NEIGHBORS CAN RESCUE



What about screens? (2)

POOLED
LIBRARIES




What about screens? (2)
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What about screens? (2)

SERUM
METABOLITES
CAN RESCUE © <

® O




Inborn errors of metabolism (IEMs):
a window in to what matters and where

Enzyme r Substrate WﬂzymGZ
Inborn errors of metabolism (IEMs): a

genetic aberration that disrupts a Product 1 Product 2
single metabolic pathway

1. End-product depletion

2. Substrate accumulation E@(@ 1 Substrate Enzyme 2
3. Activation of alternative pathways producing I

toxic by-products

Enzyme 3 I

Toxicity Product 2
4. A combination of the above ‘

Toxicity



Phenylketonuria

Q/\‘NfJ\ Ph ylalanme w

1. Deticiency of Phenylalanine Hydroxylase . Phenylalanme 7YT'TV
from mutations in PAH I( e o[y
Melanin
: - Phenylpyruvate ——
2. Inheritance: autosomal recessive VT t
3. 17171 levels of dietary phenylalanine in Phenyllactate r —
plasma
LAT1 / SLCA7A5
4. C\IﬂlCa\ feaJ[UI”eS Pheny|va|anine_~ >lLNAAs ,l Protein
Tyrosine [ | 1 Synthesis
o . o ' Tryptophan
CNS. Imtel\ectual disability, seizures, [1yrosie [Tryptophar
behavioral problems |1 o
_ |L-DOPA | T-OH-Tryptophan
Urine: musty smell (breakdown products) l 1
. , lDopamine lSerotonin
- Skin: decreased melanin
\ &= | Phenylalanine

o. lreatment: dietary phenylalanine avoidance el BRAIN



Measuring Metabolism
Bulk metabolomics (GC or LC/MS)

@ Sample collection @ Chromatography + MS @ Data analysis

Metabolites in central
Tissue — ( carbon metabolism
representing major
@ Chromatography metabolic pathways
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Direction matters. What is flux and how do you measure it?
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Isotope tracing enables measurement
of flux through metabolic pathways
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Isotope tracing enables measurement
of flux through metabolic pathways
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Isotope tracing enables measurement
of flux through metabolic pathways
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Isotope tracing enables measurement
of flux through metabolic pathways
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Metabolic flux anNOT!!!

be extrapolated from expression of enzymatic gene loci

Isoleucine Valine Leucine

Branched-chain amino acid A 16 ctrl I Failure B BCAA carbon
transaminase (BCAT) 14 50,088 uptake or release (net)
—
. . . < 1 - 5 g| 400
oY * ) D
Branched-chain keto-acid E e ' . s o| 200
dehydrogenase complex z ° = 0
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| | ! 0 =

-400

BCAT2 BCKDHA BCKDHB DBT PP2Cm BCKDK

NF HF

Succinyl-CoA
+
Acetyl-CoA
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Takehome points 2

Forward genetics can be used to study metabolic pathways in
auxotrophic systems/organisms

Inborn errors of metabolism are the clinical manifestations of
blocks in metabolic flux

Metabolomics shows us the snapshot AMOLINT of each metabolite in
a population

Flux analysis reveals directionality and the contribution of one
metabolite to different pathways



A DIVE INTO HOW METABOLISM AFFECTS CHROMATIN




The classic view of transcriptional regulation hinges on
DNA-sequence specificity of activators and repressors
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Bacterial gene-expression is DIRECTLY regulated by metabolites

Opergtor Structural
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Bacterial gene-expression is DIRECTLY regulated by metabolites

Locus m
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OK BUT THAT'S PROKARYOTES, NO NUCLEVS AND NO CHROMATIN...



Chromatin is heavily decorated with the products of metabolic reactions
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‘ Acetylation ‘ Phosphorylation

@ Methylation @ cCitrullination
@ ubiquitylation

PMID: 29098179



So why are histones acetylated?

p- ) In gel histone
Pavid Alli VAN acetyl transferase
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So why are histones acetylated?

In gel histone

ac.etyl a;ctr;’asr;;ferase b MET“BOLlTE_
™ DEPENDENT ENZYMATIC
| _ IMODIFICATION OF

CHROMATIN CAN
< CHANGE GENE
" EXPRESSION

w
1T 2 3 4 MW

[3H]acetate incorporation into histone products



Chromatin modifications respond to the metabolic state of the cell

®
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000 0000 O o0 @ o000 o0
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‘ Acetylation ‘ Phosphorylation

@ Methylation @ cCitrullination

@ ubiquitylation

Implications:
- Changes in intracellular metabolism affect gene expression

- (Gene expression programs can be altered through inhibition of the
metabolic pathways they are dependent on

.e. TF5 CAN'T BE DRUGGED BUT ENZYMES CAN



Central Carbon Metabolism:
Links to Chromatin
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Central Carbon Metabolism:
Links to Chromatin
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Chromatin modifications respond to the metabolic state of the cell
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Chromatin modifications respond to the metabolic state of the cell

Formaldehyde |
== y HJ\H

aKG Succinate

m,.@ >

CLOSED
CHROMATIN




Chromatin modifications respond to the metabolic state of the cell

target gene

target gene
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OPEN
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Chromatin modifications respond to the metabolic state of the cell
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target gene

target gene
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Chromatin modifications respond to the metabolic state of the cell
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Chromatin modifications respond to the metabolic state of the cell
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Chromatin modifications respond to the metabolic state of the cell

Formaldehyde i
+ H” H
aKG Succinate
o NS ko
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K27 / \ N o
Ha il

\ o, co, mm
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Does acetyl-CoA concentration affect histone
acetylation / gene expression?
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PMID: 19461003
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Does acetyl-CoA concentration affect histone
acetylation / gene expression?

[SUBSTRATES] MATTER!!!!

PMID: 19461003



aKG-dependent dioxygenases remove
methyl marks from methylated histones

Formaldehyde §
- Y HJ\H

aKG Succinate

KDMs = Lysine Demethylase
aKG = alpha-Ketoglutarate PMID: 29760106



aKG-dependent dioxygenases remove
methyl marks from methylated histones

Formaldehyde i aKG-dependent dioxygenases
+ HT OH - Family of ~80 Enzymes

- Target diverse substrates:
- Methylated Histones/DNA
- HIF1a
- Proline/Collagen
- mMRNA
- rRNA

aKG Succinate

KDMs = Lysine Demethylase
aKG = alpha-Ketoglutarate PMID: 29760106



Isocitrate Dehydrogenase 1/2 (IDH1/2) neomorphic mutations are
found in a diverse set of malignancies derived from all germ layers

Glioma A

Hepatobiliary Cancer -

Leukemia -

Small Bowel Cancer -

Mature T and NK Neoplasms -

Bone Cancer A

T-Lymphoblastic Leukemia/Lymphoma -
Non-Hodgkin Lymphoma -

Tubular Adenoma of the Colon A
Melanoma -

Blood Cancer, NOS -

Myelodysplastic Syndromes -
Gestational Trophoblastic Disease -
Myelodysplastic/Myeloproliferative Neoplasms -
Endometrial Cancer -

Peritoneal Cancer, NOS -

Cancer of Unknown Primary -

Skin Cancer, Non—-Melanoma -
Colorectal Cancer -

Miscellaneous Neuroepithelial Tumor -
Uterine Sarcoma 1

Esophagogastric Cancer -

Bladder Cancer A

Small Cell Lung Cancer -

Alteration Type

multiple

fusion

. amp

O - — — — — I
T
=
o
3
o
@

10 20 30
Alteration Frequency (% of tumor type)



IDH mutations block differentiation by impairing the removal
of heterochromatic H3K9me2/3 methyl marks

aKG-dependent dioxygenases
Formaldehyde i - Family of ~80 Enzymes
N o - Target diverse substrates:

Succinate
aKG - Methylated Histones/DNA

> % - HIF1a
Q\‘.,Q \’y,. KDMs 219/. \Kz\f - Proline/Collagen
~K9 K27 / \ - mRNA
\ \ O, CoO, H3 GE) _ rBNA

KDMs = Lysine Demethylase
aKG = alpha-Ketoglutarate PMID: 20760106



IDH mutations block differentiation by impairing the removal
T of heterochromatic H3K9me2/3 methyl marks
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aKG-dependent dioxygenases

Formaldehyde oy - Family of ~80 Enzymes
- Target diverse substrates:

- Methylated Histones/DNA

- HIF1a

- Proline/Collagen

- mMRNA

- rBRNA

Succmate

KDMs

KDMs = Lysine Demethylase
aKG = alpha-Ketoglutarate PMID: 20760106



IDH mutations block differentiation by impairing the removal
T of heterochromatic H3K9me2/3 methyl marks

oA ”ZHG
le
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aKG-dependent dioxygenases
Formaldehyde oy - Family of ~80 Enzymes
- Target diverse substrates:
- Methylated Histones/DNA

f
\

Succmate

- HIF1a

KDMs - Proline/Collagen
- mRNA
0, Co, - rRNA

KDMs = Lysine Demethylase
aKG = alpha-Ketoglutarate PMID: 20760106



IDH inhibitors are effective in IDH-mutated Leukemia
and they work by differentiating leukemic cells

A Platelets and Neutrophils
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Baseline 1 2 3 4 5 6 7 8 9 10 11 12
Cycle
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254 2
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PMID: 29860938



IDH MUTATIONS OCCUR N A SMALL FRACTION OF PATIENTS;
ARE THESE CONCEPTS GEMNERALIZABLE?




Can dioxygenases act as sensors of metabolism?

Ay e

Formaldehyde )l\

Succmate

KDMs

KDMs = Lysine Demethylase |
aKG = alpha-Ketoglutarate PMID: 20760106



Reaction rate

Substrate concentration



Reaction rate

Michaelis—-Menten kinetics:

Substrate concentration

kf kcat
E4+S=ES— E+P

APl (8]

dt Ky + [S]

Leonor Michaelis

Maud Menten



[SUBSTRATES]

ENZYMES CARE ABOUT
[PRODUCTS]
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The ‘regulatable’ space of chromatin metabolism
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Are dioxygenases oxygen sensors?

%
).
0
KIM(B CATRLY TR Do AMAIN | Low 0y William Kaelin
— — == H3K27/me3 e

KoM eA CATALY TIC Domain

- o e-» o= e»  H3KI9Me3

QML WT/ED CATAYTIC  DomainN

G Normoxia (21% Oxygen) ! Hypoxia (2% Oxygen) ,
KDM6A (WT) KDM6A (MT/ED) KDMBA (WT) KDM6A (MT/ED)

PMID: 30872525



ENZYMES DON'T READ
TEXTBOOKS EITHER




PMID: 26212717
PMID: 26212716

2HG can be produced in hypoxia and acidosis
independently of IDH mutations

N — N
00 N o -
[ [ [ I

Normalized 2HG/protein
AN
|

0L o=

HIF 10 - - -

LDHA | ™= -

Tubulin | " s S - - - e

T P QT = 0o Q0
siRNA: S < < <« S < MWL




2HG can be produced in hypoxia and acidosis
independently of IDH mutations

Isocitrate
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2HG can be produced in hypoxia and acidosis
independently of IDH mutations

Isocitrate
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NAD(P)H - LDH
W

0
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alpha-Ketoglutarate Pyruvate




PRODUCTS MATTER TOO!!!



Alteration Frequency (%)

Succinate (and Fumarate) can also inhibit dioxygenase function

Fumarate
Succinate
Frequency of SDH and FH Mutations across tumor types
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Takehome points 3

Chromatin is a substrate for many metabolic enzymes
Chromatin modifications have meaning/impart function

Substrates Matter: altering the levels of metabolites can affect
chromatin function

Mutations can alter metabolism — alter chromatin / cell states
Remember the Ku!!!
Enzymes also care about products
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Even a cancer cell line (melanoma) can be reprogrammed

cloned
blastocyst

@ embryonic stem cells

blastocyst injection

teratoma : chlmera il :S cell mouse

tumor cells nuclear transfer

Q
=

PMID: 15289459



Inhibition of DNA methylation can lead to differentiation through
derepression of lineage-specifying transcription factors

A b c

Cytidine 5-azacytidine (azacitidine)  5-aza-2’-deoxycytidine
Vidaza® (decitabine) Dacogen®
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Inhibition of DNA methylation can lead to differentiation through
derepression of lineage-specifying transcription factors
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5-azacytidine
Decitabine

YOU KEEP USING THAT WORD. I DO NOT 5-fluorouracil

THINK IT MEANS WHAT YOU THINK: T4 MEANS. Capecitabine

Floxuridine

Fludarabine
Cytarabine
Gemcitabine
Azathioprine

Mercaptopurine
Methotrexate
Pemetrexed
(Hydroxyurea NB RNRI)




Nucleotide pool imbalance can alter cell fate

Multipotential hematopoietic stem cell

|
v v

Common myeloid progenitor Common lymphoid progenitor

‘ O ” Small lymphocyte
Erythrocyte  Mast cell Natural killer cell ympnocy
Myeloblast (Large granular lymphocyte) / \

\ l l T lymphocyte B lymphocyte
o
Megakaryocyte ‘3 s ‘ ‘
l Basophil ~ Eosinophil M t
Neutrophil onocyte
‘., X l Plasma cell
Thrombocytes

Macrophage

PMID: 27641501



Nucleotide pool imbalance can alter cell fate

Multipotential hematopoietic stem cell
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Common myeloid progenitor
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Myeloblast
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Neutrophil

PMID: 27641501



Nucleotide pool imbalance can alter cell fate

Multipotential hematopoietic stem cell
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Common myeloid progenitor
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Myeloblast
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X

Neutrophil
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Nucleotide pool imbalance can alter cell fate

BRQ-Treated
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Nucleotide pool imbalance can alter cell fate
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Nucleotide pool imbalance can alter cell fate

ALTERING NUCLEOTIDES CAN
DIFFERENTIATE CELLS???7??
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A wide range of chromatin modifying enzymes are mutated in cancers

REPRESSORS ONCOHISTONES
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Metabolic pathways as a therapeutic handle
for chromatin biology in cancer

<

Metabolic
alterations +
enzyme
Inhibit 6 inhibition Inhibitors of -
JQ1 inhibitors nh' ' Orf.o DNA metabolism 5'5123?:)'_‘"”9
5-azacytidine Y + DNA damaging ecttabine
Decitabine modifiers 5-fluorouracil
. L agents Methotrexate
Dioxygenase inhibitors Pemetrexed
H3K9 MTs inhibitors Gemcitabine
H3K27 MTs inhibitors (EZH) . L
L Glutaminase inhibitors Hydroxyurea
Dot1L inhibitors . . . T
HDACs Glutamine antimetabolites Azathioprine
Metformin / ETC inhibitors Mercaptopurine

PHGDH inhibitors
Dietary restrictions (e.g. Methionine)
Ketogenic diets



Final Takehome points

1. Cells don't read textbooks
2. Metabolism is wired to meet different anabolic/catabolic needs

3. Many pathways are redundant — Auxotrophy + forward genetics
to understand metabolic pathways

4. If you want to look at metabolism, look at metabolism:
- metabolomics and flux analysis; NOT RNA!I

5. Ku:Enzymes care about [substrates] / [products]
6. All substrates/products matter
7. Enzymes also don't read textbooks



If you want to learn more:

4s=  OTTO WARBURG,
WS THE NAZIS, AND THE
‘.  SEARCH FOR THE

TRANSFORMER

The Deep Che of Life and De

NICK LANE SAM APPI.E
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