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Formate is essential for nucleotide synthesis (anabolism)

Anabolic function of formate

Antifolate
x

X

and has non-anabolic functions
Formate overflow

Meiser et al., Science Adv., 2016
Meiser et al., Nature Com. 2018
Ternes et al., Nature Metab. 2022
Kiweler et al., Nature Com. 2022
Delbrouck et al, Cell Reports 2023
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Systemic formate concentrations are balanced by inter-organ 
metabolism

Sinks
• Nucleotide synthesis
• Serine synthesis
• Methylations
• Formate oxidationSources

• Amino acids (Trp, Ser, His)
• Aspartame
• Caffeine

Diet:

Metabolic processes:
• Glycine cleavage (Liver)
• Cholesterol synthesis
• Polyamine synthesis
• Microbiome (Gut)

1C production

1C recycling

Physiological formate concentration: 
Plasma: ~ 20 – 100 µM 
Gut: low mM rangePietzke et al., Mol. Met. 2019



Serine catabolism is increased in oxidative tumors in vivo

in vivo Metabolic Flux Analysis

13C

Meiser et al., Nature Com 2018
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1C metabolism is compartmentalised

Formate

MTHFD2

MTHFD1L

SHMT2

MTHFD1

SHMT1Glycine

Nucleotide synthesis

Serine

Glycine
THF

-THF
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-THF

MTHFD1



Formate

MTHFD2

MTHFD1L

SHMT2

MTHFD1

SHMT1Glycine
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Glycine
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ATP

NADH
NAD+

ETC
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MTHFD2 KO
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Formate overflow depends on mitochondrial one-carbon metabolism
and can not be compensated by cytosolic 1C flux

MTHFD1

Loss of mitochondrial 1C flux prevents formate 
overflow but does not affect proliferation

SHMT1 KO 
SHMT2 KO

HAP1
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Meiser et al., Science Adv. 2016
Meiser et al., Nature Com 2018
Kiweler et al., Nature Com. 2022



Can we exploit or target formate overflow?



TH9619 targets cytosolic MTHFD1 and nuclear MTHFD2

TH9619

Formate

MTHFD2

MTHFD1L

SHMT2

MTHFD1 (DC)

SHMT1Glycine

Serine

THF

-THF

-THF
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-THF

ATP

NADH
NAD+

MTHFD1 (FS)

NADPH
NADP+

dTMP

Purines

Thomas Helleday, 
Karolinska Institute 
Sweden



TH9619 has a unique mode of action

MTHFD1/2i DHFRi MTHFD1/2i



Hypoxanthine exacerbates TH9619 efficacy



Wild Type

MTHFD2 KO
TH9619
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Hypoxanthine exacerbates TH9619 efficacy in WT cells but not 
MTHFD2-/- cells



High Hypoxanthine flux inhibits de novo purine synthesis

Hypoxanthine

IMP

Inosine

GMPAMP

R5P

PRPP

Purine de novo 
synthesis

HP
RT



Hypoxanthine promotes 10-CHO-THF accumulation
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Does TH9619 mode of action depend on formate overflow?
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High mitochondrial formate flux is required to induce cytosolic folate 
trapping



High mitochondrial formate flux is required to induce cytosolic folate 
trapping

*



Mouse Human

Folate High (~ 250 nM) Low (~ 20 nM)

Thymidine High ( > 1 µM) Low (< 1 µM)

Hypoxanthine Low ( ~ 23 nM) High (~ 3-10 µM)

Green*, Marttila*, Kiweler* et al., Nature Metabolism 2023

Formate overflow drives toxic folate trapping in MTHFD1 inhibited 
cancer cells
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TH9619 targets cytosolic MTHFD1

TH9619
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Hypoxanthine does not induce toxicity by inhibiting UMPS

Plasmax



Hypoxanthine does not induce toxicity by inhibiting UMPS



Serine

Glycine

Folate
Cycle

Glycine
Carbon/Biomass gain = 0; 

net ATP: 3.5 mol/mol serine

Mitochondrion

1C unit Formate
ATPADP

NAD+ NADH

2.5 ATP OxPhos 2.5 ADP

Formate
Excretion

Alternative route for serine catabolism

Serine

Glycine

Folate
Cycle

Glycine

Carbon/Biomass gain = 2; 
net NADPH (+ ATP)  

Mitochondrion

GSH

1C unit Formyl-THF
NADH

CO2

RedOx driven serine catabolism

N
ADPH2.5 ATP OxPhos

NAD+

Serine provides metabolic flexibility to sustain challenging 
microenvironments
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1C unit Nucleotides 
(DNA/RNA)

Anabolic role of serine

Folate
Cycle

Carbon/Biomass gain = 3; 
1mol NAD(P)H/mol serine 

NADP+ NADPH

Nucleotides + GSH 
(DNA/RNA)

Benzarti*, Delbrouck* et al., Cells 2020


