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Myeloid malignancies present with a distinct metabolomic signature. Targeting metabolic pathways has become a
potent therapeutic strategy for this group of disorders. The biological basis of this approach resides in the

metabolic regulation of normal hematopoiesis and their alterations.

myeloid malignancies TET2 mutations IDH1/2 mutations venetoclax

| 1. Introduction

During normal cellular development, metabolism is one of the principal modalities to produce energy. In fact, from
cell birth to differentiation, cell metabolism, together with a switch in transcriptional factors and cytokine release in
some instances, dictate cell fate. As an example, hematopoietic stem cells (HSCs) adapt the balance between
survival and quiescence by keeping a low oxygen status, stabilizing the hypoxia-inducible factor (HIF-1a), and
stimulate glycolysis activating enzymes regulating glucose uptake (glucose transporter 1, Glutl) and pyruvate
synthesis (Lactate Dehydrogenase A, LDHA). The main demand of HSCs is maintaining themselves in a quiescent
status which is easily reached by using low energetic power through glycolysis . Studies have shown how
changes in metabolism, specifically in the glycolytic process, are notably present in acute myeloid leukemia (AML)
(28141, |ndeed history goes back to the first measurements of tumor metabolism when Nobel Prize in Physiology
and Medicine Otto Warburg discovered that malignant cells favor the production of lactic acid (anaerobic
glycolysis) in the TCA cycle as a source of ATP production. Leukemia-initiating cells (LICs) have an increased
glycolytic flux mediated by AMP-activated kinase (AMPK) activation and decreased levels of autophagic activity.
Often, increased glycolytic activity has been associated with resistance to pharmacologic agents 2. Moreover, the
high flux of glucose has been linked to increased glucose-6-phosphate dehydrogenase (G6PD) and consequently
to unfavorable prognosis. Indeed FLT3 inhibitors have been shown to inactivate G6PD in FLT3 mutant AML [,
Because of the high demand for glucose, frequently AML cells switch to the use of fructose as an energy source,
suggesting that the inhibition of fructose uptake might be a way to starve AML cells and reduce their malignant
potential.

Leukemia stem cells (LSC) rely mainly on oxidative phosphorylation (OXPHOS) through BCL-2, suggesting the
basis to target BCL-2-dependent pathways . Another modality of controlling LSCs to use OXPHOS is through
glutamine metabolism. In fact, inhibition of the conversion of glutamine in glutamate by blocking glutaminases is
able to arrest leukemic activity, and targeting glutamine conversion has been found efficient in synergy with BCL-2
inhibition !, Overproduction of endogenous reactive oxygen species is also another option to help AML cells to

promote blast proliferation. Studies aiming to describe the global metabolic profiles and redox status of AML cells
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have shown differences in metabolic spectra between diverse cytogenetic and molecular subtypes 219, Moreover,
the presence of specific metabolites has been associated with prognosis and identified as markers of
aggressiveness (phosphocholine and phosphoethanolamine) and chemoresistance (overexpression of
glutathione). Altogether the deregulation of metabolic pathways in AML might contribute to therapy-resistance and

relapse.

Targeting the metabolic pathway is feasible but mostly depends on a fine and specific targeting of only altered
processes, given the importance of metabolic functions in normal cells. In this line, the concomitant use of
metabolic pathways inhibitors and differentiation agents (BCL-2 inhibitors and hypomethylating agents, HMA)
represents a promising avenue in drug discovery. Recently the combination of the data obtained from the
Reactome and KEGG pathway and The Cancer Genome Atlas has defined the interaction between metabolic

pathways and molecular and transcriptomic signatures in all cancers, including myeloid malignancies.

Here, author provide examples of the link between altered metabolism and leukemogenic potential, focusing on
some of the major mutations in myeloid genes (e.g., TET2 and IDH1/2) generating important biological
consequences in a variety of cellular processes. Moreover, author will also review available therapeutic options and

examples of dysregulation in genes involved in metabolism (Figure 1 and Figure 2).

Figure 1. View at a glance of the landscape of the metabolic interactions between genes and pathways discussed
in the manuscript. On the left, the intrinsic apoptotic pathway highlighted by BCL-2 as the pivotal player (targeted
by Venetoclax) and the interaction with BAX and BIM to initiate the caspases cascade to trigger apoptosis. On the

right, the interaction between the Krebs cycle (TCA), the convergence of IDH1/2 generating o-ketoglutarate, 2-
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hydroxyglutarate and the TET family of genes, which finally impacts DNA methylation. Included are also the
available drugs used to target the depicted pathways. On the top, in relapsed/refractory (R/R) acute myeloid
leukemia (AML), the interconnection between the increase in NAD metabolism generated by alteration of oxidative
phosphorylation and Venetoclax resistance is shown together with proposed actionable target agents (e.g., KPT-

9274) inhibiting Nicotinamide Phosphoribosyltransferase (NAMPT). Images were generated using BioRender.
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Figure 2. TET functions and their alterations in myeloid malignancies. DNA methyltransferases (DNMTSs) initiate
cytosine methylation with conversion to 5-methylcytosine (5-mc). TET proteins progressively oxidize 5-mC to 5-
hydroxymethylcytosine (5-hmC), 5-formylcytosine (5-FoC), and 5-carboxylcytosine (5-CaC) creating a pool of TET-
oxidized products (TDOP). 5-hmC can be reverted to cytosine via passive dilution while 5-FoC and 5-CaC via
thymine DNA glycosylase-mediated base excision repair. Somatic TET2 mutations create an imbalance in cellular
DNA methylation through the disruption of the aforementioned mechanism with alteration of chromatin and thereby
consequences on expression of genes regulating cell division and self-renewal. Images were generated using
BioRender.

| 2. The Metabolomics of TET Family of Genes

The Ten-Eleven Translocation (TET) gene family (TET1, TET2, and TET3) encodes for dioxygenase enzymes
catalyzing the conversion of 5-methylcytosine (5-mC) to 5-hydroxymethylcytosine (5-hmC) 1. The first discovered
gene was TETI1, identified as a partner of mixed-lineage leukemia (MLL/IKMT2A) gene in a case of infant AML
carrying a t(10:11) (q22;q23) translocation 1223l The finding of the dioxygenase function of TET1 led to the
identification of the other two members of the TET family, TET2 and TET3 24I13],
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The carboxyl (C)-terminus of all three TET family members harbors the oxygenase catalytic domain and the
binding sites for 2-oxoglutarate (a-KG) and Fe2*, which are both critical cofactors for TET oxidative activity 28], TET
proteins progressively oxidize 5-mC to 5-hmC, 5-formylcytosine (5-fC), and 5-carboxylcytosine (5-caC), creating a
pool of TET-dependent 5-mC-DNA oxidation products (TDOP) which ultimately can be reverted to cytosine via

thymine DNA glycosylase-mediated base excision repair L8L71 (Figure 2)

Therefore, TET proteins are critical regulators of DNA demethylation via the generation of 5-hmC, ultimately
leading to enhanced gene expression and transcription profiles responsible for cell proliferation and survival 18l
(201 As the role of the TET family of genes is highly crucial during cell development, any impairment either by
genetic lesions or altered expression might impact the normal fate of the cells. Indeed, high levels of expression of
TET family proteins and, as a consequence, of 5-hmC have also been found to be crucial for embryonic stem cells,
determining cell fate and development with redundant functions (2122 As demonstrated by knockout (KO)
experiments in mice, triple Tetl/2/3 inactivation led to embryonic lethality while other Tetl and/or Tet2 KO
configurations were not completely disruptive 21231241 TET2 haploinsufficiency altered HSC reprogramming into
induced pluripotent stem cells, as demonstrated by an experiment of TET2 silencing via short hairpin RNA with
different consequences according to the type of TET2 mutation present (22, Thus, while the pivotal role of TET2
mutations is underlined by their high frequency in myeloid disorders, including AML, the lack of molecular lesions in
the homologous TET1/TET3 genes is probably explicable with a distinct tissue-specific expression and differences

in the specific metabolic consequences derived from their imbalance 28!,

2.1. TET2: A Pivotal Gene in Myeloid Malignancies

Somatic TET2 mutations are commonly found in myeloid malignancies (MN) at frequencies varying according to
disease subtypes. In myelodysplastic syndromes (MDS) and AML, TET2 mutations are present in 20%—30% of
cases, ranging up to 50% in patients affected by chronic myelomonocytic leukemia (CMML) 27281291 Muytations
are mainly loss-of-function (either frameshift or nonsense) affecting the coding region or missense mutations
mapping in critical sites required for the enzymatic activity 2. The prognostic role of TET2 lesions has been
controversial because of their high frequency, their heterogeneity, and the variability of the concurrent genetic
lesions, all characteristics contributing to shaping the fate of individual patients and ultimately precluding a clear
genotype/phenotype association 2%, Moreover, the discovery of mutations in myeloid genes in normal individual
(referred to as CHIP, clonal hematopoiesis of indeterminate potential) at frequencies linearly correlated with age
(age-related clonal hematopoiesis, ARCH) shed light on the process of myeloid evolution and provided clues on
clonality and subclonal hierarchies in myeloid malignancies B, The occurrence of TET2 mutations in CHIP/ARCH
is another confirmation of the importance of this gene in cell development. Together with additional sex combs-like
1 (ASXL1) and DNA methyltransferase 3 alpha (DNMT3A) genes, TETZ2 represents one of the most frequently
mutated genes in CHIP/ARCH so that the three genes are referred to with the acronym DAT
(DNMT3A/ASXL1/TET2) B, This finding, as well as the ubiquitous presence of TET2 mutations in hematological
malignancies, indicate that TETZ2 lesions are mainly ancestral events occurring early in the course of the disease
and contribute to the creation of a so-called “mutator phenotype”, by giving to the clone a proclivity for the

acquisition of additional molecular lesions 22, Indeed, our group demonstrated that in a cohort of 4930 patients
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with MNs, 1205 (24%) carried TET2 mutations, which were ancestral and probably deriving from TET2-mutant
CHIP in >40% of cases [BY. Subclonal acquisition of new leukemogenic events was identified as a facilitating
condition for later myeloid progression and disease phenotypic determination (dysplastic vs. proliferative), as
underlined by the higher number of secondary mutational events in TET2-mutant vs. TET2 wild-type MN and in
Tet2 murine models Y. Of note, progressive TET2 inactivation was associated with disease progression and poor
survival outcomes as demonstrated by the aforementioned tendency of TET2 mutant cases to accumulate
additional hits in the same gene either resulting in biallelic mutations, deletions in hemizygous configurations, or
uniparental disomies (UPDs) with homozygous mutations, with the latter two groups registering a negative impact
on survival B9, As a matter of fact, in another study focusing only on biallelic TET2-mutant MN, we confirmed that
biallelic inactivation is frequently observed in MN and that this configuration is a typical feature of older patients
with monocytosis (also outside the context of an overt CMML diagnosis), CMML, normal karyotype, and lower-risk
disease. Therefore, biallelic TET2 inactivation led to a disease phenotype skewed towards higher odds of
monocytic vs. dysplastic features consistent with its prevalence in CMML B8l Development of a CMML-like disease
in mice has been reported in the literature, confirming the role of TETZ2 in driving differentiation pressure towards a
myelo-monocytic lineage consistent with the high frequency of TET2 mutations in patients with CMML [34135]136],
The association of TETZ2 biallelic cases with lower-risk disease, rather than with a more aggressive phenotype as in
the case of other TET2 double-hits configurations (deletions in hemizygous configurations or UPDs with
homozygous mutations), may be explainable with compensatory TET1/TET3 stabilizing functions or acetylation
mechanisms leading to increased TET2 protein stability 23, The p300-mediated acetylation of key lysine residues
(K110 and K111) at the amino (N)-terminus of TET2 enhances its functions and protects against DNA methylation
during oxidative stress interacting with DNA methyltransferases (DNMTs) and regulating 5-mc/5-hmC balance B2,
The importance of metabolic events following TET2 loss-of-function mutations in the pathogenesis of MN is also
outlined by data showing its general down-regulation in patients with MN and the down-regulation of its family
members B8 Of note, low expression levels of the TET2 gene may be found independently of the presence of its
mutations B[40 |ndeed TET2 expression and 5-hmC levels were found also decreased in pediatric MDS cases,
a population known to be rarely mutated in TET2 gene 41, TET2 expression levels have also been identified as a
predictive and a prognostic biomarker in cytogenetically normal (CN)-AML 22, |ndeed, low TET2 expression had a
negative impact on overall survival (OS) in both non-M3 and CN-AML (p = 0.016 and 0.044, respectively), although
multivariable analysis confirmed these results only for the CN group 42, Conversely, higher expression of TET1 at
diagnosis was associated with poor clinical outcomes in a cohort of 360 CN-AML patients “3l. Finally, a recent
study demonstrated that high TET3 expression was an independent factor for better OS and disease-free survival
(DFS) in AML 4. Of note, patients with lower TET3 expression undergoing hematopoietic stem cell transplant
(HSCT) showed better OS and DFS than those who did not proceed to HSCT [44],

2.2. TET2 as an Actionable Target

Altogether, these data provide evidence that the TET family of genes, and in particular TET2, are actionable
therapeutic targets in MN. In this line, recent findings suggested that ascorbic acid (AA) was able to restore some
TET2 metabolic activities in vitro 43481471 |n addition, AA depletion in mice cooperated with Flt3-ITD mutations to

accelerate leukemogenesis, whereas the reintroduction of dietary AA reversed this phenomenon by promoting Tet
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functions 28, Moreover, AA was able to restore 5-hmC formation, drive DNA hypomethylation and expression of a
TET2 gene signature, and ultimately suppressed leukemia progression in patient-derived xenografts (PDXs) 47,
Likewise, our group confirmed that long-term AA treatment prevented MN evolution in Tet2-deficient murine models
(171 However, TET2 loss due to catalytic domain lysine acetylation or missense mutations prevented this beneficial
effect, which was restored by the additional use of class | and Il histone deacetylase inhibitors 4. Lower than
normal AA levels have been found in patients with MN, and AA has been used at supraphysiological doses in a
case of TET2 mutant AML, confirming its potential therapeutic role in TET2-mutant MN 8. Based on these
considerations, many clinical trials (NCT03682029, NCT03999723) are trying to incorporate AA in the therapeutic
schemes of MN, and future data will clarify the best settings for patients suitable for this treatment option 42,

Taking into consideration the biological consequences of TET2 mutations, HMA constitutes a class of drugs
currently available for patients with TET2-mutant MN. Studying a cohort of 213 MDS cases, Bejar et al. showed
that TET2 mutant patients had an increased likelihood of response to HMA treatment 9. Similarly, other studies,
including ours, described a better response to HMAs in patients harboring TET2 mutations B2 |ndeed, as
shown by competitive bone marrow transplantation experiments, HMA administration was able to significantly

decrease Tet2-null cell proliferation advantage over wild-type cells (o = 0.002) B9,

Besides HMA, our group has recently developed a new therapeutic approach which entails the use of a TET-
selective small-molecule inhibitor able to selectively suppress TET2-mutant cells in mouse models and TET2-

mutated human leukemia xenografts while sparing normal cells 52!,

Finally, in vitro and in vivo studies conducted in other models (hyperglycemic conditions) have depicted an
impairment of the DNA 5-hydroxymethylome. TET2 has been identified as a substrate of the AMPK, which
phosphorylates TET2 at serine 99. Increased glucose levels blocked AMPK-mediated phosphorylation at serine 99,
causing the destabilization of TET2 followed by dysregulation of 5-hmC. This study also showed that administration
of a biguanide (metformin) protected AMPK-mediated phosphorylation of serine 99 and increased TET2 stability
and 5-hmC levels 4. Similarly, studies conducted with AML have shown that AMPK is one of the major sensors of

energy status and also for AML differentiation 53,
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