biomolecules WVI\D\Py

Review

Aldehyde Detoxification in Cancer: Metabolic Guardians
of the Genome

Brandon T. James 1, Emma P. Kosmeder '* and Meng Wang 12*

1 Division of Nutritional Sciences, Cornell University, Ithaca, NY 14853, USA; btj33@cornell.edu (B.T.J.)
2 Biomedical and Translational Sciences, College of Veterinary Medicine, Cornell University,

Ithaca, NY 14853, USA

Correspondence: mw997@cornell.edu

* These authors contributed equally to this work.

*

Abstract

Reactive aldehydes are potent electrophiles that damage DNA and can ultimately pro-
mote cancer. While many aldehydes are ubiquitous in the environment, mammalian me-
tabolism also generates high levels of endogenous aldehydes sufficient to threaten ge-
nome integrity. To protect against these aldehyde genotoxins, mammalian cells rely on
diverse families of aldehyde detoxification enzymes as well as DNA repair pathways.
Here, we review how aldehyde detoxification safeguards genome integrity, focusing on
the aldehyde dehydrogenase (ALDH) family, alcohol dehydrogenase 5 (ADHS5), and the
glyoxalases. We discuss how these enzymes operate in a 2-tier model (in which tier 1 de-
toxification enzymes cooperate with tier 2 DNA repair pathways in a tissue-specific man-
ner), the consequences for cancer initiation and progression when aldehyde detoxification
is compromised, and the opportunities for targeting aldehydes in cancer therapy.

Keywords: aldehyde detoxification; aldehyde dehydrogenases; metabolic genotoxins;
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1. Introduction

Genome instability is a fundamental hallmark of cancer [1], underpinning the accu-
mulation of mutations that drive malignant transformation and progression. For decades,
research into genome instability in cancer has focused on defects in DNA damage sensing,
signaling and repair/tolerance pathways [2]. Loss-of-function mutations in genes such as
breast cancer gene 1 and 2 (BRCA1/2), the mismatch repair genes underlying Lynch syn-
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It is now clear that normal cellular metabolism produces a range of reactive species

terized enzymatic defense against oxidative DNA damage [5], and the consequences of
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their dysfunction, including the accumulation of 8-oxo-deoxyguanosine lesions and in-
creased mutagenesis, are firmly established [6]. Reactive aldehydes are another class of
endogenous genotoxins [7]. Aldehydes are potent electrophiles capable of forming cova-
lent adducts with DNA bases, DNA-protein crosslinks (DPCs), and DNA interstrand
crosslinks (ICLs). Environmental exposure to aldehydes, including formaldehyde (an in-
dustrial chemical and pollutant) and acetaldehyde (from metabolism of ingested alcohol),
has been associated with increased cancer risk since the 1980s, and both are now classified
as Group 1 human carcinogens by International Agency for Research on Cancer (IARC)
[8]. Aldehydes are also produced endogenously through core metabolic processes, includ-
ing one-carbon metabolism [9,10], glycolysis [11], and lipid peroxidation [12]. In response
to these diverse DNA lesions, mammalian cells rely on multiple DNA repair pathways to
protect their genomes against aldehyde-induced DNA damage [13,14]. Upstream from
DNA repair, genotoxic aldehyde-DNA lesions are prevented from forming through alde-
hyde clearance by detoxification enzymes. The importance of these enzymes in maintain-
ing genome integrity and suppressing cancer development is now becoming more appar-
ent.

Mammals have evolved a diverse family of aldehyde detoxification enzymes. Alde-
hyde dehydrogenase (ALDH) enzymes directly catabolize free aldehydes [15,16], whereas
alcohol dehydrogenase 5 (ADHS5) [17,18] and glyoxalases (glyoxalase 1 (GLO1) and hy-
droxyacylglutathione hydrolase (HAGH)) [19] process aldehyde-glutathione conjugates.
Many of these enzymes exhibit overlapping substrate specificity, adding complexity to
deciphering which aldehydes are the relevant physiological substrates in vivo. Nonethe-
less, the discovery that genetic deletion or loss-of-function of these enzymes in mamma-
lian cells leads to increased DNA damage has been pivotal in establishing aldehyde de-
toxification as a parallel axis of genome protection alongside DNA repair [20-22]. In both
mouse models and humans, the genomic instability arising from the loss of aldehyde de-
toxification is sufficient to drive increased cancer development, thus highlighting both the
carcinogenic potential of endogenous aldehydes and the critical need for aldehyde detox-
ification in limiting malignant transformation [23,24]. Beyond cancer initiation, large-scale
transcriptomic analyses of established human cancers have revealed that aldehyde detox-
ification genes are frequently dysregulated, with expression changes that correlate with
patient survival, indicating roles for aldehyde detoxification in cancer progression and
response to treatment. Here, our review focuses on aldehyde detoxification enzymes
(ALDHs, ADHS, and glyoxalases) as guardians of mammalian genome integrity. We ex-
amine the evidence that these enzymes play important roles in two stages of cancer biol-
ogy: first, in limiting aldehyde genotoxicity in non-malignant cells to prevent malignant
transformation, and, second, in shaping the progression and outcome of established can-
cers, where aldehyde burden and detoxification capacity become frequently dysregulated.
To keep our review focused on detoxification enzymes, we direct readers to other com-
prehensive reviews on the multiple DNA repair pathways that resolve aldehyde-DNA
lesions [13,14], and highlight only the specific repair pathways that act in concert with
aldehyde detoxification.

2. Aldehyde Detoxification Safeguards Genome Integrity Against
Cancer Initiation
The human genome encodes 19 ALDH genes [15,16], 15 of which catalyze the nico-
tinamide adenine dinucleotide (NAD*)-dependent oxidation of aldehydes to their corre-
sponding carboxylic acids. In addition to these ALDH enzymes, ADHS5, also known as S-
nitrosoglutathione reductase (GSNOR), plays a physiological role in formaldehyde detox-
ification [17,18,23,24]. The glyoxalase system, consisting of GLO1 and HAGH (GLO2), de-
toxifies the dicarbonyl aldehydes methylglyoxal and glyoxal [19]. The structure, physio-
https://doi.org/10.3390/biom16070991
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logical function and expression of these aldehyde detoxification enzymes have been cov-
ered in detail by recent reviews [19,25-27], and is only discussed briefly here. In this sec-
tion, we instead focus on the specific detoxification enzymes with evidence linking their
detoxification activity to the maintenance of genome integrity in mammalian cells. Where
available, we prioritize studies in mouse models, in which conserved murine orthologues
[16] of human aldehyde detoxification enzymes provide a tractable genetic system to as-
sess both somatic genome integrity and cancer formation in vivo. We organize the en-
zymes into three groups based on the strength of evidence linking each enzyme to genome
integrity. First, ALDH2, ALDH1B1, ADHS5, the ALDH3 family, ALDH9A1, and the gly-
oxalases (GLO1 and HAGH) have direct genetic evidence in mouse models and/or human
genetic syndromes linking enzyme loss to elevated DNA damage and predisposition to
cancer; these enzymes are discussed in detail. Second, the ALDH1A family and ALDH4-
ALDHS act on known aldehyde substrates, but direct evidence linking them to genome
integrity remains limited; these enzymes are summarized briefly. The remaining four
ALDH enzymes do not act on free aldehyde substrates and are not discussed further:
ALDHI1L1 and ALDHIL2 act on 10-formyltetrahydrofolate in one-carbon metabolism,
ALDH18A1 functions in proline biosynthesis, and ALDH16A1 is a catalytically inactive
pseudoenzyme.

2.1. ALDH?

ALDH?2 is a homotetramer localized to the mitochondrial matrix, where it catalyzes
the NAD*-dependent oxidation of acetaldehyde to acetate [28,29]. ALDH2 has an excep-
tionally low Km for acetaldehyde (<1 uM), approximately 900-fold lower than the cyto-
solic isozyme ALDH1, making it the dominant enzyme for acetaldehyde detoxification at
physiological concentrations [30]. ALDH2 also oxidizes other reactive aldehydes gener-
ated by lipid peroxidation, including 4-hydroxynonenal (4-HNE) [31], malondialdehyde
(MDA) [32], and acrolein [32], as well as longer aliphatic (C3—C12 length) and aromatic
aldehydes [33,34], positioning it as a broad-spectrum aldehyde detoxification enzyme. A
common single-nucleotide polymorphism, ALDH2*2 (rs671, Glu504Lys), is carried by ap-
proximately 540 million people of East Asian descent and underpins the acute flushing
reaction after alcohol ingestion [35-37]. The variant impairs ALDH2 activity, so that acet-
aldehyde generated from ethanol by alcohol dehydrogenases accumulates rather than be-
ing cleared. The polymorphism disrupts the binding of the NAD* cofactor within the ac-
tive site to impair its enzymatic activity [38,39]. Due to ALDH2's structure as a tetramer,
the incorporation of even a single mutant subunit impairs the enzymatic activity [40] and
protein turnover [41] of the entire complex, explaining its dominant inheritance pattern.

2.1.1. ALDH2 Defends Against Genotoxic Acetaldehyde from Alcohol Consumption

IARC has classified alcoholic beverages as a Group 1 human carcinogen [42], sup-
ported by both epidemiology studies [43,44] and ethanol exposure studies in rodent mod-
els that promote carcinogenesis [45]. Epidemiological studies, predominantly in East
Asian populations where the ALDH2*2 allele is common, have established that ALDH2
deficiency is associated with markedly increased alcohol-related cancer risk in the aerodi-
gestive tract, including esophageal squamous cell carcinoma, head and neck squamous
cell carcinoma, and gastric cancer [46,47]. These cancer associations are strongly potenti-
ated by alcohol consumption, where, in the absence of functional ALDH2, acetaldehyde
accumulates following ethanol ingestion to cause DNA damage [45]. This is demonstrated
by direct reactivity between acetaldehyde and DNA to form several adducts, including
N2-ethylidenedeoxyguanosine (or the reduced adduct form N?-ethyldeoxyguanosine) [48]
and 1,N2-propanodeoxyguanosine, which can further react with deoxyguanosine on the
opposite strand to form an interstrand crosslink [48,49] or lysine residues in histones to
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form DNA-protein crosslinks [50,51]. In vivo, ethanol-fed Aldh2-- mice accumulate
greater levels of N?-ethylidene-deoxyguanosine DNA adducts in the liver [52], stomach
[53], and esophagus [54] compared to wild-type controls. Similarly, humans carrying the
ALDH2*2 polymorphism with high alcohol consumption had significantly higher acetal-
dehyde-DNA adducts in blood DNA than those with fully active ALDH2 [55].

Downstream from ALDH2, DNA repair defends against ethanol- and acetaldehyde-
induced DNA damage. One such DNA repair mechanism, the Fanconi anemia pathway,
is critical for resolving acetaldehyde-induced ICLs [56]. In vertebrate cell lines, the genetic
deletion of the FA pathway confers marked hypersensitivity to acetaldehyde-induced
growth suppression [20,57,58]. The repair of ICLs by the FA pathway involves the coor-
dinated activity of multiple protein complexes encoded by least 23 FA genes (Fanconi
anemia complementation group A-X (FANCA-FANCX)) [59]. The FANCM-containing
anchor complex recognizes and binds the ICL at a stalled DNA replication fork to promote
the assembly of a FA core complex, which monoubiquitinates the FANCI-FANCD?2 het-
erodimer (ID2 complex) to trigger its activation. Monoubiquitinated ID2 complexes form
a clamp around the DNA at the site of the ICL and recruit the scaffold protein SLX4
(FANCP), which serves as the central docking platform that coordinates the structure-
specific endonucleases that incise the DNA backbone adjacent to the ICL. This creates
DNA lesions recognized and repaired downstream by homologous recombination and
translesion synthesis. For more mechanistic insights into the FA pathway, we direct read-
ers to other comprehensive reviews [60,61].

ALDH?2 and the FA pathway cooperate in mammalian cells to defend against acetal-
dehyde-induced DNA damage. The requirement for both mechanisms is revealed in mice
carrying the combined genetic deletion of Aldh2 and Fancd2, where the ingestion of 15—
20% ethanol in water for 10 days increased phosphorylated H2A histone family member
X (YH2AX) and severely impaired hematopoiesis in Aldh2-~ Fancd2-- mice but not in sin-
gle knockouts or wild-type mice [20]. Indeed, a single intraperitoneal injection of ethanol
to Aldh2-- Fancd2-- mice was sufficient to elevate red cell micronuclei (a marker of chro-
mosome breaks) by 12-fold compared to ethanol-challenged Aldh2-- single-knockout mice,
and approximately 20-fold compared to Fancd2--and wildtype (WT) mice [62]. Metaphase
fluorescence in situ hybridization (FISH) on the bone marrow cells from ethanol-chal-
lenged mice showed significantly more chromosome aberrations and sister chromatid ex-
changes, indicative of increased homologous recombination repair against the DNA dou-
ble strand breaks that result from a loss of the FA-mediated repair of acetaldehyde-DNA
lesions [57]. In addition to hematopoietic sensitivity to ethanol, increased teratogenicity
was observed in Aldh2-- Fancd2-- mice exposed to ethanol in utero, presenting as exen-
cephaly and eye defects [20], recapitulating features of fetal alcohol syndrome [63].

2.1.2. Detoxification of Endogenous Aldehydes Protects Against HSC Loss
and Leukemia

Beyond acetaldehyde from alcohol, ALDH2 also clears endogenous aldehydes gen-
erated through normal metabolism. Aldh2-- Fancd2-- mice, in the absence of exogenous
alcohol exposure, spontaneously develop elevated DNA damage in hematopoietic tissues
[20,57,62,64], with increased YH2AX, chromosome aberrations, sister chromatid ex-
changes and red cell micronuclei. This endogenous genotoxicity causes a severe depletion
of hematopoietic stem cells (HSCs), with a 638-fold reduction in long-term HSCs com-
pared to WT mice [62] and a reconstitution deficit [57]. The surviving HSCs exhibited a
significant activation of the p53 transcriptional network, associated with an increased ex-
pression of apoptosis-promoting gene Bax [64], and cleaved caspase 3 protein level [57],
and myeloid lineage differentiation bias, characteristic of stressed [65,66] and aged HSCs
[67-69]. This potent p53 response is a major driver of the severe attrition and functional
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decline of HSCs in Aldh2-- Fancd2-- mice, shown by inactivating TP53 in Aldh2-- Fancd2--
Trp537- mice leading to near-complete rescue in HSC number, reconstitution efficiency,
and the suppression of HSC aging features [57,64]. However, this apparent rejuvenation
of HSCs comes at the cost of accelerated leukemogenesis. Whereas Aldh2-- Fancd2-- mice
develop acute leukemia and thymoma by 16-24 weeks of age [62], Aldh2-~ Fancd2--
Trp537 mice develop leukemia by 6-8 weeks of age (unpublished observation). Overall,
integrating the spontaneous phenotype of Aldh2-- Fancd2-- mice reveals that endogenous
aldehydes cleared by ALDH2 are a constant genotoxic threat to hematopoiesis and a po-
tent driver of leukemogenesis. Outside the hematopoietic compartment, Aldh2-- mice ex-
hibit mammary ductal epithelial hyperproliferation, elevated oxidative stress and DNA
damage signaling, and enhanced mammary stem cell features, in the absence of alcohol
exposure [70]. Whether these proliferative changes progress to cancer remains to be de-
termined.

2.1.3. ALDH2 and FA DNA Repair Forms a 2-Tier Protection Against
Aldehyde Genotoxicity

The addition of ALDH?2 deficiency to FA pathway loss in mice is sufficient to repro-
duce the major features of the human FA disease: progressive bone marrow failure, HSC
attrition, and predisposition to acute leukemia. This is in stark contrast to single-FA-gene
knockout mice, which exhibit only mild HSC defects and lack overt bone marrow failure
or leukemia development [71-74]. These mice’s genetic data established a 2-tier model of
cellular protection against aldehyde genotoxicity: the first tier comprising enzymatic de-
toxification by ALDH2 that prevents aldehyde-DNA damage from occurring, and the sec-
ond tier comprising DNA repair by the FA pathway that resolves damage escaping de-
toxification [7]. This model, defined in mice, is supported by human genetic evidence. East
Asian FA patients carrying the ALDH2*2 polymorphism exhibited significantly acceler-
ated progression to bone marrow failure and leukemia compared to FA patients with
wild-type ALDH2 [75,76]. The greater severity of FA in humans than in single-knockout
mice may further reflect a higher endogenous aldehyde burden between species; notably,
humans have higher circulating formaldehyde levels than mice [77]. A key question aris-
ing from the spontaneous phenotype of Aldh2-- Fancd2-- mice is the identity of the endog-
enous aldehyde(s) responsible for the observed genome instability. Although ALDH?2 is
best known for detoxifying acetaldehyde, ALDH2-deficient mice do not accumulate acet-
aldehyde-DNA adducts without alcohol consumption [52-54], suggesting other endoge-
nous aldehydes could be drivers of genotoxicity in Aldh2-- Fancd2-- mice. Indeed, ALDH2
has been shown to play an essential role in the clearance of endogenous formaldehyde
[23,24,78], discussed together with ADHS in a later section.

2.2. ALDH1B1

ALDHI1BT1 is the closest paralog of ALDH2, sharing 75% sequence identity and the
same mitochondrial matrix localization [79]. Like ALDH2, ALDH1B1 oxidizes acetalde-
hyde, although with substantially lower affinity (Km 30-55 uM versus <1 uM for ALDH?2)
[15,80]. ALDH1B1 also exhibits substrate activity towards medium-chain aldehydes (hex-
anal, nonanal), the short-chain propionaldehyde and aromatic benzaldehyde [80], reti-
naldehyde [81], and 4-HNE [81,82]. ALDH1BI is highly expressed in the small and large
intestine and the liver [80], and contributes to ethanol catabolism in vivo [83,84]. Several
human polymorphisms reduce ALDH1B1 catalytic activity and have been associated with
altered alcohol consumption behavior, paralleling the better-known ALDH2*2 variant
[81,85].

The evidence supporting a role for ALDH1BL1 in protection against acetaldehyde gen-
otoxicity and tumorigenesis comes from mouse studies. Chronic oral administration of 20%
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ethanol for 12 months to Aldh1b1-- mice resulted in elevated plasma acetaldehyde and
intestinal crypt hyperproliferation [83]. Both wild-type and Aldh1b17- mice developed
comparable numbers and sizes of ethanol-induced intestinal tumors and showed similar
elevation of YH2AX in intestinal epithelium, but the tumors arising in Aldh1b17- mice ex-
hibited high-grade dysplasia and locally invasive adenocarcinoma, whereas wild-type tu-
mors remained low-grade adenomas [83]. The liver of Aldh1b17- mice exhibited sex-de-
pendent changes, with increased hepatocyte proliferation in Aldh1b1--compared to wild-
type male mice, which was further exacerbated by chronic ethanol consumption [86].
Hepatocellular carcinoma developed in one (of eight) male Aldh1b1-- mice following
chronic ethanol administration [86].

Subsequent studies from the same group placed ALDH1B1 within a 2-tier protective
framework with mismatch repair (MMR), analogous to that established for ALDH2 and
the FA pathway in hematopoiesis. MMR corrects base-base mismatches and insertion/de-
letion loops, principally those generated during DNA replication, through the MutSa
(MutS homolog 2, 6 (MSH2, MSH6)) and MutLa (MutL homolog 1 (MLH1), postmeiotic
segregation increased 2 (PMS2)) complexes [87]; germline loss of an MMR gene underlies
Lynch syndrome and its predisposition to colorectal and other cancers [88]. Using an in-
testinal epithelial conditional-knockout of Msh2 (Msh2-LS [89]) to model Lynch syndrome,
the long-term administration of 20% ethanol markedly accelerated large intestinal tumor-
igenesis, with 65% of MMR-deficient mice developing tumors following ethanol treatment
versus 4% when treated with water, highlighting the requirement for MMR in the sup-
pression of alcohol-driven intestinal tumorigenesis [90]. A follow-up study generated
compound mutants combining intestinal MMR-deficiency (Msh2-LS model) with either
constitutive or intestinal-restricted Aldh1b1 inactivation [91]. Both compound models did
not develop spontaneous tumors but exhibited accelerated intestinal tumorigenesis fol-
lowing oral ethanol exposure, with colonic adenomas and adenocarcinomas forming with
an average onset of 4.5 months. In contrast, ethanol exposure in mice singly deficient in
MMR or ALDH1B1 did not develop tumors by 12 months. Colonic crypts from the double-
knockout mice exhibited elevated YH2AX, p53, and cleaved caspase 3, consistent with
elevated genotoxic stress.

The functional cooperation between ALDH1B1 and MMR is biochemically unex-
pected. MMR has not been previously implicated in the repair of aldehyde-DNA lesions:
clustered regularly interspaced short palindromic repeats (CRISPR) screens for genes that
sensitize cells to aldehydes did not identify MMR components [92,93], and, although a
parallel screen identified exonuclease 1 (EXO1), a component in multiple repair pathways,
including MMR, as protective against formaldehyde [94], EXO1 deficiency does not sen-
sitize cells to acetaldehyde [20]. In yeast and mammalian cells, MMR loss was likewise
dispensable for acetaldehyde sensitivity and mutagenesis [58,95]. The acceleration of eth-
anol-driven tumorigenesis in Msh2/Aldh1b1 compound mutants therefore likely reflects a
downstream role for MMR in resolving the secondary genotoxic consequences of acetal-
dehyde-DNA lesions rather than the direct repair of the lesions themselves. Together,
these studies establish ALDH1B1 as a tier 1 enzymatic defense against alcohol-derived
acetaldehyde in the intestine, with MMR providing a tier 2 DNA repair that limits the
malignant consequences of acetaldehyde-induced DNA damage. The same 2-tier concep-
tual framework therefore extends from hematopoietic tissues (ALDH2 with the FA path-
way) to the intestine (ALDH1B1 with MMR).
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2.3. ADH5

ADHS is a ubiquitously expressed cytosolic enzyme with two distinct physiological
functions. First, ADHS is the principal enzyme responsible for clearing formaldehyde, a
ubiquitous and highly reactive aldehyde classified under IARC as a Group 1 human car-
cinogen [8,96]. Formaldehyde initially conjugates with reduced glutathione (GSH) to form
S-hydroxymethylglutathione, which ADH5 oxidizes in an NAD*-dependent reaction to S-
formylglutathione [17], with subsequent hydrolysis by S-formylglutathione hydrolase
(ESD) to yield non-toxic formate with the regeneration of GSH [18]. Formate can then re-
enter one-carbon metabolism to fuel nucleotide biosynthesis [9,97]. Second, ADH5 func-
tions as S-nitrosoglutathione (GSNO) reductase, degrading the spontaneous nitric oxide—
glutathione conjugate GSNO to hydroxylamine and glutathione disulphide [98]. This sec-
ond activity positions ADHS5 as a regulator of cellular nitric oxide level and protein nitro-
sylation, a post-translational modification involving the covalent addition of nitric oxide
to cysteine thiols [99].

2.3.1. Detoxification of Genotoxic Formaldehyde

Formaldehyde reacts with DNA to form monoadducts, interstrand crosslinks and
DNA-protein crosslinks, which can disrupt DNA replication and transcription, and cause
mutagenesis [13,14]. Beyond direct genotoxicity, elevated formaldehyde can also indi-
rectly promote oxidative DNA damage by competing for GSH that would otherwise se-
quester reactive oxygen species [100]. Interestingly, elevated formaldehyde has also been
shown to induce the ubiquitin-mediated proteasomal depletion of BRCA2, which in cells
harboring pre-existing BRCA heterozygosity can result in functional haploinsufficiency
[101]. ADHS5 has a clear role in defending against formaldehyde from environmental ex-
posure, either directly [102,103] or via methanol catabolism [23,104,105]. However, mam-
malian ADHS5 plays an equal if not greater role in detoxifying the substantial formalde-
hyde burden generated by cellular metabolism itself. Using liquid chromatography —
mass spectrometry (LC-MS) to quantify formaldehyde-DNA adducts as stable bi-
omarkers, the endogenous formaldehyde burden was initially characterized by inhala-
tion-exposure studies in rodents [106,107]. The inhalation of isotope-labeled formalde-
hyde resulted in isotopic formaldehyde-DNA adducts only in the nasal epithelium,
whereas endogenous formaldehyde-DNA adducts were detected in both nasal epithelium
and distant tissues that were not directly exposed. The magnitude of endogenous formal-
dehyde production was subsequently revealed in mouse models lacking both ADH5 and
ALDH2 [23]. Without any exogenous formaldehyde exposure, Aldh2-- Adh5- mice har-
bored a 100-fold increase in formaldehyde-DNA adducts [23], revealing both the magni-
tude of metabolic formaldehyde production and that ALDH2 was needed to detoxify for-
maldehyde in vivo. Many biochemical reactions that take place in mammalian cells can
generate formaldehyde, revealed mainly through in vitro and cell line studies, including
the enzymatic demethylation of proteins, nucleic acids and metabolites [108,109], folate
metabolism [9,110], and mitochondrial metabolism [10,111]. The physiological and patho-
logical factors that determine endogenous formaldehyde levels in vivo remain an active
area of research.

The accumulation of endogenous formaldehyde in Aldh2-- Adh5-- mice results in sig-
nificant genome instability, as evidenced by increased red cell micronuclei, sister chroma-
tid exchanges, and the upregulation of p53 network and DNA repair genes in the single-
cell RNA sequencing of hematopoietic stem and progenitor cells (HSPCs) [23]. The whole-
genome sequencing of ex vivo expanded HSPC clones from these mice revealed elevated
mutational burden enriched for T to A and T to G transversions, resembling the COSMIC
SBS40 signature present in many human cancers [23]. Even in Adh57- mice, where endog-
enous formaldehyde is elevated but to a lesser degree than Aldh2-- Adh57 mice, the FA
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DNA repair pathway was still required for genome maintenance. This is evidenced by
combined deletions of ADH5 and the FA pathway in cell lines and mice, with both genetic
models exhibiting elevated chromosome breaks and elevated YH2AX [21,77,112]. Beyond
the FA pathway, ADHS5 deficiency also synergizes with loss of Cockayne syndrome B pro-
tein (CSB) [113], a component of transcription-coupled nucleotide excision repair, and
with DNA polymerase theta (Pol0)-mediated end joining, which repairs formaldehyde-
induced DPCs [114,115]. These genetic interactions establish that endogenous formalde-
hyde engages multiple DNA repair pathways and that ADH5 functions as the critical first
line of defense, whose failure exposes the genome to a diversity of formaldehyde-induced
lesions.

2.3.2. Tissue Dysfunction and Cancer Following Failed Formaldehyde Detoxification

The genotoxic consequences of formaldehyde on tissue homeostasis are severe. Both
Aldh2-- Adh5--[23,24,116] and Adh5-- Fancd2-- mice [105] exhibit failure to thrive and die
within 1-2 months following birth. Adh57~ Fancd2-- mice die from bone marrow failure
driven by a 952-fold reduction in long-term HSC frequency leading to a collapse in hem-
atopoiesis. In contrast, Aldh2-- Adh5-- mice exhibited only a 3- to 4-fold loss in HSC num-
ber, which could maintain blood production, which indicates that the cause of their early
lethality lies outside hematopoiesis and remains incompletely characterized. The cancer
consequences of formaldehyde are evident in both mouse models. Aldh2-/- Adh5-- mice
surviving beyond 7 months develop acute leukemia and liver cancer, while Adh57-
Fancd2-~ mice transplanted with wild-type bone marrow to rescue acute hematopoietic
failure develop acute leukemia and hepatocellular carcinoma. The genome-protective role
of ADH5 and ALDH?2 is recapitulated in humans, where children born with a digenic loss
of ADH5 and the ALDH2*2 polymorphism present with AMeD syndrome (aplastic ane-
mia, mental retardation and dwarfism), phenocopying the mouse model with bone mar-
row failure and acute myeloid leukemia (AML) [23,24,78]. The resemblance to Fanconi
anemia is consistent with a common genotoxic aldehyde driver of disease in both inher-
ited syndromes, and demonstrates the essential roles of ALDH2 and ADHS5 in protecting
the hematopoietic cells from endogenous formaldehyde.

2.3.3. Preventing Clonal Hematopoiesis Arising from HSC Attrition

Beyond protecting against acute leukemia, ADHS5 also plays a critical role in prevent-
ing clonal hematopoiesis, a common age-associated pre-leukemic condition in which
blood production is dominated by clonally expanded HSCs and associated with an in-
creased risk of hematological malignancies [117,118] and cardiovascular disease [119]. To
study the specific requirement for formaldehyde detoxification in the hematopoietic com-
partment, a recent study generated hematopoietic-specific Adh5 conditional knockout
mice (Adh59 Fancd2-~ Vavi-iCre) [77], restricting ADHS loss to the blood compartment
while preserving systemic formaldehyde clearance. The HSC depletion in these condi-
tional mice was less severe than in constitutive knockouts, conferring longer survival
through sustained blood production. Whole-genome sequencing combined with compu-
tational clonal inference (SCIFER [120]) was used to mathematically model the number of
HSC clones giving rise to peripheral blood cells. While aged control mice (27-44 weeks)
maintained polyclonal hematopoiesis, Adh59 Fancd2-- Vav1-iCre mice rapidly transi-
tioned from polyclonal at 5 weeks of age to monoclonal hematopoiesis by 25-37 weeks of
age, with blood production traceable to a single blood-forming HSC [77]. Strikingly, the
dominant clones lacked any identifiable driver mutations, demonstrating that chronic en-
dogenous formaldehyde can drive stochastic stem cell attrition to give rise to clonal hem-
atopoiesis without obvious positive selection. This highlights an alternative path to the
emergence of clonal hematopoiesis distinct from the canonical acquisition of mutations
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conferring positive selective advantage [121-123]. The same pattern of accelerated, driv-
erless clonal hematopoiesis was observed in Fanconi anemia patients [77]. These findings
position ADHS5 not only as a guardian against formaldehyde-induced cancer but also as a
critical determinant of HSC pool maintenance, where its loss accelerates the trajectory to-
ward clonal hematopoiesis and eventual bone marrow failure.

2.3.4. Protection Against S-Nitrosylation Mediated Genotoxicity

Outside of formaldehyde detoxification, ADH5’s dual GSNO reductase role has been
implicated in genome instability in tissue-specific contexts. In the liver, ADH5 deficiency
causes GSNO accumulation, elevated protein S-nitrosylation, and spontaneous hepatocel-
lular carcinoma [124,125]. This hepatocarcinogenesis is prevented by the co-deletion of
inducible nitric oxide synthase (iNOS), indicating that nitric oxide, rather than formalde-
hyde, drives liver tumor formation in this model. The proposed mechanism involves the
S-nitrosylation-mediated inactivation of DNA repair proteins: O6-alkylguanine-DNA al-
kyltransferase (AGT/MGMT), 8-oxoguanine DNA glycosylase (OGG1), apurinic/apyrim-
idinic endodeoxyribonuclease 1 (APE1), and DNA-dependent protein kinase catalytic
subunit (DNA-PKcs) have all been identified as targets of S-nitrosylation [126], and
MGMT inactivation in Adh5-- liver leads to the accumulation of mutagenic O6-methyl-
guanine lesions. The tissue specificity of this mechanism is underscored by the observa-
tion that iNOS co-deletion does not rescue the hematopoietic failure of Adh57 Fancd2--
mice. ADHS5 thus illustrates how a single enzyme can protect the genome through funda-
mentally different mechanisms in different tissues: formaldehyde clearance in hematopoi-
etic cells, and nitric oxide regulation in hepatocytes.

2.4. ALDH3 Family

The ALDH3 family comprises four members (ALDH3A1, ALDH3A2, ALDH3B1, and
ALDHB3B2) with complementary but overlapping functions in the oxidation of medium-
and long-chain fatty aldehydes (C6-C20), products of lipid peroxidation, sphingolipid
degradation (hexadecanal, trans-2-hexadecenal), and omega-6 fatty acid metabolism [15].
ALDH3A2 (fatty aldehyde dehydrogenase, FALDH) is the best characterized family
member: its loss causes Sjogren-Larsson syndrome (SLS), an inborn error of lipid metab-
olism characterized by ichthyosis, spastic diplegia, and cognitive impairment [127]. The
underlying mechanism of disease results from toxic fatty aldehyde accumulation, causing
membrane disruption and oxidative stress in skin and brain [128]. SLS is not associated
with cancer predisposition, and DNA damage has not been assessed in this context.
ALDHS3 deficiency has also been associated with sensitization to ferroptosis in AML and
ovarian cancer cells, where unprocessed lipid aldehydes overwhelm the glutathione anti-
oxidant axis [129-132]. The physiological relevance of ferroptosis-associated genotoxicity
is uncertain given the dominant membrane damage in this cell death modality.

Detoxification of Genotoxic Fatty Aldehydes

There is now substantial evidence that the fatty aldehydes cleared by ALDH3 en-
zymes are bona fide genotoxins that directly damage DNA. The a-, f-unsaturated alde-
hydes generated during lipid peroxidation, particularly 4-HNE, acrolein, crotonaldehyde,
and MDA, react with DNA bases to form a diverse spectrum of mutagenic adducts
[133,134]. 4-HNE, the most abundant product of omega-6 polyunsaturated fatty acid pe-
roxidation, reacts with deoxyguanosine to form 1,N2-propano-2'-deoxyguanosine (HNE-
dG) adducts, which have been detected in human and rodent tissue DNA [135]. Alterna-
tively, the oxidation of 4-HNE to 2,3-epoxy-4-hydroxynonanal yields etheno adducts, in-
cluding 1,N¢-ethenodeoxyadenosine (edA) [136,137]. The DNA adducts arising from these
unsaturated aldehydes are mutagenic, with acrolein- and crotonaldehyde-DNA adducts
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inducing base substitutions (predominantly G to T transversions) and frameshift muta-
tions [133]. HNE has been shown to preferentially induce G:C to T:A transversions at co-
don 249 of human TP53 gene, a known mutational hotspot in human cancers [138]. Criti-
cally, acrolein- and HNE-derived adducts can also form interstrand DNA crosslinks
[139,140]. MDA, one of the most abundant endogenous lipid peroxidation products, reacts
with guanine to form the pyrimidopurinone adduct MidG, which is detected in healthy
human tissues at levels of 1-120 per 10® nucleotides [134,141], and induces both
frameshifts and base substitutions [142]. These adducts are collectively repaired by NER
[143,144], translesion synthesis involving Y-family polymerases (pol k, pol 1) [145], and
mismatch repair [146], establishing lipid aldehydes as a class of endogenous genotoxin
requiring multiple DNA repair pathways.

Genetic evidence reveals a role for ALDH3 family enzymes for genome protection in
somatic non-malignant cells. To define relevant genotoxic aldehydes that drive squamous
cell carcinoma, a common malignancy in FA, a genetic study systematically inactivated
all four ALDH3 enzymes in immortalized keratinocytes from humans and mice to reveal
the activation of the FA pathway through FANCD2 monoubiquitylation [147]. Further-
more, the combined inactivation of all four ALDH3 enzymes with the FA pathway
(FANCA deletion) resulted in spontaneous growth deficit, elevated YH2AX and S/G2
phase cell cycle arrest. FA-deficient keratinocytes were also more sensitive to exogenous
4-HNE treatment than FA-competent cells [147]. This study highlights the ALDH3 family
as tier 1 defense enzymes against endogenous genotoxic fatty aldehydes in keratinocytes,
with the FA pathway providing tier 2 repair. This finding has immediate clinical signifi-
cance for understanding FA-associated predisposition for squamous cell carcinomas, re-
vealing a distinct endogenous aldehyde threat from lipid peroxidation, requiring ALDH3
family enzymes for genome protection to prevent malignant transformation.

2.5. ALDH9A1

ALDHOY9AL is best characterized for its role in carnitine biosynthesis (oxidizing y-tri-
methylaminobutyraldehyde to vy-butyrobetaine) [148,149] and y-aminobutyric acid
(GABA) metabolism (oxidizing 4-aminobutyraldehyde to GABA) [150], but has broad
substrate specificity spanning aminoaldehydes, betaine aldehyde, short-chain aliphatic al-
dehydes (acetaldehyde and hexanal), and aromatic aldehydes (benzaldehyde and 3,4-di-
hydroxyphenylacetaldehyde) [149,151].

Genome Instability and Cancer from Loss of ALDH9A1 and the FA Pathway

As well as its physiological roles in cell metabolism, genetic evidence in cell lines and
mice highlights a role for ALDH9A1 in maintaining genome stability within the FA path-
way [112]. ALDH9A1 emerged as the top synthetic lethal gene when inactivated in
FANCD2-deficient human Jurkat T cell line in a metabolism-focused CRISPR screen. A
subsequent analysis of ALDH9A17- FANCD2 Jurkat cells revealed spontaneous growth
deficit with elevated chromosome breaks, increased p53-binding protein 1 (53BP1) and
YH2AX foci, and apoptosis, all indicative of increased endogenous DNA damage. In pri-
mary human umbilical cord CD34* cells, the combined genetic inactivation of ALDH9A1
and FANCD2 reduced clonal expansion and survival [112]. In contrast to cell line models,
Aldh9a1-- Fanca™- mice exhibited intact hematopoiesis with mild reduction in HSPC pop-
ulations. Interestingly, aged Aldh9al-- Fanca”- mice (9-24 months) developed an increased
frequency of ovarian tumors, which were not observed in single-knockout controls. In
contrast, Aldh2-- Fancd2- and Adh57 Fancd2-- mice develop a severe attrition of HSPCs
and acute leukemia. As all three mice models are 2-tier deficient throughout all tissues,
the distinct tissue-specific phenotypes could reflect differences in the predominant endog-
enous aldehydes generated in each tissue, the expression of compensatory ALDH family

https://doi.org/10.3390/biom16070991



Biomolecules 2026, 16, 991

11 of 36

members that provide metabolic redundancy, or both. Indeed, the synthetic lethality of
combined ALDH9A1 and FANCD?2 deficiency in Jurkat cells was rescued by the deletion
of the polyamine transporter adenosine triphosphatase 13A3 (ATP13A3) [152], implicat-
ing polyamine-derived aldehydes as the relevant ALDH9A1 substrates. Polyamine catab-
olism generates 4-aminobutyraldehyde (the canonical ALDH9A1 substrate) and 3-ami-
nopropanal, which spontaneously decomposes to the potent genotoxin acrolein if not
cleared [153]. The ovarian tropism in Aldh9al7- Fanca”~ mice may reflect the elevated pol-
yamine synthesis activity reported in ovarian tissue [154], which would generate substan-
tial aminoaldehydes, requiring ALDH9AL1 for clearance.

2.6. GLO1 and HAGH

Glyoxalase 1 (GLO1) and hydroxyacylglutathione hydrolase (HAGH, also known as
GLO2) detoxify the dicarbonyl aldehydes glyoxal and methylglyoxal (MG) [19]. Glyoxal
arises from lipid peroxidation and the degradation of glycated proteins and monosaccha-
rides, while MG arises mainly from the spontaneous degradation of the glycolytic inter-
mediates dihydroxyacetone phosphate and glyceraldehyde-3-phosphate [11]. Similar to
ADHS, GLO1 does not act on free dicarbonyls but on their spontaneously formed gluta-
thione conjugates, generating S-glycolylglutathione and S-D-lactoylglutathione respec-
tively, which are subsequently hydrolyzed by HAGH to glycolate and D-lactate with the
regeneration of free GSH. Under basal conditions, MG is maintained at low micromolar
concentrations by the glyoxalase system. The abnormal accumulation of MG, termed di-
carbonyl stress, is a feature of type 2 diabetes, where elevated glycolytic flux overwhelms
MG clearance and drives the formation of advanced glycation end products on proteins
and DNA [155,156].

2.6.1. Methylglyoxal as an Endogenous Genotoxin

MG forms a range of DNA adducts, predominantly with deoxyguanosine, including
the N>-modified adduct N2-(1-carboxyethyl)-2'-dG and the cyclic imidazopurinone adduct
1,N2-(1,2-dihydroxy-2-methyl)ethano-dG [157,158]. MG-dG adducts have been shown to
be elevated in tissues, blood, and urine from humans with type 2 diabetes [158,159]. Site-
specific oligonucleotide [160,161] and a shuttle vector study [162] in human fibroblasts
have established that MG-dG adducts are mutagenic, biased toward G to T and G to C
transversions, and are repaired in part by nucleotide excision repair. The genome-wide
sequencing of MG-treated GloI-deficient yeast revealed a strand-asymmetric MG-associ-
ated mutational signature dependent on the translesion polymerase Rev1, and this signa-
ture is enriched across multiple human tumor genome datasets [163], providing evidence
that endogenous MG contributes to mutational burden in human cancer.

2.6.2. GLO1 Cooperates with BRCAZ2 to Suppress Methylglyoxal-Induced Genotoxicity

Genetic evidence that the loss of MG detoxification drives genome instability comes
from a study combining GLO1 inactivation with biallelic BRCA2 loss in non-malignant
breast epithelial cells [22]. Combined GLO1/BRCA?2 inactivation produced spontaneous
YH2AX foci and mutagenesis, with further amplification by exogenous MG. Notably, MG
also directly compromises tier 2 repair: treatment of cells bearing monoallelic BRCA2 mu-
tations treated with intracellular-physiological concentrations of MG (300-700 uM) in-
duced the degradation of BRCA2, producing functional BRCA2 haploinsufficiency, repli-
cation fork instability, and YH2AX accumulation. Chronic MG exposure in this monoal-
lelic BRCA? context elicited a mutational signature characteristic of human cancers har-
boring biallelic BRCA2 inactivation. These findings establish a 2-tier model in which GLO1
detoxifies MG to prevent DNA damage (tier 1), and BRCA2-dependent homologous re-
combination resolves any damage that escapes detoxification (tier 2), with the additional
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and unusual feature that tier 1 failure can directly compromise tier 2 by depleting BRCA2
itself. The evidence that glyoxalase loss alone drives cancer is more limited. Glo1 single-
knockout zebrafish [164,165] and mice [166] exhibit metabolic dysregulation but no cancer
phenotype, possibly reflecting a compensatory upregulation of ALDH activity; however,
these studies were not intended for cancer assessment, and animal models combining gly-
oxalase loss with DNA repair deficiency, analogous to the Aldh2+ Fancd2- or Adh5-
Fancd2~- mice, have yet to be reported. Whether GLO1 deficiency in vivo phenocopies the
synthetic interactions seen in cell-based BRCA?2 systems remains an important open ques-
tion.

2.7. Other ALDH Family Members with Limited Evidence for Genome Integrity Roles

The remaining ALDHs have limited direct evidence linking them to genome integrity.
The ALDHIA subfamily (ALDH1A1, A2, A3) converts retinaldehyde to retinoic acid, a
critical signaling modulator of gene expression and differentiation [167], and has been
extensively studied as a marker of cancer stem cells and mediators of therapeutic re-
sistance [168]. The evidence linking ALDH1A enzymes to genome integrity is suggestive
but limited to cell line systems. ALDH1A1 knockdown in the platinum-resistant ovarian
cancer cell line A2780/CP70 caused spontaneous YH2AX elevation, with reduced protein
levels of DNA damage response (phosphorylated checkpoint kinase 1 (CHK1), p21) and
DNA repair factors (FANCD2, FANC]J, and X-ray repair cross-complementing 1 (XRCC1))
[169]. The genetic deletion of ALDH1A3 in ovarian cancer cells resulted in elevated sensi-
tivity to retinaldehyde and 4-HNE, and synergized with ataxia telangiectasia mutated
(ATM) and ataxia telangiectasia and Rad3 related (ATR) inhibitors in growth suppression
[170]. However, Aldhlal knockout mice are developmentally normal without gross stem
cell or cancer phenotypes [171], Aldhla2 knockout is embryonically lethal without retinoic
acid rescue [172,173], and Aldhl1a3 knockout is perinatally lethal due to retinoic acid-sig-
naling defects [174]; genome instability has not been examined in any of these models.

ALDH4A1 (P5CDH) catalyzes the oxidation of L-glutamate-5-semialdehyde derived
from proline catabolism [15]. It has been shown to be a transcriptional target of p53, in-
duced in response to genotoxic stress to protect cells from oxidative stress following hy-
drogen peroxide or UV exposure [175]. ALDH4A1-deficient mice exhibit increased sensi-
tivity to a non-canonical aldehyde substrate 4-HNE [176], but DNA damage markers were
not evaluated. ALDH4A1 also functions non-enzymatically as a component of the mito-
chondrial pyruvate carrier complex, and its loss elevates glycolysis [177], raising the un-
tested possibility of indirect genotoxicity through elevated methylglyoxal flux. ALDH5A1
(SSADH) converts succinic semialdehyde to succinate to feed into the tricarboxylic acid
(TCA) cycle [15]. Aldh5a1-- mice exhibited reduced glutathione in the cortex and hippo-
campus, but ROS, DNA damage markers, and cancer phenotypes have not been assessed
[178]. ALDH6A1 (MMSDH) functions in valine and pyrimidine catabolism [15]; one study
reported altered ROS levels with overexpression in liver cancer cells but no direct geno-
toxicity measurements [179]. ALDH7A1 (antiquitin) acts on a-aminoadipic semialdehyde
in lysine degradation pathway and on lipid peroxidation products [15]. Its loss causes
pyridoxine-dependent epilepsy through aldehyde-mediated vitamin B6 depletion, and it
has been implicated in suppressing ferroptosis through the detoxification of 4-HNE and
MDA [180], but no studies have examined its role in DNA damage.

ALDHS8AL1 oxidizes 9-cis-retinaldehyde to 9-cis-retinoic acid [15] and is expressed
predominantly in liver and kidney, with low expression in the hematopoietic compart-
ment. Although ALDH8A1 has no established physiological role in genome maintenance,
it exhibits formaldehyde-detoxifying activity when ectopically expressed [181] in K562
and HL60 leukemia cells [181]. These leukemic cell lines retain the ability to differentiate,
and require the FA pathway to protect against differentiation-induced apoptosis, which
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is likely driven by formaldehyde generated during histone demethylation accompanying
transcriptional reprogramming [182]. While several aldehyde detoxification enzymes
(ADH5, ALDH8A1, ALDH4A1, ALDH3B1, and ALDH3B2) reduced this apoptosis when
overexpressed in these differentiating cells, ALDH8A1 produced the strongest effect [181].
ALDHS8AL1 overexpression lowered nuclear formaldehyde, YH2AX and 53BP1 foci, and
DPCs during differentiation and restored productive lineage progression, dependent on
its catalytic activity. Furthermore, recombinant ALDH8AI1 exhibited the direct enzymatic
oxidation of glutathione-formaldehyde conjugate S-hydroxymethylglutathione with a
substantially lower Km than ADH5. Because ALDH8A1 is not normally expressed in hem-
atopoietic cells, whether it contributes to endogenous formaldehyde detoxification in vivo
remains unknown, but these findings nominate enhanced ALDH-mediated formaldehyde
clearance as a potential therapeutic strategy in FA.

3. Aldehyde Detoxification Shapes Genome Integrity in
Established Cancers

In the preceding sections, the consensus from studies of aldehyde detoxification en-
zymes across diverse non-malignant tissues converges on a need for mammalian cells to
protect the genome from both endogenous and exogenous aldehyde-induced genotoxicity.
Failure to do so can compromise cellular viability and directly accelerate cancer initiation.
Following malignant transformation, does the cancer cell also rely on aldehyde detoxifi-
cation to maintain genome integrity? Addressing this question requires a more nuanced
integration of cellular complexities unique to cancer biology. First, cancers actively exploit
genomic instability as a fundamental enabling hallmark to acquire driver mutations dur-
ing tumor evolution [1]. This is frequently achieved through the inactivation of DNA re-
pair pathways and corruption of DNA damage sensing and response mechanisms, con-
ferring tolerance for elevated genotoxic burden. Second, the rewiring of metabolism and
energetics within cancer cells can alter their endogenous production of aldehydes, creat-
ing dependencies on aldehyde detoxification enzymes that are not required in the cell of
origin. Third, aldehyde detoxification capacity in cancer is frequently dysregulated,
through the altered expression of detoxification enzymes as well as increased demand for
glutathione, the major aldehyde-sequestering molecule.

Together, these complexities limit broad generalizations on the genome-protective
role of aldehyde detoxification enzymes in cancer, and instead require studies on specific
cancer types while recognizing that conclusions may not extend across cancer types. To
this end, this section reviews the available data on the expression of aldehyde detoxifica-
tion enzymes in individual cancers, followed by an appraisal of studies from specific can-
cers on how altered aldehyde production and/or detoxification impacts genome integrity
and outcomes. In addition to genome stability, aldehyde detoxification enzymes have
been shown to serve as cancer stem cell biomarkers [183,184] and contribute to cell signal-
ing, differentiation, chemoresistance, metastatic potential, and immune evasion. These
roles have been comprehensively reviewed elsewhere and are not discussed further here
[168,184,185].

3.1. Altered Expression of Aldehyde Detoxification Enzymes Across Human Cancers

For this review, we performed an original analysis of the differential expression of
all 19 ALDH isoforms, ADH5, GLO1, and HAGH across 22 cancer types using the latest
available transcriptome data from the TNMplot platform (which aggregates publicly
available samples from the GEO, GTEx, TCGA, and TARGET databases) (Figure 1). Our
results complement prior studies to reveal that ALDH [25,168,186], ADH5 [187-191] and
glyoxalase [192-194] enzymes exhibit both up- and downregulation in expression in hu-
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man cancer. The majority of ALDH family members are downregulated in tumors relative
to matched normal tissue. ALDH1A1, ALDH1A2, ALDH2, ALDH4A1 and ALDHS8A1
show consistent downregulation across a broad range of tumors, with particularly pro-
nounced reductions in kidney, liver, lung, and colon cancers. In contrast, ALDH1B1 and
GLOL1 are upregulated in most tumors. A smaller subset of isoforms exhibits divergent
patterns across different cancers: ALDH3A1 and ALDH3B2 show dramatic overexpres-
sion in cancers of lung, ovary, pancreas and uterus but downregulation in esophagus,
renal and skin. ALDH1A3 is upregulated in AML, pancreas, prostate, skin and thyroid
cancers, but downregulated in adrenal, breast and uterus cancers. Each isoform thus has
a distinct expression signature, and the direction and magnitude of dysregulation varies
markedly across cancer types.
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Figure 1. Differential expression of aldehyde detoxification genes across human cancers. Dot matrix
showing the expression of 22 aldehyde detoxification genes across 22 cancer types relative to normal
tissue. Dot color represents the log?2 fold change (log2(FC)) of expression in tumor versus normal
tissue, with yellow indicating higher expression in tumor and blue indicating lower expression. Dot
size corresponds to statistical significance on a -logl0(adjusted p-value) scale, where larger dots
indicate smaller p-values. Data were obtained and plotted using TNMplot v2 [195], which compares
RNA-seq expression between tumor and normal tissues using publicly accessible data from the Ge-
nomic Data Commons (TCGA/TARGET) and the Genotype-Tissue Expression (GTEx) project. The
integrated analysis and visualization presented here are original to this review. Cancer type abbre-
viations: Esoph, esophageal carcinoma (all subtypes); Lung_AC, lung adenocarcinoma; Lung_SC,
lung squamous cell carcinoma; Renal_CC, clear cell renal cell carcinoma; Renal_CH, chromophobe
renal cell carcinoma; Renal_PA, papillary renal cell carcinoma; Uterus_CS, uterine carcinosarcoma;

Uterus_EC, uterine corpus endometrial carcinoma.

The biological significance of these expression changes is reflected in cancer prognosis
[168]. We performed an original systematic Kaplan-Meier survival analysis of all 22 en-
zymes across 20 cancer types using KMPlotter [196], integrating expression and survival
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data from GEO, EGA, and TCGA (Figure 2). For the majority of aldehyde detoxification
enzymes, high expression is significantly associated with better overall survival across mul-
tiple cancer types. Myeloma emerges as the cancer most broadly dependent on aldehyde
detoxification capacity, with 16 of 22 enzymes showing significant protective associations.
Renal clear cell carcinoma, cervical, and liver cancer also show strong net protective signals.
In contrast, AML and thyroid cancers exhibit net harmful signal for the ALDH/ADH family
overall; for example, high ALDH2 expression is significantly associated with worse overall
survival in both cancers, a reversal compared to many other cancer types examined. This
reversal suggests that the role of aldehyde detoxification is not fixed but context-dependent,
shaped by the metabolic and genetic landscape of the tumor. Expression-survival correla-
tions alone, however, cannot establish whether dysregulated detoxification actively drives
genome instability or merely reflects it. In the following sections, we examine the specific
cancers where this question has been addressed mechanistically.
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Figure 2. Pan-cancer expression-survival landscape of aldehyde detoxification genes. (A) Forest

plots showing hazard ratios (HR) and 95% confidence intervals for overall survival by expression
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level of 22 aldehyde detoxification genes across 20 cancer types. Each diamond represents the HR
for high versus low expression, with the cut-off selected to maximize survival difference and statis-
tical significance. Blue diamonds indicate high expression associated with significantly better sur-
vival (HR <1, p <0.05); red diamonds indicate high expression associated with significantly worse
survival (HR > 1, p < 0.05); grey diamonds indicate non-significant associations (p > 0.05). Cancer
types are ordered by the predominance of protective associations across the gene panel. Note that
x-axis scales differ between cancer types to accommodate variation in HR magnitude. The inte-
grated analysis and visualization presented here are original to this review. Cancer type abbrevia-
tions: Renal_CC, clear cell renal cell carcinoma; Cervical, cervical squamous cell carcinoma; Liver,
hepatocellular carcinoma; Lung_AC, lung adenocarcinoma; Renal_PA, papillary renal cell carci-
noma; Stomach, gastric adenocarcinoma; Esoph_AC, esophageal adenocarcinoma; Uterine, uterine
corpus endometrial carcinoma; HNSCC, head and neck squamous cell carcinoma; Lung_SC, lung
squamous cell carcinoma; Esoph_SC, esophageal squamous cell carcinoma; Thyroid, thyroid carci-
noma. The forest plot was generated with the assistance of Claude (Anthropic) Opus 4.7 using Py-
thon 3.12.3 with openpyxl 3.1.5, numpy 2.4.4, and matplotlib 3.10.8. (B) Representative Kaplan—
Meier survival curves for ALDH2 and ADHS5 across five cancer types illustrating different patterns
between expression and survival. In myeloma, clear cell renal cell carcinoma, and colon adenocar-
cinoma, high ALDH2 and ADHS5 expression are protective. In cervical squamous cell carcinoma,
high ALDH2 expression is protective but high ADH5 expression is harmful. In AML, high ALDH2
is harmful in contrast to other cancers. Survival data for forest plot and Kaplan-Meier curves were
obtained from KMPlotter [196] that correlate survival with RNA-seq expression data for all cancer
types except myeloma, pancreas, AML, and colon, where microarray expression data were used to

maximize cohort size. HR, 95% CI, and log-rank p-values are shown for each comparison.

3.2. Elevated Endogenous Aldehydes in Esophageal Cancer and AML

While the transcriptome analysis of human cancers reveals widespread dysregula-
tion in the expression of aldehyde detoxification enzymes, only a few studies have been
conducted to characterize the levels of endogenous aldehydes in cancers. In esophageal
cancers, evidence suggests ALDH3 enzymes play a role in limiting fatty aldehyde accu-
mulation and genotoxicity. A comprehensive analysis [136] of esophageal adenocarci-
noma (EAC) with cancer-adjacent squamous revealed a reduced expression of ALDH3A1,
ALDH3A? as a hallmark of EAC compared to normal squamous esophageal epithelium,
consistent with data from TNMPlotter (Figure 1). Using targeted LC-MS, 42 aldehydes,
including short-chain aldehydes (formaldehyde, acetaldehyde, 4-HNE, 1-butenal) and
medium-chain alkanals (nonanal, decanal, undecanal and dodecanal), were significantly
enriched in EAC tissue [136]. Furthermore, aldehyde-DNA adducts (acetaldehyde-de-
rived adduct and an HNE-derived 1,N¢-edA adduct) were found both to be significantly
elevated in EAC and adjacent squamous tissue compared to normal esophageal mucosa
and circulating leukocytes. In particular, increased tissue decanal was linked to poorer
overall survival, reduced ALDH3A2 expression and TP53 deletion on chromosome 17p.
However, ALDH3A2 and TP53 genes are both located on chromosome 17p, suggesting
that ALDH3A2 loss and the resulting decanal accumulation are collateral consequences
of the TP53-targeting 17p arm deletion that characterizes EAC progression, rather than
independent drivers of worse outcomes. Nevertheless, this study provides direct evidence
that endogenous aldehyde accumulates in human cancer tissue, with confirmed alde-
hyde-DNA adducts demonstrating genotoxic consequences.

AML provides complementary evidence of elevated endogenous aldehydes in cancer,
with mechanistic evidence linking the elevation to oncogenic transformation. Using an
enzymatic fluorometric assay, a panel of human AML cell lines harbored elevated endog-
enous formaldehyde compared to multiple solid cancer cell lines [114]. Increased formal-
dehyde production was directly induced by oncogenic transformation: constitutive ex-

https://doi.org/10.3390/biom16070991



Biomolecules 2026, 16, 991

17 of 36

pression of BCR-ABL, FLT3(ITD), or JAK2(V617F) in immortalized non-leukemic murine
bone marrow cells (32D) resulted in approximately 40% elevation in endogenous formal-
dehyde, accompanied by a 2- to 4-fold increase in DPCs. A culture of transformed 32D
cells in media depleted of glucose, serine, and glycine reduced formaldehyde levels, DPC
accumulation, and YH2AX-positive cell fractions. Treatment with the serine hydroxyme-
thyltransferase 1/2 (SHMT1/2) inhibitor SHIN1 phenocopied these effects, implicating
one-carbon metabolism in the elevation of formaldehyde, although the proximal enzy-
matic source of formaldehyde was not identified. Together, these findings establish that
oncogenic kinase signaling drives elevated endogenous formaldehyde production in
transformed cells.

3.3. AML Depend on Detoxification and DNA Repair to Overcome Aldehyde-Genotoxicity

The dependence of AML cells on aldehyde detoxification was uncovered through the
ex vivo transformation of primary murine HSPCs [115]. Lineage- cKit* HSPCs trans-
formed with oncogenic tyrosine kinases (FLT3-ITD or JAK2-V617F) proliferated and
formed colonies robustly when derived from wild-type mice, but exhibited 50-70%
growth and colony formation defects when derived from Aldh2-- or Adh5~- mice [115].
This defect emerged specifically following leukemic transformation as Aldh2-- or Adh5--
mice do not exhibit gross HSPC defects at steady state [23,57,62,64,105]. The oncogenic
kinase-transformed HSPCs also exhibited a dependency on polymerase theta (Pol0)-me-
diated end joining (TME]) [114,115], which resolves formaldehyde-induced DPCs and
downstream DNA double-strand breaks [197]. The pharmacological or genetic inhibition
of PolO selectively suppressed the growth of oncogenic kinase-transformed HSPCs while
sparing untransformed HSPCs [114]. Furthermore, combined Pol6 loss with ALDH2 or
ADHS5 deficiency was synergistic. Oncogenic kinase-transformed HSPCs from Aldh2--
Polg7 and Adh5- Polg”- double-knockout mice exhibited stronger growth suppression
than either single knockout [115]. The same synergy was observed in human AML cells
treated with combinations of Pol6 inhibitors and ALDH2 or ADHS5 inhibitors [115]. Crit-
ically, Aldh2-- Polg”- and Adh57 Polg~- mice exhibited minimal hematopoietic defects de-
spite the combined genetic loss, with no significant changes in peripheral blood counts,
HSPC frequency, baseline YH2AX, or serial clonogenic activity compared to single knock-
outs. This indicates that normal HSPCs can tolerate combined aldehyde detoxification and
PolO deficiency in a way that oncogenic kinase-transformed HSPCs cannot. Together,
these findings reveal that oncogenic kinase signaling rewires AML cells into a state of
chronic formaldehyde production and consequent dependence on ALDH2/ADHS5 and
Pol0 for survival. This transformation-induced metabolic dependence may apply to AML
subtypes defined by constitutive kinase signaling, including FLT3-ITD-, JAK2-V617F-,
and BCR-ABL-driven leukemias. The absence of this dependency in normal hematopoie-
sis underlies the therapeutic combinations explored later in this review.

3.4. Loss of ALDH2 Creates Dependency on the FA Pathway in AML

Given the dependency on aldehyde detoxification in AMLs, an unexpected finding
was that a subset of AMLs downregulates the expression of ALDH2 through recurrent
epigenetic silencing [198]. This was revealed by a CRISPR screen across a panel of human
AML cell lines, where FA genes were found to be essential for survival in AML cell lines
lacking ALDH2 expression. This finding effectively recapitulates the genetic interaction
discovered in Aldh2--Fancd2-- mice, but in established human AML cells where ALDH?2
loss is acquired epigenetically rather than genetically. The clinical relevance of this finding
was supported by TCGA AML specimens, where ALDH2 expression varied approxi-
mately 100-fold between the highest and lowest expressing 10% of cases, indicating that
profound ALDH? silencing is a feature of human AML. Crucially, the same study showed
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that ALDH? silencing in AML is driven by the dense DNA hypermethylation of the
ALDH? promoter in genomic regions that are hypomethylated in normal hematopoietic
stem and progenitor cells [198]. Treatment with the DNA methyltransferase inhibitor 5-
azacytidine restored ALDH2 expression and rescued AML cells from FA pathway inacti-
vation, providing causal evidence that the methylation drives the dependency. To confirm
that this rescue was specifically due to ALDH2 rather than other genes affected by de-
methylation, the ectopic re-expression of ALDH2 in AML cell lines also rescued their FA
dependency. Interestingly, the overexpression of other ALDH enzymes (ALDHI1AI,
ALDH1A2, ALDH1A3, ALDH1B1, ALDH6A1, and ALDH7A1), including a mitochondri-
ally targeted ALDH1A1 variant designed to match ALDH?2’s compartmental localization,
all failed to rescue. This suggests that the relevant genotoxic aldehyde is a specific sub-
strate of ALDH2 not redundantly cleared by other ALDH paralogs. The re-expression of
ALDH?2 reduced cellular MDA, while ALDH1A1 expression did not, identifying endoge-
nous MDA as a candidate genotoxic driver in AML, though further studies will be needed
to confirm this. Overall, this study provides causal evidence that the loss of an ALDH
enzyme in AML directly impacts genome stability and creates an acquired dependence
on DNA repair. The finding offers much-needed proof of principle that the widespread
dysregulation of aldehyde detoxification enzymes documented across other human can-
cers (Figures 1 and 2) could have similar consequences for genome stability.

3.5. FA-Deficient Cancers Tolerate Rather than Mitigate Aldehyde Genotoxicity

The inactivation of DNA repair is a frequent and often early prerequisite event dur-
ing the development of cancer. In many studies using cancer cell lines, the genetic inacti-
vation of DNA repair results in hypersensitivity to aldehydes, indicating that aldehydes
remain a genotoxic threat for cancer cells as well as non-malignant somatic cells
[9,21,112,198,199]. This cell line sensitivity translates to selective aldehyde toxicity in vivo:
acetaldehyde inhibited the growth of murine BRCA1/2-deficient breast tumor allografts
and BRCA2-deleted human colorectal tumor xenografts, while their BRCA1/2-proficient
counterparts were not significantly affected [200]. How do cancer cells harboring a loss of
DNA crosslink repair pathways survive against endogenous aldehyde genotoxicity? One
possibility is to relieve the endogenous aldehyde burden by reducing production or en-
hancing detoxification enzymes. Although elevated ALDH expression is observed in
some human cancers (Figure 1), the evidence from cancers like EAC and AML where en-
dogenous aldehydes are elevated [114,136] and aldehyde detoxification enzymes are
downregulated [136,198] (Figure 1) does not support this model. An alternative possibility
is that cancers tolerate aldehyde genotoxicity by suppressing the DNA damage response
that would otherwise eliminate the cancer cell. Insight into this question comes from stud-
ies of FA-derived cancers, which develop in tissue constitutively deficient in DNA repair,
thus providing a window into how cancer cells navigate elevated aldehyde genotoxicity.

FA patients develop a stereotyped spectrum of malignancies, most prominently
AML and squamous cell carcinomas of the head and neck, esophagus, and anogenital
region, at substantially elevated rates and younger ages than the general population
[201,202]. The whole-genome and whole-exome sequencing of FA-derived squamous cell
carcinomas established that the primary genomic signature of FA repair deficiency is a
high burden of structural variants that drive somatic copy number alterations, with fewer
single-nucleotide mutations than sporadic squamous cell carcinomas [203]. TP53 was the
most frequently mutated gene, found in over 80% of FA-derived HNSCCs [203,204].
Among the recurrent somatic copy number alterations, 38% of FA-derived HNSCCs har-
bored focal deletions of ALDH1B1 compared to only 5% of 415 human papillomavirus
(HPV)-negative sporadic TCGA-HNSCCs [203], implicating selection rather than passen-
ger consequence. In support of this, a differential gene expression analysis of FA-derived
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HNSCC versus sporadic HNSCCs revealed downregulation of multiple aldehyde detoxi-
fication enzymes, including ALDH1A1, ALDH2, ALDH3A1, and ALDH3B2, alongside an
upregulation of DNA damage signaling (ATM, ATR, CHEK1), homologous recombination
(BRCA1, BRCA2, RAD51B, RAD54B, MRE11), TME] (POLQ), and translesion synthesis
(REV3L, POLN, POLK) [203]. This expression signature is consistent with FA-deficient can-
cers further losing aldehyde detoxification while upregulating residual DNA repair and
lesion-tolerance pathways, suggesting selection for tolerance rather than enhancing alde-
hyde detoxification enzymes.

The structural variant mutational pattern in FA-derived HNSCCs [203] was recapit-
ulated from a sequencing analysis of 335 FA patients with 62 cases of clonal evolution
where FA-derived AML exhibited an elevated burden of somatic copy number alterations
(CNA) compared to sporadic AML [205]. Furthermore, the CNA burden progressively
increased along the clinical trajectory from bone marrow failure to myelodysplastic syn-
drome to overt AML. The most recurrent CNAs were chromosome 1q gain (52% of pa-
tients), which results in the trisomy of MDM4, a negative regulator of p53. The additional
copy of MDM4 provides a survival advantage for the pre-leukemic or leukemic clones
emerging from an FA hematopoiesis landscape defined by p53 hyperactivation that de-
pletes HSPCs and causes bone marrow failure [57,64,206]. Consistent with this, in Fancg/-
mice carrying an extra allele of MDM4, HSPCs exhibited greater fitness, resistance to in-
flammation-mediated bone marrow failure, and clonal dominance when transplanted in
competition with wild-type FA-like cells [205]. While the corresponding RNA-seq analy-
sis confirmed the gene-dosage-dependent upregulation of MDM4 and downmodulation
of p53 target genes in 1q+ FA samples, aldehyde detoxification gene expression was not
specifically examined, leaving open whether the systematic ALDH downregulation ob-
served in FA-HNSCC extends to FA-AML.

Altogether, these data suggest that, within FA-deficient tissue, malignant cells are
not selected for enhanced aldehyde detoxification to relieve aldehyde genotoxicity. In-
stead, the loss of aldehyde detoxification appears to be positively selected, through the
deletion (ALDH1B1 in FA-HNSCC) or systematic transcriptional downregulation of mul-
tiple ALDH enzymes, which would predict a further amplification of aldehyde genotoxi-
city to fuel cancer evolution. Critically, this is combined with loss of p53 pathway function
(through TP53 mutation in FA-HNSCC or MDM4 amplification as a functional surrogate
in FA-AML) to confer tolerance and persistence of cancer cells experiencing elevated al-
dehyde-driven genome instability. This conclusion is reinforced in Aldh2--
Fancd2--Trp53-~ mouse model discussed earlier, in which genetic p53 loss rescues HSC
depletion in the 2-tier-deficient background while accelerating leukemia development,
providing a mouse-genetic analog to the TP53/MDM4 alterations observed in FA patient
tumors.

3.6. Exploiting Aldehyde Genotoxicity for Therapy in Cancer

Can we translate endogenous aldehyde genotoxicity to target cancer? The therapeu-
tic exploitation of aldehyde genotoxicity has in fact been a feature of cancer chemotherapy
for decades. Cyclophosphamide and ifosfamide, long-established chemotherapy agents,
are prodrugs that generate the aldehyde intermediate aldophosphamide, which decom-
poses to release the alkylating agent phosphoramide mustard and the cytotoxic byproduct
acrolein [207]. Chemoresistance to these agents frequently correlates with elevated
ALDHI1AL1 expression that inactivates aldophosphamide [208-210]. Anthracyclines (dox-
orubicin, daunorubicin) similarly generate formaldehyde that contributes to their for-
mation of cytotoxic DNA crosslinks [211,212]. These established chemotherapies validate
the principle that elevating aldehyde burden in cancer cells can be therapeutic. Below, we
review the mechanistic frameworks emerging from the study of aldehydes in cancer that
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present novel therapeutic opportunities to harness endogenous aldehydes for cancer ther-
apy.

3.6.1. Targeting 2-Tier Pathways to Elevate Aldehyde Genotoxicity

Pharmacological ALDH or ADH inhibition elevates cellular aldehyde levels, expos-
ing cancer cells with compromised DNA repair to genotoxic stress. Several studies
demonstrated a proof-of-concept use of inhibitors against ALDH or ADH5 with DNA re-
pair inhibition in pre-clinical models with promising results. Disulfiram, an ALDH?2 in-
hibitor [213], inhibited the growth of patient-derived xenograft cells from BRCA1-defi-
cient breast cancers [200], demonstrating rationale for the selective targeting of aldehyde
detoxification in tumors with pre-existing loss of tier 2 DNA repair. The same framework
can be exploited by targeting both aldehyde detoxification and DNA repair for cancers
with elevated endogenous DNA damage [115]. Significant anti-leukemic effects and pro-
longed survival were observed in leukemia-xenografted mice that received ADHS5 inhib-
itor N6022 [214] or disulfiram combined with Pol0 inhibitor RP-6685 [215]. Another po-
tential 2-tier vulnerability could be offered by poly(ADP-ribose) polymerase (PARP) in-
hibitors, such as olaparib, which are licensed for BRCA-mutated and homologous-recom-
bination-deficient cancers. Studies suggest PARP1 participates in the cellular response to
aldehyde-induced DNA damage independently of FA/BRCA status. In FA/BRCA intact
cells, the loss of PARP1 induces hypersensitivity to formaldehyde [199,216]. Thus, beyond
their established use in homologous-recombination-deficient cancers, PARP inhibitor in
combination with the inhibition of aldehyde detoxification enzymes represents a rational,
as-yet-untested therapeutic strategy to harness genotoxic aldehydes. In addition, ALDH
inhibition could combine with DDR inhibitors. Pharmacological ALDH1 inhibition with
the pan-ALDHI1A inhibitor 673A [170,217] combined with ATM/ATR inhibitors in ovarian
carcinoma xenograft resulted in a significant reduction in tumor volume and increased
YH2AX markers [170].

3.6.2. Targeting Tolerance of Aldehyde Genotoxicity in Cancer

Cancers tolerating elevated aldehyde genotoxicity through suppressed DDR repre-
sent an additional therapeutic axis beyond directly targeting 2-tier protection pathways.
The MDM4 amplification driving FA-AML clonal evolution suppresses the p53 response
that would otherwise eliminate aldehyde-damaged HSPCs. This was therapeutically har-
nessed through pharmacological p53 restoration with the MDM4/MDM?2 inhibitor ALRN-
6924, a stapled a-helical peptide that has previously been shown to activate the p53 path-
way in AML [218,219]. The treatment of 1q+ FA-AML cells in culture with ALRN-6924
impaired growth and prolonged the S phase of the cell cycle, consistent with cell cycle
arrest from p53 activation [205]. In vivo, the ALRN-6924 treatment of 1q+ FA-AML cells
xenografted into immunodeficient mice resulted in a significant suppression of leukemic
cell growth [205]. While this treatment holds promise for FA patients with 1q+ AML, the
therapeutic window for leukemic cells may be narrow, as non-malignant FA HSPCs also
exhibit an activation of p53, which could be detrimental if further activated by MDM4
inhibition [64,206].

4. An Updated 2-Tier Model of Aldehyde-Mediated Genome Protection

When originally proposed, the 2-tier model identified two complementary modes of
defense against aldehyde genotoxicity: tier 1 involves enzymatic detoxification (ALDH2
and ADHS clearing formaldehyde and acetaldehyde) and tier 2 involves DNA repair (the
FA pathway resolving aldehyde-induced DNA crosslinks) [7,220]. While the loss of either
aldehyde detoxification or DNA repair can be fully or partially compensated by the other
respective tier of aldehyde defense, the combined loss of both tiers results in the amplifi-
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cation of aldehyde genotoxicity and cancer. This model was built on studies in hemato-
poietic stem cells and explained the aldehyde-induced bone marrow failure and leukemia
predisposition. The evidence reviewed here supports a substantial expansion of this
model, with additional players in both tiers exhibiting tissue specificity (Figure 3). First,
several additional aldehyde detoxification enzymes now fulfill a tier 1 role in limiting ad-
ditional endogenous genotoxic aldehydes beyond formaldehyde and acetaldehyde.
ALDH1B1 demonstrates tier 1 defense against ethanol-derived acetaldehyde in the gas-
trointestinal tract to protect against intestinal tumors [91]. The increased ovarian tumor
phenotype in Aldh9al~- Fanca’- mice identifies ALDH9AT1 as a tier 1 enzyme protecting
against polyamine catabolism-derived aldehydes and acrolein [112]. In keratinocytes, the
precursor cells of squamous cell carcinomas that afflict FA patients, ALDH3 family en-
zymes cooperate with the FA pathway to protect against DNA damage caused by lipid
peroxidation-derived aldehydes such as 4-hydroxynonenal [147]. GLO1 is a non-ALDH
enzyme that fulfills tier 1 defense against methylglyoxal-induced genotoxicity in breast
epithelial cells [22].

Furthermore, the study of genetic interactions between aldehyde detoxification en-
zymes and DNA repair pathways has expanded the range of repair mechanisms encom-
passed by tier 2 beyond the Fanconi anemia pathway. Acetaldehyde-induced intestinal
genotoxicity in Aldh1b1-- mice cooperates with mismatch repair to suppress intestinal tu-
morigenesis [91]. Pol0-mediated end joining (TME]) resolves the DPCs and associated
double-strand breaks generated by elevated formaldehyde in oncogenic kinase-driven
leukemia [114,115]. The methylglyoxal-induced genotoxicity in breast epithelium de-
scribed above is contained by BRCA2-dependent homologous recombination, which acts
downstream from FA-mediated repair aldehyde-DNA lesions. Interestingly here, the loss
of tier 1 methylglyoxal clearance directly compromises the integrity of tier 2 through the
methylglyoxal-mediated degradation of BRCAZ2 protein, revealing additional nodes of in-
teraction within the 2-tier model [22]. While we have only included the DNA repair path-
ways that have demonstrated direct genetic interaction with aldehyde detoxification en-
zymes, additional repair pathways have been identified to protect against aldehyde gen-
otoxicity, as discussed in detail in other reviews [13,14]. Therefore, we anticipate a further
expansion of tier 2 as future studies dissect the interaction between these DNA repair
pathways and aldehyde detoxification to protect against cancer.
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Figure 3. Updated 2-tier model of aldehyde-mediated genome protection. Genotoxic aldehydes

arise from diverse metabolic sources: formaldehyde from the one-carbon cycle and demethylase

https://doi.org/10.3390/biom16070991



Biomolecules 2026, 16, 991

22 of 36

reactions; acetaldehyde from ethanol metabolism; methylglyoxal from glycolysis; aminoaldehydes
and acrolein from polyamine catabolism; and malondialdehyde (MDA) and 4-hydroxynonenal (4-
HNE) from lipid peroxidation. In tier 1 (aldehyde detoxification), specific enzymes clear each alde-
hyde class (denoted by red blunt-ended arrows) before it can damage DNA: ALDH2 and ADH5
(formaldehyde), ALDH1B1 and ALDH2 (acetaldehyde), GLO1 and HAGH (methylglyoxal),
ALDHO9AT1 (aminoaldehydes and acrolein), and ALDH3A1, 3A2, 3B1, and 3B2 (lipid peroxidation-
derived aldehydes). When tier 1 detoxification is insufficient, aldehydes react with DNA to generate
lesions, including interstrand crosslinks and DN A—protein crosslinks. In tier 2 (DNA repair), multi-
ple pathways resolve these lesions: the Fanconi anemia pathway and homologous recombination;
PolO0-mediated end joining (TME]) and other DN A-protein crosslink repair pathways; and MSH2-
dependent repair. Failure of both tiers results in unresolved DNA damage, driving cancer develop-

ment in non-malignant cells and fueling cancer evolution in malignant cells.

5. Future Questions and Research Strategies

The studies synthesized here support a central role for aldehyde detoxification en-
zymes in limiting genome instability and restricting cancer formation. Three open ques-
tions deserve focused attention.

What are the endogenous aldehydes driving genome instability and cancer? ALDH
enzymes act on a broad range of substrates, and exogenous aldehydes used to challenge
ALDH-deficient experimental models may not be the same aldehydes driving endoge-
nous genotoxicity in vivo. We have found the detection of endogenous aldehyde-DNA
adducts to be a useful approach, since many physiological aldehydes form unique ad-
ducts of known mass and structure amenable to sensitive quantification by LC-MS. This
strategy successfully identified endogenous formaldehyde as the major genotoxic alde-
hyde when both ADH5 and ALDH2 are lost [23]. Adduct elevation can also provide evi-
dence for direct genotoxicity if the adduct is itself mutagenic; even for less mutagenic ad-
ducts like N2-hydroxymethyl-dG, their elevation indicates increased formaldehyde in the
nuclear compartment. Unbiased DNA adductomic LC-MS approaches capable of quanti-
fying hundreds of distinct adduct species could systematically reveal perturbations in the
endogenous aldehyde landscape [221-223].

How does loss of aldehyde detoxification reshape the mutational landscape? Alde-
hyde-specific mutational signatures would both identify the relevant genotoxic aldehydes
in detoxification-deficient cells and provide compelling evidence for aldehyde contribu-
tions to mutagenesis in cancer initiation and progression. At present, many cancer muta-
tional signatures lack known etiology, and many characterized aldehyde-DNA adducts
have not been linked to specific signatures. While LC-MS provides ultrasensitive adduct
quantification, the requirement for hydrolysis to single nucleosides erases sequence con-
text. Nanopore sequencing offers a promising alternative, where the direct sequencing of
native DNA strands preserves both nucleobase identity and conjugated modifications
[224]. This method already maps 5-methyldeoxycytosine and Né-methyldeoxyadenosine;
expanding it to aldehyde-DNA adducts could reveal their enrichment at mutational
hotspots and clarify how specific adducts are converted to mutations [225].

Which cancers harbor exploitable aldehyde-genotoxic vulnerabilities? Our pan-can-
cer analysis documents systematic dysregulation of aldehyde detoxification enzyme ex-
pression across diverse cancer types (Figures 2 and 3), yet only a few cancers (EAC [136],
AML [114,115,198], FA-derived cancers [203,205], BRCA-mutant cancers [22,200]) have
been mechanistically examined for endogenous aldehyde-driven genome instability.
Identifying additional vulnerable cancers requires integrated approaches: LC-MS adduc-
tomics of primary tumor samples to survey the endogenous aldehyde landscape, correla-
tion of detoxification enzyme dysregulation with substrate accumulation, and functional
testing of synthetic lethality with DNA repair inhibitors. The translational rationale is
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strong: endogenous aldehydes generated as obligate byproducts of cancer metabolic re-
wiring may be particularly difficult for cancer cells to bypass, making them attractive tar-
gets for the therapeutic strategies discussed above.

6. Conclusions

The recognition that reactive aldehydes are not merely passive metabolic by-prod-
ucts but active endogenous genotoxins, and that the enzymes clearing them constitute a
first line of genome defense, represents a fundamental shift in how we understand the
origins of cancer-associated genome instability. The ALDH, ADH, and glyoxalase families
are not peripheral players in cancer biology; they are gatekeepers of genome integrity,
and their disruption may be a major endogenous contributor to carcinogenesis. The ex-
panded 2-tier model presented here extends a framework originally built on hematopoi-
etic stem cells to a tissue-specific landscape in which multiple tier 1 enzymes, ALDH1B1
in intestine, the ALDH3 family in keratinocytes, ALDH9AL1 in ovarian tissue, and GLO1
in breast epithelium, cooperate with diverse tier 2 repair mechanisms beyond the FA path-
way. In established cancers, this protective architecture is dysregulated rather than re-
stored: FA-derived cancers further lose aldehyde detoxification capacity while suppress-
ing the p53 response that would otherwise eliminate them, and oncogenic kinase-driven
AML cells become dependent on integrated detoxification and repair to survive their own
elevated formaldehyde production. These dependencies define a therapeutic window in
which the cancer cell’s own aldehyde burden can be turned against it.
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ADH5 alcohol dehydrogenase 5 (also known as GSNOR)

AGT O6-alkylguanine-DNA alkyltransferase (also known as MGMT)
ALDH aldehyde dehydrogenase

AMeD aplastic anemia, mental retardation and dwarfism syndrome
AML acute myeloid leukemia

APE1 apurinic/apyrimidinic endonuclease 1

ATM ataxia telangiectasia mutated

ATP13A3 adenosine triphosphatase 13A3

ATR ataxia telangiectasia and Rad3 related

https://doi.org/10.3390/biom16070991



Biomolecules 2026, 16, 991

24 of 36

53BP1
BRCA
CHK1
CNA
CRISPR
CSB
DDR
DNA-PKcs
DPC
EAC
EGA
ESD
EXO1
FA
FALDH
FANC
FISH
GABA
GEO
GLO1
GLO2
GSH
GSNO
GSNOR
GTEXx
HAGH
YH2AX
HNSCC
4-HNE
HPV
HR
HSC
HSPC
IARC
ICL
iNOS
LC-MS
MDA
MG
MGMT
MMR
MLH1
MSH
MutLa
MutSa
NAD*
NER
0OGG1
PARP
PMS2
Pol©
ROS
SCC
SHMT1/2
SLS

p53 binding protein 1

breast cancer gene

checkpoint kinase 1

copy number alteration

clustered regularly interspaced short palindromic repeats
Cockayne syndrome B protein

DNA damage response

DNA-dependent protein kinase catalytic subunit
DNA-protein crosslink

esophageal adenocarcinoma

European Genome-Phenome Archive
S-formylglutathione hydrolase

exonuclease 1

Fanconi anemia

fatty aldehyde dehydrogenase (ALDH3A2)
Fanconi anemia complementation group
fluorescence in situ hybridization
Y-aminobutyric acid

Gene Expression Omnibus

glyoxalase 1

glyoxalase 2 (also known as HAGH)
glutathione

S-nitrosoglutathione

S-nitrosoglutathione reductase (also known as ADH5)
Genotype-Tissue Expression
hydroxyacylglutathione hydrolase (also known as GLO2)
phosphorylated H2A histone family member X
head and neck squamous cell carcinoma
4-hydroxynonenal

human papillomavirus

homologous recombination

hematopoietic stem cell

hematopoietic stem and progenitor cell
International Agency for Research on Cancer
interstrand crosslink

inducible nitric oxide synthase

liquid chromatography-mass spectrometry
malondialdehyde

methylglyoxal

O6-methylguanine-DNA methyltransferase (also known as AGT)
mismatch repair

MutL homolog 1

MutS homolog

MutL homolog complex (MLH1-PMS2)

MutS homolog complex (MSH2-MSHG6)
nicotinamide adenine dinucleotide

nucleotide excision repair

8-oxoguanine DNA glycosylase 1
poly(ADP-ribose) polymerase

postmeiotic segregation increased 2

DNA polymerase theta

reactive oxygen species

squamous cell carcinoma

serine hydroxymethyltransferase 1/2
Sjogren—Larsson syndrome

https://doi.org/10.3390/biom16070991



Biomolecules 2026, 16, 991 25 of 36

SOD superoxide dismutase

TARGET Therapeutically Applicable Research to Generate Effective Treatments
TCA tricarboxylic acid

TCGA The Cancer Genome Atlas

TLS translesion synthesis

TME] Pol0-mediated end joining

WT wildtype

XRCC1 X-ray repair cross-complementing 1

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

Hanahan, D. Hallmarks of Cancer-Then and Now, and Beyond. Cell 2026, 189, 2254-2277.
https://doi.org/10.1016/j.cell.2025.12.049.

Hoeijmakers, J.H.J. DNA Damage, Aging, and Cancer. N. Engl. ] Med 2009, 361, 1475-1485.
https://doi.org/10.1056/NEJMra0804615.

Negrini, S.; Gorgoulis, V.G.; Halazonetis, T.D. Genomic Instability an Evolving Hallmark of Cancer. Nat. Rev. Mol. Cell Biol.
2010, 11, 220-228. https://doi.org/10.1038/nrm2858.

Lindahl, T. Instability and Decay of the Primary Structure of DNA. Nature 1993, 362, 709-715. https://doi.org/10.1038/362709a0.
Yu, B.P. Cellular Defenses against Damage from Reactive Oxygen Species. Physiol. Rev. 1994, 74, 139-162.
https://doi.org/10.1152/physrev.1994.74.1.139.

Wiseman, H.; Halliwell, B. Damage to DNA by Reactive Oxygen and Nitrogen Species: Role in Inflammatory Disease and
Progression to Cancer. Biochem. J. 1996, 313, 17-29.

Wang, M.; Dingler, F.A,; Patel, KJ. Genotoxic Aldehydes in the Hematopoietic System. Blood 2022, 139, 2119-2129.
https://doi.org/10.1182/blood.2019004316.

National Toxicology Program. Final Report on Carcinogens Background Document for Formaldehyde. Rep. Carcinog. Backgr.
Doc. 2010, 10, i-512.

Burgos-Barragan, G.; Wit, N.; Meiser, J.; Dingler, F.A.; Pietzke, M.; Mulderrig, L.; Pontel, L.B.; Rosado, I.V.; Brewer, T.F.; Cordell,
R.L.; et al. Mammals Divert Endogenous Genotoxic Formaldehyde into One-Carbon Metabolism. Nature 2017, 548, 549-554.
https://doi.org/10.1038/nature23481.

Tenney, L.; Pham, V.N.; Brewer, T.F.; Chang, C.]. A Mitochondrial-Targeted Activity-Based Sensing Probe for Ratiometric Im-
aging of Formaldehyde Reveals Key Regulators of the Mitochondrial One-Carbon Pool. Chem. Sci. 2024, 15, 8080-8088.
https://doi.org/10.1039/D4SC01183].

Rabbani, N.; Thornalley, P.J. Dicarbonyl Stress in Cell and Tissue Dysfunction Contributing to Ageing and Disease. Biochem.
Biophys. Res. Commun. 2015, 458, 221-226. https://doi.org/10.1016/j.bbrc.2015.01.140.

Nair, U.; Bartsch, H.; Nair, J. Lipid Peroxidation-Induced DNA Damage in Cancer-Prone Inflammatory Diseases: A Review of
Published Adduct Types and Levels in Humans. Free Radic. Biol. Med. 2007, 43, 1109-1120. https://doi.org/10.1016/j.freeradbio-
med.2007.07.012.

Benedict, B.; Kristensen, S.M.; Duxin, ].P. What Are the DNA Lesions Underlying Formaldehyde Toxicity? DNA Repair 2024,
138, 103667. https://doi.org/10.1016/j.dnarep.2024.103667.

Valverde-Santiago, M.; Pontel, L.B. Emerging Mechanisms Underlying Formaldehyde Toxicity and Response. Mol. Cell 2025,
85, 2068-2079. https://doi.org/10.1016/j.molcel.2025.04.018.

Marchitti, S.A.; Brocker, C.; Stagos, D.; Vasiliou, V. Non-P450 Aldehyde Oxidizing Enzymes: The Aldehyde Dehydrogenase
Superfamily. Expert Opin. Drug Metab. Toxicol. 2008, 4, 697-720. https://doi.org/10.1517/17425255.4.6.697.

Jackson, B.; Brocker, C.; Thompson, D.C.; Black, W.; Vasiliou, K.; Nebert, D.W; Vasiliou, V. Update on the Aldehyde Dehydro-
genase Gene (ALDH) Superfamily. Hum. Genom. 2011, 5, 283-303. https://doi.org/10.1186/1479-7364-5-4-283.

Uotila, L.; Koivusalo, M. Formaldehyde Dehydrogenase from Human Liver. Purification, Properties, and Evidence for the For-
mation of Glutathione Thiol Esters by the Enzyme. ]. Biol. Chem. 1974, 249, 7653-7663. https://doi.org/10.1016/s0021-
9258(19)81287-5.

Uotila, L.; Koivusalo, M. Purification and Properties of S Formylglutathione Hydrolase from Human Liver. ]. Biol. Chem. 1974,
249, 7664-7672. https://doi.org/10.1016/s0021-9258(19)81288-7.

Thornalley, P.J. The Glyoxalase System: New Developments towards Functional Characterization of a Metabolic Pathway Fun-
damental to Biological Life. Biochem. ]. 1990, 269, 1-11. https://doi.org/10.1042/bj2690001.

https://doi.org/10.3390/biom16070991



Biomolecules 2026, 16, 991 26 of 36

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

Langevin, F.; Crossan, G.P.; Rosado, I.V.; Arends, M.].; Patel, K.J. Fancd2 Counteracts the Toxic Effects of Naturally Produced
Aldehydes in Mice. Nature 2011, 475, 53-58. https://doi.org/10.1038/nature10192.

Rosado, 1.V.; Langevin, F.; Crossan, G.P.; Takata, M.; Patel, K.J. Formaldehyde Catabolism Is Essential in Cells Deficient for the
Fanconi Anemia DNA-Repair Pathway. Nat. Struct. Mol. Biol. 2011, 18, 1432-1434. https://doi.org/10.1038/nsmb.2173.

Kong, L.R.; Gupta, K.; Wu, A ]; Perera, D.; Ivanyi-Nagy, R.; Ahmed, S.M.; Tan, T.Z; Tan, S.L.W.; Fuddin, A.; Sundaramoorthy,
E.; et al. A Glycolytic Metabolite Bypasses “Two-Hit” Tumor Suppression by BRCA2. Cell 2024, 187, 2269-2287.el6.
https://doi.org/10.1016/j.cell.2024.03.006.

Dingler, F.A.; Wang, M.; Mu, A.; Millington, C.L.; Oberbeck, N.; Watcham, S.; Pontel, L.B.; Kamimae-Lanning, A.N.; Langevin,
F.; Nadler, C.; et al. Two Aldehyde Clearance Systems Are Essential to Prevent Lethal Formaldehyde Accumulation in Mice
and Humans. Mol. Cell 2020, 80, 996-1012.e9. https://doi.org/10.1016/j.molcel.2020.10.012.

Oka, Y.; Hamada, M.; Nakazawa, Y.; Muramatsu, H.; Okuno, Y.; Higasa, K.; Shimada, M.; Takeshima, H.; Hanada, K.; Hirano,
T.; et al. Digenic Mutations in ALDH2 and ADH5 Impair Formaldehyde Clearance and Cause a Multisystem Disorder, AMeD
Syndrome . Sci. Adv. 2020, 6, eabd7197. https://doi.org/10.1126/sciadv.abd7197.

Xanthis, V.; Mantso, T.; Dimtsi, A.; Pappa, A.; Fadouloglou, V.E. Human Aldehyde Dehydrogenases: A Superfamily of Similar
Yet Different Proteins Highly Related to Cancer. Cancers 2023, 15, 4419. https://doi.org/10.3390/cancers15174419.

Shortall, K.; Djeghader, A.; Magner, E.; Soulimane, T. Insights into Aldehyde Dehydrogenase Enzymes: A Structural Perspec-
tive. Front. Mol. Biosci. 2021, 8, 659550. https://doi.org/10.3389/fmolb.2021.659550.

Barnett, S.D.; Buxton, I.L.O. The Role of S-Nitrosoglutathione Reductase (GSNOR) in Human Disease and Therapy. Crit. Rev.
Biochem. Mol. Biol. 2017, 52, 340-354. https://doi.org/10.1080/10409238.2017.1304353.

Eckfeldt, J.; Mope, L.; Takio, K.; Yonetani, T. Horse Liver Aldehyde Dehydrogenase. Purification and Characterization of Two
Isozymes. J. Biol. Chem. 1976, 251, 236-240. https://doi.org/10.1016/s0021-9258(17)33950-9.

Eckfeldyt, J.; Takio, K.; Mope, L.; Yonetani, T. Cytosolic and Mitochondrial Isozymes of Horse Liver Aldehyde Dehydrogenase.
Finn. Found. Alcohol Stud. 1975, 23, 19-35.

Greenfield, N.J.; Pietruszko, R. Two Aldehyde Dehydrogenases from Human Liver. Isolation via Affinity Chromatography and
Characterization of the Isozymes. Biochim. Biophys. Acta 1977, 483, 35-45. https://doi.org/10.1016/0005-2744(77)90005-5.
Mitchell, D.Y.; Petersen, D.R. The Oxidation of Alpha-Beta Unsaturated Aldehydic Products of Lipid Peroxidation by Rat Liver
Aldehyde Dehydrogenases. Toxicol. Appl. Pharmacol. 1987, 87, 403—410. https://doi.org/10.1016/0041-008x(87)90245-6.
Yoval-Sanchez, B.; Rodriguez-Zavala, ].S. Differences in Susceptibility to Inactivation of Human Aldehyde Dehydrogenases by
Lipid Peroxidation Byproducts. Chem. Res. Toxicol. 2012, 25, 722-729. https://doi.org/10.1021/tx2005184.

Wang, M.F.; Han, C.L.; Yin, S.]J. Substrate Specificity of Human and Yeast Aldehyde Dehydrogenases. Chem. Biol. Interact. 2009,
178, 36-39. https://doi.org/10.1016/j.cbi.2008.10.002.

Klyosov, A.A. Kinetics and Specificity of Human Liver Aldehyde Dehydrogenases toward Aliphatic, Aromatic, and Fused Pol-
ycyclic Aldehydes. Biochemistry 1996, 35, 4457-4467. https://doi.org/10.1021/bi9521102.

Eng, M.Y; Luczak, S.E.; Wall, T.L. ALDH2, ADH1B, and ADH1C Genotypes in Asians: A Literature Review. Alcohol Res. Health
2007, 30, 22-27.

Brooks, P.J.; Enoch, M.A.; Goldman, D.; Li, T.K; Yokoyama, A. The Alcohol Flushing Response: An Unrecognized Risk Factor
for Esophageal Cancer from Alcohol Consumption. PLoS Med. 2009, 6, 0258-0263. https://doi.org/10.1371/journal.pmed.1000050.
Harada, S.; Agarwal, D.P.; Goedde, H.W. Aldehyde Dehydrogenase Deficiency as Cause of Facial Flushing Reaction to Alcohol
in Japanese. Lancet 1981, 2, 982. https://doi.org/10.1016/s0140-6736(81)91172-7.

Farrés, J.; Wang, X.; Takahashi, K.; Cunningham, S.J.; Wang, T.T.; Weiner, H. Effects of Changing Glutamate 487 to Lysine in
Rat and Human Liver Mitochondrial Aldehyde Dehydrogenase: A Model to Study Human (Oriental Type) Class 2 Aldehyde
Dehydrogenase. |. Biol. Chem. 1994, 269, 13854-13860. https://doi.org/10.1016/s0021-9258(17)36725-x.

Larson, H.N.; Zhou, J.; Chen, Z.; Stamler, ].S.; Weiner, H.; Hurley, T.D. Structural and Functional Consequences of Coenzyme
Binding to the Inactive Asian Variant of Mitochondrial Aldehyde Dehydrogenase: Roles of Residues 475 and 487. J. Biol. Chem.
2007, 282, 12940-12950. https://doi.org/10.1074/jbc.M607959200.

Xiao, Q.; Weiner, H.; Johnston, T.; Crabb, D.W. The Aldehyde Dehydrogenase ALDH2*2 Allele Exhibits Dominance over
ALDH2*1 in Transduced HeLa Cells. ]. Clin. Investig. 1995, 96, 2180-2186. https://doi.org/10.1172/JCI118272.

Xiao, Q.; Weiner, H.; Crabb, D.W. The Mutation in the Mitochondrial Aldehyde Dehydrogenase (ALDH2) Gene Responsible
for Alcohol-Induced Flushing Increases Turnover of the Enzyme Tetramers in a Dominant Fashion. J. Clin. Investig. 1996, 98,
2027-2032. https://doi.org/10.1172/JCI119007.

https://doi.org/10.3390/biom16070991



Biomolecules 2026, 16, 991 27 of 36

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

IARC Working Group on the Evaluation of Carcinogenic Risks to Humans; International Agency for Research on Cancer. IARC
Monographs on the Evaluation of Carcinogenic Risks to Humans. IJARC Monogr. Eval. Carcinog. Risks Hum. 2010, 93, 9-38.
https://doi.org/10.1136/jcp.48.7.691-a.

Bagnardi, V.; Rota, M.; Botteri, E.; Tramacere, I.; Islami, F.; Fedirko, V.; Scotti, L.; Jenab, M.; Turati, F.; Pasquali, E.; et al. Alcohol
Consumption and Site-Specific Cancer Risk: A Comprehensive Dose-Response Meta-Analysis. Br. ]. Cancer 2015, 112, 580-593.
https://doi.org/10.1038/bjc.2014.579.

Rumgay, H.; Murphy, N.; Ferrari, P.; Soerjomataram, I. Alcohol and Cancer: Epidemiology and Biological Mechanisms. Nutri-
ents 2021, 13, 3173. https://doi.org/10.3390/nu13093173.

Thapa, M.].; Chan, K. The Mutagenic Properties of Formaldehyde and Acetaldehyde: Reflections on Half a Century of Progress.
Mutat. Res. 2025, 830, 111886. https://doi.org/10.1016/j.mrfmmm.2024.111886.

Ng, CS.; Ong, X.J.; Au, M,; Lau, Y.H.; Kwok, HH.Y.; Quan, ]. ALDH2 Polymorphism, Alcohol Intake and the Attributable
Burden of Cancer in East Asia: Systematic Review, Meta-Analysis, and Modeling Study. Ann. Epidemiol. 2023, 85, 113-120.e20.
https://doi.org/10.1016/j.annepidem.2023.05.013.

Zuo, W.; Zhan, Z.; Ma, L.; Bai, W.; Zeng, S. Effect of ALDH2 Polymorphism on Cancer Risk in Asians: A Meta-Analysis. Medicine
2019, 98, e14855. https://doi.org/10.1097/MD.0000000000014855.

Wang, M.; McIntee, E.J.; Cheng, G.; Shi, Y.; Villalta, P.W.; Hecht, S.S. Identification of DNA Adducts of Acetaldehyde. Chem.
Res. Toxicol. 2000, 13, 1149-1157. https://doi.org/10.1021/tx000118t.

Brooks, P.J.; Theruvathu, J.A. DNA Adducts from Acetaldehyde: Implications for Alcohol-Related Carcinogenesis. Alcohol 2005,
35, 187-193. https://doi.org/10.1016/j.alcohol.2005.03.009.

Kuykendall, J.R.; Bogdanffy, M.S. Reaction Kinetics of DNA-Histone Crosslinking by Vinyl Acetate and Acetaldehyde. Carcin-
ogenesis 1992, 13, 2095-2100. https://doi.org/10.1093/carcin/13.11.2095.

Kuykendall, J.R.; Bogdanffy, M.S. Formation and Stability of Acetaldehyde-Induced Crosslinks between Poly-Lysine and Poly-
Deoxyguanosine. Mutat. Res. Regul. Pap. 1994, 311, 49-56. https://doi.org/10.1016/0027-5107(94)90072-8.

Matsuda, T.; Matsumoto, A.; Uchida, M.; Kanaly, R.A.; Misaki, K.; Shibutani, S.; Kawamoto, T.; Kitagawa, K.; Nakayama, K.I.;
Tomokuni, K.; et al. Increased Formation of Hepatic N2 -Ethylidene-2'-Deoxyguanosine DNA Adducts in Aldehyde Dehydro-
genase 2-Knockout Mice Treated with Ethanol. Carcinogenesis 2007, 28, 2363-2366. https://doi.org/10.1093/carcin/bgm057.
Nagayoshi, H.; Matsumoto, A.; Nishi, R.; Kawamoto, T.; Ichiba, M.; Matsuda, T. Increased Formation of Gastric N2-Ethylidene-
2'-Deoxyguanosine DNA Adducts in Aldehyde Dehydrogenase-2 Knockout Mice Treated with Ethanol. Mutat. Res. Genet. Tox-
icol. Environ. Mutagen. 2009, 673, 74-77. https://doi.org/10.1016/j.mrgentox.2008.11.009.

Yukawa, Y.; Ohashi, S.; Amanuma, Y.; Nakai, Y.; Tsurumaki, M.; Kikuchi, O.; Miyamoto, S.; Oyama, T.; Kawamoto, T.; Chiba,
T.; et al. Impairment of Aldehyde Dehydrogenase 2 Increases Accumulation of Acetaldehyde-Derived DNA Damage in the
Esophagus after Ethanol Ingestion. Am. ]. Cancer Res. 2014, 4, 279-284.

Matsuda, T.; Yabushita, H.; Kanaly, R.A.; Shibutani, S.; Yokoyama, A. Increased DNA Damage in ALDH2-Deficient Alcoholics.
Chem. Res. Toxicol. 2006, 19, 1374-1378. https://doi.org/10.1021/tx060113h.

Hodskinson, M.R.; Bolner, A.; Sato, K.; Kamimae-Lanning, A.N.; Rooijers, K.; Witte, M.; Mahesh, M.; Silhan, J.; Petek, M.; Wil-
liams, D.M.; et al. Alcohol-Derived DNA Crosslinks Are Repaired by Two Distinct Mechanisms. Nature 2020, 579, 603-608.
https://doi.org/10.1038/541586-020-2059-5.

Garaycoechea, J.I; Crossan, G.P.; Langevin, F.; Mulderrig, L.; Louzada, S.; Yang, F.; Guilbaud, G.; Park, N.; Roerink, S.; Nik-
Zainal, S.; et al. Alcohol and Endogenous Aldehydes Damage Chromosomes and Mutate Stem Cells. Nature 2018, 553, 171-177.
https://doi.org/10.1038/nature25154.

Yamazaki, K.; Iguchi, T.; Kanoh, Y.; Takayasu, K.; Ngo, T.T.T.; Onuki, A.; Kawaji, H.; Oshima, S.; Kanda, T.; Masai, H.; et al.
Homologous Recombination Contributes to the Repair of Acetaldehyde-Induced DNA Damage. Cell Cycle 2024, 23, 369-384.
https://doi.org/10.1080/15384101.2024.2335028.

Harrison, B.A.; Mizrahi-Powell, E.; Pappas, J.; Thomas, K.; Vasishta, S.; Hebbar, S.; Shukla, A.; Nayak, S.S.; Truong, T.K,;
Woroch, A; et al. Deficiency of the Fanconi Anemia Core Complex Protein FAAP100 Results in Severe Fanconi Anemia. J. Clin.
Investig. 2025, 135, 1-11. https://doi.org/10.1172/JCI185126.

Semlow, D.R.; Walter, J.C. Mechanisms of Vertebrate DNA Interstrand Cross-Link Repair. Annu. Rev. Biochem. 2021, 90, 107-
135. https://doi.org/10.1146/annurev-biochem-080320-112510.

Fang, C.; Zhu, Z.; Cao, J.; Huang, J.; Xu, Y. Comprehensive Review on Fanconi Anemia: Insights into DNA Interstrand Cross-
Links, Repair Pathways, and Associated Tumors. Orphanet ]. Rare Dis. 2025, 20, 389. https://doi.org/10.1186/s13023-025-03896-

Ww.

https://doi.org/10.3390/biom16070991



Biomolecules 2026, 16, 991 28 of 36

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

Garaycoechea, ].I; Crossan, G.P.; Langevin, F.; Daly, M.; Arends, M.].; Patel, K.J. Genotoxic Consequences of Endogenous Al-
dehydes on Mouse Haematopoietic Stem Cell Function. Nature 2012, 489, 571-575. https://doi.org/10.1038/nature11368.

Sulik, K.K.; Johnston, M.C.; Webb, M.A. Fetal Alcohol Syndrome: Embryogenesis in a Mouse Model. Science 1981, 214, 936-938.
https://doi.org/10.1126/science.6795717.

Wang, M.; Brandt, L.T.L.; Wang, X.; Russell, H.; Mitchell, E.; Kamimae-Lanning, A.N.; Brown, ] M.; Dingler, F.A.; Garaycoechea,
J.L; Isobe, T.; et al. Genotoxic Aldehyde Stress Prematurely Ages Hematopoietic Stem Cells in a P53-Driven Manner. Mol. Cell
2023, 83, 2417-2433.€7. https://doi.org/10.1016/j.molcel.2023.05.035.

Bogeska, R.; Mikecin, A.; Kaschutnig, P.; Fawaz, M.; Biichler-Schiff, M.; Le, D.; Ganuza, M.; Vollmer, A.; Paffenholz, S.V.; Asada,
N.; et al. Inflammatory Exposure Drives Long-Lived Impairment of Hematopoietic Stem Cell Self-Renewal Activity and Accel-
erated Aging. Cell Stem Cell 2022, 29, 1273-1284.e8. https://doi.org/10.1016/j.stem.2022.06.012.

Matatall, K.A.; Shen, C.C.; Challen, G.A.; King, K.Y. Type II Interferon Promotes Differentiation of Myeloid-Biased Hematopoi-
etic Stem Cells. Stem Cells 2014, 32, 3023-3030. https://doi.org/10.1002/stem.1799.

Dykstra, B.; Olthof, S.; Schreuder, J.; Ritsema, M.; de Haan, G. Clonal Analysis Reveals Multiple Functional Defects of Aged
Murine Hematopoietic Stem Cells. ]. Exp. Med. 2011, 208, 2691-2703. https://doi.org/10.1084/jem.20111490.

Grover, A.; Sanjuan-Pla, A.; Thongjuea, S.; Carrelha, J.; Giustacchini, A.; Gambardella, A.; Macaulay, I.; Mancini, E.; Luis, T.C,;
Mead, A.; et al. Single-Cell RNA Sequencing Reveals Molecular and Functional Platelet Bias of Aged Haematopoietic Stem
Cells. Nat. Commun. 2016, 7, 11075. https://doi.org/10.1038/ncomms11075.

Pang, W.W.; Price, E.A.; Sahoo, D.; Beerman, I.; Maloney, W.].; Rossi, D.J.; Schrier, S.L.; Weissman, I.L. Human Bone Marrow
Hematopoietic Stem Cells Are Increased in Frequency and Myeloid-Biased with Age. Proc. Natl. Acad. Sci. USA 2011, 108, 20012—
20017. https://doi.org/10.1073/pnas.1116110108.

Ma, Z.; Parris, A.B.; Lester, M.; Gissendanner, D.; Vasiliou, V.; Yang, X. ALDH2 Deficiency Drives Proliferative Mammary Mor-
phogenesis and Epithelial Cell Stemness via Oxidative Stress and Estrogen Receptor Activation. bioRxiv 2025.
https://doi.org/10.1101/2025.09.25.678642.

Noll, M.; Battaile, K.P.; Bateman, R.; Lax, T.P.; Rathbun, K ; Reifsteck, C.; Bagby, G.; Finegold, M.; Olson, S.; Grompe, M. Fanconi
Anemia Group A and C Double-Mutant Mice: Functional Evidence for a Multi-Protein Fanconi Anemia Complex. Exp. Hematol.
2002, 30, 679-688. https://doi.org/10.1016/S0301-472X(02)00838-X.

Houghtaling, S.; Timmers, C.; Noll, M.; Finegold, M.].; Jones, S.N.; Stephen Meyn, M.; Grompe, M. Epithelial Cancer in Fanconi
Anemia Complementation Group D2 (Fancd2) Knockout Mice. Genes Dev. 2003, 17, 2021-2035.
https://doi.org/10.1101/gad.1103403.

Chen, M.; Tomkins, D.].; Auerbach, W.; McKerlie, C.; Youssoufian, H.; Liu, L.; Gan, O.; Carreau, M.; Auerbach, A.; Groves, T.;
et al. Inactivation of Fac in Mice Produces Inducible Chromosomal Instability and Reduced Fertility Reminiscent of Fanconi
Anaemia. Nat. Genet. 1996, 12, 448-451. https://doi.org/10.1038/ng0496-448.

Whitney, M.A_; Royle, G.; Low, M.].; Kelly, M.A.; Axthelm, M.K,; Reifsteck, C.; Olson, S.; Braun, R.E.; Heinrich, M.C.; Rathbun,
R.K; et al. Germ Cell Defects and Hematopoietic Hypersensitivity to y-Interferon in Mice with a Targeted Disruption of the
Fanconi Anemia C Gene. Blood 1996, 88, 49-58. https://doi.org/10.1182/blood.v88.1.49.bloodjournal88149.

Hira, A.; Yabe, H.; Yoshida, K.; Okuno, Y.; Shiraishi, Y.; Chiba, K.; Tanaka, H.; Miyano, S.; Nakamura, J.; Kojima, S.; et al. Variant
ALDH2 Is Associated with Accelerated Progression of Bone Marrow Failure in Japanese Fanconi Anemia Patients. Blood 2013,
122, 3206-3209. https://doi.org/10.1182/blood-2013-06-507962.

Yabe, M.; Koike, T.; Ohtsubo, K.; Imai, E.; Morimoto, T.; Takakura, H.; Koh, K.; Yoshida, K.; Ogawa, S.; Ito, E.; et al. Associations
of Complementation Group, ALDH2 Genotype, and Clonal Abnormalities with Hematological Outcome in Japanese Patients
with Fanconi Anemia. Ann. Hematol. 2019, 98, 271-280. https://doi.org/10.1007/s00277-018-3517-0.

Kamimae-Lanning, A.N.; Brown, ].M.; Giinther, M.; Esau, F.; Russell, H.; Larcher, L.; Langevin, F.; Isobe, T.; Wilson, N.K,;
Dingler, F.A.; et al. Metabolite-Induced DNA Damage Drives Stochastic Stem Cell Loss and Clonal Hematopoiesis. Cell Stem
Cell 2026, 33, 642—-659.e11. https://doi.org/10.1016/j.stem.2026.02.011.

Mu, A.; Hira, A.; Niwa, A.; Osawa, M.; Yoshida, K.; Mori, M.; Okamoto, Y.; Inoue, K.; Kondo, K.; Kanemaki, M.T.; et al. Analysis
of Disease Model IPSCs Derived from Patients with a Novel Fanconi Anemia-like IBMFS ADH5/ALDH2 Deficiency. Blood 2021,
137, 2021-2032. https://doi.org/10.1182/blood.2020009111.

Jackson, B.C.; Holmes, R.S.; Backos, D.S.; Reigan, P.; Thompson, D.C.; Vasiliou, V. Comparative Genomics, Molecular Evolution
and Computational Modeling of ALDHIB1 and ALDH2. Chem. Biol. Interact. 2013, 202, 11-21.
https://doi.org/10.1016/j.cbi.2012.11.022.

https://doi.org/10.3390/biom16070991



Biomolecules 2026, 16, 991 29 of 36

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

Stagos, D.; Chen, Y.; Brocker, C.; Donald, E.; Jackson, B.C.; Orlicky, D.J.; Thompson, D.C.; Vasiliou, V. Aldehyde Dehydrogenase
1B1: Molecular Cloning and Characterization of a Novel Mitochondrial Acetaldehyde-Metabolizing Enzyme. Drug Metab. Dis-
pos. 2010, 38, 1679-1687. https://doi.org/10.1124/dmd.110.034678.

Jackson, B.C.; Reigan, P.; Miller, B.; Thompson, D.C.; Vasiliou, V. Human ALDH1B1 Polymorphisms May Affect the Metabolism
of Acetaldehyde and All-Trans Retinaldehyde--in Vitro Studies and Computational Modeling. Pharm. Res. 2015, 32, 1648-1662.
https://doi.org/10.1007/s11095-014-1564-3.

Chen, X.; Huang, J.; Yu, C,; Liu, J.; Gao, W.; Li, J; Song, X.; Zhou, Z.; Li, C,; Xie, Y.; et al. A Noncanonical Function of EIF4E
Limits ALDHI1B1 Activity and Increases Susceptibility to Ferroptosis. Nat. Commun. 2022, 13, 6318.
https://doi.org/10.1038/s41467-022-34096-w.

Miiller, M.F.; Zhou, Y.; Adams, D.J.; Arends, M.]. Effects of Long-Term Ethanol Consumption and Aldhlb1 Depletion on Intes-
tinal Tumourigenesis in Mice. J. Pathol. 2017, 241, 649-660. https://doi.org/10.1002/path.4869.

Singh, S.; Chen, Y.; Matsumoto, A.; Orlicky, D.J.; Dong, H.; Thompson, D.C.; Vasiliou, V. ALDH1B1 Links Alcohol Consumption
and Diabetes. Biochem. Biophys. Res. Commun. 2015, 463, 768-773. https://doi.org/10.1016/j.bbrc.2015.06.011.

Linneberg, A.; Gonzalez-Quintela, A.; Vidal, C.; Jergensen, T.; Fenger, M.; Hansen, T.; Pedersen, O.; Husemoen, L.L.N. Genetic
Determinants of Both Ethanol and Acetaldehyde Metabolism Influence Alcohol Hypersensitivity and Drinking Behaviour
among Scandinavians. Clin. Exp. Allergy 2010, 40, 123-130. https://doi.org/10.1111/j.1365-2222.2009.03398 x.

Miiller, M.F.; Kendall, T.J.; Adams, D.J.; Zhou, Y.; Arends, M.]. The Murine Hepatic Sequelae of Long-Term Ethanol Consump-
tion Are Sex-Specific and Exacerbated by Aldhlbl Loss. Exp. Mol. Pathol. 2018, 105, 63-70.
https://doi.org/10.1016/j.yexmp.2018.05.008.

Kunkel, T.A.; Erie, D.A. Eukaryotic Mismatch Repair in Relation to DNA Replication. Annu. Rev. Genet. 2015, 49, 291-313.
https://doi.org/10.1146/annurev-genet-112414-054722.

Cerretelli, G.; Ager, A.; Arends, M.].; Frayling, I.M. Molecular Pathology of Lynch Syndrome. ]. Pathol. 2020, 250, 518-531.
https://doi.org/10.1002/path.5422.

Wojciechowicz, K.; Cantelli, E.; Van Gerwen, B.; Plug, M.; Van Der Wal, A.; Delzenne-Goette, E.; Song, ].Y.; De Vries, S.; Dekker,
M.; Riele, H. Te Temozolomide Increases the Number of Mismatch Repair-Deficient Intestinal Crypts and Accelerates Tumor-
igenesis in a Mouse Model of Lynch Syndrome. Gastroenterology 2014, 147, 1064-1072.e5. https://doi.org/10.1053/j.gas-
tr0.2014.07.052.

Cerretelli, G.; Zhou, Y.; Miiller, M.F.; Adams, D.].; Arends, M.]. Ethanol-Induced Formation of Colorectal Tumours and Precur-
sors in a Mouse Model of Lynch Syndrome. ]. Pathol. 2021, 255, 464—-474. https://doi.org/10.1002/path.5796.

Cerretelli, G.; Zhou, Y.; Miiller, M.F.; Adams, D.J.; Arends, M.J. Acetaldehyde and Defective Mismatch Repair Increase Colonic
Tumours in a Lynch Syndrome Model with Aldhlbl Inactivation. DMM Dis. Models Mech. 2023, 16, dmm050240.
https://doi.org/10.1242/dmm.050240.

Olivieri, M.; Cho, T.; Alvarez—Quilén, A.; Li, K; Schellenberg, M.].; Zimmermann, M.; Hustedt, N.; Rossi, S.E.; Adam, S.; Melo,
H.; et al. A Genetic Map of the Response to DNA Damage in Human Cells. Cell 2020, 182, 481-496.e21.
https://doi.org/10.1016/j.cell.2020.05.040.

Zhao, Y.; Wei, L.; Tagmount, A.; Loguinov, A.; Sobh, A.; Hubbard, A.; McHale, C.M.; Chang, C.J.; Vulpe, C.D.; Zhang, L. Ap-
plying Genome-Wide CRISPR to Identify Known and Novel Genes and Pathways That Modulate Formaldehyde Toxicity. Chem-
osphere 2020, 269, 128701. https://doi.org/10.1016/j.chemosphere.2020.128701.

Gao, Y.; Guitton-Sert, L.; Dessapt, J.; Coulombe, Y.; Rodrigue, A.; Milano, L.; Blondeau, A.; Larsen, N.B.; Duxin, ].P.; Hussein,
S.; et al. A CRISPR-Cas9 Screen Identifies EXO1 as a Formaldehyde Resistance Gene. Nat. Commun. 2023, 14, 381.
https://doi.org/10.1038/s41467-023-35802-y.

Porcher, L.; Vijayraghavan, S.; Patel, Y.; Becker, S.; Blouin, T.; McCollum, J.; Mieczkowski, P.A.; Saini, N. Multiple DNA Repair
Pathways Prevent Acetaldehyde-Induced Mutagenesis in Yeast. Genetics 2025, 229, iyae213. https://doi.org/10.1093/genet-
ics/iyae213.

Swenberg, ].A.; Moeller, B.C; Lu, K; Rager, J.E.; Fry, R.C; Starr, T.B. Formaldehyde Carcinogenicity Research: 30 Years and
Counting for Mode of Action, Epidemiology, and Cancer Risk Assessment. Toxicol. Pathol. 2013, 41, 181-189.
https://doi.org/10.1177/0192623312466459.

Bae, S.; Chon, J.; Field, M.S,; Stover, P.J. Alcohol Dehydrogenase 5 Is a Source of Formate for de Novo Purine Biosynthesis in
HepG2 Cells. |. Nutr. 2017, 147, 499-505. https://doi.org/10.3945/jn.116.244467.

Liu, L.; Hausladen, A.; Zeng, M.; Que, L. A Metabolic Enzyme for S -Nitrosothiol Conserved from Bacteria to Humans. Nature
2001, 410, 490-494.

https://doi.org/10.3390/biom16070991



Biomolecules 2026, 16, 991 30 of 36

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

Hess, D.T.; Matsumoto, A.; Kim, 5.0.; Marshall, H.E.; Stamler, ].S. Protein S-Nitrosylation: Purview and Parameters. Nat. Rev.
Mol. Cell Biol. 2005, 6, 150-166. https://doi.org/10.1038/nrm1569.

Umansky, C.; Morellato, A.E.; Rieckher, M.; Scheidegger, M.A.; Martinefski, M.R.; Fernandez, G.A.; Pak, O.; Kolesnikova, K,;
Reingruber, H.; Bollini, M.; et al. Endogenous Formaldehyde Scavenges Cellular Glutathione Resulting in Redox Disruption
and Cytotoxicity. Nat. Commun. 2022, 13, 745. https://doi.org/10.1038/s41467-022-28242-7.

Tan, S.L.W.; Chadha, S.; Liu, Y.; Gabasova, E.; Perera, D.; Ahmed, K.; Constantinou, S.; Renaudin, X.; Lee, M.Y.; Aebersold, R.;
et al. A Class of Environmental and Endogenous Toxins Induces BRCA2 Haploinsufficiency and Genome Instability. Cell 2017,
169, 1105-1118.e15. https://doi.org/10.1016/j.cell.2017.05.010.

Casanova-Schmitz, M.; David, R.M.; Heck, H. d. A. Oxidation of Formaldehyde and Acetaldehyde by NAD+-Dependent Dehy-
drogenases in Rat Nasal Mucosal Homogenates. Biochem. Pharmacol. 1984, 33, 1137-1142. https://doi.org/10.1016/0006-
2952(84)90526-4.

Deltour, L.; Foglio, M.H.; Duester, G. Metabolic Deficiencies in Alcohol Dehydrogenase Adhl, Adh3, and Adh4 Null Mutant
Mice. Overlapping Roles of Adhl and Adh4 in Ethanol Clearance and Metabolism of Retinol to Retinoic Acid. J. Biol. Chem.
1999, 274, 16796-16801. https://doi.org/10.1074/jbc.274.24.16796.

Harris, C.; Wang, S.W.; Lauchu, J.J.; Hansen, ].M. Methanol Metabolism and Embryotoxicity in Rat and Mouse Conceptuses:
Comparisons of Alcohol Dehydrogenase (ADH1), Formaldehyde Dehydrogenase (ADH3), and Catalase. Reprod. Toxicol. 2003,
17, 349-357. https://doi.org/10.1016/S0890-6238(03)00013-3.

Pontel, L.B.; Rosado, I.V.; Burgos-Barragan, G.; Garaycoechea, ].I.; Yu, R.; Arends, M.].; Chandrasekaran, G.; Broecker, V.; Wei,
W.; Liu, L.; et al. Endogenous Formaldehyde Is a Hematopoietic Stem Cell Genotoxin and Metabolic Carcinogen. Mol. Cell 2015,
60, 177-188. https://doi.org/10.1016/j.molcel.2015.08.020.

Lu, K;; Collins, L.B.; Ru, H.; Bermudez, E.; Swenberg, J.A. Distribution of DNA Adducts Caused by Inhaled Formaldehyde Is
Consistent with Induction of Nasal Carcinoma but Not Leukemia. Toxicol. Sci. 2010, 116, 441-451. https://doi.org/10.1093/tox-
sci/kfq061.

Lu, K.; Moeller, B.; Doyle-Eisele, M.; McDonald, ].; Swenberg, J.A. Molecular Dosimetry of N2-Hydroxymethyl-DG DNA Ad-
ducts in Rats Exposed to Formaldehyde. Chem. Res. Toxicol. 2011, 24, 159-161. https://doi.org/10.1021/tx1003886.

Luka, Z.; Moss, F.; Loukachevitch, L.V.; Bornhop, D.J.; Wagner, C. Histone Demethylase LSD1 Is a Folate-Binding Protein.
Biochemistry 2011, 50, 4750-4756. https://doi.org/10.1021/bi200247b.

Hopkinson, R.J.; Hamed, R.B.; Rose, N.R.; Claridge, T.D.W.; Schofield, C.J. Monitoring the Activity of 2-Oxoglutarate Depend-
ent Histone Demethylases by NMR Spectroscopy: Direct Observation of Formaldehyde. ChemBioChem 2010, 11, 506-510.
https://doi.org/10.1002/cbic.200900713.

Garcia-Calderén, C.B.; Bejarano-Garcia, J.A.; Tinoco-Gago, I.; Castro, M.].; Moreno-Gordillo, P.; Piruat, ].I.; Caballero-Velaz-
quez, T.; Pérez-Simén, J.A.; Rosado, L.V. Genotoxicity of Tetrahydrofolic Acid to Hematopoietic Stem and Progenitor Cells. Cell
Death Differ. 2018, 25, 1967-1979. https://doi.org/10.1038/s41418-018-0089-4.

Wit, N.; Gogola, E.; West, ].A.; Vornbdumen, T.; Seear, R.V.; Bailey, P.S.].; Burgos-Barragan, G.; Wang, M.; Krawczyk, P.; Hu-
berts, D.H.E.W.; et al. A Histone Deacetylase 3 and Mitochondrial Complex I Axis Regulates Toxic Formaldehyde Production.
Sci. Adv. 2023, 9, eadg2235. https://doi.org/10.1126/sciadv.adg2235.

Jung, M.; Kim, J.; Park, Y.; Ilyashov, L; Yang, F.; Choijilsuren, H.B.; Keahi, D.; Durmaz, J.A.; Bea, H.; Goldfarb, A.M.; et al.
ALDHO9A1 Deficiency as a Source of Endogenous DNA Damage That Requires Repair by the Fanconi Anemia Pathway. J. Cell
Biol. 2025, 224, €202407141. https://doi.org/10.1083/jcb.202407141.

Mulderrig, L.; Garaycoechea, J.I; Tuong, Z.K,; Millington, C.L.; Dingler, F.A.; Ferdinand, J.R.; Gaul, L.; Tadross, J.A.; Arends,
M.].; O’Rahilly, S.; et al. Aldehyde-Driven Transcriptional Stress Triggers an Anorexic DNA Damage Response. Nature 2021,
600, 158-163. https://doi.org/10.1038/s41586-021-04133-7.

Vekariya, U.; Toma, M.M.; Nieborowska-Skorska, M.; Le, B.V.; Caron, M.-C.; Kukuyan, A.-M_; Sullivan-Reed, K.; Podszywalow-
Bartnicka, P.; Chitrala, K.N.; Atkins, J.; et al. DNA Polymerase Theta Protects Leukemia Cells from Metabolic-Induced DNA
Damage. Blood 2022, 141, 2372-238. https://doi.org/10.1182/blood.2022018428.

Atkins, J.; Kukuyan, A.M.; Toma, M.; Drzewiecka, M.; Vekariya, U.; Karami, A.; Nieborowska-Skorska, M.; Nejati, R.;
Hadzijusufovic, E.; Valent, P.; et al. ADH5/ALDH2 Dehydrogenases and DNA Polymerase Theta Protect Normal and Malignant
Hematopoietic Cells from Formaldehyde Challenge: Therapeutic Implications. Leukemia 2025, 39, 2152-2162.
https://doi.org/10.1038/s41375-025-02687-3.

https://doi.org/10.3390/biom16070991



Biomolecules 2026, 16, 991 31 of 36

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

Nakamura, J.; Holley, D.W.; Kawamoto, T.; Bultman, S.]. The Failure of Two Major Formaldehyde Catabolism Enzymes (ADH5
and ALDH?2) Leads to Partial Synthetic Lethality in C57BL/6 Mice. Genes Environ. 2020, 42, 21. https://doi.org/10.1186/s41021-
020-00160-4.

Bowman, R.L.; Busque, L.; Levine, R.L. Clonal Hematopoiesis and Evolution to Hematopoietic Malignancies. Cell Stem Cell 2018,
22, 157-170. https://doi.org/10.1016/j.stem.2018.01.011.

Jaiswal, S.; Ebert, B.L. Clonal Hematopoiesis in Human Aging and Disease. Science 2019, 366, 6465. https://doi.org/10.1126/sci-
ence.aan4673.

Jaiswal, S.; Natarajan, P.; Silver, A.J.; Gibson, C.J.; Bick, A.G.; Shvartz, E.; McConkey, M.; Gupta, N.; Gabriel, S.; Ardissino, D.;
et al. Clonal Hematopoiesis and Risk of Atherosclerotic Cardiovascular Disease. N. Engl. J. Med. 2017, 377, 111-121.
https://doi.org/10.1056/NEJMoal701719.

Korber, V.; Jakobsen, N.A.; Ansari-Pour, N.; Moore, R.; Claudino, N.; Metzner, M.; Thielecke, E.; Esau, F.; Usukhbayar, B.; Sal-
azar, M.A.; et al. Detecting and Quantifying Clonal Selection in Somatic Stem Cells. Nat. Genet. 2025, 57, 1718-1729.
https://doi.org/10.1038/s41588-025-02217-y.

Watson, C.J.; Papula, A.L.; Poon, G.Y.P.; Wong, W.H.; Young, A.L,; Druley, T.E; Fisher, D.S.; Blundell, ].R. The Evolutionary
Dynamics and Fitness Landscape of Clonal Hematopoiesis. Science 2020, 367, 1449-1454. https://doi.org/10.1126/sci-
ence.aay9333.

Mitchell, E.; Spencer Chapman, M.; Williams, N.; Dawson, K.J.; Mende, N.; Calderbank, E.F.; Jung, H.; Mitchell, T.; Coorens,
T.H.H.; Spencer, D.H.; et al. Clonal Dynamics of Haematopoiesis across the Human Lifespan. Nature 2022, 606, 343-350.
https://doi.org/10.1038/s41586-022-04786-y.

Fabre, M.A.; de Almeida, J.G,; Fiorillo, E.; Mitchell, E.; Damaskou, A.; Rak, J.; Orrti, V.; Marongiu, M.; Chapman, M.S.; Vijaya-
baskar, M.S.; et al. The Longitudinal Dynamics and Natural History of Clonal Haematopoiesis. Nature 2022, 606, 335-342.
https://doi.org/10.1038/s41586-022-04785-z.

Wei, W.; Li, B.; Hanes, M.A.; Kakar, S.; Chen, X.; Liu, L. S-Nitrosylation from GSNOR Deficiency Impairs DNA Repair and
Promotes Hepatocarcinogenesis. Sci. Transl. Med. 2010, 2, 19ral3. https://doi.org/10.1126/scitranslmed.3000328.

Leung, J.; Wei, W.; Liu, L. S-Nitrosoglutathione Reductase Deficiency Increases Mutagenesis from Alkylation in Mouse Liver.
Carcinogenesis 2013, 34, 984-989. https://doi.org/10.1093/carcin/bgt031.

Tang, C.H.; Wei, W.; Liu, L. Regulation of DNA Repair by S-Nitrosylation. Biochim. Biophys. Acta Gen. Subj. 2012, 1820, 730-735.
https://doi.org/10.1016/j.bbagen.2011.04.014.

De Laurenzi, V.; Rogers, G.R.; Hamrock, D.J.; Marekov, L.N.; Steinert, P.M.; Compton, ].G.; Markova, N.; Rizzo, W.B. Sjégren-
Larsson Syndrome Is Caused by Mutations in the Fatty Aldehyde Dehydrogenase Gene. Nat. Genet. 1996, 12, 52-57.
https://doi.org/10.1038/ng0196-52.

Naganuma, T.; Takagi, S.; Kanetake, T.; Kitamura, T.; Hattori, S.; Miyakawa, T.; Sassa, T.; Kihara, A. Disruption of the Sjogren-
Larsson Syndrome Gene Aldh3a2 in Mice Increases Keratinocyte Growth and Retards Skin Barrier Recovery. J. Biol. Chem. 2016,
291, 11676-11688. https://doi.org/10.1074/jbc.M116.714030.

Yusuf, R.Z; Saez, B.; Sharda, A; van Gastel, N.; Yu, V.W.C.; Baryawno, N.; Scadden, E.W.; Acharya, S.; Chattophadhyay, S.;
Huang, C.; et al. Aldehyde Dehydrogenase 3a2 Protects AML Cells from Oxidative Death and the Synthetic Lethality of Fer-
roptosis Inducers. Blood 2020, 136, 1303-1316. https://doi.org/10.1182/blood.2019001808.

Dong, H.; He, L.; Sun, Q.; Zhan, J.; Li, ].; Xiong, X,; Zhuang, L.; Wu, S.; Li, Y.; Yin, C,; et al. Inhibit ALDH3A2 Reduce Ovarian
Cancer Cells Survival via Elevating Ferroptosis Sensitivity. Gene 2023, 876, 147515. https://doi.org/10.1016/j.gene.2023.147515.
Kong, S.; Pan, H.; Zhang, Y.W.; Wang, F.; Chen, J.; Dong, J.; Yin, C.; Wu, J.; Zhou, D.; Peng, J.; et al. Targeting Aldehyde Dehy-
drogenase ALDH3A1 Increases Ferroptosis Vulnerability in Squamous Cancer. Oncogene 2025, 44, 1037-1050.
https://doi.org/10.1038/s41388-025-03277-4.

Ren, Y.; Cui, Y.; Wang, Z; Luo, Y,; Jin, J.; Yuan, Y.; Li, X;; Zhang, Y.; Cao, N.; Li, X; et al. ALDH3A2 Negatively Orchestrates
Gastric Cancer Progression through a Synergistic Induction of Ferroptosis and Ferroptosis-Driven Macrophage Reprogram-
ming. Cell Death Dis. 2025, 17, 97. https://doi.org/10.1038/s41419-025-08364-8.

Minko, 1.G.; Kozekov, I.D.; Harris, T.M.; Rizzo, C.J.; Lloyd, R.S.; Stone, M.P. Chemistry and Biology of DNA Containing 1,N(2)-
Deoxyguanosine Adducts of the Alpha,Beta-Unsaturated Aldehydes Acrolein, Crotonaldehyde, and 4-Hydroxynonenal. Chem.
Res. Toxicol. 2009, 22, 759-778. https://doi.org/10.1021/tx9000489.

Marnett, L.J. Lipid Peroxidation-DNA Damage by Malondialdehyde. Mutat. Res. 1999, 424, 83-95. https://doi.org/10.1016/s0027-
5107(99)00010-x.

https://doi.org/10.3390/biom16070991



Biomolecules 2026, 16, 991 32 of 36

135.

136.

137.

138.

139.

140.

141.

142.

143.

144.

145.

146.

147.

148.

149.

150.

151.

152.

153.

154.

Chung, F.L.; Nath, R.G.; Ocando, J.; Nishikawa, A.; Zhang, L. Deoxyguanosine Adducts of T-4-Hydroxy-2-Nonenal Are Endog-
enous DNA Lesions in Rodents and Humans: Detection and Potential Sources. Cancer Res. 2000, 60, 1507-1511.

Antonowicz, S.; Bodai, Z.; Wiggins, T.; Markar, S.R.; Boshier, P.R.; Goh, Y.M.; Adam, M.E.; Lu, H.; Kudo, H.; Rosini, F.; et al.
Endogenous Aldehyde Accumulation Generates Genotoxicity and Exhaled Biomarkers in Esophageal Adenocarcinoma. Nat.
Commun. 2021, 12, 1454. https://doi.org/10.1038/s41467-021-21800-5.

Chen, H.J.; Zhang, L.; Cox, J.; Cunningham, J.A.; Chung, F.L. DNA Adducts of 2,3-Epoxy-4-Hydroxynonanal: Detection of 7-
(1, 2’-Dihydroxyheptyl)-3H-Imidazo[2,1-i]Purine and 1,N6-Ethenoadenine by Gas Chromatography/Negative Ion Chemical
Ionization/Mass Spectrometry. Chem. Res. Toxicol. 1998, 11, 1474-1480. https://doi.org/10.1021/tx9801070.

Hu, W.; Feng, Z.; Eveleigh, |; Iyer, G.; Pan, J.; Amin, S.; Chung, F.L.; Tang, M.S. The Major Lipid Peroxidation Product, Trans-
4-Hydroxy-2-Nonenal, Preferentially Forms DNA Adducts at Codon 249 of Human P53 Gene, a Unique Mutational Hotspot in
Hepatocellular Carcinoma. Carcinogenesis 2002, 23, 1781-1789. https://doi.org/10.1093/carcin/23.11.1781.

Huang, H.; Kozekov, 1.D.; Kozekova, A.; Wang, H.; Lloyd, R.S.; Rizzo, C.J.; Stone, M.P. DNA Cross-Link Induced by Trans-4-
Hydroxynonenal. Environ. Mol. Mutagen. 2010, 51, 625-634. https://doi.org/10.1002/em.20599.

Kozekov, I.D.; Nechev, L.V.; Moseley, M.S.; Harris, C.M.; Rizzo, C.J.; Stone, M.P.; Harris, T.M. DNA Interchain Cross-Links
Formed by Acrolein and Crotonaldehyde. J. Am. Chem. Soc. 2003, 125, 50-61. https://doi.org/10.1021/ja020778f.

Ma, B.; Villalta, P.W.; Balbo, S.; Stepanov, I. Analysis of a Malondialdehyde-Deoxyguanosine Adduct in Human Leukocyte
DNA by Liquid Chromatography Nanoelectrospray-High-Resolution Tandem Mass Spectrometry. Chem. Res. Toxicol. 2014, 27,
1829-1836. https://doi.org/10.1021/tx5002699.

VanderVeen, L.A.; Hashim, MLF.; Shyr, Y.; Marnett, L.J. Induction of Frameshift and Base Pair Substitution Mutations by the
Major DNA Adduct of the Endogenous Carcinogen Malondialdehyde. Proc. Natl. Acad. Sci. USA 2003, 100, 14247-14252.
https://doi.org/10.1073/pnas.2332176100.

Cline, S.D.; Riggins, ].N.; Tornaletti, S.; Marnett, L.].; Hanawalt, P.C. Malondialdehyde Adducts in DNA Arrest Transcription
by T7 RNA Polymerase and Mammalian RNA Polymerase II. Proc. Natl. Acad. Sci. USA 2004, 101, 7275-7280.
https://doi.org/10.1073/pnas.0402252101.

Johnson, K.A ; Fink, S.P.; Marnett, L.]. Repair of Propanodeoxyguanosine by Nucleotide Excision Repair in Vivo and in Vitro.
J. Biol. Chem. 1997, 272, 11434-11438. https://doi.org/10.1074/jbc.272.17.11434.

Maddukuri, L.; Eoff, R.L.; Choi, ].Y.; Rizzo, C.J.; Guengerich, F.P.; Marnett, L.]. In Vitro Bypass of the Major Malondialdehyde-
and Base Propenal-Derived DNA Adduct by Human Y-Family DNA Polymerases k, t, and Rev1. Biochemistry 2010, 49, 8415—
8424. https://doi.org/10.1021/bil009024.

Johnson, K.A.; Mierzwa, M.L.; Fink, S.P.; Marnett, L.]. MutS Recognition of Exocyclic DNA Adducts That Are Endogenous
Products of Lipid Oxidation. ]. Biol. Chem. 1999, 274, 27112-27118. https://doi.org/10.1074/jbc.274.38.27112.

Blobel, N.J.; Yao, Y.; Okondo, M.C.; Smogorzewska, A. Genotoxic Formaldehyde and Lipid Aldehydes Are Sources of DNA
Damage in Keratinocytes. bioRxiv 2025. https://doi.org/10.1101/2025.11.13.688345.

Hulse, ].D.; Henderson, L.M. Carnitine Biosynthesis. Purification of 4-N’-Trimethylaminobutyraldehyde Dehydrogenase from
Beef Liver. J. Biol. Chem. 1980, 255, 1146-1151. https://doi.org/10.1016/s0021-9258(19)86154-9.

Vaz, F.M.; Fouchier, S.W.; Ofman, R.; Sommer, M.; Wanders, R.J.A. Molecular and Biochemical Characterization of Rat y- Tri-
methylaminobutyraldehyde Dehydrogenase and Evidence for the Involvement of Human Aldehyde Dehydrogenase 9 in Car-
nitine Biosynthesis. J. Biol. Chem. 2000, 275, 7390-7394. https://doi.org/10.1074/jbc.275.10.7390.

Kurys, G.; Ambroziak, W.; Pietruszko, R. Human Aldehyde Dehydrogenase. J. Biol. Chem. 1989, 264, 4715-4721.
https://doi.org/10.1016/s0021-9258(18)83802-9.

Koncitikova, R.; Vigouroux, A.; Kopecna, M.; Sebela, M.; Moréra, S.; Kopecny, D. Kinetic and Structural Analysis of Human
ALDHO9AL. Biosci. Rep. 2019, 39, BSR20190558. https://doi.org/10.1042/BSR20190558.

Hamouda, N.N.; van den Haute, C.; Vanhoutte, R.; Sannerud, R.; Azfar, M.; Mayer, R.; Calabuig, A.C.; Swinnen, J.V.; Agostinis,
P.; Baekelandt, V.; et al. ATP13A3 Is a Major Component of the Enigmatic Mammalian Polyamine Transport System. . Biol.
Chem. 2021, 296, 100182. https://doi.org/10.1074/jbc. RA120.013908.

Pegg, A.E. Toxicity of Polyamines and Their Metabolic Products. Chem. Res. Toxicol. 2013, 26, 1782-1800.
https://doi.org/10.1021/tx400316s.

Lefevre, P.L.C.; Palin, M.F.; Murphy, B.D. Polyamines on the Reproductive Landscape. Endocr. Rev. 2011, 32, 694-712.
https://doi.org/10.1210/er.2011-0012.

https://doi.org/10.3390/biom16070991



Biomolecules 2026, 16, 991 33 of 36

155.

156.

157.

158.

159.

160.

161.

162.

163.

164.

165.

166.

167.

168.

169.

170.

171.

172.

Waris, S.; Winklhofer-Roob, B.M.; Roob, ].M.; Fuchs, S.; Sourij, H.; Rabbani, N.; Thornalley, P.J. Increased DNA Dicarbonyl
Glycation and Oxidation Markers in Patients with Type 2 Diabetes and Link to Diabetic Nephropathy. . Diabetes Res. 2015,
2015, 915486. https://doi.org/10.1155/2015/915486.

Jaramillo, R.; Shuck, S.C.; Chan, Y.S,; Liu, X,; Bates, S.E.; Lim, P.P.; Tamae, D.; Lacoste, S.; O’Connor, T.R.; Termini, ]. DNA
Advanced Glycation End Products (DNA-AGEs) Are Elevated in Urine and Tissue in an Animal Model of Type 2 Diabetes.
Chem. Res. Toxicol. 2017, 30, 689—-698. https://doi.org/10.1021/acs.chemrestox.6b00414.

Shuck, S.C.; Wuenschell, G.E.; Termini, J.S. Product Studies and Mechanistic Analysis of the Reaction of Methylglyoxal with
Deoxyguanosine. Chem. Res. Toxicol. 2018, 31, 105-115. https://doi.org/10.1021/acs.chemrestox.7b00274.

Thornalley, P.J.; Waris, S.; Fleming, T.; Santarius, T.; Larkin, S.J.; Winklhofer-Roob, B.M.; Stratton, M.R.; Rabbani, N. Imidazo-
purinones Are Markers of Physiological Genomic Damage Linked to DNA Instability and Glyoxalase 1-Associated Tumour
Multidrug Resistance. Nucleic Acids Res. 2010, 38, 5432-5442. https://doi.org/10.1093/nar/gkq306.

Li, H.; Nakamura, S.; Miyazaki, S.; Morita, T.; Suzuki, M.; Pischetsrieder, M.; Niwa, T. N2-Carboxyethyl-2'-Deoxyguanosine, a
DNA Glycation Marker, in Kidneys and Aortas of Diabetic and Uremic Patients. Kidney Int. 2006, 69, 388-392.
https://doi.org/10.1038/sj.ki.5000064.

Cao, H.; Jiang, Y.; Wang, Y. Stereospecific Synthesis and Characterization of Oligodeoxyribonucleotides Containing an N2-(1-
Carboxyethyl)-2'-Deoxyguanosine. J. Am. Chem. Soc. 2007, 129, 12123-12130. https://doi.org/10.1021/ja072130e.

Wuenschell, G.E.; Tamae, D.; Cercillieux, A.; Yamanaka, R.; Yu, C.; Termini, J. Mutagenic Potential of DNA Glycation: Mis-
coding by ([R)- and (5-N  2-(1-Carboxyethyl)2’-Deoxyguanosine.  Biochemistry ~ 2010, 49,  1814-1821.
https://doi.org/10.1021/bi901924b.

Tamae, D.; Lim, P.; Wuenschell, G.E.; Termini, J. Mutagenesis and Repair Induced by the DNA Advanced Glycation End Prod-
uct N 2-1-(Carboxyethyl)-2'-Deoxyguanosine  in ~ Human  Cells.  Biochemistry ~ 2011, 50,  2321-2329.
https://doi.org/10.1021/bi101933p.

Vijayraghavan, S.; Ruggiero, A.; Becker, S.; Mieczkowski, P.; Hanna, G.S.; Hamann, M.T.; Saini, N. Methylglyoxal Mutagenizes
Single-Stranded DNA via Revl-Associated Slippage and Mispairing. Nucleic Acids Res. 2025, 53, gkaf705.
https://doi.org/10.1093/nar/gkaf705.

Lodd, E.; Wiggenhauser, L.M.; Morgenstern, J.; Fleming, T.H.; Poschet, G.; Biittner, M.; Tabler, C.T.; Wohlfart, D.P.; Nawroth,
P.P.; Kroll, J. The Combination of Loss of Glyoxalasel and Obesity Results in Hyperglycemia. JCI Insight 2019, 4, €126154.
https://doi.org/10.1172/jci.insight.126154.

Li, S.; Li, H.; Bennewitz, K.; Poschet, G.; Buettner, M.; Hausser, I.; Szendroedi, J.; Nawroth, P.P.; Kroll, J. Combined Loss of
Glyoxalase 1 and Aldehyde Dehydrogenase 3al Amplifies Dicarbonyl Stress, Impairs Proteasome Activity Resulting in Hyper-
glycemia and Activated Retinal Angiogenesis. Metabolism 2025, 165, 156149. https://doi.org/10.1016/j.metabol.2025.156149.
Cely, I; Blencowe, M.; Shu, L.; Diamante, G.; Ahn, L.S.; Zhang, G.; LaGuardia, J.; Liu, R.; Saleem, Z.; Wang, S.; et al. Glo1 Reduc-
tion in Mice Results in Age- and Sex-Dependent Metabolic Dysfunction. bioRxiv 2025, 1-33.
https://doi.org/10.1101/2025.01.24.634754.

Ghyselinck, N.B,; Duester, G. Retinoic Acid Signaling Pathways. Development 2019, 146, dev167502.
https://doi.org/10.1242/dev.167502.

Nguyen, A.L.; Facey, C.O.B.; Boman, B.M. The Significance of Aldehyde Dehydrogenase 1 in Cancers. Int. |. Mol. Sci. 2025, 26,
251. https://doi.org/10.3390/ijms26010251.

Meng, E.; Mitra, A.; Tripathi, K.; Finan, M.A.; Scalici, J.; McClellan, S.; Da Silva, L.M.; Reed, E.; Shevde, L.A.; Palle, K;; et al.
ALDH1A1 Maintains Ovarian Cancer Stem Cell-like Properties by Altered Regulation of Cell Cycle Checkpoint and DNA Re-
pair Network Signaling. PLoS ONE 2014, 9, e107142. https://doi.org/10.1371/journal.pone.0107142.

Grimley, E.; Cole, A.J.; Luong, T.T.; McGonigal, S.C.; Sinno, S.; Yang, D.; Bernstein, K.A.; Buckanovich, R.J. Aldehyde Dehydro-
genase Inhibitors Promote DNA Damage in Ovarian Cancer and Synergize with ATM/ATR Inhibitors. Theranostics 2021, 11,
3540-3551. https://doi.org/10.7150/THNO.51885.

Fan, X.; Molotkov, A.; Manabe, S.-I1; Donmoyer, C.M.; Deltour, L.; Foglio, M.H.; Cuenca, A.E.; Blaner, W.S.; Lipton, S.A.;
Duester, G. Targeted Disruption of Aldhlal (Raldhl) Provides Evidence for a Complex Mechanism of Retinoic Acid Synthesis
in the Developing Retina . Mol. Cell. Biol. 2003, 23, 4637-4648. https://doi.org/10.1128/mcb.23.13.4637-4648.2003.

Niederreither, K.; Subbarayan, V.; Dollé, P.; Chambon, P. Embryonic Retinoic Acid Synthesis Is Essential for Early Mouse Post-
Implantation Development. Nat. Genet. 1999, 21, 444-448. https://doi.org/10.1038/7788.

https://doi.org/10.3390/biom16070991



Biomolecules 2026, 16, 991 34 of 36

173.

174.

175.

176.

177.

178.

179.

180.

181.

182.

183.

184.

185.

186.

187.

188.

189.

190.

Niederreither, K.; Vermot, J.; Schuhbaur, B.; Chambon, P.; Dollé, P. Embryonic Retinoic Acid Synthesis Is Required for Forelimb
Growth  and  Anteroposterior =~ Patterning in  the  Mouse. Development 2002, 129, 3563-3574.
https://doi.org/10.1242/dev.129.15.3563.

Dupé, V.; Matt, N.; Garnier, ].M.; Chambon, P.; Mark, M.; Ghyselinck, N.B. A Newborn Lethal Defect Due to Inactivation of
Retinaldehyde Dehydrogenase Type 3 Is Prevented by Maternal Retinoic Acid Treatment. Proc. Natl. Acad. Sci. USA 2003, 100,
14036-14041. https://doi.org/10.1073/pnas.2336223100.

Yoon, K.A.; Nakamura, Y.; Arakawa, H. Identification of ALDH4 as a P53-Inducible Gene and Its Protective Role in Cellular
Stresses. J. Hum. Genet. 2004, 49, 134-140. https://doi.org/10.1007/s10038-003-0122-3.

Kraemer, B.R.; Heo, G.; Chen, C.-H.; Mochly-Rosen, D. Increased Susceptibility to 4-HNE-Induced Toxicity and Impaired De-
velopment in a Model of ALDH4A1-Deficient Pediatric Epilepsy Carrying the S352L Variant. Commun. Biol. 2026, 9, 597.
https://doi.org/10.1038/s42003-026-09845-y.

Hsu, C.C; Wang, C.Y.; Manne, RK,; Cai, Z.; Penugurti, V.; Kant, R.; Bai, L.; Pan, B.S.; Chen, T.; Chen, Y.R; et al. ALDH4A1
Functions as an Active Component of the MPC Complex Maintaining Mitochondrial Pyruvate Import for TCA Cycle Entry and
Tumour Suppression. Nat. Cell Biol. 2025, 27, 847-862. https://doi.org/10.1038/s41556-025-01651-8.

Sauer, S.W.; Kolker, S.; Hoffmann, G.F.; ten Brink, H.J.; Jakobs, C.; Gibson, K.M.; Okun, J.G. Enzymatic and Metabolic Evidence
for a Region Specific Mitochondrial Dysfunction in Brains of Murine Succinic Semialdehyde Dehydrogenase Deficiency
(Aldh5al-/- Mice). Neurochem. Int. 2007, 50, 653-659. https://doi.org/10.1016/j.neuint.2006.12.009.

Shin, H.; Cha, H.].; Lee, M.].; Na, K,; Park, D.; Kim, C.Y.; Han, D.H.; Kim, H.; Paik, Y.K. Identification of ALDH6A1 as a Potential
Molecular Signature in Hepatocellular Carcinoma via Quantitative Profiling of the Mitochondrial Proteome. J. Proteome Res.
2020, 19, 1684-1695. https://doi.org/10.1021/acs.jproteome.9b00846.

Yang, ].S.; Morris, A.].; Kamizaki, K,; Chen, J; Stark, J.; Oldham, W.M.; Nakamura, T.; Mishima, E.; Loscalzo, ].; Minami, Y.; et
al. ALDH7A1 Protects against Ferroptosis by Generating Membrane NADH and Regulating FSP1. Cell 2025, 188, 2569-2585.20.
https://doi.org/10.1016/j.cell.2025.03.019.

Wu, J; Yang, F,; Du, X,; Shi, S.; Li, L.; Wang, Z.; Wang, J.; Yi, C.; Duan, Y.; Xiao, Y.; et al. Enhanced Formaldehyde Clearance
Ameliorates Differentiation-Induced Genotoxicity in Fanconi Anemia Mutant Cells. Cell Rep. 2026, 45, 117449.
https://doi.org/10.1016/j.celrep.2026.117449.

Shen, X.; Wang, R.; Kim, M.].; Hu, Q.; Hsu, C.; Yao, J.; Klages-Mundt, N.; Tian, Y.; Lynn, E.; Brewer, T.F.; et al. A Surge of DNA
Damage Links Transcriptional Reprogramming and Hematopoietic Deficit in Fanconi Anemia. Mol. Cell 2020, 80, 1013-1024.e6.
https://doi.org/10.1016/j.molcel.2020.11.040.

McLean, M.E.; MacLean, M.R.; Cahill, H.F.; Arun, R.P.; Walker, O.L.; Wasson, M.C.D.; Fernando, W.; Venkatesh, J.; Marcato, P.
The Expanding Role of Cancer Stem Cell Marker ALDHIA3 in Cancer and Beyond. Cancers 2023, 15, 492.
https://doi.org/10.3390/cancers15020492.

Lavudi, K.; Nuguri, S.M.; Pandey, P.; Kokkanti, R.R.; Wang, Q.E. ALDH and Cancer Stem Cells: Pathways, Challenges, and
Future Directions in Targeted Therapy. Life Sci. 2024, 356, 123033. https://doi.org/10.1016/j.1fs.2024.123033.

Xia, J.; Li, S,; Liu, S.; Zhang, L. Aldehyde Dehydrogenase in Solid Tumors and Other Diseases: Potential Biomarkers and Ther-
apeutic Targets. MedComm 2023, 4, €195. https://doi.org/10.1002/mc02.195.

Chang, P.M.H.; Chen, C.H.; Yeh, C.C; Lu, HJ,; Liu, T.T.; Chen, M.H.; Liu, C.Y.; Wu, A.T.H.; Yang, M.H.; Tai, S.K,; et al. Tran-
scriptome Analysis and Prognosis of ALDH Isoforms in Human Cancer. Sci. Rep. 2018, 8, 2713. https://doi.org/10.1038/s41598-
018-21123-4.

Liao, X.; Huang, R.; Liu, X.; Han, C.; Yu, L.; Wang, S.; Sun, N.; Li, B.; Ning, X.; Peng, T. Distinct Prognostic Values of Alcohol
Dehydrogenase MRNA Expression in Pancreatic Adenocarcinoma. Onco. Targets. Ther. 2017, 10, 3719-3732.
https://doi.org/10.2147/OTT.S140221.

Tan, X,; Huang, Y.; Li, X;; Xu, F.; Xu, X. ADHS5 Inhibits Proliferation but Promotes EMT in Non-Small Cell Lung Cancer Cell
through Activating Smad2/Smad3. Open Life Sci. 2025, 20, 20251148. https://doi.org/10.1515/biol-2025-1148.

Sun, J.; Zhang, X.; Wu, F.; Zhu, B.; Xie, H. Elevated ADH5 Expression Suggested Better Prognosis in Kidney Renal Clear Cell
Carcinoma (KIRC) and Related to Immunity through Single-Cell and Bulk RNA-Sequencing. BMC Urol. 2024, 24, 84.
https://doi.org/10.1186/s12894-024-01478-9.

Al-Refai, R.; Bendari, A.; Morrar, D.; Sham, S.; Kataw, L.; Garajayev, A.; Hajiyeva, S. Inmunohistochemical Staining Character-
istics of Low-Grade Invasive Ductal Carcinoma Using the ADH5 Cocktail (CK5/14, P63, and CK7/18): A Potential Interpretative
Pitfall. Diagnostics 2023, 13, 2966. https://doi.org/10.3390/diagnostics13182966.

https://doi.org/10.3390/biom16070991



Biomolecules 2026, 16, 991 35 of 36

191.

192.

193.

194.

195.

196.

197.

198.

199.

200.

201.
202.

203.

204.

205.

206.

207.

208.
209.

Canas, A.; Lopez-Sanchez, L.M.; Pefiarando, J.; Valverde, A.; Conde, F.; Hernandez, V.; Fuentes, E.; Lépez-Pedrera, C.; de la
Haba-Rodriguez, ].R.; Aranda, E.; et al. Altered S-Nitrosothiol Homeostasis Provides a Survival Advantage to Breast Cancer
Cells in HER2 Tumors and Reduces Their Sensitivity to Trastuzumab. Biochim. Biophys. Acta Mol. Basis Dis. 2016, 1862, 601-610.
https://doi.org/10.1016/j.bbadis.2016.02.005.

Santarius, T.; Bignell, G.R.; Greenman, C.D.; Widaa, S.; Chen, L.; Mahoney, C.L.; Butler, A.; Edkins, S.; Waris, S.; Thornalley,
PJ; et al. GLO1-A Novel Amplified Gene in Human Cancer. Genes Chromosomes Cancer 2010, 49, 711-725.
https://doi.org/10.1002/gcc.20784.

Alaseem, A.M.; Aldali, J.A.; Alasiri, G.; Alhujaily, M.; AlHussaini, K.I.; AlIKhamees, O.A. Glyoxalase 1 Gene Expression in Var-
ious Types of Cancer Cells Immunopathology: A Pan-Cancer Analysis Study. Front. Oncol. 2025, 15, 1610886.
https://doi.org/10.3389/fonc.2025.1610886.

Zhao, Y.Q.; Zhao, J.; Zheng, Y.M.; Wang, Q.Q. A Comprehensive Pan-Cancer Analysis of the Prognostic Role and Immunother-
apy Efficacy Evaluation of Glyoxalase 1. Discov. Oncol. 2025, 16, 2326. https://doi.org/10.1007/s12672-025-04109-3.

Bartha, A.; Gy6rffy, B. TNMplot: An Enhanced Platform for Pharmacological Target Identification through Cross-Stage and
Pan-Cancer Gene Expression Analysis. Br. J. Pharmacol. 2026, 183, 2648-2659. https://doi.org/10.1111/bph.70390.

Gyorffy, B. Integrated Analysis of Public Datasets for the Discovery and Validation of Survival-Associated Genes in Solid Tu-
mors. Innovation 2024, 5, 100625. https://doi.org/10.1016/j.xinn.2024.100625.

Chandramouly, G,; Liao, S.; Rusanov, T.; Borisonnik, N.; Calbert, M.L.; Kent, T.; Sullivan-Reed, K.; Vekariya, U.; Kashkina, E.;
Skorski, T.; et al. Pol® Promotes the Repair of 5-DNA-Protein Crosslinks by Microhomology-Mediated End-Joining. Cell Rep.
2021, 34, 108820. https://doi.org/10.1016/j.celrep.2021.108820.

Yang, Z.; Wu, X.S.; Wei, Y.; Polyanskaya, S.A.; Iyer, S.V.; Jung, M.; Lach, F.P.; Adelman, E.R.; Klingbeil, O.; Milazzo, J.P.; et al.
Transcriptional Silencing of Aldh2 Confers a Dependency on Fanconi Anemia Proteins in Acute Myeloid Leukemia. Cancer
Discov. 2021, 11, 2300-2315. https://doi.org/10.1158/2159-8290.CD-20-1542.

Ridpath, J.R.; Nakamura, A.; Tano, K,; Luke, A.M.; Sonoda, E.; Arakawa, H.; Buerstedde, ].M.; Gillespie, D.A.F.; Sale, ]J.E.;
Yamazoe, M.; et al. Cells Deficient in the FANC/BRCA Pathway Are Hypersensitive to Plasma Levels of Formaldehyde. Cancer
Res. 2007, 67, 11117-11122. https://doi.org/10.1158/0008-5472.CAN-07-3028.

Tacconi, E.M.; Lai, X.; Folio, C.; Porru, M.; Zonderland, G.; Badie, S.; Michl, J.; Sechi, I.; Rogier, M.; Matia Garcia, V.; et al. BRCA
1 and BRCA 2 Tumor Suppressors Protect against Endogenous Acetaldehyde Toxicity. EMBO Mol. Med. 2017, 9, 1398-1414.
https://doi.org/10.15252/emmm.201607446.

Alter, B.P. Cancer in Fanconi Anemia, 1927-2001. Cancer 2003, 97, 425-440. https://doi.org/10.1002/cncr.11046.

Altintas, B.; Giri, N.; McReynolds, L.J.; Best, A.; Alter, B.P. Genotype-Phenotype and Outcome Associations in Patients with
Fanconi Anemia: The National Cancer Institute Cohort. Haematologica 2023, 108, 69-82. https://doi.org/10.3324/haema-
t0l.2021.279981.

Webster, A.L.H.; Sanders, M.A.; Patel, K; Dietrich, R.; Noonan, R.J.; Lach, F.P.; White, R.R.; Goldfarb, A.; Hadi, K.; Edwards,
M.M,; et al. Genomic Signature of Fanconi Anaemia DNA Repair Pathway Deficiency in Cancer. Nature 2022, 612, 495-502.
https://doi.org/10.1038/s41586-022-05253-4.

Roohollahi, K.; de Jong, Y.; Pai, G.; Zaini, M.A.; de Lint, K,; Sie, D.; Rooimans, M.A.; Rockx, D.; Hoskins, E.E.; Ameziane, N.; et
al. BIRC2-BIRC3 Amplification: A Potentially Druggable Feature of a Subset of Head and Neck Cancers in Patients with Fanconi
Anemia. Sci. Rep. 2022, 12, 45. https://doi.org/10.1038/s41598-021-04042-9.

Sebert, M.; Gachet, S.; Leblanc, T.; Rousseau, A.; Bluteau, O.; Kim, R.; Ben Abdelali, R.; Sicre de Fontbrune, F.; Maillard, L.;
Fedronie, C.; et al. Clonal Hematopoiesis Driven by Chromosome 1q/MDM4 Trisomy Defines a Canonical Route toward Leu-
kemia in Fanconi Anemia. Cell Stem Cell 2023, 30, 153-170.e9. https://doi.org/10.1016/j.stem.2023.01.006.

Ceccaldi, R.; Parmar, K.; Mouly, E.; Delord, M.; Kim, ].M.; Regairaz, M.; Pla, M.; Vasquez, N.; Zhang, Q.S.; Pondarre, C.; et al.
Bone Marrow Failure in Fanconi Anemia Is Triggered by an Exacerbated P53/P21 DNA Damage Response That Impairs Hem-
atopoietic Stem and Progenitor Cells. Cell Stem Cell 2012, 11, 36—49. https://doi.org/10.1016/j.stem.2012.05.013.

Sladek, N.E. Metabolism of Oxazaphosphorines. Pharmacol. Ther. 1988, 37, 301-355. https://doi.org/10.1016/0163-7258(88)90004-
6.

Hilton, J. Role of Aldehyde Dehydrogenase in Cyclophosphamide-Resistant L1210 Leukemia. Cancer Res. 1984, 44, 5156-5160.
Bunting, K.D.; Lindahl, R.; Townsend, A.J. Oxazaphosphorine-Specific Resistance in Human MCF-7 Breast Carcinoma Cell
Lines Expressing Transfected Rat Class 3 Aldehyde Dehydrogenase. ]. Biol. Chem. 1994, 269, 23197-23203.
https://doi.org/10.1016/s0021-9258(17)31639-3.

https://doi.org/10.3390/biom16070991



Biomolecules 2026, 16, 991 36 of 36

210.

211.

212.

213.

214.

215.

216.

217.

218.

219.

220.

221.

222.

223.

224,

225.

Sladek, N.E; Kollander, R.; Sreerama, L.; Kiang, D.T. Cellular Levels of Aldehyde Dehydrogenases (ALDH1A1 and ALDH3A1)
as Predictors of Therapeutic Responses to Cyclophosphamide-Based Chemotherapy of Breast Cancer: A Retrospective Study.
Cancer Chemother. Pharmacol. 2002, 49, 309-321. https://doi.org/10.1007/s00280-001-0412-4.

Taatjes, D.J.; Gaudiano, G.; Koch, T.H. Production of Formaldehyde and DNA-Adriamycin or DNA-Daunomycin Adducts,
Initiated through Redox Chemistry of Dithiothreitol/Iron, Xanthine Oxidase/NADH/Iron, or Glutathione/Iron. Chem. Res. Toxi-
col. 1997, 10, 953-961. https://doi.org/10.1021/tx970064w.

Barthel, B.L.; Mooz, E.L.; Wiener, L.E.; Koch, G.G.; Koch, T.H. Correlation of in Situ Oxazolidine Formation with Highly Syner-
gistic Cytotoxicity and DNA Cross-Linking in Cancer Cells from Combinations of Doxorubicin and Formaldehyde. . Med.
Chem. 2016, 59, 2205-2221. https://doi.org/10.1021/acs.jmedchem.5b01956.

Vallari, R.C.; Pietruszko, R. Human Aldehyde Dehydrogenase: Mechanism of Inhibition of Disulfiram. Science 1982, 216, 637-
639. https://doi.org/10.1126/science.7071604.

Green, L.S.; Chun, L.E.; Patton, A.K.; Sun, X.; Rosenthal, G.].; Richards, ].P. Mechanism of Inhibition for N6022, a First-in-Class
Drug Targeting S-Nitrosoglutathione Reductase. Biochemistry 2012, 51, 2157-2168. https://doi.org/10.1021/bi201785u.

Bubenik, M.; Mader, P.; Mochirian, P.; Vallée, F.; Clark, J.; Truchon, J.F.; Perryman, A.L.; Pau, V.; Kurinov, I.; Zahn, K.E.; et al.
Identification of RP-6685, an Orally Bioavailable Compound That Inhibits the DNA Polymerase Activity of PolO. J. Med. Chem.
2022, 65, 13198-13215. https://doi.org/10.1021/acs.jmedchem.2c00998.

Nakano, T.; Shoulkamy, M.L; Tsuda, M.; Sasanuma, H.; Hirota, K.; Takata, M.; Masunaga, S.I.; Takeda, S.; Ide, H.; Bessho, T.; et
al. Participation of TDP1 in the Repair of Formaldehyde-Induced DNA-Protein Crosslinks in Chicken DT40 Cells. PLoS ONE
2020, 15, e0234859. https://doi.org/10.1371/journal.pone.0234859.

Chefetz, I.; Grimley, E.; Yang, K,; Hong, L.; Vinogradova, E.V.; Suciu, R.; Kovalenko, I.; Karnak, D.; Morgan, C.A.; Chtcherb-
inine, M.; et al. A Pan-ALDHI1A Inhibitor Induces Necroptosis in Ovarian Cancer Stem-like Cells. Cell Rep. 2019, 26, 3061-
3075.e6. https://doi.org/10.1016/j.celrep.2019.02.032.

Carvajal, L.A.; Ben Neriah, D.; Senecal, A.; Benard, L.; Thiruthuvanathan, V.; Yatsenko, T.; Narayanagari, S.R.; Wheat, J.C.;
Todorova, T.I; Mitchell, K.; et al. Dual Inhibition of MDMX and MDM?2 as a Therapeutic Strategy in Leukemia. Sci. Transl. Med.
2018, 10, eaa03003. https://doi.org/10.1126/scitranslmed.aao3003.

Guerlavais, V.; Sawyer, T.K,; Carvajal, L.; Chang, Y.S.; Graves, B.; Ren, ].G,; Sutton, D.; Olson, K.A.; Packman, K.; Darlak, K; et
al. Discovery of Sulanemadlin (ALRN-6924), the First Cell-Permeating, Stabilized a-Helical Peptide in Clinical Development. J.
Med. Chem. 2023, 66, 9401-9417. https://doi.org/10.1021/acs.jmedchem.3c00623.

Garaycoechea, ].I; Patel, KJ. Why Does the Bone Marrow Fail in Fanconi Anemia? Blood 2013, 123, 26-34.
https://doi.org/10.1182/blood-2013-09-427740.

Carra, A.; Guidolin, V.; Dator, R.P.; Upadhyaya, P.; Kassie, F.; Villalta, P.W.; Balbo, S. Targeted High Resolution LC/MS3 Ad-
ductomics Method for the Characterization of Endogenous DNA Damage. Front. Chem. 2019, 7, 658.
https://doi.org/10.3389/fchem.2019.00658.

Walmsley, S.J.; Guo, J.; Tarifa, A.; DeCaprio, A.P.; Cooke, M.S.; Turesky, R.J.; Villalta, P.W. Mass Spectral Library for DNA
Adductomics. Chem. Res. Toxicol. 2024, 37, 302-310. https://doi.org/10.1021/acs.chemrestox.3c00302.

La Barbera, G.; Shuler, M.S.; Beck, S.H.; Ibsen, P.H.; Lindberg, L.J.; Karstensen, J.G.; Dragsted, L.O. Development of an Untar-
geted DNA Adductomics Method by Ultra-High Performance Liquid Chromatography Coupled to High-Resolution Mass Spec-
trometry. Talanta 2025, 282, 126985. https://doi.org/10.1016/j.talanta.2024.126985.

Nookaew, I.; Boysen, G.; Jenjaroenpun, P.; Du, H.; Wang, P.; Wu, J.; Wongsurawat, T.; Moon, S.H.; Huang, E.; Wang, Y. Detec-
tion and Discrimination of DNA Adducts Differing in Size, Regiochemistry, and Functional Group by Nanopore Sequencing.
Chem. Res. Toxicol. 2020, 33, 2944-2952. https://doi.org/10.1021/acs.chemrestox.0c00202.

Boysen, G.; Alexandrov, L.B.; Rahbari, R.; Nookaew, L; Ussery, D.; Chao, M.R.; Hu, C.W.; Cooke, M.S. Investigating the Origins
of the Mutational Signatures in Cancer. Nucleic Acids Res. 2025, 53, gkae1303. https://doi.org/10.1093/nar/gkae1303.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual au-

thor(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to

people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.3390/biom16070991



