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Abstract

Maintenance of the hematopoietic stem cell (HSC) compartment depends on the ability to
metabolize exogenously and endogenously generated toxins, and to repair cellular damage caused
by such toxins. Reactive aldehydes have been demonstrated to cause specific genotoxic injury,
namely DNA interstrand cross-links. Aldehyde dehydrogenase 2 (ALDH2) is a member of a 19
isoenzyme ALDH family with different substrate specificities, subcellular localization, and
patterns of expression. ALDH2 is localized in mitochondria and is essential for the metabolism of
acetaldehyde, thereby placing it directly downstream of ethanol metabolism. Deficiency in
ALDH2 expression and function are caused by a single nucleotide substitution and resulting
amino acid change, called ALDHZ2#*2. This genetic polymorphism affects 35-45% of East Asians
(about ~560 million people), and causes the well-known Asian flushing syndrome, which results
in disulfiram-like reactions after ethanol consumption. Recently, the ALDHZ2*2 genotype has been
found to be associated with marrow failure, with both an increased risk of sporadic aplastic anemia
and more rapid progression of Fanconi Anemia. This review discusses the unexpected
interrelationship between aldehydes, ALDH2 and hematopoietic stem cell biology, and in
particular its relationship to Fanconi anemia.
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Introduction

A central problem in hematology is the limited lifespan of mature non-lymphoid cells,

which necessitates constant production of new blood cells. In humans, the estimated lifespan
of circulating red blood cells (RBCs) is 120 days, polymorphonuclear neutrophils (PMNs) 2
days, and platelets 5-10 days. To maintain the blood system, approximately 2 x 1011 RBCs,
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1.6 x 1011 PMNSs, and 1011 platelets are produced daily [1-4]. The evolutionary resolution
of this problem in mammals is based on a hierarchy of self-renewing multipotent
hematopoietic stem cells (HSC), which give rise to non-self-renewing, lineage committed
hematopoietic progenitor cells (HPC) capable of massive expansion and differentiation into
mature blood cells.

The dependence of blood cell production on a limited number of HSC and HPC (hereafter
collectively referred to as HSPC) means that protection from potential toxins is essential for
maintenance of the hematologic system (See Figure 1). For example, the generation of blood
cells within the intramedullary marrow space of heavily calcified bones probably protects
cells from typical doses of external ionizing radiation. Immature HSPC express a number of
proteins which appear to protect them from toxicological injury. For example, the ABC
transporter protein MDR1 expressed by HSC increases the export of various xenobiotics,
including some chemotherapy drugs[5].

Because genotoxic injury is inevitable, an important protective mechanism is the expression
of various proteins involved in DNA repair pathways [6]. These pathways include those for
repair of single strand breaks, such as base excision repair (BER), nucleotide excision repair
(NER), and mismatch repair (MMR). To repair double strand breaks, cells express pathways
for non-homologous end joining (NHEJ), homologous recombination (HR), or
microhomology-mediated end joining (MMEJ). Additionally, cells can use tolerance
methods to continue to replicate DNA around lesions, called translesion synthesis (TLS).
Interstrand crosslinks (ICL), another type of DNA lesion, are recognized and repaired by the
Fanconi anemia pathway. Each of these means of DNA repair depend on both the type of
DNA lesion, as well as the state of the cell cycle, as to whether a template will be available
to make the repair, as in the case of a double strand break. Additionally, each repair pathway
has its own unique set of proteins involved in recognizing, excising the damaged areas, and
repairing the lesion, as well as proteins that are involved in multiple pathways, resulting in
overlap and potentially crosstalk[7, 8].

Genomic instability and Fanconi anemia

Genetic diseases involving impaired repair of DNA damage, such as Fanconi Anemia (FA),
have profound hematologic consequences. FA results from mutations of the FA pathway
genes specifically required for repair of ICL[8]. Clinically, FA patients have congenital
structural anomalies (birth defects); progressive exhaustion of their HSC pool leading to
marrow failure (aplastic anemia); damage to HSPC, resulting in increased risk of leukemia,
particularly acute myelogenous leukemia (AML) and increased susceptibility to other
cancers, especially squamous cell carcinomas of the skin, upper airway and head and
neck[9]. Hematopoietic stem cell transplant (HSCT) can cure aplastic anemia and AML in
FA patients, but increased susceptibility to cancer in other somatic cells persists, resulting in
high rates of post-transplant mortality.

FA is a syndrome caused by mutations in one of at least 20 genes, which comprise the
Fanconi complementation (FANC) groups.[8 10. 111 The proteins in the FA complex are
essential for resolving DNA damage due to ICL. The FANC A, B,C,E,F, G, L, M,and T
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gene products form the Fanconi Anemia Core Complex, an ubiquitin E3 ligase which
ubiquitinates the ID2 complex, which is comprised of the FANCI and FANCD2 subunits.
[8]. Monoubiquinated 1D2 recruits other proteins to excise ICLs, followed by recruitment of
additional proteins to repair the lesions by homologous recombination (HR) [8, 10]. FA
patients are homozygotes or compound heterozygotes for at least one of the genes encoding
the FA complex, and are hypersensitive to DNA bifunctional alkylating agents (which cause
crosslinks) and radiation. In the absence of functional FA pathway activation, the presence
of ICL is deleterious to cells in several ways, notably interference with transcription and
blocking of the replication fork in dividing cells. In addition, the inability to activate HR to
repair the lesions results in activation of alternative DNA repair pathways, €.g., the error-
prone non-homologous end-joining (NHEJ) repair. Activation of NHEJ likely causes
mutations. The hypersensitivity to DNA damaging agents is demonstrated /in vitro by
induction of numerous cytogenetic abnormalities, such as radial chromosomes after
exposure to alkylating agents, like diepoxybutane (DEB) or mitomycin C[12]. This
hypersensitivity has been used to screen patients or family members for suspected FA. The
hypersensitivity of FA cells to DNA damage is manifested clinically in several ways.
Patients receiving chemotherapy for treatment of leukemia or other cancers, or as pre-
transplant conditioning to ablate host immune cells before hematopoietic stem cell transplant
or chemotherapy for leukemia, develop excessive toxicity and require reduced doses of
chemotherapy or radiation to prevent fatal side effects. Secondly, even after successful cure
of aplastic anemia, FA patients develop secondary malignancies at an alarming rate.
Approximately one-half of transplanted patients develop cancer in the first 15 years after
successful HSCT [13].

Aldehyde-mediated DNA damage in Fanconi anemia

Although the components of the FA pathway have been identified and their functions have
been elucidated, a number of questions about the pathophysiology of FA remain
unanswered. First, efforts to link the FA genotype, i.e., which FANC group is mutated and
the type of mutation (missense, nonsense, etc.), with time of onset of either marrow failure
or cancer, or with the phenotype of congenital anomalies have been largely unsuccessful,
suggesting the presence of modifying genes or unknown environmental factors that
influence the course of FA. Second, the causes of widespread ICL in FA patients have not
been defined. Although exposure to basal levels of radiation or chemotherapy like cytotoxic
drugs is possible, a more attractive idea is that ICL form in response to more common
toxicological events, e.g., ubiquitous substances in the environment such as airborne or
ingested molecules.

The FA field has been considerably advanced by the identification of acetaldehyde and
formaldehyde as important contributors to both ICL formation and protein modification, and
both aldehyde dehydrogenase (ALDHZ2) and alcohol dehydrogenase 5 (ADH5) as the
enzymes responsible for their respective detoxification in murine models. ALDH2 was first
demonstrated to modify Fanconi Anemia in a study from the Patel laboratory that showed
that the development of aplastic anemia is rapidly accelerated in aldehyde dehydrogenase 2
(ALDH2)™~ FANCDZ '~ mice compared to ALDHZ2*"* FANCDZ™~ mice [14]. This group
also demonstrated that ALDHZ™~ or ALDHZ*/~ mothers could not give birth to ALDHZ7~
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FANC™~ progeny - the embryos were either resorbed or embryonic lethal with severe
developmental defects. ALDH27~ FANCA™" pups could be rescued from embryonic
lethality, if they were transferred at the 2-cell embryonic stage to ALDHZ2** mothers,
though with developmental defects and bone marrow failure later in life [15]. Thus, ALDH2
modulates the severity of both developmental and HSPC phenotypes in murine models of
Fanconi anemia. Later work identified ADH5 as an additional modifier of the Fanconi
anemia phenotype. Formaldehyde is present endogenously, as it is produced by oxidative
demethylation reactions and other metabolic reactions, and is detectable at micromolar
levels in the bloodstream [16, 17]. ADH5 is expressed in many tissues and is necessary for
metabolism of formaldehyde, which is oxidized in a glutathione dependent manner [16, 18].
The number of formaldehyde-induced N2-hydroxymethyl-deoxyguanine DNA modifications
is increased after mice were fed methanol, which is directly metabolized to formaldehyde
[16]. This study found that ADH5~~ FANCDZ2™~ mice had decreased viability, numbers of
nucleated cells in the bone marrow, and pancytopenia as well as liver and kidney defects.
Competitive repopulation experiments, where equal amounts of bone marrow from ADH5~~
FANCDZ™~ and wild type mice were transplanted into lethally irradiated recipients showed
that ADH57~, FANCDZ2™~ marrow was selectively unable to repopulate the marrow, as
these cells contributed to only 0.1% of the repopulated bone marrow.[16] Together, ALDHZ2
and ADH5 are probably two long sought modifying genes in FA. Of note for human health
and disease, both ALDH2 and ADH5 polymorphisms associated with loss of function have
been identified. While ALDH2 mutation is common and has been proven to be deleterious to
health, ADH5 mutation is less prevalent and disease association has not been proven [19,
20]. Because ALDH2 is immediately downstream of alcohol dehydrogenases (including
ADHB), it also is directly linked to potential common environmental impacts on the FA
phenotype, e.g., impact of ethanol and its metabolite, acetaldehyde, as well as exposure to
aldehydes from other sources, and is the focus of the rest of this review.

Speculation about the relationship of the FA developmental phenotype to aldehyde
metabolism can be drawn from the similar patterns of malformation seen in FA and fetal
alcohol syndrome (FAS). Children with FAS have congenital and neurodevelopmental
abnormalities, and prenatal aldehyde exposure rather than ethanol itself has been
hypothesized to be the relevant teratogen [21]. Both FA and FAS patients display
microcephaly (small heads), developmental delays, microphthalmia (small eyes), ptosis
(drooping of upper eyelid), strabismus (abnormal eye alignment), ventricular sepal defect
(\VVSD) of the heart, horseshoe kidney, and finger and toe abnormalities [22—-25] (see Figure
2). A unifying hypothesis to explain the similarities between FA and FAS is that aldehydes
alter the development of various susceptible somatic stem and progenitor cell populations,
resulting in a common pattern of malformation (reviewed in [26], along with alternative
hypotheses for FAS, based on the protective role of G/i2and Sonic Hedgehog (SHH) on
fetal damage from ethanol [27].

Acetaldehyde

One of the most common environmental aldehydes is acetaldehyde (CH,CHO).
Acetaldehyde, which is highly volatile, has been classified as a Group | human carcinogen
by the International Agency for Research on Cancer[30]. Aldehydes can form DNA adducts,
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including ring-open forms of crotonaldehyde propanodeoxyguanosines, which can be
generated from crotonaldehyde or two successive reactions with individual acetaldehyde
molecules [31, 32]. These ring-open forms can dimerize with other guanosine residues,
resulting in interstrand crosslink (ICL) formation between DNA strands [32—34]. There are
other effects of aldehydes on cells, including adducts covalently added to proteins,
especially by 4-hydroxy-nonenal (4-HNE)[34]. ICL crosslinks can lead to genotoxic effects
due to DNA damage and protein adducts can disrupt cellular signaling and result in protein
aggregation and protein unfolding responses. These effects have been implicated in
pathological processes such as myocardial infarction and atherosclerosis [35-39].

Intracellular aldehydes are derived from both exogenous and endogenous sources (see Table
1). The major exogenous sources of aldehydes are likely to be direct exposure to
environmental aldehydes including acrolein, formaldehyde and acetaldehyde. These
aldehydes can be present in burned oil, industry glue and new buildings, as well as fossil
fuel and fragrances [30, 31, 33, 40-42]. More sources of aldehydes in the environment as
well as those generated endogenously are detailed in Table 1.

Direct inhalation or contact with acetaldehyde can occur as an industrial hazard, since
acetaldehyde is also important for production of a number of industrial chemicals, including
acetic acid. Non-work related inhalation exposure to acetaldehyde occurs via breathing of
indoor air, as acetaldehyde is released from building materials, laminates, cleaning products
and varnished woods.

Besides exposure via industrial or environmental inhalation or contact, acetaldehyde
exposure occurs through ingestion. This can occur by consumption of acetaldehyde directly
(as in foods containing acetaldehyde), by drinking ethanol, or by ethanol produced by the
gut microbiota. Acetaldehyde is directly ingested by consuming ripe fruits, coffee, and
bread, which derive their fruity aroma from acetaldehyde. Vinegar and foods pickled with
vinegar also contain acetaldehyde, as well as fermented foods such as yogurt[30]. An
important source of acetaldehyde is from ethanol metabolism [44]. Ingested ethanol is
oxidized mainly in the liver to acetaldehyde by alcohol dehydrogenase, which is coupled to
reduction of NAD* to NADH. Aldehyde dehydrogenase (ALDH) further oxidizes
acetaldehyde to acetic acid, again in a reaction coupled to NAD* reduction. The gut
microbiome ferments sugars to form ethanol that is then converted to acetaldehyde[43].

Finally, endogenous production of acetaldehyde can occur as a result of several metabolic
processes (reviewed in O’Brien PJ, 2005)[31], for example under inflammatory
conditions[45]. Myeloperoxidase in neutrophils and myeloid progenitors generates
acetaldehyde as a byproduct of hypochlorous acid and tyrosyl radical production. In times of
oxidative stress, when the mitochondria are unable to generate enough ATP, deoxyribose
phosphate aldolase can metabolize 2-deoxy-D-ribose-5 phosphate to glyceraldehyde-3-
phosphate and acetaldehyde, which allows cells to use nucleotides to replenish ATP
levels[46]. Other potential sources of endogenously generated acetaldehyde are products of
lipid peroxidation, carbohydrate/ascorbate autoxidation, carbohydrate metabolism, amine
oxidases and cytochrome P-450 catalyzed metabolism[31].
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Acetaldehyde has been found to induce ICL in both mammalian and rodent cell lines, and to
activate the FA pathway [47-49]. Acetaldehyde-induced DNA damage colocalizes with
RAD51/FANCR [47], and increases FANCD2 monoubiquitination and BRCA1/FANCS
activation via phosphorylation [48, 49]. These studies demonstrate that acetaldehyde may be
a critical aldehyde in activation of the FA pathway.

The Aldehyde Dehydrogenase (ALDH) Enzyme Family

In humans, ALDH enzymes comprise a 19 isoenzyme family of proteins with different
patterns of substrate specificity, tissue and cell distribution and subcellular localization [50].
Given the widespread sources of exogenous and endogenous aldehydes as well as the ability
of these compounds to deleteriously modify both DNA and proteins, the expression of
aldehyde dehydrogenase (ALDH) enzymes is necessary in all tissues. ALDH oxidize
aldehydes to form respective acidic derivatives of their substrates. Because of the variety of
reactive aldehydes, ALDH isoforms with different specificities are needed. The substrate
specificity and redundancy of these isoenzymes has not been fully characterized (see review
[51]). The focus of this review will be on ALDH2, the enzyme which preferentially
detoxifies acetaldehyde, as denoted by its Ky, being 900-fold lower than that of ALDH1,
another enzyme that can detoxify acetaldehyde[52]. ALDH2 is encoded by nuclear DNA,
but is localized inside mitochondria, and is important in reducing oxidative stress[52].
ALDH2 uses NAD+ as co-enzyme and oxidizes acetaldehyde to acetic acid [53]. ALDH2
expression in mice is similar to that of humans, where it is present in liver, esophagus, lung,
pancreas, brain and heart [54-56]. ALDH2 is a homotetrameric molecule localized in the
mitochondrial matrix. ALDH2 synthesis is continuously required, because some reactive
aldehyde substrates, like 4-HNE, bind to and inactivate the enzyme, thus rendering it unable
to catalyze further reactions [57].

Asian Flushing Syndrome and ALDH2

A subset of the East Asian population exhibit facial flushing and experience heart
palpitations and headaches upon ethanol consumption. This disorder, which was termed
“Asian Flushing Syndrome”, was identified in 1979 as a deficiency in ALDH2 activity.
Although it was first thought that this may be due to gene deletion [58, 59], later work
demonstrated that in proteins extracted from livers of Asian patients with alcohol
intolerance, there was a protein that cross reacted in an immunologically identical way as the
mitochondrial ALDH2 protein from livers of those with normal alcohol tolerance. However,
this cross-reactive immunological material (CRIM) isoform of ALDH2 had no measurable
aldehyde dehydrogenase activity [60, 61]. ALDH2 is synthesized as an immature 517 amino
acid protein, after which the 17 amino acid mitochondrial targeting sequence is cleaved from
the newly translated protein as it enters the mitochondria[52, 62]. When the native ALDH2
protein was first isolated and sequenced, it was found to have a single amino acid
substitution of lysine for glutamine at amino acid position 487 of the mature protein
(E487K) in individuals who exhibit the flushing syndrome relative to those who do not[63—
65].

The single nucleotide E504K polymorphism, which is denoted ALDH2*2, decreases both
the enzyme’s stability and activity, thus resulting in a much slower rate of aldehyde
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metabolism. The ALDH2*2 mutant has ~ 200-fold higher K, for NAD and a 10-fold lower
Kcat, @ compared to wild-type (wt) ALDH2[66]. Because the K,,,NAP* is 15-fold higher
than the /n vivo concentration of the NAD* and the mutant enzyme is less stable, ALDH2*2
heterozygotes have 25-40% and homozygotes only 1-4% of the wt ALDH?2 activity. The
mutant effect is semidominant, because the E504K substitution destabilizes the subunit
interface, thus decreasing the activity of adjacent wild type subunits [65, 67]. The ALDH2*2
protein has both lower activity, stability in tetrameric form, and half-life[67]. The crystal
structure of the ALDH2*2 protein displays a disordered alpha-helix near the subunit
interface, away from the catalytic site or the tetramer interface, which is well ordered in the
region of the ALDH2 protein[52] (see Figure 3). The ALDHZ2*2 genotype is found in 35—
45% of East Asians (about 560 million people)[52]. Because ALDHZ2*2is so prevalent in
the world (it is the most common known human mutation), it is possible that ALDH2
deficiency provides a yet uncharacterized evolutionary advantage.

risk of other malignancies associated with ALDH2 deficiency

The ALDH2*1/ALDH2*2 (heterozygous) genotype is associated with an up to 70-fold
increased risk of esophageal cancer depending on the amount of ethanol consumed [44],
presumably due to exposure to high levels of acetaldehydes in these individuals. Although
the high levels of acetaldehyde found in ALDH2*2individuals after ethanol exposure deter
many heterozygote individuals from imbibing alcoholic beverages, due to social pressure
many East Asian individuals heterozygote for this mutation continue to consume
alcohol[44]. Because the negative consequences of alcohol consumption in ALDH2*2/
ALDH2*2homozygote individuals, multiple studies have shown that this group does not
drink alcohol, and is protected from esophageal cancers[68]. People with the ALDH2*2
genotype should be educated of the elevated cancer risk associated with alcohol ingestion
[69].

ALDH isoforms and hematopoiesis

A critical role for ALDH in HSC has been known since the early 1980’s, when strategies to
purge bone marrow of leukemia cells by /n vitro treatment with the alkylating agent 4-
hydroperoxy-cyclophosphamide (4-HC) were tested in clinical trials[70]. The metabolism of
4-HC by ALDH was found to be essential for the differential survival of HSC after 4-HC
treatment, but at the time, the specific ALDH isoform needed for 4-HC metabolism had not
been identified. A fluorescent ALDH substrate, Aldefluor (BODIPY aminoacetaldehyde),
has been used as a viable stain for immature HSPC, and thus has been used to sort HSC for
basic research[71] and for clinical trials of HSC transplantation[72]. Although Aldefluor
activity was attributed to ALDH1A1, a cytosolic ALDH isoform, and was thought to be
critical to hematopoiesis, an analysis of ALDH1AI1 knockout mice has demonstrated that
Aldefluor staining does not require ALDH1A1 and that ALDH1AL is, in fact, dispensable
for hematopoiesis[73]. The findings in this study show that Aldefluor is not specific to
ALDH1AL, and that signal may instead be from activity of other ALDH isoforms including
ALDH2, ALDH3A2, and ALDH9A1[73]. In another study, a general inhibitor of aldehyde
dehydrogenases, diethylaminobenzaldehyde (DEAB) was found to promote the expansion of
HSCs in mice. This group found that siRNA knockdown of ALDH1A1 could duplicate this

Mol Genet Metab. Author manuscript; available in PMC 2017 September 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Van Wassenhove et al. Page 8

effect, suggesting that ALDH1AL is the key isoform required [74, 75]. These seemingly
contradictory pieces of evidence for the importance of ALDH1A1 in hematopoiesis suggest
the possibility that ALDH1AL1 is involved in both metabolism of exogenous aldehydes and
regulation of an endogenous signaling pathway. A likely candidate for the hematopoietic
effects of ALDH1AL is retinoic acid signaling. Retinoids are important in early development
and embryogenesis, as well as hematopoiesis[76]. ALDH1A1 oxidizes retinaldehyde or
retinal, to generate retinoic acid [73]. This molecule acts as a signaling molecule viathe
Whnit/B-catenin pathway to activate self-renewal, and when it is inhibited, leads to cellular
differentiation [77, 78].

ALDH2*2 and Aplastic Anemia

Although aplastic anemia can be caused by environmental affects and drugs, such as
benzene or pesticide exposure, chemotherapy, radiation, and other toxins[79, 80], sporadic
aplastic anemia is thought to be frequently due to a dysregulated immune system, which is
responsible for Killing bone marrow stem cells[80]. Cytotoxic T-cells (CTL) secreting
interferon-vy are thought to be the cause of this effect, and T regulatory cells, which normally
act to suppress the activity of CTL, are reduced in most patients with aplastic anemia [81,
82]. Thus, the primary therapy for patients with newly diagnosed aplastic anemia is
immunosuppressive therapy. Besides the immunologic mechanism for the development of
aplastic anemia, direct damage to the HSC compartment is also a known cause, as
mentioned above. For example, radiation exposure and certain chemical toxins like benzene
can cause marrow failure. Likewise, aldehydes are a known source of genomic damage to
the HSC compartment, suggesting that ALDH2 may play an important role in HSC
maintenance and survival. Since 20-45% of the East Asian population are ALDH2 deficient,
aplastic anemia in this population may be exacerbated by ALDH2 deficiency.

Indeed, the ALDHZ2*2genotype is correlated with a worse prognosis in children with
idiopathic aplastic anemia [83]. The distribution of aplastic anemia is biphasic, with two
peaks of incidence, one occurring in children and young adults (10-25 years of age), and
another occurring in older adults (above 60 years of age)[84]. In East Asia, the proportion of
aplastic anemia that occurs in young adults is much higher than in Western countries [85—
87].

Furthermore, the incidence of sporadic aplastic anemia is 2—3 fold higher in East Asia [80,
85, 88]; in Western countries the incidence is close to 2 cases per million people, while in
East Asia, the prevalence ranges from 4 per million in Thailand to 7 per million in
China[86]. It is therefore possible that the ALDHZ*2and reduced ALDH2 activity increases
susceptibility to marrow failure.

ALDH2*2 and Fanconi Anemia

Fanconi Anemia (FA) is a disease characterized by birth defects and anemia leading to bone
marrow failure in children. The ALDHZ2*2 genotype has been recently associated with a
faster progression to marrow failure in children with FA and a younger age of onset of
sporadic marrow failure in children who do not have FA. In Japanese children with FA, the
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median time to development of aplastic anemia was 72 months in homozygous wild-type
ALDH?Z2*] allele, 28 months in heterozygous ALDH2*1/ALDH2*2, and 0 months (range 0-
7) in homozygous for ALDH2*2[89]. In children with aplastic anemia not due to FA, both
the age of onset and likelihood of failure-free survival are reduced in children homozygous
for ALDH2*2. The median age of diagnosis for these patients was 9 years for homozygous
ALDH2*1 and heterozygous ALDHZ2*1/AL DH2*2, and only 2 years if homozygous for
ALDH2*283]. These studies highlight the possible role of ALDHZ2*2in human FA and
bone marrow failure, consistent with the previously discussed research in murine models
[14-16, 21].

Current therapies for metabolic diseases

Inborn errors of metabolism caused by deficiency of particular enzymes due to loss of
function mutations or deletions have been treated by decreasing the intake of the enzymatic
substrate, supplementation with an essential cofactor or vitamin, increasing metabolism by
enzyme replacement therapy (ERT), or more recently, by gene therapeutic approaches[90].
For some diseases, substrate intake can be decreased by dietary modification. The most
advanced example of this approach has been phenylketonuria, which is managed by
newborn diagnosis and institution of a restricted diet that avoids food proteins and dietary
supplements, e.g., the artificial sweetener aspartame, which are rich in toxic phenylalanine.
In some metabolic diseases of defective carboxylation, e.g., biotinidase deficiency, or
holocarboxylase synthetase deficiency, defects in the biotinylation of protein substrates can
be treated by lifelong supplementation with biotin. Enzyme replacement therapy in which
purified or recombinant enzyme has been used to replace adenosine deaminase (ADA) in
some types of severe combined immunodeficiency syndrome (SCIDS), glucocerebrosidase
in Gaucher disease, acid alpha-glucosidase in Pompe disease, and alpha-galactosidase A in
Fabry disease have all been used[91]. Efforts to increase enzymatic activity by gene therapy
are still experimental, but offer the promise of permanent correction of metabolic defects.
Early strategies have focused on the use of viral or non-viral vectors to introduce wild-type
copies of a defective enzyme into affected cells, either by transplantation of a patient’s own
cells after in vitro gene transduction or by in vivo injection. The recent discovery and rapid
development of the CRISPR/Cas9 system as a method to modify the mutant gene sequence,
thereby normalizing it, make gene editing a real possibility.

ALDH activators—a new strategy for treatment of metabolic disease

One avenue that is still in the exploratory phase is the activation of defective enzymes to
improve their stability and catalytic function. The use of small molecules to do this offers
the promise of a low cost therapy that could be applied to a wide variety of different enzyme
disorders. The ALDH2*2 mutation lends itself to this approach because the defect causes
the expression of a full-length ALDH2 protein with altered conformation, subunit
interactions, and enzymatic activity. Therefore, small molecule activators could function as
molecular chaperones to induce normalized conformation of the ALDH2*2 protein, with
increased subunit interactivity and higher enzymatic activity.
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The Mochly-Rosen laboratory has developed a series of small molecule activators for several
members of the ALDH family of enzymes. These small molecules, called Aldas, were
designed to increase enzymatic activity of specific ALDH isoforms. One such activator of
ALDH2 enzymatic activity, is Alda-1 [N-(1,3-benzodioxol-5-yImethyl)-2,6-
dichlorobenzamide], a chemical chaperone which corrects the disturbed helix in the mutant
enzyme (Figure 3). Alda-1 increases the stability of both the wild-type and mutant ALDH2
tetramer. In addition, Alda-1 prevents ALDH inactivation by reactive aldehydes and acts as
an allosteric agonist, increasing the catalytic activity of the enzyme [66]. Alda-1 appears to
be safe, as it has been used in many animal studies and shows no toxicity [36, 39, 92] and
one Alda was found to be safe in a small phase 1 clinical study (unpublished data).

A strategy that can be used as an alternative to or complementary to Alda-1 treatment is to
recruit other members of the ALDH family of enzymes to take over the role of ineffective or
mutant ALDH?2 to increase the detoxification of genotoxic aldehydes, like acetaldehyde.
Alda-89 was developed by the Mochly-Rosen lab to direct ALDH3AL (another member of
the ALDH family of enzymes) to metabolize acetaldehyde, which is not normally a substrate
for ALDH3AL1 [93]. Using computer simulated docking, Alda-89 was found to bind in the
catalytic pocket of ALDH3AL, near catalytic cysteine 243, where it is available to direct
acetaldehyde to the active site[93]. Using enzyme activation and recruitment strategies like
these may increase the number of targets available to treat genetic metabolic diseases.
Potential clinical application of ALDH2 activators, in FA include both delaying or
preventing marrow failure or AML as well as preventing post-BMT incidence of secondary
malignancies. Because ALDH3AL levels are high in the airways, mouth and upper digestive
system, which is where FA patients tend to have high incidence of solid tumors as secondary
malignancies, Alda-89 or other ALDH3A1 activating compounds may be a cancer
chemopreventive in these patients.

Aldehyde sensors to monitor substrate levels

Conclusio

Previous efforts to ameliorate metabolic diseases frequently relied on biochemical methods
which could measure the levels of toxic substrates in cells or bodily fluids (blood and serum
or plasma, urine, cerebrospinal fluid). Therapeutic efforts to decrease exposure to toxic
reactive aldehydes are likely to be advanced by developing methods for measurement of
these substrates Recently, a general sensor of reactive aldehydes and specific sensors of
formaldehyde have been developed [94-96]. The challenges for use of these sensors include
the volatility of the aldehydic substrates, and the need for reactions to occur at physiological
pH and temperature if they are to be applied to viable cells. We are presently validating the
dark hydrazone sensor [96] for measurement of overall reactive aldehydes in HSC, with the
goal of using this technology to detect differences in intracellular aldehyde levels in HSC or
other cells from ALDH2*1 and ALDH2*2 individuals and to monitor the effects of ALDH2
activators on these levels, in anticipation of clinical trials.

ns and Future Directions

ALDH2 may be an important regulator of HSC function and maintenance as evidenced by
its connection to both aplastic anemia and Fanconi Anemia. In the future, it may prove
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important to consider ALDH2 genotype in donors for bone marrow transplant, as ALDH2
deficiency may negatively impact engraftment and survival of donor-derived HSC. Alda-1
and other ALDH family activators may be useful in treating diseases of the bone marrow.
Additionally, because FA patients are subject to secondary malignancies including leukemia,
and head and neck cancers, and are sensitive to the traditional chemotherapy and radiation
used to treat them, non-genotoxic Aldas may be useful in prevention of these cancers.

The work described above suggests a scenario in which the activation of the ALDH2
enzyme would provide a general health benefit in terms of cancer prevention to the
estimated 560 million people carrying the ALDH2*2 genotype. However, cancer prevention
research is technically very difficult and expensive due to having to follow cohorts for many
years and to tease out an association with treatment from all other confounding factors, as
well as chronic delivery of a drug. An alternative way to address the ability of ALDH2
activators to prevent cancer would be in a more specific scenario studying children with
Fanconi anemia, who are a combination of ALDH2*1/*1, ALDHZ2*1/*2and ALDH2*2/*2
genotype. Infants identified to have Fanconi Anemia could be treated to see if aplastic
anemia and AML could be delayed, since these patients are known to develop either of these
conditions within the first few years of life [89]. Additionally, the rate of progression to
secondary malignancies could be studied, as the likelihood of developing secondary
malignancy after marrow transplant to cure aplastic anemia or acute myelogenous leukemia
(AML) is as much as 50-fold greater than that of the general population, and for head and
neck cancers, 100-1000-fold greater[97]. The concept of pharmacologic ALDH2 activation
also raises the possibility that other important enzymes in alcohol and aldehyde metabolism,.
e.g., ADH5, could be similarly activated.

Additionally, the use of surrogate measures or biomarkers to quantify aldehydic load in
peripheral blood or HSPC would be a way to measure the effectiveness of ALDH2 activators
in reducing DNA-damaging aldehydic load. Such surrogate measures could be in
incorporated into larger cancer prevention studies and could shorten the time scale.

Finally, the applicability of an activator of ALDH2 to such a large population suggests a
problem in which people with the ALDH2*2 genotype may consume more alcohol, as
ALDH2 activators may be able to reduce the effects of Asian Flushing syndrome.
Additionally, if people who had traditionally avoided alcohol because of the disulfiram-like
effects or concern about cancer susceptibility, now ingest ethanol with the assumption that
the ALDH2*2 activators protect from cancer, this change in behavior may reduce the benefit
of the drug. A social discussion of the impact of such a drug on human behavior must be
addressed before beginning the large scale use of ALDH2*2 activators.
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Highlights

. Aldehydes cause DNA damage
. ALDH2*2 genotype exacerbates Fanconi Anemia (FA)
. Small molecule activators of ALDH2 activity may prevent marrow

failure in FA
. Small molecule activators of ALDH2 activity could prevent cancer in

FA
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Figure 1. Genomic Instability and Bone Marrow Failure
The genome is subject to a variety of different insults, including chemotherapy drugs,

benzene and other toxic substances, radiation, and aldehydes (RCH=0). These can induce
different types of DNA damage, including adduct formation, single and double strand
breaks, and interstrand crosslinks. When the damage is appropriately repaired by DNA
repair pathways, one of which is the FA pathway (depicted), there is no damage to HSPC in
the bone marrow (depicted by a normal mixture of cells in the left inset). When the damage
is not adequately repaired by DNA repair pathways, or by the FA pathway specifically, loss
of HSPC can occur, leading to bone marrow failure (aplastic anemia, shown in the middle
inset), or acute myelogenous leukemia (AML) shown on the right.
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Figure 2. Comparison of Birth Defects in Fanconi Anemia[28] and Fetal Alcohol Syndrome[29]

Images reproduced with permission, and are originally found in the works cited above.
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Figure 3. Examples of small molecule activators of ALDH2 and ALDH3A1
Cartoon representations of homotetrameric structures of ALDH2, ALDH2*2, and

ALDH3AL. A. Cartoon of ALDH2, each shade of blue represents a different monomer
subunit within the tetramer. Note circled areas in green, which show two alpha helices
pointing into the page on the left and 2 alpha helices aligned vertically with the page on the
right. B. ALDH2*2, note absence of helices in circled areas. C. ALDH2*2 after binding of
Alda-1, note structural helices are now present. D. Monomeric structure of ALDH3AL. E.
Zoom in of the catalytic pocket of ALDH3AL. Binding area of Alda-89 is shown in red and
grey spheres. Catalytic cysteine 243 is shown in purple.

Mol Genet Metab. Author manuscript; available in PMC 2017 September 01.



1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuen Joyiny

Van Wassenhove et al.

Page 22

Table 1
Acetaldehyde and other aldehyde sources
Type Source Aldehyde
Exogenous-Environmental[31, 34, 40-42] | Factory byproducts Acetaldehyde

Linoleum, carpeting

Acetaldehyde, formaldehyde

Plywood Formaldehyde

Pollution Acetaldehyde, formaldehyde, acrolein, valeraldehyde,
hexanal, heptanal, nonanal, dodecyl aldehyde,
crotonaldehyde, methacrolein, benzaldehyde, m-
tolualdehyde, 2,5-dimethylbenzaldehyde, 3-
hydroxybenzaldehyde, gloxal, glycoaldehyde, gloxylic acid

Fossil Fuel

Cigarette Smoke

Acrolein, crotonaldehyde, formaldehyde, diacetyl,
methylglyoxal

Fireplaces/Forest fires

Crotonaldehyde

Crematoriums/Mortuaries

Formaldehyde

Fragrances/Perfumes Benzaldehyde, anisaldehyde, vanillin, cinnamaldehyde,
citral, safranal
Cosmetic/Hair Salons Formaldehyde
Therapeutic drugs Acrolein, chloroacetaldehyde, glyoxal, atropalaldehyde,
abacavir aldehyde, tribroacetaldyde, trichloroacetaldehyde
Exogenous-Food[30, 31] Coffee Acetaldehyde
Ethanol (metabolite of) Acetaldehyde
Ripe Fruit Acetaldehyde
Vinegar Acetaldehyde
Yogurt Acetaldehyde
Pickled Foods Acetaldehyde
Fermented Foods Acetaldehyde
Aspartame (metabolite of) Formaldehyde

Cinnamon Cinnamaldehyde
Almonds Benzaldehyde
Cherries Benzaldehyde

Endogenous-Cell Metabolism[31]

B-oxidation of fatty acids

Acetaldehyde, crotonaldehyde, glyoxyal,4-hydroxynonenal
(4-HNE)

Carbohydrate metabolism Methylglyoxal
Myeloperoxidase in neutrophils | Acetaldehyde
Endogenous-microbiome[43] Gut bacteria Acetaldehyde
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