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KEYWORDS Abstract Cysteine dioxygenase type 1 (CDO1), belonging to the mammalian non-heme Fe(ll)
Anti-tumor; dioxygenases family, is a key enzyme for cysteine catabolism. Its activity and expression is
Antioxidation; regulated through multiple mechanisms. CDO1 is involved in a spectrum of physiological pro-
Cysteine; cesses including lipid metabolism, adipogenesis, osteoblastic differentiation, redox homeosta-
Promoter sis, fertility, bile acid metabolism, sulfide metabolism, and organismal growth and
methylation; development. Many of these processes are regulated directly or indirectly by CDO1-
Taurine mediated metabolism of cysteine. In pathophysiological processes, the degree of CDO1 pro-

moter methylation is closely related to the progression and malignancy of tumors, and overex-
pression of CDO1 will promote ferroptosis of cancer cells. Moreover, CDO1 may ameliorate
metabolic disorders through the taurine-mediated improvement of lipid metabolism and insu-
lin sensitivity and improve neurodegenerative diseases by regulating cysteine level. Therefore,
elucidation of the mechanisms underlying the role of CDO1 would provide a clearer view of the
therapeutic potential and possible risks of targeting this important enzyme.
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Introduction mainly in adipose tissue, liver, brain, small intestine, lung,
and kidney."? In recent years, CDO1 has been widely stud-
ied as a physiological and pathophysiological regulator of

CDO1, a mammalian non-heme Fe(ll) dioxygenase, belongs ) - - it
the organisms. In physiological conditions, CDO1 can

to the cupin superfamily. In mammals, CDO1 is expressed
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Abbreviations
CcO Cytochrome c oxidase
CDO1  Cysteine dioxygenase type 1

C/EBPa. CCAAT/enhancer-binding protein
C/EBP CCAAT/enhancer-binding protein o
CSA Cysteine sulfinic acid

CSAD  CSA decarboxylase

CSD Cysteine sulfinate decarboxylase
CYS-SO32- Cysteine-S-sulfate

Fe-S Iron-sulfur clusters

GOT1  Cytosolic aspartate aminotransferase
BMSC  Bone marrow-derived mesenchymal stem

cells

H-bond Hydrogen bond

HDH Hypotaurine dehydrogenase

PGC-1a Peroxisome proliferator activated receptor y
coactivator 1-a

PPARy Peroxisome proliferator-activated receptor y
SUOX  Sulfite oxidase

UCP1 Uncoupling Protein 1

5-UTR 5-untranslated region.

catalyze L-cysteine to produce cysteine sulfinic acid (CSA)."
CSA is further decomposed into taurine and sulfate, which
alleviates cysteine accumulation. The accumulation of
cysteine in the cells will lead to neurotoxicity and cyto-
toxicity,> which will cause motor neuron disease (MND),
Parkinson’s disease (PD) and Alzheimer’s disease (AD).”
Therefore, insufficiency or dysfunction of CDO1 is associ-
ated with an increased risk of cysteine accumulation and
related diseases. Recently, there has been growing recog-
nition of the important links between CDO1 and lipid
metabolism and adipogenesis, redox homeostasis, and
osteogenesis. Although mounting evidence suggests that
CDO1 is an important regulator in the physiological pro-
cesses of organisms, the physiological role of CDO1 and its
underlying mechanism are not fully understood and need to
be further explored. In addition, its enzyme activity has
important medical implications. Since it was discovered,
the pathophysiological role of CDO1 has been investigated in
various disease models in both humans and animals. CDO1
has been extensively studied in cancer, metabolic disorders
and neurodegenerative diseases.”> As a consequence, the
role of CDO1 in disease models has been verified and its
potential applications have been explored in a therapeutic
setting. However, knowledge of the mechanisms underlying
the pathophysiological role of CDO1 is still limited. This
review aims at providing an overview of the properties of
CDO1 and its functional role in physiological and patho-
physiological processes, which could be instructive to
further understanding the biological feature of CDO1 and its
application in the prevention or treatment of diseases.

Molecular feature of CDO1

CDO1 is a mammalian non-heme Fe(ll) dioxygenase that has
several unique characteristics. Normally, the active site of
the non-heme Fe enzyme is composed of iron, two

histidine, and a carboxylate side chain (2-His-1-carboxylate
facial triad). Most of these enzyme catalyze the O, reaction
by using the Fe(ll) to activate O, or using the substrate to
activate O, through a redox process.® However, in the case
of CDO1, its active site does not adopt the above structure
and catalytic mode. Firstly, in CDO1, the carboxylate side
chain in the conventional triad facial structure is replaced
by histidine and forms a 3-His structure, which has a great
influence on the electronic structure of the cysteine-bound
Fe(ll) CDO1 active site, thus affecting the catalysis of ox-
ygen.” Secondly, the structure of the active center of
CDO1, which is the mononuclear iron center, is coordinated
with the Ne2 atoms of three histidine ligands (His®, His®,
and His'*%) and water molecules bound to the catalytic iron
(Fig. 1A).%° Other highly conserved residues directly lining
the active site include Tyr®®, Arg®®, Ser'>, and His'>°, and
they can interact with each other to assist the correct
positioning of cysteine in the process of enzyme—substrate
(ES) complex formation.® For example, Tyr®® and Arg®® can
form hydrogen bond (H-bond) to water in the active site
and thus the carboxylate group of the substrate is also
recognized. In addition, as shown in a previous study,®
Ser153-Oy H-bonds to His'>>-Ne2, and His'>>-N32 H-bonds to
Tyr'>”-OH, which will form a triad of Ser'>-His'>>-Tyr'*’, In
particular, CDO1 belongs to the typical B-barrel fold of the
cupin superfamily, which contains two short but partially
conserved sequence  motifs—GXsHXHX; ¢(EX¢G  and
GXs5_7PXGX;HX;3N,'® and the rare cysteinyl-tyrosine intra-
molecular cross-link (between Cys®>* and Tyr'®’), but no
other member of the cupin dioxygenase family contains the
Cys-Tyr cofactor.”!"

Mouse CDO1 gene is located on chromosome 18-
NC_000084.7, with a full-length of 15 Kb." The full-length
of mouse CDO1 consists of five exons and four introns,
with all of the intron/exon splice junctions conforming to
the AG/TC rule. The splice junction and all intron sizes of
mice CDO1 gene are identical to rat CDO17 gene and are 93%
similar to the human CDO1 gene.1 Exons 2, 3, and 4 are
identical in size among human, mouse and rat species,
while exon 1 is slightly larger in the human CDOT gene.'”
Exon 1 contains the 5'-untranslated region (5'-UTR) and the
translational start codon. The 5'-UTR of mouse and rat
CDO1 contains 213 bp, but the human CDO1 gene has a
longer 5'-UTR of 260 bp."* Furthermore, the nucleotide
sequence of the 5'-UTR of CDO1, 120 bp upstream from the
ATG start codon, is G + C rich (76%) and contains the TATA-
box-like sequence, GC boxes, GRE and CRE-like se-
quences,”'* which play an important role in controlling the
CDO1 transcription and expression. Furthermore, a variety
of consensus cis-acting elements were also identified in the
5'-UTR, including the ones for the hepatic nuclear factor 38
(HNF-3B), HNF-3/forkhead homolog (HFH-1, HFH-2, and
HFH-3), and the CCAAT/enhancer-binding protein B (C/
EBPB), all of which are consistent with the tissue-specific
expression of CDO1."? Like the CDOT gene, the homology
among human, bos taurus, caenorhabditis elegans and
mouse CDO1 proteins was as high as 83.75% by comparison
of protein sequence (Fig. 1B). The high homology of CDO1
protein among species suggests a critical role of CDO1 in
biological processes. Interestingly, the protein of rat CDO1
was analyzed by SDS-PAGE and it was found that the protein
of CDO1 had a bimolecular band with the molecular mass of
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The structure of CDO1 enzyme active center and sequence alighment of CDO1 proteins among species. (A) The enzyme

active center structure of CDO1 protein. The mononuclear iron center is coordinated with the Ne2 atoms of three histidine ligands
(His,® His,® and His'“°) and water molecules bound to the catalytic iron. (B) Comparison of CDO1 protein sequences of human, bos
taurus, caenorhabditis elegans and mouse. Among the 4 sequences, 2 identical residues are represented in blue; 3 identical res-
idues are represented in red; 4 identical residues are represented in black.

23 kDa and 22.5 kDa and a pl value of 5.5, and the band with
a lower molecular mass had higher enzyme activity.">"®

The regulatory mechanism of CDO1 activity
and expression in physiological and
pathophysiological conditions

CDO1 has two different levels of activity, and its higher
activity is because of the existence of Cys-Tyr cofactor."’
The activity of CDO1 catalytic efficiency was increased by
~10 fold and its catalytic life time was prolonged when
the structure of Cys-Tyr cofactor is formed.""'” The Cys-
Tyr cofactor formation depends on the surrounding
cysteine level,"" and once formed, it will substantially in-
crease both the catalytic efficiency and stability of CDO1
(Fig. 2A), thus catabolizing cysteine better.' In addition,
in terms of the catalytic mechanism, Driggers, CM et al'®
found that the Cys-Tyr crosslink was important for pro-
moting the Fe-N(ys) coordination. The reason is that Tyr-
OH of the Cys-Tyr crosslink can affect iron coordination,
thus promoting the binding of cysteine to iron and
improving the catalytic efficiency of CDO1. In addition, the
Cys-Tyr cofactor can enhance the binding force of CDO1
active center (iron and 3-His) as shown in Figure 2A."
However, the latest research shows that the Cys-Tyr
cofactor is not essential for the oxidation activity of
CDO1, and the formation of cofactors is only a concomitant
reaction but not a prerequisite.”” Wang YJ et al'

explained that the process of co-factor formation includes
H-abstraction, C—S bond formation, intramolecular
migration, etc, and the overall barriers of cofactor for-
mation in CDO1 are always higher than CDO1 oxidation of
cysteine. In general, CDO1 can well catalyze the decom-
position of cysteine. When the concentration of cysteine is
high, the Cys-Tyr cofactor will be formed, and then regu-
late the concentration of cysteine. Although the formation
of co-factors is not necessary for the basic activity of
CDO1, it is formed by substrate regulation and may be
regarded as a special feed-forward activation of CDO1
enzyme activity (Fig. 2A). In addition, CDO1 is the first
known dioxygenase inhibited by o-ketoglutarate
(Fig. 2A)."" It may be because the side chain of a-keto-
glutarate carboxylate is negatively charged, which forms a
competitive inhibition with the thiolate group of cysteine,
thus blocking the binding of the thiolate group of cysteine
to the active site of CDO1. Together these studies provide
important insights into the reciprocal regulation between
CDO1 enzyme activity and cysteine.

Based on the above ideas, CDO1 can catalyze cysteine
oxidation. Meanwhile, cysteine may also have a unique
ability to regulate the expression level of CDO1. Martha HS
et al?® found that the amount of cysteine significantly
affects the half-life of CDO1 protein in rat primary hepa-
tocyte cells. In that study, the ubiquitin-26S system can
mediate rapid ubiquitination and degradation of CDO1
under conditions of low cysteine availability. In addition,
when the concentration of cysteine is high, the
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Figure 2 The expression and activity of CDO1 is regulated by multiple mechanisms. (A) CDO1 has two different levels of enzyme

activities (basal and high), and its higher enzyme activity is because of the existence of Cys-Tyr cofactor. The Cys-Tyr cofactor
formation depends on the surrounding cysteine levels. And once formed, it will substantially increase both the catalytic efficiency
and stability of CDO1, thus catabolizing cysteine better. In addition, the Cys-Tyr cofactor can enhance the binding force of CDO1
active center (iron and 3-His). The a-ketoglutarate can function as an inhibitor of CDO1 by blocking the binding of the thiolate
group of cysteine to the active site of CDO1. Moreover, the ubiquitin-26S system can mediate rapid ubiquitination and degradation
of CDO1 under conditions of low cysteine availability. (B) The expression of CDO1 was tightly controlled by promoter methylation.
In cancerous cells, aberrant hypermethylation on the CDO1 promoter is a common event, which will lead to transcriptional
inactivation and silencing of CDO1 gene. As a tumor suppressor gene, the decreased expression of CDO1 could promote the

occurrence and development of cancers.

ubiquitination of CDO1 is blocked. The ubiquitination and
proteasome-mediated degradation of CDO1 was confirmed
by in vivo experiments.”’ In that study, the CDOf1
protein level can be promoted by pharmacological inhibi-
tion of the 26S proteasome complex in rat liver and kidney.
Thus, cysteine, as the substrate of CDO1, can hinder the
ubiquitination of CDO1, preventing it from proteasome
degradation.

In epigenetics, DNA methylation is closely related to the
occurrence and development of cancer. The methylation of
genomic DNA can regulate gene expression, contribute to
the development and progression of tumor cells and
abnormal methylation of genomic DNA is considered to be a
hallmark in the early stage of cancer.?? There are CG-rich
regions known as CpG Island that can be located within
the 5-UTR regions including promoter, untranslated region
and exon 1.7 CpG islands are usually not methylated in
normal cells,”” but aberrant hypermethylation leads to
transcriptional inactivation and gene silencing which are
common events in the carcinogenesis process.”?>** CDO1 is
a gene with aberrant promoter methylation in many human
cancers and it functions as a tumor suppressor gene.?® The
expression of CDO1 was tightly controlled by promoter
methylation, suggesting that CDO1 promoter methylation
and silencing of CDO1 may be a common event in human
carcinogenesis.” Thus, the promoter methylation-mediated
silencing or abnormal expression of CDO1 could contribute
to the occurrence and development of diseases, such as
cancers (Fig. 2B).

Therefore, the activity and expression level of CDO1 is
regulated through multiple mechanisms. Understanding the
above regulatory mechanisms may help to better control
the functional role of CDO1 in various physiological and
pathophysiological processes.

Physiological roles of CDO1

Amino acid metabolism

The metabolism of amino acids and related biomolecules
are often dependent on mononuclear non-heme iron en-
zymes that activate O, for the oxidation of organic sub-
strates.?® CDO1 is a mononuclear non-heme ferritin enzyme
that mainly regulates the homeostasis of cysteine in
response to changes in sulfur amino acid levels (Fig. 3).
CDO1 oxidizes cysteine to CSA, which is further metabo-
lized to taurine or pyruvate plus sulfate.?” The oxidative
pathway leads to the production of taurine and sulfate in a
ratio of approximately 2:1.2% In mammals, cysteine catab-
olism depends on CDO1 which oxidizes cysteine to cysteine
sulfinate. In biomimetic studies, Fe(lll) superoxide species
is considered as an efficient oxidant of mononuclear
nonheme Fe(ll) complexes, which acts as an oxidant in the
activation of C—H bond. And it can attack the sulfur atom
of the cysteine ligand by the terminal oxygen atom of the
superoxide group, which is followed by the formation of a
sulfinic acid product.?’ This is also the reason why CDO1, as
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CDO1 catalyzes the metabolic pathway of cysteine. CDO1 can transfer two oxygen atoms of oxygen to the sulfur of

cysteine, forming CSA. CSA is converted to hypotaurine by CSAD; hypotaurine is eventually oxidated to taurine by HDH. In addition,
CSA is transaminated by GOT1 to produce B-sulfinylpyruvate, which spontaneously dissociates to give rise to pyruvate and sulfite.
Sulfite is further oxidized to SOﬁ’by SUOX. On the other hand, CDO1 reduces the synthesis of GSH and H,S by promoting cysteine
metabolism. CSA, cysteine sulfinic acid CSAD, cysteine sulfinate decarboxylase; HDH, hypotaurine dehydrogenase; GOT1, cytosolic

aspartate aminotransferase; soﬁ*, sulfate; SUOX, sulfite oxidase.

a non-heme Fe(ll) dioxygenases enzyme, can transfer two
oxygen atoms of oxygen to the sulfur of cysteine, forming
CSA. CSA is further metabolized by two pathways.?’ In one
pathway, CSA is converted to hypotaurine by cysteine sul-
finate decarboxylase (CSD); hypotaurine is eventually oxi-
dated to taurine by hypotaurine dehydrogenase (HDH).* In
the other pathway, CSA is transaminated by the cytosolic
aspartate aminotransferase (GOT1) to produce B-sulfi-
nylpyruvate, which spontaneously dissociates to give rise to
pyruvate and sulfite. Sulfite is also oxidized to sulfate
(S0427) by sulfite oxidase (SUOX).%

Taurine has various biological functions and is involved
in the processes of bile acid conjugation, modification of
mitochondrial tRNAs, nervous development, antioxidation
and immune defense.?' In addition, abnormally elevated
cysteine can cause oxidative stress and cytotoxicity in
certain cell types.* CDO1 is involved in synthesizing
taurine and regulates the level of cysteine. In order to
gain insight into the effects of CDO1 on cysteine and
taurine metabolism and the consequence of a loss of
CDO1 activity. Ueki | et al?’ found that the knockout of
CDO1 (CDO1~’7) in mice led to extremely low taurine
levels in liver and plasma and somewhat elevated cysteine
levels, which was consistent with the CDO1-dependent
cysteine catabolic pathways. Besides, the CDO1~/~ mice
exhibited connective tissue pathology, growth deficit and
postnatal mortality. Moreover, supplementation of mice
with taurine improved survival of male pups but had little
effect on the phenotype of CDO1~/~ mice.” Likewise,
this study showed that the higher expression level of
CDO1, the higher level of taurine was detected in mice.
And the taurine level was highest in CDO1™/* mice, in-
termediate in CDO1™'~ mice, and lowest in CDO1~/~
mice. On the other hand, in mice with liver-specific

deletion of CDO1, the cysteine levels in liver and plasma
increased, and the abundance of CDO1 and the proportion
of more active CDO1 increased in extrahepatic tissues,
including kidney, brown fat, gonadal fat and pancreas.*
Additionally, extrahepatic tissues of mice with liver-
specific deletion of CDO1 also had higher levels of hypo-
taurine, while taurine was maintained at normal levels.*?
The biosynthesis of taurine is mainly in the liver, while the
maintenance of the normal level of taurine and hypo-
taurine in mice with liver-specific deletion of CDO1 indi-
cate that the extrahepatic tissue can make up for the lack
of cysteine metabolism in the liver.

Lipid metabolism and adipogenesis

Lipid metabolism is a highly controlled process that in-
volves several positive and negative regulators, while the
role of CDO1 in lipid metabolism has been investigated in
some studies (Fig. 4). CDO1 is highly expressed in adipose
tissue.? A study showed that the expression of CDO1 was
decreased in the adipose tissue of mice with diet-induced
or genetically based obesity and insulin resistance.? And
another study demonstrated that hepatic fatty acid
oxidation (FAO) was generally impaired and serum leptin
levels were low in CDO1~/~ mice, which could lead to
increased fat storage in liver.>* Furthermore, the expres-
sion of CDO1 is up-regulated during adipogenic differen-
tiation of human bone marrow-derived mesenchymal stem
cells (hBMSC) and human adipose tissue-derived pre-
adipocytes, suggesting that CDO1 could play a role in the
regulation of adipogenesis.>** Similarly, in the study of
mice bone marrow-derived mesenchymal stem cells
(mBMSC) and 3T3-L1 preadipocytes in vitro, it was also
found that CDO1 expression was up-regulated during
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Figure 4 The role and mechanism of CDO1 in physiological processes. CDO1 can promote cysteine metabolism, and then reduce
the synthesis of GSH, leading to oxidative stress. Similarly, cysteine decomposition leads to decreased H,S synthesis and promotes
mitochondrial function. CDO1 can promote the production of taurine, which can improve fertility and promote bile acid meta-
bolism, and CDO1-mediated sulfate metabolism also plays an important role in fertility. In addition, CDO1 can significantly promote
the expression of adipocyte differentiation-related genes, including PPARy, C/EBP« and Fabp4, thereby facilitating adipogenesis.
Cdo1 may regulate hepatic lipid metabolism by regulating FAO. CDO1 is a negative regulator of osteogenesis. It can inhibit the
expression of osteogenic related genes, such as Colla1 and Tbhsp, and CDO1 inhibits Wnt signaling and restricts Wnt-induced
expression of osteogenic transcriptional factors in BMSC, such as Runx2 and DIx5. BMSC, bone marrow-derived mesenchymal stem
cells; C/EBPa, CCAAT/enhancer-binding protein o; Colla1, collagen, type I, alpha 1; DIx5, distal-less homeobox 5; Fabp4, fatty acid
binding protein-4; FAO, fatty acid oxidation; PPARy, peroxisome proliferator-activated receptor y; Runx2, runt-related tran-

scription factor 2; Tbsp integrin binding sialoprotein.

adipogenic differentiation. And siRNA-mediated depletion
of CDOT1 significantly suppressed adipogenic differentia-
tion of mBMSC and 3T3-L1 cells.’® The peroxisome
proliferator-activated receptor y (PPARy) is an important
adipogenic transcription factor, which can promote fatty
acid uptake, triglyceride formation and fat storage in lipid
droplets, and also increase insulin sensitivity and glucose
metabolism.?” CCAAT/enhancer-binding protein o (C/
EBPa) plays a critical role in the late stages of adipo-
genesis and is important for maintaining the functions of
mature adipocytes.*® A study shows that CDO7 knockdown
in preadipocytes could significantly suppress the expres-
sion of adipogenesis-related genes, including PPARy, C/
EBP«, and fatty acid binding protein-4 (Fabp4).>° Mecha-
nistically, the down-regulation of CDO1 impaired the
binding of PPARY to the promoters of C/EBP«, and Fabp4,
indicating that CDO1 may be required for the transcrip-
tional activity of PPARy.>® On the other hand, previous
studies had shown that PPARy and C/EBPa, in a synergistic
way, could be involved in the transactivation of CDO1
expression.>® And the CDO1 gene contains a putative C/
EBP-binding site in its 5’-UTR. It was shown in C/EBPa-
null mice that CDO1 expression in white adipose tissue
(WAT) requires C/EBPa.”® Taken together, CDO1 and
PPARy may be integrated as a positive feedback loop, in
which PPARY initials transcription of CDO1, and CDO1 in
turn facilitates PPARy binding to the promoters of target
genes, thereby promoting adipogenesis and maintaining
the function of adipocytes. Overall, these studies highlight
that CDO1 plays an important role in lipid metabolism and
adipocyte differentiation, of which the mechanisms needs
further investigation.

Regulation of redox homeostasis

Glutathione, as the main cellular thiol and redox buffer of
mammals, is an important antioxidant.*' It is a primary
cellular antioxidant that maintains redox balance and de-
fends against oxidative stress.*” CDO1, as a rate-limiting
enzyme in cysteine catabolism, catalyzes the irreversible
conversion of cysteine to CSA, which is the main way to
eliminate cellular cysteine.** And cysteine is an important
substrate for the synthesis of glutathione, in which sulfhy-
dryl side chain forms the active moiety of glutathione.*
Therefore, CDO1 is capable of indirectly modulating the
total glutathione pool by regulating the intracellular
cysteine level (Fig. 4). A study has shown that over-
expression of CDO1 can significantly decrease cellular GSH
levels by approximately 40%.* In HepG2/C3A cells, the
regulatory effect of CDO1 on glutathione can significantly
affect the antioxidant capacity of cells.** An increased
expression of CDO1 in HepG2/C3A cells could lead to
oxidative stress by decreasing the amount of cysteine and,
in turn, limiting the amount of substrate available for
glutathione synthesis.** Interestingly, CDO1-mediated he-
patic cysteine catabolism is inhibited by bile acids. Atten-
uation of this bile acids effect by cholestyramine, a bile
acids sequestrant, induced the hepatic expression of CDO1
to deplete the hepatic free cysteine pool and alter GSH
synthesis, which weakens the capacity of antioxidation and
results in a decrease in sensitivity to oxidative injury in the
liver.*> These results emphasize the potential of bile acids
in the regulation of cysteine and glutathione homeostasis.
Collectively, the findings above establish a causal rela-
tionship between CDO1 and oxidative stress.
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Fertility

Some studies have shown that CDO1~/~ mice exhibit post-
natal mortality, growth deficit, and connective tissue pa-
thology, suggesting a critical role of CDO1 in fertility
(Fig. 4).%” It is known that cysteine is the main substrate of
sulfate production in the body, and its decomposition is
mainly mediated by CDO1. Ueki | et al’’ crossed the
CDO1+~ mice to generate CDO1~/~, CDO1+'~, and CDOTH'*
mice. Interestingly, severe male infertility was observed
when the reproductive ability was tested by natural mating
of CDO1~'~ males with WT females, suggesting that CDO1
may play an important role in male fertility.?” Furthermore,
by using CDO1~/~ mice, it was demonstrated that epidid-
ymal CDO1 plays a key role in post-testicular sperm matu-
ration and a slight increase in the frequency of sperm head
morphological abnormalities was detected in CDO1~/~
mice.*® Taurine and hypotaurine are involved in osmotic
regulation and antioxidative defense in cells. They are
shown to enhance antioxidation capacity, promote motility
and increase fertilization ability in spermatozoa.?’
CDO1~/~ mice had a severe lack of taurine and
hypotaurine in their epididymal intraluminal fluid and
sperm. Further studies have shown that lack of taurine
causes flagellar angulation, and taurine plays a critical role
in sperm osmoregulation.“® Moreover, supplementing taurine
can rescue the impaired fertility. However, the specific
mechanism of how taurine facilitates fertility needs further
investigation.

Sulfate plays an important role in the growth and
development of fetus.*® Fetus mainly obtains the supply of
sulfate through maternal circulation. When the sulfate
content in maternal circulation is too low, the fetal sulfate
supply is insufficient, which will cause severe fetal abnor-
malities and death in mice.*® Some studies have shown that
the abundance of CDO1 in fetal tissue increases continu-
ously from the second trimester of pregnancy and plays an
important role in the fetal sulfate supply in the third
trimester of pregnancy.’® Therefore, CDO1-mediated sul-
fate metabolism could contribute to the sulfate balance of
the fetus and plays an important role in fetal growth and
development.

Osteoblastic differentiation

Bone marrow-derived mesenchymal stem cells (BMSC) can
differentiate into osteoblast and mainly participate in bone
synthesis and mineralization in bone formation.”’ The
process of osteogenic differentiation of BMSC can be
categorized into three processes, a commitment to osteo-
progenitor cells, differentiation into pre-osteoblasts and
osteoblast maturation.’' Zhao XF et al®’ demonstrated that
CDO1 expression was elevated during osteoblastic differ-
entiation of BMSC in vitro (Fig. 4). And knockdown of CDO1
led to an increased expression of osteogenic related genes,
such as Collagen, type |, alpha 1 (Collat), and integrin
binding sialoprotein (Tbsp). Consistently, knockdown of
CDO1 enhanced alkaline phosphatase (early marker of
osteoblastic differentiation) activity and promoted miner-
alization. On the contrary, the signal factors associated
with osteogenic differentiation were impaired by

overexpression of CDO1 in BMSC.’? The mechanism of
CDO1-mediated inhibition of osteogenesis was explored
further. Overexpression of CDO1 inhibited Wnt signaling
and restricted Wnt-induced expression of osteogenic tran-
scriptional factors in BMSC, such as RUNX family transcrip-
tion factor 2 (Runx2) and distal-less homeobox 5 (DIx5).%
Therefore, CDO1 suppressed the differentiation from BMSC
to osteoblasts, and dysregulation of CDO1 expression may
be correlated with the bone-related diseases.

Metabolism of sulfide

CDO1 is the initial and rate-limiting enzyme involved in the
oxidative degradation of cysteine to inorganic sulfate,
which is believed to be the main source of sulfate in vivo
(Fig. 4).>® The process of generating H,S and sulfate from
sulfur-containing amino acid are the main desulfurization
methods in vivo. Cysteine can be decomposed into sulfate
mediated by CDO1. Cysteine can also produce H,S and be
further metabolized to sulfate in an CDO1-independent
way. Cellular cysteine concentrations are a major deter-
minant of the flux of cysteine to H,5.2® CDO1 can indirectly
regulate this process. Some studies have shown that plasma
sulfate levels were slightly higher in CDO1~/~ mice than in
CDO1*'~ or CDO1™'* mice, and the tissue levels of acid-
labile sulfide were elevated in CDO1~/~ mice.?” Similarly,
CDO1~'~ mice exhibited increased levels of urinary thio-
sulfate.®* Previous studies in CDO1~/~ mice showed that
the absence of CDO1 promoted cysteine desulfurization,
resulting in the overproduction of H,S and thiosulfate.?®:>
The content of H,S is determined by the balance between
its production rate and its clearance rate. On the one hand,
excessive production of H,S can lead to the inhibition of
mitochondrial cytochrome ¢ oxidase activity and further
damage electronic transmission.®* On the other hand, H,S
has been identified as an important gaseous signaling
molecule, and an appropriate amount of H,S is beneficial to
the body, while excessive H,S will lead to toxicity.**>°
Therefore, CDO1-mediated cysteine desulfurization plays a
critical role in maintaining the appropriate levels of H,S and
sulfate in the body and ensuring the functional role of H,S
as a signal molecule.

Bile acid metabolism

In the enterohepatic system, bile acids play an important
role in the regulation of metabolic homeostasis, immune
response, and cell proliferation.’®>” Bile acids are effi-
ciently conjugated to glycine or taurine to form N-acyl
amidated bile acids in hepatocytes.’® Bile acid amidation
increases bile acid aqueous solubility and enhances its
digestive function in the gut,” and the mouse bile acid
pool contains primarily taurine-conjugated bile acids.®
Murine bile acids undergo conjugation with taurine in the
liver prior to their secretion in the bile, and the production
of taurine in the liver requires CDO1. Stipanuk MH et al®’
used the CDO1-null mouse model and found that hepatic
taurine was depleted to only 3—5% of that in wild-type
mice, and there was a dramatic decrease in the hepatic
concentration of taurine-conjugated bile acids with a
dramatic increase in unconjugated and glycine-conjugated
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bile acids.®' The effects of taurine deficiency on the
expression of proteins involved in sulfur amino acid and
bile acid metabolism were examined in CDO1-null mice. It
was found that the expression of hepatic genes, including
CSA decarboxylase (CSAD), betaine homocysteine methyl-
transferase (Bhmt), cholesterol 7a-hydroxylase (Cyp7aft),
and cytochrome P450 3A11 (Cyp3at1), was strongly
affected by taurine depletion in the CDO1-null mice. Di-
etary taurine supplementation in CDO1-null mice restored
hepatic expression levels of the above four genes and their
corresponding proteins. Therefore, the deletion of CDO1
will lead to a decrease in taurine production, which in turn
reduces the binding of taurine to unbound bile acids, and
ultimately affects the pathway of bile acids metabolism
and the expression of genes related to bile acids meta-
bolism. In short, taurine promotes the metabolism of bile
acid by combining with unbound bile acids and this process
is indirectly regulated by CDO1 (Fig. 4). Further studies are
needed to examine the functional role of CDO1 in enter-
ohepatic circulation of bile acid.

Pathophysiological roles of CDO1
Cancer

Cancer is caused by aberrant gene regulation, including up-
regulation of oncogenes and down-regulation of cancer
suppressor genes. Down-regulation of CDO1 mRNA and
protein levels were observed in cancer cell lines and tu-
mors.”  Moreover, forced expression of  full-
length CDO71 gene in human cancer cells markedly
decreased the tumor cell growth both in vitro and in vivo,
whereas knockdown of CDO1 increased tumor cell growth
in vitro.® In the carcinogenic process of cancer, abnormal
CDO1 gene regulation can occur through epigenetic changes
in CDO1 gene promoter.?* Brait et al® performed TagMan-
MSP on the CDO1 promoter in tumor tissues derived from
the breast, esophagus, lung, bladder, and stomach, the
results showed that CDO71 gene promoter was highly
methylated, of which the sensitivity and specificity were
over 78% in tumors of all tissue types tested. Furthermore,
treatment with 5-aza-2’-deoxycytidine (a drug that pro-
motes demethylation) reactivated the CDO1 expression in
most cancer cell lines, indicating that the transcriptional
expression of CDO1 is closely correlated with its promoter
methylation level.® And high methylation level of the CDO1
promoter region has been found in intraductal papillary
mucinous neoplasm,®” colorectal cancer,> %>’ biliary tract
cancer,®® non-small cell lung cancer,®*”" breast can-
cer,”>”7> clear-cell renal cell cancer,’”® esophagus adeno-
carcinoma,’”’® gastric cancer,””®" small bowel cancer,?
hepatocellular carcinoma®® and endometrial cancer.®* The
degree of methylation of CDO1 promoter is closely related
to the progression and prognosis of cancer.”®%8¢ There-
fore, the methylation level of CDO1 promoter can reflect
the progression and malignancy of cancer (Fig. 5).

In cancer cells, the silencing of CDO1 gene may enhance
the ability of cancer cells to adapt to oxidative stress by
enhancing the antioxidative capacity of the cells, as shown
in Figure 5.”° Cysteine is a source for the biosynthesis of
glutathione, a major antioxidant that is decreased in the

presence of CDO1.* In a previous study, glutathione was
shown to increase significantly in PCa cancer cells
compared to normal control cells.?” Therefore, in cancer
cells, CDOT1 silencing could promote the production of GSH,
and then improve the adaption of cancer cells to oxidative
stress. Many cancer cells, in particularly at the advanced
stage, exhibit higher basal levels of ROS compared to
normal cells as a result of an imbalance between the levels
of oxidants and antioxidants. Therefore, cancer cells have
higher basal levels of endogenous oxidative stress than
normal cells.®® Under persistently increased ROS produc-
tion, cancer cells adapt to such stress to decrease oxidative
damage and ROS-induced apoptosis by developing an
enhanced, endogenous detoxification capacity.®® And a
related study shows that CDO1-induced reduction in ROS
detoxification sensitizes breast cancer cells to anthracy-
cline treatment.”>® Increased ROS production makes
cancer cells more vulnerable to damage by further ROS
insults caused by exogenous ROS-generating agents such as
anthracyclines.®® Enhanced antioxidative capacity not only
allows cancer cells to survive under oxidative stress and to
facilitate cancer cell transformation and metastasis,’® but
also leads to resistance to ROS-generating agents.”
Therefore, the silencing of CDO1 may enhance the detoxi-
fication of ROS and enhance the survival of cancer cells.

Ferroptosis is a recently discovered form of iron-
dependent non-apoptotic cell death.®? Recently, ferropto-
sis is considered to be an effective physiological mechanism
for mediating cancer cell death. It is characterized by loss of
the activity of the lipid repair enzyme, glutathione peroxi-
dase 4 (GPX4).”*> GPX4, as a GSH-dependent enzyme, inhibits
ferroptosis of cells by inhibiting the production of R0S.%* In
gastric cancer cells, when CDO1 is inhibited, the synthesis of
GSH increased, which in turn increases the activity of GPX4
and inhibits the ferroptosis of gastric cancer cells.”® There-
fore, overexpression of CDO1 in cancer cells may be a po-
tential method for the treatment of cancer, which may lead
to ferroptosis of cancer cells through the GSH—GPX4 signal
pathway, and then promotes the death of cancer cells.

In terms of cancer cells proliferation, a study shows that
the up-regulation of CDO1 significantly weakens the prolif-
eration of lung cancer cells.”" However, CDO1 silencing can
promote cysteine accumulation and cancer cell prolifera-
tion. Generally, cysteine is involved in the synthesis of pro-
teins, CoA and iron-sulfur clusters (Fe-S), which are
necessary for cancer cell proliferation. Down-regulation of
CDO1 increases the intracellular level of cysteine by
decreasing the catabolism of cysteine. Besides, CDO1
silencing can reduce the production of S05%~ and inhibit the
reaction of cystine with 5032~ to produce cysteine-S-sulfate
(CYS-SO3%7). Because cystine is the resource for intracellular
cysteine, reduced formation of CYS-SO;% will increase the
level of free cystine, thereby indirectly increasing intracel-
lular cysteine level. Furthermore, extracellular cystine can
enter the cell through its transporter and NADPH as an
electron donor for the production of cysteine from cystine,
which consumes a large amount of NADPH. Silencing of CDO1
will increase the intracellular level of cysteine, which would
decrease the need for the transportation of cystine from
extracellular area, leading to decreased consumption of
NADPH and increased NADPH/NADP™ ratio. It is known that
NADPH is critical for both antioxidation and cellular
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Figure 5 The effect of CDO1 on cancer. CDO1 reduces intracellular level of cysteine by catabolizing cysteine. Down-regulation of
CDO1 increases the intracellular level of cysteine by decreasing the catabolism of cysteine. In addition, CDO1 silencing can reduce
the production of SO§’ and inhibit the reaction of cystine with SO§’ to produce cysteine-S-sulfate (CYS — SO§’). Because cystine is
the resource for intracellular cysteine, reduced formation of CYS — SO§’ will increase the level of free cystine, thereby indirectly
increasing intracellular cysteine level. Intracellular cysteine is involved in the synthesis of proteins, CoA and Fe-S, which are
important for cancer cell proliferation. Furthermore, extracellular cystine can enter the cell through its transporter and NADPH as
an electron donor for the production of cysteine from cystine, which consumes a large amount of NADPH. Silencing of CDO1 will
increase the intracellular level of cysteine, which would decrease the need for the transportation of cystine from extracellular
area, leading to decreased consumption of NADPH and increased NADPH/NADP™ ratio. It is known that increased NADPH/
NADP  ratio will promote cancer cell proliferation. Increased promoter methylation of CDO1 results in down-regulation of CDO1
gene expression, thereby increasing the malignancy of cancer. In cancer cells, CDOT silencing can promote the production of GSH,
and then improve the adaption of cancer cells to oxidative stress. In addition, when CDO1 is inhibited, the synthesis of GSH
increased, which in turn increases the activity of GPX4 and inhibits the ferroptosis of cancer cells. Furthermore, CDO1 silencing
leads to the increase of H,S production, which inhibits mitochondrial function and in turn promotes Warburg effect in cancer cells.
Therefore, CDO1 could function as a tumor suppressor gene. Fe-S, iron-sulfur clusters; CcO, cytochrome c oxidase; Gpx4, gluta-
thione peroxidase 4.

interest for future studies will be the role of CDO1 in
regulating mitochondrial function and glycolysis and the
potential mechanism of H,S and sulfide in tumorigenesis.

biosynthetic processes, and increased NADPH/NADP™ ratio
will promote cancer cell proliferation. Therefore, by
increasing intracellular cysteine and NADPH levels, CDO1
silencing facilitates tumorigenesis (Fig. 5).

Aberrant up-regulation of H,S-producing enzymes is
frequently observed in different cancer types.’® At exces-
sive concentration of H,S, it will seriously inhibit cyto-
chrome ¢ oxidase (CcO) and cause mitochondrial

Obesity and metabolic disorders

Obesity and metabolic disorders are serious health prob-

respiratory dysfunction.”” In fact, the destruction of the
function of CcO will lead to the increase of Warburg effect
and carcinogenicity.®® In tumor cells, CDO1 silencing can
lead to mitochondrial respiratory dysfunction and inhibit
mitochondrial oxidative phosphorylation.’ Meanwhile,
CDO1 deficiency will increase the rate of cysteine meta-
bolism to H,S.>* Therefore, H,S contributes to enhanced
Warburg effect and mitochondrial dysfunction in human
cancer, and silencing of the CDO1 gene may be a key signal
that increases H,S level to activate the Warburg effect
pathway and accelerate mitochondrial dysfunction (Fig. 5).
In view of all that has been mentioned so far, the potential

lems throughout the world.®'~"% Taurine plays a benefi-
cial role in the prevention of diabetes and metabolic
disorders.'® %7 |n the HFD-induced obese mice model,
long-term taurine supplementation causes weight loss,
most likely by inhibiting adipogenesis in WAT.'% Related
studies have shown that adipogenic genes PPAR-«, PPAR-y,
C/EBP-a and C/EBP-B are down-regulated in WAT after
taurine supplementation,” but the underlying mechanism is
poorly defined. Similarly, intraperitoneal treatment of
mice with taurine alleviated HFD-induced obesity and
increased insulin sensitivity, which was partially attribut-
able to taurine-mediated enhancement of energy
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expenditure and adaptive thermogenesis in mice.'®”
Meanwhile, the study also showed that taurine can pro-
mote the expression of the peroxisome proliferator acti-
vated receptor y coactivator 1-a (PGC-1«), uncoupling
protein 1 (UCP1) and other thermogenic genes in inguinal
white adipose tissue (iWAT), and then significantly induce
browning of iWAT.'"® Furthermore, dietary supplementa-
tion of taurine ameliorated high blood pressure, liver
damage, and hypercholesterolemia in mammals.''® Taurine
significantly decreased serum levels of lipids such as tri-
glyceride, cholesterol, high-density lipoprotein choles-
terol, low-density lipoprotein cholesterol, and leptin level,
which protects against obesity and improves insulin sensi-
tivity.""" In mammals, taurine is obtained via two path-
ways. The first is dietary ingestion and the second is de
novo synthesis. The key enzyme in the taurine biosynthetic
pathway is CDO1, which can regulate the synthesis of
taurine. In mice, CDO1 can promote taurine production in
parametrial WAT.Z However, HFD-induced obesity is asso-
ciated with decreased CDO1 expression in WAT and
decreased blood taurine concentration. Similarly, CDO1
expression in WAT is reduced in genetically obese and
diabetic mice.? Thus, CDO1 can promote taurine produc-
tion and taurine could promote the browning of white fat,
inhibit fat production and alleviate hyperlipidemia, thus
exerting beneficial effects in the combat against obesity
and related metabolic disorders (Fig. 6). Consequently,
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future research can be carried out to investigate the
functional role and mechanism of CDO1 in regulating the
homeostasis of lipid and carbohydrate metabolism.

Neurodegenerative disorders

The elevated level of cysteine can lead to neurotoxicity and
cytotoxicity.® Elevated cysteine to sulfate ratio was
observed in patients with MND, PD and AD. The abnormally
low expression of CDO1 in the human brain was proposed to
have an etiological role in the pathogenesis of these dis-
eases. CDO1 protein and mRNA was expressed in the neurons
of the brain, and their expression levels vary in different
parts of the brain, with high expression levels in the hip-
pocampus, the dentate gyrus, the outer cortices of the
brain, and the substantia nigra."'> Aberrant accumulation of
cysteine can lead to neurotoxicity, so the expression of
CDO1 can control the level of intracellular cysteine to pro-
tect the neurons.''? In Hallervorden—Spatz disease, a rare
progressive extrapyramidal dysfunction and dementia, the
activity of CDO1 was reduced and cysteine accumulates
locally in the globus pallidus.* Accumulated cysteine may
chelate iron, accounting for the local increase in iron con-
tent. The combined excess of cysteine and ferrous iron may
generate free radicals that damage neuronal membranes to
cause the typical morphological changes observed in this

Taurine

Hyperlipidemia

L

Obesity and metabolic

disorder

Figure 6 The effect of CDO1 on neurodegenerative disorders, obesity and metabolic disorders. Aberrant accumulation of
cysteine can lead to neurotoxicity. Furthermore, accumulated cysteine may chelate iron, leading to the local increase in iron
content. The combined excess of cysteine and ferrous iron would generate free radicals that damage neurons. Therefore, CDO1 can
improve neurodegenerative disorders by promoting cysteine catabolism. On the other hand, CDO1 can improve obesity and
metabolic disorders by promoting taurine production, which in turn inhibits plasma lipid content and facilitates the browning of

white fat. Fe, local iron level.
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disorder.” Therefore, in the brain, CDO1 may protect neu-
rons by promoting the catabolism of cysteine and reducing
cysteine-mediated cytotoxicity and production of free rad-
icals, which needs to be further verified (Fig. 6).

Concluding remarks

CDO1 is a mammalian non-heme Fe(ll) dioxygenases
enzyme, which is expressed mainly in adipose tissue, liver,
brain, small intestine, lung, and kidney."? Studies in
cellular and animal models indicate that CDO1 is involved in
a variety of physiological processes. A deeper understand-
ing of the mechanisms underlying the action of CDO1 is
required. CDO1 mainly catabolizes cysteine to produce
taurine and sulphate, and affects the reproductive ability
by regulating the levels of taurine and sulfate. In addition,
CDO1 could be involved in lipid metabolism, and it can
facilitate adipocyte differentiation and inhibit osteoblastic
differentiation. CDO1 indirectly regulates the level of
glutathione and leads to oxidative stress, which contributes
to its anti-tumor effect. Further research is also needed to
assess whether CDO1 activation could result in any adverse
effects in normal cells. Besides, CDO1-mediated cysteine
desulfurization plays a critical role in maintaining appro-
priate levels of H,S in the body and guaranteeing a func-
tional role of H,S as a signal molecule. Furthermore, CDO1
can affect bile acids metabolism by regulating taurine
biosynthesis, and the effect of CDO1 on enterohepatic
circulation of bile acid merits further investigation. In
physiological conditions, the activity and expression of
CDO1 is regulated by multiple mechanisms, including the
positive feedback of its substrate (cysteine) and ubiquiti-
nation. Because of the important physiological roles of
CDO1, identification of the pathways and critical factors
that regulate the activity, expression and stability of CDO1
gene and protein may help to better regulate CDO1-
mediated physiological processes.

In pathophysiological conditions, CDOT silencing or
abnormal expression may be associated with the occur-
rence and development of variety of diseases. Promoter
methylation-mediated CDO17 silencing can promote the
initiation and progression of cancers. Additionally, DNA
methylation on CDO1 promoter is considered to be a hall-
mark in the early stage of cancer, and elevating the
expression level of CDO1 is proved to promote the fer-
roptosis of cancer cells. Therefore, these results above
would provide more information for patients regarding
outcome predictions and targeting CDO1 might provide a
new route of treating cancer. Besides, taurine could pro-
mote WAT browning and inhibit fat production, thus
improving metabolic health in obesity and metabolic dis-
orders. Consequently, future research can be carried out
to verify the function of CDO1 in regulating lipid and car-
bohydrate metabolism. Furthermore, deficiency of CDO1
would lead to neurodegenerative disorders possibly owing
to dysregulated cysteine metabolism. However, how CDO1-
mediated cysteine metabolism protects against neurode-
generative disorders remains to be defined. Therefore,
further elucidation of the mechanisms underlying the
functional role of CDO1 would provide a clearer view of the

therapeutic potential and possible risks of targeting this
important regulatory protein.
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