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ABSTRACT

Thioredoxin (TRX) family proteins are involved in various biologic processes by regulating the response to
oxidative stress. Nucleoredoxin (NRX), a relatively uncharacterized member of the TRX family protein, has
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I. INTRODUCTION

REACTIVE OXYGEN species (ROS) are oxygen-containing
molecules that possess a stronger reactivity than oxygen

itself. ROS include the superoxide radical (O2
.�), hydrogen per-

oxide (H2O2), and the hydroxyl radical (.OH), among others.
ROS are inevitable byproducts of normal cell activities, and be-
cause they are highly reactive, they can modify various cellu-
lar molecules (proteins, lipids, and nucleic acids). Therefore,
excessive ROS production is known to be harmful to cells. Cells
respond to ROS by activating stress signaling pathways and
limit ROS-induced damage by enhancing antioxidant systems,
which act to detoxify ROS. When the ROS challenge is ex-
tremely strong, it can alter cell function and lead to cell death.
However, cells also generate ROS themselves to use them as
mediators of intracellular signaling pathways (34, 168). Good
examples are the signaling pathways stimulated by platelet-de-
rived growth factor (PDGF) and other growth factors (171).
These reports emphasize the importance of redox-signaling re-
search to understanding the intracellular signaling network.

Many molecules are involved in the antioxidant system. Su-
peroxide dismutase (SOD) can metabolize O2

.�. Catalase di-
rectly quenches H2O2. Thioredoxin (TRX) is a thiol oxidore-
ductase that is essential for DNA synthesis through
ribonucleotide reductase and for various redox signaling path-
ways (56). TRX can scavenge ROS mainly by reducing vari-
ous target proteins, including the H2O2-quenching enzyme per-
oxiredoxin [Prx; six human Prx members are known (144)].
TRX also regulates stress signaling pathways (37). TRX and
related proteins compose a large family. However, the func-
tions of TRX family members, with the exception of TRX1, are
not well understood. 

In this review, we focus on the roles of the various TRX fam-
ily members, with special emphasis on nucleoredoxin (NRX),
a relatively uncharacterized TRX family member (88). Recent
reports from our group and others have shed light on the phys-
iologic functions of NRX. NRX shows significant sequence ho-
mology to TRX, but it is more homologous to tryparedoxin
(TryX), a TRX family protein first identified in parasite try-
panosomes (158). To allow comparison between NRX and other
TRX family molecules, we first briefly summarize what is
known regarding the major members of the TRX family and
then discuss NRX in detail. Our recent study showed that NRX
is a redox sensor that acts to regulate the signaling of the Wnt/�-
catenin pathway (39), a well-characterized pathway involved in
cell proliferation and differentiation (20, 120, 125, 143). We

also discuss other reports on NRX, including its identification,
expression pattern, and binding proteins and the potential of
NRX research in biology and medicine.

II. THIOREDOXIN (TRX) AS AN
OXIDOREDUCTASE

TRX was first identified as an electron donor for ribonu-
cleotide reductase for DNA synthesis in Escherichia coli (92).
TRX is a small protein with a molecular mass of �12 kDa (hu-
man TRX possesses 105 amino acids), and it is conserved
throughout species in prokaryotes and eukaryotes (29). Human
TRX1 was first identified in platelets and fibroblasts (9, 90,
109). TRX also is referred to as adult T-cell leukemia–derived
factor (ADF), which is secreted from adult T-cell leukemia cell
lines and induces the expression of the interleukin 2 receptor
(175), and as “early pregnancy factor” (19), a very early serum
marker for fertilization. TRX possesses a conserved WCGPC
(Trp-Cys-Gly-Pro-Cys) motif, and the two cysteine residues
(Cys32 and Cys35 in human TRX1) are directly involved in
oxidoreductase reactivity (59). Many proteins are reported as
substrates for the oxidoreductase activity of TRX, including
peroxiredoxin (Prx) (144), ribonucleotide reductase (58), and
methionine sulfoxide reductase (165). Prx is known to neutral-
ize H2O2, and this activity is efficiently reconstituted in vitro
with TRX, thioredoxin reductase (TrxR), and NADPH (Fig. 1a).

With respect to the mechanism of the oxidoreductase activ-
ity of TRX, it is known that the two Cys residues of the WCGPC
catalytic motif play different roles (Fig. 2) (77). The thiol group
of the N-terminal Cys residue (Cys32 in human TRX1) attacks
one of the sulfur atoms of the Cys residues that form disulfide
bonds in substrate proteins. The thiol group of the N-terminal
Cys residue is easily deprotonated by its surrounding conditions
and residues, including Asp26 in human TRX1, and it can there-
fore easily execute a nucleophilic attack (26). This results in
the formation of a reaction intermediate between TRX and the
substrate protein that is linked with a disulfide bond. The sub-
sequent reaction is performed by the thiol group of the C-ter-
minal Cys residue (Cys35 in human TRX1), which attacks the
sulfur atom of the N-terminal Cys residue forming the disul-
fide bond in the intermediate complex and releases the substrate
protein from TRX. A disulfide bond is now formed between
the two reactive Cys residues of TRX itself. This disulfide bond
of TRX is reduced by TrxR (180). Mammalian TrxR is a se-
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recently been reported to regulate the Wnt/�-catenin pathway, which itself regulates cell fate and early de-
velopment, in a redox-dependent manner. In this review, we describe the TRX family proteins and discuss in
detail the similarities and differences between NRX and other TRX family proteins. Although NRX possesses
a conserved TRX domain and a catalytic motif for oxidoreductase activity, its sequence homology to TRX is
not as high as that of the close relatives of TRX. The sequence of NRX is more similar to that of tryparedoxin
(TryX), a TRX family member originally identified in parasite trypanosomes. We also discuss the reported
properties and potential physiologic roles of NRX. Antioxid. Redox Signal. 9, 1035–1057.



FIG. 1. Redox cascades. (a)
Thioredoxin (TRX) cascade. TRX is
an oxidoreductase that can reduce
the disulfide bonds of various target
proteins, the most important with re-
spect to reactive oxygen species
(ROS) scavenging being peroxire-
doxin (Prx). TRX generates a TRX
cascade, comprising NADPH, TRX
reductase (TrxR), TRX, and Prx.
NADPH serves as an electron donor
for the entire cascade. It reduces
TrxR, and TrxR then reduces TRX.
Reduced TRX reduces Prx, which
effectively quenches ROS. (b),
Glutaredoxin (GRX) cascade. The
function of this cascade is similar to
that of the TRX cascade (i.e., to re-
lay an electron from NADPH to the
substrate protein). The major differ-
ence is the intermediate glutathione
between glutathione reductase (GR)
and GRX. (c) Tryparedoxin (TryX)
cascade. TR, trypanothione reductase; TryP, TryX peroxidase. The trypanosomiasis redox cascade resembles that of the GRX
system (b), but it uses trypanothione instead of glutathione.

lenocystein-containing protein, and it uses NADPH to reduce
itself (40, 177, 209). On the whole, the TRX cascade delivers
the redox potential from NADPH to the substrate protein via
TrxR and TRX (see Fig. 1a).

III. TRX FAMILY PROTEINS

Many mammalian proteins that possess a TRX-related do-
main are represented in databases (we refer mainly to the NCBI
database. The accession numbers are provided in the figure leg-
ends) and compose the TRX family (63, 104). This large fam-
ily can be divided into subfamilies based on several criteria
(Fig. 3). It should be noted that Prx also contains an expanded
TRX-like domain (195), and along with other proteins (such as

glutathione peroxidases), forms an even larger TRX superfam-
ily. We briefly discuss some of the TRX family members. Orig-
inal reports and detailed reviews can be found in the literature
(63, 104, 122).

A. TRX1

Two mammalian TRX proteins are known, TRX1 and TRX2
(164). TRX1 is the best-characterized protein in the TRX fam-
ily. This ubiquitous protein has multiple functions. It plays an
important role as a key molecule in a ROS-neutralization cas-
cade composed of NADPH, TrxR, TRX, and Prx. In this cas-
cade, TRX1 reduces Prx, which then directly and efficiently
neutralizes ROS to reduce peroxides. Several reports indicate
that TRX1 also is able to neutralize H2O2 directly and that it
can also protect cells from oxidative stress by reducing incor-
rectly formed disulfide bonds of various cellular proteins. TRX1
therefore protects cells from oxidative stress via its oxidore-
ductase activity. In addition to Prx, TRX1 has many other spe-
cific substrate proteins (Table 1). (TRX can also reduce the
disulfide bonds of many other proteins that are generated un-
der oxidative stress.) TRX1 serves as an electron donor for
many enzymes, such as ribonucleotide reductase and methion-
ine sulfoxide reductase (58, 165). It is known that TRX1 lo-
calizes mainly in the cytosol and that it moves to the nucleus
when cells are stimulated by various ROS-generating treatments
[e.g., H2O2 itself, tumor necrosis factor-� (TNF-�), and UV].
In the nucleus, TRX modulates the redox status of transcription
factors and their regulating proteins [e.g., nuclear factor-�B
(NF-�B) and redox factor-1 (Ref-1)] and controls transcrip-
tional activity (46, 52, 156).

In addition to its oxidoreductase activity, TRX1 has been re-
ported to bind to apoptosis signal-regulating kinase 1 (ASK1),
a mitogen-activated protein kinase kinase kinase (MAPKKK)
involved in apoptosis, in a redox-dependent manner (Fig. 4)
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FIG. 2. Mechanism of disulfide bond reduction by
TRX. Two conserved cysteine residues are found in the cat-
alytic center of TRX (Cys32 and Cys35). The reaction is initi-
ated with a nucleophilic attack by the Cys32 residue to one of
the Cys residues composing the disulfide bond of the substrate
protein. This results in the generation of an intermediate reac-
tion in which TRX and the substrate protein are linked by the
disulfide bond. Cys35 then attacks the Cys32 residue. The re-
action is terminated by the generation of disulfide bond–con-
taining (i.e., oxidized) TRX and reduced substrate protein.



(68, 155). Various cellular stresses and inflammatory cytokines
cause ROS production and induce the oxidization of TRX1. Ox-
idized TRX1 dissociates from ASK1. Free ASK1 then self-ac-
tivates and activates the downstream stress kinase pathway.
ASK1 directly phosphorylates its substrate MAPKKs,
MKK4/MKK7, and MKK3/MKK6. MKK4/MKK7 activates c-
Jun N-terminal kinase (JNK), and MKK3/MKK6 activates p38
MAPK. Both JNK and p38 MAPK induce apoptosis. This sig-
nal cascade controlled by the nonenzymatic function of TRX1
is important for the initiation of apoptosis when cells are ex-
posed to strong oxidative stress that exceeds the detoxifying ca-
pacity of intracellular antioxidants.

TRX1 also functions extracellularly. As mentioned earlier,
human TRX1 was also identified as adult T-cell leukemia–de-
rived factor, an autocrine factor that induces the expression of
the interleukin-2 receptor in human T-lymphotrophic virus-
I–transformed cells (175). It is known that TRX1 and its trun-
cated form [i.e., TRX80 (135)] are secreted from cells when
they are subjected to various stress conditions such as infection
with human immunodeficiency virus or development of rheu-
matoid arthritis (112, 123, 202). Although the mechanism has
not been fully elucidated, secreted TRX1 is reported to stimu-
late the proliferation and chemotactic movements of immune
cells (7, 8, 124).

The physiologic importance of multifunctional TRX1 is re-
flected by the severe phenotype of TRX1-deficient mice. TRX1-

null homozygotes are severely affected at the peri-implantation
stage, and they die within 6.5 days postcoitum [dpc (110)]. An
interesting report that was recently published by Conrad’s group
(71) showed that mice deficient in TRXR1 (the gene encoding
TrxR1, which selectively reduces TRX1, whereas TrxR2 re-
duces TRX2) die around embryonic day (E) 10.5. The differ-
ence in phenotypic severity between these two knockout strains
may be due to functions of TRX1 apart from its oxidoreduc-
tase activity.

B. TRX2

In 1997, Spyrou et al. (164) reported a novel protein highly
similar to TRX and named it TRX2. Interestingly, unlike TRX1,
TRX2 localizes to the mitochondria. The tissue distribution of
TRX2 also differs from that of TRX1. TRX1 is expressed ubiq-
uitously, whereas TRX2 is expressed strongly in the heart,
skeletal muscle, cerebellum, adrenal grand, and testis. TRX2
possesses oxidoreductase activity, and along with mitochondr-
ial TrxR and Prx3, scavenges H2O2 and regulates the redox sta-
tus. It also binds to mitochondrial ASK1 and prevents ASK1-
induced apoptosis (see Fig. 4) (206). A TRX2-deficient cell line
(178) shows massive apoptosis, and a similar tendency is ob-
served in TRX2-deficient mice, which die, probably because of
an inability to maintain mitochondrial redox homeostasis and
abnormal activation of the ASK1 apoptosis pathway (129).
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FIG. 3. TRX family members.
Dendrogram of TRX family pro-
teins (generated by Clustal W
http://www.ebi.ac.uk/clustalw/.
PDI and TMX proteins were
omitted because so many pro-
teins are included in this cate-
gory, and their inclusion would
make the dendrogram too com-
plicated). In this sequence com-
parison, we can find known TRX
and GRX subfamily proteins and
equally well clustered third puta-
tive subfamily “NRX (TryX-like)
subfamily.” The accession num-
bers are as follows; TRX1:
NP_003320, TRX2: AAH50610,
GRX1: AAC35798, GRX2:
CAI10820, GRX5: AAZ30731,
PICOT (TRX-like 3): CAC40691,
TRP14: NP_116120, TRP32:
NP_004777, TRP26: NP_065095,
TRX-like 2 (TRXl2): AAG28497,
EFP1 (TRX domain containing
11): NP_056998, SpTRX1:
NP_115619, SpTRX2: Q8N427,
SpTRX3: NP_001003936, TRX
domain containing 9 (TRXdc9):
AAH70183, Dim1-like: NP_
006692, NRX: NM_022463, Rd-
CVF: AAH14127, C9orf121:
Q5VZ03 (all Homo sapiens).



FIG. 4. TRX/ASK1 sys-
tem. In the absence of cellular
stressors, TRX is in the reduced
form and can efficiently bind to
ASK1 (TRX1 binds to the cy-
tosolic ASK1, whereas mito-
chondrial TRX2 binds to the
ASK1 in the mitochondria).
When cells are challenged with
stressors and the cellular ROS
level increases, TRX becomes
oxidized and changes its confor-
mation. As a consequence, it dis-
sociates from ASK1, which results in its self-activation. The upregulation of the stress kinase pathway by cytosolic Ask1 results
in the activation of JNK and p38 MAPK. Together with the cytochrome c release from the mitochondria, which appears to be
regulated by the ASK1/TRX2 complex, these events result in apoptosis.

C. Glutaredoxin (GRX)

GRX is another well-characterized member of the TRX fam-
ily. It was first discovered in Escherichia coli by Holmgren
(57), as a glutathione-dependent electron donor for ribonu-
cleotide reductase. Mammalian GRX was subsequently puri-
fied from calf thymus (108, 109). Human GRX1 was purified
and cloned from placenta (132). The most characteristic dif-
ference between GRX and TRX is that GRX uses glutathione
as a direct hydrogen donor. The cascade includes NADPH, glu-
tathione reductase, glutathione, and GRX (see Fig. 1b). In mam-
mals, three GRX proteins are known: GRX1, 2, and 5 (no GRX3
or 4 occurs in mammals; these were first identified in Saccha-
romyces cerevisiae) (149). GRX1 and 2 possess TCPYC and
SCYSC catalytic motifs, respectively, and both possess oxi-
doreductase activity (62). However, the catalytic motif in GRX5
is QCGFS; that is, no second Cys residue exists, which is es-
sential for oxidoreductase reactivity in other TRX family mem-
bers. However, another Cys residue has been reported in yeast
GRX5 at the C terminus; this residue functions in a manner
similar to the second Cys residue in the conservative CXXC
motif (176). GRX5 is essential for viability in yeast and ze-
brafish, probably because of its role in the mitochondrial bio-
genesis of Fe-S clusters (150, 193). No reports regard mam-
malian GRX5 other than its database registration.

Similar to TRX1, GRX1 participates in various redox-related
phenomena. It acts to reduce the disulfide bonds of many pro-
teins, such as ribonucleotide reductase, to facilitate enzymatic
reactions (60). GRX1 also regulates several transcription fac-
tors (53) and controls apoptosis (18). GRX1 has a distinct func-

tion as a reducing agent of protein–glutathione mixed disulfides
[deglutathionylation (62, 161)] via its selectivity for the gamma-
isopeptide bond found in glutathione (136).

Similar to GRX5, GRX2 appears to be involved in the bio-
genesis of Fe-S clusters (103). GRX2 is localized predomi-
nantly to the mitochondria (and partially to the nucleus), and
GRX2-depleted cells induced by RNA interference (RNAi)
show increased sensitivity to doxorubicin and phenylarsine ox-
ide, which are ROS-inducing reagents, even though the cellu-
lar content of GRX2 is 20-fold less than that of GRX1 (105).
These results suggest that GRX2 has a special role in the pro-
tection of cells from ROS, apart from that played by GRX1.
How GRX2 and GRX5 cooperate with each other during the
biogenesis of Fe-S clusters remains to be determined.

D. TRX-related protein 14 (TRP14)

TRP14 was identified as a protein with a ROS-sensitive Cys
residue (75). The catalytic motif of TRP14 is WCPDC. TRP14
possesses TRX-like oxidoreductase activity and can quench
H2O2 directly. However, it does not efficiently reduce several
known TRX substrates such as Prx and insulin [insulin is not
a physiologic substrate of TRX, but is widely used to examine
the oxidoreductase activity of TRX domain–containing proteins
experimentally (61)]. TRP14 appears to be expressed ubiqui-
tously in tissues and cell lines and is localized to the cytosol.

TRP14 modulates TNF-�–induced NF-�B signaling and can
suppress TNF-�–induced apoptosis. However, the mechanism
appears to differ from that of TRX, and TRP14 does not bind
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TABLE 1. KNOWN SUBSTRATES OF TRX

Substrates of TRX
Protein Function

Methionine sulfoxide reductase Reduction of oxidized methionine
NF-kB Modulation of transcriptional activity
Peroxiredoxin ROS elimination
Ref-1 Modulation of transcriptional activity
Ribonucleotide reductase DNA synthesis



ASK1 (74). LC8/PIN (51) has been identified as a candidate
for a specific substrate of TRP14. LC8/PIN is a dynein light-
chain protein that functions as an inhibitor of neuronal nitric
oxide synthase (nNOS) (70). It also binds I�B and Bim (a Bcl-
2 family member) (22, 141). It is speculated that TRP14 regu-
lates NF-�B signaling and apoptosis by modulating the redox
status of LC8/PIN and its binding to I�B or Bim.

E. TRX-related protein 32 (TRP32)

TRP32 was initially copurified with the catalytic fragment of
a serine/threonine kinase mammalian STE-20-like (MST) (94).
MST is a mammalian homologue of STE-20 like a molecule
that possesses a kinase domain similar to that of STE-20 (mam-
malian p21-activated kinase; PAK). It was recently reported that
MST phosphorylates forkhead transcription factor (FOXO)—a
transcription factor involved in cell proliferation and
longevity—when cells are stimulated by ROS. Phosphorylated
FOXO translocates to the nuclei of neurons and induces cell
death (96). They also reported that TRP32 and MST do not
coimmunoprecipitate (96). Therefore, it appears that they do
not exist as a stable intracellular protein complex. However, it
is possible that TRP32 regulates the MST kinase activity in-
duced by oxidative stress via the modulation of Cys residues;
TRP32 possesses oxidoreductase activity.

F. Sperm-specific TRX (SpTRX)

To date, three SpTRX proteins, SpTRX1-3, have been re-
ported (76, 118, 154). They are all identified as gene products
that show sequence homology to TRX and are expressed ex-
clusively in the testis. They possess a common TRX-like do-
main, but other domain structures differ.

SpTRX1 possesses 23 repeats of a 15-amino-acid sequence
[QPKXGDIPKS(P/S)E(K/E)XI] in its N-terminal half. The
function of this sequence stretch remains unknown. Wild-type
SpTRX1 possesses significant catalytic activity for insulin re-
duction. However, a truncated mutant possessing only the TRX-
like domain does not reduce insulin efficiently. The N-termi-
nal portion of SpTRX1 can be modulated by phosphorylation
through protein kinase C or by ubiquitination (118).

SpTRX2 has three nucleoside diphosphate (NDP)-kinase do-
mains in its C-terminal half. However, neither NDP-kinase ac-
tivity nor TRX-like oxidoreductase activity has been detected.
One possibility is that the TRX-like domain and the NDP-ki-
nase domain compete with each other. Significant oxidoreduc-
tase activity was observed in an insulin-reduction assay with
the truncated form of SpTRX2 containing the TRX-like domain
alone. SpTRX3 contains only the TRX domain. However, it
does not show effective oxidoreductase activity. The authors
argued that cofactors may be required for enzymatic activity.

G. Protein disulfide isomerase (PDI)

Protein disulfide isomerases (PDIs) comprise a large sub-
family of TRX-like proteins that localize to the ER. PDIs fa-
cilitate proper protein folding and regulate oxidation and iso-
merization reactions in the ER (191). To date, 18 members of
the human PDI family have been described (30), and TRX-re-
lated transmembrane proteins [TMX (45, 111, 114)] are also

regarded as members of the PDI family because they localize
to the ER. PDIs are numerous and have many functions, the de-
scription of which is beyond the focus of our review. For fur-
ther details, please refer to other reviews focusing on PDI and
other members in this family [for example, (30) and (78)].

IV. IDENTIFICATION OF THE
NUCLEOREDOXIN (NRX) GENE

Nucleoredoxin (NRX, NXN, or Red-1) was first identified
by Kurooka et al. (88). The NRX gene was discovered during
a search for novel genes around the nude (also known as Foxn1,
Whn, or Hfh11) gene locus. It was named nucleoredoxin be-
cause the sequence of its gene product is similar to that of the
TRX protein, and NRX localized predominantly to the nucleus
when it was ectopically expressed in COS-7 cells. However,
the subcellular fractionation of NIH3T3 cells in our laboratory
revealed that endogenous NRX is predominantly cytosolic (39).
NRX may shuttle between the cytosol and the nucleus, and reg-
ulatory mechanisms may control the subcellular localization of
NRX [we further discuss this issue later (Subcellular localiza-
tion of NRX)]. Kurooka et al. (88) showed that NRX possesses
thiol-redox activity against insulin. We confirmed that the two
conserved Cys residues are essential for oxidoreductase activ-
ity because the C205S/C208S mutant showed no oxidoreduc-
tase activity (39).

V. NRX IN VARIOUS SPECIES

A. Domain structure of vertebrate NRX

NRX proteins in Homo sapiens (human) and Mus musculus
(house mouse) are composed of 435 amino acid residues and
share 99% identity. NRX orthologues found in Bos taurus
(cow), Canis familiaris (dog), Rattus norvegicus (rat), and
Macaca mulatta (red monkey) are registered in databases. Fur-
ther, the NRX orthologues found in many nonmammalian ver-
tebrates, including Xenopus laevis, Xenopus tropicalis (clawed
frog), Gallus gallus (chicken), and Danio rerio (zebrafish), also
are registered.

A schematic of the NRX proteins of various species is shown
in Fig. 5. All NRX proteins possess a WCPPC motif in the
TRX-like domain. However, the amino acid sequence of the
TRX-like domain does not share high homology with TRX
(25% identity between human TRX1 and human NRX). In ad-
dition, no residue corresponds to Asp26 in human TRX1 that
aids in the deprotonation of the catalytically active Cys residue
(GRX and several other TRX family members also do not pos-
sess this acidic residue). The TRX-like domain of NRX is rather
more similar to that of tryparedoxin (TryX, also known as TPX),
an oxidoreductase first identified in the trypanosomatid
Crithidia fasciculate [Crithidia fasciculate TryX shares 42%
identity with human NRX1, but only marginal homology
(�20%) with human TRX1 or GRX1] (128). Trypanosomatids
are parasite protozoa that cause trypanosomiasis in various
species. Human trypanosomiasis can be divided into two ma-
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FIG. 5. NRX protein in various species. (a) Domain structures of NRX in various species. TRX-like (TryX/NRX), trypare-
doxin (TryX)-homologous region; PDI-b�, region homologous to PDI-b� domain; DC1, DC1 domain (similar to zinc-finger do-
main). Amino acids of the predicted catalytic motifs are denoted in bold, and putative inactive motifs are denoted in regular font.
(b) Dendrogram of NRX in various species. The accession numbers of NRX, RdCVF, C9orf121, and TryX used to create this
figure are as follows. Homo sapiens NRX, NM_022463; Mus musculus NRX, NM_008750; Rattus norvegicus NRX, XP_340858;
Canis familias NRX, XP_853899; Macaca mulatta NRX, XP_001085223; Pan troglodytes NRX, XP_001152479; Danio rerio
NRX, NP_001018431; Xenopus laevis NRX (MGC84045), AAH74275; Bos taurus NRX, XP_609859; Strongylocentrotus pur-
puratus NRX-like, XP_001181924; Arabidopsis thaliana NRX-like, AAM64945; Zea mays NRX-like, AAD04231 T20D4.7;
Caenorhabditis elegans T20D4.7 protein (TryX-like domain-containing), NP_503954; Crithidia fasciculate TryX, AAC72299;
Homo sapiens C9orf121, Q5VZ03; Homo sapiens RdCVF (TRX-like 6), AAH14127.



jor subtypes—sleeping sickness and Chagas disease—together,
these kill thousands of people each year (6). TryX is an essen-
tial component of redox homeostasis in trypanosomatids (33,
86, 166). The redox-reaction cascade in trypanosomatids is
composed of NADPH, trypanothione reductase (TR), trypan-
othione, TryX, and TryX peroxidase (see Fig. 1c). TR is mod-
erately homologous to glutathione reductase and to TRX re-
ductases (the Crithidia fasciculate TR shares 35% and 33%
identity between with human glutathione reductase and human
TrxR1, respectively). Trypanothione [N1,N8-bis(glutathionyl)-
spermidine] is a metabolite first discovered in trypanosomatids
(Fig. 6); it is a double-glutathione compound linked by a
polyamine (spermidine) and can reduce TryX effectively. Try-
panothione is a unique compound in trypanosomatids, and no
reports show the existence of trypanothione in other organisms
(86) [a report shows the existence of a very similar compound,
glutathionylspermidine, a spermidine plus a single glutathione
compound, in Escherichia coli (174)]. TryX peroxidase is ho-
mologous to mammalian Prx (59% identity between Crithidia
fasciculate TryX peroxidase and human Prx1). Whether mam-
malian NRX also functions in a redox cascade similar to that
in which TryX participates remains unknown. Even if such a
redox cascade exists, the peptide corresponding to trypanoth-
ione remains to be characterized. No reports exist of mammalian
trypanothione (therefore, the trypanothione cascade has been
considered a good target for new drugs against trypanosomia-
sis); the most likely candidate is glutathione. This point should
be a major focus of future research on mammalian NRX.

The N-terminal region of mammalian NRX possesses another
TryX-homologous region with less homology to TryX, but con-
siderably higher homology than that to TRX (29% identity to
TryX, and almost no identity to TRX). In this N-terminal TryX-

like region, the WCPPC motif is altered to LSAPC. As de-
scribed earlier, the first Cys residue in this motif is thought to
be important for TRX oxidoreductase activity. A deletion mu-
tant of mouse NRX lacking the N-terminal TryX-like region
possesses oxidoreductase activity against insulin (88) and binds
to its binding partners [Dishevelled and PP2AC, at least in vitro
(39, 93)]. Therefore, it may be critical for a physiologic func-
tion of NRX, just not for the potential functions studied to date.
Another conserved Cys residue exists a few amino acids before
LSAPC to give a CXXXXXC motif, and other proteins involved
in thiol-disulfide exchange reactions do not just have CXXC
motif [e.g., Ero1 has both conserved CXXC and CXXXXC mo-
tifs (36)]. Further, NRX N-terminal domain is well conserved
among species and is found in most higher species (human,
monkey, dog, mouse, rat, Xenopus, zebrafish, and corn). It
should be noted that NRX orthologues in chicken and cow pos-
sess only the latter portion of the N-terminal TryX-like region
(they both possess a complete central TryX-like domain). These
sequences are registered in databases, but a detailed character-
ization has yet to be performed. In addition, chick NRX has a
long N-terminal sequence before its truncated N-terminal TryX-
like domain. This long N-terminal region of chick NRX is not
found in other NRX orthologues, does not possess any known
domains, and its function is unknown. Whether chick and cow
NRXs possess a partially truncated TryX-like domain or these
sequences only reflect sequencing errors remains to be deter-
mined. Nevertheless, further research on this mysterious N-ter-
minal TryX-like domain in NRX may shed light on the impor-
tance of this region.

There are no reports regarding the 3D structure of NRX.
However, several reports regard the 3D structure of TryX (1–3,
55, 87, 116). Although the amino acid sequences of TryX and
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FIG. 6. Structures of glutathione and try-
panothione. Left, trypanothione. Right,
glutathione. Upper row, oxidized form.
Lower row, reduced form. Trypanothione is
a formed from two glutathiones linked with
spermidine.



TRX do not share high sequence homology, these proteins have
similar structures. TRX has a characteristic �/� fold composed
of five twisted �-strands and four surrounding �-helices (63).
TryX has seven �-strands and four �-helices, and among these
secondary structures, five �-strands and four �-helices show a
3D alignment structurally similar to that of TRX (2). The re-
maining two �-strands exist outside the TRX-like fold. The
function of these two �-strands, which do not exist in TRX, in
the TryX oxidoreductase reaction has yet to be determined.

The C-terminal region of mammalian NRX contains an acidic
region that resembles the b� domain of PDI proteins. The PDI-
b� domain does not possess catalytic activity, but it is required
for substrate recognition (81). The role of the PDI-b�–like do-
main of NRX is unknown, but this domain may participate in
the substrate specificity of NRX oxidoreductase activity.

B. Other TryX-like domain-containing proteins

In addition to NRX, several mammalian proteins contain
TryX-like sequences (Fig. 7). Léveillard et al. (98) identified
the rod-derived cone viability factor (RdCVF), expressed by
photoreceptors, which enhances the viability of chicken rod
cone cells (98). They showed that recombinant RdCVF can res-
cue rd1 knockout mouse–derived rod cone cells from degener-
ation. The rd1 gene is involved in retinitis pigmentosa, a reti-
nal disease that causes rod cone degeneration and leads to
blindness (11). This gene encodes a cGMP-specific phospho-
diesterase. For details and other causative genes for retinal dis-
eases, please visit http://www.sph.uth.tmc.edu/RetNet/sum-
dis.htm). RdCVF possesses a single TryX-like domain (32%
identity to the central TryX-like domain in NRX) and is also
called TRX-like 6 (Txnl6). RdCVF is expressed exclusively in
the retina but is expressed to a lesser extent in rd1-knockout
mice. The mechanism whereby RdCVF enhances rod cone cell
viability remains unknown. RdCVF possesses a putative cat-
alytic motif (ACPQC). However, no oxidoreductase activity has
been reported. Only the short form of RdCVF (109 amino acids)
was assessed for catalytic activity; the longer variant (212
amino acids) may possess activity. Another possibility is that
RdCVF requires cofactors for oxidoreductase activity. A report
suggests that antioxidants decrease the degeneration of rod cone
cells in rd1-deficient mice (85). Future studies will reveal the
detailed mechanism of RdCVF function as a rod cone survival
factor and the relation with its potential oxidoreductase activ-
ity.

Chromosome 9 open reading frame 121 (C9orf121) protein
is another protein containing TryX-like domain. The function
of C9orf121 has not been reported. It is homologous to the cen-
tral TryX-like domain of NRX (34% identity), and the corre-
sponding amino acid sequence for the oxidoreductase catalytic
motif is RCAPS. Whether C9orf121 possesses another Cys
residue that can fulfill the role played by the second Cys residue
of the TRX catalytic motif {as in the case of another second
Cys mutated TRX family protein GRX5 [its catalytic motif is
QCGFS (176)]} remains to be determined. As written in the
previous section, GRX5 is important for the generation of Fe-
S clusters (150, 193). It may be interesting to examine whether
C9orf121 has a related function.

NRX, RdCVF, and C9orf121 are conserved among various
species; the sequences of the orthologs of RdCVF and C9orf121
in mouse, rat, dog, cow, monkey, Xenopus, chicken, and ze-
brafish are registered. It should be stressed that these three
TryX-like domain–containing proteins do not share their active
motifs; the motifs of NRX, RdCVF, and C9orf121 are WCPPC,
ACPQC, and RCAPS, respectively. All these motifs also dif-
fer from WCGPC, the active motif of TRX. However, when we
grouped TRX family members by sequence homology, we
found that these proteins are clustered in the same group (see
Fig. 3). Therefore, some unknown common role of these pro-
teins may exist, and they can be considered to form an “NRX
(or TryX-like) subfamily,” even if their active motifs are dif-
ferent. Nevertheless, further research is required.

C. NRX-like proteins in plants

Laughner et al. (91) reported maize (Zea mays L) NRX.
Maize NRX (zNRX hereafter) possesses three TryX-like do-
mains, and each is similar to the two TryX-like domains of
mammalian NRX (see Fig. 5); the most homologous TryX-like
domain in zNRX shares 49% identity with the central TryX-
like domain of human NRX. The N-terminal and C-terminal
TryX-like domains of zNRX have WCPPC motifs, and zNRX
possesses significant oxidoreductase activity against insulin, al-
though it is less than that of Escherichia coli TRX. Whether
both (or either) of the putative TryX-like domains in the zNRX
protein exerts an oxidoreductase activity is not clarified. zNRX
and mammalian NRXs have different domain structures in their
C-terminal regions. Mammalian NRX has a domain that re-
sembles the PDI-b� domain. However, zNRX has no such do-
main and instead has a divergent C1 (DC1) domain (see Fig.
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FIG. 7. Tryparedoxin (TryX)-like pro-
teins in mammals. TRX-like (TryX/
NRX), tryparedoxin (TryX) homologous
region; PDI-b�, region homologous to the
b� domain of PDI; DC1, DC1 domain (sim-
ilar to the zinc-finger domain). The amino
acids of the predicted catalytic motif are de-
noted in bold, and putative inactive motifs
are denoted in regular font. For RdCVF, we
show the longest form available in the data-
base.



5). The DC1 domain binds zinc, and the sequence is similar to
that of zinc-finger domains. Immunostaining of maize kernel
sections with anti-zNRX antibody showed that zNRX is local-
ized to the nucleus on the kernels on day 13 after pollination.
Whether the C-terminal zinc finger–like DC1 domain of zNRX
affects its subcellular localization has yet to be determined.
Western and Northern blot analyses revealed that zNRX is
abundant in kernels but is expressed in lower levels in leaves,
epicotyls, stems, and roots. In addition to zNRX, NRX-like pro-
teins are found in Quercus suber (cork oak), Cucurmis melo
(muskmelon), Oryza sativa (rice), and Arabidopsis thaliana
(arabidopsis, thale cress). The function of these plant NRX-re-
lated proteins is still unknown, and because they have different
domain structures from mammalian NRX, it may be better to
recognize them as different proteins of the same family. Be-
cause zNRX is reported to localize in the nucleus, plant NRX-
related proteins may regulate transcriptional activity as is re-
ported for mammalian NRX [discussed in the later sections
(53)]. Another possibility is that as NRX is a TryX-homolo-
gous protein and that plant NRX-related proteins may be in-
volved in metabolite detoxification by using glutathione as a
hydrogen donor. These speculations should be clarified by fu-
ture studies.

D. TryX-like domain-containing proteins 
in nematodes

Several NRX (TryX)-like proteins in Caenorhabditis elegans
are registered in a database (WormBase: www.wormbase.org).
The protein most similar to human NRX is C32D5.8, with 42%
identity. The T20D4.7, K02H11.6, Y52E8A.3, R05H5.3,
T28A11.13, and F29B9.5 proteins also show similarity to hu-
man NRX1. Among these NRX-related proteins, C32D5.8,
T20D4.7, R05H5.3, T28A11.13, and F29B9.5 possess the
WCPPC motif (the other two possess WCGPC). All of these
proteins bear a single TryX-like domain (which is quite differ-
ent from the mammalian NRX domain structure), and the ex-
istence and function of oxidoreductase activity are unknown.
Interestingly, the RNAi of C32D5.8, R05H5.3, and F29B9.5
showed defects (embryonic lethality, larval arrest, and sick-
ness), suggesting that these proteins containing TryX-like do-
mains may play essential roles.

Redox homeostasis is known to control aging in various
species. TRX family proteins are implicated in the aging pro-
cess (73, 117, 119, 203, 204). Essers et al. (31) reported that
BAR-1 (Caenorhabditis elegans �-catenin) interacts with
FOXO (DAF-16) and regulates longevity (31). As is discussed
in more detail later, NRX regulates the Wnt/�-catenin pathway

in mammalian cells (39). Proteins containing TryX-like do-
mains in Caenorhabditis elegans may regulate lifespan by con-
trolling FOXO via �-catenin in a redox-dependent manner.

VI. EXPRESSION PATTERNS OF NRX 
IN MAMMALS

The tissue distribution of NRX mRNA in adult mice was re-
ported by Kurooka et al. (88). Northern blotting revealed pos-
itive signals for NRX mRNA in all tissues analyzed, including
the skin, brain, heart, liver, kidney, lung, testis, skeletal mus-
cle, thymus, and spleen, with predominant expression in the
skin and testis. To examine the expression during development,
they also performed whole-mount in situ hybridization. In E9.5
and E10.5 embryos, NRX mRNA was found in various sites
including somites, dorsal root ganglia, branchial bars, and some
parts of the brain. Strong signals were also observed in limb
buds. In E11.5 embryos, the expression became restricted to the
distal ends of the limb buds and to the anterior region of the
tail. The function of NRX in these organs has not been char-
acterized. However, the embryonic expression pattern strongly
resembles that of the segment polarity gene dishevelled 3 (183).
We discuss the relation between Dishevelled and NRX in de-
tail in later sections.

VII. REGULATION OF NF-�B, AP-1, AND
CREB REPORTER ACTIVITIES BY 

NRX EXPRESSION

To determine the differences between NRX and other TRX
family proteins, Hirota et al. (53) compared NRX, TRX, and
GRX by ectopically expressing these proteins in HEK293 cells
and monitoring the reporter activities of several transcription
factors, including NF-�B, activation protein-1 (AP-1), and
cyclic-AMP response element–binding (CREB) protein, with
and without treatments with various compounds [TNF-�, phor-
bol-12 myristate 13-acetate (PMA), and forskolin (Table 2)
(53)].

NRX overexpression enhanced forskolin-stimulated CREB
reporter activity more than the activities of the other two com-
pounds. The ectopic expression of TRX or GRX also upregu-
lated CREB reporter activity in forskolin-treated cells, but NRX
expression increased the activity by more than twofold when
compared with TRX or GRX expression. This upregulation of
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TABLE 2. EFFECT ON NF-�B, AP-1, AND CREB BY NRX EXPRESSION

NF-�B NF-�B
CREB AP-1 (conventional reporter assay) (transactivation assay & |�B phosphorylation)

TRX � � �(TNF-� activation), �
�(NIK activation)

GRX � � � �
NRX �� � � —



CREB reporter activity by NRX expression was confirmed in
cells cotransfected with protein kinase A (PKA; it activates
CREB by direct phosphorylation) and in reporter assays with
GAL4-fused CREB proteins. How NRX activates CREB re-
porter activity is unknown. The interaction between CREB and
the CRE DNA fragment has been reported to increase in re-
sponse to reduction (41). The simplest scenario is that NRX re-
duces CREB via its oxidoreductase activity, thus enhancing its
affinity for CRE.

In AP-1 reporter assays, NRX-expressing cells showed mod-
erate enhancement of AP-1 reporter activity when they were
treated with PMA or cotransfected with MEKK (MAPKKK);
this enhancement was stronger than that observed in TRX- or
GRX-expressing cells. For the analysis of the NF-�B pathway,
luciferase reporter assays with vectors expressing GAL4-fused
p65/RelA (a transcription factor in the NF-�B pathway) were
used to assess the direct activation of p65/RelA. This method
has an advantage in that it can monitor only the activation of
the transcription factor of interest, but not that of other factors
or the DNA-binding affinity of the transcription factor being
studied. TRX- or GRX-expressing cells showed significant sup-
pression of TNF-�–induced activation of reporter activity,
whereas NRX expression showed no significant effect. An im-
munoblot analysis with anti-phospho-I�B antibody revealed
that the TNF-�–induced phosphorylation of I�B was not sig-
nificantly blocked by NRX expression, but it was clearly re-
duced by TRX or GRX expression. Therefore, it appears that
NRX does not affect p65/RelA activation induced by TNF-�
stimulation. However, luciferase assays with the conventional
construct used for examining the NF-�B pathway (pNF-�B-
Luc) showed that NRX overexpression enhances the reporter
activity of cells stimulated by TNF-� treatment or by NF-

�B–inducing kinase (NIK) overexpression. Thus, NRX appears
to stimulate the transcriptional activity of NF-�B not through
p65/RelA but through other unidentified components.

VIII. NRX SUPPRESSES WNT/�-CATENIN
SIGNALING IN A REDOX-DEPENDENT

MANNER THROUGH 
DISHEVELLED (DVL)

A. Summary of Wnt signaling pathway

In 1973, Sharma (159, 160) identified a mutant of Drosophila
melanogaster and named it Wingless, based on its lack of wings.
The Wingless gene encodes a secreted protein that stimulates a
signaling pathway that is evolutionarily conserved from nema-
todes to mammals (82). The orthologous mammalian gene was
first identified as Int-1, which was activated and induced the
formation of mammary gland tumors in mice on infection with
mouse mammary tumor virus (131). When it became clear that
the Int-1 gene product was the mammalian homologue of Wing-
less (147), the name “Wnt” was coined as a combination of
Wingless and Int. The mammalian Wnt signaling pathway,
which is produced by various Wnt ligands (19 human Wnt genes
are known) and other extracellular and intracellular molecules,
plays essential roles in early morphogenesis and stem cell main-
tenance (20, 120, 125, 143). Genetic and biochemical studies
have revealed the basic Wnt signaling pathway in mammalian
cells (Fig. 8; for further details please see “The Wnt homepage”
http://www.stanford.edu/�rnusse/wntwindow.html). In brief,
the Wnt ligand binds to the Frizzled (Fzd) receptor, and through
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FIG. 8. Model of the mammalian Wnt/�-catenin pathway. (a) OFF state (without Wnt ligand). Without the Wnt ligand, the
“�-catenin destruction complex,” composed of Axin, APC, and GSK3� is active, and GSK3� can efficiently phosphorylate cy-
tosolic �-catenin. Phosphorylated �-catenin is readily degraded via the ubiquitin/proteasome pathway, and thus the cytosolic level
of �-catenin is kept very low. (b) “ON state” [Wnt ligand bound to its receptor, Frizzled (Fzd)]. When Wnt binds to its recep-
tor Fzd, the signal is transmitted through the adaptor protein Dishevelled (Dvl). Dvl inhibits the �-catenin destruction complex,
and the phosphorylation of �-catenin is suppressed. The nonphosphorylated form of �-catenin is no longer a target of the ubiq-
uitin/proteasome pathway, and it accumulates. Some of the accumulated �-catenin moves into the nucleus, binds to the tran-
scription factor TCF/LEF, and activates the transcription of various target genes.



the adaptor protein Dishevelled (Dvl), induces the cytosolic ac-
cumulation of �-catenin by inhibiting the �-catenin destruction
complex composed of Axin, adenomatous polyposis coli
(APC), and a serine/threonine kinase, glycogen synthase kinase
3 beta (GSK3�. The accumulated �-catenin then migrates into
the nucleus and activates the transcription factor T-cell fac-
tor/lymphoid enhancer factor (TCF/LEF).

The Wnt/�-catenin pathway is crucial not only for early mor-
phogenesis but also for stem cell maintenance, and it is widely
accepted that the misregulation of Wnt/�-catenin signaling
leads to tumorigenesis (20, 120, 143). In addition to Int-1, APC
is known to be deeply involved in tumorigenesis. APC is
causative in familial adenomatous polyposis (FAP), an autoso-
mal disorder that induces the formation of multiple colorectal
polyps and frequently leads to colorectal tumors (80). Studies
have revealed that Wnt/�-catenin signaling is hyperactivated in
many tumors, as determined by the accumulation of �-catenin
in the cytosol or in the nuclei of tumor cells. Alterations in the
genes encoding APC, �-catenin, and Axin have been reported.
Recent reports indicate that the expression of secreted Fzd-re-
lated protein (sFRP), a secreted antagonist of the Wnt ligand,
is epigenetically silenced in tumor cells (113, 151, 173, 201).
Surprisingly, restoration of the expression of sFRP suppresses
Wnt/�-catenin signaling and induces apoptosis, even in cells
containing mutations of downstream APC or �-catenin genes.
These reports suggest that aberrant activation of Wnt/�-catenin
signaling cannot be explained simply by genetic alterations and
that this pathway is hyperactivated by multiple complex mech-
anisms.

B. Known function of Dishevelled (Dvl)

A novel mutant called dishevelled (dsh), which causes a seg-
ment polarity phenotype, was identified in D. melanogaster by
Perrimon et al. (137) in 1987. Subsequently, Dsh was shown
to be an important component of the canonic Wnt signaling
pathway in Drosophila (83, 130, 162).

The mammalian orthologue of Dsh, Dishevelled (Dvl), was
identified in 1994 (172), and three mammalian Dvl genes are
known, Dvl1-3 (139, 172, 183). Dvl is crucial for transduction
of the Wnt/�-catenin signal from the Wnt receptor Fzd to down-
stream components. Genetic studies in Drosophila have indi-
cated that Dsh is essential not only in the so-called canonic
Wnt/�-catenin pathway but also in the planar cell polarity (PCP)
pathway (10). The PCP pathway regulates cell orientation via
a serine/threonine kinase JNK in a manner independent of �-
catenin accumulation. In mammalian cells, it has been shown
that the ectopic expression of Dvl activates JNK (100, 121).
Thus, Dvl is essential for both Wnt/�-catenin signaling and JNK
activation, and it plays a pivotal role in delivering the signal
from various Wnt ligands to these pathways. However, the pre-
cise molecular mechanism by which Dvl delivers these signals
to downstream components remains to be determined.

Dvl possesses three conserved domains: the N-terminal Dvl,
Axin (DIX) domain (12), the central postsynaptic density-95
(PSD-95), Discs large (Dlg), zona occludens (ZO1) (PDZ) do-
main (in the case of Dvl, an adjacent basic region is in the N-
terminal side of the PDZ domain, and it is thus frequently called
the basic-PDZ domain) (196), and the C-terminal Dvl, EGL-
10, pleckstrin (DEP) domain (140). The DIX and PDZ domains

are known to be involved in the Wnt/�-catenin pathway, and
the PDZ and DEP domains appear to be involved in the
Wnt/JNK pathway.

Interestingly, Dvl1-knockout mice show abnormalities in so-
cial behavior (102). How Dvl1 deletion leads to such defects
remains largely unknown, but it is reported that Dvl1 regulates
neuronal development. Indeed, hippocampal neurons obtained
from Dvl1-knockout mice show defective dendrite development
(153). It appears that such defects are not directly reflected at
the gross anatomic level, but may underlie abnormalities in
higher cognitive functions, such as social behavior. Mice lack-
ing both Dvl1 and Dvl2 show neural tube–closure defects (43).

C. Identification of NRX as a novel 
Dvl-binding protein

Despite extensive research on the Wnt signaling pathway, the
molecular mechanism of its signal transduction is far from un-
derstood. One major question is how the adaptor protein Dvl
transmits the signal from the Wnt receptor Fzd to downstream
effectors (“�-catenin destruction complex” composed of Axin,
GSK3�, and APC). Therefore, we searched for novel Dvl-in-
teracting proteins to clarify the molecular mechanism of the
Wnt/�-catenin pathway and identified NRX as the most abun-
dant protein to coprecipitate with Dvl (39). The in vivo inter-
action between Dvl and NRX was confirmed by immunopre-
cipitation experiments on endogenous proteins (39). NRX binds
directly to the central basic-PDZ domain, but it does not bind
to the basic region or to the PDZ domain alone.

D. NRX is a selective inhibitor of 
Wnt/�-catenin pathway

The overexpression of NRX induces a significant band shift
of Dvl, reflecting a change in the phosphorylation status. Nu-
merous reports have shown that the phosphorylation status of
Dvl correlates with the activation of the Wnt/�-catenin path-
way (198), suggesting that NRX regulates the signal-transduc-
ing ability of Dvl. Indeed, NRX expression suppresses Wnt/�-
catenin signaling stimulated by Wnt ligands or by Dvl
overexpression, and the RNAi of endogenous NRX induces up-
regulation of the Wnt/�-catenin pathway (39). This inhibitory
effect of NRX overexpression is not observed in transfectants
of the constitutively active form of �-catenin, and NRX-
RNAi–induced activation of the Wnt/�-catenin pathway is
clearly cancelled by the expression of the dominant-negative
form of the Wnt/�-catenin signal transcription factor TCF/LEF.
Therefore, we concluded that NRX negatively regulates the
Wnt/�-catenin pathway at the level of Dvl. How NRX alters
the phosphorylation status of Dvl is not clear. Numerous ki-
nases, including casein kinase (CK) I�(138), CK-II (192), and
Par IB (170), have been reported to modulate Dvl phosphory-
lation directly. In addition, several phosphatases, including pro-
tein phosphatase (PP) 2A (142, 157) and PP2C� (169), have
been shown to regulate the activity of the Wnt/�-catenin path-
way. Interestingly, it was recently reported that PP2A interacts
directly with NRX (93), which is discussed later. It is possible
that NRX alters the phosphorylation status of Dvl by modulat-
ing the function of these kinases or phosphatases or both.
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We showed that NRX does not inhibit JNK activation by Dvl
overexpression in kinase assays (39). Therefore, NRX may be
a selective inhibitor of the Wnt/�-catenin pathway. We found
that NRX competes with frequently rearranged in advanced T-
cell lymphomas (Frat) for Dvl binding via the blockade of the
basic-PDZ domain of Dvl. It is known that Frat [also known as
GSK3� binding protein (GBP) in Xenopus laevis] also inter-
acts directly with the basic-PDZ domain of Dvl to specifically
activate the Wnt/�-catenin pathway (99, 205). In addition to
Frat/GBP, numerous Dvl-interacting proteins are found [re-
viewed in (190)]. It is unclear which of these competes with
NRX. In this regard, casein kinases (CKs) are interesting can-
didates. CKI� is reported to phosphorylate Dvl and to activate
the Wnt/�-catenin signaling (138). In addition, CKI� enhances
the interaction between Dvl and Frat/GBP (50). CKII is also
known as Dvl-phosphorylating kinase (192). The inhibition of
interaction with these kinases by the presence of NRX would
result in the downregulation of Dvl phosphorylation. Future re-
search will shed light on the details of the molecular mecha-
nism underlying the role of NRX as a negative regulator of
Wnt/�-catenin signaling.

E. NRX serves as a negative regulator of 
Wnt/�-catenin pathway in a 
redox-dependent manner

The interaction between purified recombinant Dvl and NRX
proteins is strengthened by treatment with dithiothreitol (DTT)
and is weakened by treatment with H2O2. Thus, the Dvl/NRX
association is regulated in a redox-dependent manner. This is
supported be the fact that the intracellular colocalization of Dvl
and NRX is suppressed by H2O2, and the Wnt/�-catenin path-
way is upregulated by H2O2. Dvl localization plays an impor-
tant role in Wnt/�-catenin signal transduction (32). This redox-
dependent association/dissociation and activation of signaling

is similar to that of the TRX/ASK1 system [(155) and Fig. 9].
When cells are challenged with H2O2, TRX forms an intramo-
lecular disulfide bond, and the resulting conformational change
allows the dissociation of ASK1 from TRX. ASK1 then self-
activates and transduces the signal to downstream effector mol-
ecules.

We have shown that NRX functions as a redox-sensor to reg-
ulate Wnt/�-catenin signaling. The Wnt/�-catenin pathway is
activated in an ROS-dependent manner, possibly because cells
may use this pathway to promote proliferation. The Wnt/�-
catenin pathway stimulates cell proliferation via the transcrip-
tional activation of genes such as c-Myc and Cyclin D1 (48,
179). Growth factors are known to stimulate the intracellular
generation of ROS (171), which is essential for the prolifera-
tive response, through various signaling intermediates (34, 145).
Many reports show high levels of ROS in tumor cells (182).
Therefore, the ROS-induced activation of Wnt/�-catenin sig-
naling may contribute to cell proliferation. NRX-RNAi cells
show a higher proliferation rate. By the transfection of the con-
stitutively active form of MEK or Ras, NRX-RNAi cells form
more foci compared with control RNAi cells (39).

Activation of the Wnt/�-catenin pathway also protects cells
from apoptosis (16, 47, 107). In addition, reports suggest that
ROS exert an antiapoptotic effect on cells (67, 194). Wong and
Goeddel (194) showed that TNF-� stimulation, which causes a
massive generation of ROS, induces the expression of man-
ganese superoxide dismutase (MnSOD), an enzyme that scav-
enges O2

.� and helps prevent cell death by apoptosis. There-
fore, it is possible that the ROS-dependent activation of the
Wnt/�-catenin pathway helps prevent cells challenged by a
moderate level of ROS from undergoing unnecessary apopto-
sis. Huang et al. (66) performed a microarray analysis of HeLa
cells treated with RNAi against �-catenin (thus, Wnt/�-catenin
signaling is downregulated, and cells are prone to apoptosis)
and identified several upregulated genes, including apoptosis-
antagonizing transcription factor (AATF) and Fas-associated
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FIG. 9. Model of redox regulation of the Wnt/�-catenin pathway by the Dvl/NRX complex. In the stable state, NRX is re-
duced. Reduced NRX binds strongly to Dvl and blocks downstream Wnt/�-catenin signaling. When ROS oxidize NRX, NRX
dissociates from Dvl, and free Dvl can now transduce the signal to downstream effectors, resulting in the activation of Wnt/�-
catenin signaling.



protein with death domain (FADD), that accelerate apoptosis
(66). It would be interesting to determine whether the expres-
sion of these genes is downregulated in response to moderate
levels of ROS.

IX. THE NRX GENE

The structure of the human NRX gene is shown in Fig. 10
(lower panel). The human (and mouse) NRX gene contains eight
exons. Between the first and second exons, a large gap of �150
kb is seen. The other seven exons are located closer together.
No reports exist of splice variants of NRX. Kurooka et al. (88)
reported two NRX transcripts (a major transcript of �2.2 kb,
and a minor transcript of �2.4 kb) by Northern blot (88). The
promoter and enhancer regions of the NRX gene have not been
identified. 

The genes surrounding the NRX gene are well conserved be-
tween mouse and human. The translocase of inner mitochon-
drial membrane 22 homolog (Timm22) and active breakpoint
cluster region (BCR)-related (Abr) genes are located next to the
human NRX gene at the proximal side. RNA methyltransferase
like 1 (Rnmtl1), C17orf25, and gem (nuclear organelle)-asso-
ciated protein 4 (GEMIN4) genes are located at the distal side.
This gene alignment is clearly the same as that in the murine
NRX gene. In addition, the Tp53 (Trp53 in mouse), ovca1, and
Hic1 genes are located close to the NRX gene in mouse and hu-
man. At present, no direct evidence shows a relation between
these genes. 

The human NRX gene is located at 17p13.3, the distal end of
chromosome 17 (see Fig. 10). Numerous reports show that the
17p13.3 region is frequently lost in human tumors, including
breast tumors, hepatocellular carcinomas, cervical carcinomas,

and medulloblastomas (21, 24, 27, 126). One candidate tumor-
suppressor gene in the 17p13.3 region is OVCA1 (15). OVCA1
heterozygote mice spontaneously form tumors (14), suggesting
that the OVCA1 gene is critically involved in tumor formation.
However, no ovarian epithelial tumors or breast tumors occur
in these mice. Thus, other tumor-suppressor genes may be pres-
ent in the 17p13.3 region. Zhao et al. (207) reported a human
case of allelic loss of the distal region of the 17p13.3 region,
which does not include the OVCA1 locus, in hepatocellular car-
cinoma. It has also been reported that many sporadic breast tu-
mors possess not only deleted regions around the OVCA1 lo-
cus but also discontinuous deletions of the telomeric region of
17p13.3 (54).

In addition to OVCA1, several candidate tumor-related genes,
including hypermethylated in cancer 1 (HIC1) (189), hepato-
cellular carcinoma suppressor 1 (HCCS1) (208), Mnt (23),
Ct120 (49), and GEMIN4 [coding hepatocellular carcinoma–as-
sociated protein 1 (HCAP1)] (25), are localized to the 17p13.3
region. Among these, the most probable tumor-suppressor gene
is HIC1 (189). The HIC1 gene is, as its name suggests, fre-
quently hypermethylated in tumor cells. It was recently shown
by Valenta and colleagues (186) that the gene product HIC1 at-
tenuates Wnt/�-catenin signaling, similar to NRX. HIC1 binds
directly to TCF4, a transcription factor of the Wnt/�-catenin
pathway, and inhibits the �-catenin/TCF-driven transcription.
Wnt/�-catenin signaling may not be fully activated by the mu-
tation of a single component (173). An attractive hypothesis in-
volves the inactivation of both the HIC1 and NRX genes by
chromosomal deletion, synergistically hyperactivating Wnt/�-
catenin signaling and resulting in tumorigenesis.

Wnt/�-catenin signaling is frequently upregulated in many
types of human tumors (120). For example, up to 60% of sur-
gical specimens from breast tumors show positive �-catenin
signals in the cytosol or nucleus or both (106). However, ge-
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FIG. 10. Schematic of the distal end
of human chromosome 17. The en-
larged view shows the genomic region
of the distal end of the short arm of hu-
man chromosome 17 to the TP53 (gene
encoding p53) locus. The positions of tu-
mor-related gene candidates are also
shown.



netic mutations in the components of the Wnt/�-catenin sig-
naling pathway in these tumors are relatively rare (5, 133, 185).
It is possible that ablation of the NRX gene hyperactivates
Wnt/�-catenin signaling, thereby contributing to tumor forma-
tion. NRX-RNAi cells show an increased proliferation rate
compared with control cells. It is reported that coactivation of
the Wnt/�-catenin pathway and MAP kinase pathway can lead
to cellular transformation by both increasing the amount of Cy-
clin D1 (148). Transfection of the constitutively activated mu-
tant of Ras or MEK induces higher numbers of transformed foci
in NRX-RNAi cells than in control cells (39). Thus, NRX ap-
pears to play an important role in preventing tumor formation.
A detailed analysis of the status of the NRX gene in tumor sam-
ples will clarify this issue.

The promoter regions for the genes of many components of
the Wnt/�-catenin pathway are hypermethylated in tumors (113,
151, 173, 201). This also may be the case for the NRX gene.
Koinuma et al. (84) searched for hypermethylated regions in
the genome of colorectal carcinoma cells, and a region of the
NRX gene was identified. Further details of NRX gene hyper-
methylation are not described in this report, but it will be in-
teresting to analyze the methylation status of the NRX gene in
various tumors.

A genomic region around the mouse NRX gene is involved
in type 1 and type 2 diabetes. Recently, Babaya et al. (4) ex-
amined the sequence of the NRX gene in several mouse strains
(diabetes-resistant and diabetes-susceptible mice) but found no
correlation between strain and sequence variability. Therefore,
they concluded that NRX does not appear to be involved in di-
abetes. However, diabetes is not caused by a single gene mu-
tation but rather by various acquired changes. Many reports in-
dicate that ROS are involved in diabetes. Houstis et al. (65)
reported that ROS-scavenging reagents and enzymes suppress
insulin resistance induced by treatment with TNF-� or dexam-
ethasone (65). The overexpression of TRX in pancreatic �-cells
is reported to be protective against type 1 diabetes (64). There-
fore, it may not be surprising if NRX, which belongs to the
TRX family and possesses oxidoreductase activity similar to
TRX, is involved in diabetes. In addition, many reports suggest
the relation between the Wnt signaling pathway and diabetes
or underlying adipogenesis (38, 42, 152). Taken together, we
think it is still possible that NRX is linked to diabetes. Even if
no genetic alteration in the NRX gene occurs, epigenetic and
posttranscriptional regulations may contribute to the associa-
tion with diabetes.

X. POSSIBLE ROLE OF NRX IN 
EARLY DEVELOPMENT

In Xenopus laevis, the NRX orthologue MGC84045 encodes
a protein with 77% identity to the human NRX1 protein. An
injection of antisense morpholino oligonucleotide (MO) against
the MGC84045 mRNA into the animal pole region of fertilized
X. laevis eggs results in significant defects in head morphology
(39). Wnt/�-catenin signaling regulates anterior–posterior axis
formation, and the perturbation of Wnt/�-catenin signaling in
the animal pole region of X. laevis eggs destroys the ante-
rior–posterior axis [Fig. 11 and (79, 115)]. Wnt/�-catenin sig-

naling is aberrantly upregulated in NRX-MO–injected eggs, and
the resulting head defect is rescued by coinjection of the mRNA
for negative regulators of Wnt/�-catenin signaling such as
GSK3�. These results clearly show that endogenous NRX reg-
ulates Wnt/�-catenin signaling and determines the anterior–
posterior axis formation in X. laevis.

To date, no other reports exist on the involvement of NRX
in early development. It is reported that in mice, NRX is ex-
pressed in somites, dorsal root ganglia, branchial bars, some re-
gions of the brain, and limb buds (88). Interestingly, the ex-
pression pattern of the Dvl3 mRNA in mouse embryos shows
strong similarities to that of the NRX mRNA (183). In E10.5
embryos, both Dvl3 and NRX mRNAs are expressed strongly
in the aforementioned areas (somites, dorsal root ganglia,
branchial bars, brain, and limb buds). Therefore, it is likely that
NRX plays some role in these regions through the regulation
of Wnt/�-catenin signaling. We have confirmed that similar to
Dvl1, Dvl2, and Dvl3 can also bind efficiently to NRX (Funato
et al., unpublished observations).

Limb bud formation is regulated by several signaling path-
ways, including those involving fibroblast growth factor (Fgf),
Hedgehog (Hh), and Wnt/�-catenin (13, 127, 200). Multiple
Wnt ligands, secreted inhibitors of Wnt proteins, and Fzd re-
ceptors are involved in each stage of limb bud formation. In
chicks, Wnt8c and Wnt2b (also known as Wnt13) in the lateral
plate mesoderm activate the Wnt/�-catenin pathway and induce
the expression of Fgf-10. Fgf-10 then induces Wnt3a, which in
turn induces the expression of Fgf-8 via the Wnt/�-catenin path-
way. These signaling events contribute to the formation of the
apical ectodermal ridge (AER), which maintains the outgrowth
of the limb bud. In addition, Wnt7a functions as a dorsal de-
terminant of the limb bud. Because NRX is a negative regula-
tor of the Wnt/�-catenin pathway and is expressed in the limb
bud, it may be a modulator of limb-bud formation.

The involvement of ROS in the malformation of the limb bud
has been suggested in several studies. Thalidomide is a known
teratogen that induces phocomelia, a severe birth defect in
which the arms are extremely shortened or absent (146). Par-
man et al. (134) reported that this effect can be explained by
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FIG. 11. Model of anterior–posterior patterning by the
Wnt/��-catenin pathway. In Xenopus embryos, Wnt/�-
catenin signaling is lower in the anterior region and higher in
the posterior region. This gradient of Wnt/�-catenin signaling
is thought to be important for body patterning, that is, the lower
Wnt/�-catenin signaling in the anterior region is required for
head formation, and the higher Wnt/�-catenin signaling in the
posterior region is required for the body/tail formation.

http://www.liebertonline.com/action/showImage?doi=10.1089/ars.2007.1550&iName=master.img-000.jpg&w=228&h=109


the generation of ROS. Several mechanisms have been pro-
posed and include ROS-induced DNA damage (134) and per-
turbation of the NF-�B pathway (44). Given that Wnt/�-catenin
signaling is essential for normal limb-bud development, aber-
rant activation of the Wnt/�-catenin signaling induced by ROS
via NRX may also contribute to limb-bud teratogenesis induced
by thalidomide.

XI. INTERACTION OF NRX WITH
PROTEIN PHOSPHATASE 2A (PP2A)

It was recently reported that NRX interacts with PP2A, a ser-
ine/threonine protein phosphatase that is involved in various
processes such as cell-cycle regulation and tumorigenesis (93).
PP2A is composed of a catalytic subunit PP2AC, a structural
subunit PP2AA (PR65), and one of the regulatory PP2AB sub-
units such as PR55 or B56. Lechward et al. (93) identified NRX
as a protein that migrates at �55 kDa (by SDS-PAGE) in PP2A
preparations purified from rabbit skeletal muscle. They found
that NRX interacts with purified PP2AC and with PP2AD (the
dimeric form of PP2AC and PP2AA). However, when they per-
formed binding assays with PP2AT55 (the trimeric form of
PP2AC, PP2AA, and PR55), only PP2AC and PP2AA were
bound to NRX; no PR55 signal was identified. These results
led to the conclusion that NRX interacts with the dimeric form
of PP2AC and PP2AA through direct binding to PP2AC, thus
displacing the third regulatory subunit. They then confirmed
that ectopically expressed NRX binds to PP2AC and PP2AA in
cells and that NRX immunoprecipitates possess significant
phosphorylase phosphatase activity. This phosphatase activity
is sensitive to low concentrations (i.e., 5 nM) of the serine/thre-
onine phosphatase inhibitor okadaic acid, supporting the notion
that NRX interacts with PP2A in cells.

As described earlier, the ectopic expression of NRX results
in the dephosphorylation of Dvl, but the mechanism remains
uncharacterized. Considering the interaction between NRX and
PP2A, an attractive possibility is that this dephosphorylation is
mediated by PP2A recruited to Dvl via NRX. To our knowl-
edge, no evidence indicates that the phosphorylation status of
Dvl is regulated by PP2A. However, several reports have sug-
gested the importance of PP2A in Wnt signaling. Seeling et al.
(157) reported that B56, one of the PP2AB subunits, interacts
with APC and that the ectopic expression of B56 decreases the
amount of free �-catenin. In contrast, treatment of cells with
okadaic acid, which inhibits PP2A, results in a significant in-
crease in free �-catenin. The authors concluded that PP2A plays
an inhibitory role in Wnt/�-catenin signaling through its phos-
phatase activity. The same group also reported that ectopic ex-
pression of not only B56 but also PP2AC and PP2AA in Xeno-
pus laevis embryos results in a ventralized phenotype that
reflects a decrease in Wnt/�-catenin signaling (101). These re-
sults clearly show that PP2A negatively regulates Wnt/�-
catenin signaling. In contrast, Ratcliffe et al. (141) performed
ectopic expression experiments in Xenopus and found that
PP2AC expression enhances Wnt/�-catenin signaling. They
found that this effect is independent of and occurs downstream
of the stabilization of �-catenin. A loss-of-function analysis of

B56 in Xenopus by another group showed a positive role of
B56 in Wnt/�-catenin signaling (199). These inconsistent re-
sults make it difficult to describe the role of PP2A in Wnt/�-
catenin signaling. It should be noted that many components of
the Wnt/�-catenin signaling pathway are phosphoproteins that
may be susceptible to dephosphorylation by different subsets
of PP2A. Therefore, it should be emphasized that more careful
studies are necessary to clarify the specific role of PP2A in
Wnt/�-catenin signaling. 

In the preceding section, we discussed the possibility that
PP2A is involved in Wnt/�-catenin signaling through an inter-
action with NRX. Another possibility is that NRX regulates the
activity of PP2A. Several protein tyrosine phosphatases (PTPs)
have been shown to be regulated by reversible oxidation and
reduction [reviewed by (17, 181, 197)]. PTPs contain a Cys
residue in the catalytic center, and this is essential for the en-
zymatic reaction. This Cys residue is also prone to redox mod-
ification. In the case of PTP1B, the thiol group (-SH) of the
Cys residue is oxidized to a sulfenyl group (-SOH), which then
attacks the backbone nitrogen atom of an adjacent peptide bond
(187). This results in the formation of a sulfenylamide group
and the protection of the Cys residue from further oxidation to
a sulfinyl group (-SO2H) or a sulfonyl group (-SO3H), both of
which are not reduced by conventional intracellular reducing
agents. The sulfenylamide form of PTP1B is enzymatically in-
active because the catalytically essential Cys residue is inac-
tive. However, when it is reduced, it becomes enzymatically
active again, thus enabling the reversible regulation of phos-
phatase activity. Another example of reversible regulation is
found in phosphatase and tensin homologue (PTEN), a dual
phosphatase for tyrosine-phosphorylated proteins and phospha-
tidylinositol 3,4,5-trisphosphate (PIP3). PTEN is also readily
oxidized and inactivated, but it forms an intramolecular disul-
fide bond between the Cys residue at the catalytic center and a
second Cys residue (95, 97). Oxidized PTEN can also be re-
duced and returned to an enzymatically active state. Indeed, the
stimulation of cells with growth factors induces transient oxi-
dation (inactivation) of PTEN followed by return to the reduced
state (reactivation) (89). Such transient and reversible inactiva-
tion of PTEN may be important for the dynamic regulation of
signaling molecules such as PIP3. PP2A does not possess a cat-
alytically essential Cys residue. However, a report suggests that
the PP2A-C subunit is inactivated by oxidation, although the
mechanism is unclear. When oxidized PP2AC is treated with
reducing agents, it again becomes enzymatically active (35),
suggesting the possibility that PP2A is also regulated in a re-
dox-dependent and reversible manner. NRX may regulate the
enzymatic activity of PP2A via its oxidoreductase activity.

Finally, the interaction between NRX and PP2A may be im-
portant for the regulation of PP2A, as is the case for Dvl. The
addition of NRX to PP2A in vitro shows a very modest stim-
ulatory effect on phosphatase activity [approximately twofold
(93)], but this effect may be enhanced by unidentified intracel-
lular molecules; NRX may recruit regulatory molecules to in-
duce PP2A activity. If the interaction between NRX and PP2A
is regulated by the redox state, PP2A activity may also be reg-
ulated in a manner similar to that of Dvl regulation. This is a
speculative statement, and further research is required to con-
firm this.
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XII. SUBCELLULAR LOCALIZATION 
OF NRX

One important issue that we should discuss is the subcellu-
lar localization of NRX. Kurooka et al. (88) first reported that
overexpressed NRX in COS-7 cells is localized to the nucleus,
whereas we observed that endogenous NRX in NIH3T3 local-
izes predominantly to the cytosol (39). These seemingly con-
tradictory results may be explained by the assumption that NRX
shuttles between the cytosol and nucleus. NRX does not appear
to have any typical nuclear localization signal (NLS) or nuclear
export signal (NES) sequences. Some reports suggest that Dvl
and PP2A can shuttle between the cytosol and nucleus (69, 184).
Therefore, one possible scheme to explain the nucleocytosolic
shuttling of NRX is that it moves along with Dvl or PP2A as
a complex. Dvl has been thought to be a cytosolic component
of the Wnt/�-catenin signal. However, Itoh et al. (69) reported
that Dvl also localizes to the nucleus, which is important for
Wnt/�-catenin signal transduction (69). The precise mechanism
underlying nuclear Dvl functions in Wnt/�-catenin signaling is
still obscure. Further studies will reveal whether NRX can move
into the nucleus as a complex with Dvl and whether it can af-
fect Wnt/�-catenin signaling inside the nucleus. With regard to
PP2A, it is known that this molecule can function in both the
cytosol and nucleus (72, 163, 188). It will be interesting to ex-
amine whether NRX can affect these topologically different cel-
lular events controlled by PP2A. Nevertheless, further research
is required to reveal the detailed mechanism of the nucleocy-
tosolic shuttling and location-dependent function of NRX. 

XIII. CONCLUDING REMARKS

Research on NRX is in the early stages. However, much ev-
idence indicates that NRX may play essential roles in numer-
ous biologic phenomena. We have shown that NRX serves as
a redox-sensor to regulate the Wnt/�-catenin signaling path-
way. ROS are inevitable byproducts of cellular respiration and
require detoxification, but cells also produce and harness ROS
to control various cellular processes. It is interesting that sig-
naling by Wnt/�-catenin, a well-established pathway for the
control of cell proliferation and cell fate, also is involved in the
utilization of ROS.

Many important points remain to be clarified. Studies con-
ducted by Kurooka et al. (39), as well as those conducted in
our laboratory, revealed that NRX possesses oxidoreductase ac-
tivity (88). It is unknown whether such activity, observed in in
vitro experiments, is physiologically important. The exact elec-
tron donors and the proteins or peptides that act as intracellu-
lar substrates also are unknown. The cis-Proline residue, which
is implicated in the interaction of TRX family members with
protein substrates, also appears to be conserved in NRX [Pro276
in human NRX (28, 63)]. Along with the existence of a PDI-
b�-like domain in NRX, it seems that physiologic substrates for
NRX are proteins or peptides or both, rather than other intra-
cellular molecules such as nucleic acids and lipids. It is well
known that the catalytic motif of the TRX family proteins is
responsible for their redox potential and hence their physiologic

functions. The catalytic motif of NRX is WCPPC, which dif-
fers from that of TRX (WCGPC). A report indicates that in the
case of Crithidia fasciculate TryX2, the wild-type form
(WCPPC) and its TRX-mimicking mutant form (WCGPC)
showed similar reducing activity against insulin and TryX per-
oxidase (167). This result suggests that the WCPPC and
WCGPC motifs do not have such a striking difference, at least
in their reducing activities. Kurooka et al. (39) and we used
DTT as an electron donor and assessed the oxidoreductase ac-
tivity against insulin. The sequence of NRX is similar to that
of TryX, and because no evidence shows the existence of try-
panothione in mammals, the candidate for NRX electron donor
may be the trypanothione-related peptide glutathione. We hope
that the detail of the biochemical characterization of NRX and
the components of the NRX oxidoreductase cascade will be elu-
cidated in the future.

Experiments performed in our laboratory as well as studies
by Zolnierowicz and colleagues (93) identified Dvl and PP2A
as binding proteins for NRX (39). It is probable that other
unidentified NRX-binding proteins exist. Our preliminary
analyses indicate that this is the case (Takenaka et al., unpub-
lished observations). It is likely that NRX regulates the activ-
ity of not only Dvl and PP2A but also other participants in other
signaling pathways.

Another unresolved issue is the role of NRX at the organism
level. We have shown that NRX is a negative regulator of
Wnt/�-catenin signaling in Xenopus. However, we do not know
whether NRX acts as a redox-sensor of Wnt/�-catenin signal-
ing inside living organisms. Clarification of this point will be
critical for demonstrating the importance of redox signaling in
organisms.

Myriad reports of ROS in the control of various biologic phe-
nomena have been accumulating. However, at present, the pre-
cise molecular mechanisms involved are unclear. The concept
of redox-dependent control of the Wnt/�-catenin pathway, in
which ROS activity can be explained by the function of the pro-
tein NRX that possesses evolutionarily conserved ROS-reac-
tive Cys residues and uses them for sensing intracellular redox
conditions, is intriguing. Further examination of NRX will cer-
tainly contribute to the understanding of ROS signaling.

ABBREVIATIONS

AATF, apoptosis-antagonizing transcription factor; Abr, ac-
tive breakpoint cluster region-related; ADL, adult T-cell leu-
kemia–derived factor; AER, apical ectodermal ridge; APC, ade-
nomatous polyposis coli; ASK1, apoptosis-regulated signal
kinase 1; C9orf121, chromosome 9 open reading frame 121;
CK, casein kinase; CREB, cyclic AMP response element–bind-
ing protein; DC1, divergent C1; DEP, Dvl, EGL-10, pleckstrin;
DIX, Dvl, Axin; DTT, dithiothreitol; Dvl, Dishevelled; Dlg,
Discs large; ER, endoplasmic reticulum; FADD, Fas-associated
protein with death domain; FAP, familial adenomatous poly-
posis; Fgf, fibroblast growth factor; Frat, frequently rearranged
in advanced T-cell lymphomas; Fzd, Frizzled; GBP, GSK3�-
binding protein; GEMIN4, gem (nuclear organelle)-associated
protein 4; GRX, glutaredoxin; GSK3�, glycogen synthase ki-

NUCLEOREDOXIN, A NOVEL THIOREDOXIN FAMILY MEMBER 1051



nase 3 beta; HCAP1, hepatocellular carcinoma–associated pro-
tein 1; HCCS1, hepatocellular carcinoma suppressor 1; Hh,
hedgehog; HIC1, hypermethylated in cancer 1; HIF-1�, hy-
poxia-inducible factor-1�; H2O2, hydrogen peroxide; IP(3)R,
inositol 1,4,5-triphosphate receptor; JNK, c-Jun N-terminal ki-
nase; MAPKKK, mitogen-activated protein kinase kinase ki-
nase; MnSOD, manganese superoxide dismutase; MO, mor-
pholino oligonucleotide; MST, mammalian STE-20-like; NDP,
nucleoside diphosphate; NF-�B, nuclear factor-kappa b; NIK,
NF-�B inducing kinase; nNOS, neuronal nitric oxide synthase;
NRX, nucleoredoxin; O2

.�, superoxide radical; .OH, hydroxyl
radical; PAK, p21-activated kinase; PDI, protein disulfide iso-
merase; PDZ, PSD-95, Dlg, ZO1; PIP3, phosphatidylinositol
3,4,5-triphosphate; PKA, protein kinase A; PMA, phorbol-12
myristate 13-acetate; PP, protein phosphatase; Prx, peroxire-
doxin; PSD-95, postsynaptic density-95; PTEN, phosphatase
and tensin homologue; PTP, protein tyrosine phosphatase; PX-
12, 1-methylhydroxypropyl 2-imidazoloyl disulfide; RA, rheu-
matoid arthritis; RdCVF, rod-derived cone viability factor; Ref-
1, redox factor-1; RNAi, RNA interference; Rnmtl1, RNA
methyltransferase–like 1; ROS, reactive oxygen species; sFRP,
secreted Fzd related protein; SpTRX, sperm-specific TRX;
TCF/LEF, T-cell factor/lymphoid enhancer factor; TGF-�,
transforming growth factor �; Timm22, tranlocase of inner mi-
tochondrial membrane 22; TNF-�, tumor necrosis factor-�; TR,
trypanothione reductase; TRP14, TRX-related protein 14;
TRP32, TRX-related protein 32; TMX, TRX-related trans-
membrane protein; TRX, thioredoxin; TrxR, TRX reductase;
TryX, tryparedoxin; VEGF, vascular endothelial growth factor;
Wnt, wingless related; ZO1, zona occludens 1. 
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