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Thioredoxin-related protein of 14 kDa (TRP14; also named TXNDC17 for thioredoxin domain-containing protein 17) is a highly
conserved and ubiquitously expressed oxidoreductase. It is expressed in parallel with thioredoxin 1 (Trx1, TXN; TXNT), an efficient
substrate for the mammalian cytosolic selenoprotein thioredoxin reductase 1 (TrxR1; TXNRDT). However, TRP14, in sharp con-
trast to Trx1, cannot support the activities of ribonucleotide reductase, peroxiredoxins or methionine sulfoxide reductases, thus is
unable to directly support cell proliferation or antioxidant defence through these pathways. However, TRP14 has been shown to
efficiently reduce L-cystine, which thereby indirectly supports glutathione synthesis. TRP14 can also suppress NF-kB signalling, is
functionally linked to STAT3 signalling, and can directly reactivate oxidized protein-tyrosine phosphatase PTP1B. Furthermore,
TRP14 can efficiently reduce persulfidated or nitrosylated cysteine residues in many proteins, thereby having the capacity to
modaulate signalling through hydrogen sulfide or NO. Additional bioinformatics analyses and observations suggest further roles
for TRP14; therefore, further studies of its functions are warranted. Collectively, the results available suggest that TRP14 is a
member of the thioredoxin system dedicated to the control of cellular redox signalling pathways.
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Introduction

Redox control has a critical role in maintaining cellular func-
tions under diverse growth conditions (Trachootham et al.,
2008; Holmstrom and Finkel, 2014; Navarro-Yepes et al.,
2014; Ye et al., 2015). Physiological regulation of cellular
redox status occurs mainly through the controlled oxidation
of reactive cysteine residues in concert with enzymatically-
controlled reduction of such cysteines. The reductive path-
ways are controlled by two major systems in the cytosol: the
glutathione (GSH) and thioredoxin systems.

In the glutathione system, electrons are transferred from
NADPH to glutathione disulphide reductase that re-
duces glutathione disulphide (GSSG). Subsequently, reduced
glutathione propels those electrons to numerous enzymes,
including the glutathione peroxidases, glutaredoxins and
glutathione S-transferases (Lillig et al., 2008; Toppo et al.,
2009; Deponte, 2013; Ye et al., 2015).

The thioredoxin system is composed of different isoforms
of thioredoxin and thioredoxin reductase, where the latter
use NADPH to reduce the active site disulfide to a dithiol in
their thioredoxin substrates. Cytosolic thioredoxin 1 (Trx1),
reduced by TrxR1, is an oxidoreductase with a very broad sub-
strate specificity, thus supporting many important functions
in cells (Holmgren, 1995; Martin, 1995; Arner and Holmgren,
2000; Gromer et al., 2004). However, it is likely to be impossi-
ble for a single protein to recognize and support all reductive
pathways in a cell and, in mammals, several auxiliary Trx-like
proteins complement the functions of Trx1, and are pre-
sumed to have both overlapping and specific roles in cells
(Miranda-Vizuete et al., 2004; Jimenez et al., 2006; Funato
and Miki, 2007; Su et al., 2007; Dammeyer and Arner, 2011).
The Trx-related protein of 14 kDa (TRP14, encoded by
TXNDC17) is an interesting member of the Trx system that
has, as yet, remained sparsely characterized.

Early on, TRP14, together with Trx1, was found to be
expressed in most rat and human tissues when analysed with
immunoblotting (Jeong et al., 2004). If searching current data-
bases for its expression, it indeed seems as if TRP14 (TXNDC17)
is expressed in most, if not all, human cell types, cell lines and
tissues (e.g. see https://www.genecards.org/cgi-bin/carddisp.
pl?gene=TXNDC17&keywords=txndc17#expression, https://
www.proteinatlas.org/ENSG00000129235-TXNDC17/tissue
or https://www.ncbi.nlm.nih.gov/UniGene/ESTProfileViewer.
cgi?uglist=Hs.408236). At present, it is unclear what role(s)
TRP14 carries out in the cells where it is expressed. Recent
insights regarding the potential roles of TRP14 in the control
of redox signalling events are the main focus of this review.

Potential roles of TRP14 (TXNDC17) in
signalling

Identification and characterizations of TRP14
as a regulator of NF-«B signalling

Mammalian TRP14 has 123 amino acids and was detected in
2000 by a procedure used to search for proteins containing
redox-sensitive cysteine residues with low pKa in rat brains
(Kim et al., 2000). Human TRP14 was subsequently discov-
ered in 2004 by Rhee and co-workers, who characterized
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TRP14 as a cytosolic protein that is expressed in most cells
and tissues, has a low redox potential and, interestingly, is re-
duced by cytosolic TrxR1 but, in contrast to Trx1, is unable to
reduce ribonucleotide reductase subunit M2 (RRM2),
peroxiredoxins or methionine sulfoxide reductase, thus sug-
gesting different functions from those of Trx1 (Jeong et al.,
2004). The active site motif of human TRP14 is WCPDC (in-
stead of WCGPC as found in Trx1), and in 2004, the Rhee
group also solved the crystal structure of TRP14 at 1.8 A reso-
lution (PDB entry 1WOU), showing that although TRP14
only shares 20% sequence identity with Trx1, the topological
structures of the two proteins are very similar. However, in the
vicinity of the active site in TRP14, there is an extended loop,
an additional a-helix, and a different distribution of charged
residues compared to Trx1, which may explain the differ-
ences in substrate specificities between the two oxidoreduc-
tases (Woo et al., 2004). It was also shown in 2004, again by
Rhee et al., that TRP14 suppresses TNF-a-induced activation
of NF-«B, JNK and p38 MAPKs, while TRP14 in contrast to
Trx1 did not regulate the activities of apoptosis signal-
regulating kinase-1 (Jeong et al., 2004b). The authors later
showed that the TRP14-mediated suppression of NF-kB acti-
vation was uniquely related to its reduction of dynein light
chain LC8 (Jung et al., 2008; Jeong et al., 2009).

Further evolutionary insights regarding TRP14
functions

Early on, it was noted that TRP14 orthologues are found in a
large number of species, from bacteria, plants, yeast and
mammals, and in an alignment of TRP14 sequences from 42
different species the unusual WCPDC active site was
completely conserved (Jeong et al., 2004; Jeong et al., 2009).
In the decade that has passed since those analyses, many
more organisms have been sequenced, and the TRP14 family
of sequences has thus grown considerably. When 111 se-
quences of TRP14 from 89 compiled animal sequences were
analysed at the curated TreeFam database of EMBL-EBI
(http://www.treefam.org/family/TF313854) (Li et al., 2006;
Ruan et al., 2008), it became evident that TRP14 orthologues
are widely distributed throughout the animal kingdom. How-
ever, an analysis of the active site motifs of these sequences
revealed that the WCPDC active site is not completely con-
served. In some of the sequences, it is instead WCPYC
(Figure 1); this motif is the sequence of a typical dithiol
glutaredoxin active site (Aslund et al., 1997; Holmgren et al.,
1998; Fernandes and Holmgren, 2004; Foloppe and Nilsson,
2004; Lillig et al., 2008). At present, it is not clear whether
such “‘WCPYC’ active site proteins, otherwise being closely
related to TRP14 sequences, should be considered as
glutaredoxins or TRP14 variant proteins. An important defi-
nition of a glutaredoxin is that it utilizes glutathione during
catalysis (Aslund et al., 1997; Holmgren et al., 1998;
Fernandes and Holmgren, 2004; Lillig et al., 2008), and those
TRP14 variant proteins thereby need to be enzymatically
characterized, before they can be fully classified as being
either glutaredoxins or TRP14 proteins. Some additional
insights into the potential functions of TRP14 can, however,
be deduced from a number of biochemical characterizations
of TRP14 that have thus far been made with non-mammalian
TRP14 proteins.
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Accession number Active site motif
1 ENSOANP00000000735 SKSA T KN
2 214285 SVNA-NGESHCPDCVTAAPVIADNLKH
3 ENSDORP00000011475 SKDA-EGKSHCPDCVLAEPVVREGLKH
4 ENSCJAP00000020554 SKDA-GGKSHCPDCVQAEPVVREGLEH
5 ENSMICP00000006044 SKDD-EGKSHCPDCVQAEPVVREGLKH
6 CPIJ801425-PB DKDE-QGNSWCPYCVKAAPVVEEALNS
7 Y71H2AR.1 SKIL 'IKD
B ENSPMAP00000005647 SKDA-GGESHCPDCVAAEPVVRSALNT
9 ENSMPUP00000011246 SKDA KH
10 CRE03102 SKILTTGKSHCPDCVVAEPVIDQIIKE
11 ENSGMOP00000011272 DKDA-DGNSHCPDCVKAEPTVRGEISH
12 ENSCPOP00000002623 SKDA-GGKSWCPDCVQAEPVVREGLKH
13 HMELO17057-PA SKLP-NGNSHCPDCVEVEPALKAYLSE
15 ENSGACP00000014499 NKDA-QGKSHCPDCVKAEP IVRGOMTH
16 ENSMMUP00000005049 SKDA v
17 ENSPVAP00000002265 SKDA-EGKSHCPDCVQAEPVVREGLKH
18 SPU_003766tr GKNSSDGVSWCPDCVSAEPIIEKGLAA
19 FBpp0118B336 GKDE-NGLSWCPYCVKAEPVIHDALKK
20 PAC_15719207 TIENVASK
21 FBpp0160391 EKDS-TGRSHCPDCVAVEDLVETAFRE
22 GB11372-PA KKL-PNGKSHCPDCVEAEPFIEEGFKI
23 ENSPTRP00000014752 SKDA-GGKSWCPDCVQAEPVVREGLKH
24 ENSOPRP00000015711 SLDA-EGKSHCPLCVKAEPVIREGLKH
25 AGAP003178-PA AKLE-NGLSWCGDCVDAAPYIEKAIET
26 FBpp0233992 GKDE-NGESHCPYCVKAEPVIHDALKK
27 ENSOPRE00000000461 SKDA VVQEALKH
28 ENSGALP00000038086 DKDA- ELEN
29 FBpp0070484 EKDK-DGRSHCPDCVAAEETIMSAFRN
30 PHUMO0126B0-PA SPNP-VGLSWNPKCNRSGPIVHSVLKK
31 ENSTNIPO0000019309 DKDD-EGKSWCPDCVKAEPVVKGELTH
32 ENSSARP00000005891 SKDA-EGKSHCPDCEQADPVVREGLKH
33 ENSGGOP00000003003 SKDA KH
34 FBpp0270449 GKDE-NGQSHCPYCVKAEPVIEDALRKK
35 ENSOGAP00000021476 SKDA-EGKSWCPDCAQAEPVVREGLKH
36 CBGO0048B7 SKNLSTGQSHCPDCVVAEPIVDQVIQD
37 ENSOCUP00000014228 SKDD-EGKSHCPDCVKAEPVVQEALKH
38 ENSAMEP00000007426 SKDD-RGKSHCPDCVQAEPVVREGLKH
39 FBpp0286804 EKDS
40 PHUM098430-PA QVN-DKGENWCPDCQAAEPIVKEVLEE
41 FBpp0215034 EKDK-EGRSHWCPDCVAAEETIMSAFRN
42 ENSTGUP00000009218 EKDA-EDRSWCTDCVTAEPIVRKELHN
43 PTSG_06456T0 DDDE- KE
44 NV11733-PA TKL-PNGDSHCPDCVVAKPHIEKGIEA
45 ENSCHOP00000003252 SKDA-GGKSHCPDCVOXXXXXXXXXXX
46 SPBC21C3.12c.l_pep SVDPRTEKQPHCPTVRAALPLFNNAFNS
47 MhAl Contig953.frz3.gen SKLOTTGKSHCSDCVKAEPAIDETLLE
48 ENSLACP00000021328 SKNE-QGVSHCPDCVRAEPVVHEGELGH
49 ENSETEP00000001547 SKDA-EGKSWCPDCELAEPVVLDGLKH
50 FBpp0122792 EKDK-QGRSHCPDCVDAEETIMTAFRT
51 jgi|Helrol|186220 PTIDKVFTR
52 ENSOANP00000016019 SKDA-EGRNWCSDSERAEPIVQEAMKY
53 FBpp0143622 GKDE-NGQSHCPYCVKAEPVIEDALKK
54 CBNO2755 SKSLTTGESHCPDCVVAEPVIDEVIKG
55 ATS5G42850.1 DNDPTTGQSHCPDCVRAEPVIYKTLE-
56 ENSVPAP00000001433 SKDA-EGKSHCPDCVQAEPVVREGLKH
57 ENSTRUP00000003230 DKDD-HGNSHCPDCVRAEPVVRGELKH
58 ENSSTOP00000018740 SKDA-EGKSWCPDCVQAEPVVREGLKH
59 BGIBMGAO06709-TA SKLP-DGNSWCPDCVEAEPVVREYLSE
60 FBpp0229717 EKDS-KGRSHCPDCVAVEELVETALRE
61 ENSXMAP00000003997 NKDA-EGKSHCPDCVKAEPIVRGELTH
62 Smp_092500__mRNA IIESKIGV
63 ENSTBEP00000000461 SKDA-EGKSWCPDCVQAEPVVREGLKH
64 FBpp0303002 GKDE-KGESHCPYCVKAEPVIHDALKK
65 FBpp0158593 EKDS
66 FBpp0144199 GKDE-NGQSHCPYCVKAEPVIEDALKK
67 DappuP302246 SKD-! IEKALES
68 ENSDNOP00000006970 SKDA-GGKSHCPDCVQAEPVVREGLKH
69 ENSDARP00000075336 DKDE-HGKSHCPDCVKAEPVVRAELPH
70 TriadP61314 DYDD-HGLSWCPDCVKAEPIIDKIFSE
71 FBpp0279486 GKDE-NGESWCPYCVKAEPVIHEDALKK
72 FBpp0221747 GKDE-NGESWCPYCVKAEPVIHDALKK
73 CBN22377 SKSLTTGESHCSRCAIAELVIDEVIKG
74 ENSTTRP00000011448 SKDA KH
75 ENSCPOP00000016949 SKAA-EGKSHCPDYVQAEPVVQEGLKH
76 FBpp0244232 GKDE-NGLSWCPYCVKAEPVIHDALQK
77 NEMVEDRAFT_v1gl65587-PA AID-ETGDSWCPDCVRAEPNVEKAVEN
78 Smp_196170.2__mRNA ‘TPLS-DGTNHCPDCVKGEPMVKEALKK
79 ENSSHAP00000005509 DKDA-EGRSHCPDCEEAEPVVLEGRKH
80 ENSPPYP00000008869 SKDA-GGKSHCPDCVQAEPVVREGLKH
81 FBpp0189955 AKDE VIEDALKK
B2 EHJ75979 SKLP-NGNSWCPDCVEAEPVVKAFLSE
B3 AAEL01223B-PA AKLE-NGVSHCSDCVEAAPFIEAALAT
B4 AAEL012116-PA DKDE-KGDSHCPYCVKAAPVVE!
85 ENSMLUP00000009838 SKDA KH
86 ENSMUSP00000021158 SKDT-EGKSHCPDCVEAEPVIREGLKH
B7 ENSNLEP00000011250 SKDA-GGKSHWCPDCVQAEPVVREGLKH
BB AGAP009738-PA SKDE-NGESWCPYCVKAAPVVTKALES
89 FBpp0200028 GKDE-NGESHCPYCVKAEPVIHDALKK
90 ENSORLE00000005922 TKDD- 1
91 ENSMODP00000033408 WGGG: KH
92 ENSECAP00000022569 SKDA-GGKSHCPDCVQAEPVVQEGLKH
93 ENSSSCP00000018950 SKDA-EGKSWCPDCVQAEPVVREGLKH
94 FBpp0167206 GKDE-NGESWCPYCVKAEPVIEDALKK
95 FBpp0261306 EKDK.
96 FBpp0137193 EKDK-AGRSHCPDCVAAEDTIMSAFRT
97 ENSOGAP00000017948 SKDA PV KH
98 ACYPIO00630-PA TPNE-SGESHCSDCVIADPVIKKQIEH
99 AAEL014064-PA DKDE-KGDSHCPYCVKAAPVVEEALKL
100 ENSCINP00000032627 DKDE-NGKSHCPDCVTSEPIVRKSLEL
101 ENSP00000250101 SKDA v KH (Human TXNDC17)
102 ENSMEUP00000008164 DKDA-EGRSHCPDCVOAE KH
103 ENSBTAP00000029147 SKDA-EGKSHCPDCVQAEPVVREGLKH
104 ENSETEP00000014684 SKDT-EGKSWCPDCELAEPVVLEGLKH
105 FBpp01B4059 EKDS
106 ENSTSYPO0D000010076 SKDA-EGKSHCPDCVQAEPVVREGLKH
107 ENSRNOP00000019574 SKDT-EGKSHCPDCVEAEPIIREGLKH
109 ENSLAFP00000020535 SKDA-EGKSHCPDCVLAEPVVREGLKH
110 FBpp0239495 EKDS-KGVSWCSDCVEAESTITKGFTQ
111 CJA37757 SKNL VAEPV IQT

Figure 1

Evolutionary conservation of TRP14 in animals. The accession numbers and amino acid sequences of the region around the active site WCPDC
motif are shown for 111 sequences of TRP14 from 89 species, as generated through the curated TreeFam server (see references and details in
the text). The human sequence is boxed for reference. Note that the tryptophan in the active site motif is fully conserved throughout these animal
species (green). The two active site cysteine residues (yellow) are almost fully conserved, while a few sequences have monothiol active site motifs
with only a single Cys residue. The intervening Pro-Asp amino acids are also conserved in most species (blue), although in some, Asp is substituted
by Tyr (grey), thus resulting in a WCPYC active site motif as typically found in glutaredoxins. See text for further details.
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In 2007, a TRP14-encoding gene named AmphiTRP14 was
identified in the amphioxus Brahciostom belcheri, which be-
came the first non-mammalian TRP14 to be characterized
(Jiang et al., 2007). AmphiTRP14 shows 56% identity with
human TRP14 and is, as in human TRP14, a 123 amino acid
protein having a WCPDC active site motif and an estimated
molecular weight of 14 kDa. The protein was found to be
expressed mainly in hepatic caecum, ovary and hind-gut of
the amphioxus (Jiang et al., 2007). Another TRP14 orthologue
was characterized in the clam Venerupis philippinarum, where
it was expressed in all tissues but at highest levels in the hepa-
topancreas and other organs associated with environmental
exposure such as gills, hemocytes and mantles (Wang et al.,
2011). Interestingly, the expression of that protein was up-
regulated upon exposure to high levels of cadmium or copper,
suggesting that it may have a role in antioxidant responses
against metal stress in the clam (Wang et al., 2011).

TRP14 was also identified in the fish group Epinephelus
coioides. Similar to TRP14 orthologues of other species, it has
123 amino acids with the conserved active site motif WCPDC,
and is widely expressed in different organs of the fish, displaying
high levels in the liver, muscle, brain, kidney, skin and gill. Inter-
estingly, in that study, it was shown that transcripts for this
TRP14 were up-regulated when the fish was challenged with
the pathogenic Singapore grouper iridovirus, again possibly
suggesting some protective function of TRP14 (Weietal., 2013).

Based upon these analyses of TRP14 orthologues in spe-
cies other than humans, it is reasoned that TRP14 has a role
in protection against challenges with oxidative stress, toxic
compounds or viral infections. The fact that the protein is
so well preserved during evolution points towards some vital
but yet unrecognized role of TRP14 in the survival of cells and
organisms. The possibility that TRP14 is not a direct antioxi-
dant, but rather an important redox signalling protein that
orchestrates protective responses, should not be disregarded,
especially considering its lack of direct support of the activi-
ties of antioxidant enzymes such as peroxiredoxins or methi-
onine sulfoxide reductases (Jeong et al., 2004). Some recently
discovered redox activities of TRP14 should be considered
when assessing the possible functional roles of this protein,
as shall be discussed next. Several of the activities are also
schematically summarized in Figure 2.

Cystine reduction by human TRP14

An important antioxidant, protective and cell-cell communi-
cative function of cells is system xc-mediated uptake of
cystine in exchange with glutamate, with intracellular
cystine providing an important source of cysteine for synthe-
sis of glutathione (Conrad and Sato, 2012; Lewerenz et al.,
2013). It is in this context that TRP14 could have a poten-
tially important role in that it efficiently reduces the disulfide
of cystine, to liberate two cysteine molecules, in a reaction
propelled by TrxR1 and NADPH (Pader et al., 2014). Human
TRP14 has been shown to be a good substrate for TrxR1,
which reduces the active site disulfide of TRP14 to a dithiol
using NADPH, while TRP14 is not a substrate for mitochon-
drial TrxR2 (Jeong et al., 2004; Woo et al., 2004). Interestingly,
when coupled to cystine reduction, TRP14 becomes an even
better substrate for TrxR1 than Trx1, with the catalytic effi-
ciency (Keat/Km) for TRP14 (2217 min™'-pM™") being fivefold
higher than that for Trx1 (418 min~'-yM™') (Pader et al.,
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2014). Moreover, if another substrate of Trx1 other than cys-
tine is present that can be reduced by Trx1 but not by TRP14,
then Trxl-mediated cystine reduction easily becomes
blocked, while TRP14 reduction of cystine continues with
high efficiency (Pader ef al., 2014). These observations possi-
bly suggest that one important role of TRP14, compatible
with its involvement in the protection against metal stress
or viral infections as implied above, may relate to its catalysis
of cystine reduction. Furthermore, several other findings sug-
gest that TRP14 is uniquely positioned to have a role in the
control of redox signalling events.

Specific roles of TRP14 in redox signalling
Redox signalling implies the control of cellular functions by
enzymatically regulated oxidation or reduction of redox ac-
tive moieties in key signalling proteins (Winterbourn and
Hampton, 2008; Brigelius-Flohe and Flohe, 2011; Groitl and
Jakob, 2014; Sies, 2014; Yoshihara et al., 2014; Sobotta et al.,
2015; Winterbourn and Hampton, 2015; Ye et al., 2015).
TRP14 can control several distinct steps of redox regulatory
pathways, as summarized here.

e NF-«B signalling

NF-«B has critical functions in processes such as inflam-
mation, immunity, cell proliferation, differentiation and
survival (Hayden and Ghosh, 2004; Hayden and Ghosh,
2012). TRP14 was initially discovered in 2004 as a suppres-
sor of NF-«B signalling, as discussed above. Trx1 has also
been shown to play different roles in redox regulation of
several transcriptional factors, including NF-xB (Matthews
et al., 1992; Mitomo et al., 1994; Heilman and Watson,
2008). However, TRP14 seems to be a more potent regulator
of NF-kB signalling than Trx1, although TRP14 is expressed
at lower levels than Trx in cells (Jeong et al., 2004a). In order
to try to identify potential cellular substrates of TRP14, a
trapping method using an active site monothiol mutant
was employed, as typically used for Trx substrates
(Motohashi etal., 2001). In that analysis, three potential sub-
strates of TRP14 were identified: LC8, cofilin and ribosomal
protein L30, with the reduction of LC8 being suggested to
mediate the suppression of NF-«B signalling by TRP14 (Jeong
et al., 2004b; Jung et al., 2008). It was later shown that TRP14
counteracts osteoclast differentiation, which also seems to be
an activity that relates to its suppression of NF-«B activation
(Hong et al., 2014). The mode of TRP14-mediated suppres-
sion of NF-«xB is believed to occur through activation of
LC8 by reduction of a disulfide in the protein; the reduced
LCS8 then binds to IkB to prevent its phosphorylation (Jung
et al., 2008).

STATS3 signalling

By examining the regulation of TRP14 through Chip
analyses coupled with a luciferase assay, the transcription
factor STAT3 was found to bind the promoter region of
the TRP14-encoding gene TXNDC17 (Zhang et al., 2016).
Furthermore, cells became resistant to paclitaxel (Taxol)
treatment after either overexpression of TRP14 or stimula-
tion of phosphorylation of STAT3, which in turn correlated
with the induction of autophagy (Zhang et al., 2016). These
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Figure 2

Schematic summary of selected enzymatic reactions catalyzed by TRP14. As is further discussed in the text, TRP14 lacks enzymatic activity with
several classic Trx substrates including ribonucleotide reductase, methionine sulfoxide reductases or peroxiredoxins. However, several other en-
zymatic activities of TRP14, coupled to its own NADPH-dependent reduction from an active site disulfide to a dithiol by TrxR1, were described in
recent years. Some of these are summarized here, with the key features in the different substrates being reduced by TRP14 indicated in colour. The
activities include (A) reduction of cystine into two molecules of cysteine, (B) reduction of persulfidated proteins or inorganic polysulfides, (C) re-
duction of nitrosylated Cys residues (S-nitrosolyated moieties) in proteins, (D) reduction of a disulfide in LC8 that activates LC8 as an inhibitor of
NF-kB through interactions of reduced LC8 with IkxB and (E) reduction of a presumed sulfenylamide motif in oxidized PTP1B that promotes its
phosphatase activity, which inhibits receptor-linked tyrosine phosphorylation cascades.
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findings suggest that TRP14 is linked to STAT3 signalling,
but the full interrelationships between TRP14 and STAT3
signalling are yet unclear. It should be noted that NF-xB
and STAT3 interact and overlap in their signalling path-
ways (Fan ef al., 2013), suggesting that TRP14 can also be
indirectly linked to both pathways by being affected, or
regulating, either one of these pathways. It is also note-
worthy that STAT3 is directly regulated by peroxiredoxin
2 (Sobotta et al., 2015), which in turn is reduced by Trx1
but not by TRP14 (Jeong et al., 2004). These observations
suggest that although TRP14 can modulate several path-
ways of redox signalling, some of these pathways (such
as those involving STAT3) can be intricately modulated
by many members of the thioredoxin system. The exact
roles of TRP14 in this signalling need further scrutiny
and may also, noteworthy, be both cell-, tissue- and
organism-specific.

Control of autophagy through beclin-1 (BECN1)

It was found that TRP14 supports the induction of au-
tophagy, as a mechanism of resistance of cancer cells to pac-
litaxel (Taxol) in a manner dependent upon BECN1. Upon
treatment with paclitaxel, an up-regulation in the expres-
sion of both proteins was found. However, when TRP14 ex-
pression was lowered using siRNA, the up-regulation of
BECN1 in cells exposed to paclitaxel was prevented, thus
suggesting a potential regulation of BECN1 expression by
TRP14 (Zhang et al., 2015; Zhang et al., 2016; Zhen et al.,
2017). The mechanisms of autophagy as well as BECN1 ex-
pression are known to be intimately linked with and af-
fected by oxidative stress and redox signalling pathways
(Navarro-Yepes et al., 2014), but it is yet too early to specu-
late on exactly how TRP14 directly regulates BECN1 and
other processes linked to autophagy.

Control of cysteine nitrosylation

One interesting mechanism of redox signalling is that
linked to NO and nitrosylation (also called nitrosation) of tar-
get cysteine residues in key signalling proteins. Although it
may be argued that arny reactive cysteine residue can be mod-
ified by several different oxidative insults, such as
glutathionylation, overoxidation and electrophilic attack,
and that nitrosylation may be intrinsically unstable
(Wolhuter and Eaton, 2017; Wolhuter et al., 2018), there are
nonetheless a vast number of reports suggesting that
nitrosylation of cysteine residues may be an important mech-
anism for control of cell function (Benhar et al., 2009;
Wolhuter and Eaton, 2017; Wolhuteret al., 2018). It has long
been known that Trx1 can control the nitrosylation state of
cysteine residues, both by direct reduction of cysteine S-
nitrosolyated (SNO) groups and by transnitrosylation mech-
anisms (Benhar et al., 2008; Hashemy and Holmgren, 2008;
Benhar et al., 2009; Sengupta and Holmgren, 2013; Benhar,
2015; Benhar, 2016). It is thus interesting to note that
TRP14 is also efficient at reducing nitrosylated cysteine resi-
dues (Paderetal., 2014). Whether Trx1 and TRP14 have differ-
entnitrosylated target proteins, or if one of the two proteins is
more dominant than the other in regulating nitrosylation
status, is not yet known.

TRP14 in redox signalling m

e Hydrogen sulfide signalling as well as regulation of protein-
tyrosine phosphatase 1B (PTP1B)

Hydrogen sulfide signalling is currently a rapidly
expanding research field, with implications in a wide vari-
ety of redox signalling systems. There are many mecha-
nisms by which hydrogen sulfide can alter cellular
function in a regulated manner. One important mechanism
is the formation of persulfidated cysteine residues, that is
the addition of one or several sulfur atoms to the sulfur of
cysteine through formation of disulfide bonds (Kabil et al.,
2014; Nagy, 2015; Kasamatsu et al., 2016; Akaike et al.,
2017; Alvarez et al., 2017). It is thus interesting, in relation
to the potential functions of TRP14, that TRP14 is efficient
at reducing persulfide moieties on cysteine residues in se-
lected target proteins (Doka et al., 2016). Not only can
TRP14 reduce persulfidated proteins, as well as inorganic
polysulfide compounds in pure systems, but cells with
knockdown of TRP14 were also found to display higher
levels of endogenous persulfidated proteins, especially after
having been challenged with polysulfide (Doka et al.,
2016). The reduction of protein persulfides by TRP14 is also
interesting in light of the fact that TRP14 can reactivate ox-
idized forms of protein-tyrosine phosphatase PTP1B
(Dagnell et al., 2013), an important modulator of signalling
pathways linked to activation of the tyrosine kinase recep-
tor superfamily (Haj ef al., 2003), which has been found to
be regulated by persulfidation (Krishnan et al., 2011). It
should also be considered that a stable form of PTP1B oxi-
dation is that containing a sulfenylamide motif (Salmeen
et al., 2003), which is the form of PTP1B that was believed
to be reduced by TRP14 (Dagnell et al., 2013). It should,
however, be noted that Trx1, TrxR1 and the glutathione
system can also reduce many persulfidated proteins (Doka
et al., 2016; Wedmann et al., 2016), as well as regulating
PTP1B (Schwertassek et al., 2014; Dagnell et al., 2017).
Hence, the importance and specific role(s) of TRP14 in this
overall context, if any, remain to be determined.

Additional as yet uncharacterized functions of
TRP14?

Less than 20 publications can today be found in PubMed on
TRP14 (TXNRD17), and with such few studies published on
this protein, it is highly likely that additional unknown func-
tions of TRP14 will be revealed in the coming years. Recently,
it was suggested that the clot gene of Drosophila melanogaster,
essential for synthesis of the red eye pigment of the fly,
encodes for a TRP14 orthologue (Kim, 2018). However, the
protein has a typical glutaredoxin active site motif (WCPYC)
and indeed exerts high glutaredoxin-like activities, although
it has a predicted overall structure closely similar to TRP14
and also interacts with NF-«B signalling (Kim, 2018). Thus,
the clot protein seems to have features of both glutaredoxins
and TRP14. Perhaps it becomes a matter of semantics what
protein class it should be considered to belong to.

The fact that TRP14 has such different substrate specific-
ities than Trx1, while both proteins are efficiently supported
by cytosolic TrxR1, suggests that TRP14 may have specific
but yet unrecognized roles in cells. One such role may
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Folate metabolism

Proteasome
function

Figure 3

dTNP synthesis
and cell
proliferation

Predicted functional protein partners of TRP14 and its relation to Trx1 according to STRING analysis. The figure summarizes predicted functional
protein partners using human TRP14 as query (TXNDC17, red), with the proteins predicted to directly interact with TRP14 shown in coloured
nodes and the second shell of interactors shown in non-coloured nodes. The proposed interactions are those indicated with lines. For full descrip-
tion of the construction of this figure and the prediction basis, please see the text and cited references. Note that TRP14 is correctly predicted to
interact with TrxR1 (TXNRD1) and indirectly, through TrxR1, with Trx1 (TXN). The functional overlap between Trx1 and TRP14 is otherwise pre-
dicted to be very low, with Trx1 interacting with a cluster of proteins involved in dTNP synthesis and proliferation or folate metabolism, while
TRP14 is predicted to possibly interact with ubiquination status and proteasome function, as indicated in the figure. See text for further details.

perhaps be deduced by analyses of the protein in the
STRING database, which was designed with the purpose of
identifying possible functions of proteins by analysing co-
expression, fusion genes or physical interactions with other
proteins, as reported throughout large database sources
(von Mering et al., 2003; Szklarczyk et al., 2017). Performing
a STRING analysis for human TRP14 (TXNDC17) indeed
gives an interesting result. It is clear that both TRP14 and
Trx1 (TXN) are found in an analysis using TRP14 as a query,
with the two proteins being linked through TrxR1
(TXNRD1) as a common denominator. More interesting,
however, is that the majority of the other proteins
predicted to interact with TRP14, or with Trx1, fall into dis-
tinct categories rather well separated from each other. For
Trx1, the STRING analysis suggests interactions with several
proteins involved in the synthesis of deoxyribonucleotides
and cell proliferation, with RRM2 being a well-known
and important Trx1 substrate in this context (Arner and
Holmgren, 2000; Padovani et al., 2001; Nordlund and
Reichard, 2006). It is also interesting to note that Trx1
and TrxR1 are suggested to interact with several enzymes
involved in folate metabolism, which may possibly relate
to the recently discovered rather strong links between the
thioredoxin system and the methionine/homocysteine cy-
cle and thus indirectly folate metabolism (Eriksson et al.,
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2015; Prigge et al., 2017; Miller et al., 2018). TRP14, how-
ever, does not evidently cluster with these systems but
seems instead to be predominantly suggested to interact
with a number of enzymes that support ubiquitin status
and thus proteasome function (Figure 3). Perhaps TRP14
can thereby have functions explaining potential links be-
tween TrxR1 activities and proteasome function (Wang
et al., 2014; Nagakannan et al., 2016). It should, however,
be emphasized that these predictions are primarily based
upon database analyses and must be validated experimen-
tally, but could nonetheless suggest lines of forthcoming re-
search further probing the cellular roles of TRP14 in control
of redox signalling.

Conclusions

TRP14 is a ubiquitous cytosolic redox active protein, well-
conserved and present from bacteria to mammals. Its conser-
vation during evolution suggests that this protein should be
important for cell or organism survival, but much is still un-
known about its roles. Being effectively reduced by TrxR1
but not supporting classic substrates of Trx1 makes TRP14 a
perfect candidate for regulation of redox signalling, with
unique characteristics complementing those of Trx1. The



confirmed activities of TRP14 in NF-kB regulation, autophagy,
persulfide reduction, PTP1B activation, SNO reduction and
more implicate TRP14 to be of importance in redox signal-
ling, but at present, little is known about its exact effects
and the activities where it may have a predominant role over
other redox active proteins. Further studies of TRP14 func-
tions are thus warranted, and forthcoming results on the
functions of this protein are likely to be interesting in the
context of redox signalling.

Nomenclature of targets and ligands

Key protein targets and ligands in this article are hyperlinked to
corresponding entries in http://www.guidetopharmacology.org,
the common portal for data from the IUPHAR/BPS Guide to
PHARMACOLOGY (Harding et al., 2018), and are permanently
archived in the Concise Guide to PHARMACOLOGY 2017/18
(Alexander et al., 2017a,b).
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