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Background:Phosphatase of regenerating liver (PRL) is ametastasis-associated protein that is susceptible to inactivation by
oxidation.
Results: Thioredoxin-related protein 32 (TRP32) specifically binds and reduces oxidized PRL.
Conclusion: The redox state of PRL is regulated by this specific member of the thioredoxin (TRX) family proteins.
Significance: TRP32 may be the key regulator of PRL function and contribute to cancer metastasis.

PRL family constitutes a unique class of phosphatases associ-
ated with metastasis. The phosphatase activity of PRL has been
reported to be important for promoting metastasis, and it is
inactivated by reversible oxidation of its catalytic cysteine.Here,
we show that TRP32 specifically reduces PRL. Reduction of oxi-
dized PRL in cells is inhibited by 2,4-dinitro-1-chlorobenzene,
an inhibitor of TRX reductase. In vitro assays for the reduction
of PRL show that only TRP32 can potently reduce oxidized PRL,
whereas other TRX-related proteins linked to TRX reductase
show little or no reducing activity. Indeed, TRP32 knockdown
significantly prolongs the H2O2-induced oxidation of PRL.
Binding analyses reveal that the unique C-terminal domain of
TRP32 is required and sufficient for its direct interaction with
PRL. These results suggest that TRP32 maintains the reduced
state of PRL and thus regulates the biological function of PRL.

The PRL2 family is a unique subfamily of protein-tyrosine
phosphatases; it consists of three homologous members
(PRL1–PRL3), which have a high degree (�75%) of amino acid
sequence identity. PRLs are the only protein-tyrosine phospha-
tases known to have a C-terminal CAAXmotif, which anchors
PRLs to the plasmamembrane by prenylation (1). By exhaustive
gene expression profiling of human colorectal cancers, PRL3
was identified as the only gene overexpressed in all metastases
but not in primary tumors or normal epithelia (2). Indeed, it has
been reported that overexpression of PRLs, especially of PRL3,
frequently occurs in various types of metastatic human cancers
and is associatedwith patientmortality (3). These results impli-
cate the close relationship between PRL overexpression and

cancer malignancy. In addition, the artificial expression of
PRL3 in culture cells augments the number of metastatic
tumors in experimental metastatic analyses on mice (4), sug-
gesting its causative role in metastasis.
PRL overexpression in culture cells potently activates various

signaling pathways involved in the regulation of cell prolifera-
tion, invasion, andmotility, such asMAP kinase, PI3K/Akt, Src,
and Rho signaling (5). How PRL affects these signaling path-
ways remains unknown; however, the phosphatase activity of
PRL is generally considered essential for its function. Indeed,
the C104S mutant form of PRL, which lacks the phosphatase
activity, neither activates those signaling pathways nor pro-
motes cancer metastasis (6). However, little is known about the
mechanism regulating the phosphatase activity of PRL.
One cysteine residue is conserved in the catalytic center of all

protein-tyrosine phosphatases, and the side chain of this cys-
teine tends to be deprotonated to form a thiolate anion (�S�).
This renders protein-tyrosine phosphatases highly susceptible
to oxidation (7). Indeed, the active site cysteine residues in
phosphatase with sequence homology to tensin (PTEN) and
protein-tyrosine phosphatase 1B (PTP1B) are oxidized to form
a disulfide bond and a sulfenyl amide bond, respectively, in
response to physiological stimuli (8, 9). Such reversible oxida-
tion of protein-tyrosine phosphatases generally results in the
inhibition of their phosphatase activity (10). Like PTEN, oxida-
tion stimulates the catalytic cysteine residue (Cys-104) of PRL
to form an intramolecular disulfide bond with the spatially
proximal cysteine residue (Cys-49) (11), suggesting that the
phosphatase activity of PRL is also regulated by oxidation.
Within cells, oxidized proteins, including protein-tyrosine
phosphatases, are generally reduced by various enzymes, such
as TRX and TRX-related proteins. These enzymes utilize elec-
trons donated mainly by either TRX reductase (TrxR) or gluta-
thione (GSH) to reduce substrate proteins. TRX is functionally
coupled to TrxR, which uses electrons supplied by NADPH
(12). Apart from TRX, TRX-related protein 14 (TRP14) and
TRP32, among several other TRX-related proteins in the cyto-
sol, are also linked to TrxR/NADPH (13, 14).
The cDNA encoding TRP32 was originally cloned in 1998

(15), and then the protein was identified in the same year as the
binding partner for the catalytic fragment ofMST (mammalian
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Ste20-like kinase), which is a caspase-activated kinase involved
in apoptosis (16). The same protein is also known as thiore-
doxin-like 1 (TXNL1) (17). TRP32 is composed of an N-termi-
nal TRX domain and a C-terminal domain of unknown func-
tion 1000 (DUF1000) (18, 19). The N-terminal TRX domain
includes a conserved pair of cysteine residues, which partici-
pates in redox reaction by forming an intramolecular disulfide
bond by reversible oxidation (20). Depending on the redox state
of its TRX domain, TRP32 binds to Rab5, a key regulator of
endocytic membrane trafficking, and inhibits the association
betweenRab5 and its guanine nucleotide dissociation inhibitor,
which transports GDP-bound Rab5 from the early endosomal
membrane to the plasma membrane (21). The C-terminal
DUF1000 domain binds to Rpn11, a subunit of 19 S and 26 S
proteasome, and thus affects proteasomal degradation (20, 22).
In addition, TRP32 has been reported to have a protective effect
on cells against glucose deprivation-induced cytotoxicity (14).
Collectively, these studies have revealed several biochemical
functions of TRP32; however, its substrates and significance as
an oxidoreductase remain unknown.
In this study, we explored the molecular mechanism of the

redox regulation of PRL and found that TRP32 specifically
reduces PRL. We also found that this specific interaction is
mediated through the DUF1000 domain of TRP32.

EXPERIMENTAL PROCEDURES

Plasmid Constructs—Complementary DNAs (cDNAs) for
human PRL1, PRL3, PTEN, and TRX were generated by RT-
PCR. Mouse TRX, PRL1, PRL3 (wild type (WT), C104S, and
C49S), human PRL2 (amino acid sequence is identical tomouse
PRL2), TRP14, and TRP32 cDNAs were prepared as described
previously (23).3 Amino acid-substituted mutant of human
TRP32 (C34S/C37S) was generated by using the QuikChange
site-directed mutagenesis kit (Agilent). Human TRP32 con-
structs lacking the C terminus (TRP32-N, 1–114) and N termi-
nus (TRP32-C, 110–289) were generated by PCR. The cDNA
fragments were inserted into pEF-BOS, pGEX-6p1 (GEHealth-
care), and pQE30 (Qiagen) plasmid vectors.
Antibodies and Reagents—Anti-PRL rabbit polyclonal anti-

body was prepared as described previously.3 We also used the
following commercially available antibodies: rabbit anti-Myc
(Cell Signaling),mouse anti-PTEN (SantaCruzBiotechnology),
rabbit anti-TRX (Redox Bio Science), mouse anti-�-tubulin
(Sigma), and chicken anti-TRP32 (Abcam). 2,4-dinitro-1-chlo-
robenzene (DNCB) and buthionine sulfoximine (BSO) were
purchased from Sigma and Wako, respectively.
Cell Culture and Transfection—HEK293, COS7, and U2OS

cells were cultured inDulbecco’smodified Eagle’smedium sup-
plemented with 10% fetal bovine serum and antibiotics. For the
transfection of plasmid DNA, HEK293 and COS7 cells were
plated on a 35-mm diameter dish (for HEK293 cells) or 24-well
plate (forCOS7 cells) on the day before transfection. Then, 2�g
(forHEK293 cells) or 0.5�g (for COS7 cells) of pEF-BOS-based
expression plasmids weremixedwith 2�l (forHEK293 cells) or
0.5 �l (for COS7 cells) of Lipofectamine 2000 (Invitrogen) and

used for transfection, according to the manufacturer’s instruc-
tions. The cells were incubated for 4 h, and then the medium
was replaced with growthmedium. After the additional culture
for 20 h, the cells were harvested. The transfection efficiencies
were estimated to be 76% (forHEK293 cells) and 83% (forCOS7
cells), respectively.
Preparation of Recombinant Proteins—His-PRL3 was

expressed in Escherichia coli and purified with nickel-nitrilotri-
acetic acid beads (Qiagen). Recombinant TRX, TRP14, and
TRP32 proteins (WT, C34S/C37S, N, and C) were expressed as
GST fusion forms in E. coli. These were purified using glutathi-
one-Sepharose beads (GE Healthcare). Where indicated, the
GST tag was cleaved off by digestion with PreScission protease
(GE Healthcare).
Pulldown Assay—GST fusion proteins (7.5–17 �g) were

immobilized on 10 �l of glutathione-Sepharose beads and then
incubated with 2.5 �g of His-PRL3 in a lysis buffer containing
20mMTris-HCl (pH 7.5), 150mMNaCl, 2 mM EDTA, and 0.5%
Triton X-100 for 1 h at 4 °C. The beads were washed seven
times in lysis buffer and then suspended in 40 �l of Laemmli
sample buffer. Proteins were separated by SDS-PAGE and
stained with Coomassie Brilliant Blue R-250.
Nonreducing SDS-PAGE—To detect protein oxidation, SDS-

PAGE was performed under nonreducing conditions as
described previously (23). After treatment with H2O2, cells
were washed twice with ice-cold PBS and then lysed with lysis
buffer supplemented with 40 mM N-ethylmaleimide (Wako).
The lysates were mixed with Laemmli sample buffer without
2-mercaptoethanol and were then subjected to SDS-PAGE.
Reduction of Insulin—The activity of the indicated GST-

cleaved proteins to reduce disulfide bonds in insulin were com-
pared as described previously (13) with slight modifications.
The incubation mixture contained 100 mMHEPES-NaOH (pH
7.6), 1 mM EDTA, 340 �M human insulin (Wako), 400 nM rat
TrxR (Sigma), and each of the GST-cleaved proteins. The reac-
tion was initiated by adding NADPH (Wako) to a final concen-
tration of 0.8mM. After incubation for the indicated time inter-
vals at 30 °C, 8 �l of the reaction mixture were removed and
mixed with 72 �l of a solution containing 6 M guanidinium
chloride (Wako), 100 mM sodium phosphate (pH 7.3), 1 mM

EDTA, and 0.1 mM 5,5�-dithiobis-2-nitrobenzoic acid (Wako)
for 5 min at room temperature. The absorbance at 405 nm
(A405) of each sample was determined using an LD 400 plate
reader (Beckman Coulter).
Reduction of Recombinant PRL3—The reduction assays were

performed as described previously (8) with slight modifica-
tions. The assay mixture contained 50 mM HEPES-NaOH (pH
7.2), 2 mM EDTA, 0.1 �M rat TrxR, 5 �MHis-PRL3, and each of
the GST-cleaved proteins. The reaction was initiated by adding
NADPH to a final concentration of 0.2mM.After incubation for
the indicated time intervals at 25 °C, small aliquots of the reac-
tionmixture were removed and subjected to nonreducing SDS-
PAGEor conventional reducing SDS-PAGE followed by immu-
noblot analysis with the antibody against PRL. The intensity of
the PRL3 bands was measured by optical densitometry using
the ImageJ software.
Quantitative Estimation of Intracellular TRX and TRP32—

Lysates (10 �g) from HEK293 cells and indicated amounts of
3 Y. Funato, K. Furutani, S. Mizukami, T. Sawasaki, Y. Endo, K. Kikuchi, Y. Kura-

chi, and H. Miki, manuscript in preparation.
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purified recombinant human TRX or human TRP32 were sub-
jected to immunoblot analyses with the antibodies against TRX
or TRP32 and quantified by optical densitometry. Protein con-
centration of the lysates was determined using the BCA protein
assay kit (Pierce).
Quantitation of Intracellular GSH—The intracellular GSH

level was measured as described previously (24), with slight
modifications. Cells were suspended with 200 �l of 10 mMHCl
and subjected to three freeze-thaw cycles. Then the samples
were stirred vigorously on a vortex mixer for 1 min, and 100 �l
of 10% trichloroacetic acid were added. After centrifugation at
10,000 � g for 10 min, the supernatants (300 �l) were mixed
with 4.7 ml of a solution containing 0.1 M potassium phosphate
buffer (pH 8.0) and 0.1 mM 5,5�-dithiobis-2-nitrobenzoic acid.
The absorbance at 405 nm (A405) was measured after 5 min
using an LD 400 plate reader.
RNAi Knockdown—For transient knockdown experiments,

U2OS cells were plated on a 35-mm diameter dish on the day
before transfection, and then 16 pmol of siRNA were mixed
with 0.8 �l of Lipofectamine RNAiMAX (Invitrogen) and used
for transfection, according to the manufacturer’s instructions.
Theduplex small interferingRNA(siRNA) against humanTRP32,
which targets the following sequences: 5�-GUGAUGAA-
CAGCUGCUUAU-3�, was purchased from Sigma. MISSION
siRNA universal negative control was used as negative control.
The transfected cells were cultured for 72 h before harvest.

RESULTS

Sensitive Oxidation of PRL by H2O2—To investigate the
intrinsic susceptibility of the PRL family proteins to oxidation,
COS7 cells were transfected with expression constructs of
Myc-PRL1–3 and then treated withH2O2. The cell lysates were
first subjected to nonreducing SDS-PAGE, and then an immu-
noblot analysis was carried out. The results showed that Myc-
PRL1–3 are all similarly oxidized by H2O2 to generate not only
the higher mobility forms, which correspond to the previously
reported oxidized PRL containing intramolecular disulfide
bonds (11), but also the lower mobility forms (between 35 and
50 kDa), which probably represent homo-oligomers of Myc-
PRL1–3 or hetero-oligomers with other proteins linked by
intermolecular disulfide bonds (Fig. 1A). We also performed
similar analysis on endogenous PRL. HEK293 cells treated with
H2O2were subjected to immunoblot analysis with the antibody
against PRL, which can recognize all three PRL isoforms.3 We
confirmed that the main signal around the 20-kDa region was
PRL1 because the signal disappeared when cells were treated
with siRNA against PRL1.3 As shown in Fig. 1B, H2O2 stimula-
tion caused the band shift of endogenous PRL1 to the higher
mobility form. Because of the multiple nonspecific signals in
the higher molecular mass area, it was impossible to detect the
presence of oxidized PRL in the lower mobility group. We
noticed the presence of a weak signal at a slightly lower molec-
ular weight than PRL1, which similarly disappeared after H2O2
stimulation. We speculated that this signal represents endoge-
nous PRL2 because the molecular mass of PRL2 is slightly
smaller than that of PRL1 (2). Indeed, themobility of ectopically
expressed PRL2 (without any tags) was identical to the detected
signal (Fig. 1C).

To confirm that the higher mobility group represents pro-
teins containing the intramolecular disulfide bond, we gener-
ated PRL3mutants, in whichCys-104 (catalytically essential) or
Cys-49was replacedwith a Ser residue. UnlikeMyc-PRL3-WT,
neither Myc-PRL3-C104S nor Myc-PRL3-C49S formed the
higher mobility group, suggesting that this group was formed
by an intramolecular disulfide bond between Cys-49 and Cys-
104. Interestingly, Myc-PRL3-C104S also did not generate the
lowermobility forms; in contrast, Myc-PRL3-C49S generated a
higher number of lower mobility forms than Myc-PRL3 WT
(Fig. 1D). Taken together, oxidation-sensitive Cys-104 is essen-
tial for disulfide bond formation in PRL. Normally, oxidized
Cys-104 preferentially forms a disulfide bond with Cys-49 in
the samemolecule, but in the absence of Cys-49, it forms inter-
molecular disulfide bonds instead.
We examined the oxidative sensitivity of PRL in comparison

with PTEN, a phosphatase for tyrosine-phosphorylated pro-
teins and phosphatidylinositol-3,4,5-trisphosphates, that regu-
lates cellular signaling in response to physiological oxidative
stress (8). COS7 cells expressingMyc-PRL3 orMyc-PTENwere
treated with increased concentrations of H2O2. A clear oxida-
tion ofMyc-PRL3was observedwhen cells were exposed to 100
�M H2O2; however, a very small amount of Myc-PTEN was
oxidized at 200�MH2O2 (Fig. 1E). Furthermore, similar results
were obtained when we examined the oxidative state of endog-
enous PRL1 and PTEN in HEK293 cells (Fig. 1F). These results
indicate that PRL is very sensitive to oxidation and suggest that
PRL, as well as PTEN, has a potential role in regulating cellular
signaling in response to oxidative stress.
DNCB Inhibits the Reduction of Oxidized PRL—Wenext per-

formed a time-course analysis of the oxidative state of PRL.
COS7 cells expressing Myc-PRL3 and HEK293 cells were
treated with H2O2 and subjected to analysis at the indicated
time intervals after stimulation. As shown in Fig. 2, A and B,
bothMyc-PRL3 and endogenous PRL1were oxidized at 10min,
but both were returned to the reduced state at 90 min. Collec-
tively, these results indicate that PRL is transiently oxidized to
form intra- and intermolecular disulfide bonds by H2O2 stim-
ulation, which are reversibly reduced under the normal cytoso-
lic conditions.
In general, protein reduction is catalyzed by various reducing

enzymes, such asTRXandTRX-related proteins (12). To inves-
tigate the reduction mechanism of PRL, we tested the effects of
the inhibitors of two major cellular reducing systems, the TRX
system (usingDNCB, an inhibitor of TrxR) and theGSH system
(using BSO, an inhibitor of GSH biosynthesis). COS7 cells
expressing Myc-PRL3 were pretreated with either DNCB or
BSO and then stimulated with H2O2. In control cells, Myc-
PRL3 was oxidized at 10 min but returned to the reduced state
at 90 min (Fig. 2C). DNCB treatment suppressed the reduction
of oxidized Myc-PRL3 at 90 min, whereas no significant differ-
ences were observed by BSO treatment. We also observed sim-
ilar effects of DNCB and BSO on endogenous PRL1 (Fig. 2D).
We confirmed that treatment of cells with 100�MBSO for 16 h
sufficiently depleted endogenous GSH (86.6% depletion).
These results suggest that PRL is primarily reduced by a reduc-
tase that acts downstream of TrxR.
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It should be mentioned that overexpressed Myc-PRL3 pro-
teins were significantly abundant when compared with endog-
enous PRL (roughly estimated to be about eight times more
than the sum of PRL1 and PRL2). Nonetheless, we confirmed
that overexpressed Myc-PRL3 localized at the plasma mem-
brane as endogenous PRL (25) and recovered from H2O2-in-
duced oxidation in a similar time course (Fig. 3A). Thus, our
overexpression experiments are considered to properly reflect
the redox status of endogenous PRL.
TRP32 Specifically Reduces Oxidized PRL—Previous studies

have shown that three TRX-related proteins in the cytosol,

TRX, TRP14, and TRP32, use electrons supplied by TrxR (13,
14). To investigate which of these proteins is responsible for
reducing PRL, we expressed and purified the recombinant pro-
teins of TRX, TRP14, and TRP32 and then performed a reduc-
tion assay by using insulin as the substrate. The most rapid
reduction of insulin was achieved by TRX, whereas TRP32 also
showed amoderate level of insulin reduction (Fig. 3A). Consist-
entwith the previous study (13), the reductase activity ofTRP14
was much lesser than that of TRX or TRP32. Next, we per-
formed a reduction assay by using purified recombinant PRL3
as the substrate. We noticed that the purified recombinant

FIGURE 1. Sensitive oxidation of PRL by H2O2. A, COS7 cells were transfected with the indicated expression constructs and then treated with the indicated
concentrations of H2O2 for 10 min. Cell lysates were subjected to nonreducing or conventional (reducing) SDS-PAGE followed by immunoblot analysis with anti-Myc
antibody. Area between arrows, oxidized proteins containing intermolecular disulfide bonds; arrowhead, reduced proteins; asterisk, oxidized proteins containing
intramolecular disulfide bonds. B, HEK293 cells were treated with the indicated concentrations of H2O2 for 10 min, and cell lysates were subjected to anti-PRL
immunoblot analysis. C, HEK293 cells were transfected with the indicated constructs (without any tags) and then treated with 500�M H2O2 for 10 min. Cell lysates were
subjected to anti-PRL immunoblot analysis. D, COS7 cells were transfected with the indicated constructs and then treated with 500 �M H2O2 for 10 min. Cell lysates
were subjected to anti-Myc immunoblot analysis. E, COS7 cells were transfected with Myc-PRL3 (upper panels) or Myc-PTEN (lower panels) and then treated with the
indicated concentrations of H2O2 for 10 min. Cell lysates were subjected to immunoblot analysis with the indicated antibodies. F, HEK293 cells were treated with the
indicated concentrations of H2O2 for 10 min, and cell lysates were subjected to immunoblot analysis with the indicated antibodies.
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PRL3 proteins were mostly oxidized, and thus, we directly sub-
jected them to the assay. Purified PRL3was incubatedwith each
recombinant TRX-related protein, and the reduction of PRL3
was monitored by the mobility shift in nonreducing SDS-
PAGE.As shown in Fig. 3,B andC, TRP32 exhibited the strong-
est activity, whereas TRXwasmuch less active thanTRP32, and
TRP14 showed no reducing activity. TRP32-C34S/C37S,
wherein the 2 cysteine residues (Cys-34 and Cys-37) corre-
sponding to the catalytically conserved pair of cysteine residues
in the TRX active site were substituted by serine residues, could
not reduce insulin or recombinant PRL3 (Fig. 3, A and B). To
further compare the PRL3 reduction activity, recombinant
PRL3 was incubated with various concentrations of recombi-
nant TRP32. The activity of TRX at 5 �M was similar to that of
TRP32 at 0.1 �M (Fig. 3D). By quantitative immunoblot analy-
sis, the amount of endogenousTRP32 andTRX inHEK293 cells

was found to be 0.5 and 1.5 ng/�g of cell lysate, respectively (Fig.
3E). The molecular masses of TRX and TRP32 were 12 and 32
kDa, respectively; hence, the molar ratio of TRX to TRP32 was
�8 in HEK293 cells. Taken together with the results of the
reduction assays, TRP32 appears to play the dominant role in
the reduction of oxidized PRL in cells.
To confirm the importance of endogenous TRP32, we also

performed TRP32 knockdown experiments and examined the
effect on the redox status of endogenous PRL. For this purpose,
we used U2OS cells because they endogenously expressed both
TRP32 and PRL, and the treatment with TRP32 siRNA could
successfully decrease the protein level of endogenous TRP32
(Fig. 4). As shown in Fig. 4, H2O2-induced oxidation of PRLwas
significantly prolonged in TRP32 knockdown cells in compar-
ison with control cells. These results further substantiate the
importance of TRP32 in the redox regulation of PRL.

FIGURE 2. DNCB inhibits the reduction of oxidized PRL. A and B, COS7 cells expressing Myc-PRL3 (A) or HEK293 cells (B) were treated with 200 �M H2O2 for
the indicated time intervals, and cell lysates were subjected to nonreducing or conventional (reducing) SDS-PAGE followed by immunoblot analysis with the
indicated antibodies. Area between arrows, oxidized proteins containing intermolecular disulfide bonds; arrowhead, reduced proteins; asterisk, oxidized
proteins containing intramolecular disulfide bonds. C and D, COS7 cells expressing Myc-PRL3 (C) or HEK293 cells (D) were treated with 50 �M DNCB for 30 min
or 100 �M BSO for 16 h and then treated with 200 �M H2O2 for the indicated time intervals. Cell lysates were subjected to immunoblot analysis with the
indicated antibodies.
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PRL Specifically Binds to TRP32—We assumed that the
reduction of PRL3 by TRP32 is due to the specific interaction
between these proteins. To test this hypothesis, purified PRL3
was subjected to pulldown assays with GST-TRX, GST-TRP14,
and GST-TRP32, and the bound proteins were detected by
Coomassie Brilliant Blue R-250 staining. As shown in Fig. 5A,
only GST-TRP32 was found to be associated with His-PRL3,
indicating their direct and specific interaction.
TRP32 consists of two domains: theN-terminal TRXdomain

and the C-terminal DUF1000 domain (Fig. 5B) (16). To deter-
mine the binding site to PRL, each domain of TRP32 was pre-
pared as aGST fusion form andwas then subjected to pulldown
assays with His-PRL3. The DUF1000 domain (TRP32-C) asso-
ciated with PRL3, as did full-length TRP32, whereas the TRX
domain (TRP32-N) did not (Fig. 5C). Therefore, we concluded
that the DUF1000 domain of TRP32 is required and sufficient

for its interaction with PRL. Next, we examined the reductase
activity of the isolatedTRXdomain (TRP32-N), which lacks the
DUF1000 domain. When PRL3 was used as the substrate,
TRP32-N showed little activity (Fig. 5D) despite the fact that
both TRP32-N and TRP32-WT exhibited similar levels of
the reductase activity against insulin (Fig. 3A). These results
suggest that the specific interaction with PRL via the
DUF1000 domain is crucial for the strong reductase activity
of TRP32.

DISCUSSION

It is generally believed that TRX maintains intracellular
redox homeostasis by reducing several oxidized proteins (12).
In this study, we showed that TRP32, a TRX-related protein of
unknown function, specifically binds to and reduces PRL. Sim-
ilarly, Jeong et al. (26) have reported that TRP14 specifically

FIGURE 3. TRP32 reduces oxidized PRL. A, purified His-PRL3 and various GST-cleaved proteins were subjected to SDS-PAGE and Coomassie Brilliant Blue R-250
staining (left). The GST-cleaved proteins were subjected to a reduction assay by using insulin as the substrate. The assay mixture lacking GST-cleaved proteins
served as the control. Insulin reduction was monitored by changes in absorbance at 405 nm (right). OD, optical density. B–D, His-PRL3 was incubated in the
assay mixture containing the indicated GST-cleaved proteins at a final concentration of 5 �M (B and C) or 0.1–5 �M (D) and then subjected to nonreducing or
conventional (reducing) SDS-PAGE followed by immunoblot analysis. The amounts of reduced PRL3 were quantified and are indicated as a percentage of those
of total PRL3 (D). Area between arrows, oxidized proteins containing intermolecular disulfide bonds; arrowhead, reduced proteins; asterisk, oxidized proteins
containing intramolecular disulfide bonds. E, lysates of HEK293 cells (10 �g) and the indicated amounts of recombinant GST-cleaved TRX or TRP32 proteins of
human origin were subjected to immunoblot analysis with the indicated antibodies (right). The purity of the recombinant proteins is also shown (left).
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reduces LC8, the light chain of dynein, which interacts with
I�B� and the proapoptotic Bcl-2 relative Bim. These results
suggest that each of the poorly characterized TRX-related pro-

teins serve a specific role in redox regulation by reducing par-
ticular substrate proteins.
Previous studies have shown that the phosphatase activity of

PRL is inactivated by the oxidation of its catalytic cysteine (11)
and that the catalytically inactive mutant of PRL lacks the abil-
ity to promote metastasis (6). These studies imply that PRL
needs to be maintained in the reduced state to promote cancer
metastasis. Taken together with the findings of this study,
TRP32 may also contribute to cancer metastasis by protecting
PRL from oxidative inactivation. It has been reported that
TRP32-overexpressing cells are resistant to glucose depriva-
tion-induced cell death (14). PRL is known to activate antiapo-
ptotic Akt/PI3K signaling (27, 28), and thus, the suppression of
cell death may be attributed to augmented Akt/PI3K signaling
due to TRP32 overexpression. Collectively, TRP32 may regu-
late cell death and cancer progression bymaintaining the activ-
ity of PRL through specific reduction of its catalytic cysteine in
PRL.
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