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It has been widely accepted that oxidative stress imposed by reactive oxygen species (ROS) damages biomolecules such
as nucleic acids, proteins, and lipids. Indeed, augmented levels of oxidative stress are related to various human diseases,
such as cancer, diabetes, and neurodegenerative disease. Therefore, ROS have been generally regarded as harmful
molecules to the human health. On the other hand, recent studies have revealed the importance of ROS as a physiological
second messenger. For example, the importance of ROS in intracellular signaling elicited by tumor necrosis factor
(TNF)-alpha has been documented in detail. In TNF-alpha signaling, production of ROS is linked to activation of
apoptosis signaling-regulating kinase-1 (ASK-1). ASK-1 forms a protein complex with thioredoxin (TRX), which protects
ASK-1 from unintended activation. When cells are stimulated with TNF-alpha, ROS are rapidly generated and oxidizes
TRX. Oxidized TRX dissociates from ASK-1, resulting in ASK-1 activation and the downstream cell death signaling.

TRX is evolutionarily conserved from prokaryotes and possesses a pair of Cys residues, which are very sensitive to

oxidation and form an intramolecular disulfide bond. By utilizing these Cys residues, TRX physiologically functions as an
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electron donor for reducing disulfide bonds in many proteins. Thus, TRX makes a global contribution to maintain the
redox homeostasis in cells by restoring a number of oxidatively damaged proteins. However, in TNF-alpha signaling,
oxidation of TRX ultimately leads to ASK-1 activation. In this case, TRX plays a very specific function to regulate the
activity of one signaling pathway.

Nucleoredoxin (NRX), a TRX family protein containing a pair of redox-active Cys residues, has been reported to
regulate the Wnt signaling pathway. NRX directly binds to Dishevelled (Dvl), an adaptor molecule essential for Wnt
signaling, and inhibits its function. When NRX is oxidized, it dissociates from Dvl and then Dvl becomes to activate
downstream signaling. Therefore, NRX also functions as a redox sensor to regulate the activity of Wnt signaling, which is
very similar to the case of the redox-dependent regulation of ASK-1 by TRX. However, it remained unknown whether
NRX has some other target molecule(s) than Dvl, which led me to analyze the novel function of NRX by searching for
NRX-binding proteins.

I first investigated NRX-interacting proteins in cells. For this purpose, I generated culture cell lines stably expressing
FLAG-tagged NRX and then performed immunoprecipitation with anti-FLAG antibody for proteins that co-precipitate
with FLAG-NRX. Mass spectrometric analyses revealed that one of the major co-precipitated proteins was Flightless-I
(Fli-I). I also confirmed the interaction between endogenous NRX and Fli-I proteins. Fli-I was first identified in studies on
Drosophila flightless-I mutants, which could not fly because of flight muscle defects. It was reported that Fli-I binds to
myeloid differentiation primary response gene (88) (MyD88) and suppresses its function to mediate lipopolysaccharide
(LPS)-induced activation of NF-kappaB through the Toll-like receptor (TLR) 4/MyD88 pathway. I then investigated the
possible effect of NRX overexpression on LPS signaling and found that it can potentiate the negative effect of Fli-I1. To
explore the molecular mechanism of this phenomenon, I expressed and purified the recombinant proteins for NRX, Fli-I,
and MyD88, and then performed in vitro binding assays. As a result, I found that the interaction between Fli-I and MyD88
required the presence of NRX, thus implicating the adaptor function of NRX in linking Fli-I to MyD88. To further confirm
the role of NRX in LPS signaling, I used embryonic fibroblasts (MEF) obtained from NRX-deficient mice, which had been
generated in the laboratory I belonged to. I investigated the NF-kappaB signaling activity of MEFs stimulated with LPS
and found that the activity was significantly augmented in NRX-deficient MEFs, thus clearly indicating the suppressive
effect of NRX on LPS signaling.

As an alternative approach for searching novel NRX-interacting proteins, I also performed pull-down analyses using
GST-fusion proteins of NRX as bait and found Phosphofructokinase-1 (PFK-1). I also confirmed the interaction between
endogenous NRX and PFK-1 proteins. Next, I measured the activity of PFK-1 with MEFs and found that it was
significantly decreased in NRX-deficient MEFs. To further examine the effect of NRX on the activity of PFK-1, I
measured the activity of PFK-1 using recombinant PFK-1 and NRX proteins. The activity of PFK-1 was significantly
increased in the presence of NRX. PFK-1 is known as the rate-limiting enzyme of glycolysis, and thus, I examined
adenosine triphosphate (ATP) level in MEFs and found that the ATP level was decreased in NRX-deficient MEFs in
comparison to WT MEFs. Recent studies have shown that suppression of glycolysis can redirect metabolic flux towards
the oxidative pentose phosphate pathway (PPP). Indeed, I confirmed that the levels of two major products of PPP,
nicotinamide adenine dinucleotide phosphate hydrogen (NADPH) and glutathione (GSH), were increased in NRX-deficient
MEFs. Increasing GSH level may contribute to the acquisition of resistance to ROS. To confirm this effect, I examined the
viability of the cells treated with hydrogen peroxide. Most of WT MEFs died within 6 hours after hydrogen peroxide
exposure, whereas most of NRX-deficient MEFs were alive. These results indicate that NRX affects cellular metabolism

by upregulating the activity of PFK-1.
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HEH EAITE(ET (L Ry 2 R) SZREF nucloeredoxin (NRX) DHEREARITICER W M A7, NRX X0 FH
TYURANT 4 REESEIES Z L CRAIHMICE L, BTENsSFEELL 2T ERMONTWER, MialTE
DL REEEHS TWEONFAHAOBY NS, TOAZHALNCTH-OICHELZMRA L, Miarn Tk
THEAEOS MO EAT EMAEFERATSZ L THEZRELTVWAZ LD, HEAITNRX OFREEE
HEDEZ#IToT, £ NRX 2 LEMICRRAT HHRMMKEZFER L, 2200 REILEEICL > T NRX &
SUEABEEAKLEDEL IS, BEOBHENSEENTVIILERD, TOPTHLEERLEHHDO—2
L LT Flightless-1 (Fli-I1) 2B &S CHEE L, Fli-1 ZMEOHERS TH D U RZHE (LPS) I L 2H
WINE 72 8 HRGEREV VIV GEICEERSF MyDS8 IREA L TZOMEZIMH T L BAmbh TV,
FRE AT NRX 25 F1i-1 0 MyD88 # /F L THRREIEE S VY T AGBECHEEL TVIDOTEHARNALE X, TOFF
MAE T, FORE, Fli-1 & MyDS8 (I EHICIF+HICEATE P NRIATF 7 —L LTHERE L H U
FTWBZEE2RRLE, £7-. ZOERIZEL > T, NRX IX LPS fI#IC X - T Z 5855 K F NF-kappaB D&
Ml To@xeFEol L2 RO, EB BT AHEETHERIA TV MY BEFRE~ VAN LI
MEELHESEEINA (MEF) %M L C LPS RIS B2 ~_7- & 25, BER ~ 7 A0 G#S L7 MEF & 8L TH o2
WCIREMBRL 2o TNDEVI Z L LHERLE, ThODERBRICLY, NRX AEAEMBEEEREZMLTE
REEISEICEDD L V) BARKELZHALPICTE I LN TER, . REABEAHRERETIHNOT 7r—
FLLT, STRMAE N 2HWET 74 =F4—20< 577 4—biTotz, TORKR, 7 ZA#MmEY
LLEAEAE R RO, T OPIC phosphofructokinase-1 (PFK-1) ZRIE L7z, PFK-1 IXARHER O BEH B %
HIMELLTHI A OMbN, RYPENCEEE GO & OMRBENIC Lo THRIEHNEEZIT TV
SEbLEmBN TV, FREAJL, NRX A5 PFK-1 OMERIHICEDL > TV B0 TiERWA LB X, LR NRY KR
MEF TPIFEME PFK-1 OEEREMZBIE Lz, 5 &, M MEF LB L TEREESRBBLTND 2 Ln oD
otm, TONRENEENTHINRANDD, BBXEAE L LTNRX & PFK-1 2R3, MR L CEREENE
BiFoie. TORERE. PFE-1 OEREET NRX BAEZHEMT S 2 L CRESND ZERFLMITRY . NRX A
PFK-1 DEIZ 2D AR E L O L RS h o7, PFK-1 IEROEEBE THLDT, TOELRE L ATP
VARG EET A LN TRE NI, FERE NRY KB MEF TIXATP LRARFBEILEDL TWVWDH I L bHATE L,
PFK-1 DEME FIIMERICEBTEET TR, XUV F—2 )V VEBREZRETIZLEBHMOATEY, TO
HRLLUTHIEOL Ry 7 2REOHESICEZE R NADPH B TR /N4 F 40 2 BMEE2 I ERTFRIIE,
HEAIT NS OBIE STV, NRY K48 MEF (23 T NADPH LSBRE V& FA4 U 3 8N3 5 Z & /-
BibA FL AR L CERAEZBLTWA 2L BELNIC L, 2h 6 OEBKERIE NRX 23 PFK-1 OE 4 % 1
THEEARRTFTHY, MEOERHRZFLX—RH, L Ry 7 2HBHICEER2RFEZRLLL TS I L 2T
LTW5B, hE A, 2h b NRX OFREAEAK Fli-1, PFK-1 OFE R & CHEREMRHT % i U T NRX DO F 72724
FHEZFELMCL, TXAF—RER CHMBOEABECHBICELIENFLOBERERICE Tz, Lo
T, Akt (B%) O0RMIHEXE L THLMHEHL L0 LB L,





