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1.1.1.1. 序論

過酸化水素 (H2O2) に代表される活性酸素 (reactive oxygen species: ROS)

による酸化ストレスは、DNAの損傷やタンパク質の凝集を引き起こし、細胞を傷害する

毒物としてよく知られている (1, 2) 。近年、恒常的な酸化ストレスが、悪性腫瘍や糖尿

病、そして神経変性疾患など様々な疾患の原因となっている可能性が指摘されており、

活性酸素による細胞内シグナル伝達の分子メカニズムを解き明かすことの重要性が叫

ばれている (1, 2) 。

その一方で、活性酸素は細胞内において能動的に産生される生理的なセカン

ドメッセンジャーとしての側面を持つことが知られている (3-5) 。実際に、上皮成長因

子や腫瘍壊死因子によるシグナル伝達における活性酸素の働きなどはよく解析され

ており、特定のタンパク質を酸化し、その機能を制御することでシグナルを伝達してい

ることが判っている (3-5)。例えば、上皮成長因子によるシグナル伝達では受容体の

チロシンリン酸化の増加に活性酸素が重要な役割を果たしている。上皮成長因子が

その受容体に結合すると、NADPHオキシダーゼが活性化され、活性酸素を産生する。

産生された活性酸素はリン酸化チロシン脱リン酸化酵素を酸化することで不活性化し、

受容体のチロシンリン酸化を増進させる。受容体はチロシンリン酸化によって活性化さ

れるため、受容体はさらに活性化され、下流へのシグナル伝達が増幅されるのである。

また、腫瘍壊死因子によるシグナル伝達ではその中心となるリン酸化酵素 ASK

(apotosis signal-regulating kinase) の活性化に活性酸素の産生が重要な役割を果た

している。上皮成長因子と同じく、腫瘍壊死因子がその受容体に結合すると、NADPH

オキシダーゼが活性化され、活性酸素を産生する。産生された活性酸素は、ASK に

結合して抑制するタンパク質チオレドキシンを酸化する。酸化されたチオレドキシンは

ASKから乖離して抑制できなくなるため、ASKが活性化されてシグナルが下流へと伝
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達される。

活性酸素がタンパク質の機能を制御する主要なメカニズムはシステイン残基の

酸化である (3-5) 。システイン残基はそのチオール基が酸化されると、スルフィニル基

となったり、二つのチオール基の間でジスルフィド結合を形成する。これによってタン

パク質の反応中心が影響を受けたり、立体構造が変化するため、その機能が調節され

るのである。システイン残基のチオール基は反応性が非常に高く、酵素反応の活性中

心として働くことが多い。酸化されるチオール基が酵素反応の活性中心であった場合、

その酵素活性も影響を受け、大抵は失活する。この例としてはリン酸化チロシン脱リン

酸化酵素やタンパク質分解酵素カスパーゼ、過酸化水素分解酵素ペルオキシレドキ

シンなどがよく知られる (3-5) 。ジスルフィド結合の形成によってタンパク質の構造が

変化し、機能が調節される場合も多い。この例としては前述のチオレドキシンやプロテ

インキナーゼ Gなどが挙げられる (3-5) 。チオレドキシンは分子内ジスルフィド結合を

形成するとその構造が変化し、ASK と結合できなくなり、従って抑制もできなくなる。プ

ロテインキナーゼGは分子間ジスルフィド結合によるホモ二量体を形成すると、互いに

自己リン酸化して活性化する。以上のように、活性酸素によるシグナル伝達の分子メカ

ニズムは徐々に明らかにされつつある。しかし、その多くは未だ解明されておらず、ど

のようなタンパク質が活性酸素の「受容体」として酸化され、シグナルを下流へと伝達し

ているのかはほとんど判っていないのが現状である。私はこれを解明するため、「酸化

されやすいタンパク質を網羅的に探索する」、「活性酸素に応答するとして既知のタン

パク質が、シグナル伝達の中枢にあるタンパク質を制御している可能性を検討する」と

いう二つのアプローチを採った。

細胞内シグナル伝達において、活性酸素はあらゆるタンパク質を酸化するので

はなく、特定のタンパク質のみを標的として酸化している。当然、標的となるタンパク質

は他のタンパク質と比較して、より酸化されやすいと考えられる。そこで、細胞内にお
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いて酸化されやすいタンパク質を網羅的に探索し、その中にシグナル伝達の中心とな

るタンパク質があれば、そのタンパク質が活性酸素の「受容体」としてシグナル伝達を

制御しているのではないかと考えられる。このアプローチにおける最大の問題点は、ど

のようにして酸化されるタンパク質を同定するのかである。そのための方法として、酸

化されたシステイン残基をビオチンなどの低分子で標識し、その標識をアフィニティー

精製することで酸化されたタンパク質を精製するという方法がある (6) 。しかし、この

方法では酸化されていないシステイン残基も標識されてしまうことが多く、非特異的と

考えられるタンパク質が非常に多く精製されてしまうのが難点である。そこで私はこの

問題点をジスルフィド結合還元酵素チオレドキシンを活用することで解決できるのでは

ないかと考えた。チオレドキシンはジスルフィド結合を還元する、つまり酸化されたタン

パク質を還元する酵素であるため、その基質は必然的に酸化されやすいタンパク質で

あると考えれれる (7, 8) 。そのため、チオレドキシンの基質を網羅的に探索することで、

酸化されやすいタンパク質を同定できるのである。さらに、チオレドキシンには反応中

間体として基質と結合したまま乖離できない変異体が知られており、この変異体を活

用すればチオレドキシンの基質を網羅的に同定できる (9) 。この方法は新たに工夫

を施すことで、前述の方法よりも非特異的に同定されるタンパク質が少なく、より精度

の高い分析が可能であった。このアプローチによる研究を、本論文にて " TRX

mediates oxidation-dependent phosphorylation of CRMP2 and growth cone collapse "

として報告する。

酸化されるタンパク質それ自身がシグナル伝達の中枢を担うタンパク質であれ

ば前述のアプローチに問題はない。しかし、酸化されるタンパク質は別であり、そのタ

ンパク質がシグナル伝達の中心にあるタンパク質を制御しているという可能性も多分

にありえる。実際、シグナル伝達の根幹をなすタンパク質がちょうど酸化されやすく、し

かも酸化されるとタンパク質の機能がうまく調節されるようなシステイン残基を持ってい
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る可能性は高くないと考えられる。それよりも活性酸素の「受容体」として特化したタン

パク質が存在し、そのタンパク質が活性酸素のセンサーとしてシグナル伝達の中心に

あるタンパク質を調節していると考える方が合目的的であると私は考えた。そこで、私

は活性酸素に応答してその構造が変化するタンパク質として、最も有名なタンパク質

の一つであるペルオキシレドキシンに焦点を当て、ペルオキシレドキシンがシグナル伝

達における活性酸素の「受容体」として働いている可能性を検討した (10) 。このアプ

ローチによる研究を、本論文にて " Oligomeric peroxiredoxin I is an essential

intermediate for p53 to activate MST1 kinase and apoptosis " として報告する。
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2222.... AbbreviationsAbbreviationsAbbreviationsAbbreviations

BCIP 5-bromo-4-chloro-3'-indolylphosphatase p-toluidine

BSA bovine serum albumin

CDK5 cyclin-dependent kinase 5

CRMP2 collapsin response mediator protein 2

DAPI 4',6-diamidino-2-phenylindole

DHC dynein heavy chain

DMEM Dulbecco's modified Eagle medium

DNCB 2,4-dinitro-1-chlorobenzene

DRG dorsal root ganglion

DTT dithiothreitol

FBS fetal bovine serum

GSK3 glycogen synthase kinase 3

IAA iodoacetamide

JNK c-Jun N-terminal kinase

KLC kinesin light chain 1

MEF murine embryonic fibroblast

MICAL molecule interacting with CasL

MST mammalian Ste20-like kinase

NAC N-acetyl cysteine
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NBT nitro-blue tetrazolium chloride

NGF nerve growth factor

NP-1 neuropilin-1

NRX nucleoredoxin

PAGE poly-acrylamide gel electrophoresis

PBS phosphate buffered saline

PEITC β-phenylethyl isothiocyanate

PlexA plexin-A

PRX peroxiredoxin

ROS reactive oxygen species

SDS sodium dodecyl sulfate

Sema3A semaphorin 3A

TRP14 thioredoxin related protein 14-kDa

TRP32 thioredoxin related protein 32-kDa

TRX thioredoxin

TxR thioredoxin reductase
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3333....

TRXTRXTRXTRXmediatesmediatesmediatesmediates oxidation-dependentoxidation-dependentoxidation-dependentoxidation-dependent phosphorylationphosphorylationphosphorylationphosphorylation

ofofofof CRMP2CRMP2CRMP2CRMP2 andandandand growthgrowthgrowthgrowth coneconeconecone collapsecollapsecollapsecollapse
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3333.1.1.1.1.... AbstractAbstractAbstractAbstract

Sema3ASema3ASema3ASema3A isisisis aaaa repulsiverepulsiverepulsiverepulsive guidanceguidanceguidanceguidance moleculemoleculemoleculemolecule forforforfor axonsaxonsaxonsaxons bybybyby inducinginducinginducinginducing growthgrowthgrowthgrowth coneconeconecone

collapsecollapsecollapsecollapse throughthroughthroughthrough phosphorylationphosphorylationphosphorylationphosphorylation ofofofof CRMP2.CRMP2.CRMP2.CRMP2. However,However,However,However, itsitsitsits mechanisticmechanisticmechanisticmechanistic detailsdetailsdetailsdetails

remainedremainedremainedremained unknown.unknown.unknown.unknown. IIII herehereherehere showshowshowshow aaaa quitequitequitequite unexpectedunexpectedunexpectedunexpected rolerolerolerole ofofofof CRMP2CRMP2CRMP2CRMP2 oxidationoxidationoxidationoxidation andandandand

TRXTRXTRXTRX inininin regulationregulationregulationregulation ofofofof CRMP2CRMP2CRMP2CRMP2 phosphorylationphosphorylationphosphorylationphosphorylation andandandand growthgrowthgrowthgrowth coneconeconecone collapsecollapsecollapsecollapse.... Sema3ASema3ASema3ASema3A

stimulationstimulationstimulationstimulation generatesgeneratesgeneratesgenerates HHHH2222OOOO2222 viaviaviavia MICALMICALMICALMICAL andandandand oxidizesoxidizesoxidizesoxidizes CRMP2CRMP2CRMP2CRMP2 totototo formformformform aaaa

disulfide-linkeddisulfide-linkeddisulfide-linkeddisulfide-linked homodimerhomodimerhomodimerhomodimer throughthroughthroughthrough Cys504.Cys504.Cys504.Cys504. OxidizedOxidizedOxidizedOxidized CRMP2CRMP2CRMP2CRMP2 thenthenthenthen formsformsformsforms aaaa

transienttransienttransienttransient disulfide-linkeddisulfide-linkeddisulfide-linkeddisulfide-linked complexcomplexcomplexcomplex withwithwithwith TRX,TRX,TRX,TRX, whichwhichwhichwhich stimulatesstimulatesstimulatesstimulates phosphorylationphosphorylationphosphorylationphosphorylation bybybyby

GSK3GSK3GSK3GSK3 andandandand growthgrowthgrowthgrowth coneconeconecone collapsecollapsecollapsecollapse.... Moreover,Moreover,Moreover,Moreover, IIII succeededsucceededsucceededsucceeded inininin reconstitutingreconstitutingreconstitutingreconstituting

oxidation-dependentoxidation-dependentoxidation-dependentoxidation-dependent phosphorylationphosphorylationphosphorylationphosphorylation ofofofof CRMP2CRMP2CRMP2CRMP2 inininin vitrovitrovitrovitro,,,, usingusingusingusing aaaa limitedlimitedlimitedlimited setsetsetset ofofofof

purifiedpurifiedpurifiedpurified proteins.proteins.proteins.proteins. mymymymy resultsresultsresultsresults notnotnotnot onlyonlyonlyonly clarifyclarifyclarifyclarify thethethethe importanceimportanceimportanceimportance ofofofof HHHH2222OOOO2222 andandandand CRMP2CRMP2CRMP2CRMP2

oxidationoxidationoxidationoxidation inininin Sema3A-inducedSema3A-inducedSema3A-inducedSema3A-induced growthgrowthgrowthgrowth coneconeconecone collapse,collapse,collapse,collapse, butbutbutbut alsoalsoalsoalso indicateindicateindicateindicate anananan

unappreciatedunappreciatedunappreciatedunappreciated mechanismmechanismmechanismmechanism ofofofof TRXTRXTRXTRX action,action,action,action, whichwhichwhichwhich linkslinkslinkslinks CRMP2CRMP2CRMP2CRMP2 oxidationoxidationoxidationoxidation totototo

phosphorylation.phosphorylation.phosphorylation.phosphorylation.
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3333....2.2.2.2. IntroductionIntroductionIntroductionIntroduction

Various axon guidance molecules underlie the proper development of the highly

ordered nervous system, which steer axons by regulating cytoskeletal dynamics in

growth cones (11-14). Sema3A is a repulsive guidance molecule that induces growth

cone collapse to repel axons (Figure 1A) (12-14). Sema3A binds and activates the

receptor NP-1 and PlexA to regulate the cytoskeleton through CRMP2 (15-17). CRMP2

associates with tubulin heterodimers and promotes microtubule polymerization (18).

Upon Sema3A stimulation, CDK5 phosphorylates CRMP2 at Ser522, which acts as a

priming site for GSK3-dependent phosphorylation, and subsequently GSK3

phosphorylates at Thr509, Thr514, and Ser518 of CRMP2 (16, 17, 19). These

phosphorylations lead to microtubule disassembly and following growth cone collapse.

Thus, the regulatory mechanism of CRMP2 phosphorylation has been regarded as a

central subject for Sema3A signaling, but its precise molecular mechanism remains

largely obscure.

In addition to CRMP2, MICAL has emerged as an essential mediator of

Sema-dependent axon guidance (20, 21). MICAL possesses a flavoprotein

monooxygenase domain and requires this domain to steer axons, suggesting the

possibility that redox signaling plays a crucial role in Sema3A signaling. Indeed, it is

reported that mammalian MICAL can generate H2O2 (21, 22), a representative of ROS,

and that a flavin monooxygenase inhibitor (-)-epigallocatechin gallate blocks

Sema3A-induced axonal repulsion (20, 23). However, there has been no definitive

evidence that MICAL actually produces H2O2 upon Sema3A stimulation in vivo. Very

recently, it was reported that Drosophila MICAL directly regulates actin reorganization
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through the flavoprotein monooxygenase domain (24). However, it still remains

unknown whether it occurs via H2O2 generation and whether there is any functional

relationship between MICAL and CRMP2.

Excess ROS cause oxidative stress and ultimately activate signaling pathways

leading to cell death, whereas moderate amount of ROS can mediate various

physiological phenomena such as cell proliferation and motility (2-5). Especially, there

has been accumulating evidence that H2O2 can function as a second messenger by

oxidizing cysteine residues to form disulfide bonds in various target proteins and

regulate their function (Figure 1B). Intracellularly formed disulfide bonds are normally

reduced to thiols mainly by TRX, a thiol-oxidoreductase conserved in both prokaryotes

and eukaryotes (7-9). TRX reduces disulfide bonds through thiol-disulfide exchange

between the target proteins and its CXXC active site residues. Considering that H2O2

mediates signal transduction through cysteine oxidation, it is highly likely that proteins

involved in ROS signaling are substrates of TRX. Therefore, the identification of TRX

substrates is expected to give me an important clue to discover a novel key player in

ROS signaling.

Here I performed an in vivo screening for candidate TRX substrates by a

substrate-trapping method and identified CRMP2. CRMP2 was oxidized to form a

disulfide-linked homodimer via Cys504 by Sema3A stimulation, which was dependent

on the generation of H2O2 by MICAL. Unexpectedly, CRMP2 oxidation promoted the

disulfide-linked interaction with TRX and GSK3-dependent phosphorylation, resulting

in growth cone collapse.
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3333....3.3.3.3. ResultsResultsResultsResults

3333....3333.1.1.1.1.... IdentificationIdentificationIdentificationIdentification ofofofof CRMP2CRMP2CRMP2CRMP2 asasasas aaaa candidatecandidatecandidatecandidate substratesubstratesubstratesubstrate forforforfor TRXTRXTRXTRX

Two cysteine residues (Cys32 and 35) conserved in TRX are directly involved in

the oxidoreductase reaction (7, 8, 25). The C35S mutant form of TRX has been utilized

in substrate-trap experiments, because it can form mixed disulfide-linked complexes

with TRX substrate proteins (9), and by reduction with DTT these complexes can be

released (Figure 2A). To search for TRX substrate proteins under physiological

conditions, I generated NIH-3T3 cell lines stably expressing FLAG-TRX C35S and

FLAG-TRX C32/35S (negative control). Cell lysates were immunoprecipitated with

anti-FLAG antibodies and candidate proteins were eluted with DTT. Obtained samples

were resolved by SDS-PAGE and visualized by silver staining (Figure 2B). Mass

spectrometry revealed that an abundant protein in the 65-kDa region is CRMP2. Using

the same method, I also identified several well-characterized TRX substrates, such as

peroxiredoxin I and II (10), supporting the validity of this experimental system.

Previously, CRMP2 was identified as a necessary mediator of Sema3A-induced growth

cone collapse (15) and also plays an important role in establishing the neuronal polarity

(19, 26).

To confirm the interaction between TRX and CRMP2, I performed co-expression

and co-immunoprecipitation analyses. As shown in Figure 3A, Myc-CRMP2 bound to

FLAG-TRX C35S but not to FLAG-TRX wild type (WT) or C32/35S, indicating the

requirement of Cys32, which is known to be the redox-active cysteine residue in TRX.

Next, I treated the lysates with IAA to block further oxidation of cysteine residues and

prevent non-specific interaction between thiols after harvesting cells in vitro. The
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IAA-treated lysates were then resolved by non-reducing SDS-PAGE. The results clearly

showed a 75-kDa signal that matches well with the molecular mass of the TRX-CRMP2

disulfide complex (Figure 3B). When cells were treated with H2O2 to induce disulfide

bonds, TRX WT also formed a disulfide complex with CRMP2. Proteins with a

TRX-related sequence containing the catalytic cysteine residues constitute a large

family (7, 8, 25), including NRX (27), TRP32 (28), and TRP14 (29), which exist in the

cytoplasm. To investigate the specificity of the interaction, I generated mutants of these

TRX family proteins corresponding to TRX C35S and tested their binding ability to

CRMP2. Only FLAG-TRX C35S associated with Myc-CRMP2 (Figure 4A), indicating

that the interaction is specific to TRX among the TRX family proteins examined. Next I

examined whether endogenous TRX interacts with CRMP2 by immunoprecipitation

assays using anti-CRMP2 antibodies and N1E-115 neuroblastoma cell lysates both

treated with H2O2 and untreated. Cell lysates were treated with IAA as described above

and subsequently precipitated with acetone to make proteins denatured and dissociate

non-covalent binding proteins (30). The results indicated a clear

co-immunoprecipitation of TRX with CRMP2 when cells were treated with H2O2

(Figure 4B). As CRMP2 was predicted to interact with TRX Cys32 through a disulfide

bond, I tried to identify which cysteine residues of CRMP2 were responsible for the

interaction. The cysteine residues conserved between human and mouse were

substituted for serine residues. Among these mutants, only Myc-CRMP2 C504S did not

associate with FLAG-TRX C35S (Figure 5A), suggesting that Cys504 is crucial for the

interaction with TRX. To further examine the cysteine-dependent interaction, I used

recombinant proteins of TRX and CRMP2 to conduct GST pull-down assays. His-TRX

C35S was specifically pulled down by CRMP2-GST, and the interaction was augmented



17

by oxidation (Figure 5B). Moreover, His-TRX C35S did not associate with

CRMP2-GST C504S, irrespective of its redox state. Collectively, these results support

the notion that TRX Cys32 is directly linked with CRMP2 Cys504 through a disulfide

bond. A previous study indicated that S-nitrosylation occurs at CRMP2 Cys504, which

also supports that Cys504 is a redox active cysteine residue (31, 32).

3333....3333.2.2.2.2.... CrucialCrucialCrucialCrucial importanceimportanceimportanceimportance ofofofof TRX-CRMP2TRX-CRMP2TRX-CRMP2TRX-CRMP2 interactioninteractioninteractioninteraction inininin thethethethe Sema3ASema3ASema3ASema3A signalingsignalingsignalingsignaling

CRMP2 is necessary for Sema3A-induced growth cone collapse of DRG neurons

(15-17), and thus I next investigated the importance of TRX in Sema3A signaling. First,

I examined whether endogenous TRX proteins exist in growth cones using

immunofluorescence microscopy, and the results clearly confirmed their presence

(Figure 6A). Next, I expressed Myc-CRMP2 C504S, which does not bind TRX, in

neurons because CRMP2 is necessary for Sema3A-induced growth cone collapse (17),

and confirmed the presence of expressed proteins in growth cones (Figure 6B). As

shown in Figure 7A, Myc-CRMP2 C504S suppressed the extent of growth cone

collapse, as did Myc-CRMP2 T509A/S522A, which was the phosphorylation-inactive

mutant known to function in a dominant-negative manner and used as a positive control

(the rationale for this dominant-negative effect by CRMP2 C504S is explained in

Discussion). These results suggested the importance of Cys504, which is crucial for the

interaction with TRX, in Sema3A signaling. To directly examine the importance of TRX

in Sema3A signaling, the effect of FLAG-TRX overexpression was investigated. I used

the TRX C32/35S mutant that is reported to compete for TxR and thus inhibits the

function of endogenous TRX (33). As a result, growth cone collapse was repressed in

DRG neurons expressing FLAG-TRX C32/35S compared with those expressing
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FLAG-TRX WT (Figure 7B), suggesting the importance of TRX. In contrast,

FLAG-TRX C35S that can bind CRMP2 showed no effect as WT. To further confirm

these findings, I performed knockdown experiments using three different siRNAs

against TRX. Western blot analyses indicated that the siRNAs partially suppressed the

expression of TRX at different efficiencies (Figure 8A). The growth cone collapse

assays revealed the importance of endogenous TRX in Sema3A-signaling. Moreover, I

performed rescue experiments to exclude the possibility of the off-target effects using

the TRX rescue (Rsc) mutant, which has three silent mutation in the target sequence and

thus resistant to TRX siRNA. The results shown in Figure 8B clearly indicate that

expression of FLAG-TRX Rsc restores normal collapse response. In addition, the

inhibition rate appeared to reflect the knockdown efficiency of each respective siRNA.

In contrast, there was no significant effect on serum-induced

phosphorylation/dephosphorylation of various proteins (Figure 8C), implicating that

TRX-knockdown rather specifically affect Sema3A-induced growth cone collapse.

To further establish the importance of TRX-CRMP2 interaction in Sema3A

signaling, I examined the turning behavior of growth cones in response to Sema3A

gradient. Directional application of Sema3A causes repulsive growth cone turning in

culture (11-13, 34). As shown in Figure 9A, bath appliccation of a TxR inhibitor DNCB,

which forces TRX to take an inactive form via inhibition of TRX regeneration by TxR

(35), suppressed Sema3A-induced repulsive turning of growth cones in DRG neurons.

Moreover, the expression of Myc-CRMP2 C504S also showed inhibitory effect on

growth cone repulsion, while Myc-CRMP2 WT had no significant effect (Figure 9B).

Next, to confirm the in vivo importance of the TRX-CRMP2 interaction, I performed in

utero electroporation analyses because Chen et al. reported that Sema3A signaling is
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important for the radial migration of cortical neurons during development (36).

Myc-CRMP2 WT or C504S-expressing plasmids were transfected into E14.5 mouse

brains and the radial migration of cortical neurons was examined. As shown in Figure

10, A and B, Myc-CRMP2 C504S perturbed the migration of cortical neurons, while

Myc-CRMP2 WT showed no significant effect. These migration defects resemble those

seen in NP-1-conditional knockout mice or various Plexins (PlexA2, A4, or

D1)-knockdown cortical neurons. These results strongly support the importance of the

TRX-CRMP2 interaction in Sema3A signaling, which is consistent with the results

obtained from the growth cone collapse assays.

3333....3333.3.3.3.3.... TRXTRXTRXTRX reducesreducesreducesreduces disulfide-linkeddisulfide-linkeddisulfide-linkeddisulfide-linked CRMP2CRMP2CRMP2CRMP2 homodimerhomodimerhomodimerhomodimer inducedinducedinducedinduced bybybyby Sema3ASema3ASema3ASema3A

I next examined the redox state of CRMP2 using IAA treatment and non-reducing

SDS-PAGE. Along with signals corresponding to monomeric FLAG-CRMP2 at 65-kDa,

signals around 135-kDa were also detected by anti-FLAG antibody in response to H2O2

treatment (Figure 11A). These signals were not apparent when SDS-PAGE was

conducted under conventional reducing conditions. Thus, the 135-kDa signals are

thought to reflect some disulfide-linked oligomeric form of FLAG-CRMP2. In addition,

this oligomer formation seems to occur inside cells, because IAA treatment of cell

lysates completely blocked in vitro formation of FLAG-CRMP2 oligomer by H2O2, thus

excluding the possibility of artificial oligomer formation after harvesting cells in vitro

(Figure 11B). This H2O2-induced CRMP2 oligomer formation was dependent on the

presence of Cys504 because the FLAG-CRMP2 C504S sample did not show a 135-kDa

signal (Figure 11A). To investigate the involvement of other cysteine residues in

CRMP2, I co-expressed Myc-CRMP2 WT and FLAG-CRMP2 C504S and found that
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Myc-CRMP2 WT did not form disulfide-linked oligomer with FLAG-CRMP2 C504S

(Figure 11C), showing that only Cys504 is involved in disulfide bond formation. I next

examined whether endogenous CRMP2 in DRG neurons can also form the homodimer

in response to the presence of H2O2. I detected the presence of H2O2-induced

homodimer (Figure 11D), as ectopically expressed FLAG-CRMP2. Next, I analyzed the

effect of TRX on the disulfide bond of CRMP2. I first performed an in vitro reduction

assay. COS-7 cells expressing FLAG-CRMP2 were stimulated with H2O2, and then

FLAG-CRMP2 was purified with anti-FLAG beads and incubated with His-TRX. In the

presence of His-TRX WT, FLAG-CRMP2 was reduced as opposed to that mixed with

His-TRX C32/35S (Figure 12A), showing that TRX can reduce the disulfide bonds in

vitro. Moreover, co-expression of Myc-TRX WT or C35S reduced the amount of

H2O2-induced homodimer of FLAG-CRMP2 in cells (Figure 12B). I also investigated

the effects of TRX-knockdown on CRMP2 oxidation and found that TRX siRNA

augmented CRMP2 oxidation (Figure 12C), thus confirming that TRX is involved in

reduction of CRMP2 in vivo. Treatment with DNCB also resulted in CRMP2 oxidation.

Next, I examined whether H2O2 is generated by Sema3A treatment in DRG

neurons based on the fact that MICAL, which is involved in Sema signaling in both

Drosophila and mammalian cells (20, 21), can generate H2O2 (21, 22). I utilized the

recently developed H2O2-specific probe, GFP-HyPer to monitor H2O2 generation by

Sema3A (37). The H2O2 treatment of HyPer-transfected DRG neurons resulted in

augmentation of fluorescence in neurites (Figure 13A). Sema3A treatment also

increased fluorescence at the tips of neurites. Thus, I chose to examine the oxidation of

CRMP2 resulting from Sema3A treatment, and succeeded in detecting the presence of a

CRMP2 homodimer in response to Sema3A treatment (Figure 13B).
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3333....3333.4.4.4.4.... Sema3ASema3ASema3ASema3A stimulatesstimulatesstimulatesstimulates HHHH2222OOOO2222 generationgenerationgenerationgeneration viaviaviavia MICALMICALMICALMICAL

I next examined the mechanism of Sema3A-induced H2O2 generation. Although

MICAL is a plausible candidate, whether it is involved in Sema3A-induced H2O2

generation remained uncertain. There are three MICAL isoforms (MICAL1, 2, and 3) in

mammals (20, 23). RT-PCR analyses indicated that MICAL1 and 3 are significantly

expressed in DRG neurons but I could detect only a little expression of MICAL2

(Figure 14A). Thus, I transfected DRG neurons with siRNAs against both MICAL1 and

3, and confirmed the decreased expression of their cognate mRNAs (Figure 14B). I then

evaluated the fluorescence of HyPer in the MICAL-knockdown neurons and found that

the fluorescence did not increase in response to Sema3A in contrast to control cells

(Figure 14C), indicating that endogenous MICAL is responsible for Sema3A-dependent

H2O2 generation. To exclude the possibility of the off-target effects, I performed rescue

experiments using a mouse MICAL1 construct that is resistant to siRNAs against rat

MICAL1 and 3 (Figure 14C and 15B). DRG neurons transfected with

FLAG-mMICAL1 together with siRNAs against MICAL showed normal H2O2

production in response to Sema3A. In contrast, mMICAL1 GW, which is catalytically

inactive (20), failed to restore H2O2 production. These results convincingly indicate that

Sema3A stimulates H2O2 generation via MICAL. Next, I examined the effect of

MICAL-knockdown on the oxidation state of CRMP2. As expected, CRMP2 in

MICAL-knockdown neurons did not form the disulfide-linked homodimer in response

to Sema3A stimulation (Figure 14D).

I also observed the morphology of the growth cones in MICAL-knockdown

neurons. Neurons transfected with siRNA against either MICAL1 or MICAL3 showed
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moderate reduction in the rate of growth cone collapse (Figure 15A). Furthermore,

neurons transfected with both MICAL1 and MICAL3 siRNAs showed a severer defect

in growth cone collapse (Figure 15A). Again, I confirmed that the expression of

FLAG-mMICAL1 rescued the defect in collapse response (Figure 15B). These results

clearly confirm the importance of mammalian MICAL for Sema3A signaling.

3333....3333.5.5.5.5.... TRXTRXTRXTRXmediatesmediatesmediatesmediates oxidation-dependentoxidation-dependentoxidation-dependentoxidation-dependent CRMP2CRMP2CRMP2CRMP2 phosphorylationphosphorylationphosphorylationphosphorylation

Having established the conditions for the oxidation of CRMP2, I then wanted to

understand what impact the CRMP2 oxidation had on the cells. When cells expressing

FLAG-CRMP2 were treated with H2O2, I noticed that a small amount of the

FLAG-CRMP2 band shifted upward (Figure 16). As a similar mobility shift is known to

occur during Sema3A signaling by GSK3-dependent phosphorylation which is

important for Sema3A-induced growth cone collapse (16, 17, 19), I examined whether

H2O2-induced CRMP2 phosphorylation occurs at the site phosphorylated by GSK3.

Western blot analyses using an antibody specifically recognizing GSK3-phosphorylated

CRMP2 (p-CRMP2) (19) revealed that H2O2-induced CRMP2 phosphorylation occurs

at the GSK3 site (Figure 16). Similar phosphorylation of endogenous CRMP2 was also

observed when DRG neurons were treated with H2O2 (Figure 17A). Next, I assessed the

importance of TRX in H2O2-induced CRMP2 phosphorylation. Unexpectedly,

co-expression of Myc-TRX WT or C35S rather enhanced phosphorylation whereas

Myc-TRX C32/35S repressed (Figure 16). Moreover, Myc-TRX was less effective in

the case of FLAG-CRMP2 C504S, although enhancement was still observed. These

results suggest that TRX plays a positive role in CRMP2 phosphorylation. To confirm

this possibility, I performed RNAi-knockdown experiments of TRX, which resulted in



23

significant inhibition of CRMP2 phosphorylation (Figure 17B). I also found that

Myc-CRMP2 C504S expressed in neurons was less phosphorylated than Myc-CRMP2

WT when treated with Sema3A (Figure 17C).

Having confirmed TRX-mediated CRMP2 phosphorylation, I conducted GST

pull-down assays to investigate the effects of the phosphorylation on the CRMP2

function. Mouse brain lysates or purified tubulin proteins were subjected to pull-down

assays with CRMP2-GST WT or T514D, which mimics GSK3β-phosphorylated

CRMP2 (19), and the precipitates were examined by immunoblotting analyses for

known CRMP2-binding proteins, such as tubulin, Numb, KLC1, actin, DHC, and Slp1

(18, 38-42). As shown in Figure 18, the T514D mutation significantly weakened the

interaction with tubulin and Numb, but not actin, as reported previously (19, 43).

Moreover, the amounts of KLC1 and Slp1 associated with CRMP2-GST were also

found to be decreased by the mutation, whereas those of DHC were not. Because it has

been shown that CRMP2 regulates tubulin assembly and vehicle transportation on

microtubules with Numb, KLC1, and Slp1 (18, 38, 39, 41), these results suggest that

CRMP2 phosphorylation preferentially affects microtubule-dependent function by

disrupting tubulin assembly and vehicle transportation.

3333....3333.6.6.6.6.... TheTheTheThe molecularmolecularmolecularmolecular mechanismsmechanismsmechanismsmechanisms ofofofof TRX-mediatedTRX-mediatedTRX-mediatedTRX-mediated CRMP2CRMP2CRMP2CRMP2 phosphorylationphosphorylationphosphorylationphosphorylation

These results point out an interesting possibility that CRMP2 phosphorylation is

linked to complex formation between TRX and CRMP2. Indeed, immunoblotting

analyses after non-reducing SDS-PAGE revealed that CRMP2 linked to TRX was more

preferentially phosphorylated than the monomer or disulfide-linked homodimer (Figure

19A). This seems to be the reason that FLAG-TRX C35S showed no dominant negative
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effect on growth cone collapse (Figure 7B).

Lastly, I tried to reconstitute the TRX-mediated augmentation of CRMP2

phosphorylation using purified recombinant proteins. CRMP2 was weakly

phosphorylated by addition of CDK5, which is known to function as a priming kinase

for GSK3-dependent CRMP2 phosphorylation (16, 17, 19), and GSK3β (Figure 19B),

as reported previously. Further addition of His-TRX alone showed no significant effect

on CRMP2 phosphorylation not only in reduced (DTT) condition but also in oxidized

(H2O2) condition. I speculated that only a small amount of His-TRX interacts with

CRMP2, because His-TRX should be directly oxidized by H2O2 or rapidly released

from CRMP2 by formation of an intramolecular disulfide bond. Therefore, I also added

TxR and NADPH to regenerate His-TRX, and found that it significantly augmented

CRMP2 phosphorylation only when the reaction was performed in the presence of H2O2.

In addition, His-TRX C32/35S did not promote CRMP2 phosphorylation, and there was

no stimulatory effect on the phosphorylation of CRMP2 C504S (Figure 19C). I then

examined the phosphorylation by which kinase is stimulated by TRX. Kinase assays

with 32P-labelled ATP revealed that phosphorylation by GSK3β was augmented by TRX

in the presence of the TRX-regeneration system and H2O2 whereas phosphorylation by

CDK5 was not (Figure 20, A and B). These results indicate that the disulfide-linked

interaction between TRX and CRMP2 stimulates CRMP2 phosphorylation by GSK3β.
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3333....4.4.4.4. DiscussionDiscussionDiscussionDiscussion

Here I showed an unexpected mechanism of H2O2-mediated signal transduction in

Sema3A signaling. Upon Sema3A stimulation, MICAL generates H2O2 at growth cones

and oxidizes CRMP2 to form a disulfide-linked homodimer through Cys504 (Figure 21).

In turn, oxidized CRMP2 forms a disulfide complex with TRX and becomes

preferentially phosphorylated by GSK3, resulting in growth cone collapse.

Several studies have elucidated key players in Sema3A-induced CRMP2

phosphorylation. It is reported that a tyrosine kinase Fyn associates with PlexA and

phosphorylates CDK5 at Tyr15 (44), which augments its kinase activity. However, the

mechanisms of both Fyn activation and CDK5 phosphorylation by Sema3A stimulation

are unknown. In this point, it should be noted that my study clearly demonstrated H2O2

generation by MICAL. Accumulating evidence indicates that protein tyrosine

phosphatases are susceptible to H2O2-induced oxidation, which generally results in

inactivation of their phosphatase activity (2-5). Therefore, MICAL-generated H2O2 may

also contribute to sustaining CDK5 activation through blockade of CDK5 inactivation

by Tyr15 dephosphorylation.

On the other hand, it is reported that R-Ras-regulated pathway participates in

CRMP2 phosphorylation by GSK3 (45, 46). Sema4D-activated PlexB functions as a

GTPase-activating protein for R-Ras and inactivates it, resulting in inhibition of Akt.

Akt is known to inactivate GSK3 via phosphorylation of Ser9 in GSK3, and thus

Sema4D stimulation ultimately induces GSK3 activation. In contrast, my results shown

in Figure 17 to 20 clearly demonstrate the crucial importance of CRMP2 oxidation for

phosphorylation. Therefore, not only kinase activation but also substrate sensitization



26

(by oxidation) are important for CRMP2 phosphorylation. At least in my experimental

settings utilizing Sema3A-stimulated DRG neurons, I observed no significant Akt

inactivation or GSK3 activation (Figure 22). Collectively, CRMP2 phosphorylation

appears to be regulated at multiple levels in vivo, which allows precise and complex

regulation of CRMP2 in different cell types.

My study revealed that H2O2 is actually generated via MICAL by Sema3A

treatment, which is crucial for CRMP2 oxidation and growth cone collapse. In

consistent with these results, the importance of mammalian MICAL in Sema3A

signaling was recently reported (21). In the paper, it was also shown that CRMP directly

binds to the monooxygenase domain of MICAL, raising an interesting possibility that

CRMP2 might be directly oxidized by MICAL. Certain kinds of flavoprotein

monooxygenases catalyze oxidation of various thiol compounds such as cysteamine,

cysteine, and a tripeptide glutathione to form disulfide bonds (47, 48). In addition, a

structural analysis suggests that the monooxygenase domain of MICAL requires the

binding of macromolecules, such as polypeptides, to be stabilized and the authors

propose proteins to be substrates (49). Therefore, the complex formation between

MICAL and CRMP2 may accelerate the oxidation efficiency of CRMP2.

Cys504 is placed at the C-terminal tail region in CRMP2, in which many

phosphorylation sites also exist. This tail region was predicted to be unfolded (50, 51).

Thus, the association of TRX at Cys504 would not prevent GSK3 from interacting with

these phosphorylation sites, because the phosphorylation target Ser residues can rotate

rather freely in the unfolded polypeptide. It would be interesting to solve the 3-D

structure of the TRX/CRMP2 disulfide complex. Alternatively, TRX may recruit

GSK3β to its substrate CRMP2.
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The Cys504 is conserved in all vertebrate CRMP2, but not in C. elegans or D.

melanogaster (Figure 23). Moreover, the C-terminal region including Cys504 is also

rarely conserved in these simpler organisms. This region is predicted to be unfolded (50,

51), and thus, I suppose that other Cys residues in C. elegans or D. melanogaster might

compensate the function of the Cys504 in vertebrates. It should also be noted that the

phosphorylation sites for both GSK3β and CDK5 (Thr509, Thr514, Ser518 and Ser522

in human CRMP2) are also not conserved in C. elegans or D. melanogaster, but I can

find the corresponding residues in all vertebrate CRMP2. Therefore, there is another

possibility that CRMP2 oxidation and phosphorylation have evolved to emerge

simultaneously around the advent of vertebrates, to connect MICAL-generated H2O2 to

CRMP2 phosphorylation.

It has been indicated that the CRMP proteins form an oligomer by themselves (52).

In the protein complex composed of CRMP2 WT and C504S, CRMP2 WT is supposed

not to be able to form a disulfide bridge with CRMP2 C504S. When CRMP2 C504S is

ectopically expressed, the amount of CRMP2 C504S should be much larger than that of

endogenous (WT) CRMP2, and thus, most endogenous CRMP2 is presumably trapped

in the complex with CRMP2 C504S. Under such condition, endogenous CRMP2 cannot

form a disulfide bridge. I think that this is the reason why ectopically expressed CRMP2

C504S dominant-negatively inhibits the Sema3A-induced growth cone collapse.
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3333....5.5.5.5. FiguresFiguresFiguresFigures

FigFigFigFigureureureure 1111.... The models of the redox regulation and growth cone collapse.

(AAAA) The schematic model of the redox regulation of protein. Reduced (Red) protein is

oxidized by H2O2 and oxidized (Ox) protein is reduced by TRX.

(BBBB) The schematic model of Sema3A-induced growth cone collapse.
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FigFigFigFigureureureure 2222.... Identification of CRMP2 as a candidate substrate for TRX.

(AAAA) The schematic model of the capture and release of the target proteins by TRX C35S.

(BBBB) Lysates of NIH-3T3 cells stably expressing the FLAG-TRX mutants were

immunoprecipitated with anti-FLAG beads. The beads were treated with DTT, and

proteins eluted by DTT (E) and remained on the beads (R) were subjected to

SDS-PAGE and silver staining.
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FigureFigureFigureFigure 3.3.3.3. The interaction between TRX and CRMP2.

(AAAA) Lysates from COS-7 cells transfected with the indicated constructs were

immunoprecipitated (IP) with anti-FLAG antibodies and analyzed by immunoblotting.

(BBBB) COS-7 cells were transfected with the indicated constructs and treated with 100 μM

H2O2 for 5 min. Cell lysates were treated with IAA and immunoblotted under

non-reducing and reducing conditions. Asterisk (*) indicates the signal of TRX C35S

that formed a complex with an unidentified protein.
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FigureFigureFigureFigure 4.4.4.4. Specificity of TRX-CRMP2 interaction.

(AAAA) Lysates from COS-7 cells transfected with the indicated constructs were

immunoprecipitated (IP) with anti-FLAG antibodies and analyzed by immunoblotting.

(BBBB) Lysates of N1E-115 neuroblastoma cells treated with 500 μM H2O2 for 5 min were

treated with IAA, acetone precipitated and dissolved. They were then

immunoprecipitated with anti-CRMP2 antibodies and immunoblotted with indicated

antibodies.
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FigureFigureFigureFigure 5555.... Cys504 is necessary for CRMP2 to interact with TRX.

(AAAA) Lysates from COS-7 cells transfected with the indicated constructs were

immunoprecipitated (IP) with anti-FLAG antibodies and analyzed by immunoblotting.

(BBBB) GST-CRMP2 pull-down assays of recombinant His-TRX in the presence of 5 mM

DTT or 100 μM H2O2. Proteins were subjected to SDS-PAGE and CBB-staining.
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FigFigFigFigureureureure 6666.... Immunolocalization of endogenous TRX and ectopically expressed proteins

in growth cones.

(AAAA) DRG neurons were stained with anti-TRX antibody (green) and phalloidin to

visualize actin filaments (red).

(BBBB) DRG neurons were transfected with the indicated constructs and subjected to

immunocytochemical staining with indicated antibodies (green) and phalloidin (red).
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FigureFigureFigureFigure 7.7.7.7. Crucial importance of TRX-CRMP2 interaction in Sema3A-induced growth

cone collapse.

(AAAA and BBBB) DRG neurons were transfected with the indicated constructs together with the

GFP-expressing plasmid. Sema3A-treated (30 min) cells were fixed and stained with

phalloidin. GFP-positive cells were examined. Data are mean ± SEM (n = 3-4).

Asterisks (*) indicate significant difference (p < 0.05) from the control. Typical images

of growth cones are also shown (A).
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FigureFigureFigureFigure 8.8.8.8. Crucial importance of TRX in Sema3A-induced growth cone collapse.

(AAAA and BBBB) DRG neurons were transfected with the indicated constructs or siRNAs for

TRX together with the GFP-expressing plasmid. Sema3A-treated (30 min) cells were

fixed and stained with phalloidin. GFP-positive cells were examined. Data are mean ±

SEM (n = 3-4). Asterisks (*) indicate significant difference (p < 0.05) from the control.

Knockdown efficiencies by TRX siRNAs with quantification are also shown.

(CCCC) DRG neurons were transfected with the indicated siRNAs. After 3 hours of

starvation, they were stimulated with serum for 30 minutes and analyzed by

immunoblotting with indicated antibodies.
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FigureFigureFigureFigure 9.9.9.9. Crucial importance of TRX-CRMP2 interaction in Sema3A-guided growth

cone turning.

(AAAA) Time-lapse phase-contrast images of chicken DRG growth cones exposed to

Sema3A gradients (arrows) in the absence (control) or presence of 10 μM DNCB. Digits

represent minute after the onset of Sema3A application.

(BBBB) Chicken growth cones transfected with the indicated constructs were exposed to

Sema3A gradients.

(AAAA and BBBB) Graphs show turning angle of growth cones (mean ± SEM, n = 12-15), with

positive and negative values indicating attraction and repulsion, respectively. Asterisks

(*) indicate significant difference (p < 0.05) from the control growth cones.
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FigureFigureFigureFigure 10101010.... Crucial importance of TRX-CRMP2 interaction in the radial migration of

cortical neurons.

(AAAA) Embryonic brains at E14.5 were electroporated with the indicated constructs plus

GFP, followed by fixation at P0. Frozen sections were examined. White dotted lines

represent pial and ventricular surfaces. A white arrow indicates abnormal accumulation

of cells in the IZ. Scale bar, 200 μm.

(BBBB) Data are mean ± SEM (n = 5). Asterisks (*) indicate significant difference (p < 0.05)

from the control. II-IV, layers II-IV of the cortical plate; V-VI, layers V-VI of the

cortical plate; IZ, intermediate zone; VZ, ventricular zone; SVZ, subventricular zone.
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FigFigFigFigureureureure 11111111.... CRMP2 forms disulfide-linked homodimer.

(AAAA and CCCC) COS-7 cells were transfected with the indicated constructs and then treated

with 100 μM H2O2 for 5 min. Cell lysates were treated with IAA and immunoblotted

under non-reducing and reducing conditions.

(BBBB) Lysates from COS-7 cells transfected with the FLAG-CRMP2-expressing plasmids

were treated with H2O2 either before or after IAA treatment and immunoblotted under

non-reducing and reducing conditions.

(DDDD) DRG neurons were treated with 100 μM H2O2 for indicated times and analyzed with

anti-CRMP2 immunoblotting.
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FigFigFigFigureureureure 12121212.... TRX reduces disulfide-linked CRMP2 homodimer.

(AAAA) Lysates of H2O2-treated COS-7 cells expressing FLAG-CRMP2 were

immunoprecipitated with anti-FLAG antibody. The immunoprecipitates were incubated

with His-TRX or DTT, and then analyzed with anti-FLAG immunoblotting.

(BBBB) COS-7 cells were transfected with the indicated constructs and then treated with 100

μM H2O2 for 30 min. Cell lysates were treated with IAA and immunoblotted under

non-reducing and reducing conditions.

(CCCC) DRG neurons transfected with TRX siRNA or treated with DNCB (100 μM for 60

min) or H2O2 (100 μM for 5 min) were analyzed with anti-CRMP2 immunoblotting.
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FigureFigureFigureFigure 13.13.13.13. Sema3A induces H2O2 generation and CRMP2 oxidation.

(AAAA) DRG neurons were transfected with GFP-HyPer plasmid and then stimulated with

Sema3A or 100 μM H2O2. Pseudo-colored images and calibration bars (arbitrary unit)

are indicated. Relative intensity in growth cones was analyzed. Data are mean ± SEM.

For each construct, 5-8 neurons were measured. Asterisks (*) indicate significant

difference (p < 0.05) from the control.

(BBBB) DRG neurons were stimulated with Sema3A for indicated times and analyzed with

anti-CRMP2 antibody.



41

FigFigFigFigureureureure 14141414.... MICAL regulates Sema3A-induced H2O2 generation and following CRMP2

oxidation.

(AAAA) RT-PCR analyses of MICAL1-3 were performed.

(BBBB) DRG neurons were transfected with the indicated siRNAs and then subjected to

RT-PCR analyses for each MICAL isoform.

(CCCC) DRG neurons were transfected with the indicated siRNAs and constructs, together

with the GFP-HyPer plasmid, and then stimulated with Sema3A. Representative

fluorescent images are pseudo-colored and shown with a calibration bar (left panel. a.u.:

arbitrary unit). Relative intensity of GFP fluorescence in the growth cones are presented

as mean ± SEM (Right panel. 6 neurons for each construct). Asterisks (*) indicate

significant differences against control cells (p < 0.05).

(DDDD) DRG neurons transfected with siRNAs for both MICAL1 and 3 were stimulated

with Sema3A for 15 min. Lysates were treated with IAA and analyzed by

immunoblotting with anti-CRMP2 antibody.
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FigureFigureFigureFigure 15.15.15.15. Crucial importance of MICAL in Sema3A-induced growth cone collapse.

(AAAA and BBBB) DRG neurons were transfected with the indicated constructs or siRNAs with

the GFP-expressing plasmid. After treatment with Sema3A for 30 min, the cells were

fixed and stained with phalloidin to visualize growth cones. Data are mean ± SEM (n =

3). For each experiment, more than 50 GFP-positive neurons were measured. *:

significant differences against control siRNA-transfected neurons (p < 0.05).
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FigFigFigFigureureureure 16161616.... TRX promotes oxidation-dependent CRMP2 phosphorylation.

COS-7 cells were transfected with the indicated constructs and then treated with 100

μM H2O2 for 15 min. Cell lysates were subjected to immunoblotting analyses.
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FigFigFigFigureureureure 17171717.... TRX mediates oxidation-dependent CRMP2 phosphorylation in neurons.

(AAAA) DRG neurons were treated with 100 μM H2O2 for indicated times or stimulated with

Sema3A, and the cell lysates were subjected to immunoblotting.

(BBBB and CCCC) DRG neurons were transfected with indicated siRNAs or constructs and then

stimulated with 100 μM H2O2 or Sema3A, the cell lysates were analyzed with indicated

antibodies.
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FigFigFigFigureureureure 18181818.... The effects of the phosphorylation on the CRMP2 function.

CRMP2-GST pull-down assays of mouse brain lysates or purified tubulin. Proteins were

subjected to immunoblotting and CBB-staining. Asterisk (*) indicates the non-specific

signal derived from CRMP2-GST, which reacted with anti-Slp1 antibody.
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FigFigFigFigureureureure 19191919.... The molecular mechanisms of TRX-mediated CRMP2 phosphorylation.

(AAAA) COS-7 cells transfected with the indicated constructs were treated with 100 μM

H2O2 for 15 min and subjected to immunoblotting under non-reducing and reducing

conditions. Quantitative measurements of band intensities (p-CRMP2/CRMP2 of the

monomer, dimer, complex with TRX, and total) with normalization are also shown.

Data are mean ± SEM (n = 3). *p < 0.01.

(BBBB and CCCC) In vitro kinase assays were performed using indicated recombinant proteins

in the presence of DTT (5 mM) or H2O2 (100 μM). Proteins were analyzed with

indicated antibodies. Quantitative measurements of band intensities (p-CRMP2/CRMP2)

with normalization are shown.
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FigureFigureFigureFigure 20202020.... TRX promotes GSK3β-dependent CRMP2 phosphorylation in vitro.

(AAAA) Recombinant CRMP2 pre-phosphorylated by CDK5 was incubated with TxR,

NADPH, H2O2 and GSK3β in the presence of [γ-32P]ATP for the time indicated.

His-TRX was also added (red squares) or excluded (black circles). Proteins were then

subjected to SDS-PAGE and autoradiography. Radioactivity of CRMP2 at each time

point was determined and is presented as a graph.

(BBBB) Recombinant CRMP2 was subjected to a kinase assay with CDK5/p25 as described

in (A).
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FigureFigureFigureFigure 21.21.21.21.Model of TRX-mediated CRMP2 phosphorylation.

Upon Sema3A stimulation, MICAL generates H2O2 at growth cones and oxidizes

CRMP2 to form a disulfide-linked homodimer through Cys504. In turn, oxidized

CRMP2 forms a disulfide complex with TRX and becomes preferentially

phosphorylated by GSK3, resulting in growth cone collapse.
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FigureFigureFigureFigure 22222222.... Sema3A stimulation does not alter Akt and GSK3β phosphorylation.

DRG neurons were stimulated with Sema3A for 30 minutes and analyzed by

immunoblotting with indicated antibodies.
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FigureFigureFigureFigure 23232323.... Alignment of the amino acid sequence of the region of human CRMP2

containing Cys504 with the corresponding sequences.

The human (Homo sapiens), mouse (Mus musculus), rat (Rattus rattus), frog (Xenopus

laevis), zebrafish (Danio rerio), fruit fly (Drosophila melanogaster), and nematode

(Caenorhabditis elegans) sequences are shown. Cys504, GSK3β phosphorylation sites

(Thr509, Thr514 and Ser518) and CDK5 phosphorylation sites (Ser522) are shown in

red, blue and green respectively.
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FigureFigureFigureFigure 24242424.... Characterization of the rabbit anti-CRMP2 antibody and the rabbit anti-TRX

antibody.

(AAAA) Lysates of indicated cells were subjected to immunoblotting analyses with the rabbit

anti-CRMP2 antibody generated in this study.

(BBBB) Lysates of DRG neurons transfected with the indicated siRNAs were subjected to

immunoblotting analyses with the rabbit anti-TRX antibody used in

immunocytochemical staining.
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4444....

OligomericOligomericOligomericOligomeric peroxiredoxinperoxiredoxinperoxiredoxinperoxiredoxin IIII isisisis anananan essentialessentialessentialessential intermediateintermediateintermediateintermediate

forforforfor p53p53p53p53 totototo activateactivateactivateactivate MST1MST1MST1MST1 kinasekinasekinasekinase andandandand apoptosisapoptosisapoptosisapoptosis
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4444.1.1.1.1.... AbstractAbstractAbstractAbstract

MST1MST1MST1MST1 kinasekinasekinasekinase mediatesmediatesmediatesmediates HHHH2222OOOO2222-induced-induced-induced-induced cellcellcellcell deathdeathdeathdeath bybybyby anticanceranticanceranticanceranticancer drugsdrugsdrugsdrugs suchsuchsuchsuch asasasas

cisplatincisplatincisplatincisplatin inininin aaaa p53-dependentp53-dependentp53-dependentp53-dependent manner.manner.manner.manner. However,However,However,However, thethethethe mechanismmechanismmechanismmechanism underlyingunderlyingunderlyingunderlying MST1MST1MST1MST1

activationactivationactivationactivation bybybyby HHHH2222OOOO2222 remainsremainsremainsremains unknown.unknown.unknown.unknown. HereHereHereHere IIII showshowshowshow thatthatthatthat PRXPRXPRXPRX IIII isisisis anananan essentialessentialessentialessential

intermediateintermediateintermediateintermediate inininin HHHH2222OOOO2222-induced-induced-induced-induced MST1MST1MST1MST1 activationactivationactivationactivation andandandand cisplatin-inducedcisplatin-inducedcisplatin-inducedcisplatin-induced cellcellcellcell deathdeathdeathdeath viaviaviavia

p53.p53.p53.p53. CellCellCellCell stimulationstimulationstimulationstimulation withwithwithwith HHHH2222OOOO2222 resultedresultedresultedresulted inininin PRXPRXPRXPRX IIII oxidationoxidationoxidationoxidation totototo formformformform

homo-oligomershomo-oligomershomo-oligomershomo-oligomers andandandand interactioninteractioninteractioninteraction withwithwithwith MST1,MST1,MST1,MST1, leadingleadingleadingleading totototo MST1MST1MST1MST1

autophosphorylationautophosphorylationautophosphorylationautophosphorylation andandandand augmentationaugmentationaugmentationaugmentation ofofofof kinasekinasekinasekinase activity.activity.activity.activity. InInInIn addition,addition,addition,addition,

RNAi-knockdownRNAi-knockdownRNAi-knockdownRNAi-knockdown experimentsexperimentsexperimentsexperiments indicatedindicatedindicatedindicated thatthatthatthat endogenousendogenousendogenousendogenous PRXPRXPRXPRX IIII isisisis requiredrequiredrequiredrequired forforforfor

HHHH2222OOOO2222-induced-induced-induced-induced MST1MST1MST1MST1 activation.activation.activation.activation. LiveLiveLiveLive cell-imagingcell-imagingcell-imagingcell-imaging showedshowedshowedshowed HHHH2222OOOO2222 generationgenerationgenerationgeneration bybybyby

cisplatincisplatincisplatincisplatin treatment,treatment,treatment,treatment, whichwhichwhichwhich likewiselikewiselikewiselikewise causedcausedcausedcaused PRXPRXPRXPRX IIII oligomeroligomeroligomeroligomer formation,formation,formation,formation, MST1MST1MST1MST1

activation,activation,activation,activation, andandandand cellcellcellcell death.death.death.death. Cisplatin-inducedCisplatin-inducedCisplatin-inducedCisplatin-induced PRXPRXPRXPRX IIII oligomeroligomeroligomeroligomer formationformationformationformation waswaswaswas notnotnotnot

observedobservedobservedobserved inininin embryonicembryonicembryonicembryonic fibroblastsfibroblastsfibroblastsfibroblasts obtainedobtainedobtainedobtained fromfromfromfrom p53-knockoutp53-knockoutp53-knockoutp53-knockout mice,mice,mice,mice, confirmingconfirmingconfirmingconfirming

thethethethe importanceimportanceimportanceimportance ofofofof p53.p53.p53.p53. Indeed,Indeed,Indeed,Indeed, ectopicectopicectopicectopic expressionexpressionexpressionexpression ofofofof p53p53p53p53 inducedinducedinducedinduced PRXPRXPRXPRX IIII oligomeroligomeroligomeroligomer

formationformationformationformation andandandand cellcellcellcell death,death,death,death, bothbothbothboth ofofofof whichwhichwhichwhich werewerewerewere cancelledcancelledcancelledcancelled bybybyby thethethethe antioxidantantioxidantantioxidantantioxidant————NNNNACACACAC....

Moreover,Moreover,Moreover,Moreover, IIII succeededsucceededsucceededsucceeded inininin reconstitutingreconstitutingreconstitutingreconstituting HHHH2222OOOO2222-induced-induced-induced-induced MST1MST1MST1MST1 activationactivationactivationactivation inininin vitrovitrovitrovitro,,,,

usingusingusingusing purifiedpurifiedpurifiedpurified PRXPRXPRXPRX IIII andandandand MST1MST1MST1MST1 proteins.proteins.proteins.proteins. Collectively,Collectively,Collectively,Collectively, mymymymy resultsresultsresultsresults showshowshowshow aaaa novelnovelnovelnovel

PRXPRXPRXPRX IIII functionfunctionfunctionfunction totototo causecausecausecause cellcellcellcell deathdeathdeathdeath inininin responseresponseresponseresponse totototo highhighhighhigh levelslevelslevelslevels ofofofof oxidativeoxidativeoxidativeoxidative stressstressstressstress bybybyby

activatingactivatingactivatingactivating MST1,MST1,MST1,MST1, whichwhichwhichwhich underliesunderliesunderliesunderlies p53-dependentp53-dependentp53-dependentp53-dependent cytotoxicitycytotoxicitycytotoxicitycytotoxicity causedcausedcausedcaused bybybyby anticanceranticanceranticanceranticancer

agents.agents.agents.agents.
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4444....2.2.2.2. IntroductionIntroductionIntroductionIntroduction

Oxidative stress greatly affects diverse biological phenomena, including cell death,

aging, and various disorders ranging from cancers to neurodegenerative diseases (1).

However, molecular mechanisms by which oxidative stress is relayed inside cells

remain poorly characterized. Protein kinases generally play key roles in signal

transduction driven by various stimuli (53). For example, MST1 is a Ser/Thr kinase that

is activated by apoptosis-inducing stimuli (54). Lehtinen et al. (55) reported that MST1

is activated by H2O2 and induces cell death by phosphorylating the transcription factor

FOXO in primary mammalian neurons. Furthermore, Ste20 mediates H2O2-induced cell

death by phosphorylating histone H2B in S. cerevisiae (56). These studies implicate

MST1 as a crucial kinase in H2O2-induced cell death, but MST1 activation mechanisms

by H2O2 have yet to be clarified.

MST1 is also known as a tumor-suppressor protein involved in death of cancer

cells treated with anticancer drugs, such as cisplatin, a platinum-based DNA-damaging

agent (57, 58). It is widely accepted that p53 is a key determinant for cell death in

response to anticancer drugs (59, 60). By using Drosophila genetics, Colombani et al.

(61) discovered that Dmp53 (Drosophila melanogaster p53) activates Hippo, the

Drosophila MST1 homologue, to induce cell-death responses elicited by

DNA-damaging ionizing radiation, suggesting a functional link between p53 and MST1.

Moreover, it has been reported that p53-dependent apoptosis occurs via increasing

oxidative stress (62-64). Indeed, the expression of p53 induces generation of

mitochondrial ROS, likely causing MST1 activation. However, the precise mechanisms

of p53-induced cell death via oxidative stress remain unknown.
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Recent studies have revealed a role for H2O2 as a signaling molecule under various

physiological/pathological settings (3-5). Several studies have found many

H2O2-responsive proteins, among which PRXs are the most extensively characterized

(10). The main function of PRXs generally has been thought to be H2O2 removal by

catalyzing H2O2 reduction to H2O. However, Jang et al. (65) reported quite

unexpectedly that high levels of H2O2 stimulate PRX I and PRX II to form

homo-oligomers with chaperone-like activities. In addition, Tpx1, the yeast PRX I

homologue, mediates H2O2-induced activation of the p38/JNK homologue Sty1, by

forming a transient, intermolecular disulfide bonding (66). Therefore, PRX I is now

regarded not only as a scavenger of H2O2 but also as an important intermediate

activating H2O2-responsive signaling pathways.

Here, I investigated the possible PRX I involvement in H2O2- and cisplatin-induced

MST1 activation and cell death. In response to H2O2, PRX I formed oligomers that

specifically associated with MST1. Overexpression and knockdown analyses indicated

an essential role of PRX I in MST1 activation by H2O2 in cells. Live cell imaging

analyses clearly showed that cisplatin treatment induced massive H2O2 generation also

resulting in the PRX I oligomer formation. This occurred in a p53-dependent manner

because primary MEFs obtained from p53−/− mice did not form PRX I oligomers.

Moreover, p53−/− MEFs and PRX I-knockdown cancer cells were unable to activate

MST1 in response to cisplatin and resisted cell death. Further, I successfully

reconstituted MST1 activation by H2O2 and PRX I in vitro, using purified recombinant

proteins.
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4444....3.3.3.3. ResultsResultsResultsResults

4444....3333.1.1.1.1.... SpecificSpecificSpecificSpecific associationassociationassociationassociation ofofofof MST1MST1MST1MST1 withwithwithwith oligomericoligomericoligomericoligomeric PRXPRXPRXPRX IIII

H2O2 induces both MST1 activation and PRX I oligomerization, prompting me to

speculate that MST1 may be activated by associating with oligomeric PRX I. I first

checked whether PRX I forms oligomers as reported previously. I ectopically expressed

PRX I (wild-type (WT) and three different Cys mutants, C51S, C173S, and C83S) in

COS7 cells, which were subsequently stimulated with H2O2. Cells were then harvested

and cell lysates were subjected to native PAGE without SDS or reducing agents. As

shown in Figure 25, WT PRX I formed significant amounts of oligomers appearing as a

ladder on stained gels. In contrast, C173S PRX I constitutively formed oligomers but

C51S or C83S PRX I did not even in the presence of H2O2. These results agree with

previous studies (65, 67).

Having confirmed PRX I oligomerization, I examined the possible PRX I

interaction with MST1. PRX I (WT and the Cys mutants) and MST1 were co-expressed

and cell lysates were subjected to co-immunoprecipitation. The results clearly indicated

that MST1 associates with WT PRX I depending on H2O2 stimulation. However, MST1

associated constitutively with C173S PRX I (Figure 26A), correlating well with the

oligomeric status of PRX I (Figure 25). There are six different genes encoding PRX

isoforms in mammalian genomes; PRX II is also reported to form oligomers (65).

Therefore, I also examined whether MST1 associates with PRX II, but observed no

positive signal (Figure 26B), indicating that MST1 interacted specifically with PRX I

only.

I then performed co-immunoprecipitation analyses against endogenous MST1/2
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and PRX I proteins in U2OS cells, and confirmed that they form complexes in vivo

when cells were treated with H2O2 (Figure 27A). To examine the direct interaction

between these proteins, I expressed and purified GST-MST1 and PRX I recombinant

proteins. The purified proteins were incubated in the presence of H2O2 or the reducing

agent DTT and then subjected to pull-down assay using glutathione beads. The results

indicated a clear positive signal in the presence of H2O2 (Figure 28B), indicating their

direct interaction. I also confirmed that the recombinant PRX I formed oligomers in

vitro similar to those in cells.

4444....3333.2.2.2.2.... PRXPRXPRXPRX IIII mediatesmediatesmediatesmediates HHHH2222OOOO2222-induced-induced-induced-induced MST1MST1MST1MST1 activationactivationactivationactivation

Because H2O2 stimulation is known to activate MST1, I next investigated the

possible importance of PRX I in MST1 activation. Firstly, I co-expressed MST1 with

PRX I (WT and the Cys mutants) in COS7 cells and examined MST1

autophosphorylation, which reflects MST1 activation (68). As shown in Figure 29A, the

expression of WT PRX I significantly augmented MST1 autophosphorylation. In

addition, C173S PRX I, which constitutively associates with MST1 (Figure 26),

strongly induced MST1 autophosphorylation even without H2O2 stimulation. I also

examined the effect of PRX II and found that it did not stimulate MST1

autophosphorylation (Figure 28B). Therefore, there was a very clear correlation

between MST1 autophosphorylartion and interaction with oligomeric PRX I. JNK1 is

also known to be activated by H2O2 and play a crucial role in H2O2-induced signaling

(69). Therefore, I examined the possible effect of PRX I expression on JNK1 activity. In

contrast to the case of MST1, I did not observe any stimulatory effect of PRX I,

although H2O2-induced activation of JNK1 was clearly observed (Figure 29).
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As mentioned above, MST1 autophosphorylation is a useful marker for estimating

MST1 activation, but whether MST1 kinase activity was actually promoted was still

unknown. Therefore, I aimed to measure MST1 kinase activity directly by collecting

MST1 protein by immunoprecipitation and performing kinase assays in vitro. Firstly, I

used myelin basic protein as a substrate for assaying MST1 kinase activity, but found

only a weak signal (data not shown). Therefore, I used GST-fusion MOBKL1B protetin,

which was reported to be a good MST1 substrate (70). I basically found similar results

to those by the autophosphorylation analyses (Figure 30). Therefore, I confirmed MST1

activation by PRX I. Because MST1 activation has been linked to apoptosis, I next

examined the effect of MST1 co-expression with PRX I on apoptosis as a biological

measure for MST1 activation. When MST1 was ectopically expressed alone in U2OS

cells, ~15% of cells underwent apoptosis showing typical chromatin condensation

(Figure 31). A slight but significant increase in the apoptotic rate was observed by

co-expression of WT PRX I, while C173S PRX I further enhanced the apoptotic rate to

~35%, which is consistent with the stronger ability of C173S PRX I to activate MST1

(Figure 28A and 30).

To examine the requirement of endogenous PRX I for H2O2-induced activation of

endogenous MST1/2, siRNA against PRX I was introduced into U2OS cells to reduce

endogenous PRX I expression. As shown in Figure 32A, treatment with PRX I siRNA

specifically suppressed the expression of PRX I, without any significant effects on the

PRX II expression. Cells were then stimulated with H2O2 and MST1/2

autophosphorylation was examined by immunoblotting. As shown in Figure 32B, H2O2

stimulation resulted in significant activation of endogenous MST1/2 in control cells, but

it was clearly suppressed in PRX I-knockdown cells. Collectively, these results clearly
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indicate that PRX I is an essential intermediate linking H2O2 stimulation to MST1

activation.

4444....3333.3.3.3.3.... CisplatinCisplatinCisplatinCisplatin inducesinducesinducesinduces PRXPRXPRXPRX IIII oligomeroligomeroligomeroligomer formationformationformationformation viaviaviavia p53p53p53p53

It has been reported that MST1 is important for anticancer drugs to induce cell

death (58), prompting me to examine the possible roles of H2O2 and PRX I in this

process. To confirm H2O2-generation, I performed H2O2-imaging analysis using

GFP-HyPer, which specifically responds to H2O2 by increasing its fluorescent signal

intensity (37). As shown in Figure 33, treatment of COS7 cells with cisplatin gradually

increased the GFP-HyPer signal, which was evident after 4 hours. In contrast, I did not

observe any significant increase in GFP-HyPer-expressing cells not treated with

cisplatin or control GFP-expressing cells treated with cisplatin. Having confirmed the

H2O2-generation, I next examined PRX I oligomer formation and found that cisplatin

treatment could induce oligomers of both ectopically expressed PRX I in COS7 cells

and endogenous PRX I in U2OS cells (Figure 34, A and B).

I noticed that p53 levels significantly increased in U2OS cells by cisplatin

treatment (Figure 34B) as reported previously (71). Therefore, I next examined whether

p53 plays any important role in PRX I oligomer formation induced by cisplatin

treatment. As shown in Figure 35A, p53 ectopic expression by itself could induce PRX I

oligomerization, which was abrogated by the antioxidant NAC treatment. I also

examined the apoptotic rate of the cells and found that p53 expression raised the number

of apoptotic cells with condensed chromatin (from 4.3% in control cells to 22.6% in

p53-expressing cells, Figure 35B). This cell death was again inhibited by NAC

treatment, and thus, PRX I oligomer formation correlated well with p53
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apoptosis-inducing ability, suggesting a functional link between p53 and PRX I.

To indicate definite endogenous p53 requirement for cisplatin-induced

H2O2-generation and PRX I oligomerization, I isolated MEFs from wild-type (p53+/+) or

p53-knockout (p53−/−) mice and examined H2O2-generation and endogenous PRX I

oligomer formation. The results clearly demonstrated that cisplatin treatment could

induce H2O2-generation and PRX I oligomer formation in p53+/+ MEFs, but not in

p53−/− MEFs (Figure 36 and 37A). I further investigated the possible relationships with

human cancers, which often lack functional p53, by performing similar experiments

using human cancer-derived cell lines, such as U2OS (osteosarcoma, p53-positive),

SaOS-2 (osteosarcoma, p53-negative), MCF-7 (breast cancer, p53-positive), and

MDA-MB-231 (breast cancer, p53-mutated). As shown in Figure 37B, we could

confirm that cisplatin-induced PRX I oligomer formation occurred in U2OS and MCF-7

cells but not in SaOS-2 and MDA-MB-231 cells, which is consistent with the functional

status of p53.

4444....3333.4.4.4.4.... PRXPRXPRXPRX IIII mediatesmediatesmediatesmediates cisplatin-inducedcisplatin-inducedcisplatin-inducedcisplatin-induced MST1MST1MST1MST1 activationactivationactivationactivation andandandand cellcellcellcell deathdeathdeathdeath

It has been reported that cisplatin treatment induces MST1 activation (58). The

results shown in Figure 34 to 37 clearly demonstrate that cisplatin induces PRX I

oligomer formation via p53. Therefore, I speculated that PRX I may mediate

cisplatin-induced MST1 activation. To test this hypothesis, I first examined the complex

formation status by ectopically expressing MST1 and PRX I in COS7 cells and

confirmed that cisplatin treatment significantly augmented the co-immunoprecipitation

of the two proteins (Figure 38A). I next examined complex formation between

endogenous MST1 and PRX I in U2OS cells. When cells were not treated with cisplatin,
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only very weak co-immunoprecipitation signal was observed, but cisplatin treatment

significantly increased this signal (Figure 38B).

To directly examine the importance of PRX I in cisplatin-induced MST1 activation,

I next performed PRX I-knockdown analysis and found that MST1 activation was

severely impaired in cells treated with PRX I siRNA (Figure 39A). I also examined the

PRX I-knockdown effect on the apoptotic rate. I observed a slight increase in the

apoptotic rate by PRX I-knockdown itself (4.7% in control cells to 12.3% in

PRX-I-knockdown cells, Figure 39B). Because PRX I plays an important role in

scavenging H2O2, this increase is probably caused by augmented oxidative stress.

Cisplatin treatment induced a significant increase in the apoptotic rate in control cells

(Figure 39B). However, PRX I-knockdown cells relatively resisted against cisplatin and

their apoptotic rate was significantly lower than in control cells, thus revealing an

unexpected role for PRX I in cell-death responses induced by cisplatin treatment. I also

examined the importance of p53 in cisplatin-induced MST1 activation. MEFs obtained

from p53+/+ or p53−/− mice were treated with cisplatin and subsequently, levels of

phosphorylated endogenous MST1/2 were examined by immunoblotting. As shown in

Figure 40A, cisplatin-induced phosphorylartion of MST1/2 was very weak in p53−/−

MEFs, which is consistent with the p53-dependent PRX I oligomer formation (Figure

37A). I also performed similar experiments by using human cancer cells and confirmed

that p53-positive U2OS and MCF-7 cells activated MST1/2 in response to cisplatin, but

SaOS-2 (p53-negative) and MDA-MB-231 (p53-mutated) cells did not (Figure 40B).

4444....3333.5.5.5.5.... MechanismMechanismMechanismMechanism ofofofof MST1MST1MST1MST1 activationactivationactivationactivation bybybyby PRXPRXPRXPRX IIII andandandand HHHH2222OOOO2222

Finally, I tried to clarify the molecular mechanisms of MST1 activation by PRX I
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and H2O2. For this purpose, I purified various preparations of recombinant MST1 and

PRX I proteins (Figure 41). I first incubated full-length MST1 with or without PRX I

under reducing (10 mM DTT) or oxidizing (10 μM H2O2) condition, and then examined

MST1 autophosphorylation. As shown in Figure 42A, levels of phosphorylated MST1

specifically increased when PRX I was with H2O2. Moreover, the results of kinase

assays using MOBKL1B as a substrate also confirmed MST1 activation by PRX I and

H2O2 (Figure 42B). Therefore, I successfully reconstituted H2O2-induced MST1

activation by PRX I, indicating a crucial role for PRX I in MST1 activation.

I then further explored molecular mechanisms underlying this activation. The

N-terminal half of MST1 contains a kinase domain with the autophosphorylation site

and the C-terminus includes an inhibitory domain for the kinase activity (68, 72). Thus,

I created two GST-fusion MST1 fragments, lacking either the NH2- or C-terminal region

(GST-MST1 C or GST-MST1 N respectively) (Figure 41, and examined their binding

ability to recombinant PRX I by pull-down assays. As shown in Figure 43A,

GST-MST1 C, but not GST-MST1 N, could specifically precipitate PRX I in the

presence of H2O2. Since MST1 N has been shown to possess increased kinase activity

compared with full-length MST1 in similar kinase assays in vitro (72), I assumed that

the direct interaction of the C-terminal region with the N-terminal kinase domain

inhibits the kinase activity and that H2O2-induced association with PRX I abrogates this

interaction, resulting in the opening of the kinase domain. Indeed, the interaction of

recombinant MST1 C with GST-MST1 N was confirmed. Furthermore, this interaction

was significantly weakened by addition of PRX I with H2O2, but not with DTT (Figure

43B). I next assessed the direct effect on the kinase activity by examining MST1 N

autophosphorylation. Expectedly, MST1 C addition clearly reduced MST1 N
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autophosphorylation (Figure 44), further supporting the above-mentioned regulatory

mechanism. When I added PRX I to the mixture of MST1 N and MST1 C, PRX I could

clearly negate autophosphorylation suppression induced by MST1 C only when

incubation was under H2O2-driven oxidative condition. Based on these results, I

concluded that oligomeric PRX I activates MST1 by dissociating the inhibitory

C-terminal region of MST1 from the N-terminal kinase domain, thus mediating the

H2O2-induced MST1 activation.
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4444....4.4.4.4. DiscussionDiscussionDiscussionDiscussion

Here I showed a quite unexpected MST1 activation mechanism by H2O2, mediated

by oligomeric PRX I. I elucidated novel PRX I functions in signal transduction

promoting appropriate responses to oxidative stress. I also demonstrated the important

role of PRX I in p53-dependent cell death triggered by anticancer drug cisplatin. Recent

studies have suggested a potential approach to treat cancers by manipulating their redox

environment. In these studies, it has been indicated that cancer cells are very sensitive to

artificial ROS elevation because most cancer cells are chronically subjected to oxidative

stress and an additional increase in ROS levels brings the level of oxidative stress to a

fatal degree (reviewed by Trachootham et al. (73)). For example, PEITC, a natural

compound that promotes ROS generation, is reported to induce apoptosis selectively in

cancer cells (74). Although cell death was attributed to aberrant regulation of H-Ras,

JNK, and NF-κB, PRX-I-mediated MST1 activation probably also takes part in this

process and further examinations of these pathways could facilitate development of

better chemotherapeutic agents.

Recent studies have indicated the importance of a mammalian signaling pathway

equivalent to the Drosophila Hippo pathway in tumor suppression (75, 76). In

Drosophila, Hippo activates Warts (LATS1/2 in mammals) together with Salvador

(WW45 in mammals). Activated Warts then excludes an oncogenic transcription factor

Yorkie (YAP in mammals) from the nucleus and induces apoptosis. The Hippo pathway

appears to be conserved in mammals, and the human genes for several pathway

components have been found to be mutated in cancers (57, 75, 76). PRX I is also

suggested to suppress cancer development because mice lacking the PRX I gene have a
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short life span owing to frequent development of several cancers (77-79). In these

reports, oncogenesis has been attributed to loss of PPX I peroxidase activity. However,

mice lacking the PRX II gene, the closest homologue of PRX I, do not show cancers in

any cell type or tissue (67, 80). PRX II is expressed in a wide variety of tissues and has

a more potent peroxidase activity than PRX I (10, 67). Indeed, PRX II−/− mice exhibit a

massive increase in cellular ROS levels (80). Therefore, loss of peroxidase activity

alone does not account for the cancer-forming phenotype in PRX I−/− mice. It should be

noted that PRX I, but not PRX II, is able to bind and activate MST1 (Figure 26B and

27B), which may explain the phenotypic differences between PRX I−/− and PRX II−/−

mice.

PRX I and PRX II are highly homologous proteins (91% homology and 78%

identity in human) and thus expected to play similar roles intracellularly. However, my

study clearly shows a difference in their role related to MST1 (Figure 26B and 28B).

One possible reason may be in their oligomerization tendency because PRX I promptly

forms oligomers in response to low H2O2 levels, whereas PRX II is comparatively

resistant to H2O2-induced oligomerization (67). This difference can be attributed to the

presence of PRX I Cys83, which is absent in PRX II. PRX I Cys83 reportedly forms a

disulfide linkage with another PRX I Cys83, thus promoting homo-oligomer formation.

Consistently, my study also confirmed that C83S PRX I did not efficiently form

oligomers (Figure 25), only weakly binding and activating MST1 (Figure 26A and

27A).

PRX I is a well-known antioxidant enzyme thought to protect cells against

oxidative stress by reducing H2O2 (10). Indeed, there are several reports indicating that

PRX I inactivation results in elevation of ROS levels and oxidative DNA damage (9,
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77-79). However, I demonstrated here a quite unexpected PRX I function, linking ROS

to cell death. This difference in PRX I function apparently depends on the degree of

oxidative stress. PRX I reduces H2O2 and protects cells from oxidative stress when

H2O2 level is within a manageable range. However, when cells are exposed to excessive

H2O2 levels, PRX I is inactivated as a peroxidase and forms oligomers (65, 81), thus

resulting in MST1 activation. In this case, I postulate that PRX I contributes to

protection of the whole organism by removing cells severely damaged by excess ROS,

avoiding cancer development.
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4444....5.5.5.5. FiguresFiguresFiguresFigures

FigureFigureFigureFigure 22225555.... H2O2-induced oligomer formation of PRX I.

COS-7 cells were transfected with the indicated constructs and treated with 100 μM

H2O2 for 30 min. Cell lysates were treated with IAA and immunoblotted under native

(without SDS or reducing agents) or denaturing (with SDS and reducing agents)

conditions.
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FigureFigureFigureFigure 22226666.... Specific association of MST1 with oligomeric PRX I.

(AAAA and BBBB) COS-7 cells were transfected with the indicated constructs and treated with

100 μM H2O2 for 30 min. Cell lysates were immunoprecipitated (IP) with an anti-FLAG

antibody and analyzed by immunoblotting using indicated primary antibodies.
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FigureFigureFigureFigure 22227777....Association of MST1 with PRX I in vitro and in vivo.

(AAAA) Lysates of U2OS osteosarcoma cells treated with 500 μM H2O2 for 30 min were

immunoprecipitated with anti-MST1/2 antibodies and immunoblotted with indicated

primary antibodies.

(BBBB) GST-MST1 pull-down assays of recombinant PRX I in the presence of 10 mM DTT

or 10 μM H2O2. Proteins were subjected to SDS-PAGE and Coomassie Brilliant Blue

(CBB)-staining. Immunoblot of recombinant PRX I subjected to native PAGE is also

given (left).
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FigureFigureFigureFigure 22228888. PRX I mediates H2O2-induced MST1 autophosphorylation.

(AAAA and BBBB) COS-7 cells were transfected with the indicated constructs and treated with

100 μM H2O2 for 30 min. Cell lysates were analyzed by immunoblotting with indicated

primary antibodies.
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FigureFigureFigureFigure 22229999.... PRX I does not stimulate H2O2-induced JNK1 phosphorylation.

COS-7 cells were transfected with the indicated constructs and treated with 100 μM

H2O2 for 30 min. Cell lysates were analyzed by immunoblotting with indicated primary

antibodies.
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FigureFigureFigureFigure 30303030. PRX I mediates H2O2-induced MST1 activation.

COS-7 cells were transfected with the indicated constructs and treated with 100 μM

H2O2 for 30 min. Cell lysates were immunoprecipitated with an anti-FLAG antibody

and subjected to in vitro kinase assays using [γ-32P]ATP and recombinant MOBKL1B as

the substrate. The phosphorylation level of MOBKL1B was analyzed by

autoradiography and the relative radioactivity is indicated.
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FigureFigureFigureFigure 33331111.... The effect of MST1 co-expression with PRX I on apoptosis.

U2OS cells were transfected with the indicated constructs together with GFP-expressing

plasmids. They were fixed and DAPI-stained to visualize chromatin condensation.

GFP-positive cells were examined for apoptosis. Data are mean ± SEM for n = 3. For

each experiment, more than 100 cells were examined. *p < 0.05 indicates the significant

difference by one-way analysis of variance (p = 0.004) followed by Dunnett's multiple

comparison test among the Myc-MST1 transfected groups.
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FigureFigureFigureFigure 33332222.... PRX I is necessary for H2O2-induced MST1 antophosphorylation.

(AAAA) U2OS cells were transfected with siRNA against PRX I, and the relative mRNA

levels of PRX I and PRX II (against control siRNA transfectants) were analyzed by real

time PCR analyses. Data are mean ± SEM for n = 3. *p < 0.05 indicatesstatistical

significance by the Student’s t test.

(BBBB) U2OS cells were transfected with PRX I siRNA and treated with 100 μM H2O2 for

30 min. Cell lysates were analyzed with indicated primary antibodies.
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FigureFigureFigureFigure 33333333. Cisplatin induces H2O2 production.

COS-7 cells were transfected with GFP-HyPer-expressing plasmids and then treated

with 25 μM cisplatin for indicated durations. Relative intensity of the GFP-fluorescence

in cells was analyzed. Data are mean ± SEM for n = 3. For each experiment, more than

50 cells were examined. *p < 0.05, **p < 0.01 (against the “HyPer” group) and †p <

0.05 (against the “GFP + Cisplatin” group) indicate the significant difference by

one-way analysis of variance (p < 0.05) followed by Bonferroni's multiple comparison

test.
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FigureFigureFigureFigure 33334444. Cisplatin induces oligomer formation of PRX I.

(AAAA) COS-7 cells transfected with the indicated constructs were treated with cisplatin for

indicated durations. Cell lysates were treated with IAA and immunoblotted under native

or denaturing conditions.

(BBBB) U2OS cells were treated with cisplatin for indicated durations. Cell lysates were

treated with IAA and immunoblotted under native or denaturing conditions.
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FigureFigureFigureFigure 33335555. p53 induces oligomer formation of PRX I.

(AAAA) U2OS cells were transfected with the indicated constructs and treated with NAC.

Cell lysates were treated with IAA and immunoblotted under native or denaturing

conditions.

(BBBB) U2OS cells were transfected with the indicated constructs together with

GFP-expressing plasmids and treated with NAC. Cells were fixed and DAPI-stained to

visualize chromatin condensation. GFP-positive cells were examined for apoptosis.

Data are mean ± SEM for n = 3. For each experiment, more than 100 cells were

examined. **p < 0.01 indicates significant difference by one-way analysis of variance

(p = 0.0009) followed by Bonferroni's multiple comparison test.
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FigureFigureFigureFigure 33336666. Cisplatin induces H2O2-generation via p53.

MEFs from p53+/+ or p53-/- mice were transfected with the indicated constructs, and

then treated with cisplatin for 12h. Relative intensity (compared to the initialtime point)

of the GFP-fluorescence in cells was analyzed. Data are mean ± SEM for n = 3. For

each experiment, more than 50 cells were examined. **p < 0.01 indicates significant

difference by one-way analysis of variance(p = 0.0003) followed by Bonferroni's

multiple comparison test.
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FigureFigureFigureFigure 33337777. Cisplatin induces oligomer formation of PRX I via p53.

(AAAA) MEFs from p53+/+ or p53−/− mice were treated with cisplatin. Cell lysates were

treated with IAA and immunoblotted under native or denaturing conditions.

(BBBB) human cancer-derived cell lines such as U2OS, SaOS-2, MCF-7, and

MDA-MB-231 were treated with cisplatin. Cell lysates were treated with IAA and

immunoblotted under native or denaturing conditions.
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FigureFigureFigureFigure 33338888. Cisplatin promotes PRX I-MST1 interaction.

(AAAA) COS-7 cells were transfected with the indicated constructs and treated with cisplatin

for indicated durations. Cell lysates were immunoprecipitated with anti-FLAG

antibodies and analyzed by immunoblotting using indicated primary antibodies.

(BBBB) Lysates of U2OS cells treated with cisplatin were immunoprecipitated with

anti-MST1/2 antibodies and immunoblotted with indicated primary antibodies.
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FigureFigureFigureFigure 33339999. PRX I is necessary for cisplatin-induced MST1 activation.

(AAAA) U2OS cells were transfected with PRX I siRNA and treated with cisplatin. Cell

lysates were analyzed with indicated primary antibodies

(BBBB) U2OS cells were transfected with PRX I siRNA together with GFP-expressing

plasmids and treated with cisplatin. Cells were fixed and DAPI-stained to visualize

chromatin condensation. Apoptosis was assessed in GFP-positive cells. Data are mean ±

SEM for n = 3. For each experiment, more than 100 cells were examined. *p < 0.05,

**p < 0.01 indicate significant difference by one-way analysis of variance (p = 0.0029)

followed by Bonferroni's multiple comparison test.
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FigureFigureFigureFigure 40404040. p53 is necessary for cisplatin-induced MST1 autophosphorylation.

(AAAA) MEFs from p53+/+ or p53−/− mice were treated with cisplatin. Cell lysates were

analyzed with indicated primary antibodies.

(BBBB) human cancer-derived cell lines such as U2OS, SaOS-2, MCF-7, and

MDA-MB-231 were treated with cisplatin. Cell lysates were analyzed with indicated

primary antibodies.
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FigureFigureFigureFigure 44441111.... Expression and purification of recombinant proteins of PRX I and MST1.

Purified recombinant proteins expressed in E. coli or Sf9 cells were analyzed by

SDS-PAGE and CBB-staining. Schematics illustrate MST1 constructs.
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FigureFigureFigureFigure 44442222.... In vitro reconstitution of H2O2-induced MST1 activation by PRX I.

(AAAA) In vitro kinase assays were performed by mixing indicated recombinant proteins in

the presence of 10 mM DTT or 10 μM H2O2. Proteins were analyzed using indicated

primary antibodies.

(BBBB) In vitro kinase assays using [γ-32P]ATP were performed using indicated recombinant

proteins and recombinant MOBKL1B as substrates in the presence of 10 mM DTT or

10 μM H2O2. Phosphorylation of MOBKL1B was analyzed by autoradiography and the

relative radioactivity is indicated.
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FigureFigureFigureFigure 44443333....MST1 interacts with PRX I through C terminus domain.

(AAAA) GST-MST1 pull-down assays for PRX I. Proteins were subjected to SDS-PAGE and

CBB-staining.

(BBBB) GST-MST1 pull-down assays for MST1 C in the presence of PRX I. Proteins were

subjected to SDS-PAGE and CBB-staining.
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FigureFigureFigureFigure 44444444....MST1 is activated by PRX I through C terminus domain.

In vitro kinase assays were performed using indicated recombinant proteins in the

presence of 10 μM H2O2 or 10 mM DTT. Proteins were analyzed with indicated primary

antibodies or CBB-staining.
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5.5.5.5. MaterialsMaterialsMaterialsMaterials andandandandMethodsMethodsMethodsMethods

5555.1.1.1.1.... AntibodiesAntibodiesAntibodiesAntibodies andandandand reagentsreagentsreagentsreagents

The following commercially available antibodies were used: rabbit anti-TRX

(Chemicon and Redox Bio Science); mouse anti-CRMP2 (Immuno-Biological

Laboratories); rabbit anti-Akt, rabbit anti-phospho-Akt (Ser473), rabbit

anti-phospho-GSK3α/β (Ser21/9), rabbit anti-phospho-MST1/2 (Thr183), rabbit

anti-JNK1/2, rabbit anti-phospho-JNK1/2 (Thr183/Tyr185) (Cell Signaling Technology);

mouse anti-GSK3β (BD Transduction Laboratories); mouse anti-FLAG (M2), mouse

anti-β-tubulin (Sigma); rabbit anti-Myc (A-14), mouse anti-Myc (9E10), rabbit

anti-Slp1, rabbit anti-DHC (Santa Cruz Biotechnology); mouse anti-β-actin (Chemicon);

rabbit anti-Numb, rabbit anti-PRX I (Abcam); rabbit anti-MST1/2 (Bethyl Laboratories);

mouse anti-p53 (Ab-6) (Calbiochem).

The rabbit antibody against CRMP2 was generated by immunizing rabbits with

recombinant His-CRMP2 as an antigen and following affinity purification with

GST-CRMP2. New Zealand white rabbits were immunized with recombinant

His-CRMP2 (amino acids 404-572) together with complete Freund's adjuvant every 2

weeks for 5 times. 2 weeks after fifth immunization, blood was gathered from rabbits

and serum was separated. Serum was incubated with GST-CRMP2-conjugated agarose

beads for over nigtht at 4 °C. The beads were then washed 5 times with lysis buffer (20

mM Tris-HCl (pH 7.5), 150 mM NaCl, 5 mM EDTA, 0.5% Triton X-100) and the

bound antibody was extracted from beads with glycine buffer (100 mM Glycine-HCl

(pH 3.0)) and rapidly diluted with PBS. Specificity of the antibody against CRMP2 and

TRX are indicated in Figure 24. Rabbit anti-phospho-CRMP2 (p-CRMP2) antibody that
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recognizes phosphorylated Thr514 and rabbit anti-KLC1 were as previously described

(19, 39).

DNCB, NAC, NADPH and purified TxR protein (Sigma) and cisplatin (Yakult

Honsha) were from commercial sources.

5555.2.2.2.2.... PlasmidPlasmidPlasmidPlasmid constructsconstructsconstructsconstructs andandandand siRNAsiRNAsiRNAsiRNA

The human GSK3β and mouse NRX cDNAs were obtained as previously

described (82, 83). The human CRMP2 cDNA was obtained from I.M.A.G.E clones

(clone ID 6177866; Invitrogen). The cDNAs for mouse TRX, human TRP14, human

TRP32, mouse CDK5, mouse p25, mouse PRX I, mouse PRX II, human MST1, human

JNK1, and human MOBKL1B were generated by RT-PCR. cDNAs were amplified by

PCR and and inserted into pDrive plasmid vectors. PCR was performed under the

following program: 95 °C for 30 sec; 95 °C for 30 seconds，60 °C for 30 seconds and

72 °C for 1 minute / 1000 bp DNA, for 25 cycles; 4 °C for 10 minutes. The mouse

MICAL1 cDNA was kindly provided by Kazusa DNA Research Institute (clone name

msh04044). The GFP-HyPer cDNAwas purchased from Evrogen.

Site-directed mutagenesis was conducted using the Quick-Change Mutagenesis Kit

(Stratagene). Primers were designed to be 25 bp duplex enclosing the mutated bases.

PCR was performed under the following program: 95 °C for 30 sec; 95 °C for 30

seconds，60 °C for 30 seconds and 72 °C for 1 minute / 1000 bp of DNA, for 18 cycles;

4 °C for 10 minutes. To construct TRX Rsc, T at position 73, T at position 76 and C at

position 79 in the open reading frame of mouse TRX were replaced to G, G, and A,

respectively. To construct MICAL GW, three glycine residues at position 91, 93, and 96

of mouse MICAL1 protein were replaced to tryptophan residues. MST1 lacking
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C-terminus (MST1 N, 1-308) and N-terminus (MST1 C, 302-488) were generated by

PCR. The cDNA fragments were inserted into pEF-BOS, pCAGGS (Clontech

Laboratories) for the expression in culture cells, pGEX-2T, pGEX-2T modified to

generate proteins tagged with GST at the C-terminus, pGEX-6P1 (GE Healthcare), and

pQE30 (Qiagen) plasmid vectors for the expression in E. coli. and pFastBac1

(Invitrogen) for the expression in Sf9 cells.

Sema3A fused to alkaline phosphatase or control alkaline phosphatase expression

plasmid was as previously described (15). Myc-PlexA2 and NP-1 expression plasmids

were as previously described (44).

The siRNA duplex oligonucleotides against rat TRX (#1, #2, and #3), rat MICAL1

and MICAL3, and human PRX I were purchased from Invitrogen. The control siRNA

had the shuffled sequence of #1 siRNA and was designed as a non-silencing siRNA that

does not correspond to any known mammalian mRNA sequence. The target mRNA

sequences are: TRX#1, 5′-CCAATGTGGTGTTCCTTGAAGTAGA-3′; TRX#2,

5′-CCTCTGTGACAAGTATTCCAATGTG-3′; TRX#3,

5′-GAGTTCTCTGGTGCTAACAAGGAAA-3′; Control,

5′-GAGTCTCGTGGAATCGAACGTTAAA-3′; MICAL1,

5′-GGCAGAATATGAGTTGGGCATCATA-3′; MICAL3,

5′-CCCTGTCACTAGGTATCCCAATATT-3′; PRX I,

5′-ATGTTTGTCAGTGAACTGGAAGGCC-3′.

5555.3.3.3.3.... RecombinantRecombinantRecombinantRecombinant proteinsproteinsproteinsproteins

Recombinant proteins of CRMP2, TRX, CDK5, p25, GSK3β, MST1, PRX I, and

MOBKL1B were expressed as GST fusions in E. coli (CRMP2, TRX, PRX I and
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MOBKL1B) or in Sf9 cells (CDK5, p25, GSK3β, MST1, MST1 N, and MST1 C). E.

coli (BL20) transformed with pGEX-2T or pGEX-6p1 were precultured for overnight in

LB media. The culture medium was diluted for 100 times, incubated for 3 hours at

37 °C and then stimulated with 0.5 mM IPTG for 4 hours at 20 °C. E. coli was

precipitated, diluted with lysis buffer and sonicated. Sf9 cells were infected with

baculovirus and cultured for 3 days in Sf-900 II medium (Invitrogen). Cells were

precipitated, diluted with lysis buffer and sonicated. Baculovirus was created using

Bac-to-Bac Baculovirus Expression System (Invitrogen). E. coli (DH10Bac) was

transformed with pFastBac1 and bacmids were harvested. Sf9 cells were transfected

with bacmids using oligofectamine (Invitrogen), cultured for 3 days and culture medium

containing baculovirus was harvested.

These lysates were incubated with glutathione-sepharose beads (GE Healthcare)

for 2 hours at 4 °C, washed with lysis buffer for 5 times and eluted with lysis buffer

containing excess glutathione (300 mM). GST-tag was removed by incubating

GST-fusion proteins bound to glutathione sepharose with thrombin (GE Healthcare) for

proteins from pGEX-2T or PreScission protease (GE Healthcare) for proteins from

pGEX-6P1 for 4 hours at 4 °C. Thrombin was removed by incubating proteins with

benzamidine-sepharose beads (Sigma) for 4 hours at 4 °C.

5.4.5.4.5.4.5.4. CellCellCellCell cultureculturecultureculture andandandand transfectiontransfectiontransfectiontransfection

COS-7, N1E-115, U2OS, SaOS-2, and p53+/+ or p53−/− MEFs were cultured in

DMEM with 10% FBS, and MCF-7 and MDA-MB-231 cells were cultured in

RPMI1640 with 10% FBS, at 37 °C in 5 % CO2. SaOS-2 and MCF-7 cells were

obtained from Japanese Collection of Research Bioresources, and MDA-MB-231 cells
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were from American Type Culture Collection. COS-7 and U2OS cells were generous

gifts from Dr. Tadaomi Takenawa (Kobe University) and Kiyoko Fukami (Tokyo

University of Pharmacy and Life Sciences), respectively. The cancer cells are routinely

authenticated through cell morphology monitoring and growth curve analysis, and I

confirmed that p53 status agrees with the information on the International Agency for

Research on Cancer TP53 database (http://www-p53.iarc.fr/). Primary MEFs were

derived from 13.5-day embryos and genotyped by PCR. p53+/− mice were purchased

from RIKEN BioResource Center (BRC) (84). p53−/− embryos were derived from

p53+/− crosses maintained on a C57BL/6C background.

Cells were seeded in 36 or 60-mm dishes, cultured overnight, and transfected with

Lipofectamine 2000 (Invitrogen). Plasmid DNA and Lipofectamine 2000 were mixed

with OPTI-MEM respectively and incubated for 5 minutes. Then thse were mixed,

incubated for 20 minutes and applied to cells in antibiotic-free medium. 6 hours after

transfection, medium was changed for those containing antibiotics. Cells were washed

with PBS and harvested with lysis buffer 1 or 2 days after transfection.

5555....5.5.5.5. Non-reducingNon-reducingNon-reducingNon-reducing SDS-SDS-SDS-SDS-PAGEPAGEPAGEPAGE,,,, nativenativenativenative PAGEPAGEPAGEPAGE andandandand immunoblottingimmunoblottingimmunoblottingimmunoblotting

Cell lysates in non-reducing SDS-PAGE sample buffer (50 mM Tris-HCl (pH 6.8),

10% glycerol, 1% SDS and 15 mM IAA) were incubated for 30 minutes at 37 °C with

frequent mixing and subjected to non-reducing SDS-PAGE. In the case of DRG neurons,

cells were cultured in medium with 15 mM NAC (Sigma) for 3 hours and then cultured

in NAC-free medium. After 1 hour, cells were treated with H2O2 or stimulated with

Sema3A for the indicated time and harvested. For native PAGE, cell lysates in native

PAGE sample buffer (50 mM Tris-HCl (pH 6.8), 10% glycerol, 1% deoxycholate and
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15 mM IAA) were subjected to native PAGE. All buffers and poly-acrylamide gels were

free from SDS and the cathode buffer contained 1 % deoxycholate (85).

After PAGE, proteins in poly-acrylamide gels were transcribed into blotting

membranes at 1 mA / 1 cm2 for 2 hours. Membranes were blocked with blocking buffer

(5 % skim milk, 5 % BSA in PBS) for 1 hour and incubated with primary antibodies for

1 hour and subsequently alkaline phosphatase-conjugated secondary antibodies for 30

minutes. Signals were visualized with NBT and BCIP (Sigma).

5.6.5.6.5.6.5.6. IdentificationIdentificationIdentificationIdentification ofofofof TRXTRXTRXTRX targettargettargettarget proteinsproteinsproteinsproteins

NIH-3T3 cell lines stably expressing FLAG-TRX C35S or C32/35S were created

by transfecting pEF-BOS expressing these proteins together with hygromycin-resistant

plasmid vectors and subsequently selecting hygromycin-resistant cells. The protein

expression was evaluated by immunoblotting. For identification of TRX target proteins,

lysates of NIH-3T3 cells stably expressing FLAG-TRX C35S or C32/35S were

incubated with anti-FLAG M2 agarose beads (Sigma) for 2 hours at 4 °C. The beads

were washed 5 times and then incubated with lysis buffer containing 5 mM DTT. The

eluted proteins were separated by SDS-PAGE and stained with the Silver Quest silver

staining kit (Invitrogen). The bands of interest were excised from the gel and treated

with trypsin. The resulting peptides were purified and analyzed by

MALDI/TOF-MS/MS (4700 Proteomics Analyzer; Applied Biosystems).

5555....7.7.7.7. PreparationPreparationPreparationPreparation ofofofof ratratratrat DRGDRGDRGDRG andandandand growthgrowthgrowthgrowth coneconeconecone collapsecollapsecollapsecollapse assaysassaysassaysassays

DRG neurons were prepared as previously described (15, 17). DRG were removed

from the E14 Sprague Dawley rats. DRG were incubated with 0.2 % trypsin for 10
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minutes at 37 °C and dissociated with fire-polished pasteur pipettes. Dissociated

neurons were then transfected with various expression plasmids together with

GFP-expressing plasmid using the Nucleofector device with the rat neuron nucleofector

kit and program O-03 (Lonza Group AG) and plated on glass slides coated with

poly-D-lysine (Sigma) and laminin (BD Biosciences). DRG neurons were cultured for

16 hours in Ham's F12 medium with 10% FBS and 20 nM NGF, and then the medium

was replaced with NGF-free one. Cells were cultured for an additional 3 hours and then

stimulated with 0.5 nM Sema3A.

The Sema3A proteins were prepared as reported previously (17, 44). Briefly,

HEK293 cells were transiently transfected with Sema3A-expressing plasmid with

Lipofactamine 2000 Reagent (Invitrogen), and then the culture medium (conditioned

medium) was collected after 48 hours, which was used for stimulating neurons in

culture. The amount of Sema3A proteins in the conditioned medium was determined by

quantitative immunoblotting analyses. After stimulation with Sema3A, neurons were

fixed with 1 % formaldehyde and 10 % sucrose in PBS for 30 minutes and growth

cones were visualized by staining with rhodamine-phalloidin for 30 minutes. GFP

positive cells were measured for collapse response. For each experiment, more than 50

neurons were measured.

5555....8.8.8.8. PreparationPreparationPreparationPreparation ofofofof chickenchickenchickenchicken DRGDRGDRGDRG andandandand ggggrowthrowthrowthrowth coneconeconecone turningturningturningturning assaysassaysassaysassays

Growth cone turning induced by an extracellular gradient of Sema3A was

performed as described previously (34, 86). DRG neurons from embryonic day 9 chicks

were dissociated and plated on a glass-based dish coated with poly-D-lysine and

laminin for several hours. 10 μM DNCB (Sigma) were bath-applied to culture medium
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at least 60 min before the application of Sema3A gradients. To examine the function of

CRMP2 C504S on growth cone turning, dissociated neurons were transfected with

either Myc-CRMP2 WT or C504S-expressing plasmids together with GFP-expressing

plasmid using the Nucleofector device and cultured overnight. The transfected cells

were identified by GFP fluorescence. Sema3A gradients were applied with a

micropipette containing Sema3A (100 μg/ml in pipette, R&D Systems). Micropipettes

were set 100 μm from the growth cone at a 45° angle with respect to the original

direction of axon elongation.

5555....9.9.9.9. InInInIn uterouterouteroutero electroporationelectroporationelectroporationelectroporation andandandand quantificationquantificationquantificationquantification ofofofof fluorescencefluorescencefluorescencefluorescence intensitiesintensitiesintensitiesintensities

Pregnant ICR mice were purchased from SLC Japan. In utero electroporation was

performed as previously described (87, 88). Electroporated brains were cut into 16 μm

coronal sections with a cryostat (Leica Microsystems). Fluorescence images of frozen

sections of EGFP-expressing mouse brains were captured by TCS SL laser scanning

confocal microscopy (Leica Microsystems). Fluorescence intensities inside similar

width rectangles in various regions of the cerebral cortex (layers II-IV, V-VI, and IZ and

VZ/SVZ) were measured by the TCS SL software as previously described (87). Relative

intensities to the total fluorescence were calculated and plotted in the graphs with

standard errors.

5555....10.10.10.10. HHHH2222OOOO2222----imagingimagingimagingimaging analysesanalysesanalysesanalyses

Imaging analyses were performed using an Olympus IX81 microscope equipped

with an Olympus DP30BW camera. GFP-HyPer was excited at 480 nm and

fluorescence from GHP-HyPer was monitored at 525 nm. DRG neurons were cultured
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in glass base dishes (IWAKI) coated with Poly-D-lysine and laminin. Images were taken

for every minute after Sema3A stimulation. U2OS cells were cultured in glass base

dishes coated with Poly-D-lysine. Images were taken for every 15 minutes after

cisplatin treatment. I quantified image intensities with DP Controller software (Olympus)

and ImageJ software (National Institiutes of Health, U.S.A.).

5555....11.11.11.11. InInInIn vitrovitrovitrovitro kinasekinasekinasekinase assayassayassayassay

The kinase reaction was assessed in a kinase buffer (20 mM Tris-HCl (pH 7.5), 15

mM MgCl2) containing either 10 mM DTT or 10 μM H2O2. Recombinant CRMP2 or

MOBKL1B was used as the substrate. In the absence of TRX, TxR, PRX I or MST1 C,

equal amounts of GST were added to adjust the total protein concentration. The kinase

reaction was initiated by addition of 200 μM ATP or 1 μCi [γ-32P]ATP and then

incubated for 5 min at 30 °C. The reaction was then stopped by adding the SDS sample

buffer. Samples were subjected to SDS-PAGE and immunoblotted with anti-p-CRMP2

antibody or the radioactivity of MOBKL1B was determined by autoradiography

(BAS2000, FUJIFILM Corporation).

5555....12.12.12.12. ApoptosisApoptosisApoptosisApoptosis assayassayassayassay

U2OS cells were transfected with various expression plasmids or siRNAs together

with GFP-expressing plasmids. Cells were cultured for 24 hours and then treated with

25 μM cisplatin for 48 hours. Cells were fixed with 3 % formaldehyde for 1 hour and

stained with DAPI for 1 hour to visualize nuclei. Imagines were taken using an

Olympus IX81 microscope equipped with an Olympus DP30BW camera. GFP-positive

cells were assessed for their chromatin condensation. For each experiment, more than
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100 cells were measured.

5555....13.13.13.13. RealRealRealReal timetimetimetime PCRPCRPCRPCR analysesanalysesanalysesanalyses

Real-time PCR experiments were performed with MiniOpticon (Bio-Rad) using

the iQ SYBR green Supermix (Bio-Rad). The quality of the final PCR product was

checked by agarose gel electrophoresis and it was confirmed that there were no obvious

non-specifically amplified DNAs. The primers used are as follows: PRX I

(5′-GACCCATGAACATTCCTTTG-3′ and 5′-AGGCTTGATGGTATCACTGC-3′),

PRX II (5′-GTCCGTGCGTCTAGCCTTTG-3′ and

5′-TCCCTTTGTAGTCCGACAGC-3′), GAPDH

(5′-AGGTGAAGGTCGGAGTCAACG-3′ and 5′-AGGGGTCATTGATGGCAACA-3′).

5555....14.14.14.14. StatisticalStatisticalStatisticalStatistical analysesanalysesanalysesanalyses

All statistical analyses were done with the Student's t test. Error bars in the graphs

represent standard error of the mean (SEM). Turning angle of growth cones,

fluorescence intensities of GFP-HyPer and immunoblots were quantified by measuring

scanned photographs in NIH Image J software (National Institutes of Health, U.S.A.).
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