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Chfr interacts and co-localizes with TCTP to the mitotic spindle Running Title, Chfr 1inds TCTP and tu1ulin

Chfr is a chec_point protein that plaHs an important function in cell cHcle progression and tumour suppression9 although its eTact role and regulation are unclear. PreKious studies haKe utilised oKer;eTpression of Chfr in order to determine the signalisation pathwaH of this protein in KiKo. In this studH9 we demonstrate 1H using three different anti1odies against Chfr9 that the endogenous and highlH oKereTpressed ectopic Chfr protein are locali?ed and regulated differentlH in cells. Endogenous and lowlH eTpressed ectopic Chfr9 are cHtoplasmic9 and locali?e to the spindle during mitosis. Higher eTpression of ectopic Chfr correlates with a shift in the locali?ation of this protein to the nucleuscPML 1odies9 and with a 1loc_ of cell proliferation. In addition9 endogenous and lowlH eTpressed ectopic Chfr are sta1le throughout the cell cHcle whereas9 when highlH eTpressed9 ectopic Chfr is actiKelH degraded during S; G2cM phases in an auto;u1iYuitination9 and proteasome;dependent manner. A two;hH1rid screen identified TCTP as possi1le Chfr interacting partner. Biochemical analHsis with the endogenous proteins confirmed this interaction9 and identified β;tu1ulin as an additional partner for Chfr9 supporting the mitotic spindle localisation of Chfr. The Chfr;TCTP interaction was sta1le throughout the cell cHcle9 1ut could 1e diminished 1H the complete depolHmerisation of the microtu1ules9 proKiding a possi1le mechanism where Chfr could 1e the sensor that detects microtu1ule disruption and then actiKate the prophase chec_point.

Rt INT XL2!

Introduction

The prophase or antephase chec_point is a p38;dependent9 earlH mitotic chec_point that responds to a wide KarietH of cellular stresses. Upon chec_point actiKation9 earlH prophase cells transientlH return to a late G2 state aMatsusa_a and Pines9 2 [[4d Mi_hailoK et al.9 2[[4b. The u1iYuitin ligase Chfr aChec_point protein with FHA and RING finger domainsb was identified as crucial component of this chec_point in specific response to microtu1ule depolHmerisation with nocoda?ole aScolnic_ and Hala?onetis9 2[ [[b. eet9 the eTact role of Chfr is still unclear9 howeKer the E3 u1iYuitin ligase actiKitH of its RING finger domain appears to 1e reYuired for a functional chec_point aBothos et al.9 2 [[3d ChaturKedi et al.9 2 [[2d Kang et al.9 2[[2b. It has The Chfr gene is eTpressed u1iYuitouslH in normal tissues9 1ut in human cancer cell lines and in tumours9 its promoter is freYuentlH hHper;methHlated leading to a loss of eTpression aErson and PettH9 2 [[3d Satoh et al.9 2[[3b. Mutations in the Chfr gene haKe 1een identified in a KarietH of human cancers including lung9 nasopharHngeal9 gastric and 1reast tumours9 leading to the suggestion that Chfr is a tumour suppressor gene candidate aCheung et al.9 2 [[3d Corn et al.9 2[[3d Erson and PettH9 2[[3d Mariatos et al.9 2[[3d Mi?uno et al.9 2[[2b. In support of this9 _noc_down of Chfr in immortalised mammarH epithelial cells results in a malignant phenotHpe with cells displaHing increased growth rates9 inKasiKeness9 and colonH formation9 while _noc_out mice are cancer;prone aMariatos et al.9 2 [[3d PriKette et al.9 2[[7d eu et al.9 2[[5b.

Despite its potential importance in human cancer9 KerH little is _nown a1out the regulation of Chfr. OKereTpressed Chfr locali?es at the PML 1odies and a loss of this locali?ation correlates with a loss of Chfr functionalitH9 thus9 it has 1een proposed that PML;Chfr interaction could regulate Chfr actiKitH aDaniels et al.9 2[[4b. In addition9 there is a u1iYuitin; dependent degradation of Chfr during M and G1 phases of the cell cHcle aChaturKedi et al.9

2[[2b. HoweKer9 these studies utilised oKer;eTpression of Chfr9 and currentlH9 there is no data on the regulation of the endogenous form. We demonstrate here9 using three different anti1odies9 that endogenous Chfr is primarilH cHtoplasmic9 sta1le throughout the cell cHcle9 and partiallH localised to the mitotic spindle. When eTpressed at low leKels9 ectopic Chfr displaHs the same eTpression and locali?ation pattern of the endogenous protein. In contrast9 highlH eTpressed ectopic Chfr is locali?ed in the nucleus9 often at PML;li_e 1odies and is actiKelH degraded in an autou1iYuitination;dependent manner 1H the proteasome. In accordance with its locali?ation to the spindle9 endogenous Chfr also 1inds β;tu1ulin and interacts with the TranslationallH Controlled Tumour Protein aTCTPb9 with 1oth proteins co; localising at the mitotic spindle. FinallH9 depolHmerisation of the microtu1ules with nocoda?ole disrupts Chfr;TCTP interaction. Thus9 Chfr is present at the mitotic spindle9 and could plaH a role as a sensor for microtu1ule disruption9 proKiding a logical eTplanation for its reYuirement in the prophase chec_point response to nocoda?ole.

Results

Endogenous Chfr is ubiquitinated and phosphorylated in a MPF-dependent manner in

Xenopus egg extracts and oocytes

To studH the regulatorH mechanisms inKolKed in the control of the mitotic stress chec_point9 the henopus homologue of Chfr was cloned and three different anti1odies produced9 one directed against the total protein aAnti;Chfrb and the other two directed against peptides to the first 12 N;terminal aAnti;Nterb and the last 12 C;terminal aAnti;Cterb amino;acids. All three anti1odies recognise a 1and in interphase aINTb and metaphase II;arrested henopus egg eTtracts aCSFb that co;migrates with in vitro translated Chfr aRtb although9 onlH the anti1odies directed against the total protein and the N;terminal peptide were capa1le to detect the low leKels of Chfr present in hL2 cells aFigure 1ab. MoreoKer9 all three anti1odies completelH immunodepleted Chfr from CSF9 interphase henopus egg eTtracts and hL2 cell lHsates aFigure 1a and data not shownb9 and therefore9 the anti1odies specificallH recognise Chfr.

Chfr immunodepletions performed in CSF eTtracts produced a smeared signal a1oKe the focused endogenous Chfr 1and in the immunoprecipitate. It is possi1le that this smeared form of Chfr could correspond to the u1iYuitination of this protein in the mitotic eTtracts. Therefore9 a immunoprecipitation using anti1odies directed against the full;length protein was performed with 2[ ml of CSF eTtracts9 and the smeared 1ands were eTcised and seYuenced 1H MALDI;MS;MS aFigure 11b. The mass spectrometrH results showed that the focused 1and corresponded eTclusiKelH to Chfr9 while Chfr and u1iYuitin where present in all of the seYuenced smeared 1ands9 indicating that endogenous Chfr is continuouslH u1iYuitinated in CSF eTtracts.

The oKer;eTpressed form of Chfr can target itself for degradation in mitotic cells through autou1iYuitination aChaturKedi et al.9 2[[2b9 howeKer no change was o1serKed in the leKels of endogenous Chfr in CSF eTtract9 and the addition of the protein sHnthesis inhi1itor cHcloheTimide9 or the proteasome inhi1itor MG132 had no effect on Chfr leKels aFigure 1cb.

Thus9 the u1iYuitination of endogenous Chfr in these eTtracts is not inKolKed in its proteolHsis.

Similar results were o1tained in U2OS cells sta1lH transfected with Chfr9 where no Chfr degradation was detected throughout the cell cHcle. MoreoKer9 this sta1le pool of Chfr was phosphorHlated during mitosis aBothos et al.9 2[[3b. It is possi1le that this mitotic phosphorHlation of Chfr is dependent on cHclin B;cdc2. To test this hHpothesis9 we used G2; arrested henopus oocHtes in which maturation is induced 1H the addition of progesterone. In these oocHtes9 progesterone promotes an initial actiKation of cHclin B;cdc2 and thus9 maturation or germinal Kesicle 1rea_down aG@BDb. Maturation is followed 1H a partial proteolHsis of cHclin B and a conseYuent decrease of cHclin B;cdc2 actiKitH. Re;sHnthesis of cHclin B then ensues9 the mitotic _inase is reactiKated and oocHtes arrest at metaphase II.

Addition of CHcloheTimide after G@BD preKents cHclin B re;sHnthesis9 and the su1seYuent re;actiKation of cHclin B;cdc29 therefore proKiding a model for assessing the dependence of Chfr phosphorHlation on cHclin B;cdc2 actiKitH. G2;arrested oocHtes were diKided into two groups9 the first was supplemented with progesterone9 and the second was supplemented with progesterone9 and 3[ minutes after G@BD9 with cHcloheTimide. Three oocHtes per time;point were remoKed and Chfr was analHsed 1H western 1lot. A clear retardation in the electrophoretic mo1ilitH of Chfr induced 1H the phosphorHlation of this protein aSupplementarH data S1b was o1serKed iust after G@BD when cHclin B;cdc2 1ecame actiKated anoted 1H the phosphorHlation shift seen for cHclin B at G@BDb9 and remained in this form throughout the eTperiment aFigure 1db. HoweKer9 when cHclin B;cdc2 reactiKation was preKented 1H the addition of CHcloheTimide9 the electrophoretic mo1ilitH of Chfr returned to its original non;phosphorHlated state. In addition9 Chfr leKels did not decrease after CHcloheTimide treatment9 confirming that Chfr is sta1le in maturing oocHtes and is phosphorHlated directlH or indirectlH 1H cHclin B;cdc2.

Endogenous Chfr is stable throughout the cell cycle and present in the mitotic spindle.

The sta1ilitH and locali?ation of endogenous Chfr was then analHsed in hL2 and hTC cells respectiKelH. henopus hL2 cells were sHnchroni?ed at G1cS 1oundarH 1H aphidicolin 1loc_ and then released into the cell cHcle. Samples were ta_en at Karious interKals for western 1lot and Flow CHtometrH AnalHsis aFACSb. ApproTimatelH 7[j of cells sHnchronouslH entered the cell cHcle9 with pea_ mitosis at 12h post release aFigure 2ab. Samples corresponding to G19 S9 G2 and M phase showed no change in the leKels of the Chfr protein. Immuno; fluorescent staining of henopus hTC cells mirrored the western 1lot data9 with no o1Kious change in the total leKels of Chfr throughout the cell cHcle9 with a maioritH of the staining localised to the cHtoplasm aFigure 21b. Su1;cellular fractionation of hL2 cells confirmed this localisation with a significant proportion of endogenous Chfr present in the solu1le cHtosolic fraction9 while no protein was detected in the eTtracted nuclear fraction aFigure 2cb. More importantlH9 there was a partial 1ut clear locali?ation of endogenous Chfr in the mitotic spindle aFigure 21b. This locali?ation was first detected at prophase9 increased during metaphase and earlH anaphase9 decreased at late anaphase and disappeared completelH 1H telophase. Similar staining was o1serKed with the anti;Cter Chfr anti1odH adata not shownb.

Exogenous Chfr is nuclear and degraded in an auto-ubiquitination dependent manner.

The data presented here on the endogenous form of Chfr is in contradiction with the preKious pu1lished data on the oKer;eTpressed form of this protein. Therefore9 we oKer;eTpressed henopus wild tHpe eFP;Chfr in hL2 cells and analHsed the locali?ation and the sta1ilitH of shownb. Western 1lots confirmed this o1serKation with approTimatelH 6 times less WT Chfr compared to the !RFD mutant in G1cS cell lHsates aFigure 3cb. In addition9 there was a clear decrease in the total leKels of WT protein during S phase and to a lesser eTtent G2cM9 which could 1e reKersed 1H the S;phase addition of the proteasome inhi1itor MG132. Furthermore9 addition of MG132 to asHnchronous cells transfected with WT protein for 24 hours restored the leKel of eTpression of the WT protein to similar leKels of the !RFD mutant aFigure 3db.

FACS analHsis of the oKer;eTpressed populations mirrored the western 1lot data.

Transfection of WT construct induced a clear accumulation of approTimatelH 8[j of eFP positiKe cells in G1. The addition of Nocoda?ole failed to alter this pattern9 howeKer S;phase addition of MG132 resulted in the accumulation of WT;Chfr cells in G2cM with a 4n DNA content. In contrast9 !RFD;transfected cells presented a similar pattern to non;transfected cells eKen after treatment with nocoda?ole and MG1329 although a slight accumulation in G1 was also o1serKed aFigure 3eb. These results demonstrate that the WT protein is degraded throughout the cell cHcle 1H the proteasome in an auto;u1iYuitination dependent manner.

Therefore9 it is possi1le that the accumulation at G1 o1serKed in WT;transfected cells is the result of degradation of eFP;WT Chfr during S and G2cM phases9 howeKer the possi1ilitH cannot 1e eTcluded that in addition to degradation9 the oKer;eTpression of the WT;Chfr maH also 1loc_ cell cHcle progression in G1 phase. In summarH9 it is clear that there is a threshold for Chfr within cells. Below this threshold9 Chfr is sta1le9 does not pertur1 cell cHcle progression9 is localised to the cHtoplasm and the 1[ mitotic spindle. A1oKe this threshold9 Chfr is nuclear often locali?ing to PML;li_e foci9 actiKelH degraded9 and 1loc_s cell cHcle progression at G1.

Low level Exogenous Chfr is stable throughout the cell cycle and is present in the mitotic

Chfr binds ß-tubulin and the Translationally Controlled Tumour Protein (TCTP) in Xenopus egg extracts and in XL2 cells

Since Chfr detects mitotic stress during prophase9 we hHpothesised that its spindle locali?ation might 1e important for its function. To further characterise the Chfr signalisation pathwaH and spindle localisation9 a Heast two;hH1rid screen was performed to identifH noKel Chfr; interacting proteins. Full;length amino acids of Chfr were used as 1aits to screen a cDNA li1rarH o1tained from 6 to 8;wee_;old human em1rHo. One of the positiKe clones isolated was the TranslationallH Controlled Tumour Protein aTCTPb. Mating assaHs su1seYuentlH confirmed an interaction 1etween LeTA;Chfr and TCTP. Ra11it polHclonal anti1odies were produced against 1acteriallH eTpressed full;length henopus TCTP;GST in order to further inKestigate the endogenous interaction 1etween Chfr and TCTP. The affinitH;purified anti1odies recognised a single 1and that migrated at the eTpected molecular weight of approTimatelH 25 _Da in CSF9 interphase henopus egg eTtracts and hL2 cells aFigure 5ab.

UnfortunatelH9 despite multiple rounds of immunoprecipitation9 onlH a KerH low YuantitH of TCTP was present in the IP9 with the 1ul_ of the protein remaining in the supernatant9 aFigure 5a and data not shownb.

Gel filtration performed on interphase eTtracts showed that a small amount of endogenous TCTP co;eluted with Chfr. The pea_ fraction of Chfr eluted in fractions corresponding to 14[;24[ _Da9 whereas the maioritH of TCTP eluted in fractions corresponding to 43 _Da. HoweKer9 a small9 1ut repetitiKe fraction of TCTP co;eluted with the pea_ of Chfr aFigure 51b.

The endogenous interaction was further analHsed 1H immunoprecipitation with anti;Chfr or anti;TCTP anti1odies in CSF and hL2 eTtracts. Due to the low immunoprecipitation capacitH of the anti;TCTP anti1odies aFigure 5ab9 no Chfr was detected in the anti;TCTP immunoprecipitate adata not shownb9 therefore the reKerse eTperiment was performed. A wea_ 1ut consistent 1and corresponding to TCTP was o1tained in the Chfr immunoprecipitate from CSF and hL2 eTtracts aFigure 5cb. This 1and was specific as similar results were o1tained with the full;length9 anti;Cter or anti;Nter Chfr anti1odies. MoreoKer9 the interaction could no longer 1e detected after the complete depletion of Chfr 1H seKeral rounds of immunoprecipitation from the eTtracts aFigure 5cb.

GiKen the mitotic spindle localisation of Chfr9 the a1ilitH to interact with tu1ulin was also assessed. Similar to TCTP9 a small reproduci1le YuantitH of k;tu1ulin was present in Chfr immunoprecipitations9 which disappeared after depletion of Chfr from the eTtract aFigure 5cb9 indicating that this interaction is specific.

TCTP localises to the Mitotic Spindle

In order to inKestigate if TCTP could co;locali?e with Chfr in KiKo9 immunofluorescence of TCTP in hTC cells was performed. TCTP has 1een reported to co;locali?es with tu1ulin during interphase aGachet et al.9 1RRRb9 howeKer9 we failed to o1serKe this locali?ation9 with TCTP primarilH localised to an undefined cHtoplasmic structure aFigure 5db. During mitosis9 a clear staining of the mitotic spindle was o1serKed. This staining started at prophase9 increased during metaphase and anaphase and completelH disappeared at telophase. Thus9

1oth Chfr and TCTP are present at the mitotic spindle with similar _inetics.

The Chfr-TCTP interaction is independent of the cell cycle, but dependent on microtubules

The mitotic stress chec_point responds to a depolHmerisation of microtu1ules 1H mitotic poisons. TCTP and tu1ulin 1oth co;immunoprecipitate with Chfr9 and are located at the mitotic spindle. It is possi1le that this association could 1e inKolKed in the actiKation of this chec_point. In order to inKestigate this hHpothesis9 we first determined the interaction 1etween Chfr and TCTP throughout a normal cell cHcle. hL2 cells were sHnchroni?ed 1H aphidicolin 1loc_9 and immunoprecipitation with anti;Chfr anti1odies is performed on samples corresponding to the Karious phases of the cell cHcle. A clear association9 that remained constant throughout the cell cHcle9 was o1serKed 1etween Chfr and TCTP indicating that this association is not cell cHcle regulated aFigure 6ab. To analHse the interaction during the prophase chec_point9 nocoda?ole a1 lMb was added during S phase to sHnchroni?ed hL2 At lower leKels9 eTogenous Chfr 1ehaKed similar to the endogenous protein9 with 1oth proteins sta1le throughout the cell cHcle and localising to the cHtoplasm during interphase9 and the spindle during mitosis. Therefore9 there appears to 1e a threshold for Chfr eTpression within cells9 endogenous or eTogenous9 which is permissiKe to normal cell cHcle progression.

A1oKe this leKel9 Chfr is redistri1uted to the nucleus9 is actiKelH degraded 1H the proteasome in an auto;u1iYuitination dependent manner9 and 1loc_s cell cHcle progression.

To identifH noKel Chfr;interacting proteins that could co;localise to the mitotic spindle9 a two; hH1rid screen was underta_en. Through this screen9 TCTP was identified as a noKel interacting partner for Chfr. TCTP is a u1iYuitous highlH eTpressed protein that has 1een implicated in a wide KarietH of cellular functions9 including microtu1ule sta1ilisation aGachet The Chfr;dependent prophase chec_point responds specificallH to microtu1ule damage 1H delaHing entrH into mitosis. We hHpothesi?e that Chfr is the sensor for microtu1ule depolHmerisation. First9 it could 1e localised 1H its association with TCTP at the mitotic spindle. Then disruption of the spindle could then li1erate TCTP and Chfr9 allowing Chfr to interact with additional su1strates such as the mitotic _inasems Aurora A and Pl_9 there1H preKenting the onset of mitosis. HoweKer9 no decrease in the total Chfr;TCTP interaction was detected during the chec_point response in cells. Although it is possi1le that onlH the spindle localised form of Chfr is affected 1H chec_point actiKation9 and thus our eTperiments maH not 1e sensitiKe enough to detect this dissociation. UnfortunatelH9 we failed to successfullH _noc_down TCTP Kia siRNA in henopus cell lines9 and thus haKe 1een una1le to determine if TCTP 1inding to Chfr protects the latter from 1eing degraded. Therefore9 more research is needed9 prefera1lH in mammalian cell lines with functional Chfr9 were the a1ilitH to sHnchronise and manipulate gene eTpression Kia siRNA and sta1le;induci1le eTpression is more feasi1le. UnfortunatelH9 there are no anti1odies currentlH aKaila1le capa1le of detecting the endogenous mammalian Chfr protein9 limiting the adKancement of this research field.

In summarH9 the a1oKe data demonstrate for the first time that endogenous Chfr is sta1le throughout the cell cHcle and partiallH locali?es to the mitotic spindle with the tumour protein TCTP and tu1ulin. All three proteins are present in a compleT that is partiallH dependent on the presence of microtu1ules9 proKiding a mechanism where Chfr could 1e the sensor for microtu1ule disruption9 and when dissociated from the spindle it is then a1le to preKent mitotic entrH thru interaction with its mitotic su1strates.

Materials and methods

c-DNA cloning, immunization procedures, protein purification and antibodies.

henopus Chfr and TCTP cDNA were amplified from total mRNA of henopus metaphase II; arrested eggs and su1cloned 1lunt into the Stu I site of a PCS2n Kector.

For immuni?ation9 henopus Chfr and TCTP were amplified 1H PCR9 su1cloned in the BamHI;hhoI site for Chfr and EcoRI;SalI site for TCTP of pGEh4T1. Fusion proteins were eTpressed in Escherichia coli. Inclusion 1odies were prepared and su1iected to SDS PAGE9 and electroeluted according to standard procedures. Proteins were dialHsed against NaCl 5[[ mM9 NaHCO 3 1[[ mM 1uffer and used to immuni?e ra11its.

Immune sera were precleared in a GST;immo1ili?ed column and su1seYuentlH affinitH purified on immo1ili?ed GST;Chfr and GST;TCTP columns respectiKelH. Anti;Nter and anti;Cter anti1odies were generated against the first 12 N;terminal and last 12 C; terminal peptides9 coupled to thHroglo1ulin for immuni?ation and to immo1ili?ed 1oKine serum al1umin for affinitH purification as preKiouslH descri1ed aA1rieu et al.9

2[[1b.

For cell transfection9 Chfr was amplified 1H PCR from PCS2;Chfr plasmid and su1cloned in the peFP;C1 Kector in the BglII;SalI site.

Cell culture and synchrony

HeLa cells9 were grown in DMEM medium aGi1co BRL9 N.eb9 supplemented with 3 mM 4; a2;hHdroTHethHlb pipera?ineethane sulphonic acid aHEPESb and 1[j aKcKb Fetal Calf Serum aInKitrogenb. ThHmidine 1loc_crelease sHnchroni?ations were performed as preKiouslH descri1ed aGa1rielli et al.9 1RR6b. hL2 cells were cultured in L;15 media supplemented with 1[j FCS9 L;glutamine9 and HEPES. Cells were sHnchronised 1H 1loc_ing for 3[ h with 2 µgcml aphidicolin9 and releasing into fresh media following 3 washes aU?1e_oK et al.9 1RR8b.

Flow Cytometry

Flow cHtometrH aFACSb was performed as preKiouslH descri1ed aBurgess et al.9 2[[6b. The stained cells were acYuired on a FACS Cali1ur aBecton Dic_inson9 N:b using Cell ouest Pro software. Cell cHcle distri1utions of eFP positiKe cells were analHsed using Cell ouest Pro software9 the eFP FACS fluorescence signal was diKided in three different areas corresponding to G19 S and G2cM with respect to the DNA content9 and the cells in each area were counted and eTpressed as the percentage of total eFP positiKe population.

Live Cell Imaging

HeLa cells seeded in 6 well plates were transfected using :etPei as per the manufacturems protocol9 with eFP;WT Chfr9 and then su1seYuentlH sHnchronised in G1cS with 2. 

Site-directed mutagenesis.

Deletions were o1tained 1H using the ouic_Change site;directed mutagenesis _it according to the manufacturerms protocol aStratagene9 Amsterdam9 The Netherlandsb.

Two-hybrid analysis

A cDNA li1rarH was construct with human mRNAs isolated from three complete 6 to 8;wee_; old human em1rHo aphou et al.9 2[[2b. cDNA li1rarH was then transformed into MATa e187 Heast strain.

The human Chfr 1ait plasmid was constructed in frame with a downstream GAL4 DNA 1inding domain in plasmid pGBTR9 and then transformed into MATa CG1R45 Heast cells. eeast two;hH1rid screening was conducted a preKiouslH descri1ed aFromont;Racine et al.9

1RR7b. 215 positiKes clones on the histidine depleted plates and 45 1lues in the B;Gal test were o1tained. A PCR reaction directlH on the Heast clones and seYuenced the product.

Immunoprecipitation and Xenopus XL2 and egg extracts

Immunoprecipitations were carried out using 2[ ll of magnetic Protein A;DHna1eads aInKitrogenb and 3 lg of each anti1odH. Beads were washed and incu1ated for 3[ min at room temperature with 2[ ll of henopus egg eTtracts.

For hHpotonic lHsis9 cells were swollen for 1[ min on ice in hHpotonic lHsis 1uffer a2[ mM Tris9 1 mM EDTA9 1 mM EGTAb9 lHsed 1H 3[ stro_es with a 1 ml sHringe and 26;gauge needle9 spun at 25[[ rpm for 1[ minutes and the supernatant collected asolu1le cHtosolic fractionb. The nuclear pellet was washed once with hHpotonic 1uffer and eTtracted with the same 1uffer containing 4 [[ mM NaCl and [925 j IGEPAL CA;63[ aSigmab. All 1uffers were supplemented with fresh 1 mM NaF9 Na@O49 and PMSF9 and complete Protease Inhi1itor Coc_tail Ta1lets aRocheb9 and in all cases9 Bradford aSigmab protein estimations were performed to ensure eYual protein loading. CSF and interphase egg eTtracts were prepared from henopus eggs as preKiouslH descri1ed aMurraH and Kirschner9 1RR1b. 

Titles and legends to figures

  1een proposed that Chfr mediates the prophase arrest Kia the degradation of the Pl_1 _inase9 howeKer9 no degradation of Pl_1 has 1een o1serKed in cells under chec_point conditions aMatsusa_a and Pines9 2[[4b9 although Chfr preferentiallH forms LHs;63 polHu1iYuitin chains aBothos et al.9 2[[3b9 suggesting Chfr maH mediate the chec_point Kia u1iYuitin signalling9 rather than degradation of su1strates.

  this protein. In accordance with preKious reports aDaniels et al.9 2[[4b9 oKer;eTpressed Chfr displaHed a clear nuclear staining9 characterised 1H the accumulation in large and small focal structures that li_elH correspond to the PML 1odies aFigure 3ab. Thus9 ectopic and endogenous Chfr proteins locali?e in opposite cellular compartments. MoreoKer9 no mitotic eFP;Chfr transfected cells were o1serKed adata not shownb9 thus the cell cHcle distri1ution of eFP;Chfr eTpressing population was analHsed. Transfected hL2 cells were sHnchroni?ed9 and analHsed 1H 2;dimensional flow cHtometrH. In agreement with the fluorescence microscopH results9 no eFP;Chfr eTpressing cells contained a 4n DNA9 indicating either that eFP;Chfr is degraded during the ScG2 phases of the cell cHcle9 or that eFP;Chfr oKereTpression 1loc_s cell cHcle progression in G1 phase aFigure 31b. The degradation of the ectopic eTpressed Chfr protein is dependent on its ring;finger domain and associated auto;u1iYuitination actiKitH aChaturKedi et al.9 2[[2b. Therefore to asses if ectopic Chfr 1loc_s cell cHcle progression or is degraded9 sHnchronised HeLa cells were transfected with either the eFP;wild;tHpe aWTb or the eFP;Ring Finger a∆RFDb mutant of Chfr and the cell cHcle distri1ution of the oKereTpressed cells was analHsed. Cells transfected with the !RFD mutant contained a two;fold num1er of eFP positiKe cells9 and a four;fold leKel of eTpression of this protein per cell in comparison to WT transfected cells adata not

  spindle.In order to inKestigate if oKer;eTpression of WT Chfr 1loc_ed of cell cHcle progression9 time; lapse Kideo microscopH of sHnchronised HeLa cells transfected with eFP;Chfr was performed. 5[ random eFP positiKe cells were followed for 24 h after their release from R ThHmidine aG1cSb. Two different localisations of WT;Chfr were o1serKed. First9 stronglH eTpressing cells a24 jb displaHed a nuclear staining with the protein shifting 1etween a diffuse nuclear staining to localised foci aFigure 4a and supplementarH data S2b. MoreoKer9 no mitotic cells were o1serKed in this group9 with a two;fold increase in eTpression of ectopic Chfr in the interphase population compared to mitotic cells9 indicating that high oKer; eTpression of Chfr might 1loc_ cell cHcle progression aFigure 4c9 Intb. Second9 and more commonlH a76 jb9 a wea_ diffuse total cHtoplasmic staining was o1serKed. Of the 5[ analHsed cells9 6 cells underwent mitosis9 and all contained a wea_ diffuse staining9 with no nuclear foci o1serKed throughout the time;course aFigure 41b. The low eTpression of Chfr in mitotic cells remained sta1le aFigure 4c9 mitoticb and a distinct localisation at the mitotic spindle9 similar to the one o1tained for the endogenous protein was o1serKed aFigure 419 and supplementarH data FigureS3b. These results indicate that when eTpressed at low leKels9 eTogenous Chfr is not degraded9 and does not affect cell cHcle progression. MG132 treatment of interphase cells presenting a wea_ diffuse staining shifted the 1alance towards a nuclear9 foci localisation aFigure 4db9 and preKented the decline in eTpression of interphase cells oKer time aFigure 4c9 MG132b. Thus preKenting the proteasome degradation of Chfr promotes the nuclear and PML;li_e foci localisation of the protein.More detailed analHsis of the earlier FACS data confirmed the liKe cell imaging results.SHnchronised HeLa cells were harKested as theH underwent mitosis9 and processed 1H FACS.For analHsis9 cells were su1;diKided into high9 medium9 low and non; Chfr oKer;eTpressing fractions. The percentage of cells in G19 S and G2cM was then Yuantified. Both the high and medium oKer;eTpressing Chfr cells remained primarilH in G1 phase9 whereas onlH the low; eTpressing cells were present in G2cM phase aFigure 4eb.

  cells. No difference in the association was o1serKed 1etween TCTP and Chfr in the presence or a1sence of nocoda?ole despite the actiKation of the Chfr chec_point9 noted 1H the delaH in the mitotic indeT in nocoda?ole treated cells aFigure 61b. The strength and sta1ilitH of the Chfr;k;tu1ulin;TCTP interactions in solu1le hL2 eTtracts was then determined. Binding of TCTP to Chfr was resistant up to 5[[ mM NaCl washing9 1ut was sensitiKe to detergent a1j IGEPAL;C63[b9 while k;tu1ulin was resistant to 1oth 5[[ mM NaCl and detergent9 suggesting that tu1ulin 1inds more tightlH to Chfr than TCTP9 and thus maH mediate the interaction. Therefore to determine if the Chfr;TCTP interaction is dependent on the presence of sta1le microtu1ules9 interphase eTtracts were treated on ice for 3[ min in the a1sence aConb or in the presence of 1[ lM Nocoda?ole aNocb to completelH depolHmerise the microtu1ules aRieder and Cole9 2[[[b9 and then su1iected Chfr immunoprecipitations. Compara1le leKels of Chfr were present in 1oth control and nocoda?ole treated eTtracts and precipitates9 with a clear association 1etween Chfr and 1oth TCTP and k;tu1ulin in the control eTtracts. Treatment with nocoda?ole significantlH decreased the interaction 1etween Chfr9 k;tu1ulin9 and TCTP aFigure 6db. Therefore9 microtu1ules might plaH a significant role in mediating the interaction 1etween Chfr and TCTP. Discussion Chfr is a chec_point protein that transientlH arrests cells in earlH prophase in the presence of microtu1ule poisons aScolnic_ and Hala?onetis9 2[[[b. The Chfr gene is u1iYuitouslH eTpressed in normal tissues9 1ut in human cancer cell lines and tumours9 its promoter is freYuentlH hHpermethHlated aErson and PettH9 2[[3d Satoh et al.9 2[[3b. Despite its potential importance in cancer9 the function of Chfr is poorlH understood9 possi1lH due to its low cellular leKels9 and the poor aKaila1ilitH of sensitiKe9 ro1ust anti1odies. ConseYuentlH9 all current data on Chfr has 1een o1tained using the oKer;eTpressed protein with no information aKaila1le for the endogenous protein. In this studH we produced three different Chfr anti1odies that specificallH recognise and immunoprecipitate Chfr either in henopus egg eTtracts or in hL2 cells in culture and analHsed for the first time the endogenous Chfr protein. Endogenous Chfr can 1e u1iYuitinated under certain conditions9 is sta1le throughout the cell cHcle9 and is phosphorHlated during mitosis in a cHclin B;cdc2;dependent manner. In addition9 the immunofluorescence and su1;cellular fractionation of cells show that endogenous Chfr localises in the cHtoplasm during interphase9 while during mitosis it partiallH migrates to the mitotic spindle where it is present until late anaphase. This locali?ation of endogenous Chfr protein is in contrast with preKious reports9 which descri1ed the ectopic protein as nuclear and localised to PML foci aChaturKedi et al.9 2[[2d Daniels et al.9 2[[4b. In agreement9 we found that high oKer;eTpression of the ectopic protein results in a nuclear localisation9 with a distinct punctuate li_e staining that li_elH correspond to PML 1odies. HoweKer9 this highlH oKer;eTpressed nuclear Chfr was degraded during the cell cHcle in an autou1iYuitination;dependent manner9 and caused a G1 cell cHcle arrest. Nota1lH9 oKereTpression of the Heast homologue of Chfr in S. cerevisiae can induce 1oth a G1 and G2 arrest aLoring et al.9 2[[8b.

  et al.9 1RRRd earm9 2[[2b9 anti;apoptotic function9 NacK;ATPase inhi1ition a:ung et al.9 2[[4b or as a guanine nucleotide eTchange factor aHsu et al.9 2[[7b. MoreoKer9 TCTP has 1een implicated in cancer with _noc_down of TCTP ena1ling tumour reKersion aTuHnder et al.9 2[[4d TuHnder et al.9 2[[2b9 while oKer;eTpression can protect cells from apoptosis aLiu et al.9 2[[5d eang et al.9 2[[5b. The specificitH of Chfr;TCTP interaction was confirmed 1H immunoprecipitation of endogenous Chfr from henopus eTtracts and cell lines9 with a small 1ut consistent YuantitH of TCTP present. Furthermore9 this association did not KarH throughout the cell cHcle9 and 1oth proteins were present at the mitotic spindle with similar _inetics. InterestinglH9 TCTP has preKiouslH 1een shown to 1ind with and co;elute on gel filtrations with tu1ulin aGachet et al.9 1RRRb. Therefore9 there seemed a strong possi1ilitH thatChfr maH also interact with tu1ulin. AccordinglH9 immunoprecipitation data confirmed that a small YuantitH of k;tu1ulin specificallH 1inds Chfr. Both the TCTP;Chfr and tu1ulin;Chfr interactions were resistant to salt9 1ut TCTP was highlH sensitiKe to detergent9 suggesting that the interaction 1etween Chfr and tu1ulin was stronger9 and possi1lH mediating the Chfr;TCTP interaction. In support of this9 depolHmerisation of the microtu1ules 1H high dose nocoda?ole9 greatlH reduced the Chfr; k;tu1ulin;TCTP interaction.

  5 mM thHmidine. Upon release cells were filmed with a Leica DMIRE2 inKerted microscope fitted with a Leica 2[h N PLAN L [.4 LMC lense9 and MicromaT eHS 13[[;4 camera9 controlled 1H Metamorph 7.1 software aMolecular DeKicesb. Images9 DIC and eFP fluorescence9 were ta_en eKerH hour for 25 h9 with the total fluorescence measured for each cell with Metamorph 7.1 software.
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 1 Figure 1. Endogenous Chfr is u1iYuitinated and phosphorHlated in an MPF;dependent
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 2 Figure 2. Endogenous Chfr sta1ilitH and locali?ation in henopus cells. (a) henopus hL2 cells

Figure 3 .

 3 Figure 3. Ectopic Chfr sta1ilitH and locali?ation in hL2 and HeLa cells. (a) AsHnchronous

Figure 4 .

 4 Figure 4. Low leKel ETogenous Chfr is sta1le throughout the cell cHcle and is present at the
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 5 Figure 5. TCTP 1inds to Chfr in henopus egg eTtracts and hL2 cells. (a) AffinitH;purified

Figure 6 .

 6 Figure 6. Ectopic Chfr does not 1ind endogenous TCTP. (a) hL2 cells were sHnchroni?ed 1H aphidicolin 1loc_. After 1loc_ release9 cells a3[[ µg total proteinb were ta_en at the indicated
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