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-ABSTRACT -

The functional motifs for nucleocytogasmic shuttling of C-terminal
fragment of c-Me t : A nae@lendeht 0 nucl ear

signal

The Gterminal fragment of the-®let receptor tyrosine kinase is present in the nuclei of
various cells irrespective of ligand stimulation, but neither the Bpeehino acid motif nor

the responsible nuclear localization signal (NLS) has not been previously reported. Here, we
report that two histidine residues separated by @aniboacid spacer (H106BI1079)

located in the juxtamembrane region ofMet function as a putative novel NLS.
Immunocytochemistry and cellular fractionation assays revealed that deletion of these
sequences significantly abolished the nuclear translocatioAM#tdn Hela cells, as did
substitution of the histidines with alanines. Thidb&titution also decreased the nuclear
translocation of the-Met fr agment and its association
The putative NLS of -d/et is unique in that it relies on histidines, whose positive charge
changes depending on pH, ratheart the lysines or arginines, commonly found in classical
bipartite NLSs, sudgresndaeamgcy d eofpotstsii b1 ML D.pt
cytosolic pH either with nigericin, a Ri&d" exchanger or low pH KRB (pH=6.5) buffer
significantly increasd the level of nuclear-klet and the interaction of theMet fragment

with importin b, indicating that |l ow cytos
cytosolic fragment of -Met. Consistent with this, nigericin treatment also enhanced the
nuclear accumulation of endogenousMet in Hela cells. Moreover, replacement of
histidines either with | ydse pneensd eonrc yadr gaitn itnhee
To the best of our knowledge, the putative aberrant bipartite NLSVEtseems to bthe

first exampl e ofdewkatde dirtheorire, Bve @so fepoH here a
putative leucingich nuclear export signal (NES) inMet which plays a decisive role for

nucleocytoplasmic shuttling of the receptor. Taken together, thesesreagljest thathe



shuttling of the @erminal fragment of -&et between the cytosol and nucleus appears to be
due to the presence of both a putative NLS and an NES in the juxtamembrane region

Key words: ¢-Met, proteoncogene, monopartite, NLS; nucldacalization signal, NES;
nuclear export signal, receptor tyrosine kinase, hepatocyte growth factor (HGF), pH
dependent, Low pH buffer, Exporiih
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. INTRODUCTION

A. Structure of Met receptor tyrosine kinase

Historically, Met; the cell surface receptor tyrosine kinase was identified as
the protein product of a transforming oncogege (Cooper ande®alk 1984). The proto
oncogene was thus initially known as a transforming gene from chemically induced human
osteogenic sarcomaelt line (Parket al, 1987). The product of this genesMet, is
synthesized as a 170 kDa singlain precursor, which undergoes intracellular proteolytic
cleavage producing a matured form of Met, the heterodimer (Comeglial2001;
Birchmeier et al2003; Christenseret al 2005 and Maet al, 2003). This mature Met
heterodi mer is compastadnoffi 58nk®ad)r aaed laulma
chain (145 kDa), linked together by disulphide boftgure 1).

The subunit is heavilglycosylated, extracellular and heterodimerized to the
amino terminahaportiTbe o6f sbhbunit composed
Met contains a SEMA domain forming the major ligadthf@F binding site and receptor
dimerization and a membragpanning segment with a transmembrane domain. Its
intracellular region consists of juxtamembrane region followed by a tyrosine kinase catalytic
domain and a @erminal regulatory tail with multifunctional docking sites that binds to
various signaling moledass for intracellular downstream signaling cascades (Ponzied
1994, Perscharet al.,, 2004)
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Fig. 1. Structure of Met receptor tyrosine kinase

(A) Met protooncogene is synthesized as a sirgilain precursor about 170 kDa, which is

proteolytically cleaved (shown by triangle) at SEMA domain producing the mature form of Met. (B)

MatureMeth et er odi mer i s composed of amemlmanespaaning!| | ul a
b chain (145 kDa), linked together by disul phi

portion is crucial for HGF binding and receptor dimerization. (Cancer and Metastasis Reviews 22:

309 325, 2003).



B. HGFMet Signaling

Hepatocyte growth factor (HGF), also known as scatter factor (SF) is the one and only one
ligand of Met receptor (Vigna and Comoggbal.,, 1999). Met, after binding with HGF gets
dimerized and activated, subsequently undergoes autophosphorylation iitrécellular

domain and upregulation of Met kinase activity followed by substrate phosphorylation
leading to various cellular responses such as cell proliferation, motility, cell survival, cell
adhesion, differentiation, angiogenesis and more related oplera. Such complex

bi ol ogical activities H&usdinot.eandr@entoglio BMa 8002 n v a s
Boccaccio C. and Commoglio PM. 20Q@Bat occurs in normal cellular development.

During development, Met plays a crucial role foroger growth and
development of placenta, kidney, liver, neuronal, and skeletal muscles. In adults, it is
involved in haematopoiesis (lkeed al, 1996) and is upregulated during tissue injury as in

wound healing.

Activation of Met through thédGF binding leads to receptor dimerization and
phosphorylation of selected tyrosine kinases within the cytoplasmic domains of the receptor,
causing conformational c¢ha®W4%¥and P presditt hr e e
within the kinase domainfa-Met are conserved in other kinase receptors. The tyrosines
Y*?* and ¥?* including Y***in the activation loop of kinase domain is associated with
full activation of enzymes and the enzymatic activity of Met is robustlyegplated upon
phosphoylation of these residues while the phosphorylation Bf®and Y**** at Gterminal
tail creates multisubstrate docking sites to recruit intracellular signal transducers including
SOS, RAS, PI3K, STAT3, PLG , a n d se®ralcadaptor @rotein such agh®y SHC,
Crk/CRKL and large adaptor protein GAB1 (growtactorreceptor bound protein 2 (Grb2)
associated binder 1 ) containirR§H2 andi SH3 biding domains. Through these different
components of signaling complex including adaptor proteins and $rgnducers, activated
Met relays the different downstream signal cascades includingNRABK and PISKAKT
pathways (Figure 2).

Juxtamembrane domain ofMet harbors a regulatory motiigna et al,
1999; Leeet al., 20000) consisting of two stinct phosphorylation sites, S€rand Ty
3



Both of which are involved in inhibitory phenomena i.e. dewegulation and/or
internalization of MET. Phosphorylation of’Sin the juxtamembrane domain is involved in
Y% induces to bind with  CBL, the E3
ubiquitin ligase. Binding of CBL also leads to the recruitment of the endoiiiNiB5

MET internalization while posphoryation of

complex, causing MET internalization and degradafida and Mauliket al, 2003) The
internalization of MET is necessary for ERK signaling (Kermorgental, 2005).The

inhibitory activity of $"°is mainly controlled by Ca2/ calmodulirdependent kinase.
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Fig. 2. HGF- Met Signaling Pathways

Upon HGF binding to eMet, it gets activated , dimerized and activated Met transmits downstream
signaling cascades inducing a wide variety of biological phenomena, including cell proliferation,
survival, motility, scattering, branching morphogenesis and-apuptosis (Paolo M. Comoglio,

2001).



C. Dysregulation of Met signaling and cancer

Despite the HGMMet signaling plays a pivotal role in normal cellular
processes, dysregulation of H®et pathway either by autocrine manner or paracrine
manner leads to malignant cell transformation, tumor progression causing to tumor
metastais (Jeffer et al.1996; Birchmeieret al,2003;Trusolino and comogliet al,2002,
Danilkovitch-Miagkova and Berton Zbar et al.200R)e aberrant activation of Met is
generally influenced either bylet over expression oMet gene amplification, missense
point mutations in kinase domain and/or juxtamembrane domain or alternative splicing.
Interestingly, Met expression level is associated with the progression of many different types
of tumors, the elevated level bfetwas observed in later stage or in nsgdiic tumors (Ma,

PC.¢ al., 2003).

Met receptor predominantly found to be expressed in epithelial derived cells
while HGF is expressed in surrounding mesenchyme or stromal cells. Thus expression of
HGF in  Met positive (but HGFnhegative) eghelial cells or expression of Met receptor in
HGF positive (but Menhegative) stroma cells leads to the autocrine activation of the Met
receptor, that has the transforming potential (Rextz.,1991; Lyeret al.,1990). Therefore,
autocrine activation dflet receptor is one of the mechanisms involved in aberrant activation
of HGF Met signaling, leading to tumor formation and progression as frequently observed

various type of tumor cells and tissues.

Met receptor has found to be owetpressedn different tumor cells and
tissues as in carcinomas and lymphomas (Jetrad, 1999).The Met gene amplification or
overexpression of Met receptor tyrosine kinase is associated with transcriptional activation
as observed in primary tumors ((Di Reret@l., 1995).Tumor progression and development

is also linked with the expression level of Met receptor as observed in metastatic tumors.

The missense point mutation is also one of the main causes of dysregulation
of Met receptor tyrosine kinas Most of the point mutations found to be located in tyrosine
kinase domain of -8/et receptor are associated with the enhancement of tyrosine kinase

activity (Jefferset al, 1997) as observed in papillary renal carcinoma (Schenidlk, 1997).

6



Alternative splicing of Met is also associated with dysregulation of Met receptor. It had been
demonstrated that the splicing variant é¥let with the deletion of exefhi4 showed aberrant

activation of Met which led to the tumor development as shown in nude moeset@l.,
2006)



D. Nuclear Met and its implication

The cytosolic fragments, the truncated form of different cell surface proteins,
or the receptor tyrosine kinases including FGFR family members and FGFR have been
reported in the nucleusf the cell. These intracellular fragments or the full form of the
receptors have been shown to regulate various essential functions in the nuclei of cells.
Among them, nuclear EGFR was found to induce the transcription of various genes that are
essentiafor cell proliferation (Low et al., 2005), cell cycle regulation, DNA repair and cell
survival (Dittmannet al, 2010; Wanget al, 2006; Bandyopadhyagt al., 1998) and has
been correlated with treatment resistance and poor prognosis in cancer (Hbshir2007;

Laimer et al, 2007 and Hungt al, 2008). Furthermore, a truncated fragment of E4bB
found in the nucleus has been shown to be involved in activating or regulating the

transcription of target genes (Makatral,, 1996 and Komuret al,, 20(B).

It had been previously demonstrated thdlet was found to present in the
cells nuclei. (Dawidsoet al, 2008).Recently, it has been reportederminal fragment of
c-Met ~ 60 kDa in the nuclear fractions of several cancerous and noncancerous cell lines
including HEK293; A431 cell lines (Poznkftoulis et al, 2006) and in MDAMB231 breast
carcinoma cells (Matteoc et al, 2009) even irrespective of ligand stimulation. The
functional role and biological relevance of nucleaMet is still not well understood.
However, some authors suggested thdaerm@inal fragment of nuclear-Met may play a
substantial role as #&anscription factor in enhancing theMet signaling pathway by
activating certain genes which may be associated with either cell prolifefRtoinigueset
al.,2007%, or cell migration and motility which leads to invasive phenomenon in MDA
MB231 breastarcinoma cells (Matteucet al,200).

Various RTKs, such as epidermal growth factor receptor (EGFR),-ErbB
ErbB-4 and fibroblast growth factor receptor 1, reportedly translocate into the nuclei of cells
as either intact or truncated fos (Maheret al, 1996 and Komuret al, 2003). A cytosolic
fragment may be generated from a transmembrane protein in two different ways: cleavage
wi thin the tr an s-seeretdse (Browat ald 20008 ar cleavage within the

8



cytoplasmic domai by proteases such as the proteasome (Heppé, 2000) or caspases
(Baesset al, 2001). However, the underlying mechanism(s) for the cleavage of cytosolic
portion of Met and its translocation to the cell nuclei is still unclear.



E. Mechanism of nuclear import and export process

The nucleus of eukaryotic cells is separated from the cytoplasm by the
nuclear envelop and the transport systems have established between the two compartments
for the movement of biomolecules including proteins and nucleic acids in and atit/egle
and efficiently. The traffic between nucleus and cytoplasm occurs through a specialized,
cylindrical, supramolecular structure called nuclear pore complex (NPC) forming a central
agueous channel with approximately 145 nm in diameter and 80 nnh lengertebrates
(Figure 3).The nuclear pore complex acts as a filter running through a nuclear membrane.
The NPC is made of ~30 different types of proteins called nucleop&@umgharalinganet
al., 2003 Alber, F.et al.,2007)andis anchored to the ulear envelope. The NPC allows to
small molecules, metabolites and ions that do not bind to nucleoporins to diffuse passively
between the nucleus and cytoplasm, but acts as a highly efficient molecular filter for
macromolecules. Transport of almost all mmagolecules into and out of the nucleus is
achieved through a common energy dependent, active mechanistic process that requires
soluble nuclear transport factors (NTFs) and specific transport signals (Kbtder2007;
Stewartet al.,2007, Gorlichet d., 1997)

The translocation of protein molecules larger than 30~40 kDa (Ycetesla
200 and Niggeet al) from the cytoplasm to the nucleus and vice versa requires a certain
specific amino acid sequence called a nuclear localization qiyh&) and nuclear export
signal (NES) ( Kiseleva l.,200 and Sorokin eil.,2007). During both import and export
processes of most of the proteins, including membrane proteins (receptors) and nucleic acids
a large evolutionary conserved familieskafyopherindh ar e i nvol ved-b Most
participates either in nuclear trafficking called importins or nuclear export and is referred as
exportins.In general, the nuclear import of proteins occurs via the formation of a ternary
complex composedfo t he carrier proteins, i . e.-, i mp
containing cargo proteil. mpor tin U acts as an adaptor th
the cargo protein, while importin b enabl es
the binding of importin U at importing b bi
NLS at cytoplasm, docks at the NPC through the FG repeats nucleoporins (@bmich

10



1994 and 1995) and thereafter the complex is transported into the nuclaedisgBihRan

GTP to the i mport receptor (i mportin b) [
i mporctairngod compl ex, discharging the cargo p
then recycled to the cytoplasm by different routes for furthetecyf nuclear import.
Therefore, the major nucleocytoplasmic trafficking process is governed by a small Ran
GTPase. It is believed that importin U and
Ran GTP and therefore, there is rapid hydrolysis of ®&R during the docking of importin

U/ i mportin b/cargo with NLS at NPC to mai
(Sorokinat al., 2007).

Many classical and neclassical NLSs have been identified to dakee
classical monopartitblLS generally consists of a short stretche4-6-predominantly basic
amino acids, such as lysine and arginine; a characteristic example is found in the Simian
Virus 40 Large Tantigen(SV40-T-ag) as represented by RKRKYV, specifying its import
into the nuctus (Kalderoret al,, 1984. A second type of classical NLS is thipartite NLS,
whichis characterized by the presence of two basiino acidclusters separated byl@-to
12 amincacid spacer, as seen and best studied in nucleoplasmin
(KRPAATKKAGQAKKKK)) (Robbinset al, 1991 and Dingwalkt al, 1982). Numerous
bipartite NLSs have been reported in various proteins with more thamiti®acid spacers
(Table 1), still they migrate to the nucleus through the similar nuclear import process.
Astonishindy, precise amin@acid sequence of the of the linker was found not to be
important, and certain much longer linker segments could be tolerated and still promote
efficient nuclear import (Robbins et al., 1991; Makketlal, 1996).

The proteis, on the other hand, containing nuclear export signals (NESs) exit
out of the nucleus through the same aqueous channel of NPC located in nuclear envelope.
The NES is the certain amino acid stretches4-&nino acids) enriched in hydrophobic
residues, gsgcifically leucinerich sequences of amino acids recognized by a soluble export
receptor, known as Exportinl or Crngdhromosome region maintenance 1) (Fragcel,

2003). The nuclear export signal in protein leads the protein tamekiof the nucleusA

possi ble consensus nucl ear 36XXpbKLO segheme e
11



leucine and X = amino acid; the last leucine can be replaced by conservative substitutions
(isoleucine, valine, etc)Bpgerd et al 1996 andkuta et al, 1998). The leucine rich NESs

has been reported in various protein including #IRev, PKI and HTLVL REX proteins
(Figurel4) Nuclear export of the protein via leucinieh nuclear export signal takes place in

a same manner as nuclear import, by threnétion of a trimeric complex between protein
carrying the NES, exportin 1, the export receptor and RanGTP in the nucleus. This trimeric
complex is then transported out of the nucleus into the cytoplasm, where it dissociates and
releases the protein in tiegtosol where RanGTP gets hydrolyzed to RanGDP which is then
utilized for the further process (Matit al, 1998) (Figure 4).

The crystal structur e odtrand copfamation n U
has two distinct sites on the concaeface of its superhelix (Figure 5). The larger site is at
the amineterminal end of the receptor while the smaller site is located at the carboxy
terminal end. At each site, the NLS peptide binds in an antiparallel direction via interactions

with consered tryptophan and asparagine pairs in repeat helix 3.

The binding of the NLS peptide occurs through two distinct types of
interactions; hydrophobic interaction and electrostatic interaction respectively. The
hydrophobic interactions occur beten the aliphatic portions of the peptide side chains and
the conserved receptor tryptophan residues while the electrostatic interactions occur between
the basic groups of the NLS peptide and conserved negatively charged residues at the ends of
thehydropb bi ¢ grooves of i -tepnmal $maller site, spetificalljhoaly ¢ a r
two residues in the bound NLS peptide are recognized. In the case of bipartite NLS cargo, in
similar fashion, the smaller peptitdinding site allows optimal recognition ohly two basic
amino acids, whereas the larger site allows for the optimal recognition of five lysine or
arginine residuegFigure 5) provided thatin bipartite NLSs, the larger cluster of basic

residues of NLS must be carbaetgrminal to the smaller clust

Therefor e, during t he nucl ear i mpor
NLS-containing cargo proteithroughionic interactions that form between the basic amino

acidsof the NLSand aci di ¢ ami no acadtal2007.Neverthalpss,r t i n
12



there are some previous reports that some-Ne&ing proteins are imported to the nucleus

by direct binding with importin b without
HTLV-1(Palmeriet al,1999; Truantet al, 1999), Smad 3 (Xieet al,2000), ribosomal

protein L23a (Jackel and Gorlight al,1998 ) and histones (Muhlhausseal.,2007).

13
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Fig. 3. Schematic representation of nuclear poreomplex

Nuclear pore complex (NPC) is @lindrical, supramolecular structure forming a central aqueous
channel showing major components including cytoplasmic filameytipplasmic ring nuclear
envelop and nuclear baskets. Nuclear import and export ofidéaules takes place through the
central channel by simple diffusion or NLS and/ or NES mediated active transport pro&mmkin(

AV, Kim ER, Ovchinnikov LR Biochemistry (Mosc)2007 Dec;72(13):14387).
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Table 1. Amino acid alignment of known bipartite nuclear localization signals

Protein Spacer
Name A possible consensus of bipartite NLSs length
(Source)

KRT X g1 IK (KIR) (KIR)

or
KR X o1piK (KIR) iX i (KIR)
(KIR) (K/R) i X gatz)i (K/R)
KRi Xwiyi K R R K

Npl KRPAATK K A G Q AK K K K L D 10

NIN2 RKKR K TEE E S P L KD K A K SK 13

SWI5 KK 'Y EN VVIKRSPRKRGR 11
P R K
Rb K RS AEGSNZPPKPIKK LR 12

PB2 KRKR DSS | LT D SQ T A TK R I RM A 13

CBPBO | S RRRHS DE N D G G O P H KR R K 13
T S

c-Met QHVVIGPSSTLI VH 10

Npl, nucleoplasmin; NIN2, Xenopus phosphoprotein NIN2; SWI5, Saccharomyces cerevisiae protein
SWI5; Rb, retinoblastoma protein; Pb2, influenza virus polymerase Pb2; CBP80, hurzaindiag
protein 80; eMet, human receptor tyrosine kinase proteiMet.

Ref. (Molecular basis for specificity of nuclear import and prediction of nuclear localization.

(Biochim Biophys Acta. 2011 Sep; 1813 (9):1562.)
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Cytoplasm Import Nucleus

Fig. 4. Shematic diagram representing nuclear import and export process

Carrier proteins 4dbmpbdrntdi nt oU caarrdgoi mpportteiim cont ¢
complex in the cytoplasm, docks at the NPC and is translocated to the nucleus where RanGTP
dissociates the cargoarrier complex. The carriRanGTP complex ishen exported to the
cytoplasm where RanGAP activates the RanGTPase activity and dissociates thieReaarrgemplex,

thus freeing the carrier for a further cycle of nuclear import. Similar process occurs for nuclear export

process where carrier proteineigportinl with cargo containing NES.

(Genes to Cells (2000) 5, 7-7B7)
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Importin o contains two
peptide-binding sites

Fig. 5. Schematic representation of interaction between imgrtin Uand cargo protein containing

NLS

Two peptidebinding sites inthe NL$ ecept or i mportin U (also knowr
association with cargo proteins. The figure sh
highlighting the small and large peptinding sites. The conserved residues in repeat helixe 3 ar

shown in yellow, and the amino acids of the NLS peptides that make specific contacts are shown in
white.

(Dingwall 1998,Current Biology1998, 8:R92PR924)
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F. Nuclear localization signal and nuclear export signal of cMet: A putative novel

Aipddependent o nucl ear | ocalization signal i

The nuclear translocation or nuclear export ele@ninal fragment  of the
c-Met should require the presence of specific amino acid sequences, the NLS or NES
respectively, but neither relevant sequence was found by the available nuclear localization
searty engine nor had been reported in previous studies. Meréntroduced that CMet
harbors a NLS possessing two histidines with 10 amino acid spacers in juxtamembrane
domain between 1067d#80aa and may function as a bipartite NLS which can be
characteded by'®HVVIGPSSLIVHY " Although this is similar to the known bipartite
NLSs, the NLS found in-tet contains histidines rather than lysines or arginines. The
positivity of these individual histidine residues are weaker than those of the two or three
lysine/arginine residues commonly present in classical bipartite NLSs. The positivity of
histidine residues was expected to be increased with the decrease of intracellular pH. Thus,
we speculated that a small change in intracellular pH could change ¢hgtistiof the
interaction between importin and the histidomntaining NLS of the -8let fragment,
thereby affecting its nuclear translocation and thidet harbors a putative pHlependent
nuclear localization signal in juxtamembrane region.
c-Met, in add t i on t o -dppeadened 6PDHS har bch s
nuclear export signal similar to other proteins with classical NESs lying before the
putative NLS in its juxtamembrane segment. The consensus sequence of putativeIBIES ¢
is L-SA-L-NPEL-V.
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Il . MATERIALS AND METHODS
A. Reagent and antibody

F12 (Dul beccobds Modi fied E a g-12e ¢lam), MEId i u m/
(Polyethylenimine), 2leoxyglucose, Najleptomycin B andhigericin were purchased from
SigmaAlderich Chemical Co. $t. Louis, MO) . DMEM (Dul beccobds M (
Medium)andL i pof e ct a nwera abtiined ot Mvitrogen Corporation (CA, USA).
BCECFAM was from Molecular Probes (Eugene, ORJouse monoclonabnti-c-Met

antibody (25H2) was from Cell Signaling Technology (Beverly, MA). Rabbit polyclonal
anti-c-Met (C-28) (se161), Mouse monoclonahti-GFP (s€9996),anti-U-tubulin (sc23948)
andanti-lamin B (se374015)were purchased from Santa Cruz Biotechnology (Santa Cruz,
CA)). Anti-i mp o rantibady B&E9 wasfrom Abcam (MA, USA).

B. Plasmid construction

Plasmids for Jxtmi2,-3 green fluorescent protein (GFP) were from Dr. Rimm (Yale
University, New Haven, CT). For the generation of GFP fusion constructs Fragment number
2 (F-2) and Fragment numb8r (F3), truncating in the juxtamembrane region D972 and
Y1026, P1027 and 11084 of-Met and cloned into the pEGHE3 fusion vector. W&
amplified using the primers containing Xhol and BamHI sites, respectively in a PCR using
the template DNA of human-#et. The DNA products were cloned into pEGEB fusion

vector in the similar manner. A series of mutant plasmids were generated by PCR
mutagenesis using either QuickChange Multi -Bileected Mutagenesis kit (Stratagene,
#200531, Agent Technologies, USA) for amino acid substitutionQarikChange 11 XL kit
(Stratagene #200521) for deletion and /or Mbiect™ Site-Directed Mutagenesis Kit,
iINtRON Biotechnology (Gyeeonggio, Korea) for insertion or substitution of amino acids
acording to manufacturer6s instructions. P
PCR products were checked by sequencing to confirm the presence of mutation and to verify

the absence of secondary point mutations.
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C. Cellculture andransfection

HeLa and Chang cell lines have been purchased from ATCC, and passaged and used in our
laboratory for fewer than 6 months after resuscitation. ATCC performs cell line
authentication by using STR profiling. HeLa cells were grown in F12 and Chang cells were
grown in DMEM respectively supplemented with 10% fetal bovine serum (FBS) and 1%
antibioticantimycotic (Gibco, Life technology) at 37°C under 5% CO2 in air and 95%
humidity. Cells were transiently transfected with each @Kn plasmids or SRNA using

PEI or LipofectamineE 2000, respectively ac

D. Cell fractionation

HelLa and Chang cells were grown to confluence and the celisepted with MG132
(10uM) for 2 hr were harvested and washed with PBS, resuspém@©0pul of TM2 buffer

(20 mM TrisClI, pH 7.5, 5 mM MgG 0.3 M sucrose containing freshly added protease
inhibitors) and incubated on ice for 5 min, subsequently added with 10 pul 10% Trt00 X

and again incubated on ice for 5 min. Cells wahieared by needle (ZRiage) and then
centrifuged (1,200xg, €, 15 min). The supernatant was used as the cytoplasmic fraction.
The pellet was resuspended in the -BEMbuffer, sheared again using a needle, and then
centrifuged (1,200xg,°€, and 15 min). Akt was washed three times , and resuspended in
the mixture of 85ul of TM2 buffer containing 10l of 3M KCI, 5ul of 10% Triton-X00

and incubated for 10 min, and then centrifuged at 12,000xg for 2 min. Supernatant was

used as the nuclear fraction.
E. Western blting

Cells were harvested and lysed in radioimmunoprecipitation assay buffer (RIPA) buffer (50
mM Tris-HCI, pH 7.4, 1% NP40, 0.1%SDS, 150 mM NaCl,5Mm EDTA) containing freshly
added protease inhibitor (Img/ml aprotinin, | mg/ml leupeptin) fronréswoo (Life Science
Research Products and Biochemicals) and/or phosphatase inhibitors (1 mM sodium
fluoride,1mM sodium orthovanadate).Lysed cells were centrifuged at 12,000xg for 15 min,
Lysate was used for protein quantification using-Rad Proten Assay (Hercules, CA)

reagent Proteins were resolved by SIPBGE (polyacrylamide gel electrophoresis) and
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transferred to a nitrocellulose transfer membrane (Whatm&ROTRAN ). Membranes

were blocked in 1% BSA in PBST, (BSA/PBS/1%Tween) for 1 hour. Pyimatibodies at a
1:1,000 dilution were added to BSA/PBS/ Tween and incubated for overnidi@ &trhpera

ture. Membranes were washed with PBST and then incubated with horseradish peroxidase
conjugated goat anthouse or goat antabbit secondary antibly (Invitrogen) at a dilution

of 1:5000 for 1 hour at room temperature and subjected to immunoblotting using ECL

detection kit reagent.
F. Immunocytochemistry

Ce | | s ®in(nanpbérgrown on coverslipsvere transfected with plasmids si-RNAs. At

24 hr after transfectiarcells were supplied with complete medid.48 hr after transfection

cells were washed with PBS and fixed with 1:1 ice cold metkacetone for 15 min. Cells
were then permeabilized with 0.204/V) T r i t-100 in PBS for 5 min,rad then washed 3
times with PBS and then blocked with 1%/V) BSA for 1 hr. Cells were then incubated
with primary antibodies at 4°C for overnight and then washed with PBS. Cells were
incubatedwith goat antimouse or goat antabbit Alexa 448 for 1 hrtacoom temperature
After washing three timesvith PBS cells were stained witldiamidine2-phenylindole
(DAPI) for 10 min and washed three times with PBS. Coverslips were then mounted with
mounting medium (Biomeda corp., Foster ci®A). Images were takeunder fluorescence

or confocal microscope (LSM 710, Zeiss).
G. Decrease of cytosolic pH

HelLa cells transfected with GHBsion constructs were treatesither with nigericin at
different concentrations dadicatedin the textor with pH 6.5KrebsRinger bicarbonate
(KRB) solution (140 mM NacCl, 3.6 mM KCI, 0.5 mM NaPiQ,, 0.5 mM MgSQ, 1.5 mM
CaCl, 10 mM HEPES, 2 mM NaHC5.5 mM glucose)Cells were then incubated at 37°C
under a hundified atmosphere of 5% GQ@or differentdurations Cells were thendrvested

for further assays.
H. Cytosolic pH measurement

HelLa cells seeded on pelylysine-coated coverslips were loaded with a-péhsitive
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fluorescence dye, BCEGAM (2.5 uM) for 30 min at room temperature. After washt,
nigericin (1puM) or acidic pH (6.5) was applied for the indicated time (0~60 mirRB
solution containingsulfinpyrazone (100uM). Fluorescence imaging of BCECF was
performed by using an inverted microscope-{iX Olympus, Tokyo, Japan) equipped with a
cooled chargeoupled device (CCD) camera (Cascade 512B, Photometrics, Tucson, AZ).
Cells were alternately excited at 440 nm and 490 nm by a light sourcéd,(B@ter, Novato,

CA) and acquired images at 540 nm were analysed using Metafluor 6.3 software (Universal
Imagng, Molecular Devices). Titration of pH was carried out by clamping the cytosolic pH
with high K" buffers (125nM KCI, 5mM NaCl, InM NaH,PO4, InM MgSQ,, 10mM
HEPES) of defined pH containing nigericin

.l mportinsday bi nding a

Lysate (500 ugpf HeLa cellstransfected with various construetas incubated with 1ug of
anti mportin b ( 3E®3at4Gwith gemtle mtgtiont Taventy fivel off60%
slurry of rProtein G Agarose were added and the mixture was incubated for additiotal 1 h
pull down the immune complex. After three successive wash with RIPA buffer containing
freshly added protease inhibitors (I mg/ml aprotinin, I mg/ml ledipe@ind phosphatase
inhibitors (1mM sodium fluoride, 1mM NaVO4)pbnd proteins wersubjected to \&stern
blotting.

J.Time-lapse analysis

HelLa cells were seeded onto awéll plate and transfected with GFlsion constructs.
Twenty-four hour after transfagion, 2channel timdapse video microscopy was performed
using a fully motorized Axiovert 200M microscope (Carl Zeiss), equipped with
AxiocamHRm. Temperature and ¢@ontrol was maintainedsing the Incubator-$! and
heating insert M06 controlled bifempontrol 372 and CTiController 3700. Both phase
contrastand GFP fluorescence images were acquired for 48 h with a tiapesef 5 min
using AxioVision 4.3 software. For routine agqdantitative analyses, images were acquired
using a 20x objective lens (LD Pkeofluar 20x/0.4 Corr Ph2, Carl Zeiss).
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K. Leptomycin B treatment

HelLa cells transiently transfected with GBERm1 fusion construct were treated with
leptomycin B at different concentrationsCells were then incubated at 37°C under a

humidified atmosphere of 5% G@or four hour. Cells were then harvested for further assays.
L. ATP depletion

HelLa cells, transiently transfected with indicated plasmids were subjected to AlERamep
by the treatment with-8eoxyglucose (DG) and sodium azide (NaNfor indicated time
points. Western blotting was carried out with aBEP antibody after cellular fractionation.

C,cytoplasmic fraction; N, nuclear fraction

M. Statistical analyis

All data were presented as mean + standard deviation (SD). Each experiment was performed
in triplicates. St ati st i c al-tesdor ANORA (Analysis s we |

of variance) test, and p values <0.05 were regarded as statisticaillicaign
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Table 2.Primer sequences

anti-sense

S.N. | Name of Name of Primers Direction of | Primer Sequences
Constructs Primers
1. Fragment XholhMet+ 3266 5-3 AAACTCGAGCCTCTGACAGACATGTCCCCCAT
No. (F-3) HMet3439-BamHI 523" AAGGATCCTATATGACTTCATTGAAATGCAC
2t Fragment XholhMet+ 3101 5-3 AAACTCGAGGATGCAAGAGTACACACTCCT
No. (F-2) hMet3265-BamHI 5-3 AAGGATCCTAATACTGCACTTGTCGGCATGA
3 LI0S5A L1055A -sense 5-3 AAAATACTGTCCACATTGACGCCAGTCCTCTAAATCCAGAGC
4. L1058A L1058A -sense " CACATTGACCTCAGTGCTGCAAATCCAGAGCTGGTCCA
5. L1062A L1062A -sense 53 TGCTCTAAATCCAGAGGCGGTCCAGGCAGTGCAG
6. L10S5A L1055A_ 5-3 AAAATACTGTCCACATTGACGCCAGTGCTGCAAATCCAGAGCTGGTCCAGG
S8A 58A-sense
7 L1058A _ L1058A _ §=3 CATTGACCTCAGTGCTGCAAATCCAGAGGCGGTCCAGGCAGTGC
62A 62A -sense
8. LI055A L1055A _ 523! CTGTCCACATTGACGCCAGTGCTGCAAATCCAGAGGCGGTCCAGGCAGTGC
58A_62A 58A_62A- sense
9. HI1068A HI068A- sense 5-3 GTCCAGGCAGTGCAGGCTGTAGTGATTGGGCC
10. H1079A H1079A-sense 5-3 GCCCAGTAGCCTGATTGTGGCTTTCAATGAAGTC
11. HI1068N HI1068N-sense 5-3 GCCCAGTAGCCTGATTGTGGCTTTCAATGAAGTC
12. HI1068K HI1068K- sense 5%3* GTCCAGGCAGTGCAGAAGGTAGTGATTGGGCCC
13. HI1079K HI1079K- sense 53 AGTAGCCTGATTGTGAAGTTCAATGAAGTCATA
14 AL1035- Met-AL1035-S1044-sense | 5°-3° ACAGACATGTCCCCCATCCCATTACTGCAAAATACTG
S1044 Met-AL1035-S1044- 5%3 AGTATTTTGCAGTAATGGGATGGGGGACATGTCTGT
antisense
15. AS1043- Met-AS1043-H1052- 5-3 GCACTGAGGTCAATTATATCAGAGTCCCCACTAGTTAGG
H1052 sense
Met-AS1043-H1052- 5-3 GCAAAATACTGTCCACGTCCAGGCAGTGCAGC
antisense
16. Al1053- Met-Al1053-L1062-sense 5-3 GCAAAATACTGTCCACGTCCAGGCAGTGCAGC
L1062 Met-Al1053-L1062- 53 GCTGCACTGCCTGGACGTGGACAGTATTTTGC
antisense
17. AH1068- Met-AH1068-H1079- 5-3 GGTCCAGGCAGTGCAGTTCAATGAAGTCATAGG
H1079 sense
Met-AH1068-H1079- 5-3 CCTATGACTTCATTGAACTGCACTGCCTGGACC
antisense
18. 1068HAAA H1068-A _A_A -sense 5-3 CAGGCAGTGCAGCATGCAGCGGCTGGGCCCAGTAGCCTG
19. AAAH1079 A_A_A-H1079 -sense 53" GATTGGGCCCAGTAGCGCGGCTGCGCATTTCAATGAAGTC
20. Al069V- MetA1069V-1070V-sense 5-3 CAGGCAGTGCAGCATATTGGGCCCAGTAGC
1070V MetA1069V-1070V-anti- 5-3 GCTACTGGGCCCAATATGCTGCACTGCCTG
sense
21 Al10771- MetA10771-1078V-sense 523" GACTTCATTGAAATGCAGGCTACTGGGCCC
1078V MetA10771-1078V-anti- 5-3 GGGCCCAGTAGCCTGCATTTCAATGAAGTC
sense
22. In1068H_A_ | Inl068H_A_A1069V 5-3 CAGGCAGTGCAGCATGCCGCGGTAGTGATTGGGCCC
A1069V sense
Inl068H_A_A1069V 5-3 GGGCCCAATCACTACCGCGGCATGCTGCACTGCCTG
anti-sense
23. In1078V_A_ | Inl1078V_A_A1079H 5-3 CCCAGTAGCCTGATTGTGGCCGCGCATAATAATGAAGTC
A1079H sense
In1078V_A_A1079H 5-3 GACTTCATTGAAATGCGCGGCCACAATCAGGCTACTGGG
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II'l. RESULTS
Part. I. Nuclear translocation of Gterminal fragment of c-Met
A. The cMet fragment localizes to the nuclei of HelLa cells

Previous reports showed the presence of cystolic fragment ~ 60 kENeatf ¢
in the nuclei of both cancerous and re@@ncerous cell lines in spite of the diffusion limit of
its size through the nuclear pore complex. The nuclear localizatidre @Met C-terminal
fragment should require the presence of an NLS, but neither relevant sequence was found by
the available nuclear localization search engine nor had been reported in previous studies. So,
the aim of present study was to find out the fotiamino acid residues responsible for

nuclear import of such large size eMet cytosolic fragment.

To search for the NLS of-Blet, we first selected HelLa cell line as it found
to contain all the molecular machineries required for nudesnslocation of the -Met
fragment. For this, wérst investigate the presence of theMet fragment in the nuclei of
HelLacells Cells were stained with an antibody specific for theeininus ofc-Met (C-28)
and observed by confocal microscopy, whievealed a fine and distinct granular pattern of
staining in the nuclei as shown by arro{Figure 6A). We next performed cellular
fractionation to confirm the immunocytochemical data. Immunoblotiisgng another
antibody specific to the @&rminus of eMet (25H2 clearly detected the- 60 kDa C
terminal fragment of -&et in the nuclear fractionThis is consistentvith previous reports
on the nuclear @erminal fragment ot-Met in various cells (Poznévioulis et al, 2006;
Matteucciet al., 2009)

However, the nuclear fraction from Chang liver cells did not
show the nuclear-Met band despite the presence of wilde cMet in the nomuclear
fraction (Figure 6B) indicating that the nuclear translocation of tHelet fragments celt
type-specific The observed expression of th#let fragment in the nuclear fraction of HeLa
cells wasclearly abolished by the-Met-siRNA (Figure 6C) confirming the presence of the
nuclear eMet fragment in the nuclei of HeLa cellsTo confirmthe specificity of this signal

we carried out RNAmediated gen&nockdownexperimerd, and found that the distinct
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purctate pattern was significantly and dafependently abrogated by @Met-specific
siRNA (Figure 6D) supporting the specificity of amdy. Based on these findingsewsed
the Hela cell line as the model for our investigations
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Fig. 6. The C-terminal fragment of c-Met localizes in the nuclei of HelLa cells

(A) Sub-confluent HeLa cells werfixed andstained with G&erminal antibody for dMet (C-28, green)

and DAPI for nucleus (blue). Representative images show the nuclear patchedetf Size
bar;10um. (B) Cell lysates from the indicated cells were fractionated as described in Matetials an
Methods, and then subjected to Western blot analysis by using antibody agénstirtis of eMet
(25H2). Notice the et receptor tyrosine kinase (145 kDa) in cytosolic fraction and a 60kDa
fragment of eMet (triangle) in nuclear fraction only in Helcalls. Purity of cellular fractionation was
checked by Lamin B (nuclear marker) and tubulin (cytoplasmic marker). (C) Cell lysates from HelLa
cells transfected with indicated siRNAs were fractionated and subjected to Western blot analysis as in
(B), triande; 60kDa nuclear-dlet fragment. (D) HelLa cells were transfected with control-ttet
siRNAs at the indicated concentrations and fixed at 24 hr after transfelctiounocytochemistry

was performed using-28 antibody, and DAPI staining was used to Viigeanuclei. Representative
images show disappearance of nucledtet signal in the presence ofMet siRNA. Met (green) and

nuclei (blue). Size bar; 10um. Each experiment was performed in triplicate with similar.results
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B. Serial deletion ofuxtamembrane domain shows thatlet contains an NLS at H10881079

The nuclear et fragment is not the spliced variant of Met as reported
previously rather it clearlgriginates from theytosolic portion ofull-size Met, no previous
study had clearly identified the precise mechanism of nuclear translocation or the specific
NLS involved A previous report found thathet does not contain a classical NLS (Pozner
Moulis et al., 2006). Therefor@ur main goaivas to identify one or more motifs essential
for the nuclear translocation of theMet fragment We generatedrarious GFP fusion
constructs of theytosolic portionof c-Met (Figure 74, and transiently transfected these
constructs into Hela cells to agaé their subcellular distributionmmunocytochemistry,
and Western blotting after subcellular fractionation of Jxtml , -6RPand GFH--3
transfected cells enabled us to position of the putative NLS localigtvgeen P1027 and
11084 in the juxtamembree domain of éMet (7B-E); thispar t i cul ar-l M08 4 &
lies on the GFH-3 fragment shown in Figure 7A.

The overall size of EGFMet constructs namely-£ and F3 fragment is
~36.5 kDa, might be small enough to passively diffuse thrabghNPC. However, EGFP
(~30 kDa) neither contains NLSs nor NESs and thus, it is a neutral protein which localizes
ubiquitously (nucleus and cytoplasm of the cells. Nonetheless, practically it is predominantly
found to localize in cytoplasm (more than 7806% of the cells) and also not detected in
nuclear fraction (Figure/B and D). These results convinced us that observed nuclear

localization of GFH--3 fragment might be due to the presence of putative NLSs.

To uncover the exa®LS, we generated a series of deletion mutants of-F-5H
fusion constructs (Figure 7F) and investigated thaeiracellular distributions using
Immunocytochemistry, and Western blotting following subcellular fractionaliao of the
del etion nB35a044 ¢ eelild6r)Isio@es Buclear localization patterns
similar to that of the wildype F3 fragment indicating that the putative NLS was not
located in these fragments. In contrast, 84¢1068H1079 deletion robustly abolished
nuclear localizatin, as observed by immunocytochemisf(Rigure 7G left pane). The
percentage of cells showindpiquitous (cytosolic anduclea) localization was significantly
decreased by this deletiomhile the proportion showing cytosohly localization was
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significantly increaseccompared to the results obtained with the wype F3 fragment
(Figure 7G, righpane). Similar results were obtained from a subcellular fractionassay,
whereinthe protein level of theH1068H1079 mutantwas substantially increas in the
cytosolic fraction but decreased in the nuclear fraction (Figure Althiough, the 8651043
H1052 deletion mutant also showed decreased nuclear localizationour
immunocytochemical analysi¢Figure 7G) our subcellular fractionation assay clgarl
indicated thatsH1068H1079 but nota51043H1052 harbored the major NLS in the
juxtamembrane fragment ofMet (Figure 7F)

30



Extracellular duxtamembrane Kinase C-terminal
omain domain domain tail Nuclear
Localization

— :
c-Met -

.
.

D 972 — (26 F-2 +
P1027 m— (84 F-3 ++
C pEGFP Jxtml
DAPI GFP c X o
F « Jxtml
REBIE (~77 kDa)
IB: GFP
—
A e
Jxtml IB: Lamin B -— ——
IB: Tubulin | -
DAPI GFP Merge
- ..
2
3
GFP-F2 2
1)
S
o ..
pEGFP F-2 F-3
C NCNOCN
18 : «-Tubutin [T

31



Amino acid sequences of Fragment No.3 (F-3)
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Fig. 7. Serial deletion of juxtamembrane domainof c-Met shows that eMet harbors NLS motif
at aaH1068H1079

(A) Schematic representation of full and different truncated forms of Met with different domains fused
to Gterminus of pEGFP plasmid as described in Materials and Methods. (B) HelLa cells were
transfected with indicated pEGFP and GB#®m1, and subjected to imunocytochemistry using GFP
antibody. Confocal images were taken at 40X objective. (C) Cellular fractionation of HelLa cells
transiently transfected with pEGFP and Jxtml and was followed by western bloting with GFP
antibody. Purity of cellular fractionatiowas checked by lamin B (nuclear marker) and tubulin
(cytoplasmic marker) respectively C, cytoplasmic fraction; N, nuclear fraction. (D) Hela cells
were transfected with indicated GIH2 and GFH-3, and subjected to immunocytochemistry using
GFP antibog. Confocal images were taken at 40X objectiVee percentages of cells depicting
subcellular distribution constructs are shown in the bar graph on th€Ejg8ellular fractionation of

HelLa cells transiently transfected with fusion constructs (EERr GFRF3) was followed by
western bloting with GFP  antibody asin  (C). (F) Amino acid sequences of fragment X8.3 (F
and schematic diagrams of deletion mutant constructs -&f fragment.GFP (green) and
Juxtamembrane fragment (black solid line) widd solid verticalline indicating two histidine
residues. (G) HelLa cells were transfected with indicated deletion mutant constructs-68 Gkl
subjected to immunocytochemistry using GFP antibody. Confocal images were taken at 40X objective.
Size bar; Oum. The percentages of cells depicting subcellular distribution of deletion mutant
constructs are shown in the bar graph on the right. Error bars; standard deviations, Three independent
experiments were performed in triplicatés* | p<0. 01 ttbsy n=20~-a7@(el)nCeltular
fractionation and Western blot analysis by using-&®P was performed after transfection as in (C).
Purity of cellular fractionation was checked as in C. Each experiment was performed in triplicates
with equivalent results. e densitometry graph on the right shows the nucjgéoplasmic ratio
(nuclear GFP intensity divided by lamin intensity/ cytosolic GFP intensity divided by tubulin
intensity). *,p <0. 01 byteStudent 6s
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C. Two histidineresidues are important ftre nuclear translocation ofMet fragment

Classical bipartite NLSs comprise twtretches of basic amino aciggsines
or arginines)eparated by &40 to 12-aminoacid spacer, apreviouslydescribed for many
nuclear proteins, including oleoplasmin( Robbinst al, 1991;Dingwallet al.,1982)( Table
1). In bipartite NLSs, the positive charges provided by lysines or arginines are essential
because they enable the electrostatic interaction with negatively charged amino acid residues
onimpa t i n U, resulting in binding between 1t
al.,2010;Kohleret al,1997)We hypothesized that thputative NLS found in-tMet (H1068
H1079) might be a variant @his classicabipartite NLS with two histidines replacg the
lysines or arginines found in classical bipartite NLEs test this, we created point mutants
of the F3 proteinwherein one or both histidines of the putative NLS motif were substituted
with alanineg(H1068A,H1079A and H1068A_ H1079Aand examined the importance of the
histidine residues for the nuclear localization eéflet. Indeed,the mutant constructs all
yielded significantly highefractions of cells showingytoplasmonly localization(from ~10%
to 70~8@%), indicating that ndear translocation was blocked in the mutaxpresig cells
(Figure 8A).Next, we examined whether the histidine residues provided the positive charge
required for the association of thdvlet f r agment wi th i mportin
may expressisx di fferent forms of i mportinetU but
al.;1997,Gabrielat al, 201 1) and bot hUcargod ¢eepanoacorapleX vath m  (
cargo containing NLS for nuclear import,
type F3 fragment clearly cd mmunopr eci pitated with i mport|
histidines with alanine significantly decreased this prepeotein interaction (Figure 8B).
These results amonsistent wittour hypothesighat these two histidinesre essential for the
function of the NLS of dviet, where they provide the positive charges required for the

el ectrostatic interaction with importin U.

When we replaced either or both of the histidine residues with more basic
lysine the nucleecytoplasmic ratios of the lysimgubstituted mutantaere higher than that
of the wildtype F3 construct (Figure8C, lower right pane). In this case, we measured
nucleacytoplasmic intensity ratios. Simple counting of the cells showing different
subcelluar localizations failed to reveal any difference (Figure 8C, right upper panel)
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because the category of cells showing both nuclear and cytosolic localization (Figure 8C,
right upper panel) contained cells with varied proportions of nuclear and cytagobdss A
representative line scan analysis also revealed a similar tendency (Figure 8C, middle panel).
Together, these findings support our belief that the two histidine residues in the NLS of ¢
Met confer the positive charges needed for the complex fmmwith importin molecules

and the subsequent nuclear translocation of fMetcfragment

Astonishingly, precise amiracid sequence of the of the linker was found not
to be important, and certain much longer linker segments could beedlarad still promote
efficient nuclear import (Robbins et al991 Makkerhet al, 1996)However, recently some
reports have indicated that the linker sequences of an NLS, particularly hydrophobic amino
acids, are involved in importioargo binding (Lage at al., 2010, Fontegt al, 2003 and
Janget al, 2012). So, we thought that whether the substitution of hydrophobic amino acids
with alanines or deletion of two or four hydrophobic amino acids or insertion of two or four
alanines within the linker ofuclear localization signal affect nuclear translocation. But
neither substitution of hydrophobic amino acid with alanines ( Figure 9A) nor insertien of 2
4 alanines (Figure 9B) nor the deletion o4 Ziydrophobic amino acids (1069VVI1071 and
1076LIV1078) within the H1068H1079 linker of eMet abolished the nuclear import
rather showing similar subcellular distribution to that e Wild type construct indicating
that two histidines residues are enough to provide interacting site for the-icapgotin

binding and are sufficient for the association .
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