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SUMMARY

This study investigated mechanisms controlling the dependent and reversible, and the nuclear export inhibitor

nuclear-cytoplasmic partitioning of annexin Il (Anxll).

Anxll and its ligand, pll, were localized by
immunofluorescence to the cytoplasmic compartment of
U1242MG cells, with minimal AnxIl or p11 detected within

nuclei. Similarly, GFP-Anxll and GFP-pl1l chimeras

localized to the endogenous proteins. Likewise, GFP-
AnxlI(1-22) was excluded from nuclei, whereas GFP-
Anxl1(23-338) and GFP alone were distributed throughout
the cells. Immunoprecipitation and biochemical studies
showed that GFP-Anxll did not form heteromeric

complexes with endogenous pll and Anxll. Thus, the
Anxll N-tail is necessary and sufficient to cause nuclear
exclusion of the GFP fusion protein but this does not
involve pll binding. A nuclear export signal consensus

leptomycin B (LmB) caused GFP-Anxll or overexpressed
AnxIl monomer to accumulate in nuclei. Therefore, Anxll
monomer can enter the nucleus and is actively exported.
However, LmB had little effect on the localization of
Anxll/p11l complex in U1242MG cells, indicating that
the complex is sequestered in the cytoplasm. By contrast,
LmB treatment of v-srctransformed fibroblasts caused
endogenous Anxll to accumulate in nuclei. The LmB-
induced nuclear accumulation of Anxll was accelerated by
pervanadate and inhibited by genistein, suggesting that
phosphorylation promotes nuclear entry of Anxll. Thus,
nuclear exclusion of Anxll results from nuclear export of
the monomer and sequestration of Anxll/p11 complex, and
may be modulated by phosphorylation.

sequence was found in the AnxIl 3-12 region. The

consensus mutant GFP-AnxII(LLOA/L12A) confirmed that

these residues are necessary for nuclear exclusion. The Key words: Astrocytoma, Leptomycin B, Phosphorylation,
nuclear exclusion of GFP-Anxll(1-22) was temperature- Genistein, S100A10

INTRODUCTION calpactin | light chain) forming an Anx¥b11> heterotetramer.

The Anxll N-terminal residues 1-14 comprise the high-affinity
Annexins are a family of cytosolic proteins that bind tobinding site for pl1l (Johnsson et al.,, 1988). The relative
membranes in the presence offCaeviewed by Gerke and amounts of heterotetrameric versus monomeric Anxll are
Moss, 1997; Raynal and Pollard, 1994). Annexins are definedhriable depending on the cell or tissue examined, from 100%
by a specific structural motif, the ‘endonexin fold’, containedheterotetrameric form in intestinal epithelium to about 50%
within 4 or 8 repeat sequences that comprise the annexin ‘cor&hxIl monomer in cultured fibroblasts (Gerke, 1989; Zokas
and provide C#& binding sites that mediate €adependent and Glenney, 1987). By contrast, endogenous pll has never
binding to appropriate anionic substrates, particularly acidibeen purified from tissues or cells in the absence of Anxill,
phospholipids. Individual annexin proteins are distinguishegrobably owing to metabolic instability of the unbound protein
primarily by their unique N-terminal extensions from the(Harder et al., 1993; Puisieux and Ozturk, 1996). Compared
annexin core, which can contain binding regions for othewith Anxll monomer, the AnxW/p11, heterotetramer exhibits
proteins as well as phosphorylation sites, and thus confer markedly reduced €4 requirement for binding to
functional and regulatory specificity. Annexin 1l (p36, phospholipid vesicles and cellular membranes. AnxIl residues
calpactin | heavy chain, lipocortin Il) is the best studiedY23 and S25 are physiological phosphorylation sites for src
member of this family in this regard (reviewed by Gerke, 1989and protein kinase C, respectively and probably represent sites
Gerke and Moss, 1997; Raynal and Pollard, 1994; Waismaphosphorylated directly or indirectly after activation of certain
1995). Upon biochemical fractionation of cells and tissuesther membrane-associated kinases, such as receptors for
using standard techniques, the majority of Anxll is tightlyinsulin (Biener et al., 1996), insulin-like growth factor 1 (Jiang
associated with dimers of the S100 protein pll (S100A1&t al., 1996), and platelet-derived growth factor (Brambilla
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et al., 1991). The physiological relevance of Anxll suggesting that AnxIl monomer and Arxfi11, complex may
phosphorylation is not yet understood, but in vitrohave distinct and different functions (Munz et al., 1997; Zokas
phosphorylation of these sites inhibits the ability of theand Glenney, 1987).
heterotetramer to aggregate vesicles and bundle f-actin Overall, the available evidence suggests that Anxll and p11
(Waisman, 1995), and appears to decrease the affinity affe docking proteins with multiple functions, whose specific
Anxll2/pll; for phospholipid binding (Powell and Glenney, roles may depend on the cell types in which they are expressed,
1987; Regnouf et al., 1995). their localization within or outside of cells, and interactions
Anxll has been implicated in a variety of functional with particular binding substrates in these locations. However,
contexts, usually as a docking protein mediating the formatiothe suggestions that AnxIl has functions in the nucleus or at
of membrane-based protein complexes. Anxll and théhe cell surface have been controversial since, in most cases,
Anxll2/pll, complex associate with plasma membranesyery little of total cellular Anxll is in these locations. Thus the
endosomes and exocytic vesicles, and may influencdetected protein could be argued to represent artefactual
membrane-membrane or membrane-cytoskeletal interactiomentaminant, and the mechanisms that might regulate its
related to vesicular trafficking. Notably, Anxll is a prominentlocalization to these compartments are unclear. Since the
component of cholesterol-rich plasma membrane rafts, whictunctions of Anxll depend in part on its localization in cells,
also contain caveolins, src-related kinases, G-proteins arbe present study investigated mechanisms controlling Anxll
transmembrane receptors such as CD44. A recent stuthcalization in neoplastic and transformed cell lines. Using
showed that a trans-dominant Am#pillo chimera affects molecular and pharmacologic approaches, we provide
CD44 clustering and the structure of the associated actievidence that: (1) AnxIll monomer readily enters the nucleus
cytoskeleton, suggesting a role for Anxll in the supramoleculabut is rapidly exported due to a functional nuclear export signal
organization of signal transduction-related component§NES) sequence that closely overlaps the pl1-binding region
(Oliferenko et al., 1999). In addition, p11 has been shown tm the Anxll N-terminus; (2) p11 binding to Anxll results in
associate with and affect the activities of other signalingequestration of the complex in the cytoplasmic compartment;
molecules such as cPRAWuU et al., 1997), the Bcl2-family and (3) manipulation of cellular phosphorylation can affect the
protein BAD (Hsu et al., 1997) and the cdc2 kinase-relateducleocytoplasmic partitioning of Anxll.
PCTAIREL (Sladeczek et al., 1997), although whether these
interactions also involve the Anglp1l, complex remains to
be investigated. Anxll and/or AnxIpl1, also appear to be MATERIALS AND METHODS
present on the extracellular surface of some cell types such as
endothelial cells and certain tumor cells where they can act &xpression plasmids
a receptor for plasminogen/tissue plasminogen activatd Sal and 3 BanHlI restriction sites were introduced into cDNAs
(Hajjar et al., 1994; Kassam et al., 1998; Menell et al., 199%ncoding human AnxIl and p11 (gifts of Volker Gerke, University of
or tenascin-C (Chung and Erickson, 1994). Finally, a functiodMunster, Germany) exactly as described previously for AnxVII
of Anxll in the nucleus that seems not to involve binding to(Creutz e_t al., 1992), and the cDNAs were ligated into these sites of
rLL o manbrans s been sppeste by e rcaton BRI L0 LS e s S
part of a primer recognition protein complex that enhanceg "\, <rp s65T) cDNA using PCR. The hGFP(S65T) and annexin
DNA pOIVmerasea activity in ,V'tro (Jindal et 'al., 1991).' cDNAs were sequentially ligated into the pCl-neo vector (Promega,
Further evidence that AnxIl might play a role in promotingyadison, i), which had been previously modified by removing the
DNA synthesis and cell proliferation was provided by original BanHl site and introducing a neanHi site 3 to theSal
subsequent immunodepletion/reconstitution experiments igite in the multiple cloning region. The final cDNAs encoded fusion
Xenopusoocyte nuclear extracts (Vishwanatha and Kumbleproteins with the linker: Nhd-(hGFP[S65T])AAG GTC GAC
1993) and by antisense strategies in mammalian cell line& G(AnxIl/p11/AnxVII)-BarHI.
(Chiang et al., 1999; Kumble et al., 1992). A link between A second GFP-Anxll expression vector, pPEGFP-Anxll, was created
Anxll and cell transformation and neoplasia was first suggestérg’u:'t?;gngggﬁl g?égigrﬁ)’:?;EgFnglm(gé?E:c!{w XE:bzlrtZtsolr?etshePalo
by the identification of Anxll as a major v-src phosphorylation . y
szbstrate in transformed fibroblastsJ (Erickscl)an anpd Enr/ickso lto, CA). To construct pEGFP-AnXII(1-22), pBS-Anxil was

: . igested withNdd and BanHlI, filled using Klenow fragment and
1980; Radke and Martin, 1979). Subsequently, AI’]X”religated, and digested witBal/Xbal to yield a fragment that was

expression has been found to be upregulated in several tyRggied into theSal/Xba sites of pPEGFP-C1. To construct pEGFP-
of spontaneous neoplasms, such as pancreatic carcinom|| (23-338), pBS-Anxll was digested witNdd, filled using
(Vishwanatha et al., 1993), acute promyelocytic leukemi&lenow fragment, religated using a GGATCC linker to introduce a
(Menell et al., 1999) and high-grade glioma (Reeves et alsecondBanH! site, and digested witBanHI to yield a fragment
1992); in fibroblasts transformed by viral oncogenes such as that was ligated into theBanH| site of pEGFP-C1l. pEGFP-
H-ras, v-src and v-mos (Ozaki and Sakiyama, 1993); and iﬁnxll(LlOA/LlZA) was generated by site-directed mutagenesis of
cells treated with mitogenic or trophic factors such EGF, FGREGFP-Anxll using PCR.

NGF or TGPBL1 (Fox et al., 1991; Keutzer and Hirshhorn, 1990

Munz et al., .1997)' A'thO‘!gh Anxll _and pil_.l are OftenU1242MG human astrocytoma cells (Kim-Lee et al., 1992) were
coexpre_ssed in cells and tissues, their relative levels va ovided by Alan Yates (Ohio State University, Columbus) and B31
depending on the source (Gerke, 1989; Zokas and Glenngyar.1(v-src) transformed fibroblasts (Woodring and Garrison, 1997)
1987) and detailed studies have revealed differences in Anxhl; james Garrison (University of Virginia, Charlottesville). Cells
and pl1 expression and localization patterns within particulagere maintained in Minimal Essential Medium (MEM) supplemented
tissue cell types such as fibroblasts and skin keratinocytesith 10% fetal bovine serum and glutamine at 37°C in a 5% CO

'Cell lines and culture
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atmosphere. Transfections were performed using Lipofectaminmembranes. Western blot analysis was performed using anti-AnxI|
(Gibco BRL, Rockville, MD). Stably transfected cell populations mAb at 1:5000 dilution or anti-GFP polyclonal antibody (Clontech)
were generated by culturing the cells in the presence of.1§60l at 1:1000 dilution, followed by anti-mouse or anti-rabbit antibodies
G418 for 3-4 weeks followed by fluorescence-activated cell sorting toonjugated to horseradish peroxidase, with visualization by enhanced
isolate polyclonal populations of cells expressing GFP or fusiorthemiluminescence.

proteins. Leptomycin B (LmB) was the gift of Barbara Wolff

(Novartis AG, Basel, Switzerland). Most of the experiments presented

were repeated using two protocols. Either cells were rinsed WithESULTS

serum-free MEM, then incubated at 37°C with 100 nM LMB or 0.01%
DMSO as vehicle in serum-free MEM for the indicated times; or cell g
were preincubated for 30 minutes with 100 nM LmB or vehicle inﬁ_oc_:allzatlon_ of Anxll, p1l, and GFP-Anxll or —p11

serum-free MEM, which was then replaced with MEM containingfUSIOn proteins in U1242MG cells

10% FBS and either 200 nM LmB or vehicle, and the incubationdhe Anxll and p11 mAbs each recognized a single band of
continued for the indicated times. No significant effect of serum waappropriate size on western blots of U1242MG cell lysates
seen on the localization of the examined proteins. (data not shown). The localizations of Anxll and GFP fusion
proteins are shown in Fig. 1. Indirect immunofluorescence

Immunofluorescence demonstrated a diffuse distribution of AnxIl signal throughout

Cells cultured on polg-lysine-coated coverslips were briefly rinsed
with PBS then fixed with either 4% formaldehyde in PBS or methanc'
for 15-30 minutes. The cells were rinsed, blocked with 10% bovint
serum albumin (BSA) in PBS for 3 hours at room temperature (RT,
and incubated overnight at 4°C with primary mouse monoclona
antibodies (mAbs) directed against Anxll, p11 or AnxlV (BD
Transduction Laboratories, Lexington, KY) at 1:1000 dilution in
PBS/3% BSA. The Anxll mAb reacted with methanol-fixed cells but
not with formalin-fixed cells. The cells were then incubated with
biotinylated anti-mouse (Vector Laboratories, Burlingame, CA) ai
1:500 dilution in PBS/3% BSA for 2 hours at RT followed by avidin-
rhodamine (Vector Laboratories) at 1:1000 dilution for methanol-fixec
cells or 1:5000 dilution for formaldehyde-fixed cells. Epifluorescence
microscopy was performed using a Nikon microscope equipped wit
an Olympus camera and Kodak ASA 400 film. Laser scannin
confocal microscopy (LSCM) was performed using a Zeiss LSM 41C
Cells were imaged from top to bottom in tBelane; images from
the midplane of the cells were captured and stored as digital imag
that are shown in the figures.

Anxll IF

Immunoprecipitation

Stably transfected cells expressing GFP, GFP-Anxll, or GFP-p1
were scraped into ice-cold lysis buffer containing 100 mM NacCl, 1¢
mM Hepes pH 7.0, 0.5% Triton X-100, 2 mM EGTA, 1 mM DTT,
100 uM PMSF, 11g/ml leupeptin and 1@g/ml aprotinin, and lysed
with 10 strokes in a Dounce homogenizer. The lysates wer
centrifuged at 20,00@ for 15 minutes. The supernatants were
incubated overnight with 4ug/ml anti-GFP polyclonal antibody
(Clontech), which was then precipitated using protein A-sepharos
beads (Affi-Gel; Bio-Rad Laboratories, Hercules, CA). The bead:
were boiled in Laemmli sample buffer, which was then subjected t
SDS-PAGE using 10% or 15% acrylamide gels and electrotransferre
to nitrocellulose or PVDF membranes. Western blot analysis wa
performed using anti-AnxIl or anti-p11 mAbs at 1:5000 dilution,
followed by sheep anti-mouse antibody conjugated to horseradis
peroxidase (Amersham Pharmacia Biotech, Piscataway, NJ) at 1:10
dilution, with visualization by enhanced chemiluminescence.

Triton X-100 extraction

Stably transfected cells expressing GFP-Anxll or GFP-pll wer

scraped into ice-cold extraction buffer containing 150 mM NaCl, 2(Fig. 1. Localization of Anxll and GFP-AnxII fusion proteins in

mM Hepes pH 7.0, 0.2% Triton X-100, 2 mM MgCL mM DTT, U1242MG cells. Endogenous Anxll was visualized by indirect
200uM PMSF, 25ug/ml leupeptin and 1fg/ml aprotinin, and lysed immunofluorescence and imaged using epifluorescence

with 10 strokes in a Dounce homogenizer®fBGTA buffers were  photomicrographyAnxll IF). Stably transfected cells expressing
added from 18 stocks in 20 mM Hepes pH 7.0 to give a final pCa EGFP, EGFP-AnxIl, EGFP-AnxlI(1-22), EGFP-AnxlI(23-338) or
of 8.17, 6.92, 5.91, 5.02, 4.065 and 3.046 as measured by*ta CEEGFP-AnxII(L10A/L12A) were fixed and imaged using LSCM. The
electrode. The lysates were centrifuged at 200 30 minutes.  association of EGFP-AnxlI1(23-338) with nucleoli is an artifact of
Laemmli sample buffer was added to the supernatant and pellets fixation, apparently due to residual@#om the wash buffer. The
give equal volumes ofXlbuffer. The boiled samples were subjected construct is excluded from nucleoli in living cells (not shown). Bar,
to SDS-PAGE using 12% gels and electrotransferred to nitrocellulos20 pm.
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Fig. 2. Immunoprecipitation of GFP fusion protein GFP IP L}!sate GFP IP Lysate
complexes. Anti-GFP immunoprecipitation was - N N X = .
performed in lysates of stably transfected U1242MG N 0-13 NN ‘.‘\# NN Q—b N 6%
cells expressing EGFP-p11, EGFP-AnxIl or EGFP. (Top- Q,Q Q‘VQ Q,Q Q,‘?‘Q R, X [R,.¥
left) Western blot for p11; 10% gel transferred to é’< é( C§< C;< é( é( é(q c§<Q é(Q C;S é(q C'?Q
nitrocellulose. The p11 mAb recognized both 66=

endogenous p11 and EGFP-p11 in the lysates. Co- 66 - —
immunoprecipitation of p11 was seen only with GFP- 45 = ™ : ! -

pll. (Bottom-left) The same experiment as above; 15% e 45= ! -

gel transferred to PVDF in buffer containing 30% 31— == e
methanol. This procedure allows separation of p11 from 3=

the dye front and maximizes transfer of p11 to the

membrane. (Top-right) Western blot for Anxll; 10% gel

transferred to nitrocellulose. The AnxIl mAb detects 14 = T Anx Il Western
EGFP-Anxll only in the immunoprecipitates, since its 66—

apparent level in the lysates is much lower than 14= - -i -

endogenous Anxll. Co-immunoprecipitation of Anxll g% 45 =

was seen only with EGFP-p11. (Bottom-right)

Coomassie Blue stained gel shows distinct bands 2

corresponding to EGFP and EGFP-Anxll in the F= — . 31= .
immunprecipitates, whereas the much fainter EGFP-p11 p11 Western Coomassie

reproduced poorly.

the cytoplasm of U1242MG cells, with relatively little Anxll yielded roughly similar cytoplasmic and nuclear signal
immunofluorescence detected within nuclei.  Anxllintensities, with exclusion from nucleoli. GFP fused to 47 kDa
immunofluorescence appeared to be increased at ruffling edggexVIl showed a diffuse distribution throughout cytoplasm
of lamellopodia in subconfluent cultures, and at cell-celand nucleus in all transfected U1242MG cells, similar to GFP
contacts in confluent cultures. The observed distribution cdlone.

Anxll immunofluorescence closely resembled the patterns _

previously described in other cultured cells such as fibroblasts complex formation

(Courtneidge et al.,, 1983; Nigg et al, 1983). pliSince the 1-22 region of Anxll contains the p11 binding region
immunofluorescence in U1242MG cells showed a patterand substitutions at residues L10 and L12 have been shown to
similar to that of AnxIl (see below). Likewise, GFP-Anxll and affect p11 binding (Becker et al., 1990), the above observations
GFP-pl11 in transfected cells were localized to the cytoplasmiuggest that exclusion of GFP-Anxll from the nucleus involves
compartment and largely excluded from nuclei. Distinctformation of the GFP-AnxIl/p11 complex. However, peptide
intranuclear foci of GFP-AnxIl were often evident that werebinding data (Becker et al., 1990) and crystallographic
found to co-localize with concanavolin A binding and thusstructure of pl11/Anxll N-tail complex (Rety et al., 1999)
probably represent cytoplasmic invaginations (Fricker et alpredict that fusion of GFP to the Anxll N-terminus would
1997). By contrast, GFP alone was distributed diffuselynhibit p11 binding. Therefore, the abilities of GFP-AnxIl and
throughout both the nuclear and cytoplasmic compartment&FP-pl11 expressed in stably transfected U1242MG cells to
The annexin Il N-terminal construct, GFP-Anxll(1-22), wasform multimeric complexes with endogenous Anxll and pl1l
localized to the cytoplasm and excluded from nuclei similarlywvere examined by anti-GFP immunoprecipitation analyses of
to GFP-Anxll, whereas the core construct, GFP-AnxlI(23-transfected cell lysates. As shown in Fig. 2, endogenous Anxll
338), showed diffuse nuclear and cytoplasmic distribution sucand p11 co-immunoprecipitated with GFP-p11 but not with
as that seen with GFP alone. Thus, the N-terminal 1-22 regid®FP-AnxIl or GFP alone. In the Coomassie Blue stains, GFP-
of Anxll is both necessary and sufficient to direct the exclusio®nxll and GFP are easily seen, whereas GFP-p11 could be
of the GFP fusion constructs from the nucleus. Furthermore,

specific residues required for nuclear exclusion were identifie

by the GFP-AnxIl(L10/L12A) construct, which was localized .

to both nuclear and cytoplasmic compartments. The nucle: pCaz“. 6543 6543 6543

versus cytoplasmic distributions of the various constructs wet INSOL — — ——

consistent in nearly all cells and were the same in transient
transfected cells and stably transfected cells; the occasior
cells showing GFP-Anxll within nuclei also showed Anx Il GFP-Anx Il GFP-p11
condensation of nuclear DAPI staining indicating M-phase o _ . o
dying cells, presumably with loss of nuclear envelope integrit19: 3-C&'-dependency of GFP-Anxll and GFP-p11 binding to
(data not shown). Triton X-100-insoluble cell components. U1242 cells expressing

Additi | evid that | lusi f Anxil dGFP-AanI or GFP-p11 were extracted with Triton X-100 in the
itional evidence that nuciear exciusion or Anxil an presence of various [€4 as described in Materials and Methods.

GFP-Anxll is a specific function of its unique N-tail was The soluple and insoluble fractions were subjected to western blot
provided by the localizations of AnxIV and GFP-AnxVII (data analysis using antibodies against GFP or Anxll. Th&Ca

not shown). The AnxIV mAb recognized a single 34 kDa banependency of endogenous Anxll binding to the insoluble fraction
in western blots of U1242MG cell lysates, and by indirect IFwas the same in both cell populations.
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Fig. 4. Temperature dependency of GFP-AnxII(1-22)
localization. U1242MG cells expressing GFP-AnxlI(1-
22) were cooled at 4°C for 30 minutes, then
photographed immediately after placement on the
microscope stage at RT (left) and again after 10 minutes
at RT (right). Warming caused some cells to round up
(bottom-left of panels). Bar, 20m.

4°C 30 min then 25°C 10 min

identified as a faint band in the original gels but is not apparetie emphasized that TX-100 extraction removes the
in reproductions. Therefore, the inability to detect co-phospholipids that would bind Anxll in intact cells, so this is
immunoprecipitation of pl11 and Anxll with GFP-AnxIl or a nonphysiological assay that is designed to show differences
GFP does not merely reflect lower levels of expression of thia the binding characteristics of monomeric versus complexed
latter proteins versus GFP-pl11 in the transfected cells. Thegexll but that does not accurately reflect the 2Ca
data indicate that GFP-Anxll does not bind p11 and remainsoncentrations required for membrane binding in intact cells.
monomeric when expressed in cells, and thus p11 binding he C&* concentrations necessary to effect binding in this
unlikely to underlie the nuclear exclusion of GFP-Anxll. By preparation are consistent with the concentrations needed for
contrast, GFP-pl11 can participate in An#llly, complex binding of Anxll to cytoskeletal proteins such as actin and

formation. fodrin in vitro (Gerke and Weber, 1985), which are much

o higher than the G4 concentrations needed for binding to
Ca2*-dependency of GFP-Anxll and GFP-p11 binding phospholipid vesicles or intact cell membranes (Powell and
to Triton X-100-insoluble cell components Glenney, 1987; Raynal and Pollard, 1994).

Formation of the AnxW/pll> complex decreases the €a ] )

requirements for AnxII binding to Triton X (TX)-100-insoluble The AnxIl N-terminus contains a consensus

cell components, so that extraction of cells with TX-100 at 0.5equence for nuclear export

mM C&* solubilizes monomeric Anxll and leaves Am¥11l>  Since GFP-Anxll does not bind p1l, the Anxll N-terminal
bound to membrane-associated structures (Thiel et al., 1992 quence was examined for other motifs that could underlie its
Zokas and Glenney, 1987). These TX-100-insoluble structuresxclusion from the nucleus. The region 3VHEILCKLSLE13
may represent cytoskeletal proteins or cholesterol-rich raft&onforms to consensus requirements for a leucine-rich nuclear
pll in the absence of Anxll does not exhibieGadependent export signal (NES; Henderson and Eleftheriou, 2000; Hope,
binding. The C&" dependencies for GFP-Anxll and GFP-p111997) (Table 1). The observed loss of nuclear exclusion of the
to associate with the TX-100-insoluble fraction in transfectedsFP-AnxII(L10/L12A) mutant in the present study is
cells were examined and compared with that of endogenowsnsistent with the inhibition of nuclear export of other
Anxll (Fig. 3). Both GFP-pll and endogenous Anxll proteins when NES residues in the corresponding consensus
associated with the TX-100 insoluble fraction at UG Ca?*, positions were substituted with alanine.

whereas GFP-AnxIl was not detected in this fraction below 1 ) .

mM Ca&*. Thus, in this biochemical assay, GFP-AnxI| behavedluclear exclusion of GFP-AnxII(1-22) is temperature-

as a monomer, whereas GFP-pll and endogenous Ansdependent

appear to be largely in complexed forms in U1242 cellsyWhen cells expressing GFP-Anxll(1-22) were cooled to 4°C
consistent with the immunoprecipitation experiments. It mustor 30 minutes, the chimera was no longer excluded from the

Fig. 5. GFP-Anxll localization over time after
LmB treatment. U1242MG cells expressing
GFP-Anxll were treated with LmB for various
periods of time before fixation and imaging by
LSCM. Nucleic acids were stained with
propidium iodide to confirm nuclear
localization (not shown). Bar, 20m.
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Fig. 6. Effect of LmB on localizations of L
GFP-Anxll, GFP-p11, Anxll and p11. A GFP AnX ”
Stably transfected U1242MG expressing
GFP-Anxll (A) or GFP-p11 (B) were
treated with LmB for 90 minutes, fixed,
processed for indirect immunofluorescence
using mAbs against p11 (A) or Anxll

(B), and imaged by LSCM. Bars, 20n.

MERGE

nuclei (Fig. 4). Within 5-10 minutes
being allowed to rewarm to roc
temperature, GFP-AnxlI(1-22) was
excluded from the nuclei of many ce
This reversible temperature-depenc
nuclear exclusion is consistent with
active nuclear export process.

Nuclear exclusion of GFP-AnxII

is sensitive to leptomycin B
Leptomycin B  (LmB) inhibit
Ran/exportin-1-mediated nucle
export by blocking formation of tt
export complex with the cargo prot:
(Fornerod et al., 1997; Fukuda et
1997; Kudo et al, 1999; Ossar
Nazari et al., 1997). Incubating ce
expressing GFP-Anxll with Lm
caused the chimera to accumu
within nuclei. This was noticeable by
minutes of LmB treatment, and nucl
signal was equal to that in adjac
cytoplasm in most cells by 90 minu
of treatment (Fig. 5). Thus, in untrea
cells, GFP-AnxIl is continuous
entering the nucleus but its presenc
this compartment is not obvio
because it is rapidly exported, probe
via a Ran/exportin-1-dependt
mechanism.

pi1

Nuclear exclusion of GFP-p11
and endogenous Anxll and p11
are not sensitive to leptomycin B
in U1242MG cells

Anx Il
The effect of LmB on the localizatio
of  GFP-Anxll, GFP-pl1, ar '
endogenous Anxll and pll ww
examined by treating stably transfec £
cells for 2 hours with LmB or vehicl .
GFP-Anxll transfectants were th
processed for pl11 indirect IF and co-localization studies, andytoplasmic compartment and do not enter the nucleus,
GFP-pl11 transfectants for AnxIl IF and co-localization (Fig.whereas the GFP-Anxll monomer can traffic between the
6). In contrast to its effect on GFP-Anxll localization, LmB nucleus and the cytoplasm.
treatment did not obviously promote the accumulation of GFP-
pl1 or of Anxll or p11 IF within nuclei. In other experiments, Nuclear exclusion of overexpressed AnxIl monomer
continuing the LmB treatment for up to 12 hours still had littlein U1242MG cells is sensitive to leptomycin B
effect on the localizations of GFP-p11, Anxll or p11. TheseTo determine whether nucleocytoplasmic trafficking is a bona
observations are consistent with the biochemical evidence thiidle property of Anxll monomer or an artifact of the GFP fusion
GFP-p11, Anxll and pl1l in the stably transfected cells arprotein, the effect of LmB on the localization of overexpressed
associated with each other but not with GFP-Anxll, andwvild-type Anxll was examined by indirect immunofluorescence
indicate that Anxll/pll, complexes are sequestered in thein transiently transfected U1242MG cells (Fig. 7). The
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+ VEHICLE + LEPTO B x 2 hr
Anxll IF IF + Phase Anxll IF IF + Phase

Fig. 7. Effect of LmB on the localization of transiently overexpressed Anxll. U1242MG were transiently cotransfected with pCl-nemd\nxI|
pPEGFP. Two days after transfection, the cells were incubated with 100 nM LmB or vehicle for 90 minutes, then fixed andfordoeaset
immunofluorescence using mAb against Anxll. Barugt

transfected cells displayed a much brighter AnxIl IF signal thaphosphorylation site at Y23 in the N-tail. However, the
did adjacent nontransfected cells, so that photographic amibnsequences of tyrosine phosphorylation on the cellular
digital images of the latter could not be acquired without grossliiology of Anxll are poorly understood (reviewed by Gerke,
overexposing transfected cells in the same field. The identiti989; Gerke and Moss, 1997; Raynal and Pollard, 1994;
of the transfected cells were confirmed by cotransfection witiVaisman, 1995). To assess whether tyrosine phosphorylation
a GFP expression vector. The overexpressed Anxll waaffects nucleocytoplasmic trafficking of Anxll, the effects of
excluded from cell nuclei in vehicle-treated cultures, but 9.mB, the tyrosine kinase inhibitor genistein, and the tyrosine
minutes of treatment with LmB led to accumulation of thephosphatase inhibitor pervanadate on the localization of
overexpressed protein in nuclei, while having little effect orendogenous AnxIl IF were examined in v-src-transformed

endogenous Anxll in nontransfected cells. RAT-1 fibroblasts (Fig. 8). The AnxIl mAb recognized a single
band in western blots of RAT-1(v-src) cell lysates (data not
Nuclear exclusion of endogenous AnxIll in v-src- shown), and showed a cytoplasmic IF pattern and relatively
transformed RAT-1 fibroblasts is sensitive to little IF signal within nuclei similar to that seen in U1242MG
leptomycin B and can be modulated by genistein cells and in previous studies of v-src transformed fibroblasts.
and pervanadate Treatment of RAT-1(v-src) cells with LmB resulted in

Anxll has been identified as a major substrate for v-src iincreased accumulation of Anxll IF within nuclei, with
transformed fibroblasts and contains a single tyrosinequilibration of the nuclear and cytoplasmic signal intensities

Table 1. Nuclear export signal sequences*

Protein Sequence References

Anxll (1-13) STV HEI_LCKLSLE

HIV-1 Rev LQLPP LERLTLD Malim et al., 1991

MEK-1 (32-43) AL QKK LEE LELD Fukuda et al., 1996

PKla (36-47) ELALK LAGLDI N Wen et al., 1995

IkBa (265-275) IQQQLGQ LTLE Arenzana-Seisdedos et al., 1997
RanBP1 (178-189) KVAEK L EA LSVR Zolotukhin and Felber, 1997
NES consensus LLLxLxxLxL

*The NES consensus sequence in human Anxll is shown aligned with those of other proteins known to be exported from the thedewsequences. The
consensus sequence for a ‘leucine-rich’ NES isils-K-X o-L-X-L, where L is usually Leu, lle or Val, although other large hydrophobic residues can substitute
for these (Henderson and Eleftheriou, 2000; Hope, 1997). In bold type are residues that have been directly shown téoconttdart@xport or nuclear
exclusion in the present and previous studies. The underlined residues in the Anxll sequence have been shown to bpldribaadifay (Becker et al., 1990).
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A. Vehicle x 6 hr Leptomycin B Genistein Lm B + Geni

\

B. Vehicle x 1 hr

Fig. 8. Effect of LmB, genistein and pervanadate on Anxll localization in RAT-1(v-src) cells. In (A), cells were incubated forif theaurs
absence or presence of 100 nM LmB, 00 genistein, or vehicle. In (B), cells were incubated for 1 hour in the absence or presence of 100
nM LmB, 3uM Na pervanadate, or vehicle. Cells were then fixed, processed for indirect immunofluorescence using mAb against Anxll, and
imaged by LSCM. Bar, 2@m.

in most cells after 5-6 hours of treatment. Genistein treatmefidcused on the associations of these proteins with
enhanced the distinction of Anxll IF intensities between thenembrane/cytoskeletal structures in the cytoplasmic
nucleus and cytoplasm in the absence of LmB, and markedbpmpartment but some annexins are also present within nuclei
delayed the LmB-induced accumulation of AnxIl IF in thein cultured cells and tissues, including Anxl, IV, V and XI
nucleus. Pervanadate treatment had the opposite effect, alqiBarwise and Walker, 1996a; Katoh et al., 1995; Mizutani et
causing a somewhat increased level of Anxll in nuclei andal., 1992; Raynal et al., 1992). The nuclear localization of
together with LmB, allowing equilibration of nuclear and AnxXIl is mediated by its N-terminal region (Mizutani et al.,
cytoplasmic signal intensities after 1 hour of treatment (Fig. 8Y1995), which also contains a binding site for the S100 protein
Since the concentration of LmB (100-200 nM) used in thesealcyclin, but none of the annexins contain a typical nuclear
experiments should maximally inhibit nuclear exportlocalization signal. The nuclear localization of certain annexins
(Fornerod et al.,, 1997; Ossareh-Nazari et al.,, 1997), thesgpears to be actively regulated. For example, serum
observations suggest that promoting tyrosine phosphorylatiostimulation of osteosarcoma cells and fibroblasts promotes
increases the rate of nuclear entry of Anxll. AnxV accumulation in the nucleus (Barwise and Walker,
The effect of LmB on the localizations of p11 versus AnxI11996b; Mohiti et al., 1997), and the nuclear localization of
were compared using stably transfected RAT-1(v-src) cell&inxXIl is regulated during development (Mamiya et al., 1994).
expressing GFP-p11. LmB caused a preferential accumulatiorhe functions of these annexins in the nucleus are not
of AnxIl IF within nuclei (Fig. 9). The amount of GFP-p11 in understood. By contrast, Anxll shows a primarily cytoplasmic
nuclei sometimes also appeared to be somewhat increasémtalization with low levels if any being detected in nuclei
although this was variable between cells. The observatior{8arwise and Walker, 1996a; Katoh et al., 1995; Raynal et al.,
indicate that Anxll monomer enters the nucleus more readil§992). Therefore, the suggestion that Anxll has a nuclear
than AnxIl/(GFP)p11 heterotetramers or (GFP)p11 dimers budtinction has been slow in gaining acceptance. Although Anxll
do not distinguish whether Anxll exists in separate monomewas reported to be detectable in purified nuclear fractions and
and heterotetramer pools, or whether Anxll/pl1l complexeby immunolabeling of nuclei (Arrigo et al., 1983; Vishwanatha
undergo dissociation, releasing AnxIl. The p11 mAb does nagt al., 1992), the actual physiological relevance of the minor
recognize rat pll and therefore the expression level arfthction of cellular Anxll present in these preparations has
localization of endogenous p11 could not be assessed. remained debatable. However, Anxll immunoreactivity is
increased within the nuclei of cholesteatoma keratinocytes
compared with normal keratinocytes (Kim et al.,, 1998),
DISCUSSION providing evidence for an association of nuclear Anxll with a
hyperproliferative state in vivo. In the present study, we found
Studies of the functional localization of annexins have oftethat Anxll contains an apparent NES sequence that overlaps



Nuclear-cytoplasmic partitioning of annexin Il 3163

Fig. 9.Effect of LmB on co-localization of )
Anil and GFP-p11 in RAT-L(v-s1c) cels +Lepto Bx 6 hr Lepto B
MERGE

Stably transfected cells expressing GFP-p11
were treated for 5 hours with 100 nM LmB or GFP'p1 1 Anxll IF MERGE
vehicle, then fixed, processed for indirect P im | -k
immunofluorescence using mAb against Anxll, i el ;
and imaged by LSCM. Bar, 20m.

the p11 binding site and, using GFP fus
constructs that disallow pll binding
this region, showed that this seque
contributes to the temperature-depen
exclusion of the protein from the nuclei
U1242 cells. Furthermore, treatment v
LmB to inhibit the Ran/exportin-mediat
export pathway caused overexpres
wild-type AnxIl monomer, as well as GF
Anxll, to accumulate in the nuclei of the
cells. LmB treatment of v-src-transforn
fibroblasts led to increased accumulatio
endogenous Anxll within their nucl
These data indicate that AnxIl monor
can readily enter the nucleus and is acti
exported. Rigorous demonstration that
putative NES controlling this export
actually a crm-dependent sequence will require in vitro bindingonditions related to cell proliferation and differentiation (Fox
studies and/or a two-hybrid analysis. Nuclear entry of Anxllet al., 1991; Gerke, 1989; Harder et al., 1993; Munz et al.,
and GFP-AnxIl most likely occurs via passive diffusion sincel997; Puisieux et al., 1996; Zokas and Glenney, 1987).
Anxll does not contain a recognizable nuclear localizatiomherefore, differential expression of Anxll and p11 could
signal. If this is so, the ability of GFP-AnxIl to bypass therepresent a mechanism to regulate the amount of Anxll
nuclear diffusion barrier may be somewhat surprising given itmonomer that can enter the nucleus.
size (about 65 kDa on denaturing SDS-PAGE). However, it The bifunctionality of the Anxll N-terminal region in
may be that the ability of the GFP-AnxIl fusion protein to mediating nuclear export and p11 binding raises the possibility
diffuse through the nuclear pore is different from that of ahat pl1 binds similarly to leucine-rich NES sequences in other
typical native globular protein of similar molecular mass. GFRproteins. However, pl11 binding requires that the leucine-rich
and AnxIl each must fold into a compact structure in order toegion be precisely located near the N-terminus, as indicated
be functional, so the shape of the fusion protein might bby the crystal structure of p11/AnxIl peptide complex (Rety et
envisioned as being dumbbell-like, with two globular proteinsal., 1999) and by the loss of p11 binding when GFP was fused
of 27 kDa (GFP) and 36 kDa (Anxll) tethered together by do the Anxll N-terminus in the present study. Other proteins
linear linker strand. Properly oriented, such a molecule mightave been reported to bind pl1, including cRP(Wu et al.,
be able to enter and pass through the nuclear pore. 1997), BAD (Hsu et al., 1997), and PCTAIREL1 (Sladeczek et
The ability of LmB treatment to cause detectable increased., 1997), but the structural bases for these interactions have
in the nuclear accumulation of endogenous AnxIl appeared twot been defined.
be cell line-dependent, being much more evident in v-src- Our experiments with genistein and pervanadate in
transformed fibroblasts than in U1242MG cells. This suggestsonjunction with LmB in v-src-transformed fibroblasts suggest
the existence of mechanisms that sequester Anxll in thiat tyrosine phosphorylation represents a means of promoting
cytoplasmic compartment, preventing its entry into thethe nuclear entry of Anxll, consistent with the previous
nucleus. The most likely mechanism is formation of Agixll detection of phosphorylated Anxll in nuclear extracts of K562
pll complex, supported by our findings that LmB treatmentind HelLa cells (Chiang et al., 1996). The effects of genistein
had relatively little effect on the localizations of p11 and GFPand pervanadate on Anxll localization became obvious only
pll in U1242MG cells. Cytoplasmic sequestration of Agixll when nuclear export was inhibited with LmB, which may
pll could result from the size of the complex (94 kDa)explain why Anxll phosphorylation by v-src appeared to have
preventing passage through the nuclear diffusion barrier. THatle effect on its subcellular distribution in early studies
complex may also be partially bound to the plasma membrar{&rickson and Erickson, 1980; Radke and Martin, 1979). We
and membraneous cytoplasmic organelles at physiologic@lave not yet elucidated the mechanism by which this occurs,
[Ca2*], since half-maximal binding of Anxiipll> to  but one possibility is that phosphorylation of AmXbill
membranes occurs at a lower level of calcium than halfreleases Anxll and allow its entry into the nucleus. Membrane
maximal binding of the Anxll monomer (Powell and Glenney,binding of Anxlk/p11; dramatically enhances the kinetics of
1987; Raynal and Pollard, 1994). Previous observationanxll phosphorylation by src (Bellagamba et al., 1997). In
indicate that the relative expression levels of Anxll and plYitro phosphorylation of Y23 or S25 does not fully dissociate
can differ between tissue and cell types and may change undbe complex or prevent pll binding, although a partial
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dissociation of PKC-phosphorylated complex was reported iannexin may then participate in a nuclear response to the initial
one study (Regnouf et al., 1995). In vitro phosphorylation otell stimulation and calcium transient, perhaps by regulating
Anxll on additional residues such as S11 does dissociate tilENA replication or messenger RNA processing or transport.
complex and inhibit p11 binding (Jost and Gerke, 1996Although such a pathway is highly speculative at present, the
Regnouf et al., 1995). Whether this occurs physiologically isliscovery of the nuclear trafficking of Anxll is likely to lead
not well-documented, although there is evidence thatio new insights regarding the biological roles and regulation of
diphosphorylation of Anxll causes its release from thethis ubiquitous family of molecules.
membrane in nicotine-stimulated chromaffin cells (Sagot et al.,
1997). Phosphorylation of Anxlpll, also somewhat We thank Bonnie Sheppard, William Ross, Jerry Redpath, Joan
decreases its affinity for membrane binding (Powell an&grpe?tzf and Sandra ?ngldber Igr tgelr e_xcellecnt technslcal_ atssu(séancte.

. i H H IS Stu was supporte e American Cancer >ocie ran
Sallzgrsliy(,)fltgl']%?,col:\::glgiuffroerL ?Il,]'é ]r-r?(gr?])l’)r\é\vr? écihn Iz]é?lgt I:e;vldgvle G-149L3)/ and thepIElationaI ?/nstitutes of Health (Grants GM)(%3266,

. . ) -3M59891, and CA40042).
because of its size (94 kDa), the complex probably would sti
need to dissociate before Anxll could enter the nucleus. It is
also possible that the effects of genistein and pervanadate seen
in the present study involve a mechanism other than dire@EFERENCES
Anxll  phosphorylation, since the serum-stimulated , _ ,
accumulation of AnxV in osteosarcoma cells is also inhibited"éana-Seisdedos, £, Turpin, B, Roduguez, M. Thomas, D., Hay, R.
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