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Summary

Transforming growth factor B (TGF-p) signalling leads to  induced cells and in uninduced cells. In uninduced cells,
phosphorylation and activation of receptor-regulated GFPSmad2 is less mobile in the cytoplasm than is
Smad?2 and Smad3, which form complexes with Smad4 and GFPSmad4, suggesting that it may be tethered there. In
accumulate in the nucleus. The Smads, however, do not addition, we show that both GFPSmad2 and GFPSmad4
seem to reside statically in the cytoplasm in the absence of undergo a substantial decrease in mobility in the nucleus
signalling or in the nucleus upon TGFB stimulation, but  upon TGF-3 stimulation, suggesting that active complexes
have been suggested to shuttle continuously between theseof Smads are tethered in the nucleus, whereas unactivated
cellular compartments in both the absence and presence Smads are more freely diffusible. We propose that
of TGF-B. Here we investigate this nucleocytoplasmic regulated cytoplasmic and nuclear retention may play a
shuttling in detail in living cells using fusions of Smad2 and role in determining the distribution of Smads between the
Smad4 with enhanced GFP. We first establish that the cytoplasm and the nucleus in both uninduced cells and
GFPSmad fusions behave like wild-type Smads in a variety upon TGF-f induction.

of cellular assays. We go on to demonstrate directly, using

photobleaching experiments, that Smad2 and Smad4 Key words: TGFB, Smad, Nucleocytoplasmic shuttling, GFP,
shuttle between the cytoplasm and nucleus in both TGB-  Nuclear import, Nuclear export, Photobleaching

Introduction al., 2000; Watanabe et al., 2000). In the absence of f,GF-

Signals from receptors for Transforming growth fa@¢FGF- treatment of cells with an inhibitor of CRM1, leptomycin B

B) superfamily members are transduced to the nucleus by tfleMB), led to the rapid accumulation of Smad4 in the nucleus
Smads (Shi and Massagué, 2003). In the case of[i&ielf, (Pierreux et al., 2000; Watanabe et al., 2000). This indicated
the prototype of the family, receptor activation leads tghat under basal conditions, Smad4 must be rapidly shuttling
phosphorylation of the receptor-regulated Smads (R-Smadbptween the cytoplasm and nucleus. Thus, if nuclear export is
Smad?2 and Smad3 at two serines in an SSXS motif at thdlthibited, Smad4 accumulates in the nucleus. This result
extreme C termini. This results in activation of the R-Smadsuggested the presence of a constitutively active nuclear
that then form complexes with the common mediator Smad@calisation signal (NLS) in Smad4, and such a signal was
Smad4, which accumulate in the nucleus where they aigdeed identified in the N-terminal so-called Mad homology
directly involved in the regulation of transcription of target(MH) 1 domain (Pierreux et al., 2000). Further characterisation
genes (Shi and Massagué, 2003). Recent work has suggestedealed that this sequence is a basic bipartite NLS that binds
that both the strength and duration of signalling, reflected ifmportin o (Xiao et al., 2003), which can then bind importin
the levels of active nuclear Smads and their residence time fhfor nuclear import (Gorlich and Kutay, 1999). Recently it has
the nucleus, are important for determining the biologicabeen proposed, based on in vitro transport assays, that Smad4
response to a signal, and that mechanisms exist in the cell fdaport is not driven by a transport receptor, but rather by direct
continuously monitoring receptor activity and levels of activeinteraction with the nucleoporins that are components of the
nuclear Smad (ten Dijke and Hill, 2004). nuclear pore (Xu et al., 2003).

It is becoming clear that the distributions of Smads in Like Smad4, Smad2 and Smad3 also appear to shuttle
uninduced or in TGB-induced cells are not static, but rather, between the cytoplasm and nucleus in the absence offTGF-
the Smads appear to shuttle continuously between these tWbis nuclear transport has also been proposed to be transport
compartments under both conditions (Inman et al., 2002igceptor independent and mediated by direct contact between
Reguly and Wrana, 2003; Xu et al., 2003; Xu et al., 2002). Ththe C-terminal (MH2) domains of the R-Smads and
first evidence for shuttling in uninduced cells came fromnucleoporins, in particular, CAN/Nup214 and Nup153 (Xu et
studies of nucleocytoplasmic transport of Smad4. Smad4 wad., 2003; Xu et al., 2002). However, an NLS has additionally
shown to contain a leucine-rich nuclear export signal (NESpeen identified in the MH1 domain of Smad3, which is thought
that is recognised by the nuclear exporter CRM1 (Pierreux &0 bind directly to importir3, and mutation of this NLS
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prevents Smad3 accumulating in the nucleus upon FGF-reviewed by Lippincott-Schwartz et al., 2003; Pederson, 2001)
stimulation (Kurisaki et al., 2001; Xiao et al., 2000a; Xiao etin combination with FLIP to investigate the mobility of the
al., 2000b). This NLS does not seem to be functional in Smad2mads in the nucleus. We demonstrate that both Smad2 and
although its sequence is conserved. Its function is thought ®mad4 undergo a significant decrease in their mobility after
be inhibited by the presence of adjacent residues encoded BEF{3 stimulation, suggesting that active Smad complexes
Smad2 exon 3 (Kurisaki et al., 2001). Smad2 and 3 export imay be actively retained in the nucleus.
insensitive to LMB treatment, indicating that CRM1 is not
involved, but has been shown to be ATP-dependent, suggestin )
that Smad2 and 3 are actively exported in a transport receptddaterials and Methods
dependent manner (Inman et al., 2002b). Plasmid and reagents

Recent work has suggested that the Smads also shutliee following plasmids have been previously described: ARE
during TGFB signalling, and this acts as a mechanismlLuciferase, FLAG-XSmad2, XFoxH1a (formerly XFast-1) in an EF-
whereby the Smads continuously monitor receptor activity’LAG expression vector (Germain et al., 2000), FLAG-hSmad3 and
(Inman et al., 2002b). The data demonstrate that continuoti#-hSmad4 (Inman and Hill, 2002), CAGALuciferase (Dennler et
TGF- receptor activity is required for the R-Smads to remairfi- 1998), ERacZ (Bardwell and Treisman, 1994) and plasmids

} pressing GFP, GFPNLS and GFPRK(illemeier et al., 2001).
phosphorylated, and for R-Smad/Smad4 complexes to pers e plasmid expressing GFPRan®IES was a gift from Paul

in the nucleus. In addition, it has been shown that the R—Sme;%&rke and that expressing GFBalactosidaseNLS was a gift from
exported from the nucleus are dephosphorylated (Inman et &kay Truant. The plasmids expressing enhanced GFPSmads were
2002b; Xu et al., 2002) and that the R-Smads and Smad4 ajénerated by amplifying the human Smad2, Smad3 and Smad4 coding
exported independently of each other (Inman et al., 2002bgequences by PCR and subcloning them into pGFP-C1 (Clontech),
The interpretation of this data is that in the nucleus the Rsuch that the GFP was at the N-terminus in each case.

Smads are being continuously dephosphorylated and dissociatd GF{31 (PeproTech) was dissolved in 4 mM HCI, 1 mg/ml BSA
from complexes with Smad4. The monomeric inactivatedind used at a final concentration of 2 ng/ml. Leptomycin B (Sigma)
Smads are then exported to the cytoplasm, where the R-Smddd'0% methanol was used at a final concentration of 20 ng/ml. 12-
are rapidly rephosphorylated by the receptors, if they are Stf—tetradecanoyl-phorbol-13-acetate (TPA) in DMSO was used at a

; ; ; inal concentration of 400 nM. SB-431542 in DMSO was used at final
active. These activated R-Smads form complexes with Sma cch)ncentrations as indicated in the Figure legends. Cycloheximide

anq relocalise to the nucleus. If the receptors are no _Iongwas used at 2Qug/ml 20 minutes prior to TGB-addition. This

active however, then the Smads accumulate back in th@ncentration is sufficient to inhibit protein synthesis by >90%

cytoplasm (Inman et al., 2002b). This continuous(pierreux et al., 2000).

nucleocytoplasmic shuttling provides a mechanism whereby

the time that the Smad complexes remain in the nucleus will . . . .

directly reflect the time that the receptors remain active. Cell culyure, generation of cell I_mes, transient transfections,
Although the concept of Smad shuttling has been inferre§2ndshift assays, western blotting and reporter assays B

from several studies, it has never been directly demonstratefy! cell lines were grown in DMEM/10%FCS. Hela thymidine

In addition, the constant Smad shuttling between the cytoplasfi{!as€ (TK") cells (Angel et al., 1987) were transfected with

; _ipofectAMINE (Invitrogen), MDA-MB468 cells (Schutte et al.,
and the nucleus in both the absence and presence ofTG 1996) were transfected with Superfect Reagent (Qiagen) and HaCaT

SI_gh{:lIIIh_g raises important questions as to what determines tgglls were transfected with FUGENE 6 (Roche), all according to the

distribution of Smads between the cytoplasm and nucleus {anyfacturers’ instructions. The HaCaT cell lines stably expressing
uninduced cells and after T@stimulation. In unstimulated GFpSmads were generated by transiently transfecting HaCaT cells
cells, the R-Smads are predominantly cytoplasmic and Smadth the appropriate plasmids, then selecting transfected cells using 1
is distributed throughout the cytoplasm and nucleus. Aftemg/ml G418. Pools of GFP-positive cells were selected by FACS

TGF{3 stimulation the Smads are all predominantly nucleasorting.

(Pierreux et al., 2000; Reguly and Wrana, 2003). Are these Whole-cell and nuclear extracts were prepared as described
distributions dictated by the presence of cytoplasmic angermain et al., 2000; Wong et al., 1999). Western blotting was

nuclear retention factors that have different affinities forperformed using standard techniques. The following antibodies were

: . " . ed: anti-Smad2/3 (BD Biosciences), anti-Smad4 (B8; Santa Cruz),
monomeric versus activated Smads? Alternatively, are thFfﬁ’r?ti-phosphorylated Smad?2 (Faure et al., 2000), anti-phosphorylated

dictated by the relative rates of import and export olgm g (wilkes et al., 2003) and anti-Smad3 (Zymed). Bandshift

monomeric Smads versus activated complexed Smads?  5ssays using nuclear extracts and the probe corresponding to the Smad
To begin to answer these questions we have studied Smggding region (SBR) from thejan 5'UTR were as described (Inman

nucleocytoplasmic shuttling in real time using fusions ofand Hill, 2002), and those using whole-cell extracts and the probe

Smads with enhanced GFP. Focusing on Smad2 and Smaddiresponding to the activin responsive element (ARE) were as

we have demonstrated that these GFP fusions faithfully mimigescribed (Germain et al., 2000).

the activity of wild-type Smads in both uninduced cells and in_Luciferase assays were performed as described previously

response to TGRB: We have used Fluorescence Loss In(Pierreux et al., 2.000]3-.galact05|dase assays were perfor.med using

Photobleaching (FLIP) experiments (reviewed by Lippincott_Galact_ostar (Applied Biosystems) and analysed in a luminometer as

Schwartz et al., 2003) to demonstrate nucleocytoplasmif(?r luciferase.

shuttling and also to show that whereas Smad4 is relatively

mobile in the cytoplasm in uninduced cells, Smad2 isConfocal microscopy

significantly less mobile, suggesting at least some degree pér transiently transfected HeLa Tkcells, 2 to 5 hours after

cytoplasmic tethering. We have then used Fluorescenaggansfection, cells were trypsinized and seeded in glass-bottom

Recovery After Photobleaching (FRAP) experimentsmicrowell dishes (MatTek, Ashland, MA). Fourteen to eighteen hours
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later cells were washed twice with PBS and incubated with DMEMesponsive factor (ARF) complex on the ARE probe with the

containing 25 mM HEPES pH 7.4 and 10% FCS, low bicarbonate (2.8anscription factor XFoxH1a in response to TEFig. 1B).

g/l NaHCQ), and no phenol red or fluorescent agents. An LSM 510/hen XFoxH1a was expressed in HeLa-Td¢lls, a TGF3

con_focal laser scanning microscope t_aquipped with an argon lasg{qycible complex was detected (Fig. 1B, lanes 1-4) that

(Zeiss, Germany) was used for analysis. GFP was detecie®@h contained XFoxHla, Smad2 and Smad4 (data not shown)

nm after excitation at=488 nm. For the HaCaT cell lines, cells Were%germain et al 2060) The migration of this complex was
e

seeded in the glass-bottom microwell dishes (MatTek), and analys . .
48 hours later. They were treated as for the HeLa dédls. All live creased slightly when either GFPSmad2 or GFPSmad4 was

cell imaging was performed at 37°C and for the experiments show@xPressed, and was markedly decreased when both were
in Fig. 2, a humidified COchamber was used. expressed, demonstrating that they were both incorporated into

the complex (Fig. 1B, lanes 4,6,8,10). The control western
_ _ blots demonstrate that all the Smads were well expressed, and
FLIP experiments and analysis that the GFPSmad?2 was phosphorylated in response to TGF-
To photobleach GFP-tagged proteins in living cells, a small regio as was endogenous Smad?2.
(20<20 pixels corresponding to an area of i) of the cytoplasm  * e also demonstrated that these GFPSmad-containing

' t'k’?omplexes were transcriptionally active by transfecting the

Figure legends. Confocal sections of the cells were taken at the tim . ) .

after photobleaching indicated in the Figure legends. Fluorescengpi?agst'nto L\ADAQASMS% ceIISs \PI1VhtItCh Iattcklen:cliggeenousd
was quantified at the bleaching point and at other areas of intere mad4, but contain <-osmaads (Schutte et al., ), an

The resulting intensities of fluorescence or relative fluorescence wefB€asuring their activity on the Smad3/Smad4-dependent

plotted against the accumulated time of bleaching. reporter CAGA2luciferase (Dennler et al., 1998), or on the
Smad2/Smad4-dependent reporter, AREiferase, together
) ) with XFoxH1la (Germain et al., 2000). GFPSmad4 rescued
FLIP/FRAP experiments and analysis the deletion of Smad4 in these cells, and this activity was
Before photobleaching, eight measurements of fluorescence wegihhanced by addition of either GFPSmad3 (for the CAGSA
taken over a period of 2 seconds. A region in the nucleustopigels luciferase) or GFPSmad2 (for ARfciferase) (Fig. 1A,B,
(corresponding to an area of 1612 was then photobleached for 11 right panels). Thus all three of these GFPSmads are

seconds using maximum laser power. A series of images of the sam : ; - .
were taken every 250 milliseconds for up to 70 seconds. Th? ctional in these assays, and behave similarly to wild-type

fluorescence was quantitated at the bleach point and at a reportisﬁnads'
point in the nucleus diametrically opposite the bleach point.

Fluorescence levels were normalised to the average levels . . .
fluorescence prior to photobleaching. g?'TGF-B-lnduced nuclear translocation of GFPSmads is

dependent upon continuous receptor signalling

We next investigated whether these GFPSmads translocated to
Results . . the nucleus in response to T@F-as has been shown for
The GFPSmads are activated in response to TGF-Band  endogenous Smads (Pierreux et al., 2000). We made stable cell
form transcriptionally active DNA-bound complexes lines of HaCaT cells expressing the GFPSmads, and analysed
We constructed plasmids expressing enhanced GFP fusiotie behaviour of the GFPSmads in the absence or presence of
of human Smad2, Smad3 and Smad4, and then tested th&BF{3 in pools of expressing cells (Fig. 2A). These cell lines
activity in a variety of assays to ensure that they retained trexpress GFPSmads on average at levels comparable to
properties of wild-type Smads. A Smad3/Smad4-containingndogenous Smads (data not shown). When performing these
complex forms on the g SBR upon TGH3 stimulation  experiments, cells were pretreated with the protein synthesis
(Inman and Hill, 2002). In HeLa TKcells, which contain inhibitor, cycloheximide. This was to ensure that during the
relatively low levels of Smad3, this is readily detected byexperiment, the same pool of GFPSmads was observed.
bandshift assay when Smad3 is overexpressed (Fig. 1A, lanks control experiments, the kinetics of GFPSmad
1-4). Both GFPSmad4 and GFPSmad3 were incorporated intacleocytoplasmic shuttling were not affected by the presence
this complex, as demonstrated by expressing them in Helaf cycloheximide (data not shown).
TK- cells and observing the change in mobility of the TGF- GFPSmad2 was predominantly cytoplasmic in uninduced
B-induced complex formed, as a result of the large size of theells, and predominantly nuclear after 60 minutes of
GFP. Thus, expression of GFPSmad4 and FLAG-Smad®duction with TGFB (Fig. 2A, top panels, quantitated in
resulted in a complex that migrated slightly more slowly tharFig. 2A left-hand graph). In the nucleus it was excluded from
that resulting from expression of FLAG-Smad3 alone (Figthe nucleoli, as was endogenous Smad2 (Pierreux et al.,
1A, lanes 4, 6). Expression of HA-Smad4 and GFPSmad3000). If the ALKS inhibitor, SB-431542 (Inman et al.,
resulted in a complex with a strikingly lower mobility than 2002a; Laping et al., 2002) was added at the 60-minute time-
that observed with HA-Smad4 alone (Fig. 1A, lanes 8, 10)point, GFPSmad2 accumulated back out in the cytoplasm by
It is not clear why the presence of GFP on Smad3 hasthe 220-minute time-point (Fig. 2A, top panels, quantitated
greater effect than the presence of GFP on Smad4. The Fig. 2A middle graph). If, however, no receptor inhibitor
western blots in Fig. 1A show that all tagged Smads wereias added, the GFPSmad2 remained nuclear during this time
equivalently expressed. In addition, GFPSmad3 wagdata not shown). The GFPSmad2 protein behaved in an
phosphorylated efficiently in response to T@GFas was identical fashion when transiently transfected into HeLa TK
FLAG-tagged Smad3. cells (Fig. 2B, upper panels). The same behaviour of
Similarly, we demonstrated by bandshift assay thaGFPSmad2 was observed over a wide range of expression
GFPSmad2 and GFPSmad4 were incorporated into an Activievels. This activity and its kinetics faithfully mirrors that of
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Fig. 1. GFPSmad2, GFPSmad3 and GFPSmad4 fusion proteins form DNA-bound complexes that are transcriptionally active in response to
TGF. (A) HeLa TK cells expressing either GFPSmad3, GFPSmad4, HA-Smad4 or FLAG-Smad3 as indicated were either untreated or
treated with TGH31 for 1 hour. Cell extracts were assayed by bandshift analysis usinguth&BR as a probe. The positions of migration of
complexes containing different combinations of tagged Smad3 and Smad4 are indicated. The same extracts were westelm blotted wit
antibodies recognising Smad3, phosphorylated Smad3 (P-Smad3) or Smad4 (below). The right-hand panel shows transcriptiohielssays
MDA-MBA468 cells were transfected with the CAGAuciferase reporter gene, plasmids expressing the different GFPSmad fusion proteins and
pEF{acZ as an internal control for transfection efficiency. Cells were treated with or withouBT®&¥-8 hours. Luciferase was quantitated

relative top-galactosidase from the pH&eZ internal control. The data are means and standard deviations of a representative experiment
performed in triplicate. (B) HeLa TKcells were transfected with plasmids expressing XFoxH1a, GFPSmad2 or GFPSmad4 as indicated. Total
cell extracts from cells either left untreated or treated with BGFor 1 hour were assayed by bandshift analysis using the activin response
element (ARE) as probe. DNA-bound complexes containing either XFoxH1a and endogenous Smad2 and Smad4 or XFoxHla and GFPSmadz
and GFPSmad4 are indicated. The same extracts were western blotted with antibodies recognising Smad2/3, phosphorylat8h&d®d2 (P

or Smad4 (below). The right-hand panel shows transcription assays performed as above, where MDA-MB468 cells were trdnhgfected wi
AREz-luciferase reporter gene, plasmids expressing XFoxH1a, the different GFPSmad fusion proteinslacd filBE-data are means and

standard deviations of a representative experiment performed in triplicate.
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endogenous Smad2 (Inman et al., 2002b). For endogenodsphosphorylation by a phosphatase in the nucleus (Inman
Smad2 this observation has been interpreted as an indicatienal., 2002b). If the TGIB-receptors are turned off by SB-
that Smad?2 is constantly shuttling between the nucleus ar81542, Smad2 is no longer activated in the cytoplasm and
cytoplasm during active TGB- signalling, undergoing thus accumulates there.

cycles of phosphorylation by the receptors and Similarly, the behaviour of GFPSmad4 mimicked that of

SB-431542 LMB

>
—
(9}
7,
-

GFPSmad4 GFPSmad3 GFPSmad2
—-—

Fig. 2. TGF{3-induced nuclear
translocation of GFPSmads is
dependent upon continuous receptor
signalling. (A) HaCaT cell lines
stably expressing GFPSmad2,
GFPSmad3 or GFPSmad4 were
pretreated with cycloheximide and
were then incubated with TGFE: for
1 hour, followed by SB-431542 (7.5
pUM) for up to 160 minutes. In the
case of the GFPSmad4 cells,
leptomycin B (LMB) was added 90
minutes after SB-431542 addition
(150-minute time-point).
60 min Fluorescence images are shown at
different time-points after initial
TGF{ treatment. Arrows indicate
representative examples of cells
demonstrating nucleocytoplasmic
shuttling. For GFPSmad3 cells, the
boxed region is shown magnified
below to demonstrate that GFPSmad3
is partially excluded from the nucleoli
upon TGFB treatment. Below are
graphs showing quantitation of
nuclear fluorescence, with
fluorescence images collected every 3
minutes. The left-hand graph shows
the average of the TGB-induced
— oS | nuclear fluorescence of the

SB-431542 GFPSmad2 and GFPSmad4 cells
S marked with an arrow. Means and
4 ; standard deviations are shown. The
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endogenous Smad4. GFPSmad4 accumulated in the nuclesisuttling of GFPSmad2 and GFPSmad4 between the
upon TGFB signalling and then accumulated back in thecytoplasm and nucleus occurs in both unstimulated and
cytoplasm after addition of SB-431542 (Fig. 2A, lower TGF-B-induced cells
panels, quantitated Fig. 2A, graphs). In the nucleu§LIP experiments can be used to investigate whether a protein
GFPSmad4 was excluded from the nucleoli as washuttles between two compartments of the cell, and also to
endogenous Smad4 (Pierreux et al., 2000). It is striking thandicate how mobile a protein is in a given compartment of
the TGFg-induced nuclear accumulation of GFPSmad4 ighe cell. A prolonged bleaching is applied to a defined area of
much less complete than that of GFPSmad2, and algbe cell and the fluorescence at the bleaching point and at a
plateaus earlier. This is probably because of the fact that mlistant reporting point is quantitated over time (reviewed by
response to TGIR; nuclear accumulation of Smad4 requiresLippincott-Schwartz et al., 2003). If the GFP-labelled
complex formation with activated R-Smads, whereasnolecules are shuttling between the bleaching and reporting
accumulation of activated homomeric complexes of Smadpoints, then the fluorescence will decrease at both points.
can occur in the absence of Smad4 (De Bosscher et al., 200Relatively immobile proteins in contrast will be bleached
Nicolas and Hill, 2003). Expression of GFPSmad4 in the celéffectively at the bleaching point, but not at the reporting
line at approximately endogenous levels results in excegmint.
Smad4 over endogenous R-Smads, and thus only aWe first performed a series of controls to validate the FLIP
proportion of the GFPSmad4 can accumulate in the nuclewexperiments. GFP is a small protein that diffuses throughout
in response to TGB:- The GFPSmad4 protein behaved in athe cell. When HelLa TKcells expressing GFP alone were
similar fashion when transiently transfected into HeLa TK bleached in the cytoplasm, the nuclear GFP also rapidly
cells (Fig. 2B, lower panels). In this case, to see anpleached (Fig. 3Ai), as expected for a protein freely diffusing
accumulation of GFPSmad4 in the nucleus we had to algbrough the nucleus and cytoplasm. GFPRad®ES is a
overexpress FLAG-Smad2, possibly because of lower levelSFP fusion of RanBP1 that is trapped in the nucleus because
of R-Smads in these cells. The same behaviour af is imported efficiently via its non-classical Ran-dependent
GFPSmad4 was observed over a wide range of expressidiLS, but cannot be exported because its NES has been deleted
levels. Smad4 export from the nucleus is mediated via th@.J.N. and P. R. Clarke, unpublished data) (Plafker and
nuclear exporter CRM1 (Pierreux et al., 2000; Watanabe éflacara, 2000). In this case, when the bleaching occurred in
al., 2000). When the inhibitor of CRM1 (LMB) was addedthe cytoplasm, virtually no nuclear bleaching was detected
to the cells after prolonged incubation with SB-431542 (afFig. 3Aii). This is the behaviour expected of a protein that
the 150-minute time-point), the GFPSmad4 rapidlydoes not shuttle between the cytoplasm and nucleus. As a
accumulated in the nucleus (Fig. 2A, lower panelscontrol for the use of this technique to determine the mobility
gquantitated in Fig. 2A, right-hand graph; Fig. 2B). Thisof a protein in a given compartment of the cell, we investigated
indicates that even in the absence of activated BGF-the behaviour of a fusion protein of GFP with RKQn
receptors, GFPSmad4 (presumably monomeric) isininduced cells this protein was distributed throughout the
constitutively imported into the nucleus and is exported byytoplasm (Fig. 3Aiii) (Lillemeier et al., 2001; Ng et al., 1999).
CRML1. If CRML1 activity is inhibited by LMB, GFPSmad4 It was completely mobile in this compartment, as seen by the
accumulates in the nucleus. rapid photobleaching at a point in the cytoplasm distant from
In contrast to GFPSmad2 and GFPSmad4, GFPSmadBe bleach point (Fig. 3Aiii) (Lillemeier et al., 2001). However,
did not behave as endogenous Smad3 in translocatiarpon stimulation with the phorbol ester TPA for 10 minutes,
experiments, although in the biochemical assays it appear&FPPK@ accumulated at the plasma membrane (Fig. 3B). In
to function normally (Fig. 1). In the absence of T@GF- this compartment it was not very mobile, and hence virtually
GFPSmad3 was predominantly nuclear, even though we hawe photobleaching was detected at a reporting point on the
shown that it is unphosphorylated (Fig. 1A, Fig. 2A middleplasma membrane distant from the bleach point (Fig. 3Aiv)
panels). It was also detected in the nucleoli, which was ndtillemeier et al., 2001).
the case for endogenous Smad3 (Pierreux et al., 2000) (Fig.Having demonstrated that FLIP can be used to detect
2A, middle panels). GFPSmad3 was, however, sensitive tshuttling of GFP-tagged molecules between the cytoplasm and
TGF treatment, as this nuclear fluorescence intensifiethe nucleus, we investigated the shuttling behaviour of
upon TGFB stimulation, and some partial exclusion of GFPSmad2 and GFPSmad4 in both the absence and presence
fluorescence from the nucleoli was detected, suggesting that TGF{3 signalling, using the HaCaT cell lines stably
monomeric GFPSmads3 is not excluded from the nucleoli, bugxpressing these fusion proteins. In these experiments, the
complexed activated GFPSmad3 is (Fig. 2A, middle panelskytoplasm was bleached. If nuclear bleaching is observed
The GFPSmad3 also responded to SB-431542 treatmerm, the same cell, this indicates that the GFPSmad is in
as upon addition of this receptor inhibitor, the nucleadynamic equilibrium between these two compartments. Thus
fluorescence decreased again to the levels seen in unindudbid experiment provides a direct demonstration of
cells. Because GFPSmad3 did not faithfully mimic thenucleocytoplasmic shuttling.
behaviour of endogenous Smad3, we have not studied thiswhen GFPSmad2 was bleached in the cytoplasm of an
protein further. uninduced cell, it also bleached in the nucleus of the same
From the data presented in this section we conclude thaell. In contrast, nuclei of adjacent cells did not bleach,
GFPSmad2 and GFPSmad4 closely mimic endogenous Smaiaizlicating that this nuclear bleaching is specific (Fig. 4i).
and Smad4, respectively, and can be used to investigate t8emnilarly, when the same experiment was performed using
nucleocytoplasmic shuttling behaviour of these Smads in bofhGF3-induced cells, cytoplasmic bleaching resulted in
HaCaT and HelLa TKcells. nuclear bleaching in the same cell (Fig. 4ii). Note that in the
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TGF-induced cell, the proportion of nuclear moleculesis lower than in an uninduced cell (see below and Discussion).
bleached was not as high as in an uninduced cell (compakxactly the same behaviour was observed for GFPSmad4
graphs in Fig. 4i and Fig. 4ii). This suggests that after TGFFig. 4iii,iv). These data directly demonstrate that in both
3 stimulation, the proportion of nuclear Smad that is mobilauninduced cells and in TGB-induced cells, GFPSmad2 and
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GFPSmad4 are constantly shuttling between the cytoplasthe cytoplasmic reporting point for GFPSmad4 was very
and the nucleus. similar to the rate of bleaching at the bleach point. For
GFPSmad2 however, the rate of bleaching at the reporting

) . o point was significantly slower than the rate of bleaching at the

FLIP analysis reveals that GFPSmad4 is more mobile in  pleach point itself. These data strongly suggest that GFPSmad2

the cytoplasm than is GFPSmad2 is substantially less mobile in the cytoplasm than is

We noticed in the experiments shown in Fig. 4 that inGFPSmad4.

uninduced cells GFPSmad2 bleached less readily in

cytoplasmic regions distant from the cytoplasmic bleach point )

than did GFPSmad4. This suggested that GFPSmad2 mighk!P/FRAP analysis reveals a TGF-B-dependent change

be less mobile in the cytoplasm than is GFPSmad4. W& mobility of GFPSmad2 and GFPSmad4 in the nucleus

investigated this in more detail, using both transientlyFinally we investigated the mobility of GFPSmads in the

transfected HelLa TKcells and the stably transfected HaCaTnucleus in uninduced or TEknduced cells. For this we used

cell lines. In both cell lines GFPSmad2 bleached more slowlffRAP in combination with FLIP. In these experiments a

at the reporting point in the cytoplasm than does GFPSmaghotobleaching pulse (11 seconds) was applied to a particular

(Fig. 5). The graphs demonstrate that the rate of bleaching atea of the cell, and then the recovery of fluorescence in that
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area was monitored together with fluorescence loss at a distdfig. 6ii). This indicates that, as expected, the mobility of the
point, also in the nucleus. Again we performed controls tenuch larger GFB-galactosidaseNLS protein in the nucleus is
validate the approach. For nuclear localised GFP (GFPNLSIpwer than that of GFP alone. We performed the same
it was evident that recovery at the bleach point was extremebxperiment on a protein that we have shown to be relatively
fast, as was the rate of bleaching at the reporting point (Fignmobile (GFPPK@ at the plasma membrane after TPA
6i). When the same experiment was performed using a mudkeatment). In this case the recovery after photobleaching was
larger nuclear GFP fusion protein (GF-BalactosidaseNLS) very slow and no detectable bleaching was observed at the
which has a native molecular weight as a tetramer of over 40@porting point (Fig. 6iii).

kDa (Jacobson et al., 1994), the recovery after photobleachingHaving demonstrated that the FLIP/FRAP experiment can
was slower, as was the rate of bleaching at the reporting poigive an indication as to the mobility of a protein in a given
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cellular compartment, we investigated the mobility of theGFPSmad2. GFPSmad4 behaved in a similar manner. LMB
GFPSmads in the nucleus. In uninduced cells expressirigeatment was used to allow accumulation of unactivated
GFPSmad2 at relatively low levels the protein is predominantlynonomeric Smad4 in the nucleus in the absence of 3.Gifr-
cytoplasmic, but if highly expressed a substantial amount ihis case, the kinetics of FLIP/FRAP were similar to those
nuclear, although it is not phosphorylated and thus likely to bebserved with GFPSmad2 in uninduced cells (Fig. 6iv,vi).
monomeric. Thus to investigate the behaviour of unactivatedpon TGFf stimulation, the FLIP/FRAP experiment
GFPSmad2 in the nucleus, we used highly expressing celindicated that, like GFPSmad2, GFPSmad4 became
The behaviour of unactivated GFPSmad2 in the FLIP/FRABubstantially less mobile (Fig. 6vii). Again, the kinetics of
assay was intermediate between that of GFPNLS an®-GFPFLIP/FRAP were similar to those observed with GFPSmad?2 in
galactosidaseNLS (Fig. 6iv). The FLIP/FRAP kinetics werethe same conditions.

not dependent on the level of unactivated monomeric Thus we find a similar TGB-induced decrease in the
GFPSmad2 in the nucleus, because we could show that theobility of GFPSmad2 and GFPSmad4 in the nucleus. We
FLIP/FRAP curves were the same for cells expressing vertherefore propose that activated Smad complexes are actively
different levels of nuclear GFPSmad2 (data not shown). Uporetained in the nucleus through a tethering mechanism.

TGF stimulation however, the behaviour of GFPSmad2 in

this assay changed to indicate that it became much less mobile )

(Fig. 6v). In this case the recovery at the bleach point waiscussion

substantially slower, as was the rate of bleaching at thiere we have investigated nucleocytoplasmic shuttling of
reporting point. This indicates that active complexes oSmad2 and Smad4 using enhanced GFP fusions. We have
GFPSmad2 (probably a mixture of homomeric GFPSmad#demonstrated that these Smad fusions behave as wild-type
complexes and heteromeric complexes with endogenoumads in terms of their activation in response to BGHd
Smad4) are less mobile in the nucleus than unactivatdatieir formation of transcriptionally active Smad-transcription
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factor complexes on TGB—esponsive elements. We have rates of import and export. Monomeric Smads would be
then used these Smad fusions to investigate Smaguteferentially exported from the nucleus and complexed
nucleocytoplasmic shuttling in detail in living cells. Two Smads, preferentially imported. Complex formation might
different cell lines (HaCaTs and HelLa T)Kave been used and either stimulate import or inhibit export (De Bosscher et al.,
we have also compared both stably transfected cell lines a2804; Reguly and Wrana, 2003; Watanabe et al., 2000).
transiently transfected cells. The results obtained are similar in Our results demonstrate that in uninduced cells GFPSmad2
the different systems, suggesting that neither the cell type n less mobile in the cytoplasm than is GFPSmad4. This
the particular levels of expression of GFPSmad are critical. suggests that monomeric inactivated GFPSmad? is likely to be
For Smad4, we demonstrate here in a simple experiment thatsociated with cytoplasmic retention factors. Two different
even though GFPSmad4 is predominantly localised in thproteins have been suggested to act in such a way, and in both
cytoplasm in the absence of T@Fsignalling, it is actually cases monomeric Smad2 has been shown to preferentially bind
rapidly shuttling between the cytoplasm and the nucleus. Wihe factor compared with active complexed Smads. First, the
have shown that after prolonged treatment of GFPSmad4nicrotubule network may play this role. Smads 2, 3 and 4
expressing cells with SB-431542, treatment of the cells witlhave been shown to bind tubulin and long-term (18 hour)
the CRM1 inhibitor LMB leads to rapid accumulation of treatment of cells with microtubule disrupting agents, such
GFPSmad4 in the nucleus. This is because GFPSmad4 ds nocodazole, results in increased TgsiRduced Smad?2
constitutively imported into the nucleus and under thesphosphorylation and increased T@Haduced transcription
conditions cannot be exported. (Dong et al., 2000). We think, however, that the microtubule
We have gone on to use photobleaching experiments (FLIRetwork is unlikely to be the cytoplasmic retention factor
and FRAP) to study the Smad nucleocytoplasmic shuttling ipredicted by our experiments, because in HaCaT cells we find
more detail. Indirect methods have previously suggested th#dtat short-term treatment with nocodazole, which was
the Smads undergo nucleocytoplasmic shuttling (Inman et abyfficient to depolymerise the microtubules, had no effect on
2002b; Pierreux et al., 2000; Watanabe et al., 2000; Xu et athe localisation of endogenous Smad2 (data not shown).
2002), but here for the first time we have directly demonstrate8inother candidate for the cytoplasmic retention factor for
that both GFPSmad2 and GFPSmad4 shuttle between tBenad2 is Smad Anchor for Receptor Activation (SARA) (Xu
cytoplasm and nucleus in both uninduced cells and in FGF- et al., 2000; Xu et al., 2002). In vitro, the purified Smad binding
stimulated cells. There is a striking difference between thesgion of SARA inhibits nuclear import of Smad2 (Xu et al.,
proportion of nuclear GFPSmad that bleaches during the 244D00). However, SARA is unlikely to be the major endogenous
seconds of cytoplasmic photobleaching in the uninduced celBmad?2 retention factor, because it is predominantly localised
versus that in the TGB-induced cells, suggesting that the on early endosomes (Di Guglielmo et al., 2003; Hayes et al.,
proportion of nuclear Smad that is mobile in T@#duced 2002; Itoh et al., 2002), whereas Smad2 is distributed equally
cells is substantially lower than that in unstimulated cells. Inhroughout the cytoplasm (Inman et al., 2002b; Pierreux et al.,
contrast to uninduced cells, the nuclear GFPSmad2 arD00). Moreover, there appears to be substantially more Smad?2
GFPSmad4 in TGB-induced cells are not completely in a cell than SARA because overexpression of SARA has been
bleached even after prolonged cytoplasmic photobleachinghown to relocalise Smad2 to the early endosomes (Tsukazaki
(data not shown). The FLIP/FRAP experiments confirm thaét al., 1998). More work is obviously required to confirm the
TGF- induction results in a decrease in Smad mobility in thedentity of the putative cytoplasmic retention factor for Smad2.
nucleus. The data obtained with endogenous Smads suggesin the nucleus we have used FRAP in combination with
that only monomeric Smads are exported from the nucleusLIP to investigate the mobility of GFPSmad2 and GFPSmad4
(Inman et al, 2002b). Thus in TdFinduced cells, in both uninduced cells and after 1 hour of T@&timulation.
dissociation of Smads from active Smad complexes aft€d6FPSmad2 and 4 behaved similarly in this assay, and in both
dephosphorylation of the R-Smads will be a prerequisite focases ligand-induced activation led to a substantial decrease in
nuclear export. The rate of R-Smad dephosphorylation angobility. This strongly suggests that unactivated monomeric
complex dissociation will thus dictate the amount of nucleaSmads in the nucleus are not actively retained, but activated
Smad that is mobile, and can be exported to the cytoplasm.Smad complexes are. Similar results have recently been
We have also used photobleaching experiments tdemonstrated for a subset of hormone receptors. In these
investigate the mobility of the GFPSmads in both theexperiments ligand binding has been shown to decrease
cytoplasm and the nucleus. This issue is important as the mobility of GFP fusions of estrogen receptor and
impinges on the mechanism underlying the distribution of thglucocorticoid receptor and to increase the fraction of receptors
Smads between the cytoplasm and nucleus in uninduced cellisable to diffuse (Maruvada et al., 2003; Schaaf and
and in TGFB-induced cells. Two different models (not Cidlowski, 2003). What could be the nuclear retention factors
mutually exclusive) can be envisaged. One model proposes tfa the active Smad complexes? Smads are known to associate
existence of cytoplasmic and nuclear retention factors (Regulyith transcription activators and repressors as well as co-
and Wrana, 2003; Xu et al., 2000; Xu et al., 2002). Monomeriactivators and co-repressors in the nucleus, and these could act
Smads would have a higher affinity for cytoplasmic retentioras nuclear retention factors (Shi and Massagué, 2003; Xu et
factors and complexed Smads would have a higher affinity faal., 2002). If this were the case, the complexes would have to
nuclear retention factors. This could explain the cytoplasmibe extremely large, because the active Smad complexes are
localisation of the Smads in unstimulated cells, and theisubstantially less mobile than GEBalactosidaseNLS which
accumulation in the nucleus upon T@Ftreatment. An has a native molecular weight as a tetramer of over 400 kDa.
alternative view is that the distribution of the Smads betweemhe other possibility is that DNA acts as a nuclear retention
the cytoplasm and nucleus is determined by the relativiactor for the Smads. The Smads bind DNA both directly and
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indirectly through interactions with other transcription factors. human collagenase gene is mediated by an inducible enhancer element
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