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5  DISCUSSION

5.1  SWAP-70 is widely expressed

The protein SWAP-70 was originally identified as a part of a DNA recombination

complex in B lymphocytes (Borggrefe et al., 1998). Its protein expression was detected

only in B-cells and therefore it was thought that SWAP-70 is a B-cell specific protein

having a specific function in B cells (Borggrefe et al., 1998 and 1999; Masat et al.,

2000a). However, Ishikawa et al. (1998) had reported the cloning of SWAP-70

(KIAA0640) from a human brain cDNA library. Furthermore, in RT-PCR experiments

they had detected SWAP-70 mRNA expression in all of the ten different tissues

analyzed (Ishikawa et al., 1998). In addition, our SWAP-70 cDNA was derived from a

WI-38 lung fibroblast cDNA library. In accordance with the results of Ishikawa et al.

(1998), SWAP-70 protein expression was detected in all tested tissues. These results

suggest that SWAP-70 could have a more widespread function.

The SWAP-70 homologue def-6 (differentially expressed in the haemopoietic system)

(Hotfilder et al., 1999) has been reported to be down-regulated upon

macrophage/granulocyte differentiation. Examination of the SWAP-70 expression in

monocytes and macrophages revealed no difference in expression levels, demonstrating

that SWAP-70 expression is regulated differently from def-6.

Because SWAP-70 has been suggested to have a role in the regulation of the actin

cytoskeleton as a Rac-GEF (Shinohara et al., 2002a), its expression levels could be

related to the actin organization. Interestingly, a clearly bigger and relatively abundant

mRNA band was observed in skeletal muscle whereas only a very low protein

expression was detected. It may be that the mRNA expressed in skeletal muscle is some

kind of an inactive pre-mRNA. It could be that SWAP-70 inhibits the formation of

stress fibres and therefore its mRNA is expressed in an inactive form in muscles to keep

SWAP-70 expression low. The inhibition of sarcomere formation, the muscle stress

fibre analogue, would be very harmful in muscles. In support of the hypothesis that

SWAP-70 protein expression levels are related to actin cytoskeleton organization, the

HeLa cells, which exhibit only few stress fibres, expressed high levels of SWAP-70
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whereas Swiss3T3 cells, which generally exhibit numerous stress fibres, expressed only

low levels of SWAP-70. In accordance, SWAP-70 overexpression reduced stress fibres

in HeLa and Swiss3T3 cells.

5.2  SWAP-70 identifies a transitional subset of actin filaments in

motile cells

SWAP-70 was associated with fine actin filament arrays localized behind lamellipodia

or adjacent to the actin cloud ruffles. To my knowledge, SWAP-70 is the first protein

that identifies specifically these loose actin filament arrays. Small et al. (1998) have

suggested that the majority of cellular actin filaments are polymerized in the

lamellipodia at the cell front. Therefore, there must be a transition zone behind

lamellipodia, where actin filaments escape from lamellipodia, but are not yet organized

into actin filament bundles. Two observations suggest that SWAP-70 marks filaments in

the actin cytoskeleton that are in transition between the generation in the lamellipodium

and incorporation into contractile bundles. First, SWAP-70 filaments were both

spatially and temporally associated with the formation of lamellipodia and membrane

ruffles. Speckle microscopy has shown a continuum of retrograde flow of actin behind

lamellipodia (Waterman-Storer et al., 1998), consistent with the idea that a proportion

of actin filaments generated in the lamellipodium contribute to the network of actin

filaments that make up the rest of the actin cytoskeleton. Second, SWAP-70-labeled

filaments conspicuously lacked myosin -II. In fibroblasts, the interaction of myosin-II

with actin filaments is required for both the assembly and maintenance of actin filament

bundles (Burridge and Chrzanowska- Wodnicka, 1996). Also other actin binding

proteins, such as tropomyosin, which associates with stress fibres, or proteins, which are

found in focal contacts, namely α-actinin and vinculin, were absent from actin filaments

labeled by SWAP-70. Therefore, it was concluded that SWAP-70 associates with newly

formed actin filaments generated in lamellipodia. These actin filaments have lost the

proteins associated with newly forming and highly dynamic filaments (Small et al.,

2002), but have yet to acquire other associated proteins, in particular myosin, which is

needed for the assembly of contractile bundles (Verkhovsky et al., 1995). Such a subset

of actin filaments is likely detected only in rapidly migrating cells where significant
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forward movement can occur before myosin and other proteins are able to bind.

Whether or not SWAP-70 plays a role in regulating myosin association remains to be

established.

The filamentous SWAP-70 staining was not only observed in B16F1 cells. A few HeLa

cells also exhibited a filamentous SWAP-70 staining pattern. These cells exhibited

always a polar and motile form with intensively ruffling lamellipodia. It is plausible that

SWAP-70 association with fine actin filament arrays required a fast polymerization of

actin at the leading edge. This could explain why the filamentous staining was observed

only rarely in the generally non-motile HeLa cells. In accordance with the hypothesis

that SWAP-70 identifies a transitional subset of actin filaments, SWAP-70 staining was

excluded from the tip of the lamellipodia and SWAP-70 labeled filaments did not

extend into the cell body. A filamentous SWAP-70 staining was also observed in

REF52 cells. These cells are generally non-motile, but they can be forced to polarize

and become motile by treating them locally with the myosin light chain kinase inhibitor

ML7. Cells that were forced to polarize, exhibited an accumulation of filamentous

SWAP-70 staining behind intensively ruffling or protruding lamellipodia. As was

shown in B16F1 cells, the actin filament arrays labeled by SWAP-70 followed the

changes in the direction of extension and ruffling. However, the REF52 cells exhibited

also a novel staining pattern of SWAP-70 upon forward translocation of the cell body.

Upon forward translocation of the cell body, SWAP-70 filamentous staining became

visible in the middle of the cell as well. However, further studies on cell body

translocation are needed to better understand this process and the involvement of

SWAP-70.

5.3  Spatio-temporal control of SWAP-70 recruitment to the subset of

loose actin filament arrays

5.3.1  SWAP-70 association with loose actin filament arrays is regulated by PI 3-

kinase activity
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The regulated association of SWAP-70 with loose actin filament arrays was coupled to

active lamellipodial extension and it was blocked by the inhibition of PI 3-kinase. The

activation of PI 3-kinase and generation of phosphoinositides phosphorylated at the D-3

position induced the formation of lamellipodia and cell motility. Therefore, it cannot be

distinguished from the result of PI 3-kinase inhibition whether the direct binding to PI

3-kinase products or the cell motility is necessary for the SWAP-70 recruitment to the

fine actin filament arrays. The AlF4
- and vanadate treatments, which presumably

activated PI 3-kinases, also enhanced cell motility or ruffling and the actin filament

array association of SWAP-70. Surprisingly, the known PI 3-kinase activator PDGF

(Hawkins et al., 1995), which has been reported to induce both PI(3,4)P2 and PI(3,4,5)P3

production (Auger et al., 1989), did not enhance the actin filament array association of

SWAP-70. It is possible that B16F1 cells do not have suitable receptors for PDGF and

therefore they do not respond to PDGF stimulation, especially if the cells are not starved

before treatment. However, PDGF treated cells showed enhanced lamellipodial ruffling,

the typical effect of PDGF (Wennström et al., 1994a). It is also possible that AlF4
- and

vanadate induced higher levels of a suitable phosphoinositide ligand or that they

simultaneously stimulated some additional signal pathway (phosphorylation of SWAP-

70?) needed. Alternatively, these treatments caused a massive increase in number of

fine actin filament arrays. In conclusion, PI 3-kinase activity is necessary for SWAP-70

to localize with fine actin filament arrays.

5.3.2  SWAP-70 association with loose actin filament arrays is regulated by direct

binding of the SWAP-70 PH domain to lipid products generated by PI 3-kinase

The following observations argue for a direct rather than an indirect regulation of

SWAP-70 localization by 3’-phosphoinositides: 1) the PH-domain of SWAP-70 was

demonstrated to bind PI(3)P, PI(3,4)P2 and to a lower extent PI(3,5)P2 and PI(3,4,5)P3 in

vitro; 2) replacement of two arginine residues by glutamic acids in the β1- β2 loop of

the PH-domain abolished in vitro binding to the mentioned phospholipids and in vivo

association with the loose actin arrays; 3) mutation of an arginine residue in the β2-

strand important for 3-phosphate coordination (Salim et al.,1996; Franke et al., 1997;

Ferguson et al., 2000) to a cysteine reduced selectively the binding of SWAP-70 to

PI(3,4)P2 and the association of SWAP-70 with the loose actin arrays; 4) stimulation of
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cells with oxidative stress, which has been reported to induce highly elevated levels of

PI(3,4)P2 (Van der Kaay et al., 1999), caused a quantitative translocation of SWAP-70

to loose actin arrays and the plasma membrane; and finally, 5) the isolated PH-domain

translocated from the cytosol to the plasma membrane upon oxidative stress treatment.

In vitro binding to different PIs demonstrates that SWAP-70 directly binds PIs. The lack

of SWAP-70 actin filament association by PH-domain mutations which abolished

generally or selectively the PI binding shows that proper PI binding is necessary for

actin filament association. Using the PH domain mutants it was possible to distinguish

whether the direct binding to PIs or enhanced motility of the cells is necessary for actin

filament array association. The oxidative stress treatment, which induce elevated levels

of PI(3,4)P2 without enhancing the cell motility, shows that an enhanced concentration

of PI(3,4)P2 is sufficient for actin filament array association. To summarize, direct

binding of the SWAP-70 PH domain to lipid products generated by PI 3-kinase is

necessary and sufficient for SWAP-70 association with loose actin filament arrays .

5.3.3  PI(3,4)P2 is a physiological ligand of SWAP-70

The reduced SWAP-70 association with actin filaments by the PH domain R230C

mutation which selectively reduced the in vitro binding to PI(3,4)P2 shows that SWAP-

70 binding to PI(3,4)P2 is necessary for proper localization of SWAP-70. The R230C

mutation reduced slightly also the in vitro binding to other PIPs, but the binding to

PI(3,4)P2 was reduced most clearly. Furthermore, the selective elevation of the PI(3,4)P2

concentration lead to a quantitative relocalization of SWAP-70 from the cytosol to the

plasma membrane and actin filaments. These two results show that PI(3,4)P2 is a

physiological ligand of SWAP-70. It is possible that there are also other physiological

ligands, because the SWAP-70 binding was not very specific in vitro, but it seems that

at least PI(3,4)P2 is sufficient (oxidative stress) and necessary (R230C mutation) for the

translocation of SWAP-70 to the plasma membrane and/or fine actin filament arrays.

Furthermore, the comparison of the SWAP-70 PH domain with PH domains of similar

sequence and known structure revealed that the PI(3,4)P2 is the most likely ligand for

SWAP-70. The SWAP-70 PH domain sequence resembles the PI(3,4)P2 and PI(3,4,5)P3

consensus motif (Isakoff et al., 1998). In addition, the comparison of the β1-β2 loop

sequence of SWAP-70 with the corresponding sequences of DAPP1 and TAPP1
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(Thomas et al., 2001) revealed that in the SWAP-70 PI binding pocket there appears to

be no space for D-5 phosphate binding, suggesting that binding to PI(3,4)P2 is more

probable than binding to PI(3,4,5)P3.

Some PIs can be excluded or at least considered as unlikely ligands for SWAP-70. The

interaction of full length SWAP-70 with PI(3,4,5)P3 spotted on PIP-strips was very

weak. This result suggests that it is unlikely that PI(3,4,5)P3 serves as a ligand for

SWAP-70. However, it was recently reported that the PI(3,4,5)P3 is the physiological

ligand of SWAP-70 (Shinohara et al., 2002a). The weak binding in PIP-strips can be

due to a higher solubility of this more highly phosphorylated lipid. Therefore, to

determine whether PI(3,4,5)P3 is a physiological ligand of SWAP-70 or not, a

determination of the affinity of SWAP-70 for PI(3,4,5)P3 will be required.

The translocation of SWAP-70 was prevented upon oxidative stress treatment when PI

3-kinase activity was inhibited suggesting that PI 3-kinase activity was needed to

produce 3-phosphoinositides for SWAP-70 binding. These results argue against the PIs,

which are not phosphorylated at the D-3 position, namely, PI(4)P, PI(5)P and PI(4,5)P2.

The PI(4)P is an especially unlikely ligand because it is continuously at the plasma

membrane and its concentration is not enhanced upon receptor stimulation.

The PI(3)P was shown to be continuously present in cells and to localize to endocytic

compartments (Auger et al., 1989; Gillooly et al., 2000). For these reasons, PI(3)P can

be considered an unlikely SWAP-70 ligand.

The PI(3,5)P2 can not be excluded as a SWAP-70 PH domain ligand. Only the in vitro

binding data argue against it because of the weak binding in the PIP-strip overlays.

In addition to PIs, SWAP-70 bound in vitro phosphatidic acid (PA). An involvement of

PA was directly tested by inhibiting cellular PA production with 1-butanol. This

treatment abolished the localization of SWAP-70 to loose actin filament arrays, but

simultaneously it inhibited cell motility, which most likely abolishes the formation of

the loose actin filament arrays (Unpublished observations, Pia Oberbanscheidt).

Therefore, it cannot be decided, whether the PA production is crucial for SWAP-70

filament association.

5.3.4  SWAP-70 domains controlling actin filament array association
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The actin association domain was demonstrated to reside in the C-terminal region of

SWAP-70. The SWAP-70 construct lacking the last 60 amino acids could not associate

with fine actin filament arrays anymore. However, it was still enriched in the area of the

loose actin filament arrays. On the other hand, the GFP-SWAP(205-585) lacking the N-

terminus, was no longer targeted to the correct region of the cell but instead colocalized

with actin filament bundles. This result can be explained by an inhibitory function of the

N-terminal region that is released by ligand binding of the PH-domain. The actin

filament association could be regulated similarly to the mechanism proposed for the

stimulation of SWAP-70 GEF activity. It was reported that the DH domain, which has

the GEF activity, interacts with the PH domain and is inactive. When the PH domain

binds to PI(3,4,5)P3, the PH-DH domain interaction is released and the GEF becomes

active (Shinohara et al., 2002b). Similarly, the PH domain binding to PI(3,4)P2 could

prevent an inhibitory action of the N-terminus to facilitate the actin binding by the C-

terminus. An interesting aspect is that actin association and Rac-GEF activity would be

connected. That these two processes occur simultaneously in cells is supported by the

observation that active GTP-Rac localizes to the same regions behind lamellipodia as

SWAP-70 (Kraynov et al., 2000). However, the GTP-Rac is localized on the plasma

membrane and not on actin filament arrays as SWAP-70. Nevertheless, the

determination of co-localization should be performed in the motile B16F1 cells where

the SWAP-70 actin filament association was seen most clearly. Another possibility is

that SWAP-70 binds first PI(3,4,5)P3 which stimulates the GEF domain to activate Rac,

and when the PI(3,4,5)P3-pool is dephosphorylated to PI(3,4)P2, SWAP-70 binds to fine

actin filament arrays until it is displaced, for example, by myosin II. Then SWAP-70

would again be free to bind the PI(3,4,5)P3 and to activate Rac. Thus, actin filament

arrays would serve as negative regulators removing SWAP-70 when the activating

PI(3,4,5)P3 signal is down-regulated. That Rac recruits SWAP-70 to the actin filaments

is unlikely because so far Rac has not been regarded to localize to actin filaments.

5.3.5  How is the overexpression of the C-terminal part of SWAP-70 causing the

endogenous SWAP-70 to relocalize?

The overexpression of the C-terminus of SWAP-70 induced the relocalization of the

endogenous SWAP-70 to particular areas of the plasma membrane or of vesicles

concentrated in these areas. One possibility is that the C-terminus competes for some
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protein (myosin 9b?) or process (vesicles?) that cycles SWAP-70 to the different parts

of the cell. When the pool of cycling protein or vesicle binding sites is depleted, SWAP-

70 stays at the start position. This hypothesis is highly speculative and further studies

will be needed to clarify this interesting phenomenon.

5.4  Function of SWAP-70 in cells

5.4.1  SWAP-70 as a regulator of the actin cytoskeleton

SWAP-70 was recently identified as a Rac-GEF (Shinohara et al., 2002a). However, the

observed overexpression phenotype of SWAP-70 does not completely correlate with

previously reported overexpression phenotypes of other Rac-GEFs. The overexpression

of SWAP-70 reduced the number of stress fibres in HeLa and Swiss3T3 cells and the

lamellipodia were either absent or they had an irregular edge. The phenotype induced

by the overexpression of other Rac-GEFs (e.g., Tiam1 and P-Rex1; de Leeuwen et al.,

1997; Welch et al., 2002) resembled that induced by the overexpression of

constitutively active Rac. Cells expressing dominant active Rac showed a characteristic

well spread morphology, accompanied by a redistribution of F-actin to the cell

periphery (Ridley et al., 1992). Although, cells overexpressing SWAP-70 demonstrated

a reduction in stress fibres, they never exhibited a flat, spread phenotype. On the

contrary, cells transfected with SWAP-70 looked more contracted than control cells and

there was no induction of lamellipodia. Therefore, it is not obvious that SWAP-70

functions as a Rac-GEF in vivo. A possible explanation could be that SWAP-70 has

simultaneously some additional functions involved in regulation of the actin

cytoskeleton that alter the Rac-GEF induced phenotype. For example, SWAP-70 might

be needed to stabilize and organize the fine actin filament arrays, with which it

associates. SWAP-70 may organize these filaments into arrays suitable for

incorporation into the cellular pool of preformed actin filaments or it keeps these

filament arrays thin and flexible suitable for fast shape changes of the cell. So the

disruption of the lamellipodia by overexpression of SWAP-70 may be due to a direct

interference of SWAP-70 with actin organization. Alternatively, SWAP-70 might be a

GEF for another member of the Rho-family in vivo.
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5.4.2  SWAP-70 in vesicle trafficking

There are some observations that implicate SWAP-70 in vesicle trafficking. First, the

SWAP-70 was observed in association with macropinosomes at the plasma membrane.

Second, in cells expressing high levels of the C-terminal part of SWAP-70, endogenous

SWAP-70 exhibited a spotty staining suggestive of a vesicular localization. And third,

the endogenous SWAP-70 exhibited occasionally a golgi colocalization in HtTa-1 HeLa

cells. SWAP-70 might be associated with actin filaments decorating vesicular

membranes. The Rac-GEF activity might be able to induce actin polymerization

important for vesicular trafficking. To conclude, SWAP-70 might be involved in

vesicular trafficking, but further studies are needed to clarify the function of SWAP-70

in these processes.

5.5  Overexpression of myosin 9b causes Rho inactivation and possibly

a Rac activation in B16F1 cells

Overexpression of myosin 9b in B16F1 cells caused a loss of stress fibres as observed

before in HeLa cells (Müller et al., 1997). However, in addition to the typical Rho

inhibition effects, the formation of exaggerated lamellipodia was observed in B16F1

cells. Therefore, it appears that by inactivating Rho, myosin 9b simultaneously activates

Rac. The opposing roles of Rac and Rho are widely studied. However, the hierarchy in

which these GTPases regulate each others activity seems to differ from one cell type to

another. In Swiss3T3 cells, Cdc42 activates Rac, which in turn activates Rho (Nobes

and Hall, 1995). In contrast, the activation of Rac antagonized the activation of Rho and

vice versa in mouse N1E-115 neuroblastoma cells (van Leeuwen et al., 1997). Recently,

Tsuji et al. (2002) reported that also in Swiss3T3 fibroblasts the inactivation of Rho

activates Rac. They proposed that Rho signaling has a built-in switch for Rac activation.

They found that this switch was mediated by the Rho effector mDia and that it was

inhibited by ROCK, another Rho effector. The mDia was activated at low Rho activity

whereas ROCK was activated at high Rho activity. The overexpression of wild-type

p190RhoGAP was reported to facilitate spreading and migration of fibroblasts. The

phenotype induced by p190RhoGAP was similar to that of the ROCK inhibitor Y-
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27632 (Arthur and Burridge, 2001; Tsuji et al., 2002). Similar to p190RhoGAP, the

myosin 9b overexpression appeared to facilitate migration of B16F1 cells. These cells

had often well spread lamellipodia when plated on laminin and especially in comparison

with SWAP-70 expressing cells, myosin 9b expressing cells showed a fast motility. A

further similarity to p190RhoGAP was that myosin 9b induced an actin phenotype

similar to that induced by the ROCK inhibitor Y-27632. In conclusion, inactivation of

Rho by myosin 9b leads in B16F1 cells to an activation of Rac. An intriguing possiblity

would be that the RhoGAP activity of myosin 9b is regulated by SWAP-70 and that the

Rac-GEF activity of SWAP-70 is regulated by myosin 9b.

5.6  Myosin 9b and SWAP-70 interact weakly

The physiological significance of the interaction between myosin 9b and SWAP-70 was

examined by many different biochemical and cell biological methods.

Immunoprecipitation experiments with myosin 9b antibody demonstrated a weak

interaction with SWAP-70 in HeLa cells. However, immunofluorescence or GFP-fusion

protein studies done in B16F1 cells showed no co-localization. Therefore, it is

questionable whether SWAP-70 and myosin 9b interact. It is also possible that the

interaction between SWAP-70 and myosin 9b is weak and transient and therefore

difficult to detect by biochemical techniques.

5.7  Conclusions

This study showed that SWAP-70 is widely expressed in different tissues and cell lines.

SWAP-70 associates with loose actin filament arrays localized in lamellae behind

dynamic ruffles or protruding lamellipodia. These loose actin filament arrays have not

been observed before and therefore SWAP-70 identifies a novel subtype of actin

assembly. It is plausible that SWAP-70 labeled actin filament arrays are in transition

between generation in the lamellipodia and incorporation into contractile bundles. The

SWAP-70 association with these actin filament arrays was regulated by PI 3-kinase
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activity and PI(3,4)P2 was shown to be a physiological ligand of SWAP-70. It appears

that ligand binding by the PH domain releases a putative interaction between the

inhibitory N-terminus and the actin associating C-terminus. SWAP-70 was reported to

serve as a receptor tyrosine kinase regulated Rac-GEF (Shinohara et al., 2002a).

Simultaneously it may regulate directly the organization of the actin filament arrays,

with which it associates. Convincing data for a physiological significance of the two-

hybrid interaction between SWAP-70 and myosin 9b could not be obtained. However,

the interaction between myosin 9b and SWAP-70 might represent a means to connect

the Rho and Rac signaling pathways.


