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ABSTRACT  Cell polarization is essential for many biological processes, including directed cell 
migration, and loss of polarity contributes to pathological conditions such as cancer. The Par 
complex (Par3, Par6, and PKCζ) controls cell polarity in part by recruiting the Rac-specific 
guanine nucleotide exchange factor T-lymphoma invasion and metastasis 1 (Tiam1) to special-
ized cellular sites, where Tiam1 promotes local Rac1 activation and cytoskeletal remodeling. 
However, the mechanisms that restrict Par-Tiam1 complex activity to the leading edge to 
maintain cell polarity during migration remain unclear. We identify the Rac-specific GTPase-
activating protein (GAP) breakpoint cluster region protein (Bcr) as a novel regulator of the 
Par-Tiam1 complex. We show that Bcr interacts with members of the Par complex and inhib-
its both Rac1 and PKCζ signaling. Loss of Bcr results in faster, more random migration and 
striking polarity defects in astrocytes. These polarity defects are rescued by reducing PKCζ 
activity or by expressing full-length Bcr, but not an N-terminal deletion mutant or the ho-
mologous Rac-GAP, Abr, both of which fail to associate with the Par complex. These results 
demonstrate that Bcr is an integral member of the Par-Tiam1 complex that controls polarized 
cell migration by locally restricting both Rac1 and PKCζ function.

INTRODUCTION
Directional cell migration is essential for embryonic development, 
immune surveillance, and wound healing, whereas aberrant migra-
tion is associated with developmental disorders, inflammatory dis-
eases, and cancer (Ridley, 2001; Etienne-Manneville and Hall, 2002; 

Aranda et  al., 2008; Iden and Collard, 2008; Ellenbroek et  al., 
2012a). To migrate in a persistent directional manner, cells must es-
tablish and maintain polarity with defined leading and trailing edges. 
Rho-family small GTPases play essential roles in controlling front–
rear polarity during cell migration by regulating cytoskeletal dynam-
ics (Ridley, 2001; Etienne-Manneville and Hall, 2002). In general, 
Rac1 and Cdc42 promote protrusive activity at the leading edge by 
stimulating actin and microtubule rearrangements, whereas RhoA 
induces actomyosin contractility and retraction at the trailing edge 
(Etienne-Manneville and Hall, 2002). Cdc42 also directly regulates 
cell orientation during migration in response to extracellular cues 
(Etienne-Manneville, 2004). Rho GTPases regulate these processes 
by functioning as molecular switches, cycling between an active 
GTP-bound state and an inactive GDP-bound state with the aid of 
guanine nucleotide exchange factors (GEFs) and GTPase-activating 
proteins (GAPs), respectively (Schmidt and Hall, 2002; Tcherkezian 
and Lamarche-Vane, 2007).

The evolutionarily conserved Par complex, consisting of Par3, 
Par6, and atypical PKC (PKCζ), also plays essential roles in guiding 
cell polarity (Etienne-Manneville and Hall, 2003b; Mertens et  al., 
2006). In migrating cells, activation of the Par complex at the lead-
ing edge reorients the centrosome (microtubule-organizing center), 
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Because Rac1 is a key regulator of cell migration, we next deter-
mined whether loss of Bcr and/or Abr affects astrocyte migration. 
Astrocyte migration was stimulated using an in vitro wound-healing 
assay, in which a monolayer of astrocytes is scratched to trigger po-
larized migration perpendicular to the wound (Etienne-Manneville, 
2006). We found that Bcr−/− and Bcr−/−Abr−/− astrocytes closed the 
wound significantly faster than WT or Abr−/− cells (Figure 1, E and F, 
and Supplemental Movies S1–S4). This enhanced wound healing 
could be caused by increased cell proliferation and/or motility. 
However, bromodeoxyuridine (BrdU) labeling revealed no significant 
difference between WT and mutant astrocytes, indicating that the 
astrocytes proliferate at the same rate (Figure S1). To determine 
whether loss of Bcr and/or Abr directly affects cell motility, we mea-
sured nuclear displacement. Bcr-deficient astrocytes moved a greater 
distance over a 24-h period than WT or Abr−/− cells, suggesting Bcr 
normally reduces cell speed (Figure 1G). This increased speed ob-
served in astrocytes lacking Bcr was due to elevated Rac1 activity, 
because NSC23766, a small-molecule inhibitor that specifically 
blocks Rac1 activation by the Rac-GEFs Tiam1 and Trio (Gao et al., 
2004), slowed the rate of wound closure in Bcr−/− and Bcr−/−Abr−/− 
astrocytes to WT levels (Figure 1H). Thus these results suggest that 
by inhibiting Rac1, Bcr normally restricts the speed of cell migration.

Bcr deficiency impairs persistent polarized migration 
in astrocytes
To determine whether Bcr also controls the directionality of cell mo-
tility, we performed time-lapse imaging on WT and mutant astro-
cytes during wound healing, tracking their paths over a 48-h time 
period (Etienne-Manneville, 2006; Supplemental Movies S1–S4). In 
contrast to WT and Abr−/− astrocytes, which migrated in a relatively 
straight line perpendicular to the scratch, Bcr−/− and Bcr−/−Abr−/− as-
trocytes migrated in more random, less persistent paths (Figure 2A). 
Bcr-deficient astrocytes plated at low density also displayed more 
random migration over a 15-h time period than did WT or Abr−/− as-
trocytes (Figure 2B and Supplemental Movies S5–S8). These effects 
were quantified using the ratio of the direct linear distance (D) to the 
total distance (T) traversed by the cell. Bcr-deficient astrocytes ex-
hibited an approximate 2.6-fold decrease in their D:T directionality 
ratio compared with WT or Abr−/− astrocytes (Figure 2C), suggesting 
that Bcr normally helps to define the direction of migration.

In wound-healing assays, astrocytes typically become polarized 
prior to migrating and closing the wound (Etienne-Manneville, 
2006). This polarization involves the formation of an elongated pro-
trusion toward the scratch, extension of microtubules that permeate 
the protrusion, and a reorientation of the centrosome toward the 
direction of migration (Etienne-Manneville, 2006). Because Bcr-defi-
cient astrocytes exhibit decreased directional migration, we tested 
whether they polarize correctly in the wound-healing assay. To as-
sess protrusion formation and microtubule network polarization, we 
stained WT and mutant astrocytes with acetylated tubulin to visual-
ize microtubules and with Hoechst to mark nuclei. Following wound-
ing, ∼61% of WT and 57% of Abr−/− astrocytes formed polarized 
protrusions in the direction of the scratch, while only 34% of Bcr−/− 
and 29% of Bcr−/−Abr−/− astrocytes did (Figures 2, D and E, and S2A). 
Furthermore, WT and Abr−/− astrocytes displayed properly oriented 
and organized microtubule and actin cytoskeletons, whereas micro-
tubules and actin filaments in Bcr−/− and Bcr−/−Abr−/− astrocytes were 
highly disorganized (Figures 2D and S2, B and C). To assess cen-
trosome reorientation, we stained astrocytes with α-pericentrin anti-
bodies to mark centrosomes and Hoechst to mark nuclei at 0 or 18 h 
after scratching. Normally, in response to wounding, the centrosome 
of each cell will move from a random location around the nucleus to 

microtubule cytoskeleton, and membrane traffic toward the direc-
tion of migration (Etienne-Manneville and Hall, 2003b). It has be-
come increasingly clear that cell polarization requires extensive 
cross-talk between the Par complex and Rho GTPases (Iden and 
Collard, 2008). For example, activated Cdc42 binds to Par6 and pro-
motes localized PKCζ activity, which in turn modulates microtubule 
organization and cell orientation (Etienne-Manneville and Hall, 
2001; Nishimura et al., 2005). Furthermore, Par3 recruits the Rac-GEF 
T-lymphoma invasion and metastasis 1 (Tiam1) to specialized sites, 
where Tiam1 activates Rac1, resulting in local actin polymerization 
and microtubule stabilization (Nishimura et  al., 2005; Zhang and 
Macara, 2006). To properly control cell polarity, the activities of Rho 
GTPases and Par-complex proteins must be spatially and temporally 
regulated, and loss of this tight regulation can result in pathological 
conditions such as cancer (Eder et al., 2005; Regala et al., 2005a; 
Iden and Collard, 2008; Rathinam et  al., 2011; Ellenbroek et  al., 
2012a; Mardilovich et al., 2012). However, little is known about the 
mechanisms that restrict Rho GTPase and Par-complex function at 
the leading edge to maintain cell polarity during directional cell mi-
gration. In this paper, we report the identification of the Rac-GAP 
breakpoint cluster region protein (Bcr) as a novel regulator of the 
Par-Tiam1 polarity complex. We show that Bcr interacts with mem-
bers of the Par complex and that loss of Bcr results in elevated Rac1 
activity and consequently enhanced PKCζ signaling in primary as-
trocytes. Bcr-deficient astrocytes migrate randomly and exhibit po-
larity defects, in contrast to wild-type (WT) astrocytes and astrocytes 
lacking the highly related Rac-GAP active Bcr-related protein (Abr). 
These polarity defects are rescued by reducing PKCζ activity or by 
expressing full-length Bcr, but not Abr or an N-terminal deletion 
mutant of Bcr, both of which fail to associate with the Par-Tiam1 
complex. Together these results suggest that Bcr is an essential 
regulator of the Par-Tiam1 complex that controls polarized migra-
tion by locally restricting Rac1 and PKCζ function at the leading 
edge.

RESULTS
Loss of the Rac-GAP Bcr results in increased Rac1 signaling 
and faster migration in astrocytes
Recently we identified Bcr as Tiam1-interacting protein (unpublished 
data). While Bcr is best known for its involvement in a chromosomal 
translocation that causes chronic myelogenous leukemia (Groffen 
and Heisterkamp, 1997), native Bcr and the closely related protein 
Abr function in vivo as Rac-GAPs (Cho et al., 2007). We hypothe-
sized that Bcr and/or Abr may cooperate with Tiam1 to precisely 
regulate Rac1 signaling during directional cell migration. To investi-
gate this possibility, we examined the roles of Bcr and Abr in astro-
cytes, which not only play pivotal roles in regulating brain develop-
ment, function, and cancer, but also serve as a model system for 
elucidating mechanisms of polarized migration (Etienne-Manneville, 
2006). We first determined the effects of loss of Bcr and/or Abr on 
Rac1 signaling by isolating cortical astrocytes from postnatal WT, 
Bcr−/−, Abr−/− and Bcr−/−Abr−/− mice and culturing them for 14 d in 
vitro (DIV). Cells were then lysed and subjected to a Rac1 activation 
assay, which utilizes the p21-binding domain (PBD) of the Rac1 ef-
fector p21-activated kinase (PAK) as an affinity reagent to precipitate 
the active Rac-GTP from cells (Sander et al., 1998). We found that 
Abr−/−, Bcr−/−, and Bcr−/−Abr−/− astrocytes all exhibited elevated lev-
els of activated Rac1 compared with WT astrocytes (Figure 1, A and 
B). Rac-dependent PAK autophosphorylation was also increased in 
Abr−/−, Bcr−/−, and Bcr−/−Abr−/− astrocytes relative to WT astrocytes 
(Figure 1, C and D). These results indicate that Bcr and Abr nega-
tively regulate Rac1 signaling in astrocytes.
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Bcr is a novel member of the Par-Tiam1 complex
How might Bcr regulate cell polarization? As previously noted, 
we recently discovered that Bcr interacts with the Rac-GEF Tiam1 
(unpublished data), a key component of the Par complex (Mertens 
et al., 2006; Nakayama et al., 2008). During directional migration, 
Tiam1 promotes Rac-dependent protrusion formation at the lead-
ing edge by inducing actin polymerization and microtubule stabili-
zation (Pegtel et al., 2007; Ellenbroek et al., 2012b), while Par6-PKCζ 
controls centrosome reorientation by phosphorylating and inactivat-
ing glycogen synthase kinase-3β (GSK-3β; Etienne-Manneville and 

the front of the nucleus in the quadrant facing the scratch (scored as 
a polarized centrosome; see Figure 2F; Etienne-Manneville, 2006). 
We found that, after wounding, ∼75% of WT and Abr−/− astrocytes 
possessed polarized centrosomes, whereas polarized centrosomes 
were present in only 27% of Bcr−/− and Bcr−/−Abr−/− astrocytes 
(Figure 2, G and H). Because 27% is not different from chance orien-
tation, this result suggests that Bcr-deficient astrocytes fail to reori-
ent their centrosomes toward the scratch. Together these results 
indicate that Bcr plays an important role in the establishment of cell 
polarization in addition to the regulation of cell speed.

FIGURE 1:  Bcr loss results in increased Rac1 signaling and faster migration in astrocytes. (A) Western blot analysis of 
the Rac1 activation assay. Activated Rac1 was affinity-purified from WT, Abr−/−, Bcr−/−, and Bcr−/− Abr−/− cortical astrocyte 
lysates using GST-PBD, and then immunoblotted with α-Rac1 antibodies. Total lysates were also probed for Rac1 to 
show protein loading. Mutant astrocytes displayed elevated levels of activated Rac1 relative to WT astrocytes.
(B) Quantification of Rac1 activation assay. N = 3. (C) Western blot analysis of Pak phosphorylation (pPak). Total levels of 
Pak are also shown. Loss of the Rac-GAPs Bcr and/or Abr results in increased Pak phosphorylation in cortical astrocytes. 
(D) Quantification of Pak phosphorylation. N = 3. (E) Representative images of a scratch assay performed on mouse 
cortical astrocytes. Astrocytes from WT, Abr−/−, Bcr−/−, and Bcr−/−Abr−/− mice were scratched and imaged over a time 
period of 48 h. Bcr−/− and Bcr−/−Abr−/− astrocytes closed the wound faster than WT or Abr−/− astrocytes, as shown 
by the representative images at the 32-h time point. (F) Quantification of the scratch assays. Percentage of wound 
closure was quantified over 48 h in scratch assays performed on WT, Abr−/−, Bcr−/−, and Bcr−/−Abr−/− astrocytes. N = 4. 
(G) Quantification of cell speed. Nuclear displacements of WT, Abr−/−, Bcr−/−, and Bcr−/−Abr−/− astrocytes were measured 
over 24 h during the scratch assay. N = 3. (H) Quantification of scratch assays done in the absence or presence of the 
Tiam1-Rac1 small-molecule inhibitor NSC23766. Percentage of wound closure was quantified over 48 h in scratch assays 
performed on WT, Abr−/−, Bcr−/−, and Bcr−/−Abr−/− astrocytes treated with PBS (control) or 50 μM NSC23766. Treatment 
with NSC23766 slowed down Bcr-deficient astroctyes to WT levels. N = 4. Data are shown ± SEM.
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mids encoding Par3 alone or in combination with Flag-tagged Bcr 
or Tiam1 (as a positive control), and then Bcr or Tiam1 was immuno-
precipitated with an anti-Flag antibody. As shown in Figure 3B, Par3 
coimmunoprecipitated with both Bcr and Tiam1, but not with con-
trol anti-Flag immunoprecipitates. Par3 was also present in Bcr im-
munoprecipitates from rat cortical astrocyte cultures (Figure 3C), 

Hall, 2003a; Figure 3A). Because Bcr is required for both protrusion 
formation and centrosome reorientation (Figure 2, D–H), we hy-
pothesized that Bcr may associate with the Par-Tiam1 complex and 
restrict Rac1 and PKCζ activity at the leading edge. To investigate 
this possibility, we first tested whether Bcr interacts with members of 
the Par complex. COS7 cells were transfected with expression plas-

FIGURE 2:  Loss of Bcr impairs persistent polarized migration in astrocytes. (A) Representative individual migration 
tracks of WT, Abr−/−, Bcr−/−, and Bcr−/−Abr−/− cortical astrocytes from the wound-healing assay. N = 3. (B) Representative 
individual migration tracks of WT Abr−/−, Bcr−/−, and Bcr−/−Abr−/− astrocytes plated at low density. N = 3. 
(C) Quantification of average persistence (D:T ratio) of migrating WT, Abr−/−, Bcr−/−, and Bcr−/−Abr−/− astrocytes derived 
from the tracks depicted in (B). A persistence of 1 indicates completely linear migration. N = 3. (D) Protrusion assay. 
WT, Abr−/−, Bcr−/−, and Bcr−/−Abr−/− astrocyte monolayers were scratched at time 0, and then fixed 18 h postscratch 
and stained with α-acetylated tubulin antibodies to mark microtubules (green) and Hoechst to mark nuclei (blue). 
WT and Abr−/− astrocytes formed polarized protrusions perpendicular to the scratch (indicated by the white dashed 
line), while Bcr−/− and Bcr−/−Abr−/− astrocytes failed to form polarized protrusions. Scale bar: 10 μm. (E) Quantification of 
the protrusion assay shown as percent of cells with polarized protrusions. n = ∼100; N = 3. (F) Centrosome reorientation 
assay. Cortical astrocytes were scratched and fixed at 0 and 18 h postscratch and stained with Hoechst (nuclei: blue) and 
α-pericentrin antibodies (centrosomes: red). Cells with centrosomes in the front marked quadrant were quantified as 
having polarized centrosomes. (G) Representative images of centrosome reorientation assay. By 18 h, most WT and 
Abr−/− astrocytes possessed correctly polarized centrosomes, while Bcr−/− and Bcr−/−Abr−/− astrocytes failed to reorient 
their centrosomes in the polarized direction. Scale bar: 5 μm. (H) Quantification of the centrosome reorientation assay. 
N = 3. Data are shown ± SEM. 
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analyses of lysates obtained from WT and Bcr−/− astrocytes revealed 
that PKCζ levels were significantly greater in Bcr−/− astrocytes com-
pared with WT astrocytes (Figure 4, A and B), suggesting that Bcr 
normally down-regulates PKCζ levels. Furthermore, immunostaining 
studies performed on astrocytes migrating in a wound-healing assay 
showed that PKCζ was more abundant and less confined to the 
leading-edge plasma membrane in Bcr−/− astrocytes than in WT as-
trocytes (Figure 4C). In contrast, Par3 and Tiam1 localization was 
unaffected by the absence of Bcr (Figure S4, A and B). PKCζ is known 
to phosphorylate GSK-3β on Ser-9, which inhibits the catalytic activ-
ity of GSK-3β and suppresses its ability to phosphorylate and target 
β-catenin for ubiquitination and proteasomal degradation (Li et al., 
1999; Moon et al., 2002). To determine whether the increased PKCζ 
levels observed in Bcr-deficient astrocytes result in enhanced PKCζ 
signaling, we examined GSK-3β phosphorylation and β-catenin lev-
els in WT and Bcr−/− astrocytes. We found that Bcr−/− astrocytes ex-
hibited an increase in both GSK-3β phosphorylation (Figure 4, D and 
E) and β-catenin stabilization (Figure 4, F and G) relative to WT astro-
cytes. This enhanced GSK3β phosphorylation was confirmed to be 
PKCζ-dependent, because treatment of Bcr−/− astrocytes with a 
myristoylated PKCζ pseudosubstrate inhibitor reduced GSK3β 
phosphorylation to WT levels (Figure S4, C and D). These results 
demonstrate that Bcr inhibits PKCζ downstream signaling. In con-
trast, we did not detect any alterations in PKCζ or phospho–GSK-3β 
levels in Abr−/− astrocytes (Figure S4, E–G). Thus these results sug-
gest that Bcr regulates cell polarity not only by limiting Rac1 activa-
tion but also by down-regulating PKCζ levels and function.

Because PKCζ levels are high in the absence of Bcr (Figure 4, 
A–C) and PKCζ is a known target of the ubiquitin-proteasome path-
way (Smith et al., 2000), we next asked whether Bcr negatively regu-
lates PKCζ signaling by facilitating its degradation. To investigate 
this possibility, we overexpressed myc-Bcr or control vector in COS7 
cells, treated the cells with vehicle (dimethyl sulfoxide [DMSO]) or 
MG132 for 6 h to inhibit proteasome-dependent degradation, and 
then analyzed endogenous PKCζ levels by Western blotting with an 
anti–PKCζ antibody. We found that Bcr overexpression significantly 
reduced PKCζ levels relative to control levels (Figure 4, H and I). 
However, treatment with the proteasome inhibitor MG132 pre-
vented this Bcr-induced PKCζ decrease (Figure 4, H and I), suggest-
ing that Bcr promotes PKCζ degradation.

Activated Rac1 and Cdc42 are both capable of forming a ternary 
complex with Par6 and PKCζ, resulting in increased PKCζ stability 
and kinase activity (Qiu et al., 2000). Because Bcr negatively regu-
lates Rac1, we examined whether the ability of Bcr to promote PKCζ 
degradation is Rac-dependent. While Bcr caused a significant re-
duction in PKCζ levels when overexpressed in COS7 cells (Figure 4, 
J and K), a Bcr mutant that lacks Rac-GAP activity (Bcr-GD) failed to 
lower PKCζ levels below control levels (Figure 4, J and K). Further-
more, the effect of Bcr on PKCζ was blocked by coexpression with a 
constitutively active Rac1 mutant (RacV12; Figure 4, J and K). These 
results suggest that Bcr induces PKCζ degradation by inhibiting 
Rac1 activity. To confirm that Bcr regulates PKCζ degradation in as-
trocytes in a Rac-dependent manner, we treated WT and Bcr−/− as-
trocytes with NSC23766 to inhibit Tiam1-mediated Rac1 activation, 
which is elevated in Bcr-deficient astrocytes (Figure 1, A and B). In 
the absence of NSC23766, Bcr−/− astrocytes displayed increased 
levels of PKCζ compared with levels in WT (Figure 4, L and M). How-
ever, treatment with NSC23766 reduced PKCζ levels in Bcr−/− astro-
cytes to WT levels (Figure 4, L and M). Because activated Cdc42 
levels are not elevated in Bcr−/− astrocytes (Figure S4, H and I), these 
findings indicate that Bcr promotes PKCζ degradation by inhibiting 
Rac1 activity.

suggesting that endogenous Bcr and Par3 interact. We performed 
similar experiments to assess the association between Bcr and 
PKCζ. We found that Bcr and PKCζ coimmunoprecipitate from 
both COS7 cells (Figure 3D) and primary rat cortical astrocytes 
(Figure 3E). These results suggest that, like Tiam1, Bcr interacts with 
both PKCζ and Par3. In contrast, we detected no interaction be-
tween Par6 and either Bcr or Tiam1 when Par6 was overexpressed 
alone with these proteins in COS7 cells (Figure S3A). However, when 
Par6 was coexpressed with Tiam1 or Bcr in the presence of PKCζ, 
Par6 coimmunoprecipitated with both Tiam1 and Bcr, suggesting 
that PKCζ facilitates their interaction with Par6 (Figure 3F). From 
these results, we conclude that Bcr is a novel member of the Par 
complex with an interaction profile similar to that of Tiam1, a well-
defined polarity complex member. Interestingly, in contrast to Bcr, 
the homologous Rac-GAP Abr did not associate with any members 
of the Par complex (Figure S3, B and C), consistent with its lack of 
involvement in astrocyte polarization (Figure 2, D–H).

To determine which domain(s) of Bcr mediate its interaction with 
the Par complex, we generated glutathione S-transferase (GST)-
tagged fusion proteins containing different regions of Bcr, including 
the DH-PH (GEF) domain, the GAP domain, and the N-terminal ser-
ine/threonine protein kinase domain with (N-term) or without 
(N-term∆O) the oligomerization domain (Figure 3G). These GST-fu-
sion proteins were immobilized on glutathione beads and then used 
to pull down Par3 or PKCζ overexpressed in HEK293T cells. We 
found that Par3 interacted with the GEF, GAP, and oligomerization-
containing N-terminal (N-term) Bcr constructs, whereas PKCζ asso-
ciated only with Bcr constructs containing the N-terminus (N-term 
and N-term∆O) (Figure 3, G and H). The N-terminus of Bcr also 
mediates its interaction with Tiam1 (unpublished data). Interestingly, 
Abr, which fails to interact with Par-complex members (Figure S3, B 
and C), lacks an equivalent N-terminal oligomerization and kinase 
domain (Figure 3G), suggesting that this region of Bcr is important 
for its association with the Par-Tiam1 complex. To confirm this pos-
sibility, we made an N-terminal deletion construct of Bcr (∆N-Bcr) 
and found that, similar to Abr, ∆N-Bcr does not associate with PKCζ 
(Figure 3, G and I).

The Par-Tiam1 complex functions at the leading edge to control 
directional cell migration (Etienne-Manneville and Hall, 2001; Cau 
and Hall, 2005; Gomes et al., 2005; Pegtel et al., 2007; Nakayama 
et al., 2008). Because Bcr interacts with members of the Par-Tiam1 
complex, it may also be recruited to the leading edge during cell 
migration. To test this possibility, we performed a scratch assay on 
rat cortical astrocytes expressing low levels of cyan fluorescent pro-
tein (CFP)-tagged Bcr. Prior to wounding, Bcr was localized diffusely 
throughout the cell, but by 18 h postscratch, Bcr was clearly en-
riched at the plasma membrane of the leading edge (Figure 3J). We 
also found that Bcr colocalized with PKCζ at the leading edge of 
migrating astrocytes (Figure 3K). In contrast to its localization, Bcr’s 
interaction with Par-complex members did not appear to be dra-
matically altered following wounding in the scratch assay (Figure S3, 
D and E). Together these results suggest that, in response to a 
promigratory stimulus, Bcr and Par-complex members translocate 
together to the leading edge, where they control directed cell 
migration.

Bcr negatively regulates PKCζ signaling by facilitating 
its degradation
Because Bcr interacts with PKCζ (Figure 3, D and E) and is required 
for aspects of cell polarization known to be regulated by PKCζ 
(Figure 2, G and H), we hypothesized that Bcr may play an important 
role in PKCζ signaling. Consistent with our hypothesis, Western blot 
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FIGURE 3:  Bcr is a novel interaction partner of the Par-Tiam1 complex. (A) Schematic depicting the role of the 
Par-Tiam1 complex in polarized cell migration. Tiam1-mediated Rac1 activation promotes cytoskeletal remodeling 
important for protrusion formation, whereas PKCζ regulates the reorientation of the centrosome. (B) Bcr interacts with 
Par3 in COS7 cells. Lysates from COS7 cells expressing Par3 in the presence or absence of Flag-tagged Bcr or Tiam1 
(positive control) were immunoprecipitated (IP) with an α-Flag antibody, and then immunoblotted with an α-Par3 
antibody. Lysates were also immunoblotted with α-Par3 and α-Flag antibodies to demonstrate protein expression. 
N = 3. (C) Bcr interacts with Par3 in astrocytes. Lysates from cultured rat cortical astrocytes (DIV21) were 
immunoprecipitated with control immunoglobulin G (IgG; nonimmune: NI) or α-Bcr antibodies, and then immunoblotted 
with the α-Par3 or α-Bcr antibody. N = 3. (D) Bcr interacts with PKCζ in COS7 cells. Lysates from COS7 cells expressing 
Tiam1 (positive control) or Bcr alone or in combination with Flag-PKCζ were immunoprecipitated with α-Flag antibody, 
and then immunoblotted with α-Tiam1 or α-Bcr antibodies. Lysates were also blotted with α-Tiam1, α-Bcr, or α-Flag 
antibodies to confirm protein expression. N = 3. (E) Bcr interacts with PKCζ in cortical astrocytes. Lysates from cultured 
rat cortical astrocytes (DIV21) were immunoprecipitated with control IgG (NI) or α-Bcr antibodies, and then 
immunoblotted with α-PKCζ or α-Bcr antibodies. N = 3. (F) Bcr and Tiam1 require PKCζ to interact with Par6 in COS7 
cells. Flag-tagged Tiam1 or Bcr was coexpressed alone or in combination with myc-Par6 in the absence or presence of 
Flag-PKCζ. Tiam1 and Bcr were immunoprecipitated with α-Tiam1 or α-Bcr antibodies, respectively, and then 
immunoblotted with anti-myc antibody to assess Par6 association. Lysates were blotted with α-Flag antibody to confirm 
protein expression. N = 3. (G) Domain structures of full-length Bcr and Abr as well as truncated Bcr constructs used in 
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the direction of migration. These polarity defects can be rescued by 
reducing PKCζ activity or by reexpressing Bcr. In contrast, the polar-
ity defects cannot be rescued by expressing the highly homologous 
Rac-GAP Abr or an N-terminally deleted Bcr mutant, which possess 
equivalent Rac-GAP activities but do not associate with the Par-
Tiam1 complex or suppress PKCζ levels. While Bcr and Abr both 
appear to function as Rac-GAPs in astrocytes, our results indicate 
that Bcr serves a unique role in regulating cell polarity during migra-
tion by interacting with the Par-Tiam1 complex and locally restrict-
ing Rac1 and PKCζ function at the leading edge.

Although Bcr-deficient astrocytes lack the ability to move in 
straight trajectories like WT or Abr−/− astrocytes, they manage to 
close the wound faster in the scratch assay. This faster wound clo-
sure is likely due to the increased cellular velocity of Bcr-deficient 
astrocytes and the fact that cells in a scratch assay are somewhat 
restricted in their direction of motion due to contact inhibition from 
surrounding cells. In contrast to the scratch assay, astrocytes lacking 
Bcr clearly fail to persistently migrate in the random migration assay, 
where cells are able to move in any direction. Results from these two 
migration assays demonstrate that Bcr controls both cell speed and 
directionality.

While the Rac1 and PKCζ signaling pathways are both required 
for directed cell migration, they are proposed to serve different roles 
(Etienne-Manneville and Hall, 2003a). Tiam1-mediated Rac1 signal-
ing promotes protrusion formation at the leading edge by stimulat-
ing actin polymerization and microtubule stabilization (Pegtel et al., 
2007; Ellenbroek et al., 2012b), whereas Par6-PKCζ signaling con-
trols the reorientation of protrusions and centrosomes toward the 
direction of migration by regulating GSK-3β signaling (Etienne-
Manneville and Hall, 2003a). To properly control directional migra-
tion, the activities of both PKCζ and Rac1 need to be precisely regu-
lated. For instance, ectopic activity of Par-complex members, 
particularly aPKC, can result in loss of polarity and pathological con-
ditions such as tissue disorganization and tumorigenesis (Regala 
et al., 2005b; Cunliffe et al., 2012). Furthermore, studies analyzing 
Rac1 activity patterns in migrating cells suggest that Rac1 is also 
highly spatially and temporally regulated (Kraynov et  al., 2000; 
Gardiner et al., 2002), and disruption of this precise regulation by 
constitutively active or dominant-negative mutants results in aber-
rant cell migration (Hooshmand-Rad et  al., 1997; Ridley, 2001). 
However, the mechanisms that restrict Rac1 and PKCζ signaling to 
maintain cell polarity during migration are not clear. Our results indi-
cate that Bcr serves a novel function in Par-Tiam1 complex–medi-
ated directional migration. Not only does Bcr regulate protrusion 
formation and cell speed by down-regulating Rac1 activity, it also 
regulates cell polarity by limiting PKCζ stability and signaling. Bcr 
may restrict PKCζ signaling to the leading edge by reducing the 

Bcr restricts PKCζ function to maintain cell polarity
To investigate whether Bcr’s ability to inhibit PKCζ signaling is im-
portant for its effects on cell polarity, we subjected WT and Bcr−/− as-
trocytes to the wound-healing assay in the presence or absence of a 
myristoylated PKCζ pseudosubstrate inhibitor. Astrocytes were then 
imaged and analyzed for protrusion formation and centrosome re-
orientation 18 h following the scratch. Consistent with our previous 
results, we found that Bcr−/− astrocytes displayed defects in both 
protrusion formation and centrosome reorientation (Figure 5, A and 
B). Treatment with a low dose of the PKCζ inhibitor that did not 
disrupt WT astrocyte polarity (Figure 5, A and B) partially rescued 
the protrusion and centrosome polarity defects in the Bcr−/− astro-
cytes (Figure 5, A and B), indicating that elevated PKCζ activity con-
tributes to the polarity defects observed in Bcr−/− astrocytes. This 
result suggests that Bcr normally controls cell polarity in part by re-
stricting PKCζ activity. The absence of a full rescue may be due to 
the fact that PKCζ requires precise spatiotemporal regulation to me-
diate cell polarity (Etienne-Manneville and Hall, 2001) and global 
inhibition of PKCζ does not fully replicate WT conditions.

We next investigated whether Bcr’s ability to interact with the Par 
complex is important for its capacity to control cell polarity. In con-
trast to Bcr, Abr is not required for astrocyte cell polarity (Figure 2, D 
and F) and does not associate with the Par-Tiam1 complex (Figure 
S3, B and C) or inhibit PKCζ levels (Figure 5, C and D), despite hav-
ing equivalent Rac-GAP activity (Figure 5, E and F). Consistent with 
these differences, we found that Bcr, but not Abr, was capable of 
rescuing the polarity defects observed in Bcr−/− astrocytes (Figure 5, 
G–I). Specifically, Bcr−/− astrocytes expressing eGFP and myc-Bcr 
formed polarized protrusions (Figure 5, G and H) and reoriented 
their centrosomes toward the scratch (Figure 5I) in a wound-healing 
assay in a similar manner as eGFP-expressing WT astrocytes, 
whereas Bcr−/− astrocytes expressing eGFP alone or with myc-Abr 
failed to properly polarize (Figure 5, G–I). Likewise, the ΔN-Bcr mu-
tant, which has equivalent Rac-GAP activity (Figure S5, A and B) but 
cannot bind to or inhibit PKCζ (Figures 3I and S5, A and C), failed to 
rescue the polarity defects observed in Bcr−/− astrocytes (Figure S5, 
D and E). Taken together, these results suggest that the ability of Bcr 
to interact with members of the Par complex and locally restrict 
Rac1 and PKCζ activity is essential for its regulation of cell polarity.

DISCUSSION
We conclude that Bcr is a novel member of the Par-Tiam1 complex 
that promotes the proper polarization, orientation, and migration of 
astrocytes by restricting the levels of active Rac1 and PKCζ. In the 
absence of Bcr, excessive Rac1 activity results in faster, more ran-
dom migration; enhanced PKCζ signaling; and defects in the ability 
of astrocytes to polarize their protrusions and centrosomes toward 

the domain-mapping experiments. GEF: Dbl homology and pleckstrin homology (DH-PH) domain; GAP: GTPase-
activating protein domain; O: oligomerization domain; Kinase: serine/threonine kinase domain; C2: calcium-dependent 
lipid-binding domain. (H) The N-terminus of Bcr is important for mediating its interaction with members of the Par 
complex. Lysates from HEK293T cells expressing full-length Par3 or PKCζ were incubated with recombinant Bcr 
GST-fusion proteins (GEF, GAP, N-term, and N-termΔO) or GST control protein immobilized on beads. Precipitated 
proteins were then analyzed by immunoblotting with α-Par3 and α-PKCζ antibodies. N = 3. (I) Deletion of the Bcr 
N-terminus prevents binding of Bcr to PKCζ. Western blot analysis of lysates from COS7 cells transfected with 
myc-ΔN-Bcr with or without Flag-PKCζ or myc-Bcr and Flag-PKCζ (positive control). Lysates were immunoprecipitated 
with α-Flag antibody, and then immunoblotted with α-myc antibody. N = 3. (J) Representative confocal images showing 
the localization of CFP-Bcr before and 18 h after wounding in a scratch assay. White arrows point to CFP-Bcr at the 
leading edge of a polarized migrating astrocyte; the black dashed line indicates the scratch. Scale bar: 10 μm. n = 20; 
N = 3. (K) Representative confocal image demonstrating the colocalization of myc-Bcr with endogenous PKCζ at the 
leading edge of a polarized migrating astrocyte. Scale bar: 10 μm. n = 20; N = 3. 
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FIGURE 4:  Bcr negatively regulates PKCζ signaling by facilitating its degradation. (A) Western blot analysis of lysates 
obtained from WT and Bcr−/− mouse cortical astrocytes. Bcr-deficient astrocytes showed an increase in total PKCζ levels. 
Lysates were also immunoblotted with α-GAPDH antibodies for a loading control. (B) Quantification of PKCζ levels. N = 
3. (C) Representative images showing the localization of PKCζ in WT and Bcr−/− astrocytes migrating in a scratch assay. 
PKCζ is localized to the leading edge (white arrows) in WT cells, whereas PKCζ immunostaining was increased and more 
diffuse in Bcr−/− cells. Dashed black line shows scratch location. Scale bar: 10 μm. (D) Western blot analysis of lysates 
obtained from WT and Bcr−/− mouse cortical astrocytes. Bcr-deficient astrocytes showed an increase in p-GSK-3β levels. 
Lysates were also blotted with total GSK-3β antibodies for a loading control. (E) Quantification of p-GSK-3β levels. 
N = 3. (F) Western blot analysis of lysates obtained from WT and Bcr−/− mouse cortical astrocytes. Bcr-deficient 
astrocytes showed an increase in β-catenin levels. Lysates were also blotted with α-GAPDH antibodies for a loading 
control. (G) Quantification of β-catenin levels. N = 3. (H) Western blot analysis of lysates from COS7 cells expressing myc 
(control) or myc-Bcr and treated with DMSO (control) or 10 μM of the proteasomal inhibitor MG132. Bcr overexpression 
reduces PKCζ levels, which is blocked by treating cells with MG132. Lysates were blotted with α-GAPDH antibodies for 
a loading control. (I) Quantification of PKCζ levels from (H). N = 3. (J) The ability of Bcr to reduce PKCζ levels depends 
on its Rac-GAP activity. Lysates from COS7 cells expressing myc (control) or myc-tagged Bcr, GAP-dead Bcr (BcrGD), 
constitutively active Rac (RacV12), or RacV12 plus myc-Bcr were immunoblotted with an α-PKCζ antibody. Lysates were 
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Santa Clara, CA). For the GST pull-down assays, the following re-
gions of Bcr were subcloned into pGEX-4T-2: N-term, N-termΔO, 
GEF, and GAP. All constructs were verified by DNA sequencing.

Mice
All experiments were done in accordance with procedures approved 
by the Animal Protocol Review Committee of Baylor College of 
Medicine according to national and institutional guidelines for ani-
mal care established by the National Institutes of Health and ap-
proved by a competent animal ethics committee. Abr−/− mice were 
generously provided by Nora Heisterkamp (Children’s Hospital Los 
Angeles, University of Southern California, Los Angeles, CA) and 
were genotyped using the following primers: forward, GGCCTCAA-
GAGGGCTAGAGT; reverse WT, CTGTGCTCACCATCCAACAG; 
and reverse mutant, AGCTCATTCCTCCCACTCATG. Bcr−/− mice 
were obtained from the Jackson Laboratory (Bar Harbor, ME) 
and genotyped by using the following primers: forward, GAGG
AAGAAGGTGAATCATCG; reverse WT, TCATAGCCGAAAGTCCC
AAC; and reverse mutant, CCTTCCCGCTTCAGTGCAA. Abr−/− and 
Bcr−/− mice were crossed with each other, and Abr+/−Bcr+/− mice were 
used to generate mice for experiments.

Primary astrocyte culture and transfection
Neonatal brains (P1-3) were removed and placed in sterile, ice-cold 
Hank’s balanced salt solution (HBSS). Whole neocortices were dis-
sected to obtain cortical sheets. The meninges were stripped away, 
and the cortical sheets were digested for 4 min at 37°C in HBSS 
containing 20 U/ml papain. The cortical tissue was triturated in 
DMEM containing 10% calf serum and penicillin/streptomycin. The 
resulting single-cell suspension was plated onto T-75 tissue culture 
flasks (∼2–3 neonatal brains/flask). After 7–10 d, the astroglial cells 
formed a confluent monolayer, with neurons, oligodendrocytes, and 
fibroblasts growing on top. These contaminating cells were removed 
by rotary shaking the flasks overnight at 250 rpm. The resulting cul-
tures were composed of more than 95% astrocytes, as assessed by 
anti–glial fibrillary acidic protein (GFAP) immunoreactivity. Immuno
staining of cells was performed using standard procedures. Briefly, 
astrocytes were trypsinized and replated onto poly-d-lysine/laminin-
coated coverslips. Transfection was done using the Neon transfec-
tion kit (MPK1096; Invitrogen, Carlsbad, CA). All the experiments 
were performed at least three times from independent cells/cul-
tures, and ∼100 cells were counted per experiment.

Scratch-induced migration and polarization assays
Astrocytes were seeded onto poly-d-lysine/laminin-coated 12-well 
plates and were grown to confluence in serum-containing medium, 
which was changed 1d prior to the scratch. Individual wounds were 
made with a P1000 tip, and wound closure occurred ∼48–50 h 
later. Polarized microtubule protrusion was assessed using Zeiss 
Apotome epifluorescence microscopy (Jena, Germany). Cells were 
fixed and stained 18 h postscratch with an α-acetylated tubulin an-
tibody. Centrosome reorientation was determined as previously 
described (Etienne-Manneville, 2006). In brief, 18 h after wounding, 
the astrocytes were fixed and stained with α-pericentrin antibodies 
(to mark centrosomes) and Hoechst (to mark nuclei). Cells in which 

level of active Rac1, preventing it from accumulating and forming a 
ternary complex with Par6 and PKCζ that stabilizes and enhances 
PKCζ activity (Qiu et al., 2000). These results indicate that there is 
more cross-talk between Rac1 and PKCζ signaling pathways than 
was previously appreciated.

Our results demonstrate that Bcr cooperates with the Par-Tiam1 
complex to regulate polarized cell migration in astrocytes. Although 
astrocytes have traditionally been thought of as neuron support 
cells, studies now show that astrocytes play a wide range of func-
tions critical for normal brain function and homeostasis (Etienne-
Manneville, 2008). For instance, astrocytes respond to CNS insult by 
undergoing an activation process and migrating to sites of injury, 
where they form glia scars. Astrocytes also can give rise to malig-
nant astrocytic gliomas, which are the most common and lethal 
brain tumors in humans. These tumors are particularly fatal, due in 
large part to their invasive nature. Thus elucidating mechanisms that 
control astrocyte migration has important implications for promot-
ing CNS regeneration and preventing astrocytic tumor invasion and 
metastasis.

Bcr also likely cooperates with the Par-Tiam1 complex to regu-
late other aspects of cell polarity in addition to astrocyte migration. 
For instance, astrocytes form functional bridges between blood ves-
sels and neurons in the brain to control local blood flow in response 
to neuronal activity (Etienne-Manneville, 2008). The establishment 
of this asymmetric cellular interaction may require the functions of 
Bcr along with the Par-Tiam1 complex. In neurons, Bcr may cooper-
ate with the Par-Tiam1 complex to control myelination (Chan et al., 
2006), neuronal migration (Solecki et al., 2006), axon initiation and 
guidance (Shi et al., 2004; Wolf et al., 2008), and/or synapse forma-
tion (Ruiz-Canada et al., 2004; Zhang and Macara, 2006, 2008). Fur-
thermore, outside the nervous system, Bcr may play important roles 
in other Par-Tiam1 complex–regulated events, such as epithelial 
tight junction assembly (Chen and Macara, 2005; Mertens et  al., 
2006). These potential functions of Bcr need to be investigated. 
Moreover, because the N-terminus of Bcr mediates its interaction 
with members of the Par-Tiam1 complex, it would be interesting to 
determine whether the oncogenic fusion protein Bcr-Abl, which 
contains the N-terminus of Bcr, also affects PKCζ signaling and cel-
lular polarity, and whether this function contributes to its role in 
chronic myelogenous leukemia.

MATERIALS AND METHODS
DNA constructs
pK-myc-Par3b (plasmid 19388) was obtained from Addgene 
(Cambridge, MA). Flag-PKCζ was generously provided by Alex 
Toker (Beth Israel Deaconess Medical Center, Harvard Medical 
School, Boston, MA). pCMV-myc-Tiam1 and pCMV-myc-RacV12 
have been previously described (Tolias et  al., 2005, 2007). Full-
length human Bcr and Abr and the following truncated Bcr mutants 
were PCR amplified and subcloned into pCMV-Myc vectors: N-term 
(oligomerization and serine/threonine kinase domain; aa 1–426), 
N-termΔO (serine/threonine kinase domain; aa 64–426), GEF (aa 
489–866), GAP (aa 1004–1271), and ΔN-Bcr (aa 426–1271). The 
pCMV-Myc-BcrGD (T1210R) construct was generated using the 
QuikChange site-directed mutagenesis kit (Stratagene, Agilent, 

also blotted with α-GAPDH antibodies for a loading control. (K) Quantification of PKCζ levels from (J). N = 3. (L) Bcr 
reduces PKCζ levels in a Rac-dependent manner. Western blot analysis of lysates obtained from WT and Bcr−/− cortical 
mouse astrocytes treated overnight with PBS (control) or 50 μM of the Tiam1/Rac inhibitor NSC23766. Lysates were 
blotted with α-GAPDH for a loading control. (M) Quantification of PKCζ levels from (L). N = 3. Data are shown ± SEM. 
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FIGURE 5:  Bcr regulates polarity by restricting PKCζ function. (A) PKCζ inhibitor can partially rescue protrusion 
formation in Bcr−/− cortical mouse astrocytes. Representative images showing WT and Bcr−/− astrocytes treated 
overnight with PBS (control) or 10 μM of PKCζ pseudosubstrate inhibitor and then fixed and immunostained for 
acetylated tubulin. Dashed white line represents the scratch. Scale bar: 10 μm. n = ∼100; N = 3. (B) PKCζ inhibitor can 
partially rescue centrosome reorientation in Bcr−/− cortical mouse astrocytes. Quantification of polarized centrosomes in 
WT and Bcr−/− cortical mouse astrocytes treated overnight with PBS (control) or 10 μM of PKCζ pseudosubstrate 
inhibitor. n = ∼100; N = 3. (C) Overexpression of Bcr, but not Abr, negatively regulates PKCζ levels. Western blot analysis 
was performed on lysates from COS7 cells expressing control (empty vector) or myc-tagged Tiam1, Bcr, or Abr. Lysates 
were immunoblotted with α-PKCζ antibodies to assess PKCζ levels and α-GAPDH for a loading control. N = 3. 
(D) Quantification of PKCζ levels from (C). N = 3. (E) Bcr and Abr overexpression reduces Pak phosphorylation in COS7 
cells. Western blot analysis of lysates from COS7 cells expressing control (myc) or myc-tagged Tiam1, Tiam1 and Bcr, or 
Tiam1 and Abr, immunoblotted for PKCζ. Lysates were blotted with an α-GAPDH antibody for a loading control. 
(F) Quantification of PKCζ levels from (E). N = 3. (G) Expression of Bcr, but not Abr, rescues protrusion defects in Bcr−/− 
cortical mouse astrocytes. WT astrocytes were transfected with eGFP as a positive control. Bcr−/− astrocytes were 
transfected with eGFP alone or in combination with Bcr or Abr expression plasmids, and then astrocytes were subjected 
to scratch assays. Cells were then fixed 18 h postscratch and immunostained for acetylated tubulin (red). Yellow dashed 
line represents scratch. Scale bar: 10 μm. (H) Quantification of the protrusion assay. n = ∼100; N = 3. (I) Expression of Bcr, 
but not Abr, can rescue centrosome reorientation defects in Bcr−/− cortical mouse astrocytes. Quantification of polarized 
centrosomes in WT astrocytes transfected with eGFP (positive control) or Bcr−/− cortical mouse astrocytes transfected 
with eGFP, eGFP and Bcr, or eGFP and Abr. n = ∼100; N = 3. Data are shown ± SEM. 
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fluoride membranes, and blocked with 5% nonfat dry milk in Tris 
buffer saline (TBS) containing 0.1% Tween-20. Blots were then incu-
bated with primary antibodies at 4°C overnight and then with horse-
radish peroxidase–conjugated secondary antibodies (Calbiochem, 
San Diego, CA) for 1 h at 25°C. Signals were visualized using en-
hanced chemiluminescence. All the experiments were done at least 
three times from independent cultures.

Rac1/Cdc42 activation assay
Cortical astrocytes were harvested in Mg2+ lysis buffer containing 
25 mM HEPES (pH 7.5), 150 mM NaCl, 1% Nonidet P-40, and 
10 mM MgCl2, supplemented with 1 mM DTT, 1 mM Na3VO4, 
10 mM NaF, 10 mM β-glycerol phosphate, and protease inhibitors 
(Roche). The lysates were incubated with a GST-PAK1-PBD fusion 
protein immobilized on glutathione agarose beads for 20 min at 
4°C. Following precipitation, the pellets were washed three times 
with Mg2+ lysis buffer and then analyzed by Western blotting with 
α-Rac1 or α-Cdc42 antibodies to determine the levels of active Rac1 
or Cdc42, respectively. All the experiments were done at least three 
times from independent cultures.

Statistical analysis
Statistical analyses were performed with KaleidaGraph. Statistical 
significance was calculated using Student’s t test for comparison be-
tween two independent groups and analysis of variance with Tukey’s 
post hoc test for multiple-group comparisons. Error bars represent 
SEM. Statistical significances were determined at *, p < 0.05; **, 
p < 0.001; and ***, p < 0.0001.

the centrosome was within a quadrant whose angular bisector was 
perpendicular to the wound were scored as polarized centrosomes. 
Centrosome reorientation studies were imaged using Zeiss Apo-
tome epifluorescence microscopy, and colocalization studies were 
imaged using a Leica TCS SP2 confocal microscope. All the experi-
ments were done at least three times from independent cultures, 
and ∼100 cells were counted per experiment.

Scratch assay and random migration movies
Live imaging was carried out with an Olympus IX81 inverted micro-
scope with a Retiga camera (QImaging) and a live-cell environmen-
tal chamber (PrecisionControl). Cells were plated to confluence on 
coated 24-well glass tissue plates (Greiner Bio-One) and scratched 
vertically. Images were taken at 100× every 30 min over a 48-h pe-
riod. Movies were then compiled from these snapshots in Slide-
Book. For tracing experiments, cells were plated at low confluence 
on coated glass plates (Greiner Bio-One) and imaged over 24 h at 
30-min intervals. These data were used to calculate the total dis-
placement and end point displacement of each point. The nuclei of 
five cells/well were manually tracked across 30 frames. All the 
experiments were done in triplicate and were repeated at least three 
times from independent cultures.

Antibodies and drugs
The following antibodies are commercially available: α-Bcr (N-
20/C-20), α-Tiam1 (C-16), α-Myc (9E10), and α-PKCζ (C-20) (Santa 
Cruz Biotechnology, Santa Cruz, CA); α-Rac1, α-Cdc42, α-Pak, and 
α-p-GSK3β (Ser-9) (Cell Signaling Technology, Danvers, MA); α-Abr, 
α-GSK3β (BD Biosciences, Franklin Lakes, NJ); α-Flag M2, α-GFAP, 
and α-acetylated tubulin (Sigma-Aldrich, St. Louis, MO); α-GAPDH 
and α-Par3 (Millipore, Billerica, MA); α-pericentrin (Covance, 
Princeton, NJ). α-P-Pak was previously described (Tolias et al., 2005, 
2007). Alexa Texas Red Phalloidin was purchased from Invitrogen. 
NSC23766 was purchased from Tocris Biosciences. PKCζ pseudo-
substrate inhibitor was from Santa Cruz Biotechnology. GM132 was 
purchased from EMD4Biosciences. Cell proliferation was measured 
using the BrdU kit from Millipore.

Immunohistochemistry
Cells were fixed for 15 min at room temperature in 4% paraformal-
dehyde in phosphate-buffered saline (PBS) or in ice-cold methanol 
for 15 min (pericentrin staining). Cells were permeabilized in 0.3% 
Triton X-100, 15% goat serum, and 5% bovine serum albumin in PBS 
for 1 h at room temperature and then immunostained with primary 
antibodies overnight at 4°C. Cy3- and Cy5-conjugated secondary 
antibodies (Jackson ImmunoResearch, West Grove, PA) were used 
at 1:500 dilutions for double immunolabeling. All the experiments 
were done at least three times from independent cultures, and 
∼100 cells were counted per experiment.

Immunoprecipitation and Western blot analysis
Cultured rat astrocytes and transfected COS7 cells were lysed in 
buffer containing 50 mM Tris (pH 7.5), 150 mM NaCl, 1 mM EDTA, 
1% Nonidet P-40, 10% glycerol, 1 mM dithiothreitol (DTT), 1 mM 
Na3VO4, 10 mM NaF, 10 mM β- glycerol phosphate, and protease 
inhibitors (Roche, Indianapolis, IN). Cell lysates were centrifuged 
10–15 min at 14,000 rpm at 4°C, and the postnuclear supernatant 
was incubated with 1 μg primary antibodies for 90 min at 4°C; this 
was followed by a 90-min incubation with protein A or G agarose 
beads (Roche). Precipitates were washed four times, and bound pro-
teins were eluted with SDS–PAGE sample buffer. The samples were 
separated on 8% polyacrylamide gels, transferred to polyvinylidene 
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