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The Rap1–cofilin-1 pathway coordinates actin reorganization and
MTOC polarization at the B cell immune synapse
Jia C. Wang, Jeff Y.-J. Lee, Sonja Christian, May Dang-Lawson, Caitlin Pritchard, Spencer A. Freeman* and
Michael R. Gold‡

ABSTRACT
B cells that bind antigens displayed on antigen-presenting cells
(APCs) form an immune synapse, a polarized cellular structure that
optimizes the dual functions of the B cell receptor (BCR), signal
transduction and antigen internalization. Immune synapse formation
involves polarization of the microtubule-organizing center (MTOC)
towards the APC. We now show that BCR-induced MTOC
polarization requires the Rap1 GTPase (which has two isoforms,
Rap1a and Rap1b), an evolutionarily conserved regulator of cell
polarity, as well as cofilin-1, an actin-severing protein that is regulated
by Rap1. MTOC reorientation towards the antigen contact site
correlated strongly with cofilin-1-dependent actin reorganization and
cell spreading. We also show that BCR-induced MTOC polarization
requires the dynein motor protein as well as IQGAP1, a scaffolding
protein that can link the actin and microtubule cytoskeletons. At the
periphery of the immune synapse, IQGAP1 associates closely with F-
actin structures and with the microtubule plus-end-binding protein
CLIP-170 (also known as CLIP1). Moreover, the accumulation of
IQGAP1 at the antigen contact site depends on F-actin reorganization
that is controlled by Rap1 and cofilin-1. Thus the Rap1–cofilin-1
pathway coordinates actin and microtubule organization at the
immune synapse.
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INTRODUCTION
In vivo, the differentiation of B-lymphocytes into antibody-
producing cells is often initiated by antigen-presenting cells
(APCs), such as follicular dendritic cells. These APCs capture
antigens and display them on their surface in an intact form that is
recognized by the B cell receptor (BCR) (Batista and Harwood,
2009; Cyster, 2010; Heesters et al., 2013). For membrane-
associated antigens, BCR-induced reorganization of the actin and
microtubule cytoskeletons is critical for the two functions of the
BCR, signal transduction and antigen internalization (Batista et al.,
2010; Song et al., 2013; Yuseff et al., 2013). Initial BCR signaling
at the B-cell–APC interface promotes disassembly of the
submembrane actin network and uncouples the actin meshwork

from the plasma membrane (Freeman et al., 2011; Treanor et al.,
2011, 2010). This increases BCR mobility (Freeman et al., 2015;
Treanor et al., 2010), allowing antigen-bound BCRs to form
microclusters that recruit signaling enzymes (Harwood and Batista,
2011; Tolar et al., 2009; Treanor et al., 2009). Concomitant actin
polymerization at the cell periphery allows the B cell to spread
across the antigen-bearing surface, encounter more antigens, and
form additional BCR microclusters (Fleire et al., 2006; Song et al.,
2013). Subsequent contraction of the B cell membrane (Fleire et al.,
2006) is accompanied by microtubule-dependent gathering of
BCR microclusters into a central supramolecular activation cluster
(cSMAC) (Schnyder et al., 2011) that is characteristic of an immune
synapse (IS) (Dustin et al., 2010). At the IS, B cells extract BCR-
bound antigens from APCs (Batista et al., 2001). These antigens are
internalized and delivered to lysosomes and major histocompatibility
complex (MHC) II-containing vesicles via actin- and microtubule-
dependent processes (Song et al., 2013; Yuseff et al., 2013).
Resulting peptide–MHC-II complexes are presented to T cells, which
provide additional signals for B cell activation.

Reorientation of the microtubule network coordinates BCR
organization and function at the IS. In response to localized BCR
signaling, the microtubule-organizing center (MTOC) moves
towards the IS (Reversat et al., 2015; Yuseff et al., 2013, 2011)
such that microtubules extend along the inner face of the plasma
membrane at the contact site (Schnyder et al., 2011). Dynein motor
complexes that are recruited to antigen-bound BCRs then propel
BCR microclusters along these juxtamembrane microtubules
towards the MTOC, to form the cSMAC (Schnyder et al., 2011).
Reorientation of the microtubule network also moves lysosomes
and MHC II-containing vesicles towards the IS so that extracted
antigens can be efficiently delivered to these compartments (Lankar
et al., 2002; Vascotto et al., 2007; Yuseff and Lennon-Duménil,
2015; Yuseff et al., 2011). Thus, signaling pathways that couple IS
polarity cues to MTOC reorientation are important for APC-
mediated B cell activation.

MTOC reorientation towards the lymphocyte IS is coordinated
with remodeling of the actin cytoskeleton. In T cells, MTOC
polarization is preceded by clearance of F-actin from the center of the
IS (Ritter et al., 2015) and is accompanied by accumulation of F-actin
at the periphery of the IS (Stinchcombe et al., 2006). Microtubules
associate with this peripheral ring of F-actin (Kuhn and Poenie,
2002). Movement of the MTOC towards the IS is driven by dynein
motor complexes (Combs et al., 2006; Martín-Cófreces et al., 2008;
Quann et al., 2009; Yi et al., 2013). Although the mechanisms that
initiate coordinated reorganization of the actin and microtubule
networks at the IS are not fully understood, MTOC polarization
towards the IS involves evolutionarily conserved polarity proteins
including Cdc42, PKCζ, and the Par polarity complex (Bertrand
et al., 2010; Huse, 2012; Reversat et al., 2015; Ritter et al., 2013;
Stinchcombe et al., 2006; Stowers et al., 1995; Yuseff et al., 2011).Received 10 May 2016; Accepted 31 January 2017
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The Rap1 GTPase (which has two isoforms, Rap1a and Rap1b)
controls actin dynamics and organization (Freeman et al., 2011) and is
important for establishing cell polarity. Bud1p (also known asRsr1p),
the yeast ortholog of Rap1, controls bud site selection and establishes
cell polarity by acting upstream of Cdc42 to initiate polarized actin
polymerization and promoting reorientation of microtubules towards
the bud site (Chant, 1999; Etienne-Manneville, 2004; Kang et al.,
2001). Similarly, mammalian Rap1 acts via Cdc42 to establish
neuronal polarity (Schwamborn and Püschel, 2004), and via Cdc42
and the Par3–Par6 protein complex to promote directional migration
in T cells (Gérard et al., 2007; Shimonaka et al., 2003).
The role of Rap1 in MTOC polarization towards the IS has not

been investigated. In B cells, Rap1 is activated by the BCR (McLeod
et al., 1998) and the active GTP-bound form of Rap1 accumulates at
the contact site with particulate antigens (Lin et al., 2008). BCR-
induced Rap1 activation is also required for actin reorganization at
the IS (Freeman et al., 2011; Lin et al., 2008). We now show that
Rap1 coordinates actin remodeling and MTOC polarization at the B
cell IS and that this involves the actin-severing protein cofilin-1
(hereafter referred to as cofilin), which we previously showed is a
downstream target of Rap1 (Freeman et al., 2011).

RESULTS
Microtubules and Rap1 are required for cSMAC formation
When B cells bind artificial lipid bilayers with embedded antigens,
BCR microclusters form at the periphery of the cell and then move
centripetally along microtubules to coalesce into a cSMAC
(Schnyder et al., 2011). To extend this finding to B-cell–APC
interactions, we performed real-time imaging of the contact site
between A20 B-lymphoma cells expressing a hen egg lysozyme
(HEL)-specific BCR and APCs expressing a transmembrane form
of HEL fused to GFP. In B cells treated with the microtubule-
disrupting drug nocodazole, BCR microclusters formed but did not
coalesce into a cSMAC, as they did in control cells (Movie 1).
Similarly, using primary B cells expressing a transgenic HEL-
specific BCR, we found that siRNA-mediated knockdown of the
two Rap1 isoforms, Rap1a and Rap1b (see Fig. 1C), prevented BCR
microclusters from coalescing into a cSMAC (Movie 2). Because
silencing Rap1 impaired cSMAC formation, a process that depends
on microtubules, we asked whether Rap1 controls polarization of
the MTOC and microtubule network towards the IS.

BCR-induced MTOC polarization depends on Rap1
Antigens that are immobilized onto beads or planar coverslips,
embedded in planar lipid bilayers or expressed on the surface of
APCs have been used to create a polarized antigen contact site in
order to model events that occur at the IS (Fleire et al., 2006;
Freeman et al., 2011; Lin et al., 2008; Reversat et al., 2015; Yuseff
et al., 2011). In all cases, B cells initially extend their plasma
membrane across the antigen-coated surface (Fig. S1A–C). This
requires Rap1-dependent reorganization of the actin cytoskeleton
(Freeman et al., 2011; Lin et al., 2008).
To assess the role of Rap1 in BCR-induced MTOC reorientation,

we initially used anti-Ig-coated beads to establish a well-defined
antigen contact site (Reversat et al., 2015; Yuseff et al., 2011).
B cells form an F-actin-rich cup around anti-Ig-coated beads
(Lin et al., 2008). The MTOC, which was identified by
immunofluorescence as the point of microtubule convergence or
by staining for the centrosomal protein pericentrin, moved close to
this actin-rich cup (Fig. 1A). Real-time imaging showed that the
MTOC moved from its initial position to a location close to the
antigen contact site (Movies 3 and 4). In some instances the bead

also moved along the surface of the cell. We quantified the extent of
BCR-induced MTOC polarization by calculating a polarity index
(PI) (Yuseff et al., 2011), as described in Fig. S1D. A PI<1 indicates
that the MTOC was oriented towards the bead. A PI≤0.75 was used
as a definitive measure ofMTOC polarization (Fig. S1E). Primary B
cells initiated MTOC polarization towards anti-Ig-coated beads
within 5 min and by 30 min >95% of the cells had a PI≤0.75
(Fig. 1B); ∼20% would be expected for a random distribution of
MTOC localizations (Fig. S1E; Table S1). Similar results were
obtained with A20 B-lymphoma cells (see Fig. 1K, vector control
cells), which have been used to study BCR-induced cytoskeletal
reorganization and MTOC polarization (Freeman et al., 2011; Lin
et al., 2008; Reversat et al., 2015; Schnyder et al., 2011; Treanor
et al., 2010; Yuseff et al., 2011).

Importantly, siRNA-mediated silencing of Rap1 blocked BCR-
induced polarization of the MTOC towards anti-Ig-coated beads in
both primary B cells (Fig. 1C–F) and A20 cells (Fig. 1G–I). To test
whether BCR-stimulated activation of Rap1 is required for MTOC
reorientation, we used B cell lines that overexpress RapGAPII (also
known as RAP1GAP2), a GTPase-activating protein that converts
Rap1 into its inactive GDP-bound form (Lin et al., 2008).
RapGAPII expression abrogated the ability of anti-Ig-coated
beads to stimulate Rap1 activation (Fig. S2A) and inhibited
MTOC polarization towards anti-Ig-coated beads in the A20
(Fig. 1J,K; Movie 4) and WEHI-231 B cell lines (Fig. S2B,C).

To assess MTOC reorientation towards APCs, we used Cos-7
cells expressing a transmembrane form of an anti-Igκ antibody that
binds to the BCR (Freeman et al., 2011). When B cells contacted
these APCs, the MTOC moved adjacent to the cell–cell contact site
(Fig. 2A). However, MTOC polarization towards the APC (assessed
by calculating PIs as in Fig. S1F) was inhibited by silencing Rap1 in
primary B cells (Fig. 2A–D) and by expressing RapGAPII in A20
cells (Fig. 2E–G). Thus, both Rap1 expression and activation are
important for B cells to reorient their MTOC towards polarized
antigen arrays.

Unlike anti-Ig-coated beads, BCR ligands on APCs are mobile.
When Rap1 is depleted or its activation is blocked, B cells
interacting with antigen-bearing APCs formed microclusters but did
not form a cSMAC (Fig. 2A; Movie 1). We previously showed that
blocking Rap1 activation reduced the amount of antigen clustering
at the B-cell–APC contact site to ∼30% of that in control cells,
and reduced BCR-induced phosphotyrosine signaling to a similar
degree (Freeman et al., 2011). To investigate the relationship
between BCR signaling strength and MTOC polarization, we
generated beads with different surface densities of anti-Ig
antibodies. Compared to beads coated with the saturating amount
of anti-Ig antibodies used in all other experiments, beads that had
44% of the surface density of anti-Ig antibodies induced 35% as
much phosphotyrosine signaling at the B-cell–bead contact site
(Fig. S2D–F). Importantly, this reduced amount of BCR signaling
was sufficient to cause substantial MTOC polarization, with 53% of
the cells having a PI≤0.75 (Fig. S2E,F), compared to ∼20% being a
randomMTOC localization when using 4.5-µm beads (Table S1). In
contrast, when Rap1 was depleted (Fig. 2B–D) or its activation
blocked (Fig. 2E–G), the percentage of B-cell–APC conjugates with
a PI≤0.75 did not exceed the 37.5% expected for a random
distribution of MTOC localizations (PIs are calculated differently
for APCs and beads; see Fig. S1D–F). Thus, the decreased antigen
gathering and BCR signaling that occurs when Rap1 activation is
blocked cannot account for the complete inhibition of MTOC
polarization. Rap1 must control additional processes that are
important for MTOC reorientation.
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Fig. 1. Rap1 activation is important for MTOC polarization. (A,B) Primary B cells were mixed with 4.5-µm anti-IgM-coated beads for the indicated times and
then stained for α-tubulin, F-actin and nuclei (DAPI). Representative z-projections (A). In B, MTOC polarity indices (PI) (line graph) were calculated as in Fig. S1D
for 14–34 bead–cell conjugates per point. Results are mean±s.e.m. for three experiments. *P<0.05, **P<0.01 compared to the <1 min time point. The percentage
of cells with a PI≤0.75 was determined in each experiment and themean±s.e.m. is shown at each time point (∼20%would be randomMTOCdistribution; see Fig.
S1E and Table S1). (C–F) LPS-stimulated primary B cells were transduced with control siRNA or Rap1a and Rap1b siRNAs. Blots show Rap1 knockdown (C).
The cells were mixed with 3-µm beads coated with Alexa Fluor 647-conjugated anti-IgM and then stained for α-tubulin. For cells mixed with beads for 30 min,
representative 3D reconstruction images are shown (D) along with PIs for >100 conjugates from four experiments (E). ****P<0.0001. F shows the full timecourse
(mean±s.e.m.; four experiments with >16 cells per time point per experiment). *P<0.05, **P<0.01, ***P<0.001 compared to control siRNA cells at the same time
point. For 3-µm beads, having ∼11% of cells with a PI≤0.75 would be random MTOC distribution (see Fig. S1E and Table S2). (G–I) A20 cells were transduced
with control siRNA or Rap1a andRap1b siRNAs. Blots showRap1 knockdown (G). Cells weremixedwith 4.5-µm anti-IgG-coated beads for 30 min and stained for
α-tubulin and F-actin. Representative confocal xy slices overlaid on DIC images (H). PIs and the percentage of cells (mean±s.e.m.) with a PI≤0.75 for >248
conjugates from four experiments (I). ****P<0.0001. (J,K) Vector control and RapGAPII-expressing A20 cells were mixed with 4.5-µm anti-IgG-coated beads.
Pericentrin staining (J). K shows PIs and the percentage of cells with a PI≤0.75 for each time point (mean±s.e.m.; 12–37 conjugates per time point for each of
three experiments). *P<0.05, **P<0.01 compared to control cells at the same time point. White arrows indicate the MTOC. Scale bars: 5 μm.
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MTOC polarization requires cofilin-mediated actin severing
The actin and microtubule network are coordinately regulated
during processes involving cell polarization (Rodriguez et al.,
2003). Indeed, using latrunculin A to depolymerize F-actin
abrogated BCR-induced MTOC reorientation (Fig. 3A,B). Thus,
an intact actin network is required for MTOC polarization in B cells.
Rap1 promotes actin remodeling at the IS by activating the actin-

severing protein cofilin (Freeman et al., 2011). Cofilin-mediated
actin severing removes existing actin filaments while creating new
barbed ends where the Arp2/3 complex can nucleate branched actin
polymerization (Svitkina and Borisy, 1999). When B cells contact

antigen-bearing surfaces, both Rap activation and cofilin-mediated
actin severing are required for F-actin to be cleared from the center
of the contact site and accumulate at the periphery (Freeman et al.,
2011). Because BCR-inducedMTOC reorientation depends on Rap
activation and actin, we asked whether cofilin is involved.

Cofilin is activated by dephosphorylation of serine 3 (S3)
(Mizuno, 2013). To assess the role of cofilin-mediated F-actin
severing in MTOC polarization, A20 cells were transiently
transfected with mCherry-tagged wild-type (WT) cofilin, or with
a cofilin mutant that had a phosphomimetic S→D mutation at S3.
This S3D mutant, which acts in a dominant-negative manner to

Fig. 2. Rap1 activation is important for MTOC polarization towards APCs. (A–D) LPS-stimulated primary B cells that were transduced with control siRNA or
with Rap1a and Rap1b siRNAs were stained with CellTrace Far Red (pseudocolored blue) and mixed with APCs expressing anti-Igκ (antigen). B-cell–APC
conjugates were stained for antigen and α-tubulin. Representative images of B cells that were mixed with APCs for 20 min (A). Arrows indicate the MTOC. Scale
bar: 5 µm. PIs for >53 B-cell–APC conjugates from four experiments (B; quantified as in Fig. S1F). ****P<0.0001. C and D show the PI values and percentage of
cells with a PI≤0.75 for the full timecourse (mean±s.e.m.; four experiments each with >45 conjugates per point). For APC experiments, 37.5% of cells with a
PI≤0.75 would be random MTOC distribution. *P<0.05, **P<0.01, ***P<0.001 compared to control siRNA cells at the same time point. (E–G) Vector control
and RapGAPII-expressing A20 cells weremixed with anti-Igκ-expressing APCs and then stained for α-tubulin. For A20 cells mixed with APCs for 30 min, PIs were
calculated for >47 B-cell–APC conjugates from three experiments (E). ****P<0.0001. F and G shows the full timecourse (mean±s.e.m.; three experiments, each
with >35 conjugates per point). *P<0.05, **P<0.01, ***P<0.001 compared to control cells at the same time point.
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prevent BCR-induced actin reorganization (Freeman et al., 2015,
2011), blocked MTOC polarization towards anti-Ig-coated beads
(Fig. 3C,D). Similarly, treating B cells with cell-permeable cofilin-

inhibitory peptides (peptides M and W) abrogated MTOC
polarization (Fig. 3E,F). These peptides prevent endogenous cofilin
from binding to and severing actin filaments (Eibert et al., 2004), and

Fig. 3. Cofilin controls BCR-induced MTOC polarization. (A,B) Primary B cells were treated with DMSO or 2 μM latrunculin A (Lat A) for 5 min, mixed with
4.5-µm anti-IgM-coated beads, and then stained for pericentrin. Representative confocal xy slices overlaid on DIC images (A). For the 30 min time point, PIs and
the percentage of cells with a PI≤0.75 (∼20% would be random; see Table S1) were calculated for >156 conjugates from three experiments (B). (C,D) A20 cells
expressing either WT or cofilin S3D fused to mCherry weremixed with anti-IgG-coated beads for 30 min. Representative confocal images of α-tubulin and F-actin
staining (C). PIs for >79 cells from three experiments (D). (E,F) Primary B cells were treated with the control Q peptide (5 μM) or the M and W cofilin-inhibitory
peptides (5 μM each) and then mixed with anti-IgM-coated beads for 30 min. Representative images of pericentrin staining (E). PIs for >43 cells from three
experiments (F). (G–I) A20 cells were transducedwith control siRNA or cofilin siRNA. Blot shows cofilin knockdown (G). The cells weremixedwith anti-IgG-coated
beads for 30 min, then stained for pericentrin and for the anti-IgG on the beads. Representative confocal images are shown (H; the dotted line is the outline of the
cell) along with PIs for >29 cells. ****P<0.0001. (J,K) RapGAPII-expressing A20 cells transfected with WT cofilin or the constitutively active cofilin S3A fused to
mCherry were mixed with anti-IgG-coated beads for 30 min. Representative confocal images of α-tubulin and F-actin staining (J). PIs for >51 cells from three
experiments (K). ***P<0.001, ****P<0.0001. Scale bars: 5 μm.
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thereby inhibit actin dynamics in B cells (Freeman et al., 2015).
MTOC polarization occurred normally in the presence of the control
Q peptide in which key residues in the W peptide were changed so as
to ablate F-actin binding. Both the cofilin-inhibitory peptides (Eibert
et al., 2004) and cofilin S3D (Elam et al., 2015) bind F-actin and
prevent severing by endogenous cofilin, raising the possibility that
they also block the action of other actin-severing proteins. However,
we have previously shown that cofilin is the major actin-severing
protein in anti-Ig-stimulated B cells (Freeman et al., 2011), and
siRNA-mediated depletion of cofilin also blocked MTOC
polarization (Fig. 3G–I). Thus both cofilin and its actin-severing
functions are required for BCR-induced MTOC reorientation.
Because Rap1 controls cofilin dephosphorylation and severing

activity in B cells (Freeman et al., 2011), we asked whether cofilin
acts downstream of Rap1 to promote MTOC polarization. Indeed,
expressing the constitutively active cofilin S3A mutant restored
BCR-induced MTOC polarization in RapGAPII-expressing A20
cells (Fig. 3J,K). The ability of activated cofilin to bypass a defect in
Rap1 activation argues that cofilin is the major downstream effector
of Rap1 that couples BCR engagement to MTOC polarization.
At the T cell IS and natural killer (NK) cell IS, the MTOC comes

close to the plasma membrane, and this is associated with F-actin
clearance at the center of the IS (Rak et al., 2011; Ritter et al., 2015;
Stinchcombe et al., 2006). To test whether the MTOC approaches
the membrane in response to BCR engagement, and whether this
involves cofilin, we employed total internal reflection fluorescence
microscopy (TIRFM). This allowed us to visualize only the actin
and microtubule structures that were within 100 nm of the interface
between a B cell and an anti-Ig-coated coverslip. A20 cells treated
with the control Q peptide spread normally and formed a peripheral
ring of F-actin surrounding a central region that was depleted of F-
actin (Fig. 4A). In these cells, the MTOC and microtubules moved
into the 100-nm TIRF plane, with the MTOC in the center of the
actin-depleted region (Fig. 4A). When cofilin-mediated F-actin
severing was blocked, B cell spreading was impaired, F-actin was
not reorganized into a peripheral ring surrounding an actin-poor
region, and the ability of the MTOC to approach the plasma
membrane at the center of the contact site was significantly reduced
(Fig. 4A,B). siRNA-mediated depletion of cofilin also inhibited
both actin reorganization and movement of the MTOC into the
TIRF plane at 15, 30 and 60 min (Fig. 4C–E; Fig. S3A,B).
To resolve whether Rap1 and cofilin are important for the MTOC

to move towards the antigen contact site, versus being retained at
that site (i.e. docking), we performed real-time imaging. When A20
cells expressing GFP–α-tubulin and the F-actin probe F-tractin-
tdTomato were plated on anti-Ig-coated coverslips, the MTOC
moved rapidly towards the coverslip and localized to the center of
the region that was cleared of F-actin, with microtubules extending
from the MTOC to the peripheral ring of F-actin (Movies 5–7). In
contrast, when Rap1 activation was blocked, resulting in impaired
cell spreading and actin reorganization, the MTOC did not move
close to the antigen contact site (Movie 5). For most RapGAPII-
expressing cells, the MTOC did not move at all. In a few, the MTOC
shifted slightly towards the antigen contact site but then moved back
towards the center of the cell without ever coming close to the
antigen contact site. Likewise, when B cells were treated with
cofilin-blocking peptides, the cells did not spread, actin
reorganization was impaired, and the MTOC did not move
towards the antigen contact site (Movies 6 and 7). Kymographs
depicting the time evolution of the fluorescence signals in the lowest
xy plane of the cell also showed that the MTOC moved rapidly into
this plane in control cells, but not in cells treated with cofilin-

blocking peptides (Fig. 4F). This shows that BCR-induced
spreading, actin reorganization, and MTOC polarization are
tightly linked and are coordinately regulated by Rap1 and cofilin.

Because BCR-induced spreading on a planar surface correlated
with MTOC polarization, we sought to separately assess the roles of
BCR signaling and cell spreading. When A20 cells were plated on
coverslips coated with anti-Ig antibodies, 75–80% of the cells
polarized their MTOC towards the coverslip and had a PI≤0.75
(calculated as in Fig. S1G). In contrast, when the cells were plated
on coverslips coated with anti-MHC II antibodies or poly-L-lysine
(PLL), the percentage of cells with a PI≤0.75 was similar to the
37.5% value (Fig. S3C,D) expected for a random distribution of
MTOC localizations (see Fig. S1). We also assessed the effect of
cell spreading in the absence of BCR signaling by plating A20 cells
on a pliable fibronectin-coated substrate and using a FlexCell
apparatus to apply radial stretch. When stretched, A20 cells
flattened, and spread to approximately the same area as cells
plated on a rigid anti-Ig-coated substrate (Fig. S3D–F). The
stretched cells, which developed abnormal actin structures, did
not reorient their MTOC towards the substrate contact site
(Fig. S3E,F). The percentage of cells with a PI≤0.75 did not
exceed the 37.5% value expected for a random MTOC localization.
Hence, spreading is not sufficient to cause MTOC polarization in
the absence of BCR signaling. This, however, does not exclude a
role for cell spreading in BCR-induced MTOC polarization.

BCR-induced MTOC polarization requires dynein, IQGAP1
and CLIP-170
In T cells, dynein is essential for movement of the MTOC to the IS
(Combs et al., 2006; Martín-Cófreces et al., 2008; Quann et al.,
2009; Yi et al., 2013). The minus-end-directed movement
of dynein along microtubules, which is driven by the ATPase
activity of dynein, allows membrane-anchored dynein to reel in
the microtubule network and move the MTOC towards the cell
membrane. Dynein links BCR microclusters to juxtamembrane
microtubules (Schnyder et al., 2011) but it is not known whether
dynein activity is required for MTOC polarization. We found that
treating A20 cells with either erythro-9-[3-(2-hydroxynonyl)]
adenine (EHNA) (Penningroth et al., 1982) or ciliobrevin D
(Firestone et al., 2012), both of which inhibit the ATPase activity of
dynein, blocked BCR-induced MTOC polarization to the same
extent as using nocodazole to depolymerizemicrotubules (Fig. 5A–D).
Although EHNA concentrations 25–200 times greater than we used
have profound effects on actin organization (Schliwa et al., 1984), in
our experiments F-actin accumulation at the bead contact site
occurred normally in B cells treated with these dynein inhibitors
(Fig. 5C).

To gain further insights into how actin reorganization promotes
MTOC reorientation in B cells, we investigated actin-microtubule
crosslinking proteins. IQGAP1 binds F-actin as well as the
microtubule plus-end-binding protein CLIP-170 (also known as
CLIP1) (Fukata et al., 2002; White et al., 2012). During fibroblast
migration, IQGAP1 links microtubules to the actin cortex and
coordinates actin reorganization with MTOC reorientation (Fukata
et al., 2002; Watanabe et al., 2004; White et al., 2012). We found
that depleting either IQGAP1 or CLIP-170 in A20 cells (Fig. 5E,F)
blocked MTOC polarization towards anti-Ig-coated beads
(Fig. 5G–I) and towards APCs (Fig. 5J,K). Moreover, expressing
the C-terminal CLIP-170-binding domain of IQGAP1 (IQGAP1-
CT), which can disrupt the interaction between CLIP-170 and
endogenous IQGAP1 (Fukata et al., 2002), blocked MTOC
polarization towards anti-Ig-coated beads (Fig. S4A,B). Although
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this is consistent with the idea that IQGAP1–CLIP-170 interactions
are important for BCR-induced MTOC reorientation, IQGAP1-CT
could interferewith the ability of CLIP-170 or endogenous IQGAP1
to interact with other proteins. Nevertheless, BCR-induced MTOC
polarization clearly requires both IQGAP1 and CLIP-170.

IQGAP1 and CLIP-170 localize to microtubule-actin
interfaces
To visualize the relative spatial organization of the actin and
microtubule networks, and assess whether the subcellular
localizations of IQGAP1 and CLIP-170 could allow them to link

Fig. 4. Cofilin-mediatedactin reorganization is required for theMTOC toapproach the plasmamembrane. (A,B)A20 cellswere treatedwith 5 μMof the control
Q peptide (A) or with 5 μMeach of the M andW cofilin-blocking peptides and then allowed to spread on anti-IgG-coated coverslips for 15 min. Cells were stained for
α-tubulin and F-actin and imaged by TIRFMwith a 100-nm depth. Fluorescence intensity profiles along the dotted lines are plotted along with the percentage of cells
in which theMTOCwas in the TIRF plane (B) (mean±s.e.m.; >41 cells per condition in each of three experiments). **P<0.01. (C–E) A20 cells transducedwith control
siRNA or cofilin siRNAwere allowed to spread on anti-IgG-coated coverslips for 15–60 min and imaged by TIRFMwith a 100-nm depth. Images of cells at the 15 min
time point are shown (C). The percentage of cells with the MTOC within the TIRF plane (D) and the percentage of cells that exhibited a peripheral F-actin ring
surrounding a central actin-depleted region (E) are shown for each time point. (F) A20 cells expressing GFP–α-tubulin and F-tractin-tdTomato were treated with
control (Q) or cofilin-inhibitory (M and W) peptides, added to anti-Ig-coated coverslips, and imaged in real time for 8 min by confocal microscopy. The kymographs
represent a time series of images for the confocal slice closest to the coverslip taken along the white line every 10 s. Scale bars: 10 μm.

1100

RESEARCH ARTICLE Journal of Cell Science (2017) 130, 1094-1109 doi:10.1242/jcs.191858

Jo
u
rn
al

o
f
Ce

ll
Sc
ie
n
ce



these two cytoskeletal networks, we plated B cells on anti-Ig-coated
coverslips and imaged them by super-resolution stimulated
emission depletion (STED) microscopy. As the cells spread
radially, F-actin was cleared from the center of the cell while a

network of cortical F-actin formed a lamellipodial structure at the
cell periphery (Fig. 6A–C). TheMTOCwas positioned in the center
of the area depleted of F-actin (Fig. 6A,B). Microtubules emanating
from the MTOC extended along the inner face of the cortical F-actin

Fig. 5. IQGAP1 and CLIP-170 are required for BCR-induced MTOC reorientation. (A,B) A20 cells were treated with DMSO, 10 µM EHNA or 5 µM nocodazole
for 30 min and thenmixed with anti-Ig-coated beads for 30 min. Representative confocal images of pericentrin and DAPI staining (A) are shown along with MTOC
PIs for >30 cells (B). (C,D) A20 cells were treated with DMSO, 10 µM EHNA or 20 µM ciliobrevin D for 40 min and then mixed for 30 min with beads that had been
coated with Alexa Fluor 647-conjugated anti-IgG. Representative xy confocal slices of pericentrin-stained cells (C, upper panels; dotted circles indicate the
periphery of the cell) are shown along with 3D reconstructions of cells that had been stained for F-actin (C, lower panels). MTOC PIs for >33 cells (D). (E–I) A20
cells were transduced with lentiviruses containing the empty pGipZ vector, IQGAP1 shRNAs or CLIP-170 shRNA. Blots show IQGAP1 (E) and CLIP-170 (F)
expression. The cells were mixed with anti-IgG-coated beads for 30 min and stained for pericentrin (G). Graphs show MTOC PIs for control versus IQGAP1
shRNA-expressing cells (H; >127 cells from three experiments) or control versus CLIP-170 shRNA-expressing cells (I; >126 cells from three experiments). The
percentage of cells with a PI≤0.75 is indicated (∼20% would be random distribution; see Table S1). (J,K) Vector control, IQGAP1 shRNA and CLIP-170 shRNA
cells were stained with CMFDA and then mixed with anti-Igκ-expressing APCs for 30 min. xy confocal slices of cells stained for α-tubulin and antigen (H). White
arrows indicate the MTOC. For each cell population, MTOC PIs were quantified for >81 cells from three experiments (I). The percentage of cells with a PI≤0.75 is
indicated (37.5% would be a random distribution). ****P<0.0001. Scale bars: 5 μm.
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ring with some microtubules curling along the interface between the
actin cortex and the central actin-depleted region (Fig. 6A,B). Real-
time imaging of B cells expressing CLIP-170–GFP, which marks
the plus-ends of microtubules, showed that CLIP-170 moved
towards the periphery of the cells as they spread on immobilized
anti-Ig antibodies (Movies 8 and 9). CLIP-170 extended as far as the
cortical ring of F-actin, but not to the edge of the cell (Fig. 6A,C)

suggesting that the F-actin ring limits microtubule extension.
Indeed, using latrunculin A to deplete F-actin resulted in dramatic
microtubule bundling and elongation (Movie 10). This suggests
that microtubules interact with the peripheral ring of F-actin and that
this regulates microtubule dynamics. STED imaging showed that
IQGAP1 was closely associated with the peripheral F-actin network
(Fig. 6B) and that the F-actin and IQGAP1 were interwoven with

Fig. 6. Colocalization of IQGAP1, CLIP-170, and F-actin. B cells that had been added to anti-IgG-coated coverslips for 15 min were imaged by STED
microscopy. (A) A20 cells that had been transfected with CLIP-170–GFP were stained with Rhodamine–phalloidin and with anti-α-tubulin antibody plus an Alexa
Fluor 532-conjugated secondary antibody. CLIP-170–GFP fluorescence was imaged directly. An enlarged merged image is shown along with the individual
channels. Scale bars: 10 µm. (B) A20 cells were stained with Rhodamine–phalloidin, anti-IQGAP1 antibody plus an Alexa 532-conjugated secondary antibody,
and anti-α-tubulin plus an Alexa 488-conjugated secondary antibody. Scale bar: 5 μm. (C) A20 cells expressing CLIP-170–GFP were stained with Rhodamine–
phalloidin and with anti-IQGAP1 plus an Alexa Fluor 532-conjugated secondary antibody. CLIP-170–GFP fluorescencewas imaged directly. A 7× enlargement of
the area in the white box is shown. All images are representative of multiple cells.
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each other at the cell periphery (Fig. 6C). CLIP-170 was embedded
in the meshwork of F-actin and IQGAP1 at the inner edge of the
peripheral F-actin ring (Fig. 6C), and proximity ligation assays
detected multiple sites where IQGAP1 and CLIP-170 were closely
associated (Fig. S4C–E). Thus, IQGAP1 and CLIP-170 are in close
proximity to each other at the inner face of the peripheral F-actin
network, a site where they could link microtubules to the actin
cytoskeleton.

Rap1- and cofilin-dependent actin reorganization promotes
IQGAP1 accumulation at the periphery of the IS
Because IQGAP1 associates with F-actin at the periphery of the IS
(Fig. 6B,C), and Rap1 controls actin organization at the IS (Freeman
et al., 2011; Lin et al., 2008), we asked whether Rap1 promotes the
accumulation of IQGAP1 at antigen contact sites. Within 5 min of
mixing primary B cells with anti-Ig-coated beads (Fig. 7A,B) or
anti-Igκ-expressing APCs (see Fig. 7E), both F-actin and IQGAP1
accumulated at the antigen contact site. When F-actin was depleted
using latrunculin A, IQGAP1 was not present at the cell cortex and
did not accumulate at the contact site (Fig. 7A). This suggests that
the localization of IQGAP1 is determined by its interaction with F-
actin. Blocking Rap1 activation prevented the accumulation of both
F-actin and IQGAP1 at the contact site with anti-Ig-coated beads
(Fig. 7B–D). Similarly, Rap1 knockdown prevented IQGAP1
accumulation at B-cell–APC contact sites (Fig. 7E). In both cases,
IQGAP1 remained distributed uniformly around the cell cortex
(Fig. 7B,E). The effect of Rap1 activation on the localization of
IQGAP1 was seen most clearly when B cells were allowed to spread
on anti-Ig-coated coverslips. In control A20 cells, IQGAP1
localized to the peripheral F-actin ring and was depleted from
the center of the cell where F-actin had been cleared (Fig. 6B,C;
Fig. 7F,G). In RapGAPII-expressing A20 cells, which failed to
spread, F-actin and IQGAP1 were not cleared from the center of the
antigen contact site (Fig. 7F,G). Nevertheless, IQGAP1 still
colocalized extensively with F-actin when Rap1 activation was
blocked (Fig. 7H,I). Similar results were obtained when cofilin-
inhibitory peptides were used to block actin severing (Fig. 8A–C).
Although the distribution of F-actin was altered, IQGAP1 remained
strongly colocalized with F-actin. Thus, the colocalization of
IQGAP1 and F-actin is not dependent on Rap1 or cofilin. Instead,
the Rap1–cofilin pathway promotes the accumulation of IQGAP1 at
the periphery of antigen contact sites by controlling the organization
of the actin network.
These findings suggest that IQGAP1 acts downstream of Rap1

and cofilin to promote MTOC polarization. Consistent with this
idea, IQGAP1 knockdown did not inhibit B cell spreading or
F-actin reorganization (Fig. S4F,G). Thus, IQGAP1 does not act
upstream of or parallel to the Rap1–cofilin pathway to control actin
organization in B cells. Additionally, microtubules are not upstream
regulators of IQGAP1 localization, as nocodazole did not alter the
colocalization of IQGAP1 and F-actin at the periphery of the IS
(Fig. 8D–F).

DISCUSSION
The IS is a polarized cell structure similar to the leading edge of a
migrating cell or the yeast bud site. Establishing functional patterns
of membrane protein organization and vesicular traffic at these sites
requires coordinated reorganization of the actin and microtubule
cytoskeletons. Rap1 is an evolutionarily conserved regulator of cell
polarity that drives actin reorganization at the B cell IS (Lin et al.,
2008). We have now shown that Rap1, and its downstream target,
the actin-severing protein cofilin, are essential for BCR-induced

MTOC polarization towards the IS. Whether Rap1 controls MTOC
reorientation in other immune cells is not known. The BCR and
TCR both activate Rap1 via phospholipase Cγ-dependent
production of diacylglycerol (Katagiri et al., 2004; McLeod et al.,
1998), which recruits the Rap1 exchange factor RasGRP2 (also
known as CalDAG-GEFI) (Kawasaki et al., 1998) to the plasma
membrane. The scaffolding protein ADAP (also known as FYB),
which promotes the accumulation or retention of activated Rap1 at
the plasmamembrane (Kliche et al., 2006), is also required for TCR-
induced MTOC polarization (Combs et al., 2006). ADAP is not
expressed in B cells (da Silva et al., 1997; Heng et al., 2008). It is not
known whether an analogous protein contributes to Rap1 activation
and MTOC reorientation in B cells.

This is the first report that cofilin is involved in MTOC
polarization towards the IS. We found a strong correlation
between BCR-induced MTOC reorientation and the inter-related
processes of actin reorganization and cell spreading, which are all
dependent on cofilin. In both B and T cells we showed previously
that Rap1-dependent activation of cofilin is essential for the
formation of a peripheral ring of branched F-actin that drives cell
spreading, and for the concomitant depletion of F-actin from the
center of the IS (Freeman et al., 2011). This pattern of actin
reorganization is also associated with MTOC reorientation to the
T cell and NK cell IS (Rak et al., 2011; Ritter et al., 2015;
Stinchcombe et al., 2006).

The inhibition of BCR-induced actin reorganization and MTOC
polarization caused by depleting Rap1 or blocking its activation was
phenocopied by depleting cofilin or inhibiting its function.
Moreover, expressing an activated form of cofilin bypassed a
block in Rap1 activation and restored BCR-induced spreading, actin
reorganization and MTOC polarization. Although other BCR
signaling pathways may contribute to BCR-induced MTOC
polarization, these results suggest that cofilin is the main Rap1
effector involved in this process.

Antigens on the surface of APCs are mobile, and the spatial
organization of antigen-bound BCRs into microclusters is critical for
BCR signaling (Harwood and Batista, 2011). Preventing the
activation of Rap1 or cofilin reduces the gathering of antigen into
BCR microclusters at the B-cell–APC interface, and consequently,
reduces BCR signaling (Freeman et al., 2011). Although these
functions of the Rap1–cofilin pathway contribute to BCR-induced
MTOC polarization, our data suggest that Rap1-dependent processes
other than antigen gathering (e.g. actin reorganization and cell
spreading) are important for MTOC polarization. Moreover, because
movement of the microtubule network close to the antigen contact
site promotes cSMAC formation, the reduced antigen gathering and
BCR signaling in Rap1-depleted cells could also be secondary to the
failure to reorient the MTOC towards the IS.

Linking microtubules to the cortical actin cytoskeleton is
essential for controlling microtubule organization and dynamics
(Fukata et al., 2002; Rodriguez et al., 2003). IQGAP1 contains both
an F-actin-binding domain and a CLIP-170-binding domain (Fukata
et al., 2002; White et al., 2012). We found that depleting either
IQGAP1 or CLIP-170 prevented BCR-induced MTOC
reorientation. This is consistent with a model in which IQGAP1
and CLIP-170 bridge the actin and microtubule cytoskeletons and
link BCR-induced actin reorganization to MTOC polarization.
However, we cannot rule out other functions of IQGAP1 and CLIP-
170, as it has been proposed that CLIP-170 mediates only the initial
attachment of microtubules to the cell cortex (Fukata et al., 2002).
Other actin-microtubule crosslinking proteins (e.g. spectraplakins;
Suozzi et al., 2012), plus-end-binding proteins (e.g. EB1, also
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known as MAPRE1; Lansbergen and Akhmanova, 2006), or
microtubule-capturing proteins (e.g. dynein; Lansbergen and
Akhmanova, 2006), may stabilize microtubule attachment to the
cell cortex. Interestingly, phosphorylation of CLIP-170 promotes its
dissociation frommicrotubules and this is important for establishing

cell polarity in migrating fibroblasts (Nakano et al., 2010). It is not
known whether this contributes to BCR-induced MTOC
polarization. Nevertheless, our data reveal essential non-redundant
roles for IQGAP1 and CLIP-170 in BCR-induced MTOC
polarization.

Fig. 7. Rap1 promotes IQGAP1 accumulation at the IS by controlling actin organization. (A) A20 cells were treated with DMSO or 2 μM latrunculin A for
5 min, then mixed with anti-IgG-coated beads for 5 min. Cells were stained for IQGAP1, α-tubulin and F-actin. Confocal xy slices of bead–cell conjugates are
shown. Dotted circles indicate the bead. (B–D) Vector control and RapGAPII-expressing A20 cells were mixed with anti-IgG-coated beads for 5 min, then stained
for IQGAP1 and F-actin. For each conjugate, the corrected fluorescence intensity of F-actin (C) and IQGAP1 (D) within the white circle was quantified
(in arbitrary units, AU) for >65 cells from two experiments. (E) LPS-activated primary B cells transfected with control siRNA or with Rap1a andRap1b siRNAs were
mixed with anti-Igκ-expressing APCs for 5 min and then stained for IQGAP1, F-actin and antigen. Arrows show the contact site between the B cell and the APC.
(F–I) Vector control and RapGAPII-expressing A20 cells were allowed to spread on anti-IgG-coated coverslips for 15 min, then stained for IQGAP1 and F-actin
and imaged by TIRFM or confocal microscopy. TIRFM images (F) and fluorescence profiles along the dotted lines are shown for representative cells (G). Confocal
images were used to calculate Pearson’s (H) and Manders’ (I) coefficients for colocalization of IQGAP1 and F-actin. ****P<0.0001. Scale bars: 5 μm.
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IQGAP1 colocalized with F-actin at the periphery of antigen
contact sites, where it was interwoven with actin structures and in
close proximity to CLIP-170. Although IQGAP1 can bind to
activated Rap1 (Awasthi et al., 2010; Jeong et al., 2007), Rac1 and

Cdc42 (Fukata et al., 2002; Watanabe et al., 2004), we found that
IQGAP1 localization in B cells was determined primarily by its
interaction with F-actin. The activation of Rap1 and cofilin
controlled the subcellular localization of both F-actin and IQGAP1

Fig. 8. IQGAP1 colocalization with F-actin and a model for Rap1-dependent MTOC reorientation. (A–F) A20 cells were treated with the control Q peptide
or the M and W cofilin-inhibitory peptides (A–C), or with DMSO or 5 µM nocodazole (D–F) before being added to anti-IgG-coated coverslips for 15 min and
then stained for IQGAP1 and actin. Representative confocal images are in A and D. Scale bar: 10 μm. Pearson’s (B,E) and Manders’ (C,F) coefficients for
colocalization of IQGAP1 and F-actin are shown in the graphs. (G) Model. APC-bound antigen initiates localized BCR signaling and Rap1 activation. Rap1-GTP
promotes cofilin dephosphorylation and stimulates cofilin-mediated actin severing. The resulting clearance of F-actin from the center of the B-cell–APC contact
site is coupled to formation of a peripheral ring of branched actin that promotes B cell spreading. IQGAP1, which colocalizes with F-actin at the cell periphery,
capturesmicrotubule plus-ends by bindingCLIP-170. As the cell spreads, forces are exerted onmicrotubules that are anchored to the peripheral F-actin ring. This,
together with the minus-end-directed movement of cortex-associated dynein along these microtubules, moves the MTOC towards the IS. Dynein motor
complexes then move BCR microclusters along juxtamembrane microtubules towards the MTOC to form a cSMAC.
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in a coordinatedmanner.Moreover, IQGAP1 and F-actin colocalized
even when Rap1 or cofilin were inhibited. The accumulation of
IQGAP1 at adherens junctions is also dependent on F-actin and is
ablated by actin-disrupting drugs (Katata et al., 2003). Nevertheless,
activated Rac1 and Cdc42 may define specific sites within the actin
network to which IQGAP1 is recruited (Fukata et al., 2002).
IQGAP1 may play distinct roles at the IS in different immune

cells. IQGAP1 localizes to the NK cell IS and is required for MTOC
polarization and the polarization of cytotoxic granules towards
target cells (Kanwar and Wilkins, 2011). In contrast, IQGAP1 is
dispensable for MTOC polarization in T cells but instead regulates
actin organization (Gorman et al., 2012). Depleting IQGAP1 causes
excessive F-actin accumulation at the T cell IS and increases cell
spreading. In B cells, we found that depleting IQGAP1 blocked
MTOC reorientation but did not alter cell spreading or F-actin
reorganization at the antigen contact site.
Movement of the MTOC towards the center of the IS is mediated

by forces exerted on microtubules. When B cells spread across
antigen-bearing surfaces, the outward movement of the peripheral
F-actin ring could generate forces that pull on microtubules that are
anchored to the cell cortex. This may initiate movement of the
MTOC towards the IS. However, simply increasing the substrate
contact area by mechanically stretching B cells was not sufficient to
move the MTOC to the antigen contact site. Instead, we identified a
critical role for dynein in this process, as in T cells (Combs et al.,
2006; Martín-Cófreces et al., 2008; Quann et al., 2009; Yi et al.,
2013). Dynein can be recruited to the cell cortex (Kuhn and Poenie,
2002; Yi et al., 2013) by binding TCR (Hashimoto-Tane et al.,
2011) or BCR microclusters (Schnyder et al., 2011). CLIP-170 also
binds dynein and recruits it to the plus-ends of microtubules
(Coquelle et al., 2002). Thus, the requirement for CLIP-170 in
BCR-induced MTOC polarization could reflect its ability to bind
cortical IQGAP1 and recruit dynein. Indeed, NDE1, a protein that
binds to both dynein and the CLIP-170-interacting protein LIS1
(also known as PAFAH1B1), is required for dynein to be recruited
to the periphery of the T cell IS and for MTOC translocation to the T
cell IS (Nath et al., 2016). Whether NDE1- and LIS1-mediated
coupling of CLIP-170 to dynein contributes to MTOC polarization
in B cells remains to be determined. Dynein can form multiple
protein complexes and it is possible that dynein–dynactin
complexes, which mediate the coalescence of BCR microclusters
into a cSMAC, have distinct functions from the dynein, NDE and
LIS1 complexes that have been implicated in MTOC polarization in
T cells (Nath et al., 2016).
Our data are consistent with a model (Fig. 8G) in which Rap1-

and cofilin-dependent actin reorganization promotes the
accumulation of IQGAP1 at the periphery of the IS, thereby
determining sites at which IQGAP1 links the actin and microtubule
networks, perhaps by binding CLIP-170. This, together with the
movement of dynein along microtubules, generates force that moves
the MTOC close to the IS. Our findings also support the idea that
Rap1 and cofilin are master regulators of cell polarity (Bakal et al.,
2007) that are important for establishing polarized cell-cell
communication domains.

MATERIALS AND METHODS
Cells
B cells were isolated from spleens of 6- to 12-week-old C57BL/6 or MD4
mice of either sex (Goodnow et al., 1988) (Jackson Laboratories #002595)
using a B cell isolation kit (StemCell Technologies). The university animal
care committee approved all protocols. The A20 murine IgG+ B cell line,
RAMOS human IgM+ B cell line and WEHI-231 murine IgM+ B cell line

were from the ATCC. A20 and WEHI-231 cells stably transfected with
pMSCVpuro or pMSCVpuro-FLAG-RapGAPII have been described
previously (McLeod et al., 2004). A20 cells expressing the HEL-specific
D1.3 transgenic BCR (Batista and Neuberger, 1998) were from Facundo
Batista (Cancer Research UK, London, UK). B cells were cultured in RPMI-
1640 with 10% heat-inactivated fetal calf serum (FCS), 2 mM glutamine,
1 mMpyruvate, 50 µM2-mercaptoethanol, 50 U/ml penicillin and 50 µg/ml
streptomycin (complete medium). Primary B cells were used immediately
post isolation or were cultured for 6 h with 5 µg/ml E. coli 0111:B4
lipopolysaccharide (LPS; Sigma-Aldrich) before being transfected.

siRNA knockdown
Control siRNA (ON-TARGETplus Non-Targeting Pool, #D-001810-01-
05) and siRNA SMARTpools for mouse Rap1a (#L-057058-01-0005),
Rap1b (#L-062638-01-0005), and cofilin (#L-058638-01-0005) were from
GE Dharmacon. A20 cells or LPS-treated primary B cells (2×106) were
transduced with 2 µg each of Rap1a siRNA and Rap1b siRNA, or with 2 µg
control siRNA, using AMAXA Nucleofector Kit V (Lonza). Cells were
cultured 18 h before use. The pro-survival cytokine BAFF (5 ng/ml; R&D
Systems) was added to primary B cell cultures.

Lentivirus-mediated expression of shRNAs
pGipZ-based plasmids encoding GFP, puromycin resistance and shRNAs
for IQGAP1 (#V3LMM_426631, #V3LMM_426629) or CLIP-170
(#RMM4431-200324779) were from Thermo Scientific. These were co-
transfected with pCMV-VSV-G-M5 and pCMV-δR8.91 (from Dorothee
von Laer, Medical University of Innsbruck, Austria) into HEK293 T cells
(ATCC). Virus particles were collected at 12 h and 36 h post transfection
and added to 12-well plates containing A20 cells, which were then
centrifuged at 2000 rpm (750 g) for 1 h at 21°C. Cells were cultured 48 h
before selection with 4 µg/ml puromycin. GFP-expressing cell populations
were enriched by FACS.

Immunoblotting
Cells were lysed in RIPA buffer and analyzed by immunoblotting as
described previously (Freeman et al., 2011). Blots were probed with
antibodies against Rap1a and Rap1b (Cell Signaling Technologies #4938,
1:1000), cofilin (#sc-8441, 1:1000), IQGAP1 (#sc-10792, 1:1000), CLIP-
170 (#sc-25613, 1:3000) or β-actin (#sc-47778, 1:5000) (all Santa Cruz
Biotechnology), followed by horseradish peroxidase-conjugated anti-rabbit
IgG (Bio-Rad #170-6515, 1:3000) or anti-mouse IgG (Bio-Rad #170-6516,
1:3000) and ECL detection (GE Life Sciences).

Transient transfection
Plasmids encoding WT or mutant forms of cofilin fused to mCherry have
been described previously (Freeman et al., 2011). The CLIP-170–GFP
construct (Fukata et al., 2002) was fromKozoKaibuchi (NagoyaUniversity,
Nagoya, Japan). LifeAct–mCherry (#54491) and mTagRFP–α-tubulin
(#58026) plasmids were from Addgene. F-tractin-tdTomato and -GFP (Yi
et al., 2012) were from John Hammer (National Heart, Lung, and Blood
Institute, NIH). A20 cells or RAMOS cells (2×106) were nucleofected with
2 µg plasmid DNA using AMAXA Nucleofector kit V and used 24 h later.

Inhibitors
Where indicated, cells were treated with nocodazole (Sigma-Aldrich
#M1404), EHNA (EMD Millipore #324630), latrunculin A (Enzo Life
Sciences #BML-T119) or ciliobrevin D (EMD Millipore #250401). The
penetratin-conjugated M (CDYKDDDDKMASGVAVSDGVIK), W
(CDYKDDDDKWAPESAPLKSKM) and Q peptides (CDYKDDDDKW-
APESAPLQSQM) (Eibert et al., 2004) were synthesized by Biopeptide Inc.
(San Diego, CA) (Freeman et al., 2015). B cells (2.5×105) were resuspended
in 200 μl cold RPMI-1640 with the M and W peptides (5 µM each) or the Q
peptide (5 µM). After 1 h on ice, the cells were warmed to 37°C for 5 min
before use.

B-cell–APC interactions
Lipofectamine 2000 (Invitrogen) was used to transiently transfect Cos-7
cells (ATCC) with plasmids encoding either a transmembrane form of HEL
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fused to GFP (Batista et al., 2001) or a transmembrane form of a single-chain
anti-Igκ antibody (Ait-Azzouzene et al., 2005; Freeman et al., 2011). B cells
were stained with CellTrace Far Red (Thermo Fisher #C34553, 1:5000). For
live-cell imaging, HEL–GFP-expressing Cos-7 cells were plated on
fibronectin-coated coverslips for 4 h. The medium was replaced with
modified HEPES-buffered saline (mHBS; 25 mMHEPES, pH 7.2, 125 mM
NaCl, 5 mMKCl, 1 mMCaCl2, 1 mMNa2HPO4, 0.5 mMMgSO4, 1 mg/ml
glucose, 2 mM glutamine, 1 mM sodium pyruvate, 50 µM 2-
mercaptoethanol, 2% FCS) before adding HEL-specific B cells and
imaging B-cell–APC interactions at 37°C by spinning disk confocal
microscopy. Alternatively, Cos-7 APCs were detached using enzyme-free
dissociation buffer (0.5 mM EDTA, 100 mMNaCl, 1 mM glucose, pH 7.4)
and 2×105 were mixed in suspension with 4×105 B cells in 200 μl mHBS.
After various times at 37°C, the cells were pipetted onto coverslips coated
with 0.01% PLL, fixed with 4% paraformaldehyde (PFA) for 10 min at
room temperature, immunostained and imaged by spinning disk confocal
microscopy.

B cell interactions with anti-Ig-coated beads
Polystyrene beads (4.5 µm diameter; Polysciences, Warrington, PA) were
coated with goat anti-mouse IgM (Jackson ImmunoResearch, West Grove,
PA; #115-005-020) or anti-mouse IgG (Jackson ImmunoResearch #115-
005-008) as described (Lin et al., 2008). Amino Beads (3 μm diameter;
Polysciences) were activated overnight at 4°C with 8% glutaraldehyde
before adding 20 µg Alexa Fluor 647-conjugated goat anti-mouse IgM
(Jackson ImmunoResearch #112-545-175) to 5×107 beads for 4 h at room
temperature. B cells (2×105) were resuspended in mHBS and mixed with
106 beads at 37°C. The cells were then adhered to PLL-coated coverslips
and fixed with 4% PFA for 10 min at room temperature, or with ice-cold
methanol for 10 min at −20°C for pericentrin staining. For live-cell imaging
at 37°C, cells were added to coverslips coated with 2 µg/ml anti-MHC II
antibodies (Millipore, #MABF33) and imaged by spinning disk confocal
microscopy, or added to glass-bottom poly-D-lysine-coated #1.0 dishes
(MatTek, Ashland, MA) and imaged by confocal microscopy.

B cell spreading on anti-Ig-coated coverslips
Coverslips were coated with 2 µg/cm2 goat anti-mouse IgG as described
previously (Lin et al., 2008) before adding 104 B cells in mHBS. After
various times at 37°C, the cells were fixed with 4% PFA for 10 min,
permeabilized and stained with anti-α-tubulin antibodies plus phalloidin.
Alternatively, cells were imaged in real time at 37°C using spinning disk
confocal microscopy or TIRFM.

Immunostaining
Cells that had been fixed onto coverslips were permeabilized for 3 min at
room temperature with 0.2% Triton X-100 in PBS, and then blocked with
2% BSA in PBS. Antibodies were diluted in PBS with 2% BSA. Primary
antibody and secondary antibody incubations were for 40 min at room
temperature. F-actin was stained using Rhodamine-, Alexa Fluor 568- or
Alexa Fluor 647-conjugated phalloidin (Molecular Probes-Invitrogen,
1:300). Coverslips were mounted onto glass slides using ProLong Gold or
Prolong Diamond anti-fade mounting reagent containing DAPI (Molecular
Probes, Invitrogen). Primary antibodies were rabbit anti-α-tubulin (Abcam
#ab52866, 1:250), rat anti-α-tubulin (Abcam #ab6161, 1:350), rabbit anti-
pericentrin (Abcam #ab4448, 1:500), rabbit anti-IQGAP1 (Santa Cruz #sc-
10792, 1:250), and mouse anti-GFP (Invitrogen #A11120, 1:400). Goat
secondary antibodies (Molecular Probes-Invitrogen, used at 1:250) were
Alexa Fluor 488-conjugated anti-rabbit IgG (#A-11034), Alexa Fluor 568-
conjugated anti-rabbit IgG (#A-11036), Alexa Fluor 488-conjugated anti-rat
IgG (#A-11006), Alexa Fluor 647-conjugated anti-rat IgG (#A-21248),
Alexa Fluor 568-conjugated anti-mouse IgG (#A-11031) and Alexa Fluor
647-conjugated anti-mouse IgG (#A-11029).

Microscopy and image analysis
Confocal microscopy was performed using an Olympus IX81/Fluoview
FV1000 confocal microscope with a 100× NA 1.40 oil objective. Fluoview
v3.0 and v4.0 software (Olympus) were used to analyze images and generate
3D reconstructions. Image analysis and fluorescence quantification were

performed using ImageJ. Spinning disk confocal microscopy was
performed using a Quorum Technologies system based on a Zeiss
Axiovert 200 M microscope with a 100× NA 1.45 oil objective and a
QuantEM 512SC Photometrics camera for image acquisition. For fixed
cells, z-stacks were acquired in 0.3 µm increments. Slidebook v6.0
software (3i Inc., Denver, CO) was used to analyze images and generate 3D
reconstructions. TIRF images were acquired at a 100-nm penetration depth
using an Olympus cellTIRF 4-line microscopy system consisting of an
Olympus IX83 Dual Deck motorized inverted microscope, a 100× NA
1.49 oil objective, and a Photometrics Evolve EM-CCD camera.
MetaMorph software (Molecular Devices, Sunnyvale, CA) was used to
acquire images. To quantify MTOC polarization, a PI was calculated for
each B cell as described in Fig. S1. Distances were determined using
Fluoview and ImageJ software. For bead–cell conjugates, a confocal slice
through the center of the B cell was used to determine distances. Pearson
and Manders coefficients were determined using the ImageJ JACoP
plug-in.

Quantification of F-actin and IQGAP1 at bead–cell contact sites
Fluorescence intensities were quantified using ImageJ. An 8.8-μm diameter
circular region of interest (ROI) was drawn around the bead at the site of
contact with the B cell and the total corrected fluorescence within the ROI
was quantified as described (Burgess et al., 2010) using the following
equation: Integrated density–[(area of ROI)×(mean background
fluorescence per unit area)], where the integrated density is equal to [(area
of ROI)×(mean fluorescence per unit area within the ROI)].

STED microscopy
Cells that had spread on anti-Ig-coated coverslips were fixed for 10 min with
3% PFA plus 0.1% glutaraldehyde, then blocked and permeabilized for
10 min at room in blocking buffer (PBS containing 3% BSA and 0.1%
Triton X-100). Primary and secondary antibodies (1:100 in blocking buffer)
were added sequentially for 30 min at room temperature. Rhodamine–
phalloidin (1:100) was added to the secondary antibody solution. Coverslips
were mounted onto glass slides using ProLong Diamond anti-fade reagent
(Molecular Probes-Invitrogen). Samples were imaged using a Leica TCS
SP8 laser scanning STED system equipped with a 592 nm depletion laser, a
CX PL APO 100× NA 1.40 oil objective, and a Leica HyD high-sensitivity
detector. Image deconvolution was performed using Huygens software
(Scientific Volume Imaging, Hilversum, The Netherlands).

Statistical analysis
Two-tailed paired t-tests were used to compare mean values for matched
sets of samples from multiple experiments. Unpaired t-tests were used to
compare the means of data pooled from multiple experiments (e.g. dot
plots).
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