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Abstract
The plus-ends of microtubules target the cell cortex to modulate actin protrusion dynamics and
polarity, but little is known of the molecular mechanism that couples the interaction. EB1 protein
associates with the plus-ends of microtubules, placing EB1 in an ideal spatial position to mediate
microtubule-actin cross talk. The objective of the current study was to further understand
intracellular signaling involved in EB1-dependent cell polarity and motility. B16F10 mouse
melanoma cells were depleted of EB1 protein using short hair-pin RNA interference. Correlative
live cell-immunofluorescence microscopy was performed to determine localization of WAVE2
and IQGAP1 to protruding versus retracting edges. EB1 knock down caused poor subcellular
separation of WAVE2 and IQGAP1, and overall decreased localization. Activation of PKC
corrected defects in WAVE2 and IQGAP1 localization, cell spreading and cell shape to levels
observed in control cells, but did not correct defects in cell migration. Consistent with these
findings, decreased PKC phosphorylation was observed in EB1 knock down cells. These findings
support a model where EB1 protein links microtubules to actin protrusion and cell polarity
through signaling pathways involving PKC.
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1. Introduction
The MAPRE genes (MAPRE1, MAPRE2 and MAPRE3) encode the EB1 family of
microtubule-binding proteins (EB1, RP1/EB2 and EBF3/EB3) [1, 2]. The EB1 protein
family is evolutionarily conserved with homologs found in yeast, plants and mammals [3,
4]. EB1 was initially described as a binding partner of adenomatous polyposis coli (APC)
[5], a tumor suppressor factor associated with colorectal cancer [6]. The C-terminal domain
of EB1 is responsible for binding the C-terminal domain of APC [7]. EB1 expression is
altered in various types of tumors and is associated with malignant phenotype. Expression is
increased in patient samples and cell lines derived from hepatocellular [8], esophageal [9],
human gastric [10] and breast [11] carcinomas; however, EB1 is decreased in pediatric
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ependymomas [12]. Overexpression promotes cellular growth, activation of the beta-catenin/
T-cell factor pathway, tumor formation [9, 13] and activation of aurora-B kinase [14].
Interestingly, gene fusion between MAPRE1 and MLL was found in a patient with acute
lymphoblastic leukemia [15].

Cell migration, essential for malignant cell invasion and metastasis, requires cross-
communication between the microtubule system and actin cytoskeleton. EB1 protein binds
specifically to the plus-ends of microtubules [16], placing EB1 in an ideal spatial position to
mediate cross-talk with actin. Our previous studies identified EB1 as essential for melanoma
cell motility [17] and position EB1 as a regulator of actin dynamics [17, 18]. Depletion of
EB1 caused decreased lamellipodia protrusion and decreased Arp3 localization in B16F1
melanoma cells [17]. In addition, attenuated lamellipodia protrusion was accompanied by
increased fascin localization at the cell cortex and decreased cell migration velocity [17]. In
the current studies, we investigated the role of protein kinase C (PKC) in mediating EB1-
dependent polarity and actin cytoskeleton remodeling in mouse melanoma cells.

2. Materials and Methods
2.1. Cell culture and reagents

B16F10 mouse melanoma cells were purchased from American Type Culture Collection
(Manassas, VA, USA) and maintained in Dulbecco's Modified Eagle Medium (DMEM)
supplemented with 10% fetal bovine serum (Atlanta Biologicals, Lawrenceville, GA, USA)
and antibiotics. Trypsin/EDTA solution (Mediatech, Manassas, VA, USA) was used for cell
detachment. Fugene 6 transfection reagent was purchased from Roche Diagnostics. Mouse
laminin, Alexa Flour 488 and Alexa Fluor 350 conjugated to phalloidin were from
Invitrogen. Phorbol 12-myristate 13-acetate (PMA) was from Acros Organics. Mouse
monoclonal anti-EB1 antibodies (clone 5) and mouse monoclonal anti-IQGAP1 antibodies
were purchased from BD Transduction Laboratories. The rabbit polyclonal anti-WAVE2
and anti-phosphorylated (serine 657) PKC-alpha antibodies were from Santa Cruz
Biotechnology, Inc (Santa Cruz, CA, USA). The mouse monoclonal anti-PKC alpha
antibodies were purchased through Abcam. Anti-rabbit and anti-mouse secondary antibodies
conjugated to TRITC or Cy5 were purchased from Jackson ImmunoResearch Laboratories.

2.2 Short hair-pin RNA interference
The target sequence used for knock down of EB1 protein expression was
GCCTGGACCAGCAGAGCAA (EB1 KD) and the two-nucleotide mismatch control
sequence was GCCTGGACAAGCAGGGCAA (MM control). The target and MM control
sequences were inserted into pG-Shin vector [19]. B16F10 cells were transfected with
purified plasmid using Fugene 6 reagent according to the manufacturer instructions.
Experiments were performed 3 days after transfection when correlation between EB1 knock
down and GFP expression was optimal.

2.3. Immunofluorescence microscopy
Glass coverslips coated with 30 µg/ml mouse laminin (Invitrogen) for 24 hours at 4 °C were
placed in 35 mm-diameter dishes containing DMEM with freshly thawed 10% FBS. Cells
were added to the dishes and incubated for 30 minutes at 37 °C. For EB1 and PKC
immunofluorescence, coverslips were fixed with −20 °C methanol for 5 minutes then 4%
paraformaldehyde with 0.5 % Triton-X 100 in phosphate-buffered saline (PBS) for 20
minutes at 22 °C. For IQGAP1 and WAVE2 immunofluorescence, and for phalloidin
staining, coverslips were fixed in cytoskeleton-stabilizing buffer (80 mM PIPES, 2 mM
EGTA, 3 mM MgCl2, pH=6.9) with 4% paraformaldehyde and 0.5% Tx-100 for 30 minutes
at 22 °C. Coverslips were washed in PBS, blocked with 2% bovine serum albumin and
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incubated with primary antibodies for 20 minutes at 37 °C. Coverslips were incubated with
secondary antibodies and mounted onto glass slides using Aqua Poly/Mount (Polysciences,
Warrington, PA, USA). Images were acquired using a Leica DMIRE2 HC inverted
epifluorescence microscope fitted with a 16-bit grayscale CCD camera. Roundness index,
cell area and linescan intensity were measured using Metamorph software as described
previously [17]. For the live cell-immunofluorescence correlative microscopy studies,
etched coverslips (Bellco Glass, Vineland, NJ, USA) were coated with 30 µg/ml laminin for
20 hours at 4 °C. The coverslips were placed into Bioptechs Delta T dishes (Butler, PA,
USA) containing DMEM with freshly thawed 10% FBS. After incubation for 30 minutes,
images were acquired using a 40× phase objective at 7-second intervals for approximately 2
minutes followed by immediate fixation in cytoskeletal-stabilizing buffer with 4%
paraformaldehyde and 0.5% Triton X-100.

2.4. Cell motility
Bioptechs Delta T dishes were coated with 25 µg/ml mouse laminin for 25 hours at 4 °C.
Approximately 48 hours post-transfection with the EB1 knock down plasmid, cells were
trypsinized and re-seeded into the laminin-coated Delta T dishes. Cells were incubated for
30 minutes at 37 °C prior to initiating the experiment. Phase contrast images were acquired
with a 5× objective every 20 minutes for approximately 18 hours. During the experiment,
the chamber was maintained at 37 °C using the Delta T heated-lid controller system
(Bioptechs) and infused with humidified, 5% CO2-air mixture. Green fluorescence images
were acquired at the beginning and end of each experiment to monitor movement of EB1
knock down cells. To analyze the data, a video of cell movement over 18 hours was
constructed. Individual cell positions centered on the nucleus were tracked frame-by-frame
using Metamorph software. Threshold for nucleus displacement was 1.7 µm. Distance
traveled, distance from origin and x and y coordinates were obtained for each frame.
Average velocity was calculated from distance and time variables as described [17].

3. Results
3.1. Knock down of EB1 protein disrupts localization of WAVE and IQGAP

In our previous study we performed short hair-pin RNA interference (shRNAi) to knock
down EB1 protein in the B16F1 mouse melanoma cell line. In the current study we used
B16F10 cells because of their higher transfection efficiency (our unpublished observations).
The plasmid encodes a short hair-pin sequence specific for EB1 knock down and a sequence
for green fluorescence protein (GFP) expression. Transfected cells co-express the short-hair-
pin with GFP thereby allowing identification of EB1 knock down cells [17, 19]. A two-
nucleotide mismatch sequence and nontransfected cells serve as controls. We achieved
87.5% knock down efficiency of EB1 protein in GFP-positive B16F10 cells as assessed by
quantitative immunofluorescence (Supplementary Fig. 1 KD). The two-nucleotide mismatch
control plasmid had no effect on EB1 protein fluorescence (Supplementary Fig. 1 MM).
These results demonstrate achievement of high efficiency EB1 protein knock down in
individual B16F10 mouse melanoma cells using a shRNAi plasmid.

In previous studies, knock down of EB1 protein enhanced fascin immunofluorescence and
decreased Arp 2/3 immunofluorescence [17], markers of filopodia and lamellipodia,
respectively [20, 21]. In the current study, we examined immunofluorescence of two actin
signaling molecules, IQGAP1 and WAVE2. Using correlative live cell-immunofluorescence
microscopy we examined IQGAP1 and WAVE2 localization to retracting versus protruding
edges in normal B16F10 cells. Cells were plated onto laminin for 30 minutes, imaged for a
period of 112 seconds using phase contrast microscopy, fixed, and then stained for actin,
IQGAP and WAVE. Protruding and retracting edges were identified using kymograph
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analysis (Fig. 1A). WAVE concentrated in protruding edges, while IQGAP concentrated in
retracting edges (Fig. 1B). Thus, in normal polarized B16F10 cells, WAVE and IQGAP
localize to separate regions of the actin cytoskeleton serving as markers for protruding and
retracting cell edges, respectively. We next evaluated WAVE and IQGAP distribution in
EB1 knock down cells using immunofluorescence (Fig. 2). In non-transfected (NT) and two-
nucleotide mismatch (MM) controls, integrated WAVE intensity in protruding (P) edges
was more than twice the intensity found in retracting (R) edges; whereas, integrated IQGAP
intensity in retracting (R) edges was more that 3-times the intensity found in protruding (P)
edges (Fig. 2). Because in our previous studies we observed EB1 knock down cells undergo
short alternating phases of protrusion and retraction, we labeled fluorescence intensity in
EB1 KD cells as PR (Fig. 2). By contrast, separation of WAVE from IQGAP in the actin
cytoskeleton in EB1 KD cells was poor and integrated intensity was altered. WAVE
intensity in edges of EB1 KD cells was less than protruding edges in control cells, but more
than retracting edges in control cells. IQGAP intensity in edges of EB1 KD cells was less
than in retracting edges of control cells, but more than protruding edges of control cells (Fig.
2 graph).

3.2. Activation of PKC in EB1 knock down cells corrects WAVE and IQGAP localization,
and defects in cell spreading and shape

We previously reported knock down of EB1 protein causes decreased cell spreading and loss
of polarized cell shape [17]. We examined whether activation of protein kinase C (PKC)
rescues defects in cell spreading, shape and actin signaling molecule distribution. B16F10
cells were plated onto laminin without or with 100 nM PMA for 30 minutes, fixed and then
stained for actin, IQGAP and WAVE. Consistent with our previous results using B16F1
cells, knock down of EB1in B16F10 cells causes decreased cell spreading and increased
roundness index compared to nontransfected (NT) and mismatch (MM) control cells (Fig. 3,
0 nM PMA). Activation of PKC isozymes with PMA increased cell spreading in EB1 knock
down cells equal to control cells with PMA (Fig. 3, top graph). However, 100 nM PMA
rescued roundness index in EB1 knock down cells to levels equal to control cells without
PMA, but not with 100 nM PMA (Fig. 3, bottom graph). Furthermore, proper localization of
WAVE and IQGAP was restored in the presence of 100 nM PMA. These results suggest
PKC activity is decreased in EB1 knock cells causing defects in cell polarity and
localization of actin signaling molecules.

3.3. EB1 knock down cells have decreased PKC alpha phosphorylation
Activation of protein kinase C (PKC) alpha is known to regulate cell migration and motility
through effects on actin cytoskeleton remodeling [22]. We next determined if EB1 knock
down cells have altered PKC activity through immunofluorescence measurements of total
and phosphorylated PKC alpha. EB1 knock down or control cells were plated onto laminin
for 30 minutes, fixed and stained with antibodies specific for PKC alpha and PKC alpha
phosphorylated at serine 657 [23], an indicator of enzyme activity [24]. Linescan intensity
analysis was performed on the cell edge in the combined images (Fig. 4). In nontransfected
(NT) and nucleotide mismatch (MM) control cells without PMA, an intense peak of
phosphorylated PKC alpha localized 1–2 µm from the cell edge (Fig. 4B). By contrast,
intensity scans in EB1 KD cells without PMA show a gradual PKC increase from the cell
edge, and less overall phosphorylation (Fig. 4B and C). Importantly, addition of 100 nM
PMA increased phosphorylation in EB1 KD cells to levels equal to NT and MM control
cells (Fig. 4B and C). These results indicate EB1 is required for normal localization and
phosphorylation of PKC alpha.
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3.4. PKC activation increases migration of normal cells, but not EB1 knock down cells
We previously reported EB1 knock down causes decreased actin protrusion at the cell edge
and decreased translocation velocity [17]. We next examined if PMA rescues the defects in
2-dimensional cell motility on laminin. We measured cell velocity over 18 hours and final
cell distance from origin after 18 hours as described previously [17]. The presence of 50 nM
PMA increased both cell velocity and distance from origin of non-transfected (NT) cells
(Supplementary Fig. 2); however, PMA did not increase cell velocity or distance from origin
of EB1 knock down (KD) cells (Supplementary Fig. 2). These results indicate PMA-induced
increase in cell migration requires EB1 protein.

4. Discussion
In our previous studies we observed polarity and motility defects in mouse melanoma cells
devoid of EB1 protein. Depletion of EB1 disrupts actin dynamics through increased
filopodia production and decreased lamellipodia protrusion resulting in decreased cell body
migration [17]. The effect of EB1 knock down on cell migration is likely the result of
inability of cells to spatially regulate intracellular signaling events needed for polarization.
In our current studies, we examined the signaling mechanisms by which EB1 regulates cell
polarity and motility. In polarized B16F10 cells, WAVE localizes to protruding edges while
IQGAP concentrates to areas of cell retraction. EB1 knock down disrupted proper WAVE
and IQGAP localization resulting in poor subcellular separation of these two actin signaling
molecules which is important in motility [25, 26]. Thus, poor subcellular localization of
WAVE and IQGAP may explain the brief alternating periods of actin protrusion and
retraction observed in EB1 knock down cells [17] as opposed to sustained protrusion
coordinated with retraction in normal cells [27].

Activation of cells with PMA corrected cell spreading and shape defects, and restored
proper localization of WAVE and IQGAP suggesting PKC isozymes may be involved in
EB1-dependent cell polarity. Indeed, phosphorylation of PKC alpha in the cell periphery is
decreased in EB1 knock down cells. Importantly, activation of cells with PMA restored PKC
alpha phosphorylation to levels equal to control cells. Although PMA corrected polarity
defects in EB1 knock down cells and enhanced motility of normal cells, PMA did not
correct the migration defect in EB1 knock down cells. These results raise the possibility that
EB1 regulates cell polarity and migration through different signaling pathways. Activation
of protein kinase C isoforms is known to promote cell motility through several pathways
[28–31]. Our results suggest EB1 may interact with protein kinase C signaling in a
bidirectional manner. EB1 may act through PKC to maintain characteristics related to
polarity including cell shape and distribution of actin signaling proteins. For example, fascin
bundling activity on actin filaments is controlled by PKC phosphorylation [32]. EB1 may
regulate fascin activity through PKC. Low PKC alpha activity in EB1 KD cells could result
in less fascin phosphorylation; thereby, up-regulating actin bundling activity of fascin [32],
consistent with hyperfilopodia formation we observed previously [17]. Also through PKC,
EB1 may act to properly localize actin signaling molecules, Arp2/3, WAVE and IQGAP
thereby promoting cell polarity and actin protrusion. Once polarity is established, EB1 is
required for normal migration through a potentially different mechanism. During cell
migration, PKC may act through EB1 because PMA enhanced the migration of normal cells,
but not EB1 knock down cells. Thus, our studies taken together support a model where EB1
and PKC may interact in a bidirectional manner to establish cell polarity and maintain
productive cell body migration.
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Highlights

• Short hair-pin RNA interference of EB1 disrupts WAVE and IQGAP
localization

• Phorbol ester activation of EB1 knock down cells corrects polarity defects

• EB1 protein is required for activation of PKC alpha

• PKC activation increases migration of normal cells, but not EB1 knock down
cells

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Fig 1.
IQGAP and WAVE are markers of retracting and protruding cells edges, respectively. (A)
B16F10 cells were placed on laminin for 30 minutes then phase images were acquired at the
indicated times (0–112 seconds). Kymographs, represented by the 14 µm-lines, identify
retracting (R) and protruding (P) cell edges. (B) Cells were immediately fixed after 112
seconds and stained for actin, IQGAP1 and WAVE2. Fluorescence intensity profiles of actin
(red), IQGAP1 (blue) and WAVE2 (green) at retracting and protruding edges (identified in
A) are plotted. Integrated intensity bar graph represents 12 cells (error bars: SEM). *p<0.01
versus IQGAP or WAVE in retracting (R) edges.
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Fig 2.
EB1 knock down disrupts IQGAP and WAVE localization. B16F10 cells were plated onto
laminin for 30 minutes, fixed and stained with IQGAP1 or WAVE2 antibodies, and Alexa
Fluor 350-phalloidin. Individual actin, WAVE, IQGAP and combined images are shown for
representative non-transfected control cells (NT), EB1 knock down cells (KD) and
mismatch control cells (MM). Graph is plot of integrated IQGAP or WAVE intensity over
actin intensity in protruding (P) or retracting (R) edges in NT and MM control cells, or
edges in EB1 knock down cells (PR). Error bars: SEM for 12–15 cells; scale bar = 20µm.
*p<0.05 versus IQGAP or WAVE in both retracting and protruding edges in MM and NT
control cells.
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Fig 3.
Polarity defects in EB1 knockdown cells are corrected by activation with phorbol 12-
myristate 13-acetate (PMA). Nontransfected (NT), EB1 knock down (KD) or mismatch
control (MM) cells were plated onto laminin without or with 100 nM PMA. Cells were fixed
and stained for actin (red), IQGAP1 (blue), and WAVE2 (green). Cell area and roundness
index were measured (error bars = SEM; 27–32 cells/bar). Scale bar: 30 µm. ** p<0.0001
versus KD cells with 100 nM PMA. *p<0.002 versus NT and MM cells with 100 nM PMA.
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Fig 4.
Phosphorylation of PKC is decreased in EB1 knock down cells. Nontransfected (NT), EB1
knock down (KD) or mismatch control (MM) cells were plated onto laminin for 30 minutes.
Samples were fixed in −20 °C methanol and then 4% paraformaldehyde with 0.5% Triton
X-100. Cells were stained with anti-PKC alpha mouse monoclonal antibodies and anti-
phosphorylated PKC (pPKC) alpha rabbit polyclonal antibodies. (A) Individual and
combined images of PKC (red) and pPKC (green) in cell edges without and with 100 nM
PMA. Asterisk marks decreased pPKC staining in the edge of a representative EB1 knock
down cell. Lines in combined images mark positions of pPKC and PKC intensity plots
shown in B. Cell edges were traced to enhance image clarity. (B) 3.6 µm-linescans of
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immunofluorescence intensity over cell edges in the combined images shown in A. (C)
Integrated intensities expressed as pPKC/PKC ratios normalized to NT cells without PMA
(each bar n=25–32 cells). *p<0.035 versus 0 nM PMA NT and MM cells. **p<0.0001
versus 0 nM PMA KD cells.
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