
UvA-DARE is a service provided by the library of the University of Amsterdam (https://dare.uva.nl)

UvA-DARE (Digital Academic Repository)

The function of Tiam1/Rac signaling in polarity and cancer

Ellenbroek, S.I.J.

Publication date
2013

Link to publication

Citation for published version (APA):
Ellenbroek, S. I. J. (2013). The function of Tiam1/Rac signaling in polarity and cancer.
[Thesis, fully internal, Universiteit van Amsterdam].

General rights
It is not permitted to download or to forward/distribute the text or part of it without the consent of the author(s)
and/or copyright holder(s), other than for strictly personal, individual use, unless the work is under an open
content license (like Creative Commons).

Disclaimer/Complaints regulations
If you believe that digital publication of certain material infringes any of your rights or (privacy) interests, please
let the Library know, stating your reasons. In case of a legitimate complaint, the Library will make the material
inaccessible and/or remove it from the website. Please Ask the Library: https://uba.uva.nl/en/contact, or a letter
to: Library of the University of Amsterdam, Secretariat, Singel 425, 1012 WP Amsterdam, The Netherlands. You
will be contacted as soon as possible.

Download date:24 May 2023

https://dare.uva.nl/personal/pure/en/publications/the-function-of-tiam1rac-signaling-in-polarity-and-cancer(89ffbb4b-6d57-4f64-be79-a64663db0958).html


95

The Par-Tiam1 complex controls persistent migration 
by stabilizing microtubule-dependent front-rear polarity

D. Michiel Pegtel, Saskia I.J. Ellenbroek, Alexander E.E. Mertens, 
Rob A. van der Kammen, Johan de Rooij and John G. Collard

Current Biology (2007) 17:1623-34

Chapter5





5

97

Chapter 5

AbSTRACT

INTRODUCTION

background. The establishment and maintenance of cell polarity is crucial for many 
biological functions and regulated by conserved protein complexes. The Par polarity 
complex consisting of Par3, Par6, and PKCζ in conjunction with Tiam1-mediated Rac 
signaling controls apical-basal cell polarity in contacting epithelial cells. Here we tested 
the hypothesis that the Par complex in conjunction with Tiam1, controls “front-rear” 
polarity during persistent migration of freely migrating keratinocytes. 
Results. Wild-type (WT) epidermal keratinocytes lacking cell-cell contacts are stably 
front-rear polarized and migrate persistently. In contrast, Tiam1 deficient (Tiam1-KO) 
and (si)Par3-depleted keratinocytes are generally unpolarized and migrate randomly 
since front-rear polarity is short-lived. Immunoprecipitation experiments show that in 
migrating keratinocytes, Tiam1 associates with Par3 and PKCζ. Moreover, Par3, PKCζ 
and Tiam1 proteins are enriched at the leading edges of polarized keratinocytes. Tiam1 
KO keratinocytes are impaired in chemotactic migration towards growth factors while 
haptotactic migration is similar to WT. Par3 depletion or blocking PKCζ signaling in WT 
keratinocytes impairs chemotaxis, but has no additional effect on Tiam1 KO cells. The 
migratory and morphological defects in keratinocytes with impaired Par/Tiam1 function 
closely resemble cells with pharmacologically destabilized microtubules (MTs). Indeed, 
MTs in Tiam1 KO keratinocytes and WT cells treated with a PKCζ inhibitor are unstable, 
thereby negatively influencing directional but not random migration. 
Conclusions. We conclude that the Par/Tiam1 complex stabilizes front-rear polarization 
of non-contacting migratory cells thereby stimulating persistent and chemotactic migration 
while in contacting keratinocytes the same complex controls the establishment of long-
lasting apical-basal polarity. These findings underscore a remarkable flexibility of the 
Par polarity complex that depending on the biological context, controls distinct forms of 
cellular polarity.

Coordinated or persistent directional 
cell migration of neural crest cells, 
hematopoietic stem cells, epithelial 
and germ cells is essential for early 
development of multi-cellular organisms 
[1]. In adult organisms, persistent cell 
migration plays an important role in 
wound healing [2] and immune function 
[3]. In pathological conditions, aberrant 
persistent cell migration leads to 
developmental disorders, altered immune 
function and may contribute to metastasis 

of cancer cells [4,5]. 
 At the molecular level, growth 
factors and chemokines as well as 
integrin- extracellular matrix interactions 
provide the signals and tools required 
for cell motility including persistent 
migration [6-8]. Most migrating cells must 
polarize initially, by extending an actin-
rich protrusion such as a lamellipodium 
in the direction of migration resulting in 
an asymmetric cell with a distinct front-
rear polarity [9]. It is generally believed 
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that actin-dependent protrusion formation 
generates the tractional forces that are 
converted into cell displacement [6]. The 
microtubule network (MT) is also involved 
in cell migration possibly by directing 
the sites of actin polymerization and 
lamellipodial protrusion [10] and/or by 
influencing adhesions [11] however the 
exact molecular mechanism(s) remain 
unclear. 
 The small Rho-like GTPases Rac1, 
RhoA and Cdc42 control cytoskeletal re-
arrangements that lead to morphological 
changes such as the conversion from 
a non-migrating to a migrating cell by 
inducing a polarized phenotype from a 
non-polarized phenotype [12]. Besides 
their role in propelling migration, 
Rho GTPases also function in the 
establishment of apical-basal polarity in 
non-migrating epithelial cells [13,14], axon 
specification in neuronal cells [15] and T 

cell polarity [16]. Currently, it is becoming 
clear that various evolutionary conserved 
polarity protein complexes control the 
establishment of polarity together with 
Rho GTPases. The polarity proteins serve 
as spatial-temporal cues, locally activating 
Rho GTPases that subsequently act on the 
cytoskeleton to stimulate cell polarization 
and cell migration [6]. Since Rho GTPases 
regulate cell polarity, it is likely that specific 
regulators of Rho GTPases are also 
involved in the regulation of cell polarity as 
shown for the Rac activator Tiam1 [16,17]. 
 We show here that the Par polarity 
complex and Tiam1 function together 
in controlling persistence of migrating 
epidermal keratinocytes by stabilizing 
transient front-rear cell polarization via the 
microtubule system. This explains how 
signaling via the Par/Tiam1-complex can 
steer keratinocyte migration. 

Tiam1 is required for persistent but not 
random migration. 

To study motility behavior of freely 
migrating epidermal keratinocytes we 
sparsely seeded epidermal keratinocytes 
on exogenous Laminin5 (LN5) substrate 
in low calcium (0.02 mM) conditions. 
These cells acquire a distinct front-rear 
polarized morphology while cells lacking 
the Rac-activator Tiam1 (Tiam1-KO) are 
hardly polarized (Figure 1A and S1A in the 
Supplemental Data). Video microscopy 
shows that wild-type (WT) keratinocytes 
migrate in a persistent (i.e. linear) 
fashion. Tiam1 KO keratinocytes migrate 
equally well, albeit their migration pattern 
appears more erratic, with cells often 
changing direction (movies S1 and S2). 

Comparing composed migratory paths of 
WT and Tiam1 KO keratinocytes confirms 
this finding since the migration tracks of 
Tiam1 KO cells are condensed (Figure 
1B). The average D/T (direct distance/
total distance) ratio, or persistence of WT 
cells on LN5 was 0.8 compared to 0.5 for 
Tiam1 KO cells (p < 0.025, Figure 1C). 
The combined total distance for WT and 
Tiam1 KO cells was similar (not shown) 
suggesting similar average cell velocities.
 We extended these studies to 
a collagen IV substrate (Figure 1D) 
combining a multi-well, automated 
time-lapse imaging with an unbiased 
computational tracking analysis allowing 
simultaneous tracking of many migrating 
cells in various conditions (Figure S1B). 
We find that WT keratinocytes migrate 
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more persistently on collagen as well 
compared to Tiam1 KO cells (D/T ratio 
0.68 vs. 0.45 respectively, p < 0.001) 
(Figure 1D).
 To visualize overall cell motility 
we constructed velocity histograms 
of freely migrating Tiam1 KO and WT 
cell populations by plotting cell velocity 

against the number of cells (Figure S2A). 
In both genotypes over 95% of the cells 
migrate with (average) velocities between 
0.2 and 4.0 µm/min and no obvious sub-
populations exist for either genotype. 
WT keratinocytes however migrate on 
average slightly faster than Tiam1 KO 
cells (1.0 µm/min vs. 0.72 µm/min on LN5 

Figure 1: Tiam1 deficiency impairs directionally persistent migration.  (A) Phase contrast images 
of typical WT and Tiam1 KO freely migrating keratinocytes on a collagen IV substrate. Many WT cells 
are intrinsically polarized, showing a distinct front-rear cellular asymmetry, while Tiam1 deficient cells 
are irregularly shaped with variable number of protrusions. (B) Representative individual migration 
tracks of WT and Tiam1 KO keratinocytes migrating on LN5 substrate. The total track distance of all 
individual cells combined was similar for both cell types. (C) Average persistence (D/T ratio) derived 
from the tracks depicted in (B). The shaded area indicates persistence (D/T) value for random migration 
(RM) as determined by simulation (see Supplemental Experimental Procedures) and a persistence of 1 
indicates completely linear migration (LM). (D) Quantification of average persistence of migrating WT and 
Tiam1 KO cell populations seeded on a collagen IV substrate measured from multiple (n=3) independent 
movies. (E) Average cell motility measured by average cell velocity of WT and Tiam1 KO cell populations 
on LN5 and collagen IV substrates. Most WT and Tiam1 KO keratinocytes in freely migrating populations 
migrate with velocities between 0 and 2μm/min (Figure S2A). Error-bars indicate standard deviations 
and asterisks indicate significant differences in a Student’s t test (p < 0.05 was considered significant) for 
persistence and/or velocity compared to WT. The scale bar represents 10μm.
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and 0.72 vs. 0.62 µm/min on collagen IV 
(p < 0.05) (Figure 1E). However, Tiam1 
appears not essential for determining 
cell velocity since cells of both genotypes 
share the same range of individual cell 
velocities. It is conceivable that more 
frequent changes in direction of Tiam1 KO 
cells reduce average cell velocity. These 
experiments indicate that Tiam1 controls 
migratory persistence independent of 
the cell substrate but does not control 
random migration since it is dispensable 
for propelling keratinocyte migration. 

Tiam1-deficient keratinocytes are 
impaired in chemotactic migration 

Growth factors (GFs) are strong external 
inducers of chemotactic migration. Cells 
of epithelial origin stabilize polarized 
lamellipodial protrusions and migrate 
directionally towards growth factors 
[18,19]. 
 We investigated physiological 
migration towards a GF gradient (1ng/ml 
EGF, 10ng/ml IGF, 5μg hydrocortisone 
and 10ng/ml prostaglandin) using 
Boyden-chamber assays. WT epidermal 
keratinocytes migrated extremely well 
towards a GF gradient (Figures 2A and 
B) with a 6-fold increase (p < 0.0001 in a 
students t-test). In contrast, the migration 
rate of Tiam1 KO cells upon the application 
of a GF gradient barely increased (1.4 fold, 
p = 0.16). Haptotactic migration (without 
a GF gradient) was similar between WT 
and Tiam1 KO cells (Figures 2A and B). 
Tiam1-mediated chemotactic migration 
was not substrate dependent, since we 
found similar results on Fibronectin (FN) 
and Vitronectin  (VN) coated Boyden-
chambers (Figure S2B). We conclude 
therefore that chemotactic- but not 
haptotactic migration of keratinocytes is 
Tiam1 but not substrate dependent.
 Interestingly, GF-starved WT and 

Tiam1 KO keratinocytes equally induced 
P42/44 MAPK phosphorylation upon EGF 
stimulation (Figure 2C). Also keratinocytes 
migrated well to a gradient of EGF alone 
(Figure S2C) suggesting that impaired 
chemotaxis of Tiam1 KO cells is not 
due to a defect in MAPK-dependent GF 
signaling. To validate that lack of Tiam1 
expression was causal for impaired 
chemotactic migration, we re-expressed 
full-length Tiam1 protein in Tiam1 KO cells 
(Figure 2D, 3rd lane). Re-expression of 
Tiam1 restored the defect in chemotactic 
migration (Figure 2E, 3rd bar), while 
expression of a GFP-vector control had 
no effect (Figure 2E, 4th bar), confirming 
that Tiam1 expression is required for 
chemotactic migration of epidermal 
keratinocytes. 
 To investigate whether the function 
of Tiam1 in directional migration applies 
to epithelial cells in general we analyzed 
chemotactic migration of MDCK cells 
to serum in low calcium conditions. We 
found that depletion of Tiam1 significantly 
reduced chemotaxis of MDCK cells in the 
absence of cell-cell contacts (Figure 2F). 
In standard calcium (1.8mM) conditions  
MDCK cells form strong cell-cell 
adhesions [20] and Tiam1 depletion by 
siRNA in these conditions stimulates cell 
migration to serum due to of a loss of cell-
cell adhesions and apical-basal polarity 
[21]. These studies show that Tiam1 is 
required for chemotactic migration of 
epithelial cells independent of substrate 
and highlight the context dependent role 
of Tiam1 in (epithelial) cell migration. 

Persistent and chemotactic migration 
is regulated by the Par/Tiam1 polarity 
complex 

Tiam1 deficiency impairs directional 
migration, but not random migration even 
though Rac activity is reduced in migrating 



5

101

Chapter 5

keratinocytes lacking Tiam1 (Figure S3D). 
Expression of RacV12 in Tiam1 KO cells 
did not rescue polarization but led to 
increased spread ‘pan-cake’ like cells that 
do not migrate (Figure S3C). Nevertheless, 
since Tiam1 KO cells are motile cells, it is 
unlikely that Tiam1 controls keratinocyte 
migration by activating the Rac-dependent 
migration machinery [6].  

 Because Tiam1 has been shown 
to associate with the Par complex and 
to regulate long-lasting apical-basal cell 
polarity of non-migrating keratinocytes 
[13], we tested the possibility that Tiam1 
stimulates directional migration by 
regulating Par-mediated front-rear cell 
polarity. Consistent with earlier findings 
[13,22,23], we confirmed the existence 

Figure 2: Tiam1 is required for chemotactic migration to growth factors. (A) Boyden chamber 
chemotaxis assay showing images of the bottom (collagen IV coated) membranes containing migrated 
WT and Tiam1 KO cells after 18hrs incubation with (chemotactic migration) or without (haptotactic 
migration) a keratinocyte growt- factor supplement gradient. (B) Quantification of A. (C) Immunoblots of 
protein lysates from serum starved WT and Tiam1 KO cells treated with growth factors for 10 min. Blots 
were incubated with Tiam1, phospho-MAPK, total MAPK and total Rac antibodies as loading control. 
(D) Immunoblots showing Tiam1 levels in protein lysates derived from Tiam1 KO, WT, Tiam1 KO re-
expressing full-length Tiam1 or GFP control. Total Rac was used as a loading control. (E) Results of 
multiple (n=3) Boyden-chamber experiments showing n-fold induction over Tiam1 KO migration (=1) 
towards GFs with the cell lines depicted in D. (F) Results of chemotactic Boyden-chamber assays using 
parental and siTiam1 depleted MDCK (see immunoblot) cells with serum as chemo-attractant. (‘NS’ 
indicates non-specific band as loading control). Error bars represent standard deviations, except in E, 
where they represent the standard error of the mean (SEM). Asterisks indicate significant differences 
between conditions indicated by the horizontal bars and calculated by a Student’s t test with p < 0.05.
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of the regulatory Par/Tiam1 complex 
in persistently migrating keratinocytes. 
Tiam1 associates with both endogenous 
Par3 and PKCζ proteins in migrating 
keratinocytes and PKCζ is phosporylated 
(activated) when Tiam1 is associated with 
the Par complex (Figure 3A). 
 To investigate whether Par3 controls 
persistence we depleted endogenous 
Par3 using siRNA to approximately 30% in 
WT and Tiam1 KO keratinocytes (Figure 
3B). Persistence was reduced in freely 
migrating Par3-depleted WT keratinocytes 

(D/T ratio WT 0.68 vs. WT siPar3 0.55, 
p<0.001) even though Par3 depletion 
was not complete in all cells. In contrast, 
Par3 depletion did not further reduce 
persistence of Tiam1 KO cells, suggesting 
that the function of Par3 and Tiam1 
overlap in the regulation of directional 
persistence (Figure 3C). Consistent with 
this finding, depletion of either Par3 or 
Tiam1 by siRNA reduced chemotactic 
migration towards growth factors 2-3 fold 
compared to control (siLuc) cells (Figures 
3D and E), indicating these proteins 

Figure 3: The Par complex controls persistence and chemotactic migration. (A) FL-Tiam1 co-
immunoprecipitates endogenous Par3 (upper band in top panel) and phospho-PKCζ from a population of 
freely migrating Tiam1 KO cells that express HA–tagged full-length Tiam1. Untransfected Tiam1 KO cells 
were used as a control. Total lysates show equal loading of Par3 and PKCζ proteins. (B) Immunoblots of 
total lysates from WT and Tiam1 KO keratinocytes with and without Par3 knockdown by retroviral siRNA. 
Visible are the 180 and 100 kDa isoforms. Total Rac was used as a loading control. (C) Persistence 
(D/T ratio) of WT and Tiam1 KO keratinocytes measured in sparse cultures on collagen IV, with or 
without reduced Par3 expression. (D) Chemotactic (Boyden-chamber) migration assay towards GFs. 
Representative images of the bottom membranes containing migrated WT, (si)Par3, (si)Luc control 
and (si)Tiam1-depleted WT keratinocytes are shown. (E) Quantification of experiment shown in D.  (F) 
Results of chemotactic migration assays of WT cells, WT cells expressing a kinase-dead mutant of PKCζ 
and Tiam1 KO cells with and without PKCζ inhibitor. Asterisks indicate significant (p < 0.05) differences 
between WT (control) cells in a Student’s t test and error bars represent standard deviations.
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also functionally overlap in regulating 
chemotaxis. As expected, depletion of 
Tiam1 or Par3 by siRNA did not reduce 
persistence nor chemotaxis completely 
to the level observed in Tiam1 KO cells 
(Figure 3C-E) because downregulation of 
these proteins was not 100 percent and 
varied between cells. 
 The activation of the Par complex 
leads to activation of PKCζ, the main 
effector of the conserved Par polarity 
complex [13,16,24]. To investigate 
whether activation of the Par polarity 
complex is required for chemotaxis we 
stably expressed a kinase-dead (kd) 
mutant of PKCζ in WT keratinocytes. 
The expression of this mutant strongly 
inhibited chemotaxis (Figure 3F). We also 
inhibited downstream PKCζ signaling in 
WT and Tiam1 KO keratinocytes using 
a myristoylated inhibitory peptide (PKCζ 
inh) that abrogates PKCζ function in cell 
polarity [16,25]. Concordantly, blocking 
PKCζ signaling in WT keratinocytes 
chemically reduced persistence (Figure 
S3F). In contrast, chemically blocking 
PI3K signaling with LY-294002 blocked 
chemotaxis but had no effect on persistence 
(Figures S2E and S3F). Although the 
inhibition of downstream PKCζ signaling 
strongly reduced chemotaxis of WT 
cells, PKCζ inhibition had no significant 
additional effect on chemotaxis of Tiam1 
KO keratinocytes (Figure 3F), suggesting 
that the PKCζ activity for chemotaxis is 
Tiam1 dependent. 
 Although PKCζ has multiple 
biological functions, including an 
established role in Par-mediated cell 
polarity, our experiments support the 
conclusion that PKCζ functions together 
with Tiam1 and Par3 in both chemotaxis 
and persistence.

wound migration on exogenous 
substrate 

Directional (epithelial) migration is 
commonly examined in ‘scratch-wound’ 
assays [2]. A restriction of these assays 
is that the wound-space is devoid of 
substrate and is not compensated for by 
serum in the case of keratinocytes. To solve 
this, we designed a method using cell-
tracker dye to follow WT- and Tiam1 KO 
keratinocyte migration out of a monolayer 
into substrate-covered (collagen and LN5) 
wounds (see schematic in Figure 4A) . 
Overlay images from starting (0) and end 
point (24h) illustrate that WT keratinocytes 
(red) migrated well out of the monolayer 
covering a large part of the initial wound 
area while Tiam1 KO cells (green) hardly 
migrated into the wound space (Figure 4A). 
In mixed cultures, we observed essentially 
the same (Figure 4B) and noticed that at 
early time-points WT cells (red) migrating 
out of the border are front-rear polarized 
in contrast to Tiam1 KO cells (unstained) 
that remain unpolarized in the border area 
(Figure 4C). These results substantiate 
that Tiam1 is required for directional 
migration of keratinocytes into a wound 
and suggest that Tiam1-mediated front-
rear polarization is required for efficient 
wound healing.

The Par/Tiam1 complex is 
asymmetrically enriched in front-rear 
polarized keratinocytes 

To investigate whether the Par-Tiam1 
complex controls front-rear polarization 
of keratinocytes, we quantified polarized 
morphology in freely migrating WT and 
Tiam1 KO cell populations. At any given 
moment ~30% of WT keratinocytes 
in a population (n > 60) are front-rear 
polarized, whereas less than 5% of 
Tiam1 KO cells or (si)Par3 depleted cells 



104

Chapter 5

Figure 4: The Par/Tiam1 
complex controls front-
rear polarity in persistent 
migration. 
(A) A Schematic representation 
of a hole-migration assay is 
on the right. A monolayer of 
keratinocytes, grown under 
low-calcium conditions, is 
formed around an inert rod 
(black). Removal of the rod 
leaves a substrate-covered 
circular space devoid of cells 
(dotted line). Subsequently, 
keratinocytes at the border are 
able to migrate into the hole. 
Pictures represent overlay 
images of a hole-migration 
assay with cell-tracker dye-
stained WT keratinocytes (red) 
or KO keratinocytes (green) 
0 hours and 24 hours after 
removal of the rod. 
(B) Image of a hole-migration 
assay after 24hr with a mixed 
culture of (1:1) WT (red) and 
Tiam1 KO (green) cells. 
(C) Images showing polarized 
migrating WT cells (red) into the 
open space (asterisks). Tiam1-
KO cells are not stained. These 
experiments were performed 
on both LN5 and collagen IV 
substrates and results were 
comparable. 
(D) Images and quantification 
(bar diagram) showing estimation 
of the percentage of front-
rear polarized keratinocytes 
in large populations (n>100). 
Represented are control (si)
Luc WT keratinocytes, (si)Par3-
depleted WT keratinocytes, WT 
keratinocytes treated with PKCζ 
inhibitor (INH) and Tiam1 KO 
cells.

(E) Confocal images of endogenous Par3 and PKCζ in migrating keratinocytes. White arrowheads 
indicate enrichment at the leading edge of protruding lamellae, whereas red arrowheads indicate lack 
of enrichment. White arrows indicate the direction of migration. The bar diagram shows the percentage 
of cells with Par3 enrichment at leading edges in polarized vs. unpolarized cells. The top two right small 
images show endogenous Par3 and PKCζ co-localization at leading edge. (F) Tiam1-GFP localization to 
the leading edge in WT keratinocytes (white arrowhead) but not in (si)Par3 depleted cells (red arrowhead). 
(G) Colocalization (yellow/orange) of Tiam1-GFP with endogenous Par3 and/or dynamic F-actin visualized 
by phalloidin staining. The scale bar represents ~10 μm. Arrows indicate direction of migration.
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are morphologically polarized (Figure 
4D). Accordingly, WT cells incubated 
with the PKCζ inhibitor show similar low 
percentage in front-rear polarization.
 Par3 is able to associate with 
Tiam1 (Figure 3A) and function together 
in apical-basal polarity [17,22] and 
persistent migration (this study). To gain 
further support for a regulatory role of Par/
Tiam1 signaling in front-rear polarization, 
we performed intracellular localization 
studies for Par polarity proteins and 
Tiam1-GFP by using confocal imaging. 
Endogenous Par3 protein was consistently 
enriched at the leading edge of migrating 
keratinocytes (Figure 4E, white arrow 
heads). Par3 was not enriched at leading 
edges of non-polarized WT and Tiam1 KO 
cells (Red arrowheads) (50% vs. 10%, p 
< 0.05) (Figure 4E). Endogenous PKCζ 
had an asymmetric enrichment at leading 
edges of polarized cells analogous to, 
albeit less consistent than, that of Par3. 
In addition, co-localization with Par3 was 
detected in WT cells (Figure 4E small 
images). Endogenous Tiam1 was difficult 
to visualize by antibody staining; therefore, 
we expressed GFP-tagged Tiam1 in 
keratinocytes that localized to the leading 
edge (Figure 4F). We were unable to detect 
Tiam1-GFP at the leading edges of siPar3 
keratinocytes (Figure 4F) suggesting that 
lowering the levels of endogenous Par3 
prevents efficient Tiam1 localization to this 
area. Dynamic F-actin is highly enriched 
at the leading edge of migrating epithelial 
cells [26], including front-rear polarized 
WT and Tiam1 KO keratinocytes (Figure 
S2F). We observed the co-localization of 
Tiam1-GFP with F-actin and Par3 in the 
leading edge of polarized cells (Figure 
4G). A GFP-control vector showed 
aspecific localization (Figure S2F). We 
propose that enrichment at the leading 
edge of Par3, Tiam1 and PKCζ proteins 
support a functional role for these proteins 

in cellular asymmetry, as observed in 
front-rear polarized keratinocytes. 

The Par/Tiam1 complex controls 
stability of front-rear polarity

Close examination of sequential time-
lapse images showed that persistently 
migrating WT keratinocytes remain 
(stably) polarized for relatively long 
periods (Figure 5A). Although Par3-
depleted and Tiam1 KO cells can polarize, 
polarization in these cells is much more 
transient explaining the low percentage of 
polarization in a population (Figure 4D). 
 We quantified the time period 
of constitutive polarization of WT (si)
Par3-depleted and Tiam1-deficient 
keratinocytes before depolarizing (Figure 
5A, bar diagram). Approximately, 60% of 
WT cells remained constitutively polarized 
longer than 120 minutes, whereas less 
than 20% of migrating (si)Par3-depleted 
or Tiam1 KO cells remained polarized for 
such a time-period. The average time WT 
cells remained front-rear polarized before 
depolarizing, was 120 minutes, compared 
to 40 and 45 minutes for Par3-depleted 
and Tiam1 KO cells respectively (p < 0.01 
for both siPar3 and Tiam1 KO cells, n>70). 
These results indicate that the Par-Tiam1 
complex regulates constitutive front-
rear polarity of keratinocytes and that 
impaired Par- Tiam1 function causes rapid 
depolarization.
 The actin-cytoskeleton is essential 
for establishing and maintaining polarized 
cell morphology during cell migration [6] 
while microtubules (MTs) play an important 
role in directional migration [11,27,28]. To 
investigate the influence of MTs on front-
rear polarity in keratinocytes we treated 
WT cells with various concentrations (0.5-
5μM) of the MT antagonist nocodazole. 
Intriguingly, cells treated with as low as 1 
μM of nocodazole also rapidly lose front-
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rear polarity (Figure 5A) and migrate 
similar to keratinocytes with impaired 
Par signaling, rapidly projecting and 
retracting protrusions (Movies S3 and S4). 
Treatment with cytochalasin B, so that 
actin polymerization could be prevented, 

blocked both protrusion formation and 
retraction, thereby abrogating cell motility 
all together (not shown). 
 Together these studies indicate that 
the MT network is essential for persistent 
but not random migration of epidermal 

Figure 5: Impaired Par-Tiam1 signaling affects duration of front-rear polarity and microtubule 
stability. (A) Consecutive time-lapse images of migrating WT, (si)Par3-depleted, Tiam1 KO, and 
nocodazole incubated (1 μM) keratinocytes at 40 minutes intervals. WT cells (n>20) remain front-rear 
polarized for more than 120 minutes in one direction (white arrows). An estimated 60% of the WT cells 
are constitutively polarized longer than 120 minutes compared to 15% for siPar3, Tiam1-deficient and 
nocodazole treated cells (bar diagram). (B) Microtubule (MT) organization in polarized WT and Tiam1 
KO cells is similar (visualized by confocal imaging with α-tubulin monoclonal antibody). Western blotting 
with an antibody specific for stable (acetylated) MTs shows that populations of migrating WT cells contain 
much more stable MTs than do (si)Par3-depleted and Tiam1-deficient keratinocytes. Rac is a loading 
control. (C) Confocal Images of WT and Tiam1 KO cells incubated with α-tubulin antibody after 5 min. of 
nocodazole (1μM) treatment. Undisrupted MT filaments are visible (blow up) in the peripheral lamellae 
of ~70% of WT cells compared to ~30% of Tiam1 KO cells after nocodazole treatment (bar diagram). 
Treatment of WT cells with the specific PKCζ inhibitor (lower panel) impairs front-rear polarity and disrupts 
MTs similar to nocodazole treatment. (D) Average persistence of migrating WT cells (filled) bars and 
Tiam1 KO cells (open bars) treated with 2.5 and 1.25 μM nocodazole compared to untreated cells on 
collagen IV substrate. Asterisks indicate significant differences (p<0.05) compared to WT in a Student’s 
t test, and error bars indicate standard deviations. The scale bar represents 10 μm. Arrows indicate 
direction of migration.
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DISCUSSION

Our results indicate that the Par polarity 
complex and Tiam1 control persistent 
migration of epidermal keratinocytes by 
affecting the stability of MTs. Impaired 

Par and/or Tiam1 signaling reduces 
the stability of front-rear polarization, 
thereby decreasing persistence of the 
migrating cell. Immunoprecipitation and 

keratinocytes. These experiments suggest 
that the Par-Tiam1 complex controls the 
stability of front-rear keratinocyte polarity 
by acting on the MT network.

Par/Tiam1 controls microtubule 
stability

We analyzed whether the MT network 
is specifically oriented towards the 
direction of migration in persistently 
migrating polarized keratinocytes. We 
initially incubated keratinocytes with a 
specific centrosome antibody pericentrin, 
but did not discover any correlation 
between orientation of the centrosome 
and the nucleus, in persistently versus 
randomly migrating cells (data not 
shown). To investigate whether the Par-
Tiam1 complex affects the MT network 
itself, we compared WT with Tiam1 
KO cells for potential differences in 
length or abundance of MT filaments by 
immunofluorescence staining for α-tubulin 
but did not detect significant differences 
under standard conditions (Figure 5B). 
However we found by western blotting 
that WT keratinocytes contain significantly 
more stable, acetylated MTs compared to 
Tiam1 KO cells and siPar3 keratinocytes 
(Figure 5B), suggesting that Tiam1 and 
Par3 are associated with the presence of 
stabilized MTs in keratinocytes.
 We next investigated whether Tiam1 
may be involved in MT stability directly, 
using a nocodazole-resistance assay 
and found that shortly (5-10 min) after 

adding nocodazole, the architecture of MT 
filaments visualized by α-tubulin staining 
was severely disrupted in the peripheral 
lamellae of Tiam1 KO cells and consisted 
mostly of monomers indicated by the 
“fuzzy” or diffuse staining (Figure 5C, bar 
diagram). In contrast, subsets of intact 
MT filaments are visible and appear intact 
in most (70%) nocodazole treated WT 
cells but not in Tiam1 KO cells (p<0.05). 
Lastly, we found that treatment with 1µM 
PKCζ inhibitor, besides impairing front-
rear polarity, also affected the stability of 
MTs leading to similar disruption of MT 
filaments (diffuse α-tubulin staining) as did 
nocodazole treatment (Figure 5C). 
 To demonstrate that the decrease 
of MT stability in Tiam1 KO cells affects 
persistence, we analyzed persistent 
migration of nocodazole-treated WT and 
Tiam1-deficent keratinocytes. Treatment 
of WT cells with 1.25 μM nocodazole 
diminished directional persistence 
substantially (D/T ratio of 0.54 +/- SD 0.02 
vs. 0.72 +/- SD 0.014) comparable to the 
level of untreated Tiam1 KO cells (D/T ratio 
WT 0.54 vs KO 0.55, p = 0.7). This finding 
suggests that MT stability is reduced in 
Tiam1 KO cells thereby reducing migratory 
persistence. In contrast, treatment of 1.25 
μM nocodazole has a much smaller effect 
on persistence in Tiam1 KO cells (Figure 
5D). Collectively, these experiments 
indicate that Tiam1, Par3 and downstream 
PKCζ signaling play a role in the stability 
of MT filaments of migrating keratinocytes 
thereby affecting persistent migration. 
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immunolocalization studies indicate that 
Tiam1, Par3 and PKCζ function together 
in maintaining cellular asymmetry. 
Indeed, Tiam1 deficiency, Par3 depletion 
by siRNA and the chemical blocking 
of PKCζ signaling, impair the stability 
of front-rear polarization and reduce 
persistence and chemotactic migration. 
Depletion of Par3 and/or the blocking of 
PKCζ signaling has no additional effect 
on Tiam1-deficient cells, supporting the 
idea that these proteins function together. 
Lastly, we show that Par3 depletion and 
Tiam1 deficiency reduce MT stability 
measured by acetylation. Conversely, 
pharmacologically disturbance of MTs 
impairs front-rear polarization and reduces 
persistence. 
 Our data thus indicate a functional 
role of the evolutionary conserved 
Par complex in persistent migration 
by controlling front-rear polarization of 
epithelial cells. While Par polarity signaling 
in mammalian cells is best characterized 
in controlling the protrusion outgrowth of 
astrocytes or axon outgrowth of neuronal 
cells [23,24] an active role in actual cell 
migration has not yet been demonstrated. 
In fact, Par polarity signaling in epithelial 
cells is perhaps better known for its role in 
the establishment of lasting apical-basal 
cell polarity, thereby contributing to tissue 
integrity [13,22]. Loss of Par3 [22], Par6 
[29] or overexpression of Par3 [30] leads 
to the dissolution of cell-cell junctions, 
enabling cell migration but not propelling 

migration per see. The Par polarity 
complex thus regulates two distinct cell 
polarity processes in keratinocytes, 
the first being permanent cell polarity 
processes, characterized by apical-
basal polarity and second being transient 
cell polarity, characterized by front-rear 
polarization during cell migration. The 
most concrete evidence thus far that Par 
polarity proteins may actively function 
in any form of migration in epithelial 
cells, comes from experiments in the 
Drosophila ovary, where the depletion 
of Par-6, Par-3/Bazooka impairs the 
migration of border cells [31]. Because 
the Par proteins remained asymmetrically 
localized, the authors concluded that 
apical-basal polarity is retained during 
border cell migration. An alternative 
explanation, based on our results, is 
that the asymmetrical distribution of Par 
proteins reflects (re-)localization to the 
leading edge of front-rear polarized cells, 
thereby controlling persistent border cell 
migration towards chemotactic cues of in 
the developing Drosophila ovary [32]. 
 The depletion of Par3 by siRNA 
and the blocking of PKCζ signaling with 
a specific inhibitor reduces persistent 
and chemotactic migration. The lack of 
the Rac-activator Tiam1 has identical 
effects on persistent and chemotactic 
migration, suggesting that these proteins 
function together in controlling migration. 
Indeed, Tiam1 acts in conjunction 
with the Par complex in other polarity 
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processes [17]. To demonstrate that not 
all migratory pathways function via front-
rear polarization mechanisms, we blocked 
the Rho-ROCK and PI3K migratory 
pathways, using specific chemical 
inhibitors. Blocking PI3K signaling did not 
result in impaired front-rear polarization 
and persistence, but essentially blocked 
chemotactic migration in Boyden chamber 
assays. ROCK inhibition with Y-27632, 
did not impair chemotactic migration, yet 
directional migration and front-rear polarity 
are affected (Figures S2D and S2E). As 
listed in Table 1, we found that Par3, Tiam1 
and PKCζ have similar roles in front-rear 
polarity, chemotactic-, persistent- and 
random migration but differ from the role 
of PI3K and Rho-ROCK. These data 
suggest that the mechanism by which the 
Par-Tiam1 complex regulates migration is 
distinct from the PI3K and the Rho-ROCK 
pathways. 

 We found that WT keratinocytes 
contain MTs that are relatively resistant to 
nocodazole treatment and contain stable 
acetylated tubulin filaments, whereas 
Tiam1 KO cells show less stable filaments. 
In fact, keratinocytes with impaired Par-
Tiam1 signaling have reduced MT stability 
that is required for stable front-rear 
polarization and migratory persistence. 
This finding is supported by migration 
studies in fibroblasts that lack the MT 
stabilizing (plus-end-associating) protein 
Clasp2. Claps2 KO fibroblasts have 
reduced persistence in wound-healing 
assays [27], though a role for Clasp2 in 
front-rear polarity has not been studied. 
In addition, blocking the post-translational 
modification of MTs compromises their 
stability, and reduces chemotactic 
migration [33]. 
 Our studies support the idea that 
Par polarity signaling controls directional 

Figure 6: Model of the function of Par-Tiam1 polarity signaling in contacting and migrating 
keratinocytes. Impaired Par-Tiam1 polarity signaling interferes with Tight Junction (TJ) formation by 
preventing maturation of a zipper-like adhesive state (primordial adhesion) into mature tight junctions 
during the membrane-sealing process. Impaired Par-Tiam1 function interferes with the establishment 
of permanent (apical-basal) cell polarity [13]. In migrating conditions, (untreated) keratinocytes display 
transient front-rear polarization but migrate relatively linearly compared to keratinocytes with impaired 
Par-Tiam1 signaling. Such cells polarize only briefly and project multiple protrusions in different directions, 
polarize again and migrate in alternate direction before depolarizing again, resulting in random migration 
and decreasing persistent migration. The Par-Tiam1 complex thus extends the duration of transient cell 
polarity.
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MATERIALS AND METHODS

persistence together with Tiam1 by 
controlling MT stability. This may prove 
a general mechanism in directing cell 
migration and protrusion formation, even 
though the upstream pathways could 
be different. In polarized outgrowth of 
astrocytes for instance, Par signaling 
controls adenomatous polyposis coli 
(APC) localization that is associated 
with MT stability [34,35]. However a role 
for Tiam1 and or Par3 on MT stability in 
astrocytes is unknown. Par3 has been 
found to associate with APC and the plus-
end-directed microtubule motor protein 
KIF3A that localizes APC to the tips of 
MTs [25,36,37]. Because we and others 
find that Tiam1 binds to Par3 [13,23], it 
is tempting to speculate that Par3-Tiam1 
may control MT plus-end stabilization at 
the leading edge of polarized keratinocytes 
possibly by association with MT plus-end 
proteins. 
 Besides the emerging function of 
Tiam1 in controlling cell polarity, Tiam1 
is in fact mostly recognized as a Rac 
GTPase activator [38]. We find that 
Tiam1 KO cells have lower overall Rac 
activity in keratinocytes. Interestingly, 
lowering overall Rac activity in fibroblasts 
increases directional persistence [39], 
whereas the lack of Tiam1 reduces 
persistence in keratinocytes suggesting 
different mechanisms. Indeed, since not 
all fibroblasts migrate similarly [9,39], 
comparisons between studies using 

different cell-types should be interpreted 
with caution. Nevertheless a fundamental 
role for MT stability in migratory 
persistence is likely [11,27,28]. 
 We propose that the Par polarity 
complex and Tiam1-mediated Rac 
signaling regulate the persistent 
migration of keratinocytes by stabilizing 
MT-dependent transient front-rear 
polarity. We show that this has biological 
consequences, since impaired Par and/
or Tiam1 signaling reduces chemotactic 
[16] and wound migration (this study) on 
exogenous substrates in vitro and skin 
wound healing in vivo [40]. Although a 
complex crosstalk exists between actin- 
and microtubule networks in migrating 
cells [10,41], we find that Par-Tiam1 
polarity signaling affects MT stability, 
which directly influences persistent and 
chemotactic migration. On a larger scale, 
our findings suggest a model in which 
when cell-cell junctions are present, as 
in normal epithelium, the default function 
of Par-Tiam1 signaling, is to stimulate the 
establishment of long-lasting apical-basal 
cell polarity [13,22] thereby contributing to 
tissue integrity. However, when cell-cell 
contacts are absent such as in lymphoid 
cells [16,42] or perturbed as in epidermal 
wounds [40] and epithelial cancers, Par-
Tiam1 signaling promotes cell migration 
by stabilizing transient front-rear polarity 
(Figure 6). 

Cell culture

Keratinocyte isolation and cell-culture 
were performed as described previously 
[40].  Briefly, primary keratinocytes 
were isolated from newborn WT and             

Tiam1-/- mice [43] and cultured in medium 
(Epilife) containing 0.02 mM CaCl2 and 
defined Growth Supplement and 100 IU/
ml penicillin/streptomycin (PS) (standard 
keratinocyte culture conditions). WT and 
Tiam1-/- keratinocytes were immortalized 
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by transduction with pBabe puro-SV-40 
Large T antigen viruses. Keratinocytes 
were typically maintained until 20 
passages on collagen IV-substrate. Rac-
11P and MDCKII cells were cultured in 
Dulbecco’s modified Eagle’s medium 
(DMEM) supplemented with 10% bovine 
calf serum and PS. 

Antibodies

PKC (C-20; Santa Cruz Biotechnology, 
Inc.), HA tag (hybridoma 12CA5, own 
production), Tiam1 (C16; Santa Cruz 
Biotechnology, Inc.), Tiam1-DH, (Malliri 
et al., 2002), Rac1 and Par3 (Upstate 
Biotechnology), phospho-MAPK and 
phospho-PKC (Thr410/403; Cell 
Signaling) were used. Furthermore, we 
have used total MAPK (a non-commercial 
rabbit polyclonal), Phalloidin-alexa 568, 
acetylated-tubulin, alpha-tubulin and 
ß-actin (Sigma).

Coating culture dishes with ECM 
molecules

We coated culture dishes overnight at 
4°C with recombinant extracellular matrix 
(ECM) proteins (except laminin-5) at 
the following concentrations: 10 mg/ml 
fibronectin (FN) (isolated from human 
plasma); 10 mg/ml Laminin1 (LN1) 
(Becton Dickinson, San Jose, CA); 10 mg/
ml vitronectin (VN) (Sigma-Aldrich); 20mg/
ml Collagen I (Vitrogen, The Netherlands); 
25mg/ml Collagen IV (Becton Dickinson). 
LN5-matrices were obtained by culturing 
Rac-11P cells to confluency, after 
which cells were detached with 10 mM 
ethylenediamine tetraacetic acid (EDTA) 
in phosphate-buffered saline (PBS), 
containing a mix of protease inhibitors 
(Complete TM-protease inhibitor cocktail 
tablets, Roche Applied Science, Germany) 
at 4°C. Before use, the dishes were 

washed twice with PBS.

Gene and siRNA transfer into 
keratinocytes by retroviral transduction 

Full length, HA-tagged Tiam1 and 
kinase-dead PKCζ were cloned into 
PMX-blasticidin (Bsd.) or hygromycin 
(Hyg.) retroviral vectors. Retroviral 
constructs were transfected into Phoenix 
ecotrophic packaging cells, and fresh 
viral supernatants were collected and 
used for multiple infections and antibiotic 
selection as described [13]. siRNA 
constructs against Tiam1 [21] and three 
self-designed shRNAs against Par3 
were cloned into selectable pRetroSuper 
constructs (see supplemental data). 
Other siRNA sequences used for Par3 
and siLUC and 3siTiam1 were described 
previously [21,24]. MDCK siPar3 and 
siLUC cells were generated by infection 
with blasticidine and hygromycine 
selectable retroviral constructs carrying 
the siRNA against Par3. Expression levels 
of exogenous proteins and downregulated 
endogenous proteins were determined by 
immunoblot analysis. 

western blotting and 
immunoprecipitation

For western blotting, cell lysates (1% 
sodium dodecyl sulfate (SDS), 10mM 
EDTA) or samples of precipitated 
proteins were boiled for 5 min, and 
resolved by SDS-PAGE (polyacrylamide 
gel electrophoresis). Proteins were 
transferred onto polyvinylidene difluoride 
membranes (PVDF)(Bio-Rad), blocked 
with bovine serum albumin (BSA) or 
skimmed milk, and probed with the 
indicated antibodies. Specific binding was 
detected using a secondary peroxidase-
conjugated antibody (Amersham 
Biosciences) and chemiluminescence 
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followed. For immunoprecipitation, lysates 
of migrating keratinocytes were prepared 
in standard radioimmunoprecipitation 
assay buffer. Extracts were precleared 
with washed protein G–Sepharose 
beads (GE Healthcare) for 1 h at 4°C. 
Precleared lysates were incubated with 
the HA-specific antibody 12CA5 that was 
preabsorbed on protein G–Sepharose 
beads for 16 h at 4°C. Immunocomplexes 
were washed three times, denatured with 
SDS, and separated by SDS-PAGE.

Microscopy and immunofluorescent 
staining

For phase-contrast microscopy, cells 
were seeded for 24 hours onto plastic 
coated with LN5 or collagen IV or onto 
collagen IV-coated glass coverslips. 
For immunofluorescence staining, 
keratinocytes were seeded on collagen 
IV-coated glass coverslips. Typically, cells 
were fixed after 16 hours of culture with 
4% paraformaldehyde for 15 min at room 
temperature, permeabilized with 0.2% 
Triton X-100 for 5 min, and blocked with 
2% BSA in PBS. Filamentous actin was 
labeled with 0.2 mM Alexa 568-phalloidin 
(Molecular Probes). Primary antibodies 
were visualized with appropriate FITC- or 
Alexa568-labeled secondary antibodies 
(Zymed Laboratories Inc. or Molecular 
Probes). Confocal images were obtained 
on a Leica TCS NT microscope operated 
by Leica-imaging software using 40x 
and 60x objectives. Size bars in images 
typically indicate 10μm.

Rac activity assay

Rac activity was determined as described 
previously [13] with a biotinylated Rac1 
interactive binding motif peptide of PAK1.

Hole migration assay

WT and Tiam1 KO cells were stained 
with cell tracker dye (Molecular Probes) 
according to manufacturer’s protocol. A 
lid-device with inert rods was carefully 
placed on the culture plate such that all 
24 wells contain 1 metal rod covering 
the center of each well. The pre-stained 
keratinocytes were added to coated 
24-wells micro plates (collagen IV (25 mg/
ml), or LN5, secreted by cultured Rac-11P 
cells (as described above). After overnight 
culture the device was carefully removed 
leaving an uncovered circular space in 
the center of each well. Non-adherent 
cells were removed by washing with PBS, 
and subsequently cells were allowed to 
migrate under normal culturing conditions 
for various time-points up to 24 hours and 
images were taken.

Time-lapse imaging of cell migration 
and computational analysis 

A detailed explanation is provided in the 
supplemental data. In brief, cells were 
followed automatically by live-imaging 
and multiple time-lapse movies that were 
analyzed for migratory properties using 
home-made cell-tracking software

Chemotactic migration assays

Details are provided in the supplemental 
experimental procedures. In brief, cells 
of various genotypes were seeded 
on precoated transwells (Costar) and 
assayed for migration with and without 
growth factors and/or chemical inhibitors. 
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SUPPLEMENTAL DATA

Supplemental Experimental 
Procedures 

Time-lapse imaging and Tracking 
software

Approximately 7000 WT, Tiam1 KO or WT 
(si)Par3 keratinocytes were seeded in 
triplicate wells (48 well format) pre-coated 
with collagen IV (in standard keratinocyte 
conditions) and migration was analyzed 
the following day. Images were acquired 
using a 10x 0.5 NA Plan objective and 
a 0.5 NA ELWD condenser with a Zeiss 
Axiocam camera on a Zeiss Axiovert 
200M microscope in climate-controlled 
incubator. A robotic stage (Zeiss MCU 28) 
was used to collect images at different 
stage positions. All electronic microscope 
functions were controlled using Axiovision 
software (Zeiss). Typically, images of >60 
cells per frame (3 frames per well, Figure 
S1B) were taken every 3 minutes. We 
initially used a small number of randomly 
picked cells cultured on LN5 from a 
number of movies and tracked these using 
the ‘track objects’ function in MetaMorph 
(Universal Imaging Corp.) To determine 
cell trajectories, centroids of the cell-
nuclei were followed. To automate this 
and allow unbiased analysis of many cells 
in multiple time-lapses, a program was 
written in Matlab (Mathworks) see also 
[ref S1], that determines the presence and 
of nuclei (Figure S1B) and tracks nuclei 
in consecutive frames using a neural 
network algorithm. Detection fidelity in 
our experiments was usually around 90% 
(Figure S1B), as confirmed by eye. Cell 
persistence (D/T ratio) was calculated as 
follows: For every cell in each consecutive 
frame (n), the net displacement (D) over a 

16 frame-interval (n - n+16) was divided 
by the cumulative displacement (T) over 
the 8 2-frame intervals (n - n+2, n+2 - 
n+4, ... n+14 - n+16) spanned by this 
16-frame interval. 2-frame intervals were 
used to minimize overestimation due to 
frame-to-frame nuclear movements. Cells 
migrating at less than 50% of the average 
velocity were automatically excluded from 
persistence calculation. A (hypothetical) 
D/T ratio of 1 implies completely linear 
migration (LM) while computer simulation 
indicated that completely random 
migrating (RM) cells have an expected 
D/T ratio of 0.36 (shaded area) or less. 
Persistence per frame is the average of the 
persistence value of all cells included in 
this calculation. Average persistence was 
calculated from three independent wells 
typically by averaging the persistence 
values of at least 80 frames. Persistence 
values did not change significantly by 
changing time intervals and was stable 
during the analysis period. To evaluate 
the meaning of the persistence values 
measured in our experiments, we 
generated random tracks of 80 frames 
simulating increasing persistence. To 
simulate fully random migration we used 
a random distribution of angles between 
the displacement vectors from frame n – 
(n+1) and (n+1) – (n+2) ranging between 
–180° and 180°. To simulate increasing 
directionality, we decreased the borders of 
this random distribution stepwise, by 30°. 
To simulate occasional change of direction, 
which occur even in very directional 
cells, a random number from a Gaussian 
distribution (-90° and -90°) was added to 
each angle (Figure S1C for results of track-
generation). For each step we generated 
2000 tracks. We used these randomized 
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tracks to determine average persistence 
values identically to our calculation 
from experimentally derived tracks. We 
determined that the persistence value for 
a randomly migrating population of cells is 
0.365 ± 0.06 thus ~0.36 (Figure S1D). We 
never observed D/T ratios exceeding 0.75 
(WT keratinocytes in standard conditions) 
in our experiments. 

Chemotactic migration assays

GF starved epithelial cells were 
trypsinized and resuspended to 106 cells 
per ml. of which 100 μl was seeded into 
porous (8μm), collagen IV (top+bottom) 
coated transwells and allowed to adhere 
for 1 hour. The top well contained either 
GF media (no gradient) or GF free media 
(gradient), while the bottom compartment 
always contained GF-containing media. 
Transwells were incubated overnight. 
The following day non-migrated cells 
that remained on the top membrane 
were removed with cotton swaps and 
the migrated cells on the bottom were 
fixed and stained with crystal violet. Cells 
were counted in three separate fields 
in duplicate or triplicate. An unpaired 
t-test was used to assess significance in 
potential difference in average migration. 
In addition, chemotactic assays with 
WT keratinocytes were performed in 
the presence of a cell-permeable PKCζ 
pseudosubstrate inhibitor (Calbiochem). 
At the indicated concentrations, no 
significant cell death was observed after 
24h of treatment, and video microscopy 
showed that WT cells treated with 1 μM of 
inhibitor migrated with an average velocity 
similar to that of Tiam1 KO cells (0.7 μm/
min) . 

Sequences of shPar3

Par3-1: 5‘-ATCCCCGGATCCAAACTACTG 
GATATTCAAGAGATATCC 
AGTAGTTTGGATCCTTTTTGGAAA-3’ 
Par3-2: 5’-GATCCCCCCTGCGACAGGAA 
GAAAGATTCAAGAGATC 
TTTCTTCCTGTCGCAGGTTTTTGGAAA-3’ 
Par3-3: 5’-GATCCCCCACGAAAATCAAAA 
AGCATTTCAAGAGAATGC 
TTTTTGATTTTCGTGTTTTTGGAAA-3’

Movies 

Supplemental movies are available at:
http:/ /www.current-biology.com/cgi/
content/full/17/19/1623/DC1/H)
Supplemental Movie 1: Migrating WT 
keratinocytes in standard conditions 
on collagen IV; Supplemental Movie 
2: Migrating Tiam1 KO keratinocytes 
in standard conditions on collagen IV; 
Supplemental Movie 3: Migrating siPar3 
keratinocytes in standard conditions 
on collagen IV; Supplemental Movie 4: 
Migrating nocodazole treated keratinocytes 
(1μM in standard conditions on collagen 
IV); Supplemental Movie 5: Migrating 
PKCζ inhibitor treated keratinocytes (0.5 
μM in standard conditions on collagen IV). 
Movies are set to 15 frames/second each, 
frame-rate 3 min.

Supplemental reference

44. de Rooij J., Kerstens A., Danuser G., 
Schwartz M.A., and Waterman-Storer C.M. (2005). 
Integrin-dependent actomyosin contraction 
regulates epithelial cell scattering. J Cell Biol. 171: 
153-164
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Supplemental figures

Figure S1: Monitoring and quantifying cell migration. (A) Typical images of WT and Tiam1 KO 
keratinocytes under normal growth conditions when seeded on dishes coated with either collagen IV or 
LN5. The bar diagrams represent an estimation of the percentage front-rear polarized cells of WT (closed 
bars) and Tiam1 KO (open bars) cultures, at any given time (n>60) indicating that front-rear polarity is 
independent on cell substrate. (B) Typical image frames of freely migrating keratinocytes (n >100) seeded 
on a collagen IV substrate and treated with PKCζ inhibitor. Right image depicts cells that have been 
assigned a tracking number to follow the individual cells over time. Note that the software recognizes 
over 90% of all cells. (C) Representative examples of tracks generated for the simulation of increasingly 
persistent migration (see materials and methods). Note that when the maximal allowed turn-angle is 0 we 
observe linear migration with a persistence value of 1, whereas changing the maximal turn-angle to 30° 
we see a reduction in persistence to 0.7, which is much more realistic for migrating WT keratinocytes in 
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culture.  (D) We used these randomized tracks with increasing persistence (see material and methods) 
to determine average persistence values identically to our calculation from experimentally derived tracks. 
When the maximal turn-angle between subsequent displacements exceeds 90° the simulated persistence 
value does not drop any further, indicating that persistence values below the cut-off of 0.36 (± 0.06) 
represent random migration.
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Figure S2: Analyses of substrate and growth-factor dependency of migration. (A) Velocity histogram 
of migrating WT (purple diamonds) and Tiam1 KO keratinocytes (pink squares) on a Collagen IV substrate. 
The cell velocity (x axis) is plotted against the number of cells (y axis) with that velocity. This graph shows 
that populations WT and Tiam1 KO cells have a similar distribution in velocities. Most Tiam1 KO and 
WT cells (>90%) migrate between 0 and 2 μm/min, the fastest cells reaching up to 4-5 μm/min. WT cells 
migrate on average slightly faster than KO cells. (B) Chemotactic migration towards GFs of WT and 
Tiam1 KO cells on fibronectin and vitronectin substrates. (C) Chemotactic migration of WT keratinocytes 
towards GFs (keratinocyte growth factor supplement, EDGS) or epidermal growth factor (EGF) alone 
(5ng/ml). (D) Images of WT keratinocytes treated with chemical inhibitors. The ROCK inhibitor (10μM) has 
profound effects on morphology (tail retraction is abrogated), whereas PI3K inhibitor has little affect on a 
polarized morphology (20μM). (E) Chemotactic migration of WT keratinocytes towards growth factors can 
be blocked by 20μM of PI3K inhibitor (LY) but not with 10μM of the Rho kinase inhibitor (Y). (F) F-actin 
expression visualized by Alexa-phalloidin staining in a polarized WT and a Tiam1 KO cell. Both cell types 
have F-actin enrichment at the leading edge. Similar localization is observed with GFP-tagged Tiam1 in 
keratinocytes (Figure 4F) but the GFP-vector control expressing keratinocytes show no GFP enrichment 
at the actin-rich leading edge. The scale bar represents, 10 μm.
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Figure S3. Analyses of signaling pathways involved in migration of epithelial cells. (A) Confocal 
images of endogenous Par3 in MDCK cells infected with (si)Par3 siLuc retroviral constructs. (si)Par3-
depleted MDCK cells have less bright staining under similar settings, indicating the effective downregulation 
of Par3 expression not seen in siLuc cells. (B) Immunoblotting of MDCK lysates using the same antibody 
as in (A), confirming that si(Par3) depletion is specific and applies to all three Par3 isoforms. We used 
various Par3 specific siRNA sequences (see Supplemental Experimental Procedures) depicted as 1, 2 
and 3 as well as two control constructs (siTiam1 and siLuc). (C) Bright-field images of Tiam1 KO cells and 
Tiam1 KO cells expressing a retroviral construct carrying constitutively active Rac1 (V12 mutation) that 
leads to broadly spread and immobilized cells and is therefore unable to rescue the impaired polarized 
morphology. (D) Rac assay showing that freely migrating Tiam1 KO keratinocytes have lower Rac activity 
than do their WT counterparts. (E) Dose-dependent inhibition of chemotaxis to GFs of WT keratinocytes 
with 1 µM PKCζ inhibitor  (asterisks indicate significant differences compared to control in a Student’s t 
test). (F) Influence on average persistence after treatment with 1 µM PKCζ specific inhibitor and 20 µM  
LY (PI3K) inhibitor compared to WT cells. 


