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Kif4 Interacts with EB1 and Stabilizes Microtubules
Downstream of Rho-mDia in Migrating Fibroblasts
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Abstract

Selectively stabilized microtubules (MTs) form in the lamella of fibroblasts and contribute to cell migration. A Rho-mDia-EB1
pathway regulates the formation of stable MTs, yet how selective stabilization of MTs is achieved is unknown. Kinesin
activity has been implicated in selective MT stabilization and a number of kinesins regulate MT dynamics both in vitro and in
cells. Here, we show that the mammalian homolog of Xenopus XKLP1, Kif4, is both necessary and sufficient for the induction
of selective MT stabilization in fibroblasts. Kif4 localized to the ends of stable MTs and participated in the Rho-mDia-EB1 MT
stabilization pathway since Kif4 depletion blocked mDia- and EB1-induced selective MT stabilization and EB1 was necessary
for Kif4 induction of stable MTs. Kif4 and EB1 interacted in cell extracts, and binding studies revealed that the tail domain of
Kif4 interacted directly with the N-terminal domain of EB1. Consistent with its role in regulating formation of stable MTs in
interphase cells, Kif4 knockdown inhibited migration of cells into wounded monolayers. These data identify Kif4 as a novel
factor in the Rho-mDia-EB1 MT stabilization pathway and cell migration.
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Introduction

Rearrangements of microtubules (MTs) play a central role in
the establishment of cell polarity in many systems [1]. In migrating
cells, MTs contribute to the front-back polarity that is essential for
directional migration of cells in a variety of environments. MTs
are thought to provide the tracks for directional delivery of
membrane precursors and actin regulators necessary for protru-
sion of the leading edge [2,3,4]. M T also regulate the turnover of
focal adhesions by stimulating the disassembly of focal adhesions
through endocytic processes [5,6,7,8]. In addition, MTs regulate
myosin contraction in the cell rear in certain migrating cells such
as neutrophils and T cells [9,10].

To contribute to front-back polarity in migrating cells, the M'T
array itself becomes polarized. Several sources of M'T polarization
in migrating cells have been identified. Radial MT arrays are
biased toward the front of many migrating cells by the specific
orientation of the centrosome toward the leading edge [11]. The
oriented centrosome positions the associated Golgi and endocytic
recycling compartment to direct vesicular traffic toward the
leading edge. The reorientation of the Golgi may also reinforce
MT asymmetry toward the leading edge as the Golgi itself can
nucleate MTs in certain cell types [3]. Factors that interfere with
centrosome orientation usually reduce the rate of cell migration
[12,13,14], although direct laser ablation of the centrosome has
modest-to-strong effects on cell migration depending on the cell
type [15,16].
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A second source of MT polarization is the selective stabilization
of a subset of MTs oriented toward the cell’s leading edge [1,17].
Because of their longevity, these selectively stabilized M'T's become
post-translationally modified by detyrosination and/or acetylation
of tubulin. Even in situations where the centrosome does not orient
toward the leading edge, for example, in a subset of fibroblasts
migrating in 2D or in fibroblasts migrating on fibrillar 1D
matrices, M'T" stabilization remains highly biased toward the front
of the cell [17,18,19,20]. Post-translationally modified MTs are
longer-lived than their dynamic counterparts [21,22] and serve as
preferred tracks for certain kinesin motors [23,24,25,26,27,28].
Thus, the generation of selectively stabilized MTs biases vesicle
trafficking toward the leading edge in migrating cells.

Posttranslational modification of MTs may contribute to their
stability [29], yet studies have shown that this is not likely
responsible for the initial generation of stability of the long-lived
MTs. Posttranslational modification of tubulin within MTs is
relatively slow compared to dynamic turnover of MTs and in
starved NIH3T3 fibroblasts stimulated with the serum factor
lysophosphatidic acid (LPA), MTs are stabilized within minutes,
long before the accumulation of posttranslational detyrosination
[30]. In addition, treatments that enhance the levels of
detyrosinated or acetylated tubulin do not directly lead to
stabilized MTs [31,32,33].

Factors have been identified that contribute to the selective
stabilization of MTs in cells. Rho GTPase and its downstream
effector the formin mDia are key factors in a MT stabilization
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pathway that mediates the selective stabilization of MTSs in
migrating fibroblasts [31,34,35] and other cell types [36,37,38,39].
Rho only stimulates mDia in the presence of integrin and FAK
signaling, which may restrict the formation of stable MTs to the
leading edge [40]. mDia interacts with three M'T +TIP proteins,
EBI1, APC and CLIP170 and the interactions with EB1 and APC
have been implicated in MT stability [38,41,42]. In vitro, mDia2
binds directly to MTs and can stabilize them against cold-induced
depolymerization, although it does not generate nondynamic MT
ends typical of selectively stabilized MTs in vivo (see below) [43].
mDia and other formins have recently emerged as MT regulators
in addition to their role in regulating actin nucleation and
elongation [44,45]. Other factors, including two other +TIPs
CLASP and ACF7/MACT [37,46], actin capping protein [47],
and the negative regulator moesin [48] and are also involved in the
generation of selectively stabilized MTs. In addition to the Rho-
mbDia-EBI MT stabilization pathway, other MT stabilization
pathways have been described [49,50].

An unusual property of selectively stabilized MTs that may
explain their longevity is the inability of their plus ends to add or
lose tubulin subunits [22,34,40,51]. Indeed, these MTs behave as
if their ends are capped, a property that may also explain their
resistance to MT antagonists and to dilution after detergent
permeabilization of cells [32,51]. The nature of this putative cap is
unknown. Some of the factors functioning in the M'T stabilization
pathway have been localized to the ends of stable detyrosinated
MTs [42], yet none of these factors have been shown to directly
cap MTs to convert them to nondynamic MTs. A study with
permeabilized cell models showed that the putative capping
activity of stabilized MTs has characteristics of kinesin motor
proteins, including inhibition by the non-hydrolyzable ATP analog
AMP-PNP [51]. Here we tested the possibility that kinesin motor
proteins may be involved in the generation of selective MT
stability in cells. Among a group of kinesins implicated in MT
stability, we identify Kif4 as a novel factor in the selective
stabilization of MTs in migrating cells and provide evidence that
this protein functions downstream of other proteins in the Rho-
mDia MT stabilization pathway and contributes to cell migration.

Results

Kif4 motor domain induces stable MT formation in vivo

We first tested whether kinesins can induce the formation of
selectively stabilized MTs by expressing motor domains of kinesins
in serum-starved NIH3T3 fibroblasts that have low levels of stable
MTs as judged by the lack of detyrosinated and nocodazole
resistant MTs [30,34,42,52]. Throughout this paper we refer to
stable MTs with high levels of detyrosinated tubulin as Glu MTs
(reflecting the newly exposed glutamate residue formed by removal
of tyrosine from the C-terminus of o-tubulin) and their dynamic
counterparts as Tyr MTs. We tested kinesins that have been
implicated in MT stability based upon: 1) their interaction with
known microtubule stabilizing factors (Kif3, a kinesin 2 which
binds APC) [53], 2) their ability to stabilize MTs in epithelial cells
(Kif17, another kinesin 2) [54]; or 3) their ability to render MTs
nondynamic in vitro (Kif4, a kinesin 4 and ortholog of Xenopus
XKLP1) [55,56] and in spindle midzone MTs [57]. We were
particularly interested in testing Kif4, because the motor domain
of XKLP1 prevents tubulin subunit addition to or lose from MTs
in biochemical studies [56]. We chose not to explore a possible
role for kinesin-8 motors (such as Kif18A), which also regulate M'T
dynamics, as they seem to primarily affect spindle M Ts and do not
appear to stabilize MTs against antagonists [58,59,60].
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Green fluorescent protein (GFP)-tagged constructs encoding the
motor domain of these kinesins were microinjected into nuclei of
starved NIH3T3 fibroblasts bordering an in vitro wound and after
2 hr of expression, levels of Glu MT's were assessed in fixed cells by
immunofluorescence. The motor domain of Kif4 induced Glu
MTs in serum-starved NIH3T3 fibroblasts compared to unin-
jected neighboring cells (Figure 1A, B). The Kif4 motor domain
induced only a subset of the MTs to become Glu MTs and did not
detectably alter the distribution of Tyr MTs, consistent with it
selectively, rather than globally stabilizing MTs. Glu MTs in the
Kif4 expressing cells were preferentially oriented toward the
leading edge (as in Figure 1A) in 70 +/— 7% (N = 3) of the cells,
similar to the response of starved NIH3T3 fibroblasts to serum,
LPA or active Rho [30,52]. Kif3 or Kifl 7 motor domains did not
induced the formation of Glu MTs above background levels when
expressed in starved cells under identical conditions, even though
the proteins were expressed at comparable levels to Kif4 as judged
by GFP fluorescence (Figure 1A, B).

Glu MT staining is widely used as a marker for MT stability,
but it was formally possible that Kif4 altered the enzymatic
removal of tyrosine from o-tubulin instead of directly stabilizing
MTs. To test this possibility and as an independent test of MT
stabilization, cells expressing GFP-Kif4 motor domain were
treated with nocodazole to depolymerize dynamic MTs and then
stained for Glu tubulin. Starved NIH3T3 fibroblasts expressing
GFP-Kif4 motor domain had numerous nocodazole-resistant Glu
MTs whereas uninjected cells had only one or two short
nocodazole-resistant MTs (Figure 1C, D). We conclude that the
motor domain of Kif4, but not that of several other kinesins, is
sufficient to induce the formation of stabilized and posttransla-
tionally modified MTs in starved NIH3T3 fibroblasts.

Kif4 is required for LPA-induced formation of Glu MTs

To test whether Kif4 was necessary for formation of Glu MTs,
we depleted Kif4 with small interfering RNAs (siRNAs) and then
induced Glu MTs in serum-starved NIH3T3 fibroblasts by
treating with the serum factor LPA. As controls, we depleted
either glyceraldehyde 3-phosphate dehydrogenase (GAPDH) or
Kif3A (we note that we were unable to test the role of Kif17, as it is
not expressed in NIH3T3 fibroblasts, see Figure S1 in File S1).
Kif4 depletion inhibited LPA-induced Glu MT formation while
control siRNAs had no effect (Fig. 2A—C). Kif4 depletion had no
noticeable effects on Tyr MTs (Figure 2A), suggesting that it did
not affect dynamic MTs. Knockdown of kinesins was verified by
western blot, which showed that Kif4 and Kif3A were knocked
down approximately 70% compared to GAPDH (control) siRNA-
treated cells (Figure 2D, E). A second siRNA sequence to Kif4 also
blocked Glu MT formation limiting the possibility that the effects
of the Kif4 siRNAs were due to off-target effects (Figure 2C and
Figure S2 in File S1). While Kif4 depletion inhibited Glu MT
formation, it did not affect LPA-induced actin stress fiber
formation (Figure S3 in File S1). These results show that Kif4 is
necessary for LPA-induced formation of Glu MTs and suggest that
it specifically regulates MTs rather than actin filaments down-
stream of LPA stimulation.

Endogenous Kif4 localizes to the ends of Glu MTs

We localized endogenous Kif4 to determine if it associated with
Glu MTs. Kif4 has been described as a chromokinesin and much
of Kif4 is localized in the nucleus before mitosis [61,62]. Because
of this, we first checked if Kif4 was present in the cytoplasm of
serum-stimulated starved NIH3T3 fibroblast and whether its
nuclear localization was regulated during the cell cycle. In starved
cells or at early times after serum stimulation, there was little
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Figure 1. Kif4 motor domain induces the formation of stable Glu MTs in starved NIH3T3 fibroblasts. A) Immunofluorescence of Glu MTs
and Tyr MTs in starved NIH3T3 fibroblasts expressing the indicated GFP-tagged kinesin motor constructs. Arrows indicate expressing cells. B)
Quantification of Glu MT formation in starved NIH3T3 fibroblasts expressing the indicated kinesin motors. n>70 cells; error bars, SEM from at least 6
experiments. C) Immunofluorescence staining of Glu MTs in GFP-Kif4 motor expressing NIH3T3 fibroblasts treated with 10 uM nocodazole for 1 hr.
The expressing cell (arrow) has nocodazole-resistant Glu MTs. D) Quantification of cells with nocodazole resistant Glu MTs. Error bars, SEM from 3

experiments. Bars: A, C 10 pm.
doi:10.1371/journal.pone.0091568.9001

detectable Kif4 in the nucleus and diffuse staining of Kif4 in the
cytoplasm; at 12-24 hr of serum stimulation, corresponding to late
G1/S and G2 phases, Kif4 appeared in both the cytoplasm and
the nucleus suggesting that Kif4's nuclear localization is cell cycle
regulated (Figure 3A). The cytoplasmic staining of Kif4 in
unstimulated cells, which mostly appeared punctate, was dramat-
ically reduced by siRNA-mediated depletion of Kif4 (Figure S4 in
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File S1), indicating that the signal detected with the Kif4 antibody
was specific. In LPA-treated cells, Kif4 cytoplasmic staining
appeared to increase coincident with the formation of Glu MTs
and in some cells appeared as linear accumulations that paralleled
MTs (Figure 3B).

To address Kif4's localization further and in particular to probe
whether Kif4 might be associated with Glu MTs, we used total

March 2014 | Volume 9 | Issue 3 | e91568



A Glu MTs

GAPDH
siRNA

Kif4
siRNA

GAPDH
siRNA

Kif3a
siRNA

80 -

GAPDH
WB:Kif4 N

20 A WB:GAPDH

40 +

Cells with Glu MTs, %

0 T LI N sl
SiRNA: GAPDH Kif3A Kif4 #1 Kif4 #2

60 - SiRNA

WB:Actin e Sy

Kif4 Stabilizes Microtubules Downstream of Rho-mDia

E

siRNA
GAPDH  Kif3a
WBKIif3A gl 9

WB:GAPDH | —

WBACtn e

Figure 2. Knockdown of Kif4 inhibits LPA-induced formation of Glu MTs in NIH3T3 fibroblasts. A, B) Glu MT and Tyr MT staining of LPA-
stimulated NIH3T3 fibroblasts transfected with the indicated siRNAs. C) Quantification of the percent of siRNA-treated cells that scored positive for
Glu MTs. Two different siRNAs targeting Kif4 (#1 and #2) gave similar results. n>100 cells; error bars, SEM from at least 5 experiments. D, E) Western
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knockdown of the indicated kinesins. Bars: A, B, 20 pm.
doi:10.1371/journal.pone.0091568.g002

internal reflection fluorescence (TIRF) microscopy. Most of the
Kif4 puncta observed by TIRF microscopy were associated with
MTs with linear accumulations detected on both Glu and Tyr
MTs (Figure 3C). We were particularly interested in the ends of
Glu MTs, because localization at this site is readily quantifiable
and because other factors in the Rho-mDia pathway are localized
on the ends of Glu [38,42]. In serum-stimulated NIH3T3
fibroblasts, Kif4 puncta were detected on a number of Glu MT
ends and also along their length (Figure 3D, E). In contrast, fewer
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Kif4 puncta were localized on Tyr MT ends (Figure 3D, E). To
account for random localization, we determined the number of
Kif4 puncta on Glu and Tyr MTs ends before and after shifting
the Kif4 image relative to the M'T images: for both types of MTs,
shifting the images eliminated the colocalization with the ends,
indicating that the Kif4 localization on MT ends was not due to
random overlap of Kif4 puncta with MT ends. A similar analysis
of Kif4 localization in TC-7 cells, which have particularly distinct
Glu MTs, also revealed specific localization of Kif4 on Glu MT
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n>50 ends, error bars, SEM from three experiments. Bars: A, B, 20 pm; C, 5 um. D, 10 um; 5 um (high mag).

doi:10.1371/journal.pone.0091568.g003

ends (Figure S5 in File S1). These results show that endogenous
Kif4 specifically accumulates on some Glu MTs ends, consistent
with a direct involvement of Kif4 in M'T" stabilization.

Kif4 is required for induction of Glu MTs by factors in the
Rho-mDia-EB1 MT stabilization pathway

To test the relationship between Kif4 and the Rho-mDia-EB1
MT stabilization pathway, we asked if Kif4 was necessary for the
induction of Glu MTs stimulated by known intracellular activators
of the pathway. The formation of Glu MTs in serum starved
NIH3T3 fibroblasts can be stimulated by expressing the Dia
autoregulatory domain (DAD) of mbDia, which relieves the
autoinhibition of the formin and activates it toward both actin
and MTs [34,40]. Microinjection of GST-DAD into serum-
starved NIH3T3 fibroblasts depleted of Kif4 did not induce Glu
MT formation, whereas it did when introduced into control
(GAPDH) depleted cells (Figure 4A, B). While GST-DAD failed to
induce Glu MTs in Kif4 depleted cells, it still stimulated actin
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cable formation showing that Kif4 depletion did not prevent DAD
from activating mDia (Figure 4C).

To test further whether Kif4 functioned downstream of mDia in
the formation of Glu MTs, we tested whether Kif4 was necessary
for the induction of Glu MTs in serum starved NIH3T'3 fibroblasts
treated with LiCl, an inhibitor of GSK-3f. Activation of mDia by
Rho leads to the inhibition of GSK-3f and this is necessary for the
formation of Glu MTs in NIH3'T'3 fibroblasts [63]. LiCl treatment
of NIH3T3 fibroblasts depleted of Kif4 failed to induce the
formation of Glu MTs, whereas similar treatment of control
(GAPDH) depleted cells did (Figure 4D, E). Combined, these
results suggest that Kif4 functions downstream of mDia in Glu MT
formation and that Kif4 is not involved in mDia’s stimulatory
effect on actin filaments. Consistent with this interpretation, we
did not detect a significant alteration in the distribution of mDial
or EB1 in GFP-Kif4 motor expressing cells (Figure S6 in File S1).
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Kif4 and EB1 require each other to generate stable MTs Kif4 is necessary for efficient migration of cells

EB1 functions downstream of mDia in the MT stabilization Selectively stabilized MTs have been implicated in cell
pathway and overexpression of EBl induces the formation of migration [17,42,65]. To test whether Kif4 contributed to cell
stable MTs in serum-starved NIH3T3 fibroblasts [42]. We tested if migration, we knocked it down and measured rates of migration of
the induction of Glu MTs by Kif4 and/or EBI expression in NIH3T3 fibroblasts into in vitro wounds. Cells depleted of Kif4

starved NIH3T3 fibroblasts depended on each other. Kif4 or still formed a normal confluent monolayer, but migration into the
control (GAPDH) depleted serum-starved NIH3T3 fibroblasts wound was reduced about 40% (Figure 7A, B). Analysis of the cell
were microinjected with GST-EB1 and the formation of Glu MTs aspect ratio, a measure of overall cell polarization, revealed that

was assessed. GST-EB1 induced Glu MTs in control cells, but not Kif4 depleted cells had a significantly reduced aspect ratio
in Kif4 depleted cells (Figure 5A, B). Similarly, expression of either compared to controls (Figure 7C). These results are consistent
GFP-tagged Kif4 motor domain or Kif4 full length in starved cells with earlier studies suggesting that stable MTs in the lamella
knocked down for EB1 (Figure S7 in File S1), which inhibits Glu contribute to cell migration by enhancing cell polarization and
MTs induced by LPA [42], did not induce Glu MTs (Figure 5C, strengthen the notion that Kif4 has non-mitotic functions.

D). These results suggest that Kif4 and EBl1 are mutually

dependent for inducing stable MTs. Discussion

Previous studies revealed that long-lived Glu MTs in TC-7 cells
and NIH3T3 fibroblasts exhibit the unusual property of not
growing or shrinking for long intervals [33,34,42,51]. This
nondynamic behavior of Glu MTs contrasts with the bulk of the
MTs, which undergo dynamic instability and exhibit much more
rapid turnover. Glu MTs in detergent extracted TC-7 cell models
behave as if they are capped at their plus ends by an ATP-sensitive
activity that has characteristics of kinesin motors [51]. In this
study, we identified Kif4 as a kinesin that is necessary and
sufficient for the induction of Glu MTs and nocodazole resistant
MTs in NIH3T3 fibroblasts. Our results indicate that Kif4
functions in the Rho-mDia-EB1 MT stabilization pathway
because Kif4 depletion prevented the formation of Glu MTs in
response to extracellular (LPA) and intracellular factors (DAD,
LiCl and EB1) that activate this pathway, overexpression of Kif4
motor domain was sufficient to induce Glu MTs and Kif4

Kif4 interacts directly with EB1

Given the mutual dependence of Kif4 and EB1 in inducing Glu
MTs, we tested whether the proteins might interact. Immunopre-
cipitation of endogenous EB1 revealed that endogenous Kif4
associated with EB1 in NIH3T3 fibroblast lysates (Figure 6A). Kif4
has predicted N-terminal motor, central stalk with coiled coils
domains and C-terminal tail domains (Figure 6B) [64]. Using
purified recombinant proteins, we found that EBI interacted
directly with the tail of Kif4, but not the motor domain; there was
also a weak interaction of EB1 with the stalk domain of Kif4
(Figure 6C). Using fragments of EBI, we found that Kif4 tail
bound to the N-terminal domain of EB1, but not the C-terminal
domain (Figure 6C). These results show that Kif4 associates
directly with one of the previously established factors in the
pathway for selective stabilization of MTs.
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interacted with EB1, a previously identified factor in the pathway.
Kif4 also localized to Glu MT ends where other factors in this
pathway have been localized [42]. Our data suggest a model in
which Kif4 contributes to the nondynamic behavior and stability
of Glu MTs potentially by accumulating on Glu MT ends.
Because only a subset of Glu MT ends had detectable Kif4
localization, we cannot rule out a model in which Kif4 may act
more transiently, perhaps by transporting another factor in the
pathway.

How does Kif4 stabilize MTs? Studies have identified two
activities for Kif4. A motor function for Kif4 in the delivery of L1
cell adhesion molecule was described in studies of rat neurons
[66,67]. Kif4 also appears to be required for transporting Gag
protein from murine leukemia virus and HIV [68,69], the
ribosomal protein PO [66], and the mitotic protein PRC1 [70].
A MT stabilizing activity of the Xenopus Kif4, XKLP1 was
identified in in vitro studies [56]. In this study, the motor domain
of XKLPI alone was shown to prevent the assembly and
disassembly of dynamic MTs in vitro. Three pieces of data from
our study are consistent with Kif4 generating nondynamic
stabilized MTs through its predicted stabilizing activity: 1)
induction of stabilized MTs by Kif4 motor domain, 2) localization
of Kif4 on Glu MT ends, and 3) the ability of Kif4 to function
downstream of other factors in the Rho-mDia MT stabilization
pathway. Such a role would also be consistent with Kif4's reported
role in cytokinesis where it contributes to the stability and
nondynamic nature of midzone MTs [57,61,70]. Additional
studies will be needed to test whether mammalian Kif4 exhibits
the direct MT stabilization activity of XKLP1 and/or whether
Kif4 transport activity is necessary for M'T stabilization.
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Given the potent stabilizing activity of the Kif4 motor domain
shown in the study of XKLP1, an interesting question arises in the
context of selective stabilization of interphase MTs: how is the
stabilizing activity of the motor regulated so that it selectively
stabilizes only a subset of MT's in vivo? One possibility is that other
factors in the Rho-mDia-EB1 pathway restrict its activity to
specific locations. Rho is activated near the leading edge of
migrating fibroblasts [71], but as yet there is no evidence that Rho
or mDia interact with Kif4. Another possibility is that EBI
interaction with Kif4 may regulate its stabilizing activity. The yeast
EB1, Mal3, interacts with the kinesin Tea2, and this interaction
activates its motor activity [72]. The mammalian kinesin-2, Kif17,
stabilizes M T’ in epithelial cells in part by binding to EB1 [54]. A
number of destabilizing kinesin-13s also interact with EBs and this
interaction targets their activity to the M'T plus end [73]. Perhaps,
the stabilizing activity of Kif4 needs to be targeted to or retained
on MT plus ends and this is accomplished by EB1. We note that in
addition to this possible role for EBI, it is likely that EB1 plays a
Kif4-independent role in MT stabilization, since EBI interacts
with a number of other components implicated in MT stabiliza-
tion including mDia [42] and CLASPs [74].

Kif4 may also be regulated by phosphorylation, as has been
shown for other kinesins [75]. PKCe is activated and GSK3p is
inactivated downstream of mDia activation in fibroblasts and both
contribute to formation of stabilized Glu MTs [63]. The
downstream substrates of these kinases in the Rho-mDia
stabilization pathway have not been identified. Kif4 has 12 known
phosphorylation sites as shown by mass spectroscopy and two of
these are predicted to be sites for GSK3B (S1017 and S1186;
http://scansite.mit.edu/) [76]. Kif4 was recently shown to be
activated by Aurora B phosphorylation in mitotic cells [77]. It
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Figure 6. Kif4 interacts directly with EB1. A) Kif4 coimmunopre-
cipitates with EB1 from NIH3T3 fibroblast lysates. EB1 or control IgG
immunoprecipitates were western blotted for EB1 and Kif4. B) Diagram
of Kif4 protein fragments used for binding studies. C) Pull-down of
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tagged Kif4 proteins. Bound proteins were analyzed by western blotting
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would be interesting to test whether it is phosphorylated by one of
these kinases during generation of stable MTs in LPA stimulated
cells.

Kif4 has a well characterized role in cell division but there is
growing evidence that Kif4 has roles in non-dividing cells (see
references above). Our results show that even in serum-starved
cells in Gq there is a small pool of cytoplasmic Kif4 and that
cytoplasmic Kif4 increases with either LPA or serum stimulation.
Consistent with a role in regulating interphase MT stability, we
find that the axial polarization and migration of serum-stimulated
cells was inhibited by Kif4 knockdown. Kif4 has a predicted
nuclear localization sequence, yet we observed that nuclear
accumulation of Kif4 was delayed for 12-24 h after serum-
stimulation, suggesting that its nuclear localization is regulated in a
cell cycle dependent fashion.

Members of the kinesin superfamily have been recognized for
some time to participate in the regulation of MT dynamics in
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addition to their well-established role in acting as molecular
transporters. Indeed, a subset of the kinesins, those in the kinesin-
13 subfamily of which MCAK/Kif2 has been most intensively
studied, are well-established MT depolymerases that recognize
and promote the curved protofilament structure of depolymerizing
MTs [78,79]. The kinesin-8 family has also been implicated in
regulating M'T dynamics [80]. There are fewer kinesins that have
been implicated in stabilizing MTs to generate long-lived and
post-translationally modified MTs. Indeed, other than Kif4/
XKLP1 the only other kinesin that has been reported to enhance
MT longevity is Kif-17 [54]. In our study, we found that Kif17 was
not expressed in NIH3T3 fibroblasts and expression of its motor
domain did not induce MT stability in starved fibroblasts. Since
the same construct induced MT stability in epithelial cells [54],
these results suggest that different kinesins may be used to regulate
MT stability in different cell types. It will be interesting to explore
other kinesin subfamilies to determine whether there are other
kinesins with the ability to generate long-lived, stable MTs.

Materials and Methods

Cell culture and chemicals

NIH3T3 cells (ATCC) were used throughout unless otherwise
noted and were cultured in 10% calf serum in DMEM (Gibco
BRL) as previously described [30,34]. TC-7 cells (ATCC) were
cultured as described previously [51]. MDCK cell lysate and Kif17
antibody (Sigma) were kind gifts from G. Kreitzer (Weill Cornell
Medical College, NY). All chemicals were from Sigma-Aldrich
unless otherwise noted.

Cell starvation and LPA and serum treatments

NIH3T3 cells were passaged onto glass coverslips and after
growing to confluency, were starved for two days in serum-free
DMEM plus 10+ mM Hepes, pH 7.4 [30,34,52]. After wounding
with a jeweler’s screwdriver, MT stabilization was induced by
adding 5 pM LPA for 2 hr. To examine Kif4 localization, starved
NIH3T3 cells were stimulated for various times with either 5 pM
LPA or 10% calf serum.

Microinjection

Serum-starved NIH3T3 fibroblasts at the edge of wounded
monolayers were pressure-microinjected with a micromanipulator
(Narshige International). DNA (50 pg/ml) was injected into nuclei
and recombinant protein (90 pM) was injected into the cytoplasm.
After microinjection, the injected plasmid was allowed to express
for 2 hr before fixation or further treatment with LPA.

cDNA Constructs

Human GFP-Kif4 motor (residues 1-356), GFP-Kif3A motor
(residues 1-354) and GFP-Kif17 motor (residues 1-335) were kind
gifts of G. Kreitzer (Weil Cornell Medical College, NY). Mouse
Kif4 full length was obtained from Open Biosystems and cloned
into the Clontech GFP-C1 vector to prepare mouse GFP-Kif4.
Human Kif4 fragments were subcloned into a maltose binding
protein (MBP) vector pMAL-c2E (New England Biolabs) from the
GFP-C1 vector after digesting with EcoRI and Sall and were
verified by sequencing.

Binding of purified proteins

Recombinant GST-EB1, GST-EB1-N and GST-EBI-C pro-
teins were previously described [42]. MBP-tagged Kif4 proteins
were expressed in Rosetta-2 bacteria (EMD Biosciences) and
purified according to manufacturer’s recommendations except
using a different buffer (20 mM Hepes buffer, 150 mM NaCl,
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pH 7.5). Binding studies were performed by incubating 0.3 pM
MBP-tagged Kif4 proteins in RIPA buffer (20 mM Tris pH 7.5,
150 mM NaCl, 1% Nonidet-P40, 1% sodium deoxycholate, 0.1%
SDS) with 0.3 pM GST-tagged EBI proteins on glutathione-
agarose overnight at 4°C. After washing, bound proteins were
eluted with SDS sample buffer and western blotted.

Immunoprecipitation

Immunoprecipitation was performed overnight at 4°C using
pre-cleared NIH3T3 fibroblast lysates in 10% RIPA buffer plus
protease inhibitor cocktail (Sigma Aldrich) and MG132 (A.G.
Scientific) and 1 pg rabbit anti-EB1 antibody (Santa Cruz
Biotechnology) or non-immune rabbit IgG as a control. MG132
was critical to prevent degradation of Kif4 during the incubation.
Immunoprecipitates were recovered with Protein A/G beads (1:1
mix), washed, and the bound protein eluted with SDS sample
buffer and analyzed by western blotting.

siRNA transfection

Cells were transfected with siRNA (5 uM) using Lipofectamine
RNAiMax (Invitrogen) according to manufacturer’s instructions
and plating cells directly into the transfection media. After
overnight transfection, cells were serum-starved for 2 days.
siRNAs were designed using the BIOPREDsi website (www.
biopredsi.org/) and were obtained from Shanghai GenePharma.
siRNA sequences were as follows: GAPDH, 5'-AAAGUUGU-
CAUGGAUGACCTT-3"; Kif4#1, 5-GGAACUGGAGGGU-
CAAAUATT-3';  Kifd#2, 5-GCAGAUUGAAAGCCUA-
GAGTT-3'; KlF3a, 5-CAGGAAAUAACAUGAGGAATT-3;
EB1, 5-CUGCCAGACAAGGUCAAGAAA-3" Fixation. For
routine immunofluorescence and for staining Kif4 in NIH3T3
fibroblasts, cells on glass coverslips were fixed in methanol for
5 min at —20°C. To detect Kif4 on the ends of MTs in TC-7 cells,
cells were cryofixed in isopentane cooled in a dry ice-liquid
nitrogen bath with constant stirring until it started to become gel-
like, which corresponds to approximately —200°C [81]. After one
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min in isopentane, the cells were freeze substituted in a 6:4
acetone:methanol on dry ice and then transferred to —80°C for
2 days. The cryofixed cells were gradually warmed by placing
them in an insulated container at —20°C container for 4 hr and
then transferred to TBS buffer (20 mM Tris pH 7.4, 150 mM
NaCl) and stained with antibodies.

Immunofluorescence staining

Rabbit anti-Glu-tubulin antibody (dilution 1:400) was described
previously [82]. Rat anti-Tyr tubulin (dilution 1:10 of culture
supernatant) was from FEuropean Collection of Animal Cell
Cultures. Kif4 monoclonal antibody (dilution 1:50) was described
previously [66] and was a gift from A. Caceres or was from Sigma-
Aldrich. Mouse anti-GFP antibody (dilution 1:200) was from
Sigma-Aldrich. Cyclin B antibody (dilution 1:100) was from Santa
Cruz. Secondary antibodies, absorbed to minimize interspecies
cross reactivity, were from Jackson ImmunoResearch and were
used as described previously [34]. Because most serum-starved
NIHS3T3 fibroblasts have a small number of Glu MTs before LPA
stimulation, we scored cells as positive for Glu MTs if they had
more than five brightly and continuously labeled Glu MTs that
extended toward the cell periphery [30,52]. The stability of MT's
in cells expressing kinesin motors was tested by treating cells with
10 pM nocodazole for 30 min as described previously [30,83].

Western blotting

Samples were run on 4-15% polyacrylamide SDS gels and
transferred to nitrocellulose. Blots were incubated with the
following antibodies: anti-Kif4 mAb (1:500), anti-beta-catenin
(1;1000), anti-actin (Ab-5; 1:10,000), anti-Kif3A (1:100; BD
Transduction Laboratories), anti-EB1 (1:10,000), anti-Kif17
(1:1000) or anti-GAPDH (1;6000). After incubation with fluores-
cent IR680- or IR800-conjugated secondary antibodies (1:5,000,
Rockland Immunochemicals), reactivity was documented with an
Odyssey scanner (Li-Cor Biosciences).
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Analysis of Kif4 localization at Glu MT ends

NIHS3TS3 fibroblasts or TC-7 cells immunofluorescently stained
for Glu tubulin, Tyr tubulin and Kif4 were mounted in TBS and
imaged by TIRF microscopy on a Nikon TE2000 microscope with
a 60X, 1.45 objective and an Orca II ER CCD (Hamamatsu)
controlled by MetaMorph software. To unambiguously identify
Glu MT ends, we overlaid Glu and Tyr MT images and
considered only ends of Glu MTs in which the Glu tubulin
staining abruptly stopped and was not “continued” with Tyr
tubulin staining. Circles (10 pixels in diameter) were then drawn
on the Glu MT ends and the overlaid on the corresponding image
of Kif4 staining. Kif4 puncta inside circles that also contacted Glu
MT ends were counted positive; those lacking Kif4 were counted
negative. To control for random overlap of Kif4 puncta with Glu
MTs, the circles were shifted 10 pixels in the x- and y-axes and the
number of Kif4 puncta appearing in the circles was determined.

Analysis of cell migration

Wounded monolayers of NIH3T3 fibroblasts treated with
noncoding or Kif4 siRNAs were imaged with a 20X ELWD Plan
Fluor objective (NA 0.45) at multiple positions every 10 min for
12 h on a Nikon TE300 microscope with a temperature controller
(37°C)) and motorized xyz stage. The extent of cell migration was
measured as percentage of wound closure. The polarization of the
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cells was measured by determining their aspect ratio (major axis/
minor axis) using Image J software.

Statistical anaylsis

Statistical significance was assessed by Chi square analysis for
non-parametric data and paired t-test for parametric data
(Fig. 7C). P values are indicated in the figures as: *, p<<0.05; **
p<<0.01; *** p<<0.001.

Supporting Information

File S1 Supporting figures.
(PDF)

Acknowledgments

We thank A. Caceres and G. Kreitzer for supplying constructs and
antibodies.

Author Contributions

Conceived and designed the experiments: EJ]M GPFN NR FB GGG.
Performed the experiments: EJM GPFN NR FB GGG. Analyzed the data:
EJM GPFN NR FB GGG. Contributed reagents/materials/analysis tools:
EJM GPFN NR FB. Wrote the paper: EJM GPFN GGG.

18. Wakida NM, Botvinick EL, Lin J, Berns MW (2010) An intact centrosome is
required for the maintenance of polarization during directional cell migration.
PLoS One 5: e15462.

19. Gundersen GG, Bulinski JC (1988) Selective stabilization of microtubules
oriented toward the direction of cell migration. Proc Natl Acad Sci U S A 85:
5946-5950.

20. Doyle AD, Wang FW, Matsumoto K, Yamada KM (2009) One-dimensional
topography underlies three-dimensional fibrillar cell migration. J Cell Biol 184:
481-490.

21. Palazzo RE, Davis TN (2001) Centrosomes and Spindle Pole Bodies; Wilson L,
Matsudaria P, editors: Academic Press.

22. Palazzo AF, Joseph HL, Chen Y], Dujardin DL, Alberts AS, et al. (2001) Cdc42,
dynein, and dynactin regulate MTOC reorientation independent of Rho-
regulated microtubule stabilization. Curr Biol 11: 1536-1541.

23. Gundersen GG, Khawaja S, Bulinski JC (1987) Postpolymerization detyrosina-
tion of alpha-tubulin: a mechanism for subcellular differentiation of microtu-
bules. J Cell Biol 105: 251-264.

24. Webster DR, Gundersen GG, Bulinski JC, Borisy GG (1987) Differential
turnover of tyrosinated and detyrosinated microtubules. Proc Natl Acad Sci U S A
84: 9040-9044.

25. Liao G, Gundersen GG (1998) Kinesin is a candidate for cross-bridging
microtubules and intermediate filaments. Selective binding of kinesin to
detyrosinated tubulin and vimentin. J Biol Chem 273: 9797-9803.

26. Kreitzer G, Liao G, Gundersen GG (1999) Detyrosination of tubulin regulates
the interaction of intermediate filaments with microtubules in vivo via a kinesin-
dependent mechanism. Mol Biol Cell 10: 1105-1118.

27. Lin SX, Gundersen GG, Maxfield FR (2002) Export from pericentriolar
endocytic recycling compartment to cell surface depends on stable, detyrosinated
(glu) microtubules and kinesin. Mol Biol Cell 13: 96-109.

28. Dunn S, Morrison EE, Liverpool TB, Molina-Paris C, Cross RA, et al. (2008)
Differential trafficking of Kif5c¢ on tyrosinated and detyrosinated microtubules in
live cells. J Cell Sci 121: 1085-1095.

29. Reed NA, Cai D, Blasius TL, Jih GT, Meyhofer E, et al. (2006) Microtubule
acetylation promotes kinesin-1 binding and transport. Curr Biol 16: 2166-2172.

30. Konishi Y, Setou M (2009) Tubulin tyrosination navigates the kinesin-1 motor
domain to axons. Nat Neurosci 12: 559-567.

31. Peris L, Wagenbach M, Lafanechere L, Brocard J, Moore AT, et al. (2009)
Motor-dependent microtubule disassembly driven by tubulin tyrosination. J Cell
Biol 185: 1159-1166.

32. Cook TA, Nagasaki T, Gundersen GG (1998) Rho guanosine triphosphatase
mediates the selective stabilization of microtubules induced by lysophosphatidic
acid. J Cell Biol 141: 175-185.

33. Palazzo A, Ackerman B, Gundersen GG (2003) Cell biology: Tubulin
acetylation and cell motility. Nature 421: 230.

34. Khawaja S, Gundersen GG, Bulinski JC (1988) Enhanced stability of
microtubules enriched in detyrosinated tubulin is not a direct function of
detyrosination level. J Cell Biol 106: 141-149.

March 2014 | Volume 9 | Issue 3 | e91568



36.

37.

39.

40.

41.

43.

44.

46.

47.

48.

49.

50.

56.

57.

58.

59.

. Webster DR, Wehland J, Weber K, Borisy GG (1990) Detyrosination of alpha

tubulin does not stabilize microtubules in vivo [published erratum appears in J
Cell Biol 1990 Sep;111(3):1325-6]. J Cell Biol 111: 113-122.

Palazzo AF, Cook TA, Alberts AS, Gundersen GG (2001) mDia mediates Rho-
regulated formation and orientation of stable microtubules. Nat Cell Biol 3: 723
729.

Goulimari P, Kitzing TM, Knieling H, Brandt DT, Offermanns S, et al. (2005)
Galphal2/13 is essential for directed cell migration and localized Rho-Dial
function. J Biol Chem 280: 42242-42251.

. Arakawa Y, Bito H, Furuyashiki T, Tsuji T, Takemoto-Kimura S, et al. (2003)

Control of axon elongation via an SDF-lalpha/Rho/mDia pathway in cultured
cerebellar granule neurons. J Cell Biol 161: 381-391.

Kodama A, Karakesisoglou I, Wong E, Vaezi A, Fuchs E (2003) ACF7. An
essential integrator of microtubule dynamics. Cell 115: 343-354.

Butler B, Cooper JA (2009) Distinct roles for the actin nucleators Arp2/3 and
hDial during NK-mediated cytotoxicity. Curr Biol 19: 1886-1896.

Palazzo AF, Eng CH, Schlaepfer DD, Marcantonio EE, Gundersen GG (2004)
Localized stabilization of microtubules by integrin- and FAK-facilitated Rho
signaling. Science 303: 836-839.

. Wen Y, Eng CH, Schmoranzer J, Cabrera-Poch N, Morris EJ, et al. (2004) EB1

and APC bind to mDia to stabilize microtubules downstream of Rho and
promote cell migration. Nat Cell Biol 6: 820-830.

Lewkowicz E, Herit F, Le Clainche C, Bourdoncle P, Perez F, et al. (2008) The
microtubule-binding protein CLIP-170 coordinates mDial and actin reorgani-
zation during CR3-mediated phagocytosis. ] Cell Biol 183: 1287-1298.
Bartolini F, Moseley JB, Schmoranzer J, Cassimeris L, Goode BL, et al. (2008)
The formin mDia2 stabilizes microtubules independently of its actin nucleation

activity. J Cell Biol 181: 523-536.

. Bartolini F, Gundersen GG (2009) Formins and microtubules. Biochim Biophys

Acta.

Andres-Delgado L, Anton OM, Bartolini F, Ruiz-Saenz A, Correas I, et al.
(2012) INF2 promotes the formation of detyrosinated microtubules necessary for
centrosome reorientation in T cells. J Cell Biol 198: 1025-1037.

Thurston SF, Kulacz WA, Shaikh S, Lee JM, Copeland JW (2012) The ability to
induce microtubule acetylation is a general feature of formin proteins. PLoS One
7: e48041.

Lansbergen G, Grigoriev I, Mimori-Kiyosue Y, Ohtsuka T, Higa S, et al. (2006)
CLASPs attach microtubule plus ends to the cell cortex through a complex with
LL5beta. Dev Cell 11: 21-32.

Bartolini F, Ramalingam N, Gundersen GG (2012) Actin-capping protein
promotes microtubule stability by antagonizing the actin activity of mDial. Mol
Biol Cell 23: 4032-4040.

Naghavi MH, Valente S, Hatziioannou T, de Los Santos K, Wen Y, et al. (2007)
Moesin regulates stable microtubule formation and limits retroviral infection in

cultured cells. EMBO J 26: 41-52.

. Gundersen GG, Gomes ER, Wen Y (2004) Cortical control of microtubule

stability and polarization. Curr Opin Cell Biol 16: 106-112.

. Lansbergen G, Akhmanova A (2006) Microtubule plus end: a hub of cellular

activities. Traffic 7: 499-507.

. Gundersen GG, Kim I, Chapin CJ (1994) Induction of stable microtubules in

313 fibroblasts by TGF-beta and serum. J Cell Sci 107: 645-659.

. Jimbo T, Kawasaki Y, Koyama R, Sato R, Takada S, et al. (2002) Identification

of a link between the tumour suppressor APC and the kinesin superfamily. Nat
Cell Biol 4: 323-327.

. Jaulin F, Kreitzer G (2010) KIF17 stabilizes microtubules and contributes to

epithelial morphogenesis by acting at M'T plus ends with EB1 and APC. J Cell
Biol 190: 443-460.

Bieling P, Telley IA, Surrey T (2010) A minimal midzone protein module
controls formation and length of antiparallel microtubule overlaps. Cell 142:
420-432.

Hu CK, Coughlin M, Field CM, Mitchison TJ (2011) KIF4 regulates midzone
length during cytokinesis. Curr Biol 21: 815-824.

Du Y, English CA, Ohi R (2010) The kinesin-8 Kifl8A dampens microtubule
plus-end dynamics. Curr Biol 20: 374-380.

Stumpff J, Du Y, English CA, Maliga Z, Wagenbach M, et al. (2011) A tethering
mechanism controls the processivity and kinetochore-microtubule plus-end
enrichment of the kinesin-8 Kifl18A. Mol Cell 43: 764-775.

PLOS ONE | www.plosone.org

1

60.

61.

63.

64.

66.

67.

68.

69.

72.

73.

74.

76.

77.

78.

79.

80.

81.

82.

83.

Kif4 Stabilizes Microtubules Downstream of Rho-mDia

Weaver LN, Ems-McClung SC, Stout JR, LeBlanc C, Shaw SL, et al. (2011)
KifI8A uses a microtubule binding site in the tail for plus-end localization and
spindle length regulation. Curr Biol 21: 1500-1506.

Kurasawa Y, Earnshaw WC, Mochizuki Y, Dohmae N, Todokoro K (2004)
Essential roles of KIF4 and its binding partner PRC1 in organized central
spindle midzone formation. EMBO J 23: 3237-3248.

52. Mazumdar M, Sundareshan S, Misteli T' (2004) Human chromokinesin KIF4A

functions in chromosome condensation and segregation. J Cell Biol 166: 613—
620.

Eng CH, Huckaba TM, Gundersen GG (2006) The formin mDia regulates
GSK3beta through novel PKCs to promote microtubule stabilization but not
MTOC reorientation in migrating fibroblasts. Mol Biol Cell 17: 5004-5016.
Sekine Y, Okada Y, Noda Y, Kondo S, Aizawa H, et al. (1994) A novel
microtubule-based motor protein (KIF4) for organelle transports, whose
expression is regulated developmentally. J Cell Biol 127: 187-201.

. Akhmanova A, Hoogenraad CC, Drabek K, Stepanova T, Dortland B, et al.

(2001) Clasps are CLIP-115 and -170 associating proteins involved in the
regional regulation of microtubule dynamics in motile fibroblasts. Cell 104: 923~
935.

Peretti D, Peris L, Rosso S, Quiroga S, Caceres A (2000) Evidence for the
involvement of KIF4 in the anterograde transport of Ll-containing vesicles.
J Cell Biol 149: 141-152.

Bisbal M, Wojnacki J, Peretti D, Ropolo A, Sesma J, et al. (2009) KIF4 mediates
anterograde translocation and positioning of ribosomal constituents to axons.
J Biol Chem 284: 9489-9497.

Kim W, Tang Y, Okada Y, Torrey TA, Chattopadhyay SK, et al. (1998)
Binding of murine leukemia virus Gag polyproteins to KIF4, a microtubule-
based motor protein. J Virol 72: 6898-6901.

Martinez NW, Xue X, Berro RG, Kreitzer G, Resh MD (2008) Kinesin KIF4
regulates intracellular trafficking and stability of the human immunodeficiency
virus type 1 Gag polyprotein. J Virol 82: 9937-9950.

. Zhu C, Jiang W (2005) Cell cycle-dependent translocation of PRC1 on the

spindle by Kif4 is essential for midzone formation and cytokinesis. Proc Natl
Acad Sci U S A 102: 343-348.

. Pertz O, Hodgson L, Klemke RL, Hahn KM (2006) Spatiotemporal dynamics of

RhoA activity in migrating cells. Nature 440: 1069-1072.

Browning H, Hackney DD (2005) The EB1 homolog Mal3 stimulates the
ATPase of the kinesin Tea2 by recruiting it to the microtubule. J Biol Chem 280:
12299-12304.

Su X, Ohi R, Pellman D (2012) Move in for the kill: motile microtubule
regulators. Trends Cell Biol 22: 567-575.

Mimori-Kiyosue Y, Grigoriev I, Lansbergen G, Sasaki H, Matsui C, et al. (2005)
CLASP1 and CLASP2 bind to EB1 and regulate microtubule plus-end dynamics
at the cell cortex. J Cell Biol 168: 141-153.

. Hirokawa N, Noda Y, Tanaka Y, Niwa S (2009) Kinesin superfamily motor

proteins and intracellular transport. Nat Rev Mol Cell Biol 10: 682-696.
Nousiainen M, Sillie HH, Sauer G, Nigg EA, Korner R (2006) Phosphopro-
teome analysis of the human mitotic spindle. Proc Natl Acad Sci U S A 103:
5391-5396.

Nunes Bastos R, Gandhi SR, Baron RD, Gruneberg U, Nigg EA, et al. (2013)
Aurora B suppresses microtubule dynamics and limits central spindle size by
locally activating KIF4A. J Cell Biol 202: 605-621.

Wordeman L (2005) Microtubule-depolymerizing kinesins. Curr Opin Cell Biol
17: 82-88.

Ems-McClung SC, Walczak CE (2010) Kinesin-13s in mitosis: Key players in
the spatial and temporal organization of spindle microtubules. Semin Cell Dev
Biol 21: 276-282.

Gardner MK, Odde DJ, Bloom K (2008) Kinesin-8 molecular motors: putting
the brakes on chromosome oscillations. Trends Cell Biol 18: 307-310.

Oliver C, Jamur MC (2010) Immunocytochemical methods and protocols.
Methods Mol Biol 588: iv—v.

Gundersen GG, Kalnoski MH, Bulinski JC (1984) Distinct populations of
microtubules: tyrosinated and nontyrosinated alpha tubulin are distributed
differently in vivo. Cell 38: 779-789.

Gurland G, Gundersen GG (1995) Stable, detyrosinated microtubules function
to localize vimentin intermediate filaments in fibroblasts. J Cell Biol 131: 1275~

1290.

March 2014 | Volume 9 | Issue 3 | e91568



