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Abstract

Disassembly of focal adhesions (FAs) allows cell retraction and integrin detachment from the
ECM, processes critical for cell movement. Growth of MT (microtubule) can promote FA
turnover by serving as tracks to deliver proteins essential for FA disassembly. The molecular
nature of this FA “disassembly factor”, however, remains elusive. By quantitative proteomics, we
identified MAP4K4 (mitogen-activated protein kinase kinase kinase kinase 4) as a FA regulator
that associates with MTs. Conditional knockout (cKO) of MAP4K4 in skin stabilizes FAs and
impairs epidermal migration. By exploring underlying mechanisms, we further show that
MAP4K4 associates with EB2, a MT binding protein, and IQSECL1, a guanine nucleotide
exchange factor (GEF) specific for Arf6, whose activation promotes integrin internalization.
Together, our findings provide critical insights into FA disassembly, suggesting that MTs can
deliver MAP4K4 toward FAs through EB2, where MAP4K4 can in turn activate Arf6 via IQSEC1
and enhance FA dissolution.
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INTRODUCTION

Cell migration is an essential process for developmental morphogenesis, wound healing and
tumor metastasis. The intricate, multi-step process of directional cell movement requires
integrated activities of the cytoskeleton, membrane, and cell/ECM adhesions (Lauffenburger
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and Horwitz, 1996; Rodriguez et al., 2003). Disassembly of FAs, organelles that connect the
cytoskeletal network and ECM, is a critical part of this process. Interestingly, MTs have
been observed to target peripheral FAs (Kaverina et al., 1999), a process mediated by
mammalian spectraplakin protein, ACF7 (Wu et al., 2008; Wu et al., 2011). MT targeting
promotes FA turnover, likely through MT-mediated delivery of key disassembly factors
(Krylyshkina et al., 2002). Additional explorations have also posited roles for FAK (focal
adhesion kinase) and dynamin in MT-mediated FA dynamics, suggesting involvement of
endocytosis (Ezratty et al., 2005), but the molecular nature of the mysterious “disassembly
factor” remains elusive.

Recent development of SILAC (stable isotope labeling by amino acids in cell culture)
technology offers us an effective approach to quantitatively compare the FA proteome in
normal vs. MT-depleted cells (Kuo et al., 2011; Ong et al., 2003). Our analysis revealed an
intriguing candidate for the FA “disassembly factor”’, MAP4K4, whose presence in FAS is
dependent upon an intact MT network. MAP4K4 is a serine/threonine protein kinase that
belongs to the germinal-center kinase (GCK)-1V group of yeast sterile 20 protein (Ste20)
kinase family (Dan et al., 2001). It has been shown that MAP4K4 may regulate INK
signaling pathway in mammalian cells and mediate various cellular processes, including cell
motility (Xue et al., 2001). The MAP4K4 homologs in Drosophila (Misshapen) and C.
elegans (MIG-15) have also been implicated in cell movement (Chapman et al., 2008; Su et
al., 1998). Recently, it has been shown that mutations of Msn (Misshapen) block migration
of Drosophila ovary border cells (Lewellyn et al., 2013). Interestingly, Msn can decrease
cell surface integrin level in Drosophila epithelial cells and facilitate detachment of cells’
trailing edges during cell migration (Lewellyn et al., 2013), implying a potential role of
MAP4K4 in FA dynamics.

Mammalian skin provides an excellent platform to investigate cytoskeletal dynamics and
cell migration in vivo (Blanpain and Fuchs, 2006; Wu et al., 2008; Wu et al., 2011). Here,
we employ conditional gene targeting to ablate MAP4K4 expression in skin epidermis. Our
results have uncovered essential roles for MAP4K4 in skin wound healing and epidermal
migration, which we trace to its function in controlling dynamics of FAs. To probe deeper
into the role of MAP4K4 in FA dynamics and decipher its connection with MT networks,
we further identified two key binding partners of MAP4K4, EB2 (end binding 2) and
IQSEC1 (1Q motif and SEC7 domain-containing protein 1).

The three MT end-binding proteins (EB1, EB2 and EB3) in mammalian cells can track the
plus ends of growing MTs (Akhmanova and Steinmetz, 2008). It has been established that
EB1 and EB3 together can regulate MT dynamics by promoting MT growth and suppressing
catastrophe (Komarova et al., 2009; Komarova et al., 2005). In contrast, EB2 does not play a
direct role in MT dynamic instability (Komarova et al., 2009). Little is known about EB2’s
cellular function (Goldspink et al., 2013). Our results raise the intriguing possibility that
EB2 can act as an adaptor protein to recruit MAP4K4 to MTs, thus promoting FA turnover
and cell motility.

IQSECL is a guanine nucleotide exchange factor with reported specificity toward Arf6
(Someya et al., 2001), which is a small GTPase critically involved in endocytosis and
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vesicle recycling (D'Souza-Schorey and Chavrier, 2006). Arf6-mediated trafficking controls
multiple steps that impinge upon cell migration. It has been demonstrated that Arf6 can
regulate the internalization and trafficking of various membrane adhesion proteins, including
integrin at FAs (Schweitzer et al., 2011). Depletion of IQSEC1 in mammalian cells leads to
an accumulation of integrin receptors on cell surface and stabilization of cell adhesion to
ECM (Dunphy et al., 2006; Hiroi et al., 2006). IQSECL1 has also been shown to participate in
cancer cell invasion and phagocytosis of monocytic phagocytes via its Arfé GEF activity
(Morishige et al., 2008; Someya et al., 2010). Its interaction with MAP4K4 suggests that
MT-delivered MAP4K4 can enhance FA turnover by subsequent activation of Arf6.

Taken together, our results both identify the potential FA “disassembly factor” delivered by
MTs and unravel a signaling cascade centering on MAP4K4. Our results provide important
mechanistic insights into how MT networks regulate FA turnover and directional cell
movement.

RESULTS
Identification of MAP4K4 as a potential MT-dependent FA “Disassembly Factor”

Disruption of MT network with nocodazole leads to FA stabilization in various cell lines
(Bershadsky et al., 1996; Ezratty et al., 2005; Wu et al., 2008). Like mouse primary
keratinocytes, HaCaT cells (human keratinocyte cell line) adhere to fibronectin matrix and
develop robust FAs at the cell periphery (Fig. 1A). Treatment with nocodazole dramatically
reduced the rate of FA turnover in HaCaT cells (Supplementary Fig. 1A).

In order to quantitatively assess the proteomic changes in FAs upon loss of MTs, we applied
SILAC technology by metabolically labelling two populations of HaCaT cells with either
regular lysine (light) or deuterium-substituted lysine (heavy). Cells were maintained in the
labelling medium for more than 10 doublings, leading to a labelling efficiency greater than
99% (data not shown). FA proteins were then fractionated from these two populations by an
established protocol (Kuo et al., 2011) with or without prior treatment of nocodazole (Fig.
1A and supplementary Fig. 1B). Isolated proteins were then combined and subjected to
analysis by tandem mass spectrometry (LC-MS/MS). Interestingly, the two proteins that
displayed most significant decrease upon nocodazole treatment were identified as EB1 and
EB2 (Fig. 1B, and supplementary table 1). This finding is consistent with previous reports
that MT plus ends can be targeted to FAs (Ezratty et al., 2005; Kaverina et al., 1999; Wu et
al., 2008). Thus, plus end tracking proteins, such as EB1, are present in the FAs in untreated
cells, but lost upon nocodazole treatment. Our analysis revealed another intriguing
candidate, MAP4K4, whose abundance in FAs is consistently reduced (~5 fold) upon
dissolution of MT networks (Fig. 1B).

Immunoblot analyses verified our proteomic results, showing diminished level of EB1, EB2,
and MAP4K4 in FAs derived from nocodazole treated cells (Supplementary Fig. 1C). To
examine the potential connection between MAP4K4 and MTs, we carried out a MT pull
down assay. Like EB2, significant amount of MAP4K4 was co-precipitated with MTs (Fig.
1C). To determine whether MT can deliver MAP4K4 toward FAs, we examined localization
of endogenous MAP4K4 by TIRF (total internal refection fluorescence) microscopy. Our
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results reveal significant enrichment of endogenous MAP4K4 at the tips of MT bundles that
associate with FAs in cultured keratinocytes (Supplementary Fig. 1D). Lack of detectible
MAP4K4 signal in cultured MAP4K4 KO cells confirmed specificity of our staining.
Interestingly, co-localization between endogenous MAP4K4 and FA is markedly reduced in
nocodazole treated cells or ACF7 null cells (Fig. 1D-E). ACF7 has been demonstrated to
play an essential role to mediate targeting of MTs toward FAs (Wu et al., 2008). The
reduction of MAP4K4 localization is specific to FA, as epi-fluorescence imaging of the
same cells (Fig. 1D) show comparable level of MAP4K4 (Supplementary Fig. 1E), and
immunoblots confirmed that nocodazole treatment or loss of ACF7 does not significantly
change the level of endogenous MAP4K4 (Supplementary Fig. 1F). Together, these results
suggest that MAP4K4 could serve as the potential candidate that mediates crosstalk between
MTs and FAs.

In support of this hypothesis, accumulating evidence suggests that MAP4K4 and its
homologues in other model organisms act as pro-migratory kinases (Chapman et al., 2008;
Su et al., 1998; Xue et al., 2001). Mutation of Msn, the Drosophila homolog of MAP4KA4,
increases surface integrin level and impairs cell detachment (Lewellyn et al., 2013), strongly
suggesting a role of MAP4K4 in FA turnover. In line with previous findings, we observed
that exogenous expression of GFP-MAP4K4 but not GFP alone in mouse primary
keratinocytes caused cell to round up and detach from the matrix (data not shown). When
exposed to fibronectin, cells expressing GFP-MAP4K4 exhibited significantly delayed
adhesion and spreading comparing with GFP-expressing cells (Fig. 1F). Taken together, our
results identify MAP4K4 as a potential regulator of FA dynamics that associates with MTs.

Conditional Knockout of MAP4K4 Leads to Aberrant Wound Repair and Defects in
Epidermal Cell Migration

While adult mouse skin serves as an ideal system to study cell movement in vivo (Wu et al.,
2008), deletion of MAP4K4 in mice leads to early embryonic lethality (Xue et al., 2001). To
circumvent this issue, we developed skin cKO of MAP4K4. By homologous recombination,
two loxP sites were inserted in the 5 UTR and the 2" intron of MAP4K4 respectively. To
conditionally target MAP4K4 in skin, we bred MAP4K 4"/ mice with K14-Cre recombinase
transgenic mice, which efficiently excised floxed exons by embryonic day E15.5 (Wu et al.,
2008) (Fig. 2A). Neonatal mice genotypic for K14-Cre and MAP4K 4/ alleles (cKO) were
born in the expected Mendelian numbers and grew to adulthood. Western blot confirmed the
loss of MAP4K4 protein in cKO skin epidermis (Fig. 2A).

Although MAP4K4 skin cKO animals usually appeared smaller comparing with their
littermates, they manifested no gross morphological changes in skin or hair coat (Fig. 2B).
Histologically, epidermal homeostasis appeared normal and immunofluorescence staining
with antibodies against 4 integrin (basal surface of the epidermis), keratin 5 (basal layer),
keratin10 (spinous layer), and loricrin (granular layer) all displayed localization patterns
similar to WT (Wild Type) littermate’s skin (Fig. 2C).

Directional cell movement makes critical contribution to skin wound repair. When
challenged to respond to injury, MAP4K4 cKO skin exhibited a significant delay in repairing
full-thickness wounds as compared to WT skin. Histological analysis and quantification
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revealed that the area of hyperproliferative epithelium (HE) that typically proliferates and
migrates into the wound site was diminished by more than 50% over 2—6 days following
injury (Fig. 2D and E). Interestingly, despite the delay in wound-closure, no significant
alterations were found in cell proliferation upon loss of MAP4K4, as judged by labeling for
Ki67 (Fig. 2F). Thus, the delayed wound healing response in MAP4K4-deficient skin
seemed more likely to be rooted in potential defects in cell migration.

To examine this hypothesis, we isolated and analyzed primary mouse keratinocytes from
WT and cKO skin (Fig. 2H). Cells deficient for MAP4K4 exhibited a flatter and round
morphology, resembling ACF7 null cells that develop abnormally stable FA and migrate
poorly invitro (Wu et al., 2008). We then monitored cell migration with isolated
keratinocytes, during recovery of scratch wounds introduced into cell monolayers. Whereas
WT keratinocytes usually closed the gap usually within 36 hours, KO keratinocytes moved
only ~30% of this distance into the wound (Fig. 2G and supplementary Fig. 2A).
Videomicroscopy permitted image and monitoring the velocities and directed migration of
individual keratinocytes. Our results demonstrated that MAP4K4 KO cells moved
significantly more slowly compared to their WT counterparts. Quantification of cell motility
revealed a dramatic decrease in the average speed of KO keratinocytes (Figure 2H and
supplementary Fig. 2B).

MAP4K4 Deficiency Leads to Aberrant Regulation of FA Dynamics

To determine the role of MAP4K4 in FA dynamics, we examined cell/ECM adhesions after
MAP4K4 deletion. Immunofluorescence microscopy showed significantly enhanced labeling
of FAs in MAP4K4 null keratinocytes relative to WT controls (Fig. 3A). Quantification of
the presence of Vinculin showed a significant increase in the size of FAs in MAP4K4 null
cells (Fig. 3B).

We further employed confocal videomicroscopy to trace and examine the behavior of
individual FA (Wu et al., 2008). To visualize FAs, we transfected cells with plasmids
encoding DsRed-Zyxin, a fluorescently labeled FA marker protein (Wu et al., 2008).
Representative examples of the perturbations in FAs dynamics arising from MAP4K4-
deficiency are shown in complete form in Supplementary Video 1, and in montages in
Figure 3C. During the interval of observation, FAs in MAP4K4 null cells were often static,
while many FAs in WT keratinocytes underwent continual bouts of formation, maturation
and disassembly. Quantification of the kinetics of individual FAs revealed dramatic decrease
in both the assembly and disassembly rates of FAs in KO cells (Fig. 3D).The defects in FA
dynamics were further substantiated by fluorescence recovery after photobleaching (FRAP)
experiments (Fig. 3E and supplementary Fig. 3). By comparison with GFP-Paxillin
transfected WT cells, we found that deletion of MAP4K4 resulted in a substantial increase in
half-times of fluorescence recovery after bleaching (Fig. 3F). Together, these data provide
compelling evidence that MAP4K4 regulates cell migration by promoting FA dynamics.

Identification of MAP4K4 Binding Partners

MT targeting promotes FA turnover (Ezratty et al., 2005; Kaverina et al., 1999; Rodriguez et
al., 2003; Wu et al., 2008). The phenotype of MAP4K4 deletion is highly analogous to what
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we observed in ACF7 KO cells (Wu et al., 2008). However, unlike ACF7 null cells,
MAP4K4 KO cells exhibit bundled MT filaments that associate with peripheral FAs (Fig.
4A). Confocal videomicroscopy further indicates comparable MT targeting frequency
between WT and MAP4K4 KO cells (Supplementary Fig. 4A). Additionally, MT plus end
dynamics are largely unaltered in MAP4K4 KO cells (Fig. 4B). These results suggest that
MAP4K4 does not regulate MT dynamics or FA targeting, but instead more likely acts
downstream of MTs to facilitate FA turnover.

Rho family small GTPases are known to play a pivotal in regulating FA dynamics and cell
migration (Jaffe and Hall, 2005). However, biochemical pull-down assays revealed
comparable overall levels of the GTP-bound state of RhoA, Racl, and Cdc42 in WT and
MAP4K4 KO cells (Supplementary Fig. 4B-D). Talin associates with integrin cytoplasmic
tail and is involved in mechanotransduction and activation of integrin (Calderwood et al.,
2013). Proteolysis of talin by calpain has been shown to be critical for FA dynamics (Franco
et al., 2004). However, our immunoblot assays demonstrate similar level of talin and cleaved
talin in WT and MAP4K4 null cells (Supplementary Fig. 4E). Together, these findings
suggest that MAP4K4 regulates FA dynamics through a distinct mechanism other than
activation of Rho GTPases or talin proteolysis.

To probe deeply into the role of MAP4K4 in FA dynamics, we performed tandem affinity
purification to identify its binding partners. Purified MAP4K4 binding proteins were
resolved by electrophoresis and examined by silver staining (Fig. 4C). Interestingly, our
analysis with LC-MS/MS identified two MAP4K4 interacting proteins with potential
relevance in cytoskeletal dynamics and FA turnover, EB2 and IQSEC1 (Fig. 4D).

MAP4K4 Interaction with EB2

To verify MAP4K4 interaction with EB2, we carried out endogenous
coimmunoprecipitation assays. Consistent with MS results, we detected significant amount
of EB2 in a-MAP4K4 immunoprecipitates and MAP4K4 in a-EB2 precipitates (Fig. 5A).

Mammalian cells including keratinocytes express three EB proteins that share substantial
sequence homology (Komarova et al., 2009). To test the potential interaction with other
EBs, we exogenously expressed EB1, EB2, and EB3 together with MAP4K4 in cells. Co-
immunoprecipitation showed that MAP4K4 specifically associates with only EB2, but not
EB1 or EB3 (Fig. 5B). This specificity is consistent with our SILAC analysis of FAs, which
shows comparable fold changes of EB2 and MAP4K4 in FAs upon disruption of MTs (Fig.
1B). Sequence alignment of three EB family members indicates three unique regions in
EB2, the N terminus, the acidic C terminus (CT) and an internal region close to the coiled
coil domain (cc) (Fig. 5C). To examine their contribution to binding with MAP4K4, we
introduced deletion or swapping mutations to EB2 by either removing the N terminus or
replacing the unique regions in EB2 with corresponding sequences from EBL1 (Fig. 5C). We
then carried out co-immunoprecipitation to determine their respective binding affinity to
MAP4K4. Our results show that, whereas the N terminus of EB2 is dispensable for
MAP4K4 interaction, EB1 swapping mutation at the cc domain or CT diminished
association with MAP4K4 at different degree (Fig. 5C). Interaction with MAP4K4 was
barely detectible when we used the EB2 mutant containing swapping mutations at both cc
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domain and CT (Fig. 5C), suggesting that MAP4K4 associates with EB2 at multiple
locations.

MAP4K4 associates with MTs (Fig. 1C) but does not possess any recognizable MT binding
motif. As a MT binding protein, EB2 could function as an adaptor protein to recruit
MAP4K4 to MTs. To test this hypothesis, we prepared lentiviral vector encoding EB2
shRNA sequence as reported (Supplementary Fig. 5A) (Komarova et al., 2009; Komarova et
al., 2005) and performed MT pull down assay for MAP4KA4. Interestingly, depletion of
endogenous EB2 greatly reduces MT binding of MAP4K4 (Fig. 5D). Additionally,
knockdown of EB2 leads to a significant decrease of MAP4K4 level in FAs (Fig. 5E-G).
These results strongly suggest that EB2 acts as an essential adaptor, permitting MT-delivery
of MAP4K4 to FAs.

Consistent with our hypothesis, knockdown of EB2 in mouse primary keratinocytes led to
severe defects in cell motility (Fig. 5H). Additionally, FAs in EB2-depleted cells were
stabilized, as determined by confocal videomicroscopy (Fig. 51). Exogenous expression of
an EB2 mutant with multiple silent mutations within the ShRNA recognition sequence
restored cell motility and FA dynamics in knockdown cells (Fig. 5H and I). By contrast,
expression of MAP4K4 non-binding mutant of EB2 (cc-CT mutant, Fig. 5C) failed to rescue
the defects (Fig. 5H and 1), indicating an essential role for MAP4K4 interaction in this
process. The cc-CT mutation in EB2 does not alter its MT binding affinity (Supplementary
Fig. 5B), or change its ability to track MT plus ends (Supplementary video 2).

MAP4K4 Activates Arf6 through its Interaction with IQSEC1

Our MS analysis identified IQSEC1 as a MAP4K4 binding protein (Fig. 4C-D), and
presence of the N terminal peptide of IQSEC1 suggests that MAP4K4 associates with the
longer splicing isoform of IQSEC1 (Dunphy et al., 2006). Coimmunoprecipitation assay
confirmed interaction between IQSEC1 and MAP4K4 (Fig. 6A).

Mounting evidence suggests that IQSEC1, an Arfé GEF protein, regulates cell adhesion to
matrix via Arfé (Dunphy et al., 2006; Hiroi et al., 2006; Morishige et al., 2008; Someya et
al., 2010). We first examined the potential role of MAP4K4 in activation of Arf6. To this
end, we exogenously expressed IQSEC1 with or without MAP4K4 and performed GGA3
pull down assay to determine the level of GTP-bound Arf6 (D'Souza-Schorey and Chavrier,
2006). Expression of IQSEC1 (the longer isoform as BRAG2b) alone only modestly
enhanced the Arf6 activity, whereas co-expression of both IQSEC1 and MAP4K4 led to a
significant increase in GTP-Arf6 level (Fig. 6B). Consistently, loss of MAP4K4 in
keratinocytes significantly reduced endogenous Arf6-GTP level as expected (Fig. 6C). To
test whether MAP4K4 binding with MTs is involved in Arf6 activation, we carried out
GGA3 pull-down analysis in EB2 knockdown cells. As expected, depletion of endogenous
EB2 leads to dramatic reduction of GTP-bound Arf6 level (Fig. 6D). Expression of WT EB2
but not EB2 mutant deficient for MAP4K4 interaction (cc-CT mutant of EB2) can restore
Arf6 activation, strongly suggesting that MAP4K4 association with EB2 is essential for Arf6
activation in cells (Fig. 6D).
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IQSECL1 and Arfé control cell adhesion by regulation of integrin internalization and
intracellular trafficking (D'Souza-Schorey and Chavrier, 2006; Dunphy et al., 2006). To
determine the role of MAP4K4 in this process, we first quantitated the surface expression of
endogenous B1 integrin by flow cytometry. Our results indicate that KO of MAP4K4 in skin
keratinocytes leads to an ~50% increase in surface level of B1 integrin (total or active 1
integrin) relative to WT control cells (Fig. 6E and supplementary Fig. 6A). Immunoblotting
of cell lysates demonstrated that overall expression of p1 integrin was not affected by loss of
MAP4K4 (data not shown). As reported in other cell lines (Dunphy et al., 2006; Ezratty et
al., 2005), B1 integrin in keratinocytes is undergoing active endocytosis and intracellular
trafficking. Internalized 1 integrin can be detected in intracellular vesicles and co-localize
with various endosomal markers, such as Rab5 (Supplementary Fig. 6B-C). To
quantitatively assess the rate of f1 integrin internalization, we carried out reversible
biotinylation assay (Wu et al., 2005). Our results reveal that endocytosis of f1 integrin in
MAP4K4 null cells is significantly reduced (Fig. 6F). Together, our results provide
compelling evidence that MAP4K4 promotes FA dynamics by regulating IQSEC1/Arf6
pathway and controlling endocytosis of integrin. Recent study suggested that IQSEC1 might
regulate a5p1 integrin endocytosis via activation of Arf5 (Moravec et al., 2012). However,
our biochemical pull-down suggests that level of GTP-bound Arf5 is not significantly
affected by deletion of MAP4K4 (Supplementary Fig. 6D).

Activity of GEF proteins can be regulated by post-translational modifications, such as
phosphorylation. Co-expression of IQSEC1 with WT MAP4K4 but not kinase defective
(KD) mutant of MAP4K4 leads to significant phosphorylation of IQSECL in vivo, which is
sensitive to treatment of alkaline phosphatase (Fig. 6G). To examine the potential relevance
in IQSEC1 activity, we re-expressed WT or KD mutant of MAP4K4 in MAP4KA4 deficient
cells. Pull-down results indicate that WT but not KD mutant of MAP4K4 can rescue Arf6
activity in MAP4K4 KO cells, suggesting that MAP4K4 might regulate Arf6 activation via
protein phosphorylation (Fig. 6H). When expressed in MAP4K4 KO cells, WT but not KD
mutant of MAP4K4 can enhance FA disassembly and cell movement, suggesting that the
kinase activity of MAP4K4 is essential for its role in these processes (Fig. 7A).

To determine the relevance of IQSEC1/Arf6 pathway in migration of keratinocytes, we
prepared shRNAs for both genes (Supplementary Fig. 7). Consistent with reports from other
cell lines (Dunphy et al., 2006; Morishige et al., 2008; Someya et al., 2001), depletion of
endogenous IQSECL or Arf6 in mouse keratinocytes markedly stabilized FAs and impaired
cell motility (Fig. 7B and C). To determine whether Arf6 acts downstream to MAP4K4 in
these processes, we transfected MAP4K4 KO cells with plasmid encoding Arf6 T157A, the
fast cycling mutant of Arf6 (Santy, 2002). Relative to mock transfection, expression of Arfé
T157A significantly rescued cell motility and FA disassembly defects in MAP4K4 null cells
(Fig. 7B and C). In addition, expression of Arf6 T157A restored FA dynamics in cells
depleted with IQSEC1 (Fig. 7C). Taken together, our results delineate a signaling cascade
whereby MT dynamics regulate FA turnover through MAP4K4 interaction with IQSEC1
and subsequent activation of Arf6 (Fig. 7D).
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DISCUSSION

Accumulating evidence suggests that FAs can serve as the “hotspot” for crosstalk between
MT and actin networks (Rodriguez et al., 2003). Small’s group has shown that MTs can
specifically grow towards FAs, a process likely guided by underlying F-actin filaments
(Kaverina et al., 1999; Krylyshkina et al., 2002). Targeting of MTs toward FAs promotes
dissolution of FAs at the cell periphery, a feature in line with the long-standing observation
that cells treated with MT depolymerizing drugs contain enlarged and stabilized FAs
(Bershadsky et al., 1996; Ezratty et al., 2005; Wu et al., 2008). Further evidence has
implicated dynamin and clathrin in this process, strongly suggesting that FA dissolution is
mediated by the endocytic pathway (Ezratty et al., 2009; Ezratty et al., 2005). However, the
molecular mechanisms by which MT targeting contributes to FA dynamics have not been
established. It has been speculated that MTs can serve as macromolecular tracks to deliver
an unknown “disassembly factor” to facilitate FA turnover (Krylyshkina et al., 2002). But
the nature of this “disassembly factor” and how this “disassembly factor” can activate
endocytic machinery to promote FA dissolution remain unclear.

Our study presents compelling evidence that MAP4K4 acts as a MT-dependent
“disassembly factor” to promote FA dynamics. Our model suggests that MAP4K4 associates
with MT via its interaction with EB2. Upon targeting to FAs via MTs, MAP4K4 can bind
and phosphorylate IQSEC1, which in turn activates Arf6 and endocytosis, leading to
turnover of FAs. A schematic outlining this model is presented in Figure 7D. Consistent
with this model, ablation of MAP4K4 in skin epidermal cells impairs wound healing in vivo.
Furthermore, isolated MAP4K4 null cells display diminished Arf6 activity, stabilized FAs,
and aberrant cell motility in vitro. Our results illuminate a hitherto unrecognized signaling
cascade underlying FA dynamics and cell migration.

Interestingly, our study suggests that loss of MAP4K4 in primary skin keratinocytes inhibits
both FA assembly and disassembly. This finding is consistent with our previous report on
ACF7, whose deletion abolishes targeting of MT plus ends to FAs and inhibits both FA
assembly and disassembly (Wu et al., 2008). In addition, treatment with nocodazole leads to
stabilization of FAs, and assembly and disassembly rate of FAs are decreased similarly
(Supplementary Fig. 1A) (Wu et al., 2008). Together, these results argue that in addition to
FA dissolution, MT dynamics and targeting of MTs to FAs may play an equally important
role in FA assembly. The underlying molecular mechanisms deserve further investigation.

Our study has also elucidated the role of EB2 in MT functionality. Growing MT ends
accumulate a special group of MT interacting proteins, often referred to as MT plus-end
tracking proteins (Akhmanova and Steinmetz, 2008). Mammalian cells also express three
EB proteins, EB1, EB2 and EB3, which are encoded by separate genes. It has been reported
that EB1 and EB3 together play a major role in mammalian cell to control MT dynamics by
promoting growth and suppressing catastrophe of MTs, whereas EB2 is dispensable in these
processes (Komarova et al., 2009; Komarova et al., 2005). In addition, unlike EB1 and EB3,
enrichment of EB2 at MT plus ends is less prominent (Komarova et al., 2009). Our study
unravels a specific and essential role of EB2 in mediating the crosstalk between MTs and
FAs. Inactivation of EB2 in keratinocytes leads to aberrant FA dynamics and decreased
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motility, at least in part through its specific interaction with MAP4K4. Future studies will be
needed to fully understand how the three EB proteins act in different cellular processes in
vivo. We favor the hypothesis that unlike EB1 and EB3, EB2 might not be directly involved
in regulation of MT dynamic instability. Instead, via its unique sequence, EB2 may function
as an adaptor molecule to recruit signaling molecules to MTs, which is required for various
cellular processes, including cell motility.

Under different conditions, turnover of FAs can be mediated by clathrin-dependent
endocytosis or macropinocytosis (Ezratty et al., 2009; Gu et al., 2011). The role of Arf6 in
endocytic membrane trafficking is well established, but it also likely regulates
macropinocytosis (Schweitzer et al., 2011). Further investigation will be required to
determine whether MAP4K4-induced Arf6 activity promotes FA turnover via clathrin-
dependent endocytosis or macropinocytosis, or both. Nevertheless, identification of the
interaction between MAP4K4 and IQSEC1 provides an intriguing link between Arfé
signaling and MT network, fulfilling the gap in our understanding of MT-induced turnover
of FA.

In closing, our findings provide critical insights into the mechanics of MT-induced FA
turnover and now pave the way for probing more deeply into the intricate signaling network
orchestrating the crosstalk between F-actin and MT cytoskeletal networks and localized sites
of membrane-associated activity.

EXPERIMENTAL PROCEDURES

SILAC (Stable Isotope Labeling) and FA fractionation

HaCaT cells were labeled with either “heavy” or “light” isotopic lysine using a SILAC
protein quantification kit (Thermo scientific, Rockford, IL, USA) according to
manufacturer’s instruction. Briefly, cells were grown in DMEM:F12 medium supplemented
with 10% dialyzed fetal bovine serum and either the “heavy” form of L-Lysine-2HCI (4, 4,
5, 5-D4) or “light” L-Lysine for more than six generations to achieve more than 98% of
labeling efficiency (Ong et al., 2003).

To isolate FA proteins, subconfluent HaCaT cells were treated with nocodazole (13 pum) or
vehicle control for 30 minutes. Fractionation was carried out essentially as described (Kuo et
al., 2011). Briefly, cells were hypotonically shocked with triethanolamine-containing
solution. Cell bodies were removed by hydrodynamic force with PBS repetitively. FA
proteins were then collected and denatured by scraping and sonication. Samples were
analyzed with LC-MS/MS afterwards.

Generation of MAP4K4 cKO Mice

The MAP4K4 flox strain was kindly provided by Dr. Min Xie at University of Texas
Southwestern Medical Center and Prof. Michael Schneider at Imperial College London. The
breeding stock of MAP4K4 flox animals were provided by Dr. Edward Skolnik at New York
University. MAP4K4 cKO animals were generated by breeding MAP4K 4/l mice to K14-
Cretransgenic mice. All mice used in this study were bred and maintained at the ARC
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(animal resource center) of University of Chicago in accordance with institutional
guidelines.

TIRF microscopy

TIRF imaging was done using Leica GSD/TIRFM Ground State Depletion Superresolution
Microscope. Solid state laser light (405nm, 488nm, 532nm, 642nm) was focused at the back
focal plane of a 160x NA 1.43 objective. Signals were recorded by Andor iXon3 897 high
speed EMCCD camera. For TIRF imaging, the stained cells were mounted in an open
chamber filled with 1x PBS.

Pearson's coefficient for co-localization was calculated using NIH ImageJ software.

FRAP and FA Assembly/Disassembly Measurements

Kinetics of FA assembly and disassembly were performed essentially as previously
described (Wu et al., 2008). Keratinocytes were plated on fibronectin-coated dishes and
transfected with plasmid encoding DsRed-Zyxin. Time series of images were acquired on a
3i Marianas Yokogawa-type spinning-disc confocal microscope equipped with a 100x a-
plane (1.45 oil) lens and an EM charge-coupled device camera. The rate constants for FA
assembly and disassembly were obtained by calculating the slope of relative fluorescence
intensity increases or decreases of individual FA on a semilogarithmic scale against time.

FRAP assays were performed essentially as described (Wu et al., 2008). Briefly, cells were
plated on fibronectin-coated 3.5-cm dishes and transfected with plasmid encoding GFP-
paxillin. Three or two prebleach events were performed followed by a 1-s bleach event.
Fluorescence recovery was recorded for 140 seconds after photobleaching events, and data
from these photokinetic experiments were analyzed using DeltaVision software.

Flow cytometry

Flow cytometry analysis of surface integrin was carried out essentially as described (Wu et
al., 2008).

Statistical analysis

Statistical analysis was performed using Excel or OriginLab software. Box plots are used to
describe the entire population without assumptions on the statistical distribution. A student t
test was used to assess the statistical significance (P value) of differences between two
experimental conditions.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Identification of MAP4K4 as a MT-dependent FA protein
(A) Flow diagram of the protocol used to isolate FA proteins for SILAC analysis. HaCaT

cells were stained with a-vinculin antibody to visualize FAs (top two panels). Scale bar = 20
um. (B) Candidates that exhibit most significant changes in protein levels upon nocodazole
treatment. Ratios of each candidate protein retrieved from heavy or light cells (H/L) were
shown together with the ratio variability. MAPRE1 or 2: microtubule associated protein,
RP/EB family member 1 or 2. The level change of vinculin is included as a control. (C)
Interaction with MTs was examined by co-sedimentation assay. Presence of protein in the
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original lysate (input), pellet of centrifugation as well as supernatant was determined by
immunoblot with different antibodies as indicated. (D) WT mouse primary keratinocytes
treated with or without nocodazole and ACF7 KO keratinocytes were fixed and subjected to
immunofluorescence staining with different antibodies as indicated. Stained cells were
examined by TIRF microscopy. Scale bar = 20 um. (E) Co-localization between MAP4K4
and FAs was determined by Pearson correlation coefficient. N=10, and P<0.01. (F) GFP or
GFP-MAP4K4 cells were harvested and replated onto fibronectin-coated surface for 15 or
30 minutes. Cells were then fixed and stained. Adhesion and spreading of cells (cell area)
were quantified with Image J and shown as Box and Whisker plots. Box and whisker plots
indicates the mean (empty square within the box), 25th percentile (bottom line of the box),
median (middle line of the box), 75th percentile (top line of the box), 5th and 95th percentile
(whiskers), 1st and 99th percentile (solid diamonds) and minimum and maximum
measurements (solid squares), with actual data points shown at right. N>50 for each group,
and P<0.01 between GFP and MAP4K4 for each time point.

Dev Cell. Author manuscript; available in PMC 2015 December 08.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

wdudsnuel Joyny vd-HIN

Yue etal.

A WT Floxcko

MAP4K4
flox

WT

K14-Cre

WT cKO

} l

IB: MAP4K4

IB: tubulin

Lol

T
S~
o
25
5o .
[ =] d
(TN ] g "
c 0o & °
% ° 2000595 w1, £
a 1% & -, . 104
o i X,
0 . I“" . . . i 0
Day2 Day4 Day6

-
N
o

Post-wounding

30

Distance (um
3

H 600

300

0 12

18 24 30 36
Hours Post-wounding

-600

-300 é" 300 600

-300 A

-600 -

KO

Figure 2. Cell migration defects in MAP4K4-deficient keratinocytes

(A) PCR genotyping of MAP4K4 cKO mouse DNAs (top panel; WT: wildtype, Flox:

MAP4K41M: ckO: MAP4K4M/: K14-Cre). Immunoblot analysis of PO epidermal extracts
(20 pg total protein) probed with different antibodies as indicated. (B) MAP4K4 cKO mice

can grow to adulthood (left panel). Histological analysis (hematoxylin/eosin staining)

confirms rather normal skin and hair follicles in cKO skin (right panel). Scale bar = 50 um.

(C) Dorsal skins of neonatal mice were immunostained with different antibodies as

indicated (K5: keratin 5, K10: keratin 10, Lor: Loricrin, p4: p4-integrin, CD104). Scale
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bar=50 um. (D) Wound healing as monitored by histological staining of skin sections at the
wound edges 4 days after injury. Halves of wound sections are shown. Epi: epidermis; der:
dermis; Es: eschar. Dotted lines denote dermal—epidermal boundaries. Scale bar = 50 pum.
(E) Quantification of the length of hyperproliferative epidermis generated at times indicated
after wounding. Number of biological replicates (N) =30 for each group. P<0.01 for each
time point. (F) Quantification of Ki67-positive cells present in wound HE. Error bars
represent standard deviations (SD). N=10, P=0.22. (H) Morphology of primary
keratinocytes isolated from WT or MAP4K4 cKO skin. Scale bar = 50 um. (G) Migration of
confluent monolayers of mouse keratinocytes cultured from MAP4K4 cKO and WT
littermates was assessed by in vitro scratch-wound assays. The kinetics of in vitro wound
healing was quantified. N=3, P<0.01. (H) Movements of individual keratinocytes were
traced by videomicroscopy. Migration tracks of multiple cells for each group (WT or KO)
are shown here as scatter plots. N=30.
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Figure 3. MAP4K4 regulates FA dynamics
(A) Immunolabeling of WT and MAP4K4 null cells for F-actin (red), nuclei (DAPI; blue),

and FA marker vinculin (Vin; green). Scale bar = 20 um. (B) Box and whisker plot
indicating the size distribution of FAs in WT and KO cells. N>300, and P<0.01. (C)
Representative time-lapse images (montages) of DsRed-Zyxin expressing keratinocytes.
Note formation and dissolution of FAs in WT cells and very static FAs in KO cells. Scale
bar = 10 pm. (D) Box and whisker plots revealing slow assembly and disassembly rates of
FAs in MAP4K4 KO cells relative to their WT counterparts. N>50 for each group, and
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P<0.01. (E) Fluorescence recovery after photobleaching (FRAP) was used to visualize

reduced dynamics of FAs in MAP4K4 KO vs WT cells. Representative time-lapse images
(montage) of FAs are shown. Scale bar = 5 pm. (F) Box-and-whisker diagram quantifying
the differences in half-time (T1/) of FRAP between WT and KO cells. N>10, and P<0.01.
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Figure 4. Identification of MAP4K4 binding partners by tandem affinity purification

(A) Immunofluorescence for MTs (red), FAs (vinculin, green), and nuclei (DAPI, blue)

in MAP4K4 deficient cells. Boxed

areas are magnified as insets, where only MT staining is shown. Note bundled MT filaments

merge toward peripheral FAs in WT and MAP4K4 KO cells. Scale bar

shows altered MT organization in ACF7 KO cells but not

20 pm. (B) Box

and whisker plots for EB1 plus end dynamics in WT and MAP4K4 KO cells. Descriptive

statistics of all the results

including mean and standard deviation, were shown in the table

below. (C) MAP4K4 and its associated proteins were isolated by tandem affinity
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purification and resolved by SDS-PAGE. 1gG heavy chain and light chain are marked by
arrowheads. The putative band for MAP4K4 is marked by star. Putative band for EB2 is
marked by an arrow. (D) Both EB2 and IQSEC1 were found as MAP4K4 binding proteins.
Identified peptides for each protein were highlighted (yellow).
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Figure 5. EB2 recruits MAP4K4 to MTs and promotes FA dynamics
(A) Keratinocyte lysate was immunoprecipitated with a-EB2 or a-MAP4K4 antibodies.

Immunoprecipitate (IP) as well as whole cell lysate (WCL, 10 ug total protein) was
subjected to immunoblot with different antibodies as indicated. (B) HEK293T cells were
transfected with different plasmids as indicated. Cell lysates were immunoprecipitated with
a-HA antibody and immunoblotted with different antibodies as indicated. For WCL, 10 ug
total proteins were used. Note only EB2 specifically pulls down MAP4K4. (C) Schematic
representation of EB1, EB2, and various EB2 mutants used for coimmunoprecipitation
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assays (top panel). CH: calponin homology domain; cc: coiled-coil domain; CT: acidic C
terminus. Association of EB2 or EB2 mutants with MAP4K4 was determined by
coimmunoprecipitation as described above (lower panel). For WCL, 10 pg total proteins
were used. (D) Control or EB2 knockdown cells were transfected with plasmid encoding
MAP4K4. MT binding was examined by co-sedimentation assay. Pellet and supernatant as
well as an aliquot of pre-cleared cell lysate (input) were immunoblotted to assess the level of
MAP4KA4. (E) Presence of MAP4K4, EB2, and EBL1 in isolated FAs or whole cell lysate
(WCL, 20 pg) from control or EB2-shRNA treated cells was determined by immunoblots.
(F-G) WT keratinocytes and EB2 knockdown (KD) cells were subjected to
immunofluorescence staining and examined by TIRF microscopy (F). Co-localization
between MAP4K4 and vinculin was determined by Pearson correlation coefficient and
quantified (G). Scale bar = 20 um. N=10, P<0.01. (H-1) Quantifications of migration
velocities and FA disassembly for control, EB2-knockdown (KD) cells, and cells rescued
with WT EB2 or EB2 mutant (EB2-cc-CT). Note that only WT EB2 restored FA dynamics
and rescued the speed of migration. For cell motility assay (1), N=30 cells x 120 time points
for each group. P<0.01 between WT and EB2 KD; EB2 KD and EB2 KD + EB2; and EB2
KD + EB2 and EB2 KD + EB2 mutant. For FA disassembly (J), N>40 for each group.
P<0.01 between WT and EB2 KD; EB2 KD and EB2 KD + EB2; and EB2 KD + EB2 and
EB2 KD + EB2 mutant.
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Figure 6. MAP4K4 promotes IQSEC1 and Arf6 activity
(A) Interaction between IQSEC1 and MAP4K4 was confirmed by coimmunoprecipitation.

Cells were transfected with plasmids encoding Myc-tagged MAP4K4 with or without HA-
tagged IQSEC1. Cell lysate was immunoprecipitated with a- HA and blotted with different
antibodies as indicated (top panel). To verify interaction of endogenous proteins, lysate of
WT Kkeratinocytes were immunoprecipitated with control or a-MAP4K4 IgG, and blot with
a-1QSEC1 antibody (bottom panel). An aliquot of whole cell lysate (20 pg) were examined
by immunoblot as well. (B) HEK293T cells were transfected with HA-tagged Arf6 together
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with MAP4K4 or IQSECL1 in different combinations as indicated. Level of GTP-bound Arf6
was determined by GGA3 pull down and immunoblot with a-HA antibody. An aliquot of
WCL (10 pg) was immunoblotted with different antibodies as indicated to verify
comparable expression level of different genes. (C) Level of endogenous Arf6-GTP was
determined by GGAS3 pull down coupled with a-Arf6 immunaoblot (top panel).
Quantification from densitometry analysis shows significant decrease of Arf6 activity upon
loss of MAP4K4 (lower panel). For WCL, 20 g total proteins were used. N=4, and P<0.05.
(D) Level of Arf6-GTP was determined by GGAS3 pull down coupled with a-Arf6
immunoblot in control cells, EB2 knockdown cells, and EB2 knockdown cells rescued with
either WT EB2 or EB2 cc-CT mutant (HA tagged). For WCL, 20 ug total proteins were
used. (E) Surface level of $1-integrin (pan f1-integrin or activated B1-integrin) was
determined by flow cytometry. N=3, P<0.01 for both total integrin and activated integrin.
(F) Internalization of B1-integrin in WT and MAP4K4 KO cells was determined by
reversible biotinylation. Biotinylated proteins were isolated by streptavidin agarose and
subjected to immunoblot with anti-p1-integrin antibody. Relative level of internalized
integrin was determined by densitometry and quantified (right panel). N=3, and P<0.05 for
each time point. (G) IQSECL1 was isolated from transfected cells by immunoprecipitation
and phosphorylation of IQSEC1 was determined by electrophoresis with Phos-tag
acrylamide. Note upper shifted bands (arrows) that represent hyperphosphorylated proteins
are only present in cells co-transfected with IQSEC1 and WT MAP4K4. CIP: calf intestinal
phosphatase. (H) Arf6-GTP level was determined by GGA3 pull down for WT, MAP4K4
KO cells, and KO cells rescued with WT MAP4K4 or MAP4K4 KD mutant (HA tagged).
For WCL, 20 pg of total proteins were used.
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Figure 7. MAP4K4 and IQSECL1 interaction regulates FA dynamics and cell motility
(A) Cell motility and FA dynamics were analysed for WT, MAP4K4 KO cells, and KO cells

rescued with WT MAP4K4 or MAP4K4 KD mutant. For cell motility assay (left panel), N=

30 cells x 120 time points for each group. P<0.01 between WT and MAP4K4 KO, MAP4K4

KO and MAP4K4 KO + WT MAP4K4, and MAP4K4 KO + WT MAP4K4 and MAP4K4
KO + KD MAP4K4. For FA disassembly (right panel), N>40 for each group. P<0.01
between between WT and MAP4K4 KO, MAP4K4 KO and MAP4K4 KO + WT MAP4K4,
and MAP4K4 KO + WT MAP4K4 and MAP4K4 KO + KD MAP4K4. (B, C)
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Quantifications of migration velocities (B) and FA disassembly rate (C) for control,
|QSEC1-knockdown cells, Arfé-knockdown cells, MAP4K4 KO cells, and cells rescued with
Arf6 T157A. For cell motility assay, N= 30 cells x 120 time points for each group. P<0.01
between WT and IQSEC1 KD; WT and Arf6 KD, WT and MAP4K4 KO, and MAP4K4 KO
and MAP4K4 KO + Arfé T157A. For FA disassembly, N>40 for each group. P<0.01
between between WT and IQSEC1 KD; WT and Arf6é KD, WT and MAP4K4 KO,
MAP4K4 KO and MAP4K4 KO + Arf6 T157A, and IQSEC1 KD and IQSEC1 KD + Arf6
T157A. (D) A working model summarizing the role of MAP4K4 in FA turnover and cell
migration. We posit that MT dynamics are coordinated by cytoskeletal crosslinkers, such as
ACF7 that guides MT growth toward FAs. MT interacting protein EB2 can bind and deliver
MAP4K4 to FAs, where MAP4K4 can subsequently activate IQSEC1 and Arf6, leading to
FA turnover and efficient cell movement.
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