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    Introduction 
  � -Catenin is an adherens junction (AJ) protein that binds to 

 � -catenin and is necessary for AJ formation and maintenance 

( Hirano et al., 1992 ;  Torres et al., 1997 ;  Vasioukhin et al., 2000 ; 

 Kobielak and Fuchs, 2004 ). In addition,  � -catenin is also in-

volved in the regulation of cell proliferation, and this protein is 

often lost in human epithelial tumors ( Bullions et al., 1997 ;  

Vasioukhin et al., 2001 ;  Lien et al., 2006 ;  Benjamin and Nelson, 

2008 ). It is not clear whether all of the functions of  � -catenin 

are connected to its role in intercellular adhesion or whether it 

may have an additional adhesion-independent role. 

 Normal cellular function requires constant traffi c and deliv-

ery of organelles and other membrane-limited vesicles. Vesicles 

can use both actin and microtubule-mediated movements, and 

this enables them to effi ciently traverse any cytoplasmic region 

within the cell. The microtubule-based motor proteins dynein, ki-

nesin 2, and kinesin Eg-5 cannot directly bind to their cargoes, 

and they use the dynactin protein complex for this function 

( Schroer, 2004 ). Dynactin not only links a variety of cargoes to 

their microtubule motors, but it is also necessary for proper orga-

nization of the microtubule cytoskeleton ( Vaughan and Vallee, 

1995 ;  Quintyne et al., 1999 ;  Askham et al., 2002 ;  Deacon 

et al., 2003 ). The dynactin complex consists of two distinct parts: 

a rodlike domain, which contains Arp1 fi lament and actin-cap-

ping proteins and is responsible for interaction with cargo, and an 

elongated projection containing the p150 Glued  homodimer, which 

is responsible for interaction with motor proteins and micro-

tubules. These two parts of dynactin are bridged by p50 dynamitin, 

which is critical for the assembly of the entire dynactin protein 

complex and its association with dynein ( Schroer, 2004 ). 

 In this study, we describe a novel function for  � -catenin in 

the regulation of dynactin-mediated intracellular traffi cking. We 

show that dynamitin links dynactin with  �  – epithelial catenin 

(E-catenin) and that  �  – E-catenin negatively regulates dynactin-

dependent microtubule traffi c. 

 Results and discussion 
  �  – E-catenin binds to dynamitin 
and interacts with the dynactin 
protein complex 
 To gain new insights into the mechanism of  �  – E-catenin func-

tion, we performed a yeast two-hybrid screen to identify novel 

 �   – Epithelial catenin (E-catenin) is an important cell –

 cell adhesion protein. In this study, we show that  

�  – E-catenin also regulates intracellular traffi c by bind-

ing to the dynactin complex component dynamitin. 

Dynactin-mediated organelle traffi cking is increased in 

  �  – E-catenin  � / �    keratinocytes, an effect that is reversed by 

expression of exogenous  �  – E-catenin. Disruption of adhe-

rens junctions in low-calcium media does not affect dynactin-

mediated traffi c, indicating that  �  – E-catenin regulates 

traffi c independently from its function in cell – cell adhesion. 

Although neither the integrity of dynactin – dynein com-

plexes nor their association with vesicles is affected by 

 �  – E-catenin,  �  – E-catenin is necessary for the attenuation of 

microtubule-dependent traffi cking by the actin cytoskele ton. 

Because the actin-binding domain of  �  – E-catenin is neces-

sary for this regulation, we hypothesize that  �  – E-catenin 

functions as a dynamic link between the dynactin complex 

and actin and, thus, integrates the microtubule and actin 

cytoskeleton during intracellular traffi cking.
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  �  – E-catenin and dynamitin are necessary 
to extend the microtubule cytoskeleton 
to the cell periphery and establish strong 
intercellular adhesion 
 To determine localization of  �  – E-catenin and dynamitin in 

wild-type and   �  – E-catenin  � / �    keratinocytes, we performed 

immunofl uorescence stainings.  �  – E-catenin prominently lo-

calized around the nuclei and at AJs in wild-type keratino-

cytes ( Fig. 2 A �  ). Dynamitin colocalized with  �  – E-catenin 

around cell nuclei, and small amounts of dynamitin were 

found at the cell periphery and AJs ( Fig. 2 A ). In contrast, 

dynamitin was localized almost exclusively around the nu-

cleus in   �  – E-catenin  � / �    cells, with very little amounts of dy-

namitin present at the cell periphery ( Fig. 2, B and B �  �  �  ). 

These data suggest that  �  – E-catenin is necessary to localize 

dynamitin to cell edges. 

 It has been recently demonstrated that  �  – E-catenin is in-

volved in the regulation of microtubule cytoskeleton ( Shtutman 

et al., 2008 ). Staining with anti –  � -tubulin antibodies revealed 

that the microtubules extended to the cell periphery and promi-

nently localized to AJs in wild-type but not in   �  – E-catenin  � / �    
keratinocytes ( Fig. 2, C – E ; arrows). This was despite the fact 

that  � -catenin, which was previously implicated in the connec-

tion between AJs and microtubules ( Ligon et al., 2001 ), contin-

ued to localize to cell – cell contacts in   �  – E-catenin  � / �    cells 

( Fig. 2, F – G �  �  �  ). Thus, we conclude that  �  – E-catenin is neces-

sary for proper intracellular localization of dynamitin and 

extension of microtubule cytoskeleton to the cell periphery 

and AJs. 

 To determine whether loss of dynamitin may phenocopy 

the phenotype in   �  – E-catenin  � / �    cells, we used a short hairpin 

RNA (shRNA) knockdown (KD) approach. Because dynamitin 

is critical for cell mitosis,  dynamitin  KD cells displayed a de-

crease but not a complete loss of dynamitin ( Fig. 3, A and B ). 

Nevertheless, similar to   �  – E-catenin  � / �    cells,  dynamitin  KD 

cells failed to extend the microtubule cytoskeleton to the cell 

periphery and AJs ( Fig. 3, C – E ). In addition,  dynamitin  KD 

cells displayed a prominent defect in short-term Ca 2+ -mediated 

cell – cell adhesion ( Fig. 3 F ). Thus,  dynamitin  KD cells dis-

played the defects in organization of the microtubule cytoskele-

ton and strengthening of cell – cell adhesion, which were similar 

to the phenotypes of   �  – E-catenin  � / �    cells. We propose that in-

teraction between  �  – E-catenin and dynactin may facilitate 

dynactin function in the extension of the microtubule cyto-

skeleton to the cell periphery, and this can promote cell – cell 

junction formation. 

  �  – E-catenin impacts dynactin-mediated 
intracellular traffi c in an adhesion-
independent manner 
 The primary function of dynactin is to facilitate the microtubule 

motor – mediated traffi c of cell organelles and vesicles ( Schroer, 

2004 ). To examine whether  �  – E-catenin may be involved in regu-

lation of dynactin-dependent traffi c, we performed analyses of 

lyso some movement in live wild-type and   �  – E-catenin  � / �    cells. We 

labeled lysosomes with LysoTracker dye and followed their move-

ments using time-lapse microscopy ( n   ≥  10; Videos 1 and 2, available 

 �  – E-catenin – interacting proteins.  �  – E-catenin contains three 

vinculin homology domains: VH1, VH2, and VH3 ( Fig. 1 A ). 

Although the VH1 domain is responsible for binding to  � -catenin, 

the functional signifi cance of the VH2 and VH3 domains is not as 

well understood. We used  Δ VH1  �  – E-catenin (291 – 906 aa) as a 

bait to screen an embryonic mouse brain cDNA library. We iden-

tifi ed 84 individual clones, and subsequent analysis revealed that 

74 of them contained cDNA encoding dynamitin ( Dctn2 ), which 

is a central component of the dynactin protein complex. 

 To confi rm the binding and determine the domain of 

 �  – E-catenin responsible for interaction, we performed a tar-

geted yeast two-hybrid assay with full-length or fragments of 

 �  – E-catenin ( Fig. 1 B ). Dynamitin showed a strong interaction 

with VH2 and VH2 – VH3 fragments of  �  – E-catenin. Interest-

ingly, the VH1 domain displayed an inhibitory effect for this 

interaction, as we found a signifi cantly weaker interaction 

between dynamitin and full-length  �  – E-catenin. Consistent 

with yeast two-hybrid results, we found that dynamitin interacts 

with full-length  �  – E-catenin and its VH2 domain in mamma-

lian cells ( Fig. 1 C ). Interestingly, the  �  – E-catenin – like protein 

vinculin did not bind dynamitin in this assay, indicating that the 

 �  – E-catenin – dynamitin interaction is very specifi c ( Fig. 1 C ). 

Thus, we conclude that  �  – E-catenin binds to dynamitin, and the 

VH2 domain of  �  – E-catenin is responsible for this interaction. 

 To determine whether  �  – E-catenin can use dynamitin to 

bind to the entire dynactin complex, we analyzed  �  – E-catenin 

immunoprecipitates for the presence of other members of the dy-

nactin complex such as Arp1 and p150 Glued  ( Fig. 1 D ). We found 

that full-length and VH2 – VH3 domain – containing fragments of 

 �  – E-catenin pulled down not only dynamitin but also Arp1 and 

p150 Glued  proteins. Thus, not only dynamitin but also other mem-

bers of the dynactin protein complex interact with  �  – E-catenin. 

 To analyze the interaction between endogenous 

 �  – E-catenin and dynactin, we performed cosedimentation 

and immunoprecipitation (IP) experiments. We isolated the dy-

nactin protein complex from primary mouse keratinocytes us-

ing sucrose gradient centrifugation ( Fig. 1 E ). Similar to dynein, 

only a fraction of  �  – E-catenin cosedimented with dynactin 

( Fig. 1 E ). To determine whether endogenous  �  – E-catenin 

physically interacts with dynactin, we used the fractions contain-

ing dynactin for co-IP experiments. Anti- �  – E-catenin antibod-

ies, but not the control anti –  � -galactosidase antibodies, pulled 

down the dynactin proteins dynamitin, Arp1, and p150 Glued  from 

wild-type but not from   �  – E-catenin  � / �    keratinocytes ( Fig. 1 F ). 

In addition, an antibody directed against a different domain of 

 �  – E-catenin was able to co-IP dynamitin from keratinocyte 

total protein extracts ( Fig. 1 G ). 

 To determine whether  �  – E-catenin can potentially link 

cadherin – catenin complexes to dynactin, we analyzed whether 

 �  – E-catenin could simultaneously interact with  � -catenin and dy-

namitin. We found that GST-dynamitin pulled down  �  – E-catenin 

but not the  �  – E-catenin –  � -catenin complexes (Fig. S1 A, avail-

able at http://www.jcb.org/cgi/content/full/jcb.200805041/DC1). 

Similarly, GST –  � -catenin pulled down  �  – E-catenin but not the 

 �  – E-catenin – dynamitin complexes (Fig. S1 B). Overall, we con-

clude that  �  – E-catenin, but not  �  – E-catenin –  � -catenin hetero-

dimers, binds to dynactin. 
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Thus, we conclude that  �  – E-catenin negatively impacts dynactin-

dependent microtubule traffi c and that organelle motility is in-

creased in   �  – E-catenin  � / �    cells. 

  � -Catenin is necessary for the AJ ’ s formation, and 

  �  – E-catenin  � / �    keratinocytes display prominent AJ defects 

( Vasioukhin et al., 2000 ). To distinguish between AJ-dependent 

and  �  – E-catenin – dependent phenotypes, we analyzed potential 

at http://www.jcb.org/cgi/content/full/jcb.200805041/DC1). 

Software-mediated quantitation of the total length of movement 

over 300 individual lysosomes from 15 – 20 randomly selected 

cells of each genotype showed a signifi cant increase in the dis-

tances traveled by lysosomes in   �  – E-catenin  � / �    cells ( Fig. 4 A ). 

This defect was rescued by expression of exogenous  �  – E-catenin 

in   �  – E-catenin  � / �    cells ( n   ≥  8;  Fig. 4, B – D ; and Videos 3 and 4). 

 Figure 1.     �  – E-catenin binds to dynamitin and interacts with the dynactin protein complex.  (A) Schematic of  �  – E-catenin containing three vinculin homol-
ogy (VH) domains. Numbers indicate corresponding amino acids. (B) Interaction between dynamitin and  �  – E-catenin in a yeast two-hybrid assay. Cells 
were expressing plasmids containing Gal4 DNA – BD linked to various fragments of  �  – E-catenin and Gal4-AD linked to dynamitin (Dyn) or  � -catenin ( � -cat; 
positive control). (C) Interaction between dynamitin and  �  – E-catenin in mammalian cells. HEK 293FT cells were transfected with plasmids encoding GST 
and GST-linked  �  – E-catenin or vinculin and V5-tagged dynamitin,  � -catenin (positive control), and Tbr1 (negative control). Protein extracts were pulled 
down (IP) with glutathione – Sepharose beads and analyzed by Western blotting (WB) with anti-V5 or anti-GST antibodies. (D)  �  – E-catenin associates not 
only with dynamitin but also with Arp1 and p150 Glued  proteins. GST-tagged full-length or VH2 – VH3 fragments ( � -cat 291 – 906) of  �  – E-catenin, V5-tagged 
dynamitin, and Arp1 were produced in HEK 293FT cells. GST-fused proteins were pulled down with glutathione – Sepharose beads, and protein complexes 
were analyzed by blotting with anti-V5, anti-p150 Glued , and anti-GST antibodies. (E)  �  – E-catenin partially cofractionates with dynactin. Total keratinocyte 
extracts were sedimented on sucrose gradient, and fractions were analyzed by blotting with anti-p150 Glued , anti – dynein intermediate chain (DIC), anti-
dynamitin, anti-Arp1, and anti –  � -catenin antibodies. (F) Interaction between endogenous  �  – E-catenin and dynactin. Dynactin-containing fractions after 
sucrose sedimentation of total extracts from wild-type (WT) and   �  – E-catenin  � / �    (KO) cells were immunoprecipitated with anti –  � -catenin (C terminal) or 
 � -galactosidase ( � -gal; control) antibodies and analyzed by blotting with anti-p150 Glued , antidynamitin (Dyn), anti-Arp1, and anti –  � -catenin antibodies. 
M, position of a molecular weight standard band in the marker lane. (G) Interaction between endogenous  �  – E-catenin and dynamitin. Total proteins (input) 
from wild-type and   �  – E-catenin  � / �    keratinocytes were immunoprecipitated with anti –  � -catenin (IP –  � -cat; N terminal) antibodies and analyzed by blotting 
with antidynamitin and anti –  � -catenin antibodies.   
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because the composition of the dynactin – dynein protein com-

plexes did not change signifi cantly in   �  – E-catenin  � / �    cells 

(Fig. S2, A and B, available at http://www.jcb.org/cgi/content/

full/jcb.200805041/DC1). Moreover, we did not fi nd an increase 

in the association between dynein – dynactin and the vesicles in 

  �  – E-catenin  � / �    cells (Fig. S2 C). 

 Cellular organelles and vesicles can use both actin fi laments 

and microtubules for intracellular transport. Usually, micro-

tubules are used for rapid long-range movements, and actin is 

used for short-range movements. Because vesicles can con-

stantly switch between actin fi laments and microtubules, the dis-

ruption of actin fi laments often results in a signifi cant increase in 

the mobility of vesicles and organelles ( Cordonnier et al., 2001 ). 

We analyzed whether the integrity of the actin cytoskeleton is 

disrupted in   �  – E-catenin  � / �    cells. Staining for fi lamentous actin 

(F-actin) revealed the presence of well-organized F-actin bundles 

in   �  – E-catenin  � / �    cells ( Fig. 5, A and B ). We conclude that the 

organization of actin fi laments is not disrupted in   �  – E-catenin  � / �    
cells, and, thus, this cannot explain stimulation in dynactin-

 dependent traffi c in   �  – E-catenin  � / �    keratinocytes. 

 Because  �  – E-catenin is known to engage the actin cytoskel-

eton, we hypothesized that it may be involved in the functional 

changes in dynactin-mediated organelle traffic in cells that 

maintained  �  – E-catenin but were unable to form AJs. For 

this purpose, we analyzed lysosome traffic in keratinocytes 

cultured in low-calcium media, which cannot support the 

formation of AJs ( Fig. 4 E ). Interestingly, analyses of lyso-

some movements in the cells cultured in low-calcium media 

did not reveal significant changes in lysosome traffic ( n   ≥  9 

for each cell type and condition;  Fig. 4, F and G ; and Videos 

1, 2, 5, and 6, available at http://www.jcb.org/cgi/content/

full/jcb.200805041/DC1). Thus, we conclude that an increase 

in the lysosome traffic in   �  – E-catenin  � / �    keratinocytes is an 

 �  – E-catenin – dependent but not an AJ-dependent phenotype, 

indicating that the function of  �  – E-catenin in the regulation 

of dynactin-mediated traffic is AJ independent. 

  �  – E-catenin is necessary for the functional 
connection between dynactin-mediated 
organelle traffi c and the actin cytoskeleton 
  �  – E-catenin could potentially regulate dynactin-mediated traf-

fi c by interfering with the assembly of dynactin – dynein protein 

complexes or their interaction with cargo. This was unlikely 

 Figure 2.     �  – E-catenin is necessary to extend dynactin and the 
microtubule cytoskeleton to the cell periphery and localize micro-
tubules to the AJs.  (A and B) Immunofl uorescence staining of 
wild-type (WT) and   �  – E-catenin  � / �    (KO) cells with antidynamitin 
(Dyn) and anti –  � -catenin ( � -cat) antibodies. Regions in dashed 
boxes are shown at higher magnifi cations in A �  �  �  and B �  �  � . 
The cell edges are outlined with white dashed lines. (C and D) 
Immunofl uorescence staining of wild-type and   �  – E-catenin  � / �    
cells with anti – E-cadherin (E-cad) and anti –  � -tubulin ( � -tub) anti-
bodies. Regions containing cell – cell junctions (dashed boxes) are 
shown at higher magnifi cations in C �  �  �  and D �  �  � . (E) Quantita-
tion of micro tubule accumulation at cell – cell junctions. Pairs of 
contacting cells displaying accumulation of E-cadherin at cell – cell 
borders were randomly selected. The levels of cell border ac-
cumulation of microtubules are expressed as ratios of the mean  
� -tubulin staining intensity at cell – cell junctions over the mean total 
 � -tubulin intensity within two contacting cells. Each bar represents 
the mean value;  n  = 50. The p-value was determined by a  t  test. The 
error bars represent standard deviation. (F and G)  � -Catenin local-
izes to AJs in   �  – E-catenin  � / �    cells. Immunofl uorescence staining 
of wild-type and   �  – E-catenin  � / �    cells with anti – E-cadherin and 
anti –  � -catenin ( � -cat) antibodies. Regions containing cell – cell 
junctions (dashed boxes) are shown at higher magnifi cations in 
F �  �  �  and G �  �  � . Arrows denote the positions of the AJs. Bars: (A – A �  �  
and B – B �  � ) 16  μ m; (A �  �  �  and B �  �  � ) 8  μ m; (C – C �  � , D – D �  � , F – F �  � , and 
G – G �  � ) 30  μ m; (C �  �  � , D �  �  � , F �  �  � , and G �  �  � ) 13  μ m.   
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that  �  – E-catenin is required for the functional connection between 

the dynactin-mediated organelle traffi c and the actin cytoskeleton. 

 To summarize, we report in this study that  �  – E-catenin 

binds to dynactin and regulates its function. The regulation of 

dynactin activities is a novel and previously unrecognized func-

tion of  �  – E-catenin, and future research will be necessary to 

explore the details of  �  – E-catenin function in the regulation of 

both the dynactin-mediated extension of the microtubule cyto-

skeleton to the cell periphery and dynactin-mediated intracellu-

lar transport events. 

 Materials and methods 

 Cells and cell – cell adhesion assays 
 Primary keratinocytes were cultured from newborn mouse skin as de-
scribed previously ( Vasioukhin et al., 2001 ). To obtain   �  – E-catenin  � / �    
and control keratinocytes, the   �  – E-catenin fl ox/fl ox   cells were treated with 
Cre- and GFP-carrying adenoviruses, respectively (MOI 10; Vector Labo-
ratories). Loss of  �  – E-catenin in Cre-adenovirus – treated cells was verifi ed 
by Western blotting and immunofl uorescence. Human embryonic kidney 
(HEK) 293FT cells were purchased from Invitrogen and were grown in 
5% CO 2  in Dulbecco ’ s modifi ed essential medium containing 10% fetal 
bovine serum and antibiotics. 

 Cadherin-dependent cell – cell adhesion assays were performed as 
described previously ( Takeichi and Nakagawa, 1998 ). Particles were 
counted with a particle counter (Z1 Coulter Counter; Beckman Coulter). 

linking of the dynactin complex with the actin cytoskeleton. In 

this case,   �  – E-catenin  � / �    cells should display an increase in the 

motility of dynactin cargoes, and this increase should not be 

further enhanced by disruption of the actin cytoskeleton. We al-

ready found that   �  – E-catenin  � / �    cells display an increase in dy-

nactin-mediated organelle motility ( Fig. 4 A ). To determine the 

impact of the actin cytoskeleton, we performed quantitation of 

lysosome movement in cells treated with latrunculin A, which 

depolymerizes actin fi laments ( Fig. 5, C – F ). As previously re-

ported, treatment with latrunculin A resulted in a signifi cant in-

crease in the mobility of the lysosomes in wild-type cells ( n   ≥  9; 

 Fig. 5 E  and Video 7, available at http://www.jcb.org/cgi/content/

full/jcb.200805041/DC1;  Cordonnier et al., 2001 ). Remarkably, 

latrunculin A treatment of   �  – E-catenin  � / �    cells did not signif-

icantly increase lysosome movements ( n   ≥  12;  Fig. 5 F  and 

Video 8). The overall motility of lysosomes in vehicle-treated 

  �  – E-catenin  � / �    cells was similar to the motility of lysosomes 

in wild-type cells treated with latrunculin A ( Fig. 5, E and F ). 

Interestingly, although expression of full-length  �  – E-catenin 

rescued the lysosome movement defect in   �  – E-catenin  � / �    cells, 

expression of truncated  �  – E-catenin lacking its actin-binding 

domain (BD) had no effect ( Fig. 5 G , Fig. S3, and Video 9), 

indi cating that the actin-BD was necessary for  �  – E-catenin 

function in the regulation of lysosome traffi c. Thus, we conclude 

 Figure 3.    Dynamitin is necessary to extend 
the microtubule cytoskeleton to the cell periph-
ery and AJs and establish strong cell – cell adhe-
sion.  (A) Schematic model of a lentiviral shRNA 
vector used for the generation of  dynamitin  KD 
cells. CMV, cytomegalovirus; LTR, long terminal 
repeat. (B) Total protein extracts from wild-type 
(WT) and   �  – E-catenin  � / �    (KO) cells transduced 
with  � -galactosidase ( � -gal; control) and dynami-
tin (Dyn; constructs 1 and 2) shRNA lentiviruses 
analyzed by blotting with antidynamitin (Dyn) 
and anti –  � -actin antibodies. Numbers repre-
sent relative levels of dynamitin. (C and D) Dy-
namitin is necessary to localize microtubules to 
AJs. Wild-type keratinocytes transduced with 
 � -galactosidase shRNA ( � -galsh; C) or dyna-
mitin shRNA-2 (Dynsh; D) were analyzed by 
immunostaining with anti – E-cadherin (E-cad) 
and anti –  � -tubulin ( � -tub) antibodies. Regions 
containing cell – cell junctions (dashed boxes) are 
shown at higher magnifi cations in C �  �  �  and D �  �  � . 
Note the prominent localization of microtubules 
to AJs in  � -galactosidase shRNA cells (arrows) 
but not in  dynamitin  KD cells. (E) Quantitation of 
junctional localization of microtubules in control 
(WT +  � -gal shRNA) and  dynamitin  KD (WT + 
Dyn shRNA) cells. Quantitation was performed 
as described in Fig. 2 E.  n  = 50. (F)  dynami-
tin  KD cells display cell – cell adhesion defects. 
Wild-type and   �  – E-catenin  � / �    keratinocytes ex-
pressing  � -galactosidase shRNA or dynamitin 
shRNA-2 were allowed to aggregate for 1 h with 
and without Ca 2+ , and the total number of parti-
cles was counted. The degree of Ca 2+ -dependent 
cell aggregation (N Ca+ /N Ca �   percentage) was 
measured as a percentage of the decrease in the 
particle numbers in Ca 2+ -containing versus Ca 2+ -
free conditions. Bars represent mean values;  n  = 3. 
The p-value was determined by  t  test. The error 
bars represent standard deviation. Bars: (C – C �  �  
and D – D �  � ) 28  μ m; (C �  �  �  and D �  �  � ) 11.2  μ m.   
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pCR8/GW/TOPO (Invitrogen). Gateway technology was used to generate 
GST- (pDEST27) or V5 (pcDNA3.1/nV5-DEST)-tagged expression con-
structs for eukaryotic expression and activating domain –  (AD; pDEST22) 
and BD (pDEST32)-tagged constructs for two-hybrid analysis. Retroviral 
 �  – E-catenin expression vectors were generated by cloning  �  – E-catenin 

 Generation of expression constructs 
 Details of expression plasmids can be found in  Table I . Murine  
�  – E-catenin,  � -catenin, dynamitin, vinculin, Tbr1, and Arp1 sequences 
were amplifi ed from mouse brain or keratinocyte cDNA using Pfu poly-
merase (Agilent Technologies) and cloned into the gateway entry vector 

 Figure 4.     �  – E-catenin negatively regulates dynactin-mediated intracellular traffi c in an AJ-independent manner.  (A) Quantitation of lysosome movements 
in wild-type (WT) and   �  – E-catenin  � / �    (KO) keratinocytes. The total length of lysosome movements within 5 min was determined using Imaris software analy-
sis of the time-lapse videos. Bars represent the percentage of the vesicles that moved over the indicated distances;  n  = 315 for wild type and  n  = 342 for 
  �  – E-catenin  � / �   . Note the prominent increase in lysosome motility in   �  – E-catenin  � / �    cells. (B and C) Expression of exogenous  �  – E-catenin in   �  – E-catenin  � / �    
cells. Keratinocytes were transduced with retroviruses expressing the HBT tag (HBT) or HBT-tagged  �  – E-catenin (HBT –  � -cat) and analyzed by blotting (B) 
and immunostaining (C) with streptavidin or anti –  � -catenin ( � -cat), anti –  � -actin, and anti – E-cadherin (E-cad) antibodies. (D) Reexpression of  �  – E-catenin in 
  �  – E-catenin  � / �    cells rescues lysosome motility defects. Quantitation of lysosome movements in   �  – E-catenin  � / �    keratinocytes expressing HBT (KO + HBT) or 
HBT- �  – E-catenin (KO + HBT –  � -cat).  n  = 354 for KO + HBT and  n  = 318 for KO + HBT –  � -cat. (E) Disruption of AJs in keratinocytes cultured in low-calcium 
media. Immunofl uorescence staining of wild-type and   �  – E-catenin  � / �    cells incubated in normal or low-calcium (LowCa) media with anti – E-cadherin (green) 
antibodies and phalloidin (actin; red). (F and G) Quantitation of lysosome movements in wild-type (F) and   �  – E-catenin  � / �    (G) keratinocytes incubated in 
normal or low-calcium media.  n  = 319 for WT,  n  = 326 for WT + LowCa,  n  = 307 for KO, and  n  = 347 for KO + LowCa. Bars: (C) 25  μ m; (E) 33  μ m.   
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into the XbaI – EcoRI sites of the pQCXIP – histidine-biotin tag (HBT) vector 
containing N-terminal HBT (provided by P. Kaiser, University of California, 
Irvine, Irvine, CA;  Tagwerker et al., 2006 ). Retroviruses were produced 
using the Phoenix system (provided by G. Nolan, Stanford University, 
Stanford, CA;  Swift et al., 2001 ). 

 To generate the lentiviral vector for production of shRNA, the FUGW 
vector (provided by D. Baltimore, California Institute of Technology, Pasa-
dena, CA;  Lois et al., 2002 ) was modifi ed by placing internal ribosome en-
try site – neomycin sequences downstream from EGFP and cloning of human 
H1 promoter followed by unique BamHI – EcoRI sites upstream from the 
ubiquitin promoter ( Fig. 3 A ). For the generation of  dynamitin  KD con-
structs, sense and antisense oligonucleotides were annealed and ligated 
into the BamHI – EcoRI sites of the FUGW-H1-GFP-neomycin vector. Oligo-
nucleotides 5 � -GATCCGGCAGAAGTACCAA CGACTACTTT CAAGAGAA-
GTAGTCGTTGGTACTTCTGCTTTTTGG-3 �  and 5 � -AATTCCAAAAA GCAG-
AAGTACCAACGACTACTTCTCTTGAAAGTAG TCGTTGGTACTTCTGCCG-3 �  
were used for dynamitin shRNA construct 1, and oligonucleotides 5 � -
GA TCCGGGATGATCAAGCAGAGTTTGATT CAAGAGATCAAACTCTGC-
TTGATCATCCTTTTTGG-3 �  and 5 � -AATTCC AAAAAGGATG ATCAA GCA-
GAGTTTGATCTCTTGAATCAAA CTCTGCTTGATCATCCCG-3 �  were used 
for dynamitin shRNA construct 2. The lentiviruses were produced in HEK 
293FT cells as described previously ( Lois et al., 2002 ). All PCR-generated 
inserts and shRNA constructs were verifi ed by sequencing. 

 Yeast two-hybrid analysis and GST pull-down experiments in HEK 293FT 
cells 
 The two-hybrid system (ProQuest; Invitrogen) was used as recommended 
by the manufacturer. The mouse embryonic brain ProQuest yeast two-hy-
brid cDNA library in the pEXP-AD502 vector was custom made from total 
RNA isolated from pooled embryonic day 12.5 – 16.5 mouse embryonic 
brains (Invitrogen). 

 HEK 293FT cells were cotransfected with the indicated plasmids 
and lysed in a buffer containing 0.5% NP-40, 20 mM Tris-HCl, pH 8.0, 
100 mM NaCl, 1 mM EDTA, and a cocktail of protease inhibitors (Roche). 
Cell lysates were incubated with 50  μ l of 50% glutathione-agarose (Thermo 
Fisher Scientifi c) at 4 ° C for 1 h, beads were washed three times with lysis 
buffer, and the proteins were released by heating in lithium dodecyl sulfate 
loading buffer. 

 Expression of recombinant proteins and in vitro GST pull-down assays 
 His-tagged  �  – E-catenin was expressed in  Escherichia coli  M15 and puri-
fi ed as previously described ( Aberle et al., 1994 ). The His-tagged construct 
was obtained from W.I. Weis (Stanford University, Stanford, CA). Full-
length mouse  � -catenin (provided by M. Du ñ ach, Universitat Aut ò noma de 
Barcelona, Bellaterra, Spain;  Roura et al., 1999 ) and dynamitin proteins 
were expressed as GST fusion proteins using pGEX-6P vectors (GE Health-
care). Proteins were expressed in  E. coli  BL21 and purifi ed with glutathi-
one – Sepharose beads as described by the manufacturer (Thermo Fisher 
Scientifi c). GST tags were removed by PreScission protease (GE Healthcare). 

 Glutathione – Sepharose beads prebound with 10  μ g of GST-tagged 
proteins were incubated at 4 ° C for 2 h with 10  μ g of purifi ed recombinant 
proteins in a buffer containing 1 ×  PBS, 0.2% NP-40, 10% glycerol, 2 mM 
MgCl 2 , and a cocktail of protease inhibitors. After incubation, beads were 
washed three times with incubation buffer, and the proteins were released 
by heating in lithium dodecyl sulfate loading buffer. 

 Immunofl uorescence microscopy and quantitation of junctional 
microtubules 
 For immunostainings, cells were seeded on Chamber slides (Lab-Tek) 
coated with collagen-I. Cells were fi xed in 4% formaldehyde/PBS for 
5 min at 37 ° C before double immunostaining and analysis at room tem-
perature using a microscope (TE 200; Nikon) equipped with PlanFluor 
ELWD 40 ×  NA 0.60 and 60 ×  NA 0.70 objectives and a digital camera 
(CoolSNAP HQ; Photometrics) controlled by MetaMorph software (MDS 
Analytical Technologies). Primary antibodies against dynamitin (1:100; 
BD),  � -catenin (1:500, Sigma-Aldrich),  � -catenin (1:500; Sigma-Aldrich), 

 Figure 5.     �  – E-catenin is necessary to couple dynactin-mediated organ-
elle traffi c and the actin cytoskeleton.  (A – D) Prominent actin cytoskeletons 
in wild-type (WT; A) and   �  – E-catenin  � / �    (KO; B) keratinocytes and their 
disruption by latrunculin A treatment (C and D). Immunofl uorescence stain-
ing with phalloidin. (E and F) Quantitation of lysosome motility in wild-type 
(E) and   �  – E-catenin  � / �    (F) keratinocytes treated with latrunculin A (+LatruA) 
or DMSO control. Note that the disruption of the actin cytoskeleton signifi -
cantly accelerates lysosome motility in wild-type cells (E) but has only a 
minor impact in   �  – E-catenin  � / �    cells (F).  n  = 336 for WT + DMSO,  n  = 337 
for WT + LatruA,  n  = 319 for KO + DMSO, and  n  = 347 for KO + LatruA. 

(G) Quantitation of lysosome motility in   �  – E-catenin  � / �    cells expressing the 
HBT tag, full-length (HBT –  � -cat), or VH1 – VH2 fragment (HBT –  � -cat VH1 – 2) 
of  �  – E-catenin.  n  = 326 for KO + HBT,  n  = 323 for KO + HBT –  � -cat, and 
 n  = 327 for KO + HBT –  � -cat VH1 – 2. Note the decrease in lysosome motility 
in cells expressing full-length but not truncated  �  – E-catenin. Quantitation 
was performed as described in Fig. 4 A. Bar, 23  μ m.   
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(Epitomics) for 2 h at 4 ° C followed by a 1-h incubation with 50  μ l of 50% pro-
tein A/G – Sepharose beads. Sepharose beads were washed four times with 
IP buffer and analyzed by Western blotting. For IPs from the fraction of su-
crose gradient sedimentation, the proteins were pulled down with anti –  � -
catenin (Sigma-Aldrich) or anti –  � -galactosidase (Rockland) antibodies and 
protein A – Sepharose beads (GE Healthcare), washed with PBS, and ana-
lyzed by Western blotting with antidynamitin (1:1,000; BD), anti-p150 Glued  
(1:1,000; BD), anti-Arp1 (1:1,000; Abcam), anti –  � -catenin (1:1,000; 
Sigma-Aldrich), anti-V5 (1:5,000; AbD Serotec), anti-GST (1:1,000; ABM), 
anti –  � -catenin (1:2,000; Sigma-Aldrich), anti – dynein intermediate chain 
(1:1,000; Millipore), anti –  � -actin (1:10,000; Sigma-Aldrich), and anti –
 syntaxin 4 (1:5,000, Synaptic Systems GmbH) antibodies. Primary antibodies 
were detected using HRP-labeled secondary antibodies (Jackson Immuno-
Research Laboratories) and ECL chemiluminescence (Thermo Fisher Scientifi c). 

 Isolation of the membrane fraction was performed by membrane fl o-
tation on sucrose gradients as described by  Haghnia et al. (2007) . Similar 
amounts of protein from each fraction were analyzed by SDS-PAGE and 
Western blotting. 

epithelial cadherin (E-cadherin; 1:500; Invitrogen), and  � -tubulin 
(1:200; Developmental Studies Hybridoma Bank) were followed by 
FITC- or Texas red – conjugated secondary antibodies (Jackson Immuno-
Research Laboratories). F-actin was detected by staining with phalloidin –
 Texas red (1:300; Sigma-Aldrich). Differences in junctional staining for 
microtubules were quantifi ed as described previously ( Chen et al., 2003 ). 

 Sucrose gradient centrifugation, IP, Western blotting, and membrane 
fl otation assay 
 Total keratinocyte lysates were fractionated on 5 – 40% sucrose gradients as 
described previously ( Berrueta et al., 1999 ). BSA (4S), yeast alcohol dehydro-
genase (7S), and thyroglobulin (19S) were used as sedimen tation standards. 

 For IP, the cells were lysed in IP buffer containing 50 mM Tris-HCl, 
pH 7.5, 1% Triton X-100, 100 mM NaCl, 0.1 mM EDTA, 0.5 mM MgCl 2 , 
10% glycerol, 20 mM sodium fl uoride, 10 mM sodium pyrophosphate, 1 mM 
sodium vanadate, and a cocktail of protease inhibitors. Total lysates were 
precleaned with 30  μ l of 50% protein A/G – Sepharose beads (preblocked 
with 20% BSA; Thermo Fisher Scientifi c) and incubated with anti –  � -catenin 

 Table I.    Plasmids used in this study  

 Construct name  Tag  Primer sequence  Vector 

BD –  � -cat 1 – 906 BD Forward, 5 � -GGCGAGATCTCCATGACTGCCGTCCACGCAG-3 �   
 Reverse, 5 � -GGCGAGATCTCAGATGCTGTCCATGGCTTT-3 � 

pDEST32

GST –  � -cat 1 – 906 GST Forward, 5 � -GGCGAGATCTCCATGACTGCCGTCCACGCAG-3 �   
 Reverse, 5 � -GGCGAGATCTCAGATGCTGTCCATGGCTTT-3 � 

pDEST27

BD –  � -cat 1 – 290 BD Forward, 5 � -GGCGAGATCTCCATGACTGCCGTCCACGCAG-3 �   
 Reverse, 5 � -TCAAATGATTTGTTTATCAAAGTTGTTG-3 � 

pDEST32

GST –  � -cat 1 – 290 GST Forward, 5 � -GGCGAGATCTCCATGACTGCCGTCCACGCAG-3 �   
 Reverse, 5 � -TCAAATGATTTGTTTATCAAAGTTGTTG-3 � 

pDEST27

BD –  � -cat 291 – 651 BD Forward, 5 � -ATTATGGACCCCTTGAGCTTC-3 �   
 Reverse, 5 � - TCATCTGACATCAAAGTCTTCAGTC -3 � 

pDEST32

GST –  � -cat 291 – 651 GST Forward, 5 � -ATTATGGACCCCTTGAGCTTC-3 �   
 Reverse, 5 � - TCATCTGACATCAAAGTCTTCAGTC -3 � 

pDEST27

BD –  � -cat 652 – 906 BD Forward, 5 � - ACCATGGTCAGAAGCAGGACCAGTGT -3 �   
 Reverse, 5 � -GGCGAGATCTCAGATGCTGTCCATGGCTTT-3 � 

pDEST32

GST –  � -cat 652 – 906 GST Forward, 5 � - ACCATGGTCAGAAGCAGGACCAGTGT -3 �   
 Reverse, 5 � -GGCGAGATCTCAGATGCTGTCCATGGCTTT-3 � 

pDEST27

BD –  � -cat 1 – 651 BD Forward, 5 � -GGCGAGATCTCCATGACTGCCGTCCACGCAG-3 �   
 Reverse, 5 � -TCATCTGACATCAAAGTCTTCAGTC-3 � 

pDEST32

GST –  � -cat 1 – 651 GST Forward, 5 � -GGCGAGATCTCCATGACTGCCGTCCACGCAG-3 �   
 Reverse, 5 � -TCATCTGACATCAAAGTCTTCAGTC-3 � 

pDEST27

BD –  � -cat 291 – 906 BD Forward, 5 � -ATTATGGACCCCTTGAGCTTC-3 �   
 Reverse, 5 � -GGCGAGATCTCAGATGCTGTCCATGGCTTT-3 � 

pDEST32

GST –  � -cat 291 – 906 GST Forward, 5 � -ATTATGGACCCCTTGAGCTTC-3 �   
 Reverse, 5 � -GGCGAGATCTCAGATGCTGTCCATGGCTTT-3 � 

pDEST27

AD –  � -cat AD Forward, 5 � -CGAGGATCCGCAATTGCAATGGCTACTCAAGCTGAC-3 �   
 Reverse, 5 � -GAGGATCCCAATTGTTACAGGTCAGTATCAAACC-3 � 

pDEST22

V5 –  � -cat V5 Forward, 5 � -CGAGGATCCGCAATTGCAATGGCTACTCAAGCTGAC-3 �   
 Reverse, 5 � -GAGGATCCCAATTGTTACAGGTCAGTATCAAACC-3 � 

pcDNA3.1/nV5-DEST

AD-Dyn AD Forward, 5 � -GCCATGGCGGACCCTAAATA-3 �   
 Reverse, 5 � -TCACTTTCCCAGCCTCTTC-3 � 

pDEST22

V5-Dyn V5 Forward, 5 � -GCCATGGCGGACCCTAAATA-3 �   
 Reverse, 5 � -TCACTTTCCCAGCCTCTTC-3 � 

pcDNA3.1/nV5-DEST

V5-Tbr1 V5 Forward, 5 � -GCTATGCAGCTGGAGCATTGCCTC-3 �   
 Reverse, 5 � - GCTGTGCGAGTAGAAGCCATAGTA -3 � 

pcDNA3.1/nV5-DEST

V5-Arp1 V5 Forward, 5 � -ATGGAGTCCTACGATGTGATC-3 �   
 Reverse, 5 � -TTAGAAGGTTTTCCTGTGGATG-3 � 

pcDNA3.1/nV5-DEST

GST-Dyn GST Forward, 5 � -GCGGATCCATGGCGGACCCTAAATACG-3 �   
 Reverse, 5 � -GCGAATTCTCACTTTCCCAGCCTCTTC-3 � 

pGEX-6P

GST-vinculin GST Forward, 5 � -GCGATGCCGGTGTTTCACA-3 �   
 Reverse, 5 � -CTACTGGTACCAGGGAGTC-3 � 

pDEST27

HBT –  � -cat HBT Forward, 5 � -TCTAGAATGACTGCCGTCCACGCAG-3 �   
 Reverse, 5 � -GAATTCTCAGATGCTGTCCATGGCT-3 � 

PQCXIP-HBT

HBT –  � -cat VH1 – VH2 HBT Forward, 5 � -TCTAGAATGACTGCCGTCCACGCAG-3 �   
 Reverse, 5 � -CGGAATTCTCATCTGACATCAAAGTCTTCAGTC-3 � 

PQCXIP-HBT

cat, catenin; Dyn, dynamitin.
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 Time-lapse video microscopy and image analysis 
 Time-lapse microscopy was performed at 37 ° C using a Focht Live-Cell 
Chamber System (Bioptechs) and a TE 200 microscope equipped with a 
PlanFluor ELWD 60 ×  NA 0.70 objective and a CoolSNAP HQ digital 
camera controlled by MetaMorph software. Keratinocytes were grown on 
coverslips coated with collagen-I, and lysosomes were stained with 100 nM 
of the fl uorescence dye LysoTracker red DND-99 (Invitrogen) for 10 min. 
For time-lapse video analysis, the images of lysosomes were captured 
every 5 s for 5 min ( Cordonnier et al., 2001 ). The lysosome movement was 
analyzed using image analysis software (Imaris; Bitplane). The total length 
of lysosome movement was defi ned as the sum of its run lengths from the 
start position to the end position regardless of direction. For latrunculin A 
experiments, cells were treated with 1  μ M latrunculin A or vehicle (DMSO) 
for 2 h at 37 ° C, and lysosome movement was analyzed as described 
above. For low-calcium experiments, cells were washed twice with PBS, 
cultured in low-calcium epithelial media overnight ( > 16 h), and analyzed 
in low-calcium media. 

 Online supplemental material 
 Fig. S1 shows that binding of  �  – E-catenin to  � -catenin and dynamitin is 
mutually exclusive. Fig. S2 shows that  �  – E-catenin does not interfere with 
the assembly of dynactin – dynein complexes and dynactin – dynein inter-
action with vesicles. Fig. S3 shows the generation and analysis of keratino-
cytes expressing exogenous full-length and truncated (missing the actin-BD) 
 �  – E-catenin proteins. Videos 1 and 2 show lysosome movement in wild-
type and   �  – E-catenin  � / �    keratinocytes, respectively. Videos 3 and 4 show 
lysosome movement in   �  – E-catenin  � / �    keratinocytes expressing the HBT 
tag and HBT- �  – E-catenin, respectively. Videos 5 and 6 show lysosome 
movement in wild-type and   �  – E-catenin  � / �    keratinocytes, respectively, cul-
tured in low-calcium media. Videos 7 and 8 show lysosome movement in 
latrunculin A – treated wild-type and   �  – E-catenin  � / �    keratinocytes, respec-
tively. Video 9 shows lysosome movement in   �  – E-catenin  � / �    keratinocytes 
expressing HBT- �  – E-catenin VH1 – 2. Online supplemental material is avail-
able at http://www.jcb.org/cgi/content/full/jcb.200805041/DC1. 
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