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Arl4D-EB1 interaction promotes centrosomal 
recruitment of EB1 and microtubule growth

ABSTRACT ADP-ribosylation factor (Arf)-like 4D (Arl4D), one of the Arf-like small GTPases, 
functions in the regulation of cell morphology, cell migration, and actin cytoskeleton remodel-
ing. End-binding 1 (EB1) is a microtubule (MT) plus-end tracking protein that preferentially 
localizes at the tips of the plus ends of growing MTs and at the centrosome. EB1 depletion 
results in many centrosome-related defects. Here, we report that Arl4D promotes the recruit-
ment of EB1 to the centrosome and regulates MT nucleation. We first showed that Arl4D 
interacts with EB1 in a GTP-dependent manner. This interaction is dependent on the C-termi-
nal EB homology region of EB1 and partially dependent on an SxLP motif of Arl4D. We found 
that Arl4D colocalized with γ-tubulin in centrosomes and the depletion of Arl4D resulted in a 
centrosomal MT nucleation defect. We further demonstrated that abolishing Arl4D-EB1 inter-
action decreased MT nucleation rate and diminished the centrosomal recruitment of EB1 
without affecting MT growth rate. In addition, Arl4D binding to EB1 increased the association 
between the p150 subunit of dynactin and the EB1, which is important for MT stabilization. 
Together, our results indicate that Arl4D modulates MT nucleation through regulation of the 
EB1–p150 association at the centrosome.

INTRODUCTION
ADP-ribosylation factor (Arf) and ARF-like (Arl) proteins, that is, the 
ARF family of small GTPases, are major regulators of membrane traf-
ficking in exocytotic and endocytic pathways (D’Souza-Schorey and 
Chavrier, 2006; Donaldson and Jackson, 2011). Among them, three 
isoforms of Arl4 (Arl4A, Arl4C, and Arl4D) form a unique group within 
the family; these isoforms can be distinguished from other Arf family 
members by the presence of a short basic extension at the C termi-
nus and a longer Ras-like interswitch region (Pasqualato et al., 2002). 
The C-terminal extension of Arl4 functions as a nuclear localization 
signal that facilitates their interaction with importin-α and their nu-
clear translocation (Jacobs et al., 1999; Lin et al., 2000, 2002). Their 
Ras-like interswitch regions enable them to undergo GDP/GTP nu-
cleotide exchange in the absence of membrane or other cellular fac-
tors (Pasqualato et al., 2002; D’Souza-Schorey and Chavrier, 2006).

Studies have suggested roles for Arl4 proteins in development, 
differentiation, organelle morphology, and cytoskeletal dynamics 
(Lin et al., 2000, 2002; Pasqualato et al., 2002; Li et al., 2007, 2012; 
Chiang et al., 2017; Chen et al., 2020). In initial studies of Arl4s, it was 
found that Arl4A and Arl4D mRNAs are highly expressed at embry-
onic day 7 but are barely detectable at day 11 (Lin et al., 2000, 2002). 
Nucleotide-binding-defective Arl4D can localize to mitochondrial 
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inner membranes, and its expression alters mitochondrial morphol-
ogy and membrane potential (Li et al., 2012). Overexpression of ac-
tivated Arl4D can recruit cytohesin-2/ARNO, the guanine nucleotide 
exchange factor (GEF) for Arf6, to the plasma membrane to promote 
Arf6 activation, leading to modulation of actin dynamics and affect-
ing cellular processes such as cell migration and neurite outgrowth 
(Li et al., 2007; Yamauchi et al., 2009). Although previous studies 
have reported the putative roles of Arl4s, a complete picture of the 
regulation of their function has not emerged.

FIGURE 1: Overexpressed and endogenous Arl4D proteins localize to the centrosome. (A) COS-7 
cells were transfected with untagged Arl4D and prepared for immunofluorescence staining with 
antibodies against Arl4D (green) together with γ-tubulin, p150, or EB1 (red). DNA were 
counterstained with DAPI (blue). (B) COS-7 cells transfected with Arl4D-myc were stained with 
antibodies against myc (green) and γ-tubulin (red). (C) Immunofluorescence labeling of Arl4D and 
γ-tubulin in Arl4D+/+ and Arl4D–/– MEFs were analyzed by using Arl4D and γ-tubulin antibodies (top 
panels). Quantification of the Arl4D signals in the centrosomal region is shown in the bottom 
panel. The endogenous Arl4D signals in the centrosomal region of Arl4D–/– MEFs was significantly 
lower than that in Arl4D+/+ MEFs. The solid bars in the figure indicate the mean ± SD. N = 18. 
****P < 0.0001 by Student’s t test. Scale bars, 10 μm.

Microtubules (MTs) are cytoskeletal com-
ponents that form arrays in the cell that de-
termine cell shape, modulate cellular motil-
ity, and support intracellular events such as 
intracellular transport and chromosome 
segregation during mitosis. MT arrays are 
nucleated from the MT-organizing center 
(MTOC), which is usually coupled to the 
centrosome or to cellular organelles such as 
the Golgi apparatus, melanosomes, or the 
nuclear envelope (Barral and Seabra, 2004; 
Wu and Akhmanova, 2017). MT nucleation 
and anchoring activities at the centrosome 
are regulated by multiple protein com-
plexes, but the processes involved have not 
been fully elucidated. One of the complexes 
that is important for MT nucleation and an-
choring at the centrosome is the dynactin 
complex (Delgehyr et al., 2005; Hayashi 
et al., 2005; Strickland et al., 2005). Interac-
tion between p150, a component of the dy-
nactin complex, and end-binding 1 (EB1), 
an MT plus-end tracking protein, has been 
shown to be necessary for the assembly of a 
radial MT array during the formation of the 
centrosome (Askham et al., 2002; Louie 
et al., 2004; Vaughan, 2005). EB1 is a mem-
ber of the EB family, which consists of three 
different members: EB1, EB2 (RP1), and EB3 
(EBF3) (Su et al., 1995; Renner et al., 1997; 
Juwana et al., 1999; Nakagawa et al., 2000; 
Su and Qi, 2001). EB proteins regulate MT 
dynamics and participate in the organization 
of MTs within the cell (Vaughan, 2005; Co-
quelle et al., 2009). Depletion of EB1 results 
in many centrosome-related defects, includ-
ing defects in MT organization, cell motility, 
and primary cilia formation (Wen et al., 
2004; Schrøder et al., 2007).

In this study, we observed that Arl4D and 
EB1 both localize to the centrosome, and 
that Arl4D interacts with EB1 in a GTP-de-
pendent manner. We further demonstrated 
that the Arl4D-EB1 interaction is important 
for EB1 recruitment to the centrosome and 
that it regulates MT nucleation from the cen-
trosome. Finally, we showed that Arl4D may 
stabilize the association between the p150 
subunit of dynactin and EB1. Thus, we pro-
pose that Arl4D binding to EB1 regulates MT 
nucleation at the centrosome via modulation 
of the EB1–p150 association.

RESULTS
Arl4D localizes to the centrosome
We reported previously that Arl4D could localize to the plasma 
membrane, mitochondria, nucleus, and perinuclear region (Li et al., 
2007, 2012). Furthermore, we often observed Arl4D distributed 
throughout the cytoplasm, with signal of dense spot(s) localized in 
the perinuclear region during interphase and mitosis in untagged 
Arl4D-overexpressed COS-7 cells immunostained with specific anti-
body against Arl4D (Figure 1 and Supplemental Figure S1A). This 
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signal colocalized with γ-tubulin, p150, and EB1 signals, indicating 
possible centrosomal localization (Figure 1A). In addition, we did 
not observe Arl4D colocalized with EB1 at MT plus ends. Colocaliza-
tion of endogenous and exogenous Arl4D with γ-tubulin was also 
observed in mitotic COS-7 and HeLa cells (Supplemental Figure 
S1B). This centrosome-localized signal was diminished when we 
preincubated the antibody with an Arl4D epitope-specific peptide 
(Supplemental Figure S1C). To eliminate the nonspecific signal pro-
duced by polyclonal antibodies, the localization of C-terminal myc-
tagged Arl4D was examined. The distribution of Arl4D-myc was 
similar to that of untagged Arl4D: Arl4D-myc was localized around 

FIGURE 2: Arl4D interacts with EB1 in a nucleotide-dependent manner. (A) Arl4D and Arl4A, 
whether in their WT or constitutively active forms, interact with EB1 in the yeast two-hybrid 
system. L40 yeast cultures cotransformed with Gal4p-activation domain fusions of HA-EB1 and 
LexA-DNA-BD fusions of the indicated Arl4 proteins were analyzed for their β-galactosidase 
activity and for growth on selective medium lacking histidine. The bottom panel shows the 
expression levels of the fusion proteins. (B) EB1 interacts with Arl4DWT and Arl4DQ80L in vivo. 
Lysates of COS-7 cells transfected with the indicated plasmids were immunoprecipitated with 
GFP-Trap beads, and the bound proteins were analyzed by Western blotting with anti-GFP, 
anti-Arl4D, and anti-α-tubulin antibodies. (C) Interaction of endogenous EB1 with exogenous 
Arl4D. Lysates of COS-7 cells with or without exogenously expressed Arl4D were 
immunoprecipitated with EB1 antibodies, and the bound proteins were analyzed by Western 
blotting with antibodies against Arl4D and EB1. Mouse IgG was used as a negative control. 
(D) The EB1 EBH domain is sufficient to mediate EB1–Arl4D interaction. The interaction of Arl4D 
with different fragments of EB1 was assessed by in vitro GST pull-down assays. The top panel 
shows a schematic illustration of the domain organization of EB1 protein and the fragments 
used in this study, including calponin homology domains (aa 16–155) and the EBH domain 
(aa 208–251). Purified His-tagged Arl4D was incubated either with GST or with the indicated 
GST-EB1 fragments immobilized on glutathione Sepharose 4B beads. The proteins pulled down 
by the glutathione Sepharose 4B beads were analyzed by Western blotting with anti-His 
antibodies. The amount of GST and GST-fusion proteins in each assay was assessed by 
Coomassie Blue staining.

the centrosome during mitosis and inter-
phase (Figure 1B). To rule out the possibility 
that the centrosomal signal was due to non-
specific staining of the myc antibody, we 
stained untransfected cells with anti-myc 
antibody. Under extended exposure, the 
antibody did not show a centrosomal signal, 
although some diffuse signal distributed 
throughout the cell was observed under 
oversaturating imaging conditions (Supple-
mental Figure S2). In mouse embryonic fi-
broblasts (MEFs) from Arl4D+/+ mice, anti-
Arl4D antibody also labeled the centrosomal 
structure. MEFs from Arl4D–/– animals 
showed less prominent centrosomal label-
ing than those from Arl4D+/+ animals (Figure 
1C). To examine whether the localization of 
Arl4D to the centrosome was GTP-depen-
dent, we expressed Arl4DWT, constitutively 
active (Arl4DQ80L), and GTP-binding-defec-
tive (Arl4DT35N) Arl4D protein at low levels in 
COS-7 cells. We found that signals from 
Arl4DWT and Arl4DQ80L, but not from 
Arl4DT35N, could be detected at the centro-
some (Supplemental Figure S1D). These re-
sults indicate that Arl4D localizes to the cen-
trosome in a GTP-dependent manner.

EB1 is an Arl4D-interacting protein
To obtain additional clues as to the function 
of Arl4D at the centrosome, we screened 
for putative Arl4D-interacting proteins us-
ing the yeast two-hybrid assay. Arl4DQ80L 
was used as bait to screen a mouse 7-day 
embryonic cDNA library. Among 61 posi-
tive clones, we identified six independent 
gene products. One of the Arl4D-interact-
ing clones was identified 13 times and was 
found to be a C-terminal fragment of EB1 
(amino acids [aa] 90–268). We subsequently 
cloned full-length EB1 and evaluated the 
Arl4-EB1 interaction using the yeast two-
hybrid assay. We found that EB1 interacted 
with Arl4DWT and Arl4AWT but not with 
Arl4CWT. In addition, EB1 interacted with 
both Arl4A and Arl4D in a nucleotide-de-
pendent manner, with binding to evident 
WT and constitutively active forms of Arl4D 
and Arl4A but not to the GTP-binding-de-
fective mutants Arl4DT35N and Arl4AT34N 
(Figure 2A).

To evaluate the interaction between Arl4D and EB1 in vivo, we 
performed immunoprecipitation assays. We first co-expressed N-
terminally GFP-tagged, full-length EB1 protein with Arl4DWT, 
Arl4DQ80L, or Arl4DT35N in COS-7 cells and subjected the cell ly-
sates to immunoprecipitation using GFP-Trap. As shown in Figure 
2B, Arl4DWT and Arl4DQ80L, but not Arl4DT35N, co-immunoprecipi-
tated with GFP-EB1. We failed to detect the presence of endoge-
nous Arl4D among the proteins immunoprecipitated by antibodies 
against EB1 (unpublished data). Because the interaction of Arl4D 
with EB1 in cells may involve only very small amounts of both pro-
teins, the insufficient sensitivity of our Arl4D-antibodies precluded 
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identification of endogenous Arl4D in EB1-precipitated com-
plexes. However, by overexpressing Arl4DWT and performing an 
immunoprecipitation assay using anti-EB1 antibodies, we were able 
to detect an interaction between these two proteins (Figure 2C). 
These results indicated that Arl4D and EB1 could interact in vivo 
and their interaction may be dependent on the presence of a suf-
ficient amount of GTP-bound Arl4D. We next attempted to iden-
tify the regions of EB1 that are required for its binding to Arl4D by 
generating GST-tagged truncation constructs of EB1 and evaluat-
ing their ability to interact with Arl4D protein in vitro. As shown in 
Figure 2D, Arl4DWT did not interact with the N-terminal 190 aa of 
EB1; however, it interacted with constructs corresponding to the 
C-terminal region of EB1, including those containing aa 208–251, 
208–268, 190–268, and 90–268. Amino acids 208–251 comprise 
the EB homology (EBH) domain of EB1, which is known to mediate 
the interaction of EB1 with its binding partners (Akhmanova and 
Steinmetz, 2010). Taken together, the evidence presented herein 
points to a specific interaction between Arl4D and EB1 and shows 
that the EBH domain of EB1 is sufficient to mediate this 
interaction.

Arl4D depletion resulted in diminished MT regrowth from 
the centrosome
EB1 is a MT plus-end binding protein that modulates MT dynamics 
(Askham et al., 2002; Louie et al., 2004). Depletion of EB1 reduces 
MT centrosomal anchoring and delays MT regrowth from the cen-
trosome in MT regrowth assays (Louie et al., 2004). To explore 
whether Arl4D, like EB1, contributes to MT regrowth from the cen-
trosome, we examined centrosomal MT regrowth under Arl4D-de-
pleted conditions. We used pSuper-shRNA plasmids with se-
quences targeting Arl4D to knock down Arl4D expression in COS-7 
cells. Cellular MTs were depolymerized with nocodazole and cold 
treatment as described in Materials and Methods. MT regrowth was 
monitored after nocodazole washout with warm medium. In three 
independent experiments, we found that the majority (62–72.5%) of 
the control shRNA-treated cells showed well-focused, prominent 
MT asters 30 s after nocodazole washout. Consistent with previous 
reports (Louie et al., 2004), MT regrowth and aster formation from 
the centrosome were disrupted by EB1 depletion, with only 22.5–
34% of the cells showing MT asters (Figure 3, A and B, EB1 shRNA-
treated cells). In Arl4D-depleted cells, we observed prominent MT 
asters in only 30–33.4% of cells. The percentage of cells with MT 
asters was significantly lower than the percentage of control cells 
with asters (p < 0.001, Figure 3, A and B). Decrease in EB1 or Arl4D 
protein levels after shRNA knockdown is shown in Figure 3C. To 
further characterize the MT regrowth defect in Arl4D-depleted cells, 
we expressed an mCherry-tagged ensconsin MT-binding domain 
(BD) (EMTB-mCherry) in siControl- and siArl4D-treated cells as a 
means of tracking newly nucleated MT at the centrosome after 
nocodazole-induced MT depolymerization and washout. Represen-
tative time-lapse images of G1/S cells are shown in Figure 3D. In 
siControl-treated cells, an average of 13.25 ± 2.7 MT/min (mean ± 
SD) were nucleated from the centrosome, while in siArl4D-treated 
cells, an average of 6.875 ± 3.4 MT/min (mean ± SD) were nucleated 
(Figure 3E). To confirm that the reduction in MT growth was 
Arl4D-specific, we introduced shRNA-resistant Arl4D (Arl4DRes) into 
Arl4D-shRNA-treated cells and counted the numbers of centro-
somal aster-associated MT after allowing 30 s for MT regrowth. 
Fixed cells were stained with antibodies against Arl4D and MTs and 
imaged to quantify the number of MTs. In shControl cells, the 
average number of MTs attached to the centrosome was 13.01 ± 
3 MT/cell (mean ± SD). In Arl4D shRNA-treated cells, the number 

decreased to 4.34 ± 0.64 MT/cell. In Arl4D-rescued cells, 11.3 ± 
2.2 MT/cell were counted. These results indicated that the effect 
was Arl4D specific (Figure 3F).

In MEFs from Arl4D-knockout (Arl4D–/–) mice, we also found that 
the percentage of cells with well-organized, prominent MT asters 
was significantly lower than that in Arl4D+/+ cells (32–41% vs. 54–
77%, respectively) (Figure 4, A and B). We further quantified the 
number of MTs nucleated from the centrosome during regrowth in 
these MEF cells. Ninety seconds after nocodazole washout, there 
were 27.3 ± 8.4 MTs/aster (mean ± SD) in Arl4D+/+ cells and 2.2 ± 4.1 
MTs/aster (mean ± SD) in Arl4D–/– cells (Figure 4C). These observa-
tions indicated that the depletion of Arl4D resulted in the regrowth 
of fewer MTs from the centrosome after nocodazole depolymeriza-
tion and washout.

We next examined the dynamics of MT growth by observing the 
behavior of EB1 comets. We expressed GFP-EB1 at moderate levels 
in siControl- and siArl4D-treated COS-7 cells and subjected the cells 
to time-lapse live cell imaging (Supplemental Movie S1). We ana-
lyzed the MT growth patterns (Figure 5A), including the numbers of 
EB1 comets emanating from the centrosome and the movement 
speed of the comets, using Imaris Lineage/Track software. We found 
that 9.86 ± 4.11 comets emanated from the centrosome every 5 s in 
siControl cells during the recording period. In contrast, 4.23 ± 2.37 
comets/5 s emanated from the centrosome in siArl4D-treated cells 
(Figure 5B). This result indicates that depletion of Arl4D resulted in 
a defect in centrosomal MT nucleation. We also analyzed the veloc-
ity of EB1 comets moving in the cell; this velocity is an indicator of 
the MT polymerization rate. We found that depletion of Arl4D did 
not affect the growth rate of EB1 comets (0.255 ± 0.049 μm/s in si-
Control vs. 0.243 ± 0.041 μm/s in siArl4D-treated cells), indicating 
that the growth rate of MTs was not affected by Arl4D depletion 
(Figure 5C).

Using EB1-GFP, we also observed that the EB1 signal at the cen-
trosome was reduced at the centers of MT asters in siArl4D-treated 
cells (Supplemental Movie S1). We therefore examined the endog-
enous EB1 signal in Arl4D-depleted cells (Figure 5D). We used 
siRNA to knock down Arl4D in COS-7 cells and stained the cells with 
EB1 and a centrosome marker (γ-tubulin). We found that the signal 
intensity of the EB1 signal at the centrosomes was reduced in Arl4D-
depleted cells (Figure 5E). In contrast, knockdown of Arl4D did not 
affect p150 signal intensity at the centrosome (Figure 5F). Our find-
ings thus demonstrated that Arl4D depletion results in less promi-
nent aster formation; this effect could be attributed to the dimin-
ished MT nucleation from the centrosome. This diminished 
nucleation might be a result of reduced EB1 recruitment to the cen-
trosome in Arl4D-depleted cells.

Disruption of the EB1–Arl4D interaction resulted in a 
centrosomal MT regrowth defect
The observations presented above indicated that Arl4D, like EB1, 
participates in the process of centrosomal MT regrowth. To investi-
gate the importance of the EB1–Arl4D interaction in the MT re-
growth process, we first attempted to identify motifs that are re-
quired for EB1–Arl4D interaction on either protein. The EBH domain 
of EB1 is known to interact with Sx(L/I)P motifs in proteins such as 
adenomatous polyposis coli (APC), CLIP-associated proteins 
(CLASPs), and MT-actin cross-linking factor (Honnappa et al., 2009). 
Sequence alignment of Arl4 family proteins showed that Arl4D and 
Arl4A, but not Arl4C, contain SxLP motifs (Figure 6A), suggesting 
that Arl4D and Arl4A might interact with EB1 via their SxLP motifs. 
To examine whether the SxLP motif of Arl4D plays a role in Arl4D-
EB1 interaction, we mutated the Arl4D SFLP motif (residues 14–17) 
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FIGURE 3: Arl4D knockdown results in a defect in aster formation during MT regrowth. (A) Immunofluorescence 
staining of cells at different time points during MT regrowth. COS-7 cells transfected with control, EB1, or Arl4D 
pSuper-shRNA (GFP-tag) for 72 h were processed for MT regrowth assays as described in Materials and Methods, and 
the cells were subsequently fixed at the indicated times. The cells were stained with DAPI (blue) and antibodies against 
α-tubulin (red). The GFP signal indicates transfected cells. Scale bars, 10 μm. (B) Quantification of cells with apparent 
centrosomal aster formation during MT regrowth. The percentages of cells with apparent centrosomal aster formation 
in each group were determined at 30-s intervals in 67–133 cells in each experiment. Normal aster formation is indicated 
by the presence of MT astral rays composed of 10 or more discernible fibers (or MTs). The experiment was repeated 
three times (total cells from three experiments: control shRNA = 361, EB1 shRNA = 264, and Arl4D shRNA = 279). 
The error bars represent SD. ***P < 0.001 by one-way ANOVA with Dunnett’s post hoc multiple comparison 



Volume 31 October 1, 2020 Arl4D modulates EB1 function | 2353 

to SFNK (Honnappa et al., 2009) and performed co-immunoprecip-
itation assays. We first co-expressed GFP-EB1 protein with Arl4DWT-
Myc or Arl4DNK-Myc in COS-7 cells and subjected the cell lysates to 
immunoprecipitation using GFP-Trap or Myc-Trap. As shown in 
Figure 6, B and C, introduction of the NK mutation in the SxLP motif 
of Arl4D resulted in a 20–43% decrease in the amount of protein 

co-immunoprecipitated in the GFP- and Myc-Trap assays. These re-
sults indicated that interaction between Arl4D and EB1 is partially 
dependent on the SxLP motif. Taken together, our findings show a 
canonical EBH-binding motif, SxLP, of Arl4D contributes to its inter-
action with EB1 (Figure 6D).

It is well known that the EBH domain is an important protein-in-
teracting domain within EB1. We next employed an alanine scan-
ning mutagenesis strategy to identify the amino acid residues re-
quired for Arl4D interaction within the EBH domain of EB1. We 
changed four to five of the amino acids within the EBH domain (aa 
208–251) to Ala at a time and evaluated the interaction of a total of 
nine mutated EBH domains with Arl4D using the yeast two-hybrid 
assay (Figure 7A). The Ala-scan mutants A3, A4, and A7 showed 
decreased interaction with Arl4D. Structural analysis of the C-termi-
nal region of EB1 has shown that residues 191–230 form a long, 
smoothly curved helix (α1) that is followed by an antiparallel short 
helix (α2, residues 237–248) connected to the first helix by a hairpin 
structure (Honnappa et al., 2005). These helical structures form in-
teracting grooves that are crucial for both the homodimerization of 
EB1 and its interaction with other proteins. The A3 and A4 muta-
tions alter several amino acids that are known to affect EB1 oligo-
merization and function (Askham et al., 2002; Bu and Su, 2003; Slep 
et al., 2005). The A7 mutation resides in the α2 region of EB1 and is 
not on the surface of the interacting groove. No report to date has 
characterized the effect of altering these amino acids. We thus fo-
cused on the effect of the A7 mutation on EB1 function.

We examined the effect of the EB1-A7 mutation on the interac-
tion of EB1 with Arl4D. In the context of the full-length EB1 protein, 
A7 mutant did not show interaction with Arl4D as determined by the 
yeast two-hybrid assay (Figure 7B). We next co-expressed Arl4D and 
either WT EB1 or the A7 mutant in COS-7 cells and subjected ly-
sates of the cells to immunoprecipitation using GFP-Trap. As shown 
in Figure 7C, Arl4D co-immunoprecipitated with both the WT and 
the EB1-A7 proteins; however, the relative quantity of protein that 
co-immunoprecipitated with EB1-A7 was approximately 50% of the 
amount that co-immunoprecipitated with WT EB1 (Figure 7C), indi-
cating that the A7 mutation reduced EB1’s binding affinity for Arl4D. 
To rule out the possibility that the A7 mutation completely disrupts 
the conformation of EB1, we evaluated the effect of the A7 mutation 
both on the homodimerization of EB1 and on its interaction with 
other known proteins. We used one of two different tags (FLAG and 
GFP) in the WT and A7-mutant forms of EB1, expressed them in 
various combinations in HeLa cells, and performed immunoprecipi-
tation using GFP-Trap. As shown in Figure 7D, FLAG-tagged EB1-
A7 co-immunoprecipitated with the A7 mutant of GFP-tagged EB1, 

test. (C) Decrease in EB1 or Arl4D protein levels after shRNA knockdown. Seventy-two hours after transfection with 
control, EB1, or Arl4D pSuper-shRNA, COS-7 cell lysates were analyzed by Western blotting with the indicated 
antibodies. (D) COS-7 cells stably expressing MT-BD of ensconsin (EMTB)-mCherry were transfected with control or 
Arl4D siRNA, and the cells were subjected to time-lapse live cell imaging as described in Materials and Methods. 
Representative time-lapse images collected from G1/S cells are shown. MT nucleation rates are presented as the 
average MT nucleation rate ± SD; n = 10 cells, siControl samples; n = 10 cells, siArl4D samples. Scale bar, 10 μm. 
(E) Quantification of MTs nucleation rates (MTs/min) during MT regrowth. The experiment was repeated three times 
(total cells from three experiments: siControl = 10, siArl4D = 10). The data are presented as mean ± SD. ***P < 0.001 by 
Student’s t test. (F) Overexpression of shRNA-resistant Arl4D (Arl4DRes) rescued the MT regrowth defect in COS-7 cells. 
COS-7 cells transfected with Arl4D pSuper-shRNA together with an empty vector or Arl4DRes DNA were fixed at 30 s 
after the start of the MT regrowth assay and stained with antibodies against Arl4D and α-tubulin (left panel). Scale bars, 
10 μm. Top right, quantification of the numbers of MTs emanated from the aster during regrowth. The numbers of MTs 
were estimated as described in Materials and Methods. The data shown are the mean ± SD from at least three 
experiments (total cells from three experiments: control shRNA = 60, Arl4D shRNA = 58, and Arl4D shRNA with Arl4DRes 
= 52). *P < 0.05. **P < 0.01 by one-way ANOVA with Dunnett’s post hoc multiple comparison test. Bottom right, 
Western blot analysis of cell lysates from COS-7 cells transfected with the indicated shRNA and plasmids.

FIGURE 4: Arl4D-knockout MEFs shows a defect in aster formation 
during MT regrowth. MT regrowth assays were performed with 
Arl4D+/+ and Arl4D–/– MEFs as described in Materials and Methods, 
and the cells were processed for immunofluorescence staining and 
labeled with anti-EB1, anti-α-tubulin, and DAPI (left). Scale bar, 
10 μm. (B) Quantification of MEFs with centrosomal aster at 120 s; 
the data are shown as the mean ± SD from at least five experiments. 
Normal aster formation is indicated by the presence of MT astral rays 
composed of 10 or more discernible fibers (or MTs). ****P < 0.0001 
by Student’s t test. (C) Quantification of the numbers of MTs 
emanated from the aster during regrowth. The data are presented 
as mean ± SD (total cells Arl4D+/+ = 30, Arl4D–/– = 36). ****P < 0.0001 
by Student’s t test.
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indicating that mutation in the A7 region did not affect EB1 homodi-
merization and that the EB1-A7 protein retained some if not all of its 
structural characteristics. CLASP2, an EB1-interacting protein that is 
required for MT formation from the trans-Golgi network (Efimov 
et al., 2007), also remained bound to the EB1-A7 mutant (Figure 
7E). Taken together, these results indicated that the EB1 A7 mutant 
largely retained its structural integrity.

We next examined whether the A7 mutation affects the ability of 
EB1 to promote MT nucleation from the centrosome after no-
codazole-induced MT depolymerization and washout. We expressed 
siRNA-resistant WT EB1 (EB1-WTRes) and the A7 mutant (EB1-A7Res) 
in COS-7 cells treated with EB1 siRNA (Figure 8A). The expression 
levels of exogenous EB1s in the rescue experiment were approxi-
mately 3- to 5-fold higher than that of endogenous EB1. Depletion 

FIGURE 5: Arl4D is involved in normal MT growth and in the centrosomal recruitment of EB1. (A–C) Time-lapse 
microscopy of siControl- and siArl4D-treated COS-7 cells expressing low levels of GFP-EB1 was performed as described 
in Materials and Methods and the video is presented in Supplemental Movie S1. (A) Representative images of tracked 
EB1-GFP comet trajectories during a 120-s time interval under control and knockdown conditions in COS-7 cells. (B) An 
automated tracking program (Imaris Lineage/Spots) was used to calculate the number of EB1 comets starting from the 
centrosome, (9.86 ± 4.11 comets from centrosome/5 s vs. 4.23 ± 2.37 comets from centrosome/5 s in siControl vs. 
siArl4D cells) (n = 14 cells per experiment from three independent experiments, error bars represent the SD. 
***p < 0.001 by Student’s t test). (C) Using an automated tracking program (Imaris Lineage/Track), to track EB1 comets, 
we found that the comet speed in Arl4D-depleted cells was not significantly different from that in control cells 
(0.255 ± 0.049 μm/s vs. 0.243 ± 0.041 μm/s, siControl vs. siArl4D) (n = 14 cells per experiment from three independent 
experiments, error bars represent mean ± SD. N.S., p > 0.05 by Student’s t test). (D) COS-7 cells were transfected with 
siControl or siArl4D, and cells were processed for immunofluorescence staining and labeled with anti-EB1 (red), 
anti-γ-tubulin (green), anti-p150 (yellow), and DAPI (blue). Scale bar, 10 μm. (E) Quantification of EB1 fluorescence 
intensity at centrosome in COS-7 cells (n = 39 centrosomes, error bars represent mean ± SD; **p < 0.01 by Student’s 
t test). (F) Quantification of p150 fluorescence intensity at centrosome in COS-7 (n = 39 centrosomes. The error bars 
indicate the SD. N.S., p > 0.05 by Student’s t test).
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of EB1 significantly reduced the number of MTs emanating from the 
centrosome; an average of 11 ± 1.3 MTs/ aster was observed in con-
trol cells while the number in EB1 knockdown cells was 4.8 ± 0.8. In 
EB1-depleted cells overexpressing GFP, the average number was 
4.0 ± 0.8 MTs/aster. In cells overexpressing EB1-WTRes or EB1-A7Res, 
the numbers were 9.4 ± 0.9 and 4.5 ± 0.1 MT/aster, respectively 
(Figure 8B). These results indicate that the A7 mutation of EB1 is 

defective in promoting MT nucleation. We also examined whether 
the centrosomal recruitment of EB1 is affected by the A7 mutation. 
We expressed GFP-EB1-WTRes and GFP-EB1-A7Res in EB1-depleted 
COS-7 cells and found that the signal intensity of GFP-EB1-A7 at the 
centrosome was reduced (Figure 8, C and D). Together, these results 
indicate that Arl4D binding to EB1 is important for the centrosomal 
recruitment of EB1 and MT nucleation at the centrosome.

FIGURE 6: The SxLP motif in the Arl4D N-terminal region stabilizes the EB1–Arl4D interaction. (A) Conservation of the 
Sx(L/I)P motif in Arl4 family members. Sequence alignment of Arl4 family proteins showed that Arl4D and Arl4A, but not 
Arl4C, contain Sx(L/I)P motifs. The Sx(L/I)P motif is shown in red. (B) Interaction of EB1 with Arl4D was disrupted after 
mutagenesis of the SFLP motif (residues 14–17). Lysates of COS-7 cells transfected with plasmids encoding GFP-EB1 
and Arl4DWT-Myc or Arl4DNK-Myc were immunoprecipitated with GFP-Trap, and the immunoprecipitated proteins were 
analyzed by Western blotting with antibodies against Myc and GFP. The amounts of co-immunoprecipitated Arl4D-myc 
were determined by densitometric quantification of the results of four experiments. The data are presented as mean ± 
SD. **P < 0.01 by Student’s t test. (C) Lysates of COS-7 cells transfected with plasmids encoding GFP-EB1 and Arl4DWT-
Myc or Arl4DNK-Myc were immunoprecipitated with Myc-Trap, and immunoprecipitated proteins were analyzed by 
Western blotting with antibodies against Myc and GFP. The amounts of co-immunoprecipitated GFP-EB1 were 
determined by densitometric quantification from four experiments. The data are presented as mean ± SD. **P < 0.05 
by Student’s t test. (D) Cartoon illustrating how Arl4D interacts with EB1 through the latter’s EBH domain in a GTP-
dependent manner; a canonical EBH-binding motif, SxLP, of Arl4D contributes to its interaction with EB1.
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FIGURE 7: Characterization of Arl4D-binding-defective EB1 Ala-scanning mutant. (A) Identification Arl4D-binding-
defective EB1 mutant. A schematic representation of the alanine-scanning mutagenesis performed in the EB1 EBH 
domain is shown at the top left. Four to five amino acids at a time were replaced with Ala in the EB1 EBH fragments 
(aa 208–251). Interactions of Arl4DQ80L with the EBH alanine-scanning mutants A1-A9 were tested using the yeast 
two-hybrid assay as described in Materials and Methods. The histidine auxotrophy and protein expression levels are 
shown in the left and bottom panels, respectively. EBH A3, A4, and A7 mutants disrupted the Arl4DQ80L-EBH 
interaction. (B) Confirmation of an Arl4D-binding defect in the EB1 A4 and A7 mutants. Full-length EB1 with A4 or A7 
mutation could not interact with Arl4DQ80L in the yeast two-hybrid assay. Histidine auxotrophy, β-galactosidase activity, 
and protein expression level are shown. (C) The A7 mutant of EB1 does not interact with Arl4DWT in vivo. 
Co-immunoprecipitation of EB1 and Arl4D were assessed from lysates of COS-7 cells expressing the indicated 
combinations of Arl4D and GFP-EB1 constructs were assessed. The bound proteins were analyzed by Western blotting 
with antibodies against GFP, Arl4D, and α-tubulin (left). Right: densitometric quantification of co-immunoprecipitated 
Arl4D. The data shown are the mean ± SD from three experiments. ***P < 0.001 by Student’s t test. 
(D) Homodimerization of EB1-A7 mutant in vivo. Lysates of COS-7 cells transfected with the indicated plasmids were 
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immunoprecipitated with a GFP antibody, and the bound proteins were analyzed by Western blotting with antibodies 
against GFP and FLAG (left). Right: quantification of co-immunoprecipitated FLAG signals. The data shown are the 
mean ± SD from three experiments; no significant difference was found. (E) Interaction of EB1 with CLASP2 was not 
affected by the A7 mutation. Lysates of COS-7 cells transfected with the indicated plasmids were immunoprecipitated 
with FLAG antibody, and bound proteins were analyzed by Western blotting with antibodies against CLASP2 and FLAG.

FIGURE 8: The A7 mutation of EB1 displays a defect in MT regrowth and diminished 
centrosomal localization. (A) MT regrowth assay of EB1-knockdown cells expressing GFP-EB1, 
GFP-EB1-A7, or GFP. COS-7 cells were transfected with control or EB1 siRNA together with 
N-terminal GFP-tagged EB1 siRNA-resistant constructs, wild-type (GFP-EB1 WTRes) or A7 
mutant (GFP-EB1-A7Res). Cells were fixed after 30 s of MT regrowth and stained with antibodies 
against α-tubulin. Scale bars, 10 μm. (B) Top panel: quantification of the numbers of MTs 
emanating from the centrosome during regrowth. The data are mean ± SD. The experiment was 
repeated three times (total cells from three experiments: control siRNA = 37, siEB1 = 47, siRNA 
EB1 with GFP = 45, siRNA EB1 with GFP-EB1 WTRes = 38 and siRNA EB1 with GFP-EB1-A7Res = 
43). **P < 0.01 by one-way ANOVA with Dunnett’s post hoc multiple comparison test. Bottom 
panel, expression levels of the transfected constructs. Lysates of cells used in A were analyzed 
by Western blotting with antibodies against EB1, GFP and α-tubulin. (C) EB1-A7 mutant showed 
decreased centrosomal localization. COS-7 cells were transfected with EB1 siRNA together with 
GFP-EB1 WTRes or GFP-EB1-A7Res, and cells were processed for immunofluorescence staining 
and labeled with anti-γ-tubulin (red) and DAPI (blue). Scale bar, 10 μm. (D) Quantification of 
GFP-EB1 fluorescence intensity at the centrosome in COS-7 (n = 48 centrosomes, error bars 
indicate SD. ****P < 0.0001 by Student’s t test).

Arl4D modulates the association of 
EB1 with p150
A previous report indicated that the forma-
tion of radial MT arrays from the centro-
some requires interaction between EB1 
and p150 (Askham et al., 2002; Hayashi 
et al., 2005; Strickland et al., 2005). We 
therefore examined whether the interac-
tion between EB1 and p150 is affected by 
the EB1-A7 mutation. Lysates from HeLa 
cells expressing either GFP-tagged EB1 
WT or the A7 mutant were subjected to im-
munoprecipitation using GFP-Trap, and co-
immunoprecipitated proteins were ana-
lyzed by immunoblotting. As shown in 
Figure 9A, the WT form but not the A7 mu-
tant form of EB1 interacted with p150. Al-
though this result might indicate that the 
interaction of EB1 with Arl4D is important 
for the EB1–p150 interaction, it also raises 
the possibility that EB1-A7 led to impaired 
MT regrowth simply because it lost its abil-
ity to bind to p150. To rule out that possi-
bility, we examined the interaction between 
WT EB1 and p150 in Arl4D-knockdown 
cells. Lysates of HeLa or C-33A cells treated 
with Arl4D or control siRNA and overex-
pressing GFP-EB1 or GFP were subjected 
to immunoprecipitation using GFP-Trap. 
The amount of p150 co-immunoprecipi-
tated with GFP-EB1 was reduced (30–40%) 
in Arl4D siRNA-treated cells compared with 
that in control cells. The interaction be-
tween GFP-EB1 and p150 was restored 
when we overexpressed the siRNA-resis-
tant form of Arl4D protein (Figure 9, B and 
C). These results provide further evidence 
that the interaction between Arl4D and 
EB1 may play a role in stabilizing EB1–p150 
interaction.

DISCUSSION
In this study, we identified EB1 as a func-
tional partner of Arl4D. We found that Arl4D 
interacts with EB1 in a GTP-dependent 
manner, colocalizes with γ-tubulin, and 
modulates MT nucleation by recruiting EB1 
to the centrosome. Depletion of Arl4D inter-
fered with EB1 localization to the centro-
some and resulted in decreased numbers of 
MT growing from the centrosome. Thus, we 
propose that Arl4D promotes centrosomal 
recruitment of EB1 via direct interaction, 
thereby modulating MT growth at the 
centrosome.
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Like many other ARF family members, 
Arl4D protein has been shown to localize to 
several different cellular compartments, in-
cluding the plasma membrane, nucleus, 
and mitochondria, and is also distributed 
throughout the cytosol (Lin et al., 2002, 
2007, 2012). In this report, we observed en-
dogenous Arl4D localized at the centro-
some. Previously, HP1α, a protein that local-
izes to the centrosome (Auth et al., 2006), 
was reported to interact with Arl4D (Lin 
et al., 2002). Auth et al. (2006) found that 
HP1α depletion could impede cell cycle 
progression, lead to the formation of multi-
nucleated cells, and result in less well-orga-
nized MT networks (Auth et al., 2006). These 
findings are consistent with our current evi-
dence that Arl4D might localize to the cen-
trosome and may participate in MT-related 
centrosomal function.

How does Arl4D affect MT growth from 
the centrosome? Our current findings sug-
gest that Arl4D modulates MT nucleation 
via its interaction with EB1. Arl4D interacts 
with EB1 in a GTP-dependent manner 
through the latter’s EBH domain. A canoni-
cal EBH-binding motif, SFLP (SxI/LP), was 
found in the N-terminal region of Arl4D. In-
terestingly, mutating the Arl4D SxI/LP motif 
only partially reduced Arl4D binding to EB1. 
This result suggests that there are other 
EB1-binding site(s) within Arl4D that remain 
to be characterized.

Depletion of either EB1or Arl4D resulted 
in similar MT regrowth defects: the forma-
tion of MT asters on MT regrowth from the 
centrosome after MT depolymerization was 
impeded in EB1- or Arl4D-depleted cells. 
We also found that the numbers of MTs nu-
cleating from the centrosome at early time 
points during MT regrowth were decreased 
in Arl4D-depleted cells as well as in cells in 
which the interaction between Arl4D and 
EB1 was disrupted. These findings estab-
lished a role for Arl4D-EB1 interaction in MT 
regrowth from the centrosome. In our time-
lapse imaging experiments, we found that 

FIGURE 9: Arl4D binding to EB1 regulates the association of EB1 with p150. (A) Interaction of 
EB1 with p150 was disrupted after mutagenesis in the EBH A7 region. Lysates of HeLa cells 
transfected with plasmids encoding GFP, GFP-EB1 wild-type, or A7 mutants were 
immunoprecipitated with GFP-Trap, and immunoprecipitated proteins were analyzed by 
Western blotting with antibodies against p150, GFP, and α-tubulin. The amounts of co-
immunoprecipitated p150 were determined by densitometric quantification from four 
experiments. The data are presented as mean ± SD. ****P < 0.0001 by Student’s t test. 
(B) Effects of Arl4D knockdown on the EB1 interaction with p150 were rescued by 
overexpression of Arl4DRes in HeLa cells. Lysates of cells transfected with control or specific 
Arl4D siRNA as well as with the indicated plasmids were immunoprecipitated with GFP-Trap, 
and the bound proteins were analyzed by Western blotting with the indicated antibodies. The 
amounts of co-immunoprecipitated p150 in five experiments were determined by densitometric 
quantification. The data are presented as mean ± SD. **P < 0.01, ***P < 0.001 by one-way 
ANOVA with Dunnett’s post hoc multiple comparison test. (C) Effects of Arl4D knockdown on 

the EB1 interaction with p150 were rescued 
by overexpression of Arl4DRes in C33-A cells. 
Lysates of cells transfected with control or 
specific Arl4D siRNA as well as the indicated 
plasmids were immunoprecipitated with 
GFP-Trap, and bound proteins were analyzed 
by Western blotting with the indicated 
antibodies. Amounts of co-immuno-
precipitated p150 were determined by 
densitometric quantification from four 
experiments. The data are presented as 
mean ± SD. **P < 0.01, ****P < 0.0001 by 
one-way ANOVA with post hoc multiple 
comparison test.
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the number of MTs growing from the centrosome and the number 
of EB1 comets emanating from the centrosome were reduced in 
Arl4D-depleted cells. However, the velocity of EB1 comets was not 
affected by Arl4D depletion, indicating that the rate of MT polymer-
ization was not affected. The effect of Arl4D depletion on centro-
somal MT nucleation is apparent. However, it is rather difficult to 
distinguish between MT nucleation and anchoring, even with live 
cell imaging. Since the ratio of emanating MTs observed by time-
lapse imaging in siArl4D verses control cells was larger than the ratio 
we observed in still images, we could not completely exclude the 
possibility that there is an MT-anchoring defect in Arl4D-depleted 
cells.

The nucleation and minus end anchoring of MTs are dependent 
on two EB1-interacting proteins, APC and p150 (Askham et al., 
2002; Louie et al., 2004). Mutations that interfered with EB1–Arl4D 
binding also affected EB1–p150 binding, and this might, in turn, 
contribute to the MT regrowth defect observed in this study. EB1 
interacts with p150 through a composite of its EBH domain and its 
C-terminal EEY motif (Askham et al., 2002; Bu and Su 2003; Slep 
et al., 2005). The EBH domain is also the region we identified as 
the Arl4D binding region. Thus one could argue that mutations 
within the EBH domain (such as the A7 mutant characterized in this 
study) simply abolished EB1’s interaction with all of its binding 
partners. Several lines of evidence suggest that the aforemen-
tioned scenario might not be true. Secondary structure prediction 
data suggest that mutation of the A7 region does not affect the 
EB1 α2 helix structure (Slep et al., 2005). Protein structure model 
prediction also indicated that mutation of this region only slightly 
changed the conformation of the EB1 α2 helix (Supplemental 
Figure S4). In our report, we found that neither EB1 homodimer-
ization nor its interaction with CLASP2, a protein responsible for 

noncentrosomal MT nucleation at the Golgi membrane (Efimov 
et al., 2007), was affected by A7 mutation. Interestingly, knock-
down of Arl4D did not affect p150 signal intensity at the centro-
some, suggesting that Arl4D is not involved in the centrosomal 
recruitment of p150. Thus, the interaction between EB1 and p150, 
albeit direct, might be further modulated by Arl4D. Understanding 
the interplay among Arl4D, EB1, and p150 will greatly foster our 
understanding of the mechanisms of MT regrowth. In various ex-
perimental systems it is suggested that EB1 may also contribute to 
MT nucleation directly or via recruitment of other factors, such as 
APC, XMAP215, or γ-tubulin ring complex (Nakamura et al., 2001; 
Zanic et al., 2013; Bouissou et al., 2014). Whether Arl4D also plays 
a role in the formation of other EB1-complexes remains to be fur-
ther investigated.

Based on our findings, we propose a model in which the acti-
vated, GTP-bound form of Arl4D localizes to the centrosome and 
interacts with EB1 in such a way as to facilitate the recruitment of 
EB1 to the centrosome, where it binds to p150 and initiates MT 
nucleation (Figure 10). We speculate that after forming complexes 
with p150 to initiate centrosomal MT growth, the conformation of 
EB1 might be changed and that a putative GTPase-activating pro-
tein (GAP) promotes GTP hydrolysis of Arl4D so that Arl4D dissoci-
ates from EB1. The free Arl4D protein can then recycle, undergo 
activation, and interact with additional EB1 molecules to initiate the 
nucleation of new MT growth at the centrosome. In the absence of 
Arl4D, less EB1 is recruited to the centrosome and its binding to 
p150 is also weakened. Our model suggests that Arl4D does not 
remain in a complex with EB1 but instead leaves the complex on 
initiation of MT nucleation; hence, no decoration of MT plus ends by 
Arl4D was observed. However, further studies will be required to 
test this hypothesis.

FIGURE 10: Model showing how Arl4D modulation of EB1 function affects MT growth. The activated GTP-bound form 
of Arl4D is localized at the centrosome and interacts with EB1 at its C-terminal EBH domain. Arl4D binding to EB1 
results in centrosomal recruitment of EB1. EB1 interacts with p150Glued to form a complex with MTs, thereby promoting 
MT growth.
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Arf small GTPases are controlled by the stimulation of the release 
of bound GDP by GEFs and by stimulation of their intrinsic GTPase 
activity by GAPs (Donaldson and Jackson, 2011; Sztul et al., 2019). 
Our study found that Arl4D functions and interacts with EB1 in a 
nucleotide-dependent manner, suggesting that a putative GEF and 
GAP associated with Arl4D play important roles in regulating the 
interaction between Arl4D and EB1. Identification of molecules that 
act upstream of Arl4D, such as Arl4D GAPs and GEFs, is of great 
importance in further exploration of the detailed mechanism of 
Arl4D action.

We have previously reported that another Arl4 member, Arl4A, 
binds to a coiled-coil region of GCC185 (Lin et al., 2011) and 
strengthens the recruitment of CLASP proteins to the Golgi. MT 
depolymerization and regrowth from the centrosome were not af-
fected in Arl4A-depleted cells (unpublished data); however, the 
Golgi morphology was disturbed, possibly due to a defect in 
Golgi-derived MT formation. It is interesting that two closely re-
lated Arl4 proteins appear to modulate MT dynamics at two differ-
ent MT nucleation sites. It is also worth noting that these proteins 
appear to function in a similar manner by modulating the strength 
of intermolecular interactions between their effectors.

Three other Arl proteins, Arl2, Arl3, and Arl6, have been shown 
to localize to the centrosome (Zhou et al., 2006; Wiens et al., 2010). 
Depletion of Arl3 in cells leads to increased α-tubulin acetylation 
and failure of cytokinesis. Studies have suggested that Arl3 may be 
important in MT destabilization. Arl2 is thought to regulate MT as-
sembly at the centrosome. Cells overexpressing Arl2Q70L failed to 
form MT asters from the centrosome in the MT regrowth assay 
(Zhou et al., 2006). In contrast, we found that loss of Arl4D activity 
due to depletion of Arl4D resulted in reduced amounts of centro-
somal MT nucleation. Whether these two molecules play antagonis-
tic roles in fine-tuning centrosomal MT dynamics warrants further 
study. A previous study suggested that Arl6 localizes near the cilia 
and regulates their assembly and disassembly (Jin et al., 2010; 
Wiens et al., 2010). The localization of Arl6 is very similar to that of 
Arl4D: it colocalizes with γ-tubulin throughout the cell cycle (Wiens 
et al., 2010). Our preliminary data showed that Arl4D-knockout 
MEFs displayed a minor defect in cilia formation. Whether Arl4D has 
a role in cilia formation needs further investigation.

In summary, our current study identified a centrosome-related 
role for Arl4D protein. Analysis of “upstream” regulators of Arl4D 
that underlie its selective recruitment to and activity at the centro-
some will improve our understanding of the mechanism of Arl4D in 
regulating centrosomal MT growth. Recent studies indicate that the 
centrosome serves not only as an MTOC but also as a coordination 
center where important decisions concerning cell fate are made. 
Future studies examining whether Arl4D also participates in these 
processes will shed more light on the physiological roles of this 
protein.

MATERIALS AND METHODS
Cell culture, transfection, and antibodies
COS-7 and HeLa cells were grown in DMEM (Life Technologies, 
Lombard, IL) supplemented with 100 U/ml each of penicillin and 
streptomycin (Invitrogen) and 10% fetal bovine serum (FBS; Life 
Technologies). C33-A cells were grown in alpha minimum essential 
medium (MEM; HyClone) supplemented with 100 U/ml each of pen-
icillin and streptomycin (Invitrogen), sodium pyruvate (Life Technolo-
gies), MEM nonessential amino acids (Life Technologies), and with 
10% FBS (Life Technologies). The MEFs from both Arl4D+/+ and 
Arl4D-knockout (Arl4D–/–) mice were provided by the Transgenic 
Mouse Models Core Facility of the College of Medicine at National 

Taiwan University. MEFs were grown in DMEM (Life Technologies, 
Lombard, IL) supplemented with 10% FBS (Life Technologies). Arl4D 
expression levels were detected by Western blotting (Supplemental 
Figure S3).

Transient transfections were performed using Lipofectamine 
2000 reagent (Invitrogen) according to the manufacturer’s instruc-
tions. For the expression of Arl4D proteins in cells, cDNA of Arl4D 
was constructed as described previously (Li et al., 2012). For knock-
down of Arl4D and EB1, we used the pSuper RNAi system (Oligo-
Engine) to specifically knock down gene expression. The sequences 
used to knock down these genes were as follows: Arl4D, 5′-GGTG-
GAGTTGCACCGAATC-3′ and EB1, 5′-TTGCCTTGAAGAAAGT-
GAA-3′. Forty-eight hours after transfection, the levels of the 
siRNA-targeted protein were analyzed by Western blotting. The 
EB1-GFP WT, A7, WTRes, and A7Res forms were expressed under a 
CMV promoter in a pEGFP-C1 backbone. The FLAG-tagged EB1 
WT and A7 mutant were expressed under a CMV promoter in a 
pCMV-Tag 2B backbone. The RNAi-resistant clone contained silent 
point mutations in the RNAi target sequence that decrease siRNA 
binding to the mRNA. A schematic representation of RNAi-resistant 
clone design and the mutation sites is presented in Supplemental 
Figure S5.

The antibodies used in this study were as follows: anti-EB1 (BD 
Transduction Laboratories), anti-HA (Invitrogen), anti-LexA (Co-
vance), anti-CLASP2 (Absea Biotechnology), anti-FLAG M2 (Sigma-
Aldrich), anti-GFP (Santa Cruz), anti-α-tubulin (Sigma-Aldrich), and 
anti-γ-tubulin (Sigma-Aldrich). The Arl4D antibodies were prepared 
by immunizing rabbits with Arl4D peptide (amino acid 139QPGAL-
SAAEVEKRLAVR155). The Arl4A and GFP antibodies have been de-
scribed previously (Li et al., 2007, 2012; Lin et al., 2011).

Protein interaction assays
Yeast two-hybrid assay. The yeast strain L40 (MATα trp1 leu2 his3 
LYS 2::(lexAop)4-HIS3 URA3::(lexAop)8-lacZ) was constructed with 
two readouts for an interaction of histidine auxotrophy and β-
galactosidase expression with the use of the LexA DNA-BD and 
GAL4-activation domain system. Yeast two-hybrid assays were per-
formed as described previously (Li et al., 2007). For expression of 
LexA DNA-BD fusion proteins in yeast, cDNAs of Arl4A (WT, Q79L 
and T34N), Arl4C (WT, Q72L and T27N), Arl4D (WT, Q80L and 
T35N), and lamin were cloned into a pBTM116 vector as described 
previously (Li et al., 2007).

GST pull-down assay. For the expression of GST-fusion proteins in 
Escherichia coli, EB1 and its deletion mutants were cloned into 
pGEX vectors (GE Healthcare). For production of GST fusion pro-
tein, the indicated constructs were transformed into BL21. Colonies 
expressing recombinant proteins were grown at 37°C in Luria-Ber-
tani medium. Protein expression was induced by the addition of 0.5 
mM isopropyl β-D-1-thiogalactopyranoside for 3 h at 37°C. The cell 
pellet was incubated with lysozyme followed by sonication and cen-
trifugation at 14,000 × g for 20 min to separate the soluble fraction 
(supernatant) from the insoluble fraction (pellet). The supernatant 
was incubated with glutathione Sepharose 4B beads (Amersham 
Pharmacia Biotech) at 4°C for 3 h. The beads were washed five 
times with cold phosphate-buffered saline (PBS) and then bound 
proteins were quantified by SDS–PAGE. Transfected COS-7 cells 
were lysed with RIPA buffer. The lysates were incubated with 10 μg 
of purified GST, GST-EB1, and GST-EB1-deletion mutants immobi-
lized on glutathione beads for 3 h at 4°C. The beads were then 
washed three times with RIPA buffer, and the bound protein was 
analyzed by Western blotting.
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Co-immunoprecipitation.  COS-7 cells were lysed in lysis buffer 
(10 mM Tris-HCl, pH 7.5; 150 mM NaCl; 2 mM EDTA; 1% Triton 
X-100; protease inhibitor mixture) at 4°C for 30 min. The lysates were 
clarified by centrifugation at 15,000 × g for 30 min and incubated 
with primary antibodies at 4°C for 4 h with rotation. Then, the anti-
body-captured proteins were precipitated by protein G (Invitrogen). 
The co-immunoprecipitated proteins were analyzed by Western 
blotting. COS-7, HeLa, and C33-A cells were lysed in lysis buffer (10 
mM Tris-HCl, pH 7.5; 150 mM NaCl; 0.5 mM EDTA; 0.5% NP40; 
protease inhibitor mixture) at 4°C for 30 min. The lysates were clari-
fied by centrifugation at 15,000 × g for 30 min and incubated with 
GFP-Trap or Myc-Trap (ChromoTek) at 4°C for 1 h with rotation. The 
co-immunoprecipitated proteins were analyzed by Western blotting.

For examination of endogenous EB1 and Arl4D interaction, 
COS-7 cells were transfected with Arl4D. After 24 h, the cells were 
washed twice with cold PBS/Ca/Mg (PBS with CaCl2 0.1 mM and 
CaCl2 1 mM) and treated with 1 mM dithiobis (succinimidyl propio-
nate) (DSP; Pierce Chemical, Rockford, IL) on ice for 2 h. After 2 h, 
the DSP was inactivated using 20 mM Tris, pH 7.4 in PBS/Ca/Mg 
and the cells were lysed in lysis buffer (10 mM HEPES, 150 mM 
NaCl, 1 mM EGTA, 0.1 mM MgCl2, 0.5% Triton X-100, and protease 
inhibitor mixtures). The lysates were cleared by centrifugation 
15,000 × g for 30 min at 4°C.

Western blotting.  Cell lysates were prepared in RIPA buffer 
(50 mM Tris-HCl, pH 7.4; 150 mM NaCl; 1% NP-40; 0.5% SDS; 
50 μg/ml Nα-ρ-tosyl-l-lysine chloromethyl ketone; 1 mg/ml benza-
midine) and protease inhibitor mixture (Sigma-Aldrich), and protein 
concentrations were determined using a Bio-Rad protein assay 
(Bio-Rad). The protein samples were separated by SDS–PAGE and 
transferred to PVDF membranes (Millipore). After being probed 
with antibodies, the membranes were developed with the ECL sys-
tem (Amersham-Pharmacia Biotech) according to the manufactur-
er’s instructions and imaged on an ImageQuant LAS 4000 biomo-
lecular imager. The bands of protein were quantified by ImageJ 
software.

MT regrowth assay
COS-7 cells were grown on coverslips and treated with 100 ng/ml 
nocodazole for 3 h at 37°C. The nocodazole was washed out, and the 
cells were incubated on ice for 30 min. The culture medium was then 
replaced with prewarmed (37°C) medium without nocodazole to al-
low MT regrowth. After MT regrowth for 0, 30, 60, and 120 s, the cells 
were washed with PBS and fixed with cold methanol at –20°C. The 
coverslips were subsequently processed for immunofluorescence 
staining and confocal imaging. For live cell time-lapse imaging, cells 
were grown on 35-mm coverslips and treated with 100 ng/ml no-
codazole for 4 h at 37°C. The cells were placed in an environmental 
chamber, and MT regrowth was observed using confocal microscopy 
at 37°C after nocodazole wash out with 37°C medium.

Immunofluorescence staining and confocal microscopy
For immunofluorescence staining, cells were washed with PBS 
followed by fixation with either 4% paraformaldehyde in PBS for 
15 min (followed by permeabilization with 0.2% Triton X-100 in PBS 
for 5 min) or cold methanol (for centrosome visualization) for 10 min 
at –20°C. After blocking with 2% bovine serum albumin (BSA) in 
PBS for 30 min. The cells were then incubated with primary anti-
bodies in PBS with 1% BSA for 2 h. Cells were washed three times 
with PBS (10 min each time) and incubated with a secondary anti-
body in PBS with 1% BSA for 1 h. After three additional washes with 
PBS, the coverslips were mounted on slides with mounting medium 

(Mowiol 4-88, Carl Roth). For confocal microscopy, the samples 
were imaged using a Carl Zeiss LSM880 Airyscan system with a 
63× /1.4 NA or 100× /1.4 NA oil objective lenses and 405-, 488-, or 
543-nm lasers.

Time-lapse microscopy
COS-7 cells stably expressed low levels of EB1-GFP and EMTB-
mCherry. Cells seeded on 35-mm glass coverslips were used to ac-
quire time-lapse images on a ZEISS spinning disk microscope with a 
63x/1.4 oil Plan-Apochromat DIC objective (ZEISS Cell Observer SD 
Spinning Disk Confocal Microscope). MT regrowth (nucleation rates) 
was determined by measuring the number of MTs (EMTB-mCherry) 
that grew from the centrosomes and is presented as the average 
numbers of MTs nucleated per minute. The time-lapse images used 
to measure MT nucleation rates were acquired at 5-s intervals at an 
exposure time of 50–200 ms. Time-lapse images for measurement 
of EB1 comet states from the centrosome were acquired at 5-s (final 
time 120 s) intervals at an exposure time of 200 ms. We drew a circle 
of radius 1 μm around the centromere and measured the number of 
EB1 comets emanating from the centrosome within this circle using 
Imaris Lineage/Track. Time-lapse images for analysis of EB1 comet 
growth speed were acquired at 1-s intervals (final time 120 s) and an 
exposure time of 200 ms. An automated tracking program (Imaris 
Lineage/Track) was used to track EB1 comets and to calculate their 
rate of movement.

Image analysis
The image sets used to quantify the fluorescence intensities in the 
control and experimental groups were acquired under identical con-
ditions. To measure Arl4D fluorescence intensity at the centrosome, 
we used γ-tubulin dots to generate a circle centered around the 
centrosome (inner area) and quantified the fluorescence intensity of 
Arl4D in the inner area. We also defined a second, concentric circle 
with a radius twice that of the inner area; the region inside this circle 
but outside the inner area was defined as the outer area, and we 
quantified the fluorescence intensity of Arl4D in the outer area. The 
mean Arl4D signal in the outer area was used to determine the local 
background fluorescence intensity, and the background intensity 
was subtracted from each image prior to quantification (adjusted 
intensity = mean fluorescence intensity of inner area – mean fluores-
cence intensity of outer area). For quantitation of centrosomal MTs, 
images were acquired as 3D confocal z-stacks. Images from the 
stacks were flattened by maximum intensity projection. The centro-
somal MTs were then counted manually. All image processing and 
quantification steps were performed using ImageJ software.

Statistical analysis
Statistical comparisons between treatments were performed using 
the nonparametric t test (Student’s t test) or one-way analysis of vari-
ance (ANOVA) in GraphPad Prism. Statistically significant differ-
ences are indicated in the figures (*P < 0.05, **P < 0.01,***P < 0.001, 
****P < 0.0001).
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