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Mitotic cells undergo extensive changes in shape and size
through the altered regulation and function of their membrane
trafficking machinery. Disabled 2 (Dab2), a multidomain car-
go-specific endocytic adaptor and a mediator of signal trans-
duction, is a potential integrator of trafficking and signaling.
Dab2 binds effectors of signaling and trafficking that localize
to different intracellular compartments. Thus, differential lo-
calization is a putative regulatory mechanism of Dab2 func-
tion. Furthermore, Dab2 is phosphorylated in mitosis and is
thus regulated in the cell cycle. However, a detailed descrip-
tion of the intracellular localization of Dab2 in the different
phases of mitosis and an understanding of the functional con-
sequences of its phosphorylation are lacking. Here, we show
that Dab2 is progressively displaced from the membrane in
mitosis. This phenomenon is paralleled by a loss of co-localiza-
tion with clathrin. Both phenomena culminate in metaphase/
anaphase and undergo partial recovery in cytokinesis. Treat-
ment with 2-methoxyestradiol, which arrests cells at the
spindle assembly checkpoint, induces the same effects ob-
served in metaphase cells. Moreover, 2-methoxyestradiol also
induced Dab2 phosphorylation and reduced Dab2/clathrin
interactions, endocytic vesicle motility, clathrin exchange dy-
namics, and the internalization of a receptor endowed with an
NPXY endocytic signal. Serine/threonine to alanine mutations,
of residues localized to the central region of Dab2, attenuated
its phosphorylation, reduced its membrane displacement, and
maintained its endocytic abilities in mitosis. We propose that
the negative regulation of Dab2 is part of an accommodation
of the cell to the altered physicochemical conditions prevalent
in mitosis, aimed at allowing endocytic activity throughout the
cell cycle.

Disabled-2 (Dab2) is a multidomain mitotic phosphopro-
tein that functions as a signal modulator and tumor suppres-
sor (1–11) and as a cargo-specific adaptor of clathrin-medi-
ated endocytosis (12–21). Different Dab2 isoforms localize to
distinct intracellular compartments. Thus, at steady state, the
long isoform (denominated p96 or p82 in different species)

localizes to the plasma membrane (14, 18, 20), whereas the
short isoform (denominated p67 or p59), which is devoid of a
central exon (22), presents a diffuse distribution pattern with
a considerable localization to the cell nucleus (2). In accord
with its multiple functions, a number of interactors have been
identified for Dab2. These include clathrin (14), the adaptor
complex 2 (AP2 (20)), NPXY-containing cargo (13–16, 20),
and myosin VI (18, 23–25), all related to its endocytic func-
tions, and Dab2-interacting protein (Dab2IP (1)), Src (6), Grb
(4), CIN85 (26), axin (7), Smads, and the transforming growth
factor � (TGF-�) receptors (9, 10), which enable the signal-
modulating potential of Dab2. Dab2 also binds directly to in-
tegrins and may thus coordinate changes to cell adhesion, cell
motility, membrane trafficking, and signaling (11, 27–30).
Taken together, the current picture suggests that the function
of Dab2 is regulated by intracellular localization, by associa-
tion with specific interacting factors, and possibly by post-
translational modification. However, the interdependence of
these different modes of regulation still remains to be deter-
mined and is at the center of this study.
The mitotic shutdown of endocytosis, a mechanism pro-

posed more than 25 years ago (31–33), is a contentious sub-
ject (32–36). However, a consensus exists concerning the re-
localization of clathrin to the mitotic spindle (37–40), a
shutdown of recycling at prophase, and its renewal and func-
tional importance in cytokinesis (34, 41). The notion of a
modulation of the functions of endocytic proteins in mitosis is
supported by the mitosis-related post-translational modifica-
tions of these proteins. Thus, Dab2, epsin, and Eps15 were
proposed to undergo a transient cdc2-mediated phosphoryla-
tion in mitosis (42, 43). Furthermore, an alteration in the in-
tracellular localization of Dab2 in mitosis has been suggested
(14). However, a thorough description of the cell cycle-depen-
dent alterations to the localization and functional interactions
of Dab2 and an assessment of the endocytosis of cargo en-
dowed with different internalization signals in mitosis are
currently lacking and will be addressed here.
The spindle assembly checkpoint (SAC)2 is a critical step in

the transition from the early to late stages of mitosis (44). Low
concentrations of nocodazole, vinblastine, or 2-methoxyestra-
diol (2ME2) induce an arrest of the cell cycle at the SAC with-
out causing massive microtubule depolymerization (45–47).
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Cytosol extracts, of cells arrested in this manner, accumulate
mitotically phosphorylated endocytic proteins and hamper
the invagination of clathrin-coated pits in permeabilized cells
(32, 33, 42, 43).
Here, we employ ES-2 ovary cancer cells and 2ME2 to show

that the intracellular localization of the p96/p82 isoform of
Dab2, its phosphorylation state, and its association with clath-
rin are cell cycle-dependent. Moreover, in G2/M-arrested
cells, the internalization of endocytic cargo endowed with an
NPXY signal is inhibited.

EXPERIMENTAL PROCEDURES

Cells—ES-2 cells, human ovarian cancer cells, were a kind
gift of Dr. Michal Neeman (Weizmann Institute, Rehovot,
Israel). HeLa S3 cells were a kind gift of Dr. Orna Elroy Stein
(Tel Aviv University). Cells were grown in DMEM supple-
mented with 10% fetal calf serum, penicillin/streptomycin, 5
mM glutamine (all from Biological Industries, Beit HaEmek,
Israel).
DNA Constructs—pEGFP-CI was from Clontech. The

clathrin light chain A fusion construct has been described
previously (48). T�RI-158 (a Myc-tagged truncation mutant
of the TGF-� type I receptor), T�RI-LDLR (T�RI-158 supple-
mented with an FDNPXY signal), and T�RI-transferring re-
ceptor (T�RI-158 supplemented with a YXX� signal) have
been described previously (49). For the generation of Myc-
tagged p82 and p59 constructs and mutants, the Rat p82
cDNA sequence (obtained from Open BioSystems) or Rat p59
(described in Ref. 49) were inserted into the BamHI and NsiI
sites of the CMVneoMYC1 vector (a generous gift of Prof.
Mia Horowitz, Tel Aviv University). For the list of primers
employed in the generation of the various constructs em-
ployed in this study see the supplemental “Experimental
Procedures”.
Drugs and Treatments—2-Methoxyestradiol (Sigma) was

kept at 3.3 mg/ml (in ethanol) and employed at 4.4 �M.
Roscovitine (Sigma) was kept at 2.8 mg/ml (in DMSO) and
employed at 28 �g/ml (80 �M). Nocodazole (Sigma) was kept
at 17 mM in DMSO and employed at 50 �M. In control treat-
ments, a similar concentration of vehicle was employed.
Immunochemicals—The following antibodies and reagents

were employed in the present study: �-Dab2 (H-110, Santa
Cruz Biotechnology); �-�-tubulin (BioLegend); �-clathrin
heavy chain (X22, Novus Biologicals); rabbit polyclonal
�-phosphothreonine-proline/phosphoserine-proline antibody
(ab3944, Abcam); labeled secondary antibodies (Invitrogen);
�-epidermal growth factor receptor and �-ERK 1/2 (Cell Sig-
naling); peroxidase-conjugated antibodies (Jackson Immu-
noResearch); and biotinylated goat �-rabbit antibody (Amer-
sham Biosciences). ExtrAvidin-peroxidase (E-8386, Sigma).
The �-Myc tag hybridoma (9E10) was a generous gift of Prof.
Yoav Henis (Tel Aviv University); �-myosin VI was a kind gift
from Prof. K. Avraham (Tel Aviv University). To generate
mouse monoclonal anti-p96 antibodies, BALB/c 4-week-old
female mice were injected subcutaneously with 50 �g of pep-
tide (5�-CESSVQSSPHDSIAIIPPPQSTKPGR-3�; residues
417–442 of p96) cross-linked to keyhole limpet hemocyanin
supplemented with Freund’s adjuvant and boost-injected with

the same formulation 5 and 8 weeks after the original injec-
tion. For the generation of hybridomas, hybridization was
performed according to Ref. 50.
Cell Lysis for Immunoprecipitation and Immunoblotting—

Equal numbers of cells (under the different treatment condi-
tions) were lysed in 150 mM NaCl, 10–20 mM Hepes, pH 7.4,
0.5% Igepal CA-630, 1% Triton, protease, and phosphatase
inhibitors (Sigma).
Imaging, Acquisition, Processing, and Quantitation—Cells

were imaged with a spinning disk confocal microscope setup
(Zeiss 100�, NA 1.4; Yokogawa CSU-22; Zeiss fully automat-
ed-inverted 200 M; solid state lasers (473 and 561 nm); piezo
controlled Z-stage, temperature controlled chamber) all un-
der the command of SlidebookTM. Analysis of co-localization
was done in ImageJ using the JACoP plugin (73) to calculate
the Van Steensel’s CCF with a pixel shift of � � �20. The
maximal Pearson coefficient, obtained in all cases at �x � 0,
was employed in averaging values from different images.

RESULTS

Changes to the Intracellular Localization of Dab2 during the
Cell Cycle—The initial objective of this study was to examine
the intracellular localization of Dab2 in different stages of the
cell cycle. To this end, we fixed, permeabilized, and stained
asynchronously growing ES-2 cells (mesenchyme-like human
ovarian cancer cells that express considerable amounts of
Dab2) against microtubules, DNA, and Dab2; we selected cells
according to their DAPI staining pattern and imaged the en-
tire cell volume by confocal microscopy (Fig. 1, A–F). For the
ensuing analysis, cells were assigned to different stages of the
cell cycle according to their microtubule and DNA staining
patterns. In Fig. 1, for each cell cycle stage, panels depicting
two different planes of representative cells are shown as fol-
lows: the plane in contact with the glass, termed bottom
plane, which is optimal for the visualization of membrane-
bound proteins, and a middle plane of the cell, which is opti-
mal for the visualization of the cytosolic subpopulation of the
different proteins in question. In the course of mitosis, Dab2
underwent a marked change in intracellular localization. In
interphase cells, Dab2 localized to discrete puncta in both the
bottom and top cellular membranes (Fig. 1A, the top mem-
brane is visualized in themiddle plane panel due to the flat-
ness of ES-2 cells in interphase). Contrastingly, as cells pro-
gressed through the cell cycle, the fluorescence signal of Dab2
became more diffuse and more prominent in the cell interior
(Fig. 1, B–F). To quantitatively characterize this alteration in
the staining pattern of Dab2, we measured the variance-to-
mean (VtM) ratio of the fluorescence signal of Dab2 at the
bottom plane of the imaged cells. In accord with its punctate
character, in which a few pixels present bright fluorescence
on a dark background, the staining of Dab2 in interphase cells
presented a high VtM ratio (Fig. 1G). Accordingly, the VtM
ratio of the Dab2 staining at the bottom plane of cells at all
subsequent cell cycle stages was significantly lower (Fig. 1G,
p � 0.001). Taking in account the z-resolution of our imaging
conditions (�500 nm) and the diffuse staining pattern ob-
tained in all imaging planes of the mitotic cells, the alteration
in the staining pattern of Dab2 is consistent with the loss of
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its membrane attachment and of its re-localization to the cy-
tosol. Indeed, the VtM ratio of Dab2 fluorescence in the cy-
tosol (obtained from the middle plane of cells in metaphase)
showed a similar value (p � 0.09) to the one obtained in the

bottom plane of mitotic cells. Interestingly, the VtM ratio of
cells in cytokinesis yielded an intermediate value (between the
values obtained in interphase and metaphase; p � 0.001). To
further confirm these observations, an analogous experiment

FIGURE 1. Intracellular staining pattern of Dab2 is altered in mitosis. A–F, unsynchronized ES-2 cells were plated onto glass coverslips. 16 h post-plating,
cells were fixed and stained against microtubules, Dab2, and DNA. Cells were imaged by confocal microscopy and assigned different stages of the cell cycle
according to the distribution pattern of DNA and microtubules. Bar, 10 �m. G, graph depicts the quantification of the ratio of the variance-of-fluorescence-
signal to the mean of fluorescence-signal (VtM) of Dab2 in the bottom plane of cells imaged as in A–F. Values were calculated with SlidebookTM. Each bar
represents the average of 10 –17 cells imaged in each condition. Significance was calculated by the Student’s t test. ***, p � 0.001, when comparing the
average VtM values obtained in all cell cycle stages to the average VtM of interphase cells; §, p � 0.001, when comparing cells in metaphase or anaphase to
cells in cytokinesis.
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and analysis were performed with HeLa cells and yielded sim-
ilar results (supplemental Fig. 1). Taken together, the above
presented data reinforce the notion of the cyclical nature of
the alterations to the intracellular localization of Dab2.
Next, we performed a similar experiment, staining this time

for clathrin heavy chain, Dab2, and DNA. In interphase cells,
Dab2 and clathrin showed extensive co-localization in mem-
brane-localized puncta (representative images Fig. 2A, and
quantification of the maximum Pearson’s coefficient, Fig. 2G).
Moreover, no co-localization was observed among Dab2 and
clathrin at the trans-Golgi network (TGN) (Fig. 2A, lower
right-hand corner). In addition to the observed effects on the
intracellular distribution of Dab2, progression through mito-
sis also altered the staining pattern of clathrin, which showed
a prominent recruitment to the mitotic spindle (similarly to
the effect observed previously (39, 40)). In accord with a re-
localization to different intracellular compartments, the cor-
relation of the Dab2 and clathrin fluorescence signals is signif-
icantly decreased throughout mitosis (Fig. 2G). Moreover,
here too the lowest correlation coefficient between Dab2 and
clathrin was observed in metaphase cells, and the correlation
coefficient observed in cytokinesis presented an intermediate
value, both suggestive of the cyclical nature of the processes
that dictate Dab2 localization and its co-localization with
clathrin.
2ME2 Induces the Phosphorylation of Dab2—Although

microscopy allowed for the analysis of Dab2 localization in
single unperturbed cells, an enrichment of the population of
mitotic cells is necessary for the study of putative post-trans-
lational modifications and alterations to Dab2 interactions in
mitosis. Perturbation of microtubule dynamics is an effective
way of promoting cell cycle arrest in mitosis. Nocodazole,
which induces microtubule depolymerization, has been exten-
sively employed as a cell cycle arresting agent in the study of
endocytosis (33). Here, to minimize effects stemming from
microtubule depolymerization, we opted to employ 2ME2, a
promising chemotherapy drug that arrests cells at the SAC
without massively depolymerizing microtubules (Fig. 3B) (47,
51). Initially, we verified by flow cytometry that the conditions
employed (4.4 �M 2ME2, 14–16 h) arrested a considerable
proportion of ES-2 cells in G2/M without leading to apoptosis
(detectable by sub-G1 DNA content and induced by concen-
trations of 2ME2 �10 �M; Fig. 3A). In a typical experiment,
treatment with 2ME2 led to an accumulation of �40–60%
of the cells with an �4n DNA content. In addition, �20–30%
of the cells accumulate in S-phase. To confirm these results,
we stained attached cells under different treatment conditions
with DAPI. In a typical experiment employing 4.4 �M 2ME2
for 14–16 h, �30–50% of the cells showed a rounded mor-
phology and condensed DNA (indicative of the G2/M arrest).
In subsequent microscopy-based experiments involving 2ME2
treatment, condensed DNA (in fixed cells) and cellular mor-
phology (in live cells) were employed as criteria for the selec-
tion of cells. Next, we assayed the intracellular distribution of
Dab2 in 2ME2-arrested cells by immunofluorescence (Fig.
3B). Here, similarly to cycling cells in mitosis (Figs. 1 and 2),
Dab2 was diffuse throughout the cytoplasm (Fig. 3B). Impor-
tantly, 2ME2 reduced the VtM of Dab2 fluorescence (a reduc-

tion of 83 � 1%, p � 2E-06) and the co-localization with
clathrin (Fig. 3B and quantified in supplemental Fig. 3). To
further investigate the effects of 2ME2 on the distribution of
Dab2 between the cytoplasmic and membrane fractions, we
submitted ES-2 cells (treated or not with 2ME2) to cellular
fractionation. Similarly to the results obtained by immuno-
fluorescence, 2ME2 induced an increase in the distribution of
Dab2 to the cytoplasmic fraction (S100, supplemental Fig. 2A;
1.5-fold increase in the typical experiment presented here).
Furthermore, upon 2ME2 treatment, the cytoplasmically lo-
calized Dab2 migrated with a distinct upward mobility shift
(discussed in detail below). In addition, 2ME2 induced a
marked decrease in the distribution of Dab2 to the particulate
fraction (P100, supplemental Fig. 2A). Moreover, a mild de-
tergent extraction of the P100 fraction confirmed that upon
treatment with 2ME2, a very small amount of Dab2 remained
associated with membranes (supplemental Fig. 2A). Immuno-
blotting of whole-cell lysates confirmed that in cells arrested
in G2/M with 2ME2, Dab2 underwent a marked upward shift
in its apparent molecular weight (Fig. 3C). The proportion of
the p96 isoform of Dab2, which undergoes the upward shift
(�40–80%, depending on the experiment), was in direct pro-
portion to the percentage of cells arrested in G2/M (measured
by FACS in parallel to the immunoblotting and from the same
pool of treated cells in each experiment). The observed shift is
in line with the reported phosphorylation of Dab2 in HeLa
cells arrested in G2/M with nocodazole (43). Accordingly,
nocodazole (50 �M, 16 h) also induced a similar shift in p96 in
ES-2 cells (Fig. 3C). However, the percentage of p96, which
underwent the alteration in migration, was consistently
higher in cells treated with 2ME2, possibly indicating a more
precise arrest at the SAC stemming from the different mecha-
nism of interference with microtubule dynamics. To confirm
that the molecular weight shift stemmed from the phosphor-
ylation of Dab2, we immunoprecipitated Dab2 from 2ME2- or
vehicle-treated cells and treated a subset of the samples with
calf intestinal phosphatase. Indeed, de-phosphorylation by
calf intestinal phosphatase completely abolished the shift in
molecular weight, confirming phosphorylation as the reason
for the shift induced by 2ME2 (Fig. 3D). To further character-
ize the effect of 2ME2 on Dab2 phosphorylation, we repeated
the above-described experiments with HeLa cells. Here too,
2ME2 efficiently induced (to a greater extent than nocoda-
zole) the phosphorylation and shift in the apparent molecular
weight of Dab2 (data not shown).
He et al. (43) proposed that cdc2 phosphorylates Dab2 in

mitosis. Their proposition was based on the detection of an
interaction between Dab2 and cdc2 in cells, on in vitro phos-
phorylation data, and on the inhibitory effect of roscovitine
on the phosphorylation of Dab2. Based on this assessment, we
next probed for the effects of roscovitine on Dab2 phosphor-
ylation in ES-2 cells treated with 2ME2. Roscovitine (80 �M,
16 h), when applied in combination with 2ME2 (4.4 �M, 16 h),
inhibited the phosphorylation of Dab2 (see the lack of upward
molecular weight shift in supplemental Fig. 3D) and preserved
its punctate membrane distribution and its co-localization
with clathrin (supplemental Fig. 3, A and B). However, rosco-
vitine also inhibited the cell cycle arrest induced by 2ME2
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(supplemental Fig. 3C). Thus, although the lack of a 2ME2-
induced effect, when applied in combination with roscovitine,
is in line with the results published by He et al. (43) and sup-
ports the notion that the 2ME2-induced effect occurs through
the induction of mitotic arrest, our results fall short of attrib-
uting the phosphorylation of Dab2 exclusively to cdc2 kinase
activity. The identification of additional kinase(s), which may
modify Dab2, will be the object of future studies.
The central exon of the long isoform of Dab2 (spanning

residues 230–447) contains its clathrin-binding motif (14).
Recent studies, employing mass spectrometry, identify a clus-
ter of residues (Ser-393, Ser-394, and Ser-401) that localize to
this central exon and are phosphorylated in HeLa cells ar-
rested in mitosis with nocodazole (52, 53). These data are in
contrast to the proposed localization of the mitotic phos-
phorylation sites solely to the phosphotyrosine-binding do-
main (residues 1–233) and proline-rich domain (residues
600–730) domains of Dab2 (proposed by Ref. 43, based on an
in vitro experiment employing cdc2). In addition, the residues
Thr-221, Ser-227, and Ser-401 were identified as phospho-
residues in nuclearly localized Dab2 (54). Moreover, Ser-326
(55), Ser-324 and Thr-329 (53), and Ser-227, Thr-229, and
Ser-231 were also identified as being cell cycle-regulated
phosphorylation sites (53). Taken together, these data suggest
the presence of clusters of phosphorylation sites in Dab2 (res-
idues 221–231, 324–329, and 393–401) and raise the possi-

bility that their phosphorylation is part of the mechanism by
which its intracellular localization is regulated. To address the
role of specific residues in the phosphorylation-dependent
mobility shift of Dab2, we stably expressed Myc-tagged Dab2
constructs, which varied by the presence/absence of a subset
of phosphorylatable residues, and assessed alterations to the
shift in apparent molecular weight induced by 2ME2. Muta-
tion of Ser-393, Ser-394, and Ser-401 to alanines (termed p82-
3A) or deletion of the segment Ser-393 to Ser-401 (data not
shown) significantly reduced the 2ME2-induced shift (a typi-
cal experiment is shown in Fig. 4B, n � 5). Additional serine/
threonine to alanine mutations at residues 221 and 423
(termed p82-5A) did not add to the effect observed with the
3A construct (Fig. 4B), indicating that either these residues
are not phosphorylated in mitosis or that their phosphoryla-
tion does not induce a shift in the apparent molecular weight
of Dab2. The Rat-p82 isoform, employed as the basis for the
generation of the Myc-Dab2 constructs (designated p82-WT-
r), contains an asparagine at position 227, in contrast to the
serine present in this position in mice and humans (Fig. 4A).
To assess the possible role of this residue in the 2ME2-in-
duced shift, we mutated the asparagine to serine (designated
p82-WT-h). No significant differences in migration in SDS-
PAGE were consistently observed among p82-WT-h and p82-
WT-r (Fig. 4B). Taken together, these data point to the Ser-
393–Ser-401 cluster as a regulatory site for 2ME2-induced

FIGURE 2. Marked reduction in the co-localization of Dab2 and clathrin in mitotic cells. Unsynchronized ES-2 cells were plated onto glass coverslips.
16 h post-plating, cells were fixed and stained against clathrin, Dab2, and DNA. Cells were imaged by confocal microscopy and assigned different stages of
the cell cycle according to the DNA distribution pattern. Bar, 10 �m. G, graph depicts the quantification of the maximal Pearson’s CCF of the fluorescence
signals of Dab2 and clathrin in the bottom planes of cells imaged as in A–F. Values were calculated with ImageJ software. Each bar represents the average of
10 –17 cells imaged in each condition. Significance was calculated by the Student’s t test. ***, p � 1E-6; **, p � 0.001, both when comparing the average
CCF values obtained in all cell cycle stages to the average CCF obtained in interphase cells; §, p � 0.05, when comparing the average CCF observed in met-
aphase cells to the average CCF value obtained in cells in cytokinesis or prophase.

FIGURE 3. 2ME2 induces G2/M arrest, the displacement of Dab2 from the membrane, and the phosphorylation of the p96 isoform of Dab2. A, semi-
confluent ES-2 cells were treated with 2ME2 (4.4 or 10 �M, 16 h) or the same amount of vehicle, suspended by scraping, and their DNA content was mea-
sured by propidium iodide staining and fluorescence-activated cell sorting (FACS). B, ES-2 cells, grown on glass coverslips, were treated with 2ME2 (4.4 �M,
16 h), fixed, permeabilized, and stained as indicated in the panels. C, semi-confluent ES-2 cells were treated with 2ME2 (4.4 �M, 16 h), nocodazole (50 �M,
16 h), or vehicle. Cells were lysed, resolved by SDS-PAGE, and immunoblotted with �-Dab2 antibodies D, semi-confluent ES-2 cells were treated for 16 h
with 2ME2, lysed prior to immunoprecipitation with �-Dab2 antibodies. Precipitates were treated or not with calf intestinal phosphatase (CIP). Panel depicts
a typical experiment (n � 3; the two lanes to the left are the immunoprecipitation (IP), and the two lanes to the right are 10% of the lysates employed).
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phosphorylation. However, the 2ME2-induced apparent mo-
lecular weight shift that is still observed with the both p82-3A
and p82-5A is indicative of additional mitotic phosphoryla-
tion sites on Dab2. Accordingly, 2ME2 induced a considerable
shift in the migration of a Myc-tagged construct of p67/p59
(supplemental Fig. 5B), suggesting that these additional site/
sites may localize to regions other than the central exon of
p96/p82. To directly probe for the identity of phosphorylated
residues in p82-WT-h and p82-5A, we treated cells with
2ME2, immunoprecipitated the Myc-p82 constructs, sepa-
rated them by SDS-PAGE, and processed them for mass spec-
trometry (see supplemental :Experimental Procedures”). Un-
der the conditions employed here, only two phosphorylation
sites were identified in p82-WT-h. In the 2ME2-treated sam-
ple, Ser-326 (and/or Ser-328) was phosphorylated (we cannot
assign with certainty the identity of the phosphorylated resi-
due). In contrast, in cycling cells, p82-WT-h was exclusively
phosphorylated on Ser-401. Importantly, p82-5A (which is

devoid of Ser-401 but endowed with both Ser-326 and Ser-
328) showed no phosphorylation under either condition (sup-
plemental Fig. 4). The identification and characterization by
mass spectrometry of peptides that present multiple phos-
phorylations can be technically challenging (53).3 Specifically,
the localization of the candidate phosphorylated residues in
Dab2 to clusters of adjacent residues (52–55) may lead to a
potential difficulty in their identification by mass spectrome-
try (a possible reason for the variability among the different
studies). As such, we employed a complementary approach
that made use of the fact that a number of the candidate sites
in Dab2 are adjacent to proline residues, enabling their identi-
fication with an antibody that specifically recognizes phos-
phorylated threonines and serines when adjacent to proline (a
rabbit polyclonal antibody directed against phosphothreo-

3 T. Ziv, personal communication.

FIGURE 4. Mutation of phosphorylatable sites in Dab2 reduces the 2ME2-induced shift in migration and displacement of Dab2 from the membrane.
A, schematic depiction of the central region of the human and rat p96/p82 isoforms of Dab2. Phosphorylatable sites that were mutated in this study are
highlighted in gray. Arrow points to position 227, which differs among the human and rat isoforms and was mutated to serine on a rat Myc-p82 background
(p82-WT-r) generating p82-WT-h. B, mutation of serines Ser-393, Ser-394, and Ser-401 to alanines reduces the 2ME2-induced shift in migration in SDS-PAGE.
Single clones of ES-2 cells stably expressing the different Myc-p82-based constructs were treated or not with 2ME2 (4.4 �M, 16 h). Cell lysates (prepared as in
Fig. 3) were separated by SDS-PAGE and immunoblotted with �-Myc antibodies. Panels depict a representative experiment (n � 5). All pairs of treated/un-
treated cells originate from the same gel and are presented separately due to different brightness/contrast adjustments. The measurement of the distance
between the unphosphorylated and the phosphorylated bands of each construct (relative to p82-WT-h) appears below each panel. Similar values were ob-
tained in all repeats of the experiment. C, p82-WT-h and p82-5A cells were plated onto glass coverslips and treated with 2ME2 (4.4 �M, 16 h) or vehicle. Cells
were fixed, permeabilized, and stained with DAPI and �-Myc antibodies. Panels depict the bottom confocal plane of representative cells in each condition.
D, quantification of the percentage of the Myc-p82 fluorescence signal present as clusters in the bottom plane of the cell. Results are average � S.E. of three
experiments. White columns represent vehicle-treated cells (45 cells per column), and gray columns represent 2ME2-treated cells (96 cells per column); *, p �
0.05; ***, p � 0.00001.
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nine-proline/phosphoserine-proline (Thr(P)-Pro/Ser(P)-
Pro)). Lysates from cell lines stably expressing p82-WT-h,
p82-5A, or p59-WT-r (a Myc-tagged construct of the Rat p59
isoform of Dab2), treated or not with 2ME2, were immuno-
precipitated with a �-Myc antibody and sequentially immu-
noblotted with a �-Myc antibody and with the �-Thr(P)-Pro/
Ser(P)-Pro antibody. In a typical experiment, in cells
expressing p82-WT-h, 2ME2 induced an �3-fold increase in
the ratio of the �-Thr(P)-Pro/Ser(P)-Pro and the �-Myc sig-
nals (supplemental Fig. 5). Importantly, neither of the candi-
date sites identified by mass spectrometry (Ser-326 or Ser-
328) is followed by a proline. Thus, this increase in signal ratio
is indicative of the 2ME2-induced phosphorylation of addi-
tional residue(s), localized to the vicinity of prolines, and pres-
ent in p82-WT-h.
Next, we examined, with a two-pronged approach, if the

partial reduction in 2ME2-induced phosphorylation of
p82-5A correlated with a lesser alteration to its intracellular
localization. Initially, ES-2 cells, stably expressing p82-5A or
p82-WT-h, were treated or not with 2ME2 and processed for
immunofluorescence with anti-Myc antibodies. Stained cells
were imaged by confocal microscopy, and the percentage of
anti-Myc staining localized to membrane-bound punctate
structures was calculated as in Ref. 49. 2ME2 induced a signif-
icant displacement from the membrane of both p82-WT-h
and p82-5A. However, the extent of displacement of p82-5A
is significantly reduced as compared with p82-WT-h (Fig. 4, C
and D). In addition, we submitted ES-2 cells, expressing p82-
WT-h or p82-5A and treated or not with 2ME2, to fraction-
ation. Here too, 2ME2 increased the localization of the Myc-
tagged constructs to the cytoplasmic fraction (with a lesser
effect being observed with p82-5A) and markedly reduced the
amount of p82-WT-h in the membrane fraction (supplemen-
tal Fig. 2B). Accordingly, immunofluorescence analysis of the
intracellular distribution of p82-5A and p82-WT-h in cycling/
mitotic cells revealed that, in this cellular setting, a consider-
able amount of p82-5A is retained at the membrane (supple-
mental Fig. 6). Interestingly, alanine to aspartate
phosphomimetic mutations, of the residues mutated in p82-
5A, were insufficient to emulate the 2ME2-induced effect
(data not shown); indicating that either the phosphomimetic
mutation fails to resemble certain aspects of the phosphory-
lated residue or that modifications to additional sites are
necessary for the displacement of Dab2 from the plasma
membrane. Taken as a whole, the results obtained with the
p82-WT-h and p82-5A constructs support a role for mitotic
phosphorylation, on multiple sites, in mediating the displace-
ment of Dab2 from the membrane.
Abrogation of the Dab2/Clathrin Interaction in G2/M-ar-

rested Cells—To probe if clathrin and Dab2 interact in ES-2
cells and to examine if this interaction is sensitive to the phos-
phorylation induced by 2ME2, we immunoprecipitated Dab2
from vehicle- or 2ME2-treated cells and probed for the co-
immunoprecipitation of the clathrin heavy chain. A clear as-
sociation between these proteins was observed in vehicle-
treated cells (Fig. 5A). 2ME2 reduced the association of Dab2
with clathrin (Fig. 5A). This reduction is in full accord with

the lack of co-localization of Dab2 with clathrin in cells
treated with 2ME2 (Fig. 3B and supplemental Fig. 3, A and B).

In addition to its interactions with clathrin, AP2, and re-
ceptors endowed with NPXY signals, Dab2 mediates the re-
cruitment of myosin VI to endocytic vesicles (25). To under-
stand if the interaction between Dab2 and myosin VI is also
abrogated by 2ME2, we probed for the co-immunoprecipita-
tion of myosin VI and Dab2 in cells treated or not with 2ME2.
Here, little to no effect was observed on the interaction of
Dab2 and myosin VI (Fig. 5A). To test if 2ME2 entails modifi-
cations to endocytic vesicle motility, ES-2 cells (treated or not
with 2ME2) were fed fluorescent transferrin (50 �M, 2 min).
This was followed by up to 8 min “chase” (in medium devoid
of transferrin), during which cells were continuously imaged
(see supplemental movies 1 and 2). To enrich the population
of early endocytic vesicles in the image analysis, only regions
adjacent to the membrane (observed in the confocal sections)
were employed for tracking and quantitation. Individual vesi-
cles were tracked, and their mean square displacement was
calculated. 2ME2 induced an �75% reduction in vesicle dis-
placement (Fig. 5B, p � 1E-5).
To test if the 2ME2-mediated mitotic arrest alters clathrin

assembly dynamics, we employed fluorescence recovery after
photobleaching and probed for the recovery parameters of

FIGURE 5. 2ME2 treatment reduces Dab2/clathrin interactions, de-
creases the movement of endocytic vesicles, and inhibits clathrin ex-
change. A, lysates from ES-2 cells treated with 2ME2 (4.4 �M, 16 h) or vehi-
cle were immunoprecipitated (ip) with rabbit-�-Dab2 antibody or a
specificity control. Immunoprecipitates were resolved by SDS-PAGE and
immunoblotted with mouse monoclonal �-Dab2, mouse-monoclonal
�-clathrin, and rabbit- �-myosin VI. Panel depicts a representative experi-
ment (n � 4). B, ES-2 cells were grown on glass coverslips and treated with
2ME2 (4.4 �M, 16 h) or vehicle. Cells were submitted to live uptake of trans-
ferrin (labeled with Alexa-555, 50 �g/ml, 37 °C). After 2 min of continuous
uptake, cells were washed with imaging medium, and time lapse series (1 s
between acquisitions) of confocal sections of regions adjacent to the cell
membrane were acquired (up to 8 min after wash). Bar graph depicts the
average � S.E. of the mean square displacement of 250 vesicles, from 12
different cells per condition, from three independent experiments. C, ES-2
cells were grown on coverslips and transfected with clathrin light chain A
fused to GFP (48). 24 h after transfection, cells were treated with 2ME2 (4.4
�M, 16 h) or vehicle. Cells were imaged by confocal microscopy and ana-
lyzed by fluorescence recovery after photobleaching (FRAP) (12 cells per
condition, three independent experiments), both bleaching and analysis
were carried out as in Ref. 49.
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clathrin light chain A fused to GFP, transiently expressed in
ES-2 cells treated or not with 2ME2 (4.4 �M, 16 h). Treatment
with 2ME2 led to a significant reduction in the percentage of
exchangeable clathrin (Fig. 5C, 66% reduction in the extent
recovery, p � 0.05 at multiple recovery time points). These
data suggest that the mitosis-induced alterations to the local-
ization and post-translational modifications of endocytic
adaptors such as Dab2 may lead to differences in the recruit-
ment of clathrin to coated pits.
Selective Reduction of NPXY-based Endocytosis inMitosis—

Dab2 is a cargo-specific endocytic adaptor (13–15, 49). We
hypothesized that the reduction in the amount of membrane-
bound and coated pit-associated Dab2 should entail a reduc-
tion in the internalization of cargo endowed with an NPXY
endocytic signal. To test this hypothesis, we employed model
receptors, based on a Myc-tagged truncation mutant of the
TGF-� type I receptor, which is originally devoid of endocytic
signals but can be supplemented with short sequences that
lead to a gain-of-endocytic-function (49). To compare the
endocytosis of the different receptors in interphase cells and
in cells arrested in G2/M, ES-2 cells were transfected with the
different receptors; 24 h after transfection, cells were treated
with either 2ME2 (4.4 �M, 16 h) or the same amount of vehi-
cle. Cells were then fed Alexa-555-labeled monoclonal anti-
Myc antibody (20 min, 37 °C, to allow endocytosis) after
which cells were cooled to 4 °C, and the anti-Myc antibody
attached to the cell surface was labeled with Alexa-488-la-
beled goat anti-mouse antibody. The entire volume of labeled
cells was imaged by confocal microscopy, and the internal to
total ratio of the red signal was calculated. Similarly to the
recent report by Bocrout and Kirchhausen (35), an increase in
the internalization of the receptor endowed with a YXX� sig-
nal (also present in the transferrin receptor) was observed in
cells arrested with 2ME2 (46 � 5.3% increase, p � 5E-5; Fig.
6B). In contrast, 2ME2 induced a marked reduction (75% �
2.4%, p � 5E-5) in the internalization of T�RI-LDLR (en-
dowed with a FDNPXY signal). In these conditions, and in
accord with its lack of internalization signals, no significant
differences in the residual internalization of T�RI-158 were
observed among vehicle and 2ME2-treated cells. Finally, to
directly examine if the reduced displacement of p82-5A from
the membrane in mitotic cells results in the retention of its
endocytic function, we employed the ES-2-based cell lines
expressing p82-WT-h and p82-5A and probed for the inter-
nalization of T�RI-158 and T�RI-LDLR. In cell lines express-
ing either Myc-p82 construct, 2ME2 induced a slight but sig-
nificant reduction in the internalization of T�RI-158. The low
levels of its internalization (in all conditions employed) al-
lowed us to continue to view T�RI-158 as a negative control
of the endocytosis mediated by the FDNPXY motif. Impor-
tantly, in a sharp contrast to the reduction in T�RI-LDLR
endocytosis observed in p82-WT-h-expressing cells treated
with 2ME2 (84.3 � 2.6% reduction, p � p�9E-9), the stable
expression of p82-5A leads to the abrogation of the 2ME2-
induced effect and to the continued internalization of T�RI-
LDLR in mitotic cells (p � 0.89).

DISCUSSION

The notion that the intracellular localization, repertoire of
interactions, and function of Dab2 are altered in mitosis is
supported by the following lines of evidence: (i) in interphase
cells, the intracellular distribution of Dab2 yields a punctate
staining characterized by a high variance to mean ratio (VtM);
this staining pattern is lost throughout the mitosis of cycling
cells and in cells arrested at the SAC with 2ME2, where a dif-
fuse staining pattern is characterized by a low VtM. Impor-
tantly, the VtM obtained under these latter conditions is simi-
lar to the one observed in the interior of the cell, further
supporting the notion of the displacement of Dab2 to the cy-
tosol in mitosis (Fig. 1 and supplemental Fig. 1). Moreover,
the distribution pattern of Dab2 in cells in cytokinesis yields
an intermediate VtM value (Fig. 1 and supplemental Fig. 1),
stressing the cyclical nature of the displacement of Dab2 in
the cell cycle. The notion of the displacement of Dab2 to the
cytosol is further supported by the 2ME2-induced alterations
observed by cell fractionation (supplemental Fig. 2). (ii) At the
plasma membrane of interphase cells, Dab2 and clathrin show
a high degree of co-localization, reflected by the high value of
the maximal Pearson’s CCF of their fluorescence signals. In
the course of mitosis, this CCF is significantly reduced (Fig.
2G). Here too, 2ME2-mediated cell cycle arrest emulated the
effects observed in mitotic/cycling cells (supplemental Fig.
3B), reinforcing the notion of its appropriateness as a means
of enrichment of the mitotic cell population. Importantly, in
mitosis, clathrin and Dab2 accumulated in different intracel-
lular compartments. Although clathrin showed a prominent
recruitment to the mitotic spindle, Dab2 remained diffuse in
the cytoplasm of the cell (Figs. 2 and 3B). Here too, the CCF
value obtained in cytokinesis is significantly higher than the
minimal value, observed in cells in metaphase (Fig. 2G), rein-
forcing the notion of the cyclical regulation of Dab2/clathrin
interactions. (iii) Dab2 and clathrin co-immunoprecipitate in
interphase cells, an interaction that is lost in 2ME2-treated
cells (Fig. 5). In contrast, the interaction between Dab2 and
myosin VI is maintained in the mitotically arrested cells (Fig.
5A), stressing the specificity of the abrogation of Dab2-clath-
rin interactions in mitosis. The interaction of Dab2 with myo-
sin VI is mediated through the C-terminal region of Dab2 (56,
57), whereas the sequence involved in binding to clathrin lo-
calizes to the central exon of Dab2 (14). Importantly, in mito-
sis, myosin VI also undergoes marked changes to its intracel-
lular localization and performs important roles, related to
membrane traffic in cytokinesis (58). (iv) In 2ME2-arrested
cells, Dab2 is extensively phosphorylated. This phosphoryla-
tion induced a marked shift in the migration of Dab2 in SDS-
PAGE, a shift that is abolished by incubation with calf intesti-
nal phosphatase (Fig. 3D). Moreover, the mutation of Ser-393,
Ser-394, and Ser-401 to alanines or the deletion of these resi-
dues reduced this shift in migration (Fig. 4B). A comparative
mass spectrometry analysis of the phosphorylation of p82-
WT-h in vehicle/2ME2-treated cells revealed the 2ME2-in-
duced phosphorylation of Ser-326 (or Ser-328). Importantly,
these sites, which are present in p82-5A, were not phosphor-
ylated in this molecular context in 2ME2-arrested cells
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FIGURE 6. 2ME2-mediated cell cycle arrest leads to a specific decrease in the internalization of a receptor with an NPXY endocytic signal.
A, ES-2 cells were transfected with the different constructs, based on an epitope-tagged endocytosis-negative truncation mutant of the type I TGF-�
receptor (T�RI-158), supplemented or not with either a YXX� (T�RI-transferring receptor) or an NPXY-based signal (T�RI-LDLR; all constructs are de-
scribed in Ref. 49). 24 –30 h after transfection, cells were treated with either 2ME2 (4.4 �M, 16 h) or vehicle. Subsequently, cells were fed Alexa-555-
labeled �-Myc (9E10) antibodies (20 �g/ml, 20 min, 37 °C) before being cooled and labeled with Alexa-488 goat-�-mouse (20 �g/ml, 60 min, 4 °C).
The entire cell volume of cells was acquired by confocal microscopy. Intensity-based segmentation was employed for signal identification, and co-
localized signal-positive pixels were determined with SlidebookTM. Bar, 5 �m. B, graph depicts the average � S.E. of internal to total ratio of the Al-
exa-555 signal, from three independent experiments (a total of �60 cells per condition). C, ES-2 cells, doubly transfected with T�RI-LDLR or T�RI-158
and p82-WT-h or p82-5A, were treated and processed as in A. Panels depict typical cells in each condition. Bar, 5 �m. D, graph depicts the average �
S.E. of internal to total ratio of the Alexa-555 signal, from two independent experiments (a total of 30 – 40 cells per condition; ***, p � 9E-9; **, p �
4E-3; *, p � 5E-2).
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(supplemental Fig. 4). Moreover, p82-WT-h also shows signif-
icant phosphorylation on Thr(P)-Pro/Ser(P)-Pro sites (sup-
plemental Fig. 5), suggesting that Ser-326 (or Ser-328), which
is not adjacent to prolines, are not the sole sites of its mitotic
phosphorylation. Furthermore, the reduction in the phos-
phorylation of p82-5A correlated with the decrease in its dis-
placement from the membrane (supplemental Fig. 2) and with
its continued localization to membrane-bound punctate
structures in 2ME2-treated cells (Fig. 4, C and D) and in cy-
cling cells in mitosis (supplemental Fig. 6). (v) In 2ME2-
treated cells, the internalization of a receptor endowed with
an FDNPXY endocytic motif is specifically inhibited (Fig. 6).
Importantly, the 2ME2-induced reduction in the internaliza-
tion of this receptor is dependent on the displacement of
Dab2 from the membrane, as it is rescued in p82-5A-express-
ing cells (Fig. 6, C and D). Accordingly, we have previously
shown that the internalization of this same construct is en-
hanced upon the expression of GFP-Dab2 in COS7 cells (49).
Importantly, and similarly to what was reported by Boucrot
and Kirchhausen (35), the internalization of an analogous
T�RI-based construct endowed with a YXX�-like endocytic
signal, which is supposedly entirely dependent on AP2, was
not reduced in cells arrested in mitosis with 2ME2 (Fig. 6).
Thus, arrest of cells in mitosis affects the internalization of
only a subpopulation of receptors.
In addition to Dab2, epsin and Eps15 are also phosphoryla-

ted in G2/M (42, 59, 60). Interestingly, the phosphorylation of
both epsin and Eps15 also leads to a decrease in their endo-
cytic function, through the reduction in their interaction with
AP2/clathrin (42). This negative regulation of endocytic pro-
teins in mitosis contrasts with the functionality of AP2/clath-
rin throughout mitosis (35) and suggests a differential regula-
tion of endocytic “auxiliary factors” as compared with those
defined as “endocytic hubs” (according to the clathrin interac-
tome in Ref. 61). What are putative causes and consequences
of this selectivity? (i) The mitotic cell alters the extent and
possibly the nature of its interactions with its neighboring
cells, with the extracellular matrix, and with its microenviron-
ment. This dynamic process may demand an alteration in the
repertoire of receptors exposed at the cell surface. Selective
inhibition of the internalization of a subset of receptors, in
the context of a general reduction in surface area (35, 62),
may be a way of achieving this modulation. (ii) Endocytic pro-
teins perform alternative functions in mitotic cells. Prominent
examples of this phenomenon are the recruitment of clathrin
to the mitotic spindle (38, 39), the association of the endocytic
adaptor ARH with centrosomal proteins (63), and the nonen-
docytic functions performed by epsin in mitosis (64). (iii) The
mitotic cell is a different physicochemical environment than
the interphase cell and may thus present different require-
ments for the regulation of coated pit/coated vesicle forma-
tion. For example, mitotic cells have a reduced volume (62,
65), enhanced membrane tension (36), and a different organi-
zation of the actin cytoskeleton (66), all of which potentially
alter endocytosis. Specifically, we employed spinning disk
confocal microscopy to measure the volume of ES-2 cells in
metaphase and in 2ME2-mediated mitotic arrest, and we
found that their volume is reduced by �60% in these condi-

tions (data not shown). Such a reduction in volume would
imply that the concentration of long lived proteins (the re-
ported half-lives of clathrin and Dab2 are �50 and �16 h,
respectively (10, 67)) may be 3-fold higher under these condi-
tions. Interestingly, the endocytic machinery is sensitive to
alterations in clathrin concentration (68). Moreover, although
basic cell functions are not affected in the absence of Dab2,
which is down-regulated/depleted in the initial phases of tu-
morigenesis of many tumor types (1, 69), an increase in the
amounts of Dab2 leads to profound alterations to the organi-
zation of clathrin in cells (49, 70). Also, overexpression of ep-
sin1 leads to a decrease in clathrin-mediated endocytosis (71).
Interestingly, incubation of cells in hypertonic medium
(0.45 M sucrose), which reduces cell volume (by �50%, data
not shown), induces a massive polymerization of clathrin and
Dab2 into unproductive structures (49, 72). Thus, a reduction
in interactions with the membrane and with clathrin, through
mitotic phosphorylation, may be a manner of reducing the
concentration of active Dab2 and possibly also of additional
auxiliary endocytic factors such as epsin and Eps15. This re-
duction may be part of a regulatory mechanism aimed at the
continuation of endocytosis (of a subset of receptors) in mito-
sis, despite the broad alterations to the physicochemical envi-
ronment of the cell.
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