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The cytoplasmic adaptor protein X11␣ and
extracellular matrix protein Reelin regulate ApoE
receptor 2 trafficking and cell movement
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The goal of this study was to determine
the effect of X11␣ on ApoE receptor 2 (ApoEr2)
trafficking and the functional significance of this interaction on cell movement in MCF 10A epithelial cells.
We found that X11␣ increased surface levels of ApoEr2
by 64% compared to vector control, as determined by
surface protein biotinylation. To examine the functional significance of this effect, we tested whether
ApoEr2 played a novel role in cell movement in a
wound-healing assay. We found that overexpression of
ApoEr2 in MCF 10A cells increased cell migration
velocity by 87% (P<0.01, nⴝ4) compared to GFP
control. Cotransfection of X11␣ had an additive effect
on average velocity compared to ApoEr2 alone (13%;
P<0.05, nⴝ4). In addition, we tested whether ApoEr2
ligands altered the effect of ApoEr2 on cell movement.
We found that treatment with concentrated medium
containing the extracellular matrix protein Reelin, but
not control medium, further increased the velocity of
ApoEr2- but not APP-transfected cells (20%; P<0.001,
nⴝ4). Similarly, Reelin treatment increased cell velocity
in the presence of ApoEr2 and X11␣ (10%; P<0.05,
nⴝ4). In the present study, we are the first to
demonstrate that ApoEr2 regulates cell movement,
and both X11␣ and Reelin enhance this effect.—
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ABSTRACT
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Alzheimer’s disease (AD) is an age-related neurodegenerative disease characterized by progressive deterioration of memory and cognitive function, which is
highly correlated with loss of synapses followed by cell
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death (1). The pathogenesis of AD is associated with
the aggregation of A␤ peptide, a fragment of the
␤-amyloid precursor protein (APP). The most prominent genetic risk factor for late-onset AD is apolipoprotein E (APOE) (2). The APOE gene encodes the
soluble apoE protein, which transports cholesterol and
other lipids in the plasma and cerebrospinal fluid (3).
ApoE interacts with a family of apoE receptors, which
mediate endocytosis of their ligands via their NPXY
sequences, followed by recycling to the cell surface (4).
We and others have found that APP and ApoE
receptors share a number of common intracellular
binding proteins, including Dab1, FE65, and X11 (5–
8). Each of these adaptor proteins affects the trafficking
and processing of their bound proteins. Dab1 is known
to affect neuronal migration downstream of APP (9),
and interactions between APP and Dab1 are known to
be important for brain development in Drosophila (10).
Dab1 also acts downstream of Reelin, an extracellular
matrix molecule, which regulates neuronal migration
and neurite outgrowth during development (9, 11–14).
FE65 binds both APP and ApoEr2 and affects their
trafficking and processing. In addition, the interaction
between FE65 and APP accelerates cell migration in a
wound-healing assay through binding of FE65 to Mena,
an actin-binding cytoskeletal protein (15). FE65 also
binds the APP intracellular domain (AICD) and initiates transcriptional activation through trafficking of
AICD to the nucleus (16, 17).
The X11 family of adaptor proteins also interacts
with ApoEr2, as well as APP. The X11 family members,
X11␣, -␤, and -␥ (also referred to as Mint 1, 2, and 3),
contain a PTB domain and two PDZ domains (18).
X11␣ and X11␤ affect APP trafficking and processing
(19 –21), and the X11␣ interaction with ApoEr2 may
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induce ApoE-mediated endocytosis of ApoEr2 in N2aAPPswe cells (22). Functionally, APP and ApoEr2 are
known to be involved in neuronal development, and
both interact with X11␣. Therefore, we hypothesize
that X11␣ may also contribute to these processes.
In the present study, we demonstrate that ApoEr2
interacts with X11␣ and increases ApoEr2 cell-surface
levels in MCF 10A cells. Interestingly, Reelin treatment
altered the intracellular binding between ApoEr2 and
X11␣ in a time-dependent manner, and also decreased
X11␣-mediated tyrosine phosphorylation of ApoEr2.
We further show a novel role for ApoEr2 in accelerating cell migration in a wound-healing assay and the
ability of both X11␣ and Reelin to enhance this effect.
These data suggest an important role for both the
extracellular matrix molecule Reelin and the intracellular adaptor protein X11␣ in the regulation of
ApoEr2-mediated cell motility.

from either a stable cell line (HEK293) expressing Reelin or
normal HEK293 cells. Medium was collected and concentrated by centrifugation at 4000 g for 20 min using Amicon
Ultra filter devices (Millipore, Billerica, MA, USA). Immunoprecipitations were conducted with relevant antibodies as
described previously (7, 8).
Antibodies
We used antibodies anti-HA (Abcam, Cambridge, MA,
USA), anti-Mint1/X11␣ (BD Biosciences, San Jose, CA,
USA; Sigma, St. Louis, MO, USA; Santa Cruz Biotechnologies, Santa Cruz, CA, USA), anti-Flag (Sigma), monoclonal
Dab1 (Dr. Andre Goffinet, Catholic University of Leuven,
Brussels, Belgium), anti-FE65 (Dr. Suzanne Guenette, Massachusetts General Hospital, Charlestown, MA, USA), antiGFP (Invitrogen, Carlsbad, CA, USA), ␤-actin (Chemicon,
Temecula, CA, USA), anti-ApoEr2 (Sigma), Fyn (Calbiochem, San Diego, CA, USA), and anti-c-myc (Abcam).
Primary neuronal culture

MATERIALS AND METHODS
Vector construction
ApoEr2 C-terminal constructs with HA tags were generated as
described previously (23): ApoEr2 exon 18 only, ApoEr2
exon 19 only, and ApoEr2 exons 18 and 19 only. We also
produced full-length ApoEr2 constructs with either an Nterminal or C-terminal GFP tag. We generated Flag-tagged
deletion constructs of X11: X11␣ PDZ domain (residues
648-837), X11␣ PTB domain (residues 457– 643), X11␣ PTB
and PDZ domains (residues 457– 837), Flag-tagged full-length
X11␣, and Flag-tagged full-length X11␤. For X11␤ constructs,
we generated X11␤ PDZ domain (residues 560 – 660) and the
X11␤ PTB and PDZ domains (residues 368 – 660), which were
each cloned into a pBHA vector that contained the LexA
DNA-binding domain. Recombinant DNA was confirmed by
sequencing, and expression of correctly sized proteins was
confirmed by Western blot analysis.
Full-length Flag-tagged ApoEr2 construct lacking exon 19
was obtained from Joachim Herz (University of Texas Southwestern Medical Center, Dallas, TX, USA). A mixture of 3
siRNA sequences (siGENOME SMARTpool) targeted against
human X11␣ (APBA1) was purchased from Dharmacon
(Lafayette, CO, USA).
Yeast 2-hybrid system
The ApoEr2 C-terminal fragment (CTF) and X11␣ and X11␤
constructs were transformed into yeast strain L40. The histidine-selected yeast was grown on synthetic medium at 30°C
for 3 d. Colonies were screened by X-gal filter assay and
scored according to ␤-galactosidase expression time. ApoEr2
CTF domain (residues 757-870) was cloned into pGAD10
(Clontech, Mountain View, CA, USA), which has a GAL4
transcriptional activation domain as prey.

Hippocampal and cortical neurons from embryonic day 18
and 19 Sprague-Dawley rats were cultured at 150 cells/mm2 as
described previously (25).
Biotin-labeled cell-surface proteins
MCF 10A cells were transiently transfected as described
above. After 24 h, surface proteins were biotin labeled,
quenched, lysed, sonicated, and clarified by centrifugation, as
described previously (7, 8). To isolate biotin-labeled proteins,
lysate was incubated with immobilized NeutrAvidin TM Gel
and was washed and incubated 1 h with SDS-PAGE sample
buffer, including 50 mM DTT. Eluates were analyzed for
ApoEr2 by immunoblotting.
Wound-healing assay
MCF 10A cells were transfected with indicated constructs
using Lipofectamine 2000 (Invitrogen), and the medium was
replaced with control or Reelin-conditioned medium 6 h
later; then monolayers of cells were scratched using a fine
pipette tip and immediately placed in a Nikon TE300 timelapse microscope (Nikon, Tokyo, Japan). Time-lapse imaging
was controlled using the Multidimensional Analysis tool of
MetaMorph image acquisition software (Universal Imaging
Corp., Center Valley, PA, USA). Gap width was determined at
0, 8, 16, and 24 h. Representative images are shown at 0 and
24 h. In a separate experiment, the velocity of cell migration
was determined for individual cells using the Metamorph
Image Analysis “Track Points” application. Data are represented as means ⫾ se and analyzed using 2-way ANOVA with
Bonferroni post-test for gap width and 1-way ANOVA with
Bonferroni post-test for velocity measures.
Statistical analyses

Cell lines and culture conditions
COS7 cells and MCF 10A cells were maintained as described
previously (24). COS7 or MCF 10A cells were transiently
transfected with 0.5–1 g of plasmid in FuGENE6 (Roche,
Nutley, NJ, USA), according to the manufacturer’s protocol
and cultured for 24 h in DMEM containing 10% FBS.
Reelin-conditioned medium or control medium was prepared
X11␣ AND REELIN REGULATE ApoEr2 CELL MOVEMENT

All data were analyzed using Student’s t test or ANOVA with
GraphPad Prism 4 software (GraphPad, San Diego, CA, USA),
using Tukey’s multiple-comparison test for post hoc analyses
with significance determined as P ⬍ 0.05, unless otherwise
stated. Descriptive statistics were calculated with StatView 4.1
(Abacus Concepts Inc., Berkeley, CA, USA) and are expressed
as means ⫾ se.
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RESULTS
X11␣ and X11␤ interact with ApoEr2
To test whether X11␣ interacts with ApoEr2, we transfected COS7 cells with ApoEr2 alone, both ApoEr2 and
X11␣, or X11␣ alone. We immunoprecipitated ApoEr2
with anti-HA or X11␣ with anti-Flag, and probed with
anti-Flag for X11␣ or anti-HA for ApoEr2. Full-length
X11␣ coprecipitated with ApoEr2 (Fig. 1A, B). Western
blot analysis of COS7 cell extracts confirmed that levels
of total ApoEr2 and X11␣ were consistent across transfections (Fig. 1A, B). Similarly, we also tested whether
another X11 family member, X11␤, interacted with

ApoEr2 in COS7 cells. Full-length X11␤ coprecipitated with ApoEr2 (Fig. 1C, D), while total levels of
ApoEr2 and X11␤ were consistent across transfections (Fig. 1C, D).
To test whether endogenous ApoEr2 and X11␣ interacted, we immunoprecipitated primary neurons with
anti-ApoEr2 or an irrelevant control antibody (␣-PJNK) and probed the precipitates with anti-X11␣ (Fig.
1E), or immunoprecipitated with anti-X11␣ or ␣-P-JNK
and probed for ApoEr2 (Fig. 1F). Endogenous ApoEr2
and X11␣ coprecipitated, and no coprecipitation was
detected in experiments performed with the control
antibody. Immunoprecipitation of ApoEr2 from mouse
brain lysates also resulted in coprecipitation of X11␣

Figure 1. X11␣ and X11␤ interact with ApoEr2 in COS7 cells, in primary neurons, and brain, via exon 19 of ApoEr2. A, B) COS7
cells were transiently transfected with ApoEr2-HA, ApoEr2-HA and X11␣-Flag, or X11␣-Flag. Cell lysates were immunoprecipitated with HA and probed with anti-Flag (n⫽3) (A) or immunoprecipitated with anti-Flag and probed with anti-HA (n⫽3) (B).
X11␣ and ApoEr2 coprecipitated. C, D) COS7 cells were transfected with ApoEr2, ApoEr2 and X11␤, or X11␤. Cell lysates were
immunoprecipitated with anti-HA and probed with anti-Flag (n⫽3) (C), or immunoprecipitated with anti-Flag and probed with
anti-HA (n⫽3) (D). ApoEr2 and X11␤ coprecipitated. Immunoblot of cell lysates showed similar levels of ApoEr2 and X11␣ or
ApoEr2 and X11␤ (middle and bottom panels). E, F) Primary cortical neurons were immunoprecipitated with anti-ApoEr2 and
probed with anti-X11␣ (E), or with anti-X11␣ and probed with anti-ApoEr2 (n⫽3) (F). As a negative control, the experiment
was conducted with an irrelevant antibody (CTRL). G, H) Mouse brain lysates were immunoprecipitated with ApoEr2 antibody
and probed with anti-X11␣ (G), or with X11␣ antibody and probed with anti-ApoEr2 (n⫽3) (H). An irrelevant antibody was
used as negative control (CTRL). Bottom panels show total levels of proteins in lysates. Asterisks denote IgG heavy/light chains.
I) Constructs of ApoEr2 with C-terminal HA tags containing exon 18 (ER2-1), exon 19 (ER2-2), and exon 18 and 19 (ER2-3).
J) Cell lysates from COS7 cells transfected with indicated constructs were probed with anti-HA to demonstrate protein
expression. K, L) COS7 cells were transfected with full-length X11␣ and ApoEr2 constructs as indicated. Cell lysates were
immunoprecipitated with anti-Flag antibody and probed with anti-HA antibody (n⫽2) (K) or immunoprecipitated with anti-HA
antibody and probed with anti-Flag antibody (n⫽2) (L).
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and vice versa. The control antibody did not precipitate
either X11␣ or ApoEr2 (Fig. 1G, H).
ApoEr2 exon 19 interacts with X11␣
To test which domain of ApoEr2 interacts with X11␣,
we generated HA-tagged constructs of ApoEr2 C-terminal domains consisting of exon 18, exon 19, or both
exons 18 and 19 (Fig. 1I). We cotransfected COS7 cells
with ApoEr2 constructs and X11␣. Expected protein
sizes were expressed from each construct, as determined by Western blot (Fig. 1J). We then immunoprecipitated X11␣ and probed for ApoEr2 (Fig. 1K) or
immunoprecipitated for ApoEr2 and probed for X11␣
(Fig. 1L). ApoEr2 constructs possessing exon 19, but
not exon 18 alone, coprecipitated with X11␣, consistent with a recent publication (22).
PDZ domain of X11␣ interacts with ApoEr2
To test which domain of X11␣ interacts with ApoEr2,
we generated Flag-tagged X11␣ constructs containing
fragments of X11␣: PDZ domains (both PDZa and
PDZb; construct 1), PTB domain only (construct 2), or
the PTB and PDZ domains together (construct 3),
along with full-length X11␣ (construct 4) (Fig. 2A). To
first determine whether the X11␣ PTB domain interacted with APP in our system, we cotransfected COS7
cells with full-length APP and X11␣ constructs 1, 2, and
4. Expected protein sizes were expressed from each

construct, as determined by Western blots (Fig. 2B).
Using the same cell lysate, we immunoprecipitated APP
and probed for X11␣. The constructs containing the
X11␣ PTB domain coprecipitated with APP, but the
X11␣ PDZ domain alone did not (Fig. 2C), consistent
with previous findings (26).
We then asked which domain of X11␣ interacted
with ApoEr2. Expected protein sizes were expressed
from each construct, as determined by Western blots
with anti-Flag (Fig. 2D). We cotransfected COS7 cells
with full-length ApoEr2 and X11␣ deletion mutants
(Fig. 2A). We then immunoprecipitated ApoEr2 with
anti-HA antibody and probed with anti-Flag antibody
for X11␣. The X11␣ construct lacking the PDZ domain
did not coprecipitate with ApoEr2 even after overexposure of the blots, but the constructs containing the PDZ
domains did. We verified that total ApoEr2 levels were
consistent across transfections (Fig. 2E). We also performed the reverse experiment, including the fulllength X11␣ construct (construct 4); again, we observed that constructs containing the X11␣ PDZ
domains coprecipitated with ApoEr2, but the construct
containing the PTB domain alone did not (Fig. 2F).
Thus, the interaction of X11␣ with ApoEr2 depended
on the PDZ domains of X11␣.
We then conducted yeast 2-hybrid analysis to independently determine which domain of X11 interacted
with ApoEr2. For these experiments, we utilized the
␤-galactosidase reporter system and observed a colorimetric reaction in response to activation. We generated

Figure 2. ApoEr2 interacts with X11␣ PDZ domains. A) Constructs of X11␣ with C-terminal Flag tags containing PDZa and PDZb
(construct 1), only PTB (construct 2), PTB and both PDZ domains (construct 3), and full-length X11␣ (construct 4). B) Lysates
from COS7 cells transfected with different X11␣ deletion constructs were probed with anti-Flag to demonstrate protein
expression. C) COS7 cells were transiently transfected with APP and X11␣, as indicated. Cell lysates were immunoprecipitated
with APP and probed with anti-Flag (n⫽2). D) COS7 cells were transfected with X11␣ as indicated and probed for anti-Flag to
visualize X11␣ expression. E, F) COS7 cells were transfected with ApoEr2 and X11␣ as indicated. Cell lysates were
immunoprecipitated with anti-HA and probed with anti-Flag (n⫽3) (E) or immunoprecipitated with anti-Flag and probed with
anti-HA (F). Full-length X11␣ and PDZ domains of X11␣ interact with ApoEr2. Cell lysates were probed for HA to demonstrate
ApoEr2 expression. G) ApoEr2 CTF fused to the GAL4 activation domain (GAD) interacts with the PDZ domains of X11␣ and
X11␤ bound to the LexA DNA binding domain (DB), but the PTB domain of X11␣ or X11␤ did not. SPAR is used as a negative
control (n⫽4). ⫹⫹⫹, 0 –30 min ␤-gal detection time; ⫺, no detectable ␤-gal signal after 12 h.
X11␣ AND REELIN REGULATE ApoEr2 CELL MOVEMENT
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ApoEr2 CTF or SPAR (as a negative control) fused to
the GAL4 activation domain, and PTB or PDZ fragments of X11␣ or X11␤ fused to the LexA DNA binding
domain. We transformed these constructs into yeast,
and within 15 min, there was detectable ␤-gal signal for
ApoEr2 CTF with X11␣ PDZ or X11␤ PDZ domains
(Fig. 2G). ApoEr2 CTF with the X11␣ or X11␤ PTB
domains did not produce a ␤-galactosidase signal for
up to 12 h (Fig. 2G). The negative control, SPAR, did
not interact with any domain of X11␣ or X11␤ tested.
Thus, the immunoprecipitation assays and yeast 2-hybrid assays demonstrate that the exon 19 region of
ApoEr2 interacts with the PDZ domains of X11.
Reelin decreased coprecipitation of ApoEr2 and
X11␣ in primary neurons
Reelin affects the trafficking and processing of both
ApoEr2 and APP (7). To test whether extracellular
ligands such as Reelin alter the interaction between
ApoEr2 and X11␣, we treated primary neuronal cells
with control or Reelin-containing medium for 20 min.
As controls, we immunoprecipitated neuronal lysates
with anti-ApoEr2 and probed for ApoEr2 (Fig. 3A), and
immunoprecipitated with anti-X11␣ and probed for

X11␣ (Fig. 3B), demonstrating consistent expression
across conditions.
Next, we immunoprecipitated lysates from control or
Reelin-treated neurons with anti-X11␣ or ApoEr2 and
probed for ApoEr2 or X11␣, respectively. Under control treatment, X11␣ and ApoEr2 coprecipitated. However, Reelin treatment decreased coprecipitation between X11␣ and ApoEr2 by 81 or 88% (Fig. 3C, D).
These data suggest that Reelin may regulate the intracellular binding of ApoEr2 and X11␣.
To test whether Reelin alters colocalization between
ApoEr2 and X11␣ using an independent assay, we treated
primary hippocampal neurons with control or Reelincontaining medium for 24 h. We immunostained primary
neurons with antibodies against ApoEr2 and X11␣ and
measured colocalization of puncta. Reelin decreased colocalization between ApoEr2 and X11␣ in neuronal processes compared to control by 22% (P⬍0.05, n⫽12)
(Fig. 3E).
To determine whether Reelin also altered the interaction between APP and X11␣, we treated primary
neurons with control or Reelin-containing medium for
20 min. We immunoprecipitated neuronal lysates with
anti-X11␣ or APP and probed for APP or X11␣, respectively. Under control treatment, X11␣ and APP copre-

Figure 3. Reelin decreased coprecipitation of ApoEr2 and X11␣ in primary neurons. A–D) Primary neuronal proteins were
treated with Reelin or control-conditioned medium for 24 h. Primary neurons were immunoprecipitated with ApoEr2 and
probed with ApoEr2 (A) or immunoprecipitated with X11␣ and probed with X11␣ to demonstrate expression (B). Primary
neurons were immunoprecipitated with X11␣ and probed with ApoEr2 (C) or immunoprecipitated with ApoEr2 and probed
with X11␣ (D). Reelin decreased coprecipitation of ApoEr2 and X11␣ by 81 and 88%, respectively (n⫽3; P⬍0.01). Immunoblot
of cell lysates showed similar levels of ApoEr2 and X11␣. E) Primary hippocampal neurons (DIV12) were treated with control
or Reelin-containing medium for 24 h, immunostained for ApoEr2 (left panel) and anti-X11␣ (middle panel), and observed
under a confocal laser-scanning microscope (⫻63). Right panel shows colocalization of ApoEr2 (green) and X11␣ (red)
(n⫽12). F, G) Primary neurons were treated with Reelin or control-conditioned medium and immunoprecipitated with X11␣
and probed with APP (F) or immunoprecipitated with APP and probed with X11␣ (G). Reelin did not affect the coprecipitation
of APP and X11␣ (n⫽3).
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cipitated, and Reelin did not affect the coprecipitation
between X11␣ and APP (Fig. 3F, G). These data suggest
that Reelin specifically affects the interaction between
X11␣ and ApoEr2 but not between X11␣ and APP.
X11␣ promotes Fyn-mediated ApoEr2
phosphorylation, and Reelin reverses this effect
Tyrosine phosphorylation of the intracellular domain
of membrane proteins is known to affect their interactions with specific adaptor proteins as well as their
trafficking. We and others have shown that Fyn tyrosine
kinase phosphorylates APP and ApoEr2 (27). To test
whether X11␣ alters the tyrosine phosphorylation of
ApoEr2 and whether it can specifically alter Fyn-mediated tyrosine phosphorylation of ApoEr2, we transfected COS7 cells with indicated constructs. We then
immunoprecipitated cell lysates for phosphotyrosine
and Western blotted for ApoEr2 (Fig. 4A). Cells triply
transfected with ApoEr2, X11␣, and Fyn had higher
levels of phospho-ApoEr2 compared to X11␣ or Fyn
alone, suggesting that X11␣ modulates tyrosine phosphorylation of ApoEr2 by Fyn. Interestingly, phosphoApoEr2 levels were increased in the presence of Fyn
with Reelin treatment, but phospho-ApoEr2 levels were
reduced in the presence of both X11␣ and Fyn with
Reelin treatment. Thus, X11␣ promotes Fyn-mediated
phosphorylation of ApoEr2, but Reelin prevents this
effect. Quantification of data showed a significant 186%
increase in phospho-ApoEr2 in the presence of both
X11␣ and Fyn compared to X11␣ alone and a 109%
increase compared to Fyn alone (normalized to total
ApoEr2) (Fig. 4B). Reelin treatment together with
overexpression of Fyn increased phospho-ApoEr2 levels
by 214% compared to control, but in the added presence of X11␣, phospho-ApoEr2 was decreased by 47%.

Fyn increases association between ApoEr2 and X11␣,
and Reelin reverses this effect
To test whether the Fyn-mediated increase in ApoEr2
phosphorylation is correlated with a greater interaction
between ApoEr2 and X11␣, COS7 cells were transfected with ApoEr2, X11␣, and vector (Fig. 4C, lane 1)
or ApoEr2, X11␣, and Fyn (Fig. 4C, lane 2). Coexpression of Fyn increased the association between ApoEr2
and X11␣ by 153% (P⬍0.05). Next, we tested whether
Reelin modulated the ApoEr2-X11␣ interaction in the
presence of Fyn. For this experiment, we triply transfected cells with ApoEr2, X11␣, and Fyn and treated
with control (Fig. 4C, lane 2) or Reelin (Fig. 4C, lane 3)
for 20 min. Reelin treatment decreased the Fyn-induced increase in interaction between ApoEr2 and
X11␣.
X11␣ increases cell-surface ApoEr2 in MCF 10A cells
Adaptor protein interactions with APP are known to
influence a variety of downstream effects, including cell
migration (15). ApoEr2 is also known to affect cell
migration (3, 28), so we analyzed cell movement with a
wound-healing assay in MCF 10A cells. First, we tested
endogenous levels of APP, ApoEr2, and cytoplasmic
adaptor proteins in MCF 10A cells compared to COS7
cells, where our initial studies were performed (Figs.
1– 4). We found a robust expression of the adaptor
proteins Dab1, X11␣, and FE65 in MCF 10A cells, while
COS7 cells had no detectable Dab1 or X11␣ but greater
expression of FE65. MCF 10A cells did not express APP
or ApoEr2, while COS7 cells had some detectable
expression following prolonged exposure (Fig. 5A).
Next, we examined whether Reelin treatment altered
the interaction between ApoEr2 and X11␣ in MCF 10A

Figure 4. Reelin decreases Fyn- and X11␣-mediated tyrosine phosphorylation of ApoEr2 and decreases Fyn-mediated interaction
between ApoEr2 and X11␣. A) COS7 cells were transfected with ApoEr2 and vector, X11␣, Fyn, or both X11␣ and Fyn for 24 h,
and treated with control or Reelin-conditioned medium for 20 min. Cell lysates were immunoprecipitated for phosphotyrosine
and Western blotted for ApoEr2 (␣-HA) to detect tyrosine phosphorylated ApoEr2. B) Quantification of data shows that ApoEr2,
Fyn, and X11␣ increased phospho-ApoEr2 levels by 186% (lane 4) compared to ApoEr2 and X11␣ (P⬍0.01) (lane 2) and by
109% compared to ApoEr2 and Fyn (P⬍0.05) (lane 3). Reelin treatment of ApoEr2 and Fyn transfected cells increased
phospho-ApoEr2 by 214% (P⬍0.01) (lane 7), and Reelin treatment of cells triply transfected with X11␣, ApoEr2, and Fyn
decreased phospho-ApoEr2 by 47% (P⬍0.05) (lane 8). C) COS7 cells were transfected with ApoEr2, X11␣, and vector (lane 1)
or Fyn (lane 2), and treated with control medium, or transfected with ApoEr2, X11␣, and Fyn and treated with Reelin for 20
min (lane 3). Lysates were immunoprecipitated with anti-Flag for X11␣ and Western blotted with anti-HA for ApoEr2 (top
panel). Fyn increased the interaction between ApoEr2 and X11␣ by 153% (lane 2, P⬍0.05), and Reelin treatment reversed this
effect (by 42%; lane 3 vs. lane 2). Bottom panels show consistent expression patterns.
X11␣ AND REELIN REGULATE ApoEr2 CELL MOVEMENT
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Figure 5. Reelin alters interaction between X11␣ and ApoEr2, and X11␣ increases cell-surface ApoEr2 in MCF 10A cells. A) Cell
lysates from COS7 and MCF 10A cells were Western blotted for APP, ApoEr2, Dab1, X11␣, and FE65 to demonstrate expression.
COS7 cells expressed detectable levels of APP and ApoEr2, but no expression of Dab1 and X11␣ with a high level of FE65. MCF
10A cells did not express APP or ApoEr2 but did express Dab1, X11␣, and FE65. B) MCF 10A cells were cotransfected with
ApoEr2 and X11␣ and treated with either control (lanes 1 and 3) or Reelin (lanes 2 and 4) for 24 h (lanes 1 and 2) or 20 min
(lanes 3 and 4). Cell lysates were immunoprecipitated with anti-Flag for X11␣ and Western blotted for ApoEr2. Reelin decreased
coprecipitation between ApoEr2 and X11␣ at 20 min (41%), but increased coprecipitation at 24 h (223%). C) MCF 10A cells
were cotransfected with GFP-ApoEr2 and either vector (lanes 1, 3, and 5) or X11␣ (lanes 2, 4, and 6). Cell-surface proteins were
biotin labeled, isolated with avidin beads, and immunoblotted with GFP for ApoEr2. Cell lysates showed similar levels of total
ApoEr2. D) Quantification of data in C showed that full-length X11␣ increased surface levels of ApoEr2 by 64% (n⫽3) *P ⬍ 0.05.

cells. For this experiment, we transfected MCF 10A cells
with ApoEr2 and X11␣ and treated with control or
Reelin for 20 min or 24 h. We immunoprecipitated cell
lysates for X11␣ and Western blotted for ApoEr2 and
found that Reelin decreased the interaction between
X11␣ and ApoEr2 after 20 min (by 41%, Fig. 5B, right
lanes), consistent with previous results in primary neurons (Fig. 3C, D). However, Reelin increased the interaction between ApoEr2 and X11␣ after 24 h (by 223%,
Fig. 5B; left lanes), suggesting a time-dependent effect
of Reelin on the association between ApoEr2 and
X11␣. Expression levels of X11␣ and ApoEr2 were
consistent across conditions (Fig. 5B, bottom panels).
These results suggest that Reelin can alter the intracellular association between ApoEr2 and X11␣ in MCF
10A cells in a time-dependent manner.
To determine whether X11␣ alters the trafficking
of ApoEr2 in MCF 10A cells, we cotransfected cells with
ApoEr2 and vector or X11␣. Levels of cell-surface
ApoEr2 were increased by full-length X11␣, while levels
of total ApoEr2 were unchanged (Fig. 5C). Quantification of data demonstrated a 64% increase in cellsurface ApoEr2 by X11␣ (Fig. 5D).
ApoEr2 accelerates cell migration in a wound-healing
assay
Previous studies using a wound-healing assay have
shown that APP plays an important role in cell movement (15). ApoEr2 is also involved in neuronal migration (28, 29); however, whether it directly facilitates cell
movement in a wound-healing assay is unknown. To
determine whether ApoEr2 or X11␣ had an effect on
cell movement, we transfected epithelial MCF 10A cells
with indicated constructs, and gap width was measured
at 0, 8, 16, and 24 h following transfection (Fig. 6A).
APP significantly decreased gap width at all time points,
consistent with previous findings (15). We found that
ApoEr2 also markedly decreased gap width, and gap
width between APP- and ApoEr2-expressing cells was
not significantly different. Gap width following trans64
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fection with X11␣ alone was not significantly different
compared to control at 8 h and experienced only a
mild reduction at 16 and 24 h (Fig. 6B). Cotransfection
of X11␣ with either APP or ApoEr2 did not affect gap
width compared to that of APP or ApoEr2 alone. Thus,
APP and ApoEr2 both increased cell movement, but
X11␣ did not alter these effects.
We then determined the rate of migration of individual cells in separate experiments and similarly found
that APP and ApoEr2 significantly increased cell velocity along the wound edge, by 54 and 87%, respectively
(Fig. 6C). ApoEr2 accelerated cell motility to a greater
extent than APP. X11␣ alone had no affect on cell
velocity. Cotransfection of ApoEr2 and X11␣ increased
cell velocity by 13% compared to ApoEr2 alone (Fig.
6C), but cotransfection of APP and X11␣ did not
significantly alter velocity compared to APP alone.
These data show that APP, and ApoEr2 to an even
greater extent, dramatically decreases gap width and
increases cell velocity, and that X11␣ had small or no
effects on cell motility along the wound edge.
Knockdown of endogenous X11␣ eliminates the
effect of ApoEr2 on cell motility
To further test the effect of the interaction between
ApoEr2 and X11␣ on cell motility, we performed a
similar wound-healing experiment using a construct of
ApoEr2 lacking exon 19 (the interaction site for X11␣)
and using siRNA against endogenous X11␣ (Fig. 7). We
first determined the optimal concentration for knockdown of X11␣ in MCF 10A cells by transfecting with 50,
100, or 200 nM of X11␣ siRNA for 24 h, which resulted
in efficient knockdown of X11␣ at 100 and 200 nM by
⬎88% (Fig. 7A). We also monitored cell toxicity and
did not observe toxicity at any concentration (data not
shown). Next, we conducted a wound-healing assay and
measured gap width at 0, 8, 16, and 24 h following
wounding (Fig. 7B, C, E). ApoEr2 decreased gap width
by 24 h compared to control, as previously shown (Fig.
6B). However, ApoEr2 lacking exon 19 had a signifi-
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Figure 6. ApoEr2 increases cell migration in a wound-healing assay. A) MCF 10A cells were transfected with constructs indicated
at left. A single monolayer of cells was scraped with a pipette tip and immediately imaged (left panels). Right panels show
representative images of the wound gap 24 h later. Scale bars ⫽ 75 m. B) Closure of the wound gap was measured at 0, 8, 16,
and 24 h by average gap width. By 24 h, X11␣ had a slightly lower gap width compared to GFP control (23%; P⬍0.01); however,
this decrease was significantly different from APP (89%; P⬍0.001), APP ⫹ X11␣ (91%; P⬍0.001), ApoEr2, and ApoEr2 ⫹ X11␣
(100%; P⬍0.001) (n⫽3). C) Average velocity of individual cells along the wound edge was measured over a 24-h period.
Cotransfection of APP or ApoEr2 significantly increased average velocity of cells compared to control (by 54 and 87%) or X11␣
alone, and cotransfection of ApoEr2 with X11␣ resulted in a significant increase compared to ApoEr2 alone (by 13%) (n⫽4).
*P ⬍ 0.05, **P ⬍ 0.01, ***P ⬍ 0.001. D) Table of values showing quantification for B and C.

cantly greater gap width by 24 h compared to fulllength ApoEr2. In addition, ApoEr2 and X11␣ decreased gap width compared to control at 24 h;
however, ApoEr2 and X11␣ siRNA increased gap width
compared to ApoEr2 and X11␣ or ApoEr2 alone.
We next determined whether the interaction between ApoEr2 and X11␣ affected cell velocity in an
independent experiment (Fig. 7D, E). ApoEr2 lacking
exon 19 decreased cell velocity compared to full-length
ApoEr2 (28% decrease; P⬍0.001). X11␣ siRNA with
ApoEr2 decreased cell velocity compared to ApoEr2
and X11␣ (35% decrease) or ApoEr2 alone (27%
decrease), implying a role for endogenous X11␣ in
facilitating the effects of ApoEr2 on cell motility. These
data suggest that exon 19 of ApoEr2, which interacts
with X11␣, is important for its effects on wound healing, and that endogenous X11␣ plays a role in ApoEr2mediated cell motility.
Reelin increases the effect of ApoEr2 and X11␣ on
cell motility in a wound-healing assay
Reelin is a ligand for both APP and ApoEr2 and is
known to be essential for proper neuronal migration
during development. To test whether Reelin could
modulate the effect of APP or ApoEr2 on cell motility,
we performed a similar, independent, wound-healing
assay and transfected MCF 10A cells treated with control or Reelin-conditioned medium (Fig. 8A). Consistent with previous findings (Fig. 6B), X11␣ alone did
X11␣ AND REELIN REGULATE ApoEr2 CELL MOVEMENT

not decrease gap width compared to control by 24 h,
but APP and ApoEr2 did (Fig. 8B). Reelin treatment
alone did not decrease gap width, consistent with
previously published studies (30). X11␣ together with
Reelin treatment also did not decrease gap width at 8 or
16 h and only slightly decreased gap width by 24 h. We
found that Reelin treatment of APP-transfected cells
did not significantly decrease gap width any further
than APP alone; however, Reelin treatment of ApoEr2
transfected cells did significantly decrease gap width at
8 and 16 h compared to ApoEr2 alone. Furthermore,
gap width was decreased in cells transfected with
ApoEr2 compared to APP at 16 and 24 h, and Reelin
treatment decreased gap width in ApoEr2 compared to
APP-transfected cells both in the absence and presence
of X11␣. There was no gap observed by 24 h for all
ApoEr2-transfected conditions, suggesting a major role
for ApoEr2 in cell migration in a wound-healing assay.
We additionally measured individual cell velocities
along the wound edge and found that Reelin, X11␣, or
Reelin and X11␣ together did not increase average cell
velocity, but all cells transfected with APP or ApoEr2
did have significant increases in cell velocity (Fig. 8C).
Treatment with Reelin or cotransfection with X11␣ did
not further increase the effect of APP on cell velocity.
Reelin treatment and transfection with X11␣, however,
significantly increased the effect of ApoEr2 on cell
velocity, by 20 and 15%, respectively (Fig. 8C). Cotransfection of ApoEr2 and X11␣ together with Reelin
treatment further increased cell velocity compared to
65

Figure 7. Interaction between ApoEr2 and X11␣ promotes cell migration in a wound-healing assay. A) MCF 10A cells were
transfected with 50, 100, or 200 nM of siRNA against X11␣ for 24 h. X11␣ siRNA resulted in ⬎88% knockdown of X11␣ at 100
and 200 nM. B) MCF 10A cells were transfected with constructs indicated at left. A single monolayer of cells was scraped with
a pipette tip and immediately imaged (left panels). Right panels show representative images of the wound gap 24 h later.
C) Closure of the wound gap was measured at 0, 8, 16, and 24 h by average gap width. By 24 h, ApoEr2 lacking exon 19 increased
gap width compared to full-length ApoEr2 (P⬍0.001). ApoEr2 with X11␣ siRNA increased gap width compared to
cotransfection of ApoEr2 with X11␣ (P⬍0.001) or ApoEr2 alone (P⬍0.001). D) Average velocity of individual cells along the
wound edge was measured over a 24-h period. ApoEr2 alone or ApoEr2 ⫹ X11␣ significantly increased average velocity of cells
compared to control (by 63 and 82%; P⬍0.001). ApoEr2 lacking exon 19 decreased cell velocity compared to full-length ApoEr2
(by 28%; P⬍0.001) and ApoEr2 ⫹ X11␣ siRNA resulted in a significant decrease compared to ApoEr2 ⫹ X11␣ (by 35%;
P⬍0.001) or ApoEr2 alone (by 27%; P⬍0.001) (n⫽4). ***P ⬍ 0.001. E) Table of values showing quantification for C and D.

ApoEr2 and X11␣ alone (Fig. 8C), but not compared to
ApoEr2 and Reelin treatment alone, suggesting that
Reelin may modulate the effect of X11␣ and ApoEr2,
but X11␣ does not modulate the effect of Reelin and
ApoEr2 on cell velocity. A table of values for average
gap width and average velocity is shown in Fig. 8D.
These data show that Reelin treatment further enhances the effect of ApoEr2, and the combined effect
of ApoEr2 and X11␣, on cell migration along the
wound edge.

DISCUSSION
In this study, we identified an interaction between the
intracellular domain of ApoEr2 (exon 19) and the PDZ
domains of X11␣ and X11␤, which resulted in increased cell-surface ApoEr2 and increased tyrosine
phosphorylation of ApoEr2. In addition, we demonstrated that the interaction between ApoEr2 and
X11␣ can be modulated by the addition of extracellular ligands such as Reelin in a time-dependent
manner, where Reelin decreased the association between ApoEr2 and X11␣ after 20 min but increased
association after 24 h of treatment. We show a novel role
for ApoEr2 in cell movement using a wound-healing
assay in MCF 10A cells, which was facilitated by X11␣
66
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and Reelin, implying an important role for adaptor
proteins and extracellular ligands in mediating the
functional effects of membrane receptors.
Adaptor proteins containing PTB domains are known
to interact with APP and ApoEr2 and may compete for
binding. For example, X11␣ and Dab1 both bind the
NPTY sequence of APP and exert opposing effects on
APP trafficking and processing (26, 31, 32). In addition, X11␤ was also shown to compete with FE65 for
binding to APP (31). Similarly, our studies have shown
that Dab1 and FE65 interact with the NPVY sequence of
ApoEr2 (7, 8). Interestingly, we and others found that
the 899YDRPLW904 sequence of ApoEr2 is important for
binding to X11␣, suggesting that X11␣ may not compete with Dab1 and FE65 for binding to ApoEr2 (22).
Competition can also exist between receptors for the
same adaptor protein. For example, both ApoEr2 and
APP interact with the PTB domain of Dab1 (7). Conversely, the first PTB domain of FE65 interacts with
ApoEr2, while the second PTB domain of FE65 interacts with APP, suggesting that FE65 may bind to APP
and ApoEr2 simultaneously (8). He et al. (22) previously suggested a model where APP and ApoEr2 compete for binding to X11␣, based on data which showed
that the PTB domain of X11␣ interacted with ApoEr2.
However, it is possible that because X11␣ does not
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Figure 8. Reelin increases the effects of X11␣ and ApoEr2 in a wound-healing assay. A) MCF 10A cells were transfected with
constructs indicated at left and treated with control (left panels) or Reelin-conditioned medium (right panels) for 24 h.
Representative images of the wound gap at 0 h (left) and 24 h (right) are shown. Scale bars ⫽ 75 m. B) Average gap width
was measured at 0, 8, 16, and 24 h following control or Reelin treatment. By 24 h, X11␣ or Reelin alone did not decrease gap
width compared to GFP. X11␣ ⫹ Reelin slightly decreased gap width (16%; P⬍0.05); however, this decrease was significantly
different from that of APP (79%), APP ⫹ Reelin (79%), APP ⫹ X11␣ (80%), APP ⫹ X11␣ ⫹ Reelin (81%), and all conditions,
including ApoEr2 (100%) (P⬍0.001 for all). ApoEr2 further decreased gap width compared to APP alone (P⬍0.001), in the
presence of X11␣ (P⬍0.01), with Reelin treatment (P⬍0.001), and in the presence of X11␣ ⫹ Reelin treatment (P⬍0.01).
C) Average velocity of individual cells along the wound edge was measured over a 24-h period. Cotransfection of APP or ApoEr2
significantly increased average velocity of cells compared to control (56 and 93%) or X11␣ alone, and cotransfection of ApoEr2
with X11␣ resulted in a significant increase compared to ApoEr2 alone (122%). Reelin alone increased cell velocity in
ApoEr2-transfected cells (19%) and also significantly increased cell velocity compared to control treatment of ApoEr2 ⫹
X11␣-transfected cells (10%) (n⫽4). *P ⬍ 0.05, ***P ⬍ 0.001. D) Table of values showing quantification for B and C.

interact with the ApoEr2 NPXY domain, which binds
PTB domain-containing adaptor proteins, it is not the
PTB domain of X11␣ that interacts with ApoEr2, but
rather the PDZ domain, as we demonstrate here (Fig.
2E–G). These results suggest that not only does X11␣
X11␣ AND REELIN REGULATE ApoEr2 CELL MOVEMENT

not compete with other adaptor proteins for binding to
ApoEr2 but that X11␣ also does not spur competition
between APP and ApoEr2 by binding at distinct domains on their cytoplasmic tails.
X11␣ has been shown to affect the overall metabo67

lism of APP through modulation of secretory and
endocytic trafficking (33–35). We show a direct effect
of X11␣ on increasing cell-surface levels of ApoEr2 in
MCF 10A cells (Fig. 5C). Phosphorylation of the Cterminal of membrane receptors is one way in which
adaptor proteins can regulate trafficking of these receptors (36). We found that X11␣ can increase tyrosine
phosphorylation of ApoEr2 by Fyn, suggesting a possible mechanism by which X11␣ mediates the trafficking
of ApoEr2.
APP and ApoEr2 are known to play important roles
in neuronal migration (9, 30). APP has been shown to
increase cell motility in wound-healing assays, an effect
further enhanced by its interaction with FE65 (15). In
our studies, we similarly saw an effect of APP on wound
healing in MCF 10A cells, and additionally found a
novel role for ApoEr2 in wound healing. We then
tested whether interaction with X11␣ could alter the
effect of APP or ApoEr2 on wound healing similar to
FE65, as X11␣ is known to interact with cell-adhesion
molecules in Drosophila (37) and also with kalirin-7, a
Rho-GEF that regulates dendritic morphogenesis (38).
By interacting with an array of cell-adhesion and cytoskeletal proteins, as well as ApoEr2, X11␣ may serve
as a link to further facilitate cell movement. Our own
studies showed that X11␣ increases cell-surface ApoEr2
in MCF 10A cells, providing a possible mechanism by
which X11␣ can promote ApoEr2-mediated cell movement. Interestingly, X11␣ increased the effect of
ApoEr2, but not APP, on wound healing in MCF 10A
cells, suggesting a specific effect of X11␣ on ApoEr2
(Fig. 6). We further examined whether ApoEr2 ligands,
such as Reelin, could alter the effects of APP or ApoEr2
on wound healing, and found that Reelin increased the
effect of ApoEr2, but not APP, on cell motility, consistent with previous studies that implicate a role for
ApoEr2-mediated Reelin signaling in cytoskeletal reorganization during neuronal migration (39). Notably,
Reelin alone did not affect cell movement, as MCF 10A
cells do not express ApoEr2 endogenously, suggesting
that the presence of membrane receptors is necessary
for Reelin to exert its effect. Interestingly, Reelin
further increased the effect of ApoEr2 and X11␣ on
cell movement, implying an additive effect of Reelin
and X11␣ on ApoEr2-mediated cell movement.

roles for ApoEr2, X11␣, and Reelin in modulating
wound healing. However, further studies are needed to
dissect the complex interactions that underlie ApoEr2and Reelin-mediated cell movement.
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