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opyThere are two developmentally regulated alternatively spliced forms of
Disabled-1 (Dab1) in the chick retina: an early form (Dab1-E) expressed in
retinal precursor cells and a late form (Dab1-L) expressed in neuronal cells.
The main difference between these two isoforms is the absence of two Src
family kinase (SFK) recognition sites in Dab1-E. Both forms retain two Abl/
Crk/Nck recognition sites implicated in the recruitment of SH2 domain-
containing signaling proteins. One of the Dab1-L-specific SFK recognition
sites, at tyrosine(Y)-198, has been shown to be phosphorylated in Reelin-
stimulated neurons. Here, we use Reelin-expressing primary retinal
cultures to investigate the role of the four Dab1 tyrosine phosphorylation
sites on overall tyrosine phosphorylation, Dab1 phosphorylation, SFK
activation and neurite formation. We show that Y198 is essential but not
sufficient for maximal Dab1 phosphorylation, SFK activation and neurite
formation, with Y232 and Y220 playing particularly important roles in SFK
activation and neuritogenesis, and Y185 having modifying effects second-
ary to Y232 and Y220. Our data support a role for all four Dab1 tyrosine
phosphorylation sites in mediating the spectrum of activities associated
with Reelin-Dab1 signaling in neurons.
e © 2007 Elsevier Ltd. All rights reserved.
PKeywords: retina; alternative splicing; tyrosine phosphorylation; site-
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The Reelin–Dab1 signaling pathway plays a key
role in neuronal cell migration and in the positioning
of neurons within laminated structures. Reelin is a
secreted glycoprotein that binds to the very low
density lipoprotein receptor (VLDLR) and apolipo-
protein E receptor 2 (ApoER2), resulting in receptor
clustering and membrane recruitment of Dab1.1–3

Dab1 is a cytosolic adaptor protein that undergoes
Reelin–induced tyrosine phosphorylation thereby
activating Src family kinases (SFKs).2,4–6 Dab1
tyrosine phosphorylation is critical for transduction
of the Reelin signal, since mice that express a mutant
form of Dab1 lacking all tyrosine phosphorylation
ly to this work.
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sites show identical neuronal positioning defects to
those seen in Reelin−/− (reeler), Dab1−/− (scrambler/
yotari/mdab1-1) and VLDLR−/−/ApoER2−/− mutant
mice.3,7–10

There are five tyrosine residues in Dab1 (Y185,
Y198, Y200, Y220 and Y232) that correspond to four
conserved tyrosine phosphorylation sites. Y185 and
Y198/Y200 are within two SFK consensus phos-
phorylation sites (YQXI), whereas Y220 and Y232
are part of Abl family kinase/Crk/Nck consensus
phosphorylation/recognition sites (YXVP).11 Y198
has been identified as the primary (and main) resi-
due to undergo Reelin-mediated phosphorylation,
with Y220 serving as a secondary and less phos-
phorylated residue.6 More recently, phosphoryla-
tion at both Y220 and Y232 was shown to be
important for binding to members of the Crk
family.12 Furthermore, phosphorylation of both
these tyrosine residues is required for the detach-
ment of migrating neurons from radial glial fibers.13

Other reports indicate that Lis1 binding to Dab1 is
dependent on phosphorylation at either Y198 or
Y22014 and that Nckβ binding requires either Y220
or Y232 phosphorylation.15 Combined, these data
d.
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suggest that phosphorylation of at least three
tyrosine residues may be important in the regulation
of downstream effectors of Reelin–Dab1 signaling.
Most studies addressing Reelin–Dab1 function

have been carried out in the brain. However, Reelin
and Dab1 are also expressed in the retina.16–18 Early
in development, the retina consists of neuroectoder-
mal progenitor cells, which differentiate into the six
classes of neuronal cells (ganglion, amacrine, bipo-
lar, horizontal, rod, cone) and one class of glial cells
(Müller) that make up the mature tissue. First to
differentiate in the retina are the ganglion cells, fol-
lowed by amacrine, horizontal, photoreceptor, bi-
polar and Müller glial cells.19 Reelin−/− and Dab1−/−

mutant mice have a number of retinal defects,
including abnormal patterning of type AII amacrine
cell projections in the inner nuclear layer, a reduc-
tion in the number of type AII amacrine dendrites, a
decrease in rod bipolar cell numbers and abnormal
synaptic layering of rod bipolar cells.20

We have found two main forms of Dab1 in the
developing chick retina: an early form (Dab1-E) ex-
pressed in progenitor cells and a late form (Dab1-L,
also known as Dab1555 or Dab1) expressed in
ganglion and amacrine cells.16 Dab1-L contains two
SFK and twoAbl consensus recognition sites, where-
as Dab1-E only has two Abl consensus recognition
sites. One of the two Abl recognition sites (Y185) in
Dab1-E represents a conversion from a SFK to anAbl
recognition site as a consequence of developmentally
regulated alternative splicing. Expression of Dab1-L
in primary retinal cultures results in increased
tyrosine phosphorylation, Dab1 phosphorylation,
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SFK activation, induction of GAP43 and the forma-
tion of neurite-like processes.16 These biochemical
and morphological alterations are dependent on
Dab1 phosphorylation at Y198, as cells that express
either a Dab1-LY198F mutant protein or Dab1-E,
which lacks both the Y185 and Y198 SFK phosphory-
lation sites, fail to form processes and do not show
induction of phosphotyrosine or SFK activation. In
contrast, cells which express Dab1-L singly mutated
at Y185, Y200 or Y220 show induction of phospho-
tyrosine and form neurite-like processes.
The presence of multiple tyrosine phosphoryla-

tion sites in Dab1 suggests the possibility of hier-
archical phosphorylation of Dab1 upon Reelin
stimulation. Here, we examine our primary retinal
cultures for Reelin expression, Reelin response,
VLDLR expression and Dab1 alternative splicing.
We use a series of GFP-Dab1-L constructs harboring
combinations of single, double and triple Y→phe-
nylalanine(F) substitutions to determine the con-
tribution of each Dab1 tyrosine phosphorylation site
on cellular morphology, phosphotyrosine levels,
Dab1 phosphorylation and SFK activation.

Results

Analysis of Dab1, Reelin and VLDLR in retinal
cultures

Enzymatically dissociated retinal cells, such as
those used in this study, have been shown to
reassociate into multicellular aggregates which
Figure 1. RT-PCR analysis of
Dab1-E and Dab1-L-specific pro-
ducts in primary retinal cultures.
(a) Schematic representation of
Dab1-E and Dab1-L deletion and
insertion regions. The locations of
the primer pairs, P1/P2 and P3/P4,
used for deletion/insertion analysis
are indicated. (b) cDNAs synthe-
sized from total RNA prepared
from retinal cells cultured for three
days and six days were amplified
using P1 and P2 primers for the 35
amino acid (105 nt) region and P3
and P4 primers for the 19 amino
acid (57 nt) region.
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Figure 2. Analysis of Reelin and VLDLR expression in
retina. (a) Western blot analysis of cell lysates prepared
from primary retinal cultures transfected with GFP (lane
1), GFP–Dab1-E (lane 2) orGFP–Dab1-L (lane 3) expression
constructs (50 μg protein/lane). Supernatant (4 μl) from
HEK293T cells transfected with the pCrl Reelin expression
construct served as the positive control (lane 4). Proteins
were electrophoresed through an SDS–8% polyacrylamide
(low Bis-acrylamide) gel for 2 h and transferred to nitro-
cellulose. Membranes were immunostained with anti-
Reelin antibody and the signal detected by chemilumines-
cence using ECL reagent. Signals for unprocessed
(∼400 kDa) and activated Reelin (∼180 kDa) are as
indicated by the arrow and arrowhead, respectively. The
diffuse pattern observed for the top band in retinal tissue
likely reflects a glycosylation state.25 (b) Western blot
analysis of cell lysates from GFP (lane 1), GFP–Dab1-E
(lane 2) and GFP–Dab1-L- (lane 3) transfected cells, with
ED5 chick retinal tissue (lane 4) serving as control. Proteins
were electrophoresed through an SDS–8% polyacrylamide
gel and VLDLR was detected with mouse anti-VLDLR
antibody. Both filters were immunostained with anti-actin
antibody in order to ensure that a similar amount of pro-
tein was loaded in each lane (with the exception of lane
4 in (a)).
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maintain many of the characteristics of the retinal
tissue from which they originate, including differ-
entiation of retinal progenitor cells into neuronal
cells.21 Our cultures are set up at ED5 when 80% of
the cells consist of proliferating neuroectodermal
progenitor cells.22 To examine whether these cul-
tures have the ability to naturally undergo Dab1
alternative splicing, RT-PCR analysis was carried
out using primers flanking the 105 nt region specific
to Dab1-L (P1, P2) and primers flanking the 57 nt
region specific to Dab1-E (P3, P4). As shown in
Figure 1, the predominant form of Dab1 mRNA
expressed in a three day retinal culture is Dab1-E.
Three days later, comparatively stronger Dab1-L-
specific bands are observed, indicating that transi-
tion from Dab1-E to Dab1-L expression can effec-
tively take place in culture.
To verify that primary retinal cultures express

Reelin, we carried out Western blot analysis of
extracts prepared from transfected cultures. Two
major bands were observed upon immunostaining
with anti-Reelin antibody: (i) a 180 kDa band
(arrowhead), consistent with the size of the proteo-
lytically activated N-terminal Reelin fragment; and
(ii) a larger band of approximately 400 kDa (arrow)
representing the full-length unprocessed form of
Reelin (Figure 2(a)).23 VLDLR was also easily
detectable in extracts prepared from retinal cultures
(Figure 2(b)). Together with the observed Dab1-E to
Dab1-L transition as a function of time in culture,
expression of Reelin and VLDLR in our primary
retinal cultures suggests that these cells represent a
biologically relevant neuronal model system for
studying Reelin–Dab1 signaling events.

Alteration in SFK induction and neurite formation
in the presence of Reelin antibody CR-50

Transfection experiments were carried out by
calcium phosphate-mediated DNA precipitation
three days after plating ED5 retinal cells. This
transfection method works most efficiently for
proliferating cells as the nuclear envelope, a barrier
for nuclear uptake of plasmids, breaks down during
mitosis.24 An estimated 5–10% of cells in our retinal
cultures are transfected using this method. Based on
Western blotting, levels of GFP-Dab1 in transfected
retinal cultures are about four times higher than
endogenous Dab1 (Figure 3). However, there is
considerable cell-to-cell variation in the level of
green fluorescent protein (GFP) expressed by trans-
fected cells based on immunofluorescence micro-
scopy. Cells expressing very high levels of GFP–
Dab1 appeared under stress, often demonstrating
blebbing. These cells were excluded from our
immunofluorescence analysis.
We have shown that cells transfected with a GFP–

Dab1-L expression construct gain a differentiated
morphology characterized by elongated processes
and SFK activation, whereas cells transfected with a
GFP–Dab1-E expression construct retain an undif-
ferentiated appearance.16 To determine whether the
phenotypic and biochemical alterations observed in
GFP–Dab1-L-transfected retinal cells are mediated
through Reelin, we treated these cultures with the
Reelin inhibiting antibody CR-50.25,26 CR-50 has
been shown to interfere with Reelin homopolymer-
ization, thereby preventing Reelin-mediated sig-
naling.27 The phospho-SFK (pSFK) signal was
significantly reduced with few processes observed
in GFP–Dab1-L-expressing cells treated with CR-50
(Figure 4; CR-50-treated). In contrast, GFP–Dab1-L-
transfected cultures treated with monoclonal anti-
body to the transcription factor AP-2α displayed
robust induction of SFK and formed numerous
processes (Figure 4; mock). The reduction in SFK



Figure 3. Analysis of GFP–Dab1 and endogenous
Dab1 levels in transfected retinal cells and retinal tissue.
Western blot analysis of whole cell lysates prepared from
primary retinal cultures transfected with GFP–Dab1-E
(lane 1), -L (lane 2), control untransfected retinal cultures
(lane 3), and retinal tissue at ED5 (lane 4), ED7 (lane 5) and
ED10 (lane 6). Proteins were electrophoresed through an
SDS–8% polyacrylamide gel and transferred to nitrocellu-
lose. The membrane was immunostained with anti-Dab1
antibody, which recognizes both GFP–Dab1 (indicated by
asterisks) and endogenous forms of Dab1 (indicated by a
line). To calculate relative GFP–Dab1 and combined
endogenous Dab1 band intensities, the autoradiogram
was scanned with the Ultroscan XL-laser densitometer
and analyzed using the Gel Scan XL V2.1 program.
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activation and the suppression of Dab1-L-induced
morphology by CR-50 suggest that Reelin signaling
is required for Dab1-L function in the retina.

Exogenous Reelin does not affect either tyrosine
phosphorylation or SFK activation in
Dab1-transfected cells

As Reelin may be limiting in transfected retinal
cultures, we treated GFP–Dab1-E and –L transfec-
tants with recombinant Reelin prepared from pCrl-
transfected HEK293T cells (Figure 2(a), lane 4).
After 25 min exposure to exogenous Reelin, trans-
fected cells were processed for immunofluorescence
analysis. As shown in Figure 5(a), there were no
Auth
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apparent differences in morphology, phosphotyro-
sine levels and SFK activation in Reelin-treated
GFP–Dab1-E and GFP–Dab1-L transfectants com-
pared to mock-treated transfectants. Western blot
analysis of mock- versus Reelin-treated GFP, GFP–
Dab1-E and GFP–Dab1-L-transfected retinal cul-
tures revealed undetectable GFP–Dab1-E phosphor-
ylation and no further induction of GFP–Dab1-L
phosphorylation upon Reelin treatment (Figure
5(b)). These results indicate that Dab1-E tyrosine
phosphorylation is not induced even in the presence
of elevated levels of Reelin. Furthermore, Reelin
does not appear to be present in limiting amounts in
our cultures.

Reelin–Dab1-mediated neurite formation and
SFK induction require multiple Dab1
tyrosine phosphorylation sites

To determine the relative importance of the four
Dab1 tyrosine phosphorylation sites in phosphotyr-
osine induction, SFK activation and neurite forma-
tion, we transfected retinal cells with GFP–Dab1-L
constructs singly mutated at Y185F, Y198F, Y220F or
Y232F. Transfected cultures were immunostained
with anti-phosphotyrosine and pSFK antibodies and
analyzed by confocal microscopy. Cells expressing
GFP–Dab1(-L)Y198F had an undifferentiated epithe-
lial-like morphology, showed little phosphotyrosine
immunoreactivity and no induction of SFK activity
(Figures 6(d) and 7), similar to that observed with
GFP–Dab1-E transfectants (Figures 6(a) and 7). In
contrast, cells expressing the GFP-Dab1Y185F (Figure
6(c)) mutant construct had similar properties to that
of cells expressing wild-type GFP–Dab1-L (Figures
6(b) and 7), including strong phosphotyrosine im-
munoreactivity and the formation of numerous thin
elongated processes. The average lengths of pro-
cesses in GFP–Dab1-E, –Dab1-L, –Dab1Y198F and
–Dab1Y185F transfectants are indicated in Figure 8.
Interestingly, cells expressing either GFP–Dab1Y220F

or GFP–Dab1Y232F displayed a morphology that was
neither Dab1-E-like nor Dab1-L-like, but rather
Figure 4. Analysis of CR-50-
treated GFP–Dab1-L-expressing
retinal cells. GFP–Dab1-L-trans-
fected retinal cells were treated
with an unrelated antibody, mouse
monoclonal anti-activator protein 2
(AP-2 transcription factor) (Devel-
opmental Studies Hybridoma Bank,
University of Iowa) (mock) or with
mouse monoclonal anti-Reelin CR-
50 antibody. Cells were immunos-
tained with anti-phospho-SFK(Y416)

(pSFK) antibody followed by Alexa
555-conjugated goat anti-mouse
secondary antibody. The GFP signal
in transfected cells was detected by
epifluorescence.
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Figure 5. Treatment of retinal cultures with Reelin. (a) GFP–Dab1-E and GFP–Dab1-L transfected primary retinal
cultures were treated with Reelin-enriched medium (1/15 dilution of 30X-concentrated supernatants obtained from pCrl-
transfected HEK193T cells) or mock-transfected medium for 25 min. Cultures were fixed and stained with mouse anti-
phosphotyrosine antibody (left panels) or mouse anti-phospho-SFK(Y416) antibody (right panels), followed by goat anti-
mouse Alexa 555-conjugated secondary antibody. The GFP signal in transfected cells was detected by epifluorescence. (b)
Western blot analysis of GFP, GFP–Dab1-E and GFP–Dab1-L-transfected retinal cultures treated with Reelin-enriched
medium (R, high (h) or low (l) dose) or mock-transfected medium (M) for 25 min. The filter was sequentially
immunostained with anti-phosphotyrosine antibody and anti-Dab1 antibody. For high doses, supernatants from pCrl-
transfectedHEK293Tcellswere concentrated 30× andused at a 1:15 dilution. For lowdoses, 30×-concentrated supernatants
were used at a 1:30 dilution.
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resembled an intermediate phenotype with numer-
ous short processes (Figures 6(e) (f), 7 and 8). Similar
to Dab1-L, cells expressing GFP-Dab1Y220F or GFP-
Dab1Y232F showed increased levels of phosphotyr-
osine as well as SFK activation. These data suggest
that while Y198 plays a major role in Reelin-
mediated Dab1 tyrosine phosphorylation, induction
of SFKs and associated changes inmorphology, Y220
and Y232 are required for the extensive neurite
formation observed with Dab1-L expression.
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Figure 7. Morphology of retinal cells transfected with GFP–Dab1 constructs. The early (Dab1-E-like) phenotype
characterized by an undifferentiated epithelial-like appearance was observed in retinal cells transfected with GFP–
Dab1-E, GFP–Dab1-LY198F, GFP–Dab1-LY220F/Y232F and GFP–Dab1-LY185F/Y220F/Y232F expression constructs. The
intermediate phenotype characterized by the formation of numerous short processes was observed in cells transfected
with GFP–Dab1-LY232F and GFP–Dab1-LY185F/Y220F constructs. The late phenotype defined by numerous elongated
processes was observed in retinal cells transfected with the Dab1-L construct. The grey scale used for this Figure
enhances the visualization of fine details such as thin processes. Values listed for average process length were obtained
from Figure 8.
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phorylation was primarily mediated through Y198
and to further examine the role of tyrosine resi-
dues in SFK activation and cellular morphology,
Dab1 Y→F double and triple mutants were ana-
lyzed. As expected, cells expressing mutants that
included the Y198F substitution (Dab1Y185F/Y198F,
Dab1Y198F/Y220F, Dab1Y198F/Y232F, Dab1Y185F/Y198F/Y220F,
Dab1Y185F/Y198F/Y232F, Dab1Y198F/Y220F/Y232F) (Fig-
ure 6(g), (j), (k), (m), (n) and (p)) displayed identical
morphology and properties to those expressing
the GFP–Dab1Y198F single substitution. GFP–
Dab1Y185F/Y220F and GFP–Dab1Y185F/Y232F-expres-
sing cells had a similar appearance to that of GFP–
Dab1Y220F and GFP–Dab1Y232F-expressing cells,
along with similar levels of phosphotyrosine and
activated SFK (Figures 6(h), (i), 7 and 8). Inter-
estingly, a number of similarities were noted when
cells transfected with the GFP–Dab1Y198F construct
(e.g. see Figures 6(d) and 7) were compared to
Figure 6. Analysis of primary chick retinal cultures transf
single ((c)–(f)), double ((g)–(l)) and triple ((m)–(p)) GFP–Dab1-L
were fixed and stained with mouse anti-phosphotyrosine or m
anti-mouse Alexa 555-conjugated secondary antibody (shown
The absence of phosphotyrosine and pSFK background sign
collected under non-saturating conditions, and that, for consis
GFP–Dab1-L-transfected cells. To better visualize cellular mor
and (o) are magnified in Figure 7.
cells transfected with the GFP-Dab1Y185F/Y220F/Y232F

triple mutant construct (which has an intact Y198)
(Figures 6(o), 7 and 8), with the former showing
greatly reduced phosphotyrosine levels, no induc-
tion of pSFK and a Dab1-E-like morphology, while
the latter had reduced levels of phosphotyrosine,
and showed little SFK activation or neurite forma-
tion. Cells expressing GFP–Dab1Y220F/Y232F (Figures
6(l) and 7) appeared to have higher levels of
phosphotyrosine compared to cells expressing
GFP–Dab1Y185F/Y220F/Y232F. These data demonstrate
a role for multiple tyrosine residues in Dab1 sig-
naling. Immunofluorescence data are summarized in
Table 1.

The most critical residue for Dab1 tyrosine
phosphorylation is Y198

The increase in phosphotyrosine levels observed in
Dab1-L-expressing cells can be attributed at least in
ected with chicken GFP–Dab1-E (a), GFP–Dab1-L (b) and
Y→F mutants. GFP–Dab1-expressing cells (shown in green)
ouse anti-phospho-SFK(Y416) antibodies, followed by goat
in red). The GFP signal was detected by epifluorescence.

al in most panels reflects the fact that image stacks were
tency, parameters for image stack collection were set using
phology, representative sections of (a), (b), (d), (f), (h), (l)



rso
nal C

opy

Figure 8. Lengths of neurites in cells transfected with GFP–Dab1 constructs. The lengths of a minimum of 20 neurites
from GFP-positive cells from wild-type and mutant GFP–Dab1 transfected cultures were measured as described in
Materials and Methods. Standard deviations are indicated by the error bars.
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To investigate whether the correlation between
phosphotyrosine levels and Dab1 phosphorylation
can be extended to Dab1 mutants, Western blots
were prepared using whole cell extracts from retinal
cells transfected with wild-type and mutant Dab1
constructs. Phosphorylated proteins were detected
using the anti-phosphotyrosine antibody 4G10, as
well as by the relative migration rates of the GFP–
Dab1 proteins (Figure 9(a)). We also immunopreci-
pitated theGFP fusion proteins from cells transfected
Auth
Table 1. Summary of immunofluorescence data

Clone pTyr pSFK(Y416) Phenotype

Dab 1-E – – E
Dab 1-L + + L
Dab 1-L Y185F + + L
Dab 1-L Y198F – – E
Dab 1-L Y220F + + I
Dab 1-L Y232F + + I
Dab 1-L Y185F/Y198F – – E
Dab 1-L Y185F/Y220F + + I
Dab 1-L Y185F/Y232F + + I
Dab 1-L Y198F/Y220F – – E
Dab 1-L Y198F/Y232F – – E
Dab 1-L Y220F/Y232F + Low E
Dab 1-L Y185F/Y198F/Y220F – – E
Dab 1-L Y185F/Y198F/Y232F – – E
Dab 1-L Y185F/Y220F/Y232F Low Low E
Dab 1-L Y198F/Y220F/Y232F – – E

E, early phenotype. L, late phenotype. I, intermediate phenotype.
with wild-type and mutant constructs and immu-
nostained the blot with the 4G10 anti-phosphotyr-
osine antibody (Figure 9(b)). There was a good
correlation between the Western blot/immunopre-
cipitation data (measuring Dab1 phosphorylation)
(Figure 9) and the immunofluorescence data (mea-
suring tyrosine phosphorylation) (Table 1). GFP–
Dab1-L proteins produced from all Dab-LY198F

mutant constructs showed considerably reduced
tyrosine phosphorylation, whereas tyrosine phos-
phorylation of (GFP)–Dab1-LY185F, Dab1-LY220F,
Dab1-LY232F, Dab1-LY85F/Y220F and Dab1-LY185F/Y232F

was similar to that of Dab1-L. A positive signal was
also detected in cells transfected with the GFP–
Dab1-LY220F/Y232F construct although the intensity
of the signal was weaker than in the GFP–Dab1-L
lane. The GFP–Dab1-LY185F/Y220F/Y232F-expressing
cells appeared negative for Dab1 phosphorylation
by Western blot analysis even though weak
phosphotyrosine staining was detected by immu-
nofluorescence (Figure 6(o)). Immunoprecipi-
tation of Dab1-LY185F/Y220F/Y232F protein followed
by immunostaining with anti-phosphotyrosine anti-
body confirmed weak Dab1 phosphorylation in
Dab1-LY185F/Y220F/Y232F-transfected cells (Figure 9(b)).

Quantitative analysis of pSFK in GFP–Dab1
transfected cells

Immunofluorescence analysis allows us to study
induction of tyrosine phosphorylation, SFK acti-



opy

Figure 9. Dab1 phosphoryla-
tion in transfected retinal cultures.
(a) Western blot analysis of GFP–
Dab1-transfected retinal cultures.
Transfected cells were lysed and
immunoblotted (IB) with anti-phos-
photyrosine antibody 4G10 and
anti-GFP antibody. Tyrosine-phos-
phorylated GFP–Dab1 proteins
(indicated by the arrowheads) mi-
grated at a slower rate compared
to non-phosphorylated proteins.
This Western blot analysis also
confirms that single, double and
triple Y→F GFP–Dab1-L proteins
are full-length. (b) GFP–Dab1 pro-
teins were immunoprecipitated (IP)
from lysed transfected cells using

anti-GFP antibody. Immunoprecipitated proteins were run on an SDS–8% polyacrylamide and detected using anti-
phosphotyrosine antibody 4G10 and anti-Dab1 antibody.
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vation and neurite formation in individual GFP-
transfected cells. However, this technique is not
particularly quantitative. In an attempt to quantify
relative levels of activated SFK in retinal cells
transfected with the different GFP–Dab1-L mutant
constructs, Western blotting was carried out using
whole cell lysates prepared from transfected cul-
tures. Because primary retinal cultures express
endogenous pSFK (Figure 10(a), lane 1), we were
only able to observe consistent lane-to-lane variation
in pSFK signal intensity when the transfection
efficiency was in the upper range (∼7–10%).
Comparison of GFP–Dab1-E- versus GFP–Dab1-L-
transfected cultures in Figure 10(a) reveals 20–25%
higher levels of pSFK in the GFP–Dab1-L transfec-
tants in two out of three sets of experiments.
Next, we analyzed pSFK levels in nine GFP–Dab1-

L mutant constructs. A reduction in signal intensity
was observed in the GFP–Dab1Y198F-transfected
cells compared to cells transfected with the GFP–
Dab1Y185F, GFP–Dab1Y220F and GFP–Dab1Y232F con-
structs (based on Figure 10(b) and two other ex-
Auth

PVDF membranes. The first membrane was sequentially im
antibodies. The second membrane was immunostained with a
was similar for each construct. Band intensities were measure
areas under the peaks for pSFK bands are shown below each la
the position of a non-specific band.
rso
nal Cperiments that are not shown). The pSFK signal in

the GFP–Dab1Y198F/Y220F and GFP–Dab1Y198F/Y232F
double transfectants was similar or slightly lower
than that of GFP–Dab1Y198F transfected cells. There
was no evidence of pSFK induction in either the
GFP–Dab1Y220F/Y232F or GFP–Dab1Y185F/Y220F/Y232F-
transfected cells, suggesting that the weak pSFK
signal detected in these transfectants by immuno-
fluorescence is near background level. In fact, the
signal obtained for GFP–Dab1Y220F/Y232F, GFP–
Dab1Y185F/Y220F/Y232F and GFP–Dab1Y198F/Y220F/Y232F-
transfected cells was significantly lower than that
of GFP–Dab1Y198F transfectants, even though only
background levels of pSFK were detected by
confocal microscopy upon mutation of the single
Y198 residue. These results could be explained by
the fact that different anti-pSFK antibodies were
used for immunofluorescence analysis (monoclonal
9A6) and Western blotting (ABR rabbit pTyr418) as
we were not able to obtain a signal with clone 9A6
on Western blots. These two antibodies may differ
in their ability to recognize different pSFKs. Thus,
Figure 10. SFK activation in
transfected retinal cultures. (a) Wes-
tern blot analysis of three indepen-
dent sets of GFP–Dab1-E and -L-
transfected retinal cultures. The
control is from untransfected retinal
cultures harvested at the same stage
as the transfected cultures. (b) Wes-
tern blot analysis of primary retinal
cultures transfected with GFP–
Dab1 mutant constructs. Transfec-
ted and control cells were lysed in
RIPA buffer and proteins electro-
phoresed in duplicate SDS–8% poly-
acrylamide gel and transferred to

munostained with rabbit anti-pSFK and goat anti-actin
nti-GFP antibody to ensure that the transfection efficiency
d with a densitometer as described for Figure 3. Relative
ne of the pSFK blot. The asterisk in (a) (GFP blot) indicates
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activation of one or more member of the SFK family
may be particularly affected by mutation of the
Y220/Y232 residues. This inconsistency notwith-
standing, both the immunofluorescence and Wes-
tern blot data underline the importance of Y220 and
Y232, in addition to Y198, in SFK activation.
r
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Discussion

We have systematically evaluated the role of
the four Dab1-L tyrosine phosphorylation sites in
Reelin-responsive/VLDLR-positive retinal cultures.
An advantage of the retinal culture system is that
Dab1-L expression in these cells is accompanied by
clear-cut biochemical and morphological events,
including induction of tyrosine phosphorylation,
SFK activation and neurite formation. Thus, this
culture system allows analysis of tyrosine residues in
relation to both Dab1 phosphorylation and down-
stream events in a neuronal context. Our study
demonstrates hierarchical and specific roles for each
of the four Dab1 tyrosine phosphorylation sites. We
show that: (i) Y198 is a primary and essential residue
required for Dab1 signaling, including induction of
phosphotyrosine, SFK activation and formation of
neurites; (ii) either Y232 or Y220 is necessary for
Dab1-L-mediated activation of SFKs; (iii) Y232 and
Y220 are both required for the formation of the
elongated processes characteristic of Dab1-L-trans-
fected cells; and (iv) Y185 has modifying effects that
are secondary to Y220 and Y232.
While Y198, Y220 and/or Y232 have previously

been implicated in Reelin–Dab1 signaling (e.g. by
protein binding assays, Dab1 mutation analysis in
non-neuronal cells, analysis of mice expressing
Dab1 mutated at all five tyrosine residues), this is
the first report demonstrating a role for all four
tyrosine phosphorylation sites in the context of a
naturally differentiating Reelin-responsive neuro-
nal culture system. In support of a role for Y185
in Dab1 signaling, immunoprecipitation data
indicate that Dab1 is weakly phosphorylated in
Dab1Y185F/Y220F/Y232F transfectants, whereas
Dab1 phosphorylation is easily detected in
Dab1Y220F/Y232F transfectants. These results are
supported by immunofluorescence data, which
demonstrate reduced levels of phosphotyrosine in
Dab1Y185F/Y220F/Y232F transfectants compared to
Dab1Y220F/Y232F transfectants. It is noteworthy that
presence or absence of Y185 in the context of the
double Y220F/Y232F mutation does not appear to
have a significant effect on SFK activation or neurite
formation as both the double and triple mutants
show similar low levels of activated SFK and aDab1-
E-likemorphology.However, thismay simply reflect
the quantitative limits of our detection systems.
Others have shown that Y198 is an important

residue in Reelin-mediated tyrosine phosphoryla-
tion. Using antibodies specific to phospho-Y185,
-Y198, -Y220 and -Y232, Keshvara et al.6 demon-
strated that Y198 and Y220 are the major sites of
Reelin-induced Dab1 phosphorylation in embryonic
so
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brain. In agreement with these data, Magdaleno
et al.28 have reported that Dab1Y198 is phosphory-
lated upon Reelin stimulation of cultured reeler cor-
tical ventricular zone neurons. Similar to our study,
Ballif et al.12 have analyzed single, double, triple and
quadruple GFP-fused Dab1 Y→F mutants. As the
aim of their study was to specifically identify Dab1
phosphorylation sites involved in Crk interaction,
an activated Fyn kinase expression construct was co-
transfected along with the Dab1 constructs into the
embryonic kidney HEK293T cell line, thus preclud-
ing the identification of tyrosine residues required
for endogenous SFK activation. In contrast to our
results, mutant Dab1Y198F in HEK293T transfected
cells did not significantly reduce Dab1 tyrosine
phosphorylation. Furthermore, the Dab1Y220F/Y232F
double mutant was not tyrosine phosphorylated in
HEK293T cells. These conflicting data demonstrate
the importance of biological context when studying
signal transduction pathways.
The EGFP–Dab1 constructs used in this study are

under the control of the strong CMV promoter. A
wide range of GFP signal intensities was observed in
our GFP–Dab1 transfected cells, from complete
saturation to barely detectable. Cells with intense
GFP signals showed morphological alterations asso-
ciated with apoptosis (i.e. membrane blebbing) and
were not included in our immunofluorescence ana-
lyses. While it is possible that GFP–Dab1 can multi-
merize, and become tyrosine phosphorylated, when
over-expressed in retinal cultures, Pramatarova
et al.15 reported that Dab1GFP, in contrast to
Dab1RFP (red fluorescent protein), is not tyrosine-
phosphorylated (and therefore is unlikely to exist of a
multimer) in transfected Rat-2 fibroblasts. In support
of a physiologically relevant response forGFP–Dab1-
transfected retinal cells, mutation of a single amino
acid in Dab1-L (Y198F) results in abrogation of
morphological (neurite formation) and biochemical
(SFK activation) properties associated with Dab1-L.
Furthermore, the reduction in SFK activation
observed in GFP–Dab1-L-transfected cells upon
CR-50 treatment suggests a requirement for Reelin
in the activation of downstream effectors of Dab1.
Tyrosine phosphorylated Dab1 has been shown to

recruit a number of SH2-containing proteins impli-
cated in actin and microtubule-mediated cytoskele-
tal reorganization and neuronal migration. Specific
Dab1 tyrosine phosphorylated sites bind specific
SH2-containing proteins; e.g. proteins associated
with Dab1 phosphotyrosine-198 include SFKs (Fyn,
Src and Yes), phosphoinositol 3′-kinase (PI3K) and
phospholipase C-gamma1 (PLCγ1), while those
associated with Dab1 phosphotyrosine-220/232
include the Crk and Nck families of adaptor proteins
(CrkII, CrkL and Nckβ).12,15,29–32 Recent data indi-
cate that phosphorylation of Y220 and Y232 is re-
quired for the release of neurons from radial glial
fibers and may be required for the regulation of α3
integrin levels which are critical for the detachment
of migrating neurons from the radial glia.13 It is
noteworthy that the dynein/dynactin-associated
protein, Lis1, requires phosphorylation at both
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Y198 and Y220 in order to interact with Dab1,14

indicating that some downstream effectors require
phosphorylation at both SFK and Abl/Crk/Nck
tyrosine phosphorylation/recognition sites. Lis1 is
involved in microtubule-dependent transport, neu-
ronal migration and axonal outgrowth.33 These com-
bined results suggest that phosphorylation of
multiple tyrosine residues is required to mediate
the full spectrum of downstream cytoskeletal-mod-
ulating and cell migratory signals that accompany
Reelin–Dab1 signaling. Future studies will involve
using our primary retinal cultures transfected with
Dab1 mutant constructs to address the activity of
additional putative Reelin–Dab1 effectors that are
downstream of Dab1 phosphorylation and SFK
activation.
Previous studies have demonstrated a role for

Dab1 and Reelin in dendrite formation. For exam-
ple, a reduction in the density of amacrine dendrites
has been observed in Reelin−/− and Dab1−/− mice.20

Reelin and Dab1 phosphorylation have also been
shown to be important for dendritic outgrowth of
hippocampal pyramidal cells and dentate granule
cells.34 A recent report indicates that knock-down of
Dab1 in migrating neurons of the developing mouse
cortex results in reduced dendritogenesis, with an
accompanying reduction in the number of neuronal
cells located in the last 40 μm of the embryonic day
20/21 cortex.35 Here, we report a strong correlation
between SFK activation and neurite formation in
GFP–Dab1-L-transfected primary retinal cultures,
suggesting a direct link between these biochemical
and morphological events. SFK activation has been
consistently associated with Dab1 signaling in
previous studies using both biochemical and biolo-
gical assays. For example, Dab1 was originally
cloned based on its interaction with Src.32 SFK
inhibitors abolish Reelin-induced Dab1 phosphor-
ylation in cultured neurons.4,5 Furthermore, com-
bined absence of Src and Fyn in mice mimics many
aspects of Reelin deficiency.36 Our data extend these
findings, supporting a role for Dab1 in neurite/
dendrite formation through SFK activation.
In summary, our analysis sheds light on how

individual Dab1 tyrosine phosphorylation sites
contribute to the regulation of SFK activation and
neurite formation. We have shown that Y198 is
important for induction of tyrosine phosphorylation
and/or Dab1 phosphorylation, SFK activation and
neurite formation.However, Y198 is not sufficient for
maximal tyrosine phosphorylation, SFK activation
and neurite formation, as Y220 and Y232 are also
required for these processes, with Y185 playing a
modifying role in Dab1 phosphorylation. This study
establishes retinal cultures as an effective and
relevant neuronal model system for the analysis of
Reelin-mediated Dab1 biochemical functions. A par-
ticular advantage of our model system is that it
allows the linking of Dab1 downstream signaling
events (such as tyrosine phosphorylation and SFK
activation) to neuronal cell morphology, thereby
providing a multi-faceted reporter system to exam-
ine alteration or disruption of Reelin–Dab1 signaling.
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Materials and Methods

RT-PCR analysis of Dab1 in retinal cultures

Cultures were prepared using the retinas of chick
embryos at day five of incubation (embryonic day five,
ED5). Total RNA was extracted from cells cultured for
either three days or six days using the hot phenol method.
Five μg RNA were reverse-transcribed with Superscript
reverse transcriptase (Invitrogen) and oligo(dT) primer.
PCR was carried out using 1/20 of the cDNA generated
from this reaction. P1 and P2 primers were used for the
analysis of the 105 nt region deleted in Dab1-E, whereas P3
and P4 primers were used for the analysis of the 57 nt
region specific to Dab1-E.

Generation of Dab1-L phosphorylation mutants

Generation of site-directed single, double and triple
Dab1 Y→F mutants was carried out by sequential PCR.37

Partially complementary primers containing a point mu-
tation corresponding to a Y→F substitution (TA(T/C)→
TT(T/C)) were used in conjunction with pEGFP-C1 vector
primers located upstream of the EcoRI site and down-
stream of the BamHI site to generate DNA fragments cor-
responding to full-length chDab1-L, each mutated at a
specific tyrosine residue. DNA fragments were annealed,
extended and amplified using pEGFP-C1 vector primers.
The DNAwas digested with EcoRI and BamHI and cloned
into pEGFP-C1. Double mutants were generated from cor-
responding single mutants while triple mutants were gen-
erated from corresponding double mutants. Constructs
were sequenced to ensure incorporation of the appropriate
mutation. Expression of full-length GFP-chDab1-L mutant
proteins was confirmed by transfecting each expression
construct intoHeLa cells followed byWestern blot analysis
using anti-GFP antibody (data not shown).
Chicken Dab1Y185F, Dab1Y198F, Dab1Y220F and

Dab1Y185F/Y198F mutants have been described.16 In
total, ten new mutants were generated: Dab1Y232F,
Dab1Y185F/Y220F, Dab1Y198F/Y220F, Dab1Y185F/Y232F,
Dab1Y198F/Y232F, Dab1Y220F/Y232F, Dab1Y185F/Y198F/Y220F,
Dab1Y185F/Y198F/Y232F, Dab1Y185F/Y220F/Y232F and
Dab1Y198F/Y220F/Y232F. Primers used to generate these mu-
tants have been described,16 with the exception of those
specific for Dab1Y232F (sense strand, 5′-AGGTGTTTTT-
GATGTGCCA-3′; antisense strand, 5′-ACATCAAAAA-
CACCTTCCTT-3′) (mutated residue corresponding to
Y→F substitution is italicized).

Transfection and immunofluorescence analysis of
chick retinal cells

Primary retinal cultures were prepared from ED5 chick
retinas trypsinized prior to plating onto glass coverslips
(1/12 of a retina per 12mm coverslip). Cells were grown in
Dulbecco's Modified Eagle Medium containing 10%(v/v)
fetal calf serum and incubated in a 5%(v/v) CO2
humidified chamber. Cells were transfected with GFP
expression constructs three days after plating with 1 μg
DNA / ml of culture medium. The DNAwas introduced
into cells by calcium phosphate-mediated DNA precipita-
tion, followed by DNA removal after 16 h. 30 h later, cells
were fixedwith 4%(w/v) paraformaldehyde in phosphate-
buffered saline (PBS) for 10 min and permeabilized for
5 min in 0.5%(v/v) Triton X-100/PBS. Cells were immu-
nostained overnight with mouse anti-phosphotyrosine
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(PT-66) (1:250) (Sigma) or mouse anti-phospho-SFK(Y416)

(9A6) (1:50) (Upstate) antibodies followed by Alexa 555-
conjugated goat anti-mouse secondary antibody (Molecu-
lar Probes) (1:200) for 1 h. The coverslips were mounted on
slides using glycerol containing 1 mg/ml of p-phenylene-
diamine and 1 μg/ml of 4′, 6′-diamidino-2-phenylindole
(DAPI). Micrographs were collected using a Zeiss LSM 510
confocal laser scanning microscope with a plan apochro-
mat 40× oil immersion lens. Images from individual
channels were collected sequentially in order to avoid
signal bleed-through. Image stacks (z-series) were col-
lected at 0.3 μm intervals and were overlaid to create a
single image showing the three-dimensional nature of
GFP– (detected by epifluorescence), phosphotyrosine–
and/or phospho–SFK(Y416)-positive cells. Neurite lengths
were measured from randomly selected fluorescent
micrographs using Adobe Photoshop CS. The distance
between the neurite base at the edge of the cell to the tip of
the neurite was measured using the Photoshop ‘Measure’
tool. This distance was then converted into neurite length
by interpolation using the appropriate scale bar.
For Reelin inhibition experiments, Dab1-L-transfected

retinal cells were treated with CR-50 antibody (a gift from
Dr T. Curran, St. Jude Children's Research Hospital, TN).
After the removal of DNA from transfected cells, 2 μl of
CR-50 antibody (200 μg/ml)were added to eachwell twice
a day. Cells were fixed and stained with anti-phospho-
SFK(416) antibody. For Reelin treatment of retinal cultures,
HEK293T cells were transfected with the pCrl Reelin
expression construct (pCrl was obtained from Dr T.
Curran, St. Jude Children's Research Hospital, TN) or
pcDNA3 (mock). The medium was replaced with OPTI-
MEM I (Invitrogen) 24 h after transfection. Supernatants
were collected 36 h later and concentrated 30× using
Amicon Ultra filters (100,000 molecular mass cut-off)
(Millipore). Retinal cultures were treated with diluted
concentrates (1/15 or 1/30) for 25 min.

Western blot analysis

For Dab1, Reelin and VLDLR expression analysis,
retinal cultures were lysed in RIPA buffer (50 mM Tris–
HCl (pH 7.5), 500 mM NaCl, 10 mM MgCl2, 0.5%(w/v)
sodium deoxycholate, 0.1%(w/v) SDS, 1%(v/v) Triton
X-100) containing 1 mM sodium orthovanadate, 1 mM
sodium fluoride and 1× Complete (Roche) protease
inhibitor cocktail. For detection of VLDLR and GFP–
Dab1, 50 μg of protein extracts were electrophoresed
through an SDS–8%(w/v) polyacrylamide gel. For Reelin
detection, extracts were electrophoresed through an SDS–
8% polyacrylamide gel containing low Bis-acrylamide
(112:1). Proteins were transferred to nitrocellulose or
PVDF membranes by electroblotting followed by immu-
nostaining with mouse anti-Reelin antibody (1:700) (clone
142; Calbiochem), mouse anti-VLDLR antibody (1:200)
(clone 6A6; Santa Cruz Biotechnology), mouse anti-
phosphotyrosine antibody (1:5000) (clone 4G10; Upstate),
rabbit anti-pSFK (1:1000) (Affinity BioReagents), mouse
anti-GFP antibody (1:1000) (clone GFP-20; Sigma), rabbit
anti-Dab1 antibody (1:5000) (Rockland Immunochem-
icals) or goat anti-actin antibody (1:500) (I-19; Santa Cruz
Biotechnology). The signal was visualized using the ECL
chemiluminescence detection system (GE Healthcare).
For GFP immunoprecipitation experiments, 4 μl anti-

GFP antibody was incubated with 200 μg of whole cell
extracts prepared from GFP–Dab1-E, GFP–Dab1-L and
single, double or triple-mutant GFP–Dab1-L-transfected
cells at 4 °C for 2 h. Immune complexes were bound to
protein A-Sepharose beads (GE Healthcare) and eluted in
SDS-sample buffer. Immunoprecipitates were resolved by
SDS–PAGE, blotted to nitrocellulose membranes and
immunostained with anti-phosphotyrosine antibody
(clone 4G10).
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