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The chemokine receptor CXCR4 and its chemokine ligand
CXCL12 mediate directed cell migration during organogenesis,
immune responses, and metastatic disease. However, the mech-
anisms governing CXCL12/CXCR4-dependent chemotaxis
remain poorly understood. Here, we show that the �-arrestin1�

signal-transducing adaptor molecule 1 (STAM1) complex, ini-
tially identified to govern lysosomal trafficking of CXCR4, also
mediates CXCR4-dependent chemotaxis. Expression of mini-
gene fragments from �-arrestin1 or STAM1, known to disrupt
the �-arrestin1�STAM1 complex, and RNAi against �-arrestin1
or STAM1, attenuates CXCL12-induced chemotaxis. The �-
arrestin1�STAM1 complex is necessary for promoting auto-
phosphorylation of focal adhesion kinase (FAK). FAK is neces-
sary for CXCL12-induced chemotaxis and associates with and
localizes with �-arrestin1 and STAM1 in a CXCL12-dependent
manner. Our data reveal previously unknown roles in CXCR4-
dependent chemotaxis for �-arrestin1 and STAM1, which we
propose act in concert to regulate FAK signaling. The
�-arrestin1�STAM1 complex is a promising target for blocking
CXCR4-promoted FAK autophosphorylation and chemotaxis.

Chemotaxis is a process by which cells move toward or away
from a chemical signal in a directed manner (1). The chemokine
receptor CXCR4 and its ligand CXCL12 mediate chemotaxis of
many cell types, and in this way this ligand/receptor pair is
important during organ development, immune responses, and
stem cell mobilization among other processes (2–5). CXCL12/
CXCR4-mediated chemotaxis is also involved in several pathol-
ogies, in particular cancer (6, 7). CXCR4 is up-regulated in sev-
eral solid and hematological tumors and together with CXCL12
plays an important role in metastatic disease (8). Metastases are
formed by several sequential steps that enable cancer cells from
the primary tumor to disseminate to new organ sites through
the vascular system (9). This has been linked in part to migra-

tion of CXCR4-expressing cancer cells to organs that express
CXCL12 (6, 10). Despite the role of CXCR4-dependent cell
migration in health and disease, the mechanisms remain poorly
understood.

CXCR4 belongs to the G protein-coupled receptor (GPCR)2

family, and typically CXCR4-dependent chemotaxis occurs
via G protein-dependent signaling pathways (11). However,
�-arrestin-dependent signaling also contributes to CXCR4-de-
pendent chemotaxis (12). CXCL12-promoted migration of T
cells and B cells isolated from the spleen of �-arrestin2 knock-
out mice is attenuated compared with cells isolated from
matched wild-type mice (12). In HEK293 cells, �-arrestin-pro-
moted migration induced by CXCL12 occurs via a p38-depen-
dent pathway (13). �-Arrestins interact with several proteins
that regulate the actin cytoskeleton, which undergoes reorga-
nization in response to chemotactic signals acting on other
GPCRs (14 –16). These studies highlight the fact that �-arres-
tins regulate cell migration via multiple mechanisms, but
detailed insight is lacking.

�-Arrestins also negatively regulate CXCR4 signaling (11).
CXCR4 is phosphorylated by G protein-coupled receptor
kinases, leading to �-arrestin binding and desensitization of
signaling (11, 17). To fully terminate signaling, CXCR4 is rap-
idly internalized and mainly sorted for lysosomal degradation
(18). CXCR4 is ubiquitinated on carboxyl-terminal lysine resi-
dues in a CXCL12-dependent manner. The attached ubiquitin
moieties target CXCR4 into the lumen of multivesicular bodies
by the endosomal sorting complexes required for transport
(ESCRT) pathway (19, 20). Multivesicular bodies eventually
mature and fuse with lysosomes where luminal contents are
degraded (21). �-Arrestin1 has a non-canonical role in CXCR4
trafficking in that it directly regulates endosomal sorting of
CXCR4 into the ESCRT pathway (22, 23). �-Arrestin1 localizes
to endosomes with CXCR4 and interacts with the E3 ubiquitin
ligase AIP4 and ESCRT-0 subunit signal-transducing adaptor
molecule 1 (STAM1) (22, 23). �-Arrestin is predicted to act as
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endosomes (23). Consistent with this, disruption of the inter-
action between STAM1 and �-arrestin1 by expression of dom-
inant negative fragments from either �-arrestin1 or STAM1
attenuates STAM1 ubiquitination instigated by CXCR4 signal-
ing (23). When STAM1 ubiquitination is attenuated, CXCR4
degradation is accelerated following agonist treatment (23).
Thus, the �-arrestin1�STAM1 complex is an important regula-
tor of CXCR4 trafficking to lysosomes, but its role in CXCR4
signaling and functional responses remains to be determined.

In this study, we explored whether targeting the �-arrestin1�

STAM1 complex impacts CXCR4-dependent chemotaxis.
Our findings reveal that expression of fragments from either
�-arrestin1 (�Arr1(25–161)) or STAM1 (STAM1(296 –380)),
which we have previously shown to disrupt the interaction
between �-arrestin1 and STAM1 (23), attenuates CXCL12-
promoted chemotaxis of HeLa cells. Unexpectedly, this cannot
be explained due to changes in CXCR4 cell surface levels or
altered CXCR4 signaling because of poor G protein coupling.
Instead, disruption of the �-arrestin1�STAM1 complex selec-
tively attenuates CXCL12-induced autophosphorylation of
focal adhesion kinase (FAK), which is required for CXCR4-
promoted chemotaxis. �-Arrestin1 and STAM1 interact with
and colocalize with FAK in a CXCL12-dependent manner. Our
data indicate that �-arrestin1 and STAM1 cooperate to pro-
mote CXCR4-dependent chemotaxis, which we propose occurs
by regulating FAK activity.

Results

Disruption of the �-Arrestin1�STAM1 Complex Attenuates
CXCR4-promoted Chemotaxis—We initially determined whether
disruption of the �-arrestin1�STAM1 complex by expression of
�Arr1(25–161) or STAM1(296 –380) in HeLa cells has an
impact on CXCL12-promoted chemotaxis. This was examined
using �-Slide chemotaxis chambers (Ibidi, Germany), which
can maintain a stable gradient of CXCL12 up to 16 –24 h (24,
25). When CXCL12 is only present in the upper chamber, HeLa
cells move in this direction, indicating chemotaxis, which does
not occur when it is present in both chambers (data not shown).
HeLa cells transfected with either empty vector (pCMV) or
FLAG-tagged �Arr1(25–161) or STAM1(296 –380) showed
similar random motility in the absence of a gradient (vehicle)
(Fig. 1A). In the presence of a CXCL12 gradient, HeLa cells
transfected with empty vector (pCMV) migrated up the gradi-
ent (Fig. 1B). In contrast, HeLa cells transfected with
�Arr1(25–161) or STAM1(296 –380) showed reduced migra-
tion up the CXCL12 gradient (Fig. 1B). Analysis of migration
revealed a significantly reduced forward migration index in
both groups compared with control (Fig. 1C). The effect on
chemotaxis was likely not due to a global effect on the motility
machinery because expression of �Arr1(25–161) did not
impact chemotaxis of HeLa cells up a gradient of epidermal
growth factor (EGF) (Fig. 1D). The forward migration index
was similar in cells transfected with pCMV or �Arr1(25–161)
(Fig. 1E). Together, these data suggest that disruption of the
�-arrestin1�STAM1 complex impacts CXCL12-dependent
chemotaxis.

�-Arrestin1 and STAM1 Are Involved in CXCR4-dependent
Chemotaxis—�-Arrestins have been previously shown to be
involved in CXCR4-dependent chemotaxis (13), but whether
STAM1 plays a role remains unknown. To explore this, we
examined CXCR4-dependent chemotaxis in HeLa cells
depleted of �-arrestin1 or STAM1 by RNAi. Cells treated with
�-arrestin1 siRNA showed similar random motility compared
with control cells in the absence of a gradient (vehicle) (Fig. 2A).
In contrast, chemotaxis up a gradient of CXCL12 was attenu-
ated in cells treated with �-arrestin1 siRNA compared with
control (Fig. 2B). The forward migration index was significantly
reduced compared with control (Fig. 2C). Similarly, HeLa cells
treated with shSTAM1 showed similar random motility com-
pared with control in the absence of a gradient (vehicle) (Fig.
2D) and showed attenuated chemotaxis up a gradient of
CXCL12 compared with control (Fig. 2E). The forward migra-
tion index was significantly reduced compared with control
(Fig. 2F). The depletion of �-arrestin1 or STAM1 from each
experiment was confirmed by immunoblotting (data not
shown). These data indicate that �-arrestin1 and STAM1 are
required for CXCR4-dependent chemotaxis.

The �-Arrestin1�STAM1 Complex Does Not Regulate CXCR4
Surface Levels or G Protein Coupling—Because disruption of
the �-arrestin1�STAM1 complex leads to accelerated CXCL12-
dependent degradation of CXCR4 (23), attenuated chemotaxis
in response to CXCL12 may be due to a loss in the total cellular
complement of CXCR4, leading to reduced cell surface expres-
sion (26, 27). To explore this, we examined CXCR4 surface
expression by flow cytometry in HeLa cells transfected with
�Arr1(25–161) or vector control (pCMV). Basal CXCR4 cell
surface levels were similar in cells transfected with �Arr1(25–
161) compared with control (data not shown). Stimulation of
control-transfected cells (pCMV) with CXCL12 for 18 h, which
is the time that cells were exposed to the CXCL12 gradient in
the chemotaxis assay, reduced the cell surface expression of
CXCR4 by up to 50% when compared with vehicle, consistent
with receptor internalization and lysosomal degradation (Fig.
3A). However, there was no difference between control- and
�Arr1(25–161)-transfected cells (Fig. 3A). Similarly, there was
no difference in CXCR4 surface expression between control-
and �Arr1(25–161)-expressing cells following stimulation with
CXCL12 for 5 or 60 min (Fig. 3A). Although the rate of CXCR4
degradation is increased by disruption of the �-arrestin1�
STAM1 complex, it does not have an impact on CXCR4 cell
surface levels. This was surprising, but it is possible that recep-
tor degradation is matched by de novo synthesis when this com-
plex is disrupted. Nevertheless, these data imply that surface
availability cannot explain the reduced chemotaxis observed in
cells expressing �Arr1(25–161) or STAM1(296 –380).

We next explored whether expression of �Arr1(25–161) or
STAM1(296 –380) has an impact on G protein coupling by
examining ERK-1/2 and Akt signaling, which are activated via
G protein-dependent pathways by CXCR4 in HeLa cells (28, 29)
and are also required for CXCR4-promoted chemotaxis (30,
31). Expression of �Arr1(25–161) or STAM1(296 –380) did not
impact CXCL12-promoted activation of Akt (Fig. 3B) or ERK-
1/2 (Fig. 3C) signaling as determined by immunoblotting for the
phosphorylated and active forms of these kinases. FLAG-
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FIGURE 1. Disruption of the �-arrestin1�STAM1 complex attenuates CXCR4-dependent chemotaxis. HeLa cells transiently transfected with empty vector
(pCMV), FLAG-�-arrestin1(25–161), or FLAG-STAM1(296 –380) were passaged onto �-Slide chemotaxis chambers and analyzed by time lapse microscopy for
18 h in the absence (vehicle) or presence of a gradient of CXCL12 (50 nM at its source). A and B, aggregated trajectories of individual cells in the presence of
vehicle (A) or CXCL12 (B) from a representative experiment. Trajectories in black and red represent cells that migrated toward or away from the chemoattractant
gradient, respectively. C, the graph represents the mean forward migration index in the absence or presence of CXCL12 from tracking 150 cells from three
(vehicle) or 200 cells from four (CXCL12) independent experiments. Data were analyzed by two-way ANOVA followed by Tukey’s multiple comparison test. p
values are provided. D, aggregated trajectories of individual cells in the presence of EGF (200 ng/ml at its source) from a representative experiment. E, the
forward migration index is shown from tracking 100 cells from two independent experiments. The error bars represent the S.D. Data were analyzed by Student’s
t test and are not significant (ns).
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tagged proteins were detected by immunoblotting (Fig. 3B).
These data suggest that the �-arrestin1�STAM1 complex is not
involved in G protein coupling or activation of Akt or ERK-1/2
signaling.

The �-Arrestin1�STAM1 Complex Regulates FAK Autophos-
phorylation—Next, we set out to identify the signaling pathway
by which the �-arrestin1�STAM1 complex mediates che-
motaxis. We focused on FAK, a non-receptor tyrosine kinase

involved in CXCR4-dependent chemotaxis of hematopoietic
precursor cells (32, 33). First, we determined whether FAK is
necessary for CXCR4-promoted chemotaxis of HeLa cells.
Cells transfected with FAK siRNA showed attenuated che-
motaxis toward a gradient of CXCL12 compared with control
(Fig. 4, A and B). The forward migration index was significantly
attenuated compared with control (Fig. 4C). The depletion of
FAK was confirmed by immunoblotting (data not shown).
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FIGURE 2. Depletion of �-arrestin1 or STAM1 attenuates CXCR4-dependent chemotaxis. HeLa cells transiently transfected with siRNA against �-arrestin1
or shRNA against STAM1 were passaged onto �-Slide chemotaxis chambers and analyzed by time lapse microscopy for 18 h in the absence (vehicle) or
presence of a gradient of CXCL12 (50 nM at its source). A, B, D, and E, aggregated trajectories of individual cells transfected with either �Arr1 siRNA (A and B) or
STAM1 shRNA (D and E) in the presence of vehicle (A and D) or CXCL12 gradient (B and E). C and F, the forward migration index was calculated from 100 control
siRNA (siCtrl) (two experiments)-, 200 �Arr1 siRNA (four experiments)-, 150 pLKO (three experiments)-, or 150 STAM shRNA (three experiments)-transfected
cells. The error bars represent the S.D. Data were analyzed by two-way ANOVA followed by Tukey’s multiple comparison test. p values are provided.
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Next, we examined FAK activation by immunoblotting for
the phosphorylation status of tyrosine residue 397 (Tyr-397),
an amino acid residue that is triggered by several stimuli to be
autophosphorylated (34, 35), including CXCL12 (32, 36).
In cells expressing �Arr1(25–161) or STAM1(296 –380),
CXCL12-induced phosphorylation of FAK at Tyr-397 was sig-
nificantly attenuated compared with control (Fig. 5). We also
examined FAK autophosphorylation in intact cells by fluores-
cence microscopy using an anti-phosphorylated FAK at Tyr-
397 (Tyr(P)-397-FAK) antibody. First, we confirmed the spec-
ificity of the anti-Tyr(P)-397-FAK antibody. Staining with this

antibody was significantly reduced in cells treated with two
small molecule inhibitors of FAK, indicating antibody specific-
ity toward Tyr(P)-397-FAK (Fig. 6A and quantified in Fig. 6B).
Next, immunostaining of Tyr(P)-397-FAK was examined in
cells transiently transfected with YFP-tagged �Arr1(25–161)
and stimulated with 30 nM CXCL12 for 5 or 30 min. In non-
transfected cells, Tyr(P)-397-FAK fluorescence intensity levels
were significantly higher in cells stimulated with CXCL12 for 5
or 30 min compared with vehicle control (Fig. 6C and quanti-
fied in Fig. 6D). In contrast, in cells transfected with YFP-
�Arr1(25–161), the intensity levels of Tyr(P)-397-FAK were
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starved for 1 h and then treated with vehicle (18 h) or 30 nM CXCL12 for 18 h, 1 h, or 5 min. Cells were fixed and stained with a phycoerythrin-conjugated
antibody against CXCR4 or IgG2a (isotype control) and analyzed by flow cytometry. Bars represent the mean of the florescence intensity relative to vehicle-
treated cells transfected with empty vector. The error bars represent the S.D. from two independent experiments. B and C, HeLa cells transiently transfected
with FLAG-�Arr1(25–161), FLAG-STAM1(296 –380), or empty vector (pCMV-10) were serum-starved for 3 h and treated with 10 nM CXCL12 or vehicle (PBS with
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unchanged in stimulated cells compared with vehicle control,
providing further evidence that �Arr1(25–161) inhibits CXCR4-
promoted FAK autophosphorylation (Fig. 6C and quantified in
Fig. 6D). We also examined the role of �-arrestin1 and STAM1
in CXCR4-promoted FAK autophosphorylation by RNAi.
CXCL12-induced FAK autophosphorylation at Tyr-397 was
significantly attenuated by siRNA against �-arrestin1 (Fig. 7A)
or shRNA against STAM1 (Fig. 7B). Together, these data imply
that CXCR4-promoted FAK signaling is mediated by an assem-
bled �-arrestin1�STAM1 complex.

Because FAK autophosphorylation at Tyr-397 is triggered by
many stimuli, we examined whether this is broadly mediated by
�-arrestin1�STAM1 (37). Expression of �Arr1(25–161) did not
impact EGF (Fig. 8A)- or fibronectin (Fig. 8B)-induced auto-
phosphorylation of FAK at Tyr-397, suggesting that EGF receptor-
or adhesion-induced FAK signaling are not regulated by the
�-arrestin1�STAM1 complex. This is consistent with a lack of an
effect of expression of �Arr1(25–161) on EGF-induced che-
motaxis (Fig. 1E) or on adhesion of cells to fibronectin (Fig. 8C).

FAK Interacts with and Colocalizes with �-Arrestin1 and
STAM1—Next, we examined whether FAK interacts with the
�-arrestin1�STAM1 complex. To determine this, we performed
immunoprecipitation of lysates prepared from cells transiently
transfected with FLAG-tagged �-arrestin1 and T7-tagged
STAM1 with an antibody to the FLAG epitope. The FLAG anti-
body co-immunoprecipitated T7-STAM1 in CXCL12-treated
cells compared with vehicle-treated cells (Fig. 9) as expected
based on our previous study (23). The amount co-immunopre-
cipitated was maximal at 5 min of CXCL12 treatment and per-
sisted for up to 60 min (Fig. 9). Similarly, endogenous FAK
co-immunoprecipitated with the FLAG antibody, but not from
control lysates, with maximal association at 5 min of CXCL12
treatment that persisted for up to 60 min. These data indicate
that the �-arrestin1�STAM1 complex associates with FAK in a
CXCL12-dependent fashion.

Next, we examined the cellular distribution of �-arrestin1,
STAM1, and FAK by fluorescence microscopy. HeLa cells tran-
siently transfected with T7-STAM1 and �-arrestin1-GFP were
serum-starved for 3 h and then treated with vehicle for 30 min
and CXCL12 for 5 or 30 min. In vehicle- or CXCL12-treated
cells, �-arrestin1-GFP was mostly diffusely distributed within
the cytoplasm (Fig. 10A), and some was also present in a dotlike
pattern and was also localized to regions of the cell periphery,
consistent with other reports (38). T7-STAM1 showed a dotlike
pattern, consistent with its vesicular distribution, which is sim-
ilar to what we have reported previously(23). FAK was found in
patches at the cell edges, consistent with its localization to focal
adhesions, and it was also present in a dotlike pattern. Focal
adhesions were likely formed by secretion of extracellular
matrix factors. Line scan analysis from several regions of vehi-
cle-treated cells revealed some overlap among �-arrestin1,
STAM1, and FAK (Fig. 10B, a– c), which was more noticeable in
cells treated with CXCL12 for 5 (Fig. 10B, d–f) or 30 min (Fig.
10B, g–i). Colocalization was determined by calculating the
normalized mean deviation product (nMDP) correlation,
which revealed significant colocalization among �-arrestin1/
FAK, STAM1/FAK, and �-arrestin1�STAM1 (Fig. 10C). Taken
together, these data suggest that the �-arrestin1�STAM1
complex is recruited to FAK-containing structures following
CXCL12 stimulation.

Discussion

The CXCL12/CXCR4 chemokine/chemokine receptor pair
plays an important role in mediating chemotaxis during normal
and pathophysiological conditions (2–5); however, the molec-
ular mechanisms remain poorly understood. Our data establish
previously unknown roles for �-arrestin1 and STAM1 in
CXCR4-promoted FAK and chemotactic signaling. We provide
evidence that an assembled complex of �-arrestin1 and STAM1
is required to stimulate autophosphorylation of FAK at Tyr-
397. �-Arrestin1 and STAM1 interact with and partially colo-
calize with FAK following CXCL12 stimulation. We propose
that this is linked to the ability of CXCR4 to drive directed cell
migration in response to a gradient of its ligand CXCL12. FAK
autophosphorylation at Tyr-397 generates a high affinity bind-
ing site for Src homology 2 (SH2)-containing proteins, includ-
ing the non-receptor tyrosine kinase Src (35). Src phosphory-
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FIGURE 5. Disruption of the �-arrestin1�STAM1 complex attenuates
CXCR4-promoted autophosphorylation of FAK. A, HeLa cells transfected
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Keuls multiple comparison test. p values between the indicated groups are
shown.
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median. The whiskers represent the maxima and minima values. Values that exceeded two standard deviations from the mean were excluded from the analysis.
Adjusted p values from one-way ANOVA followed by post hoc Tukey’s test are provided. V, vehicle. 5 and 30 represent the time in minutes cells were treated
with 10 nM CXCL12. ns, not significant.
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lates residues within the FAK kinase domain activation loop
(Tyr-576 and Tyr-577), leading to a fully activated Src�FAK
complex, which acts on several aspects of the cell motility
machinery (35). Together, our data suggest that an assembled
�-arrestin1�STAM1 complex may spatially regulate FAK activ-
ity to promote CXCR4-dependent chemotaxis.

Previously, we showed that the �-arrestin1�STAM1 complex
regulates lysosomal trafficking of CXCR4 (23). Our results here
show that this complex also regulates CXCR4-promoted FAK

autophosphorylation. Therefore, the �-arrestin1�STAM1 com-
plex may serve a dual function in CXCR4 trafficking and signal-
ing. To traffic to lysosomes, CXCR4 is ubiquitinated and tar-
geted via the ESCRT pathway from the limiting membrane of
maturing endosomes into intraluminal vesicles (39). Our pub-
lished data suggest that �-arrestin1 binding to STAM1 delays
targeting into intraluminal vesicles, thereby increasing the res-
idency time of CXCR4 on the limiting membrane of endosomes
(23). In this way, it is possible that this may facilitate interac-
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tions with CXCR4, via �-arrestin1�STAM1, and signaling mol-
ecules such as FAK. Consistent with this, �-arrestin1, STAM1,
and FAK colocalize and exist as a complex in cells (Figs. 9 and
10). We propose that expression of the minigenes disrupts the
�-arrestin1�STAM1 complex and its interaction with FAK, cul-
minating in accelerated CXCR4 degradation (23). Further
investigation is required to precisely define the mechanism by
which this occurs.

We provide evidence that the �-arrestin1�STAM1 complex is
selective toward FAK signaling. Expression of the �-arrestin1�
STAM1 disrupting minigenes impacts FAK signaling but not
ERK-1/2 or Akt signaling (Fig. 3C). Previously, we showed that
STAM1, but not �-arrestin1, is involved in CXCR4-promoted
ERK-1/2 activation (28). We believe that a discrete pool of
STAM1 is involved in ERK-1/2 signaling; this pool is separate
from the pool that assembles with �-arrestin1 to promote FAK
signaling, which is not impacted by expression of the minigenes
(Fig. 3C). STAM1 is also involved in CXCR4-promoted Akt
signaling, but this also likely does not involve the pool that is
involved in ERK-1/2 signaling (Fig. 3B), although we have yet to
investigate whether �-arrestin1 has a role (29). It is still possible
that the minigenes may impact ERK-1/2 or Akt signaling via
other GPCRs as �-arrestins scaffold several proteins involved in
these pathways (40, 41). For example, the STAM1 binding site
on �-arrestin1 partially overlaps with the binding site of MEK1,
which is involved in ERK-1/2 signaling (42).

The functional consequence of the interaction between �-
arrestin1 and STAM1 is to promote CXCR4-dependent cell
migration. This is likely mediated by an interaction between

�-arrestin1 and STAM1 because expression of the minigenes
attenuates chemotaxis (Fig. 1). Our data are also consistent
with other studies that have shown that �-arrestins (12, 13) and
FAK (32) are involved in CXCR4-promoted cell migration.
Here, we establish that STAM1 is also required. We focused on
�-arrestin1 in our studies because �-arrestin2 does not interact
with STAM1 or regulate CXCR4 trafficking as efficiently as
�-arrestin1 (22, 23). Interestingly, �-arrestin2, but not �-arres-
tin1, is necessary for CXCL12-promoted migration of T cells
and B cells (12). In HEK293 cells, CXCR4-promoted migration
is mediated by �-arrestin2 (13). It is possible that �-arrestin1
regulates CXCR4-promoted cell migration via STAM1 and
FAK, whereas for �-arrestin2 it occurs via a distinct mecha-
nism. Although the minigenes attenuate chemotaxis and FAK
autophosphorylation, we cannot exclude the possibility that the
minigenes impact other interactions with �-arrestin1 that may
affect chemotaxis (43). It is also important to note that although
others (13) and the present study have shown that �-arrestins
are involved in CXCR4-promoted migration of HeLa cells, this
seems to be completely dependent upon pertussis toxin-sensi-
tive G proteins (25). How this reconciles with our results
remains to be investigated.

It will be important to determine how broadly the �-
arrestin1�STAM1 complex regulates GPCR-promoted FAK
signaling. To date, to the best of our knowledge, this complex
has only been linked to CXCR4 trafficking (23). �-Arrestin2 has
been previously linked to FAK signaling via the GPCR for
luteinizing hormone whereby �-arrestin2 promotes FAK acti-
vation through scaffolding Fyn, a non-receptor tyrosine kinase
(44). Whether STAM1 plays a role is unknown. Future studies
will be directed toward understanding how broadly �-arrestin1�
STAM1 is involved in GPCR trafficking and/or FAK signaling.

In addition to CXCR4, CXCL12 is also a ligand for CXCR7,
which is also expressed in HeLa cells (45). Although CXCR7
(also known as ACKR3) binds to CXCL12 with high affinity, it
acts mainly as a scavenger receptor, not a signaling receptor
(46). However, some evidence suggests it may signal via �-ar-
restins (47) or G proteins (48) in certain cell types. CXCR4 may
also heterodimerize with CXCR7, which somehow promotes
CXCL12-dependent �-arrestin signaling via CXCR7 and im-
pacts chemotaxis (49). We observed that siRNA against CXCR7
leads to a modest enhancement of signaling in response to
CXCL12 in HeLa cells (data not shown), consistent with its role
as a scavenger receptor and with the idea that CXCR7 has min-
imal impact on CXCL12 signaling in HeLa cells.

Our data suggest that an assembled �-arrestin1�STAM1
complex is required for FAK autophosphorylation at Tyr-397
following stimulation with CXCL12. The reason for this
remains unclear. FAK autophosphorylation at Tyr-397 is trig-
gered by stimulation of many cell signaling receptors (37), and
in the context of integrin signaling FAK dimerization may facil-
itate autophosphorylation at Tyr-397 (50). In an analogous
manner, each subunit in an assembled �-arrestin1�STAM1
complex may bind to FAK in a way that would facilitate FAK
dimerization and/or phosphorylation of Tyr-397. Other mech-
anisms are also possible (51), but rigorous biochemical and
structural studies are required to delineate the precise mecha-
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nism by which the �-arrestin1�STAM1 complex stimulates
FAK autophosphorylation.

FAK is typically activated by integrin receptor signaling and
is linked to focal adhesion turnover, a process that is necessary
for chemotaxis (52). Previously, STAM was localized to focal
adhesions, although to the best of our knowledge its role there
remains unknown (53). �-Arrestins have been linked to focal
adhesion turnover in mouse embryonic fibroblast cells, but this
occurs in a GPCR-independent manner that may be linked to a
role in integrin internalization (54). Expression of �Arr1(25–

161) did not impact integrin-mediated FAK autophosphoryla-
tion or cell adhesion (Fig. 8, B and C, respectively), suggesting
that cross-talk to integrin receptors may not be connected to
the role that the �-arrestin1�STAM1 complex has in CXCR4-
promoted chemotaxis.

STAM1 is a subunit of ESCRT-0, which comprises a het-
erodimer of STAM and HRS (55). Previous studies have shown
that HRS can be detected in immunoprecipitates of �-arrestin1
along with STAM1, suggesting that �-arrestin1 associates with
an intact ESCRT-0 (23). The related STAM2 isoform interacts
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weakly with �-arrestin1 (23), suggesting that STAM2 is likely
not involved in FAK signaling. The role of HRS or an intact
ESCRT-0 in FAK signaling remains to be addressed. However,
because ESCRT-0 plays a broad role in down-regulation of
cell signaling receptors, it is possible that disruption of the
�-arrestin1�STAM1 complex deleteriously impacts the activity
of ESCRT-0 or the ESCRT pathway in general. This is unlikely
because EGF receptor lysosomal degradation (23), EGF-pro-
moted FAK signaling (Fig. 7A), and chemotaxis (Fig. 1, D and E)
are not impacted by expression of the minigenes. In addition,
the ESCRT pathway has been shown to target integrin recep-
tors for lysosomal degradation (56), but integrin signaling and
cell adhesion (Fig. 8, B and C) are not impacted by expression of
the minigenes.

CXCR4 is overexpressed in over 20 solid tumors as well as
several hematological cancers and has been linked to cancer
metastasis (57). FAK is up-regulated in many cancers and is
involved in many aspects of cancer progression and along with
CXCR4 may contribute to the metastatic potential of certain
cancers (58, 59). For example, FAK is overexpressed along with
CXCR4 in acute myelogenous leukemia, which when taken
together is associated with overall poor survival (58, 59). Here,
we used HeLa cells, a cell line derived from cervical cancer,
which we have previously used to study CXCR4 trafficking and
signaling mechanisms (22, 23, 28, 60, 61). CXCR4 expression is
up-regulated in cervical cancer (62, 63), which likely contrib-
utes to its metastatic potential (25, 64). FAK is also up-regulated
in cervical cancer, although �-arrestin1 and STAM1 expression
appears to be unchanged (63). Our contribution here defines a
novel mechanism by which CXCR4 activates FAK and chemot-
actic signaling, which may be relevant to the role CXCR4 plays
in cancer.

Experimental Procedures

Cell Culture, Antibodies, DNA Constructs, and RNAi—HeLa
cells were from American Type Culture Collection (Manassas,
VA). Cells were maintained in DMEM (HyClone Laboratories,
Logan, UT) supplemented with 10% FBS (HyClone Laborato-
ries). The mouse monoclonal anti-Tyr(P)-397-FAK antibodies
were from Invitrogen (catalog number 44-625G) and BD Bio-
sciences (catalog number 611722). The anti-STAM1 (catalog
number 12434-1-AP), anti-FAK rabbit polyclonal antibody
(catalog number 12636-1-AP) and anti-FAK mouse monoclo-
nal antibody (catalog number 66258-1-Ig) were from Protein-
Tech Group (Chicago, IL). The anti-FLAG (catalog number
F3165) and anti-ERK-1/2 (catalog number M8159) rabbit poly-
clonal antibodies were from Sigma-Aldrich. The anti-Akt (cat-
alog number 2967) and anti-Ser(P)-473-Akt (catalog number
9271) rabbit polyclonal antibodies were from Cell Signaling
Technologies (Danvers, MA). Alexa Fluor-conjugated goat
anti-mouse 635 (catalog number A31575) and goat anti-rabbit
594 (catalog number A11072) secondary antibodies were from
Life Technologies. The anti-�-arrestin1/2 rabbit polyclonal
antibody (178) was kindly provided by Jeffrey L. Benovic
(Thomas Jefferson University, Philadelphia, PA). Stromal cell-
derived factor-1� (also known as CXCL12) and EGF were from
PeproTech (Rocky Hill, NJ) and Protein Foundry (Milwaukee,
WI). FLAG-�-arrestin1(25–161) and FLAG-STAM1(296 –

380) were described previously (23). �-Arrestin1-GFP was
kindly provided by JoAnn Trejo (University of California, San
Diego). YFP-tagged �-arrestin1(25–161) was made by amplify-
ing �-arrestin1 cDNA encoding amino acid residues 25–161 by
PCR using the following primers harboring EcoRI and BamHI
restriction enzyme sites, respectively: 5�-ATATGAATTCA-
CGGGACTTTGTGGACCAC-3� and 5�-ATATGGATCCC-
TACCGCTTGTGGATCTTCTCCTCCA-3�. The PCR prod-
uct was digested and ligated into EcoRI and BamHI sites of
pEYFP-C1 (Clontech) and transformed into competent Esche-
richia coli. Predesigned dicer substrate duplex siRNA against
�-arrestin1 (ARRB1; catalog number HSC.RNAI.N020251.12.5)
and FAK (PTK2; catalog number HSC.RNAI_N153831.12.1)
were from Integrated DNA Technologies (Coralville, IA). Neg-
ative control duplex siRNA against luciferase was from GE
Dharmacon (Lafayette, CO; catalog number P-002099-01). The
target sequence selected for design of the short hairpin STAM1
(shSTAM1) construct was based on the following siRNA
against STAM1 from GE Dharmacon (siGENOME siRNA cat-
alog number D-011423-01-0010), which we have used previ-
ously (23): 5�-GAACGAAGAUCCGAUGUAUUC-3�. This
sequence corresponds to nucleotides 1340 –1360 of STAM1
based on the cDNA sequence deposited in GenBank (accession
number NM_003473). To make the shSTAM1 construct, for-
ward and reverse DNA oligonucleotides, containing sense and
antisense target sequences, separated by a 6-base pair linker
sequence, were purchased from Fisher Scientific. The forward
oligonucleotide sequence, with the sense and antisense
regions underlined, was 5�-CCGGGAACGAAGATCCGATG-
TATTCCTCGAGGAATACATCGATCTTCGTTCTTTTTG-
3�, harboring AgeI- and EcoRI-compatible restriction endonu-
clease sites at the 5�- and 3�-ends, respectively. The oligonucle-
otides were resuspended in sterile water to a final concentration
of 20 �M. For annealing, 5 �l of each oligonucleotide was mixed
in 1� reaction buffer (NEB-2, New England BioLabs, Ipswich,
MA) and incubated at 95 °C for 4 min followed by 70 °C for 10
min and gradual cooling to room temperature spanning 3 h in a
thermocycler. The annealed product was ligated into pLKO.1-
TRC cloning vector (GE Dharmacon) digested with AgeI and
EcoRI and transformed into competent E. coli. All DNA con-
structs were confirmed by dideoxy sequencing.

Chemotaxis Assay—To observe chemotactical responses in
real time, we used �-Slide chemotaxis 2D or 3D slides and time
lapse microscopy. For DNA transfections, HeLa cells grown on
6-cm cell culture dishes were transiently transfected with 3 �g
of empty vector (pCMV-10), FLAG-�-arrestin1(25–161),
FLAG-STAM1(296 –380), empty shRNA vector (pLKO), or
shSTAM1 using polyethylenimine (PEI; catalog number 23966,
Polysciences, Warrington, PA) similarly to what we have
described previously (29). For siRNA transfections, HeLa cells
were grown on 6-cm cell culture dishes and transfected with
siRNA (50 nM final concentration) against luciferase, �-arres-
tin1, or FAK using Lipofectamine 3000 transfection reagent
(Invitrogen) according to the manufacturer’s instructions. For-
ty-eight hours later, cells were trypsinized, counted, and diluted
to 3 � 106 cells/ml in DMEM containing 1% FBS and 20 mM

HEPES. Six microliters of cell suspension was applied to each of
the three �-slide cross channels following the manufacturer’s
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instructions. The surface of the �-slides (idiTreat) is compara-
ble with a standard cell culture dish surface. The �-slide was
placed in a 10-cm dish with wet tissue placed around the slide to
minimize evaporation and incubated at 37 °C in 5% CO2 for 5 h
to allow cells to attach. For the 2D chemotaxis �-slides, the
applied chemoattractant concentration at the source for
CXCL12 was 50 nM, and for EGF it was 250 ng/ml. For the 3D
chemotaxis �-slides, the applied chemoattractant concentra-
tion at the source for CXCL12 was 40 nM, and for EGF it was 200
ng/ml. Chemotaxis was recorded by mounting the �-slides
onto an xy motorized microscope stage (Prior Scientific, Rock-
land, MD) attached to an IX83 inverted microscope (Olympus,
Waltham, MA) equipped with an incubation system (Tokai Hit,
Japan) set to 37 °C and 5% CO2. Phase-contrast images of the
three reservoirs were acquired every 30 min for 18 h using an
electron-multiplying charge-coupled device camera (Ham-
mamatsu, Japan) and 4�/0.13 NA (Olympus) objective lens
driven by MetaMorph software (Molecular Devices, Sunnyvale,
CA).

Analysis of Chemotaxis—Movies were made from the images
acquired in the chemotaxis assays and analyzed using ImageJ
software (National Institutes of Health, Bethesda, MD). Single
cells were tracked by selecting the center of mass in each frame
using the manual tracking and chemotaxis and migration
plug-in tools from Ibidi for ImageJ. The manual tracking
plug-in tracks single cell movement from frame to frame,
whereas the chemotaxis and migration plug-in plots the track
for each cell. A total of 50 –100 cells were analyzed for each
treatment condition. Cell movement was characterized by the
forward migration index of single cells. The forward migration
index was calculated as forward progress over the total path
length parallel to the chemoattractant gradient. Forward
migration index for the axis perpendicular to the gradient was
also calculated, and it was close to zero (data not shown).

Signaling Experiments—HeLa cells grown on 10-cm cell cul-
ture dishes were transiently transfected with 10 �g of empty
vector (pCMV-10 or pLKO), FLAG-�-arrestin1(25–161),
FLAG-STAM1(296 –380), or shSTAM1 using PEI as described
above. Transfections with siRNA targeting luciferase or �-ar-
restin-1 using Lipofectamine 3000 transfection reagent were as
described above. The next day, cells were trypsinized and
counted, and 300,000 cells/well were seeded onto 6-well tissue
culture plates. The following day, cells were serum-starved in
DMEM supplemented with 20 mM HEPES for 4 h. Medium was
aspirated and replaced with the same medium containing either
vehicle (PBS with 0.1% BSA), 10 nM CXCL12, or 100 ng/ml EGF
for 5 min at 37 °C. Cells were washed once on ice with cold PBS
and lysed in 300 �l of 2� sample buffer. Samples were soni-
cated, and equal amounts of lysates were analyzed by SDS-
PAGE and immunoblotting.

Stimulation with Fibronectin and Poly-L-lysine—Stimulation
with fibronectin (FN) and poly-L-lysine (PLL) was performed
essentially as described by others previously (66). HeLa cells
grown on 10-cm tissue culture dishes and transfected with
empty vector (pCMV) or FLAG-�-arrestin1(25–161) were
serum-starved in DMEM supplemented with 20 mM HEPES for
3 h. Cells were detached with 0.05% trypsin, and the trypsin was
inactivated with DMEM containing 10% FBS. Cells were

washed once with DMEM containing 0.1% BSA and resus-
pended in the same medium. The cell suspension was kept at
37 °C for 1 h. Cells were then seeded (1 � 106 cells) onto tissue
culture dishes (6-well plates) that were left uncoated or coated
with FN (10 �g/ml; catalog number F2006, Sigma) or PLL (100
�g/ml; catalog number P1399, Sigma) and incubated for 30 or
60 min at 37 °C. Cells were washed once with ice-cold PBS and
collected in lysis buffer (20 mM Tris-HCl (pH 7.5), 150 mM

NaCl, 0.1% Triton X-100, 10 �g/ml leupeptin, 10 �g/ml apro-
tinin, and 10 �g/ml pepstatin A). Equal amounts of cleared
lysates were analyzed by SDS-PAGE and immunoblotting.

Cell Adhesion Assay—The cell adhesion assay was performed
essentially as described by others previously (67). Tissue culture
dishes (96-well plates) were coated with FN (10 �g/ml) for 10
min. The solution was aspirated, and wells were allowed to dry
for 1 h. This was followed by adding 200 �l of 5% (w/v) heat-
denatured BSA solution to each well for 2 h at room tempera-
ture. The solution was aspirated, and each well was washed
once with 100 �l of PBS. HeLa cells transfected with pCMV-10
or FLAG-�-arrestin1(25–161) were serum-starved for 3 h in
DMEM supplemented with 20 mM HEPES and then stimulated
with vehicle (PBS containing 0.1% BSA) or 10 nM CXCL12 for 5
min at 37 °C. Cells were detached with 0.05% trypsin, washed,
and seeded (4 � 105 cells/well) onto the FN-coated 96-well
plate in triplicate and incubated for 10 or 20 min at 37 °C. Cells
were washed three times in ice-cold PBS to remove non-adher-
ent cells and then fixed in 3.7% formaldehyde diluted in PBS for
10 min at room temperature, washed, and stained with 0.5%
(w/v) crystal violet solution made in 20% methanol for 10 min.
Cells were washed with PBS and solubilized in 100 �l of 20%
(v/v) acetic acid. The absorbance was measured at 595 nm.
Absorbance was normalized to the control group, pCMV-10-
transfected group treated with vehicle and incubated on FN-
coated wells for 10 min from three independent experiments.

Immunoprecipitation—HeLa cells transiently transfected
with pCMV-10 or FLAG-�-arrestin1 and T7-STAM1 were
serum-starved in DMEM supplemented with 20 mM HEPES for
3 h and stimulated with 30 nM CXCL12 for 5, 15, 30, and 60 min.
Cells were washed with ice-cold PBS and scraped into co-im-
munoprecipitation lysis buffer (50 mM Tris-HCl (pH 7.5), 150
mM NaCl, 10% glycerol, 0.5% Nonidet P-40, 50 mM NaF, 1 mM

sodium pyrophosphate, 10 �g/ml leupeptin, 10 �g/ml apro-
tinin, and 10 �g/ml pepstatin A). Lysates were sonicated and
centrifuged at 13,000 rpm for 30 min in a microcentrifuge. The
supernatant (200 �g of total protein) was incubated with a poly-
clonal anti-FLAG antibody (1:200; Sigma) overnight at 4 °C
while rocking. A 20-�l slurry of equilibrated protein A beads
was added to each sample followed by incubation at 4 °C for 1 h
while rocking. Proteins were eluted in 2� sample buffer and
analyzed by SDS-PAGE and immunoblotting.

Fluorescence Microscopy—Fluorescence microscopy was
performed essentially as described previously (68). HeLa cells
were transfected with 5 �g each of �-arrestin1-GFP and
T7-STAM1. The next day, cells were plated onto PLL (100
�g/ml)-coated glass coverslips (number 1.5) and incubated
overnight at 37 °C. Coating with PLL was necessary to ensure
that cells were not displaced during the subsequent washing
steps and because it did not have an impact on adhesion signal-
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ing (see Fig. 8B). The following day, cells were serum-starved in
DMEM supplemented with 20 mM HEPES for 3 h. Medium was
aspirated and replaced with the same medium containing either
vehicle (PBS with 0.1% BSA) for 30 min or 10 nM CXCL12 for 30
or 5 min at 37 °C. Cells were fixed with 4% formaldehyde diluted
in PBS and permeabilized with 0.1% Triton X-100 in PBS
(PBST). Cells were incubated in blocking buffer (5% goat serum
in PBST) for 1 h at 37 °C. Following antibody titration experi-
ments, cells were incubated with mouse monoclonal anti-FAK
and rabbit polyclonal anti-STAM1 (1:200 dilutions) antibodies
for 30 min at 37 °C. After several washes, cells were incubated
with the appropriate secondary antibodies conjugated with
Alexa Fluor 594 or 635 (1:500 dilution) for 30 min at 37 °C.
Coverslips were mounted onto slides using gold antifade
reagent (catalog number 336939, Invitrogen). Images were
acquired with a disc spinning unit confocal system configured
with an IX83 inverted microscope (Olympus) equipped with an
electron-multiplying charge-coupled device camera (Ham-
mamatsu) and oil immersion 100�/1.40 NA (Olympus) objec-
tive lens driven by MetaMorph software. Image acquisition of
parallel samples was performed under identical settings. Quan-
titative analysis was performed using ImageJ. Merged RGB
images were subjected to line scan analysis using the graphics/
profile plug-in tool. For fluorescent image analysis, regions of
interest (ROIs) from the FAK staining were selected. The colo-
calization between two different fluorescence signals was quan-
tified using the nMDP (69). nMDP values were analyzed using
the colocalization color map ImageJ plug-in, which is based on
pixel to pixel analysis of two different fluorescence channels.
Sixty selected ROIs throughout the entire cell were measured,
and the results were normalized to the mean deviation of each
pixel within each ROI.

FAK autophosphorylation at Tyr-397 was examined by fluo-
rescence microscopy. HeLa cells transfected with YFP-�-
arrestin1(25–161) were plated onto PLL-coated glass cover-
slips. The next day, cells were serum-starved in DMEM
containing 20 mM HEPES for 3 h followed by treatment with 30
nM CXCL12 for 5 or 30 min and vehicle for 30 min. For the FAK
inhibitor experiment, HeLa cells grown on PLL-coated glass
coverslips in serum-containing medium were treated with
vehicle (DMSO), 1 �M PF573228 (catalog number sc-204179,
Santa Cruz Biotechnologies), or 1 �M PF562271 (catalog num-
ber sc-478488, Santa Cruz Biotechnologies) for 3 h at 37 °C.
Cells were fixed with ice-cold 100% methanol for 10 min on ice,
washed, and permeabilized with PBST for 7 min. To block non-
specific binding, cells were incubated with 5% BSA in PBST for
1 h at room temperature followed by incubation with a mouse
monoclonal anti-Tyr(P)-397-FAK (BD Biosciences) antibody
(1:1000 dilution) for 30 min at room temperature. After several
washes, cells were incubated with an Alexa Fluor 594 (1:500
dilution) secondary antibody for 30 min at room temperature.
Images were acquired using an oil immersion 60�/1.35 NA
(Olympus) objective. Image acquisition of parallel samples was
performed under identical settings. Quantitative analysis was
performed using ImageJ. Intensity measurements were made in
each field of view (FOV) by subtracting the background and
autothresholding using the intermode method. ROI was
selected, and the mean gray value was determined and normal-

ized to the area (65). ROIs included whole cells or partial cells
present in a FOV. Approximately 37 ROIs were analyzed from
20 –30 FOVs per condition from two independent experi-
ments. Data were analyzed by one-way ANOVA followed by
Tukey’s multiple comparison test using GraphPad Prism (La
Jolla, CA).

Flow Cytometry Analysis of CXCR4 Surface Expression—
CXCR4 surface expression was examined by flow cytometry as
we have described previously (28). HeLa cells grown on 10-cm
tissue culture dishes were transiently transfected using PEI with
10 �g of empty vector (pCMV-10) or FLAG-�-arrestin1(25–
161) as described above. Twenty-four hours later, cells were
detached from the dish surface with HyQTase (HyClone),
seeded (1 � 106 cells) onto 6-cm tissue culture dishes, and incu-
bated at 37 °C for �5 h to allow cells to adhere to the surface of
the dish. Cells were then washed once with PBS and serum-
starved in DMEM containing 20 mM HEPES for 1 h. Cells were
treated with vehicle or 30 nM CXCL12 for 18 h, 1 h, or 5 min in
the same medium. Cells were processed in parallel by detaching
with HyQTase, washed once with PBS containing 0.1% BSA,
and fixed with 4% formaldehyde. After washing, cells were
stained with a 1:100 dilution of phycoerythrin-conjugated anti-
CXCR4 (catalog number 306506, BioLegend, San Diego, CA) or
IgG2a �-isotype (catalog number 400212, BioLegend) for 1 h
at room temperature. Cells were analyzed by flow cytometry
(FACS CANTO II, BD Biosciences). Mean fluorescence inten-
sity was determined using FlowJo version 8 software (TreeStar,
San Carlos, CA) and analyzed using GraphPad Prism.

Author Contributions—O. A. designed, performed, analyzed the
experiments; prepared the figures; and wrote the paper. A. M. con-
ceived and coordinated the study, analyzed the experiments, and
wrote the paper. All authors reviewed the results and approved the
final version of the manuscript.
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