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Missing in metastasis (MIM), an inverse Bin–Amphiphysin–
Rvs (I-BAR) domain protein, promotes endocytosis of C-X-C
chemokine receptor 4 (CXCR4) in mammalian cells. In response
to the CXCR4 ligand stromal cell– derived factor 1 (SDF-1 or
CXCL12), MIM associates with RAS-related GTP-binding pro-
tein 7 (RAB7) 30 min after stimulation. However, RAB7’s role in
MIM function remains undefined. Here we show that RNAi-
mediated suppression of RAB7 expression in human HeLa cells
has little effect on the binding of MIM to RAB5 and on the
recruitment of CXCR4 to early endosomes but effectively
abolishes MIM-mediated CXCR4 degradation, chemotactic
response, and sorting into late endosomes and lysosomes. To
determine whether I-BAR domain proteins interact with RAB7, we
examined cells expressing insulin receptor tyrosine kinase sub-
strate (IRTKS), an I-BAR domain protein bearing an Src homology
3 (SH3) domain. We observed that both MIM and IRTKS interact
with RAB5 at an early response to SDF-1 and that IRTKS binds
poorly to RAB7 but strongly to RAB11 at a later time point. More-
over, IRTKS overexpression reduced CXCR4 internalization and
enhanced the chemotactic response to SDF-1. Interestingly, dele-
tion of the SH3 domain in IRTKS abolished the IRTKS–RAB11
interaction and promoted CXCR4 degradation. Furthermore, the
SH3 domain was required for selective targeting of MIM–IRTKS
fusion proteins by both RAB7 and RAB11. Hence, to the best of our
knowledge, our results provide first evidence that the SH3 domain
is critical in the regulation of specific endocytic pathways by I-BAR
domain proteins.

The human MIM3 gene is a putative tumor suppressor
because it is often down-regulated in a subset of advanced

malignant cells. However, the molecular role of MIM in cancer
progression remains unknown. MIM is abundantly expressed
in the cerebellum, the kidneys, the spleen, and the heart. Dis-
ruption of the genomic MIM in mice has generated several
modest phenotypes, including kidney dysfunction (1, 2),
impairment in the formation of neuronal dendritic spines (3), a
tendency to develop B cell malignancies only in aged mice (4),
and multiple spinocerebellar ataxias (5). Recent large-scale,
genome-wide, and whole-exome sequencing analyses have
revealed that genomic variations of the MIM gene are associ-
ated with left ventricular hypertrophy (6, 7). Therefore, the cur-
rent data indicate that MIM plays a diverse role in different
pathophysiological contexts.

The mammalian MIM gene encodes a protein with an N-ter-
minal motif homologous to the Bin–Amphiphysin–Rvs (BAR)
domain, which is present in many intracellular membrane-
binding proteins through a curved interface (8). Unlike most
BAR domains, which have a positively charged concave surface,
the MIM BAR domain displays an inverse or convex exterior (9,
10). This feature is also shared with four other mammalian pro-
teins, including insulin receptor substrate p53 (IRSP53),
IRTKS, actin-bunding protein with BAIAP2 (ABBA), and pla-
nar intestinal and kidney-specific BAR protein (PINKBAR),
which, together with MIM, make up the inverse BAR (I-BAR)
protein family. These proteins can be further divided into two
subgroups based on whether they contain an internal SH3
domain, which is present in IRSP53, IRTKS, and PINKBAR but
absent in MIM and ABBA (11). Despite the difference, all
I-BAR domain proteins bind to the inner leaflet of phospho-
lipid membranes and sense or generate membrane protru-
sions when they are overexpressed. In addition to binding to
membranes, MIM and most other I-BAR domain proteins
interact with small GTPases such as RAC via its I-BAR
domain (12–15). Furthermore, I-BAR domains have a high
affinity for phosphatidylinositol (4,5)-biphosphate, a phos-
pholipid that is abundant in the plasma membrane (16).
Double knockout of Irtks and Irsp53 caused embryonic
lethality in mice, at least partially because of abnormal devel-
opment of trophoblasts (17). Trophoblasts invade the endo-
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metrium, probably through the podosome, a protrusive
membrane structure that is formed by actin polymerization
driven by small GTPases (18, 19), highlighting the physiolog-
ical role of I-BAR domain proteins in membrane deforma-
tion in concert with small GTPases.

Recent advances have also evidenced implication of I-BAR
domain proteins in the modulation of intracellular mem-
branes. The I-BAR domain is evolutionally conserved in the
UNIKONT supergroup (Amoebozoa, Fungi, and Metazoa). In
the genome of yeast, there is only one single I-BAR-like gene,
which encodes a protein with a strong affinity for Ypt7 (yeast
homologue of RAB7) and Vps33 and is thus called Ivy1 (20).
Interestingly, Ivy1 locates in vacuoles (yeast lysosomes) in a
Ypt7-dependent manner (21), and overexpression of Ivy1
causes accumulation of multivesicular bodies and abnormal
sorting of vacuolar proteins (20). On the other hand, lack of Ivy1
in combination with deletion of vacuolar-type H�-ATPase
causes hypersensitivity to rapamycin along with expansion of
the vacuolar membrane, presumably because of a defect in a
microautophagy program (21). Conversely, overexpression of
Ivy1 suppresses sensitivity to rapamycin in yeast lacking Ypt6
(the yeast homolog of RAB6) (21, 22). The genome of Dictyos-
telium also encodes a single I-BAR protein, called IBARa, which
contains an SH3 domain (23). Instead of localizing at the cell
leading edge or in filopodia, IBARa accumulates in clathrin-
coated pits just before they are dissolved into endosomes. Sim-
ilarly, the MIM homolog of Drosophila interferes with the
interaction between cortactin and endophilin/CD2AP, compo-
nents of the endocytic machinery, and inhibits endocytosis
(24). We reported recently that cells derived from the bone
marrow of a MIM-deficient mouse strain were impaired in
ligand-mediated internalization of CXCR4, a chemokine that
directs the interaction of hematopoietic stem cells with their
niches in the bone marrow and the metastasis of certain malig-
nant cells (25). Although the detailed mechanism of CXCR4
internalization remains elusive, the major events following
exposure to its ligand SDF-1 include phosphorylation at the C
terminus of the receptor and activation of the ubiquitin E3
ligase AIP4, which further leads to endocytic sorting of the
receptor from early to late endosomes (26). Significantly, MIM
interacts with the complex of AIP4 and CXCR4 upon SDF-1
stimulation and promotes CXCR4 ubiquitination and its sort-
ing into late endosomes (27). Also, MIM associates sequentially
with RAB5 and RAB7 during the response to SDF-1. However,
the precise role of RABs in MIM-mediated sorting of CXCR4
into endocytic vesicles has not yet been established. In this
study, we investigated the role of RAB7 in MIM-mediated
CXCR4 internalization and observed that RAB7 is required for
MIM and CXCR4 to be sorted into late endosomes and for the
chemotactic response to SDF-1. Unexpectedly, we found that
IRTKS has a low affinity for RAB7 and a high affinity for RAB11
in SDF-1–stimulated cells. In addition, we provided evidence of
a critical role of the SH3 domain in the interaction of IRTKS
with RAB11. Hence, our data establish, for the first time, a func-
tional link between RABs and I-BAR domain proteins in differ-
ent intracellular trafficking pathways.

Results

MIM promotes CXCR4 internalization in human malignant
cells

We recently demonstrated that MIM promotes CXCR4
internalization in either primary mouse bone marrow cells or
HeLa cells (25, 27). As aged MIM-deficient mice were prone to
lymphatic malignancies (4), we were interested in whether
MIM plays a similar role in human lymphatic cells and ana-
lyzed the internalization of CXCR4 in several lymphocytic
malignant cells, including Reh (acute lymphocytic leukemia),
Raji (Burkitt’s lymphoma), and Daudi (Burkitt’s lymphoma)
cells, and patient-derived human B lymphatic (PBL) cells.
Immunoblot analysis revealed that MIM expression was rela-
tively low in Daudi and Raji cells compared with Reh and PBL
cells (Fig. 1A). Consistently, CXCR4 was readily internalized in
response to SDF-1 in Reh and PBL cells compared with Daudi
and Raji cells (Fig. 1B). To verify the function of MIM in lym-
phatic cells, we transfected Raji cells with a plasmid encoding
MIM protein tagged by GFP (MIM-GFP) or a control plasmid
encoding GFP only and then analyzed CXCR4 internalization
in transfected cells by measuring surface CXCR4 30 min after
exposure to SDF-1 at different concentrations. At 500 ng/ml,
only 20% of cells expressing MIM-GFP showed surface CXCR4,
which was significantly lower than in control cells, 50% of
which remained to express surface CXCR4 under the same con-
dition (Fig. 1C). Thus, overexpression of MIM-GFP promoted
CXCR4 internalization. As the surface CXCR4 impacts che-
motactic responses to its ligand, we also examined the chemot-
actic capacity of Raji cells by using Transwell plates. Control
Raji cells expressing GFP showed a nearly 17-fold increase in
chemotaxis at 300 or 400 ng/ml SDF-1, whereas cells expressing
MIM-GFP increased chemotaxis by only 6-fold under the same
condition (Fig. 1D). In addition, we also examined MDA-MB-
231 breast cancer cells expressing MIM-GFP and obtained a
similar result (Fig. S1A). Taken together, these data are consis-
tent with our previous finding based on HeLa cells and mouse
cells that MIM down-regulates CXCR4-mediated chemotaxis
(27).

RAB7 is required for MIM to down-regulate CXCR4

MIM binds to RAB7 in response to SDF-1 (27) (Fig. S3A).
However, the role of RAB7 in the MIM-mediated regulation of
CXCR4 has not yet been determined. To evaluate the role of
RAB7 in detail, we utilized established HeLa cell populations
stably expressing MIM-GFP or GFP at an efficiency of nearly
100% (data not shown). Although intrinsic fluorescent signals
of these GFP proteins were microscopically weak after a con-
ventional fixation procedure (Fig. S2), they were readily detect-
able by indirect immunofluorescence using anti-GFP antibody
(Fig. S2, A and D) or by Western blotting (Fig. S3A). Expression
of RAB7 in those cells was suppressed by 80% by a set of siRNAs
against RAB7a (siRAB7) compared with cells treated with a
siRNA with a scrambled sequence (Ct-siRNA) (Fig. S3B). When
siRAB7 was used to treat HeLa cells for 48 h prior to SDF-1, the
attenuated chemotaxis of MIM-GFP cells was apparently
restored (Fig. 1E). siRAB7 treatment also caused a slight
increase in the motility of cells expressing GFP only, presum-
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ably because of its inhibition of the uptake of basal CXCR4 on
the cell surface. Thus, MIM-mediated inhibition of the chemot-
actic response to SDF-1 requires RAB7.

To further analyze the role of RAB7 in the function of MIM,
we measured CXCR4 degradation, the event that occurs within
lysosomes following internalization. In cells treated with
Ct-siRNA, overexpression of MIM-GFP reduced the half-life of
CXCR4 from 4.1 h to nearly 2.1 h (Fig. 1F). However, siRAB7

treatment restored the half-life of CXCR4 in MIM-GFP cells up
to 4.3 h.

RAB7 is required for recruitment of CXCR4 and MIM to late
endosomes

RAB7 is known to regulate late endosomes (28). Thus, we
examined the impact of RAB7 deficiency on the recruitment of
CXCR4 into late endosomes based on colocalization of CXCR4

Figure 1. RAB7 is required for MIM-mediated CXCR4 internalization. A, immunoblot analysis of endogenous MIM protein in Raji, Reh, Daudi, and PBL
cells. The expression levels were quantified based on the ratio of MIM to �-actin. B, malignant B cells were stimulated with SDF-1 at the indicated
concentrations for 30 min. Surface expression of CXCR4 was analyzed by flow cytometry and normalized to that of control cells without SDF-1 treatment.
C, Raji cells were transiently transfected with GFP or MIM-GFP and stimulated for 30 min with SDF-1 at different concentrations. The percentage of cells
expressing surface CXCR4 was determined by flow cytometry. D, Raji cells expressing MIM-GFP or GFP were plated on Transwell plates in which the lower
chamber was filled with medium containing SDF-1 at the indicated concentrations. After 24 h, cells were fixed and stained with 0.1% crystal violet. The
number of cells that migrated to the lower chamber was compared with that of cells without SDF-1 treatment. E, HeLa cells expressing GFP or MIM-GFP
were treated with siRAB7 or Ct-siRNA for 48 h. The treated cells were then subjected to a Transwell assay for their chemotactic response to 500 ng/ml
SDF-1. F, HeLa cells expressing either MIM-GFP or GFP were treated with siRAB7 or Ct-SiRNA. The treated cells were further incubated with 500 �g/ml
cycloheximide for 30 min prior to exposure to 150 ng/ml SDF-1 for the indicated times. The total amounts of CXCR4 protein in treated cells at different
times were estimated by immunoblot and used to calculate t1⁄2 using Prism software. All data represent mean � S.E.M. (n � 3). ***, p � 0.001.
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and CD63, a marker of late endosomes. Based on indirect im-
munofluorescence staining, we observed that, prior to SDF-1
treatment, about 12% of CD63 puncta (red) were colocalized
with CXCR4 (green) in GFP cells that had been pretreated with
Ct-siRNA (Fig. 2, A and E) and 18% in MIM-GFP cells (Fig. 2, C
and E). Upon SDF-1 stimulation, about 23% of CD63 was colo-

calized with CXCR4 in GFP cells and 72% in MIM-GFP cells
(Fig. 2E). Remarkably, the degree of colocalization of CD63 and
CXCR4 in MIM-GFP cells was dramatically reduced to 17%
when treated with siRAB7 prior to SDF-1 (Fig. 2, C versus D,
also E). This dramatic reduction was not observed with control
GFP cells. Also, in unstimulated cells either expressing

Figure 2. RAB7 is essential for MIM to promote CXCR4 sorting into late endosomes. A–D, HeLa cells expressing GFP (A and B) or MIM-GFP (C and D) were
plated in 6-well plates, treated with Ct-siRNA (A and C) or siRAB7 (B and D) for 48 h, and stimulated with 500 ng/ml SDF-1 for 30 min. The treated cells
were costained with monoclonal CXCR4 antibody (green) and polyclonal CD63 antibody (red) and inspected by confocal microscopy. The boxed areas of images
were amplified and are presented below. E, co-localization of CXCR4 and CD63 was quantitively analyzed based on Manders’ coefficient, which represents the
proportion of CD63 colocalized with CXCR4. F, the amount of CD63 puncta of the acquired images was also quantified. Scale bars � 10 �m. ***, p � 0.001 (n �
10).
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MIM-GFP or GFP, colocalization of CD63 and CXCR4 was low
and not significantly impacted by siRAB7. MIM promotes the
formation of late endosomes (27), as indicated by increased
CD63 puncta (Fig. 2F). To examine the impact of siRAB7 on
MIM-mediated late endosome assembly, we examined CD63
puncta in siRAB7-treated cells. As shown in Fig. 2F, the
increased number of CD63 puncta in MIM-GFP cells was
diminished by siRAB7. However, siRAB7 had little impact on
CD63 puncta in control cells (Fig. 2F), suggesting that depletion
of RAB7 did not impair the basal level of late endosomes.

We also analyzed the effect of siRAB7 on the association of
CXCR4 with early endosomes, as detected by EEA1 (Fig. S4),
and with lysosomes detected by LAMP2 (Fig. S5). As reported
previously (27), overexpression of MIM-GFP caused a sub-
stantial increase in the association of CXCR4 with early
endosomes in response to SDF-1. However, such an increase
was not significantly affected by siRAB7 (Fig. S4). In con-
trast, siRAB7 abolished the increase of CXCR4 deposition in
lysosomes of MIM-GFP cells (Fig. S5). Therefore, RAB7 is
required for MIM-mediated sorting of CXCR4 into both late
endosomes and lysosomes but not required for sorting into
early endosomes.

Finally, we analyzed the effect of RAB7 depletion on the asso-
ciation of MIM with late endosomes. In control cells, GFP
showed as diffused staining within the cytoplasm of SDF-1–
treated or untreated cells (Fig. 3, A and B). In contrast, MIM-
GFP displayed as puncta in the cytoplasm. In particular, about
70% of late endosomes were colocalized with MIM-GFP in
SDF-1–treated cells (Fig. 3, C and E). However, this colocaliza-
tion was nearly diminished in cells that had been pretreated
with siRAB7 (Fig. 3, D and E). Hence, RAB7 is required for
sorting of both CXCR4 and MIM to late endosomes.

MIM and IRTKS bind to different RABs and regulate CXCR4
internalization differently

We were interested in whether interaction with RABs is a
common property of I-BAR domain proteins and thus analyzed
HeLa cells expressing GFP-conjugated IRTKS (IRTKS-GFP).
We chose IRTKS because we had found previously that it reg-
ulates cellular motility differently than MIM does (29) and that
it is structurally distinct from MIM by having an internal SH3
domain (Fig. 4A). Like MIM-GFP, IRTKS-GFP promptly asso-
ciated with RAB5 during an early response (5 min) to SDF-1
(Fig. 4B). However, unlike MIM-GFP, IRTKS-GFP bound
poorly to RAB7 when cells were exposed to SDF-1 for 30 min
(Fig. 4C). We also analyzed the interaction with RAB11, which
plays an important role in the pathway leading to receptor recy-
cling (30). Surprisingly, IRTKS-GFP bound strongly to RAB11
at 30 min, whereas MIM-GFP failed to do so under the same
condition (Fig. 4D).

To analyze whether IRTKS has any influence on the function
of CXCR4, we examined the chemotactic response of IRTKS-
GFP cells to SDF-1. Unlike MIM-GFP cells, IRTKS-GFP cells
showed increases in the chemotactic response to SDF-1 at con-
centrations ranging from 50 to 300 ng/ml (Fig. 4E). As RAB11 is
associated with nondegradation endocytic pathways, we mea-
sured surface CXCR4 in the presence of cycloheximide, which
inhibits protein synthesis. Thus, changes in surface CXCR4

after initial uptake would reflect a dynamic process of the
receptor. Under this condition, by 30 min, only 20% of
CXCR4 remained on the surface of MIM-GFP cells, 53% on
control cells, and 62% on IRTKS-GFP cells. However, after
30 min, the level of surface CXCR4 in IRTKS-GFP cells was
significantly recovered up to 80% (Fig. 4F). The recovery of
surface CXCR4 was also correlated with increased recruit-
ment of CXCR4 to RAB11-associated vesicles at 30 min (Fig.
S6). Although the reason for the recovery is currently
unknown, the data suggest that IRTKS has distinct role in
CXCR4 degradation.

The SH3 domain determines the interaction with RAB11

Because the major difference between MIM and IRTKS is
that the latter contains an SH3 domain, we were interested in
whether the SH3 domain could play a role in the interaction of
IRTKS with RABs and thus examined cells expressing a mutant
with deletion of the SH3 domain (IRTKS�SH3) (Fig. 5A).

Figure 3. RAB7 is indispensable for recruitment of MIM into late endo-
somes. A–D, HeLa cells expressing GFP (A and B) or MIM-GFP (C and D) were
treated with control siRNA (A and C) or siRAB7 (B and D) for 2 days prior to
treatment with 500 ng/ml SDF-1 for 30 min. The treated cells were co-stained
with GFP antibody (green) and CD63 antibody (red) and inspected by confocal
microscopy. The boxed areas were amplified and are presented to the left of
the corresponding images. E, co-localization of CD63 and GFP or MIM-GFP
was quantified as described in the legend of Fig. 4. Data represent mean. ***,
p � 0.001 (n � 10). Scale bars � 10 �m.
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Although the mutant maintained the ability to interact with
RAB5 5 min after exposure to SDF-1, it failed to bind to RAB11
at 30 min (Fig. 5B). Instead, it promptly interacted with RAB7 at
this time. The acquired interaction with RAB7 was apparently
correlated with the mutant’s ability to induce CXCR4 internal-
ization at an efficiency compatible with that of MIM-GFP (Fig.
5C). The sequence of MIM responsible for binding to RAB7 is
located within the I-BAR domain (27). To examine whether the
I-BAR domain determines binding to RAB7, we analyzed a chi-
meric mutant in which the MIM I-BAR domain was fused with

the C-terminal part of IRTKS (MIM–I-BAR–IRTKS) (Fig. 5A).
Interestingly, the fusion protein showed a poor ability to bind to
RAB7 but a strong affinity for RAB11 in response to SDF-1 (Fig.
5D). We also analyzed a chimeric mutant in which the IRTKS
I-BAR domain was fused with the C-terminal part of MIM. This
mutant (IRTKS–I-BAR–MIM) interacted poorly with RAB11
but strongly with RAB7 (Fig. 5D). Overall, these data indicate
that, although the I-BAR domain provides a binding site for
RABs, the SH3 domain specifies the interaction with RAB11
during intracellular trafficking of CXCR4.

Figure 4. MIM and IRTKS were targeted by different Rabs. A, schematic of the MIM and IRTKS proteins. WH2, WASP homology 2; PRD, proline-rich domain;
PPLP, proline-proline-leucine-proline residue sequence. B–D, HeLa cells expressing MIM-GFP or IRTKS-GFP were treated with 150 ng/ml SDF-1 for 5 min (B) or
30 min (C and D). Interactions between I-BAR domain proteins with RAB5 (B), RAB7 (C), and RAB11 (D) were analyzed by co-immunoprecipitation (IP), followed
by immunoblot (IB) with the indicated antibodies. E, HeLa cells expressing GFP or IRTKS-GFP were plated in Transwell plates, treated with SDF-1 at different
concentrations, and analyzed for chemotaxis as described in the legend of Fig. 1D. F, HeLa cells expressing GFP, MIM-GFP, and IRTKS-GFP were incubated with
500 �g/ml cycloheximide for 30 min prior to treatment with 150 ng/ml SDF-1 for the indicated times. The levels of CXCR4 on the surface of treated cells were
estimated by flow cytometry. All data represent mean � S.E.M. (n � 3). ***, p � 0.001
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Discussion

The data presented here demonstrate that RAB7 is necessary
for MIM-mediated CXCR4 internalization and degradation.
Consistent with this result, cells with depletion of RAB7 were
impaired in sorting of both MIM and CXCR4 into late endo-
somes. The impaired recruitment of MIM or CXCR4 to late
endosomes could be due to reduced formation of endocytic
vesicles in the absence of RAB7. However, we observed that
depletion of RAB7 had little effect on the association of CXCR4

with early endosomes or the formation of late endosomes in
resting cells, suggesting that RAB7 is neither necessary for the
initial sorting of intracellular CXCR4 nor essential for the for-
mation of late endosomes. As MIM forms a stable complex with
AIP4 and ubiquitinated CXCR4 after exposure to SDF-1 (27),
the finding described here is consistent with the view that MIM
acts as an effector of RAB7 and a carrier of ubiquitinated
CXCR4. In this experiment, endogenous CXCR4 proteins were
detected by indirect immunofluorescence using a secondary

Figure 5. The SH3 domain determines recruitment of IRTKS to RAB11. A, schematic of MIM, IRTKS, and their fusion mutants. WH2, WASP homology 2. B,
HeLa cells expressing GFP-tagged IRTKS or IRTKS�SH3 proteins were stimulated with 150 ng/ml SDF-1 for 30 min. The cell lysates were subjected to immu-
noprecipitation (IP) with GFP antibody, followed by immunoblot (IB) using anti-RAB11, RAB5, or RAB7, as indicated. C, cells expressing GFP-tagged MIM, IRTKS,
and IRTKS�SH3 were treated with 500 ng/ml SDF-1 for up to 45 min. The levels of surface CXCR4 were estimated by flow cytometry. The data represent mean �
S.E.M. (n � 3). *, p � 0.05; ***, p � 0.001; referring to the differences between cells expressing IRTKS-GFP and those expressing IRTKS�SH3-GFP. D, cells
expressing MIM-GFP or its fusions were treated with 150 ng/ml SDF-1 for 30 min. The interactions of MIM and its fusions with RAB7 and RAB11 were analyzed
as described in B.
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antibody conjugated with a green dye. We argue that this pro-
cedure is valid because endogenous GFP or MIM-GFP yielded
few green fluorescent signals detected by microscopy after fix-
ation (Fig. S2). However, we could not rule out the possibility
that the detected signals could be due to cross-reactivity of the
antibodies used.

In addition to RAB7, MIM also bound RAB5 prior to RAB7
during an early response to SDF-1 (27). Conversion from RAB5
to RAB7 on endosomes is driven by Mon1-Ccz1, a RAB guanine
exchange factor (GEF) that is ubiquitously expressed (31).
However, binding of I-BAR domain proteins to RAB5 does not
seem to be sufficient for their subsequent interactions with
other RABs, as MIM and IRTKS show distinct affinities for
RAB7 and RAB11 after binding to RAB5. Specifically, MIM
bound to RAB7, whereas IRTKS bound to RAB11, which often
participates in a pathway for endocytic recycling (32, 33). Con-
sistently, MIM promoted CXCR4 degradation along with inhi-
bition of chemotaxis, whereas IRTKS enhanced the cellular
response to SDF-1 along with promotion of CXCR4 surface
expression. Hence, I-BAR domain proteins may assign endo-
cytic cargoes to different vesicles by selectively targeting differ-
ent RABs, including RAB7 and RAB11. Such selectivity could
be due to the function of either the I-BAR domain itself or the
SH3 domain, which is not present in MIM. It has been reported
that the interaction between the I-BAR domain of IRSP53 and
IRTKS with membranes is through electrostatic interactions,
whereas that of MIM’s I-BAR domain involves insertion of an
amphipathic helix into the membrane layer (10). Such a differ-
ence in membrane binding is not likely to be responsible for
choosing a specific RAB during receptor trafficking, as we
found that MIM and IRTKS have a similar affinity for RAB5 at
an early response. Also, deletion of the SH3 domain abolished
the ability of IRTKS to bind to RAB11 but rendered it able to
associate with RAB7. Likewise, fusion proteins of MIM and
IRTKS bound to RAB7 and RAB11 differently depending on the
presence of the SH3 domain. Therefore, our data strongly sug-
gest that the specific binding of IRTKS to RAB11 is mainly
determined by the SH3 domain during a late response to SDF-1,
whereas binding to RAB7 appears to be a default property of the
I-BAR domain itself.

How does the SH3 domain recruit IRTKS to RAB11 is cur-
rently unclear, as the intrinsic partners of the SH3 domain are
poorly characterized. Nevertheless, IRTKS is most closely
related to IRSP53, which shares a redundant function with
IRTKS in embryonic development (34) and links, via its SH3
domain, to Wiskott–Aldrich syndrome protein (WASP) and
WASP family verprolin homologous (WAVE) proteins (12). In
fact, direct interaction of IRTKS with WAVE has also been
reported (35). Both WASP and WAVE proteins can activate the
ARP2/3 complex, the primary actin nucleator responsible for
assembly of branched actin filaments, which are enriched in the
lamellipodia and endocytic vesicles and associated with RAB5
and RAB11 (36). As RAB11 binds to Myosin Vb, a nonconven-
tional myosin that assists with movement of endocytic cargos to
the cell periphery (37), IRTKS-mediated actin assembly may
provide functional coordination between morphogenesis of
endosomes and their movements toward the plasma mem-
brane rather than fusion with lysosomes. Another possibility is

that the SH3 domain facilitates interaction with RAB11 by link-
ing to an unknown intracellular protein that regulates RAB11.
In this regard, it is worth noting that SH3BP5 (also REI-I), a
newly identified GEF of RAB11, is an SH3 binding protein and
contains an F-BAR domain (38). Whether the link to actin
assembly or an RAB11 GEF is responsible for the selective inter-
action of IRTKS with RAB11 requires further investigation.
Based on the data presented here and previous reports from us
and others, we propose a model for the function of MIM and
IRTKS in cellular trafficking of CXCR4 (Fig. 6). Briefly, in the
early response to SDF-1, MIM binds AIP4 and forms a complex
with CXCR4, resulting in CXCR4 ubiquitination. The resulting
cargo complex is initially recruited to early endosomes because
of the interaction with RAB5 and then to late endosomes
because of binding to RAB7. Such interactions may provide a
mechanism for specific membrane remodeling that has yet to
be identified. As for IRTKS, although it takes a similar pathway
at an early response to SDF-1, it is likely recruited to other
vesicles in a late response because of its interaction with RAB11,
which may be mediated by either actin assembly or an uniden-
tified GEF of RAB11. Whether these vesicles represent recy-
cling endosomes, which are associated with RAB11, needs to be
further verified.

Discrete interaction with different RABs implies that
MIM and IRTKS may antagonize each other within cells.
However, MIM and IRTKS have distinct expression profiles
in most types of tissues, according to the portal for the Gen-
otype-Tissue Expression Project. For example, MIM is
highly expressed in the cerebellum, spleen, and tibia, tissues
where IRTKS is nearly silent. In contrast, IRTKS is highly
expressed in the stomach and prostate, where MIM expres-
sion is extremely low. Also, a search of a public microarray
database indicates that MIM is highly expressed in naïve B
cells and memory B cells but nearly silent in centroblasts and
centrocytes, whereas IRTKS is low in naïve B cells but highly
elevated in centroblasts and centrocytes (Fig. S7). Centro-
blasts and centrocytes are B cells associated with the germi-
nal center, the area in lymphoid organs responsible for dif-
ferentiation of naïve B cells into antibody-producing cells.
Importantly, recruitment of naïve B cells to the dark zone of
the germinal center is mainly driven by CXCR4 (39). Hence,
the expression pattern of MIM and IRTKS and their recip-
rocal role in CXCR4 internalization imply that they are coor-
dinated in the regulation of B cell differentiation. Consistent
with expression profiles in B cells, MIM expression is signif-
icantly low in a cohort (n � 104) of diffuse large B cell lym-
phoma cells, which are mainly derived from B cells in the
germinal center. In contrast, IRTKS expression is elevated in
diffuse large B cell lymphoma cells (Fig. S7). It should also be
pointed out that, unlike CXCR4, which is present in most
types of hematopoietic cells, IRTKS is poorly expressed in
cells other than germinal center-associated cells. Thus, it is
unlikely that IRTKS plays a universal role in CXCR4 hemo-
stasis. We speculate that receptor surface expression in
other types of cells may involve different SH3-containing
BAR domain proteins.
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Experimental procedures

Cell lines and transfection

MDA-MB-231 cells and HeLa cells were cultured in DMEM
(Corning). Daudi, Raji, and Reh cells and primary B lymphatic
cells derived from a patient were a gift from Dr. Curt Civin. All
B cells were cultured at 37 °C under 5% CO2 in RPMI 1640
medium supplemented with 10% fetal bovine serum (Hyclone,
Logan, UT), 100 unit/ml penicillin, and 100 �g/ml streptomy-
cin. DNA-mediated transfection was performed with FuGENE
transfection reagent (Active Motif Co., Carlsbad, CA). Stably
transfected cells were selected and maintained in medium con-
taining G418, as described previously (27). Raji cells were trans-
fected with pMIM-GFP using Raji Cell Avalanch transfection
reagent (EZ Biosystems, catalog no. EZT-RAJI-1). The expres-
sion of transfected genes was verified by fluorescence micros-
copy and immunoblot analysis. siRNA-mediated transfection

was performed using Lipofectamine 2000 (Thermo Fisher Sci-
entific) according to the manufacturer’s recommendations.

Antibodies, chemicals, and plasmids

All chemicals, unless otherwise indicated, were purchased
from Sigma-Aldrich. The polyclonal MIM antibody
(PA517047), polyclonal GFP antibody (A11122), monoclonal
GFP antibody (33-2600), polyclonal IRTKS antibody (PA5-
22026), Alexa Fluor 488 goat anti-rabbit IgG antibody
(A-11008), Alexa Fluor 568 goat anti-rabbit IgG (A11004 or
A21134), Alexa Flour 488 goat anti-mouse IgG (A32723), Alexa
Flour 568 goat anti-mouse IgG (A11011), and protein A/G–
agarose beads (20423) were purchased from Thermo Scientific
(Rockford, IL). The polyclonal CD63 antibody (sc-15363),
monoclonal CXCR4 antibody (sc-9046), and normal mouse
IgG (sc-2025) were purchased from Santa Cruz Biotechnology

Figure 6. A model depicting the function of I-BAR domain proteins in the regulation of CXCR4. CXCR4 is a G protein– coupled receptor with seven
transmembrane domains. Upon SDF-1 stimulation, CXCR4 is phosphorylated at its C terminus by a G protein– coupled receptor kinase (GRK) (1). The phos-
phorylated CXCR4 allows its association with the E3 ubiquitin ligase AIP4, which is promoted by the I-BAR domain protein MIM or IRTKS. This results in
formation of a complex of the CXCR4, AIP4, and I-BAR proteins (2) and a subsequent increase in ubiquitination of the receptor (3). Because of the ability to bind
to RAB5 and RAB7, MIM facilitates sorting of the ubiquitinated receptor complex from early endosomes (EE) to late endosomes (LE) (5). On the other hand, IRTKS
facilitates sorting of the receptor complex into a type of RAB11-coated endocytic vesicles, such as recycling vesicles (RE) (6). This step may be facilitated by actin
assembly or an unidentified GEF of RAB11.
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(Santa Cruz, CA). Normal rabbit IgG (2729S) was from Cell
Signaling Technology (Danvers, MA). The monoclonal EEA1
antibody (610456) and monoclonal RAB11 antibody (610656)
were from BD Biosciences. The SDF-1 (581206) and PE-conju-
gated anti-human CXCR4 antibodies (306506) were purchased
from BioLegend (San Diego, CA). The monoclonal RAB7 anti-
body (R8779), a set of siRNAs targeting human RAB7a at 16
different sites, and control siRNA with a scrambled sequence
were from Sigma-Aldrich (St. Louis, MO). PBS was from
Corning. The plasmids encoding MIM-GFP, IRTKS-GFP,
IRTKS�SH3-GFP, IRTKS-IBAR-MIM-GFP, and MIM-IBAR-
IRTKS-GFP have been described previously (29).

Cell migration assay

Chemotaxis was evaluated by Transwell assay as described
previously (27). Briefly, serum-free DMEM was added to the
lower chamber of a Transwell plate with an insert of 8-�m pore
size (Corning, catalog no. 3422). The plate was incubated over-
night at 37 °C and under 5% CO2. Cells were plated on the upper
chamber at 2 � 105 cells/well in serum-free DMEM, and SDF-1
at various concentrations was applied to the lower chamber.
After incubation for 16 h, the plate was washed with PBS, and
the cells were fixed with 4% paraformaldehyde for 5 min, fol-
lowed by washing twice with PBS. To counter cells, the plate
was added with 200 �l methanol, followed by incubation at
room temperature for 20 min. The cells were then stained with
0.1% crystal violet for 15 min. After washing twice with PBS, the
cells on the upper surface of the insert were scraped with cotton
swabs. The migrated cells were inspected microscopically at
�100 magnification, and cells within nine microscopic fields
were counted for each Transwell plate membrane.

Flow cytometry analysis

CXCR4 on the cell surface was evaluated by flow cytometry
assay as described previously (27).

Immunofluorescence microscopy

Cells were transfected with RAB7 siRNAs or control siRNA
and stimulated with 500 ng/ml SDF-1 for 30 min. The treated
cells were then stained with antibodies against proteins of inter-
est, inspected by confocal microscopy, and quantified as
described previously (27).

Protein degradation assay

Cells were plated in a 6-well plate at a density of 8 � 105

cells/well and transfected with siRNAs against RAB7 or control
siRNA using FuGENE transfection reagent (Active Motif)
according to manufacturer’s instructions. The transfected cells
were treated with 500 �g/ml cycloheximide for 30 min at 37 °C
prior to incubation with 150 ng/ml SDF-1 for different times.
The treated cells were then placed on ice and lysed with RIPA
buffer supplemented with protease inhibitor mixture (Sigma).
The protein content of the cell lysates was estimated using a
BCA assay kit (Thermo Fisher Scientific), and lysates contain-
ing equal amounts of proteins were loaded onto 12% SDS-
PAGE. CXCR4 proteins were detected by immunoblot. The
same blots were stripped and reblotted with �-actin antibody as
loading controls. After three independent experiments, quan-

tification was performed with ImageJ software through the
densitometry assay.

Western blotting

Cells were plated in a 6-well plate at a density of 8 � 105

cells/well and treated with 150 ng/ml SDF-1 for different times
at 37 °C and 5% CO2. The treated cells were then placed on ice
and lysed with RIPA buffer (25 mM Tris (pH 8.0), 150 mM NaCl,
0.1% SDS, 0.5% sodium deoxycholate, and 1% Triton X-100)
supplemented with a protease inhibitor mixture (Roche) and an
anti-phosphatase mixture tablet (Sigma-Aldrich). The protein
content of the cell lysates was estimated using a BCA assay kit
(Thermo Fisher Scientific), and lysates containing equal
amounts of proteins were loaded on to 12% (v/v) SDS-PAGE.
Proteins separated in the gel were transferred to a PVDF mem-
brane and blocked in 5% milk– containing TBST buffer (10 mM

Tris (pH 8.0), 150 mM NaCl, and 0.1% Tween 20) at room tem-
perature for 1 h, incubated with 1 �g/ml primary antibody for
12 h at 4 °C with agitation, rinsed with TBST, and then incu-
bated with 5% milk– containing TBST supplemented with
horseradish peroxidase– conjugated secondary antibody at
room temperature for 2 h. After washing three times with
TBST, enhanced chemiluminescence detection solution
(Pierce) was applied to the membrane. The proteins probed
were visualized by X-autoradiography. Densitometry analysis
was performed with gel images from three independent exper-
iments using ImageJ software. To determine the loading con-
trol, the same membrane was stripped and reblotted with �-ac-
tin antibody at 5000� dilution.

Immunoprecipitation assay

The immunoprecipitation assay was performed as described
previously (27). Briefly, after treatment with SDF-1, cells stably
expressing GFP, MIM-GFP, or IRTKS-GFP were lysed in RIPA
buffer supplemented with an anti-protease tablet (Roche) and
anti-phosphatase cocktails (Sigma-Aldrich). The cell lysates
were subsequently incubated with 20 �l of a 50% protein A/G–
agarose slurry for 90 min at 4 °C, followed by centrifugation at
2000 rpm for 30 s. The supernatants were then incubated with
5 �g/ml polyclonal anti-GFP overnight at 4 °C before addition
of 100 �l of a protein A/G slurry. After incubation for 2 h at
4 °C, the mixtures were centrifuged at 2000 rpm for 30 s. The
pellets were washed three times with 0.5 ml of lysis buffer and
then dissolved and boiled in 60 �l of SDS sample buffer for 10
min. The precipitated proteins were analyzed by Western blot-
ting using 1 �g/ml monoclonal primary antibodies against
RAB5, RAB7, RAB11, and GFP, respectively. As an input con-
trol, aliquots of cell lysates prior to immunoprecipitation were
also analyzed by Western blotting using antibodies against the
above antigens and �-actin in a parallel experiment.

Cell staining and confocal immunofluorescence microscopy

To analyze the effect of RAB7 on the colocalization of
CXCR4 and CD63, sterilized glass coverslips were placed in a
6-well plate and incubated with 5 �g/ml fibronectin (Life Tech-
nologies) for 30 min at room temperature. 2 � 105 cells that
stably expressed GFP or GFP-MIM were plated into each well
and cultured overnight in DMEM supplemented with 10% FBS
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and 1% penicillin/streptomycin. Cells were then transfected
with siRNAs against RAB7 or control siRNA using FuGENE
transfection reagent (Active Motif) according to the manufa-
cturer’s introduction. After 16 h, cells were cultured in DMEM
supplemented with 10% FBS for 24 h, and the medium was
replaced with DMEM and incubated for 2 h. The starved cells
were incubated with 100 nM SDF-1 (or vehicle as control) for 30
min. After washing twice with PBS, cells were fixed with 4%
paraformaldehyde at room temperature for 10 min and per-
meabilized with 0.05% saponin for 10 min. The fixed cells were
blocked with 200 �l of PBS supplemented with 5% goat serum
and incubated with 100 �l of 5 �g/ml monoclonal anti-CXCR4
and polyclonal anti-CD63 antibodies in blocking buffer for 1 h
at room temperature. After rinsing three times with PBS, the
cells were incubated with PBS containing 1 �g/ml secondary
antibodies (Alexa Fluor 488 goat anti-mouse IgG and Alexa
Fluor 568 goat anti-rabbit IgG) for 1 h. In some experiments,
4�,6-diamidino-2-phenylindole was also included along with
secondary antibodies. After three washes with PBS, the treated
coverslip was mounted on a glass slide with 20 �l of mounting
medium (Kirkegaard & Perry Laboratories, Inc.). The slide was
sealed with nail polish, and the stained cells were inspected
under a Zeiss LSM 510 laser-scanning confocal imaging system
using a Plan-Apo �63/1.4 numerical aperture oil lens. The dig-
ital images were captured at an acquisition setting that was
applied to all samples analyzed in parallel. In each group, all
images were taken and presented at the same settings for
brightness and contrast. Protein colocalization was quantified
based on Mander’s overlapping coefficient (40), which was cal-
culated using an ImageJ plugin. The value of Mander’s overlap-
ping coefficient ranges from 0 to 1 and represents the propor-
tion of red fluorescence intensity in the green channel.
Quantification of stained puncta was conducted using ImageJ
software.

In other experiments, cells were co-stained with monoclonal
antibodies (GFP or CXCR4) and polyclonal antibodies (GFP,
LAMP2, or EEA1). Proper secondary antibodies were then cho-
sen based on the species of primary antibodies.

Analysis of the effect of IRTKS on surface CXCR4

HeLa cells stably expressing GFP, MIM-GFP, or IRTKS-GFP
were plated in a 6-well plate at a density of 8 � 105 cells/well.
After culture for 2 days, cells were treated with 500 �g/ml
cycloheximide for 30 min at 37 °C prior to incubation with 150
ng/ml SDF-1 for different times. After treatment, cells were
immediately placed on ice, followed by addition of 2 ml of
prechilled PBS containing 0.75% BSA and 5 mM EDTA (FACS
buffer). The treated cells were centrifuged at 1000 rpm for 3
min at 4 °C, and the cell pellet was stained with 1 �g/ml PE-
conjugated anti-human CXCR4 antibody and incubated at 4 °C
for 1 h in a covered box. As a control, cells were treated with PE
anti-IgG antibody in parallel. After staining, 500 �l of FACS
buffer was added to the cells, followed by centrifugation. The
supernatant was removed by aspiration, and the pelleted cells
were washed with PBS three times, fixed with 4% paraformal-
dehyde, and subjected to flow cytometry with a BD LSRFortessa
flow cytometry system. The data were analyzed using Flowjo
software version 8.8.7.

Statistical analysis

All data were analyzed using GraphPad Prism 5.0 software
and subjected to two-tailed Student’s t test for two-group com-
parisons. p � 0.01 stands for statistical significance.
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