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Rabex-5 targets to early endosomes and functions as a guanine nucleotide exchange factor for Rab5. Membrane targeting
is critical for Rabex-5 to activate Rab5 on early endosomes in the cell. Here, we report the identification of Rab22 as a
binding site on early endosomes for direct recruitment of Rabex-5 and activation of Rab5, establishing a Rab22-Rab5
signaling relay to promote early endosome fusion. Rab22 in guanosine 5�-O-(3-thio)triphosphate-loaded form, but not
guanosine diphosphate-loaded form, binds to the early endosomal targeting domain (residues 81-230) of Rabex-5 in
pull-down assays. Rabex-5 targets to Rab22-containing early endosomes, and Rab22 knockdown by short hairpin RNA
abrogates the membrane targeting of Rabex-5 in the cell. In addition, coexpression of Rab22 and Rab5 shows synergistic
enlargement of early endosomes, and this synergy is dependent on Rabex-5, providing further support for the collabo-
ration of the two Rab GTPases in regulation of endosome dynamics. This novel Rab22–Rabex-5–Rab5 cascade is
functionally important for the endocytosis and degradation of epidermal growth factor.

INTRODUCTION

Rab GTPases specifically target to distinct organelles and
regulate intracellular membrane trafficking along and be-
tween endocytic and exocytic pathways (Stenmark and
Olkkonen, 2001; Zerial and McBride, 2001; Grosshans et al.,
2006). Rab5, in particular, is localized to early endosomes
and plasma membrane and regulates early membrane fu-
sion in the cell (Bucci et al., 1992; Li et al., 1994; Stenmark et
al., 1994) as well as actin remodeling (Lanzetti et al., 2004).
Like other GTPases, Rab5 alternates between guanosine
diphosphate (GDP)-bound and guanosine triphosphate
(GTP)-bound conformations, and it is the GTP-bound form
that is biologically active and interacts with effectors. One of
such effectors is early endosomal antigen (EEA) 1, which
functions as a tethering factor to promote early endosome
fusion in endocytosis (Simonsen et al., 1998; Christoforidis et
al., 1999).

Rab5 activation, i.e., Rab5-GDP to Rab5-GTP conversion,
requires guanine nucleotide exchange factors (GEFs) that
facilitate GDP dissociation and GTP loading. Rabex-5 is a
well-documented Rab5 GEF (Horiuchi et al., 1997; Lippe et
al., 2001). Rabex-5 knockout mice develop severe skin in-
flammation caused by enhanced immunoglobulin (Ig) E re-
ceptor-mediated degranulation and cytokine release from
mast cells, which is due to loss of Rabex-5 GEF activity for
Rab5 and reduced IgE receptor endocytosis/degradation

(Kalesnikoff et al., 2007). Rabex-5 contains 492 amino acid
residues, and the catalytic GEF domain resides in the middle
region, encompassing residues 132-391 and consisting of a
helical bundle (HB) domain and a Vps9 domain in tandem
(Delprato et al., 2004). Rabex-5 contains no transmembrane
domain but can target to early endosomal membrane for
Rab5 activation by two mechanisms. An indirect mechanism
is mediated by the Rabaptin-5-binding domain immediately
downstream of the GEF domain, which leads to the forma-
tion of Rabex-5/Rabaptin-5 complexes (Lippe et al., 2001;
Mattera et al., 2006; Delprato and Lambright, 2007; Kalesni-
koff et al., 2007; Zhu et al., 2007). Rabaptin-5 is a Rab5 effector
that binds to Rab5-GTP on early endosomes (Stenmark et al.,
1995; Zhu et al., 2004) and brings Rabex-5 to the proximity of
more substrates (Rab5-GDP) on the target membrane, which
may lead to further Rab5 activation in a positive feedback
loop. In addition, a direct membrane targeting mechanism is
mediated by the early endosomal targeting (EET) domain
that is composed of a membrane-binding motif immediately
upstream of the GEF domain and the following HB domain,
thus overlapping with the GEF domain (Zhu et al., 2007).
The EET domain-mediated direct membrane targeting al-
lows Rabex-5 to associate with early endosomes and activate
Rab5 independent of Rabaptin-5, which may generate a
relatively high basal level of Rab5-GTP on early endosomes
to facilitate recruitment of Rabex-5/Rabaptin-5 complexes
for further Rab5 activation and establishment of functional
Rab5-GTP domains in endosome fusion. However, the na-
ture of the EET domain binding site on early endosomes is
yet to be determined. In addition, a recent study suggests
that the N-terminal ubiquitin-binding regions also contrib-
ute to direct Rabex-5 targeting to early endosomes (Mattera
and Bonifacino, 2008).

In the current study, we find that Rab22, in its GTP-bound
form, serves as the early endosomal binding site for the EET
domain of Rabex-5 and is responsible for direct Rabex-5
targeting to early endosomes. Rab22 is another Rab GTPase
localized on early endosomes and is closely related to Rab5
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with 52% sequence identity (Olkkonen et al., 1993; Kauppi et
al., 2002). Inhibition of Rab22 function via small interfering
RNA (siRNA) blocks recycling of endocytosed cargoes such
as transferrin receptor and MHC-I (Weigert et al., 2004;
Magadan et al., 2006). Overexpression of Rab22 in the cell
leads to enlargement of early endosomes (Kauppi et al.,
2002), similar to the effect of Rab5. Rab22 is a member of the
Rab5 subfamily that also includes Rab5, Rab21, and Rab31
(also called Rab22b) (Pereira-Leal and Seabra, 2000; Sten-
mark and Olkkonen, 2001). Rabex-5 is specific for Rab5 and
Rab21, whereas its GEF activity toward Rab22 and other
Rabs decreases dramatically by two orders of magnitude or
more (Delprato et al., 2004). Here, we find that in contrast to
its interaction with GDP-bound form of Rab5, Rabex-5 binds
to GTP-bound Rab22 and is thus an effector for Rab22. It is
Rab22 that recruits Rabex-5 to early endosomes for Rab5
activation, establishing a Rab22-Rab5 signaling relay in reg-
ulation of early endosome fusion in the cell.

MATERIALS AND METHODS

Recombinant Protein Expression
Rabex-5, Rab22, and Rab5 are referred to cow Rabex-5, human Rab22a, and
human Rab5a, with the NCBI accessions NM_174591, NM_020673, and
NM_004162, respectively.

Mammalian Cell Cultures and Transfection
Baby hamster kidney (BHK)-21 cells were cultured as described previously
(Zhu et al., 2007). The Rabex-5–deficient NF73 cells, which were mouse
embryo fibroblasts isolated from Rabex-5 knockout mice (Kalesnikoff et al.,
2007), were kindly provided by Dr. S. J. Galli’s laboratory at Stanford Uni-
versity (Stanford, CA). NF73 and HeLa cells were grown in 35-mm culture
dishes with 3 ml of DMEM containing 10% fetal bovine serum (Invitrogen,
Carlsbad, CA). Cells were transfected with the plasmid constructs expressing
various Rabex-5, Rab22, and Rab5 proteins as indicated via FuGENE HD-
mediated procedure (Roche Applied Science, Indianapolis, IN) and incubated
at 37°C in a tissue culture incubator with 5% CO2. The expression vectors
included pcDNA3 (Invitrogen), pBI (Clontech, Mountain View, CA), and
pSIREN-RetroQ-DsRed-Express (Clontech). The pBI vector can express two
cloned proteins simultaneously, whereas the pSIREN-RetroQ-DsRed-Express
vector can express a cloned short hairpin RNA (shRNA) and dsRed simulta-
neously. Protein expression was confirmed by immunoblot analysis, and
intracellular localization and endosomal morphology were determined by
confocal fluorescence microscopy (see below).

Immunoblot Analysis
Cells were lysed in 1% SDS (200 �l/35-mm dish), and the lysates were
sheared to reduce the stickiness by passing through a 26-gauge needle five
times with a 1-ml syringe, followed by SDS-polyacrylamide gel electrophore-
sis (PAGE) and immunoblot assays by using the enhanced chemilumines-
cence reagents (GE Healthcare, Chalfont St. Giles, Buckinghamshire, United
Kingdom). The primary antibodies used in the immunoblot assays were
anti-Myc and anti-actin monoclonal antibody (mAb) from Sigma-Aldrich (St.
Louis, MO), anti-Rabex-5 mAb from BD Biosciences (San Jose, CA), and
anti-Rab22 rabbit polyclonal antibody from Proteintech Group (Chicago, IL).
The results were quantified by densitometry using Densitometer SI (GE
Healthcare).

Confocal Fluorescence Microscopy
We used a Leica confocal laser scanning microscope with Ar-488 and Kr-568
laser excitation in the Flow and Image laboratory on campus. BHK-21, HeLa,
and NF73 cells were grown on coverslips with or without transfection. The
plasmids used for transfection included pBI and pcDNA3 constructs express-
ing various green fluorescent protein (GFP)-Rabex-5, red fluorescent protein
(RFP)-Rab22, and GFP-Rab5 proteins, and the pSIREN-RetroQ-DsRed-Ex-
press constructs expressing Rab22 shRNAs as indicated. Cells were incubated
at 37°C for 24 or 48 h as indicated and then processed for confocal fluores-
cence microscopy to determine the morphology of endogenous or GFP-
Rabex-5–, RFP-Rab22–, and GFP-Rab5–labeled early endosomes in the cells.
In this case, cells were rinsed three times with phosphate-buffered saline (PBS)
and fixed for 20 min with 4% paraformaldehyde (w/v in PBS) at room
temperature. The coverslips were then directly processed for microscopy or
used for further immunofluorescence microscopy to identify endogenous
Rab5, Rabex-5, Rab22, and EEA1. In this case, the fixed cells were permeabil-
ized with 0.1% saponin or Triton X-100 (w/v in PBS), and probed with the
anti-Rab5, anti-Rabex-5, anti-Rab22, and anti-EEA1 antibodies from BD Bio-

sciences, Proteintech Group, and Santa Cruz Biotechnology (Santa Cruz, CA),
respectively. The secondary antibodies were goat anti-mouse IgG conjugated
to Alexa568 (red) and goat anti-rabbit IgG conjugated to Alexa488 (green) or
Alexa647 (blue) (Invitrogen). The coverslips were then mounted in PBS on
glass slides and viewed with a microscope.

Glutathione Transferase (GST) Pull-Down Assay
We cloned the cDNAs of Rab5 and Rab22 into the pGEX-4T-2 vector (GE
Healthcare) and the resulting pGEX-4T-2/Rab5 and pGEX-4T-2/Rab22 con-
structs were then used to transform the Escherichia coli strain DH5� and to
express GST-Rab5 and GST-Rab22 fusion proteins, respectively. GST-Rab5
and GST-Rab22 were then affinity purified with glutathione-Sepharose 4B
resin (GE Healthcare) and loaded with guanosine 5�-O-(3-thio)triphosphate
(GTP�S) or guanosine 5�-O-(2-thio)diphosphate (GDP�S) (Sigma-Aldrich) for
the pull-down assays with various Rabex-5 proteins. Each Rabex-5 protein
contained a Myc epitope at the N terminus and was expressed via the pBI
vector in BHK cells for 24 h at 37°C. The cells were then washed with ice-cold
PBS and lysed for 5 min in the lysis buffer, which contained 25 mM HEPES,
pH 7.4, 100 mM NaCl, 5 mM MgCl2, 0.1% NP-40, 10% glycerol, 1 mM
dithiothreitol, and protease inhibitor cocktail (Sigma-Aldrich). Lysates were
clarified by centrifugation at 10,000 � g for 2 min at 4°C, and the supernatants
(180 �l) were incubated with 20 �l (20 �g) of the GST-Rab5 or GST-Rab22
fusion proteins on the glutathione-Sepharose 4B resin for 30 min at 4°C on a
rotating mixer. The resin was subsequently rinsed with the lysis buffer,
resuspended in SDS sample buffer, boiled for 3 min, and subjected to SDS-
PAGE (12% gel), followed by immunoblot analysis with the anti-Myc anti-
body.

Epidermal Growth Factor (EGF) Endocytosis
and Degradation
NF73 cells were grown on glass coverslips in 35-mm culture dishes and
transfected with peGFP-N1/EGFR and pBI constructs expressing various
Myc-tagged Rabex-5 proteins, respectively, for 24 h. Then the growth medium
was replaced with a HEPES-buffered medium containing Alexa555-EGF (5
ng/ml) (Invitrogen) and bovine serum albumin (2 mg/ml) and incubated for
10 min at 37°C. Cells were then washed four times with the HEPES-buffered
medium without Alexa555-EGF and chased in the same medium for 0, 0.5, 2,
and 4 h at 37°C. The cells were rinsed, fixed, and processed for confocal
immunofluorescence microscopy as described above. In this case, the immu-
nofluorescence staining was to confirm the expression of Myc-tagged Rabex-5
proteins with an anti-Myc mAb and a secondary goat anti-mouse IgG conju-
gated to Alexa647. The fluorescence of epidermal growth factor receptor
(EGFR)-enhanced (e)GFP and Alexa555-EGF was directly observed in the
same cells. The total fluorescence intensity of Alexa555-EGF in the cell was
quantified with 60 randomly selected cells that also contained EGFR-eGFP
and the indicated Myc-Rabex-5 construct in each experiment. The SEM was
obtained from three independent experiments.

RESULTS

Rabex-5 Is a Rab22 Effector and Targets to
Rab22-containing Early Endosomes
In the process of examining Rabex-5 interactions with Rab5
subfamily members in pull-down assays, we identified an
interaction between Rabex-5 and Rab22, which surprisingly
exhibited a binding profile distinct from that of Rabex-5 and
Rab5 interaction. GST fusion proteins of Rab22 and Rab5 on
glutathione Sepharose beads were loaded with GTP�S or
GDP�S and used to pull-down various Rabex-5 constructs
expressed in BHK cells. The Rabex-5 constructs included the
full-length protein (FL, residues 1-492), the GEF domain
(residues 135-399), and the EET domain (residues 81-230),
and each contained an N-terminal myc epitope for immu-
noblot detection (Figure 1A). Rab5 loaded with GDP�S but
not GTP�S was associated with the GEF domain (Figure 1B),
in support of its high GEF activity toward Rab5 (Delprato et
al., 2004). Full-length Rabex-5 showed no detectable binding
to Rab5 (Figure 1B), consistent with the fact that it has little
GEF activity toward Rab5 in vitro due to a block by the
coiled-coil domain immediately downstream of the GEF
domain (Delprato and Lambright, 2007; Zhu et al., 2007). In
contrast, full-length Rabex-5 effectively associated with
Rab22 and only with its GTP�S-loaded form (Figure 1B). The
binding of Rabex-5 to Rab22-GTP seemed much stronger
than the binding of the GEF domain to Rab5-GDP, based on
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the ratio of pull-down signal over input (compare Figure 1A
with Figure 1B). Importantly, the Rabex-5 and Rab22 inter-
action was mediated by the EET domain, which was bound
to Rab22-GTP�S, like the full-length protein (Figure 1B).
Because the EET domain is essential for direct membrane
targeting of Rabex-5 to early endosomes (Zhu et al., 2007),
the data suggest that Rab22 may recruit Rabex-5 to the early
endosomes. We also included Rab21 and Rab31 in these
pull-down assays. Rab21 interacted with Rabex-5 in the
same manner as Rab5, whereas Rab31 was not associated
with any of the Rabex-5 constructs tested (data not shown).

We confirmed the preference of Rabex-5 for GDP-bound
Rab5 by using GST-Rabex-5(81-399) to pull-down various
forms of Rab5: wild type (WT), Rab5:Q79L, and Rab5:S34N,
expressed in BHK cells (Figure 2A). Rab5:Q79L and Rab5:
S34N are two Rab5 mutants that are locked in GTP- and
GDP-bound forms, due to defects in GTP hydrolysis and
GTP binding, respectively. As expected, Rab5:S34N showed
the most robust binding to GST-Rabex-5(81-399), followed
by WT, whereas Rab5:Q79L showed no binding (Figure 2A).
Next, we determined whether Rabex-5 can form a tripartite

complex with Rab22 and Rab5 by using GST-Rab22 to pull-
down Rabex-5(81-399) and Rab5:S34N (Figure 2B). Rabex-
5(81-399) was either expressed alone or coexpressed with
Rab5:S34N in BHK cells and the cell lysates were used for
pull-down assays by GST-Rab22 loaded with GTP�S or
GDP�S (Figure 2B). The results showed that GST-Rab22
efficiently pulled down Rabex-5(81-399) as well as associated
Rab5:S34N in a GTP�S-dependent manner (Figure 2B), sug-
gesting formation of a tripartite complex of Rabex-5(81-399)
and the two Rabs. The nucleotide-dependence of pull-down
signals suggested specific protein interactions between
Rab22 and Rabex-5(81-399)/Rab5:S34N rather than nonspe-
cific binding to glutathione-Sepharose resin or GST.

Endogenous Rabex-5 and Rab22 colocalized in punctate
endosomes in BHK cells, as determined by confocal immu-
nofluorescence microscopy (Figure 3A). Although endoge-
nous Rabex-5 signal on the membrane was relatively weak,
the punctate staining pattern was consistently observed and
was essentially identical to that of Rab22 (Figure 3A). Fur-
thermore, coexpression of green fluorescent protein (GFP)-
Rabex-5 and red fluorescent protein (RFP)-Rab22 in BHK

Figure 1. Rabex-5 differentially interacts
with Rab22 and Rab5. (A) Schematic struc-
ture of Rabex-5 and immunoblot showing
the input Myc-tagged Rabex-5 proteins ex-
pressed in BHK cells, including Myc-Rabex-
5(81-230), Myc-Rabex-5(135-399), and Myc-
Rabex-5(FL). The cells were transfected with
the pBI constructs expressing the indicated
Rabex-5 proteins and an aliquot (10 �l) of
each cell lysate (after clarification by centrif-
ugation at 10,000 � g) was subjected to im-
munoblot analysis with the anti-Myc anti-
body. The results were reproducible in two
independent experiments. Molecular mass
standards (in kilodaltons) are indicated on the
left of the panel. The schematic structure il-
lustrates the functional domains of Rabex-5
described in the text. (B) GST pull-down as-
says showing that Rab22 and Rab5 bind to
different regions of Rabex-5, with distinct nu-
cleotide requirement. GST-Rab22 and GST-
Rab5 on glutathione-Sepharose 4B resin were
loaded with either GTP�S or GDP�S and then
incubated with the cell lysates (180 �l each,
after clarification by centrifugation at 10,000 g)
containing Myc-Rabex-5(81-230), Myc-Rabex-
5(135-399), and Myc-Rabex-5(FL), respectively,
as indicated. The bound Rabex-5 proteins on
the resin were identified by immunoblot anal-
ysis with the anti-Myc antibody. The results
were reproducible in two independent experi-
ments. Molecular mass standards (in kilodal-
tons) are indicated on the left of the panels.
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cells showed complete colocalization of the two proteins in
the early endosomes, which contained the early endosomal
marker EEA1 and were significantly enlarged, as deter-
mined by confocal fluorescence microscopy (Figure 3B). The
size increase of the early endosomes required the Rab5 GEF
activity of Rabex-5, because GFP-Rabex-5(D314A), a mutant
lacking the GEF activity (Delprato et al., 2004), showed the
same colocalization with RFP-Rab22, but these endosomes
were much smaller and tended to cluster together (Figure 3).
The clustered small endosomes were likely due to competi-
tion of the mutant with endogenous Rabex-5 for interaction
with Rab22 and Rab5, leading to inhibition of endosome
fusion. Moreover, GFP-Rabex-5(81-230), i.e., the EET do-
main, was sufficient for targeting to the RFP-Rab22–contain-
ing early endosomes in the cell (Figure 3), consistent with
the pull-down data (Figure 1) and supporting our conten-
tion that Rab22 binds to the EET domain of Rabex-5 to
recruit Rabex-5 to the membrane. In contrast, GFP-Rabex-
5(135-399), i.e., the GEF domain, exhibited diffused cytosolic
staining throughout the cell, and there was no colocalization
with RFP-Rab22 and EEA1 on the early endosomes (Figure
3). Taken together, the data suggest that Rab22 may recruit
Rabex-5 to the early endosomal membrane where Rabex-5
subsequently activates Rab5 to promote fusion and enlarge-
ment of these endosomes.

Inhibition of Rab22 via shRNA Blocks Membrane
Targeting and Function of Rabex-5
Next, we investigated the effect of shRNA-mediated knock-
down of Rab22 on the membrane targeting and function of
Rabex-5. A previously described shRNA specific for human
Rab22 (Magadan et al., 2006) was used in this study and
expressed in HeLa cells via the pSIREN-RetroQ-DsRed-Ex-
press vector, which simultaneously expressed dsRed-Ex-
press, an RFP, for identification of transfected cells by fluo-
rescence microscopy. The effective knock down of Rab22

expression in the cell was confirmed by immunofluores-
cence microscopy with an anti-Rab22 antibody. Endogenous
Rab22 showed punctate endosomal staining in the cyto-
plasm (Figure 4A), as reported previously (Weigert et al.,
2004; Magadan et al., 2006). The Rab22 signal was dramati-
cally reduced in transfected cells that expressed the Rab22-
specific shRNA, which were identified by the red fluores-
cence in these cells (Figure 4A). As a negative control,
expression of a scrambled shRNA had no effect on the Rab22
level in the cell (Figure 4A). Further immunoblot analysis of
the cell lysates confirmed the effectiveness of the Rab22-
specific shRNA, which reduced the Rab22 level by more
than 80% in these cells (Figure 4B).

Coexpression of the Rab22-specific shRNA with GFP-Ra-
bex-5 in HeLa cells revealed that the knockdown of Rab22
expression abrogated the direct targeting of GFP-Rabex-5 to
early endosomes (Figure 4C). Cells that expressed only GFP-
Rabex-5 showed that GFP-Rabex-5 efficiently targeted to
EEA1-containing early endosomes and enlarged these endo-
somes as determined by confocal fluorescence microscopy
(Figure 4C), consistent with the observation in BHK cells
(Figure 4) (Zhu et al., 2007). In contrast, cells that coex-
pressed the Rab22-specific shRNA with GFP-Rabex-5, as
identified by the presence of both red and green fluorescence
in the same cell, showed dramatic reduction in early endo-
some-associated GFP-Rabex-5, which instead was redistrib-
uted to the cytosol as evidenced by the diffuse green fluo-
rescence throughout the cytoplasm (Figure 4C). Residual
GFP-Rabex-5 could also be found on some small EEA1-
containing endosomes (Figure 4C, arrows), which were not
significantly enlarged, reflecting reduced recruitment of
GFP-Rabex-5 on the membrane. In control cells that ex-
pressed a scrambled shRNA, GFP-Rabex-5 targeted nor-
mally to early endosomes and enlarged these endosomes
(Figure 4C), like in the cells expressing GFP-Rabex-5 alone
(Figure 4C).

Figure 2. Tripartite complex of Rabex-5,
Rab22 and Rab5. (A) GST-Rabex-5(81-399)
pull-down of various forms of Rab5. Myc-
Rab5:WT, Myc-Rab5:Q79L, and Myc-Rab5:
S34N were expressed in BHK cells, respec-
tively, and cell lysates were clarified by
centrifugation at 10,000 � g. The postnuclear
supernatants were either directly analyzed
(10 �l) by immunoblot assays with the anti-
Myc antibody to confirm protein expression
or incubated (180 �l) with GST-Rabex-5(81-
399) on glutathione-Sepharose 4B resin in the
pull-down assays to determine protein inter-
actions, as indicated. The results were repro-
ducible in two independent experiments. Mo-
lecular mass standards (in kilodaltons) are
indicated on the left of the panel. (B) GST-
Rab22 pull-down of Rabex-5(81-399) and
Rab5:S34N. Myc-Rabex-5(81-399) was either
expressed alone or coexpressed with Myc-
Rab5:S34N in BHK cells and cell lysates were
clarified by centrifugation at 10,000 � g. The
postnuclear supernatants were either directly
analyzed (10 �l) by immunoblot assays with
the anti-Myc antibody to confirm protein ex-
pression or incubated (180 �l) with GST-
Rab22-GTP�S or GST-Rab22-GDP�S on glu-
tathione-Sepharose 4B resin in the pull-down
assays to determine protein interactions, as
indicated. The bound proteins on the resin were identified by immunoblot assays with the anti-Myc antibody. The results were reproducible
in two independent experiments. Molecular mass standards (in kilodaltons) are indicated on the left of the panels.
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The data showed that targeting of GFP-Rabex-5 to early
endosomes was dependent on Rab22. Although Rabaptin-5 in
Rab22-depleted cells could potentially bind to GFP-Rabex-5
and recruit it to the endosomes, endogenous Rabaptin-5 is
limiting and already associated with endogenous Rabex-5
and thus unavailable to form new complexes with GFP-
Rabex-5 (Zhu et al., 2007). In support of this contention,
coexpression of Rabaptin-5 with GFP-Rabex-5 was able to
rescue the defective membrane targeting of GFP-Rabex-5 in
Rab22-depleted cells (Supplemental Figure S1).

Rabex-5 Mediates Functional Synergy of Rab22 and Rab5
in Regulation of Early Endosomal Dynamics
To determine how Rab22-mediated recruitment of Rabex-5
may impact Rab5 activation and early endosomal dynamics,
we first examined, via confocal immunofluorescence micros-
copy, if endogenous Rab22 and Rab5 colocalize on early
endosomes in BHK and NF73 cells. The latter was a Rabex-

5–deficient mouse embryo fibroblast line isolated from Ra-
bex-5 knockout mice (Kalesnikoff et al., 2007). In both cell
types, Rab22 and Rab5 colocalized to punctate early endo-
somes (Figure 5A, arrows). However, the Rab5 staining on
early endosomes in NF73 cells was consistently weaker,
especially considering its much higher expression level in
NF73 cells than in BHK cells (Figure 5B). NF73 cells might
up-regulate Rab5 expression to compensate for the loss of
Rabex-5. Alternatively, Rabex-5 as a ubiquitin ligase (Mat-
tera et al., 2006) could target Rab5 for degradation, leading to
lower steady-state level of Rab5 in normal cells. Another
interesting observation was that the Rab22- and Rab5-con-
taining early endosomes clustered at the perinuclear region
in BHK cells, whereas they were evenly distributed through-
out the cytoplasm in NF73 cells (Figure 5A). Both BHK and
NF73 are fibroblasts with elongated morphology, in contrast
to HeLa cells. The redistribution of early endosomes in NF73
cells seems to be due to Rabex-5 deficiency and reduced
Rab5 activity, because expression of Rabex-5 in NF73 cells
restored the perinuclear localization pattern of Rab5 and
Rab22 (Figure 5A). The data are consistent with a role of
Rab5 in regulation of early endosomal movement along the
cytoskeleton (Nielsen et al., 1999).

We next determined the effects of overexpression of Rab22
and Rab5 on early endosomal dynamics in BHK and NF73
cells. RFP-Rab22 and GFP-Rab5 were either expressed sep-
arately or coexpressed in the cells, followed by confocal
fluorescence microscopy. In BHK cells, either RFP-Rab22 or
GFP-Rab5 alone targeted to early endosomes, and enlarged
these endosomes to some extent (Figure 5C) in comparison
to their endogenous counterparts (Figure 5A). Coexpression
of RFP-Rab22 and GFP-Rab5 showed colocalization of the
two Rabs in the same early endosomes (Figure 5C). A strik-
ing observation was that the RFP-Rab22- and GFP-Rab5-
containing early endosomes were much larger than those
containing either RFP-Rab22 or GFP-Rab5 alone (Figure 5, C
and D), suggesting a collaborative relationship of Rab22 and
Rab5 in regulation of early endosome fusion. Importantly,
the functional synergy of the two Rabs was dependent on
Rabex-5, as evidenced by the uncoupling of Rab22 and Rab5
functions in NF73 cells. When expressed separately, RFP-
Rab22–containing early endosomes showed dramatically
distinct morphology from those containing GFP-Rab5 (Fig-
ure 5C). The former were dramatically enlarged, whereas
the latter exhibited small punctate structures similar to en-
dogenous early endosomes (Figure 5, C and D), suggesting
enhanced Rab22-mediated endosome fusion but little
change in Rab5 activity. Furthermore, coexpression of RFP-
Rab22 and GFP-Rab5 showed only partial colocalization in
NF73 cells, in contrast to the complete colocalization of the
two Rabs in BHK cells (Figure 5C). RFP-Rab22-containing
endosomes exhibited extreme heterogeneity in size, ranging
from small to very large with GFP-Rab5 concentrated in the
small ones (Figure 5C). The large RFP-Rab22-containing en-
dosomes lacked GFP-Rab5 (Figure 5C, arrows). Along this
line, the size of these large RFP-Rab22-containing endo-
somes was no different with or without coexpression of
GFP-Rab5 in NF73 cells (Figure 5, C and D), in contrast to
the functional synergy of the two Rabs in BHK cells (Figure
5, C and D). Rab22, like Rab5, can use EEA1 as an effector to
promote early endosome fusion (Kauppi et al., 2002). Our
data can be reconciled if Rabex-5 competes with EEA1 for
binding to Rab22-GTP on the early endosomes in normal
cells, suppressing Rab22-mediated endosome fusion while
activating Rab5-mediated endosome fusion.

Introduction of Rabex-5 into NF73 cells completely re-
stored the colocalization of GFP-Rab5 and RFP-Rab22 on

Figure 3. Rabex-5 targets to Rab22-containing early endosomes via
the EET domain. (A) Confocal fluorescence microscopy showing
colocalization of endogenous Rab22 and Rabex-5 in BHK cells. The
cells were fixed, permeabilized, and immunostained with an anti-
Rab22 rabbit polyclonal antibody and an anti-Rabex-5 mAb, fol-
lowed by confocal fluorescence microscopy. The individual chan-
nels (green and red) are shown in black and white, whereas the
merged image is shown in color. Bar, 8 �m. (B) Confocal fluores-
cence microscopy showing colocalization of GFP-Rabex-5 with RFP-
Rab22 on EEA1-containing early endosomes in BHK cells. Various
GFP-tagged Rabex-5 constructs (green), as indicated, were coex-
pressed with RFP-Rab22 (red). The cells were fixed, permeabilized,
and immunostained with an anti-EEA1 polyclonal antibody (blue),
followed by confocal fluorescence microscopy. The individual chan-
nels (green, red, and blue) are shown in black and white, whereas
the merged images are shown in color. Bar, 8 �m.
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enlarged early endosomes (Figure 5C). Like Rabex-5, Rabex-
5(1-399) and Rabex-5(135-480) were also able to restore the
colocalization of GFP-Rab5 and RFP-Rab22 on enlarged en-
dosomes in NF73 cells (Supplemental Figure S2). Rabex-
5(135-480) lacks the Rab22-binding domain, but it can target
to early endosomes indirectly via association with Rabap-
tin-5 in NF73 cells. Expression of Rabex-5:D314A, a mutant
without Rab5 GEF activity, inhibited early endosome fusion
and resulted in colocalization of GFP-Rab5 and RFP-Rab22
in clustered small endosomes (Supplemental Figure S2). The
data suggest that Rab5 and Rab22 target to the same early
endosomes and Rabex-5 plays a key role in maintaining
their colocalization in the cell. In the absence of Rabex-5,
increased Rab22-mediated membrane fusion, without ac-
companied increase in Rab5-mediated fusion, may contrib-
ute to the separation of the two Rabs into different popula-
tions of endosomes.

The function of the Rab22-Rabex-5-Rab5 cascade was fur-
ther examined by determining endocytosis and degradation
of EGF in the Rabex-5–deficient NF73 cells. The uptake of
Alexa555-EGF was monitored by confocal fluorescence mi-
croscopy. To facilitate EGF endocytosis, NF73 cells were
transfected with a construct expressing EGFR-GFP and the
transfected cells showed strong uptake of Alexa555-EGF that
colocalized with EGFR-GFP in punctate endosomes (data
not shown). To determine the kinetics of Alexa555-EGF deg-

radation, an initial 10-min uptake was followed by different
times of chase in fresh medium without Alexa555-EGF. It
was apparent that the degradation kinetics was very slow in
these cells (Figure 6). Immediately after the uptake, Al-
exa555-EGF showed up in puncate endosomes in all cells
containing EGFR-GFP. The total fluorescence intensity of
Alexa55-EGF in the cell gradually decreased over time due
to degradation in late endosomes/lysosomes (Figure 6).
However, there were still 50% of Alexa555-EGF retained in
the cell after a 4-h chase (Figure 6). In comparison, coexpres-
sion of Rabex-5 in these cells greatly accelerated Alexa555-
EGF degradation, with nearly 80 and 90% degradation
achieved within 2 and 4 h, respectively (Figure 6). At these
times, the Alexa555-EGF fluorescence signal was dramati-
cally reduced and was beyond detection in most cells. The
Rabex-5–facilitated EGF degradation was mediated by its
activation of Rab5, because the Rabex-5:D314A mutant lack-
ing Rab5 GEF activity failed to increase Alexa555-EGF deg-
radation (Figure 6).

Rabex-5 can activate Rab5 via the newly identified Rab22-
Rabex-5-Rab5 cascade or indirectly via association with
Rabaptin-5 that binds to Rab5-GTP in a positive feedback
loop (Lippe et al., 2001). To distinguish the two Rabex-5
pathways, we took advantage of the two Rabex-5 constructs:
Rabex-5(1-399) and Rabex-5(135-480) that can use the direct
and indirect pathways, respectively (Zhu et al., 2007). Rabex-

Figure 4. Blocking Rab22 expression via
shRNA abrogates direct membrane targeting
and function of Rabex-5. (A) Confocal fluores-
cence microscopy showing knockdown of en-
dogenous Rab22 by Rab22-specific shRNA in
HeLa cells. Cells were transfected with pSI-
REN-RetroQ-DsRed-Express constructs ex-
pressing either a Rab22-specific or a scram-
bled shRNA as indicated. Transfected cells
were identified by dsRed expression whose
red fluorescence is distributed throughout
cytoplasm and in nucleus. Rab22 in trans-
fected cells (with red fluorescence) as well
as untransfected cells (without red fluores-
cence) was identified by immunofluores-
cence microscopy with the anti-Rab22 anti-
body (green). The results were reproducible
in two independent experiments. Bar, 8 �m.
B. Immunoblot confirming the knockdown
of endogenous Rab22 by Rab22-specific
shRNA in HeLa cells. Cell lysates from either
untransfected cells as a control or transfected
cells expressing scrambled or Rab22-specific
shRNA were subjected to immunoblot analy-
sis with the anti-Rab22 antibody. The same
membrane was also probed with the anti-
actin antibody, as a loading control. Molecu-
lar mass standards (in kilodaltons) are indi-
cated on the left side of the panels. The results
were reproducible in three independent ex-
periments. (C) Confocal fluorescence micros-
copy showing that shRNA-mediated Rab22
knockdown blocks membrane targeting of
Rabex-5 to early endosomes in HeLa cells. Cells
were either mock transfected as a control or
transfected with the pSIREN-RetroQ-DsRed-
Express constructs expressing Rab22-specific or
scrambled shRNAs as indicated (red). GFP-
Rabex-5 (green) was coexpressed in these
cells via pBI vector. At 48 h posttransfection,
the cells were fixed, permeabilized, and im-
munostained with the anti-EEA1 polyclonal antibody (blue), followed by confocal fluorescence microscopy. The results were reproducible
in three independent experiments. Bar, 8 �m.
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5(1-399) contains the EET domain for binding to Rab22 and
targets to early endosomes directly, but lacks the Rabaptin-5–
binding domain. In contrast, Rabex-5(135-480) contains the
Rabaptin-5-binding domain, but lacks the EET domain. Ex-
pression of Rabex-5(1-399), like Rabex-5, strongly increased
Alexa555-EGF degradation in the cell (Figure 6). Rabex-5(135-
492) was also able to increase Alexa555-EGF degradation, but
the kinetics was much slower (Figure 6). The data suggest that
the Rab22–Rabex-5–Rab5 cascade is functionally important in
promoting a faster and efficient endocytic pathway for ligand/
receptor degradation, e.g., EGF and EGFR.

DISCUSSION

Membrane targeting to early endosomes is critical for Ra-
bex-5 to activate Rab5 that is associated with early endo-
somes in the cell. A well-documented membrane targeting
mechanism is mediated by Rabaptin-5, a Rab5 effector that
binds to Rab5-GTP (Stenmark et al., 1995; Zhu et al., 2004). In
this case, Rabex-5 forms a complex with Rabaptin-5 and the
complex targets to early endosomes via Rabaptin-5 binding

to Rab5-GTP on the membrane (Lippe et al., 2001). Here, we
identify a novel membrane targeting pathway that directly
recruits Rabex-5 to early endosomes via binding to Rab22-
GTP on the early endosomes.

Our finding that Rabex-5 differentially interacts with Rab5
and Rab22 is consistent with previous observations that
Rabex-5 shows strong GEF activity toward Rab5 but not
Rab22 (Delprato et al., 2004). Indeed, our pull-down results
indicate that Rabex-5 interacts with GDP-bound but not
GTP-bound Rab5. In contrast, Rabex-5 binds to GTP-bound
Rab22, establishing Rabex-5 as a Rab22 effector. Rabex-5
binds Rab22 via its EET domain (residues 81-230), which is
immediately upstream of the catalytic Vps9 domain (resi-
dues 231-400). Interestingly, Rabex-5 binds to Rabaptin-5 via
a coiled-coil domain (residues 401-462) immediately down-
stream of the Vps9 domain (Mattera et al., 2006; Delprato
and Lambright, 2007; Kalesnikoff et al., 2007; Zhu et al., 2007).
Thus, Rabex-5 targets to the early endosomes directly or
indirectly via two domains flanking the catalytic Vps9 do-
main that acts on Rab5-GDP and stimulates its GDP disso-
ciation and GTP loading.

Figure 5. Functional synergy of Rab22 and
Rab5 on early endosomes requires Rabex-5.
A. Confocal fluorescence microscopy show-
ing colocalization of endogenous Rab22 and
Rab5 in BHK and NF73 cells. NF73 cells were
either observed directly or after expression of
Rabex-5 as indicated. The cells were fixed,
permeabilized, and immunostained with an
anti-Rab22 rabbit polyclonal antibody and an
anti-Rab5 mAb, followed by confocal fluores-
cence microscopy. The individual channels
(green and red) are shown in black and white,
whereas the merged images are shown in
color. Bar, 8 �m. (B) Immunoblot showing
endogenous levels of Rab5, Rab22, and Ra-
bex-5 in BHK and NF73 cells. Cell lysates
were subjected to SDS-PAGE, followed by im-
munoblot analysis with the anti-Rab5, anti-
Rab22, and anti-Rabex-5 antibodies as indi-
cated. The same membrane was also probed
with the anti-actin antibody, as a loading con-
trol. Molecular mass standards (in kilodal-
tons) are indicated on the left side of the
panels. The results were reproducible in two
independent experiments. (C) Confocal fluo-
rescence microscopy showing synergistic en-
largement of early endosomes by GFP-Rab5
and RFP-Rab22 in BHK cells but not in Rabex-
5–deficient NF73 cells. GFP-Rab5 and RFP-
Rab22 were expressed either separately or to-
gether in the cells, as indicated, followed by
confocal fluorescence microscopy. The coex-
pression of Myc-Rabex-5 in the bottom panel
was confirmed by immunofluorescence mi-
croscopy (data not shown). The results were
reproducible in three independent experi-
ments. Bar, 8 �m. D. Quantification of early
endosomal size in BHK and NF73 cells. The
graph shows the maximal size of early endo-
somes labeled by GFP-Rab5 alone, RFP-Rab22
alone, or both of the Rabs. In each case, the
diameters of 100 of the largest endosomes in
�40 cells were measured and shown are the
mean and calculated SEM.
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Rab22-GTP recruits Rabex-5 to the membrane, which in
turn acts on Rab5-GDP to convert it to Rab5-GTP. This
Rab22-Rab5 signaling pathway represents a new Rab
GTPase cascade in the regulation of early endosomal dynam-
ics. In mammalian cells, the Rab5 subfamily of Rab GTPases
contains four highly related members including Rab5,
Rab21, Rab22, and Rab31 (also called. Rab22b) (Pereira-Leal
and Seabra, 2000; Stenmark and Olkkonen, 2001). Three of
them, Rab5, Rab21, and Rab22, reside in the early endo-
somes. Like Rab5, Rab21 seems to promote early endosome
fusion and receptor-mediated endocytosis (Simpson et al.,
2004). Importantly, Rab21 is as a good substrate as Rab5 for
the GEF activity of Rabex-5 (Delprato et al., 2004). Thus, the
Rab22-Rab5 cascade should include Rab21 and the recruit-

ment of Rabex-5 by Rab22-GTP may lead to activation of
both Rab5 and Rab21, suggesting a temporal convergence of
functional Rab domains on the early endosomal membrane.
Our data show that Rabex-5 is necessary for functional
coupling of Rab22 and Rab5 in early endosome fusion. En-
dogenous Rab22 and Rab5 activities are limited, as evi-
denced by punctate small early endosomal structures in
normal cells, and coexpression of Rab22 and Rab5 leads to
synergistic enlargement of the early endosomes. However,
this functional synergy is lost in Rabex-5-deficient NF73
cells. In this case, expression of Rab22 alone dramatically
enlarges the endosomes, whereas expression of Rab5 has
little effect, Thus, although Rabex-5 activates Rab5 as a GEF,
it inhibits Rab22 as an effector at the same time in endosome

Figure 6. Rab22–Rabex-5–Rab5 cascade pro-
motes degradation of endocytosed EGF. (A)
Confocal fluorescence microscopy showing
clearance of internalized Alexa555-EGF over
time in NF73 cells without or with the indi-
cated Rabex-5 proteins. Alexa555-EGF (5 ng/
ml) was internalized for 10 min, followed by
0-, 0.5-, 2-, and 4-h chase as indicated. Repre-
sentative images show the amount of Al-
exa555-EGF remaining in the cell at each time
point in control NF73 cells or cells expressing
Myc-Rabex-5, Myc-Rabex-5(1-399), Myc-Ra-
bex-5(135-480), or Myc-Rabex-5:D314A. Simi-
lar expression levels of the Myc-tagged Ra-
bex-5 proteins in these cells were confirmed
by immunostaining with an anti-Myc mAb
and goat anti-mouse IgG conjugated to Al-
exa647 (data not shown). Bar, 8 �m. (B) Quan-
tification of Alexa555-EGF degradation de-
scribed in A. In each case, 60 cells were
measured for the fluorescence intensity of Al-
exa555-EGF in the cell. The fluorescence in-
tensity at 0 min is standardized as 100%. The
graph shows percent of fluorescence loss
(degradation) over time. Error bars represent
SEM from three independent experiments.
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fusion, presumably by competing with EEA1 for binding to
Rab22-GTP on the endosomal membrane. Our data suggest
that Rab22- and Rab5-mediated endosome fusions are func-
tionally distinct in early endosomal sorting and Rabex-5
level in the cell determines which type of fusion and sorting
prevails. The Rab22–Rabex-5–Rab5 cascade promotes Rab5-
mediated endosome fusion, which in turn promotes endo-
cytic traffic and degradation of encytosed ligands, e.g., EGF.

The identification of Rab22-Rabex-5-Rab5 signaling cas-
cade supports a general concept of Rab cascade in regulation
of intracellular membrane trafficking. The first Rab-GEF-Rab
cascade was identified in the yeast exocytic pathway where
two homologous Rabs Ypt31 and Ypt32p, in the GTP-bound
form, recruit Sec2p to the Golgi membrane (Ortiz et al.,
2002). Sec2p is a GEF for the downstream Rab Sec4p that
promotes transport of Golgi-derived vesicles to the plasma
membrane (Walch-Solimena et al., 1997); thus, Sec2p acti-
vates Sec4p and functionally links Ypt31p/32p and Sec4p to
promote exocytosis (Ortiz et al., 2002). A variation on the
theme is the TRAnsport Protein Particle complex that
switches its GEF specificity from Ypt1 to Ypt31 via incorpo-
ration of additional subunits (Morozova et al., 2006). In
mammalian systems, the Rab5-Rab7 conversion that occurs
during the transition from early endosomes to late endo-
somes is suggested to involve a Rab cascade mediated by
two components of the class C VPS/HOPS complex, Vps11p
and Vps39p (Rink et al., 2005). Vps11p is a Rab5 effector,
whereas Vps39p contains GEF activity for Ypt7 (Wurmser et
al., 2000) and is assumed to contain GEF activity for its
mammalian homolog Rab7. This assumption, however, re-
mains to be established. Our current study identifies a
Rab22–Rabex-5–Rab5 signaling cascade within the early en-
dosomal network and suggests another layer of complexity
in the regulation of early endosomal dynamics.

The Rab22-mediated recruitment of Rabex-5 to early en-
dosomes is distinct from the ubiquitin-mediated Rabex-5
recruitment reported recently (Mattera and Bonifacino,
2008), because the EET domain, in the absence of N-terminal
ZnF and MIU domains, is necessary and sufficient for bind-
ing to Rab22-GTP and targeting to Rab22-containing early
endosomes. The relationship of the two membrane targeting
pathways is unclear at present, but they are not mutually
exclusive and both may contribute to the association of
Rabex-5 with early endosomes. Direct targeting of Rabex-5
to early endosomes activates Rab5, which in turn recruits
Rabaptin-5/Rabex-5 complexes that further activates Rab5
and produces more Rab5-GTP to maintain the Rab5 domain
(Horiuchi et al., 1997; Lippe et al., 2001). With the identifica-
tion of Rabex-5 as a Rab22 effector, a new Rab GTPase
cascade emerges within the early endosomal network that
begins with Rab22-mediated activation of Rab5 and/or
Rab21, which is then followed by linkage to Rab7 for further
trafficking along the endocytic pathway (Rink et al., 2005).
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