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Human immunodeficiency virus Rev-binding protein (HRB),
also called human Rev-interacting protein (hRIP) or Rev/Rex acti-
vation domain binding (RAB) is a partner of the tyrosine kinase
substrate EPS15, and it has been recovered in the AP-2 interac-
tome. EPS15 and AP-2 are involved in endocytosis, but the func-
tion of HRB in this process is still unknown. Here we identified
HRB as a partner of the vesicular SNARE tetanus neurotoxin-in-
sensitive vesicle-associated membrane protein (TI-VAMP, also
calledVAMP7) in yeast two-hybrid screens and using biochemical
assays. InHeLa cells, HRB localized both in the nucleus and in the
cytoplasm. In the cytoplasm, HRB colocalized with clathrin-,
AP-2-, EPS15-, and transferrin receptor-containing vesicles. We
did not see significant colocalization betweenHRB and TI-VAMP
inHeLa cells, andwe sawpartial colocalizationwith green fluores-
cent protein-TI-VAMP in stably expressing Madin-Darby canine
kidney cells. Nevertheless using a pHLuorin-tagged TI-VAMP
construct,we foundthatHRBandTI-VAMPcolocalizeclose to the
plasma membrane after 5 min of anti-green fluorescent protein
antibody uptake. These results suggest that TI-VAMP and HRB
may interact only during the early stages of endocytosis. Further-
more uptake experiments followed by fluorescence-activated cell
sorting showed that the endocytosis of fluorescent transferrin and
pHLuorin-TI-VAMP is strongly reduced inHRBknockdowncells.
Altogether these results suggest that HRB is involved in clathrin-
dependent endocytosis and recruits TI-VAMP in this process.

Alargebodyof evidence suggests that the formationofSNARE5
complexes between one vesicular SNARE (v-SNARE or VAMP)

and a target SNARE (t-SNARE) complex mediates the fusion of
intracellular membranes in eukaryotes (1). Target SNARE can be
composed of two to three proteins related to syntaxin 1 or synap-
tosome-associated protein of 25 kDa (SNAP-25). Followingmem-
brane fusion, the vesicular SNAREprotein localizes to its formerly
target membrane in association with its target SNARE proteins.
The ATPase N-ethylmaleimide-sensitive factor dissociates
SNARE complexes in associationwith solubleN-ethylmaleimide-
sensitive factor attachment proteins. Following this step,
v-SNAREs are thought to be recycled, but the molecular mecha-
nisms involved are only poorly understood (1–3).
Mammalian cells express only nine v-SNAREs (YKT6, SEC22,

andVAMPs1–5, 7, and 8), in fact even fewer inmost cells because
someVAMPs show a high cell/tissue-specific expression (4, 5). In
this family of protein, TI-VAMP is a particularly intriguingmem-
ber because of its original amino-terminal extension called the
Longin domain (6). The presence of a Longin domain in
v-SNAREs defines the Longin subfamily of VAMPs to which TI-
VAMP, SEC22, and YKT6 belong (6, 7). Other v-SNAREs belong
to the brevin subfamily ormay correspond to intermediates in the
case of VAMPs 4 and 8. The Longin domain of TI-VAMP plays
important regulatory functions that are not fully understood but
include the interactionwith themolecular coatAP-3 (8, 9) and the
inhibition of the capacity of TI-VAMP to associate with its
t-SNARE partners (8, 10). The expression of the Longin domain
alone inhibits neuritogenesis (10, 11), cellmigration (12), exocyto-
sis during phagocytosis (13), late endosome to lysosome transport
(14), and lysosomal secretion (12) thus suggestingadominantneg-
ative effect that may result from the titration of important endog-
enous regulators.
To identify the regulators of TI-VAMP, we carried out yeast

two-hybrid screens using the Longin domain alone or the full
cytoplasmic domain of TI-VAMP. Here we identify human
immunodeficiency virus Rev-binding protein (HRB; also called
Rev-interacting protein (RIP) or Rev/Rex activation domain
binding (RAB)) as a partner of TI-VAMP in yeast two-hybrid
screens and biochemical assays in vitro. HRBhas been shown to
be a cofactor of the retroviral protein Rev (15–17) and a partner
of the tyrosine kinase substrate EPS15 (18, 19) involved in endo-
cytosis. HRB is also implicated in the fusion of preacrosomal
vesicle during the formation of the acrosome in spermatogen-
esis (20), andmore recently, HRB has been found as an interac-
tor of the clathrin adaptor AP-2 (21) involved in endocytosis.
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Here we show that HRB localized both to the nuclei and to
AP-2�, EPS15�, clathrin�, and transferrin receptor (TfR)� ves-
icles. Silencing the expression of HRB by RNA interference and
shRNA led to the inhibition of transferrin (Tf) and TI-VAMP
endocytosis in a dose-dependentmanner. Thus our results sug-
gest that HRB regulates clathrin-dependent endocytosis and
may recruit TI-VAMP in this process.

EXPERIMENTAL PROCEDURES

Antibodies—The goat polyclonal antibody directed against a
carboxyl-terminal peptide of human HRB (sc-1424) was from
Santa Cruz Biotechnology, Inc. (Santa Cruz, CA). Mouse
monoclonal antibodies against the transferrin receptor (CD71),
clathrin (X22), and AP-2 (clone AP6) were from Sigma, BD
Transduction Laboratories, and Affinity Bioreagents (Golden,
CO), respectively. Monoclonal antibody against EPS15 was
kindly provided by A. Benmerah (Institut Cochin, Paris,
France). The mouse monoclonal antibody (clone 158.2) and
rabbit serum (TG18) directed against TI-VAMP/VAMP7 have
been described previously (22, 23). Mouse monoclonal anti-
GFP antibody was from Roche Diagnostics.
Affinity-purified Cy3- and Cy5-coupled anti-mouse, -rabbit,

or -goat immunoglobulins were from Jackson Immuno-
Research Laboratories (West Grove, PA). Alexa 488-coupled
anti-goat immunoglobulins and Alexa 488-transferrin were
fromMolecular Probes (Carlsbad, CA). Bovine serum albumin
and gelatin from cold water fish were from Sigma.
Constructs—The full-length cDNA sequence of human HRB

was cleaved from the pMT-Rab cl 14 construct fromDr. P. P. Di
Fiore (Fondazione Istituto FIRC di Oncologia Molecolare,
Milan, Italy) by restriction digest using XbaI and SalI. The
cleaved fragment was blunted using Klenow polymerase
enzyme and was cloned into the pcDNA3.1 (Invitrogen) plas-
mid by using the EcoRV site. The new construct pcDNA-Hrb
was checked by sequencing.
We previously described a pHLuorin-TI-VAMP construct

(10). Here we improved the construction by adding a linker
sequence between TI-VAMP and pHLuorin. Rat brain
TI-VAMP cDNA bearing an AgeI site and a linker sequence
(three Ser-Gly-Gly repeats) (24) in its 3�-end was obtained by
PCR and cloned in the pcDNA3 vector. The superecliptic var-
iant of pHLuorin was then cloned in the AgeI sites. The muta-
tions (F64L and S65T) required to obtain the superecliptic var-
iant (25) were obtained by site-directed mutagenesis.
Yeast Two-hybrid Cloning and Analysis—Yeast two-hybrid

screens performed on human placenta cDNA library were
described previously (8). For the screen performed on human
fetal brain library, the same approach was used using only the
TI-VAMP cytosolic domain (amino acids 1–188) as bait. The
screenswere carried out byHybrigenics (Paris, France) using its
standard procedures. Relevance of each identified interaction
was noted on an A to E predicted biological score scale as fol-
low. “A,” “B,” and “C” show “very high,” “high,” and “good”
confidence, respectively, in the interaction.
Cell Culture—HeLa cells were cultured at 37 °C at 5% CO2 in

Dulbecco’s modified Eagle’s medium (DMEM) with 10% fetal
calf serum, 100 units/ml penicillin, and 100 �g/ml streptomy-

cin. Cells were regularly passaged by trypsin-EDTA tomaintain
exponential growth. All culture media were from Invitrogen.
Tet-Off MDCK cells overexpressing GFP and GFP-Longin

were described previously (12). Briefly Tet-Off MDCK cells
were cultured in DMEMwith 7% fetal calf serum, 100 units/ml
penicillin and streptomycin, 400�g/ml hygromycin, 200�g/ml
G418, and 0.5 �g/ml doxycycline. Experiments were carried
out for at least 5 days after the removal of doxycycline.
RNA Interference and Stable Cell Lines with shRNA—siRNA

duplex corresponded to nucleotides 1593–1613 of the human
HRB mRNA. Human HRB duplex sequences used are
5�-CAGCCCAAUGGUGCAGGUUTT-3� and 5�-AACCUG-
CACCAUUGGGCUGTT-3� (26). Oligofectamine (Invitrogen)
was used for the delivery of siRNAs intoHeLa cells according to
the manufacturer’s protocol. Control cells were transfected
with luciferase siRNA (mock condition). Cells were incubated
for 24 h with siRNA.
Four Sure SilencingTM shRNA plasmids targeting human

HRB and one negative control shRNA targeting no known
human gene and containing the neomycin resistance gene were
purchased from SuperArray (Frederick, MD). HeLa cells were
transfected by the different shRNAs against humanHRB and by
the negative control shRNA using FuGENE 6 (Roche Diagnos-
tics) according to the manufacturer’s protocol and were
selected for neomycin resistance (400 �g/ml G418).
Western Blot—Cells werewashed three times in cold PBS and

lysed under continuous shaking with TSE (50mMTris-HCl, pH
8, 150 mM NaCl, 1 mM EDTA) buffer containing 1% Triton
X-100 and protease inhibitors (CompleteTM, Roche Applied
Science). Cells were scraped, and the supernatant resulting
from centrifugation at 13,000 rpm for 30 min was used for
Western blot analysis. Brains from embryonic day 16, P4, P14,
P30, and adult rats were homogenized with a glass/Teflon
homogenizer (10 strokes at 900 rpm) in homogenizing buffer
(0.32 M sucrose, 150 mM NaCl, 10 mM HEPES, 1 mM EDTA)
containing a protease inhibitor mixture (Complete, Roche
Applied Science). After a 10-min centrifugation at 800 rpm at
4 °C, 1% Triton X-100 final concentration was added to the
supernatant for 30 min, and finally the insoluble material was
removed by centrifugation at 20,000 rpm at 4 °C for 30 min.
Generally 25�g of protein were boiled at 95 °C for 5min in SDS
buffer. SDS-PAGE analysis was performed using a 4–12% bis-
Tris NuPAGE (Invitrogen) gradient gel and the manufacturer’s
buffers and then processed for Western blot. Primary antibod-
ies were revealed with fluorescent secondary antibodies cou-
pled to Alexa 680 or Alexa 800 and analyzed by Odyssey. Blots
were quantified by using ImageJ (National Institutes of Health,
Bethesda, MD).
Production of Recombinant Proteins—GST and GST-TI-

VAMP constructs and production of recombinant proteins
were described previously (8, 27).
In Vitro Interaction Assay and GST Pulldown—pcDNA3-

Hrb construct was used for in vitroT7-driven transcription and
translation using theTNT-coupled transcription/translation kit
(Promega, Madison, WI). For binding experiments, 10 �l of
the reaction or 500 �g of total brain extracts for GST pull-
down were incubated overnight with GST, GST-TI-VAMP,
or GST-Longin immobilized on glutathione-Sepharose
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FIGURE 1. Interaction of HRB and TI-VAMP. A, HRB was identified as a new partner of TI-VAMP in three independent yeast two-hybrid screens. Results of yeast
two-hybrid screens using either the Longin domain (amino acids 1–120) or the cytoplasmic domain of TI-VAMP (amino acids 1–188) and either a human placenta or
a human fetal brain cDNA library are shown. HRB was found in the three different screens. Green lines highlight the total coverage of all prey clones identified in the
screens, and red lines represent the intersection of the clones. Relevance of each identified interaction was noted as A on an A to E predicted biological score scale,
showing a very high confidence on the interaction. The interaction with TI-VAMP is mediated by a minimal interaction domain of 70 amino acids (amino acids 147–217)
of HRB. B, Western blot analysis of the expression of HRB in different cell lines and in rat brain. A 60-kDa band corresponding to HRB is observed in different cell types
and in rat brain. Two bands of different apparent molecular mass that could correspond to different isoforms of the protein are observed in brain during development.
C, in vitro interaction of HRB and TI-VAMP. Glutathione beads coated with GST or GST-TI-VAMP (1 �M) were incubated overnight with in vitro translated human HRB in
buffer containing Triton X-100 (Tx100) or Nonidet P-40 (NP40) as detergent. The fractions bound to glutathione beads were eluted and separated by SDS-PAGE, and
HRB was detected by Western blot. More in vitro translated HRB is bound to GST-TI-VAMP beads than to GST beads, indicating an interaction between HRB and
TI-VAMP. D, in vitro interaction of HRB and the Longin domain of TI-VAMP. GST pulldown experiments were performed with recombinant GST, GST-TI-VAMP, and
GST-Longin and with total rat brain extracts. HRB bound to the cytoplasmic domain and to the Longin domain of TI-VAMP. E, HRB interacts with TI-VAMP in the brain.
Five P4 rat brains were homogenized, and the Triton X-100-soluble fraction was immunoprecipitated with a monoclonal antibody against TI-VAMP or with mouse IgG
as a negative control. Co-immunoprecipitated endogenous HRB (arrowhead) and IgG (asterisk) were detected by Western blot. aa, amino acids; E16, embryonic day 16;
NGF, nerve growth factor; TIV, TI-VAMP; mIgG, mouse IgG; WB, Western blot; IP, immunoprecipitation; Ad., adult; SM, starting material; Arf-GAP, ADP-ribosylation factor
GTPase-activating protein.
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beads at 1 �M final concentration in 200 or 500 �l of binding
buffer (4mMHEPES, pH 7.5, 100mMNaCl, 3.5 mMCaCl2, 3.5
mM MgCl2, 1 mM EDTA, 0.1% Nonidet P-40 or Triton X-100
as indicated). The beads were collected by centrifugation
and washed eight times with washing buffer (50 mM Tris-
HCl, pH 8.0, 100 mM NaCl, 2.5 mM MgCl2, 0.1% Nonidet
P-40 or Triton X-100 as indicated), and the final bead frac-
tion was eluted with NuPAGE gel sample buffer and ana-
lyzed by Western blot.
Immunoprecipitation—Immunoprecipitation from rat brains

was performed using a Triton X-100-soluble fraction prepared as
described previously for Western blot. Immunoprecipitation
experiments were done as described previously (28). Briefly P4 rat
brain lysate was incubated with immunobeads overnight, and the
beads were washed five times in homogenization buffer with 0.1%
Triton X-100. Bound material was eluted with gel sample buffer,
and the eluates were boiled for 5 min and run on 4–12% gradient
NuPAGE gels (Invitrogen).
Immunocytochemistry—HeLa cells were fixed with 4%

paraformaldehyde in PBS for 20 min; blocked 20 min in PBS, 50
mM NH4Cl; and permeabilized by treatment with 0.1% Triton
X-100 in 0.125% gelatin in PBS for 4 min at room temperature.
After treatment with 0.25% cold water fish skin gelatin in PBS for
30min, cells were incubated overnight with the first antibodies in
0.125%gelatin inPBSat4 °C.After severalwashingswithPBS,cells
were then incubated in the secondary antibodies in 0.125% gelatin
in PBS for 1 h at room temperature, then washed several times in
PBS, and mounted in Prolong medium (Invitrogen). Confocal
laser-scanning microscopy was performed using an SP2 confocal
microscope (Leica, Heidelberg, Germany). The images were
assembled without modifications using Adobe Photoshop CS3
(Adobe Systems, San Jose, CA). For standard epifluorescence
microscopy, images were acquired on a Leica DMRDmicroscope
(objective 63�/1.32) using fluorescein isothiocyanate-, Cy3-,
Cy5-, and 4�,6-diamidino-2-phenylindole-specific sets of filters
and a high resolution camera (CoolsnapHQ) driven by theMeta-
morph Image Analysis System. Image files were merged for colo-
calization using Adobe Photoshop CS3.
TI-VAMP Endocytosis Assay—Cells were transfected with

pHLuorin-TI-VAMP construct using FuGENE 6 (Roche Diag-
nostics). After 24 h, cells were starved for 1 h inDMEMwithout
serum and incubated in the same medium containing a mono-
clonal antibody against GFP (5 �g/ml) at 37 °C for 5, 15, or 30
min. Cells were thenwashed extensively in PBS, 1%BSA at 4 °C;
fixed with 4% paraformaldehyde in PBS for 20 min; and pro-
cessed for immunofluorescence as described below.
Transferrin Uptake Assay—Cells were starved for 1 h in

DMEM without serum. Cells were collected in PBS-EDTA and
incubated in DMEM, 15 mM HEPES, pH 7.5, 20 mM glucose, 1%
BSAwith fluorescent human transferrin for the indicated times at
37 °C; washed extensively with PBS, 1% BSA at 4 °C; and either
incubated in acid buffer (50 mM glycine, 100 mM NaCl (i.e. 5.84
g/liter), pH 3.0) for 3min at 4 °C to remove surface labeling before
fixationor fixed immediately.Cellswere thenprocessed for immu-
nofluorescence or for flow cytometry analysis.
pHLuorin-TI-VAMP Uptake Assay—Cells were transfected

with FuGENE6 (RocheDiagnostics). 24 h later, cells were starved,
collected in PBS-EDTA, and incubated inDMEM, 15mMHEPES,

pH 7.5, 20 mM glucose, 1% BSA with a monoclonal antibody
againstGFP at 4 °C for 30min.Cellswere then extensivelywashed
with PBS, 1% BSA at 4 °C and then placed at 37 °C to allow endo-

FIGURE 2. The subcellular localization of HRB is compatible with a role in
endocytosis. HeLa cells were fixed and stained for endogenous HRB (in
green) and the indicated markers of the clathrin-dependent endocytic path-
way (in red). Arrowheads point to structures labeled by both HRB and the
indicated marker (bar, 10 �m). Note the high degree of colocalization of HRB
with AP-2 and EPS15. HRB also partially colocalizes with clathrin light chain
and transferrin receptor, indicating that HRB likely localized in clathrin-coated
structures. HRB was also present in a diffuse manner in the nucleus.

FIGURE 3. Localization of TI-VAMP and HRB in HeLa and MDCK cells. A, HeLa
cells were fixed and stained for endogenous HRB (in green) and TI-VAMP (in red).
Arrowheads point to structures positive for only one of the proteins. No signifi-
cant colocalization was observed at steady state, indicating that HRB and
TI-VAMP could interact transiently (bar, 10 �m). B, MDCK cells expressing induc-
ible GFP-TI-VAMP were fixed and stained for the endogenous HRB (in red). Arrow-
heads point to structures labeled by both HRB and GFP-TI-VAMP (bar, 10 �m).
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cytosis for 20min prior to fixation. Cells were then incubatedwith
ananti-mouseantibodycoupled toCy5.Cellswere thenprocessed
for flow cytometry analysis.
Flow Cytometry—Analyses were performed with a CyAn

ADP flow cytometer (DakoCytomation) equipped with two
solid state lasers: 488 nm for Alexa 488 and phycoerythrin and
635 nm for Cy5. Alexa 488 was collected through a 530/40 nm
band pass. Forward angle light scatter and right angle scatter
were used to select cells; resultant fluorescence histograms
were taken on 20,000 cells. Data analysis was performed with
Summit v4.3.01.Median fluorescence intensity andmean fluores-
cence intensity values were determined for both positive and neg-
ative populations of cells. For statistical analysis, all experiments
were repeatedat least three times.Results areexpressedasmean�
S.E. Comparisons of median values between mock and shRNA
cells were performed using an unpaired Student’s t test. Statistical
significance was accepted at p� 0.05. Significant differences with
the corresponding internal control values are indicated by aster-
isks (*, p� 0.05; **, p� 0.01; ***, p � 0.001 in Student’s t test).

RESULTS

To identify the partners of TI-VAMPwe carried out yeast two-
hybrid screens using either the Longin domain ofTI-VAMPalone
or the full cytoplasmic domain of the human isoform as baits
in human placenta (screen with both baits (8)) and fetal brain
(screen with the full cytoplasmic domain only) cDNA libraries.
These screens were validated by the identification of the cognate
t-SNAREpartners of TI-VAMP, syntaxin 3 and SNAP-23 in the
human placenta library (8) and syntaxin 1 and SNAP-25 in the
human fetal brain library.6 Syntaxin 3 and SNAP-23 represent

the apical plasma membrane
t-SNARE in epithelial cells (27),
whereas syntaxin 1A and SNAP-25
constitute the neuronal synaptic
t-SNARE (29), both of which are
relevant toTI-VAMPexocytic func-
tion in epithelial and neuronal cells,
respectively. Furthermore all
screens identified the � subunit of
the molecular coat AP-3 that was
previously functionally validated
both in non-neuronal and neuronal
cells (8, 9). In all these screens we
also identified HRB. HRB appeared
as an intriguing partner because it
also binds EPS15 (18, 19), a tyrosine
kinase substrate involved in endocy-
tosis (30–32), and was recovered in
the AP-2 interactome by GST pull-
down experiments (21, 33). The
phenotype of HRB�/� mice further
reinforces the mysterious function
of HRB because defects were seen
only in sperm cells that lack an acro-
some because of the inability of
proacrosomal vesicles to fuse (20,

34). We decided to investigate the possible regulation of TI-
VAMP function by HRB because of the evidence listed above
suggesting a role of HRB in membrane trafficking.
The intersection coverage of all prey clones identified in the

yeast two-hybrid screens (Fig. 1A) spanned the region 147–267
in the screenwith the Longin domain alone, the region 147–217
in the screen with the full cytoplasmic domain in the placenta
library, and the region 128–259 in the screenwith the same bait
in the fetal brain library. Therefore, we can reasonably conclude
that the minimal interaction domain with TI-VAMP is con-
tainedwithin the 147–217 region ofHRB. This region ofHRB is
located downstream of an in silico predicted ADP-ribosylation
factor GTPase-activating protein zinc finger domain motif and
upstream of FG and NPF repeats that are thought to mediate
other important interactions including that with EPS15 (18, 19,
35). The fact that HRB was identified in the screen using the
Longin domain alone suggests that HRB interacts with this
domain in TI-VAMP. We checked the expression profile of
HRBbyWestern blotting extracts obtained fromHeLa,MDCK,
and PC12 cells and also from rat brain at different stages of
development.We found expression in all cases with the notable
presence of two close bands that could correspond to different
isoforms of HRB expressed during brain development (Fig. 1B).
The broad expression profile suggests that HRB may have a
general function despite the sperm-restricted phenotype of
HRB�/� mice (20).

Next we validated the interaction unraveled by the yeast two-
hybrid screen by biochemical methods. To this purpose we pro-
duced GST-tagged cytoplasmic domain of TI-VAMP immobi-
lized on glutathione-Sepharose beads and in vitro translated HRB
and incubated these two together; GST alone was used as a nega-
tive control.Wewere able to identify a significant binding of HRB6 M. Chaineau, L. Danglot, V. Proux-Gillardeaux, and T. Galli, unpublished results.

FIGURE 4. HRB colocalizes with endocytosed TI-VAMP. HeLa cells were transfected with pHLuorin-TI-VAMP and
then incubated with a GFP antibody at 37 °C to follow the endocytosis of pHLuorin-TI-VAMP. Cells were washed,
fixed at the indicated time points, and stained for endogenous HRB (acquired in Cy5 channel, green) and endocy-
tosed anti-GFP antibody (red). Arrowheads point to structure where HRB and pHLuorin-TI-VAMP are both present.
Note the good degree of colocalization after 5 min of endocytosis suggesting that the interaction between both
proteins may be restricted to the early stages of endocytosis (bar, 10 �m). mGFP, mouse monoclonal anti-GFP
antibody.
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(bound toTI-VAMPrather than toGST) in thepresenceofTriton
X-100 as well as Nonidet P-40 (Fig. 1C), but the recovery was
rather limited. We also carried out GST pulldown experiments
with recombinant GST, GST-TI-VAMP, and GST-Longin. We

found an interaction of HRBwith the
full-length cytoplasmic and the Lon-
gin domains (Fig. 1D) in full agree-
ment with the yeast two-hybrid
results. Furthermore we were able to
co-immunoprecipitate HRB with TI-
VAMPfromratP4brainextracts (Fig.
1E), thus demonstrating that the full-
length native proteins are able to
interact. All our attempts to co-im-
munoprecipitate HRB together with
TI-VAMPor vice versawere negative
when we used HeLa or MDCK cell
lysates.We interpret these results as a
possible indication that the interac-
tion of TI-VAMP and HRB may be
transient and/or have a rather low
affinity.
To gain further insights into HRB

function, we then studied the sub-
cellular localization of HRB by
immunocytochemistry in HeLa
cells (Figs. 2 and 3A) and GFP-TI-
VAMP-expressing MDCK cells
(Fig. 3B). HRB staining was found
both in the nuclei and cytoplasm in
HeLa cells. The specificity of the
antibody directed against HRB was
demonstrated by the loss of the
cytoplasmic staining in HRB knock-
down cells (see Fig. 5B). The nuclear
staining may be due to cross-reac-

tion with a nuclear antigen or to the fact that the residual
expression of HRB in knockdown cells preferentially localizes
in the nucleus (see below). There a significant colocalization
was found with AP-2, EPS15, clathrin light chain, and TfR.
These results suggest that HRB concentrates in AP-2�,
EPS15�, clathrin�, and TfR� membranes that very likely cor-
respond to clathrin-coated structures. We did not see any sig-
nificant colocalization between HRB and TI-VAMP in HeLa
cells suggesting that these proteins may only interact tran-
siently in a dynamicmanner. InMDCK cells HRB concentrated
in the perinuclear region where it partially colocalized with
GFP-TI-VAMP (Fig. 3B).
Because HRB localized in clathrin-coated structures and

transiently interacted with TI-VAMP, we went on to investi-
gate specifically the distribution of HRB during the endocytosis
of TI-VAMP. To this end, we took advantage of a pHLuorin
(pH-sensitiveGFP) carboxyl-terminally tagged construct of TI-
VAMP (10) that was here further refined by the introduction of
a longer spacer between TI-VAMP and ecliptic pHLuorin
sequences (see “Experimental Procedures”). We transfected
HeLa cells and allowed them to bind and internalize anti-GFP
antibodies for 5, 15, and 30 min prior to extensive washes at
4 °C, fixation, and immunocytochemical detection of both
GFP-tagged TI-VAMP and HRB. We found a very significant
degree of colocalization of GFP and HRB at 5 min but not at 15
or 30 min of endocytosis (Fig. 4). This result further supports
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FIGURE 5. siRNA- and shRNA-mediated gene silencing of HRB in HeLa cells. A, cells were transfected by
siRNA against HRB or luciferase (Luc) as a negative control, lysed, and analyzed by Western blot 24 h later. HRB
protein is detected at 60 kDa. Extinction is about 35% with siRNA against HRB. B, stable HeLa cell lines were
established using a control shRNA targeting no known human gene targets (Ctrl) or two different shRNAs
directed against two different regions of the human HRB coding sequence (shRNA 1 and shRNA 2). Cells were
lysed, and HRB was detected by Western blot. Extinction of HRB is around 90 and 50% for shRNA 1 and shRNA
2, respectively. Bottom panel, control (Ctrl) and HRB knockdown cells (shRNA 1) were fixed and stained for
endogenous HRB (bar, 10 �m). Some HRB staining still remains in the nucleus but is virtually absent from the
cytoplasm of shRNA 1 cells. RNAi, RNA interference. **, p � 0.01; ***, p � 0.001 in Student’s t test. Error bars
represent S.E. throughout.

FIGURE 6. Inhibition of the expression of HRB has no effect on the local-
ization of endogenous TI-VAMP. Control (Ctrl) and HRB knockdown cells
(shRNA 1) cells were fixed and stained for endogenous HRB and TI-VAMP (bar,
10 �m). Note that endogenous TI-VAMP shows the same perinuclear pattern
in both cases.
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the idea of a dynamic interaction between HRB and TI-VAMP
and suggests that the interaction may be restricted to the early
stages of clathrin-dependent endocytosis.
We then reasoned that our results and the presence of HRB

in theAP-2 interactome (21) were likely to suggest a function of
HRB in clathrin-dependent endocytosis. To test this hypothe-
sis, we silenced the expression of HRB by siRNA and shRNA. In
the first case, we found effective but not total silencing (�35%)
by transient transfection (Fig. 5A).We also selected stableHeLa

cell lines expressing shRNA to ana-
lyze larger populations of cells. We
cloned two cell lines: one with
�10% (shRNA 1) and one with
�40% (shRNA 2) remaining HRB
(Fig. 5B). Immunocytochemistry
demonstrated virtual absence of
HRB in the cytoplasm but persist-
ence of nuclear staining in shRNA 1
cells (Fig. 5B). Despite repeated
efforts, we were not able to select
HeLa cells with an expression level
of HRB that would be undetectable
by Western blotting. This suggests
that HRB may not be dispensable in
cultured cells like it is in the mouse
(20). We did not see any significant
change in the distribution of endog-
enous TI-VAMP; particularly we
did not find significant accumula-
tion at the plasma membrane (Fig.
6) in HRB-silenced cells. These
results suggest that the interaction
of TI-VAMP and HRB is not abso-
lutely required for the proper local-
ization of TI-VAMP but likely
rather corresponds to a more subtle
regulation.
Next we directly assessed the role

ofHRB in clathrin-dependent endo-
cytosis by measuring the kinetics of
fluorescent Tf uptake in control and
HRB-silenced HeLa cells by fluores-
cence-activated cell sorting. We
choose this assay for clathrin-
dependent endocytosis because of
the localization of HRB in clathrin�

and TfR� vesicles. Assaying the
endocytosis of fluorescent Tf by
flow cytometry over large popula-
tions of cells (up to 20,000 cells)
proved to be extremely reliable and
reproducible. We found a dose-de-
pendent effect: shRNA 1 cells were
able to take up only 50% of fluores-
cent Tf in comparison with control
cells, whereas shRNA 2 endocy-
tosed �90% of control (Fig. 7A).
The fact that the initial rate of Tf

endocytosis was affected in shRNA 1 cells strongly indicates
that HRB has a direct function in clathrin-dependent endocy-
tosis (Fig. 7A). We were able to confirm this result in siRNA
transiently transfected HeLa cells by immunocytochemistry
(Fig. 7B) thus demonstrating that the effect seen in stably
silenced cells was not due to a cloning artifact. These results
suggest thatHRB is necessary to achieve efficient endocytosis of
transferrin. Finally we tested the direct effect of silencing HRB
on the endocytosis of TI-VAMP using the pHLuorin-TI-

FIGURE 7. Inhibition of the expression of HRB inhibits transferrin and TI-VAMP endocytosis. A, control
(Ctrl) or HRB knockdown cells (shRNA 1 and shRNA 2) were harvested and incubated with fluorescent Tf-Alexa
488 (A488) for 5, 15, or 30 min at 37 °C. Cells were then washed, and surface labeling was stripped with acid
buffer. Endocytosed Tf was quantified by fluorescence-activated cell sorting. Each time point corresponds to
20,000 cells. The y axis represents arbitrary units of fluorescent Tf. HRB knockdown cells showed a significant
inhibition of Tf endocytosis (Student’s t test: control/shRNA 1, p � 1.8�10�6, 4�10�6, and 3.5�10�6 at 5, 15, and
30 min, respectively; control/shRNA 2, p � 2.8�10�4, 2.8�10�4, and 8.2�10�3 at 5, 15, and 30 min, respectively.
Right panel, detailed analysis of one representative flow cytometry experiment measuring Tf endocytosis in
control and HRB knockdown cells (shRNA 1) after 30 min of endocytosis. Control and HRB knockdown cells
(shRNA 1) showed a significant increase in Tf median fluorescence compared with the unlabeled cells (corre-
sponding to 0 min of endocytosis). HRB knockdown cells (shRNA 1) showed a significant decrease in Tf median
fluorescence compared with the control cells (shown here by a left shift of the fluorescence intensity). B, HeLa
cells were transfected with siRNA against HRB or luciferase. After 24 h, cells were starved and incubated at 37 °C
with Tf-Alexa 488 for 30 min. Cells were then fixed and processed for immunofluorescence. HRB knockdown
cells accumulate less fluorescent Tf than mock cells (treated with luciferase siRNA). C, control or HRB stably
depleted cells (shRNA 1) were transfected with pHLuorin-TI-VAMP construct, harvested, and incubated with an
anti-GFP antibody at 4 °C to stain surface TI-VAMP. Cells were then incubated at 37 °C for 20 min to allow
endocytosis, extensively washed, fixed, and incubated with an anti-mouse antibody coupled to Cy5 to stain the
pool of TI-VAMP that remains in the surface of the cells. This pool was quantified by fluorescence-activated cell
sorting. Each measure corresponds to 20,000 cells. The y axis represents the percentage of surface-bound
pHLuorin-TI-VAMP endocytosed in 20 min. HRB knockdown cells showed a significant decrease of �50% of
TI-VAMP endocytosis (Student’s t test: control/shRNA 1, p � 0.028). *, p � 0.05; ***, p � 0.001 in Student’s t test.
mAb, monoclonal antibody.
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VAMP construct in control and HRB knockdown cells. We
found that 33% of surface pHLuorin-TI-VAMP was endocy-
tosed after 20 min in control cells, but only 16% was endocy-
tosed in shRNA 1 cells (Fig. 7C). This decrease of �50% of
TI-VAMP endocytosis in HRB-depleted cells demonstrates a
role of HRB in the endocytosis of TI-VAMP.

DISCUSSION

Here we identified HRB as a new partner of TI-VAMP and
demonstrated that HRB is involved in clathrin-dependent
endocytosis of TI-VAMP and transferrin receptor. The central
role of SNARE proteins in membrane fusion makes the search
for SNARE partners highly relevant to characterize the regula-
tion of membrane trafficking. In the case of the v-SNARE TI-
VAMP, we and others have identified several partners includ-
ing t-SNAREs that are mainly located at the plasma membrane
(syntaxins 1, 3, and 4; SNAP-23; and SNAP-P25 (8, 36)) both
using yeast two-hybrid screens and biochemical approaches.
We have also identified the � subunit of the molecular coat
AP-3 (8, 9), and we show here that HRB is a partner of TI-
VAMP by using yeast two-hybrid screens and biochemical
methods including in vitro interaction assays and immunopre-
cipitation. AP-3 is implicated in important sorting steps of TI-
VAMP. Indeed we previously found that AP-3 is required for
the targeting of TI-VAMP from early endosomes to late endo-
somes in epithelial cells (8). In the dentate gyrus, AP-3 is
involved in the axonal targeting of TI-VAMP from the perinu-
clear VAMP4� trans-Golgi network and recycling endosomal
membranes in granule cells (9).We propose here that the inter-
action between HRB and TI-VAMP thus appears as another
layer of regulation of the sorting of this v-SNARE. SNARE pro-
teins are implicated in exocytosis and fusion events at the
plasma membrane, but the molecular mechanisms of their
recycling are still largely unknown. At the synapse, neurotrans-
mitter are released after the fusion of synaptic vesicles with the
presynaptic membrane, and clathrin-mediated endocytosis
plays a major role in the recycling of the synaptic vesicle com-
ponents (37–40), including SNARE proteins (41). In this way,
clathrin assembly lymphoid-myeloid leukemia protein
(CALM) was recently identified to be important for the endo-
cytosis of synaptobrevin2/VAMP2 (42); thus it is likely that
accessory proteins assist v-SNAREs for proper recycling as a
more general mechanism. We demonstrate here that
TI-VAMP interacts transiently with HRB, that this interaction
occurs during early stages of endocytosis, and that HRB is
required for optimal endocytosis of TI-VAMP indicating that
HRB plays a role in the endocytosis of TI-VAMP. The fact that
the localization of endogenous TI-VAMP was not apparently
affected in HRB-silenced cells likely suggests that HRB is not
absolutely required for the endocytosis of TI-VAMP and that
other accessory proteins could play a redundant role in this
process. The transient presence of TI-VAMP in HRB� vesicles
at early stages of the endocytosis of the v-SNARE suggests that
TI-VAMP is endocytosed in a clathrin-dependentmanner. The
role of HRB in the regulation of TI-VAMP endocytosis further
supports the concept that TI-VAMP mediates secretory pro-
cesses as we have proposed based on previous work (5, 43).
Furthermore we demonstrate here for the first time that HRB is

implicated in clathrin-dependent endocytosis on the basis of its
localization in clathrin�, AP-2�, EPS15�, and TfR� vesicles
and the inhibition ofTf endocytosis in cells inwhich the expres-
sion of HRBwas silenced by siRNA or shRNA. However, at this
point, we cannot define HRB as a critical factor of endocytosis
because a significant amount (�50%) of endocytosis could still
occur in the virtual absence of HRB in the cytoplasm (our
shRNA 1 cell line). Furthermore we did not see any significant
decrease of epidermal growth factor endocytosis in HRB
knockdown cells,6 thus suggesting that HRB has a limited func-
tion in this process. In addition, the lack of a strong phenotype
of HRB�/� mice (20) makes it hard to think that HRBwould be
absolutely required for clathrin-dependent endocytosis. This is
in contrast to the adaptor protein AP-2 because AP-2-deficient
mice are not viable (44). Rather our data suggest that HRB reg-
ulates clathrin-dependent endocytosis. At the molecular level,
the function ofHRBmay be to concentrate cargos including the
v-SNARE TI-VAMP for internalization. In this model, HRB
may function to internalize TI-VAMP-containing cis-SNARE
complexes (45) or to concentrate TI-VAMP freed from SNARE
complexes in clathrin-coated pits to limit its residence time at
the cell surface and accelerate its endocytosis. This hypothesis
will require further investigation.
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Addendum—While revising this article, Pryor et al. (45) also found
that HRB interacts with TI-VAMP and regulates its endocytosis.
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