
Actin-binding Protein Drebrin Regulates HIV-1-triggered
Actin Polymerization and Viral Infection*

Received for publication, June 21, 2013, and in revised form, July 31, 2013 Published, JBC Papers in Press, August 7, 2013, DOI 10.1074/jbc.M113.494906

Mónica Gordón-Alonso‡1,2, Vera Rocha-Perugini‡§1,3, Susana Álvarez¶, Ángeles Ursa‡, Nuria Izquierdo-Useros�**,
Javier Martinez-Picado�**, María A. Muñoz-Fernández¶, and Francisco Sánchez-Madrid‡§4

From the ‡Servicio de Inmunología, Instituto de Investigación Sanitaria de la Princesa, Hospital Universitario de la Princesa,
28006 Madrid, Spain, the §Vascular Biology and Inflammation Department, Centro Nacional de Investigaciones Cardiovasculares
(CNIC), 28029 Madrid, Spain, the ¶Servicio de Inmunobiología Molecular del Hospital Universitario Gregorio Marañon, 28007
Madrid, Spain, the �AIDS Research Institute IrsiCaixa, Institut d’Investigació en Ciències de la Salut Germans Trias i Pujol, Universitat
Autònoma de Barcelona, 08916 Badalona, Spain, and the **Institució Catalana de Recerca i Estudis Avançats (ICREA),
08010 Barcelona, Spain

Background: Drebrin binds to F-actin and CXCR4 in T cells. Thus, it is a potential candidate for the modulation of HIV-1
infection.
Results:Drebrin and CXCR4 accumulate at viral attachment areas. Drebrin knockdown decreases F-actin polymerization, and
increases local profilin accumulation and HIV-1 infection.
Conclusion: Drebrin inhibits HIV-1 entry by stabilizing HIV-1-triggered F-actin polymerization.
Significance:Modulation of actin dynamics differentially regulates each viral step for an effective viral infection.

HIV-1 contact with target cells triggers F-actin rearrange-
ments that are essential for several steps of the viral cycle.
Successful HIV entry into CD4� T cells requires actin reorganiza-
tion induced by the interaction of the cellular receptor/co-re-
ceptor complex CD4/CXCR4 with the viral envelope complex
gp120/gp41 (Env). In this report, we analyze the role of the actin
modulator drebrin in HIV-1 viral infection and cell to cell
fusion.We show that drebrin associates withCXCR4 before and
during HIV infection. Drebrin is actively recruited toward cell-
virus and Env-driven cell to cell contacts. After viral internaliza-
tion, drebrin clustering is retained in a fraction of the internal-
ized particles. Through a combination ofRNAi-based inhibition
of endogenous drebrin and GFP-tagged expression of wild-type
and mutant forms, we establish drebrin as a negative regulator
of HIV entry andHIV-mediated cell fusion. Down-regulation of
drebrin expression promotes HIV-1 entry, decreases F-actin
polymerization, and enhances profilin local accumulation in
response to HIV-1. These data underscore the negative role of
drebrin in HIV infection by modulating viral entry, mainly
through the control of actin cytoskeleton polymerization in
response to HIV-1.

Human immunodeficiency virus (HIV)-1 entry requires
fusion between the viral envelope and the plasmamembrane of
the target cell (1). This process ismediated by the viral envelope

glycoprotein complex gp120/gp41 (Env),5 which interacts first
with CD4 and then with a co-receptor, one of the chemokine
receptors CCR5 or CXCR4 (2, 3).
For the viral and cellular membranes to fuse, a critical num-

ber of gp120-CD4/coreceptor engagements are needed to
establish an energetically productive fusion pore (4). HIV-1 can
also be transmitted from infected to uninfected cells through
cell to cell contacts, called virological synapses because of their
similarities to the immunological synapse (5). As an example,
CD4 and CXCR4 recruitment (6–8) and local actin polymeri-
zation take place in both processes (6, 9–11). Receptor cluster-
ing is regulated by two main factors: 1) insertion into specific
membrane domains by lateral membrane receptor interactions
(12) such as lipid rafts (13) or tetraspanin-enriched microdo-
mains (14–17); and 2) actin remodeling (6, 18–20). This phe-
nomenon is well illustrated by experiments in which HIV-1
contact induces CD4 and CXCR4 capping at the plasma mem-
brane of target CD4�T lymphocytes (21, 22). Receptor capping
requires the formation of a subcortical structure enriched in
F-actin and actin-binding proteins such as moesin and fil-
amin-A (18, 20). Moesin and filamin-A have been shown to
interact with CD4/CXCR4 complexes, controlling their con-
nections with the subcortical F-actin cytoskeleton and directly
affecting HIV-1 infection (18, 20).
The role of F-actin remodeling during HIV-1 infection is not

well understood (23). The actin cytoskeleton is known to be
involved in several steps of theHIV-1 cycle, including entry (18,
20, 24), nucleocapsid transport toward the host nucleus (25,
26), and viral assembly and budding (11, 27, 28). Some recent
reports suggest that although F-actin polymerization is needed
for receptor clustering, it causes a physical restriction for the
following nucleocapsid entry (26, 29). In accordance, activation
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of the actin-severing protein cofilin has been associated with
enhanced HIV entry (26). Moreover, both removal of the bun-
dling activity or siRNA knockdown of �-actinin, an actin
microfilament cross-linker, increase HIV-1 infection (30). In
addition, knockdown of proteins that link the actin cytoskele-
ton with the inner leaflet of the plasmamembrane, such as talin
and vinculin, have also been related with higher HIV-1 infec-
tion (31).
Another candidate that might regulate actin cytoskeleton

engagement to CD4/CXCR4 complexes, and therefore HIV-1
entry into host cells, is drebrin. Drebrin is an F-actin-binding
protein essential for neuronal plasticity because it is able to
change the properties of actin filaments, thereby modulating
dendritic spine morphology (32). Drebrin is known to stabilize
actin filaments (33, 34). We have reported that the N-terminal
region of drebrin associates with the cytoplasmic region of
CXCR4 in CD4� T cells by three different approaches: mass
spectrometry, pulldown assays, and co-immunoprecipitation
(35). Despite containing a N-terminal ADF-H (actin depoly-
merizing factor homology) domain, drebrin only binds to
polymerized (F-) actin and has no severing activity (36). Dre-
brin appears to regulate F-actin by inducing structural changes
in the microfilaments (33, 34) and by competition with other
actin-binding proteins such as fascin (37),�-actinin, and tropo-
myosin (36). Moreover, drebrin regulates the recruitment of
other actin-regulatory proteins such as myosin, gelsolin, and
profilin through direct association with them (38, 39). We pre-
viously showed that interaction between drebrin and CXCR4
occurs at the T lymphocytemembrane and thismolecular asso-
ciation is enhanced during superantigen presentation at the
immunological synapse (35). However, the role of drebrin and
its association with CXCR4 in controlling the cytoskeletal reor-
ganization triggered byHIV-1 infection has not been previously
described.
In this report, we assessed the role of drebrin as a possible

mediator of CD4/CXCR4 clustering and actin rearrangements
during HIV infection. Our results indicate that drebrin is
recruited toward HIV-1 viral envelope glycoprotein and nega-
tively regulates HIV-1 infection by controlling the dynamic
reorganization of the actin cytoskeleton and profilin accumu-
lation, preferentially at the viral entry step.

EXPERIMENTAL PROCEDURES

Cell Lines and Reagents—The Jurkat-derived human T cell
line J77 was grown in RPMI 1640 medium supplemented with
10% FBS (Cambrex Bioscience). The CEM-T4 T cell line (cour-
tesy of Dr. Paul Clapman), the HeLa TZM-bl reporter cell line
(courtesy of Dr. John C. Kappes, Dr. Xiaoyun Wu, and Tran-
zyme Inc.), and the HxBc2 Jurkat-derived T cell line (courtesy
of Dr. Joseph Sodroski (40)) were obtained from the National
Institutes ofHealthAIDSResearch andReference Reagent Pro-
gram, and cultured according to National Institutes of Health
instructions. HxBc2 Jurkat cells were used 3 days after remov-
ing doxicycline from the culture media, when maximum Env
expression was observed. The chronically infected MT4-
NL4.3-GFP cell line (MT4-HIV-GFP) was generated by trans-
fecting parental MT4 T cells with HIV-GFP DNA and allowing
subsequent viral infection of the culture. Peripheral blood lym-

phocytes from healthy donors were isolated by Ficoll-Hypaque
gradient centrifugation and cultured for 2 days in RPMI 1640
medium supplemented with 10% FBS (Cambrex Bioscience)
and phytohemagglutinin (5 �g/ml) or Staphylococcus entero-
toxin E (1 �g/ml). Then, isolated T lymphoblasts were main-
tained in culture for 5 days in the presence of IL-2 (50 units/ml).
The biotinylated monoclonal anti-CXCR4 antibody was

from BD Pharmingen. Rabbit polyclonal anti-CXCR4, which
recognizes the N-terminal region, rabbit polyclonal anti-
drebrin, and monoclonal anti-�-tubulin and anti-gelsolin (clone
GS-2C4) were from Sigma. Mouse monoclonal anti-drebrin
(clone M2F6) was from MBL (Nagoya, Japan). Anti-CD4 anti-
bodies used were biotinylated monoclonal anti-CD4 antibody
(BD Pharmingen) and CD4v4-FITC (BD Pharmingen). The
anti-CD45mAbusedwas cloneD3/9 (15) and anti-CD45-FITC
both fromBDPharmingen. The polyclonal anti-phospho-Moe-
sin (Thr-558, sc-12895) and mouse monoclonal anti-Profilin-1
(sc-136432) were from Santa Cruz, the polyclonal anti-phos-
pho-Cofilin (Ser-3, clone 77G2) was from Cell Signaling, and
the monoclonal anti-Rac-1 was from BD Biosciences. Anti-
phosphatidylinositol 4,5-bisphosphate mAb was from Santa
Cruz Biotechnology (clone 2C11; Santa Cruz Biotechnology,
Santa Cruz, CA). HRP-conjugated secondary antibodies were
from Pierce and Alexa-conjugated secondary antibodies and
phalloidins were from Invitrogen. The intracellular fluorescent
trackers CMAC, Calcein-AM, and CMTMRwere fromMolec-
ular Probes (Camarillo, CA).
The HIV-1-specific fusion inhibitor T20 (also called Enfu-

virtide) was fromRoche Diagnostics. Azidothymidine (Zidovu-
dine) was from Sigma.
Cell Transfection, DNA, and siRNA—J77 cells (2 � 107) were

electroporated in cold Opti-MEM (Invitrogen) with DNA (20
�g) or siRNA (1.25 �M) using a Bio-Rad GenePulser II electro-
porator (240 V; 950 microfarads). Peripheral blood lympho-
cytes (2� 107) were electroporated twice in a 48-h interval with
siRNA (1�M) using these same conditions. Fluorescent protein
expression and siRNA knockdown were tested by flow cytometry
(24 h) andWestern blot (48 h), respectively. The GFP fusion pro-
teins drebrin-GFP, Dreb(1–366)-GFP and Dreb(319–707)-GFP
were described previously (41). Cell transfection efficiency was
30–70% GFP� cells. Overexpression of drebrin constructions
displayed a GFP/endogenous drebrin ratio of 1.8, 2.0, and 1.5
for drebrin-GFP, Dreb(1–366)-GFP, and Dreb(319–707)-GFP,
respectively. Negative control siRNAwas from Eurogentec and
the specific siRNA against drebrin (mixture of four sequences)
was from Dharmacon (Rockford, IL). siRNA against the non-
translated (3� UTR) region of drebrin mRNA was purchased
from Dharmacon. This sequence does not interfere with the
expression of exogenous drebrin and was employed as an addi-
tional control for siRNA specificity.
HIV-1 Viral Preparation, Viral Production, Viral Attach-

ment/Entry, and Viral Infectivity—Preparation of HIV-1NL4.3
and measurement of viral replication were performed as
described (42). Fluorescent virus-like particles (VLPs: Gag-GFP
and Gag-Cherry) were produced at the laboratory of Dr. Mar-
tinez-Picado (IrsiCaixa, Barcelona, Spain) (43) by co-transfec-
tion of the HIV Gag-eGFP/Cherry plasmid plus the pHXB2
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envelope plasmid. For VLPs without HIV envelope, cells were
only transfected with the HIV Gag-eGFP plasmid.
For p24 production, T cells were infected with 100 ng of

HIV-1 NL4.3 per million cells for 2 h at 37 °C, and then exten-
sively washed with medium to remove non-attached viral par-
ticles. Infected cells were kept at 37 °C for 6 days. Supernatants

were harvested at days 3 and 6, and the p24 concentration was
measured by enzyme-linked immunosorbent assay (Innotest
HIV-1 antigen mAb; Innogenetic, Ghent, Belgium).
For HIV attachment and entry measurements, T cells were

infected with 20 ng of HIV-1 NL4.3 per million cells for 2 h at 4
(attachment) or 37 °C (entry), then extensively washed with
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medium to remove viral input, and lysed with RIPA buffer (50
mM Tris-HCl, pH 8, 150 mM NaCl, 1% Nonidet P-40, 0.5%
sodium deoxycholate, 0.1% SDS). Viral attachment (4 °C) cor-
responds to the p24 amount measured in samples kept at 4 °C
and viral entry to the difference between p24 from samples kept
at 37 °C and the samples at 4 °C.
For viral infectivity assays, supernatants containing new

released viral particles were harvested at day 3 after infection of
control or drebrin-depleted J77 cells, and titrated by p24-
ELISA. Equivalent p24 amounts of each supernatant were used
to infect the TZM-bl reporter cell line for 24 h at 37 °C. Then,
the supernatants were removed and cells were lysed with a
Steady Glo luciferase assay system (Promega Corp.) and a 1450
Microbeta Luminescence Counter (Walax, Trilux). Replica-
tion-deficient luciferase-HIV-1 viral particles (X4-Luc and
VSV-Luc) were kindly provided by Suryaram Gummuluru
(BostonUniversity, Boston,MA) andwere described previously
(15). Briefly, virus stocks were generated by PolyFect transient
transfection ofHEK293Tcells (44). Twodays after transfection,
cell-free virus-containing supernatants were clarified of cell
debris and concentrated by centrifugation (16,000� g for 1 h at
4 °C) and stored at �80 °C until required. HIV-1 virus prepara-
tions were titrated by p24-ELISA.
High titers of HIV VSV-G-pseudotyped recombinant virus

stocks (VSV-G-HIV) were produced in 293T cells by co-trans-
fection of pNL4–3.Luc.R-E- (AIDS Research and Reference
Reagent Program,Division ofAIDS,NIAID,National Institutes
of Health: pNL4–3.Luc.R-E- from Dr. Nathaniel Landau)
together with the pcDNA3-VSV plasmid encoding the vesicu-
lar stomatitis virus G-protein using the calcium phosphate
transfection system (AIDS Research and Reference Reagent
Program, Division of AIDS, NIAID, National Institutes of
Health: pHEF-VSV-G from Dr. Lung-Ji Chang). Supernatants
containing virus stocks were harvested 48 h post-transfection,
centrifuged to remove cell debris, and stored at �80 °C until
use. Cell-free viral stock was tested using an enzyme-linked
immunoassay for antigen HIV-p24 detection (Innogenetics
N.V., Belgium).
Luciferase Virus Assay—Untreated or transfected T cells

were infectedwith 200 ng/million cells of luciferase-based virus
with X4-tropic HIV-1 envelope or VSV envelope for 2 h at
37 °C. Virus was removed by washing infected cells. After 48 h,
luciferase activity was determined with a luciferase assay kit
(Promega Corp.) and a 1450Microbeta Luminescence Counter
(Walax, Trilux). Protein contents were measured by the bicin-
choninic acid method (BCA protein assay kit from Pierce).
Env-induced Cell Fusion Assay—Adual-fluorescence cell-fu-

sion assay was performed as described previously (15). Briefly,

CMTMR-loaded Env� Jurkat-Hxbc2 cells weremixedwith cal-
cein-AM-loaded parental orGFP-transfectedCEM-T4 cells for
16 h at 37 °C. The double-labeled cells were detected by flow
cytometry.
Immunoprecipitation—J77 T cells (4 � 107) were incubated

with free HIV particles for 1 h at 37 °C, washed and lysed with
1% Nonidet P-40 in TBS supplemented with a protease/inhib-
itor mixture. Lysates were centrifuged at 11,000 � g for 10 min
at 4 °C, and cell lysate supernatants were incubated for 2 h at
4 °C with cyanogen bromide (CNBr) beads (Amersham Biosci-
ences) blocked with BSA, then incubated with the indicated
antibody covalently coupled to CNBr beads. Pellets were
washed with lysis buffer and resuspended in reducing Laemmli
buffer. Samples were separated by SDS-PAGE and transferred
to nitrocellulose membranes and incubated with the indicated
antibodies.
Immunofluorescence and Confocal Microscopy—T cells were

either incubated with HIV-1-wt or VLPs for 30 min at 37 °C,
with Env� cells (HxBc2) for 2 h at 37 °C, or withHIV-1 infected
cells (MT4-HIV-GFP) for 1 h at 37 °C. Cells were then seeded
on 50 �g/ml of poly-L-lysine for 30 min at 37 °C and fixed with
3% paraformaldehyde. When necessary, samples were perme-
abilized during 5minwith TBS, 0.5% Triton X-100, stained, and
mountedwith Prolong (Invitrogen). Images were obtainedwith
a photomicroscope (DMR; Leica, Germany) fittedwith anHCX
PL APO 63/1.32–210.6 oil objective (Leica) and coupled to a
COHU 4912–5010 charge-coupled device camera. Confocal
images were obtained with a Leica TCS-SP5 confocal scan-
ning laser microscope fitted with either an HCX PL APO �
blue �63/1.4 oil immersion objective or an HCX PL APO �
blue �100/1.4 oil immersion objective and analyzed with
Image J.
For drebrin/CD45 recruitment to HIV-1-wt-induced cap-

ping areas, accumulation of drebrin or CD45 staining at CD4 or
CXCR4 capswas quantified in cells infectedwithHIV-1-wt and
in cell-cell contacts between uninfected cells and MT4-HIV-
infected cells. For drebrin clusteringquantification, drebrin stain-
ing was transformed with the pseudocolor-intensity look-up
tables and yellow-white patches at fluorescentVLP locationswere
considered positive for clustering. Pearson co-localization factors
for Drebrin/CXCR4 or GFP/CXCR4 were obtained by analyzing
double-stained or simple-stained confocal images respectively, at
the maximal intercellular/VLP-cell contact plane with the “Colo-
calization Threshold” Image J plug-in.
For F-actin and profilin accumulation at intercellular con-

tacts, the Image J plug-in “Synapsemeasure” was used as
described previously (45). Briefly, by selecting regions of inter-
est of the same area for all measurements, the fluorescence

FIGURE 1. Drebrin interacts and localizes with CXCR4 during HIV infection of CD4� T cells. A, T cells incubated with HIV-1 viral particles were lysed,
immunoprecipitated with anti-drebrin M2F6 mAb (lanes IP drebrin), and blotted with CXCR4 pAb. Western blot of drebrin is shown as a loading control. IP Ig,
immunoprecipitation with the isotype control Ab; seph�lys, lysate immunoprecipitated with beads uncoupled to antibody. B, CEM-T4 cells incubated for 30
min at 37 °C with HIV-1 viral particles (lower panels) or virus-free medium (upper panel) were fixed and stained for drebrin (M2F6 mAb), CXCR4 (BD biotinylated
mAb), CD4 (BD biotinylated mAb), or CD45 (BD FITC-mAb). Summatory projections of confocal stack images are shown. Bars, 5 �m. Surface plots beside the
corresponding images represent fluorescence distribution versus intensity. C, target T cells were conjugated for 2 h at 37 °C with HIV-1-infected T cells
(MT4-HIV-GFP) and stained for drebrin (M2F6 mAb) and CXCR4 (N-t pAb). Summatory projections of confocal stack images are shown. Bar, 5 �m. D, quantifi-
cation of drebrin (black bars) and CD45 (white bars) recruitment at the capping areas (HIV-wt) or at target-MT4-HIV intercellular contacts (MT4-CEM) are depicted
(mean � S.D.). More than 100 particles or contacts were quantified for each category in two independent experiments. E, quantification of drebrin recruitment
toward J77-Env� HxBc2 cells contacts (gray bar) or J77-J77 contacts (white bar). More than 100 contacts were quantified for each category in two independent
experiments.
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intensity at the cell to cell contact area (V), an area of the
infected cell not in contact with the target cell (I), an area of
the target T cell not in contact with the infected cell (T), and the

background (Bg) were quantified. Background signal was sub-
tracted from all other measurements, and then the ratio of the
fluorescence intensity accumulated at the cellular contact rela-
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tive to the rest of the target T cell surface was analyzed accord-
ing to the formula (V-I)/T.
Western Blot Assays—J77 T cells were lysed in TBS, 1% Non-

idet P-40 supplemented with a mixture of protease and phos-
phatase inhibitors. Lysateswere centrifuged at 11,000� g for 10
min at 4 °C, and supernatants weremixed with reducing Laem-
mli buffer and boiled for 5min. Lysates were separated by SDS-
PAGE and immunoblotted with specific antibodies. Protein
bands were analyzed using the LAS-1000 CCD system and
Image Gauge 3.4 (Fuji Photo Film Co., Tokyo, Japan).
FlowCytometry—Cells were incubated with TBS, 5% BSA for

30 min at 4 °C and then with primary monoclonal antibody (30
min at 4 °C). After washing, cells were incubated with a FITC-
conjugated secondary antibody and analyzed in a FACScalibur
flow cytometer (BDBiosciences). Datawere analyzedwithCell-
Quest Pro (BD Biosciences).
F-actin Quantification—Cells were stimulated with HIV

NL4.3-free virions (100 ng/million cells) for different times at
37 °C, fixed with 4% formaldehyde, permeabilized with TBS,
0.5% Triton X-100 (5 min) and stained with phalloidin/Alexa
488 or phalloidin/Alexa 647 (Invitrogen). Mean fluorescence
intensity of F-actin staining was analyzed in a FACScalibur
cytometer (BD Biosciences).
Quantitative PCR Analysis—Cells were spin-infected with

200 ng/106 with VSV-G-HIV at 1200 � g during 1 h at 37 °C
with a further incubation period of 1 h at 37 °C, washed, incu-
bated 24 or 48 h at 37 °C, and lysed in 0.2% Nonidet P-40. Total
genomic DNA was extracted using QiAamp DNA mini kit
(Qiagen) and amplified using Power SYBR Green PCR master
mixture (Applied Biosystems): forward primer, 5�-CAG-
GATTCTTGCCTGGAGCTG-3� and reverse primer, 5�-
GGAGCAGCAGGAAGCACTATG-3� for early reverse trans-
cription products, and forward primer, 5�-TGTGTGCCCGT-
CTGTTGTGT-3� and reverse primer 5�-CGAGTCCTGCGT-
CGAGAGAT-3� for late reverse transcription products. The
�-actin genewas amplified tomeasureDNAconcentration and
used for normalization. Each reaction was performed in tripli-
cate. Azidothymidine (Zidovudine) was added in each
experiment as a negative control, inhibiting between 70 and
90% the amount of early and late reverse transcription
products.
Statistical Analysis—Statistical significance was calculated

on the raw data using paired Student’s t test or the parametric
one-way analysis of variance with Bonferroni’s post hoc multi-
ple comparison test. Significant differences are labeled *, p �
0.05; **, p � 0.01; and ***, p � 0.001.

RESULTS

Drebrin Interacts with CXCR4 during HIV-1 Infection and Is
Recruited by the Viral Envelope—We previously reported that
the N-terminal region of drebrin interacts with the C-terminal
cytoplasmic tail ofCXCR4 in primaryT lymphoblasts andTcell
lines, and that this interaction is increased by antigen presen-
tation (35). To assess whether this interaction also occurs dur-
ing HIV-1 infection, where CXCR4 is the viral co-receptor, we
incubated J77 CD4� target T cells with free HIV-1 viral parti-
cles (NL4.3 strain). Immunoblotting of drebrin immunopre-
cipitates revealed that the association between drebrin and
CXCR4 is maintained in HIV-1-infected T cells (Fig. 1A).
Next, we assessed whether free viral particles were able to

induce the recruitment of drebrin to viral attachment sites:
CD4� T cells (CEM-T4) were incubated with free HIV-1 viral
particles, which promote CD4 and CXCR4 polarization (“cap-
ping”) (21, 22, 46). Staining for drebrin and either CXCR4 or
CD4 revealed that HIV-1 viruses triggered the recruitment of
drebrin to the CD4/CXCR4 capping areas (Fig. 1, B and D, for
quantification), whereas in the absence of HIV virus drebrin
displayed a diffuse subcortical pattern (Fig. 1B, upper panel).
CD45, included as a control, did not show specific accumula-
tion at HIV-1-triggered CD4/CXCR4 capping areas (Fig. 1, B
and D, for quantification). Localization of drebrin-CXCR4
complexes during HIV-induced cell to cell contact areas was
also determined by incubating CEM-T4 cells with T cells
infected with HIV-GFP (MT4-HIV). Staining for drebrin and
CXCR4 showed that both proteins were accumulated at cell to
cell contact areas, where viral synapses are established (Fig. 1,C
and D, for quantification). CD45, as a control, did not display
specific enrichment at MT4-HIV-target cell contacts (Fig. 1D).
To assess whetherHIV-1 Envwas sufficient for drebrin recruit-
ment, the assaywas repeated using target Jurkat cells (clone J77)
and a Jurkat clone expressing Env at the plasma membrane
(Env� Jurkat-HxBc2 cells). As before, drebrin andCXCR4were
specifically enriched at Env-driven cell to cell contacts (Fig. 1E).
Remarkably, no specific drebrin recruitment was observed in
cellular contacts between two target cells, where there is no
HIV-1 Env (Fig. 1E). Accumulation of drebrin at Env-induced
capping areas and Env-induced cellular contacts, but not at
unspecific cell to cell contacts, illustrates the specificity of dre-
brin recruitment by HIV-1 Env.
Drebrin Accumulates at Viral Attachment Sites and Partially

Co-localizes with Viral Particles after Internalization—To
ascertain whether HIV Env was enhancing drebrin-CXCR4

FIGURE 2. Drebrin recruitment at different steps of HIV-1 infection with VLPs. A, measurement of Pearson’s coefficient for CXCR4-drebrin co-localization
at VLPs contact sites or other membrane areas. Each point represents the Pearson’s coefficient for one VLP contact site/membrane area. The medians and the
interquartile ranges are also depicted on the graph. More than 20 areas were quantified for each category in two independent experiments. B, confocal images
showing the recruitment of endogenous drebrin toward attached VLPs (Gag-GFP) at 4 °C. Images are projections of the planes in which each individual VLP is
observed. Bar, 5 �m. Drebrin staining is shown in pseudocolor intensity-coding format below the confocal image. The small lower panels are zoomed views of
VLP contacts from the merged immunostaining and pseudocolor drebrin images (�3). Note that the maximum intensity of drebrin staining, in white at the
pseudocolor scale images, fits with the VLP attachment site. C, confocal images showing the endogenous drebrin distribution in a target T cell with internalized
VLPs (at 37 °C). Images are projections of the planes in which each individual VLP is observed. Bar, 5 �m. Drebrin staining is shown in pseudocolor intensity-
coding format below the confocal image. Lower panels as described in B. D, confocal images showing the absence of recruitment of endogenous drebrin when
cells were incubated with VLPs without Env (VLP�Env-GFP) (at 37 °C). Images are projections of the planes in which each individual VLP is observed. Bar, 5 �m.
Drebrin staining is shown in pseudocolor intensity-coding format below the confocal image. Lower panels as described in B. E, quantification of VLPs that cluster
drebrin at the plasma membrane of target cells (4 °C, attached particles), or at the cytoplasm (37 °C, intracellular particles). VLPs not covered with a viral
envelope (VLP-�-Env) induce basal drebrin accumulation (white bar). More than 100 particles were quantified for each category in three independent
experiments.
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association, the co-localization of these two proteins was mea-
sured. T cells were incubated with Env� fluorescent virus-like
particles (VLPs), which allow visualization of individual parti-
cles (data not shown). Co-localization of drebrin-CXCR4 was
enhanced at regions of VLP contacts compared with regions
where no VLPs were attached to the cell membrane (Fig. 2A).
We next investigated drebrin accumulation at virus attach-

ment sites and upon viral internalization. VLPs were incubated
with CEM-T4 cells for 30 min at 4 or 37 °C, fixed, and immu-
nostained for drebrin. At 4 °C, a temperature that does not
allow membrane fusion, thus arresting VLPs at the attachment
step, drebrin was enriched at 87.95% of VLP contacts (Fig. 2, B
and E, for quantification). In this analysis, only the confocal
planes where the VLP is observed (usually 1–2 planes separated
by 0.25�m)were analyzed to avoid counting false positives due
to fortuitous superposition. Moreover, the accumulation was
considered positive only if the intensity of drebrin labeling at
the VLP contact area was depicted in white-yellow when using
the pseudocolor intensity look-up tables. Incubation at the per-
missive temperature (37 °C) revealed that 66.71% of intracellu-
lar VLPs still localized with drebrin clusters (Fig. 2, C and E, for
quantification). Most importantly, accumulation of drebrin at
the VLP contact sites was dependent on HIV-1 envelope,
because VLPs not covered with a viral envelope (VLP-�-Env)
were able to induce drebrin recruitment in only 28.59% of the
cases (Fig. 2, D and E, for quantification).
Our results indicate that drebrin is recruited together with

CD4 andCXCR4duringHIV-1 attachment at the plasmamem-
brane in an Env-dependent manner. This localization is partly
maintained after virus internalization, suggesting that drebrin
may form part of the actin complex associated with the viral
nucleocapsid during its internalization.
Drebrin Regulates HIV-1-induced Cell Fusion and Viral

Production—To assess the specific role of drebrin during
HIV-1 infection, target T cells were transfected with GFP-
tagged drebrin or two different truncated forms: Dreb(1–366)-
GFP,which contains only the first 366 amino acids and lacks the
Pro-rich motives needed for the interaction with profilin and
other molecules; and Dreb(319–707)-GFP, which on the con-
trary lacks the actin-binding domain and keeps the Pro-rich
region (Fig. 3A) (35, 39, 41). In the absence of HIV-1 viral par-
ticles, drebrin-GFP andDreb(1–366)-GFP distributed similarly
to their endogenous counterparts (Fig. 3B, left panels). Equal
distribution ofDreb(1–366)-GFP is consistent with its ability to
interact with CXCR4 and F-actin through its intact N-terminal

region. Dreb(319–707)-GFP had a delocalized cytoplasmic dis-
tribution in the absence or presence of HIV viral particles, as
expected because it can neither bind F-actin nor CXCR4 (Fig.
3B) (35). Both drebrin-GFP and Dreb(1–366)-GFP were
recruited togetherwithCXCR4 to the capping areas induced by
HIV-1 particles (Fig. 3B, right panels). Drebrin-GFP and
Dreb(1–366)-GFP both co-localize with CXCR4 in the absence
of viral particles, whereas much lower co-localization was
observed for Dreb(319–707)-GFP and CXCR4 (Fig. 3C).
CXCR4 co-localization with drebrin-GFP and Dreb(1–366)-
GFP was significantly enhanced in VLPs membrane contact
areas, whereas no increase was observed for Dreb(319–707)-
GFP/CXCR4 co-localization (Fig. 3C). Similar results were
obtained at Env-driven cell to cell contacts (Fig. 3D and data not
shown).
The functional effect of drebrin overexpression on HIV-1

infection was assessed by infecting target cells transfected with
GFP alone, drebrin-GFP, Dreb(1–366)-GFP, or Dreb(319–
707)-GFP.Viral productionwasmeasured 3 days after infection
by p24 ELISA. As shown in Fig. 3E, overexpression of drebrin-
GFP or Dreb(319–707)-GFP did not affect viral production,
whereas Dreb(1–366)-GFP expression increased it.
Because drebrin was recruited at the plasma membrane by

free HIV-1 viral particles and at Env-driven cell contacts, the
step enhanced by Dreb(1–366)-GFP could be HIV-1-induced
membrane fusion.We next measured Env-mediated cell fusion
by flow cytometry using Env� HxBc2 cells and target CEM-T4
cells. Env� cells were marked with a red intracellular tracker
(CMTMR) and incubated overnight with target T cells trans-
fected with GFP alone or each of the GFP-tagged drebrin con-
structs. Env-driven cell fusion leads to syncytia formation,
detected as double fluorescence positive events of greater size
and complexity. As a control of specificity, syncytia formation
was blocked by the HIV-1 fusion inhibitor T20. Quantification
of these events yielded results comparable with the viral pro-
duction experiments: overexpression of wild-type drebrin or
Dreb(319–707)-GFP did not affect Env-mediated cell fusion,
whereas Dreb(1–366)-GFP increased it (Fig. 3F), thus suggest-
ing that the N-terminal region of drebrin is needed for the inhi-
bition of HIV-1-induced membrane fusion.
Down-regulation of Drebrin Expression Increases HIV-1 Syn-

cytia Formation and Viral Entry—To confirm the regulatory
role of drebrin during HIV-1 infection, we knocked down its
expression using siRNA. Down-regulation was assessed for
each experiment by Western blot (Fig. 4A, representative

FIGURE 3. Effect of the overexpression of drebrin wild-type or the deletion mutants, Dreb(1–366)-GFP and Dreb(319 –707)-GFP, on HIV infection. A,
scheme showing drebrin domains and the different GFP-fused constructs (drebrin-GFP, Dreb(1–366)-GFP, and Dreb(319 –707)-GFP). ADF-H stands for actin-
depolymerizing factor-homology domain. B, CEM-T4 cells overexpressing drebrin-GFP, Dreb(1–366)-GFP, or Dreb(319 –707)-GFP were incubated for 30 min at
37 °C with HIV-1 viral particles (right panel) or virus-free medium (left panel), fixed and stained for CXCR4 (BD mAb). Summatory projections of confocal stack
images are shown. Bars, 5 �m. C, measurement of Pearson’s coefficient for CXCR4/GFP co-localization at cells overexpressing drebrin-GFP, Dreb(1–366)-GFP,
or Dreb(319 –707)-GFP in the absence or presence of VLPs. Each point represents the Pearson’s coefficient for one VLP contact. The medians and the inter-
quartile ranges are also depicted on the graph. 30 – 60 VLPs contacts were quantified in each category from three independent experiments. No statistically
significant variation was observed between drebrin-GFP and Dreb(1–366)-GFP in the absence of VLPs; drebrin-GFP and Dreb(1–366)-GFP in the presence of
VLPs; or Dreb(319 –707)-GFP in the absence or presence of VLPs. D, CEM-T4 cells overexpressing drebrin-GFP or Dreb(1–366)-GFP were conjugated with Env�

HxBc2 cells (in blue) for 2 h at 37 °C, fixed, and stained for CXCR4 (BD mAb). Summatory projections of confocal stack images are shown. Bars, 5 �m. E, HIV-1
infection was enhanced by Dreb(1–366)-GFP overexpression. Infection was measured as viral production, quantified by ELISA as the p24 viral protein present
in supernatants at day 3 after infection at 37 °C. Data are the fold-induction relative to control cells transfected with GFP alone (mean � S.D. of four experiments
performed in triplicate). F, cell fusion triggered by HIV-1 Env� HxBc2 cells was increased in cells overexpressing Dreb(1–366)-GFP. Cells were incubated for 16 h
at 37 °C and syncytia formation was quantified by flow cytometry. Data are presented as the fold-induction relative to GFP-transfected cells (mean � S.D. of four
experiments performed in duplicate).
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blot). Control target cells were transfected with a siRNA
sequence that does not hybridize with any eukaryotic
mRNA. FACS analysis confirmed that CD4 and CXCR4

expression at the plasma membrane of target cells was not
affected by drebrin silencing (data not shown). As expected,
CXCR4 co-localization with drebrin at VLPs contacts or

Drebrin Regulates Actin Remodeling and HIV-1 Infection

28390 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 288 • NUMBER 39 • SEPTEMBER 27, 2013



Env-driven cell to cell contacts was reduced in drebrin-de-
pleted cells (Fig. 4B and data not shown).

To assess Env-driven cell fusion, silenced T cells markedwith a
greencell trackerwere incubatedovernightwithEnv�HxBc2cells
loaded with CMTMR. Drebrin-silenced cells exhibited enhanced
cell fusionwithEnv� cells comparedwithcontrol cells (Fig. 4C). In
parallel, control and silenced cells were infected with HIV-1 viral
particles and viral productionwasmeasured by p24ELISA3 and 6
days after infection. Drebrin-silenced cells produced higher titers
of HIV than control cells in both time points (Fig. 4D), indicating
that drebrin negatively regulates HIV-1 infection. Additionally,
possible nonspecific side effects of siRNAwere ruled out by using
a siRNA against the non-coding sequence of drebrin mRNA in
cells overexpressing GFP or drebrin-GFP (Fig. 4E). Cells with
endogenousdrebrinknockeddownandGFPexpressionproduced

higher titers of HIV than cells transfected with control oligonu-
cleotide and GFP (Fig. 4F). Drebrin-GFP overexpression in cells
withendogenousdrebrinknockeddownrescued thenormal levels
of infection (Fig. 4F).
To dissect the precise involvement of drebrin in the first

steps of HIV infection, drebrin-silenced or control T cells were
incubated at 4 or 37 °C for 2 h with HIV-1 particles at a low
infection rate (avoiding superinfection and cooperative entry of
virions), washed, and lysed. The amount of p24 in the lysates
was measured as an estimate of HIV attachment (4 °C) or HIV
entry (subtraction of values of 4 °C from the values of 37 °C).
The p24 amount was equal in control or drebrin-silenced cells
incubated with HIV-1 at 4 °C. However, it was increased in
silenced cells at 37 °C (and therefore at 37 °C less 4 °C), suggest-
ing that HIV entry is specifically enhanced by drebrin silencing

FIGURE 5. Drebrin silencing increases HIV-1 entry and infectivity of the viral progeny. A and B, effect of in drebrin silencing on HIV-1 attachment (4 °C) and
entry (37- 4 °C) into target T cells (A, J77 cell line; and B, primary human T lymphoblasts). Data are the fold-induction relative to control cells; mean � S.D. of three
and four experiments performed in triplicate, respectively. C, HIV-1 entry in drebrin-silenced cells was measured by infection with one-cycle viral particles
carrying a luciferase reporter gene. Infection was performed at 37 °C. Data represent the mean fold-induction of luciferase-HIV-1-envelope virus relative to
control cells and normalized with respect to luciferase-VSV-envelope virus (mean � S.D.). Results are from four independent experiments performed in
triplicate. D, time course of viral reverse transcription as measured by quantitative PCR analysis of control and drebrin-silenced T cells infected with VSV-G-HIV
at 37 °C. Data represent the mean fold-induction of early or late HIV products normalized with respect to �-actin transcription (mean � S.D.). Results are from
three independent experiments performed in triplicate. E, effect of drebrin silencing on new virions infectivity. Equal p24 amounts of HIV-1 produced by
control or drebrin-depleted cells were used to infect the reporter cell line TZM-bl for 24 h at 37 °C. Data represent the mean fold-induction relative to HIV-1 virus
produced by control cells (mean � S.D.). Results are from four independent experiments performed in triplicate.

FIGURE 4. Knockdown of drebrin expression increases HIV-1 infection and Env-induced cell fusion. A, representative Western blot showing silencing of
drebrin endogenous expression 48 h after siRNA transfection of the negative oligonucleotide (Control) or siRNA against drebrin (Drebrin) in Jurkat T cells.
Tubulin was used as loading control. Silencing is quantified below as the band intensity ratio with respect to tubulin. B, measurement of Pearson’s coefficient
for CXCR4/drebrin co-localization at VLPs contact areas in control or drebrin-depleted cells. Each point represents the Pearson’s coefficient for one VLP contact.
The medians and the interquartile ranges are also depicted on the graph. Two independent experiments were quantified. C, drebrin silencing in target T cells
increased Env�-induced cell fusion. Cells were incubated for 16 h at 37 °C and syncytia formation was quantified by flow cytometry. Data are presented as
fold-induction relative to cells transfected with control siRNA (Control). Results are mean � S.D. of four independent experiments performed in duplicate. D,
effect of drebrin silencing on HIV-1 infection, as measured as viral production after 3 and 6 days at 37 °C. Results were quantified as p24 viral protein content
in supernatants by ELISA. Data are the mean fold-induction relative to control cells � S.D. of four experiments performed in triplicate. E, representative Western
blot (WB) of Jurkat T cells co-transfected with siRNA against the non-coding sequence of drebrin mRNA (siDrebrin) or control siRNA, and GFP or drebrin-GFP. Cell
lysates were immunoblotted for drebrin and GFP. Tubulin was used as loading control. F, control or drebrin-depleted T cells overexpressing either GFP or
drebrin-GFP were infected with HIV NL4.3 strain virus for 2 h at 37 °C. Supernatants were harvested at day 3 after infection and p24 was measured by ELISA.
Results are the mean � S.E. of three experiments performed in triplicates.
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(Fig. 5A). Similar results were obtained when this experiment
was repeated using primary T lymphoblasts (Fig. 5B). To con-
firm these observations, we infected target cells with one-cycle
luciferase virus pseudotyped with anHIV-1 envelope (X4-Luc),
or VSV (vesicular stomatitis virus) envelope (VSV-Luc) as a
control. Higher luciferase levels were found in X4-Luc-infected
drebrin-silenced cells than in controls, confirming that drebrin
knockdown specifically increases viral entry (Fig. 5C). VSV
infection was similar in silenced and control cells, demonstrat-
ing that the effect of drebrin silencing is HIV-1 Env-dependent
(Fig. 5C). These results indicate that drebrin negatively regu-
lates HIV-1 entry without affecting viral attachment.
To further analyze whether drebrin was affecting other steps

after viral entry, we assessed HIV-1 reverse transcription. To
measure possible changes in this post-entry step without the
observed effect of drebrin silencing in HIV-1 entry, we used
HIV-1 pseudotyped with VSV-G envelope glycoprotein (VSV-
G-HIV) instead of HIV-1 WT, avoiding the increase observed
in HIV-1 entry by drebrin knock-down masked any specific
effect on reverse transcription. Quantitative PCR for early and
late viral reverse transcription products was performed in con-
trol or drebrin-silenced cells after infection with VSV-G-HIV.
Drebrin silencing did not alter the amount of either early or late
viral products (Fig. 5D), suggesting that drebrin is not affecting
HIV-1 reverse transcription step.
To test the consequences of drebrin silencing in longer

kinetics, the infectivity of the following viral generation was
measured. New virions released by either infected control
cells or drebrin-depleted cells were harvested and quantified
by p24 ELISA. Equivalent p24 amounts of virus produced by
control or drebrin-depleted cells were used to infect the
TZM-bl reporter cell line (Fig. 5E). Interestingly, viral parti-
cles released from drebrin-depleted cells were more infec-
tious than the ones released from control cells, suggesting
that drebrin also has a limiting role in the infectivity of the
following viral progeny.
Drebrin Regulates Actin Polymerization Induced by HIV-1

Contact—HIV-1 infection is known to trigger actin remodel-
ing, which is essential for CD4/CXCR4 clustering and effective
virus entry and viral synapse formation (6, 19). Drebrin is also
an important mediator of actin polymerization in neurons (32)
and T cells in response to antigen presentation (35). Drebrin
and F-actin have been shown to bind and/or co-localize in kera-
tinocytes, neurons, and T cells (35, 41, 47). To study F-actin
distribution during HIV-1 infection, we detected F-actin and
drebrin during VLP-target cell contacts using confocal micros-
copy. Staining patterns of drebrin and F-actin were almost
identical throughout the plasmamembrane, with both showing
accumulation at VLP attachment sites (Fig. 6A).
Quantification of F-actin staining intensity at contacts

between target control or drebrin-silenced cells and infected
cells (MT4-HIV-GFP) showed a decrease in F-actin accumula-
tion at cell to cell contacts, with respect to the rest of the cell
membrane (Fig. 6,B andC).We also assessed the progression of
actin polymerization after HIV-1 contact in drebrin-silenced T
cells. HIV-1 induced a marked increase in F-actin content in
control T cells, and this increase was impaired by drebrin
knockdown (Fig. 6D). This indicates that drebrin is needed for

the actin polymerization triggered by HIV-1 attachment to the
plasma membrane. Decreased actin polymerization in target T
cells caused by RNAi-mediated down-regulation of drebrin
correlateswith higherHIV-1 entry. In addition, F-actin staining
intensity at contacts between target cells overexpressing wild-
type drebrin-GFP or Dreb(1–366)-GFP, and infected cells
(MT4-HIV-GFP) showed a decrease in F-actin accumulation
in cells overexpressing Dreb(1–366)-GFP truncated mutant
(Fig. 6E).
Therefore, drebrin knockdown reduces F-actin polymeriza-

tion triggered by HIV-1 viral particles or HIV-1 Env at cell to
cell contacts, in correlation with higher HIV-1 entry. Over-
expression of the truncated form Dreb(1–366)-GFP also
decreases F-actin accumulation at cell to cell contacts with
infected cells.
Drebrin Regulates Profilin Accumulation at Intercellular

Contacts with InfectedMT4-HIV-GFP Cells—To further assess
the mechanism of the drebrin limiting role in HIV-1 infection
and its relationship with F-actin remodeling, the distribution of
other F-actin regulatory proteins was analyzed. The distribu-
tion of phospho-Moesin, phospho-Cofilin, gelsolin, Rac, and
phosphatidylinositol 4,5-bisphosphate at VLPs or Env-driven
cell to cell contacts were not affected by drebrin knockdown or
Dreb(1–366)-GFP overexpression (data not shown). Impor-
tantly, profilin accumulation at cell-cell contacts between dre-
brin-depleted cells and infected cells (MT4-HIV-GFP) was sig-
nificantly increased in comparison to control cells (Fig. 7,A and
B). In addition, cells overexpressing the truncated mutant
Dreb(1–366)-GFP displayed a similar profile, with higher pro-
filin local accumulation in comparison with cells overexpress-
ing drebrin-GFP (Fig. 7,C andD). This enhancement in profilin
relocalization toward the infected cellswas not observed in cells
overexpressing GFP alone or the mutant Dreb(319–707)-GFP,
which showed comparable profilin distribution as cells overex-
pressing drebrin-GFP (data not shown). Taken together, our
results indicate that both drebrin knockdown and overexpres-
sion of the Dreb(1–366)-GFP-truncated protein enhance pro-
filin local accumulation at contacts with infected cells, which
might lead to a reduction of F-actin polymerization.

DISCUSSION

In this study, we show that drebrin associates with CXCR4
before and during HIV-1 infection, and both are co-localized
and specifically enriched at viral and Env-driven cell to cell
contacts. Drebrin regulates HIV-1 infection, modulating viral
triggered actin polymerization and profilin local accumulation.
Classical HIV-1 entry into its target cells requires fusion of

the viral envelopewith the plasmamembrane (48, 49), although
recent reports show productive infection via endocytosis (50–
52). At any rate, the plasmamembrane is what the virus particle
encounters first. Thus, the spatial organization of transmem-
brane proteins at the cell surface and the physical state of the
lipid bilayer are critical regulators ofHIV-1 entry (11, 14, 15, 18,
53–55). Supporting this statement, there is an increasing num-
ber of studies showing that cellular proteins affecting either the
clustering of viral receptors (such as tetraspanins, EWI-2, moe-
sin, and filamin-A) or the subcortical actin cytoskeleton (such
as syntenin-1, �-actinin, talin, vinculin, cofilin, profilin,WASp,
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WAVE-2, diaphanous-2, and Arp2/3) alter HIV-1 infection
effectiveness (15, 18, 20, 24, 26, 30, 31, 56–60). Initial HIV-1
binding to the target cell surface induces local actin polymeri-

zation, which probably facilitates receptor clustering at the
plasma membrane (6, 19, 61). Clustering of CD4/CXCR4 has
been suggested to depend on their incorporation into tetra-
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spanin-enrichedmicrodomains (14–16, 62) and to require cho-
lesterol-enriched domains (46, 54, 55), attesting the importance
of membrane microdomains for HIV-1 entry. Tetraspanin-en-
riched microdomains are linked to actin cytoskeleton through
actin-binding proteins ERMs and �-actinin (30, 63). ERMs and
filamin-A, another actin-binding protein, are known to facili-
tateCD4/CXCR4 clustering duringHIV-1 attachment and pro-
mote viral infection (18, 20). Our data regarding the effect of
drebrin in Env-mediated cell fusion and HIV attachment/entry
support drebrin involvement during the HIV-1 entry step.
Therefore, drebrin, by dynamically reorganizing the actin cyto-
skeleton, could regulate actin-mediated clustering of CD4/
CXCR4 in a different fashion to ERMs and filamin-A (18, 20).
However, the distribution of phosphorylated moesin in con-
tacts betweenMT4-HIV-GFP and target drebrin-silenced cells
was not modified, and receptor clustering was apparently not
impaired, suggesting that the role of drebrin was not related
with receptor clustering.
Recent data support a negative role for the actin cytoskeleton

after viral-inducedmembrane fusion. The dense actin structure
that favors CD4/CXCR4 clustering during attachment might
subsequently act as a physical barrier that impairs introduction
of the viral nucleocapsid. Therefore, a functional but loose actin
cytoskeleton seems to be favorable forHIV-1 entry into the host
cell (26, 57). We have previously reported that silencing syn-
tenin-1, a scaffold protein that binds to the cytoplasmic region
of CD4, reduced F-actin polymerization in response to HIV-1
and this promotedHIV-1 entry (57). Herewe show that drebrin
also plays a role in HIV-triggered actin polymerization. Reduc-
tion of the F-actin structure may render cells more permissive
to subsequent HIV-1 nucleocapsid entry, accounting for the
negative role of drebrin and syntenin-1 in the HIV-1 entry step
(57). Although syntenin-1 silencing increases PIP-2 formation
at Env-mediated contacts, drebrin does not. Drebrin regulation
of actin polymerization seems to be related to local profilin
accumulation. Profilin and drebrin have opposite effects
regarding actin: whereas profilin enhances actin dynamics, dre-
brin stabilizes actin filaments (33, 64). Profilin is known to
behave in different ways depending on its concentration. At
high concentrations, profilin prevents actin polymerization,
whereas at low concentrations it enhances actin polymerization
(65). In this scenario, both drebrin knockdown and overexpres-
sion of its truncated form Dreb(1–366)-GFP enhance profilin
recruitment toward HIV-1 entry sites, and consequently its
capacity to prevent actin polymerization. High profilin con-
centrations at cell contacts between drebrin-depleted cells

and HIV-infected cells are in accordance with the observed
reduction of polymerized actin in response to HIV-1 in these
cells. In this sense, profilin inhibition has been reported to
suppress viral production in HIV-infected monocytes (58).
Enhancement in HIV-1 entry in drebrin-depleted cells could
then be a consequence of the observed profilin local increase
and its effect on actin remodeling, together with the reduc-
tion in the stabilization of F-actin due to the absence of
drebrin (33).
Overexpression of different drebrin constructs suggests how

drebrin regions are involved in HIV-1 infection. Overexpres-
sion ofwild-type drebrin-GFPorDreb(319–707)-GFPdoes not
affect HIV-1 infection, whereas overexpression of Dreb(1–
366)-GFP renders similar effects as drebrin knocking down.
The absence of effect on HIV-1 infection when overexpressing
wild-type drebrin-GFP could be the consequence of high
endogenous expression levels, which might be already saturat-
ing F-actin and CXCR4 drebrin-binding sites. In agreement
with this hypothesis, HIV-1 infection of target cells knocked
down for endogenous drebrin and overexpressing wild-type
drebrin-GFP displayed similar infection levels as control cells.
Concerning the absence of effect on HIV-1 infection when
overexpressing Dreb(319–707)-GFP, we have previously
shown that this mutant does not bind to CXCR4 (35). Drebrin
binding to CXCR4 seems then to be necessary for the dreb-
rin negative role on HIV-1 infection. Dreb(1–366)-GFP, a dre-
brin construct able to bind F-actin and CXCR4 but unable to
recruit profilin, behaves as a dominant-negative of drebrin regard-
ing HIV-1 infection. Indeed, enhancement in profilin accumula-
tion at contacts with infected cells is observed when this mutant,
with no drebrin profilin-binding region, is overexpressed in target
cells. Profilin accumulation at these areas might be the conse-
quence of profilin interactionwithG-actin and/orwith other pro-
teins known as profilin partners (39). Therefore, drebrin limits
profilin local concentration and stabilizes actin polymerization.
The role of drebrin in the stabilization of plasma membrane
domains enriched inF-actin structures has beenpreviously shown
in neurons and other cell types (32).
Alternatively, drebrinmight regulate F-actin in a subsequent

step, after virus-promoted local clearance of F-actin. Our
results showing that drebrin is not involved in HIV-1 reverse
transcription do not rule out its involvement in viral RNA
and/or DNA transport to the nucleus. In this regard, part of the
internalized VLPs was still associated with drebrin clusters at
the cytoplasm. Interestingly, new viral particles released from
drebrin-depleted cells are more infective, suggesting not only

FIGURE 6. Actin polymerization is reduced in drebrin-silenced cells. A, Jurkat J77 T cells were incubated with fluorescent VLPs (Gag-Cherry) for 30 min at
37 °C, fixed, and stained for drebrin (M2F6 mAb) and F-actin (Phalloidin). Summatory projections of confocal stack images are shown. Bar, 5 �m. Lower panels
show zoomed images of selected confocal planes in which individual VLPs are observed (numbered arrows in the merged image), together with the respective
orthogonal sections for each particle site, and drebrin and F-actin stainings in pseudocolor intensity-coding format. B, quantification of F-actin accumulation
at contacts between control or drebrin-silenced cells and MT4-HIV-GFP-infected cells. Each point represents F-actin accumulation intensity ratio at one contact.
More than 100 events were counted in each condition. The medians and the interquartile ranges are also depicted on the graph. C, control or drebrin
knockdown target cells were incubated with MT4-HIV-GFP cells (green) for 2 h at 37 °C, fixed, permeabilized, and stained for F-actin (red). Summatory
projections of representative confocal stack images are shown, as well as merged and F-actin staining in pseudocolor intensity-coding format on the right
panels. Arrowheads indicate contacts between HIV-1-infected and target T cells. Bar, 10 �m. D, time profile of F-actin content upon HIV-1 contact for different
times at 37 °C, measured by flow cytometry in drebrin-silenced and control cells. Data are the mean � S.D. of three independent experiments. p � 0.01. Right
panels show flow cytometry histograms of a representative experiment of F-actin fluorescence intensity upon HIV-1 contact at the different time points
analyzed in drebrin-silenced and control cells. E, quantification of F-actin accumulation at contacts between cells overexpressing Dreb-GFP or Dreb(1–366)-
GFP and MT4-HIV-GFP-infected cells labeled with the cell tracker CMAC. Each point represents the F-actin accumulation intensity ratio at one contact. More
than 100 events were counted in each condition. The medians and the interquartile ranges are also depicted on the graph.
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that drebrin-depleted cells are more easily infected but also
that new virions released are more infective, explaining why
at day 6 the effect of drebrin silencing was amplified. In this
sense, previous reports have shown that other host proteins
that get incorporated into the viral particles, affect both viral

entry and infectivity (15, 66, 67). In summary, our results
identify a regulatory role for the CXCR4-binding protein
drebrin during HIV-1 entry into target T cells, by modulat-
ing profilin accumulation and actin polymerization at Env-
driven contacts.

FIGURE 7. Profilin recruitment at contacts with HIV-1-infected cells is increased in drebrin-depleted and Dreb(1–366)-GFP overexpressing cells. A,
quantification of profilin accumulation at cellular contacts between control or drebrin-depleted cells and MT4-HIV-1-GFP-infected cells. Each point represents
profilin accumulation intensity ratio at one intercellular contact. More than 100 events were counted for each condition in three independent experiments. The
medians and the interquartile ranges are also depicted on the graph. B, control or drebrin-depleted cells were incubated with MT4-HIV-GFP-infected cells for
1 h at 37 °C, fixed, and stained for profilin. Summatory projections of representative confocal stack images are shown. Profilin staining is also shown in
pseudocolor intensity-coding format on the right panels. Bar, 5 �m. C, quantification of profilin accumulation at cellular contacts between cells overexpressing
drebrin-GFP or Dreb(1–366)-GFP and MT4-HIV-1-GFP-infected cells. Each point represents the profilin accumulation intensity ratio at one intercellular contact.
More than 100 events were counted for each condition in three independent experiments. The medians and the interquartile ranges are also depicted on the
graph. D, cells overexpressing drebrin-GFP or Dreb(1–366)-GFP were incubated with MT4-HIV-GFP-infected cells (previously labeled with the blue cell tracker
CMAC) for 1 h at 37 °C, fixed, and stained for profilin. Summatory projections of representative confocal stack images are shown. Profilin staining is also shown
in pseudocolor intensity-coding format below each series. Note that in the green channel both cytoplasmic GFP of MT4-HIV-GFP cells and drebrin-GFP or
Dreb(1–366)-GFP cortical distribution are observed. Bar, 5 �m.
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