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Human immunodeficiency virus (HIV)-infected cells actively release the transcriptional activator (Tat) viral protein that
is required for efficient HIV gene transcription. We recently reported that extracellular Tat is able to enter uninfected
neurosecretory cells. Internalized Tat escapes endosomes to reach the cytosol and is then recruited to the plasma
membrane by phosphatidylinositol 4,5-bisphophate (PtdIns(4,5)P,). Tat strongly impairs exocytosis from chromaffin and
PC12 cells and perturbs synaptic vesicle exo-endocytosis cycle through its ability to interact with Ptdins(4,5)P,. Among
PtdIns(4,5)P,-dependent processes required for neurosecretion, we found that Tat impairs annexin A2 recruitment
involved in the organization of exocytotic sites at the plasma membrane. Moreover Tat perturbs the actin cytoskeleton
reorganization necessary for the movement of secretory vesicles toward their plasma membrane fusion sites during the
exocytotic process.

Here, we investigated whether extracellular Tat affects PtdIns(4,5)P, metabolism in PC12 cells. Using a diacylglycerol
(DAG) sensor, we found that ATP stimulation of exocytosis triggers the production of DAG at the plasma membrane as
seen by the relocation of the DAG probe from the cytosol to the plasma membrane. Exposure to Tat strongly delayed
the recruitment of the DAG sensor, suggesting a reduced level of DAG production at the early phase of ATP stimulation.
These observations indicate that Tat reduces the hydrolysis rate of PtdIns(4,5)P, by phospholipase C during exocytosis.
Thus, the neuronal disorders often associated with HIV-1 infection may be linked to the capacity of Tat to interact with

SHORT COMMUNICATION

Ptdlns(4,5)P2' and alter both its metabolism and functions in neurosecretion.

The human immunodeficiency virus type I (HIV-1) encodes
three structural (gag, pol and env), four accessory (vif; vpr, vpu
and zef) and two regulatory (zar and rev) genes, the products of
which are responsible for establishing sophisticated interactions
between the virus and human host. HIV-1 transcriptional activa-
tor (Tat) is a small (-11 kDa) basic protein that binds to the trans-
activation-response element (TAR) on the nascent viral RNA
and recruits molecular components for efficient transcriptional
elongation.! Thus, Tat displays an array of functions that are
essential for viral gene expression and replication, but also affects
host gene expression.” Tat is an eatly regulatory protein that has a
variable length of 86-103 aa (depending on viral isolates) and is
encoded by two exons. The first exon encodes the first 72 amino
acids and the second exon encodes for the remaining residues.
Tat is actively released by infected T-cells into the extracellular
medium by an unconventional mechanism** and the concen-
tration of Tat in the serum of HIV-1 infected patients reaches
nanomolar levels.” Tat can cross the blood brain barrier®” and
be produced in situ by HIV-1 infected cells such as perivascular
macrophages, astrocytes and microglia. Tat is thus present within

the central nervous system and could potentially be involved in
HIV-1 neuropathogenesis. HIV-1-associated neuronal symptoms
include motor or cognitive dysfunctions and behavioral changes
affecting nearly one third of patients undergoing intensive tri-
therapy. Moreover, one patient out of ten develops HIV-1 associ-
ated dementia at the late stage of AIDS.® Although some signs of
neuronal death have been reported in these patients, they most
likely do not explain the extent of cognitive alterations, suggest-
ing alternative unknown mechanism altering neuronal functions.

Extracellular Tat has been shown to penetrate several cell
types through different pathways’ and the capacity of Tat to
reach the cytosol of uninfected cells likely enables circulating Tat
to interfere with key cellular processes in these cells. Moreover,
the recent breakthrough identifying the membrane inner leaf-
let phosphatidylinositol (4,5)-bisphosphate [PtdIns(4,5)P,] as a
high affinity ligand for Tat,' suggests that key cellular activities
relying on PtdIns(4,5) P, such as exocytosis might be affected in
neurosecreting cells.

In our efforts to unravel the potential effect of Tat on neuro-
secretion, we first tested the ability of extracellular Tat to enter
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Figure 1. HIV-1 Tat perturbs the recruitment to the plasma membrane
of a DAG biosensor in PC12 cells stimulated for exocytosis. Cells express-
ing a fluorescent DAG probe were incubated 2 h with neomycin (4 mM)
or treated with Tat (50 nM, 30 min 0°C, then chased for 4 h) at 37°C
before exocytosis stimulation using 300 wM ATP. Pictures extracted
from a representative video of each condition show the distribution of
the pKDClab-GFP in control (i.e., vehicle), Tat or neomycin treated cells
at the indicated time points after cell stimulation. Bars: 10 pm.

conventional neurosecretory cell models i.e., chromaffin and
PC12 cells."! Consistent with the Tat uptake pathway observed

123 gur results indicate that internalized Tat is

in other cell types,
first found in early endosomal structures, as revealed by co-local-
ization with EEAI and then in late endo-lysosomal Lamp-1 posi-
tive structures.® After 4 h, Tat-containing vesicular structures
were barely detectable and, concomitantly, Tat signal became
visible on the inner leaflet of the plasma membrane." In addi-
tion, when overexpressed in PC12 cells, Tat localized essentially
at the plasma membrane." The binding of Tat to PtdIns(4,5)P,
is largely responsible for this recruitment of Tat to the plasma
membrane because both neomycin, a PtdIns(4,5)P, masking
drug, and PtdIns(4,5)P, 5-phosphatases, which reduce cellular
PtdIns(4,5) P, levels when overexpressed, efficiently displaced Tat
from the plasma membrane to the cytosol."

Most strikingly, once internalized by chromaffin and
PC12 cells, Tat strongly inhibited the number of exocytotic
events as revealed by a reduction in amperometric spike fre-
quency and growth hormone release, respectively.” Inhibition
of secretion was observed at nanomolar concentrations of
Tat, comparable with the concentrations reported for circu-
lating Tat,’ thereby arguing for the physiological significance
of our findings. Expression of Tat mutants unable to bind
PtdIns(4,5) P, did not inhibit secretion, demonstrating that the
effect of Tat on secretion is directly linked to its interaction with
PtdIns(4,5)P, at the plasma membrane and does not result
from a transcriptional effect of Tat.* Overexpression of
phosphatidylinositol 4 phosphate 5-kinase was able to par-
tially rescue secretion from cells exposed to Tat, in line
with the idea that Tat blocks secretion through its capac-
ity to specifically bind PtdIns(4,5)P,. Interaction of Tat with
PtdIns(4,5) P, occurs with such a high affinity that Tat seques-
ters this phosphoinositide and thereby strongly impairs the
translocation of the PtdIns(4,5) P,-binding protein annexin A2
to the plasma membrane following cell stimulation. Annexin
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A2 plays an essential role in calcium-regulated exocytosis by
promoting the formation of exocytotic platforms in neuroen-
docrine cells.”!¢ Inhibition of annexin A2 translocation in cells
exposed to Tat led to a reduction in the number of functional
exocytotic sites and to a concomitant decrease in the number of
exocytotic events." Furthermore, we found that Tat hampers
the actin cytoskeleton reorganization during neurosecretion, an
effect that may also be a direct consequence of Tat binding to
PtdIns(4,5)P,. Indeed, available PtdIns(4,5) P, can be a limiting
factor for exocytosis efficacy since it orchestrates the actin-medi-
ated movementsof secretory granules to exocytoticsites.”” In chro-
maffin cells, the cortical F-actin network constitutes a negative
clamp preventing the movement of secretory vesicles to release
sites, and it must be locally disassembled and reorganized in a
PtdIns(4,5) P,-dependent manner to allow recruitment of secre-
tory vesicles in preparation for exocytosis.'® Thus, the inhibi-
tory effect of Tat on subplasmalemmal actin may also explain
its capacity to impair the exocytotic response.

In our attempt to decipher the mechanism(s) by which Tat
alters PtdIns(4,5)P,-dependent membrane trafficking processes
in neurosecretory cells, we explored the ability of Tat to directly
affect PtdIns(4,5) P, metabolism. Indeed, the quantity of avail-
able PtdIns(4,5)P, can influence the efficacy of exocytotic pro-
cess. PrdIns(4,5)P, synthesis and hydrolysis is regulated by a
complex set of inositol kinases, lipases and phosphatases, includ-
ing PtdIns(4,5) P,-specific phospholipase C (PLC). PtdIns(4,5) P,
hydrolysis by PLC generates two second messengers, namely dia-
cylglycerol (DAG) and inositol 1,4,5-trisphosphate, which both
play a major role in neuronal plasticity and exocytosis."”

To examine whether Tat interferes with the production of
second messengers through hydrolysis of PtdIns(4,5)P, by PLC
during exocytosis, we monitored DAG production in PC12 cells
in situ upon neurosecretion stimulation. To this end, cells were
transfected with a high affinity DAG sensor using the tandem C1
domains (Clab) of protein kinase D tagged with GFP at the C
terminus (pKDClab-GFP).?® This probe enables to track the in
situ production of DAG from PtdIns(4,5) P, upon ATP stimula-
tion, used here as a secretagogue to trigger exocytosis.

In resting PC12 cells, we found that pPKDClab-GFP mostly
localized in the cytoplasm and in perinuclear Golgi-like struc-
tures, but also weakly in the nucleus of some cells. Indeed,
pKDClab-GFP possesses a nuclear export signal at the N termi-
nus of the probe that may influence its nuclear accumulation.?
Cell stimulation induced a dramatic and transient recruitment
of pKDClab-GFP to the cell periphery (Fig. 1, upper panel),
revealing the rapid and robust production of DAG at the plasma
membrane of stimulated PC12 cells. Image quantification indi-
cated that recruitment of the DAG probe to the plasma mem-
brane peaked between 20 sec and 40 sec after stimulation and
thereafter decreased to reach basal level 3 min after stimulation
(Fig. 2). In cells exposed to exogenous Tat, the translocation of
the DAG sensor to the plasma membrane in response to secreta-
gogue stimulation was significantly delayed reaching a plateau
only 200 sec after stimulation (Fig. 1, middle panel and Fig.
2). Interestingly, the highest fluorescence intensity reached at
the plasma membrane in Tat-treated cells was similar to that
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in control cells. Thus, the total level of DAG production was
similar in Tat-treated and control cells, but with strikingly dif-
ferent kinetics. DAG generation was rapid and transient in con-
trol cells whereas it increased slowly and progressively in cells
exposed to Tat (Fig. 2). In Tac-treated cells the DAG probe
remained recruited at the plasma membrane for up to 8 min
and subsequently slowly translocated back to the cytoplasm
(not shown).

To test the idea that Tat may affect PLC activity by reducing
substrate [PtdIns(4,5) P,] availability, we tested the effect of neo-
mycin, a non-specific PLC inhibitor known to prevent DAG pro-
duction by sequestering PtdIns(4,5)P,. As illustrated in Figure
1 (lower panel), neomycin treatment (4 mM for 2 h) completely
blocked the recruitment of the DAG probe to the plasma mem-
brane in response to exocytosis stimulation. This result suggests
that neomycin and Tat affect DAG production through dis-
tinct mechanisms in ATP stimulated PC12 cells that undergo
exocytosis. Hence, Tat may be progressively displaced from
PtdIns(4,5) P, allowing its slow hydrolysis by PLC or Tat might
be able to directly affect the enzymatic activity of PLC. The latest
possibility is however unlikely because we recently reported that
Tat has no impact on the fast and transient calcium increase in
PCI12 cells undergoing exocytosis," which reflects normal PLC
activity in these cells under these conditions. An alternative pos-
sibility is that in the presence of Tat, the cell differently handles
DAG. It is noteworthy to mention that DAG can be transformed
into phosphatidic acid (PA) by DAG-kinase. On the other hand
PA itself, which is produced at exocytotic sites in neurosecreting
cells,?! can also be converted into DAG by PA phosphohydrolase.
This PA phosphohydrolase activity, as an alternative pathway in
these cells, might thus be responsible for some of the lately pro-
duced DAG explaining the delay in the pKDClab-GFP probe
recruitment to the plasma membrane. It is likely that precise lipi-
domic analyzes will be required to fully understand the profound
effect of Tat on lipid turnover in neurosecretory cells.

In conclusion, we found that Tat dramatically inhibited
neurosecretion by a mechanism that most likely reflects a gen-
eral alteration of the availability and/or the metabolism of
PtdIns(4,5)P,. These effects of Tat might contribute to the neu-
ronal disorders associated with HIV-1 infection.

Materials and Methods

Cell culture, transfection and imaging. PC12 cells were cultured
as described previously*? and transfected with pKDClab-GFP
expression vector (0.8 to 1 g total DNA, 15 x 10% cells, 24-well
plate) using Lipofectamine 2000 as previously reported.?’ Under
these conditions, transfection efficiency was around 50%.
Twenty-four h after transfection, PC12 cells were treated 2
h with 4 mM neomycin or incubated for 30 min on ice with
50 nM Tat or citrate buffer (vehicle, 100 mM NaCl, 50 mM
Na-citrate, pH 7) and chased for 4 h at 37°C as described."* Cells
were then washed three times with Locke’s buffer (140 mM
NaCl, 4.7 mM KCI, 2.5 mM CaCl,, 1.2 mM MgSO,, 11 mM
glucose and 15 mM HEPES, pH 7.4) and stimulated with 300
.M ATP in Locke’s buffer® to trigger exocytosis. GFP-tagged
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Figure 2. Tat modifies the DAG biosensor translocation kinetics to the
plasma membrane in PC12 cells stimulated for exocytosis. Intensi-

ties of fluorescence of the DAG probe were quantified in each video
frame. The plots show the time-dependent increase of fluorescence at
the plasma membrane and the concomitant decrease of signal in the
cytoplasm in control (ctrl), Tat-treated (Tat) and neomycin-treated (neo)
cells. Arrow indicates exocytosis stimulation (at 45 sec of the record-
ings). Mean values + s.e.m. obtained from 8 (Tat-treated or control) or 5
cells (neomycin-treated) are shown.

DAG biosensor (pKDClab-GFP) recruitment to the plasma
membrane of PC12 cells was recorded using a SP5II Leica confo-
cal microscope in xyt mode using a 63X oil-immersion objective
and a heated stage (37°C). Recordings were started 45 sec before
cell stimulation, and a total of 601 frames were taken at every 500
ms during 5 min.

Data and image analysis. The recruitment of GFP tagged
DAG biosensor was analyzed using the SP5II Leica quantifica-
tion software (LAS AF Lite). Three regions of interest (ROI)
were determined to delimitate cell periphery including plasma
membrane, cytoplasm and nucleus of each cell. Average fluores-
cence intensities of different ROIs were analyzed through the 601
frames of recorded videos for each condition. Time dependent
variation of fluorescence intensities at plasma membrane level
and cytoplasm is expressed as mean + SEM. Values are normal-
ized to starting point fluorescence intensities that are fixed as
100%. Data were generated from 8 control, 8 Tat-treated and
5 neomycin-treated cells respectively issued from two indepen-
dent cell cultures. Statistical significance was estimated using
Student’s t-test and data were considered significantly different
when p < 0.01. Gaussian distribution of the data was verified.

Disclosure of Potential Conflicts of Interest

No potential conflicts of interest were disclosed.

e25145-3



Downloaded by [Université de Strasbourg, SCD ] at 09:38 29 August 2017

We thank Dr. T. Balla (NICHD, National Institutes of Health,

Acknowledgments

grants of Agence National de Rercherche, ANR-09-BLAN-0264

to N.V. and from The Agence Nationale de la Recherche sur le

USA) for the DAG biosensor. We also acknowledge V. Calco and ~ SIDA, (ANRS) and Sidaction to B.B.
T. Thahouly for technical assistance. This work was supported by

References
Dingwall C, Ernberg I, Gait M], Green SM, Heaphy

S, Karn J, et al. Human immunodeficiency virus 1
tat protein binds trans-activation-responsive region
(TAR) RNA in vitro. Proc Natl Acad Sci USA
1989; 86:6925-9; PMID:2476805; http://dx.doi.
org/10.1073/pnas.86.18.6925

Ott M, Geyer M, Zhou Q. The control of HIV tran-
scription: keeping RNA polymerase II on track. Cell
Host Microbe 2011; 10:426-35; PMID:22100159;
heep://dx.doi.org/10.1016/j.chom.2011.11.002

Ensoli B, Barillari G, Salahuddin SZ, Gallo RC,
Wong-Staal F. Tat protein of HIV-1 stimulates growth
of cells derived from Kaposi’s sarcoma lesions of AIDS
patients. Nature 1990; 345:84-6; PMID:2184372;
htep://dx.doi.org/10.1038/345084a0

Rayne F, Debaisieux S, Bonhoure A, Beaumelle B.
HIV-1 Tat is unconventionally secreted through
the plasma membrane. Cell Biol Int 2010; 34:409-
13; PMID:19995346; http://dx.doi.org/10.1042/
CBI20090376

Xiao H, Neuveut C, Tiffany HL, Benkirane M, Rich
EA, Murphy PM, et al. Selective CXCR4 antago-
nism by Tat: implications for in vivo expansion of
coreceptor use by HIV-1. Proc Natl Acad Sci USA
2000; 97:11466-71; PMID:11027346; http://dx.doi.
org/10.1073/pnas.97.21.11466

Banks WA, Robinson SM, Nath A. Permeability of
the blood-brain barrier to HIV-1 Tat. Exp Neurol
2005; 193:218-27; PMID:15817280; http://dx.doi.
org/10.1016/j.expneurol.2004.11.019

Strazza M, Pirrone V, Wigdahl B, Nonnemacher MR.
Breaking down the barrier: the effects of HIV-1 on
the blood-brain barrier. Brain Res 2011; 1399:96-
115; PMID:21641584; http://dx.doi.org/10.1016/j.
brainres.2011.05.015

Ghafouri M, Amini S, Khalili K, Sawaya BE.
HIV-1 associated dementia: symptoms and causes.
Retrovirology 2006; 3:28; PMID:16712719; http://
dx.doi.org/10.1186/1742-4690-3-28

Debaisieux S, Rayne F, Yezid H, Beaumelle B. The
ins and outs of HIV-1 Tat. Traffic 2012; 13:355-63;
PMID:21951552; http://dx.doi.org/10.1111/j.1600-
0854.2011.01286.x

Rayne F, Debaisieux S, Yezid H, Lin YL, Mettling
C, Konate K, et al. Phosphatidylinositol-(4,5)-
bisphosphate enables efficient secretion of HIV-1
Tat by infected T-cells. EMBO ] 2010; 29:1348-
62; PMID:20224549; http://dx.doi.org/10.1038/
emboj.2010.32

e25145-4

11.

Bader MF, Holz RW, Kumakura K, Vitale N.
Exocytosis: the chromaffin cell as a model system. Ann
N Y Acad Sci 2002; 971:178-83; PMID:12438117;
htep://dx.doi.org/10.1111/j.1749-6632.2002.
tb04461.x

LiuY, Jones M, Hingtgen CM, Bu G, Laribee N, Tanzi
RE, et al. Uptake of HIV-1 tat protein mediated by
low-density lipoprotein receptor-related protein dis-
rupts the neuronal metabolic balance of the receptor
ligands. Nat Med 2000; 6:1380-7; PMID:11100124;
http://dx.doi.org/10.1038/82199

Vendeville A, Rayne F, Bonhoure A, Bettache N,
Montcourrier P, Beaumelle B. HIV-1 Tat enters T cells
using coated pits before translocating from acidified
endosomes and eliciting biological responses. Mol
Biol Cell 2004; 15:2347-60; PMID:15020715; heep://
dx.doi.org/10.1091/mbc.E03-12-0921

Tryoen-Téth P, Chasserot-Golaz S, Tu A, Gherib P,
Bader MF, Beaumelle B, et al. HIV-1 Tat protein
inhibits neurosecretion by binding to phosphatidylino-
sitol 4,5-bisphosphate. J Cell Sci 2013; 126:454-
63; PMID:23178941; http://dx.doi.org/10.1242/
jes. 111658

Chasserot-Golaz S, Vitale N, Umbrecht-Jenck E,
Knight D, Gerke V, Bader MF. Annexin 2 promotes
the formation of lipid microdomains required for
calcium-regulated exocytosis of dense-core vesicles. Mol
Biol Cell 2005; 16:1108-19; PMID:15635098; http://
dx.doi.org/10.1091/mbc.E04-07-0627
Umbrecht-Jenck E, Demais V, Calco V, Bailly Y,
Bader MF, Chasserot-Golaz S. S100A10-mediated
translocation of annexin-A2 to SNARE proteins in
adrenergic chromaffin cells undergoing exocytosis.
Traffic 2010; 11:958-71; PMID:20374557; http://
dx.doi.org/10.1111/j.1600-0854.2010.01065.x

Wen PJ, Osborne SL, Zanin M, Low PC, Wang HT,
Schoenwaelder SM, et al. Phosphatidylinositol(4,5)
bisphosphate coordinates actin-mediated mobilization
and translocation of secretory vesicles to the plasma
membrane of chromaffin cells. Nat Commun 2011;
2:491; PMID:21971506; http://dx.doi.org/10.1038/
ncomms1500

Communicative & Integrative Biology

18.

19.

20.

21.

22.

23.

24.

Bader MF, Doussau F, Chasserot-Golaz S, Vitale N,
Gasman S. Coupling actin and membrane dynamics
during calcium-regulated exocytosis: a role for Rho and
ARF GTPases. Biochim Biophys Acta 2004; 1742:37-
49; PMID:15590054; http://dx.doi.org/10.1016/j.
bbamcr.2004.09.028

Kouchi Z, Igarashi T, Shibayama N, Inanobe S, Sakurai
K, Yamaguchi H, et al. Phospholipase Cdelta3 regulates
RhoA/Rho kinase signaling and neurite outgrowth.
J Biol Chem 2011; 286:8459-71; PMID:21187285;
http://dx.doi.org/10.1074/jbc.M110.171223

Kim YJ, Guzman-Hernandez ML, Balla T. A highly
dynamic ER-derived phosphatidylinositol-synthesizing
organelle supplies phosphoinositides to cellular mem-
branes. Dev Cell 2011; 21:813-24; PMID:22075145;
http://dx.doi.org/10.1016/j.devcel.2011.09.005
Kassas N, Tryoen-Téth P, Corrotte M, Thahouly
T, Bader MF, Grant NJ, et al. Genetically encod-
ed probes for phosphatidic acid. Methods Cell Biol
2012; 108:445-59; PMID:22325614; http://dx.doi.
0rg/10.1016/B978-0-12-386487-1.00020-1

Béglé A, Tryoen-Té6th P, de Barry J, Bader MF, Vitale
N. ARFG6 regulates the synthesis of fusogenic lipids for
calcium-regulated exocytosis in neuroendocrine cells.
J Biol Chem 2008; 284:4836-45; PMID:19124467;
http://dx.doi.org/10.1074/jbc.M806894200
Zeniou-Meyer M, Zabari N, Ashery U, Chasserot-
Golaz S, Haeberlé AM, Demais V, et al. Phospholipase
D1 production of phosphatidic acid at the plasma
membrane promotes exocytosis of large dense-core
granules at a late stage. ] Biol Chem 2007; 282:21746-
57; PMID:17540765; http://dx.doi.org/10.1074/jbc.
M702968200

Lam AD, Tryoen-Toth P, Tsai B, Vitale N, Stuenkel
EL. SNARE-catalyzed fusion events are regulated
by SyntaxinlA-lipid interactions. Mol Biol Cell
2008; 19:485-97; PMID:18003982; http://dx.doi.
0rg/10.1091/mbc.E07-02-0148

Volume 6 Issue 5



