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The ataxia-telangiectasia-mutated (ATM) kinase plays a central role in responses to various forms of DNA
damage and has been suggested to facilitate human immunodeficiency virus type 1 (HIV-1) integration. Here,
we describe a series of experiences that indicate that ATM can enhance HIV-1 replication by stimulating the
action of the Reyv viral posttranscriptional regulator. The Rev-dependent stimulation of viral late gene expres-
sion was observed with ATM-overexpressing cells, a result confirmed with a Rev-dependent reporter construct.
Both parameters were also enhanced upon treatment of HeLa cells with caffeine, a xanthine that, in this
cellular context, stimulates ATM activity. As well, decreased levels of virions with reduced infectivity were
released by ATM knockdown cells. Notably, ATM overexpression did not stimulate the HIV-1 late gene
expression within the context of Rev-independent constructs or the Rex-dependent production of capsid from
human T-cell leukemia virus type 1 proviral constructs. Altogether, these results indicate that ATM can

positively influence HIV-1 Rev function.

The temporally regulated nuclear export of viral mRNAs is
an essential aspect of retroviral replication, for which these
viruses have evolved cis-acting elements that specifically inter-
act with cellular RNA export pathways and, in some cases,
trans-acting viral regulatory proteins that facilitate these inter-
actions (11). The nuclear export of the unspliced RNA (en-
coding Gag and Pol) from the simple retrovirus Mason-Pfizer
monkey virus is mediated by the direct recognition of a cis-
acting element termed the constitutive transport element
(CTE) by the TAP/NXF1 RNA export factor, a protein also
responsible for the nucleocytoplasmic transport of most cellu-
lar mRNAs (17, 28). In human immunodeficiency virus (HIV)-
infected cells, three main categories of viral mRNAs are found:
multiply spliced, singly spliced, and unspliced. The first class is
readily exported to the cytoplasm and codes for the viral early
proteins Tat, Rev, and Nef. In contrast, the transport of singly
spliced and unspliced HIV RNAs, which notably encode the
viral structural and enzymatic components, requires that their
cis-acting Rev-responsive element (RRE) be recognized by the
Rev posttranscriptional regulator. Rev in turn binds the cellu-
lar protein Crm1, a member of the karyopherin family, which
acts as an RNA export factor (16, 27), allowing expression of
the late viral proteins Gag, Pol, Env, Vif, Vpr, and Vpu and
making the viral genomic RNA available for packaging. Sev-
eral cellular factors, such as the DEAD box RNA helicase
family members DDX1 and DDX3, have been proposed to
regulate HIV type 1 (HIV-1) Rev function, albeit by mecha-
nisms that are yet to be fully characterized (15, 33, 38). Here,
we report the unexpected finding of a stimulating effect of the

* Corresponding author. Mailing address: EPFL SV-DO, Building
AAB—Station 15, CH 1015 Lausanne, Switzerland. Phone: 41 21 693
1751. Fax: 41 21 693 1635. E-mail: Didier.trono@epfl.ch.

2445

ataxia-telangiectasia-mutated (ATM) protein, a DNA damage
sensor (31), on HIV-1 Rev function.

ATM, a phosphatidylinositol-3-OH-kinase-like serine/thre-
onine kinase, and the related ATR (ATM- and Rad3-related)
kinase regulate cellular responses to DNA damage by control-
ling cell cycle arrest and DNA repair pathways. Accordingly, a
possible role for these proteins within the context of retroviral
integration has been sought actively (34). Even though con-
flicting results were obtained (4, 12, 14, 22), indicating that
neither protein is absolutely indispensable for HIV integration,
recent data obtained with a small-molecule inhibitor of ATM
kinase activity lend credence to a model in which ATM pro-
motes productive retroviral integration by preventing integra-
tion-induced cell death (22). Here, we describe a set of exper-
iments initially triggered by our finding that ATM
overexpression could stimulate HIV-1 replication indepen-
dently of integration.

MATERIALS AND METHODS

Cell culture. 293T and P4.2 (10) cells were maintained in Dulbecco’s modified
Eagle’s medium supplemented with 10% fetal calf serum at 37°C. Caffeine
(Sigma) was dissolved in culture medium at a stock concentration of 100 mM just
prior to use. Hydroxyurea (Sigma) was dissolved in water at 1 M.

DNA constructs, virus production, infections, transductions, and titrations.
The wild-type X4 HIV-1 proviral DNA clone (R9) and the vesicular stomatitis
virus (VSV) G-pseudotyped HIV-1-based vector system were previously de-
scribed (26, 41). We used the second-generation packaging construct
pCMVARS8.91 (where CMV is cytomegalovirus) (41), the envelope plasmid
pMDG, and the green fluorescent protein (GFP)-expressing vector pWPTS-
GFP. To examine Rev function, we used the Rev-dependent luciferase-based
reporter pDM628; the Rev-expressing plasmid pcRev (15); the codon-optimized
HIV-1 gag-pol construct pSYNGP (21); the HIV-1 gag-pol construct containing
the Rev response element, pPGPV-RRE; and the HIV-1 gag-pol construct con-
taining four tandem copies of the Mason-Pfizer monkey virus CTE (4XCTE),
pGPV-4XCTE (32, 36). The human T-cell leukemia virus type 1 (HTLV-1)
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molecular clones K30p (39) and NHTLV-1C (25) were previously described, as
were pcDNA3 Flag-ATM (8), Tat101-FLAG (5), pHIV-1-LTR-Luc (where Luc
is luciferase), and pcDNA3-FLAG (3). HIV-1 and retroviral vector particles
were produced by transient transfection of 293T cells with Fugene 6 (Roche).
Titrations were performed using a multinucleate activation of galactosidase
indicator assay with CD4™" long terminal repeat (LTR)-B-galactosidase (3-Gal)
HeLa-derived P4.2 cells (10). HIV-1 viral production was estimated by an HIV-1
p24 antigen capture assay (SAIC—Frederick, NCI—-Frederick). Reverse tran-
scriptase (RT) activity was monitored as previously described (1).

RNA interference. Oligonucleotides with the following sense and antisense
sequences were used for the cloning of small-hairpin RNA (shRNA)-encoding
sequences in lentiviral vector: MRE11, 5'-GATCCCCGGCACTGAGAAACA
TGCAATTCAAGAGATTGCATGTTTCTCAGTGCCTTTTTGGAAA-3' (sense)
and 5'-AGCTTTTCCAAAAAGGCACTGAGAAACATGCAATCTCTTGAA
TTGCATGTTTCTCAGTGCCGGG-3' (antisense). The oligonucleotides de-
scribed above were annealed and subcloned into the BgIII-HindIII site of
pSUPER (7). To construct pLVShRNA against MRE11, the BamHI-Sall frag-
ment of pSUPER-MREI1i (where MREI11i represents MRE11 knockdown
cells) plasmid was subcloned into the BamHI-Sall site of pRDI292 (6).

Western blotting. Cells were lysed in buffer containing 50 mM Tris-HCI (pH
8.0), 150 mM NaCl, 4 mM EDTA, 1% Nonidet P-40 (NP-40), 0.1% sodium
dodecyl sulfate, 1 mM dithiothreitol, and 1 mM phenylmethylsulfonyl fluoride.
Supernatants from these lysates were subjected to sodium dodecyl sulfate-poly-
acrylamide gel electrophoresis, followed by immunoblot analysis using anti-ATM
(NB100-104; GeneTex), anti-MRE11 (GeneTex), anti-HIV-1 p24 rabbit poly-
clonal antibody (no. 5824), anti-HTLV-1 p24 mouse monoclonal antibody (a
kind gift from Genoveffa Franchini), anti-HIV-1 Nef rabbit serum (2), anti-
HIV-1 p17 MA (ABI), anti-Chk2 (NT; ProSci), or anti-phospho-Chk2 (Thr68)
(Cell Signaling) antibody.

Luciferase assay. Plasmids were transfected into 293T cells (2 X 10* cells) by
use of the Fugene 6 transfection reagent (Roche). Luciferase assays were per-
formed 24 h after transfection by use of luciferase assay reagent (Promega) as
previously described (3). All transfections utilized equal total amounts of plasmid
DNA quantities, owing to the addition of empty vector into the transfection
mixture. Results were obtained through three independent transfections.

Northern blotting. Cytoplasmic RNA was obtained using an RNeasy kit
(QIAGEN), DNase treatment, and DNA-free removal reagent (Ambion). RNA
(30 pg) was denatured, electrophoresed through a 0.8% agarose-formaldehyde
gel, transferred to a Hybond-N+ nylon membrane (Amersham Bioscience), and
hybridized at 68°C with an SP6 RNA polymerase-generated *?P-riboprobe com-
plementary to HIV-1 nef from pG-N3X by use of a MAXIscript in vitro tran-
scription kit (Ambion). After UV cross-linking at 150 mJ with a UV cross-linker
(Bio-Rad), the filter was washed twice in low-stringency wash solution (Nortern-
Max kit; Ambion) at room temperature and twice in high-stringency wash solu-
tion (NorternMax kit; Ambion) at 68°C and exposed to X-ray film.

RESULTS

ATM stimulates expression of HIV-1 late genes. Using RNA
interference, we previously failed to observe an influence of
ATM on the early steps of HIV-1 infection (4). However, in
parallel, we probed possible alterations of viral behavior in
cells overexpressing the kinase. For this, we transfected 293T
cells with either an HIV-1 molecular clone (R9, an X4 virus) or
an HIV-derived lentiviral vector packaging construct
(AR8.91), together with ATM-expressing or control plasmids,
and we measured viral production in the supernatant by p24-
specific enzyme-linked immunosorbent assay (ELISA). ATM
overexpression, whether in wild-type or kinase-defective form,
significantly enhanced HIV-1 production from either type of
virus-derived construct (Fig. 1a and b). One possible explana-
tion was that ATM stimulated transcription from the viral
promoter. However, overexpression of the cellular protein af-
fected neither basal level nor Tat-induced transcription from
the HIV-1 LTR within the context of a transfected LTR-
luciferase plasmid (Fig. 2a). To confirm this result, we per-
formed Western blot analyses of cytoplasmic extracts of cells
transfected with an HIV-1 proviral construct, with or without
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FIG. 1. Overexpression of ATM enhances HIV-1 replication in a
kinase-independent manner. (a) 293T cells (2 X 10° cells) were co-
transfected with an HIV-1 molecular clone (1 pg) and wild-type (wt)
or kinase-defective (kd) ATM-expressing plasmid or the empty vector
pcDNA3-FLAG (2 pg). Three days after transfection, p24 levels in the
culture supernatant were measured by p24 ELISA. (b) Overexpression
of ATM enhances VSV G-pseudotyped HIV-1 production. 293T cells
(2 X 10° cells) were cotransfected with HIV-1 packaging construct
pCMV R8.91 (2 ng), HIV-GFP (WPTS-GFP) (1 pg), VSV G-enve-
lope-expressing plasmid (pMDG) (1 ng), and wt or kd ATM-express-
ing plasmids or the empty vector pcDNA3-FLAG (2 pg). Three days
after transfection, p24 levels in the culture supernatant were measured
by ELISA.

an ATM-expressing plasmid. ATM overexpression had no in-
fluence on the levels of the viral early protein Nef, confirming
that it did not affect viral transcription. In contrast, it signifi-
cantly increased levels of the late viral structural capsid (p24
CA) and matrix (p17 MA) (Fig. 2b) proteins, as well as enve-
lope protein (data not shown).

To further examine the level of ATM action, we performed
Northern blot analyses of RNA purified from the cytoplasm of
293T cells transfected with the HIV-1 R9 proviral construct
and control or ATM-expressing plasmids (Fig. 2c). Levels of
fully spliced (2-kb) viral RNAs were similar whether or not
ATM was overexpressed. In contrast, the kinase strikingly in-
creased the amounts of singly spliced (4-kb) and full-length
(9-kb) RNAs.

ATM overexpression enhances Rev function. A selective in-
crease in the levels of incompletely spliced HIV-1 RNA and of
viral late proteins was consistent with either an inhibition of
splicing or a stimulation of Rev function. To probe this issue,
we first used the luciferase-based reporter plasmid pDM628
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FIG. 2. Overexpression of ATM enhances HIV-1 replication at a posttranscriptional level. (a) Overexpression of ATM does not affect
Tat-mediated transcription from HIV-1 LTR. 293T cells (2 X 10* cells) were cotransfected with the HIV-1-LTR-luciferase (HIV-1-LTR-Luc)
reporter gene (100 ng), Tat-expressing plasmid (Tat101-FLAG) (100 ng), and/or ATM-expressing plasmid (200 ng). Twenty-four hours after
transfection, luciferase activity in the cellular lysates was measured. Results from three independent experiments are shown, with error bars
indicative of the standard deviations from the means. (b) Overexpression of ATM increases production of late viral proteins. 293T cells (2 X 103
cells) were cotransfected with an HIV-1 molecular clone (1 pg) and an ATM-expressing or a control plasmid (2 pg). Three days after transfection,
Western blotting of the cellular lysate was performed with anti-ATM, anti-p24 CA, anti-p17 MA, anti-Nef, or anti-Chk2 antibody. (c) Northern
blot analysis of cytoplasmic RNA from 293T cells cotransfected with an HIV-1 molecular clone with or without an ATM-expressing plasmid. The
loading control was rRNA (18S and 28S rRNA) stained with ethidium bromide.

(15) (Fig. 3). As previously reported, luciferase production in
293T cells transfected with this plasmid was markedly stimu-
lated by Rev, which induced a four- to fivefold increase in
reporter signal. While ATM alone had no effect, it synergized
with Rev, whether in wild-type or kinase-defective form, with
luciferase levels increased by 10-fold, when both proteins were
expressed. To further examine a possible influence of ATM on
HIV RNA transport, we then compared three Gag-Pol expres-
sion systems: the Rev-dependent HIV-1 gag-pol expressing
construct, pCMVARS8.91 (41); a codon-optimized Rev-inde-
pendent HIV-1 gag-pol vector, pSYNGP (21); and a Rev/
Crml-independent HIV-1 gag-pol construct containing four
tandem copies of the Mason-Pfizer monkey virus CTE, pGPV-
4XCTE (32, 36). Cotransfection of an ATM vector increased
p24 CA protein production from the Rev-expressing HIV-1
packaging construct CMVARS8.91 approximately sixfold. In
contrast, it had only a modest effect (twofold) on the Rev-
independent codon-optimized HIV-1 gag-pol construct SYNGP
and did not significantly stimulate expression from the CTE-
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FIG. 3. Overexpression of ATM enhances Rev function. 293T cells
(2 X 10* cells) were cotransfected with the Rev-dependent luciferase-
based reporter gene pDM628 (100 ng), the Rev-expressing plasmid
pcRev (100 ng), and/or wild-type (wt) or kinase-defective (kd) ATM-
expressing plasmids (200 ng). Twenty-four hours after transfection,
luciferase activity in the cellular lysates was measured. Results are
from three independent experiments.

Relative luciferase activity (fold)
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FIG. 4. ATM effect is specific to Rev-dependent gene expression.
(a) 293T cells (2 X 10° cells) were cotransfected with the Rev/RRE-
dependent gag-pol construct pCMV R8.91, the Rev-independent
codon-optimized HIV-1 gag-pol construct pPSYNGP, or an HIV-1 gag-
pol construct containing four tandem copies of the Mason-Pfizer mon-
key virus CTE, pGPV-4XCTE (2 ng), as well as ATM-expressing or
empty vectors (2 ug). Three days after transfection, Western blotting
of the cellular lysate was performed with anti-p24 CA or anti-Chk2
antibody, and p24 levels in the supernatant were measured by ELISA.
(b) Overexpression of ATM increases HIV-1 p24 only in the presence
of Rev. 293T cells were cotransfected with an RRE-containing HIV-1
gag-pol construct (pGPV-RRE) (2 pg), a Rev-expressing plasmid (1
ng), and/or an ATM-expressing plasmid (2 pg). Western blotting was
performed as described for panel a. (¢) Overexpression of ATM does
not affect HTLV-1 Rex function. 293T cells were cotransfected with
the HTLV-1 molecular clone AHTLV-1C or K30p (2 pg) with or
without an ATM-expressing plasmid (2 pg). Three days after transfec-
tion, Western blotting of the cellular lysate was performed with anti-
HTLV-1 p24 or anti-Chk2 antibody. C, control.

cl

containing GPV-4XCTE plasmid (Fig. 4a). In line with these
results, ATM overexpression also increased p24 CA produc-
tion from the HIV-derived RRE-containing HIV-1 gag-pol
construct GPV-RRE, but it did not alleviate its Rev depen-
dence (Fig. 4b). Finally, ATM overexpression did not induce a
general enhancement of Crml-mediated nuclear export, be-
cause it did not stimulate capsid production from two HTLV-1
molecular clones (25, 39) (Fig. 4c), in which the Rex-mediated
export of late viral mRNAs also proceeds through the Crml
pathway (18).

Reduced HIV replication in ATM knockdown cells. We then
measured HIV-1 replication in CD4" HeLa cells in which
ATM and/or ATR expression was down-regulated by RNA
interference (4) (Fig. 5a). The viability and growth kinetics of
these cells were comparable to those of control cells (not
illustrated). After infection with an X4 strain, p24 viral capsid
levels were strongly reduced in the supernatants of ATM
knockdown and ATM-ATR double-knockdown cells but not in
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that of ATR knockdown cells (Fig. 5b). We found a similar
degree of HIV-1 inhibition in ATM knockdown SupT1l T-
lymphoid cells (data not shown). ATM function requires the
formation of a complex with MRE11 (9, 23). We thus exam-
ined HIV-1 replication in CD4" HeLa cells in which MRE11
expression was down-regulated by RNA interference. Consis-
tent with the results obtained with ATM knockdown cells, p24
production was significantly reduced in the MRE11 knock-
down cells (Fig. 5c). Analyses of single-round infections in
control, ATM knockdown, and/or ATR knockdown CD4"
HeLa cells confirmed that they were all equally susceptible to
infection with wild-type HIV-1 (as determined by a multinu-
cleate activation of galactosidase indicator assay) or to trans-
duction with a VSV G-pseudotyped HIV-derived lentiviral
vector, as previously described (data not shown) (4). ATM
knockdown thus does not interfere with the early steps of
infection, including integration, in this cell culture system. As
well, HIV-1 Tat-mediated transcription was normal in ATM
knockdown HelL a cells, as assessed by transient transfection of
a Tat-responsive HIV-1-LTR-driven luciferase reporter plas-
mid (3) and by measuring the virus-induced transactivation of
B-Gal activity from a stably integrated HIV-1-LTR—3-Gal
construct (10) (Fig. 5d and e). Taken together, these results
pointed to a defect in the late steps of viral replication in ATM
knockdown cells. To test this hypothesis, we infected these and
control cells with wild-type VSV G-pseudotyped HIV-1 at a
multiplicity of infection (MOI) of 0.5 and measured the release
of RT activity or p24 antigen in the supernatant. Forty-eight
hours postinfection with wild-type HIV-1, that is, at a time
corresponding to one or at most two rounds of replication, RT
activity was decreased by about 30% in the supernatant of
ATM knockdown cells (Fig. 6a). To further investigate this
result, we transduced ATM knockdown and control cells with
VSV G-pseudotyped Env-defective HIV-1 (capable of only
one single round of infection) at an MOI of 5 and measured
p24 production in the supernatant 55 h later. Virus production
from the ATM knockdown cells was approximately 20% lower
than from control cells (Fig. 6b). We then measured the infec-
tivity of wild-type HIV-1 virions produced from ATM knock-
down cells and found it to be reduced by about 50% compared
with that of the control (Fig. 6c). While these defects did not
appear individually spectacular, their cumulated impact re-
sulted in a significant suppression of HIV-1 replication over
multiple rounds, as reflected by a growth curve in which viral
production was monitored over 6 days (Fig. 6d). However, the
Rev-dependent luciferase-based pDM628 reporter plasmid
failed to detect a significant defect of Rev function in this
setting (not illustrated).

Effect of caffeine on the late steps of HIV replication. In an
effort to examine further the role of ATM in HIV-1 replica-
tion, we used caffeine. This xanthine is commonly used as an
inhibitor of ATM and ATR. However, with CD4" HeLa cells,
we unexpectedly found that it instead enhanced ATM kinase
activity, as reflected by an increased accumulation of phos-
phorylated Chk2 in response to the DNA damaging agent
hydroxyurea (Fig. 7a). Consistent with our failure to observe
an influence of ATM overexpression or knockdown on the
early steps of infection, including integration, in this system,
caffeine had no influence on these events (not illustrated). In
contrast, it increased the levels of p24 capsid antigen measured
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FIG. 5. Reduced HIV replication in ATM knockdown cells. (a) Inhibition of endogenous ATM and ATR protein expression by shRNA-
producing lentiviral vectors. Results are shown for Western blotting of cellular lysates with anti-ATM, anti-ATR, and anti-Chk2 antibodies in ATM
knockdown (ATMi), ATR knockdown (ATRi), and double-knockdown (DKD) P4.2 cells as well as in P4.2 cells transduced with a control
(C) lentiviral vector. (b) Each line was infected with HIV-1 at an MOI of 0.5. HIV-1 replication was assayed by p24 ELISA with the culture
supernatants 6 days later. (c) Inhibition of endogenous MRE11 protein expression by shRNA-producing lentiviral vector. MRE11 knockdown
(MREL11i) P4.2 cells were infected with HIV-1 at an MOI of 0.5. HIV-1 replication was assayed by p24 ELISA with the culture supernatants 7 days
later. (d) HIV-1 Tat-mediated transcription in ATM knockdown HeLa cells. Tat-expressing plasmid (100 ng) and HIV-1-LTR-luciferase
(HIV-1-LTR-Luc) reporter plasmid (100 ng) were cotransfected into control P4.2 cells (P4.2:C) or ATM knockdown P4.2 cells (P4.2:ATMi) (2
X 10* cells). A luciferase assay was performed 24 h later. Results are from three independent transfections. (¢) Tat-expressing plasmid (100 ng)
was transfected into P4.2 cells in triplicate. B-Gal activity of LTR-LacZ-containing cellular lysates was measured at an optical density at 570 nm

24 h later.

in the supernatant of CD4" HeLa cells following HIV-1 infec-
tion (Fig. 7b). Caffeine also exerted a positive effect on this
parameter with ATM knockdown cells, but in that case p24
levels remained only about 10% of those obtained from the
supernatant of caffeine-treated ATM-positive cells (Fig. 7c).
Finally, caffeine synergized with Rev to stimulate expression
from the Rev-dependent pDM628 plasmid (Fig. 7d).

DISCUSSION

A large number of studies have examined a possible role of
the DNA damage control protein ATM in HIV integration.
Results have been conflicting, most likely because of cell-type-
specific differences and possibly the vector systems used by
various investigators. Daniel et al. found only a marginal im-
pact of ATM on retroviral transduction by use of ATM knock-
out fibroblasts (12). Similarly, we observed that the transduc-

tion efficiency of HIV-based vector was decreased by 20% at
most in ATM knockout fibroblasts (4). In addition, HIV-1
could integrate normally in both ATM knockdown HeLa cells
(4) and SupT1 cells (data not shown) in spite of very effective
downregulation of ATM. Also using RNA interference, De-
Hart et al. reported that ATM was not required for transduc-
tion with a lentiviral vector (14). Moreover, we and others
observed that HIV-based vector could normally integrate into
MO0591J cells, which lack DNA-PKcs and express very low levels
of ATM (4, 20). Finally, ATM knockout mice are as sensitive
to Friend leukemia virus-induced leukemogenesis as wild-type
mice, indicating that ATM is not essential for Friend leukemia
virus integration (19). While these results establish that inte-
gration of retroviruses in general and HIV-1 in particular does
not absolutely require ATM, data obtained from primary T
lymphocytes with a small-molecule inhibitor suggest that the
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FIG. 6. Decreased production of HIV-1 virions with reduced infec-
tivity from ATM knockdown cells. (a) RT activity in the supernatants
of control (C) or ATM knockdown (ATMi) P4.2 cells was measured 2
days after infection with HIV-1 at an MOI of 0.5. (b) Virion particle
production in the supernatants of control or ATM knockdown P4.2
cells 55 h after transduction with VSV G-pesudotyped HIV-1 at an
MOI of 5. Cells treated with 50 pM zidovudine (AZT) served as a
negative control. Results are indicative of duplicate measurements that
gave quasi-identical numbers. (¢) ATM knockdown P4.2 cells (P4.2:
ATMi) or control P4.2 cells (P4.2:C) were infected with wild-type
HIV-1 (X4) at an MOI of 0.5. Normalized amounts of virions (as
assessed by RT activity) harvested 6 days later from the supernatant of
these cells were used to infect P4.2 cells. Virion infectivity was deter-
mined by X-Gal (5-bromo-4-chloro-3-indolyl-B-D-galactopyranoside)
staining of the LTR-LacZ-containing target cells. Results from two
independent experiments are shown. MAGI, multinucleate activation
of galactosidase indicator. (d) p24 production in the supernatants of
control and ATM knockdown P4.2 cells was measured by ELISA at
indicated days after infection with HIV-1 at an MOI of 0.5. Percent-
ages at bottom represent the ratio between ATM knockdown and
control cell values. ND, under detection level.

kinase can play a positive role in HIV-1 replication by mini-
mizing retrovirus-induced cell death (22). Here, we describe a
series of experiments revealing that ATM can also stimulate a
late phase of viral replication.
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We first observed that ATM overexpression enhanced the
production of late viral proteins within the context of HIV-1
provirus-derived constructs. This correlated with a preferential
increase in the levels of incompletely spliced and unspliced
viral mRNAs, pointing to a stimulation of Rev function. Con-
firming this hypothesis, ATM overexpression augmented Rev-
induced expression from an HIV intron-containing reporter
system. This effect was also detected when CD4" HeLa cells
were treated with caffeine, which in these cells stimulates ATM
activity. In ATM knockdown CD4" HeLa cells, HIV-1 repli-
cation was slowed down, correlating with slightly decreased
levels of particle release and of virion infectivity. While it is
conceivable that the latter phenotype resulted from an impair-
ment of Rev function, this could not be confirmed with the
Rev-dependent reporter system. It may be that, in these cells,
residual ATM expression or the production of a compensating
factor had an attenuating effect.

Remarkably, ATM had no significant influence on HIV-1
late gene expression when nuclear export of the corresponding
viral RNAs was artificially targeted to the TAP1-dependent
pathway via the Mason-Pfizer monkey virus CTE sequence. It
also did not stimulate viral capsid production from two
HTLV-1 proviral clones, an event regulated by the Rex-medi-
ated connection of HTLV-1 unspliced mRNA to the Crml-
dependent RNA export pathway (18). Therefore, ATM is not
a general modulator of the Crml pathway but rather acts
specifically on Rev-dependent RNAs. Interestingly, retroviral
mRNA export is linked with the trafficking of Gag to cellular
membranes and efficient HIV assembly (32). In this regard,
even though ATM is located predominantly in the nucleus, a
significant proportion of the protein can be detected in cyto-
plasmic vesicles (24, 35), suggesting that ATM might influence
such a trafficking step. It has also been demonstrated that
several cellular cofactors, such as the DEAD box RNA heli-
case family members DDX1 and DDX3, regulate Rev function
(15, 33, 38). As well, IxB has been shown to inhibit HIV-1 Rev
function (37), pointing to a posttranscriptional role for the
NF-kB/IkB pathway in HIV-1 replication. Interestingly, the
activation of NF-«kB following DNA damage is abrogated in
ATM-deficient cells (29), indicating a link between NF-«kB and
the ATM signaling pathway. However, IkB inhibition was
found to be equally active on HTLV-1 Rex and HIV-1 Rev
functions (37), which suggests that it does not underlie the
hereby-described ATM effect, since the latter is restricted to
Rev (the present work).

Caffeine is a reported inhibitor of ATM and ATR both in
vitro and in vivo (30, 40). However, we found that this xanthine
stimulated ATM activity in CD4" HeLa P4.2 cells and that, in
this setting, it also enhanced HIV replication. With other cell
lines, such as the human T-lymphoid SupT1 and Jurkat cells,
caffeine partly inhibited viral replication, which correlated with
a decrease of Tat function (Y. Ariumi and D. Trono, unpub-
lished data). In none of these settings, however, did we observe
an effect of caffeine on the integration of HIV and derived
vectors, which contrasts with results with human peripheral
blood mononuclear cells recently described by Daniel et al.
(13).

The precise mechanism by which ATM stimulates HIV-1
late gene expression is unclear. The wild-type levels of activity
of a catalytic site mutant for this type of effect suggest that
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FIG. 7. Effect of caffeine on the late steps of HIV-1 replication. (a) Caffeine induces hyperphosphorylation of the ATM kinase substrate Chk2,
following hydroxyurea treatment. P4.2 cells were pretreated with 4 mM caffeine for 1 h and then treated with 5 mM hydroxyurea (HU) in the
presence or absence of 4 mM caffeine for 3 h. Western blotting of the cellular lysates was performed with anti-Chk2 antibody or anti-phospho-Chk2
(Thr68) antibody (P-T68). (b) Caffeine enhances HIV-1 replication in P4.2 cells. P4.2 cells (2 X 10° cells) were pretreated with the indicated
concentration of caffeine for 1 h and infected with HIV-1 (X4) at an MOI of 0.5. p24 levels in the supernatants were measured by ELISA 6 days
later. (c) ATM knockdown (ATMi) or control (C) P4.2 cells (2 X 10° cells) were pretreated with 1 mM caffeine for 1 h and infected with HIV-1
(X4) at an MOI of 0.5 in the presence or absence of caffeine. p24 levels in the supernatants were measured at 6 days. (d) Caffeine enhances Rev
function in P4.2 cells. P4.2 cells (2 X 10* cells) treated with 1 mM caffeine were transfected with the Rev-dependent luciferase-based reporter gene
pDM628 (100 ng) with or without the Rev-expressing plasmid pcRev (100 ng). Twenty-four hours later, luciferase activity in the cellular lysates

was determined. Results are from three independent experiments.

ATM does not act by phosphorylating a substrate important
for Rev function, be it Rev or one of its cellular cofactors. Of
note, the ATM cofactor MRE11, the knockdown of which we
found to decrease HIV-1 replication, binds with both wild-type
and kinase-defective ATM (23). It could be that ATM, which
has been shown capable of interacting with many proteins,
stabilizes or retargets within the cell a Rev cofactor or, on the
contrary, that it sequesters an inhibitor of the nuclear export of
Rev-dependent RNAs, thus facilitating the action of the viral
protein. Irrespectively, these data justify investigating the an-
tiviral effect of ATM inhibitors not only on integration but also
on the late steps of HIV replication.
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