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ABSTRACT HIV-1 latency is characterized by reversible silencing of viral transcription
driven by the long terminal repeat (LTR) promoter of HIV-1. Cellular and viral factors
regulating LTR activity contribute to HIV-1 latency, and certain repressive cellular fac-
tors modulate viral transcription silencing. Nef-associated factor 1 (Naf1) is a host
nucleocytoplasmic shuttling protein that regulates multiple cellular signaling path-
ways and HIV-1 production. We recently reported that nuclear Naf1 promoted nu-
clear export of unspliced HIV-1 gag mRNA, leading to increased Gag production.
Here we demonstrate new functions of Naf1 in regulating HIV-1 persistence. We
found that Naf1 contributes to the maintenance of HIV-1 latency by inhibiting LTR-
driven HIV-1 gene transcription in a nuclear factor kappa B-dependent manner. In-
terestingly, Naf1 knockdown significantly enhanced viral reactivation in both latently
HIV-1-infected Jurkat T cells and primary central memory CD4� T cells. Furthermore,
Naf1 knockdown in resting CD4� T cells from HIV-1-infected individuals treated with
antiretroviral therapy significantly increased viral reactivation upon T-cell activation,
suggesting an important role of Naf1 in modulating HIV-1 latency in vivo. Our find-
ings provide new insights for a better understanding of HIV-1 latency and suggest
that inhibition of Naf1 activity to activate latently HIV-1-infected cells may be a po-
tential therapeutic strategy.

IMPORTANCE HIV-1 latency is characterized mainly by a reversible silencing of LTR
promoter-driven transcription of an integrated provirus. Cellular and viral proteins
regulating LTR activity contribute to the modulation of HIV-1 latency. In this study,
we found that the host protein Naf1 inhibited HIV-1 LTR-driven transcription of HIV
genes and contributed to the maintenance of HIV-1 latency. Our findings provide
new insights into the effects of host modulation on HIV-1 latency, which may lead
to a potential therapeutic strategy for HIV persistence by targeting the Naf1 protein.
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Persistence of HIV-1 infection due to viral latency is the major barrier to the
eradication of AIDS (1–5). Although combination antiretroviral therapy effectively

reduces HIV-1 replication and results in a significant viral load reduction, to a level
below the limit of detection for most infected individuals, a reservoir of infected cells
still persists (1, 2). Transcriptional inefficiency of HIV-1 gene expression is an important
mechanism of viral latency (2, 6, 7). HIV-1 gene transcription and viral reactivation from
latency require the activity of nuclear factor kappa B (NF-�B), whose modulation by
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cellular factors contributes to the establishment and maintenance of HIV-1 latency
(7–14).

Nef-associated factor 1 (Naf1), also known as ABIN-1 (A20-binding inhibitor of NF-�B
activation 1) and TNFAIP3 (tumor necrosis factor alpha [TNF-�]-induced protein 3)-
interacting protein 1 (15), was discovered by yeast two-hybrid screening and pulldown
assays using HIV-1 Nef as bait (16). Naf1 has two isoforms, Naf1-� and Naf1-�, and
Naf1-� is the canonical isoform (16). Naf1 is expressed ubiquitously in human tissues,
with high levels of expression in peripheral blood lymphocytes (16, 17). Naf1 can
increase cell surface CD4 expression (16), inhibit NF-�B activation (15, 18, 19), and
modulate HIV-1 infection and viral production (17, 20). Naf1 also interacts with the
HIV-1 matrix protein, and the overexpression of Naf1 inhibits HIV-1 infection (17). In
association with A20, Naf1 facilitates A20-mediated deubiquitination of NF-�B essential
modifier/I�B kinase � and NF-�B inhibition in response to TNF-� stimulation (21).
However, the potential role of Naf1 in regulating HIV-1 reactivation from latency has
not been reported.

Here we report that Naf1 maintains HIV-1 latency by suppressing viral gene expres-
sion in an NF-�B-dependent manner. Naf1 knockdown in primary CD4� T cells signif-
icantly increased HIV-1 replication and enhanced viral reactivation in primary CD4�

central memory T cells (TCM) latently infected with HIV-1. Furthermore, Naf1 knockdown
in resting CD4� T cells from HIV-1-infected individuals on antiretroviral therapy signif-
icantly increased viral reactivation upon CD4� T-cell activation. Overall, our findings
suggest an important role for Naf1 in modulating HIV-1 latency in vivo.

RESULTS
Naf1 suppresses HIV-1 long terminal repeat (LTR)-driven gene expression and

inhibits HIV-1 replication. Naf1 has been shown to be a nucleocytoplasmic shuttling
protein (17, 20). We recently reported that nuclear Naf1 promoted nuclear export of
unspliced HIV-1 gag mRNA, leading to increased Gag production (in that study, a
Gag-expressing plasmid was used) (20). To further determine the overall effect of
endogenous Naf1 on HIV-1 replication in this study, the replication-competent HIV-
1NL4-3 strain was used to infect primary CD4� T cells (Fig. 1A to C). We first detected
endogenous Naf1 expression in resting CD4� T cells and found that T-cell activation
enhanced Naf1 expression (Fig. 1A). We used a specific small interfering RNA (siRNA) to
achieve significant knockdown of endogenous Naf1 in activated primary CD4� T cells
(Fig. 1B), and we observed that Naf1 knockdown increased HIV-1NL4-3 replication in
primary CD4� T cells (Fig. 1C). These results suggest that endogenous Naf1 suppresses
HIV-1 replication in primary CD4� T cells.

The HIV-1 LTR promoter plays an essential role in driving viral transcription and
productive infection (22–24). To determine the mechanism of Naf1 inhibition of HIV-1
replication, we investigated whether Naf1 could inhibit LTR activity. We performed a
cotransfection assay in HEK293T cells by using a luciferase reporter driven by the
full-length LTR promoter from HIV-1NL4-3. We treated the transfected cells with or
without TNF-� and then examined the effect of Naf1 on LTR-driven transcription.
Treatment with TNF-� can enhance LTR activity (25). We observed that the overexpres-
sion of Naf1 (Fig. 1D) significantly inhibited LTR-driven basal gene expression (2.0-fold;
P � 0.01) and that TNF-� stimulated gene expression (2.5-fold; P � 0.001) (Fig. 1E). To
examine whether endogenous cellular Naf1 could inhibit LTR-driven transcription, we
knocked down endogenous Naf1 expression in HEK293T cells by using specific short
hairpin RNAs (shRNAs) (Fig. 1F), and we found that Naf1 knockdown increased LTR-
driven basal gene expression (2.3- to 3.8-fold; P � 0.01), as well as TNF-�-induced
LTR-driven gene expression (3.4- to 5.3-fold; P � 0.001), compared to that in control
cells (Fig. 1G). Furthermore, when these Naf1 knockdown cells were infected with
pseudotyped HIV-luc/VSV-G for 24 h (using amounts of virus equivalent to 0.2 or 1 ng
p24gag), significantly increased HIV-1 infection (2.5- to 3.6-fold; P � 0.001) was also
observed upon Naf1 knockdown (Fig. 1H). Together, these data suggest that Naf1
suppresses HIV-1 LTR-driven gene expression and inhibits HIV-1 replication.
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Naf1 suppresses HIV-1 LTR-driven gene expression by inhibiting NF-�B acti-
vation. The HIV-1 LTR promoter often contains two adjacent NF-�B binding sites that
are crucial for initiating viral transcription (26). NF-�B activity is required for efficient
cellular and HIV-1 gene transcription, and Naf1 can inhibit NF-�B activation (15, 18, 19,
27). We hypothesized that Naf1 suppresses NF-�B-dependent HIV-1 LTR-driven gene
expression. To investigate this, we first confirmed the Naf1-mediated inhibition of
NF-�B activity. We coexpressed myc-tagged full-length Naf1 and an NF-�B reporter in
HEK293T cells (Fig. 2A) and normalized the transfection efficiency by using a
�-galactosidase (�-Gal)-expressing vector. We then treated the cells with TNF-� to
activate NF-�B. In the absence of TNF-� stimulation, transient expression of Naf1
reduced NF-�B reporter gene expression 2-fold, while Naf1 overexpression suppressed
TNF-�-induced NF-�B activation 5-fold (P � 0.001) (Fig. 2A). We further demonstrated
that TNF-� stimulation increased the nuclear import of the NF-�B p65 subunit in cells,
while Naf1 overexpression counteracted the effect (Fig. 2B). When the endogenous
cellular Naf1 in HEK293T cells was knocked down using specific shRNAs, the basal level
of NF-�B activation increased (1.6- to 2.4-fold; P � 0.05) compared to that in control
cells (Fig. 2C). More significant effects on NF-�B activation were obtained in the
TNF-�-treated cells (2.3- to 3.6-fold; P � 0.001). These results confirm that Naf1 controls
the basal level of NF-�B activity and, further, inhibits TNF-�-stimulated NF-�B activation.

To investigate whether Naf1-suppressed HIV-1 LTR transcription is NF-�B depen-
dent, we constructed a Naf1 mutant. It has been shown that the short ABINs homology
domain 2 (AHD2) of Naf1 is highly conserved and is necessary for the inhibition of
NF-�B activation (28). We generated a Naf1 mutant that is unable to inhibit NF-�B (28)
by changing two conserved glutamines (QQ) in AHD2, at residues 464 and 465, to

FIG 1 Naf1 suppresses HIV-1 LTR-driven gene expression and viral replication. (A) Endogenous expression of Naf1 in primary CD4� T cells as detected by
immunoblotting. The densities of bands were analyzed with the plug-ins of ImageJ software, and the values relative to that for GAPDH were calculated. (B and
C) Naf1 knockdown increases HIV-1 replication. Phytohemagglutinin P (PHA-P)-activated primary CD4� T cells were transfected with Naf1-specific siRNA or an
off-target control, and then cells were infected with replication-competent HIV-1NL4-3. The levels of HIV-1 p24gag in the supernatants were quantified by ELISA.
Results are representative of three independent repeats. dpi, days postinfection. (D and E) Naf1 overexpression inhibits HIV-1 LTR-driven gene expression. The
myc-tagged plasmid pCMV-Tag 3B/Naf1 or vector and an HIV-1NL4-3 LTR promoter-driven luciferase reporter plasmid were cotransfected into HEK293T cells, and
a �-Gal-expressing vector was used to normalize transfection efficiency. At 24 h posttransfection, cells were treated with or without TNF-� for an additional
24 h, and then cells were harvested and reporter gene expression assessed. Results are representative of five independent repeats. (F and G) Naf1 knockdown
significantly increases TNF-�-induced LTR-driven gene expression. The endogenous Naf1 in HEK293T cells was knocked down by use of Naf1-specific shRNA.
Cells were transfected with an HIV-1NL4-3 LTR promoter-driven luciferase reporter plasmid, and reporter gene expression was detected as described above. (H)
Naf1 knockdown promotes HIV-1 infection. The endogenous Naf1 in HEK293T cells was knocked down by use of Naf1-specific shRNA, cells (1 � 105) were
infected with pseudotyped HIV-luc/VSV-G for 24 h (using amounts of virus equivalent to 0.2 or 1 ng p24gag), and viral infections were quantified by detection
of luciferase activity. Results in panels G and H are representative of four independent experiments. Data are presented as means � standard deviations (SD).
**, P � 0.01; ***, P � 0.001 (unpaired t test).
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glutamic acids (EE), and we performed a cotransfection assay using HEK293T cells (Fig.
2D). Unlike wild-type (WT) Naf1, the Naf1 mutant neither inhibited the activation of
NF-�B nor suppressed HIV-1 LTR-driven gene expression (Fig. 2E). These data suggest
that Naf1-mediated suppression of HIV-1 LTR gene transcription is dependent on the
inhibition of NF-�B activation.

Naf1 has been reported to be a shuttling protein that moves between the cytoplasm
and the nucleus (17, 20). The cytoplasmic and nuclear localization of Naf1 was con-
firmed by confocal microscopy (Fig. 3A). To investigate whether Naf1 represses the
HIV-1 LTR through binding to its promoter sequence, a cross-linked chromatin immu-
noprecipitation (ChIP) assay was performed on HeLa cell-derived TZM-bl cells, which
contain an integrated HIV-1 LTR sequence for driving reporter gene expression (29). No
obvious enrichment of the LTR fragments was found in the immunoprecipitation
experiment (Fig. 3B and C), indicating no direct binding between Naf1 and the HIV-1
LTR sequence. Overall, these data suggest that Naf1 suppresses NF-�B-dependent HIV-1
LTR-driven gene expression.

Naf1 knockdown increases HIV-1 reactivation from an integrated HIV-1 provi-
ral DNA. HIV-1 latency is characterized mainly by a reversible silencing of LTR-driven
transcription of an integrated provirus (2, 6, 7). The inhibitory effect of Naf1 on HIV-1
LTR-driven gene expression suggests a potential role for Naf1 in HIV-1 latency. Thus, we
sought to investigate the effect of endogenous Naf1 on the expression of an integrated
HIV-1 proviral DNA in CD4� T cells by using a latently HIV-1-infected Jurkat T-cell clone
(C11) which harbors an HIV-1 proviral DNA encoding green fluorescent protein (GFP)

FIG 2 Naf1 suppresses NF-�B-dependent HIV-1 LTR-driven gene expression. (A) Naf1 overexpression inhibits NF-�B activation. The
myc-tagged plasmid pCMV-Tag 3B/Naf1 or vector and an NF-�B reporter plasmid were cotransfected into HEK293T cells, and a
�-Gal-expressing vector was used to normalize the transfection efficiency. At 24 h posttransfection, cells were treated with or without
TNF-� for an additional 24 h, and then cells were harvested and reporter gene expression assessed. (B) Naf1 blocks NF-�B p65 nuclear
import. HEK293T cells were transfected with myc-tagged pCMV-Tag 3B/Naf1 or vector for 24 h, and then cells were stimulated with or
without TNF-� (20 ng/ml) for 30 min. The cytoplasmic and nuclear protein extracts were then isolated, and NF-�B p65 was detected by
immunoblotting. The histone H3.1 and GAPDH proteins were used to validate the nuclear and cytoplasmic extracts, respectively, and one
blot representative of three repeats is shown. (C) Naf1 knockdown significantly increases TNF-�-induced NF-�B activation. The endoge-
nous Naf1 in HEK293T cells was knocked down by use of Naf1-specific shRNA. Cells were transfected with an NF-�B reporter plasmid, and
reporter gene expression was detected as described above. (D and E) Inhibition of NF-�B activation and HIV-1 LTR-promoted gene
expression by a Naf1 mutant. A Naf1 mutant was constructed and its expression confirmed by immunoblotting (D), and the inhibition of
NF-�B activation and HIV-1 LTR-promoted gene expression by mutant (Mut) and wild-type Naf1 was detected as described above (E). Data
are presented as means � SD. Results in panels A, C, and E are representative of at least four independent experiments. *, P � 0.05; **,
P � 0.01; ***, P � 0.001 (unpaired t test).
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(30). Upon TNF-� stimulation, C11 cells express GFP, which serves as an indication of
reactivation of HIV-1 from latency (30, 31). We observed that C11 cells expressed a
higher level of Naf1 protein than that in an actively HIV-1-infected Jurkat T-cell clone
(Fig. 4A). To evaluate the effect of Naf1 on HIV-1 reactivation from latency, we knocked
down endogenous Naf1 in C11 cells by using specific shRNAs (Fig. 4B), and we assessed
HIV-1 reactivation by measuring GFP expression upon stimulation with or without
different latency-reversing agents. In the absence of stimulation, Naf1 knockdown
increased HIV-1 reactivation 3-fold (P � 0.05) (Fig. 4C and D), while in the presence of
TNF-� stimulation, Naf1 knockdown significantly enhanced HIV-1 reactivation (3.4- to
4.6-fold) compared to that in scramble shRNA cells (P � 0.05) (Fig. 4C and D).
Furthermore, Naf1 knockdown also significantly increased HIV-1 reactivation upon
stimulation with phorbol-12-myristate-13-acetate (PMA) and ionomycin or SAHA (Fig.
4C and D). These results suggest that endogenous Naf1-mediated suppression of HIV-1
gene expression from proviral DNA contributes to viral latency in CD4� T cells.

Naf1 knockdown promotes viral reactivation from latently HIV-1-infected
CD4� TCM. Previous analyses using patient cells revealed that the HIV-1 reservoir
resides mainly in resting CD4� memory T cells (32–34), and central memory T cells (TCM)
are thought to be one of the most important reservoirs (35, 36). To examine the role of
Naf1 in regulating HIV-1 latency in CD4� TCM, we used an established method to
generate a large number of latently HIV-1-infected human primary CD4� T cells (37),
which are an important tool for the investigation of many aspects of HIV-1 latency, viral
reactivation mechanisms, and the signaling pathways involved (38). We knocked down
Naf1 expression in latently HIV-1-infected TCM derived from three donors by using a
specific shRNA (Fig. 5A) and then activated latent GFP-reporter HIV-1 in these cells by
use of anti-CD3/CD28 antibodies. Compared to control cells, we found that Naf1
knockdown increased HIV-1 reactivation 29 to 40% upon T-cell activation (Fig. 5B and
C), although no obvious enhancements were observed for unstimulated cells (medium
control). These results suggest that Naf1 negatively regulates HIV-1 gene transcription
to maintain viral latency in latently HIV-1-infected CD4� central memory T cells.

Naf1 knockdown increases viral reactivation in primary resting CD4� T cells
from HIV-1-infected subjects. To confirm the role of Naf1 in maintaining HIV-1 latency
in vivo, we examined the effect of Naf1 knockdown on HIV-1 activation in resting CD4�

T cells from HIV-1-infected individuals. Resting CD4� T cells are the major source of
HIV-1 latency, and their activation leads to HIV-1 reactivation from viral latency (39).
These patients underwent combination antiretroviral therapy for more than 3 years and
had undetectable plasma viral loads in a standard real-time PCR (RT-PCR)-based assay
(Roche). Silencing of endogenous Naf1 expression in resting CD4� T cells from three
HIV-1-infected individuals by use of a specific shRNA resulted in 48 to 63% decreases
of Naf1 expression (Fig. 6A) and significantly increased HIV-1 reactivation upon T-cell

FIG 3 Detection of Naf1 binding of the HIV-1 LTR promoter by ChIP assay. (A) HEK293T or TZM-bl cells were transfected with the
pEGFP-Naf1 expression plasmid for 48 h, and cells were observed by confocal microscopy. Nuclei were stained with DAPI (blue). (B and
C) TZM-bl cells (5 � 106) were transfected with pCMV-Tag3B/Naf1 or vector for 48 h, a cross-linked ChIP assay was performed to detect
the binding of Naf1 to the HIV-1 LTR promoter (B), and Naf1 expression was detected by immunoblotting (C). Results are representative
of three independent repeats.
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activation by phytohemagglutinin-P (PHA-P), as monitored by detecting HIV-1 particles
released into the supernatants (Fig. 6B) or quantifying the level of HIV-1 gag or tat-rev
mRNA (Fig. 6C and D). These results further suggest that Naf1 contributed to HIV-1
latency in resting CD4� T cells from infected individuals treated with antiretroviral
drugs.

DISCUSSION

In this study, we demonstrated that the host factor Naf1 maintains HIV-1 latency by
suppressing viral gene expression in an NF-�B-dependent manner. HIV-1 latency is
characterized by a reversible silencing of viral LTR promoter-driven transcription of an
integrated provirus (2, 6, 7). The LTR promoters of the majority of HIV-1 isolates contain
two adjacent NF-�B binding sites that are crucial for initiating viral transcription (8, 11).
Although other transcription factors also bind to the HIV-1 LTR promoter and regulate
viral gene expression, NF-�B, as a master regulator of viral and gene transcription, is
one of the most critical cellular factors in regulating HIV-1 latency (7–14). Lower levels

FIG 4 Naf1 knockdown increases HIV-1 reactivation from an integrated HIV-1 proviral DNA. (A) Naf1 expression in latently (C11) or actively (J-active)
HIV-1-infected Jurkat T cells. The densities of bands were analyzed with the plug-ins of ImageJ software, the values relative to the GAPDH level were calculated,
and the results from 3 independent repeats were summarized and analyzed (right panel). (B to D) Naf1 knockdown promotes HIV-1 reactivation. (B) C11 cells
were infected with lentiviruses containing Naf1 shRNA or a scramble control for 72 h, and at 24 h postinfection, puromycin was added to the medium for
selection. The calculated data from Western blots showing Naf1 knockdown for 4 independent repeats were summarized and analyzed (right panel). (C and
D) Cells were stimulated with or without TNF-�, PMA/ionomycin, or suberoylanilide hydroxyamic acid (SAHA) for an additional 24 h, HIV-1 reactivation was
measured by detecting GFP expression, and the percentage of GFP� cells and the mean fluorescence intensity (MFI) were calculated. Data from 4 independent
repeats were summarized and analyzed.
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of nuclear NF-�B in resting CD4� T cells than in activated cells contribute to the
establishment and maintenance of HIV-1 latency (14, 40). Activation of NF-�B signaling
has been proposed as an attractive target for the development of agents to reverse
HIV-1 latency (41); however, NF-�B signaling modulates multiple cellular events, and
the nonspecific activation of bystander T cells by NF-�B signal-activating agents should
be evaluated cautiously (42). Naf1 is a native repressor of NF-�B signaling in normal
cells by blocking the nuclear import of the p65 subunit of NF-�B. Thus, studying
Naf1-mediated regulation of NF-�B signaling in CD4� central memory T cells can help
us to understand host modulation of HIV-1 latency.

Besides the negative regulation of NF-�B activation, Naf1 has multiple regulatory
cellular functions in receptor-mediated signaling pathways (43). Naf1 can also be
incorporated into HIV-1 virions and interacts with the matrix protein of HIV-1 (17). The
HIV-1 matrix protein is involved in viral assembly by directing Gag and Gag-Pol
polyproteins to the plasma membrane during viral production (44). These data may
suggest that Naf1 possesses multifaceted and likely cell-type-dependent roles in reg-
ulating HIV-1 infection. Naf1 has been shown to be a nucleocytoplasmic shuttling
protein (17, 20). Recently, we found that nuclear Naf1 could promote nuclear export of
unspliced HIV-1 gag mRNA, leading to increased Gag production for viral assembly and
release (20). In this study, we found a new role for Naf1 in regulating HIV-1 infection,
as we showed that Naf1 in the cytosol inhibited the activity of the integrated HIV-1 LTR
by suppressing NF-�B signaling.

Naf1 is encoded by the TNIP1 gene, and single-nucleotide polymorphisms (SNPs) of
TNIP that lead to a loss of control of NF-�B activation have been reported to be
associated with multiple inflammation-related autoimmune diseases (43, 45–49). Naf1
is ubiquitously expressed in human tissues and cell types, particularly in peripheral
blood lymphocytes (17). For HIV-1-infected individuals, whether the SNPs of TNIP have
a potential relationship with viral load and/or disease progression is worth further
study.

In summary, our in vitro study revealed a novel mechanism of NF-�B-dependent

FIG 5 Naf1 knockdown promotes viral reactivation from latently HIV-1-infected TCM. Latently HIV-eGFP/VSV-G-infected TCM

were infected with lentiviruses containing Naf1-specific shRNA or a scramble control for 72 h (A) and then were stimulated
with anti-CD3/CD28 antibodies for an additional 72 h, viral reactivation was measured by detecting GFP expression (B), and
the percentage of GFP� cells and the MFI were calculated (C). For panels B and C, data from 4 independent repeats were
summarized and analyzed. **, P � 0.01 (paired t test). For panel A, the densities of bands were analyzed with the plug-ins
of ImageJ software, and the values relative to that for GAPDH were calculated.
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Naf1 function in maintaining HIV-1 latency in primary CD4� T cells. We further
confirmed this observation by using resting CD4� T cells isolated from chronically
HIV-1-infected patients who underwent effective antiretroviral therapy. Our findings
provide new insights into HIV-1 pathogenesis that suggest potential therapeutic strat-
egies to inhibit Naf1 activity in latently HIV-1-infected cells.

MATERIALS AND METHODS
Ethics statement. HIV-1-infected outpatients who had undergone combination antiretroviral ther-

apy for more than 3 years and had undetectable HIV-1 viral loads in plasma were recruited at the First
Affiliated Hospital of Henan University of Traditional Chinese Medicine (HUTCM), China. Resting CD4� T
cells were isolated from peripheral blood mononuclear cells (PBMCs) by previously described methods
(4, 50). The Medical Ethics Review Committee of the First Affiliated Hospital of HUTCM approved the
study, and signed informed consent was obtained from each research participant.

Antibodies. A monoclonal antibody (MAb) specific for Naf1 was described previously (51). An
anti-c-myc MAb (clone 9E10) and an anti-Flag MAb (clone M2) were purchased from Sigma-Aldrich. An
anti-glyceraldehyde-3-phosphate dehydrogenase (anti-GAPDH) MAb (clone 3B3) and an anti-histone
H3.1 polyclonal antibody (pAb) were purchased from Abmart (Shanghai, China). An anti-p65 pAb was
purchased from Cell Signaling.

Plasmids. The myc-tagged Naf1 expression plasmid pCMV-Tag3B-Naf1 was described previously
(51). Naf1 was cloned into the lentiviral vector pCDH-CMV (System Bioscience) to generate Flag-tagged
Naf1-expressing stable cell lines and into a pEGFP-N1 vector which expressed a Naf1-GFP fusion protein.
The Naf1 site-specific mutant (Naf1-Mut) expression plasmid pCMV-Tag 3B-Naf1-Mut was generated with
a Mutant Best kit (TaKaRa Biotechnology). pGL3-LTR-luc was constructed by PCR amplification of the

FIG 6 Naf1 knockdown increases HIV-1 reactivation in primary resting CD4� T cells from patients. Resting CD4� T cells were isolated from
antiretroviral-treated patients and coinfected with lentiviruses containing Naf1-specific shRNA or a scramble control and lentiviruses
containing Vpx for 3 days. The patient numbers of three patients (P1 to P3) are noted. (A) Naf1 expression levels were detected by
immunoblotting, and GAPDH was used as a loading control. The densities of bands were analyzed with the plug-ins of ImageJ software,
and the values relative to that for GAPDH were calculated. HIV-1 reactivation in CD4� T cells upon PHA-P stimulation was detected by
either quantifying p24gag levels in the supernatants by ELISA (B) or quantifying cell-associated HIV-1 gag and tat-rev mRNAs, respectively
(C and D). (E) The p24gag levels and the expression levels of cell-associated gag and tat-rev mRNAs from 3 donors’ cells were summarized
and analyzed. *, P � 0.05; **, P � 0.01; ***, P � 0.001 (unpaired t test).
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corresponding DNA fragment from pNL4-3 and subsequently cloned into the pGL3-basic vector (Pro-
mega, Madison, WI). The 3�B-luc NF-�B reporter plasmid has been described previously (52) and was
kindly provided by Chen Wang, Shanghai Institute of Biochemistry and Cell Biology, Chinese Academy
of Sciences, Shanghai, China.

Cell culture. Human PBMCs were obtained from the Blood Center of Shanghai, China. CD4� T cells
were purified from PBMCs by use of anti-CD4-specific antibody-coated microbeads (Miltenyi Biotec) as
described previously (53). CD4� T cells were activated with 5 �g/ml PHA-P (Sigma-Aldrich) and cultured
in the presence of 20 IU/ml recombinant interleukin-2 (IL-2) (R&D Systems) for 48 h. A latently
HIV-1-infected Jurkat T-cell clone (C11) that harbors an HIV-1 proviral DNA encoding GFP was described
previously (30). TNF-� was purchased from Invitrogen. PMA and ionomycin were purchased from Sigma.
The C11 cell clone was cultured in RPMI 1640 medium containing 10% fetal bovine serum (FBS) (HyClone)
with 100 U/ml penicillin and 100 �g/ml streptomycin. The human embryonic kidney cell line HEK293T
was maintained in Dulbecco’s modified Eagle’s medium (DMEM) (HyClone) containing 10% FBS with 100
U/ml penicillin and 100 �g/ml streptomycin, and this cell line was a kind gift from Vineet KewalRamani
(National Cancer Institute, Frederick, MD) and has been described previously (54).

HIV-1 stocks. Single-cycle infectious HIV-Luc/VSV-G or HIV-eGFP/VSV-G was generated by calcium
phosphate-mediated cotransfection of HEK293T cells with the luciferase reporter–HIV-1 proviral vector
pLAI-Δ-env-Luc or pHIV-eGFP, respectively, and an expression plasmid for the vesicular stomatitis virus
G (VSV-G) protein. Replication-competent HIV-1 strain NL4-3 was generated by transfection of HEK293T
cells with the proviral construct pNL4-3. Harvested supernatants of transfected cells that contained viral
particles were filtered and titrated by use of a p24gag capture enzyme-linked immunosorbent assay
(ELISA). HIV-1 p24gag-specific monoclonal antibodies were a kind gift from Yong-Tang Zheng (Kunming
Institute of Zoology, Chinese Academy of Sciences, China).

Assays of reporter gene expression. HEK293T cells were seeded in a 24-well cell culture plate.
Transfection was performed using Lipofectamine 2000 (Invitrogen) according to the manufacturer’s
instructions, and the plasmid 3�B-luc or pGL3-LTR-luc (50 ng) was used. At 6 h posttransfection, the
medium, which contained a mixture of plasmids and transfection reagent, was replaced with fresh DMEM
supplemented with 10% FBS. When indicated, cells were treated with TNF-� (50 ng/ml) at 24 h
posttransfection and further cultured for an additional 24 h. Cells were harvested for luciferase assay with
a luciferase assay system (Promega). The pCMV-�-Galactosidase control vector (5 ng) (BD Clontech) was
cotransfected for normalization of transfection efficiency, and �-galactosidase activity was determined
using the Beta-Glo assay system (Promega).

siRNA- and shRNA-mediated gene silencing. The sequences of siRNA duplexes were as follows: for
Naf1 siRNA, 5=-GCU UUU GGA AGA GUC CCA GTT-3= (sense) and 5=-CUG GGA CUC UUC CAA AAG CTC-3=
(antisense); and for scramble siRNA, 5=-UUC UCC GAA CGU GUC ACG UTT-3= (sense) and 5=-ACG UGA CAC
GUU CGG AGA ATT-3= (antisense). siRNAs (4 nM) were transfected into CD4� T cells by use of an Amaxa
human T cell Nucleofector kit (Lonza) with program T-023. Naf1 shRNA was subcloned into the
pLKO.1-puro shRNA expression vector. The targeted sequences of shRNAs were as follows: Naf1-sh 1842,
5=-AAT CAG AGC TCC CAA GTG ATG-3=; Naf1-sh 568, 5=-AAG CCA TCA CAG ATG GGA GAA-3=; and
scramble, 5=-TTC TCC GAA CGT GTC ACG TAT-3=. Calcium phosphate-mediated transfection of HEK293T
cells was used to generate shRNA lentiviruses as previously described (55). To generate a cell line for
stable Naf1 knockdown, lentiviruses containing Naf1 shRNA were used to infect HEK293T cells. At 24 h
postinfection, puromycin (1 �g/ml) was added to the medium for selection. For Naf1 knockdown in the
latently HIV-1-infected Jurkat T-cell clone, lentiviruses containing Naf1 shRNA were used for infection,
and puromycin was added to the medium for selection at 24 h postinfection.

Immunoblotting. Cells were lysed for 1 h at 4°C in ice-cold lysis buffer (50 mM HEPES, pH 7.4, 150
mM NaCl, 0.5 mM EGTA, 1% protease inhibitor cocktail [Sigma], 1 mM sodium orthovanadate, 1 mM NaF,
1% [vol/vol] Triton X-100, and 10% [vol/vol] glycerol). After centrifugation for 10 min at 12,000 � g, the
supernatant was boiled in reducing SDS sample loading buffer and analyzed by SDS-PAGE. For immu-
noblotting, the indicated specific primary antibodies were used, followed by horseradish peroxidase-
conjugated goat anti-mouse IgG or goat anti-rabbit IgG (Sigma) as the secondary antibody. The gray
density of the gel was analyzed by using the plug-ins of ImageJ software.

Confocal microscopy. Cells were seeded onto poly-L-lysine-coated microscope slides (Polyscience)
and transfected with the Naf1-GFP-expressing plasmid pEGFP-N1-Naf1 for 24 h. Nuclei were stained with
4=,6-diamidino-2-phenylindole (DAPI). Slides were mounted with fluorescence mounting medium (Dako)
and observed using a laser scanning confocal microscope (Leica SP5).

ChIP assay. Chromatin immunoprecipitation (ChIP) experiments were performed according to the
protocol provided with an EZ-ChIP chromatin immunoprecipitation kit (Millipore) (31). HeLa cell-derived
TZM-bl indicator cells, which contain an integrated HIV-1 LTR promoter, were transfected with pCMV-
Tag3B or pCMV-Tag3B-Naf1 for 48 h by use of Lipofectamine 2000. Cells were cross-linked in 1%
formaldehyde for 10 min at room temperature and quenched with 0.125 M glycine for 5 min. After lysis,
chromatin was sheared by use of a sonicator for a total of 12 min (10 s on and 10 s off) on ice to obtain
DNA fragments of 200 to 1,000 bp. Ten percent of the total sheared chromatin DNA was used as input
DNA. Other sheared chromatin was incubated with an antibody against c-myc or mouse IgG (Millipore)
as a negative control. The immunoprecipitated DNA was analyzed by real-time PCR (ABI Prism 7900
real-time PCR system) for 30 cycles with Taq master mix (Invitrogen), using primers specific for the 5= LTR
of HIV-1 (forward, 5=-TAG CAG TGG CGC CCG AAC AGG-3=; and reverse, 5=-GCC TCT TGC CGT GCG CGC
TTC-3=).

Assays of HIV-1 reactivation from latently infected cells. We used the primary TCM model
established by Vicente Planelles’s lab (37, 38), with slight modifications. Briefly, naive CD4� T cells were
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isolated by magnetically activated cell sorting (MACS) microbead negative sorting using a naive T-cell
isolation kit (Miltenyi Biotec). Naive CD4� T cells were stimulated with anti-CD3/CD28 antibody-coated
microbeads for 3 days. Microbeads were then removed, and cells were cultured for an additional 4 days.
Cells were infected with VSV-G-pseudotyped defective HIV (DHIV)-GFP (dEnv) and cultured for an
additional 7 days to establish latency. Latently infected cells were infected with lentiviruses containing
Naf1 shRNA or the scramble control for 3 days and were stimulated with or without anti-CD3/CD28
antibody-coated microbeads for an additional 3 days for detection of latency reactivation by flow
cytometry or were harvested for immunoblotting.

Assays of viral activation in resting CD4� T cells from HIV-1-infected individuals. Purified resting
CD4� T cells (1 � 106/sample) isolated from HIV-1-infected individuals who had undergone combination
antiretroviral therapy were coinfected with lentiviruses containing Naf1 shRNA or the scramble control
(50 ng p24gag) and lentiviruses containing Vpx (multiplicity of infection [MOI] � 0.5) for 6 h (56), and after
washing, the cells were cultured for another 3 days. Cells were collected for immunoblotting or
stimulated with PHA-P (5 �g/ml) for 13 days. HIV-1 activation was detected by measuring the released
HIV-1 particles in the supernatants by p24gag capture ELISA or by RT-PCR for quantification of the HIV-1
transcription products. For RT-PCR, total cellular RNA was extracted by use of a QIAamp RNeasy minikit
(Qiagen), and the HIV-1 gag or tat-rev mRNA was quantified and normalized to the GAPDH mRNA level.
The primer sequences were as follows: for gag, forward primer 5=-GTG TGG AAA ATC TCT AGC AGT GG-3=
and reverse primer 5=-CGC TCT CGC ACC CAT CTC-3=; for tat-rev, forward primer 5=-ATG GCA GGA AGA
AGC GGA G-3= and reverse primer 5=-ATT CCT TCG GGC CTG TCG-3=; and for GAPDH, forward primer
5=-ATC CCA TCA CCA TCT TCC AGG-3= and reverse primer 5=-CCT TCT CCA TGG TGG TGA AGA C-3=.

Statistical analysis. Statistical analysis was performed using the paired or unpaired Student t test
with SigmaStat 2.0 (Systat Software, San Jose, CA).
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