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ABSTRACT NF-kB-interacting long noncoding RNA (NKILA) was recently identified
as a negative regulator of NF-«B signaling and plays an important role in the devel-
opment of various cancers. It is well known that NF-«kB-mediated activation of hu-
man immunodeficiency virus type 1 (HIV-1) long terminal repeat (LTR)-driven gene
expression is required for HIV-1 transcription and reactivation of latency. However,
whether NKILA plays essential roles in HIV-1 replication and latency is unclear. Here,
by ectopic expression and silencing experiments, we demonstrate that NKILA po-
tently inhibits HIV-1 replication in an NF-«B-dependent manner by suppressing HIV-1
LTR promoter activity. Moreover, NKILA showed broad-spectrum inhibition on the
replication of HIV-1 clones with different coreceptor tropisms as well as on LTR ac-
tivity of various HIV-1 clinical subtypes. Chromatin immunoprecipitation (ChIP) assays
revealed that NKILA expression abolishes the recruitment of p65 to the duplicated
kB binding sites in the HIV-1 LTR. NKILA mutants disrupting NF-«B inhibition also
lost the ability to inhibit HIV-1 replication. Notably, HIV-1 infection or reactivation
significantly downregulated NKILA expression in T cells in order to facilitate viral rep-
lication. Downregulated NKILA was mainly due to reduced acetylation of histone K27
on the promoter of NKILA by HIV-1 infection, which blocks NKILA expression. Knock-
down of NKILA promoted the reactivation of latent HIV-1 upon phorbol myristate
acetate (PMA) stimulation, while ectopic NKILA suppressed the reactivation in a well-
established clinical model of withdrawal of azidothymidine (AZT) in vitro. These find-
ings improve our understanding of the functional suppression of HIV-1 replication
and latency by NKILA through NF-«B signaling.

IMPORTANCE The NF-«B pathway plays key roles in HIV-1 replication and reactiva-
tion of HIV-1 latency. A regulator inhibiting NF-«B activation may be a promising
therapeutic strategy against HIV-1. Recently, NF-«B-interacting long noncoding RNA
(NKILA) was identified to suppress the development of different human cancers by
inhibiting 1kB kinase (IKK)-induced IkB phosphorylation and NF-«B pathway activa-
tion, whereas the relationship between NKILA and HIV-1 replication is still unknown.
Here, our results show that NKILA inhibits HIV-1 replication and reactivation by sup-
pressing HIV-1 long terminal repeat (LTR)-driven transcription initiation. Moreover,
NKILA inhibited the replication of HIV-1 clones with different coreceptor tropisms.
This project may reveal a target for the development of novel anti-HIV drugs.
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uman immunodeficiency virus type 1 (HIV-1) is a severe health threat worldwide.
Although combined antiretroviral therapy (cART) greatly revolutionized the treat-
ment of HIV-1 infection, changing it from a fatal acute disease to a chronic condition,
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the viral reservoir that persists in resting memory CD4*+ T cells and other myeloid
lineages is a major barrier to HIV-1 eradication (1-6). A deeper understanding of the
transcriptional events underlying HIV-1 replication and latency will facilitate the devel-
opment of a strategy that permits the manipulation of key cellular and viral transcrip-
tion factors.

Previous studies have discovered that factors leading to transcriptional inhibition,
such as the presence of nuc1, sequestration of nuclear factor kappa B (NF-«B) in the
cytoplasm or of positive transcription elongation (P-TEFb) in the inactive 7SK snRNP,
and insufficiency of the transactivator Tat encoded by HIV-1, play dominant roles in
HIV-1 replication and the establishment and maintenance of HIV-1 latency (7-12). As an
important transcription factor, NF-kB/RelA promotes HIV-1 replication and influences
HIV-1 latency by binding to the duplicate kB enhancer in the HIV-1 long terminal repeat
(LTR) (11, 13-16).

NF-«B transcription factors are dimers produced by the combination of five different
monomers (RelA [p65], NF-kB1 [p50], NF-kB2 [p52], c-Rel, and RelB) for dimerization,
DNA binding, and nuclear translocation. NF-«B signaling is involved in various biolog-
ical processes, including immunity, inflammation, cancer, and viral infection (11, 17-22).
The p50/p65 heterodimer interacts with the NF-«B sites in the HIV LTR and recruits
histone acetyltransferase (HAT) to facilitate HIV transcription upon activation (23), while
HIV-1 employs its viral accessory protein Nef to boost NF-«B activation or Vpu to
downmodulate NF-kB-dependent expression of interferon-stimulated genes (ISGs) (24).
One NF-«B agonist, a compound called 5HN, promoted NF-«B induction and led to
activation of latent HIV-1 without specific T-cell activation (25). Protein kinase C (PKC)
agonists, including prostratin, bryostatin, and ingenol, activate NF-«B and increase the
levels of cyclin-dependent kinases (CDKs), P-TEFb, and other related proteins, which are
required for HIV-1 replication and reactivation (26-28). Williams et al. showed that
efficient formation of elongated HIV-1 transcripts requires sustained activation of
NF-kB, which increases de novo synthesis of Tat (29). Upon activation, NF-«kB complexes
(e.g., p50/p65 heterodimers) replace p50 homodimers to bind to «B sites in the LTR and
to recruit the cellular histone acetyltransferase p300 which drives localized histone
acetylation and promotes transcription initiation (29-31). Therefore, the NF-«B pathway
has positive effects on HIV-1 replication and latency and may be a promising target for
the development of new antiviral drugs.

Recently, NF-kB-interacting long noncoding RNA (NKILA), which is 2,570 bp in
length and is located at chromosomal region 20q13, was initially identified as a tumor
suppressor by its abrogation of NF-«B signaling (32-36); however, whether NKILA
regulates HIV-1 replication or latency has not been characterized. Here, we investigated
the potential role of NKILA in HIV-1 replication and reactivation of latent HIV-1. The
results showed that NKILA potently inhibits the replication of various subtypes of HIV-1
and might regulate HIV-1 latency through NF-«B signaling. Our study discovered the
regulatory function of a long noncoding RNA (IncRNA), NKILA, on HIV-1 by targeting
NF-kB signaling, which provides important insight for the development of new thera-
peutic tools against HIV-1 infection.

RESULTS

NKILA potently inhibits HIV-1 replication. As a transcription factor, NF-«B plays an
important role in HIV-1 transcription and replication. To investigate whether NF-«B-
interacting IncRNA (NKILA), which represses NF-«B signaling (33), affects HIV-1 replica-
tion, we first transfected HEK293T cells with the pNL4-3 expression vector plus the
negative-control vector VR1012 or the NKILA expression vector and then harvested cells
48 h later for immunoblotting and reverse transcription-quantitative PCR (qRT-PCR)
analysis. With increasing levels of NKILA, Gagp55 expression in the cell lysate and
capsid p24 (CAp24) expression in the viral supernatant from cells were decreased in a
dose-dependent manner (Fig. 1A), and the infectious HIV-1 production was greatly
decreased when TZM-bl cells were used as infection indicator cells (Fig. 1B), indicating
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FIG 1 NKILA inhibits HIV-1 replication. (A to C) Overexpression of NKILA inhibits HIV-1 replication in a dose-
dependent manner. (A) Multiple dose amounts of NKILA expression vector (100 ng, 300 ng, and 900 ng) or
negative-control vector were transfected with the pNL4-3 viral expression vector into HEK293T cells. After 48 h,
cells and supernatants were harvested and analyzed by immunoblot (IB) analysis. The densities of bands from
representative immunoblotting (IB) analyses were analyzed with ImageJ software to calculate the values, for cells
relative to that for histone. (B) Infectious HIV-1 production was decreased with increasing NKILA expression, as
indicated in TZM-bl cells. (C) The expression levels of NKILA mRNA were measured by qRT-PCR. The mRNA level of
endogenous NKILA was set as 100%. (D to F) Knockdown of NKILA increased HIV-1 replication. (D) pNL4-3 or
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that NKILA suppresses HIV-1 replication. The mRNA levels of NKILA were determined by
qRT-PCR (Fig. 1C).

In contrast, compared to transfection with short interfering RNA negative control
(siRNA NQ), knockdown of NKILA with siRNA in HEK293T cells led to increased levels of
Gagp55 in the cell lysate and CAp24 in the viral supernatant (Fig. 1D, 2nd and 4th
lanes). The infectious HIV-1 production in the supernatant produced by NKILA siRNA
cells was increased (Fig. 1E). The mRNA levels of NKILA are shown in Fig. 1F. A cell
proliferation assay by Cell Counting Kit 8 (CCK-8) confirmed that ectopic expression or
silencing of NKILA had no effect on cell viability (Fig. 1G and H), indicating that NKILA
itself but not the cellular effects of NKILA accounts for HIV-1 inhibition. The PMEPAT
gene, which encodes a protein correlated with several tumors and participates in
immune pathways, runs antisense to NKILA (37). Thus, we examined whether NKILA
expression affects PMEPAT expression. We cotransfected NKILA with or without the
pNL4-3 expression plasmid into HEK293T cells and harvested the cells for immunoblot
analysis. We observed that NKILA expression strongly inhibited Gagp55 expression in
the cell lysate, while it had no effect on PMEPA1 expression (Fig. 11). Moreover, PMEPA1
expression was not affected before or after HIV-1 infection (Fig. 1)), indicating that the
inhibitory effect of NKILA on HIV-1 is not associated with PMEPA1 expression.

To further confirm whether the infectious HIV-1 production in target cells is affected
by NKILA, we silenced NKILA in different T cells, such as Jurkat, H9, and CD4™* primary
cells, using siRNA pools targeting NKILA or transfecting these cells with siRNA NC (Fig.
2A and C). Knockdown of NKILA increased the levels of p24 from ~1.5- to 5-fold in the
Jurkat and H9 cell lines (Fig. 2B) as well as in CD4™ T cells from three healthy donors
(Fig. 2D). Accordingly, overexpression of NKILA in Jurkat, H9, or CD4™* primary cells by
nucleofection (Fig. 2E and G) suppressed p24 antigen production (Fig. 2F and H). We
also examined the lasting repressive function of stable expressing NKILA in MT4 cells on
HIV-1 replication and confirmed that NKILA potently inhibited HIV-1 replication at
different doses of HIV-1 infection compared to that of negative-control cell lines over
time (Fig. 3B). NKILA stable expression in MT4 cells was confirmed by qRT-PCR (Fig. 3A).
Collectively, these data suggest that NKILA strongly inhibits HIV-1 replication.

NKILA suppresses the activity of the HIV-1 LTR in a dose-dependent manner.
The HIV-1 LTR drives the transcription initiation and elongation of HIV-1 transcripts, and
NF-«B induces the initiation of HIV-1 LTR-driven gene transcription (29, 32); thus, we
hypothesized that NKILA might inhibit HIV-1 transcription initiation by suppressing
NF-«B signaling. To investigate this possibility, we assessed HIV-1 transcription initiation
and elongation by measuring the mRNA levels of the proximal (Pro), intermediate (Int),
and distal (Dis) transcripts by gqPCR in the presence or absence of NKILA. The results
showed that NKILA significantly suppressed HIV-1 transcription initiation and then
inhibited the transcription elongation (Fig. 4A and B). Accordingly, knockdown of NKILA
increased the transcription initiation of HIV-1 and then increased the transcription
elongation (Fig. 4C). We further confirmed that NKILA inhibited NF-«B-driven luciferase
activity and induced a decrease in IkBa phosphorylation as well as a reduction in p65

FIG 1 Legend (Continued)

negative-control vector was cotransfected with siRNA NKILA or siRNA NC into HEK293T cells for 48 h. Cells and
supernatants were harvested for IB analysis, and the densities of bands from representative IB analyses were
analyzed as described for panel A. (E) NKILA increased the infectious HIV-1 production, as indicated in TZM-bl cells.
The infectious HIV-1 production of siRNA NC was set as 100%. (F) The expression levels of NKILA in cells with NKILA
knockdown were measured by qRT-PCR and normalized to GAPDH expression. Overexpression (G) or knockdown
(H) of NKILA had no effect on cell viability by CCK-8 detection. (I)The inhibitory effect of NKILA on HIV-1 production
was not associated with altered endogenous expression of the PMEPAT protein. NKILA or negative-control vector
was cotransfected with the pNL4-3 viral vector into HEK293T cells. Forty-eight hours after transfection, cell extracts
were harvested and subjected to IB analysis with anti-PMEPA1 antibody to detect the PMEPA1 protein. (J) PMEPA1
protein expression was not affected by HIV-1 infection or NKILA expression. NKILA or negative-control vector was
nucleofected to Jurkat cells. Forty-eight hours posttransfection, the cells were infected with the supernatant
containing NL4-3 viral particles or an equal amount of medium. After 48 h of infection, cells were harvested for IB
analysis. The densities of bands were analyzed as described for panel A. All results are presented as the means *
SDs from three independent experiments. ns, not significant; **, P < 0.01.
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FIG 2 NKILA inhibits HIV-1 replication in T cells. (A to D) Knockdown of NKILA in T cells promoted
infectious HIV-1 production. The pNL4-3 viral vector was transfected into HEK293T cells, and superna-
tants containing HIV-1 NL4-3 virus were harvested for infection of Jurkat cells, H9 cells, or primary CD4
T cells from donors for 48 h which had been transfected with siRNA NKILA or siRNA NC for 24 h. (A and
C) Total RNA was extracted from the cells, and the mRNA level of NKILA was measured by qRT-PCR. Cells
transfected with siRNAs were infected with NL4-3 virus for 4 h, washed twice with PBS buffer, and
cultured in medium (RPMI 1640, 10% FBS). (B and D) After 48 h, the supernatants were harvested, and
CAp24 expression was measured by ELISA. (E to H) Overexpression of NKILA suppressed infectious HIV-1
production. Jurkat, H9, or primary CD4+* T cells which had been transfected with NKILA or negative-
control vector for 24 h were then were infected with HIV-1 NL4-3 viruses. (E and G) Forty-eight hours
postinfection, cells were harvested, and the mRNA level of NKILA was measured by qRT-PCR. (F and H)
The supernatants were harvested, and CAp24 expression was measured by ELISA. Expression data were
normalized to those of the siRNA NC or negative vector group. All results are presented as the means *
SDs from three independent experiments. *, P < 0.05; **, P < 0.01; ***, P < 0.001.

translocation into the nucleus as evidenced by nuclear/cytoplasmic fractionation (Fig.
4D to F), consistent with the results of a previous study (33). NF-«B initially induces only
a single round of RelA and RNA polymerase Il (Pol Il) binding, whereas Tat efficiently
stimulates transcription elongation (29). We observed that NKILA inhibited not only LTR
activity but also LTR activity induced by Tat alone or by both p65 and Tat (Fig. 4G to
). In addition, to investigate the effect of NKILA on LTR activities from different clinical
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FIG 3 NKILA inhibits HIV spreading replication. (A) Relative NKILA mRNA expression in MT4 cells expressing NKILA.
MT4 cells were infected with lentiviruses containing NKILA or a scramble control, and at 48 h postinfection,
puromycin (1 g/ml) was added to the medium for selection. (B) Two nanograms, 0.2 ng, or 0.02 ng p24 antigen of
NL4-3 viral particles was added to infect the NKILA MT4 overexpression or control cell lines. Cells were washed with
PBS three times after 4 h of infection. The supernatant p24 release amounts were analyzed by ELISA at 1 day, 3 days,
5 days, 7 days, and 9 days.

HIV isolates, we transfected NKILA or a negative vector plus expression vector contain-
ing LTR from the China HIV-1 subtypes B’, C, and CRF07/08 BC and found a similar
reduction of LTR-driven gene expression when NKILA was overexpressed (Fig. 4J). HIV-1
LTR activity was significantly increased when NKILA was depleted using siRNA in
HEK293T cells (Fig. 4L). The mRNA expression levels of NKILA were confirmed by gPCR
(Fig. 4K). Taken together, these data suggest active competition between NKILA and
p65 for controlling HIV-1 LTR promoter activity.

The NF-«B binding site in HIV-1 LTR is required for HIV-1 inhibition by NKILA.
The HIV-1 5’ LTR usually contains a TATA box, three SP1 binding sites, and two NF-«B
binding sites (16, 38), although HIV-1 subtype C viruses contain an additional NF-«B
site in the enhancer region of HIV-1 LTR (39, 40). Chaudhary et al. identified critical
nucleotides in the NF-«B binding sites in the HIV-1 5’ LTR that affect NF-«B function
(14). To further determine whether NKILA-mediated inhibition of HIV-1 is NF-«kB de-
pendent, we constructed an HIV-1 LTR NF-«B mutant in a luciferase reporter plasmid as
indicated in Fig. 5A. As expected, NKILA inhibited Tat-mediated wild-type (WT) LTR
activity, while NKILA lost the ability to affect the activity of the LTR NF-kB mutant (Fig.
5B). We also observed that Tat-mediated activation was lower in the LTR mutant group
than in the LTR WT group, which is consistent with the fact that NF-«B induces efficient
HIV-1 transcription initiation. We next investigated the effect of NKILA on the in vivo
binding of p65 to the LTR promoter by chromatin immunoprecipitation (ChIP) analysis.
gRT-PCR was carried out with the primer pairs F1/R1, F2/R2, and F3/R3, as indicated in
Fig. 5C, which encompassed the region occupied by p65 on the LTR promoter. In
addition to acting as an NF-«B binding site, LTR also serves as the binding site for other
transcription factors, including the nuclear factor of activated T cells (NFAT) and the
specificity protein (SP1). F1/R1 includes NF-«B/NFAT and SP1 (nucleotides [nt] —143 to
+14), while F2/R2 and F3/R3 contain the regions between nt —453 and —349 and +75
and +180 in the LTR, respectively. We observed significant enrichment using an
anti-p65 antibody over that obtained using IgG with F1/R1, F2/R2, and F3/R3, while
NKILA obviously reduced the recruitment of p65 to F1/R1 and slightly reduced the
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FIG 4 NKILA suppresses HIV-1 LTR-driven gene expression in a dose-dependent manner. (A) NKILA inhibits the
transcription initiation and then inhibits the transcription elongation of HIV-1 in HEK293T cells. pNL4-3 was
cotransfected with NKILA or negative-control vector into HEK293T cells, and cells were harvested 48 h posttrans-
fection for quantitation of HIV-1 gene transcription initiation and elongation with special primers by qRT-PCR. (B
and Q) Effect of NKILA overexpression or knockdown on HIV 5" LTR-driven transcription initiation and elongation
in Jurkat cells. Jurkat cells transfected with NKILA vectors or siRNA NKILA were infected with HIV-luc/VSV-G for
2 days, and mRNA was extracted and analyzed by qRT-PCR. (D) NKILA inhibited NF-«B activity. Increasing amounts
of NKILA or negative-control vector were cotransfected with pNF-«B-luciferase and pRenilla-luciferase reporter
plasmids into HEK293T cells for 48 h. Cells were harvested for assessment of reporter gene expression by a dual
luciferase reporter assay. (E) NKILA expression influenced the total and phosphorylated IkBa protein levels, as
evidenced by IB analysis, and the densities of bands were analyzed with ImageJ software to calculate the values
relative to that for histone. (F) The localization of p65 protein in the cytoplasm was increased with NKILA
overexpression. HEK293T cells transfected with NKILA or negative-control vector were harvested for chromatin
fractionation, and protein expression was then analyzed by immunoblotting. The densities of bands were analyzed
with ImageJ software to calculate the values relative to that for GAPDH. (G) Overexpression of NKILA inhibited
LTR-driven gene expression. Increasing amounts of NKILA or negative-control vector were cotransfected with
pHIV-1-LTR-luciferase and pRenilla-luciferase into HEK293T cells for 48 h. Cells were harvested for assessment of
reporter gene expression by a dual-luciferase reporter assay. NKILA also decreased LTR-driven gene expression
mediated by Tat (H) or by Tat combined with p65 (1). pHIV-1 5’ LTR plasmids were cotransfected with Tat expression
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recruitment of p65 to F2/R2 and F3/R3 in HEK293T cells cotransfected with NKILA and
pNL4-3 compared to that in cells transfected with pNL4-3 alone (Fig. 5D). We also
examined the effect of NKILA on the binding of LTR to NFAT and SP1 and observed a
similar influence of NKILA on NFAT as for NF-«B, while NKILA mainly increased the
recruitment of SP1 to F1/R1. For lower binding of SP1 with F2/R2 and F3/R3 regions of
LTR as well as the increases caused by NKILA, we speculated that the occupied place
released by NF-«B increased the binding of LTR with SP1 (Fig. 5E and F); the
phenomenon of functional incompatibility between the NF-kB motif and a unique
SP1 had been reported previously (41). Interestingly, a biotinylated NKILA pulldown
assay showed NFAT also interacts with NKILA as p65 (Fig. 5G), and reverse co-
immunoprecipitation (co-IP) assays further verified the interaction between NKILA and
NFAT (Fig. 5H to 1), suggesting that NKILA competitively binding to NFAT with LTR
caused reduced interaction between NFAT and LTR. Thus, our results indicate that
NKILA inhibits p65 and NFAT recruitment to the NF-«kB enhancer region in the LTR
promoter.

Functional domains of NKILA required for NF-«B interference are also required
for HIV-1 restriction. A previous study demonstrated that three hairpins of NKILA are
essential for NF-kB signaling suppression through binding to the p65-p50-IkBa com-
plex via p65 and physically masking the phosphorylation sites on IkBa (33). Hairpin A
(nt 322 to 359) and hairpin B (nt 395 to 418) within the region encompassing nt 300 to
500, as well as hairpin C (nt 1121 to 1216), were predicted previously (33). To determine
whether these three hairpins are required for HIV-1 inhibition, we constructed NKILA
mutants as indicated in Fig. 6A. The results showed that compared to WT NKILA, all four
mutants lost the ability to inhibit HIV-1 replication, as evidenced by measurement of
the Gagp55 expression in the cell lysate and capsid p24 expression in the supernatant.
In addition, the infectious HIV-1 NL4-3 production was also not affected by these
mutants (Fig. 6B and C). The HIV-1 LTR luciferase assay showed that compared to WT
NKILA, M1, M2, and M4 mutants could not inhibit Tat-mediated LTR activity, only NKILA
M3 mutant showed considerable inhibitory effect. In Tat-p65-mediated LTR activity, all
NKILA mutants showed a weaker inhibitory effect than WT NKILA (Fig. 6D). Taken
together, functional domains in NKILA essential for NF-kB suppression are also neces-
sary for HIV-1 restriction, indicating that the inhibitory effect of NKILA on HIV-1 is closely
associated with its function in suppressing NF-kB signaling.

NKILA potently inhibits the replication of HIV-1 clones with different corecep-
tor tropisms. To investigate the inhibitory effect of NKILA on HIV-1 clones with
different coreceptor tropisms, we transfected cells with VR1012 or NKILA plus the 89.6
(R5X4-tropic), Yu2 (brain-derived HIV-1), or AD8 (macrophage-tropic) expression vectors
into HEK293T cells and then harvested the cells and supernatants for immunoblot or
gRT-PCR analysis. The results showed that Gagp55 expression in the cell lysate and
capsid p24 (CAp24) expression in the viral supernatant from cells were obviously
decreased (Fig. 7A), and the infectious production of these HIV-1 clones was greatly
decreased (Fig. 7C). We also observed that compared to WT NKILA, the NKILA mutants
lost the ability to inhibit the replication and the infectious production of these HIV-1
clones (Fig. 7D, F, G, |, J, and L). The expression of NKILA was determined by qRT-PCR
analysis (Fig. 7B, E, H, and K). Combined with the data in Fig. 4], these data indicate that
NKILA can inhibit various HIV-1 clones by inhibiting LTR activity.

FIG 4 Legend (Continued)

vector or with both Tat and p65 expression vectors. Forty-eight hours later, cell extracts were harvested for
detection of protein expression by IB analysis and quantitation of reporter activity by a dual-luciferase reporter
assay. (J) NKILA repressed LTR-driven gene expression of different clinical HIV-1 strains with different NF-«kB binding
sites. HEK293T cells were cotransfected with the LTRs of different clinical HIV-1 strains found in China and with
pRenilla for 48 h. Reporter gene expression was assessed by a luciferase assay. (K and L) Knockdown of NKILA
increased LTR-driven gene expression. pHIV-1 5" LTR plasmids were cotransfected with siRNA NKILA or siRNA NC
into HEK293T cells. Forty-eight hours posttransfection, the cells were harvested and analyzed by gRT-PCR to
measure the mRNA level of NKILA and were subjected to a dual-luciferase reporter assay to measure the reporter
activity. The corresponding value of the control was set as 1 or 100% as appropriate. All results are representative
of three independent experiments. The data are presented as the means + SDs. **, P < 0.01; ***, P < 0.001.
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FIG 5 NKILA directly inhibits NF-kB-mediated HIV-1 transcription by obstructing p65 recruitment to the LTR
promoter. (A) Representation of the HIV-LTR with mutations at NF-kB binding sites. (B) The effect of NKILA on the
HIV-1 LTR promoter is specifically mediated by NF-«B binding sites. pHIV-1 5’ LTR WT or pHIV-1 5" LTR mutant
plasmids were cotransfected with NKILA or negative-control vector, and cells were harvested for a reporter assay
48 h posttransfection. (C) Schematic of the HIV-1 LTR primers (F1/R1, F2/R2, and F3/R3) used in the ChIP assays. (D)
p65 recruitment to the LTR promoter at the NF-kB-SP1 enhancer region was disrupted by NKILA in HIV-1 NL4-3
virus-infected Jurkat cells. Jurkat cells transfected with NKILA or negative-control vector for 24 h were infected with
HIV-1 NL4-3 virus for another 5 days. Fixed and isolated chromatin from HIV-1-infected Jurkat cells was immuno-
precipitated with anti-p65 antibody or IgG as the negative control and was analyzed by qRT-PCR with the indicated
primers spanning three different regions in the LTR promoter. The effect of NKILA on the recruitment of NFAT (E)
or SP1 (F) to HIV-1 LTR. The experimental procedure is the same as for panel D. Fixed and isolated chromatin was
immunoprecipitated with anti-NFAT or SP1 antibody or IgG as the negative control and then was analyzed as
described for panel D. (G) The interaction of p65 and NFAT proteins with NKILA according to RNA pulldown assay.
(H) NKILA interacted with NFAT and p65 proteins according to the co-IP assay. Jurkat cells were immunoprecipi-
tated with anti-NFAT- or p65 antibody-conjugated agarose beads. NFAT and P65 proteins were detected by
immunoblotting analysis. (I) The relative binding ability between NFAT or P65 with NKILA. The binding between
NKILA and IgG was set as 1. **, P < 0.01; ***, P < 0.001.
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FIG 6 NKILA mutants fail to abolish HIV-1 transcription and LTR promoter activity. (A) Schematic representation of
NKILA with mutations at each of the hairpins (hairpins A, B, and C). (B) NKILA WT, the indicated mutants, or
negative-control vector were cotransfected with pNL4-3AEnv and pVSV-G plasmids into HEK293T cells. Cells and
partial supernatants were harvested for measurement of HIV-1 gene expression by IB analysis. (C) Supernatants
containing virus-like particles (VLPs) were collected and used to infect TZM-bl cells. Viral infectious yield was
measured by a luciferase reporter assay. (D) NKILA mutation completely abolished the ability to inhibit Tat with or
without p65-mediated LTR promoter activity. NKILA WT or the indicated mutants were cotransfected with Tat or
with both Tat and p65 plus pHIV-1-luciferase plasmids. Forty-eight hours posttransfection, reporter gene expres-
sion was analyzed by a luciferase reporter assay, and the expression of proteins was assessed by IB analysis. The
corresponding value in the absence of Tat and p65 was set as 1 or 100% as appropriate. All results are
representative of three independent experiments. The data are presented as the means + SDs. **, P < 0.01;
*** P < 0.001.

HIV-1 replication downregulates NKILA expression. The above-described data
showed that NKILA inhibits HIV-1 replication (Fig. 1 to 3), and we next examined
whether HIV-1 infection or replication regulates NKILA expression. Primary CD4* T cells
from three healthy donors were infected with HIV-1 NL4-3 virus produced from the
supernatant of HEK293T cells transfected with the NL4-3 expression vector. In cells
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FIG 7 NKILA has the ability to inhibit the replication of HIV-1 clones with different coreceptor tropisms. (A)
Overexpression of NKILA suppressed the replication of HIV-1 clones with different coreceptor tropisms. The NKILA
or negative-control vector was cotransfected with expression plasmids for the HIV-1 clones 89.6, Yu2, or AD8.
Forty-eight hours posttransfection, cells and supernatants were harvested for measurement of HIV-1 gene
expression by IB analysis (A) and were analyzed by qRT-PCR to measure NKILA mRNA levels (B). (C) TZM-bl cells
were infected with viral supernatants for 48 h and harvested for measurement of infectious HIV-1 yield by a
luciferase assay. (D to L) NKILA mutants lost their inhibition ability toward various HIV-1 clones. NKILA WT or the
indicated mutants were cotransfected with expression vectors for the HIV-1 clones AD8 (D, E, and F), 89.6 (G, H, and
1), or Yu2 (J, K, and L). Cells were harvested for detection of HIV-1 gene expression by IB analysis (D, G, and J) and
were analyzed by qRT-PCR to measure NKILA mRNA levels (E, H, and K). Supernatants were used to infect TZM-bl
cells for measurement of the infectious yield of various HIV-1 clones (F, |, and L). The corresponding value of the
control was set as 1 or 100% as appropriate. All results are representative of three independent experiments. The
data are presented as the means = SDs. **, P < 0.01; ***, P < 0.001.

infected with HIV-1, the mRNA levels of NKILA were greatly decreased (Fig. 8A)
compared with that in uninfected CD4* T cells. Moreover, NKILA expression was
obviously downregulated in the CD4* T cells from 23 HIV-1 infected patients compared
with that in cells from 17 healthy donors (Fig. 8B). Even transfection with the NL4-3
expression vector in HEK293T cells caused a reduction in NKILA expression (Fig. 8C).
Moreover, in addition to HIV-1 NL4-3 infection, the infection caused by the other HIV-1
clones HXB2Neo, 89.6, AD8, and Yu2 also induced a decrease in NKILA mRNA levels in
the Jurkat and H9 cell lines (Fig. 8D and E). In latently infected J-Lat 6.3 and ACH-2 cells,
we further observed that the mRNA levels of NKILA were higher than those in acutely
infected Jurkat and CEM cells infected with NL4-3 viruses (Fig. 8F and G). In order to
investigate the reason why NKILA was downregulated by HIV-1 infection, we examined
the epigenetic modification in the promoter of NKILA, histone 3 K4 methylation
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FIG 8 NKILA expression is inversely correlated with HIV-1 infection and production. HIV-1 infection downregulated
NKILA expression in primary CD4* T cells isolated from healthy donors (donors 1 to 3) (A), Jurkat cells (D), and H9
cells (E). Each HIV-1 strain expression vector was transfected into HEK293T cells. After 48 h, supernatants were
harvested for infection of the indicated cells. The mRNA levels of NKILA in the mock- and HIV-1 NL4-3-infected
primary CD4+ T (A), Jurkat (D), and H9 (E) cells were measured by qRT-PCR and normalized to the level of GAPDH.
(B) The mRNA level of NKILA was decreased in primary CD4* T cells from HIV-infected patients compared to those
from healthy donors. (C) The mRNA level of NKILA was decreased by HIV-1 production. pNL4-3 or negative-control
vector was transfected into HEK293T cells, and cells were harvested for analysis of NKILA expression by qRT-PCR.
(F) J-Lat 6.3 cells are Jurkat cells with latent HIV-1 infection. NKILA expression in Jurkat cells with acute or latent
HIV-1 infection was measured by qRT-PCR. (G) Acute infection with NL4-3 decreased the NKILA mRNA level
compared to that in HIV-1 latently infected CEM cells (ACH-2), as evidenced by gRT-PCR. (H) HIV-1 infection
decreased the H3K27 acetylation mark on the NKILA promoter, as revealed by anti-H3K4me and anti-H3K27ac ChIP
assays in Jurkat cells showing the level of H3K27ac on the NKILA promoter following NL4-3 infection or when
uninfected (UN). All results are representative of three independent experiments. The data are presented as the
means * SDs. ns, not significant; *, P < 0.05; **, P < 0.01.

(H3K4me) and histone 3 K27 acetylation (H3K27ac) according to the prediction by UCSC
Genome Browser analysis. A ChIP assay showed that HIV-1 infection decreased H3K27
acetylation and had no effect on H3K4 methylation, which might be the reason why
NKILA was downregulated (Fig. 8H).

NKILA is negatively correlated with HIV-1 reactivation. NF-«B signaling plays an
important role in the reactivation of HIV-1 latency (11, 13, 14). To understand the
function of NKILA-mediated transcriptional repression of HIV-1 by targeting the NF-«B
pathway, we examined the mRNA levels of NKILA when the latently HIV-T-infected
human T cell lines J-Lat 6.3 and ACH-2 were activated by phorbol myristate acetate
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(PMA). Treatment of J-Lat 6.3 and ACH-2 cells with PMA (1 uM) for 48 h decreased the
mMRNA levels of NKILA (Fig. 9A and C), while PMA stimulated HIV-1 transcription and
replication, as reported (Fig. 9B and D). Moreover, CD4* T cells obtained from HIV-1-
infected patients with cART treatment and treated with PMA (1 uM) exhibited lower
mRNA levels of NKILA than those without PMA treatment (Fig. 9E), suggesting that the
physiological levels of NKILA might be associated with HIV-1 latency.

To further explore the effect of NKILA on HIV reactivation, we transfected siRNA
NKILA or siRNA NC into latent J-Lat 6.3 or C11 cells. Twenty-four hours posttransfection,
the mRNA levels of NKILA in the cells were measured by qRT-PCR (Fig. 9F and H), and
cells were stimulated with PMA for 48 h and harvested for detection of viral reactivation
by flow cytometry. We observed that knockdown of NKILA increased the reactivation of
HIV transcription from latency (Fig. 9G and I). Accordingly, overexpression of NKILA in
CD4+ T cells from three HIV-1-infected individuals who had undergone highly active
antiretroviral therapy (HAART) (Fig. 9K) decreased the rebound of latent HIV-1 upon
stimulation by phytohemagglutinin (PHA), as determined by detected p24 amount in
the supernatant (Fig. 9L). To examine the clinical association between HIV-1 replication
and NKILA expression, we isolated peripheral blood mononuclear cells (PBMCs) from
HIV-1-infected patients at pretherapy and posttherapy time points. After 48 weeks of
cART therapy, the plasma viral load was suppressed below the level of detection (<50
copies), while the mRNA levels of NKILA were higher than that pretherapy (Fig. 9J),
indicating that NKILA is negatively correlated with HIV-1 replication.

In order to substantiate the effect of NKILA on HIV-1 reactivation, we used a
well-established clinical consequence of withdrawal of azidothymidine (AZT) treatment
in vitro (42). MT4 cells stably expressing NKILA or negative-control vector were infected
with HIV-1 NL4-3 for 3 days and then treated with AZT for 3 days (first treatment),
washed, and placed back in culture in AZT-free or AZT-containing medium (second
treatment) for another 3 days (Fig. 10A). HIV-1 Gag mRNA levels in cells and p24
amount in the supernatant were detected by qRT-PCR and enzyme-linked immunosor-
bent assay (ELISA) after the first and second treatments, respectively. The results
showed that HIV-1 was effectively inhibited in cells expressing NKILA (Fig. 10B, lanes 1
and 4), and AZT treatment obviously enhanced the suppression (Fig. 10B and C, lanes
2, 3,5, and 6). However, removing AZT after the first treatment in MT4 cells expressing
NKILA led to weaker rebound of HIV-1 than in the negative-control group (Fig. 10B and
C, lanes 2 and 5). Overall, these data indicate that NKILA is an important inhibitor of
HIV-1 replication by suppressing NF-«B and might contribute to the maintenance of
HIV-1 latency.

DISCUSSION

Numerous studies have demonstrated that the host transcription factor NF-«B is
utilized by HIV-1 to mediate transcriptional initiation and achieve high expression levels
of the RNA genome (43-45). The enhancer region in the HIV-1 5’ LTR usually contains
two identical kB binding sites located at nt —104 to —80, and HIV-1 viruses containing
mutated LTR-kB sequences infect cells but fail to produce de novo transcripts (46).
Moreover, p50/RelA also stimulates the early rounds of RNA Pol Il elongation, although
the conversion of RNA Pol Il from the poorly processive enzymatic form to a highly
processive form is transient (29, 31, 45, 47).

Accumulating evidence has demonstrated that IncRNAs are involved in numerous
biological and pathological processes, including HIV-1 viral infection (48, 49). Recent
studies identified that some IncRNAs, such as NRON, uc002yug.2, and MALATI, signif-
icantly influence HIV-1 replication and latency (7, 36, 50, 51). Liu et al. (33) and other
research groups (11, 36, 52) demonstrated that NKILA, as a negative regulator of NF-«B,
inhibits cell proliferation, invasion, or metastasis in multiple cancers, including breast
cancer, melanoma, non-small cell lung cancer, and hepatocellular carcinoma. However,
whether NKILA affects HIV-1 replication and reactivation has not been investigated.

In the present study, we demonstrate that NKILA plays a key role in the regulation
of HIV-1 transcription and replication. Beginning with transfection of an NKILA over-
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FIG 9 NKILA is downregulated when latent cells are activated. Reactivation of latent HIV-1 increased NKILA
expression. HIV-1 latently infected J-Lat 6.3 Jurkat cells and CD4+ CEM cells (ACH-2) were utilized to measure the
change in NKILA expression during viral reactivation. J-Lat 6.3 (A) or ACH-2 (C) cells were treated with or without
PMA (1 uM) for 48 h and were then harvested. mRNA was extracted from the cells for measurement of NKILA
expression by qRT-PCR, and the expression levels were normalized to that of GAPDH. (B) HIV-1 reactivation in J-Lat
6.3 cells was measured by detecting GFP-positive cells by flow cytometry. The corresponding value of GFP-positive
cells treated with dimethyl sulfoxide (DMSO) was set as 1 or 100% as appropriate. (D) HIV-1 reactivation of ACH-2
cells was measured by IB analysis with anti-CAp24. (E) PMA treatment decreased the NKILA levels in primary CD4*
T cells from HIV-1 infected patients with cART treatment. (F to 1) Knockdown of NKILA increased HIV reactivation
from latency. siRNA NKILA or siRNA NC was transfected into HIV-1 latently infected C11 and J-Lat 6.3 cells.
Forty-eight hours posttransfection, cells were harvested for assessment of NKILA expression by qRT-PCR (F and H)
and were stimulated with PMA for 48 h for detection of the GFP-positive cells by flow cytometry (G and I). The
corresponding value of GFP-positive cells treated with DMSO was set as 1 or 100% as appropriate. (J) Successful
CART treatment increased NKILA expression in PBMCs of HIV-1 infected patients. PBMCs were collected from
HIV-1-infected individuals pretherapy and after 48 weeks of cART therapy. mRNA was extracted from PBMCs for
measurement of NKILA expression levels by qRT-PCR. (K and L) Overexpression of NKILA in CD4* T cells caused
inhibition of reactivation of HIV-1. The CD4* cells from three patients who had undergone HAART treatment were
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FIG 10 NKILA overexpression maintains HIV-1 suppression after AZT withdrawal. (A) Experimental design for the
analysis of HIV-1 replication in MT4 cells expressing NKILA or control cells. The cell lines were infected with 2 ng
p24 antigen of NL4-3 viral particles. Three days postinfection, cells were treated with AZT (20 uM) or equal amounts
of DMSO for 3 days and then switched to AZT-free or 20 uM AZT-containing medium for an additional 3 days. On
day 9, the cells were harvested and analyzed for HIV Gag mRNA by qRT-PCR (B) and the amount of p24 antigen
in the supernatant by ELISA (C).

expression vector or siRNA NKILA into HEK293T cells, we found that NKILA strongly
inhibited HIV-1 replication and infectious HIV-1 production in a dose-dependent man-
ner (Fig. 1A to C) and that depletion of NKILA in HEK293T cells increased HIV-1
replication and infectious HIV-1 production (Fig. 1D to F). Moreover, NKILA suppressed
HIV-1 infection in HIV-1-targeted cells, such as different T cell lines and primary CD4+
T cells (Fig. 2).

NKILA has been demonstrated to form a stable ternary complex with NF-«B/I«B via
binding to p65 and retaining NF-kB in the cytoplasm, thus causing the suppression of
NF-kB signaling (32, 33). The HIV-1 5’ LTR harbors B binding sites for NF-«B interaction,
and we observed that NKILA not only inhibited NF-«B activity but also inhibited the
activation of HIV-1 LTR-driven gene expression mediated by Tat alone or even by p65
and Tat combined (Fig. 4). However, the promoter activity of HIV-1 LTR mutants
harboring kB binding site mutations was not affected by NKILA expression compared
to that of the WT LTR (Fig. 5). The ChIP assay showed significant enrichment using an
anti-p65 antibody over that obtained using IgG with F1/R1 and less enrichment with
F2/R2 and F3/R3 in the HIV-1 LTR, while NKILA obviously reduced the recruitment of
p65 to F1/R1 (which contains the NF-«B-SP1 region located at nt —143 to +14) as well
to F2/R2 or F3/R3 (which contain the regions between nt —453 to —349 and nt +75
to +180 in the LTR, respectively) (Fig. 5D). Interestingly, NKILA also had a similar
influence on NFAT binding to LTR due to the interaction between NFAT and NKILA,

FIG 9 Legend (Continued)

nucleofected with NKILA or control vector. Forty-eight hours posttransfection, NKILA mRNA levels were analyzed
by gRT-PCR (K), and phytohemagglutinin M (PHA-M, 5 ng/ml) was added to the cell supernatants for 7 days. (L) The
supernatant p24 antigen was analyzed by ELISA. The results are representative of three independent repeats. The
qRT-PCR results in panels A, C, E, F, H, J, K, and L are shown as the corresponding values, with the value in the mock
group set as 100%. The data are presented as the means = SDs. *, P < 0.05; **, P < 0.01; ***, P < 0.001 (unpaired
t test).
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which was confirmed in Fig. 51, but had opposite effect on SP1 binding to HIV-1 LTR.
Moreover, the functional domains in NKILA responsible for p65 binding as well as
masking kB phosphorylation are also required for HIV-1 inhibition (Fig. 6). Considering
the highly conserved kB binding sites in the 5’ LTR region among the majority of the
HIV isolates (53), we observed that NKILA also potently inhibited the replication of HIV-1
clones with different coreceptor tropisms, such as the macrophage-tropic AD8 strain,
the brain-derived Yu2 strain, and the R5X4-tropic 89.6 strain (Fig. 7). In the present
study, we further examined the role of NKILA in simian immunodeficiency virus (SIV)
infection and found that the replication of SIVmac239 was not affected by NKILA (data
not shown). Despite the sequence conservation of the NF-«B binding site in the LTR of
HIV and SIV, llyinskii et al. (54) and Pohlmann et al. (55) showed that SIV replicates
efficiently in the absence of NF-kB binding, indicating that the requirement of NF-«B
binding for viral replication was a prerequisite for NKILA to exert its antiviral activity.

Accumulating studies demonstrated that viruses frequently evolve a strategy to
antagonize host restriction (56-58); for example, Vif, Vpu, and Vpx encoded by HIV
mediate the degradation of APOBEC3, tetherin, and SAMHD1, respectively (59-64).
Interestingly, we found that NKILA expression was downregulated in acute HIV-1
infection or HIV-1 reactivation from latency (Fig. 8 and 9). More importantly, we
confirmed that NKILA expression was lower in HIV-1-infected patients than in healthy
people, indicating that HIV-1 viruses try to overcome the inhibitory effect of NKILA to
successfully replicate and survive in cells (Fig. 8B). Further investigation showed that
HIV-1 downregulates the expression of NKILA by decreasing H3K27 acetylation in the
promoter of NKILA (Fig. 8H). Anyway, it is hard to exclude the possibility that an indirect
effect by HIV-1 infection causes NKILA downregulation. It is noteworthy that upregu-
lated NKILA expression was observed in cytotoxic T lymphocytes (CTLs) and type 1 T
helper (TH1) cells activated by PHA through STAT1 signaling (32); thus, different cell
types or additional HIV-1 infection might be responsible for this opposite result.

Multiple mechanisms including transcriptional interference can establish HIV-1 la-
tency. Among them, the NF-kB pathway required for HIV-1 transcription plays a critical
role in latency reversal, as demonstrated by HSP70 binding protein 1 (HspBP1) and
HSP90, which involve in NF-«B regulation (11, 14). By knockdown or overexpression of
NKILA in latent HIV-1 cell lines or CD4" T cells from three HIV-1-infected individuals
who had undergone HAART, as well as in a well-established clinical model of with-
drawal of AZT treatment, we demonstrated that NKILA decreased the rebound of latent
HIV-1 (Fig. 9 and 10), suggesting that NKILA suppression of NF-kB activity might
regulate HIV-1 latency.

To summarize, our novel finding that the NKILA restricts HIV-1 replication by
inhibiting NF-«kB-mediated activation of HIV-1 viral gene expression establishes that the
NKILA is a restriction factor for HIV-1 replication. The information in this study might be
useful for developing novel therapeutic strategies against HIV-1.

MATERIALS AND METHODS

Ethics statement. This study was approved by the Ethics Review Committee of the First Hospital of
Jilin University. All research participants signed informed consent forms. HIV-1-infected patients and
healthy donors were recruited at the Changchun Center for Disease Control and Prevention, Jilin, China.

Plasmid construction. The plasmids pNL4-3, pNL4-3 AEnv, pHXB2Neo, pYu2, p89.6, and pAD8 were
obtained from the AIDS Research and Reference Reagents Program, Division of AIDS, National Institute
of Allergy and Infectious Diseases (NIAID), National Institutes of Health (NIH). pVSV-G, pRenilla-luciferase,
pTat-hemagglutinin (HA), and pHIV-1-LTR-luciferase were constructed as previously described (36,
65-67). The full-length NKILA fragment was amplified from the total cDNA of human peripheral blood
mononuclear cells (PBMCs) and subcloned into the VR1012 vector, which was generously provided by
Vical (San Diego, CA), via the Sall and Bglll sites. Mutants (M1 to M4) of NKILA were generated from
pNKILA by PCR-based site-directed mutagenesis (Shanghai Generay Biotech Company, China). The p65
expression vector with a C-terminal Myc-flag tag was cloned into the pCMV6-Entry vector via the Sgfl and
Milul sites (OriGene Technologies, Inc., USA). The plasmids pChina-B’-LTR, pC’-LTR, and p07/08-BC-LTR
were kindly provided by Jianhua Wang (University of Chinese Academy of Sciences, China).

RNA extraction and real-time qRT-PCR. RNA was isolated with TRIzol reagent according to the
manufacturer’s instructions (Invitrogen, Carlsbad, CA, USA). Before reverse transcription, RQ-1 DNase
(Promega, Madison, WI) was used to treat RNA samples. cDNA synthesis was performed using a
Transcriptor First Strand cDNA Synthesis kit (Roche, Basel, Switzerland) according to the manufacturer’s
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instructions. A total of 250 to 1,000 ng of total RNA was used as a template for each ¢cDNA synthesis
reaction, and samples containing only H,O or no reverse transcriptase were included as blank samples.
cDNA was stored at —80°C until use. The gRT-PCR assay was performed with FastStart Universal SYBR
green Master (Roche) on a Roche 480 instrument. Blank samples without reverse transcriptase was
included in the NKILA gPCRs to exclude contamination by genomic DNA. qRT-PCR amplification of the
target fragment was carried out as follows: initial activation at 95°C for 2 min, followed by 45 cycles at
95°C for 15 s, 57°C for 15 s, and 68°C for 20 s. To minimize the bias that may be caused by house genes,
the geometric mean of glyceraldehyde-3-phosphate dehydrogenase (GAPDH) and B-actin gene expres-
sion was used to characterize the expression stability, and fold changes were calculated using the
comparative threshold cycle (2-24¢T) method according to the MIQE guidelines (68). The primers used
for real-time gRT-PCR are listed below. The GAPDH forward sequence was CGTGCGTGACAT, the GAPDH
reverse sequence was GTCAGGCAGCTCGTAGCTCTT, the NKILA forward sequence was AACCAAACCTAC
CCACAACG, the NKILA reverse sequence was ACCACTAAGTCAATCCCAGGTG, the B-actin forward se-
quence was ACCGAGCGCGGCTACAG, the B-actin reverse sequence was CTTAATGTCACGCACGATTTCC,
the forward sequence of initial primers targeting base pairs 10 to 59 of the HIV-1 transcript was
GTTAGACCAGATCTGAGCCT, the initial reverse sequence was GTGGGTTCCCTAGTTAGCCA, the forward
sequence of proximal primers targeting base pairs 29 to 180 of the HIV-1 transcript was TGGGAGCTCT
CTGGCTAACT, the proximal reverse sequence was TGCTAGAGATTTTCCACACTGA, the forward sequence
of intermediate primers targeting base pairs 836 to 1015 of the HIV-1 transcript was GTAATACCCATGT
TTTCAGCATTATC, the intermediate reverse sequence was TCTGGCCTGGTGCAATAGG, the forward se-
quence of distal primers targeting base pairs 2341 to 2433 of HIV-1 transcript was GAGAACTCAAGATT
TCTGGGAAG, and the distal reverse sequence was AAAATATGCATCGCCCACAT. The HIV-1 Gag forward
sequence was CTGAAGCGCGCACGGCAA and the HIV-1 Gag reverse sequence was GACGCTCTCGCACC
CATCTC. For ChIP-NKILA promoter primers, the forward sequence was CGTTTTCGTCGTCGTCGTC, and the
reverse sequence was CTCGACGAAAATTAACGCAAC.

Cells and antibodies. HEK293T (catalog no. CRL-11268) and TZM-bl (catalog no. PTA-5659) cells were
maintained in Dulbecco’s modified Eagle’s medium (DMEM; HyClone, Logan, UT, USA) supplemented
with 10% fetal bovine serum (FBS; Gibco BRL, Grand Island, NY, USA), 100 ug/ml penicillin-streptomycin,
and 1 mM Na pyruvate. H9 (catalog no. HTB-176; ATCC) and Jurkat (catalog no. TIB-152; ATCC) cells were
obtained from American Type Culture Collection (ATCC, Manassas, VA, USA). The Jurkat C11 cell line was
a gift from H. Z. Zhu (The College of Life Science, Fudan University). J-Lat 6.3 (catalog no. 9846), ACH-2
(catalog no. 349), MT4 (catalog no. 120), and CEM (catalog no. 117) cells were obtained from the AIDS
Research and Reference Reagent Program, Division of AIDS, NIAID, NIH. H9, Jurkat, J-Lat 6.3, Jurkat C11,
MT4, and CEM cells were maintained in RPMI 1640 (HyClone) containing 10% FBS, L-glutamine, and
penicillin-streptomycin. ACH-2 cells were cultured in RPMI 1640 supplemented with 10% heat-
inactivated FBS, 1% HEPES, 1% L-glutamine, and penicillin-streptomycin. PBMCs were isolated from blood
samples of research donors through Ficoll gradient centrifugation, and the CD4* T lymphocytes were
then purified from PBMCs with anti-CD4-specific antibody-coated microbeads (Miltenyi Biotec, Germany)
according to the manufacturer’s instructions. Primary CD4* T cells were maintained with 1/1,000
recombinant human interleukin 2 (IL-2) to maintain proliferation in RPMI 1640 supplemented with 1%
penicillin-streptomycin, 1% L-glutamine, and 10% FBS. All cell lines were cultured at 37°C in a humidified
atmosphere containing 5% CO,.

The following antibodies were used: mouse anti-HA monoclonal antibody (MAb) (901514; BioLegend,
San Diego, CA, USA), mouse anti-myc MAb (05-724; Millipore, Burlington, MA, USA), mouse anti-B-actin
MAb (A00702-100; Genscript, Piscataway, NJ, USA), goat anti-human histone polyclonal antibody (PAb)
(A0150240; Genscript, Piscataway, NJ, USA), mouse anti-p24 MAb (catalog no. 1513; AIDS Research and
Reference Reagents Program [ARRRP], USA), rabbit polyclonal to histone H3 (trimethyl K4) antibody
(Abcam, 8580), rabbit polyclonal to histone H3 (acetyl K27) antibody (Abcam, 4729), rabbit polyclonal to
SP1 antibody(Abcam, 227383), mouse-anti-NFAT monoclonal antibody (Abcam, 2722), and rabbit anti-
PMEPAT1 polyclonal antibody (Proteintech, 16521-1-ap).

Transfection and immunoblot analysis. A total of 3 X 10° cells of adherent cell lines were seeded
in 12-well plates and were then transfected using Lipofectamine 2000 (Invitrogen), while TZM-bl cells
were transfected using Lipofectamine 3000 (Invitrogen) as recommended by the manufacturer. Human
CD4* T cells or T cell lines were nucleofected using an Amaxa Human T Cell Nucleofector kit with the
U-014 program or kit V with the X-001 program (Lonza, Switzerland).

Cells were harvested 48 h after transfection or stimulation. Cell samples were boiled in 1X loading
buffer (0.08 M Tris [pH 6.8], 2.0% SDS, 10% glycerol, 0.1 M dithiothreitol, and 0.2% bromophenol blue)
and subsequently separated on a 12% polyacrylamide gel. Proteins were transferred to nitrocellulose
membranes, and membranes were probed with various primary antibodies against the proteins of
interest. Primary antibodies were diluted with 1% milk in phosphate-buffered saline (PBS), and incuba-
tion with primary antibodies was followed by incubation with a corresponding alkaline phosphatase
(AP)-conjugated secondary antibody (Jackson ImmunoResearch, West Grove, PA, USA). Protein staining
was carried out with the substrates 5-bromo-4-chloro-3-indolylphosphate (BCIP) and nitroblue tetrazo-
lium (NBT) obtained from Sigma (St. Louis, MO, USA).

Chemical synthesis of short interfering RNA. To knock down NKILA, chemically synthesized siRNA
and nonspecific control siRNA were purchased from RiboBio (Guangzhou, China). RNAi against NKILA was
carried out using a pool of three duplexed short interfering RNAs. The siRNA sequences were as follows
(F indicates forward and R indicates reverse): the duplex 1 (siG151105032412) F1 sequence was
GCCAGAAACUCUCCAAAUA-deoxyribosylthymine (dT)-dT, the duplex 1 R1 sequence was dTdTUAUUUG
GAGAGUUUCUGGC, the duplex 2 (siG151105032422) F2 sequence was CAGGAGUGCUACAAGAACACTAT,
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the duplex 2 R2 sequence was dTdTUGUUCUUGUAGCACUCCUG, the duplex 3 (siG151105032434) F3
sequence was CGCUGCAACUUAAGAGAAAATAT, and the duplex 3 R3 sequence was dTdTUUUCUCUUA
AGUUGCAGCG.

Cell proliferation assay. A total of approximately 1 X 103 cells were plated in 96-well plates. Cell
proliferation was assessed using Cell Counting Kit 8 (Transgen Biotech, Beijing, China) according to the
manufacturer’s protocol. Absorbance at 450 nm was recorded using an iMark microplate reader (Bio-Rad,
Hercules, CA) at 48 h.

HIV-1 production, infection, and reactivation. HIV-1 virus was produced by transfecting pNL4-3
plasmids into HEK293T cells with Lipofectamine 2000 (Invitrogen) according to the manufacturer’s
instructions. Forty-eight hours later, supernatants were collected, and HIV-1 virus was quantified using an
HIV-1 p24 ELISA kit (Hebei Medical University, China).

TZM-bl cells containing an integrated HIV-1 LTR promoter, which were derived from Hela cells, were
used to assess infectious HIV-1 production. TZM-bl cells were seeded in a 24-well plate overnight and
were then infected with supernatant containing HIV-1 viral particles. Forty-eight hours postinfection, the
infected cells were harvested, and luciferase activity was measured with a GloMax 20/20 luminometer
(Promega).

A total of 2 X 106 CD4* T cells isolated from healthy donors or T cell lines were nucleofected with
the NKILA or control vector. Forty-eight hours posttransfection, cells were infected with an equivalent
volume of supernatant containing 2 ng HIV-1 p24 antigen for 4 h. Cells were washed 3 times with PBS
and maintained in RPMI 1640 medium supplemented with IL-2 (10 ng/ml). Cell supernatants were
collected on various days postinfection and analyzed using the HIV-1 p24 ELISA kit according to the
manufacturer’s instructions.

To measure viral reactivation, HIV-1 latently infected J-Lat 6.3 and ACH-2 cells were nucleofected with
siRNA NKILA or treated with the latent reactivation agent PMA (1 uM) as appropriate for 48 h. The green
fluorescent protein (GFP)-positive J-Lat 6.3 cells were analyzed by flow cytometry (FACSCalibur; BD,
Franklin Lakes, NJ, USA) for green fluorescence (FL1, 488 nm), while p24 expression in ACH-2 cells was
measured by immunoblotting.

Purified CD4* T cells isolated from HIV-1-infected individuals who had undergone HAART were
nucleofected with the NKILA or control vector, and then the cells were cultured for another 2 days. Cells were
collected for qRT-PCR or stimulated with phytohemagglutinin M (PHA-M) (5 ng/ml; Sigma-Aldrich) for 7 days.
HIV-1 activation was detected by measuring the released p24 amount in the supernatants by ELISA.

Lentiviral production, transduction, and infection. The full-length human NKILA sequence was
cloned into the lentiviral expression vector pLVX-IRES-neo (Clontech Laboratories Inc., San Francisco, CA).
Using a four-plasmid transient-cotransfection method, replication-defective vesicular stomatitis virus G
protein-pseudotyped viral particles were packaged in HEK293T cells. Lentiviruses were harvested to
infect MT4 cell lines. At 48 h postinfection, puromycin (1 g/ml) was added to the medium for selection.
In order to remove the dead cells, the cell culture medium was replaced every 2 days. Five to 7 days later,
expression of NKILA was detected by qRT-PCR. Two nanograms, 0.2 ng, or 0.02 ng HIV-1 p24 antigen was
used to infect NKILA-overexpressing MT4 cells for 4 h. Cells were washed 3 times with PBS and
maintained in RPMI 1640 medium. The supernatants were harvested and production of p24 antigen was
measured by ELISA at 1 day, 3 days, 5 days, 7 days, and 9 days after infection.

Luciferase assay. HEK293T cells were precultured in a 12-well cell culture plate and transfected using
Lipofectamine 2000 according to the manufacturer’s instructions. Forty-eight hours posttransfection,
cells were collected, and a dual luciferase reporter assay was performed using the Promega dual-
luciferase reporter assay system (Promega) according to the manufacturer’s instructions with the GloMax
20/20 luminometer (Promega).

ChIP-gPCR. Chromatin immunoprecipitation (ChIP) was performed with a chromatin immunopre-
cipitation kit (Millipore, 17-371). Approximately 4 X 10¢ cells were used for each immunoprecipitation
(IP). Briefly, Jurkat cells were transfected with the NKILA or negative-control vector for 24 h and infected
with supernatants containing HIV-1 viral particles for 48 h. For cross-linking proteins to DNA, the infected
cells were treated with 1% formaldehyde (Sigma-Aldrich) for 10 min at room temperature. Unreacted
formaldehyde was quenched by 125 mM glycine for 5 min at room temperature and centrifugation at
700 X g for 5 min at 4°C. The cell pellets were washed with cold PBS three times and resuspended in 1 ml
SDS lysis buffer containing 1X protease inhibitor cocktail Il. The cell lysates were sonicated on wet ice
with 5 sets of 10-s pulses using a Cole-Parmer instrument to acquire the appropriate DNA fragment size
between 150 and 900 bp and were centrifuged at 12,000 X g for 10 min at 4°C. The supernatants were
collected and precleared by incubation with 60 ul of protein G agarose for 1 h at 4°C with rotation. The
agarose was discarded by centrifugation at 5,000 X g for 1 min at 4°C, and the supernatants were
transferred to new tubes for immunoprecipitation. Normal rabbit IgG (CST, 2729) and anti-p65 antibody
(10745-1-AP) were separately added to the NKILA and negative vector groups, respectively. Immuno-
precipitation was carried out overnight at 4°C with rotation with normal rabbit IgG or rabbit anti-p65
antibody, and incubation was continued with 60 ul of protein G agarose for another 2 h at 4°C with
rotation. Low-salt immune complex wash buffer, high-salt immune complex wash buffer, and LiCl
immune complex wash buffer were used sequentially one time each to wash the agarose, and Tris-EDTA
(TE) was then used for two washes on a rotating platform, with brief centrifugation at 5,000 X g for 1 min.
Then, 100 ul of elution buffer was added to each antibody/agarose complex for 15 min at room
temperature, and the supernatants were collected by centrifugation at 3,000 X g for 1 min. The super-
natants were incubated first with 8 ul of 5 M NaCl at 65°C for 4 h to reverse the DNA-protein cross-links
and then with RNase A to remove RNA. Five volumes of bind reagent A were added to 1 volume of the
supernatants. The supernatant/bind reagent A mixture was transferred to a filter in a collection tube and
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was then centrifuged at 12,000 X g for 30 s. Wash reagent B was used to wash the spin filter in the
collection tube by centrifugation at 12,000 X g two times for 30 s each, and 50 ul of elution buffer C was
added directly to the center of the spin filter membrane. The eluate was collected by centrifugation at
12,000 X g for 30 s and was then analyzed immediately by qRT-PCR. The quantitation regions targeted
by ChIP primers are listed below. The HIV-1 LTR-F1 sequence was GGAGTACTACAAAGACTGCT, the
LTR-R1 sequence was TAACCAGAGAGACCCAGTA, the LTR-F2 sequence was TGGAAGGGCTAATTTGGTC,
the LTR-R2 sequence was CTGGCCCTGGTGTGTAGTTC, the LTR-F3 sequence was TAAAGCTTGCCTTGAG
TGCT, and the LTR-R3 sequence was TGCTAGAGATTTTCCACACTGA. The NKILA promoter forward se-
quence was CGTTTTCGTCGTCGTCGTC, and NKILA promoter reverse sequence was CTCGACGAAAATTA
ACGCAAC. All ChIP-gPCR DNA signals were normalized to the negative vector group cellular DNA
precipitated with IgG.

Co-immunoprecipitation. Jurkat cells stably expressing NKILA were harvested and disrupted with

lysis buffer (PBS containing 1% Triton X-100 and complete protease inhibitor cocktail [Roche]) at 4°C for
1 h. Cell lysates were clarified by centrifugation at 10,000 X g for 30 min at 4°C. Precleared cell lysates
were mixed with anti-lgG antibody-conjugated agarose beads, anti-NFAT antibody-conjugated agarose
beads, or anti-p65 antibody-conjugated agarose beads and incubated at 4°C for 4 h on an end-over-end
rocker. The reaction mixtures were then washed six times with cold wash buffer (20 mM Tris-HCI [pH 7.5],
100 mM NacCl, 0.1 mM EDTA, 0.05% Tween 20) and subsequently analyzed by Western blotting or RNA
was extracted for qRT-PCR analysis.

RNA pulldown assay. RNA of NKILA was transcribed with a MEGAscriptTM T7 kit (Ambion, Austin,

TX, USA), and RNA purified with a MEGA clear kit (Ambion) was annealed with the DNA probe
(5'-TCCAGTTAAATTGAGATATACTTAC-3') labeled with biotin by a Biotin 3" End DNA Labeling kit (catalog
no. 89818; Thermo). To be specific, 4 ug biotinylated RNA was heated to 90°C for 2 min to disrupt the
secondary structure and placed on ice for 2 min to form the proper secondary structure for the pulldown
assay. Then, 5 X 10¢ cells were lysed in lysis buffer as described for the co-IP assay supplemented with
20 U Protector RNase inhibitor (Roche) and centrifuged to get the clear cell lysate. Then, the lysate was
precleared with 50 ul streptavidin-Sepharose beads (BioVision, Milpitas, CA, USA) by rotating at 4°C for
30 min. Then, folded RNA was added to the precleared cell lysate and rotated at 4°C for 3 h. One hundred
microliters of beads was added to the reaction mixture and rotated at 4°C for 1 h followed by five washes
using the wash buffer described for the co-IP assay supplemented with 20 U Protector RNase inhibitor
(Roche). The proteins on beads were detected by Western blotting.

Statistical analysis. All data represent the results from three independent experiments and are

presented as the means * standard deviations (SDs). Statistical significance was calculated using
Student's t tests.
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