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HIV-1 inserts its proviral DNA into the infected host cells,
by which HIV proviral DNA can then be duplicated along
with each cell division. Thus, provirus cannot be eradicated
completely by current antiretroviral therapy. We have devel-
oped an innovative strategy to silence the HIV provirus by
targeted DNA methylation on the HIV promoter region. We
genetically engineered a chimeric DNA methyltransferase 1
composed of designed zinc-finger proteins to become ZF2
DNMT1. After transient transfection of the molecular clone
encoding this chimeric protein into HIV-1 infected or latently
infected cells, efficient suppression of HIV-1 expression by
the methylation of CpG islands in 50-LTR was observed and
quantified. The effective suppression of HIV in latently in-
fected cells by ZF2-DNMT1 is stable and can last through about
40 cell passages. Cytotoxic caused by ZF2-DNMT1 was only
observed during cellular proliferation. Taken together, our
results demonstrate the potential of this novel approach for
anti-HIV-1 therapy.
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INTRODUCTION
With the development of highly active antiretroviral therapy
(HAART), HIV-1 infection has been transformed from a deadly
illness into a chronic disease. Although it is effective in suppressing
viral replication to reduce viral load in HIV patients, it does not clear
the proviral DNA integrated in the host genome. Thus, these latently
infected cells can be reactivated to produce HIV for viremia rebound
once ART is withdrawn.1–4 Moreover, because of the side effect of
long-term therapy, as well as the emergence of drug resistance, a
new therapeutic strategy to eradicate HIV is needed in addition to
HAART.5,6

Human endogenous retroviruses (HERVs) and other retroviral ele-
ments consist of a total 8% of human genome, which are believed
to be the result from the integrated by ancient retroviruses.7 HERVs
share similar genetic structure with HIV-1. Most of the HERVs are
defective and silenced, but certain members of HERVs still remain
transcriptionally active. For example, HERV-K retains all open
reading frames, suggesting the potential infectivity after reactivation
under certain conditions. In fact, HERVs have been demonstrated
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transcriptionally active in germ cells. After embryonic development,
they are strictly repressed and become permanently silenced.8,9

Several studies have demonstrated that DNA methylation plays a
crucial role in such timing and long-lasting control in silencing
HERVs.10–14

DNA methylation is the first and the most studied epigenetic mech-
anism in establishing genomic imprinting, silencing transposon and
retroviral elements, and regulating differential gene expression during
embryogenesis and development. The classical DNA methylation
maintenance model consists of the de nova DNA methylation initi-
ated by the DNMT3 and maintained by DNMT1 throughout each
cell division. However, substantial experimental evidence from the
last decade indicates that DNMT1 has an important role in de novo
DNA methylation as well.15–19 DNA methylation of CpG islands in
the promoter region of a gene plays a significant role in regulating
mammalian gene expression. DNA methylation of HIV-1 50-LTR
has been attributed to HIV-1 transcription silencing in in vitro and
in vivo studies.20–27 In addition, DNAmethylation patterns are inher-
itable to the progeny and can perform long-term stable gene suppres-
sion by methylating the targeted genes.28–33 These facts prompted us
to develop this innovative strategy of using DNA methylation to
silence the invading HIV-1 proviral DNA by adding DNA methyl-
ation to the HIV-1 50-LTR, the way similar to silencing HERVs for
a peaceful coexistence between HIV-1 provirus and human host.34

Martinez-Colom et al. have achieved inhibiting HIV-1 expression us-
ing chimeric protein that linked the N-terminal domain of the HIV
integrase with the C-terminal domain of DNMT3b.35 However, the
N-terminal domain of the HIV integrase enzyme is not conservative
and thus may cause great concerns on the safety of this approach for
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Figure 1. Design and Screen of ZF-DNMT1 Fusion

Protein by Dual-Luciferase Assay

(A) Schematic representation of ZF-DNMT1-mediated

DNA methylation of HIV-1 50-LTR. The red triangles indi-

cate the location of the target site of ZF-DNMT1. The

black arrow denotes the transcriptional start site (TSS).

The yellow squares and orange circles indicate NF-kB

and Sp-1 binding sites, respectively. TAR: transactivation

responsive element. (B) Binding sites of ZF-DNMT1 to the

HIV-1 50-LTR. (C) Screen of ZF-DNMT1-mediated HIV-1

LTR suppression by dual-luciferase assay. The HEK293T

cells were cotransfected with pcDNA3.1, pcDNA3.1-ZF2,

pcDNA3.1-DNMT1, or ZF-DNMT1 and the LTR-luc re-

porter vector at the indicated time. The relative luciferase

activity was measured using the Dual-Luciferase Reporter

Assay System (Promega) 72 hr post transfection. The data

represent the mean ± SD of three independent experi-

ments. **p < 0.01 and ***p < 0.001; Student’s t test.
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clinical applications. In our previous studies, we have engineered four
zinc-finger proteins (ZFP) targeted on the conserved region located at
HIV LTR.36,37 The binding affinity and specificity have been previ-
ously defined. In this study, we fused ZFP, which was designed to
target HIV-1 50-LTR, to DNMT1 in order to methylate the CpG
islands in 50-LTR, to reach a long term silencing of HIV-1 provirus.
We tested our ZF2-DNMT1 fusion protein on HIV-1 infected or
latently infected cell culture models. The results indicate that this
chimeric ZF2-DNMT1 can induce table suppression of HIV-1 provi-
rus by adding methyl group to the targeted CpG islands in 50-LTR.
Our approach provides a new approach for suppressing gene expres-
sion of HIV-1 provirus in the hope to replace the daily HAART.

RESULTS
Construction and Screening of ZF-DNMT1 Fusion Protein

The HIV-1 50-LTR represents an attractive and ideal target for
chimeric ZF2-DNMT1 because it is highly conserved across most
of the HIV-1 strains with two CpG islands flanking the viral
transcription initiation site in 50-LTR. We have previously designed
and assembled four zinc-finger motifs specifically targeting the
50-LTR.37 To construct chimeric ZF2-DNMT1 targeting the 50-LTR,
zinc-finger motif with N-terminal 3 � FLAG, nuclear localization
signal (NLS), and C-terminal linker (LRGS) were amplified by PCR
and cloned into NheI/EcoRI-digested pcDNA3.1-DNMT1. We
obtained four different clones: ZF1-DNMT1, ZF2-DNMT1, ZF3-
DNMT1, and ZF4-DNMT1. The basic structure and target sites of
ZF-DNMT1 were shown in Figure 1.
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To screen for the most effective one for suppress-
ing 50-LTR, we cotransfected HEK293T cells with
the ZF-DNMT1expression vectors and a reporter
vector containing the luciferase gene driven by a
HIV-1 LTR promoter (LTR-luc). The luciferase
levels were measured 72 hr post transfection. An
empty vector (pcDNA3.1) was used as a null
negative control in the place of ZF-DNMT1. We
also used a DNMT1 expression vector (pcDNA3.1-DNMT1) and a
zinc-finger motif expression vector (pcDNA3.1-ZF2) as additional
negative control for comparison. The results showed that all four ZF-
DNMT1 significantly suppressed the promoter function of LTR, which
drove reporter gene expression. ZF2-DNMT1 and ZF3-DNMT1
showed 80% reduction of reporter gene expression relative to the null
negative control. A DNMT1 expression vector showed only a modest
reduction of reporter gene expression while zinc-finger motif alone
had no effect on LTR promoter (Figure 1C). Based on these results,
we chose ZF2-DNMT1 and ZF3-DNMT1 for further experiments.

ZF-DNMT1 Fusion Protein Mediates Suppression of the HIV-1

50-LTR in TZM-bl Cells

The suppression of 50-LTR promoter in the aforementioned transient
transfection assay may be different from genomic expression of
ZF2-DNMT1 because the reporter plasmid is not integrated into
genome.38 To address this issue, we performed an luciferase reporter
assay in TZM-bl cells, a reporter cell line for HIV infection, in which a
luciferase reporter expression cassette driven by HIV-1 50-LTR was
inserted in the parental HeLa cellular genome.39 To express the lucif-
erase without HIV infection in this TZM-bl, we gene transferred a
plasmid containing Tat (the name of the plasmid) to induce the
expression of luciferase for testing the suppression function of the
two ZF-DNMT1s on Tat-activated 50-LTR. Based on the reduction
of luciferase expression, we only observed a significant suppression
of the HIV-1 50-LTR by ZF2-DNMT1, but not ZF3-DNMT1 (Fig-
ure 2A). ZF2-DNMT1 yielded a 56% reduction of reporter gene,



Figure 2. Protein Expression and Repression Activity of ZF-DNMT1 in

HEK293T Cells and TZM-bl Cells, Respectively

(A) ZF-DNMT1 fusion protein mediates repression of the HIV-1 50-LTR in TZM-bl

cells. The TZM-bl cells were cotransfected with ZF2-DNMT1 or ZF3-DNMT1 at the

indicated time. The cells were harvested and then subjected to luciferase activity

assay at 72 hr post transfection. The data represent the mean ± SD of three in-

dependent experiments. *p < 0.05; Student’s t test. (B) Protein expression of ZF2-

DNMT1. The HEK293T cells were transfected with ZF2-DNMT1 or an empty vector,

pcDNA3.1. The cells were harvested 72 hr post-transfection and western blot was

performed using anti-FLAG antibody. An anti-a-tubulin antibody was used to detect

a-tubulin for quantitative measurement.
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which was lower than that observed 80% reduction in the transient
assay. Thus, we chose ZF2-DNMT1 for the rest of the study.

To monitor the protein expression of ZF2-DNMT1, western blot
analysis was performed using anti-FLAG antibody. We detected
the fusion protein in the sample that was transfected with ZF2-
DNMT1, but not the ones transfected with pcDNA3.1 or
pcDNA3.1-DNMT1 (Figure 2B).

ZF-DNMT1 Induces a Significant and Stable Silencing Effect on

HIV-1 Expression

To validate the effects of ZF2-DNMT1 in HIV-1 infected cell models,
YA cells, in which an integrated provirus carrying the GFP gene under
the control of the HIV-1 LTR was previously introduced by a single
round of HIV transduction. Under normal conditions, the majority
of YA cells express GFP because the HIV LTR is active. To demon-
strate the ability of ZF2-DNMT1 on silence active HIV LTR and
the entire provirus including GFP, we nucleofected YA cells with
the empty vector pcDNA3.1 or ZF2-DNMT1 expression vector. We
found that the percentage of GFP-positive cells measured by flow cy-
tometry at 72 hr post-transfection was dramatically reduced to 52.8%
by ZF2-DNMT1 transfection, while 77.3% by the empty vector group
(Figure 3A). To confirm this result, total RNA from the transfected
YA cells was extracted at 72 hr post-transfection for measuring
HIV-1 mRNA using real-time PCR assay. The average amount of
HIV-1 mRNA detected in YA cells transfected with ZF2-DNMT1
was 80% less than that measured in YA cells transfected with the
empty vector (Figure 3B). To measure HIV-1 replication, we quanti-
ficated HIV p24 protein in the supernatant using ELISA assays. The
amount of HIV-1 p24 protein detected in YA cells transfected with
ZF2-DNMT1 was 50% less than what was detected in YA cells trans-
fected with the empty vector (Figure S1). In summary, expression of
ZF-DNMT1 fusion protein in YA cells can significantly reduce HIV-1
expression in infected cells.

To determine whether ZF-DNMT1 expression could result in sub-
stantial suppression of HIV-1, we subcultured the transfected YA cells
and measured GFP-expressing cells 5 days, 10 days, and 15 days after
transfection. The suppression of HIV-1 expression by ZF-DNMT1,
which is represented by GFP-negative population, increased over
the 15 days from about 34% to 50%, while it remained constantly
at about 20% in the negative control (Figure 3C). This result indicates
that suppression caused by ZF-DNMT1 fusion protein can persist in
transfected cells for at least 15 days which is possibly long enough for
15 cell divisions if the cell doubling time is estimated for 24 hr per
division.

ZF-DNMT1 Induces Significant and Stable Suppression of HIV-1

Reactivation in Latently Infected Cells

HIV-1 latency remains the major obstacle to HIV eradication. To
determine if ZF-DNMT1 could induce suppression of provirus in
latently infected cells, we transferred ZF2-DNMT1 into C11 cells,
which contain a single copy of HIV provirus carrying GFP in an
intron of RNPS1 gene. The GFP is also under the control of the
HIV-1 LTR.36 Under normal conditions, the expression of HIV pro-
virus is silenced in C11 cells based on the GFP expression. Different
latency reversing agents (LRAs) have been demonstrated to reactivate
the HIV provirus in C11 cells to different degrees. We nucleofected
C11 cells with the empty vector or ZF2-DNMT1 expression vector.
At 72 hr post-transfection, three different LRAs, SAHA, Prostratin,
or 5-Aza, were added to the culture, respectively, and the percentage
of GFP-positive cells was measured using flow cytometry after 48 hr
of incubation. The results showed that whether in mock, SAHA, Pros-
tratin, or 5-Aza treatment, ZF2-DNMT1 dramatically decreased the
percentage of GFP-positive cells compared to the negative group
transfected with pcDNA3.1 vector (Figure 4A). We also extracted
RNA from transfected C11 cells after the incubation with different
LRAs. The average amount of HIV-1 mRNA was suppressed by 33-
fold by ZF2-DNMT1 without any LRAs (mock), 13-fold in SAHA
treatment, 81-fold in Prostratin treatment, and 12-fold in 5-Aza treat-
ment, while compared to the same treatment group transfected with
the pcDNA3.1 vector (Figure 4B). Tomore accurately measure HIV-1
replication, we quantificated p24 protein in the supernatants using
Molecular Therapy: Nucleic Acids Vol. 6 March 2017 235
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Figure 3. ZF-DNMT1 Can Suppress HIV-1 Provirus in Infected Cells Longitudinally

YA cells were nucleofected with 2 mg of ZF2-DNMT1 plasmid or an empty vector. (A) At 72 hr post-transfection, the percentage of GFP-positive cells was measured by flow

cytometry. The results are presented as fluorescence histograms. **p < 0.01; Student’s t test. (B) At 72 hr post-transfection, mRNA from the transfected YA cells was

extracted and RT-qPCR was performed to detect the HIV-1 mRNA. The data represent the mean ± SD of four independent experiments. (C) Time-dependent effects of ZF-

DNMT1-mediated repression of HIV-1 provirus in YA cells. The GFP expression was monitored in gated live cells at 5 days, 10 days, and 15 days. The data were presented

with the mean ± SD of three independent experiments.
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ELISA assays. We found that whether in SAHA, Prostratin, or 5-Aza
treatment C11 cells, ZF-DNMT1 can decrease the expression of p24
protein in the supernatants, while compared to the same treatment
group transfected with a pcDNA3.1 vector (Figure S2).

To determine how long ZF2-DNMT1 can suppress HIV-1 reactiva-
tion after LRA treatment, we subcultured transfected C11 cells and
treated them with the most potent LRA, SAHA, to the culture. On
days 7, 14, 20, 30, and 40 after transfection, cells were harvested
48 hr after being incubated with SAHA for measuring HIV reactiva-
tion by analyzing the GFP-positive population using flow cytometry.
Regardless the incubation with SAHA, the proportion of GFP-posi-
tive cells in the ZF2-DNMT1 group was significantly lower than
that in the pcDNA3.1 group at each indicated time point (Figure 4C).
Our results indicate that the ZF-DNMT1 fusion protein can induce
stable and persistent suppression onHIV-1 reactivation in latently in-
fected cells for about 40 cell passages.

ZF-DNMT1-Mediated DNA Methylation of CpG Islands in HIV-1

50-LTR
To demonstrate that ZF2-DNMT1 can increase the DNAmethylation
status of targeted CpG islands in 50-LTR, we extracted the genomic
DNA from transfected YA and C11 cells 5 days after transfection. Af-
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ter bisulfite conversion, the sequence containing the region of two
CpG islands (there are a total of 30 CpG sites in 777 bp) was amplified
by nest-PCR (Figure 5B). The methylation status was analyzed by
sequencing of each individual clone. In YA cells or C11 cells, the cells
transfected with empty vector showed a basal level of 1.4%–1.8% of
CpG was methylated. However, in ZF2-DNMT1 transfected cells,
the targeted CpG methylation was increased to 6.8% in YA cells
and 4.8% in C11 cells (Figures 5C and 5D). Up to 22.2% or 21.4%
of DNAmethylation was achieved at certain clones of YA or C11 cells,
respectively (data not shown). Some methylation hot sites (>30%
of DNA methylation) were observed in YA (sites 19–20) or C11
(site 6) cells (Figure 5A).

Since the methylation experiment was conducted on the genomic
DNA extracted from transiently transfected cells, the transfection ef-
ficiency, which nomore than 60% at the most, might have affected the
outcomes. Thus, the efficacy of ZF2-DNMT1 and DNA methylation
status may have been underestimated.

ZF-DNMT1 Does Not Affect the Methylation in the Promoter of

ECL1, which Located around HIV

To investigate the binding specificity of ZF-DNMT1 to the HIV-1
LTR, we analyzed methylation of CpG islands in the promoter of a



Figure 4. ZF-DNMT1 Mediates Stable Repression of HIV-1 Provirus in Latently Infected Cells

C11 cells were nucleofected with 2 mg of ZF2-DNMT1 plasmid or an empty vector. (A) At 72 hr post-transfection, the cell culture was treated with SAHA (500 nM), Prostratin

(500 nM), or 5-Aza (500 nM). The percentage of GFP-positive population wasmeasured by flow cytometry after 48 hr of incubation. The results are presented as fluorescence

histograms. (B) After 48 hr of incubation with LRAs, RNA was extracted from the transfected C11 cells for RT-PCR assay to reveal the presence of HIV-1 RNA. The data

represent the mean ± SD of four independent experiments. **p < 0.01; Student’s t test. (C) Time-dependent effects of ZF-DNMT1-mediated repression of HIV-1 provirus in

C11 cells. The cell culture was treated with SAHA at 7 days, 14 days, 20 days, 30 days, and 40 days post transfection. After 48 hr of incubation, the GFP expression

representing HIV LTR activity was monitored in gated live cells using flow cytometry. The data represent the mean ± SD of three independent experiments.
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cellular gene, ECL1. The genomic DNA was extracted from the trans-
fected C11 cells 5 days after transfection. After bisulfite conversion,
the sequence containing the promoter region with total 20 CpG sites
dispersing across 485 bp was amplified by nest-PCR for measuring
DNAmethylation using bisulfite sequencing (Figure S3). In C11 cells,
the cells transfected empty vector showed a basal level of 2% DNA
methylation, and in ZF2-DNMT1 transfected cells, the methylation
was 3% in C11 cells (Figure S3) without any statistical significance
between these two treatments.

ZF-DNMT1 Does Not Affect Cell Proliferation or Cell Cycle

Progression

Safety is a critical concern of agents for HIV-1 treatment. To address
this issue, we evaluated the safety in the Jurkat T cells transfected with
ZF-DNMT1. The CCK-8 assay was used to evaluate cell proliferation
72 hr after Jurkat T cells were transfected with pcDNA3.1(�) or with
ZF-DNMT1. Our results indicated that ZF-DNMT1 did not affect cell
proliferation (Figure 6A). The potential of ZF-DNMT1 to induce cell
cycle progression was further investigated by staining these cells with
propidium iodide 72 hr post-transfection and analyzing the DNA
content using flow cytometry. Compared with the control group,
the transfection of the ZF-DNMT1 did not affect cell cycle progres-
sion (Figure 6B).

DISCUSSION
HAART is the most successful achievement against HIV infection
thus far, however, HAART cannot eliminate the HIV-1 reservoirs
and viremia rebound occurs as soon as the treatment is interrupted.
Molecular Therapy: Nucleic Acids Vol. 6 March 2017 237
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Figure 5. ZF-DNMT1 Induces Targeted DNA Methylation in HIV-1 50-LTR
(A) The genomic DNA extracted from the transfected YA and C11 cells 5 days after transfection was bisulfite sequenced to reveal the DNA methylation status of two CpG

islands in the HIV-1 50-LTR. The horizontal rows indicate the CpG sites in the amplicon analyzed, and the vertical rows represent individual clones, which were sequenced.

The blue and red colors represent unmethylated CpG and methylated CpG, respectively. The one colored in white represents that the methylation state is undetermined

due to sequencing ambiguity. The transcription start site is indicated with a black arrow. (B) The amplicons containing two CpG islands were amplified by nest-PCR. (C) The

level of DNA methylation of HIV LTR in C11 cells transfected with ZF2-DNMT1 or an empty vector in C11 cells or in YA cells (D). The data represent the mean ± SD of all

individual clones.
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Furthermore, long-term use of HAART may lead to various side ef-
fects, because of their cytotoxicity. The most recognized approach
thus far for eliminating latent HIV-1 reservoirs is “shock and kill”,
an innovative approach of reactivating these reservoirs by inducing
the transcription of the quiescent provirus followed by HAART to
eliminate the reactivated cells harboring HIV provirus via viral cyto-
pathic effect or host immune response. The HAART in this shock and
kill approach is basically for preventing the spread of the nascent HIV
from infecting neighboring cells. Although some drugs based on
this strategy have already been tested in human clinical trials, the
outcomes are not as promising as previously expected. The adverse
effects and limitations were also observed, such as cytotoxicity, muta-
genicity, or a lack of target specificity, still exist.40–42 Therefore, new
anti-viral approaches would need to be explored.

In this study, we constructed a new chimeric DNAmethyltransferases
1 (DNMT1) with ZFP targeting HIV-1 50-LTR. We hypothesized that
the binding specificity of ZFP to HIV LTR will limit the ligated
DNMT1 to methylate the HIV LTR, but not other regions. Several
researches have reported that ZFP could mediate the targeted binding
of HIV-1 LTR.36–38,43 We used a ZFP which was designed to target
HIV LTR and has been well characterized in our studies36,37 as the
DNA binding domain to direct DNMT1 to land on HIV LTR. A con-
ventional paradigm of the mammalian DNA methylation model is
that DNMT3 initiates de novo methylation, while DNMT1 is respon-
sible for maintaining the heritage of the DNAmethylation pattern af-
238 Molecular Therapy: Nucleic Acids Vol. 6 March 2017
ter DNA duplication during cell proliferation. Thus, previous studies
were focused on using DNMT3 as catalytic domain to initiate DNA
methylation.44–48 However, most recent studies demonstrated that
DNMT1 can also initiate de novo DNA methylation without the
presence of DNMT3.15–19 Therefore, we used DNMT1 as the catalytic
domain for DNA methylation in this chimeric ZNF-DNMT1 to in-
crease the methylation status on HIV LTR to suppress HIV-1
expression.

Our results indicate that ZF2-DNMT1 could repress HIV-1 expres-
sion by increasing the DNA methylation of CpG islands in 50-LTR
in both infected cells and latently infected cells. The similar results
were also found by Martinez-Colom et al.35 These data are in agree-
ment with the other studies which correlated the DNA methylation
status in 50-LTR to transcriptional silencing.23–25,49 Furthermore, we
found that the repression of HIV-1 expression caused by ZF2-
DNMT1 was stable and could be maintained through several cell di-
visions, which was consistent with the results published by Blancafort
et al.45,47 We noticed that the increase of DNA methylation in the
50-LTR by ZF2-DNMT1 was modest. Some recent works reported
higher efficiency of targeted DNA methylation on the promoter of
endogenous genes. This was probably attributed to the modest trans-
fection efficiency and inferior ability of de novo methylation of
DNMT1. In addition, the methylation status of certain methylated
CpG sites, rather than the density of CpG methylation, plays a more
important role in controlling the promoter activities of HIV-1.50



Figure 6. ZF-DNMT1 Has No Effect on Cell Proliferation or Cell Cycle Progression

Jurkat T cells were nucleofected with ZF2-DNMT1 plasmid or an empty vector as a negative control. (A) At 72 hr post-transfection, cell viability was measured using a CCK-8

kit (Dojindo). The data represent the mean ± SD of three independent experiments. (B) Cell cycle progression was analyzed by propidium iodide staining and flow cytometry.

A representative experiment of three independent assays is shown.
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Based on the fact that the majority of HERVs stay silent in the human
genome throughout the evolution, we believe it is possible that HIV
can be tightly suppressed or even be permanently silenced in the hu-
man genome. The data showed that ZF2-DNMT1 could efficiently
and stably suppress HIV-1 expression by targeted DNA methylation
without affecting the cell proliferation. In order to utilize the full po-
tential of this toolset, a number of questions and challenges are
needed to be addressed, such as what the most effective method is
for delivering this technology and what the specificity is and if there
is any toxicity or adverse effect associated with it while being used
in vivo. Taken together, the DNA methylation-based silencing strat-
egy is of great potential for gene therapy on HIV infection.

MATERIALS AND METHODS
Cell Culture

YA cells and C11 cells, which are HIV-1-infected or latently infected
Jurkat T cells, respectively, were first created in our laboratory and are
now used widely in the research community.36,37,51–54 The C11 and
YA cells were maintained in RPMI 1640 medium supplemented
with 10% (v/v) fetal bovine serum (Gibco), 100 U mL�1 penicillin,
and 100 mg mL�1 streptomycin (Invitrogen) at 37�C under 5%
CO2. HEK293 cells stably expressing the SV40 large T antigen
(HEK293T) were purchased from the American Type Culture Collec-
tion (Manassas, VA). TZM-bl cells obtained from the NIH AIDS
Research and Reference Reagent Program were previously generated
by introducing separate integrated copies of the luciferase and
b-galactosidase genes driven by HIV-1 LTR.39 HEK293T and
TZM-bl cells were maintained in DMEM (Gibco) with 10% fetal
bovine serum, 100 U mL�1 penicillin and 100 mg mL�1 streptomycin
at 37�C under 5% CO2.

Vector Constructs

There were four ZFP expression plasmids targeting the HIV-1 LTR
that were designed and assembled by Sigma-Aldrich. Plasmids encod-
ing DNMT1 (pcDNA3.1-DNMT1) were a gift from Edward Seto.55
There were four ZFPs with 3FLAG, NLS, linker (LRGS) that were
subcloned from ZFP expression plasmids into NheI/EcoRI-digested
pcDNA3.1-DNMT1, respectively. DNMT1 was cloned into the C-ter-
minal of the zinc-finger motifs in frame to become ZF-DNMT1 in
these new constructs. The target sites for these constructs in the
HIV-1 LTR are shown in Figure 1. The pcDNA3.1-ZF2 was generated
by deleting DNMT1 fragment from the ZF2-DNMT1. The pLTR-luc
reporter vector was constructed previously.36 pRL-SV40 plasmid was
purchased from Promega.

Luciferase Reporter Assay

To examine the effects of ZF-DNMT1 on the HIV-1 LTR,
each ZF-DNMT1 construct, pcDNA3.1 (mock), pcDNA3.1-ZF2, or
pcDNA3.1-DNMT1 (700 ng) was cotransfected into HEK293T cells
with pLTR-luc (100 ng) and internal control pRL-SV40 (40 ng) using
ViaFect reagent (Promega) following the manufacturer’s instructions.
The cells were harvested 72 hr post-transfection, and the lysate was
analyzed for luciferase activity using the Dual-Luciferase Reporter
Assay System (Promega). There were three independent transfection
experiments that were performed, and each of them was performed in
triplicate.

Since the genome of the TZM-bl cells was integrated with a luciferase
gene driven by the HIV-1 50-LTR promoter, we only needed to
cotransfect pcDNA3.1 (mock) or ZF-DNMT1 construct (700 ng)
with pCMV-Tat (200 ng) into TZM-bl cells using ViaFect reagent
(Promega). Cells were harvested at 72 hr post-transfection, and the
lysate was analyzed for luciferase activity. There were three indepen-
dent transfection experiments that were performed, and each assay
was performed in triplicate.

Western Blot

HEK293 T cells were plated in a 60-mm dish and then transfected
with 8 mg of pcDNA3.1, pcDNA3.1-DNMT1, or ZF-DNMT1
plasmid, respectively, using ViaFect reagent (Promega). After 3 days
Molecular Therapy: Nucleic Acids Vol. 6 March 2017 239
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of transfection, cells were harvested, lysed, and subjected to western
blotting. The membrane was detected by primary antibody against
FLAG for detecting ZF-DNMT1 or a-tubulin as reference. Immun-
Star WesternC chemiluminescence Kit (Bio-Rad) was used to detect
aforementioned proteins, and the signal of chemiluminescence was
captured using a ChemiDoc XRS+ System and analyzed using Image-
Lab software (Bio-Rad).

Nucleofection, Flow Cytometry Assays, and ELISA Assays

To analyze the HIV-1 expression regulated by ZF-DNMT1 in YA
cells or C11 cells, the cells were nucleofected with ZF-DNMT1 or
pcDNA3.1 empty vector using the Amaxa Cell Line Nucleofector
Kit V (Lonza). The expression of GFP was used as a marker for
HIV-1 expression and was observed under fluorescence microscopy.
To determine the level of HIV-1 LTR promoter activity based on GFP
expression, at each indicated time point after transfection, the cells
were washed and resuspended in phosphate-buffered saline, and
the percentage of GFP-positive cells was measured using FACScan
flow cytometer (Becton Dickinson). To determine the effects of ZF-
DNMT1 on inhibiting HIV reactivation by different LRAs, C11 cells
were harvested 48 hr after incubation with LRAs. The FACS data were
analyzed using CellQuest software (Macintosh). The expression of
viral protein p24 was quantified using the HIV-1 p24 Antigen ELISA
Kit (ZeptoMetrix) at each indicated time point.

RT-PCR Assay

To detect the changes in the level of HIV-1 RNA, RT-PCR assay was
performed as described previously.56 Total RNA was extracted using
RNeasy Mini Kit (QIAGEN). cDNA synthesis was performed using
the GoScript Reverse Transcription System containing an oligo(dT)15
primer (Promega). Quantitative real-time PCR was performed in
triplicate using the QuantiFast SYBR Green PCR Kit (QIAGEN) on
a Roche LightCycler 480 II machine. Primers specific for the poly(A)
tail of HIV-1 mRNA were designed as described: forward, 50-CAGAT
GCTGCATATAAGCAGCTG-30 (9501-9523) and reverse, 50TTTT
TTTTTTTTTTTTTTTTTTTTGAAGCAC-30 (9629-poly A). The
GPDH gene was used for normalization.

Cytosine Methylation Analysis

The methylation status of HIV LTR in the transfected YA or C11 cells
was analyzed using EZ DNAMethylation-Gold Kit (Zymo Research).
Modified DNA was amplified by PCR application using two pairs of
primers as described.57 PCR was performed by 40 cycles at 94�C for
30 s, 53�C for 30 s, and 72�C for 60 s.

PCR products were purified and cloned into pMD18-T Vector
(Takara) for bacteria transformation. Plasmid DNA from each indi-
vidual clone was sequenced to reveal the methylation status of CpG
islands. A sequence was excluded if it shows less than 95% conversion
rate. Data were analyzed using the BISMA software.58

Cell Proliferation and Cell Cycle Analysis

The Cell Counting Kit-8 (CCK-8) (Dojindo) was used to measure cell
proliferation after the ZF-DNMT1 treatment. Briefly, Jurkat T cells
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were seeded at the density of 4 � 105 cell per well in 96-well plates
and transfected with pcDNA3.1 (mock) or ZF-DNMT1 construct,
respectively. At 72 hr post-transfection, 10 mL of CCK-8 solution
was added to each well. After 4 hr of incubation at 37�C, the absor-
bance at 450 nmwas measured using a microplate reader. Each exper-
iment was performed independently in triplicate.

To generate the cell cycle profiles, 1 � 106 Jurkat T cells were trans-
fected and then fixed with 500 mL 70% ethanol at�20�C for 2 hr. Sub-
sequently, the cells were washed twice with cold 1 � PBS and then
stained with propidium iodide (50 mg/mL propidium iodide and
100 mg/mL RNase A in 1 � PBS) at 37�C for 30 min. The cell cycle
analysis was performed using a FACScan flow cytometer. All experi-
ments were performed independently in triplicate.
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