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RNA‑induced epigenetic silencing inhibits 
HIV‑1 reactivation from latency
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Abstract 

Background:  Current antiretroviral therapy is effective in controlling HIV-1 infection. However, cessation of therapy is 
associated with rapid return of viremia from the viral reservoir. Eradicating the HIV-1 reservoir has proven difficult with 
the limited success of latency reactivation strategies and reflects the complexity of HIV-1 latency. Consequently, there 
is a growing need for alternate strategies. Here we explore a “block and lock” approach for enforcing latency to render 
the provirus unable to restart transcription despite exposure to reactivation stimuli. Reactivation of transcription from 
latent HIV-1 proviruses can be epigenetically blocked using promoter-targeted shRNAs to prevent productive infec-
tion. We aimed to determine if independent and combined expression of shRNAs, PromA and 143, induce a repressive 
epigenetic profile that is sufficiently stable to protect latently infected cells from HIV-1 reactivation when treated with 
a range of latency reversing agents (LRAs).

Results:  J-Lat 9.2 cells, a model of HIV-1 latency, expressing shRNAs PromA, 143, PromA/143 or controls were treated 
with LRAs to evaluate protection from HIV-1 reactivation as determined by levels of GFP expression. Cells expressing 
shRNA PromA, 143, or both, showed robust resistance to viral reactivation by: TNF, SAHA, SAHA/TNF, Bryostatin/TNF, 
DZNep, and Chaetocin. Given the physiological importance of TNF, HIV-1 reactivation was induced by TNF (5 ng/mL) 
and ChIP assays were performed to detect changes in expression of epigenetic markers within chromatin in both 
sorted GFP− and GFP+ cell populations, harboring latent or reactivated proviruses, respectively. Ordinary two-way 
ANOVA analysis used to identify interactions between shRNAs and chromatin marks associated with repressive or 
active chromatin in the integrated provirus revealed significant changes in the levels of H3K27me3, AGO1 and HDAC1 
in the LTR, which correlated with the extent of reduced proviral reactivation. The cell line co-expressing shPromA and 
sh143 consistently showed the least reactivation and greatest enrichment of chromatin compaction indicators.

Conclusion:  The active maintenance of epigenetic silencing by shRNAs acting on the HIV-1 LTR impedes HIV-1 
reactivation from latency. Our “block and lock” approach constitutes a novel way of enforcing HIV-1 “super latency” 
through a closed chromatin architecture that renders the virus resistant to a range of latency reversing agents.
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Background
Human immunodeficiency virus type 1 (HIV-1) latent 
proviruses are not targeted by current therapeutic strate-
gies. Antiretroviral therapy, when commenced very early 
in infection has shown significant reduction on the size of 
the reservoir but limited decay beyond 1 year of therapy 

[1], and cessation of therapy results in rapid recrudes-
cence of plasma viraemia.

Viral reactivation strategies have emerged as possible 
approaches to eradicate the latent HIV-1 reservoir. How-
ever, the successful reactivation of latent HIV-1 ex  vivo 
and in  vivo has proven difficult [2–6]. Therefore, novel 
strategies that aim to permanently block HIV-1 replica-
tion warrant investigation. Importantly, eradication of 
the latent provirus may not be necessary if spontaneous 
viral reactivation can be thwarted by mechanisms such 
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as inducing or maintaining viral epigenetic silencing, also 
known as transcriptional gene silencing (TGS) [7, 8].

We have identified two si/shRNAs, 143 [9] and Prom 
A [10], as inducers of TGS, able to act individually or 
combined to efficiently suppress HIV-1 replication. The 
epigenetic mechanism, involves the induction of altered 
chromatin architecture associated with the recruitment 
of Argonaute 1 (AGO1), histone deacetylases (HDACs), 
histone 3 lysine 9 trimethylation (H3K9me3) and histone 
3 lysine 27 trimethylation (H3K27me3). The regions tar-
geted by these si/shRNAs in the HIV-1 5′LTR are sepa-
rated by ~ 200 nt. The target si/shRNA 143 sequence is 
located upstream of Nuc-0 in a region rich in transcrip-
tion factor (TF) binding sites, including AP-1 and COUP-
TF [7]. Si/shRNA PromA sequence targets the unique 
NF-κB tandem binding site in the region between Nuc-0 
and Nuc-1 [7, 9, 10]. An illustration of the HIV-1 LTR 
indicating TFs and si/shRNAs can be found in [9].

HIV-1 reactivation from latency can be triggered by 
signaling through various cellular pathways that induce 
nuclear translocation of specific TFs to the HIV-1 pro-
moter [11–13]. We hypothesized that given the strategic 
location of the si/shRNAs target sites, each si/shRNA 
may vary in their ability to provide protection from dif-
ferent reactivation stimuli. Consequently, combined 
expression of both si/shRNAs may provide broader 
protection against diverse endogenous and exogenous 
stimuli that threaten to reactivate latent HIV-1. We rea-
soned that resistance to HIV-1 reactivation might origi-
nate from the continuous re-establishment of repressive 
epigenetic marks induced by the constant supply of each 
siRNA from an shRNA cassette, even during treatment 
with LRAs. Therefore, we evaluated the ability of these 
single shRNAs and their combined expression to impede 
HIV-1 reactivation from latency, despite treatment with 
various reactivation stimuli, and characterized the epige-
netic profile associated with resistance to reactivation.

Methods
shRNAs and lentiviral vectors
ShRNAs were cloned into the lentiviral vectors psi-
LVRU6MP or psi-LVRU6MH (GeneCopoeia, Rockville, 
MD), with an mCherry reporter [9]. ShRNAs: PromA 
(GGG​ACT​TTC​CGC​TGG​GGA​CTTC​TGT​GAA​GCC​
ACA​GAT​GGGAA​GTC​CCC​AGC​GGA​AAG​TCC​C, tar-
gets region 350–370); 143 (GCT​AGT​ACC​AGT​TGA​GCC​
ATTC​TGT​GAA​GCC​ACA​GAT​GGGAA​TGG​CTC​AAC​
TGG​TAC​TAG​C, targets region 143–163); locations are 
based on HXB2 genomic coordinates. Specificity controls 
included shRNA sequences containing specific mutations 
in “seed regions” of target sequences of PromA and 143: 
M2 for PromA (GGG​ACT​TTaaGCT​GGG​GAC​TTC​TGT​
GAA​GCC​ACA​GAT​GGG​AAG​TCC​CCACttAAA​GTC​

CC) [14] and 143_3M for 143 (GCTAGatCCgGTT​GAG​
CCA​TTC​TGT​GAA​GCC​ACA​GAT​GGGAA​TGG​CTC​
AACcGGatCTAGC,); mutations are indicated in lower 
case; and a scrambled control shRNA CtrL (GCT​TCG​
CGC​CGT​AGT​CTT​A, purchased from GeneCopoeia). 
Lentiviral vectors were generated in HEK293 cells using 
PEI based transduction, as previously described [15]. 
Herein, the prefix “sh” before each name is used to refer 
to the shRNA: shPromA, shM2, sh143, sh143_3M and 
shControl.

Cell culture
J-Lat 9.2 cell line, a model of HIV-1 latency that expresses 
GFP upon reactivation of full-length provirus [16], and 
Jurkat E6 cells were obtained through the NIH AIDS Rea-
gent Program, Division of AIDS, NIAID, NIH: J-Lat 9.2 
(Cat. No. 9848) from Dr. Eric Verdin [16] and Jurkat E6-1 
(Cat. No. 177) from Dr. Arthur Weiss [17]. Cells were 
grown in RPMI supplemented with 10% FCS (Gibco®, 
ThermoFisher Scientific, Massachusetts, USA), 8  mM 
GlutaMax, 5 U/mL penicillin and 50 mg/mL streptomy-
cin (Life Technologies, ThermoFisher Scientific, Mas-
sachusetts, USA). Transduced cells were grown under 
selection with 400  μg/mL of Hygromycin-B (PromA), 
1  μg/mL of Puromycin (143, 143_3M, M2 and Ctrl) or 
both (cells transduced with PromA and 143 from inde-
pendent lentiviral vectors). For convenience, the name of 
the stably transduced shRNA is used to refer to the trans-
duced cell line: PromA, 143, PromA/143, M2, 143_3M, 
Control. PromA/143 is abbreviated to A/143 only in the 
figures. The terms, Parental and E6, are used to refer 
to the untransduced J-Lat 9.2 and Jurkat E6 cell lines, 
respectively.

The DNA sequence of each shRNA was confirmed by 
sequencing of cellular DNA. Transduced cell lines were 
purified via sorting based on their mCherry expression 
after three weeks of lentiviral transduction.

Quantitation of shRNA expression
RNA was extracted from all JLat 9.2 cell lines using Mon-
arch Total RNA Miniprep kit as per the manufacturer’s 
instructions (NEB, Cat# 2010S). RNA was quantitated by 
Nanospectrometer and 1000 ng of RNA was transcribed 
using the miScript II RT Kit as per the manufacturer’s 
protocol (Qiagen, Cat# 218161). cDNA was diluted as 
per kit instructions using nuclease free H2O (from 20 
μL to 500 μL volume). qPCR was then performed using 
miScript SYBR Green PCR kit (Qiagen Cat# 218073). 
Primer pairs used were a universal loop primer 5′-TTC 
TGT GAA GCC ACA GAT GGG AA-3′ and the Qiagen 
universal reverse primer supplied with the miScript kit. 
The qPCR was run on a Roche LightCycler 480 using 
the following cycle; initial step 95 °C 15 min, 45 cycles of 
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94 °C for 10 s, 58 °C for 20 s, 70 °C for 20 s. Expression 
was normalised to the Hs_RNU6-2_11 referencing gene 
(QIAGEN, #MS00033740).

Viral Quantitation
Reverse Transcriptase activity (RT-assay) in culture 
supernatants and Cell-associated HIV-1 gag-mRNA 
were quantitated as described [18, 19]. Integrated HIV-1 
was detected using a nested real-time HIV-1 Alu PCR, 
as described [20]. Detection of latent HIV-1 and HIV-1 
reactivated from latency was performed via flow cytom-
etry on Parental and transduced J-Lat 9.2 cell lines (See 
Flow cytometry section).

Infection of Jurkat E6 cell lines
A total of 3 × 105 untransduced or transduced Jurkat 
E6 cells were seeded in 12-well plates and infected with 
375  μU/mL RT activity of HIV-1SF162. Infection pro-
ceeded for a period of 10  days, during which samples 
were collected for RT-assay. At day 10 cells were har-
vested for RNA and DNA extraction.

Drug treatments
In reactivation experiments concentrations of TNF (R&D 
Systems, Inc. Minneapolis, USA) ranged from 0.001 to 
100  ng/mL, in 1:2 dilution series. Bryostatin (Sigma-
Aldrich Co. Missouri, USA.) was used at 1, 5 and 10 ng/
mL, each in combination with 5  ng/mL of TNF. Suber-
oylanilide Hydroxamic Acid (SAHA) (Sigma-Aldrich 
Co. Missouri, USA) was evaluated at concentrations 
of 0.001 to 100  μM, and when combined with TNF the 
range was adjusted to a maximum of 25 μM. Chaetocin 
(Sigma-Aldrich Co. Missouri, USA) was used at 0, 25, 50, 
100 nM. DZNep (Sigma-Aldrich Co. Missouri, USA) was 
used at 0, 25, 50, 100 μM. No-drug controls contained the 
diluent used to dissolve each drug alone.

Reactivation experiments and flow cytometry
Treatments were added for 48 or 72 h to 50,000 cells per 
well in 96-well plates. Following treatment, the wells were 
washed once with 100  μL of cold DBPS, centrifuged at 
500g at 4 °C for 1 min and resuspended in 50 μL of DPBS 
containing 1  μL/mL of LIVE/DEAD® Fixable Near-IR 
Dead cell stain for 633/635 nm to stain dead cells follow-
ing manufacturer’s instructions (Thermo Fisher Scientific 
Inc. (NSYE: TMO)), and fixed in 100 μL of 0.5% PFA. 
High throughput flow cytometry was performed directly 
from the 96-well plates using a BD LSRFortessa™ SORP 
cell analyser using the BD™ High Throughput Sam-
pler Option (HTS)-LSRFortessa microplate adaptor and 
acquisition was performed using the following detection 
settings: Near-IR from the Red laser 780/60-A [642 nm], 
mCherry from the Yellow-Green laser 610/20-A [561 nm] 

and GFP from the Blue laser 530/30-A [488 nm]. Reacti-
vation from latency was measured only in live single-cells 
by negative gating of dead cells, followed by gating on 
mCherry+ (transduced cell lines only), and then GFP+ or 
GFP−. Reactivation from HIV-1 latency was quantitated 
as the percentage of GFP positive cells and as the mean 
fluorescent intensity (MFI) of the GFP signal.

Cell sorting of mCherry+/GFP+ and mCherry+/GFP− cells
A total of 1 × 107 transduced J-Lat 9.2 mCherry+ cells per 
transduced cell line were resuspended in 20 mL of sup-
plemented RPMI containing 5  ng/mL of TNF, for 48  h. 
After 48  h cells were washed and stained with LIVE/
DEAD® Fixable Near-IR Dead cell stain. The live, Near-
IR−/mCherry+ cells were sorted into GFP+ and GFP− 
populations, and pellets immediately processed using the 
Magna ChIP™ HT96 Chromatin Immunoprecipitation 
Kit (Merck-Millipore, Darmstadt, Germany). Cell sorting 
was performed in a BD Biosciences Influx v7 cell sorter 
using the color channels 750/LP [640  nm] for Near-IR 
Live/Dead fixable dye, 610/20 [561 nm] for mCherry and 
545/27 [488 nm] for GFP.

ChIP assays
Chromatin was sheared into fragments of ~ 200 bp using 
a QSonica 700 sonicator at 4 °C at 50% power, for 15 min 
(1  min ON, 1½ min OFF), with an internal threshold 
shutdown temperature of 12  °C. Immunoprecipitations 
(IP) were performed in duplicates from biological rep-
licates in 96-well plates using 3 μg/mL of antibody with 
10 μL of magnetic beads per IP, in a final volume of 
100 μL per well, following manufacturer’s instructions. 
Each IP contained 8 × 104 cell equivalents from sorted 
mCherry+/GFP+ HIV-1 reactivated cells or 1 × 105 cell 
equivalents from mCherry+/GFP− HIV-1 latent cells. 
Each plate included No-Antibody controls per chromatin 
sample to correct background signal from IPs performed 
with antibodies of different isotypes and/or specificities.

The following antibodies were used for ChIP assays; 
Anti-AGO1 clone 4G7-E12 (Cat. No. MABE143), 
ChIPAb + Acetyl-Histone H3 (Lys9) (Cat. No. 17-658), 
ChIPAbTM + Trimethyl-Histone H3 (Lys9) (Cat. No. 
17-625), ChIPAb + Trimethyl-Histone H3 (Lys27) (Cat 
No. 17-622), ChIPAbTM + HDAC1 (Cat. No. 17-10199), 
ChIPAb + TM Trimethyl-Histone H3 (Lys4) (Cat No. 
17-614), Anti-RNA polymerase II subunit B1 (phospho 
CTD Ser-2) Antibody clone 3E10 (Cat No. 04-1571), and 
Anti-RNA polymerase II subunit B1 (phospho-CTD Ser-
5) clone 3E8 (Cat No. 04-1572). All antibodies were pur-
chased from Merck-Millipore (Darmstadt, Germany).

DNA eluted from the HIV-1 LTR region targeted by 
shPromA/sh143 was quantified by real time PCR as 
previously described [10]. Percent of Input was used to 



Page 4 of 18Méndez et al. Retrovirology  (2018) 15:67 

calculate the amount of immunoprecipitated DNA, and 
was either used as an absolute, or as a relative value nor-
malized to the Parental cell line.

Statistical analyses
Data from HIV-1 reactivation assays were analysed using 
the non-parametric Kruskal–Wallis test corrected for 
multiple comparisons using the Dunn’s test with adjusted 
P value and results are shown as mean ± SD. Data from 
the shRNA expression assay was analysed using the non-
parametric Wilcoxon matched-pairs signed rank test 
with results shown as mean ± SD. ChIP data were ana-
lysed by performing an Ordinary two-way ANOVA fol-
lowed by post hoc Holm Šídák multiple comparison tests 
(See Additional file  1: Statistical analyses, for details). 
P ≤ 0.05 was the minimal threshold for determining sta-
tistical significance. The different levels of significance 
are represented in each plot and explained in the figure 
legends. Analyses were performed using Prism Version 
6.0 (Graphpad Software, San Diego, CA).

In the ANOVA the dependent variable is the relative 
quantity of DNA that immunoprecipitated with each 
antibody, measured as the normalised or absolute % of 
Input. For AGO1, HDAC1 and epigenetic marks analy-
ses, the % Input was normalized to the Parental control. 
The two independent categorical variables or factors are 
“cell line” and “condition”. The analysis involves interac-
tion and comparisons between the factors. The factor 
“cell line” refers to each of the six shRNA-transduced 
J-Lat 9.2 cell lines plus the corresponding Parental con-
trol. The factor “condition” refers to the transcriptional 
state of the HIV-1 promoter as either in latency or dur-
ing reactivation treatment with TNF. We performed two 
types of comparisons using the standard ANOVA termi-
nology: (1) “in-between” cell lines, in which the effect of 
the shRNA from each cell line is compared to the Paren-
tal cell line within the same condition (either pre or post 
reactivation treatment); and (2) “in-within” cell lines, 
in which the effect of the shRNA is compared between 
the two conditions within each cell line in order to com-
pare the epigenetic changes that occur from latency to 

reactivation (pre vs post treatment with TNF). In con-
trast, in the studies of bivalency and phosphorylation 
states of RNA Pol II, data were analysed using an ordi-
nary two-way ANOVA comparing the absolute % Input 
of two epigenetic or chromatin-associated marks, only 
during HIV-1 latency. Thus, factor two now corresponds 
to the epigenetic- or chromatin-associated marks whose 
absolute levels are being compared: H3K4me3 compared 
to H3K27me3, and RNA Pol II pSer2 compared to RNA 
Pol II pSer5.

Results
TGS‑inducing shRNAs protect Jurkat E6‑1 cells 
from HIV‑1SF162 replication
To confirm the shRNAs silencing activity we performed 
a time-course of infection on Jurkat E6 cells (Fig. 1a, top 
right) and measured the levels of HIV-1 replication via 
RT-assays, qRT-PCR of HIV-1 gag-mRNA and qPCR of 
Alu HIV-1 integrated DNA. Suppression of viral replica-
tion by 100% matched shRNAs in this setting, is expected 
to translate as resistance to reactivation during latency. 
Previous experiments in our laboratory have demon-
strated that stable expression of PromA in MOLT-4 cells 
provides prolonged and potent protection for over 1 year 
[21]. Therefore, to further challenge and possibly dis-
rupt RNA-induced epigenetic silencing in cells express-
ing TGS-inducing shRNAs, we used an extremely high 
amount of HIV-1SF162 virus, 1125 mU/uL per 3 × 105 cells. 
This also increased the likelihood of having all the cells 
infected with at least one provirus. Despite the high virus 
inoculum, on Day 10 (D10) there was at least 10-fold dif-
ference in the levels of RT activity between controls and 
protected cell lines (Fig. 1b, upper left panel), confirming 
that PromA, 143 and PromA/143 combined expressing 
cells were able to specifically repress HIV-1 transcrip-
tion (Fig.  1b, upper right panel). A/143 showed some 
variation at D10, but the levels remained within the same 
range (> 10  μU/mL) as those of PromA and 143. Simi-
larly, HIV-1 gag-mRNA expression was > 1000 times less 
in PromA, ~ 80 times less in 143, and > 100 times less in 
PromA/143, compared to the infected parental cell line 
(Fig.  1b, lower left panel). Also, the levels of integrated 

(See figure on next page.)
Fig. 1  Protective shRNAs inhibit HIV-1SF162 replication in Jurkat E6 cells. a Diagram illustrating the conduct of experiments. For simplicity, Parental 
and E6 untransduced cell lines are not indicated, however these cells underwent the same experimental procedures with the exception of the 
gating strategy for flow cytometry, as these do not express mCherry protein. b Upper left panel: Parental and transduced Jurkat E6 cells were 
infected with 375 μU/mL of HIV-1SF162 for 10 days and RT-assays performed in duplicates at the indicated time points post-infection. Lower left 
panel: Cells were harvested at D10 and cell-associated HIV-1 gag-mRNA was quantitated in duplicates via qRT-PCR and were normalised against 
GAPDH mRNA. The dotted line at 10° = 1, indicates the level at which transcription of GAPDH and HIV-1 gag-mRNA is equivalent. Upper right panel: 
Schematic of chromatin structure following siRNA treatment. Lower right: Levels of integrated HIV-1 were quantitated at D10 using a HIV-1 nested 
real-time Alu PCR. Second-round PCRs were performed in triplicates and are presented normalised to β-actin. Data are presented as the number 
of HIV-1 integrated DNA copies per 500 ng of DNA, with 500 ng equivalent to the DNA amount of 80,000 cells. Data are from one time-course 
performed with duplicate biological replicates and are shown as Mean ± SD
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HIV-1 DNA were approximately the same in all the cell 
lines (Fig. 1b, lower right panel). This was not unexpected 
because the experimental conditions were directed to 
infect all the cells with at least one viral particle and the 
shRNAs do not prevent integration of proviral DNA. 
These data confirmed previous observations that these 
constructs are able to suppress HIV-1 replication during 
a robust infection challenge, while 2–3 mismatches in the 
target shRNA sequence disabled this protective effect.

Protective shRNAs provide resistance to HIV‑1 reactivation 
during LRA treatments
We previously showed that stable expression of 
shPromA, sh143 or shPromA/143 provided protection 
from HIV-1 reactivation when challenged with TNF, 

SAHA or a combination thereof [9]. This, in addition 
to the strong silencing observed during the time course 
infection, prompted us to challenge the transduced and 
Parental J-Lat 9.2 cell lines with a panel of potential LRAs 
(Fig. 2) to assess if combined expression of the two pro-
tective shRNAs resulted in stronger or broader protec-
tion to a wider range of stimuli.

We first quantitated the levels of shRNA expression in 
all JLat 9.2 cell lines to determine whether each shRNA 
construct was expressed to the same degree. We observed 
similar shRNA expression across all J-Lat 9.2 cell lines, 
with no significant differences observed (Fig.  2a). The 
loop sequence was not present in the scrambled Control 
construct or the untransduced cell line and was therefore 
not detected in these cell lines.
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Fig. 2  Protective shRNAs inhibit reactivation of latent HIV-1. Parental and transduced J-Lat 9.2 cells were quantified for shRNA expression a and 
then treated with increasing concentrations of b TNF, c SAHA, d SAHA and TNF, e Bryostatin and TNF, f Chaetocin, g DZNep,. All treatments went 
for 48 h, except from Chaetocin and DZNep, which were for 72 h. Percentage of GFP + cells was measured through flow cytometry from the live 
(Parental) or live/mCherry + cells (transduced cell lines) and a total of 10,000 events were collected from each sample from the live cell population. 
The relevant concentrations of TNF and SAHA are indicated in the corresponding plots. Comparisons shown were performed against the Parental 
cell line using the Kruskal–Wallis Multiple comparison test, correcting for multiple comparison with Dunn’s test (*p ≤ 0.05)(Mean ± SD). Data shown 
is from at least one independent representative experiment performed in triplicate
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After treatment with TNF the protected cells lines 
showed the lowest levels of GFP+ cells (Fig. 2b) and the 
lowest levels of GFP expression (MFI) (Fig.  3a), both 
compared to the parental cell line and specificity con-
trols. This indicates decreased proviral reactivation and 
decreased transcriptional activity from reactivated pro-
viruses. The highest concentration of TNF in viremic 
HIV-1 infected patients is 100  pg/mL(0.1  ng/mL), (27), 
while 5 ng/mL is the highest reported during fatal acute 
sepsis (37, 62). At 0.1  ng/mL the proportion of GFP+ 
cells in PromA and PromA/143 cells was significantly 
less compared to Parental (Fig. 4a, left panel), though, the 
overall extent of reactivation was extremely low across 
all cell lines and therefore not significant (Fig. 4a, lower). 
At 5  ng/mL of TNF, both the percentage of GFP+ cells 
and levels of GFP expression were significantly lower in 
PromA, 143 and PromA/143 (p = 0.0005 and p = 0.02, 
p = 0.003 and p = 0.0005, and p < 0.0001 both, respec-
tively) (Fig.  4b). In addition, cell viability was slightly 
more affected in PromA and M2, than any of the other 
cell line (Fig. 5a).

We then examined the effect of SAHA, a pan-histone 
deacetylase inhibitor (HDACi) [22, 23] which has been 
extensively studied in  vivo as an HIV-1 LRA [3, 4]. A 
concentration of ~ 0.335 μM has been previously used as 

an in  vitro equivalent of 400  mg, the protein-unbound 
pharmacological concentration after single dose of 
Vorinostat(ZOLINZA®) (63–64), also known as SAHA. 
At ~ 0.56  μM SAHA, the nearest to 0.335  μM tested, 
we found no significant differences in the % GFP+ cells 
nor in the levels of GFP expression (Figs. 2c, 3b, 4c). At 
higher concentrations the protected cell lines showed 
the lowest proportion of reactivated cells, and these cells 
had reduced GFP expression, with PromA and A/143 
showing ~ 3-fold less compared to Parental (Figs. 2c, 3b). 
Interestingly, while 143 showed the least proportion of 
reactivated cells, these cells were expressing GFP at levels 
that paralleled those of the M2 control cell line, indicat-
ing that the sh143 induced-TGS is more susceptible to 
SAHA reactivation (Figs. 2c, 3b). Overall, SAHA reacti-
vated a greater proportion of cells from the unprotected 
cell lines compared to TNF and the induced expression 
was much lower (Figs. 2c, 3b). Additionally, viability was 
substantially affected at higher concentrations of SAHA 
(Fig. 5b).

We next combined TNF with SAHA aiming to dis-
rupt silencing via two different reactivation pathways. 
We decreased the dose-range of SAHA to evaluate the 
pharmacologically relevant concentration of ~ 0.335  μM 
in combination with a concentration of TNF that falls 

Control

PromA

Parental

M2

143

143_3M

A/143

0.01 0.1 1 10 100
0

1500
3000
4500
6000
7500
9000
10500

ng/mL

G
FP

 e
xp

re
ss

io
n 

(M
FI

)

TNF 
HIV (+) patients

[~ 0.1 ng/mL]

TNF Sepsis
[5 ng/mL]

TNF 

0 25 50 100

400

500

600

700

800

900

nM

Chaetocin 

0 1.56 3.13 6.25 12.5 25 50 100
0

500
1000
1500
2000
2500
3000
3500

µM

SAHA

SAHA
pharmacological
 concentration

[~ 0.34 µM]

0 25 50 100

400

500

600

700

800

900

1000

uM

DZNep

0 0.39 0.78 1.56 3.13 6.25 12.5 25
0

1000
2000
3000
4000
5000
6000
7000

0   1.56  3.13   6.25  12.5   25   50    100

SAHA/TNF 

SAHA 
Pharmacological

[~ 0.34 µM] 

TNF
HIV(+) Patients
[~ 0.01 ng/mL]

TNF Sepsis 
[5 ng/mL]

SAHA (µM)

TNF (ng/mL)

0 1 5 10
0

1000
2000
3000
4000
5000
6000
7000
8000

ng/mL

G
FP

 e
xp

re
ss

io
n 

(M
FI

)

Bryostatin/TNF 

a b c

d e f

Fig. 3  GFP+ cells expressing protective shRNAs expressed reduced levels of GFP. Parental and transduced J-Lat 9.2 cells were treated with 
increasing concentrations of a TNF, b SAHA, c SAHA and TNF, d Bryostatin and TNF, e Chaetocin, f DZNep. All treatments were assessed at 
48 h, except from Chaetocin and DZNep, which were assessed at 72 h. Expression of GFP was measured through flow cytometry as the mean 
fluorescence intensity (MFI) from the population of GFP + cells gated from the live (Parental) or live/mCherry + cells (transduced cell lines), after 
collecting 10,000 live events. The clinically relevant concentrations of TNF and SAHA are indicated in the corresponding plots. Comparisons shown 
were performed against the Parental cell line using the Kruskal–Wallis Multiple comparison test, correcting for Multiple comparison with Dunn’s test 
(*p ≤ 0.05)(Mean ± SD). Data shown is from at least one independent representative experiment performed in triplicates
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Fig. 5  Cell viability during LRA treatment. The percentage of live cells was measured via negative gating of dead cells using the LIVE/DEAD fixable 
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(*p ≤ 0.05)(Mean ± SD). Data shown is from at least one independent representative experiment performed in triplicates
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within the high range observed in the plasma of HIV-1+ 
patients (1.5  ng/mL) [24]. Increasing concentrations of 
the combined treatment SAHA/TNF induced the high-
est percentage of GFP+ cells in all the cell lines with 
A/143 showing the lowest (Figs.  2d, 3c, 4d), and were 
increasingly toxic (Fig.  5c). Although, not significant, 
PromA, 143 and PromA/143 showed ~ 2 fold lower GFP 
expression and thus less proviral reactivation compared 
to Parental, up to supra physiologic concentrations of 
3.13  μM for SAHA and 12.5  ng/mL for TNF (Fig.  3c). 
After this point, GFP expression declined in all the cell 
lines.

Activation of PKC pathways in conjunction with NF-kB 
can induce potent reactivation of latent HIV-1. Therefore, 
we sought to induce activation of different PKC isoforms 
along with the NF-κB pathway by treating the cells with 
increasing concentrations of Bryostatin [25] in combina-
tion with a fixed concentration of TNF (5  ng/mL). The 
combined treatment reactivated comparable percentages 
of GFP+ cells in all the cell lines (Fig. 2e). However, the 
protected cell lines showed the lowest GFP expression 
levels revealing impairment of proviral transcription, 
while the controls revealed increased GFP expression 
at all concentrations tested (Figs.  2e, 3d). Cell line 143 
appeared less susceptible to disruption by the combined 
treatment than PromA. In addition, cell viability was 
comparable across all cell lines (Fig. 5d).

In order to obtain insight into the epigenetic profile 
induced by the protective shRNAs, we investigated the 
effect of inhibiting the histone lysine methyltransferases 
(HKMTs), SUV39H1 and EZH2, using Chaetocin [26] 
and DZNep [27], respectively. These have been previously 
used to indirectly assess the epigenetic profile of latent 
HIV-1 [26, 27]. SUV39H1 mediates the trimethylation of 
lysine 9 in histone 3 (H3K9me3,) whereas EZH2 mediates 
the trimethylation of lysine 27 in histone 3 (H3K27me3) 
[28]. Both, Chaetocin and DZNep were not efficient reac-
tivation treatments under the conditions tested. Chae-
tocin at its highest concentration reactivated a maximum 
of ~ 40% in the Parental cell line, 143 and PromA, while 
A/143 showed the least percentage of reactivated cells 
(Fig. 2f ). Expression was only detected in the specificity 
controls at 25 nM, while the protected cell lines did not 
show expression at any concentration (Fig. 3e). Chaetocin 
was highly toxic at its highest concentrations (Fig.  5e). 
DZNep was the least efficient treatment for reactivation 
of latent HIV-1, reactivating a maximum of ~ 1% GFP+ 
cells in PromA and M2 at 100 μM (Fig. 2g). GFP expres-
sion was low, but only detected for the specificity con-
trols and the Parental cell lines with peak effect at 25 nM, 
while undetected in PromA, 143 and PromA/143 across 
the concentrations tested (Fig.  3f ). Viability was mostly 
affected in PromA (Fig. 5f ).

Altogether, the shRNAs showed a differential ability to 
protect the cells from HIV-1 reactivation depending on 
the stimuli. The data indicated that protective shRNAs 
inhibit HIV-1 reactivation at concentrations of LRAs 
considerably beyond those likely to be relevant in  vivo, 
and that dual expression of shPromA and sh143 generally 
provided broader protection across a variety of stimuli.

TGS‑inducing shRNAs recruit AGO1 and HDAC1, 
and maintain the epigenetic repressive mark H3K27me3 
at the HIV‑1 promoter during TNF‑induced reactivation
To investigate the epigenetic changes occurring at the 
HIV-1 promoter during the LRA challenges, we treated 
all J-Lat 9.2 cell lines for 48  h with 5  ng/mL of TNF; 
equivalent to the highest pathological TNF concen-
tration reported in human serum during sepsis [29]. 
We used this higher concentration to induce levels of 
GFP expression detectable via ChIP assays enabling the 
comparison of epigenetic marks between reactivation 
and latency. We performed ChIP assays on sorted live-
GFP+ or GFP− cells (Fig.  1a, lower right), and analysed 
changes in the expression of several markers of hetero-
chromatin associated with the 5′LTR using an ordinary 
two-way ANOVA to compare the normalized % Input 
to determine whether the shRNAs modified epigenetic 
profiles. We use the term “latent” when referring to the 
sorted GFP− population in which the provirus had not 
been reactivated, and “reactivated” when referring to the 
GFP+ population in which the provirus reactivated from 
latency following TNF treatment.

Significant interactions between the effects of the cell 
lines (shRNA-transduced or Parental) and the condition 
(latent or reactivated) were identified in the epigenetic 
profile of the HIV-1 LTR, for the relative presence of 
AGO1, HDAC1, H3K27me3, H3K9me2 and H3K9me3, 
but not H3K9Ac. Simple main effects analyses indicated 
significant differences within each of the factors, “in 
between” cell line and condition, for all these epigenetic 
related marks and proteins (Additional file 1: Table A1). 
These data indicate that some shRNAs modify the epige-
netic profile of HIV-1 during latency, during TNF reacti-
vation or during both. The specific interactions between 
cell lines and conditions were further identified (See 
Additional file 1: Table A2 for the Summary of P values) 
and are explained below.

We first evaluated the changes in the levels of repres-
sive and activating epigenetic marks. “In between” com-
parisons did not find significant differences in levels of 
H3K27me3 between any of the transduced cell lines 
and Parental, during latency (Fig.  6a, left). In contrast, 
PromA/143 demonstrated significantly higher levels of 
H3K27me3 during TNF driven HIV-1 reactivation when 
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compared to Parental (Fig. 6a, middle) (p < 0.0001) indica-
tive of an overdrive mechanism maintaining closed chro-
matin despite the reactivation stimulus. This provides an 
explanation of how reactivation is limited in these cir-
cumstances. In addition, H3K27me3 levels were consider-
ably higher in PromA/143 during reactivation compared 
to the levels in latency (p < 0.0001) (Fig. 6a, right). In con-
trast 143 did not show any difference in H3K27me3 levels 
during reactivation by TNF compared to the parental cell 
line (Fig. 6a, left and middle), but did show a significant 
increase of this mark when comparing between latency 
and TNF reactivation (p = 0.004)(Fig. 6a, right). The lev-
els of H3K27me3 in PromA were not different to Parental 
during both conditions (Fig. 6a, left and middle), nor post 
activation compared to latency (Fig. 6a, right).

Only 143_3M had significant lower levels of H3K9me2 
in comparison to Parental during HIV-1 latency 
(p = 0.04) (Fig. 6b, left) and showed a significant decrease 
during HIV-1 reactivation (p = 0.01) (Fig.  6b, middle). 
Intriguingly, H3K9me2 was not affected by TNF treat-
ment in any of the other cell lines, except in the 143, 
in which it showed an increase compared to Parental 
(p = 0.002) (Fig. 6b, right).

We found no differences in the levels of H3K9me3, 
across cell lines during HIV-1 latency when compared to 
Parental (Fig.  6c, left). However, upon TNF stimulation 
M2, PromA/143 and Control cell lines completely lost 
this epigenetic mark from the HIV-1 promoter (Fig.  6c, 
middle). In fact, the levels of this mark were so low for 
these cell lines that the calculated relative % Input fell 
below the background and hence the negative values 
indicate a profound depletion of the epigenetic mark. 
When comparing the levels of H3K9me3 between HIV-1 
latency and HIV-1 reactivation in each cell line, all the 
transduced cell lines appeared to show a decrease upon 
treatment with TNF, though this decrease was only sig-
nificant in M2, PromA/143 and Control (Fig. 6c, right).

Consistent with the more limited interaction of 
H3K9me3 between the two factors, cell lines and transcrip-
tional conditions, there were no significant differences in 
the levels of H3K9Ac in any of the conditions, or between 
latency to reactivation (Fig. 6d, Additional file 1: Table A2). 
This indicates that acetylation of this residue is not affected 
by the addition of the shRNAs during latency and that TNF 
treatment has the same effect on all the cell lines tested.

“In-between” multiple comparisons revealed signifi-
cantly lower levels of AGO1 at the HIV-1 LTR for the 
specificity controls M2 (p = 0.01) and 143_3M (p = 0.005) 
cell lines during HIV-1 latency, when compared to 
Parental (Fig.  7a, left panel). These differences were not 
observed for PromA, 143 or PromA/143 (Fig.  7a, left 
panel). In contrast during reactivation, PromA, 143 and 
PromA/143 showed significant higher levels of AGO1 at 

the HIV-1 promoter (all p < 0.0001), when compared to 
Parental (Fig. 7a, middle). “In-within” multiple compari-
sons determined that this increase in AGO1 during reac-
tivation was highly significant (p < 0.0001) compared to 
levels of AGO1 during latency (Fig. 7a, right).

For HDAC1, M2, 143_3M and Control, all showed sig-
nificant lower levels during latency (p < 0.0001, p = 0.001 
and p = 0.0006, respectively), conversely, PromA, 143 and 
PromA/143, did not (Fig. 7b, left). HDAC1 levels of Con-
trol and M2 showed a significant increase from latency 
to reactivation (Fig.  7b, right) but these levels were no 
different to those of Parental during TNF reactivation 
(Fig. 7b, middle); whereas 143 and PromA/143 showed a 
significant increase during reactivation (both, p < 0.0001) 
(Fig. 7b, middle), and the magnitude of this increase was 
significant when compared to the levels during HIV-1 
latency (Fig. 7b, right).

Together these data support specific recruitment of 
AGO1 and HDAC1, in addition to H3K27me3, to the 
HIV-1 LTR by shPromA, sh143 and shPromA/143 dur-
ing TNF reactivation conditions and is consistent with 
these constructs acting specifically at the HIV-1 LTR, 
to maintain epigenetic repression. The protective con-
structs appear to induce the relative maintenance of cer-
tain repressive epigenetic marks despite the presence of 
drivers of reactivation (Fig. 7c). These results explain how 
proviral transcription was impaired in the small percent-
age of protected cells in which the provirus reactivated.

Maintenance of H3K27me3 is induced by protective 
shRNAs during reactivation with TNF
The coexistence of H3K4me3 and H3K27me3 in pro-
moter regions is associated with poised or inducible 
genes (Reviewed in (30)). Their coexistence or bivalency 
in the HIV-1 promoter may be characteristic of inducible 
latent proviruses. The ordinary two-way ANOVA did not 
identify a significant interaction between the cell lines 
(shRNAs) and these epigenetic marks during latency 
(Additional file 1: Table A3.). Further, there were no dif-
ferences in the absolute % Input of H3K4me3 between 
the transduced cell lines and Parental (Fig.  8a, left and 
middle). Only 143_3M cell line showed slightly less 
H3K27me3 compared to Parental cell line (Fig. 8a, mid-
dle) (p = 0.02).

However, post hoc Holm Šídák multiple comparisons 
(Additional file  1: Table  A4) found significant higher 
levels of H3K27me3 compared to H3K4me3 within 
all the cell lines, during HIV-1 latency (PromA, M2, 
143 and A/143: p > 0.0001; Control p = 0.009) (Fig.  8a, 
right). These data are consistent with the latent state of 
the provirus in J-Lat 9.2 cells, suggesting H3K27me3 
is imposing a strong repressive signal while H3K4me3 
allows for transcriptional activation upon stimulation.
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Fig. 6  TGS-inducing shRNAs affect the epigenetic profile of the HIV-1 LTR during TNF reactivation. Parental and transduced J-Lat 9.2 cell lines 
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Mean ± SD (n = 4) from two independent ChIP assays and are presented as the % Input normalised to Parental (* = p values from 0.05 to 0.01, ** = p 
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Phosphorylation of RNA Pol II at Serine 2 of indicates 
the presence of an elongating polymerase a the Latent 
HIV‑1 promoter
RNA Pol II can be processive or non-processive depend-
ing on the phosphorylation state of, Serine 5 (pSer5) and 
2 (pSer2) within the Carboxyl-terminal domain (CTD). 

The phosphorylation status of these residues is differen-
tially associated with initiation and productive elongation 
of transcription [30, 31]. Statistical analyses identified an 
interaction between the cell lines and the phosphoryl-
ated species of RNA Pol II (p = 0.02) (Additional file  1: 
Table A3). The “in-within” cell line multiple comparisons 
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Fig. 7  Protective shRNAs recruit AGO1 and HDAC1 during HIV-1 reactivation with TNF. Parental and transduced J-Lat 9.2 cell lines were stimulated 
for 48 h with 5 ng/mL of TNF, and ChIP assays performed on sorted live GFP- and GFP + populations. Significance of immunoprecipitation levels 
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determined a significant higher % Input of RNA Pol II 
pSer2, compared to that of pSer5, during HIV-1 latency 
in PromA (p = 0.009), 143 (p < 0.0001), PromA/143 
(p < 0.0001) and M2 (p = 0.05) (Fig.  8b, right and Addi-
tional file 1: Table A4 top). M2 showed the lowest % Input 
for both marks (Fig. 8b, left and middle). Post-Hoc Holm 
Šídák “in-between” cell line comparisons (Additional 
file  1: Table  A4, bottom) determined the levels of RNA 
Pol II pSer2 were significantly higher in 143 (p = 0.03) and 
in PromA/143 (p = 0.009), compared to Parental (Fig. 8b, 
left). No significant differences were identified for RNA 
Pol II pSer5 (Fig. 8b, middle). These data suggest the TGS 
mechanism induced by shRNAs PromA, 143 and A/143 
possibly involves stalling of the elongating pSer2 RNA Pol 
II early after transcription initiation, interfering with effi-
cient transcription elongation during reactivation stimuli.

Discussion
Despite effective antiretroviral therapy, HIV-1 provirus 
persists in the latent reservoir. We have proposed stabiliz-
ing HIV-1 latency via a “block and lock” strategy, namely 

shRNA-induced TGS, as an alternative mechanism of 
controlling the reservoir. Using the J-Lat model of HIV-1 
latency, we stably transfected J-Lats with constructs 
expressing shRNAs to induce TGS or specificity con-
trols, challenged the induced epigenetic silencing with 
LRAs possessing different modes of action and assessed 
the resulting epigenetic profile. Here we have presented 
evidence that TGS-inducing shRNAs (PromA, 143 and 
PromA/143) provide robust resistance to reactivation 
by LRAs in J-Lat 9.2 cells and the impaired proviral gene 
expression was due to repressive epigenetic mechanisms.

Overall, the protective constructs impeded the reac-
tivation of HIV-1 provirus from a larger population of 
cells compared to the reactivation events observed in the 
unprotected cell lines (Fig.  2). Mostly important is that 
the proviral transcription from the small population of 
cells expressing the protective constructs was in all cases 
below the levels measured in the control cell lines (Fig. 3).

Generally, PromA and 143 cell lines appeared more 
susceptible to HIV-1 reactivation by agents that activated 
TFs whose binding sites are adjacent to their specific 
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targets in the HIV-1 promoter. Considering that PromA 
targets the NF-κB binding motifs, some interaction and 
susceptibility to TNF was expected. Similarly, as sh143 
does not target the NF-κB binding motifs, it is not sur-
prising that better protection was observed to TNF than 
that induced by shPromA, and when combined with 
shPromA, protection was enhanced. The effect of TNF 
on HIV-1 promoter during RNA-directed epigenetic 
silencing is modelled in Fig. 7c.

Interestingly, we observed the opposite during treat-
ment with SAHA, where the 143-transduced cell 
line showed less protection than PromA. This can be 
explained in part by the sh143 target site mapping to a 
cluster of TF binding motifs, specifically AP-1/COUP-TF 
and NFAT [7, 9], which can provide an anchor for HDAC 
recruitment [7]. The combination of SAHA/TNF was 
able to reactivate the provirus in a larger number of pro-
tected cells (GFP+ cells), consistent with the treatment 
affecting the target sites of PromA and 143 (Fig.  2d). 
However, proviral transcription remained impaired dem-
onstrating some level of protection (GFP MFI) (Fig. 3c).

Bryostatin-1 has been tested as an LRA for HIV-1 eradi-
cation [6, 25]. It activates not only PKC-α and –δ, through 
which it is thought to induce reactivation of latent HIV-1 
[32], but also induces PKC- ε [33], which promotes T cell 
survival [34, 35]. In J-Lat 9.2 cells Bryostatin-1 has induced 
less proviral reactivation than TNF alone [36]. Given that 
Bryostatin-1 and TNF act via different signaling pathways, 
we expected the combination of both to be a stronger 
challenge for our TGS-inducing constructs. Consistent 
with this, Bryostatin/TNF treatment reactivated compa-
rable number of proviruses in all the cell lines (Fig.  2e), 
although compared to TNF alone GFP expression was not 
as high (Fig.  3c). Thus, there seems to be complementa-
rity between these two activators and its combination is 
able to target more proviruses. Importantly, the protected 
cell lines showed reduced GFP expression compared to 
controls indicating the protective shRNAs were impair-
ing proviral transcription (Fig.  3c). Bryostatin inhibits 
CDK2 through dephosphorylation of threonine 160 [37], 
indirectly affecting transactivation and interfering with 
Tat function [38, 39]. Hence, while Bryostatin-1 poten-
tially induces reactivation of latent HIV-1 via activation of 
PKCs, it simultaneously impairs the HIV-1 transactivation 
loop by Tat, potentially explaining why the levels of GFP 
expression were below those of TNF alone.

Thus, PromA and 143 appear to maintain silencing 
despite reactivation stimuli, but may rely on subtly dif-
ferent epigenetic mechanisms. When both shRNAs are 
expressed in combination as in PromA/143, they either 
compensate each other or provide a more stable epige-
netic landscape resulting in a more effective lock down of 
the HIV-1 LTR (Fig. 9). 

Treatment with inhibitors of SUV39H1 and EZH2 
resulted minimal viral reactivation in the controls at the 
conditions tested (Fig.  2f,g). Chaetocin seemed to dis-
rupt PromA, 143 and Parental, although not A/143, but 
expression was barely detected indicating limited contri-
bution of H3K9me3 in the induced-TGS in this setting 
(Fig. 3e). DZNep resulted in even fewer GFP+ cells, but 
expression was evident in the controls consistent with 
partial involvement H3K27me3 in maintenance of provi-
ral latency in J-Lat 9.2 (Fig. 3f ). Both treatments, in par-
ticular Chaetocin, were toxic (Fig.  5e,f ), which may be 
related to the global effect of these ubiquitous methylases 
in the epigenome.

During LRA treatments, none of the specificity con-
trols were able to provide protection from HIV-1 reac-
tivation, confirming the highly sequence specific nature 
of shRNA-induced TGS. In stark contrast, the dual con-
struct (shPromA/sh143) broadened the protective effect 
of the single constructs, demonstrating robust protection 
from HIV-1 reactivation by modulators of multiple cel-
lular and epigenetic pathways. It was therefore important 
to examine the epigenetic profiles that occur at the HIV-1 
LTR during reactivation from transcriptional control, in 
the few cells in which it was disrupted. We chose TNF 
reactivation for these experiments as this is arguably the 
most powerful and physiologically relevant of activation 
stimuli tested. We treated the cell lines with 5  ng/mL 
of TNF because this concentration corresponds to the 
highest concentration reported in humans during acute 
sepsis [29], and is sufficiently high to increase the odds 
of detecting epigenetic changes by ChIP, during low-level 
proviral reactivation in protected cell lines based on the 
reactivation data.

The protection from TNF reactivation observed with 
PromA, 143 and PromA/143 was associated with the 
recruitment of AGO1 to the HIV-1 promoter. Although 
PromA had a trend towards higher levels of H3K27me3, 
H3K9me3 and HDAC1, these increases were not sig-
nificant compared to Parental (Fig.  2b), consistent with 
PromA being more susceptible to TNF reactivation than 
143 and PromA/143. However, given that PromA still 
impaired HIV-1 transcription (Fig.  3a), it also indicates 
that PromA may induce and maintain other epigenetic 
marks in addition to the previously reported increases in 
H3K9me2, HDAC1 [10], and H3K27me3 [9, 10].

In contrast, 143 and PromA/143 both showed a 
remarkable recruitment of AGO1 and HDAC1 during 
HIV-1 reactivation. PromA/143 had the highest retention 
of H3K27me3 with no variation in the levels of H3K9me2, 
whereas the inverse was true for 143 (Fig.  6a,b). There-
fore, shPromA and sh143 induced distinct epigenetic 
profiles and when expressed together, the resulting epi-
genetic profile is further modified. Complementary to 
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these data, M2 and 143_3M showed reduced levels of 
AGO1 and HDAC1 during latency compared to Paren-
tal, indicating the mismatch sequences may be disrupt-
ing latency. In fact, 143_3M also showed decreased levels 
of H3K9me2 during latency, and loss of HDAC1 recruit-
ment after TNF stimulation, as if inducing transcrip-
tional gene activation (TGA) rather than TGS. Further 
investigations may shed light on the molecular underpin-
ning of TGA by sh/siRNAs.

The observed increase in AGO1 could be the result of 
TGS reinforcement compensating for TGS disruption. 
That is, the levels of AGO1-shRNA complexes required 
to re-establish TGS during exposure to TNF are higher 
than those required for maintenance of TGS during cell 
homeostasis. The increased recruitment may be due to 
TNF also affecting transcription of other genes, includ-
ing the lentiviral vector and perhaps indirectly AGO1, 
since AGO1 interacts with RNA Pol II and binds to active 
promoters [40, 41]. In addition, novel transcriptional [42] 
and microRNA [43] targets were described for NF-κB in 
HeLa cells treated with TNF, pending to be fully char-
acterized. Interestingly, most genome-wide binding by 
NF-κB occurs via non-canonical κB sites [44]. Hence, the 
possibility exists for an indirect effect on AGO1 within 
this regulatory network.

Quite surprisingly, H3K9Ac levels did not change. This 
residue does not seem to be considerably involved in the 
reactivation of latent HIV-1 from J-Lat 9.2 cells (Fig. 6d), 
though it may function as an anchor for recruitment of 

other epigenetic marks that affect transcription activa-
tion or elongation. In such a scenario other residues, such 
as H3K27Ac, may become preferentially acetylated dur-
ing HIV-1 reactivation from latency. Indeed, the residues 
H3K4me3, H3K9Ac and H3K14Ac co-exist in promoters 
of paused genes that employ RNA Pol II and are stalled 
at initiation of transcription [45]. This pattern is found 
in developmental genes that require a signal to trigger 
transcription elongation. Further work is required to see 
if such patterns exist in the HIV-1 promoter in any of its 
states of latency.

Like H3K9Ac, the levels of H3K9me3 at the HIV-1 pro-
moter were not different across the cell lines while latent. 
Only PromA showed apparent retention of this mark 
upon TNF treatment, while complete loss of this mark 
was observed in other cell lines. Values of H3K9me3 near 
background levels were consistent with minor reactiva-
tion observed with Chaetocin (Fig. 2e). Thus, it appears 
this epigenetic mark does not explain the resistance to 
reactivation observed in protected cell lines.

As expected, we found H3K27me3 and H3K4me3 pre-
sent within the HIV-1 promoter, indicating bivalency, 
consistent with a latent, but inducible state of the provi-
rus in the J-Lat 9.2 cells. Importantly, different species of 
phosphorylated RNA Pol II are associated with coexist-
ence of these two epigenetics marks. For instance, paused 
RNA Pol II, phosphorylated at Ser5 (pSer5), is present in 
poised developmental genes that remain repressed as a 
result of PRC2 [46], and are enriched for H3K4me3 and 

Fig. 9  Model of HIV-1 promoter control through RNA-induced epigenetic silencing and the effect of TNF. The two nucleosomes, nuc-0 and nuc-1, 
are comprised of a histone 1 linker (gray) and four histone pairs (shown in green, orange, purple, and pink) that generate the histone octamer. 
Activator protein 1 (AP-1), COUP-TF, upstream stimulatory factor 1/2 (USF 1/2), nuclear factor of activated T cells (NFAT), glucocorticoid receptor (GR), 
transcription factor II-I (TF II-I), Yin Yang 1 (YY1), NF-κB, specificity protein 1 (SP1), late SV40 factor (LSF), specificity protein 3 (SP3)
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H3K27me3 [31]. The presence of pSer5 state of RNA Pol 
II is associated with genes susceptible to rapid reactiva-
tion. In contrast, phosphorylation at Serine 2 (pSer2) 
indicates an elongating polymerase. Therefore, we 
investigated the levels of different forms of phosphoryl-
ated RNA Pol II at the LTR region. We expected higher 
levels of pSer5 compared to pSer2 for PromA, 143 and 
PromA/143. However, this was not the case. Intriguingly, 
143 and PromA/143 showed significantly higher lev-
els of RNA Pol II pSer2 compared to Parental. Levels of 
pSer5 are known to decrease towards the 3′ end of active 
genes while those of pSer2 increase [30]. The higher ratio 
of pSer2 over pSer5 in all the cell lines suggests that the 
latent provirus in J-Lat 9.2 cells had already initiated tran-
scription before becoming epigenetically silent through 
endogenous mechanisms. Stalling of RNA Pol II has been 
described in highly transcribed genes indicating that 
transcriptional control can occur at any instance of the 
process. Therefore, our data implicates a more complex 
mechanism, in which the shRNAs may be interacting 
with the transcription machinery along with other chro-
matin related factors to induce inhibition of transcription 
during the elongation process. Indeed, RNA Pol III tran-
scribed sncRNAs have been shown to inhibit transcrip-
tion of RNA Pol II transcribed genes [47, 48]. Thus our 
shRNAs, which are transcribed by the RNA Pol III, could 
potentially be directing a similar mechanism, perhaps 
even acting at the 3′end of the antisense HIV-1 specific 
long non-coding RNA [49, 50]. Importantly, the detec-
tion of epigenetic marks in the LTR may correspond par-
tially or completely to the 3′LTR, as it is not possible to 
distinguish the 3′ from the 5′LTR in the ChIP assay, based 
on DNA fragment size and on the positioning of the 
nucleosomes in this region. It is therefore possible that 
the protective shRNAs are targeting one or both LTRs. 
Naturally, this means they can also target the 3′UTR of 
viral transcripts. However, we have previously reported 
limited contribution of PTGS via mRNA cleavage [9, 10], 
hence only translational repression on the 3′UTR of viral 
transcripts is possible during the time it takes for TGS to 
be established. PTGS is unlikely to be the main mecha-
nism as HIV-1 rapidly develops resistance and multiplex 
approaches combining siRNAs targeting viral and cellu-
lar sequences are essential to control viral replication via 
this RNAi pathway (Reviewed in [51]).

For the ChIP assays it was important that latent HIV-1 
provirus was present in most, preferably all, of the cell 
population, given that uninfected cells contribute to 
background noise. J-Lat 9.2 cells provided a practical way 
of measuring the epigenetics of virus reactivation and 
due to their clonal characteristic provided consistency 
in downstream laboratory techniques. Indeed, it would 
be interesting to investigate the epigenetic profiles of 

inducible latent HIV-1 proviruses directly from samples 
of suppressed HIV-1+ patients, however this is techni-
cally very challenging. We chose J-Lat 9.2 cells because 
HIV-1 latency arose spontaneously following infection of 
Jurkat cells with a full-length virus expressing GFP [16]. 
Hence, this model resembles one of the mechanisms by 
which latency may be naturally established in vivo, when 
latency is epigenetically induced in infected cells that are 
actively dividing rather than as a result of a transition to 
quiescence.

The data presented suggest that although the silencing 
action of two protective constructs is associated with epi-
genetic changes in the proviral promoter, these changes 
are qualitatively different indicating subtle variations in 
the exact underpinning mechanism of each si/shRNA. 
Given the broad and sustained resistance to HIV-1 reac-
tivation, and the epigenetic profile of PromA/143, this 
combination shows promise as a potential lead candi-
date to prevent HIV-1 reactivation. The natural epige-
netic profile of latent HIV-1 could be super-enforced by 
the action of TGS-inducing si/shRNAs and consequently 
become resistant to reactivation. In this way, the si/
shRNAs will not only reproduce a latency-like state in 
actively replicating HIV-1, but will also thwart reactiva-
tion from latency, making HIV-1 less sensitive to natu-
rally occurring reactivation stimuli.

Several studies have used CRISPR-Cas9 technology to 
target HIV-1 (Reviewed in [52]), including targeting cel-
lular receptors required for HIV-1 entry [53], excising the 
HIV-1 genome from infected cells [54], and reactivating 
[55] or eradicating latent HIV-1 [56]. While promising, 
this approach has limitations, such as efficient targeted 
delivery to the required cells, choice of vector (viral or 
non-viral origin), adverse effects arising from the choice 
of vector and immune reactions, most of which are 
shared amongst gene therapy strategies. Additionally, 
resistant variants have emerged as a result of the cellular 
non-homologous end joining repair pathway (NHEJ) and 
possibly viral transcription, indicating that continuous 
expression of a combination of highly conserved gRNAs 
and Cas9 will be necessary [57].

Additionally, studies have investigated the “block and 
lock” approach using didehydro-cortistatin A (dCA), a 
Tat-mediated HIV-1 inhibitor that also induces epige-
netic modifications [58].

However, this potential anti-HIV-1 therapy needs to 
develop a sustained response, as current data shows 
suppression for ~ 3  weeks post-treatment cessation. 
The “block and lock” cure strategy presented here has 
the advantages that HIV-1 is unlikely to develop escape 
mutations and si/shRNAs will be resistant to reactivation.
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Additional file 1. Statistical results of the ordinary two-way ANOVA analy-
ses for all epigenetic marks.
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