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The role of the negative elongation factor (NELF) in maintaining HIV latency was investigated following small hairpin RNA
(shRNA) knockdown of the NELF-E subunit, a condition that induced high levels of proviral transcription in latently infected
Jurkat T cells. Chromatin immunoprecipitation (ChIP) assays showed that latent proviruses accumulate RNA polymerase II
(RNAP II) on the 5= long terminal repeat (LTR) but not on the 3= LTR. NELF colocalizes with RNAP II, and its level increases fol-
lowing proviral induction. RNAP II pause sites on the HIV provirus were mapped to high resolution by ChIP with high-through-
put sequencing (ChIP-Seq). Like cellular promoters, RNAP II accumulates at around position �30, but HIV also shows addi-
tional pausing at �90, which is immediately downstream of a transactivation response (TAR) element and other distal sites on
the HIV LTR. Following NELF-E knockdown or tumor necrosis factor alpha (TNF-�) stimulation, promoter-proximal RNAP II
levels increase up to 3-fold, and there is a dramatic increase in RNAP II levels within the HIV genome. These data support a ki-
netic model for proviral transcription based on continuous replacement of paused RNAP II during both latency and productive
transcription. In contrast to most cellular genes, HIV is highly activated by the combined effects of NELF-E depletion and activa-
tion of initiation by TNF-�, suggesting that opportunities exist to selectively activate latent HIV proviruses.

HIV persists in the face of highly active antiretroviral therapy
(HAART) due to low-level replication in sites that are poorly

accessible to drugs and to the development of a latent reservoir in
primary memory CD4� T cells and certain myeloid cells (1, 2).
The need to develop novel therapeutic tools to attack the latently
infected cells and prevent a rebound of virus after termination of
antiviral treatment (3, 4) is a widely recognized goal (5), but a poor
understanding of the factors required for the establishment of
latency has slowed progress.

Transcription of HIV is regulated by opposing positive and
negative cellular elongation factors. In the absence of Tat, short
abortive transcripts are induced by the negative elongation factor
(NELF) and the 5,6-dichloro-1-beta-D-ribofuranosyl-benzimid-
azole (DRB) sensitivity-inducing factor (DSIF) (6, 7). The viral
transactivator protein, Tat, permits the efficient synthesis of full-
length HIV transcripts by recruiting the cellular transcriptional
elongation factor P-TEFb (positive transcriptional elongation fac-
tor b) (8) to RNA polymerase II (RNAP II) complexes that have
transcribed through the HIV transactivation response (TAR) ele-
ment, an RNA stem-loop structure found at the 5= end of all viral
transcripts. After binding to TAR RNA, the CDK9 subunit of P-
TEFb phosphorylates a variety of proteins including the C-termi-
nal domain (CTD) of RNAP II (9), Spt5, a subunit of DSIF that
enhances transcriptional elongation (10, 11), and the E (RD) sub-
unit of NELF (12). Tat also recruits the “superelongation com-
plex” containing the AFF4, ENL, AF9, and ELL2 elongation fac-
tors to the proviral promoter (13–15). Thus, Tat and P-TEFb are
able to stimulate HIV transcription both through the removal of
blocks to elongation and by the enhancement of RNAP II proces-
sivity. Because Tat functions as part of a positive regulatory cir-

cuit, conditions that restrict transcription initiation will, in turn,
cause a reduction in Tat levels to below threshold levels and there-
fore result in dramatically reduced HIV transcription and, even-
tually, entry into latency (16, 17).

Epigenetic silencing due to recruitment of histone deacetylases
(HDACs) and histone methyltransferases (18–21) and to DNA
methylation (22, 23) greatly restricts Tat levels during HIV la-
tency. HIV silencing can also arise because of transcriptional in-
terference (24, 25) or because of HIV proviral integration into
heterochromatic regions of the genome (26, 27).

Several features of the metabolism of resting CD4 cells addi-
tionally ensure that latent proviruses remain transcriptionally in-
active for long periods. First, resting cells sequester the initiation
factors NF-�B and nuclear factor of activated T cells (NFAT) in
the cytoplasm (28–30). Second, CycT1 is expressed at minimal
levels, preventing P-TEFb assembly (31–34). After induction of
resting T cells, P-TEFb levels are regulated by assembly of the 7SK
RNP complex containing the repressor protein HEXIM (34–38).
Despite these multiple restrictions, stimulation of memory T cells
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by cytokines or by T-cell receptor activation provides a powerful
signal leading to the resumption of HIV transcription, replication,
and spread.

Since previous studies using reporter gene systems demon-
strated that NELF enhances the accumulation of short, abortive
transcripts (12, 39–42), we decided to measure whether NELF
affects promoter-proximal pausing on the HIV long terminal re-
peat (LTR) during latency. Consistent with an earlier study by
Zhang and colleagues (42), small hairpin RNA (shRNA) knock-
downs have demonstrated that NELF is a critical factor used to
maintain proviral latency. Chromatin immunoprecipitation with
high-throughput sequencing (ChIP-Seq) reveals that the HIV
LTR shows a novel pattern of RNAP II promoter-proximal paus-
ing, implying a kinetic model for proviral transcription in which
there is continuous replacement of paused RNAP II during both
latency and productive transcription. In contrast to earlier mod-
els, NELF is not required to induce promoter-proximal RNAP II
pausing but instead appears to alter the rate of RNAP II escape.

MATERIALS AND METHODS
Western blotting. Western blot analyses were performed in accordance
with standard protocols using the following primary antibodies: NELF
subunit E (NELF-E), NELF-A, Spt5 (Santa Cruz Biotechnology), Cobra
(NELF-B) (Bethyl Laboratories), THP1 (NELF-C/D) (Acris Antibodies),
and tubulin (Santa Cruz). Horseradish peroxidase (HRP)-conjugated
secondary antibodies (Dako) were used along with ECL Western blotting
detection reagents (GE Healthcare) to detect proteins by chemilumines-
cence using an ImageQuant LAS 4000. Quantification of the protein
bands was accomplished using ImageQuant TL (GE Healthcare).

Flow cytometry. Cells were analyzed by flow cytometry using either an
LSRII or FACSCalibur flow cytometer (Becton, Dickinson), and data were
acquired using FacsDIVA and analyzed using the WinList3D or FloJo
program.

Construction of shRNA plasmids. Target sequences intended to sup-
press the NELF-A, -B, -C/D, and -E subunits, as well as corresponding
scrambled controls, were constructed and cloned into the pSuper vector,
which provides the RNAP III-transcribed H1 promoter for expression of
small hairpin RNA (shRNA) (43). The target sequences and H1 promoter
were then subcloned into the pLVTHM lentiviral vector (44), which was
modified to express the mCherry fluorescent protein, in place of green
fluorescent protein (GFP), to allow for detection of shRNA-expressing
cells.

Infection of Jurkat cells. Vesicular stomatitis virus G protein (VSV-G)
pseudotyped shRNA viruses were produced by transient cotransfection of
pLVTHM shRNA plasmids with the packaging plasmids pMD.G and
pCMV�R8.9I into 293T cells using Lipofectamine 2000 (Life Technolo-
gies) (45). mCherry/d2EGFP (where d2EGFP is a destabilized enhanced
GFP) expression was assessed by flow cytometry to confirm shRNA ex-
pression. Western blotting was performed to evaluate NELF expression.
The mixed populations were then sorted into 100% mCherry-positive
populations and subsequently sorted and grown into clonal populations.
Clones were subsequently assessed by flow cytometry and Western blot
analysis.

Activation and shutdown of Jurkat cells. Cells were activated with
either 10 ng/ml tumor necrosis factor alpha (TNF-�), 5 �g/ml plate-
bound anti-CD3, or 5 �g/ml plate-bound anti-CD3 and 1 �g/ml anti-
CD28 (BD Biosciences) for 18 h and analyzed for d2EGFP expression by
flow cytometry. To initiate shutdown, cells were washed with phosphate-
buffered saline (PBS) and resuspended and maintained in RPMI 1640
medium containing 10% fetal bovine serum, penicillin (100 IU/ml),
streptomycin (100 �g/ml), and 100 �g/ml Normocin (InvivoGen) at
37°C with 5% CO2. In subsequent days, cells were analyzed by fluores-
cence-activated cell sorting (FACS) to determine the percentage of
d2EGFP-positive cells.

ChIP assays. Jurkat cells were maintained in RPMI 1640 medium
containing 10% fetal bovine serum, penicillin (100 IU/ml), streptomycin
(100 �g/ml), and 100 �g/ml Normocin (InvivoGen) at 37°C with 5%
CO2. Cells were stimulated with 2 ng/ml to 10 ng/ml TNF-�.

Several closely related ChIP protocols were used during the course of
these experiments. The data shown in Fig. 4 and 5 use ChIP protocol 1.
After induction of the cells, protein was cross-linked to DNA by adding
0.5% formaldehyde (135 �l of 37% formaldehyde for 10 ml of RPMI
medium) for 10 min at room temperature with rotation. The cross-link-
ing reaction was stopped by addition of 125 mM glycine (final concentra-
tion) for 5 min, and the cells were chilled on ice; the remainder of the
protocol was performed at 4°C. The cells were washed twice with PBS and
resuspended at a concentration of 107 cells/ml in CE buffer (10 mM
HEPES-KOH [pH 7.9], 60 mM KCl, 1 mM EDTA, 0.5% NP-40 alterna-
tive, 1 mM dithiothreitol [DTT]) supplemented with protease inhibitor
cocktail [4-(2-aminoethyl)benzenesulfonyl fluoride (AEBSF), aprotinin,
bestatin, E-64, leupeptin, and pepstatin A (Pierce)] for 10 min. The dis-
rupted cells were vortexed for 30 s, and the nuclei were pelleted at 700 �
g for 10 min at 4°C. The nuclei were resuspended in SDS lysis buffer (1%
SDS, 10 mM EDTA, 50 mM Tris-HCl, pH 8.1) supplemented with pro-
tease inhibitor cocktail at a concentration of 5 � 107 cells/ml. Samples
could either be stored frozen at �80°C at this stage or processed immedi-
ately. Nuclei in 300-�l aliquots were sonicated for 10 pulses of 20 s each
(Misonix Sonicator 3000) to generate DNA fragments averaging between
200 and 500 bp, with a maximal length of 1,000 bp. Note that the DNA
fragment size recovered following the immunoprecipitation step ranged
between 100 and 200 bp as measured by linker-mediated PCR.

For chromatin immunoprecipitations, 100 �l of the sonicated sample
was diluted with 900 �l of ChIP dilution buffer (0.01% SDS, 1% Triton
X-100, 1.2 mM EDTA, 16.7 mM Tris-HCl, pH 8.1, 150 mM NaCl) sup-
plemented with protease inhibitor cocktail. Specific primary antibody or
control antiserum was added (typically at a 1/500 dilution), and the sam-
ples were incubated for a minimum of 2 h to a maximum of 16 h at 4°C,
with rotation. Following incubation with the primary antibody, com-
plexes were purified using protein A-Sepharose beads. Immediately prior
to use, the protein A-Sepharose beads were preincubated in 0.5 mg/ml
bovine serum albumin (BSA) and 0.125 mg/ml calf thymus DNA, washed
in PBS, and resuspended in ChIP dilution buffer. Fifty microliters of beads
was added to each sample and incubated with rotation for 2 h at 4°C. The
protein A-Sepharose beads were recovered by centrifugation (1,280 � g
for 4 min) and washed with 1 ml of each of the following wash buffers in
the following order: (i) once with low-salt immune complex wash buffer
(0.1% SDS, 1% Triton X-100, 2 mM EDTA, 20 mM Tris-HCl, pH 8.1, 150
mM NaCl); (ii) once with high-salt immune complex wash buffer (0.1%
SDS, 1% Triton X-100, 2 mM EDTA, 20 mM Tris-HCl, pH 8.1, 500 mM
NaCl); (iii) once with LiCl buffer (0.25 M LiCl, 1% NP-40 alternative, 1%
Na-deoxycholate, 1 mM EDTA, 10 mM Tris-HCl, pH 8.1); and (iv) twice
with TE buffer (10 mM Tris-HCl, pH 8.1, 0.1 mM EDTA).

The washed pellets were resuspended in 250 �l of freshly prepared
elution buffer (1% SDS, 0.1 M NaHCO3). After pellets were vortexed
briefly to mix them, they were incubated at room temperature for 1 h with
rotation. The agarose beads were recovered by centrifugation at 1,280 � g
for 4 min, and the supernatant fraction was transferred to another tube. A
second elution for 15 min was performed, 20 �l of 5 M NaCl was added to
the combined eluates (total volume, 500 �l), and the cross-links were
reversed by incubation at 65°C for 12 h. Ten microliters of 0.5 M EDTA,
10 �l of 2 M Tris-HCl (pH 6.5), and 2 �l of 10 mg/ml of proteinase K were
added to the combined eluates, and the samples were incubated for 2 h at
50°C. The DNA was recovered by phenol-chloroform extraction and eth-
anol precipitation using either glycogen or 20 �g of tRNA as a carrier. The
pellets were resuspended in 250 �l of water, and 5 �l was used for real-
time PCR.

For input control DNA, a separate 50-�l aliquot of the sonicated nu-
clei was diluted with 450 �l of SDS lysis buffer, and 20 �l of 5 M NaCl was
added. The cross-links were reversed at 65°C for 12 h.
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DNA levels in the immunoprecipitated and input DNA control
samples were quantified by real-time PCR as previously described (19, 21,
46, 47).

Antibodies used for immunoprecipitations were anti-RNAP II (sc-
899), anti-NELF-E (sc-32912), anti-NELF-A (sc-32911), anti-CDK9 (sc-
484), and anti-cyclin T1 (sc-10275) from Santa Cruz Biotechnology.

High-resolution MNase nucleosomal mapping. Nucleosome posi-
tions were monitored using a modification of the method of Petesch and
Lis (48). Cells were cross-linked according to ChIP protocol 1 described
above, washed twice in PBS, and then suspended in hypertonic buffer A
(300 mM sucrose, 3 mM MgCl2, 10 mM Tris, pH 7.4) to 2.5 � 106 cells/
ml. Cells were incubated on ice for 5 min, another 2 ml of buffer A plus
0.2% NP-40 was added, and cells were disrupted by vigorous pipetting.
The nuclei were collected by centrifugation at 4°C for 5 min at 720 � g and
resuspended in 1 ml of buffer A plus 10 mM CaCl2. The equivalent of
5.0 � 106 cells was used per individual micrococcal nuclease (MNase)
reaction. MNase (NEB) was added so that 0, 2, 5, 12.5, 50, or 200 total
units was used per 100 �l of reaction mixture and digested for 30 min at
37°C. Reactions were stopped with the addition of EGTA and NaCl to final
concentrations of 20 mM and 200 mM, respectively. After overnight in-
cubation at 65°C, each reaction mixture was treated with RNase A and
purified using a QiaQuick PCR kit (Qiagen). Eluted product was run on a
1% agarose gel to confirm MNase digestion. Samples that were treated
with 2 (undigested) and 50 (digested) units of MNase were then processed
similar to ChIP samples for real-time qPCR analysis.

ChIP assays using Ion Torrent sequencing. Jurkat T cells were stim-
ulated with 10 ng/ml of TNF-� for 0.5, 8, or 16 h. The samples used for the
experiments shown in Fig. 3 were processed using a streamlined and par-
tially automated protocol (ChIP protocol 2). Cells were harvested and
cross-linked with 1% formaldehyde for 15 min as described in ChIP pro-
tocol 1. Nuclei from 2 � 106 cells were collected and washed twice with
PBS, lysed, resuspended in 100 �l, SDS lysis buffer, and sonicated in a

Bioruptor ultrasonicator (Diagenode) for two 20-min runs using a cycle
of 30-s on and 30-s off. The sonicated lysates were diluted 10-fold with
low-SDS ChIP dilution buffer, and 100 �l-ChIP reaction mixtures were
assembled in 96-well plates using an EpMotion pipetting robot and 7 �l of
RNA polymerase II antibody (sc-899; Santa Cruz Biotechnology).

The antibody and ChIP reaction mixtures were mixed slowly for 5 min
at room temperature. The entire reaction mixture was pipetted into a
preblocked protein A- and G-coated 96-well plate (Pi-15138; Thermo
Scientific Pierce) using an EpMotion pipetting robot and incubated at
room temperature for 30 min with mixing at 500 rpm. After samples were
allowed to bind to the plates, residual buffer was removed, and samples
were washed with radioimmunoprecipitation assay (RIPA) buffer, fol-
lowed by two washes with TE buffer. Elution was performed using 0.1 M
NaHCO3–1% SDS buffer containing EDTA and proteinase K, and sam-
ples were incubated at 65°C with shaking at 800 rpm for 30 min. DNA was
purified using Axygen PCR cleanup magnetic beads (MAG-PCR-CL-50;
Corning) according to the manufacturer’s protocol.

Each experimental sample was amplified using eight multiplexed and
bar-coded primers in one PCR. The multiplex primer sets (Table 1) (see
Fig. 3 diagram) used in each amplification reaction had unique bar codes
associated with them to identify them during the sequencing analysis. A
total of 12 available bar codes permitted pooling of up to 12 multiplexed
reaction mixtures containing eight primers each for sequencing on a sin-
gle 314 sequencing chip.

The PCRs were monitored using real-time quantitative PCR (qPCR)
and stopped during the log phase of amplification, typically after 30 to 35
cycles of amplification. The multiplexed samples were pooled, column
purified, and gel size selected to remove any remaining primer. A total of
300 pg of the amplified PCR products was then sequenced using an Ion
Torrent PGM sequencer (Life Technologies) according to the manufac-
turer’s protocol.

The sequencing information was analyzed as follows. First, primer

TABLE 1 LTR-specific PCR primers

Target (cell line) and primer
namea Primer sequence

Genomic locationb

Size (bp)Chr 5= coordinate 3= coordinate

CD2AP gene (E4)
Fwd U3 LTR CTTTGGGAGTGAATTAGCCCTTCC
Rvs CD2AP GGGCAGACAACACACTGAGAC 6 47561609 47561628 189
Fwd CD2AP AATTGACAACAGACTCTCGTG 6 47561548 47561568 146
Rvs U5 LTR TGTGTGCCCGTCTGTTGTGTG

SNX4 gene (3C9)
Fwd SNX4 CACACGGGCAGACAACACACT 3 125198548 125198567 152
Rvs U3 LTR TCAGGGAAGTAGCCTTGTGTGT
Fwd U5 LTR TGTGTGCCCGTCTGTTGTGTG 171
Rvs SNX4 CCATGACAAAAGGGACTAGAAA 3 125198654 125198675

MSRB1 gene (2D10)
Fwd LTR TCAGGGAAGTAGCCTTGTGTGT 210
Rvs MSRB1 GGAAAGGCGGGAGCTGATGA 16 1991455 1991455
Fwd MSRB1 TGTGCATACTTCGAGCGGCT 16 1991346 1991365 169
Rvs LTR TGTGTGCCCGTCTGTTGTGTG

3= LTR specific
Nef Fwd ACAAGAGGAGGAAGAGGTGGGT 196
Nuc-0 Rvs GCCCTGGTGTGTAGTTCTGCCA

5= LTR specific
Fwd Nuc-1 CTGGGAGCTCTCTGGCTAACTA 198
Rvs Gag GCTCCTCTGGTTTCCCTTTCGC

a Fwd, forward; Rvs, reverse.
b Genome maps are provided in Fig S4 in the supplemental material. Note that we have corrected the location for the provirus in E4 cells which was previously erroneously mapped
(19, 21). Chr, chromosome.
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sequences were trimmed off. The remaining sequences were then decon-
voluted based on their bar code sequence and each bar-coded set was
mapped to a synthetic DNA sequence comprising the relevant proviral
and control DNA sequences. Data were analyzed using Genomics Work-
bench, version 6.0, software. Control genes used for quality control pur-
poses included glyceraldehyde-3-phosphate dehydrogenase (GAPDH),
TNF-�, I�B�, and EGR2 (46).

ChIP-Seq sample preparation. Preparation of DNA for the ChIP-Seq
experiments shown in Fig. 6 to 8 (ChIP protocol 3) followed a modified
version of the protocol of Schmidt et al. (49) and was essentially a
scaled-up version of ChIP protocol 1 using 25 � 106 cells for each sample.
The DNA was sheared by sonication using a Bioruptor Ultrasonicator
(Diagenode) for at least two 20-min runs using a 30-s on and 30-s off
cycle. Tubes were rotated between runs, and sonication was monitored in
real time by running aliquots of DNA on an agarose gel. Sonication was
stopped when fragments were sheared to approximately 200 bp, with a
maximum of 500 bp. The final DNA pellet was dissolved in TE buffer, and
sequencing libraries were made from the DNA using a TruSeq DNA sam-
ple preparation kit from Illumina. Libraries were sequenced on an Illu-
mina Genome Analyzer IIx. The final DNA size of the immunoprecipi-
tated samples ranged between 100 and 200 bp, as confirmed by agarose gel
electrophoresis.

Analysis of sequencing results and RNAP II distribution. Sequences
obtained from the Illumina sequencer were first subjected to quality con-
trol procedures, and the sequence bases were called and verified by Illu-
mina’s proprietary consensus assessment of sequence and variation
(CASAVA) software. The resulting sequence reads were filtered to remove
primer sequences, trimmed to a uniform read length of 36 bp, and out-
putted as a FASTQ file.

As shown in Table 2, four data sets were obtained in parallel from two
separate cell lines: control E4 cells superinfected by a lentiviral vector
expressing a scrambled shRNA (clone N1D9) and E4 cells superinfected
by a lentiviral vector expressing an shRNA targeting NELF-E (clone
N1C6). These cells were analyzed before and after NF-�B induction by
TNF-�, resulting in four separate experimental conditions. Each separate
sample run yielded between 30 million and 40 million 36-bp reads, and
two experimental replicates were combined to yield a total of 60 million to
80 million reads per sample. The combined reads in the FASTQ format
were then mapped/aligned to the hg19/GRCh37 build of the human ge-
nome and to the HIV-1 reporter vector sequence as shown in Fig. 6. The
results were output in a bowtie file format (50).

Model-based analysis for ChIP-Seq (MACS) algorithms (51) were
used to identify regions of RNAP II enrichment, and these regions
were extracted using Unix and Pearl scripts. RNAP II distribution plots
were generated based on the mapped reads.

Following the convention of Brannan et al. (52), we defined the escape
index (EI), which provides an estimate of the flux of polymerase II (Pol II)
from the promoter region into the body of the provirus, as the ratio of the

body density/promoter density, where the body density is the number of
reads per base in a range between bases �454 and �300 from the tran-
scription start site (TSS) and the promoter density is the Pol II density at
base �301 from the TSS and poly(A) site.

For the genome-wide analyses, gene coordinates as defined by En-
sembl and/or the University of California, Santa Cruz (UCSC), bioinfor-
matics group were cataloged into a file. Sequence reads in the bowtie files
were counted and separated into the coordinates as defined in the cata-
loged file. Reads were totaled within each gene boundary. Two experi-
mental conditions were compared in each analysis: polymerase distribu-
tion per gene region in the presence and absence of NELF and polymerase
distribution per gene region with and without TNF-� stimulation. Log10-
log10 plots were generated from this analysis.

Curve fitting. Origin Pro (version 9.5) was used to generate curve fits
for each of the data sets shown in Fig. 7 and in Fig. S9 and S10 in the
supplemental material. The mapped reads fitted to a series of overlapping
Gaussian distributions. The derivative of the original data set was used to
objectively identify the numbers and approximate positions of the peaks.
To perform the fits, the baseline, y0, was fixed, and sequential iterations
(until minimal 	2 values were obtained) were used to find optimal param-
eters for the peak center, xcn, amplitude, A, and peak width, w, for each
peak.

Nucleotide sequence accession number. The data discussed in this
publication have been deposited in NCBI’s Gene Expression Omnibus
(53) and are accessible through GEO series accession number GSE47481.

RESULTS
NELF restricts HIV transcription in latently infected cells. To
investigate the contribution made by NELF to the maintenance of
HIV latency, shRNA sequences targeting NELF subunits (and cor-
responding scrambled controls) were introduced into latently in-
fected Jurkat T-cell lines (E4 and 2D10) (21). The shRNAs were
carried by a lentiviral self-inactivating (SIN) vector modified to
express mCherry as a marker for infection (pLVTHM) (44). The
SIN vector deleted essentially the U3 region and prevented its
function as a promoter and therefore does not contribute to the
ChIP signals in the experiments described below. Both latent cell
lines carry single integrated proviruses with a d2EGFP reporter in
place of the Nef gene. The provirus in E4 cells carries the wild-type
HIVNL4-3 Tat sequence, whereas the provirus in 2D10 cells con-
tains the H13L variant which has a reduced affinity for CycT1 and
promotes entry into latency (21, 54, 55).

In the experiment shown in Fig. 1 mCherry-positive clones
were analyzed for HIV gene expression levels. Flow cytometry of
representative clones carrying shRNAs to the NELF-B (COBRA1),
NELF-C/D (TH-1L), and NELF-E (RD) subunits showed that
each shRNA can induce reactivation of the latent proviruses in
20% to 80% of the cells. However, there was wide variation in
proviral reactivation efficiency in multiple clones carrying the
same shRNAs (Fig. 1B), and statistically significant induction of
proviruses compared to the scrambled shRNA control was seen
only for the NELF-B and NELF-E knockdowns. Consistent with
our results, Zhang and colleagues (42) have previously shown that
a small interfering RNA (siRNA) to NELF-B can induce transcrip-
tion from the integrated provirus in the U1 cell line.

Western blot analyses (Fig. 1C) showed that NELF-E shRNA
induced the concomitant degradation of each of the NELF sub-
units, consistent with the observation of Narita et al. (56) that
NELF-E is required for stable assembly of the NELF complex. The
NELF-B, NELF-C/D, and NELF-A shRNAs were less potent and
led to only partial knockdown of the targeted subunits and were
therefore not analyzed further (see Fig. S1 in the supplemental

TABLE 2 ChIP-Seq data sets

ChIP sample (cell type and
infection condition)a Clone

Alignment to genome reference
sequence hg19b

Total no.
of reads

No. of
mapped reads % mapped

E4 � shNELF N1C6 73,960,658 54,109,686 73.16
E4 � shNELF � TNF-� N1C6 74,824,356 55,239,884 73.83
E4 � Scr shRNA N1D9 67,786,174 45,009,143 66.40
E4 � Scr shRNA � TNF-� N1D9 77,884,760 56,105,949 72.04
a E4 cells were infected with a lentiviral vector expressing either a scrambled (Scr)
shRNA (controls) or an shRNA targeting NELF (shNELF) and were either untreated or
treated with TNF-� for 60 min.
b Data were deposited in the GEO database under accession number GSE47481. hg19,
human genome build 19.
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material). It seems likely that these potency differences were due
to differences in their knockdown efficiencies rather than to bio-
logical differences between the NELF subunits.

Silencing of NELF-E affects the rate and extent of reversion to
latency. In cells that carry inducible proviruses, activation signals
need to be continuously present in order to maintain high levels of
HIV transcription (21, 46, 57, 58). To measure the contribution of
NELF to the establishment of HIV latency, the rate at which the
activated cells carrying NELF-E shRNA reenter latency was com-
pared to control cells carrying scrambled shRNA or the parental
2D10 cell line (21). As shown in Fig. 2A an NELF-E shRNA clone
(N2G10) was constitutively reactivated, whereas the scrambled
control cells (N2F2) remained latent. Western blotting (Fig. 2B)
confirmed the knockdown of NELF-E and other NELF subunits in
the N2G10 cells.

Cells were activated overnight with either TNF-�, anti-CD3
antibody, or anti-CD3 plus anti-CD28 antibody. After removal of
the stimuli, HIV gene expression showed a biphasic decay pattern
(Fig. 2C). The scrambled control N2F2 and 2D10 cells showed a
half-life (t1/2) between 1.5 and 1.9 days and became fully silenced
within 5 to 6 days. Depletion of NELF dramatically slowed the
silencing of the activated proviruses, with the t1/2 varying between
4.0 and 6.9 days for the different activation conditions.

None of the NELF-E depleted clones ever became completely
silenced but instead reverted to the starting condition of the pop-
ulation, with between 20 and 50% spontaneously activated cells.
In clonal populations of latently infected cells, a small fraction of
the cells became spontaneously activated due to stochastic events
such as fluctuations in the cellular levels of NF-�B, Tat, and other
transcription factors (17, 21, 59, 60). The NELF-depleted cell pop-
ulations have a characteristically elevated background because of
their reduced level of suppression.

RNAP II accumulates at the 5= LTR of latent proviruses. We
next used ChIP assays to measure the distribution of RNAP II along
the proviral genome (46, 57). The presence of duplicated LTRs is
often ignored, but it creates a challenge for any ChIP experiment
performed on HIV proviruses (46, 57, 58, 61) since there is no a priori
way to assign sequence reads to individual LTRs.

To distinguish between the two LTRs, we developed primer
sets that carried one primer in unique 5= or 3= chromosomal flank-
ing sequences and a second primer within the LTR (Fig. 3A). Pro-
viral integration sites were sequenced following the ligation-me-
diated PCR method of Wu et al. (62). The genome positions for
the integration sites are given in Table 1 and shown diagrammat-
ically in Fig. S2 in the supplemental material. We also developed
primer sets that carried one primer in unique viral sequences of
Gag or Nef that are adjacent to the 5= or 3= LTR and a second
primer within the LTR (Fig. 3A and Table 1).

The data shown in Fig. 3 was obtained using an improved ChIP
method using Ion Torrent sequencing to quantitate the PCR-am-
plified DNA fragments (see Fig. S3 and S4 in the supplemental
material). The results correlate well with qPCR measurements.
However, there are numerous advantages to the sequencing
method, including greater sensitivity, reduced background since
only correctly amplified products are scored, and an ability to
extensively multiplex samples, increasing throughput.

Three latently infected cell clones which have unique proviral
insertion sites (E4, 2D10, and 3CG) were examined using LTR-
specific primers (Fig. 3B). Essentially all of the RNAP II is associ-
ated with the 5= LTR during latency or after a 30-min induction by
TNF-�. However, after a 16-h induction by TNF-�, there is sig-
nificant accumulation of RNAP II at the downstream LTR, con-
sistent with our previous observation that there is a 4-h lag prior to
the induction of Tat from latent proviruses (46). The complemen-

FIG 1 Silencing of the NELF subunits activates latent proviral transcription. (A) Flow cytometry. Clones of E4 cells superinfected with lentiviral vectors
expressing shRNA targeting individual NELF subunits (A, B, C/D, and E) were analyzed by two-color flow cytometry. mCherry, shRNA marker; d2EGFP, HIV
expression marker. (B) HIV reactivation in clones infected with lentiviral vectors expressing shRNAs targeting NELF subunits. (C) Western blot analysis of NELF
subunit expression in the N1C6 clone expressing shRNA to NELF-E. Scr, scrambled shRNA.
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tary analysis using the chromosome-specific primers (Fig. 3C) on
the same samples also showed that significant levels of RNAP II
accumulation on the 3= LTR are seen only after 16 h of induction.
A similar set of experiments is shown in Fig. 3D and E using E4
cells induced for 0.5 h or 8 h with TNF-�. High levels of RNAP II
are seen on the 3= LTR only after 8 h of induction. Similarly, when
the nonspecific primers to the nucleosomes Nuc-1 and Nuc-0 are
used, enhanced RNAP II levels at Nuc-0 are seen only after 8 h of
stimulation, which can be attributed to accumulation of RNAP II
on the 3= LTR due to transcription initiating on the 5= LTR.

Primer sets with similar amplification efficiencies were selected
and optimized for this analysis, and the data are presented as
mapped reads. As shown in Fig. S5 and S6 in the supplemental
material, it is possible to convert the sequencing reads into percent
input DNA concentrations, as typically done for ChIP experi-
ments using qPCR, or to mathematically correct for the minor
differences in primer efficiency. Thus, as long as early time points
are evaluated, one can confidently assign RNAP II signals to the 5=
LTR. Our conclusion that RNAP II accumulates almost exclu-
sively at the 5= LTR in latently infected cells is consistent with the
findings of Gallastegui et al. (63), who showed that there are high
levels of RNA transcripts initiating from the 5= LTR in latently
infected cell lines.

Silencing of NELF-E specifically enhances the elongation ca-
pacity of RNAP II along the HIV proviral genome. In the exper-
iments shown in Fig. 4, the effect of NELF-E knockdown on the
distribution of RNAP II was analyzed using clones derived from
2D10 cells. The unstimulated cells do not express Tat and are

restricted for initiation because nuclear NF-�B levels are ex-
tremely low (21, 46, 58). Nonetheless, RNAP II accumulates
downstream of the promoter (Fig. 4A). Depletion of NELF-E re-
sults in a 4-fold increase in the amount of RNAP II near the pro-
moter. The majority of these transcription complexes accumulate
around the TAR element and immediately downstream of the
TAR region (�50 to � 300).

Stimulation of the cells with TNF-� for 60 min resulted in the
influx of NF-�B into the nucleus and led to a 2-fold increase in
RNAP II in the promoter-proximal region of the HIV LTR (Fig.
4B). Under these conditions, HIV elongation remains restricted
by low levels of Tat (21, 46, 58), and relatively little RNAP II is
found in the distal regions of the provirus. The NELF-E-depleted
cells showed a similar 2- to 4-fold increase in RNAP II in the
promoter-proximal region of HIV provirus compared to the lev-
els in unstimulated cells, and significantly higher levels of RNAP II
accumulated downstream.

After stimulation of the cells with TNF-� for 10 h (Fig. 4C),
newly synthesized Tat (21, 46, 58) induced high levels of RNAP II
downstream of the HIV promoter. Once again, depletion of
NELF-E resulted in a 4-fold increase in the amount of RNAP II in
the TAR region and a 2-fold increase in the amount of RNAP II
in the downstream regions. After activation by TNF-�, there
was also a strong increase in the amounts of RNAP II associated
with the promoter, suggesting that when there is a higher turn-
over of polymerase at the promoter-proximal pause sites, there
is also increased occupancy of the promoter by preinitiation
complexes.

FIG 2 Knockdown of NELF-E by shRNA inhibits resilencing of HIV proviruses. (A) Flow cytometry using 2D10 cell-derived clones expressing NELF-E shRNA
(N2G10) and a scrambled control (N2F2). mCherry expression was used as an shRNA marker, and d2EGFP expression was used as a marker of HIV transcription.
Max, maximum. (B) Western blot analysis of NELF subunit expression in cells transfected with shRNA to NELF-E (N2G10) or a scrambled RNA control (N2F2).
(C) Silencing of activated cells. 2D10 cells and clones carrying NELF-E shRNA (N2G10) and its scrambled control (N2F2) were stimulated overnight with 10
ng/ml TNF-�, 5 �g/ml anti-CD3, or 5 �g/ml anti-CD3 and 1 �g/ml anti-CD28. d2EGFP expression was monitored by flow cytometry between 0 and 10 days after
removal of the activators. The percentage of d2EGFP-expressing cells immediately after activation was normalized. �, anti.
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NELF is recruited to the HIV LTR in latently infected and
induced cells. High-density chromatin immunoprecipitation as-
says (ChIP) and micrococcal nuclease (MNase) protection assays
were used to characterize changes in key transcription factors and
chromatin structure before and after HIV induction by TNF-� in
E4 cells. The assays were performed using a series of 18 primer
pairs spanning the �395 to �770 region of the provirus that am-
plified fragments of approximately 100 bp.

HIV proviruses have a well-defined nucleosomal structure
near the start site of transcription (64) (Fig. 5A). The latent E4 cells
showed a high degree of nucleosome structure at the expected sites

as measured by MNase protection assays (Fig. 5B). After induc-
tion by TNF-� for 30 min, there was a significant rearrangement
of the nucleosomal structure and a loss of protection from both
the Nuc-1 and Nuc-0 regions. These results are consistent with
nucleosomal mapping studies by Rafati et al. (65) and illustrate
that stable, presumably heterochromatic, structures are formed
on latent proviral genomes.

As shown in Fig. 5C, the latent proviruses carried low levels of
RNAP II in the region of the transcription start site (TSS) and
downstream of the promoter between �0 and �400. Induction of
the cells for 30 min by TNF-� led to the recruitment of RNAP II to

FIG 3 RNAP II accumulates on the 5= LTR but not on the 3= LTR in latently infected cells. (A) Location of primers used for ChIP assays (Table 1 gives primer
sequences). (B) ChIP analysis of RNAP II levels on the 5= and 3= proviral LTR using LTR-specific primers. Analysis was performed on E4, 2D10, and 3C9 cells
induced for 0, 0.5, or 16 h with 2 ng/ml TNF-�. (C) Analysis of the same samples as used for the experiment shown in panel B using genomic primers on the 5=
and 3= LTR. (D) RNAP II levels on the 5= and 3= LTR of E4 cells induced for 0, 0.5, or 8 h using LTR-specific primers. (E) Analysis of the same samples as described
for panel D using nonspecific primers for the Nuc-0 and Nuc-1 regions of the LTR. Readout for this assay was from Ion Torrent sequencing of PCR products.
Error bars represent the standard deviations of triplicate ChIP assays (21, 46). Fwd: forward genomic primer; Rvs, reverse genomic primer.
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the promoter and promoter-proximal region. At these early times
Tat levels remain restricted in the latently infected cells (21, 46,
58). After 4 h of exposure to TNF-�, newly synthesized Tat stim-
ulates transcriptional elongation (46), and enhanced levels of
RNAP II can be found in both the promoter-proximal region and
throughout the proviral genome.

In parallel, we measured the distribution of the P-TEFb sub-
units, CycT1 (Fig. 5D) and CDK9 (Fig. 5E). There was no signif-
icant recruitment of P-TEFb to the latent provirus until Tat was
induced at 4 h. Both the CycT1 and CDK9 distributions are coin-
cident and indicate association with RNAP II downstream of the
TAR element between �200 and �400. A smaller peak of the
P-TEFb subunits is also seen in the TAR region between �50
and �150.

In the latently infected cells, both the NELF-E (Fig. 5F) and

NELF-A (Fig. 5G) subunits were found associated with RNAP
II in the promoter-proximal region and near the TSS. Following
induction by TNF-�, both NELF subunits accumulated in parallel
with RNAP II at the TSS and in the promoter-proximal region.

NELF-E restricts HIV transcription at a variety of pause sites.
ChIP-Seq experiments were performed to map the distribution of
RNAP II throughout the HIV proviral genome at the highest pos-
sible resolution. In the analyses shown in Fig. 6, we compared
RNAP II distributions on the HIV provirus from control E4

FIG 4 Distribution of RNAP II on the HIV genome following knockdown of
NELF-E. ChIP analyses were performed using NELF-E shRNA (clone N2G10)
and its scrambled control (clone N2F2) in unstimulated cells (minus TNF-�)
(A), cells stimulated with 2 ng/ml TNF-� for 1 h (B), and cells stimulated with
2 ng/ml TNF-� for 10 h (C). Error bars represent the standard deviations of
triplicate real-time PCR determinations for each primer set.

FIG 5 Distribution of RNAP II and associated transcription factors on the
HIV genome following TNF-� activation. ChIP assays were used to measure
the density of RNA polymerase along the proviral genome from the core pro-
moter region in the LTR (shaded in blue) to 600 nt downstream of the tran-
scription start site. (A) Schematic map of the HIV LTR showing nucleosomes
and transcription factor binding sites. (B) Micrococcal nuclease protection
assay. (C to G) ChIP analyses were performed using antibodies against the
indicated proteins: RNAP II, CycT1, CDK9, NELF-E, and NELF-A. Error bars
represent standard deviations of triplicate real-time PCR determinations for
each primer set.
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cells and the corresponding NELF-E knockdown cells (clone
N1C6) in the presence and absence of TNF-� induction for 60
min. As shown in Table 2, between 45 million and 56 million
reads per sample were aligned to the proviral sequence and
human genome.

It is striking that, even in the latently infected cells, high levels
of RNAP II were found in the promoter-proximal region (Fig.
6A). Approximately 2-fold more RNAP II accumulated in the
promoter-proximal region following TNF-� activation of the
HIV LTR (Fig. 6B), and there was a concomitant increase in RNAP
II throughout the body of the provirus. Knockdown of NELF-E
also increased the RNAP II levels near the promoter and along the
entire HIV genome (Fig. 6C). TNF-� activation of the NELF-E
shRNA-treated cells led to maximal RNAP II levels in the body of
the provirus but did not increase the RNAP II levels near the
promoter, presumably because these were already at maximal lev-
els following TNF-� induction (Fig. 6D).

The increase of RNAP II throughout the proviral genome
following NELF-E knockdown, while considerably smaller

than that achieved after TNF-� induction, is indicative of on-
going active transcription and is likely to account for the frac-
tion of activated cells detected by the flow cytometry methods
described earlier. However, it is difficult to make comparisons
between the results of the two assays since reporter assays mea-
sure the fraction of cells that are activated, whereas the ChIP
assay measures the steady state of RNAP II on the gene. If there
is high turnover of RNAP II on the gene, even low levels of
RNAP II detected by ChIP assays can give rise to high levels of
gene expression.

The impact of induction by TNF-� or knockdown of NELF on
the flux of Pol II from the promoter region into the body of a gene
can be estimated using the escape index (EI) defined by Brannan et
al. (52), which is the ratio of RNAP II in the body of the provirus
(�301 to �5248) to the RNAP II at the 5= LTR (�454 to � 300).
In the latently infected cells the EI of 0.427 shows more than 2-fold
accumulation of RNAP II at the promoter relative to the gene
body. After NELF knockdown the EI increased to 1.002, consistent
with dramatically enhanced RNAP II escape. TNF-� induction

FIG 6 Knockdown of NELF-E expression selectively enhances elongation from the HIV LTR. The distribution of RNA polymerase on HIV was measured by
ChIP-Seq assays performed using the parental line E4 and clones carrying the NELF-E shRNA (N1C6) and its scrambled control (N1D9) in unstimulated control
(N1D9) cells (A), control cells stimulated by 10 ng/ml TNF-� for 60 min (B), unstimulated cells expressing NELF-E shRNA (N1C6) (C), and cells expressing
NELF-E shRNA and activated by 10 ng/ml TNF-� for 60 min (D). Note that the downstream distribution of RNAP II uniformly increases when NELF-E is
knocked down, but there is only minimal impact of NELF-E depletion on promoter-proximal pausing.
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resulted in an increase of the EI to 1.872, which was further in-
creased to an EI of 2.976 after NELF knockdown.

Figure 6A and C also illustrate that in latently infected cells,
there was significant accumulation of RNAP II in the region
around �2275, which corresponds to the Rev-response element
(RRE), the largest RNA secondary structure element in the HIV
genome (66). RNAP II accumulation in this region increased 2- to
3-fold following NELF-E knockdown (Fig. 6C).

In contrast to the HIV provirus, mapping of reads to the
unique regions of the pLVTHM vector for delivery of shRNA
showed relatively constant levels of RNAP II accumulation under
all four experimental conditions (see Fig. S8 in the supplemental
material).

Data from the cellular genes collected in this experiment pro-
vided an important additional measure of the consistency of the
four data sets (see Fig. S9 to S13 in the supplemental material).
The selected genes represent examples of constitutively expressed,
highly NELF-restricted or highly TNF-�-responsive genes. HIV is
unusual in being both NELF-restricted and TNF-� responsive
(see below).

Promoter-proximal pausing. The high number of reads map-
ping to the HIV LTR obtained in ChIP data sets allowed us to
make a detailed map of the promoter-proximal pause sites on the
HIV LTR. Since the reads from the majority of cellular promoters
are typically 10% or less than the HIV reads (see Fig. 8), it is often
difficult to make direct comparisons. We therefore used an aver-
aged set of TNF-�-responsive genes for comparison to the HIV
provirus (Fig. 7A and B). We also had sufficient reads to produce
detailed maps using the TNF-�-responsive JUN gene and the
NELF-restricted SNGH3 gene (see Fig. S14 and S15 in the supple-
mental material).

In the latently infected E4 cells, RNAP II accumulated in a
broad distribution, with several obvious shoulders at a series of
sites immediately downstream of the transcription start site (Fig.
7C and D). We used curve fitting to accurately define the location
of the potential pause sites. The latent proviruses showed five ma-
jor sites of accumulation centered near the transcription start site
(nucleotide [nt] �11), an early pause site (nt �50), and a late
pause site (nt �119) downstream of the TAR element and two
minor pause sites at nt �227 and nt �318, which match those seen
in the cellular genes and are consistent with RNAP II pausing at
the borders of nucleosomes.

Following induction of transcription by TNF-� there was a

2-fold increase in the levels of RNAP II associated with the HIV
LTR (Fig. 7D). TNF-� induction did not significantly shift the
location of any of the downstream RNAP II accumulation sites.
However, the proportion of RNAP II accumulating near the tran-
scription start site (nt �11) increased relative to that of the latent
provirus, suggesting that there was enhanced initiation. It is nota-
ble that TNF-� induced a peak at �100, which corresponds pre-
cisely to the negative-strand transcription site seen on the cellular
genes and is a feature not previously documented for the HIV
promoter. The amount of negative-strand transcription from the
HIV LTR is 3-fold to 10-fold lower than that of the cellular genes,
suggesting that the HIV LTR is unusually polarized toward posi-
tive-strand transcription.

Knockdown of NELF-E by shRNA (Fig. 7E) also induced
RNAP II accumulation near the promoter, but in contrast to
TNF-�, there was enhanced accumulation at the first promoter-
proximal pause site and a shift of the peak downstream from �50

to �70. There is no significant shift in the other promoter-prox-
imal pause sites. Combining TNF-� induction and NELF-E
knockdown (Fig. 7F) resulted in a combined pattern, with TNF-�
inducing enhanced RNAP II at the �100 and �11 sites and NELF
knockdown inducing a shift of the early promoter-proximal pause
site from �50 to �70.

As shown in Fig. 7A and B, the major peaks from the averaged
cellular promoters were at a promoter-proximal pause site (nt
�57) and a downstream arrest site at nt �200. There was also
evidence for negative-strand transcription, with peaks at nt �100.
This pattern of promoter-proximal pausing is consistent with pre-
vious reports of paused RNAP II in the range of nt �40 to �60
obtained from ChIP-Seq and global run-on sequencing (GRO-
Seq) experiments (52, 67–73).

The JUN and SNGH3 genes (see Fig. S14 and S15 in the sup-
plemental material) showed slightly different positions for pro-
moter-proximal paused RNAP II; however, in contrast to the HIV
LTR, the cellular promoters did not show significant shifts in the
position of the RNAP II following TNF-� induction or NELF-
depletion and had relatively greater RNAP II accumulation at the
first promoter-proximal site and much higher levels of RNAP II in
the upstream negative-strand region. Thus, the accumulation of
RNAP II at the TSS and the additional pausing after TAR RNA are
features of HIV transcription that are not commonly observed on
cellular promoters.

HIV is more highly responsive to TNF-� and NELF-E deple-
tion than the majority of cellular genes. To evaluate the relative
response of HIV compared to that of cellular genes, the total num-
ber of normalized reads per gene were compared (Fig. 8). Figure
8A shows the pairwise comparison of the NELF-E knockdown
response without TNF-� stimulation (scrambled control versus
cells expressing shNELF-E). Among the 20,000 genes surveyed,
the HIV provirus ranked 90th for activation by NELF-E knock-
down in the absence of TNF-�. The genes that exhibited the high-
est upregulation following TNF-� induction were known NF-�B-
responsive genes. The HIV provirus ranked 4th in the RNAP II
occupancy ratio for TNF-�-activated genes in the presence of
NELF (Fig. 8B). Similarly, RNA Pol II occupancy along the HIV
provirus ranked 792nd for NELF-E knockdown in the presence of
TNF-� (Fig. 8C) and a remarkable 4th for TNF-�-activated genes
in the absence of NELF-E (Fig. 8D).

Thus, the HIV LTR is a rare promoter that is disproportion-
ately sensitive to both TNF-� induction and NELF restriction.
Transcription activation due to the removal of NELF by P-TEFb
and TNF-� stimulation can therefore be anticipated to work syn-
ergistically to increase transcription rates and allow for viral emer-
gence from latency under conditions where most cellular genes are
relatively unaffected.

DISCUSSION
NELF is required to maintain HIV proviral latency. Previous
studies have shown that latent HIV proviruses produce only min-
imal levels of mRNA due to a combination of chromatin restric-
tions (21, 64, 74), the absence of NF-�B (58, 75), restricted levels
of Tat (76), and a failure to recruit TFIIH (57). Nonetheless, early
elongation complexes can be detected paused near the promoter
of latent proviruses by ChIP assays (19, 21, 46, 47, 58, 61, 76) and
DNA footprinting (42). Furthermore, latently infected cells accu-
mulate short abortive transcripts due to the premature dissocia-
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tion of transcription complexes from the proviral template
(39, 77).

In this paper we have shown that a major silencing mecha-
nism used to preserve HIV latency, despite the accumulation of

early elongation complexes, is the recruitment of the negative
elongation factor NELF. NELF contains four subunits: NELF-A
(WHSC2), NELF-B (COBRA1), NELF-C or its alternatively
spliced homologue NELF-D (TH-1), and NELF-E (RD) (34, 62,

FIG 7 Promoter-proximal pause sites on the HIV LTR. (A) The average RNAP II distribution relative to the transcription start site for the 500 genes that are most
highly activated by TNF-� in unstimulated control (N1D9) cells (A) and control cells stimulated by TNF-� (B). (C to F) RNAP II accumulation in HIV promoter
region in unstimulated control (N1D9) cells (C), control (N1D9) cells stimulated by TNF-� (D), unstimulated cells expressing NELF-E shRNA (N1C6) (E), and
cells expressing NELF-E shRNA and stimulated by TNF-� (F). Black vertical lines indicate the sites of RNAP II accumulation on averaged cellular genes. Blue
vertical lines indicate additional sites of RNAP II accumulation on the HIV LTR. The major peaks were fitted to a series of Gaussian curves (white lines) and
summed (yellow lines).
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78). Knockdown of NELF-E resulted in efficient depletion of each
of the other NELF subunits in the NELF complex and strongly
activated latent proviruses, without any additional extracellular
stimulation (Fig. 1). Less efficient knockdown and activation pro-
files were obtained using shRNAs to NELF-B and NELF-C/D. Our
results are consistent with an earlier report from the Zhang et al.
showing that knockdown of NELF-B is able to induce transcrip-
tion from an integrated HIV provirus (42).

Latent HIV proviruses accumulate RNAP II at the 5= LTR.
ChIP assays performed using primers that distinguish between
the 5= and 3= viral LTRs demonstrated that latent proviruses
exclusively accumulate RNAP II at the 5= LTR immediately
downstream of the transcription start site. This seems to be a
universal feature of the latent proviruses since similar results
were obtained using three independent clones with proviruses
in unique chromosomal sites and different orientations with
respect to cellular promoters.

The presence of RNAP II at the 5= LTR is inconsistent with
models for HIV latency that postulate that RNAP II initiating at
the host promoter disrupts the formation of initiation complexes
and transcription factors on the 5= LTR of the provirus, causing
transcriptional interference (25). However, it is consistent with
models for latency, suggesting that heterochromatic structures on
the LTR help limit efficient RNAP II escape and productive tran-
scription during latency (19, 21, 63). The mechanisms leading to
inactivation of the 3= LTR are unknown, but we postulate that this
is associated with the formation of a gene loop structure between
the 5= LTR promoter and 3= LTR poly(A) signal (79).

NELF is present on both latent and actively transcribing HIV
proviruses. Detailed maps of the distribution of RNAP II,

P-TEFb, and NELF on the HIV provirus before and after proviral
induction by TNF-� show that RNAP II transcription complexes
accumulate near the TSS of latent HIV proviruses and at multiple
sites further downstream, reaching as far as �400. NELF is present
in the promoter-proximal region of the latent proviruses as well as
on induced proviruses following a distribution pattern that
closely matches that of the RNAP II (Fig. 3). Our data extend the
results of Zhang et al. (42) who demonstrated that the NELF-B
subunit is recruited to the HIV provirus in latently infected U1
cells. Using ChIP assays, NELF-B was mapped to a fragment be-
tween �155 and �186 of the transcription start site (42).

It is interesting that the ratio of NELF to RNAP II is much
higher on the latent proviruses than on the induced proviruses,
suggesting that NELF is part of stable complex accumulating on
the latent provirus. This is consistent with observations that NELF
and DSIF cooperatively bind to RNAP II in the promoter-proxi-
mal region of cellular genes (7, 80, 81). Recent data suggest that
DSIF binds the elongation complex via association with the nas-
cent transcript and subsequently recruits NELF (82, 83).

Efficient P-TEFb recruitment to the HIV LTR is dependent
upon Tat. D’Orso et al. (61, 84) have recently developed the pro-
vocative hypothesis that P-TEFb is recruited to an upstream re-
gion in the HIV promoter in a catalytically inactive state bound to
the inhibitory 7SK small nuclear ribonucleoprotein (snRNP). In
their model Tat is recruited to the DNA template before the
TAR element is synthesized, and as the RNAP II transcribes
through the TAR region, there is an exchange that leads to dis-
placement of the 7SK RNA and the activation of the P-TEFb ki-
nase. Key experiments supporting this idea come from ChIP and

FIG 8 Relative RNAP II accumulation on cellular genes and the HIV provirus. RNAP II reads from the ChIP-Seq data sets were mapped to individual gene
coordinates and then totaled within each gene boundary. Two experimental conditions were compared in each analysis and plotted using log-log plots. (A to D)
RNAP II distribution per gene region in the presence of NELF-E shRNA (N1C6) and its scrambled control (N1D9) under unstimulated conditions (A), in the
presence and absence of TNF-� in scrambled control cells (B), in the presence of NELF-E shRNA and its scrambled control after stimulation by TNF-� (C),and
in the presence of NELF-E shRNA in the presence and absence of TNF-� (D). For each condition the HIV provirus (red square) and the top 10 highest-scoring
genes are indicated. The HIV “gene” has highly upregulated RNAP II binding patterns compared to those of cellular genes when the provirus is stimulated with
TNF-� in the presence and absence of NELF.
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ChIP-Seq data showing HEXIM in upstream sites on both HIV
and cellular promoters (61, 84, 85).

Our ChIP data obtained using latently infected cells are
somewhat inconsistent with these results. We do not see any
recruitment of the P-TEFb subunits CycT1 and CDK9 over
background levels to the latent proviruses. Similarly, there is
no detectable P-TEFb recruitment following a 30-min induc-
tion by TNF-�, which leads to chromatin remodeling and
RNAP II recruitment but is at a time prior to the increased
production of Tat (46). It is only after 4 h, when Tat levels have
significantly increased, that there is substantial recruitment of
the P-TEFb subunits to the LTR.

One possible explanation for these discrepancies is that D’Orso
and Frankel (61) performed their experiments in HeLa cells,
which typically display a much higher level of basal HIV transcrip-
tion and less restriction by heterochromatic structures than the
latently infected Jurkat T-cell lines that we have used in our stud-
ies. It therefore possible that the P-TEFb recruitment they ob-
served in the absence of Tat is due to residual transcription in the
HeLa cell system, perhaps mediated by the high levels of Brd4 that
they have found associated with the HIV provirus. It is also pos-
sible that the 7SK RNP complex is only loosely associated with
promoters and can be detected only after extensive cross-linking
(85).

Unique patterns of RNAP II pausing on the HIV LTR. Pro-
moter-proximal pausing is a general feature of eukaryotic tran-
scription (86–91) and is generally regarded as a mechanism that
allows genes to remain in a poised state for rapid gene expression
in response to activating signals. The position of these sites is re-
markably constant across genomes and across species. Typically,
the major RNAP II pause sites are found in the �20 to �60 region
for positive-strand transcription and in the �90 to �110 region
for negative-strand transcription.

Since the HIV LTR, even in latently infected cells, accumulates
significantly more RNAP II than the average cellular gene, we took
advantage of the large number of reads mapped to the LTR to
develop detailed maps of promoter-proximal pause sites. The la-
tent HIV provirus shows a more extensive and complex pattern of
RNAP II accumulation in the promoter-proximal region than is
typically seen on cellular genes. First, there is accumulation of
RNAP II near the TSS (nt �11) that probably corresponds to
occluded preinitiation complexes. This is consistent with our ear-
lier observation that latent proviruses are relatively deficient in
TFIIH and accumulate hypophosphorylated RNAP near the tran-
scription start site (57). RNAP II also accumulates at nt �50,
which corresponds to the major pause site seen in the cellular
genes (52, 68, 69). Zhang et al. (42) also reported that RNAP II
transcription complexes pause on latent proviruses prior to TAR
since they are able to identify paused transcription complexes at
approximately �41 to �45 using elegant permanganate foot-
printing experiments.

When transcription is induced by depletion of NELF, the �50
pause site is displaced approximately 20 nt downstream. This
downstream shift may reflect rearrangements in nucleosomal
structure following HIV transcription induction (Fig. 2) and sug-
gests that NELF depletion may enhance repositioning of nucleo-
some 1 by the chromatin remodeling factor, PBAF (polybromo-
associated BAF), as reported by Rafati et al. (65). Similarly,
Natarajan et al. (34) have recently suggested that NELF has direct
effects on promoter-proximal pausing and chromatin structure

by NELF recruiting Pcf11, a transcription termination factor, and
NCoR1-GPS2-HDAC3, a corepressor complex that is associated
with creation of heterochromatic structures.

In addition to the pause site at �50, there is a late pause site
(�120) which is immediately downstream of the TAR region and
which appears to be a site for accumulation of P-TEFb, NELF, and
other transcription factors. Finally, there are two minor pause
sites at nt �220 and �330 that match pause sites seen in the
cellular genes and that are consistent with RNAP II pausing at the
borders of nucleosomes (69).

Depletion of NELF-E or stimulation of initiation by TNF-�
enhances the accumulation of transcription complexes through-
out the length of the genome, but rather than reducing promoter-
proximal pausing, as traditionally postulated, NELF depletion ac-
tually increases RNAP II density near the promoter. The HIV
provirus shows a remarkable 6.9-fold variation in the escape index
(EI), depending on the induction conditions. Depletion of NELF
alone produces a 2.5-fold increase in the escape index, demon-
strating that NELF provides an efficient surveillance mechanism
for limiting RNAP II escape from the promoter region. In the
downstream region, RNAP II pause sites can be seen throughout
the genome with an underlying periodicity which is suggestive
of pausing primarily at nucleosomal boundaries. RNAP II also
accumulates at regions of high RNA secondary structure, such
as the RRE.

A limitation of the ChIP-Seq assay is that it does not formally
identify actively transcribing RNAP II or the transcription orien-
tation of polymerases. The complementary nuclear run-on assay
(GRO-Seq) both measures RNAP II that is competent to elongate
and can determine the direction of transcription (86, 92). Detailed
comparisons of the results of the two methods have demonstrated
that over 80% of the polymerase found by ChIP-Seq can be ac-
counted for by the signal from the GRO-Seq data set. From this we
infer that the majority of the RNAP II that we see on the HIV LTR
is transcriptionally competent.

In summary, the accumulation of RNAP II at the TSS and the
additional pausing after TAR RNA are features of HIV transcrip-
tion that are unique to HIV and reflect both the efficiency of the
LTR as a promoter and the extensive attenuation of transcription
seen during proviral latency.

Mechanism of action of NELF in HIV transcription. A strik-
ing feature of elongation control of the HIV promoter is that
the restriction of elongation in the absence of Tat is stronger
than typically seen in cellular promoters, whereas the efficiency
of elongation in the presence of Tat is much stronger (46). For
example, we reported previously that in the presence of Tat,
elongation efficiencies on HIV proviruses range from 60 to
80%, whereas cellular genes typically remain in the 20 to 30%
range (46).

The data presented in this paper, as summarized diagrammat-
ically in Fig. 9, are consistent with a kinetic model for the control
of HIV latency involving multiple promoter-proximal pause sites
to strongly attenuate HIV transcription during latency. NELF,
which is believed to force premature termination over a range of
several hundred nucleotides (93), is likely to limit the escape of
transcription complexes from the promoter-proximal pause site.
The additional pause sites that we have detected after the TAR
element may further serve to attenuate transcription from the
HIV LTR.

Processing of nascent RNA transcripts by nucleases leads to the
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accumulation of short transcripts corresponding to the TAR RNA
stem-loop structure (39). Recently, Wagschal et al. (94) have pro-
posed that TAR RNA processing is controlled by the microproces-
sor, the termination factors Setx and Xrn2, and the 3= to 5= exori-
bonuclease, Rrp6. After an initial cleavage by Drosha that releases
TAR RNA, Rrp6 generates a small RNA that can enhance chroma-
tin-mediated restriction of the HIV promoter (94). It is interesting
to speculate that depletion of NELF, which results in enhanced
escape of RNAP II from the promoter-proximal region, might
have an indirect effect on chromatin remodeling due to a reduc-
tion in the levels of processed short RNA transcripts as well as its
interactions with the NCoR1 repressive complex (34).

NELF restricts elongation only in the presence of the DRB (5,6-
dichloro-1-�-D-ribofuranosyl-benzimidazole) sensitivity-induc-
ing factor (DSIF), which contains the Spt4 and Spt5 subunits. A

genome-wide location analysis based on ChIP analyses showed
that NELF (NELF-A) and DSIF (Spt5) colocalize on the genome
on most genes (95). NELF and DSIF are known to coopera-
tively bind to RNAP II in the promoter-proximal region of
cellular genes (7, 80, 81). Recent data suggest that DSIF binds the
elongation complex via association with the nascent transcript
and subsequently recruits NELF (82, 83). In the case of the HIV
provirus, the recruitment of NELF may be further enhanced by the
ability of NELF-E to bind directly to TAR RNA (12, 78, 96). Our
ChIP experiments show that the majority of NELF-E and -A sub-
units (and presumably any other NELF subunits required to form
a functional complex) preferentially associate with paused RNA
transcription complexes downstream of the TAR region (Fig. 5),
consistent with the recently discovered high NELF-E binding ele-
ment (NBE) present within the loop region of the transactivation

FIG 9 Kinetic model for the restriction of HIV transcription from latent proviruses by NELF. (A) Latent HIV provirus. In latent proviruses transcription
elongation is very inefficient due to absence of the transcription elongation factor NF-�B as well as chromatin restrictions (not shown for simplicity). However,
a significant number of proviruses carry RNAP II paused in the promoter-proximal region. The small number of transcription complexes that are able initiate
and elongate through TAR are subject to additional elongation restrictions by NELF which forces premature termination. (B) Partially activated HIV provirus
in the absence of the NELF. In the absence of NELF, promoter-proximal pausing remains relatively constant, but there is enhanced escape of paused complexes.
(C) NF-�B and Tat-activated transcription. Initiation is strongly induced by NF-�B, which removes chromatin restrictions near the promoter through recruit-
ment of histone acetyltransferases. Under these circumstances promoter clearance is also much more efficient, and there is an enhanced accumulation of
elongation complexes in the promoter-proximal region. After the transcription through the TAR element, both NELF and the Tat/P-TEFb complex (the
superelongation complex factors are not shown for simplicity) are recruited to the elongation complex via binding interactions with TAR RNA. This activates the
CDK9 kinase and leads to hyperphosphorylation of the CTD of RNA polymerase II, Spt5, and NELF-E. The phosphorylation of NELF-E leads to its release.
Although the promoter is transcribing more rapidly than in the latent condition, there is relatively little change in the amount of RNAP II that accumulates in the
promoter-proximal region due to its rapid replacement by newly initiated transcription complexes.
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response element (TAR) of HIV-1 RNA (96). However, NELF can
also be detected in the pre-TAR region, consistent with its less
efficient recruitment via RNAP II binding.

The switch from promoter-proximal pausing to productive
elongation is mediated by the positive transcription elongation
factor (P-TEFb). Specifically, phosphorylation of NELF-E by P-
TEFb forces dissociation of NELF from TAR and is likely to lead to
a release of paused transcription elongation complexes (12). In the
absence of NELF (Fig. 9B), this “fail-safe” surveillance mechanism
is disrupted, and this leads to enhanced stochastic firing of the
HIV promoter. This, in turn, will lead to Tat production and even-
tual escape from latency. Assuming that recruitment of new
RNAP II to the preinitiation complexes is at least partially oc-
cluded by RNAP II restricted to the promoter-proximal region,
the more rapid clearance of the promoter in the absence of NELF
could then lead to the enhanced accumulation of NELF at the
promoter, as we have observed. Since productive elongation still
requires P-TEFb, we hypothesize, as outlined in Fig. 9B, that P-
TEFb recruitment via Brd4 permits a few transcription complexes
to complete transcription of the HIV genome prior to new syn-
thesis of Tat and the eventual escape from latency.

NF-�B, which induces rapid chromatin rearrangements on the
HIV LTR (Fig. 5) and the removal of heterochromatin blocks (19,
65), also enhances recruitment of the RNAP II to the promoter
and increases the level of RNAP II associated with the promoter
and a corresponding increase in RNAP II at the proximal pause
sites (Fig. 9C). The system becomes fully activated only once
newly synthesized Tat is able to direct P-TEFb and the associated
superelongation complex (13, 15, 97, 98) to the elongating RNA
polymerase and stimulate exceptionally efficient transcriptional
elongation and escape from the promoter-proximal pause sites.
The activation of the enzymatic activity of P-TEFb by Tat not only
leads to hyperphosphorylation of Spt5 (9) and the RNAP II CTD
(9) but also ensures efficient removal of NELF (12), turning the
HIV LTR into one of the most powerful transcription machines
that is known to exist.
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