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ABSTRACT

HIV-1 utilizes the cellular protein LEDGF/p75 as a chromosome docking and integration cofactor. The LEDGF/p75 gene, PSIPI,
is a potential therapeutic target because, like CCR5, depletion of LEDGF/p75 is tolerated well by human CD4* T cells, and
knockout mice have normal immune systems. RNA interference (RNAi) has been useful for studying LEDGF/p75, but the potent
cofactor activity of small protein residua can be confounding. Here, in human cells with utility for HIV research (293T and Jur-
kat), we used transcription activator-like effector nucleases (TALENs) to completely eradicate all LEDGF/p75 expression. We
performed two kinds of PSIP1 knockouts: whole-gene deletion and deletion of the integrase binding domain (IBD)-encoding
exons. HIV-1 integration was inhibited, and spreading viral replication was severely impaired in PSIP1~'~ Jurkat cells infected
at high multiplicity. Furthermore, frameshifting the gene in the first coding exon with a single TALEN pair yielded trace LEDGF/
P75 levels that were virologically active, affirming the cofactor’s potency and the value of definitive gene or IBD exon segment
deletion. Some recent studies have suggested that LEDGF/p75 may participate in HIV-1 assembly. However, we determined that
assembly of infectious viral particles is normal in PSIP1~/~ cells. The potency of an allosteric integrase inhibitor, ALLINI-2, for
rendering produced virions noninfectious was also unaffected by total eradication of cellular LEDGF/p75. We conclude that
HIV-1 particle assembly and the main ALLINI mechanism are LEDGF/p75 independent. The block to HIV-1 propagation in
PSIP1~'~ human CD4™* T cells raises the possibility of gene targeting PSIP1 combinatorially with CCR5 for HIV-1 cure.

IMPORTANCE

LEDGEF/p75 dependence is universally conserved in the retroviral genus Lentivirus. Once inside the nucleus, lentiviral preinte-
gration complexes are thought to attach to the chromosome when integrase binds to LEDGF/p75. This tethering process is
largely responsible for the 2-fold preference for integration into active genes, but the cofactor’s full role in the lentiviral life cycle
is not yet clear. Effective knockdowns are difficult because even trace residua of this tightly chromatin-bound protein can sup-
port integration cofactor function. Here, in experimentally useful human cell lines, we used TALENS to definitively eradicate
LEDGEF/p75 by deleting either all of PSIP1 or the exons that code for the integrase binding domain. HIV-1 replication was se-
verely impaired in these PSIPI knockout cells. Experiments in these cells also excluded a role for LEDGF/p75 in HIV-1 assembly
and showed that the main ALLINI mechanism is LEDGF/p75 independent. Site-specific gene targeting of PSIP1 may have thera-
peutic potential for HIV-1 disease.

he cellular chromatin-associated protein LEDGF/p75 (where

LEDGF is lens epithelium-derived growth factor), a product of
the PSIPI gene, is a lentiviral integration cofactor. Originally de-
scribed as a transcriptional coactivator (1), the protein is consid-
ered the main chromosome attachment factor for the viral prein-
tegration complex (PIC) (2—6; for reviews, see references 7 and 8).
In current models, LEDGF/p75 is envisioned to tether the PIC to
the site of its subsequent integration, thus facilitating integration
and strongly contributing to the approximately 2-fold preference
for the virus to integrate into active genes (9). The key intermo-
lecular tether forms when LEDGF/p75 binds to a host chromo-
some through a set of elements in its N terminus (10-13) and to
the integrase (IN) dimer through the integrase-binding domain
(IBD) in its C terminus (14, 15).

The LEDGF IBD binds to the HIV-1 IN multimer by making
key hydrogen bonding and hydrophobic contacts with the
V-shaped pocket at the IN catalytic core domain (CCD) dimer
interface as well as by establishing polar interactions with the N-
terminal domain of another dimer (16—19). Well-characterized
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single amino acid IBD mutations that disrupt IN binding are
known, e.g., IBD D366A/N (16, 17).

RNA interference (RNAi) against LEDGF/p75 has been useful
but problematic in practice. The protein is tightly attached,
throughout the cell cycle, to one of the two reactants in the HIV-1
integration process (chromosomal DNA) (3, 15). In human
CD4" T cell lines, maximally stringent RNAi-mediated knock-
down of LEDGF/p75 sufficient to reduce it to an undetectable
level in the Triton X-resistant, DNase- and salt-extractable chro-
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FIG 1 TALEN-mediated targeting of human PSIPI. The human PSIPI locus on chromosome 9, the spliced LEDGF mRNA, and the LEDGF protein are
diagrammed. The 16 exons are numbered in the gene and the mRNA; exon 2 is the first coding exon. Exon and intron lengths are drawn to correct scale. Targeted
chromosome DSB sites for TALEN pairs X, A, and B are indicated by lightning bolt symbols at bottom, and the corresponding locations in the mRNA and protein
are indicated in the same way. Each of the six TALENs in the three TALEN pairs has a binding site within an exon (exon 2, 12, or 14, respectively). Numbered
horizontal arrows indicate six PCR primers used in different permutations for identifying chromosomal deletions. In the protein, the PWWP domain, nuclear
localization signal (NLS), charged regions (CR1 to CR3), A/T hook domain, and integrase binding domain (IBD, residues 347 to 429) are labeled.

matin-bound (S2) fraction (11) was required to demonstrate sig-
nificant impairment of HIV-1 infection, and this technique
helped elicit its cofactor role in integration (4). In such cells and in
Psipl knockout (KO) mouse embryonic fibroblasts, approxi-
mately 5- to 10-fold inhibition localized to the early phase of
HIV-1 replication has been observed (4, 6).

Among the HIV-1 dependency factors, LEDGF/p75 stands out
in being used by all lentiviruses across the primate, ungulate, and
feline groups (and by no other retroviruses in the other six gen-
era), indicating consistent selection pressure during the evolution
of the lentiviral genus (20-22). This unusual pan-lentiviral depen-
dency factor usage is the case despite the lack of conservation of
specific amino acid side chains in IN dimer clefts of the various
lentiviral integrase proteins (22). There is as yet insufficient expla-
nation for the centrality of the protein to lentiviral biology, and
the contribution of the protein to sustained systemic replication
and pathogenesis in vivo is unknown. An isoform of the protein,
LEDGF/p52, is produced by alternative splicing; it shares the N-
terminal 325 amino acids of LEDGF/p75 but lacks the integrase
binding domain and plays no known virological role. In this pa-
per, the acronym LEDGF will henceforth refer to the p75 isoform.

Allosteric integrase inhibitors, or ALLINIs, also known as the
noncatalytic site IN inhibitor (NCINIs) (23) and LEDGINs (24),
were identified as a class by the ability to disrupt the interaction of
LEDGF with HIV-1 IN in vitro and thus impair the viral integra-
tion step in cells (24). However, a more potent (and apparently
main) mechanism of ALLINT action was subsequently identified:
disrupting proper particle assembly (23, 25-30). Accumulating
evidence suggests that this effect is mediated when the inhibitor
binding to the IN dimer interface at the principal LEDGF binding
pocket induces enhanced IN multimerization, which results in
aberrant particle assembly; the effect is reminiscent of class IT IN
mutant effects that are known to broadly perturb myriad func-
tions of the Gag-Pol precursor and its protease-derived proteins
(26,27, 31). Itis not clear whether this production-phase antiviral
effect also involves LEDGF, which is entirely plausible since the
drugs and the IBD bind to essentially the same protein interface.
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Some studies have suggested LEDGF dependence and that LEDGF
incorporation into HIV-1 particles occurs and could be needed
for normal HIV-1 infectivity (28, 32-34).

It is difficult to answer these questions about the viral biology
of LEDGF with the currently available reagents and the paucity of
relevant, informative gene knockout cells. RNAi-depleted cells
still contain some LEDGF protein, and frequent resorting for co-
expressed fluorescent proteins has been required to maintain the
optimally mRNA-depleted state (4, 35-37). Mouse PsipI gene KO
cell lines are available and have proved useful (6, 38, 39), but they
cannot be used for HIV assembly experiments or for spreading
viral replication studies as there are complex species-specific de-
fects in proper assembly (40) and as mouse T cells also have early
event blocks (41). A PSIPI knockout pre-B cell leukemia line
(Nalm-6) was generated by homologous recombination (42) but
does not represent a normal cellular substrate for HIV-1 replica-
tion and is poorly suited to studying viral assembly.

Here, we used transcription activator-like effector nucleases
(TALENS) to delete specific segments of the PSIPI gene from in-
formative human cell lines to address two questions: does LEDGF
playarole in HIV-1 assembly, and does the main ALLINI antiviral
mechanism involve LEDGF? TALENS are designable site-specific
nucleases engineered from fusions of FokI endonuclease to mod-
ularly assembled transcription activator-like effectors (TALEs)
from Xanthomonas (43-46). These plant pathogens inject TALEs
that bind specific host genome DNA sequences and alter cell tran-
scription to the invading bacterium’s advantage. TALEs contain
conserved 33- to 35-amino-acid repeats that differ mainly at po-
sitions 12 and 13 (the repeat variable diresidues, or RVDs). Dif-
ferent RVDs that recognize different DNA base pairs can be as-
sembled in series, and, unlike zinc finger nucleases (ZFNs), the
code is reliably applicable without iterative postassembly refine-
ments of the protein. A pair of TALENS is constructed to bind to
the left and right of the target sequence, causing a double-strand
break (DSB) when the two FoklI domains dimerize. Error-prone
repair by the cellular nonhomologous end-joining (NHE]) path-
way generates gene-disrupting indels at the target site. Use of two
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FIG 2 Efficient gene disruption in HT1080 cells. (A) HT1080 cells were transfected with TALEN pair X and then cloned by limiting dilution 5 days later.
Chromatin-bound (S2) fractions (4, 11) from the expanded single-cell clones and parental HT1080 cells were immunoblotted for LEDGF. Gene targeting was
highly efficient: 9 of 26 clones were knocked out at both alleles (dark arrows, clones 1, 2, 5,6, 13, 16, 17, 18, and 20). Some clones are —/+ (see fainter immunoblot
bands). (B) Genomic DNA PCR with primers 1 and 4 identified a range of frame-shifting indels centered on the TALEN X spacer region in the second exon. The
presence of more than two deletion alleles in some cell clones of these diploid cells reflects postcloning retargeting in some of the clone’s progeny cells by persisting
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FIG 3 PSIPI chromosome segment excisions generate Jurkat PSIP1 /= Jurkat IBD™/~, 293T PSIP1~'~, and 293T IBD '/~ cell lines. (A) PCR assays with the
primers shown in Fig. 1 were performed on genomic DNA from bulk populations of 293 T cells transfected a week earlier with the A+ B TALEN pair (left gel) or
the X+B TALEN pair (right gel). (B) Same PCR assays as in panel B performed with genomic DNA from bulk populations of Jurkat cells. (C) Final 293T and
Jurkat clones obtained with complete deletion of the PSIPI gene (~42 kb, three left gels) and the IBD exon-intron segment only (right gel).

TALEN pairs can produce full deletion of the intervening chro- independent of LEDGF. These PSIPI knockout cell lines will be

mosome DNA (47-50). useful for further HIV research and as substrates for further com-
We constructed TALENS that can efficiently target PSIPI in  binatorial gene knockouts.

adherent and suspension cells (HT1080, 293T, and Jurkat). We

found that while HIV-1 integration and spreading replication =~ MATERIALS AND METHODS

were inhibited in these PSIPI-deleted cells in which all possibility ~ TALEN design and assembly. TALENs were built in the pcGoldy-TALEN
of LEDGF expression has been eradicated at the gene level, infec-  scaffold using Golden Gate assembly methods (47, 51, 52). TALEN plas-
tious HIV-1 particle assembly was normal. Use of a single TALEN  mids were transfected into 293T and HT1080 cells with polyethylenimine
pair to disrupt the gene by introducing frameshifting indels in the ~ (PEI) and into Jurkat cells by electroporation (Neon system; Invitrogen).
first coding exon yielded only trace LEDGF levels in immunoblot- ~ TALEN pairs X, A, and B bind, respectively, to the following PSIP1 gene

ting, but these were virologically active, affirming the need for ~ Sequences, where the spacer region, which is the site of predicted DSBs, is
definitive gene deletion. These results establish definitively that gﬁwegﬁ%%éig(%%ggé}gftCAAacctggatgacrlcﬂt&e:tgz;%GCCAAf?g
LEDGF does not play a role in particle assembly and that its co- and CAGGTAATCATGG AAaagtz?:cafiagti;Dg\CT AACAAGTTTAAG. AFf.
factor role depends on its role in early events. We determined also :

; . . A ter transfection, substantial gene editing in the bulk population was veri-
that the potency of a representative ALLINI to disrupt infectious

) ;O ) ; fied using genomic DNA PCR assays. Then, single-cell cloning was carried
particle formation is unaffected by total extirpation of LEDGF oyt by limiting dilution in 96-well plates, with clones chosen from plates

coding capacity from the cell. We concur with the accumulating  having <15 colonies per plate. Individual cell clones were screened by
evidence (23, 26, 27) that the dominant ALLINI mechanism is PCR on genomic DNA and by immunoblotting for LEDGF. Six primers

TALEN proteins, which can bind and generate a second DSB in cases where the initial deletion was confined to the spacer. Some sequences were found in multiple
cloned PCR products (cell clone 1, two 11-nt deletions; clone 16, two 23-nt deletions; clone 17, three 13-nt deletions). (C) —/— HT1080 clones were challenged
with a single-cycle HIV-1 reporter virus, HIV-1,,.. (D) Optimized LEDGF immunoblotting of the —/— clones, with antibody that recognizes the C-terminal
domain of LEDGF. (E) Left and right TALEN binding sites (underlined capital letters) and spacer region (site of predicted DSB and indel generation) for TALEN
pair X in exon 2. The LEDGF start codon and an in-frame methionine codon downstream from the targeted site are highlighted; the latter is a likely site of
secondary translation initiation. RLU, relative light units. Uppercase and underlined nucleotides represent TALEN binding sites. Dashes represent deleted
residues. Spacer region and flanking nucleotides are lowercase.
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Gene sequence TALEN X spacer TALEN B spacer
GACTCGCGATTTCAA acctggagacctcat----------- / 42 kb /----------- agtctacaatgtthATAACAAGTTI'AAG

Jurkat PSIP1 -/- GACTCGCGATTTCAAaccaggTTAAG

GACTCGCGATTTaactagGTTAAG

293T PSIP1 -I- GACTCGCGATTTCAAacctaqgaggagaatgttgTATAACAAGTTTAAG

C Gene sequence TALEN A spacer TALEN B spacer
L |
CAATGGATTCTCGACttcaaaggatacatgc---------- /0.5 kb /--------- agtctacaatgtthATAACAAG TTAAG

Jurkat IBD -/-, clone 1 CAATGGATTCTCGACHttttgTATAACAAGTTTAAG

CATGGATTCTCGACCttcaaagaagtctacaatgttgTATAACAAGTTTAAG
Jurkat IBD -/-, clone 2 CAATGGATTCTCGACttcaaaggatttaccacaatgttgTATAACAAGTTTAAG
AGGAACAAATGGAAACTGAGCACcttaaatgAGTTTAAG
293T IBD -/- CAATGGATTCTCGACttcaagttgTATAACAAGTTTAAG
CAATGGATTCTCGACttcagtgtataacaagtttgAGAACATGTTCTTGGTT

FIG 4 Characterization of Jurkat and 293T KO cells. (A) Immunoblotting for LEDGF protein in cell lysates and S2 fractions from parental cells and TALEN-
modified clones; 293T cell data are shown in the left panel, and Jurkat cell data are in the right panel. (B) Sequencing of the NHE]J-generated chromosomal
junction sites. PCR primer 1 and 3 products were sequenced for both 293T and Jurkat PSIPI ™/~ cells. (C) PCR primer 2 and 3 products were sequenced for both
293 T and Jurkat IBD /" cells. The sequences demonstrate complete deletions between the two sites of DSB of the TALEN pairs used in combination. TALEN
spacer segments are underlined and lowercase. Dashes represent the intervening wild-type segments of the indicated lengths (42 kb and 0.5 kb).

were used for PCR: primer 1 (5'-CAGACGGGCGATTTCTGGCCQ),
primer 2 (5'-GTGCTTTTACACTGCATGTTGC), primer 3 (5'-CCTCA
TGCTGTCTTTGTTCAGC), primer 4 (5'-GTCTGCCAATAAACCATA
GGG), primer 5 (5'-GGATGTGAACAGATGCATTGAG), and primer 6
(5'-CTGACTAACTTTGAATCGCCG). Primer and TALEN pair binding
sites are shown in Fig. 1.

Cells. HT1080, 293T, and Jurkat E6 cells were obtained from the
American Type Culture Collection (ATCC). Cell clones were maintained
in Dulbecco’s modified Eagle’s medium (DMEM) or RPMI 1640 medium
with 10% heat-inactivated fetal calf serum (FCS), penicillin-streptomy-
cin, and t-glutamine. The stable LEDGF knockdown 293T cell line, engi-
neered with lentiviral vector-transduced U6-promoted short hairpin
RNAs (shRNAs) that target the LEDGF mRNA (293T-si1340/1428, where
the 293T cell line expresses the target sequences at nucleotides [nt] 1340
and 1428) was described previously (20).

Sequencing. Genomic DNA was isolated from cells using a DNeasy kit
(Invitrogen) according to the manufacturer’s instructions. PCR products
obtained using the primer pair 1 and 4 and the pair 1 and 3 for the whole
gene KO and primer pair 2 and 3 for the IBD deletion were cloned (Strata-
Clone Ultra Blunt PCR cloning kit; Stratagene). Eight to 10 independent
clones for each product were sequenced.
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Immunoblotting. Cells were lysed in radioimmunoprecipitation as-
say (RIPA) buffer (150 mM NaCl, 0.5% deoxycholate, 0.1% sodium do-
decyl sulfate, 1% NP-40, 150 mM Tris-HCI, pH 8.0) with protease inhib-
itors (Complete Mini; Boehringer). The fractionation protocol has been
characterized extensively (4, 11, 37). S1 is the Triton X-100-extractable
(non-chromatin-bound) fraction. S2 is the Triton X-100-resistant chro-
matin-bound fraction released by further DNase I- and salt-based extrac-
tion; it contains released chromatin-associated proteins. Protein was
quantified with the Bradford assay. Twenty micrograms of lysate or S2
fraction was boiled in Laemmli buffer with 8-mercaptoethanol for 10 min
and then electrophoresed in 10% Tris-HCl gels (Bio-Rad) and transferred
overnight to Immobilon P membranes (Millipore). Blocked membranes
were incubated overnight with a primary anti-LEDGF monoclonal anti-
body (611714; BD Biosciences) at a 1:500 dilution or with rabbit anti-
LEDGF/p75 (A300-848A; Bethyl Laboratories) at a 1:1,000 dilution and
then washed with Tris-buffered saline-Tween 20 (TBST) three times for 7
min each. Afterward, membranes were incubated for 1 h at room temper-
ature with a secondary goat anti-mouse or anti-rabbit horseradish perox-
idase (HRP), at 1:4,000. After three 10-min washes with TBST, mem-
branes were incubated in SuperSignal West Pico chemiluminescent
substrate (Pierce) for 1 to 2 min and exposed to film. Primary antibodies
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FIG 5 HIV-1, FIV, and MLV reporter infection and integration analysis. The indicated cells were infected with increasing doses of luciferase- or GFP-encoding
single-cycle vectors. (A and B) HIV-1-based vectors. (C and D) FIV-based vectors. (E and F) MLV vectors. For the luciferase assay, cell lysates from equal numbers
of cells were assayed for activity 72 h after infection. For GFP, cells were assayed with flow cytometry for GFP at 72 h. Error bars represent standard deviations of
duplicate measurements. (G) Alu-PCR results 14 days after infection. RLU, relative light units.

to green fluorescent protein (GFP) (JL-8; catalogue no. NC9777966) and
tubulin (T5168; Sigma) were used at a 1:4,000 dilution.

Vectors and viruses. HIV-1,,_and HIV-1p, the vesicular stomatitis
virus G protein (VSV-G)-pseudotyped NL4-3R™E~A426 luciferase (luc)
and GFP reporter viruses, have been described previously as were feline
immunodeficiency virus (FIV)-GFP, FIV-luc, and murine leukemia virus
(MLV)-GFP (4). HIV-1 NL4-3 was produced by transfection of 293T cells
in 175-cm? flasks with 10 pg of pNL4-3 plasmid DNA using PEL Particle
inputs were normalized by reverse transcriptase (RT) activity or p24 an-
tigen as described previously (53). p24 antigen was measured using a
Zeptometrix enzyme-linked immunosorbent assay (ELISA). Mean p24
amounts * standard deviations (SD) were calculated from duplicate mea-
surements for each sample. Infectivity per ng of p24 was determined by
titration on GHOST cells according to the NIH AIDS Research and Ref-
erence Reagent Program protocol. For infections of Jurkat cells with p24-
normalized viruses, 10° cells were infected in a T25 flask. The cells were
washed the next day 5 times with RPMI medium to remove input virus,
and a time zero p24 sample was collected. Cultures were maintained in
continuously dividing state by splitting 1:5 when needed, and superna-
tants were sampled every 2 to 4 days for p24 measurements.

Alu-PCR. Quantitative Alu-PCR for quantification of integrants was
done 14 days postransduction with VSV-G-pseudotyped HIV-1,,. in two
stages, according to the method of Llano et al. (4). In a first stage we
amplified between Alu sequences and U3 sequences using 300 nM Alul
TCC CAG CTA CTG GGG AGG CTG AGG, 300 nM Alu2 GCC TCC CAA
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AGT GCT GGG ATT ACA G, and 100 nM U3 AS CTC CGG ATG CAG
CTC TCG. We used the following parameters: 12 cycles of 95°C for 10's,
63°C for 10 s, and 72°C for 2 min 50 s, with a temperature transition rate
of 5°C/s. In a second stage we amplified a nested product within U3 using
300 nM sense primer GAA CTA CAC ACC AGG GCC and 300 nM anti-
sense primer CTC CGG ATG CAG CTC TCG. PCR amplification was
performed in a Roche LightCycler as follows: 50 cycles of 95°C for 10 s,
65°C for 10 s, and 72°C for 9 s, with a temperature transition rate of 5°C/s.
We used human mitochondrial DNA as a loading control. It was quanti-
fied using 20 pmol of sense primer GAA TGT CTG CAC AGC CAC TT
and 20 pmol of antisense primer TAG AAA GGC TAG GAC CAA AC.
PCR amplification and analysis were performed as follows: 40 cycles of
95°C for 10 's, 54°C for 20 s, and 72°C for 30 s, with a temperature transi-
tion rate of 5°C/s.

Expression of LEDGF and LANA31-GFP-IBD with retroviral vec-
tors. The gammaretroviral vector MLV-p75 (4) was used to reexpress
LEDGF in PSIPI gene-deleted cells. An internal ribosome entry site-
linked neoR gene is located downstream of the p75 cDNA. Cells were
selected and maintained in 0.8 mg/ml G418. PSIP1 '~ Jurkat cells were
also transduced with lentiviral vectors that encode LANA31-GFP-IBD
and LANA31-GFP-IBDP?*°N, GFP-positive cells were isolated on a
FACSAria cell sorter.

Effect of ALLINI-2 on HIV-1 production and infectivity. A total of
30,000 293T cells were plated per well in 96-well plates, allowed to adhere
overnight, and then PEI transfected with 60 ng of HIV-1 GFP transfer
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using anti-LEDGF and anti-GFP primary antibodies, respectively.

vector TSING (4), 60 ng of an HIV-1 packaging plasmid, and 20 ng of a
VSV-G-encoding plasmid. After 8 h, cells were washed and treated with
ALLINI-2 (26) or an equivalent volume of dimethyl sulfoxide (DMSO).
After an additional 48 h, supernatants were filtered (0.45-pm pore size),
and titers were determined on fresh 293T cells in medium containing
no ALLINI-2 or DMSO. Titers are calculated as GFP-transducing units
per ml. Virion reverse transcriptase activities were determined as pre-
viously described using a *?P-based assay with an oligo(dT) template
(53). Experiments were performed in triplicate, and values are re-
ported as means * SD.

ALLINI-2 target cell effect. A total of 30,000 Jurkat cells or 10,000
293T cells were plated in 96-well plates and treated with ALLINI-2 or
DMSO for 2 h prior to infection with HIV-1,, .. The inhibitor was main-
tained for 3 more days before luciferase expression was measured. Percent
inhibition was calculated as 1 — [luc,; o)/ uCconerorl- All infections
were performed in triplicate, and the average percent inhibition was
graphed = SD.

RESULTS

Efficient TALEN-mediated gene targeting of human PSIPI. The
human fibrosarcoma cell line HT1080 was transfected with
TALEN pair X (Fig. 1A). This pair of TALENs targets exon 2,
downstream of the initiator ATG codon. A GFP-expressing plas-
mid was cotransfected, and GFP-positive cells were enriched with
a FACSArria cell sorter. These were then single-cell cloned by lim-
iting dilution 5 days after sorting. Triton-resistant, DNase- and
salt-extractable chromatin-bound fractions (S2 fractions) were
prepared as previously described (4, 11) from expanded clones
and parental cells and immunoblotted for LEDGF (Fig. 2A). The
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gene targeting was remarkably efficient: 9 of 26 clones were dis-
rupted at both alleles (Fig. 2A). Some clones were mono-allelically
disrupted as evidenced by the fainter immunoblot bands in Fig.
2A (e.g., clones 8, 21, 22, and 24). Genomic DNA PCR assays
identified a range of frameshifting indels at the targeted chromo-
somal site in the second exon (Fig. 2B). However, when we chal-
lenged the PSIPI ~/~ HT1080 clones with HIV-1, we observed no
consistent reduction in viral infectivity (Fig. 2C). Based on the
considerations discussed above, we suspected residual expression
of some LEDGEF in these cells that was below the detection limit of
the immunoblotting. We therefore refined immunoblotting sen-
sitivity, using a different antibody that recognizes the C terminus
of the protein. Indeed, the X pair-derived PSIPI~'~ HT1080
clones were expressing a comparatively minute amount of LEDGF
(Fig. 2D). As the proteins appeared to have molecular masses in-
distinguishable from wild-type LEDGF on our gels, this expres-
sion is likely due to translational read-through or internal ribo-
some initiation from a downstream in-frame ATG closely
adjacent to the indels introduced into exon 2 (Fig. 2E).
TALEN-mediated deletion of PSIPI or IBD-encoding exons
in 293T and Jurkat cell lines. To definitively eradicate all possi-
bility of LEDGF protein existence, we then designed two addi-
tional TALEN pairs that were used in various permutations with
pair X (Fig. 1A). These are pair A and B. The target of TALEN pair
A is in exon 12 (the first RVD of the left-hand TALEN in pair A
binds to the C in TCA, the codon for Ser 347, which is the first
amino acid of the IBD). The target of pair B is in exon 14, with the
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last RVD in the right-hand TALEN binding to a G located 13 nt
upstream of the terminal IBD residue, V429. Thus, chromosomal
deletions caused by combined use of the A and B pairs are pre-
dicted to remove any functional IBD from the protein.

Clonal Jurkat and 293T cell lines that are —/— for the entire
42-kb gene were generated by cotransfecting TALEN pairs X and B
(X+B); clones —/— for only the exons that encode the IBD were
similarly generated by cotransfecting TALEN pairs A and B
(A+B). For the Jurkat cells, we obtained one X+ B pair-generated
clone with a deletion of exons 2 to 14 (PSIP1™'7) and two A+B
pair-generated clones with deletions of exon 12 to 14 (IBD '~;
clones 1 and 2). For 293T cells we identified one PSIP1~/~ and one
IBD /" cell clone (Fig. 3 and 4). Correct deletion of all PSIPI
alleles in the cells was verified at the DNA and protein levels; exact
chromosomal joining sites were also determined, confirming de-
letion of intervening segments between the predicted binding sites
of the TALEN pairs (Fig. 3 and 4A to C). Immunoblotting dem-
onstrated complete absence of LEDGF in the 293T cells that have
deletions of the whole gene and of the predicted shorter protein in
the IBD-deleted cells. Interestingly, for the Jurkat clones, no de-
tectable protein was found in either type of deletion mutant (Fig.
4A, right panel), which might reflect splicing program dysfunc-
tion in the IBD /™ deletion mutants.

Impaired lentiviral infection and integration in PSIPI
knockout cells. We then challenged the 293T and Jurkat clones
with serial dilutions of pseudotyped single-cycle HIV-1 and FIV
reporters that express either firefly luciferase or GFP (Fig. 5). Both
HIV-1,,. (where transcription is directed by the HIV-1 long ter-
minal repeat [LTR]) and FIV vectors (reporters under the tran-
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scriptional control of an internal cytomegalovirus [CMV] imme-
diate-early gene promoter) were blocked in the knockout cells
compared to parental cells (Fig. 5A, B, D, and E). We observed no
difference between the X+ B pair-generated clones with deletions
of all of PSIPI or the A-B pair-generated clones with deletion of
just the IBD exon-intron segment of the gene; lentiviral infection
was equally inhibited in both. In contrast, a gammaretrovirus
(MLV-GFP) was unaffected in all cell lines (Fig. 5C and F). This
result demonstrates lentiviral specificity. Alu-PCR assays per-
formed at 14 days after infection showed that HIV-1 integration
was reduced 8- to 12-fold in Jurkat PSIP1 KO cells (Fig. 5G).
HIV-1 infectivity is rescued in T cells by reexpression of
LEDGF or expression of an alternatively tethered IBD
(LANA31-GFP-IBD). To establish specificity further, we reex-
pressed LEDGF in the Jurkat PSIP1 '~ cell line, using a gamma-
retroviral vector. This resulted in low levels of LEDGF expression
(Fig. 6A), perhaps due to silencing of the gammaretroviral LTR in
Jurkat cells, but substantial rescue of HIV-1 infectivity (Fig. 6B). A
second type of rescue of the gene-deleted state was then carried
out to demonstrate dependence on the IBD and dependence on
chromosome tethering. LANA31 is a 31-amino-acid peptide that
forms the N terminus of Kaposi’s sarcoma herpesvirus LANA pro-
tein. It binds to the histone 2A/B dimer (54). The expression of
this alternatively tethered IBD (LANA31-GFP-IBD) in T cell lines
can rescue the loss of infectivity due to LEDGF knockdown (37).
Untethered GFP-IBD has dominantly interfering antiviral activ-
ity, and we have also shown previously that fusing LANA31 to the
N terminus of GFP-IBD switches it from an integration-blocking
protein to an integration cofactor that rescues more than two logs
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of infectivity (37). Here, we expressed LANA31-GFP-IBD in the
gene knockout cells using lentiviral vectors. This required high-
multiplicity transduction due to the impaired lentiviral vector in-
fectivity produced by the absence of functional LEDGF. LANA31-
GFP-IBD expression rescued infectivity in the PSIP1 "/~ and the
IBD /" lines (Fig. 6C and D). Specificity was further demon-
strated by the lack of rescuing activity of the single amino acid
mutant, LANA31-GFP-IBD™***N (Fig. 6C and D). Taken to-
gether, these data establish that the observed antiviral effects of the
TALEN-mediated gene deletions are specifically (i) due to
LEDGEF, (ii) attributable to loss of IBD binding to IN, and (iii)
dependent on the loss of chromosome tethering per se rather than
other functions mediated by the N-terminal chromatin binding
domain ensemble.

Spreading viral replication is blocked by LEDGF eradication.
We next determined how the complete absence of LEDGF protein
influences spreading HIV-1 replication in Jurkat cells. The clones
were infected with HIV-1 NL4-3 at multiplicities of infection
(MOIs) of 0.1 and 1.0 (Fig. 7A and B). We observed that the effect
of the definitive protein-eradicating PSIP1 gene deletions on
spreading replication in this CD4" T cell line was profound, ex-
ceeding the replication delays observed after stable sShRNA-medi-
ated knockdown in the human CD4* T cell line SupT1 (4, 37). We
followed the Jurkat cell cultures for 82 days. At an MOI of 1.0, the
delay in PSIP1 ™'~ cells was 46 days (times to peak HIV-1 NL4-3
replication for Jurkat and Jurkat PSIP1~'~ were 10 and 56 days,
respectively) (Fig. 7A and B). It was curious, however, that the
delay in IBD '~ clone 2 was consistently less. We speculated that
IBD /" clone 2 might express some residual IBD, perhaps enabled
by aberrant reintegration of the gene segment of exons 12 to 14
excised by TALEN pairs A and B. We therefore performed PCR for
this internal IBD exon-intron genomic segment using primers 5
and 6 (Fig. 1) and found that is indeed the case (Fig. 7C). IBD '~
clone 2 but not clone 1 contains a detectable IBD segment al-
though it is not present in the normal locus position (Fig. 4C); the
precise rearrangement involved was not pursued as we wished to
focus henceforth on clone 1.

HIV-1 production and infectious particle assembly are nor-
mal in PSIP1~'~ cells. We found that viruses produced by repli-
cation in the parental Jurkat cells and the PSIP1 KO cells were
equally infectious per ng of p24 (Fig. 7D). Sequencing also showed
that there were no mutations in the integrase genes of these viruses
(data not shown). As 293T cells are a preferred cell line for HIV-1
assembly and budding experiments, the PSIP1 ™'~ 293T cells al-
lowed us to further test the possibility of participation of LEDGF
in late phases of the HIV-1 life cycle. HIV-1p viruses produced
in IBD™/~ 293T cells (Fig. 8A) and PSIP1 ™'~ 293T cells (Fig. 8B)
had undiminished infectivities.

ALLINI potency in blocking HIV-1 infectious particle for-
mation is unaffected by total removal of LEDGF-encoding ca-
pacity from the cell. Structural and biochemical studies have
shown that ALLINIs bind to the HIV-1 IN CCD dimer interface at
the principal LEDGF binding pocket and induce enhanced IN
multimerization, which compromises catalytic activities of IN and
prevents LEDGF binding to the preformed stable synaptic com-
plex between the IN tetramer and viral DNA complex (25, 31, 55).
Consistent with these in vitro findings ALLINIs blocked a step at
or prior to 3’ processing during the early stage of virus replication
(55). However, ALLINI antiviral activity was recently determined
to primarily reflect inhibition of proper HIV-1 particle matura-
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tion (23, 27). Here, using ALLINI-2, an allosteric inhibitor previ-
ously described by Feng et al. (26), we found that LEDGF was
dispensable for the ability of the inhibitor to impair the late stage
of virus replication (Fig. 9A to D). The 50% effective concentra-
tions (ECs,s) of ALLNI-2 when added to the producer cells were
not significantly different in cells lacking LEDGF (PSIP1 ™'~ cells)
or just the C-terminal protein segment containing the IBD
(IBD"/~ cells) (Table 1). We also determined that although
ALLINTs are known to impair HIV-1 infectivity by leading to the
production of particles that have reverse transcription defects in
target cells, ALLNI-2 did not inhibit formation of a catalytically
active reverse transcriptase enzyme in virions (Fig. 9E). The RT
activities per ng of p24 for virions produced in the different cells
were equivalent in the presence and absence of the inhibitor. This
finding is consistent with data showing that proteolytic processing
of the Gag-Pol precursor assessed by immunoblotting was unaf-
fected by several allosteric integrase inhibitors (BI-D, GS-A, GS-B,
and CXC05045), while the particle morphology was strongly ab-
errant (23, 27, 28), and that virion endogenous RT activities were
not impaired by GS-B (23).

When tested during early events in parental and knockout
293T and Jurkat cells, ALLINI-2 was considerably more potent in
either PSIP1™'~ or IBD /" cells than in parental cells (Fig. 10 and
Table 1). As previously suggested (27, 29, 39), this enhanced po-
tency may be due to the lack of competing endogenous LEDGF
during early stages of the infection process.
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Taken together, our results indicate that the role of LEDGF in
the HIV-1 life cycle is confined to early events. LEDGF is dispens-
able for normal production and maturation of HIV-1. The results
also show that the impairment to infectious HIV-1 particle assem-
bly produced by a representative ALLINI is independent of
LEDGF.

DISCUSSION

Here, we used TALENS to target the HIV-1 dependency factor
LEDGF and generate valuable cell lines for HIV-1 research. Single-
site gene disruptions were achieved with high efficiency, with 9 of

TABLE 1 Antiviral ECsys

Cell type ALLINI-2 ECs, (M)
293T producer cell 0.35 £ 0.06

293T PSIP1~'~ producer cell 0.29 = 0.08

293T IBD '~ producer cell 0.44 = 0.06

293T target cell >10

293T PSIP1 ™'~ target cell 4.6 = 0.51

293T IBD '~ target cell 2.86 = 0.6

Jurkat target cell >10

Jurkat PSIP1 ™/~ target cell 0.84 + 0.08
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26 HT1080 cell clones having bi-allelic NHE]-generated gene dis-
ruptions after a single transfection of TALEN pair X. All three
TALEN pairs were effective when used in combinations for chro-
mosomal segment excision (X+B and A+B). Large chromosome
segments exceeding 40 kb (comprising most of the gene) and the
segment of exons 12 to 14 (IBD-encoding) were excised selectively
from PSIPI in both adherent cells (293T) and CD4™" T cells (Jur-
kat). The HT1080 and Jurkat E6 cells banked with ATCC are pseu-
dodiploid (normal modal chromosome numbers of 46, with some
translocations). 293 and 293T cells are variably hypotriploid, with
the few published subsequent karyotypes for 293 (56) and 293T
(57) cells still revealing two copies of chromosome 9. Although
chromosome 9 ploidy changes could have occurred in the parental
cell lines prior to our gene knockouts, the assays we performed on
the clonal lines indicate that TALEN-mediated deletion of all al-
leles was achieved. Sensitive immunoblotting for LEDGF protein
and reverse transcription-PCR (RT-PCR) for mRNA were nega-
tive, and the DNA analyses demonstrated absence of the targeted
deletion segments, as well as diagnostic X-to-B and A-to-B chro-
mosome 9 fusion junctions.

The results in the HT1080 cells (Fig. 2) reinforce our previous
findings that a fractionally minute amount of cellular LEDGF is
sufficient to provide HIV-1 integration cofactor function (4). The
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FIG 10 Effects of adding ALLINI-2 during infection (early-stage effects). (A) 293T lines. (B) Jurkat lines. Results are shown as percent inhibition of HIV-1,,,
luciferase activity. Error bars represent standard deviations of duplicate measurements.

definitive chromosome 9 gene segment excision knockouts, which
extirpate all possibility of any LEDGF protein that can bind IN, in
two cell lines that are heavily used for viral production and spread-
ing replication studies, respectively, provide important research
reagents with novel utility to the field. Our results further provide
definitive evidence in two key areas. First, we conclude that
LEDGF plays no detectable role in the assembly phase of the
HIV-1 life cycle. Second, our results add to the accumulating
recent evidence that ALLINIs act most potently during the as-
sembly phase of the life cycle to disrupt infectious particle for-
mation. Although there is heightened sensitivity to the early-
phase ALLINI-2 effect in PSIPI~/~ and IBD '~ target cells,
presumably due to the lack of competing cellular LEDGF, the
EC;s are still significantly higher than the ECss for the late-
phase effect (Table 1).

While it has been suggested that the assembly-phase effects of
allosteric integrase inhibitors may be partly LEDGF dependent
and also that LEDGF incorporation into HIV-1 particles may oc-
cur and be needed for normal HIV-1 infectivity (28, 32-34), we
show here that reductions in particle infectivity triggered by
ALLINI-2 are LEDGF independent as they were fully preserved in
PSIPI gene-deleted human cells.

The RT activities of HIV-1 particles produced in the presence
of ALLINI-2 were unaffected despite the severe decrease in parti-
cle infectivity (Fig. 9E). Normal virion endogenous RT activities
(23) and unperturbed Gag-Pol processing patterns (27, 28) have
been reported with other ALLINIs even when particle core mor-
phology determined by electron microscopy is grossly aberrant.
Thus, our data are consistent with evidence that these inhibitors
likely affect viral core maturation steps that occur subsequent to
Gag-Pol and Gag protein proteolysis and that may be sensitive to
improper IN multimerization (27).

Analyses of spreading HIV-1 replication in the Jurkat knock-
out cell lines show a substantial delay in HIV-1 propagation, even
at high MOIs (Fig. 7). The substantial block to spreading replica-
tion at MOIs of 1.0 and 0.1 in this CD4™ T cell line exceed the
replication delays previously observed after stable shRNA-medi-
ated knockdown in other human CD4" T cell lines. Considered
together with the RNAI drift problem and need for periodic re-
sorting of shRNA-depleted cells, the greater viral delay in PSIP1
knockout cells serves both to provide a more useful human CD4 ™
T cell line for further experimental work and to establish that the
role of LEDGF as a cofactor for efficient viral replication is some-
what more substantial than was previously determined. The re-
sults in Jurkat IBD /™ clone 2 are interesting. Our initial perplex-
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ity at the greater relative permissivity of this cell line to HIV-1
replication than PSIPI /= Jurkat cells and IBD /" Jurkat clone 1
prompted us to ask whether the excised IBD exon segment still
persisted in some form in clone 2. This was indeed the case. PCR
assays using primers that flank the A and B sites were consistently
negative, while PCR for sequences inside the A-to-B interval re-
mained positive, suggesting that the excised A-B fragment rein-
serted in clone 2 in some fashion at an alternate genome position.
The exact genomic configuration and the nature and extent of the
protein expression from the rearranged segment of exons 12 to 14
detected by primers 5 and 6 are unclear at present. Of the two
Jurkat IBD /" clones, clone 1 is suited for further studies.

While antiretroviral drugs have revolutionized the treatment
of HIV-1 disease, they do not result in its cure and are associated
with the problems of resistance, persistent immune dysfunction
and chronic inflammation, complex metabolic disturbances, ac-
celerated aging phenomena including immunosenescence, and
the adherence, toxicity and access problems associated with the
necessary lifelong combination drug treatment (58, 59). In the
United States, only approximately one-third of those with HIV-1
are currently prescribed antiretroviral therapy (ART), and 25% of
these do not achieve effective virological control. Curative treat-
ments for HIV disease are now considered high-priority goals, and
two main strategies are envisioned at present: eradication of all
latently infected cells and protection of uninfected target cells
(60).

The burgeoning site-specific gene targeting armamentarium,
including TALENs and CRISPR/Cas systems, is promising for the
latter strategy (61). Observations in patients who are naturally
CCR57'~ (62), the cure of HIV-1 in a patient with comorbid
leukemia by allogeneic bone marrow transplantation from a
CCR57'~ donor (63), and recent experiments with ZFN-based
CCRS5 gene knockouts (64-66) have established CCR5 as the most
promising first-line target for curative gene therapy strategies.
However, viruses that use the main alternative chemokine recep-
tor CXCR4 are prevalent, and they encounter no restriction in
CCR5™'~ cells. Our results demonstrate that HIV-1 replication is
substantially, though not completely, blocked in normally very
permissive PSIP1 '~ CD4" Jurkat T cells (Fig. 5 to 7). This anti-
viral effect is specific to the loss of the chromosome tethering via
the IBD as the IBD D366N mutation abrogated rescue and the
LANA31-tethered IBD rescued well (Fig. 6 and 7). Coupled with
the observation that the eradication of LEDGF did not produce
evident toxicity in these cells (similarly to prior stringently
knocked down CD4 " T cell lines) and that Psipl '~ mice com-
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pleted development and did not have discernible immune system
abnormalities (their two problems were poor feeding in the neo-
natal period, which led to enhanced juvenile mortality, and Hox
gene-related skeletal dysmorphisms) (6, 67), the data suggest the
possibility that PSIP1 and CCR5 may have potential for combina-
torial site-specific nuclease gene targeting in HIV-1 disease. Re-
cent advances in site-specific nuclease technologies have shown
the feasibility of multiplex gene targeting (68, 69). Finally, as we
noted above, the persistence of LEDGF/p75 dependence through-
out the evolution of the lentiviral genus (20-22) may not be suf-
ficiently explained at present. We did not observe mutations in the
IN genes of viruses passaged in the knockout Jurkat cells, but the
potential for HIV-1 adaptation to loss of LEDGF and the interplay
with HRP-2 (15, 39, 42, 70) are interesting questions. Further gene
knockouts in these PSIPI1 ™'~ or IBD ™/~ cells may be helpful in
addressing these basic research questions.
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