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ABSTRACT

The retrovirus human immunodeficiency virus-1
(HIV-1) is the causative agent of AIDS. Although
treatment of HIV/AIDS with antiretroviral therapy
provides suppression of viremia, latent reservoirs
of integrated proviruses preclude cure by cur-
rent antiviral treatments. Understanding the mech-
anisms of host-viral interactions may elucidate
new treatment strategies. Here, we performed a
CRISPR/Cas9 transcriptional activation screen us-
ing a high-complexity, genome-wide sgRNA library to
identify cellular factors that inhibit HIV-1 infection of
human CD4+ T cells. MT4 cells were transduced with
a CRISPR/Cas9 sgRNA library and infected with nef-
deficient HIV-1y 4.3 expressing ganciclovir-sensitive
thymidine kinase, thus enabling selection of HIV-1-
resistant cells for analysis of enriched sgRNAs. Af-
ter validation of screen hits, multiple host factors
essential for HIV-1 infection were identified, includ-
ing SET (SET nuclear proto-oncogene) and ANP32A
(acidic nuclear phosphoprotein 32A, PP32A), which
together form a histone acetylase inhibitor complex.
Using multiple human cell lines and peripheral blood
mononuclear cells (PBMCs) from healthy donors and
HIV-1-infected individuals, we demonstrate that SET
depletion increased HIV-1 infectivity by augmenting
DNA integration without significantly changing sites
of integration. Conversely, SET overexpression de-
creased HIV-1 integration and infectivity. SET protein

expression was significantly reduced in PBMCs from
HIV-1-infected individuals and was downregulated by
HIV-1 infection of healthy donor cells in vitro. Notably,
HIV-1-induced downregulation of SET could be alle-
viated by inhibition of the protease granzyme A. Alto-
gether, we have identified cellular inhibitors of HIV-1
infection on a genome-wide scale, which affords new
insight into host—virus interactions and may provide
new strategies for HIV-1 treatment.

INTRODUCTION

Human immunodeficiency virus-1 (HIV-1) is a retrovirus
that causes acquired immunodeficiency syndrome (AIDS).
Despite the success of antiretroviral therapy in improving
clinical outcomes and limiting HIV-1 transmission, the per-
sistence of a long-lived proviral reservoir hampers efforts to
effect a cure. Thus, there is a continuing need to understand
host—HIV-1 interactions, particularly the mechanisms un-
derlying viral DNA integration into the human genome, to
identify therapeutic and potentially curative targets. TEST

Upon cell infection, the HIV-1 RNA genome is reverse
transcribed and viral DNA is subsequently integrated into
the host genome by HIV-1 integrase. Integration is a key
step in retroviral infection as it establishes a latent pool of
proviral DNA. In addition to viral proteins, several cellu-
lar proteins have been demonstrated to play essential roles
in this step (1). For example, the transcriptional coactivator
lens epithelium-derived growth factor (LEDGF)/p75 inter-
acts with lentiviral integrase to target integration into the
mid-bodies of active genes (2,3). RADS1, a component of
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the endogenous homologous recombination complex, has
been shown to suppress HIV-1 integration by displacing in-
tegrase and disrupting the integration complex (4,5). Nev-
ertheless, our understanding of HIV-1 integration remains
incomplete, and delineation of the underlying molecular
mechanisms may provide new insights into the design of vi-
ral integration-blocking agents.

Advances in CRISPR /Cas9-based knockout and activa-
tion screening methods have enabled the identification of
many host factors that play crucial roles in retrovirus in-
fection and maintenance of the viral life cycle. Zhu et al.
performed a genome-wide CRISPR /Cas9 knockout screen
to identify factors essential for repression of unintegrated
retroviral viral DNA in human cells (6). They identified a
number of factors, including the large DNA-binding pro-
tein NP220, the histone methyltransferase SETDBI and
three proteins of the epigenetic modulator human silenc-
ing hub (HUSH) complex (MPP8, TASOR and PPHLNI1)
as host factors that are required for unintegrated retrovi-
ral DNA silencing. Further biochemical analysis by chro-
matin immunoprecipitation showed that NP220 recruited
the HUSH complex, SETDBI and the histone deacety-
lases HDAC1 and HDACH4 to silence the unintegrated
retroviral DNA (6). Park et al. performed a genome-wide
CRISPR /Cas9 screen of HIV-1-infected T cells, which iden-
tified host dependency factors including the known CD4
and CCRS5 co-receptors as well as tyrosylprotein sulfo-
transferase 2 (TPST2), solute carrier family 35 member B2
(SLC35B2), and activated leukocyte cell adhesion molecule
(ALCAM) (7). Another CRISPR /Cas9 screen for HIV-1
inhibitory factors in latently infected J-LAT A2 cells, which
leveraged a single-guide RNA (sgRNA) library specifically
targeting nuclear proteins, identified the histone demethy-
lase MINAS3 as a novel factor promoting HIV-1 latency
(8). Thus, CRISPR/Cas9 knockout screens have proven
powerful tools to dissect HIV-1-host interactions.

In the present study, we sought to identify host factors
that restrict HIV-1 replication in human CD4+ T cells and
may therefore be candidate therapeutic targets. We con-
ducted a CRISPR/Cas9 transcriptional activation screen
in an HIV-1-susceptible human T cell line using a high-
complexity, genome-wide sgRNA library, and we identified
several novel host factors that conferred protection from
HIV-1 infection. We investigated in detail the mechanism
of restriction by the histone acetylase inhibitor SET (SET
nuclear proto-oncogene), validated our findings in multiple
human cell lines, and confirmed their pathophysiological
relevance using peripheral blood cells from healthy donors
and HIV-1-infected individuals.

MATERIALS AND METHODS
Blood donors and PBMC activation

This study was approved by the University of Califor-
nia, San Diego Institutional Review Board. Blood sam-
ples from healthy donors and HIV-1-infected individuals
were obtained from the UCSD AntiViral Research Cen-
ter. Informed consent was obtained from donors or their
parent/legal guardian under a protocol approved by the
Human Research Protection Program at UCSD. Peripheral
blood mononuclear cells (PBMCs) were isolated by density

centrifugation of blood samples on Ficoll (Invitrogen) ac-
cording to the manufacturer’s recommendations. The inter-
face layer was removed, washed with phosphate-buffered
saline (PBS), and frozen until used. For in vitro T cell acti-
vation, 10° PBMCs were incubated with 10 wl Immunocult
Human CD3/CD28 T Cell Activator (Stemcell Technolo-
gies) for 1 week. To ensure robust HIV-1 infection, the cells
were re-stimulated by addition of the activator (10 wl/10°
cells) for 24 h before infection.

Cell culture and virus preparation

The human CD4+ T cell lines MT4, H9, and Jurkat were
obtained from ATCC and cultured in RPMI 1640 medium
containing 10% fetal bovine serum (FBS, Thermo Fisher)
and 50 pM B-mercaptoethanol (Sigma). 293FT cells were
obtained from ATCC and cultured in DMEM (Invitro-
gen) containing 10% FBS. Microglia CHME cells were ob-
tained from Jon Karn lab. For production of HIV-1 par-
ticles, 293FT cells were seeded in 10-cm plates at 6 x 10°
cells/ml and transfected with 15 pg pLAL2, which en-
codes for replication-competent, X4-tropic HIV-1 strain
LAT (HIV-1pa1; # 2532, NIH AIDS Reagent Program) or
HIV-TK (#98135, NIH AIDS Reagent Program) vectors
using Lipofectamine 3000 (Invitrogen). HIV-1 strain Wilm-
ington (#ARP-6914) and strain RF (#ARP-2803) were also
provided by the NIH AIDS Reagent Program. For produc-
tion of HIV-1 pseudovirus, 9 wg of the replication defec-
tive, single round construct HIVpp-luc (pNL4-3.Luc.R-E-,
#3418, NIH AIDS Reagent Program) was cotransfected
with 3 wg pMD2.G into 293FT cells using Lipofectamine
3000. After 2 days of cell culture, virus-containing super-
natants were collected, centrifuged at 2000 g for 10 min,
and filtered through 0.22 wm filters. Supernatants were in-
cubated with DNase I (100 U/ml, NEB) and RNase A
(100 U/ml, Qiagen) at 37°C for 1 h to digest free DNA and
RNA. Virus samples were stored at —80°C until use.

SAM CRISPR/Cas9 screen

The puromycin-resistant pooled sgRNA plasmid library
(Addgene #1000000074), Cas9-VP64 fusion plasmid (Ad-
dgene #61425), and MS2-P65-HSF1 plasmid (Addgene
#61426) were purchased from Addgene and amplified in
E.coli cells. To produce the lentivirus bearing the sgRNA
library, 293FT cells were re-suspended in Opti-MEM
medium and co-transfected with 12 g of the plasmid li-
brary, 9 pg psPAX2, and 6 pg pMD2.G using Lipofec-
tamine 3000 (Invitrogen). After 6 h, the medium was ex-
changed for fresh DMEM medium and the cells were in-
cubated for 48 h. The virus-containing supernatant was
harvested, centrifuged at 2000 g at 4°C for 10 min, fil-
tered through a 0.22 pm filter, and stored at —80°C. Viral
titer was determined by measuring puromycin resistance of
MT4 cells transduced with 10-fold serial dilutions of virus
(9). To generate MT4 cells stably expressing dCas9-VP64
and MS2-p65-HSF1, cells were transduced with dCas9-
VP64 and MS2-p65-HSF1 lentivirus and selected with hy-
gromycin B (200 pg/ml) and blasticidin (5 pg/ml) for 2
weeks. Thereafter, M T4 cells stably expressing dCas9-VP64
and MS2-p65-HSF1 (3 x 10® cells) were transduced with



the sgRNA library lentivirus at an MOI of 0.3 (correspond-
ing to ~30% puromycin selection survival rate) to reach
a coverage of 500 for each sgRNA. Transduced cells were
selected with 1 wg/ml puromycin for 7 days, with split-
ting every 2 days. The cells were then infected with HIV-
TK (6 x 107 cells/sample) at an MOI of 1 for 4 days and
GCV was then added at 250 wg/ml for an additional 3
days. Surviving cells were isolated by sorting using a viable
cell separation kit (Miltenyi Biotec). The cells were placed
back in culture, expanded for an additional 1 week in GCV-
containing medium, infected again with HIV-TK at an MOI
of 1 for 4 days, and treated again with GCV for 3 days.
The surviving cells, designated HI V-resistant cells, were sep-
arated using the kit and collected for sequencing. For mock
infection, samples of 30 million cells were collected for se-
quencing.

Quantification of sgRNA enrichment by deep sequencing

Sequencing was performed as previously described (10).
Briefly, genomic DNA was extracted from MT4 cells and
sgRNA integration was quantified using a two-step nested
PCR process. In PCR#1, 10 pg genomic DNA per reac-
tion was used to amplify the lentiviral sequence containing
the 20 bp sgRNA cassette. A total of 20 reactions were per-
formed (200 pg genomic DNA) to maintain full library rep-
resentation. In PCR#2, 10 pl of pooled PCR1 product was
used for each reaction, with one reaction per 10* constructs
(seven reactions per sample). PCR products were purified
and sequenced using an Illumina NextSeq system.

Knockdown and overexpression vectors

All sequences are listed in Supplementary Table S1. Short-
hairpin (sh) RNAs were purchased from the La Jolla In-
stitute for Immunology. SET was cloned into the pLVX
vector using an In-Fusion kit (Takara). CRISPR vectors
were generated using the Zhang lab protocol (http://sam.
genome-engineering.org/protocols/). For shRNA, sgRNA,
and overexpression lentivirus production, 293FT cells were
seeded at 6 x 10°/well into six-well plates for 12 h and then
transfected with 1.8 pg of the appropriate lentiviral vector
mixed with two packaging vectors (1.2 g psPAX2 and 0.6
rg pMD2.G) in Opti-MEM using Lipofectamine 3000. At
6 h after transfection, the Opti-MEM was exchanged for
DMEM containing 10% FBS and the cells were incubated
for an additional 48 h. Supernatants were collected, cen-
trifuged at 2000 g for 10 min, and stored at —80°C until use.
For cell transduction, MT4 or Jurkat cells were seeded at
4 x 10° cells/well in 12-well plates and 500 wl of virus su-
pernatant plus 4 wg/ml Polybrene were added per well. The
plates were centrifuged at 750 g for 45 min at room temper-
ature and the cells were incubated at 37°C. After 24 h, the
medium was exchanged and the cells were cultured for at
least 3 days before analysis.

CRISPR/Cas9-mediated SET knockout or activation

For CRISPR-mediated SET knockdown (KD), three SET-
targeting sgRNAs (Supplementary Table S1) or control (11)
RNAs were synthesized and annealed for cloning into lenti-
CRISPR v2 (Addgene #52961). Positive clones containing
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sgRNAs were sequenced. To produce the lentiviruses bear-
ing the sgRNA, 293FT cells were seeded at 6 x 10°/well
into six-well plates for 12 h and then transfected with 1.8
g the sgRNA vectors along with two packaging vectors
(1.2 pg psPAX2 and 0.6 pg pMD2.G) in Opti-MEM us-
ing Lipofectamine 3000. MT4 or Jurkat cells were trans-
duced with sgSET or sgNC lentiviruses and selected with
puromycin (1 wg/ml) for 7 days. For generation of an sgSET
Jurkat clone, single cells were sorted into 96-well plates and
cultured for 2 weeks. SET KD clones were identified by
western blot analysis with anti-human SET antibody (Ab-
cam, ab181990, 1:2000) and the cells were sequenced to con-
firm biallelic modification of the SET locus.

For CRISPR-mediated SET overexpression, the two
most significantly enriched SET sgRNAs obtained in the
MT4 screen (Supplementary Table S2) were synthesized
and annealed for cloning into lenti sgRNA(MS2)_puro
plasmid (Addgene, #73795). Lentiviruses were produced
and transduced into dCas9- and MS2-expressing M T4 cells
as described above. Cells were selected in puromycin (1
pg/ml) and increased expression was confirmed by West-
ern.

Expression of in vitro-assembled Cas9-RNP complex in hu-
man PBMCs

For in vitro assembly of the sgRNA-Cas9-RNP com-
plex, Cas9 (Alt-R® S.p. HiFi Cas9 Nuclease V3), SET-
specific crRNA (GAGCAGCACCAUGUCGGCGCGU
UUUAGAGCUAUGCU) or a non-targeting control cr-
RNA (11), tractRNA (Alt-R® CRISPR-Cas9 tracrRNA),
and electroporation enhancer (Alt-R® Cas9 Electropo-
ration Enhancer) were purchased from Integrated DNA
Technologies. Electroporation kit was purchased from In-
vitrogen. The Alt-R CRISPR-Cas9 crRNA or the Alt-R
CRISPR-Cas9 tracrRNA was dissolved in IDTE Buffer to
final concentrations of 200 wM. To generate the sgRNA,
the crRNA (NC or SET-specific crRNA) was mixed with
the tracrRNA in equimolar concentrations in a sterile PCR
tube to a final duplex at concentration of 100 wM. To an-
neal the two RNA oligos into sgRNA, the two RNA oligo
mixture was heated at 95°C for 5 min, removed from heat,
and allowed to cool to room temperature. To prepare the
RNP complexes, 5 .l Cas9 protein (at final concentration
of 5 uM), 5 pl guide RNAs (final concentration of 50
pM), and 1 pl electroporation enhancer (final concentra-
tion of 10 wM) were incubated at room temperature for 10—
20 min. To deliver the RNP into the PBMC cells, activated
PBMC cells were washed and re-suspended in electropora-
tion buffer R at a density of 2 x 107 cells/ml. RNP com-
plexes (10 wl), added into 50 wl cells, and electroporated
into cells at 1600 V, 10 ms, 3 plus. Electroportaed cells were
quickly added into 500 p.l pre-warmed culture media in 24-
well plate and cells were re-suspended by gently pipetting up
and down. The cells were cultured for 6 days to enable suf-
ficient editing and SET expression was detected by Western
blotting.

Integration site sequencing and bioinformatics

Sites of HIV-1 integration in human genomic DNA were
determined from raw Illumina sequence reads using previ-
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ously published pipelines (12-17). Control or SET-depleted
MT4 or PBMCs (2 x 10°) were infected with HIVpp-luc
for 72 h, and genomic DNA extracted using a DNeasy
Blood and Tissue Kit (Qiagen) was digested with Msel and
Bglll and purified using a QIAquick PCR Purification Kit
(Qiagen). Linker DNA was ligated to the digested cellular
DNA overnight at 16°C, and Illumina P7 and P5 adapter
sequences were added by semi-nested PCR. PCR products
were purified and sequenced at Genewiz using the Illumina
NextSeq platform.

Following HIV-1 U5 and linker sequence identification
and demultiplexing, the trimmed sequences were aligned
to human genome build hgl9 by BWA-MEM with pair-
end option. From the aligned reads, HIV-1 integration
site coordinates were determined in bed format as previ-
ously described (12-17). The bedfiles were used to deter-
mine HIV-1 integration site distributions with respect to de-
fined genomic features in the human genome including Ref-
seq genes and gene-dense regions of chromosomes (12-17).
Peak coordinates for histone marks H3K4mel, H3K36me3,
and H3K27ac were downloaded for hgl9 and Dnd41 cells
from UCSC genome Table Browser (https://genome.ucsc.
edu/cgi-bin/hgTables). HIV-1 integration site proximity to
histone markers was calculated by BEDtools (18). Coor-
dinates of 10 SPIN (Spatial Position Inference of the Nu-
clear genome) states, which were downloaded from https://
github.com/ma-compbio/SPIN, were converted to the hgl19
genome as described previously (19). Genomic locations of
speckle-associated domains (SPADs) were as previously de-
scribed (12,13). Lamina-associated domain (LAD) coordi-
nates were provided by the authors (20). Percent integra-
tion frequencies with respect to SPADs, LADs and SPIN
states were calculated using BEDtools. Random integra-
tion control (RIC) values were generated following in sil-
ico digestion of the hgl9 reference genome with Msel and
BgllI (12).

Western blot analysis

MT4, H9 or PBMC lysates were prepared in IP lysis buffer
(Thermo Fisher) and centrifuged. Supernatants were col-
lected and protein concentrations were measured using
DC Protein Assay (Bio-rad). Proteins (25 pg) were sepa-
rated using 4-12% pre-cast SDS-PAGE gels (Invitrogen)
and transferred to PVDF membranes. The membranes were
blocked in 5% FBS at room temperature for 1 h, washed,
and incubated with primary antibodies at 4°C overnight
or at room temperature for 2 h. The membranes were
washed and incubated with horseradish peroxidase (HRP)-
conjugated secondary antibodies (Pierce Fast Western Blot-
ting Blot Kit) for 15 min at room temperature. Finally,
the blots were washed three times and proteins were vi-
sualized using ECL Substrate (Pierce Fast Western Blot-
ting Blot Kit). The antibodies and dilutions used include:
anti-HIV p24 (1:1000, Abcam, ab9071), HRP-conjugated
anti-glyceraldehyde 3-phosphate dehydrogenase (GAPDH-
HRP; 1:5000, Proteintech, HRP-60004), anti-SET (1:2000,
Abcam, abl181990), anti-pS3 (1:1000, Thermo Fisher,
MS-104-P0), and anti-tubulin-HRP (1:5000, Proteintech,
HRP-66031).

Flow cytometry

For analysis of intracellular SET expression in human
PBMC:s, cryopreserved PBMCs from HIV-infected individ-
uals or healthy donors were rapidly thawed at 37°C and
resuspended in RPMI 1640 medium supplemented with
10% FBS and 100 U/ml DNase I (Stem Cell Technolo-
gies). After washing, the cells were incubated with the viabil-
ity dye Zombie Aqua, AF700-conjugated anti-CD3 (clone
OKT3) and APC-Cy7-conjugated anti-CD4 (clone RPA-
T4), all from BioLegend. The cells were washed again,
fixed, and permeabilized using BioLegend staining buffer,
FluoroFix buffer, and permeabilization wash buffer. The
cells were then incubated with rabbit anti-SET antibody
EPR12973 (Abcam, abl81990 or ab237445, 1:40). The
cells were finally washed with staining buffer and analyzed
on a FACSCanto flow cytometer (BD Biosciences, San
Jose, CA, USA). For analysis of GZMA in HIV-infected
PBMCs, PBMCs were stimulated with Immunocult Hu-
man CD3/CD28 T Cell Activator (Stemcell Technologies)
and incubated for 1 week. The cells were stimulated with T
cell activator again and infected with HIV-1p 1. Three days
post-infection (p.i.), T cells were collected and incubated
with the viability dye Zombie Aqua, pacific blue-conjugated
anti-CD3 (clone OKT3), APC-conjugated anti-CD4 (clone
RPA-T4), and PerCP/cy5.5-conjugated anti-CD8 (clone
RPA-TS8). The cells were washed, fixed, and permeabi-
lized. Cells were then incubated with FITC-conjugated anti-
GZMA antibody (clone CB9, 507212, BioLegend). The
cells were finally washed with staining buffer. Gating was
performed using the fluorescence-minus-one or isotype-
stained control methods, and compensation was performed
using UltraComp beads (Thermo Fisher) individually cou-
pled to each antibody. Data analysis was performed using
FlowlJo v10 software (FlowJo LLC).

Quantitative reverse-transcription PCR (RT-qPCR)

To detect SET or HIV env expression, total cellular RNA
was extracted with TRIzol (Invitrogen) according to the
manufacturer’s instructions. Cellular RNA (1 pg) was re-
verse transcribed using iScript cDNA Synthesis Kit (Bio-
Rad) and RT-qPCR was performed using 2x SYBR Green
mix (Bio-Rad) on a LightCycler480 System (Roche Life Sci-
ence). PCR cycling conditions were 95°C for 5 min followed
by 40 cycles of 95°C for 10 s, 60°C for 10 s and 72°C for 10
s. RT-qPCR primer sequences are listed in Supplementary
Table S1.

Late RT qPCR and Alu qPCR

To analyze the early steps of the HIV-1 life cycle (late RT
and integration), we used the methods developed by the
Bushman group (21). Genomic DNA was extracted from
MT4 cells or PBMCs infected with HIVpp-luc at vari-
ous times p.i. as described above. Late RT was detected
using MHS531 and MHS532 primers. Integration was de-
tected by Alu-qPCR. Alu-Gag segments in 100 ng genomic
DNA were first amplified using a forward Alu primer (5'-
GCCTCCCAAAGTGCTGGGATTACA-3) and reverse
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Gag primer (5-GTTCCTGCTATGTCACTTCC-3'). HIV-
1 Gag DNA that had integrated proximal to Alu elements
was then quantified by qPCR using U5 primers. DNA levels
were normalized to genomic GAPDH.

Detection of HIV-1 infection by p24 ELISA and luciferase
assay

For MT4 cells or PBMCs infected with HIV-1p 45, culture
supernatants were collected at the indicated times p.i. and
p24 levels were detected using an HIV-1 p24 ELISA kit
(RETROtek) according to the manufacturer’s protocol. For
cells infected with HIVpp-luc, the cells were collected at
the indicated times p.i., washed with PBS, and lysed with
Passive Lysis Buffer (Promega). Luciferase expression was
measured using a Luciferase Assay kit (Promega).

Chromatin immunoprecipitation (ChIP)-qPCR

H3ac-ChIP and H3-ChIP were performed to assess the as-
sociation between HIV-1 DNA and acetylated H3 (H3ac)
and total H3. Briefly, MT4 cells (2 x 107) were infected
with HIV-1p o1 at an MOI of 0.2 for 3 days and then har-
vested and fixed with 1% formaldehyde for 10 min at room
temperature. The reaction was quenched by addition of
glycine at a final concentration of 125 mM. Fixed cells were
lysed and sonicated to yield ~400 bp fragments. Protein G
Magnetic Beads (Cell Signaling Technology, #70024) were
pre-blocked in 0.5% BSA buffer. Samples of 20 wg chro-
matin were diluted in 1 mL Dilution buffer (20 mM Tris—
Cl, pH 8.0, 150 mM NaCl, 1 mM EDTA, 1% TritonX-100,
0.01% SDS, 1 mM PMSF) and pre-cleared by 20 ul pre-
blocked beads for 1 h at 4°C. After removing the beads
from the chromatin, the pre-cleared chromatin was incu-
bated with 3 g of control rabbit IgG antibody (ab4729, Ab-
cam), rabbit anti-H3 antibody (#1791, Abcam), or rabbit
anti-H3ac antibody (#47915, Abcam) for 2 h at 4°C. And
then, antibody-chromatin complexes were incubated with
30 pl pre-blocked beads for 2 h at 4°C, washed two times
with low salt wash buffer (20 mM Tris—Cl, pH 8.0, 150 mM
NaCl, 2 mM EDTA, 1% TritonX-100, 0.1% SDS, 1 mM
PMSF), two times with high salt wash buffer (20 mM Tris—
Cl, pH 8.0, 500 mM NaCl, 2 mM EDTA, 1% TritonX-100,
0.1% SDS, 1mM PMSF), once with LiCl wash buffer ((20
mM Tris—Cl, pH 8.0, 250 mM LiCl, | mM EDTA, 1% NP40
10%, 1% Na-deoxycholate, | mM PMSF) and once with
TE buffer (10 mM Tris—Cl, pH 8.0, ] mM EDTA, 1 mM
PMSF). DNA was eluted from the immunoprecipitates us-
ing 100 wl of IP elution buffer (50 mM NaHCO3, 1% SDS
10%) for 30 min at room temperature. § pl of 4 M NaCl
was added into the 100 pl eluent (final concentration of 0.3
M) and incubated at 67°C for 8 h to reverse crosslink ge-
nomic DNA. The genomic DNA was then purified using
PCR purification kit (Qiangen). HIV-1 DNA was quanti-
fied by qPCR using the primers listed in Supplementary Ta-
ble S1.

Statistical analysis

Data were analyzed using Prism version 8.0 software
(GraphPad). Data are presented as the mean + standard de-
viation (SD) unless indicated, and group mean differences
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were analyzed using Student’s ¢ test. P < 0.05 was consid-
ered statistically significant.

Fisher’s exact test was used to calculate P values associ-
ated with statistically significant differences in integration
distribution with respect to genomic features, except for
gene-density comparisons, where the Wilcoxon-sum rank
test was applied.

RESULTS

Identification of HIV-1 restriction factors using a genome-
wide CRISPR-Cas9 transcriptional activation screen

To identify cellular factors restricting HIV-1 replication, we
performed a previously described CRISPR/Cas9 gain-of-
function transcriptional activation method, which is based
on synergistic activation mediator complex (SAM) (9). The
three components of SAM-mediated activation are inac-
tive dCas9-VP64 fusion protein, the MS2-P65-HSF1 acti-
vation helper protein, and the sgRNA library harboring
MS2 RNA aptamers. The human genome-wide sgRNA li-
brary was designed to activate expression of all known cod-
ing isoforms from the RefSeq database (23,430 isoforms: 3
sgRNAs per gene, 70,290 guides total) (9). To obtain HIV
resistant cells, we chose a highly permissive MT4 T cell
line, which could be infected at ~100% efficiency (22). To
improve the efficiency of selection of HIV-resistant cells,
we used an engineered nef-deficient HIV-1yn14.3 construct
(referred to as HIV-TK), which expresses the ganciclovir
(GCV)-sensitive herpes simplex virus thymidine kinase and
therefore allows depletion of all HIV-1-infected cells (23)
while preserving HIV-1-resistant cells. The experimental
strategy is outlined in Figure 1A.

We first verified whether this infection strategy could en-
hance the selection of HIV-1-resistant cells. M T4 cells were
transduced with non-targeting sgRNA (sgNC) or sgRNA
targeting the HIV-1 co-receptor CXCR4 and the cells were
then infected with HIV-TK for 4 days. GCV was then added
to the cells at various concentrations and viability assays
were performed 3 days later. This analysis demonstrated
that HIV-TK infection alone caused the death of ~90%
of sgNC-expressing cells by day 7, while the combination
of HIV-TK infection and 250 wg/ml GCV treatment re-
sulted in almost 100% loss of viability (Supplementary Fig-
ure S1A). In contrast, CXCR4-edited MT4 cells were vir-
tually unaffected by HIV-TK infection in the presence or
absence of GCYV, as expected (Supplementary Figure S1A).
Thus, HIV-resistant MT4 cells could be selected with high
efficiency when using HIV-TK infection at an MOI of 1 for
4 days followed by GCV treatment at a concentration of 250
pg/ml for 3 days.

For the sgRNA screen, M T4 cells stably transduced with
dCas9-VP64 and MS2-p65-HSF1 lentiviruses were selected
for 2 weeks, and then transduced with the sgRNA lentiviral
library for 7 days, infected with HIV-TK (or mock-infected)
for 4 days, and treated with GCV 250 wg/ml for an ad-
ditional 3 days (Figure 1A). The surviving cells were then
sorted by using a viable cell separation kit, expanded for
1 week, and then subjected to a second round of HIV-TK
infection for 4 days followed by GCV selection for 3 days.
The surviving cells, considered to be HIV-1-resistant, were
sorted and genomic DNA was extracted for PCR amplifi-
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Figure 1. Identification of HIV inhibitory factors by genome-wide SAM CRISPR /Cas9 screening. (A) Schematic representation of the genome-wide SAM
CRISPR /Cas9 screen of human MT4 cells. A stable MT4 cell line expressing dCas9-VP64 and MS2-p65-HSF1 was transduced with the sgRNA library,
infected with HIV-TK, and then treated with ganciclovir (GCV) to further deplete HIV-infected cells. The HIV-TK infection and GCV selection cycle was
repeated, and surviving HIV-resistant cells were sorted for analysis. sgRNA libraries were prepared from genomic DNA by nested PCR and sequenced.
Differentially enriched sgRNAs were identified and the genes were further analyzed as candidate HIV-1 restriction factors. (B) Target hit validation. MT4
cells were transduced with control sShRNA (shNC) or the indicated gene-specific sSiIRNAs for 2 days followed by infection with HIV-TK (MOI 0.1) for 3
days. Cells were harvested to extract the RNA, and RT-PCR was performed to quantify the expression of HIV-1 env relative to GAPDH. Mean + SD of
n=73.*P < 0.05, **P < 0.01, ¥***P < (0.0001, by Student’s ¢ test. (C, D) SAM mediated activation of SET, KCTDI1, KiAA1586, ORAI3, and ATP1B1
inhibit HIV-1 replication. dCas9 and MS2 MT4 cells were transduced with lentivirus expressing control sgRNA (sgNC) or sgRNA of indicated genes.
After 2 days, cells were infected with HIV-1p o1 at an MOI of 0.1 for 3 days. Cellular RNA was extracted, and RT-qPCR was performed to quantify the
expression of HIV-1 env relative to GAPDH (C). The release of HIV-1 particles in the supernatant was detected by p24 ELISA (D). Mean + SD of n = 3.
*¥*P < 0.01, ¥**P < 0.001, ****P < 0.0001, by Student’s 7 test.



cation and deep sequencing of sgRNAs. The screening re-
sults were processed using the comprehensive STARS anal-
ysis, which ranks screen hits with consistent enrichment
among multiple sgRNAs in HIV-infected cells compared
with mock-infected cells (11).

In total, we obtained 2431 candidate genes that were
represented by enrichment of at least two of the three
targeting sgRNAs per gene (Supplementary Table S2).
Included among them was the nucleotide phosphohy-
drolase SAMHDI1 (SAM domain and HD domain-
containing protein 1), which is a well-known HIV-1 restric-
tion factor (24,25) and, accordingly, all three SAMHDI1-
targeting sgRNAs were significantly enriched in HIV-
resistant MT4 cells (Supplementary Figure S1B). As ex-
pected, the screen effectively counter selected many known
HIV-1-dependency factors, including CXCR4, CD4, and
three proteins (ALCAM, SLC35B and TPST2) identified
by a previous CRISPR/Cas9 knockout screen (7) (Sup-
plementary Figure SI1B). These findings served to validate
the screening approach and confirmed the ability to en-
rich for sgRNAs activating expression of HIV-1 restriction
factors.

From the list of candidate genes, we chose 46 with the
highest STARS scores (> 1) for functional validation (Sup-
plementary Table S2), preferentially selecting those an-
notated in pathways that may affect HIV-1 proliferation,
including immune response, chromatin modification, ion
signaling, protein modification, transcriptional regulating,
cell-to-cell interactions, vesicle transporting and RNA pro-
cessing or transport (26). To validate the hits, MT4 cells
were transduced with three targeting ShRNAs per gene, in-
fected with HIV-TK, and then analyzed for HIV-1 infection
by measuring viral env expression by RT-qPCR (Figure 1B).
We found that KD of 15 of the 46 genes resulted in signifi-
cantly increased HIV-1 env expression (Figure 1B and Sup-
plementary Figure S1C). Of these, SET, ORAI3 (ORAI cal-
cium release-activated calcium modulator 3), ATP1BI1 (AT-
Pase Na*/K* transporting subunit beta 1), KCTDI (potas-
sium channel tetramerization domain-containing 1), and
KIAA1586 (E3 SUMO-protein ligase) were further vali-
dated by shRNA-mediated KD in a second human T cell
line, H9, which confirmed that their expression restricted
HIV-1 env expression, suggesting that these factors act in
cell line independent manners (Supplementary Figure S1D,
E). We selected these five genes for further confirmation
using SAM directed activation. Two of the enriched sgR-
NAs from the screen were used to activate gene expres-
sion for each gene, while expression activation of SAMHD1
and CXCR4 was used as positive and negative controls for
virus restriction, respectively. HIV-1; o1 was used to infect
cells for gain-of-function experiments. As expected, env ex-
pression and p24 levels in infected cell supernatants were
suppressed by SAMHD1 overexpression but enhanced by
CXCR4 overexpression. HIV-1 o1 infection of MT4 cells
was significantly inhibited by SET, KCTDI1, KIAA1586,
ORAI3 and ATP1BI overexpression, as measured by RT-
qPCR analysis of env expression and ELISA quantification
of HIV p24 protein level in the cell supernatants (Figure 1C
and D). Thus, this genome-wide CRISPR /Cas9 transcrip-
tional activation screen identified a series of novel inhibitory
factors for HIV-1 infection in human CD4+ T cells.
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SET restricts HIV-1 replication in human T cell lines and
PBMCs

From the chromatin modification category of cell factors,
SET robustly inhibited HIV-1 infection (Figure 1B-D) in
both MT4 and H9 cells (Supplementary Figure S1D and
E). The SET gene encodes four isoforms, of which only iso-
form 2 was identified as a potential HIV-1 inhibitory factor
in our CRISPR /Cas9 activation screen. SET isoforms 1 and
2 are inhibitors of the histone acetylases (HATs) EP300 and
GCNS5 (27,28). EP300 and GCNS have been shown to im-
pact HIV-1 replication, although their mechanism of action
is unclear (29-32). Thus, we investigated the mechanism of
HIV-1 restriction by SET in more detail. To deplete SET,
we designed three sgRNAs to target the transcriptional start
site (TSS), exonl and exon3 (Figure 2A). Western blot anal-
ysis confirmed that SET protein expression was significantly
depleted in sgSET-expressing M T4 cells compared with the
control cells (Figure 2B). SET edited MT4 cells were in-
fected with HIV-1; 41 at an MOI of 0.1 for a time course
analysis of HIV-1 gene expression. A significant increase in
p24 was evident (~10-fold) at 2 days p.i., which reached over
30-fold at 3 days p.i. (Figure 2D). To obtain a T cell line with
complete SET KD, we separated single colonies of Jurkat T
cells after transduction with sgRNA1, and one clone was
characterized as completely depleted for SET expression at
the protein level (Figure 2C). This colony was identified to
harbor two heterozygous editing sites (Supplementary Fig-
ure S2A). To hone in on the early events of HIV-1 infection
including RT, integration, and gene expression from the vi-
ral env position, we used the single-cycle reporter construct
HIVpp-luc. Similar to the results observed in bulk M T4 cell
cultures, RT-qPCR analysis of env revealed that infection
by the HIVpp-luc was increased in the SET depleted Jurkat
cell clone compared with control cells, which was evident as
early as day 1 p.i (Figure 2E).

As mentioned above, SET isoform 2 was the only isoform
identified in our screen. To confirm that the effects of SET
observed here were indeed mediated by isoform 2, we over-
expressed SET isoform 2 in M T4 cells. As expected, infec-
tion with HIV-1p a1 was reduced by ~50% in SET isoform
2-overexpressing cells compared with cells overexpressing
the control protein GFP (Figure 2F-H). Altogether, these
results demonstrate that SET restricts HIV-1 infection.

Next, we sought to establish the pathophysiological rel-
evance of our results by examining HIV-1 infection of hu-
man PBMC:s. To activate T cells, PBMCs from three healthy
donors were incubated in vitro with antibodies to CD3
and CD28 and then transduced with three SET-specific
shRNAs, each of which reduced SET mRNA and protein
levels by ~80% (Supplementary Figure 2B-G). SET KD
cells were then infected with HIV-1 41 for 3 days. Expres-
sion of SET shRNAs increased HIV-1y a1 infection by about
3-5-fold, 9-22-fold and 4-12-fold in cells from donors 1,
2, and 3, respectively (Figure 2I-K), which was consistent
with the effects of SET KD in MT4 and Jurkat cells. Taken
together, these results demonstrated that SET, most likely
isoform 2, negatively regulates HIV-1 replication not only
in human CD4+ T cell lines, but also in PBMCs.

To ascertain the functionality of SET-based restriction
beyond lab-adapted strains such as LAT and NL4-3, we next
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examined the primary X4 strain Wilmington, the R5 strain
Bal, and the R5X4 dual-tropic strain RF. SET knockout
increased Wilmington and RF infection of Jurkat T cells
(Figure 2L). Moreover, HIV-1 Bal and RF infection was
increased significantly in microglial CHME cells following
SET KD (Figure 2M, N). These results demonstrated that
SET can restrict infection of multiple HIV-1 strains.

SET restricts HIV-1 infection at the DNA integration step

We next sought to identify the stage of the HIV-1 life cy-
cle at which SET was required. Reverse transcription (RT)
and integration of HIV-1 DNA was examined by qPCR
and Alu-qPCR, respectively. To restrict this analysis to a
single-round of HIV-1 infection, MT4 cells overexpressing
SET isoform 2 or GFP were infected with HIVpp-luc and
total DNA was extracted at various times up to 48 h p.i.
(Figure 3A, B). Interestingly, while SET overexpression in
MT4 cells had little effect on the magnitude or kinetics
of HIV-1 RT (Figure 3A), DNA integration was signifi-
cantly reduced by ~40-50% at 24-48 h p.i. (Figure 3B). Lev-
els of unintegrated 2-LTR circles were analyzed to deter-
mine whether the integration block occurred pre- or post-
nuclear import. SET overexpression was found to dramati-
cally increase the levels of unintegrated 2-LTR circles, sug-
gesting that HIV-1 nuclear import is unaffected and that
SET blocks post-nuclear entry DNA integration (Supple-
mentary Figure S3A). Moreover, because HIV-1 infectivity,
as assessed by HIVpp-luc-mediated luciferase expression,
was also reduced by ~40% upon SET overexpression (Fig-
ure 3C), we considered it unlikely that the post-integration
steps of HIV-1 infection were affected by SET overexpres-
sion. To test this, we performed a side-by-side comparison
of HIV-1 DNA integration and HIVpp-luc infectivity in
MT4 cells with CRISPR /Cas9-mediated SET overexpres-
sion. We found that HIV-1 DNA integration was decreased
by ~70% and ~50% in cells expressing two different SET-
targeting sgRNAs (Figure 3D, Supplementary Figure S3B),
with parallel and comparable reductions in infectivity (Fig-
ure 3E). To directly investigate whether HIV-1 transcription
was affected by SET, we employed an HIV-1 promoter re-
porter assay in control and SET KD cells, which revealed
statistically insignificant differences among the various cell
types (Supplementary Figure S3E). These data suggest that
SET blocks HIV-1 infection by interfering with the DNA
integration step.

Our experiments thus far have modulated SET expres-
sion using sgRNAs and shRNAs delivered by lentiviral vec-
tors, which have backbones based on HIV-1. To rule out
any influence on our findings by integration of the lentivi-
ral vectors, we expressed shNC or shSET in MT4 cells us-
ing Moloney murine leukemia virus (MLV)-based vectors,
which are not detected by the Alu-qPCR assay for HIV-1
DNA integration due to sequence differences between MLV
and HIV-1. We confirmed that MLV-mediated shSET ex-
pression effectively reduced SET protein and mRNA ex-
pression in these cells (Supplementary Figure 3C, D), and
then examined HIVpp-luc infectivity and DNA integration.
Notably, both integration and infectivity were enhanced by
about 1.5-2-fold in SET KD cells compared with control
cells (Figure 3F, G). Thus, the involvement of SET in HIV-
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1 integration was not affected by the viral vector employed
to modulate SET expression.

SET does not alter HIV-1 integration site preference and re-
stricts HIV-1 integration by inhibiting histone acetylation

As noted above, SET inhibits acetylation of histones, in-
cluding H3 and H4, by inhibiting the function of the HATs
EP300 and GNCS5, and has been proposed to act as part of
a HAT inhibitor complex (INHAT) with ANP32A (27,28).
Integration of HIV-1 in the human genome is nonrandom,
with specific preferences for active genes (33) and associated
chromatin, including regions enriched for activating epige-
netic marks such as acetylated H3 and H4 (34). Therefore,
we hypothesized that SET may inhibit HIV-1 integration via
its activity as part of the INHAT complex. We first deter-
mined whether ANP32A and EP300 are also involved in
HIV-1 integration by examining MT4 cells with shRNA-
mediated ANP32A or EP300 KD. Indeed, HIVpp-luc DNA
integration and infection were amplified by ANP32A KD,
a phenotype similar to that seen in SET-depleted cells (Fig-
ure 3H, I and Supplementary Figure 3F, G), and conversely,
were inhibited by EP300 KD (Figure 3H and I, Supplemen-
tary Figure S3H). These results are consistent with a posi-
tive role for EP300 in promoting HIV-1 integration and an
inhibitory role for SET/ANP32A in preventing HIV-1 inte-
gration (29).

We envisioned a possible scenario for SET-mediated
inhibition of HIV-1 integration where SET expression
would decrease accessibility to favorable integration sites
via downregulation of activating epigenetic marks. We fur-
ther envisaged that sites of HIV-1 integration in the hu-
man genome would alter under this scenario. To determine
whether SET alters HIV-1 integration site preferences, we
performed genomic integration site sequencing in SET de-
pleted PBMCs and MT4 cells. PBMCs isolated from the
blood of healthy donors and activated by antibodies to CD3
and CD28 for 3 days were electroporated with ribonucleo-
protein complexes (Cas9-RNPs) that consisted of the Cas9
nuclease bound to a SET CRISPR RNA (crRNA-SET) and
the trans-activating crRNA (tractrRNA) (Figure 4A). After
6 days in culture to allow for depletion of the targeted gene,
the cells were infected for 3 days to enable efficient integra-
tion of single cycle HIV-1 (HIVpp-luc). In the two donors,
SET Cas9-RNP knocked out SET expression (Figure 4B
and C). Consistent with our results in Figure 3, depletion of
SET increased integrated proviral HIV-1 DNA by ~1.5-fold
(Figure 4B and C). Integration sites were also determined in
MT4 cells knocked down for SET expression using MLV-
based shRNA. Cellular DNA from infected control or SET
depleted cells was extracted, and HIV-1 integration sites
were amplified by ligation-mediated PCR and sequenced
on the Illumina platform (12-17). Previous integration site
analyses showed that HIV-1 prefers to integrate into active
chromatin including speckle-associated genomic domains
(SPADs) and disfavors integration into transcriptionally-
repressed chromatin including lamina-associated domains
(LADs) (12,14). Integration sites were initially mapped to
RefSeq genes, surrounding gene density, SPADs, and LADs
(Supplementary Table S3). In MT4 cells, around 75% of
integrations were within genes (Figure 4D); the average
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Figure 3. SET represses HIV-1 integration. (A—C) SET overexpression represses the integration of HIV-1 DNA into cellular DNA. Late RT products (A),
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gene density surrounding integration sites was about 10.6 SET depletion failed to appreciably affect integration tar-
genes/Mb (Figure 4E); and about 7% and 44% of integra- geting frequencies in MT4 cells and PBMCs (Figure 4D-
tions occurred within SPADs and LADs, respectively (Fig- G). Based on these findings, we expanded our analyses to
ure 4F, G). In primary PBMCs, we observed that genes other features known to be associated with HIV-1 integra-
and gene-enriched regions were also favorable targets, with tion site targeting, including histone modifications associ-
~86% of integrations within genes (Figure 4D) and the av- ated with active chromatin H3K4mel (Supplementary Fig-
erage gene density surrounding integration sites increased ure S4A), H3K36me3 (Supplementary Figure S4B), and
to about 22 genes/Mb (Figure 4E). Moreover, about 31% H3K27Ac (Supplementary Figure S4C). We additionally
and 15% of integrations occurred within SPADs and LADs, analyzed spatial position inference of the nuclear genome or
respectively (Figure 4F, G, Supplementary Table S3). While SPIN states, which are 10 regions of the human genome seg-
integration frequencies in transcription units in PBMCs mented based on radial position and transcriptional activity
and MT4 cells were similar to prior reports (35), MT4 (36). HIV-1 integration greatly prefers interior SPIN states
cells supported uncharacteristically low levels of integration Speckles and Interior Active 1, and disfavors nuclear mem-
into gene dense regions and SPADs (12) and, concordantly, brane proximal regions such as Lamina (19,35). Similar to
LAD-proximal integration was uncharacteristically high in our analyses of SPAD and LAD-proximal integration tar-
MT4 cells (14). By contrast, the integration site profile of geting, HIV-1 in MT4 cells targeted regions associated with
HIV-1 in PBMCs was consistent with prior reports (35). activating epigenetic marks less so than it did in PBMCs
Although it is unclear why MT4 cells support significantly (Supplementary Figure S4A-C), and only marginally fa-
less integration in active regions of chromatin that are typ- vored the Speckle SPIN state and uncharacteristically fa-
ically targeted by HIV-1, their unusual behavior afforded a vored Near Lamina 2 chromatin (Supplementary Figure
unique opportunity to test the role of SET in integration in S4D, E). Regardless, these integration targeting metrics re-
two different cell types that presented rather different basal mained largely unaffected by SET depletion in both MT4
integration targeting profiles. cells and PBMCs. Based on these findings, we concluded
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were activated by using CD3 and CD28 antibodies. Then, cells were electroporated with Cas9-RNPs, which consisted of the Cas9 nuclease bound to a SET
CRISPR RNA (crRNA-SET) and the trans-activating crRNA (tracRNA). (B, C) PBMC of two healthy donors were delivered with the SET Cas9-RNPs.
After 6 days in culture to allow for depletion of the targeted gene, the cells were infected with HIVpp-luc (MOI = 2) for 3 days to enable efficient integration
of the single cycle reporter virus. Integrated HIV-1 DNA was quantified by Alu qPCR, and SET expression detected using Western blot. Integrated HIV-1
DNA was normalized to genomic GAPDH. Mean + SD of n = 3. *P < 0.05, ***P < 0.001 by Student’s 7 test. Western blot data are representative of
at least two independent experiments. Tubulin was used as a loading control. (D-G) SET depletion does not appreciably alter sites of HIV-1 integration.
HIV-1 integration site sequencing was performed in HIVpp-luc infected (MOI = 0.2) MT4 cells depleted for SET by the MLV KD system. Meanwhile,
two SET depleted sets of PBMCs prepared in panels (B), (C) were subjected to integration site sequencing. Cellular DNA from infected control or SET
depleted cells were extracted. Sites of HIV-1 integration, which were amplified by ligation-mediated PCR, were sequenced using Illumina. Integration
site analysis of HIV-1 DNA integration sites mapped with respect to RefSeq genes (D), surrounding gene density (E), SPADs (F) and LADs (G). RIC,
random integration control. (H, I) SET inhibits H3ac-associated HIV-1 DNA. Acetylated H3 ChIP (H3ac-ChIP, H) and total H3 ChIP (1) assays of Jurkat
cells expressing sgNC (control) or sgSET (SET KO) and infected with HIV-11 o1 (MOI = 1) for 2 days. Immunoprecipitates were subjected to qPCR with
primers specific for four regions of HIV-1 DNA: Nucleosome (Nuc)-0, Nuc-1, Nuc-2 and DHS (DNase I highly sensitive). Mean + SD of n = 2. *P < 0.05,
**P < 0.01 by Student’s  test.
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that SET plays a significant role to regulate HIV-1 integra-
tion without appreciably affecting integration site targeting.

To further investigate the impact of SET expression on
HIV-1-specific as well as genome-wide histone acetyla-
tion, we next measured histone acetylation modifications by
ChIP. H3ac-ChIP and H3-ChIP were performed in HIV-
I-infected SET knockout cells at several time points that
spanned from before detectable integration (6 h) through
peak values at 48 h p.i.. Jurkat cells harboring sgNC or
sgSET were infected with HIV-1; o1 and levels of total H3
and acetylated H3 (H3ac) were detected by ChIP, followed
by qPCR specific for nucleosomes (Nuc) 0, Nuc-1 and Nuc-
2, and NHS (DNase I hypersensitive sites) associating HIV-
1 DNA (37,38). SET knockout upregulated levels of H3ac-
associated HIV-1 DNA both at 6 h p.i. (Supplementary Fig-
ure S4F) and at 48 h p.i. (Figure 4H). By contrast, total
levels of H3-associated HIV-1 DNA were unchanged un-
der these conditions (Supplementary Figure S4G, Figure
41). These data indicated that H3ac-associated levels of un-
integrated and integrated HIV-1 DNA were increased by
SET knockout. We next asked if this change of acetylation
was specific to HIV-1 DNA or due to global increases of
H3ac levels. We found that overall histone acetylation, in-
cluding levels associated with host genes such as GAPDH
(Supplementary Figure S4F, G), were upregulated in SET
knockout cells, suggesting that the upregulation of HIV-
I-DNA-associated histone acetylation was not specific to
the virus. Taken together, SET inhibits global H3ac levels
and restricts HIV-1 integration while not specifically alter-
ing HIV-1 integration site preferences.

SET expression is downregulated by HIV-1 infection in vivo
and is restored by inhibition of granzyme A in infected cells

Finally, we examined whether SET expression might
correlate with HIV-1 pathogenesis in people lived with
HIV/AIDS (PLWH). We first investigated SET mRNA ex-
pression levels in PBMCs that were infected ex vivo with
HIV-1p; at different time points, which revealed that ro-
bust HIV-1 infection did not affect SET mRNA levels (Fig-
ure SA, Supplementary Figure S5A).

We next analyzed SET mRNA expression in single-cell
RNA sequencing data obtained from PBMC from two
healthy subjects (15121 cells) or six HIV-infected donors
(28,610 cells) (39). Our analysis showed that SET mRNA
expression was not changed in CD4+ T cells of HIV-1 in-
fected individuals as compared to healthy donors (Supple-
mentary Figure SSB). Additionally, in 24 HIV-1-infected
samples, mRNA expressions were variable among different
donors, and the average-line of expression was not signifi-
cantly altered when compared to the average-line of the 10
healthy donors (Figure 5B).

SET protein levels, however, were significantly decreased
among 16 HIV-1-infected donors (Figure 5C, Supplemen-
tary Table S4). By contrast, SET protein levels remained
constant in MT4 and H9 T cells infected with HIV-1p a1
(Supplementary Figure S5C, D). To determine if the reduc-
tion in SET protein observed in HIV patients was cell-type
dependent, we infected primary PBMC, which revealed a
significant reduction of SET at 3-4 days p.i. (Figure 5D,
Supplementary Figure S5E, F). We considered that SET

degradation under these conditions was likely to be indi-
rectly mediated by the virus. Previous studies suggested
that Granzyme A (GzmA) cleaved SET to disrupt its nu-
cleosome assembly activity (40). We accordingly pretreated
PBMC with either GzmA inhibitor, proteasome inhibitor
(MG132), or a lysosome inhibitor (bortezomib). The level
of SET protein was rescued by GzmA inhibitor across
donors (Figure SE, F). In contrast, neither MG132 nor
bortezomib treatment rescued the decrease in SET protein
instilled by HIV-1 infection (Supplementary Figure S5G).
Additionally, GZMA mRNA and protein were both upreg-
ulated in CD8+ T and CD4+ T cells upon HIV-1 infection
(Supplementary Figure S6A-C). These data suggest that
GzmA, activated by HIV-1 infection, mediated SET degra-
dation in PBMC.

In summary, we have performed a genome-wide func-
tional screen in CD4+ T cells to identify cellular restriction
factors of HIV-1. We revealed that one such factor, SET,
restricted H3ac, the consequences of which inhibited HIV-
1 integration without significantly affecting integration site
preferences. SET protein expression correlated with HIV-
1 pathogenesis. During HIV-1 infection, GZMA was acti-
vated, which mediated the degradation of SET (Supplemen-
tary Figure S7).

DISCUSSION

As a retrovirus, the life cycle of HIV-1 involves reverse tran-
scription of genomic RNA into DNA followed by inte-
gration into the host genome to form a provirus. Under-
standing how HIV-1 integration is established and regu-
lated by host proteins may inform novel therapeutic strate-
gies to prevent virus infection and potentially inform HIV
cure strategies. For example, treatment of cells with LED-
GINSs, a class of small molecules that can inhibit the in-
teraction between integrase and cellular LEDGF/p75, can
impinge transcriptional reactivation of resultant proviruses
(41). Here, we employed a high-complexity genome-wide
CRISPR /Cas9 transcriptional activation screen in human
CD4 + T cells to identify host factors that restrict HIV-1
infection. We identified a novel series of host proteins that
block viral integration and additionally revealed that the
SET/ANP32A INHAT complex plays a role in preventing
HIV-1 integration by regulating histone acetylation.

The novel inhibitors of HIV-1 infection identified here in-
cluded KCTD1, KIAA1586, ORAI3, ATP1BI, and SET.
KCTDI1 is a soluble non-channel member of the potas-
sium channel tetramerization domain family and func-
tions as a Cullin3-dependent E3 ligase. KIAA1586 is an
E3 SUMO-protein ligase that facilitates UBE2I/UBC9-
mediated conjugation of the small ubiquitin-like modifier
SUMO?2 to target proteins (42). ORAI3 encodes a subunit
of Ca’* release-activated Ca2+-like (CRAC-like) channel
and mediates Ca®* influx. ATP1B1 is a member of the fam-
ily of Na*/K* and H" /K" ATPases beta chain proteins and
is responsible for establishing and maintaining electrochem-
ical Na* and K™ gradients across the plasma membrane.
Finally, we focused our study mainly on the histone acety-
lation inhibitor SET, which we considered highly likely to
play a regulatory role in HIV-1 infection (27,28).
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Figure 5. Downregulation of SET in PBMCs by HIV-1 infection is partially reversed by inhibition of granzyme A. (A) SET mRNA levels are not changed
by HIV infection. RT-qPCR analysis of SET mRNA in activated PBMCs from healthy donors infected with HIV-11 o1 (MOI 0.1) for 4 days. Mean + SD,
n=3. SET mRNA was normalized to GAPDH expression. (B) SET mRNA levels are not changed in people living with HIV (PLWH). RT-qPCR analysis
of SET mRNA in PBMCs isolated from 24 PLWH and 10 healthy donors. SET mRNA was normalized to /8S RNA expression. (C) Significant decreases
in SET protein levels in PLWH. Flow cytometric analysis of peripheral blood CD4+ T cells from 16 PLWH and 14 healthy donors after staining of
intracellular SET protein. Horizontal bars indicate the mean. ***P < 0.001, by Student’s ¢ test. (D) HIV-1 infection reduces SET protein expression.
Western blot analysis of SET and p24 proteins in activated PBMCs from healthy donors mock-infected (—) or infected (+) with HIV-1p o1 (MOI 1) for 4
days. (E, F) Granzyme A inhibitor counteracts the decrease of SET protein expression upon HIV-1 infection. Western blot analysis of SET and p24 proteins
in activated PBMCs from healthy donors mock-infected (—) or infected (+) with HIV-1; o1 (MOI 1) for 3 days. Cells were incubated with DMSO or 50
M nafamostat mesylate, a granzyme A inhibitor (GZMA-i), 1 day before lysis. Western blot data in D-F are representative of at least two independent

experiments. GAPDH was used as a loading control.

Our results imply that SET inhibits HIV-1 integration
by reducing histone acetylation of integrase and/or HIV-
1 DNA. SET has been shown to regulate the HATs EP300
and GCNS5 (27,28), and our finding that EP300 KD in MT4
cells inhibited both HIV-1 DNA integration and replica-
tion is consistent with previous findings (29,30). These au-
thors demonstrated that EP300 and GCNS enhanced HIV-
1 integration by catalyzing acetylation of HIV-1 integrase.
A later study from the same group showed that Tripar-
tite motif-containing 28 (TRIM28/KAP1) binds to acety-
lated HIV-1 integrase and recruited HDACI, followed by
deacetylation of HIV-1 integrase (43). However, it remains
unclear whether acetylation of HIV-1 integrase directly af-
fects its enzymatic activity, and evidence currently exists
both for and against this association. Cereseto et al. showed
that point mutations in the EP300 acetylation sites of HIV-
1 integrase impaired its integration activity (29), although
some concern has been raised that the position of a C-
terminal HA tag close to the integrase acetylation sites may
have influenced the results, particularly because Muesing
and colleagues reported that similar point mutations in un-
tagged integrase failed to significantly effect HIV-1 integra-
tion (32). Furthermore, a more recent study showed that
mutation of four acetylated lysines in the C-terminal do-
main of HIV-1 integrase affected proviral transcription but

not the preceding integration step (31). Based on these stud-
ies, it seems unlikely that acetylation of HIV-1 integrase di-
rectly affects DNA integration. Further work will be nec-
essary to uncover the mechanism(s) by which EP300- and
GCN5-mediated acetylation of integrase promotes HIV-1
replication. Of note, our ChIP studies demonstrated that
SET inhibits acetylation of histones associated with HIV-
1 DNA. We cannot exclude the possibility that SET may
additionally act by directly inhibiting integrase acetylation,
but the preceding discussion suggests that this would be un-
likely to affect integration.

SET is known to form two complexes: a nuclear com-
plex composed of SET and ANP32A and an endoplasmic
reticulum (ER)-associated complex composed of SET, the
base excision repair endonuclease APEIL, the exonuclease
TREXI, and the endonuclease NM23-HI. In the present
study, we showed that shRNA-mediated KD of ANP32A
phenocopied the effects of SET KD on HIV-1 integration
and infection, suggesting that the SET/ANP32A complex
mediates the observed effects of SET, although we cannot
rule out a role for the second SET complex. Previously, the
ER-associated complex was implicated in HIV-1 integra-
tion by suppressing suicidal autointegration (44).

In summary, our genome-wide CRISPR /Cas9 transcrip-
tional activation screen proved to be an effective method
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for identifying host factors that control HIV infection of
human CD4+ T cells and enabled the discovery of several
novel proteins that prevent HIV-1 infection. Our results may
open up new avenues of research into the development of
therapeutic agents that modulate host factors involved in
HIV-1 life cycle.
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