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After viralentry and reverse transcription, HIV-1 proviruses that fail to
integrate are epigenetically silenced, but the underlying mechanism

has remained unclear. Using a genome-wide CRISPR/Cas9 knockout
screen, we identified the host SMC5/6 complex as essential for this
epigenetic silencing. We show that SMC5/6 binds to and then SUMOylates
unintegrated chromatinized HIV-1 DNA. Inhibition of SUMOylation, either
by point mutagenesis of the SMC5/6 component NSMCE2—a SUMO E3
ligase—or using the SUMOylation inhibitor TAK-981, prevents epigenetic
silencing, enables transcription from unintegrated HIV-1DNA and rescues
the replication of integrase-deficient HIV-1. Finally, we show that blocking
SMC5/6 complex expression, or inhibiting its SUMOylation activity,
suppresses the establishment of latent HIV-1infections in both CD4+

T celllines and primary human T cells. Collectively, our data show that the
SMC5/6 complex plays a direct role in mediating the establishment of HIV-1
latency by epigenetically silencing integration-competent HIV-1 proviruses
before integration.

Integration of proviral DNA into the host cell genome is a defining fea-
ture of the retroviral life cycle that is essential for proviral transcription
andreplication™’. Integrase (IN) inhibitors potently inhibit HIV-1repli-
cation’. Inthe absence of functional IN, unintegrated HIV-1 proviruses
accumulate repressive epigenetic marks, including trimethylation
of lysine 9 on histone H3 (H3K9me3), and are depleted of activating
marks, such asH3 acetylation (H3Ac)**. While the epigenetic silencing
of transcription from unintegrated HIV-1 DNA probably represents a
host defence against foreign DNA, the underlying mechanisms and
cellular factors that mediate this effect remainincompletely defined®’.

In murine leukaemia virus (MLV), a genomic screen identified
components of the human silencing hub (HUSH) complex, as well as
the DNA-binding protein NP220, as critical for unintegrated MLV DNA
silencing®. However, subsequent work® failed to detect any role for the
HUSH complex or NP220 insilencing unintegrated HIV-1. More recently,
ascreen of 1,217 human genes found to be downregulated by the HIV-1
Vpr protein identified a component of the structural maintenance
of chromosome (SMC) 5/6 complex, SMC5/6 complex localization
factor 2 (SLF2), as critical for unintegrated HIV-1 DNA silencing. This
screenalso showed that six other components of the SMC5/6 complex,
including SMCS5 and 6 as well as the four SMC5/6 associated proteins

non-structural maintenance of chromosomes element 1 through 4
(NSMCE1-4), but not the SMC5/6 associated factor SLF1, were also
critical for the epigenetic silencing of unintegrated HIV-1 DNA°’. Of
note, the SMC5/6 complex was previously shown to be degraded by the
hepatitis B virus (HBV) non-structural protein HBX and, in the absence
of HBX, episomal HBV DNA is also epigenetically silenced" 2. Thus, the
SMC5/6 complex not only participates in chromosomal replication,
recombination and repair® but can also silence invasive viral DNA.
Here we sought to determine whether the SMC5/6 complex mediates
the establishment of latent HIV-1infections.

Results

A genomic screen for factors that silence HIV-1 proviruses

To identify factors that transcriptionally silence unintegrated HIV-1
DNA, we performed agenome-wide CRISPR/Cas9 knockout screen**in
the human CD4+ T cell line CEM-SS. We transduced a CEM-SS subclone
that expresses Streptococcus pyogenes Cas9 with a lentiviral library
expressing ~-80,000 single guide RNAs (sgRNAs) targeting 19,114 human
genes®. Seven days later, we infected these cells with IN- NL-GFPAEnv',
anHIV-1derivative harbouringadeletionin env, theinactivating D64V
mutation'®inIN, and the green fluorescent protein (GFP) openreading
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Fig.1|Screenidentifies arole for SMC5/6 in silencing unintegrated HIV-1
DNA. a, Volcano plot of the mean fold change of sgRNAs specific for each gene
and their false discovery rate (FDR)-corrected Pvalues. Genes with fold change
>16 and Pvalue <0.0005 (delineated by the red lines) are labelled. Briefly, P
values for individual sgRNAs were calculated using a negative binomial (NB)
model, then sorted sgRNA Pvalues were used to calculate FDR-corrected
Pvalues for individual genes using the robust rank aggregation (¢RRA)
algorithm in MAGeCK-VISPR***', Members of the SMC5/6 complex are in green
(FDR-corrected Pvalues: SMC5=7.8 x107, SMC6 = 0.00033, NSMCE3 = 0.00010,
SLF1=0.00017).b, Flow cytometry of WT CEM-SS cells and the indicated clonal
knockout cell lines at 2 dpi with an IN- NL-GFPAEnv reporter virus at an MOl of

~0.3. Arepresentative experiment from 3 biological replicates is shown. c,d, Flow
cytometry of WT (c) or ASMCS5 CEM-SS (d) cells at 2 dpi with IN+ NL-GFPAEnv
reporter virus at an MOl of -0.3. Representative experiments from 3 biological
replicates are shown. e-h, Time course of the infection of the parental CEM-SS
Cas9 cells, or the ASMC5 and ASLF2 CEM-SS clones with IN+or IN-NL-NLuc.e,
Live cells.f, Virally encoded NLuc expression. g, Total HIV-1DNA. h, Total HIV-1
RNA expression quantified at the indicated dpi. All IN+ HIV-1-infected cultures
died from viral cytopathicity by 7 dpi. DNA and RNA levels were quantified by
qPCR and normalized to IN+ HIV-1-infected CEM-SS Cas9 cells at 1 dpi, whichwas
setto 1. Mean + s.d. of 3 biological replicates.

frame in place of nef. This virus retains intact copies of the other six
HIV-1genes, including vpr. At 48 h postinfection (hpi), GFP+cells were
collected by fluorescence activated cell sorting (FACS), the sgRNAs
recovered by (polymerase chain reaction) PCR then cloned into the
same lentiviral vector. After three rounds of selection for GFP+ cells,
the sgRNAs were sequenced and analysed for enrichment compared
to the starting sgRNA library. As shown in the volcano plot in Fig. 1a,
we identified 9 genes that were enriched >16-fold and had a Pvalue
<0.0005. These included 3 cell surface receptors (LY9, OR52N2 and
SSTR2) and 1 motor protein (MYO1B) which were not further analysed.

This analysis alsorecovered 4 of the 8known components of the SMC5/6
complex, namely SMCS5, SMC6, SLF1 and NSMCE3, as well as the DNA
repair protein SWI5 (Fig. 1a).

Validation of the role of SMC5/6 componentsin silencing

HIV-1DNA

To confirm the importance of these five proteins, as well as the other
four known SMC5/6 complex components (NSMCEL, 2 and 4, and SLF2),
we inhibited their expression in CEM-SS Cas9 cells using two inde-
pendent sgRNAs (Extended DataFig.1). Knock down of any of the eight
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Fig.2|SUMOylation of chromatinized unintegrated HIV-1DNA by NSMCE2.

a, Flow cytometry at 2 dpi of WT or ANSMCE CEM-SS T cells transduced with a
lentiviral vector expressing nothing, FLAG-NSMCE2 or the FLAG-NSMCE2ASUMO
mutant and theninfected with IN- NL-GFPAEnv at an MOl of -0.3. Shownis a
representative experiment from 3 biological replicates. b, Quantification of
virally encoded NLuc expression in the indicated cells infected with IN+ or IN—
NL-NLucAEnv. NLuc expression was normalized to the IN- HIV-linfection of

WT CEM-SS cells, whichwas set to 1 (**P = 0.0010, ***P=0.0009, ****P < 0.0001,
1-way analysis of variance (ANOVA), Dunnett’s test). ¢, Representative western
blot of FLAG-tagged WT FLAG-NSMCE and the NSMCE2ASUMO expression
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P=0.0010
f P =0.0009

f P <0.0001 !
P <0.0001

CEM-SS CEM-SS CEM-SS ANSMCE2 ANSMCE2 ANSMCE2
Ctrl +NSMCE2 +NSMCE2 Ctrl +NSMCE2 +NSMCE2
ASUMO ASUMO
C
CEM-SS ANSMCE2
+NSMCE +NSMCE
Ctrl  +NSMCE2 ASUMO Ctrl +NSMCE2 ASUMO
35kDa-
h * — - Anti-FLAG
25kDa-
50kDa-
— - Anti-actin
T —
40kDa-
1 2 3 4 5 6
d P=0.0003 — 'FQLC;G
T N 1 =
P=0.0002 = SMC5
6 — = SUMO2/3
5
24
2
=
52
0 —
CEM-SS ANSMCE2 ANSMCE2 ANSMCE2
Ctrl Ctrl +NSMCE2 +NSMCE2
ASUMO
e gPCR: HIV-1LTR
. P <0.0001
34
5 ]
Q i
Ee 5 = G
A == SUMO02/3
= ]
o

[«]

Control ASMC5

after transduction of the indicated cell types. d, ChIP-qPCR quantification of
the level of bound, ectopically expressed FLAG-tagged NSMCE2 or endogenous
SMCS5 to unintegrated IN- HIV-1DNA in WT or ANSMCE CEM-SS T cells.

SUMO2/3 deposition was also determined by ChIP-qPCR (ANSMCE2 + NSMCE2
***P=0.0002, ANSMCE2 + NSMCE2ASUMO ***P = 0.0003; 2-way ANOVA,
Dunnett’s test). e, Quantification of the level of SUMO2/3 deposition on the HIV-1
LTRat2 dpiin WT and ASMC5 CEM-SS cells infected with IN- NL-GFPAEnv. IgG
served as the negative control (****P < 0.0001, 2-way ANOVA, Sidak’s test). Data in
b,dand eare mean +s.d. of 3biological replicates.

SMC5/6 components substantially enhanced GFP expression from the
IN-NL-GFPAEnv vector. As knock down of SWI5 had no effect, this gene
was considered to be a false positive.

We next generated clonal knockout cell lines in CEM-SS cells, for
SMCS5, SMC6, NSMCE2, NSMCE4, SLF1 and SLF2. In each case, except
NSMCE2, we generated two independent knockout cell lines to avoid
possible clonal variation. These gene knockouts were verified by

identifying inactivating frameshift mutations by DNA sequencing
(Supplementary Table 1) and by western blot (Extended Data Fig. 2).
The mutant cells showed the same growth kinetics as wildtype (WT)
CEM-SS cells (Extended Data Fig. 3). Infection of these cell lines using
the IN- NL-NLucAEnv reporter, in which GFP was replaced with nano
luciferase (NLuc)', revealed partial rescue of NLuc expression from
unintegrated HIV-1DNA (Extended Data Fig. 3d). Moreover, infecting
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these knockout clones with the IN- NL-GFPAEnv virus at amultiplicity
of infection (MOI) of ~0.3 revealed a similar level of GFP+ cells (from
29% to 43% positive, Fig. 1b) to that seen in WT CEM-SS cells infected
with an IN+ form of NL-GFPAEnv (32% positive, Fig. 1c), although the
IN+ virus induced a higher mean fluorescence intensity. Infection of
ASMCS CEM-SS cells with the IN+ form of NL-GFPAEnv yielded many
more GFP+cells compared with WT CEM-SS cells (Fig. 1c vs 1d). AsHIV-1
proviral integration is inefficient”, we hypothesize that this increase
results from transcription of unintegrated IN+ HIV-1DNA. Infection of
WT CEM-SS cells with the IN- NL-GFPAEnv virus did not generate any
GFP+cells (Fig. 1b).

We wondered whether cells lacking SMC5/6 complex function
would support the replication of IN- HIV-1. As shown in Fig. le-h,
IN- HIV-1 bearing the inactivating D64V integrase mutation indeed
established spreading infections in the ASMC5 and ASLF2 subclones,
achieving substantial levels of viral DNA, RNA and protein expression
by 14 d post infection (dpi) when grown in the presence of raltegravir
to prevent any revertant mutations. No replication of IN- HIV-1 was
observed in WT CEM-SS cells (Fig. 1f-h). IN- HIV-1replication in cells
lacking functional SMC5/6 complexes caused viral cytopathicity that
killed the entire culture by 16 dpi (Fig. 1e). Importantly, at 14 dpi, the
inactivating D64V IN mutation was fully retained. Moreover, while
2 long terminal repeat (2LTR) circles characteristic of unintegrated
HIV-1DNA were detectedin culturesinfected by both IN+and IN-virus,
integrated HIV-1detected by quantifying integrationsinto Alu-repeat
regionsin the genome by Alu-based quantitative PCR (Alu-qPCR)"® was
only present in the former (Extended Data Fig. 3b,c). Thus, while the
replication of IN- HIV-lin cells lacking the SMC5/6 complex s certainly
slower than IN+ HIV-1 (Fig. 1f-h), it is remarkable that IN- HIV-1 can
replicate atall.

The SMC5/6 complex silences unintegrated HIV-1DNA
Epigenetic repression of unintegrated HIV-1DNA is correlated with
the addition of the repressive histone modification H3K9me3 and loss
of the activating modifications H3Ac and H3K4me3*'°, We therefore
tested whether loss of the SMC5/6 complex would prevent epigenetic
silencing. Analysis of the addition of the activating H3Ac and H3K4me3
modifications to unintegrated IN- HIV-1DNArevealed alevel similar to
thatseenwith IN+HIV-1inthe ASMCS5 and ASLF2 subclones (Extended
Data Fig. 4a,b). Similarly, cells lacking the SMC5/6 complex showed
lost inhibitory H3K9me3 modifications on unintegrated HIV-1 DNA
(Extended DataFig. 4¢).In contrast, neither the level of total histone H3
binding to viral DNA (Extended Data Fig. 4d) nor the level of H3K27me3
(Extended Data Fig. 4e) were appreciably affected.

Although the HIV-1Vpr protein hasbeen reported to enhance gene
expression from unintegrated HIV-1 DNA*"? and degrade the SMC5/6
component SLF2’, we have previously reported that Vpr overexpres-
siondoes not enhance gene expression from IN-HIV-1'°,and WT Vpr+
viruses are strongly inhibited by integrase inhibitors’. To test the effect
of Vpron unintegrated viral gene expression, we infected WT or ASMCS5
CEM-SS cells with the IN- NL-GFPAEnv virus +Vpr and saw no discern-
able difference (Extended Data Fig. 5).

SUMOylation triggers silencing of unintegrated HIV-1DNA

The SMC5/6 complex SUMOylates several protein substrates, includ-
ing itself"®, via the SUMO E3 ligase NSMCE2?°*, SUMOylation activ-
ity, which is stimulated by DNA binding?, is essential for the SMC5/6
complex’s role in DNA repair and recombination®. Several chromatin
components including histone H4 can be SUMOylated and histone
SUMOylation is associated with transcriptional repression®*?*. To
determine whether chromatin SUMOylation by SMC5/6 contributes
to the epigenetic silencing of unintegrated HIV-1 DNA, we knocked
out NSMCE2 in CEM-SS cells as confirmed by DNA sequencing (Sup-
plementary Table 1) and western blotting (Extended Data Fig. 2). Loss
of NSMCE2 rescued GFP expression from the IN- NL-GFPAEnv virus.

This rescue was blocked upon ectopic expression of WT NSMCE2 but
not the NSMCE2ASUMO mutant, which lacks SUMOylation activity
due to C185S/H187Q mutations introduced into the essential RING
finger domain® (Fig. 2a). A similar result was observed with the IN-
NL-NLucAEnv reporter virus in that loss of NSMCE2 expression in the
ANSMCE2 subclone rescued NLuc expression from unintegrated HIV-1
DNA and this rescue was blocked by expression of WT but not mutant
NSMCE2 (Fig. 2b). This was not due to instability of the NSMCE2ASUMO
mutant (Fig. 2c). Moreover, both the WT and ASUMO forms of NSMCE2
boundunintegrated HIV-1DNA and loss of NSMCE2 expression did not
inhibit the recruitment of the SMC5 component of the SMC5/6 complex
to viral DNA (Fig. 2d). Chromatin immunoprecipitation (ChIP)-qPCR
using an antibody specific for SUMO02/3in WT CEM-SS, ANSMCE2 and
ASMCS5 cellsinfected with IN- NL-GFP readily detected the SUMO modi-
fication on unintegrated chromatinized HIV-IDNAin WT cells but not
in cells lacking either NSMCE2 or SMCS5, which showed background
levels of antibody binding (Fig. 2d,e).

If chromatin SUMOylation s crucial for the epigenetic silencing of
unintegrated HIV-1DNA, then drugs that inhibit SUMOylation should
rescue gene expression by IN- HIV-1. The anti-cancer drug TAK-981
is a specific inhibitor of the SUMO-activating enzyme, which cataly-
ses the first step in protein SUMOylation?*. We performed a TAK-981
dose-response experimentin WT CEM-SS cells as well asin the ASMC5
subclone afterinfection with the IN- NL-NLucAEnv reporter. Levels of
TAK-981, from 5 nM to 1,000 nM, were added at O dpi, the cells lysed
and NLuc levels quantified at 2 dpi. TAK-981 indeed boosted NLuc
expression from unintegrated HIV-1DNA, reaching a plateauat~75 nM
where thelevel of NLuc expression fromthe IN- NL-NLucAEnv vectorin
WT cellsequalled the levelinduced in ASMCS5 cells (Fig. 3a). In contrast,
TAK-981 had no effect on gene expression from the IN- NL-NLucAEnv
reporter in ASMCS5 cells at all doses tested, arguing that the positive
effect of TAK-981 on gene expression from unintegrated HIV-1DNA in
WT CEM-SS cells was entirely due to inhibition of SMC5/6 function.

To address the effect of TAK-981 on HIV-1 mRNA expression, we
used qPCR to quantify the level of unspliced, singly spliced and fully
spliced HIV-1transcripts inWT CEM-SST cellsinfected with WT or IN—-
HIV-1inthe presence or absence of 150 nM TAK-981 (Fig. 3b). TAK-981
modestly but significantly increased the expression of viral RNA spe-
cies by IN+ HIV-1and strongly boosted expression of all three classes
of viral RNA from IN- HIV-1.

To determine whether the time of addition of TAK-981 would dif-
ferentially affect viral gene expression from unintegrated HIV-1DNA,
we infected WT or ASMCS5 CEM-SS cells with IN- NL-NLuc AEnv and
then added TAK-981 at different time points from O to 48 hpi (Fig.
3c). At 72 hpi, the cells were lysed and NLuc activity determined.
Addition of TAK-981 at 0 hpi rescued NLuc expression from the IN-
NL-NLucAEnv reporter virus to the level seen in the ASMCS5 subclone
and this remained true until 24 hpi. However, rescue of NLuc expres-
sion by TAK-981 was weaker by 36 hpi and undetectable at 48 hpi. To
address whether addition of TAK-981 indeed inhibited SUMOylation
of unintegrated chromatinized HIV-1 DNA, we performed ChIP-PCR
todeterminethelevel of SUMO present onthe viral LTRin WT CEM-SS
cells,inthe presence and absence of 150 nM TAK-981, and in the ASMC5
clone, at3 dpiwith IN- NL-NLucAEnv. TAK-981 addition resulted in the
loss of SUMO from unintegrated HIV-1 DNA regardless of whether the
drugwasadded early or late after infection (Fig. 3d). Thus, even though
TAK-981 is ineffective at rescuing gene expression from unintegrated
HIV-1DNA if added at 36 hpi or later (Fig. 3¢), it remains effective at
preventing the maintenance of the dynamic SUMO modification on
viral DNA (Fig. 3d). These data suggest that SUMOylation by SMC5/6
triggers the epigenetic silencing of unintegrated HIV-1 DNA but is not
required to maintain the silenced state. This hypothesis was further
supported by ChIP-qPCR analysis of the epigenetic modifications
present on unintegrated viral DNA in the presence and absence of
TAK-981 (Fig. 3e,f). Addition of 150 nM TAK-981 at 16 hpi or 24 hpi
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Fig. 3| SUMOylation triggers the silencing of unintegrated HIV-1DNA. a, Viral
NLuc expression at 2 dpiin WT and ASMC5 CEM-SS cells infected with IN- NL-
NLucAEnv and treated with the indicated concentrations of TAK-981 from day

0 (***P<0.0001, *P=0.015; 2-way ANOVA, Sidak’s test). b, Viral RNA levels for
unspliced (Gag mRNA), singly spliced (A1D1) and multiply spliced (A4D7) RNA

in CEM-SS cells infected with IN+ or IN- HIV-1+150 nM of TAK-981, measured at

2 dpi. RNA levels were normalized to WT HIV-1infections without TAK-981, which
was set to 1, and statistics were calculated using a 2-tailed unpaired Welch ¢-test
(Gag:*P=0.037,**P=0.004; A1D1:*P=0.033,**P=0.0012; A4D7:**P=0.0059,
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NLuc expression is given relative to WT CEM-SS cells not treated with TAK-981,
which was set to 1. d-f, ChIP-qPCR to quantify the amounts of SUMO2/3 (d),
H3Ac (e) and H3K9me3 (f) deposited on the HIV-1LTR at 3 dpi. TAK-981 (150 nM)
was added at the indicated hpi. Data from d-fwere analysed using 2-way ANOVA,
Tukey’s test (****P < 0.0001,**P=0.0012). Dataina-fare the mean + s.d. of 3
biological replicates.

rescued addition of the activating H3Ac epigenetic modification to
unintegrated chromatinized HIV-1 DNA and blocked addition of the
repressive H3K9me3 marker. In contrast, by 36 hpi, TAK-981 was inef-
fective at reversing the epigenetic silencing of unintegrated HIV-1
DNA. Thus, TAK-981 can prevent the epigenetic repression of IN- HIV-1
if applied early after infection but is unable to rescue pre-existing,
epigenetically silenced IN- HIV-1 proviruses and therefore does not
function as alatency reversing agent (LRA).

The epigenetic silencing of integrated HIV-1 proviruses

It was recently proposed that infection with IN+ HIV-1 could gener-
ate proviruses that had been epigenetically silenced before integra-
tion and then remained silenced post-integration, thus generating
latently infected T cells”. If correct, then inhibiting the silencing of
unintegrated HIV-1 DNA by SMC5/6 should also inhibit the formation
of latently infected T cells. To test this hypothesis, we asked whether
loss of SMC5/6 expression or treatment with TAK-981 at O dpi would

inhibit the establishment of latent HIV-1infections in CEM-SS T cells.
The assay used” involves the infection of WT or ASMC5 CEM-SS cells
with the IN+ NL-GFPAEnv indicator virus in the presence or absence
of TAK-981 at an MOl of -0.1. At 3 dpi, the cells were subjected to FACS
and GFP-negative cells representing either uninfected or latently HIV-1
infected cells were isolated. The FACS profiles again showed a higher
level of GFP+cellsin the WT CEM-SS treated with TAK-981at O dpiand
inthe ASMC5 CEM-SS regardless of TAK-981 treatment (Extended Data
Fig. 6a), presumably again resulting from transcription of unintegrated
IN+ HIV-1 proviruses. The isolated GFP-negative cells were cultured
foranadditional 6 d and then treated with diluent dimethyl sulfoxide
(DMSO) or with TAK-981, phorbol myristate acetate (PMA) or tumour
necrosis factor alpha (TNF-«). Both PMA and TNF-a are potent activa-
tors of NF-kB activity and effective LRAs**?°, One day later at 10 dpi, the
cellswereagainanalysed by FACS (arepresentative experimentis shown
inFig.4aand acompilation of three independent biological replicates
is shown in Fig. 4b). Importantly, all unintegrated HIV-1 DNA was lost
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GFP- cells were isolated by FACS (see Extended Data Fig. 6a for the relevant FACS
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+TAK-981 @0dpi

+TAK-981
@O0dpi
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by FACS. a, Representative FACS profiles. b, Asummary of datain ashowing
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addition. Data are the mean + s.d. of 3 biological replicates (****P < 0.0001, 1-way
ANOVA, Dunnett’s test).
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Fig. 5| Epigeneticsilencing of unintegrated HIV-1DNA leads to latent
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NL-NLucAEnv in the presence of 150 nM TAK-981in DMSO or with only DMSO,

at 0 hpi. Cells were collected at 48 hpi, lysed and NLuc levels determined.

Mean + s.d. of 3 biological replicates (**P = 0.0045, 2-tailed unpaired t-test). b,
CD4+T cells were infected with a replication-defective, GFP/mCherry dual-colour
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number of GFP and mCherry expressing cells was then determined at 7 dpi by
FACS. c-e, Datafrom 5independent primary CD4+ T cell infections carried out
as inbshowing the percentage of GFP+ mCherry+ (c), GFP-mCherry+ (d) or
GFP-mCherry- (e) cellsat 7 dpiin the presence and absence of TAK-981added at
0 dpi. Individual experiments using the same T cell samples +TAK-981 are linked
by lines. f, Statistical analysis of ratios from the data shown in c-e using a 2-tailed
ratio paired ¢t-test.

frominfected CEM-SS cells by 7 dpi (Extended Data Fig. 6b), so any GFP
expression seen at 10 dpi must originate from integrated proviruses.

InWT CEM-SS cells, PMA and TNF-a both induced GFP expression
in~5% of the sorted GFP-negative cells, while the level of GFP+ cells in
the uninduced culture was -0.3% (Fig. 4a,b), a difference that is highly
significant (P < 0.001). In contrast, PMA or TNF-a treatment at 9 dpi
failed to induce GFP expression above background in WT CEM-SS
cells treated at O dpi with TAK-981, or in the ASMCS5 CEM-SS clone
either in the absence or presence of TAK-981 treatment at O dpi (Fig.
4a,b), even though the initial infection of these cells, as measured by
GFP expression, was actually higher than seen in WT CEM-SS cells
(Extended DataFig. 6a).

Ifloss of SMC5/6 complex function indeed inhibits the establish-
ment of latent HIV-1 infections, then the FACS-sorted WT GFP- cells
(Extended DataFig. 6) should contain more latent HIV-1 proviral DNA
than the GFP- cells thatlacked SMC5/6 function at the time of infection.
Infact, qPCR analysis performed at 9 dpibefore drug addition demon-
strated that theisolated WT GFP-cellsindeed contained significantly
(P<0.001) more HIV-1 DNA that did GFP- ASMCS cells or WT cells
treated with TAK-981 at the time of infection (Fig. 4¢).

Delayed integrationincreases the incidence of HIV-1latency
Ifepigeneticsilencing of unintegrated HIV-1DNA can lead to the estab-
lishment of latent infections, then delaying integration mightincrease
thenumber of latentinfections. To test this idea, weinfected WT CEM-SS
cellswith the IN+ form of the NL-GFPAEnv indicator virusin the presence
or absence of the integrase inhibitor raltegravir. The drug was washed
outat2 dpiand GFP-cellsisolated by FACS at 5 dpi. The cells were then
treated with diluent, PMA or TNF-a at 11 dpi and analysed by FACS at
12 dpi. Treatment with raltegravir from 0 to 2 dpiindeed increased the
percentage of cells that expressed GFP after treatment with either PMA
or TNF-a, eventhough the number of GFP+, that is, productive infections
detected at 5 dpi was similar (Extended Data Fig. 7). Thus, prolonging
the time between proviral DNA synthesis and integration significantly
(P<0.001)increases the number of latent integrated proviruses that can
thenbeactivated by an LRA. These data demonstrate that HIV-1latency
canindeed be established before proviral integration.

SUMOylation facilitates HIV-1latency in primary T cells
To examine whether SMC5/6 also contributes to the establishment of
viral latency in primary cells, we first confirmed that TAK-981 could
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also rescue gene expression from unintegrated HIV-1DNA in infected
primary CD4+ T cells (Fig. 5a). Next, we asked whether TAK-981 could
inhibit the establishment of latent HIV-1infections in primary CD4+
T cells using an assay for HIV-1latency that uses a dual-colour reporter
virus***. Inthese viruses, GFPis expressed under the control of the HIV-1
LTR, whichissilenced in latentinfections, while mCherry is expressed
using the exogenous EF1-a promoter, which is resistant to epigenetic
silencing. Infection of T cells witha dual-colour HIV-1reporter generates
cellsthatare GFP+and mCherry+, representing productive infections,
and cells that are GFP- but mCherry+, representing latent infections.
We therefore asked whether addition of TAK-981 at O dpi but not at
6 dpi to cells infected with the IN+ dual-colour reporter virus would
affect the level of GFP-mCherry+cells at 7 dpi, which is the earliest time
pointwhenall unintegrated HIV-1DNA would have been lost (Extended
DataFig. 8a).

In fact, we observed a consistent reduction in the number of
latently infected, GFP- mCherry+ primary T cells when TAK-981 was
added at O dpi (from2.11%t0 0.79% in Fig. 5b), but we saw no significant
effect onthelevel of GFP-mCherry+ cells when TAK-981 was added at
6 dpi, as predicted (Fig. 5b, see also Extended Data Fig. 8b). We saw a
concomitant increase in the percentage of GFP+ mCherry+T cells in
the culture treated with TAK-981 at 0 dpi (from 2.62% to 4.43%, in Fig.
5b), representing productive infections. Again, addition of TAK-981 at
6 dpi had no effect (Fig. 5b, see also Extended Data Fig. 8b).

As shown in Fig. 5c—e, which present data compiled from five
independentbiological replicates using primary CD4+ T cells from five
different blood donors, we saw a consistent increase in the number of
GFP+mCherry+T cells (Fig. 5¢c) and a consistent decrease in the number
of GFP-mCherry+ cells (Fig. 5d) in every experiment analysed. Overall,
addition of TAK-981 at O dpi increased the number of productively
infected GFP+ mCherry+ cells by 1.62 + 0.024-fold (P < 0.0001) and
decreased the number of latently infected GFP- mCherry+ cells by
0.55 £ 0.115-fold (P=0.007) (Fig. 5f). The increase in GFP+ mCherry+
cells derived not only from the GFP- mCherry+ population but also
from the GFP- mCherry- population, which decreased modestly but
significantly in the culture treated with TAK-981 at O dpi (Fig. Se,f,
overall ratio 0.98 + 0.006, P=0.047). Therefore, TAK-981 treatment
at 0 dpi also inhibits the generation of cells in which both the LTR and
EF1-a promoter are epigenetically silenced.

Discussion

Here we show that the human SMC5/6 complexinduces the SUMOy]la-
tion of chromatinized unintegrated HIV-1 DNA leading to its epige-
netic silencing. As a result, loss of SMC5/6 expression, or inhibition
of chromatin SUMOylation using the inhibitor TAK-981, rescues gene
expression from unintegrated HIV-1DNA and even allows IN- HIV-1to
establish aspreadinginfectionin cultured T cells (Fig. 1). Surprisingly,
we also demonstrate that loss of SMC5/6 expression, or treatment
with TAK-981, markedly inhibits the establishment of HIV-1latency in
both the CEM-SST cellline and in primary CD4+ T cells (Figs. 4 and 5).

Although antiretroviral therapies canreduce the viralload in AIDS
patients to below the level of detection, these drugs fail to cure HIV-1.
This is due to the continued presence of a small number of latently
infected T cells that contain integrated intact HIV-1 proviruses that
are transcriptionally inert yet can be activated by external stimuli to
rekindle viral replication®. While there has been considerable effort
expended ontryingto develop LRAs that canactivate latent HIV-1and,
inthe presence of antiretroviral therapies, clear the body of infectious
virus, this effort has so far failed to identify LRAs that are both effective
and non-toxic.

The latent reservoir has been attributed to activated T cells that
areinfected by HIV-1 coincident with their reversion to resting memory
T cells*. However, HIV-1latency can be established in both CD4 T cell
lines and activated T cells in vitro*®*, and most of the latent reservoir
in patients undergoing antiretroviral therapies is maintained through

clonal expansion®*¢, with many latent cells expressing proliferation

markers HLA-DR**, CD25* and CD69*°. Thus, repression of HIV-1gene
expression inlatency is not simply the result of the quiescent state of
restingmemory T cells. Latency has also been proposed to result from
the integration of HIV-1 proviruses into regions of heterochromatin,
resulting in epigenetic silencing®. Yet analysis of individual latent
HIV-1integration sites in patients has shown that most of the intact
full-length HIV-1 proviruses are integrated into actively transcribed
genes**¢, Overall, the mechanism(s) underlying the establishment of
HIV-1latency have remained elusive and cellular factors that promote
viral latency largely undefined.

Our data suggest that the key mechanism underlying the initiation
of HIV-1latency is the epigenetic silencing by SMC5/6 of unintegrated
proviruses that retain their pre-existing inhibitory epigenetic modifi-
cations after integration. These data identify the SMC5/6 complex as
beingdirectly involved in promoting the establishment of HIV-1latency
and suggest that latency results not from any intrinsic properties of
the incoming retrovirus but rather from an unfortunate side effect of
a cellular innate immune response that probably evolved to silence
invasive foreign DNA.

Methods

Cell lines and primary cultures

Immortalized cell lines. Human 293T cells (female) were initially
purchased from the American Type Culture Collection (ATCC) and
were cultured in Dulbecco’s modified Eagle medium (DMEM, Sigma)
supplemented with 10% fetal bovine serum (FBS, Hyclone) and an
antibiotic-antimycotic (Gibco).

Human CEM-SS cells (female) were obtained from the NIH AIDS
Reagent and were cultured in Roswell Park Memorial Institute (RPMI)
medium supplemented with 10% FBS and antibiotic-antimycotic.

CEM-SS cells stably expressing Cas9 protein were produced
using a modified pLentiCrispr v2-Blast plasmid that was a gift from
Mohan Babu (Addgene plasmid 83480). The U6-promoter, sgRNA
scaffold and EF1-a promoter were excised from pLentiCrispr v2-Blast
by cleavage with Kpnland Agel and replaced with an SFFV promoter.
Lentiviruses were made from this construct by transfecting 5 x 10¢
293T cellsinal5 cmdishwith 15 pg of the lentiviral vector, as well as
10 pg and 5 pg of the packaging plasmids pCMVRS8.74 and pMD2.G,
respectively, using polyethylenimine (PEI). The media were changed
24 h post transfection (hpt). Supernatants containing lentiviral
particles were collected at 72 hpt, filtered through a 0.44 pm filter
and run through a100,000 MWCO concentrator (Amicon). Follow-
ing concentration, 5 x 10° CEM-SS cells were incubated with 2 ml of
the concentrated supernatant at 37 °C overnight. The media were
thenreplaced with fresh RPMI medium and cellsincubated for 48 h.
At this point, the media were replaced with fresh RPMI medium
supplemented with 20 pg ml™ of blasticidin (Santa Cruz) to allow
selection of transduced cells. Cells were then single-cell cloned
by aliquoting limited dilution in 96-well plates such that each well
has ~10% chance of having a cell in it. These cloned cells were then
analysed for Cas9 activity.

Primary CD4+ T cells. Human blood from healthy donors was pur-
chased from the Gulf Coast Regional Blood Center. All donors tested
negative for HIV-1and HIV-2. Samples were de-identified before pur-
chasing. Peripheral blood mononuclear cells (PBMCs) were isolated
from wholeblood by density-gradient centrifugation over Histopaque
(Sigma) and CD4+ cells isolated using a CD4+ isolation kit (Invitro-
gen).Isolated CD4+ cells were activated by incubation with antibodies
against CD28/CD49d (BD Biosciences) and 5 pug ml™ phytohaemag-
glutinin (PHA) in RPMI supplemented with 10% FBS and IL-2 as previ-
ously described®. Cells were maintained at 10°-10° cells per mlin the
presence of IL-2, CD28/CD49d antibodies and PHA for 1 week before
infection with HIV-1.
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HIV-1production

AnHIV-1nano luciferase reporter virus (NL-NLuc) was generated from
the parental NL4-3 virus by substituting the viral nef gene in NL4-3
with the NLucindicator gene**. NL-NLucAEnv was made from NL-NLuc
by removal of a 943 bp segment of the env gene that makes it replica-
tionincompetent. Similarly, the GFPreporter virus (NL-GFPAEnv) was
generated from NL-NLucAEnv by substituting GFPin place of nef. The
NL-DC reporter virus expresses eGFP under the control of the HIV-1
LTRand mCherry from aninternal EF1-a promoter and was generated
by cloning an EF1-a:mCherry cassette into the Xhol site located 3’ to
GFPinNL-GFPAEnv. All these reporter viruses have anintact upr gene.

A GFP reporter virus, IN- NL-GFPAVpr, lacking a functional Vpr
protein, was created from the parental IN- NL-GFP virus by inserting a
TTAAduplicationat15 bp 3’ of the Vif stop codon. This introduces astop
codon and a frameshift mutation early in the Vpr open reading frame
that creates a non-functional truncated Vpr protein®. These viruses
either have WT integrase (IN+) or contain the D64V (IN-) mutation
that blocks IN function.

Plasmids expressing the replication-competent NL-NLuc provirus
were transfected into 293T cells using PEI. Non-spreading NL-NLucAEnv
and NL-GFPAEnv proviruses were co-transfected into 293T cells with
the pMD2.G plasmid encoding the VSV-G protein. After 24 h, the spent
media were replaced with fresh media. At 72 hpt, supernatant media
were filtered through a 0.44 pm filter. WT or IN- HIV-1-containing
supernatant media were normalized by p24 levels, measured by ELISA,
before being used to infect target cells. The MOI:p24-normalized
volume ratio was assessed by infecting 10® CEM-SS cells with IN+
NL-GFPAEnv, ora CEM-SSinducible Tax cell line (expressingan HTLV-1
Tax protein that is known to activate gene expression from uninte-
grated HIV-1'°) with IN- NL-GFPAEnv. These cells were infected with
varying dilutions of the virus, then analysed by flow cytometry at 2 dpi
(gating strategy outlined in Extended DataFig. 9). The number of GFP+
cells at each dilution was then converted to MOI using the formula
MOI = -In (1- proportion of GFP+ cells) which was then correlated to
the p24 levelin the viral stock. Thus, the amount of IN-virus used (per
million cells) for each MOI could be determined.

CRISPR knockout screen

The Brunello human CRISPR knockout library (Addgene 73178)" was
used to transform electrocompetent cells (Endura). Of the library
(resuspendedinwater), 500 ngwas used to transform atotal of 4 x 25 pl
of cells in al mm cuvette (10 pF, 600 Q, 1.8 kV) to yield >10® colonies
when plated toensure each sgRNA in thelibrary was covered-1,000x on
average. These colonies were collected and the pooled library plasmids
extracted using Maxiprep columns (Zymo).

Lentiviral libraries were created by transfecting 293T cells with
library DNA and the packaging plasmids pCMVR8.74 and pMD2.G using
PEI. The mediawere changed at 24 hpt, and the supernatant containing
thelentiviruslibrary was collected and filtered througha 0.44 pmfilter
at72 hpt.Thelentivirus wastitrated and used to transduce CEM-SS Cas9
cellsthat were then subjected to puromycin (Gemini) kill curves at 2 dpt
to determine the amount of lentivirus that correlated to an MOl of 0.3.
This amount was then used to transduce 10® CEM-SS Cas9 cells at 0.3
MOI, and the cells were selected in1 pg ml™ puromycinat 2 dpt foraweek.

The pooled knockout cells were then infected for 2 d with an IN-
HIV-1NL-GFP reporter virus that has an inactivating D64V amino acid
substitutionin the integrase gene. These infected cells were then run
throughaBSL-3 contained FACS Ariall (BD Biosciences) to collect the
GFP+cell population from which genomic DNA was extracted. Purified
gDNA was incubated with the restriction enzyme Dpnl to remove any
residual plasmid contamination.

The sgRNA from this DNA was amplified by PCR using flank-
ing primers (FP: 5-TGGACTATCATATGCTTACCGTAACTTGA -3’ RP:
5’-GGCTCGAGGGGGCCCGGGTGCAAAGATGGATA -3’) and then cloned
backintothe parental pLentiGuide Puro plasmid viathe Ndeland Xmal

restriction sites. Subsequent rounds of transformation, lentivirus
production, transduction and infection were carried out as described
for atotal of 3rounds. Inthe final round, the DNA was amplified using
theindexed Illuminasequencing primers, purified in a PCR purification
spin column (Zymo) and sequenced on the NovaSeq 6000.

Sequencing data were analysed using MAGECK-VISPR*® by first
generating sgRNA read counts via invoking ‘mageck count’, analys-
ing sgRNA enrichment and getting gene ranks using the Robust Rank
Aggregation algorithm on normalized read counts. ‘Mageck test’ was
run with ‘~remove-zero both-remove-zero-threshold 0’ parameters
as previously suggested®’.

CRISPR single-gene knockouts

Single-gene knockout cells were generated by transducing CEM-SS
Cas9 cells with lentiviruses made from a pLentiGuide-Puro plasmid
(Addgene 52963)°? expressing the sgRNA of interest. Transduced cells
were selected at 2 dpt with 1 pg ml™ puromycin for 1 week. Infection
experiments on polyclonal knockout cells were carried out by infect-
ing cells at this stage.

Clonal cells were isolated by aliquoting puromycin-resistant
cellsatlimiting dilutioninto a 96-well plate, subsequent isolation and
expansion. Knockout cells were thenidentified and validated by clonal
sequencing of the genetic lesions and by western blot.

Westernblot analyses

Cells were collected and lysed in Laemmli buffer, sonicated and dena-
tured at 95 °C for 15 min. Lysates were subjected to electrophoresis
on 4-20% SDS-polyacrylamide gels (Bio-Rad), transferred onto
nitrocellulose membranes and then blocked in 5% milk in PBS + 0.1%
Tween. Membranes were incubated in primary and secondary anti-
bodies diluted in 5% milk in PBS + 0.1% Tween for 2 h each and then
washed in PBS + 0.1% Tween. The membranes were incubated with
aluminol-based enhanced chemiluminescent substrate and signals
were visualized using GeneSnap (Syngene). The membranes were
immunoblotted with specific antibodies to probe for SMC5 (Research
Resource Identifier RRID:AB_2900565), SMC6 (RRID:AB 2747157),
NSMCE2 (RRID:AB_10637854), NSMCE4A (RRID:AB_11169701), SLF1
(RRID:AB_10816722), SLF2 (RRID:AB_11129755), FLAG (RRID:AB_259529)
oractin (RRID:AB_2687938). Primary antibodies were used at 1:1,000
dilution, except for the actin antibody which was used at 1:5,000. Sec-
ondary HRP-conjugated anti-mouse (RRID:AB258431) or anti-rabbit
(RRID:AB_258284) antibodies were used at 1:5,000 dilution.

Flow cytometry

Cellswerecollected, washed in PBS and fixed in1% paraformaldehydein
PBSfor 10 min before being resuspended in 2% bovine serum albumin
(BSA) in PBS and run through a cell strainer. Cells were run through a
Fortessa X20 flow cytometer (BD Biosciences) and the data analysed
using FlowJo v10.6.2.

Luciferase assay

Cells were collected, washed three times in PBS, lysed in passive lysis
buffer (Promega) and assayed for NLucactivity using the Nano-Glo lucif-
erase assay on a Lumat LB9507 luminometer (Bertold Technologies).

Quantification of HIV-1replication and spread

Cells (10”) from the parental Cas9 cell line, or the ASMC5 and ASLF2
cell lines, were infected with either WT or IN- NL-NLuc virus in a total
of 20 ml RPML. Viral stocks were pretreated with 5 U ml™ DNase | to
removeresidual plasmid DNA, and all IN-infections were carried outin
the presence of 20 pMraltegravir to prevent revertant mutations. Cells
were counted atdays1,2,3,5,7,10,12,14 and 16 dpiwhere possible, and
mediawere periodically refreshed to maintain cell counts below 10° cells
perml. Live cells (10°) were collected at each time point (where possible)
and equally split to assay NLuc and for DNA and RNA extraction.
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For DNA analysis, cells were pelleted and washed three times in
ice-cold PBS. DNA was then extracted using DNA Miniprep Plus columns
(Zymo) according to the manufacturer’sinstructions, thenincubated
with Dpnl (NEB) to remove any residual plasmid contamination.

For RNA analysis, cells were lysed in TRIzol (Thermo Fisher) to
collect the RNA, and DNAse I treated to remove residual DNA con-
tamination. The RNA was then converted to complementary DNA
using the High Capacity cDNA Reverse Transcription kit (Applied
Biosystems).

Quantification of total HIV-1 DNA and RNA was carried out on a
QuantStudio 6 Pro real-time qPCR machine (Thermo Fisher) using a
custom total HIV-1 TagMan probe that amplifies the U5S-gag region
onHIV-1.

For Alu-LTR real time nested qPCR, DNA was amplified using
a nested PCR approach'®. Briefly, an initial non-saturating PCR
using primers ALU1 (5"-TCCCAGCTACTGGGGAGGCTGAGG-3’),
ALU2 (5’-GCCTCCCAAAGTGCTGGGATTACA-3’) and L-HIV (5’- ATG
CCACGTAAGCGAAACTTAAGCCTCAATAAAGCTTGC-3’) was performed
using DNAisolated fromHIV-linfected cells. After the PCR products were
purified using a PCR Kleen kit (Bio-Rad), nested qPCR was performed
using primers AAS5M (5’- GCTAGAGATTTTCCACACTGACTAA-3’) and
L (5- ATGCCACGTAAGCGAAAC-3’) and the SYBR green master mix
(Thermo Fisher).

The amounts of unintegrated 2LTR HIV-1circular DNA were quan-
tified by qPCR using TagMan primers/probes that amplify across the
U5-U3 junction only present in 2LTR circles (FP: 5- AACTAGGGAACC-
CACTGCTTAAG-3’,RP:5’-TCCACAGATCAAGGATATCTTGTC-3’, probe:
5’- FAM- ACACTACTTGAAGCACTCAAGGCAAGCTTT -TAMRA-3")%,

Relative quantification using the AACT method with B-Actinas an
internal control was then carried out using either a genomic -Actin
(DNA) or spliced B-Actin (RNA) probe. Relative quantification using the
AACT method** with B-Actin as aninternal control was then carried out.

ChIP-qPCR

Theindicated cells were cultured at 10® cells per mlin RPMI and infected
with IN- NL-GFP. Viral stocks were pre-incubated with 5 U mI™ DNase
to remove plasmid contamination before infection.

Cells were collected at the indicated times post infection, rinsed
twice with PBS and crosslinked with 1% formaldehyde for 15 minat 25 °C
before being quenched in 0.125 M glycine for 5 min. The rinsed cells
were thenlysed in ChIP lysis buffer (50 mM Tris-HCIpH 8.0, 1% sodium
dodecylsulfate,10 mM EDTA) and sonicated onice with aFisher Sonic
Dismembrator 60 (output 4.5,20 s pulse repeated 6 times onice with
40 sbetween each sonication). The supernatant containing sonicated
chromatinwas pre-cleared by the addition of magnetic Protein G dyna-
beads (Thermo Fisher) that had been pretreated with denatured salmon
sperm DNA (Invitrogen). The magnetic beads were removed, and the
sonicated chromatin wasincubated overnightat4 °Cusing 2.5 pgofthe
indicated antibody in ChIP dilution buffer (16.7 mM Tris-HCL pH 8.0,
1% Triton X-100, 0.01% SDS, 150 mM NaCl,1.2 mM EDTA). The sonicated
chromatin (5%) was stored asinput DNA without further treatment until
the reverse crosslinking step.

Protein G dynabeads were thenadded to the chromatin-antibody
mixture, incubated for 2 h at 4 °C and then washed 3 times with ChIP
LiCl buffer (10 mM Tris-HCL pH 8.0, 1% NP-40, 250 mM LiCl, 1 mM
EDTA, 1% Na deoxycholate) and twice with TE buffer (10 mM Tris-HCL
pH 8.0, 1mM EDTA). Protein-DNA complexes were eluted from the
beads with an elution buffer (0.1 M NaHCO3, 1% SDS), de-crosslinked
by incubating at 65 °C for 16 h and at 95 °C for 15 min, then digested
by adding 50 pg proteinase K and incubating at 50 °C for 3 h. DNA
was extracted using a DNA Miniprep Plus kit (Zymo), digested with
Dpnl (NEB) to remove any plasmid contamination, then used for gPCR
analysis using primers thatamplify U5-R on the HIV-1 promoter (FP: 5'-
CTCTCTGGTTAGACCAGATC-3’,RP:5-GCTAGAGATTTTCCACACTG-3').
ChIP data are expressed as a percentage of input DNA.

Rescue of ANSMCE2 knockout cells

A lentiviral vector expressing a FLAG-tagged NSMCE2 protein that is
resistant to cutting by the sgRNA expressed in the CEM-SS ANSMCE2
knockout cells was created by mutating the NSMCE2 sequence from an
expression plasmid (OHu31586, GenScript) via overlap extension PCR
tointroduce synonymous T-C and C-T mutations into the sgRNA target
sequence (GTATCAACTCTGGTATGGAC to GcATtAACTCTGGTATGGAC).
This mutant FLAG-NSMCE2 PCR product was then cloned into the pLCE
lentiviral vector using Nhel and Xhol restriction sites.

Similarly, the NSMCE2ASUMO mutant was created using overlap
extension PCRto introduce the C185S and H187Q amino acid substitu-
tions into the RING domain necessary for E3 SUMO ligase function®.

Lentiviruses were created from pLCE (control), pLCE
FLAG-NSMCE2 and pLCE FLAG-NSMCE2ASUMO, which were then
used to transduce CEM-SS or CEM-SS ANSMCE2 cells. These cells were
infected with IN+/IN- NL-NLuc or IN- NL-GFP at 0.3 MOl and the cells
were collected at 2 dpifor the respective NLuc assays (NL-NLuc), or for
flow cytometry and ChIP-qPCR (NL-GFP). Expression of these NSMCE2
constructs was validated by western blot.

E3 SUMO ligase inhibition kinetics

TAK-981 (MedChemExpress) is a global inhibitor of SUMOylation*
and was reconstituted in DMSO to a 5 mM stock. TAK-981 was added
to CEM-SS Cas9 and ASMCS5 cells infected with NL-NLuc at 0, 5,15, 30,
75,150,500 and 1,000 nM concentrations, and the cells were collected
foran NLuc assay after 2 dpi.

To assay the effects of TAK-981 on viral RNA expression in
infected cells, CEM-SS cells were infected with IN+/IN— NL-NLuc in
the presence or absence of 150 nM TAK-981. RNA was extracted at
2 dpi with TRIzol (Thermo Fisher) and DNAse I treated for 2 h. cDNA
was then made using the High Capacity cDNA Reverse Transcrip-
tion kit (Applied Biosystems). The levels of unspliced HIV-1 RNA
gag or the spliced viral RNA from donor 1 acceptor 1 (A1D1) and
splice donor 7 acceptor 4 (A4D7) were quantified by qPCR using
the primers for gag (FP: 5-GCGAGAGCGTCGGTATTAAGCG-3’,
RP: 5-AATCGTTCTAGCTCCCTGCTTGC-3’), A1D1 (FP: 5-GATCTCTC
GACGCAGGACTC-3’,RP:5-TGGTCCTTTCCAAACTGGAT-3’) and A4D7
(FP:5’- CAAGCTTCTCTATCAAAGCAACC-3’,RP: 5- AATCGAATGGATCT-
GTCTCTGTC-3)™.

To understand the kinetics of inhibiting SUMOylation on viral
gene expression and epigenetic modificationsininfected cells, 150 nM
TAK-981was added to CEM-SS Cas9 and ASMCS5 cells at the time of infec-
tion, orat16,19,21,24,36 and 48 hpi. Cells were infected with NL-NLuc
Aenv and collected at 72 hpi for either NLuc assays or ChIP-qPCR
using anti-SUMO2/3, H3Ac or H3K9me3 antibodies and quantifying
the HIV-1promoter using primers that amplify the U5-Rregion (FP: 5’
CTCTCTGGTTAGACCAGATC-3’,RP:5-GCTAGAGATTTTCCACACTG-3').
ChIP data are expressed as a percentage of input DNA.

HIV-1latency quantification

CEM-SS latency assay. WT or ASMC5 CEM-SS cells were infected with
the IN+ NL-GFPAEnv virus at an MOl of ~0.1in the presence or absence
0of 150 nM TAK-981. Nevirapine was added to the cells at 2 dpi to inhibit
any lateinfection events, and at 3 dpi the cells were washed and resus-
pended in 2% BSA in PBS for sorting on a BSL-3 contained FACS Aria
11 (BD Biosciences) to isolate GFP- cells. These cells were allowed to
recover in growth media for 6 d (9 dpi) before treatment with DMSO,
150 nM TAK-981, 80 nM PMA or 1 ng ml™ TNF-a. Cells were collected
the next day (10 dpi) to analyse GFP expression by flow cytometry.

CEM-SS delayed integration latency assay

WT or ASMCS5 CEM-SS cells were infected with the IN+ NL-GFPAEnv
virusinthe presence or absence of 500 nM raltegravir. At 2 dpi, all cells
were washed three times with PBS, replated in RPMI with nevirapine
and cultured for an additional 3 d. At 5 dpi, GFP- cells were sorted,
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allowed to recover in growth media for 6 d, treated with DMSO, PMA
or TNF-a (11 dpi) and analysed for flow cytometry the next day (12 dpi).

Both CEM-SS controland ASMCS5 cells were infected with anormal-
ized p24 amount that was previously titred to give 10% GFP+ cells in
CEM-SS cells +Ral (-0.45 MOI) and -Ral (0.1 MOI) at 5 dpi.

Primary activated CD4+ T cell latency assay. Activated primary T cells
isolated from PBMCs were infected at alow MOI of ~0.05 with an IN+
NL-DCreporter virus that expresses eGFP offthe HIV-1LTR and mCherry
fromaninternal EF1-a promoter. Infections were carried outin the pres-
ence and absence of 150 nM TAK-981 added at infection, or with 80 nM
PMA known to reverse epigenetic silencing of HIV-1in latent cells*® or
150 nM TAK-981 added 24 h before collection. Cells were collected for
flow cytometryat7 dpiin2%BSAin PBS to measure eGFP and mCherry
fluorescence. The CD4+ T cell population was separated from dead
cellsand cellular debris by gating on forward and side-scatter analyses.
The highenrichment by the CD4 Positive Isolation kit (Invitrogen) also
allowed us to identify the enriched CD4+ T cell population and gating
was done to exclude the few possible CD4+ monocytes that might be
present. Flow cytometry datawere then analysed using FlowJo v10.6.2.

DNA was also extracted from these cells at 2, 3, 5 and 7 dpi, incu-
bated with Dpnlto remove residual HIV-1plasmid contaminants, then
the amounts of unintegrated 2LTR HIV-1 circular DNA quantified by
gPCRas describedinaprevious section.

Statistical analysis

Samplesizeand Pvalues areindicatedin the text or figurelegends. Error
bars in the experiments represent standard deviations of the mean
from independent experiments. Statistical analyses were performed
using GraphPad Prism or reported by the indicated computational
toolsused in the analysis of the CRISPR knockout screen. Information
about statistical methods is specified in the figure legends.

Materials availability

Allunique materials generated in this study will be made available upon
reasonable request to the lead contact and will also be made available
through the NIH AIDS Reagent programme.

Reporting summary
Further information on research design is available in the Nature
Research Reporting Summary linked to this article.

Data availability

The data that support the findings of this study are available from the
corresponding author upon request. Sequencing data generated in
thisstudy are available from the NCBI Sequence Read Archive with the
datasetidentifier SRR18245559 (CRISPR Knockout Screen). Source data
are provided with this paper.
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and H3K4me3 and repressive modifications H3K9me3 and H3K27me3 bound to
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analyzed with 2-way ANOVA, Sidak’s test (****p < 0.0001; IN- H3K4me3 ASMCS:
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Extended Data Fig. 7 | Extending the pre-integration stage of infection with
raltegravir increases the percentage of latently infected cells. WT or ASMC5
CEM-SS cells were infected with IN + NL-GFPAEnv in the presence and absence
of theintegrase inhibitor raltegravir. These cells were infected at a multiplicity
of infection (MOI) such that the GFP + cells in both the +ral and -ral were roughly
identical when sorted at 5dpi, asindicated in panel A. At 2dpi, the cells were
washed to remove raltegravir and replated to allow integration to occur. GFP-

cellswereisolated by FACS at 5dpi and cultured for another 6 days (11dpi) where
they were treated with diluent (DMSO), TAK-981, PMA, or TNF-a.. The cells were
then analyzed by flow cytometry at 12dpi for GFP expression. (a) Representative
GFP expression profiles from a single experiment. (b) Compilation of 3
independent biological replicates, showing the means and with SD indicated.
Data analyzed by 2-way ANOVA, Tukey’s test (****p < 0.0001).
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Extended Data Fig. 8 | The SMC5/6 promotes HIV-1latency. (a) InWT HIV-1
infected primary CD4 + T cells, unintegrated HIV-1DNA peaks at 2dpi and
declines to background levels by 7dpi, as measured by qPCR analysis of 2LTR
circular viral DNA. These datarepresent the average of five biological replicates

using CD4 + T cells obtained from five separate blood donors, with SD indicated.

B
Cell Mean of s.d p-value
Subpopulation Ratios
GFP+ mCherry+ 0.99 0.036 0.902
GFP- mCherry+ 0.92 0.076 0.483
GFP- mCherry- 1.00 0.001 0.531

Data were normalized to the signal detected at 2dpi, which was set at 1.0. (b)
Statistical analysis of the indicated GFP/mCherry subpopulations in cells infected
with the dual color HIV-lindicator virus and treated with 150 nM TAK-981 at 6dpi
vs diluent (DMSO) at Odpi. Infected cells were harvested at 7dpi and analyzed by
FACS. Statistics calculated with a 2-tailed ratio paired t-test.
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For all statistical analyses, confirm that the following items are present in the figure legend, table legend, main text, or Methods section.

Confirmed

>
~
o))

The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement
A statement on whether measurements were taken from distinct samples or whether the same sample was measured repeatedly

The statistical test(s) used AND whether they are one- or two-sided
Only common tests should be described solely by name, describe more complex techniques in the Methods section.

A description of all covariates tested
A description of any assumptions or corrections, such as tests of normality and adjustment for multiple comparisons

A full description of the statistical parameters including central tendency (e.g. means) or other basic estimates (e.g. regression coefficient)
AND variation (e.g. standard deviation) or associated estimates of uncertainty (e.g. confidence intervals)

For null hypothesis testing, the test statistic (e.g. F, t, r) with confidence intervals, effect sizes, degrees of freedom and P value noted
Give P values as exact values whenever suitable.

For Bayesian analysis, information on the choice of priors and Markov chain Monte Carlo settings

For hierarchical and complex designs, identification of the appropriate level for tests and full reporting of outcomes

XXX [ [0 OK O] 0]
OO0 X X XO KX XK
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Software and code

Policy information about availability of computer code

Data collection Flow cytometry data was collected on a FACS Aria Il (for cell sorting), or Fortessa X20 running BD FACSDIVA.
Data analysis Flow cytometry was analyzed with FlowJo v10.6.2
Crispr Screens were analyzed with MAGECK-VISPR 0.5.6

Statistical analysis
Data were analyzed with GraphPad software v.9.4

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors and
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Sequencing data generated in this study is available from the NCBI Sequence Read Archive with the dataset identifier SRR18245559 (Crispr Knockout Screen).

Human research participants
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Reporting on sex and gender This information has not been collected. We have processed no human research participants.

Population characteristics See above.
Recruitment See above.
Ethics oversight Study does not involve human research and is not subject to IRB ethics oversight. Whole blood was bought from a third party

(Gulf Coast Regional Blood Center) with no interaction or intervention with the donor. Blood was de-identified prior to
purchasing, and no identifiable private information was generated during the course of research.

Note that full information on the approval of the study protocol must also be provided in the manuscript.
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Sample size Experiments were performed at least in triplicate. A minimum of n=3 was chosen as a sample size to generate robust and reliable results on
the cell lines based on similar studies in the field.

Data exclusions  No data was excluded.

Replication Most of the experiments were repeated a minimum of three times, not finding any reproducibility problems

Randomization  Randomization is not relevant to this study. The experiments in this study compare different mammalian cells with defined KO mutations,
genotypes, or lentiviral integrations. A selection bias does not affect the results in these studies. Samples and their appropriate controls were

processed at the same time.

Blinding Blinding was not carried out in this study. The relevant controls were processed at the same time as the samples and read in an unbiased
manner.
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Antibodies used Mouse anti-CD28/CD49d BD Biosciences 347690; RRID:AB_647457 3
Rabbit anti-SMC5 Invitrogen PA5-115931; RRID:AB_2900565 L
Rabbit anti-SMC6 Invitrogen PA5-80042; RRID:AB_2747157 <
Rabbit anti-NSMCE2 Proteintech 13627-1-AP; RRID:AB_10637854
Rabbit anti-NSMCE4 GeneTex GTX121270; RRID:AB_11169701
Rabbit anti-SLF1 Abgent AP5407a; RRID:AB_10816722
Rabbit anti-SLF2 Abcam ab122480; RRID:AB_11129755
Rabbit anti-mouse IgG Abcam ab46540; RRID:AB_2614925
Rabbit anti-H3Ac EMD Millipore 06-599; RRID:AB_2115283
Rabbit anti-H3K4me3 Cell Signaling 9751S; RRID:AB_2616028
Rabbit anti-H3K9me3 Abcam ab8898; RRID:AB_306848
Rabbit anti-H3K27me3 Cell Signaling 9733S; RRID:AB_2616029
Mouse anti-BActin Proteintech 66009-1-Ig; RRID:AB_2687938
Anti-Rabbit HRP Sigma cat#A6154; RRID:AB_258284
Anti-Mouse HRP Sigma cat#A9044, RRID:AB258431
Rabbit anti-SUMO2/3 Abcam ab3742; RRID:AB_304041
Mouse anti-FLAG Sigma F3165; RRID:AB_259529
Validation All these antibodies are commercially available with validation data available on the manufacturer's websites.

Mouse anti-CD28/CD49d antibodies are characterized and validated by the manufacturer for use in activating human T cells.

Rabbit antibodies against SMC5, SMC6, NSMCE2, NSMCE4, SLF1, SLF2, and beta actin have all been validated for western blotting
and are shown to be able to specifically detect the proteins isolated from human cells.

The anti-mouse and -rabbit HRP antibodies are specifically developed for western blotting.

H3Ac,H3K4me3, H3K9me3, H3K27me3 antibodies are advertised and validated on the manufacturers website for ChIP in human cell
lysates. In addition these antibodies have been characterized to standard by the ENCODE project.

FLAG antibodies used have been well validated for various applications, including western blotting and ChlP.

SUMO2/3 antibodies are validated by the manufacturer for western blot on human samples, and have been successfully used in
ChIP-seq experiments ( https://doi.org/10.1186/1471-2164-14-824).

Eukaryotic cell lines

Policy information about cell lines and Sex and Gender in Research

Cell line source(s) 293T cells were from the ATCC
CEM-SS cells were from AIDS Reagent

Authentication No further authentication.

Mycoplasma contamination Cell lines were routinely tested for mycoplasma contamination, and we have obtained negative results throughout the
duration of the study.

Commonly misidentified lines No commonly misidentified cell lines were used in this study
(See ICLAC register)
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|X| All plots are contour plots with outliers or pseudocolor plots.
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Methodology

Sample preparation Peripheral Blood Mononuclear Cells (PBMC) were isolated from whole blood by density gradient centrifugation over
Histopaque (Sigma), and CD4+ cells were then isolated using CD4 Positive Isolation kit (Invitrogen). Isolated CD4+ cells were
then activated by incubation with antibodies against CD3/CD28 /CD49d (BD Biosciences) and 5ug/ml phytohemagglutinin
(PHA) in RPMI supplemented with 10% FBS and 10% IL-2.
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CEM-SS and its derivatives were cultured in RPMI with 10% FBS.

Instrument FACS Aria Il (for cell sorting), or Fortessa X20 running BD FACSDIVA.

Software FlowJo v10.6.2

Cell population abundance Data analyses were performed using at least 10,000 live T cells in each anaysis.

Gating strategy For all the experiments, live T cells were gated on forward vs. side scatter plot based on their size and granularity. Single cells

were gated on a forward scatter height vs. forward scatter area plot. The gates for GFP+ and/or GFP- cells are defined
according to the uninfected controls and are apparent in the figures.

|X| Tick this box to confirm that a figure exemplifying the gating strategy is provided in the Supplementary Information.
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