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Abstract 

Integration of HIV -1 DNA is an essential step in the viral life cycle, and how the 

unintegrated proviral  DNA  is transcriptionally silenced has been an ongoing question in 

the field . Here we show that this silencing is epigenetic and demonstrate that the Tax 

protein  encoded by Human T-cell Leukemia Virus 1 (HTLV -1) can reverse the repressive 

epigenetic modifications on chromatinized  unintegrated  HIV -1 DNA  by inducing the 

recruitment of NF -ϝ!ɯÛÖ the viral LTR promoter  and leads to a robust, spreading 

infection . Using an unbiased screen, we identify the host SMC5/6 complex as essential 

for epigenetically silencing unintegrated /pre-integrated HIV -1 DNA . The SMC5/6 

complex binds chromatinized HIV -1 DNA and triggers epigenetic silencing by inducing 

its SUMOylation  through  its NSMCE2 component, an E3 SUMO ligase. Inhibiting this 

SUMOylation, by knocking out members of the SMC5/6 complex, mutationally 

disru pting its  E3 ligase function, or by using the SUMOylation inhibitor s TAK-981, 

prevents epigenetic silencing and rescues both viral gene transcription  from,  and 

replication of, integrase-deficient HIV -1. Finally, we show that inhibiting t he initial 

SUMO-mediated silencing of HIV -1 DNA  in integration-competent proviruses by the 

SMC5/6 complex inhibits  the establishment of latent HIV -1 infections in both CD4+ T cell 

lines and primary human T cells . We thus propose a new model to explain the 

establishment of the HIV-1 latent reservoir in vivo. 
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Chapter 1. Introduction  

1.1 HIV-1: A Global Scourge 

Human Immunodeficiency Virus 1 (HIV -1) is a pathogen responsible for one of 

the great plagues of human history.  This viral pandemic has killed an estimated 36 

million people and was responsible for approximately 1.5 million new infections a nd 

680,000 deaths in 2020 (UN AIDS (2021)).  

While the virus probably spread from chimpanzees to humans sporadically in 

the 1920s (Faria et al., 2014; Keele et al., 2006)ȮɯÛÏÌɯÝÐÙÜÚɯÖÕÓàɯÊÈÔÌɯÛÖɯÛÏÌɯÞÖÙÓËɀÚɯ

attention in the 1980s when homosexual men in urban centers were suddenly afflicted 

by an unexplained immunodeficiency that presented as high occurrence of rare diseases 

ÓÐÒÌɯ*ÈÙ×ÖÚÐɀÚɯ2ÈÙÊÖÔÈɯÈÕËɯÖ××ÖÙÛÜÕÐÚÛÐÊɯÐÕÍÌÊÛÐÖÕÚɯÓÐÒÌɯ/ÕÌÜÔÖÊàÚÛÐÚɯ×ÕÌÜÔÖÕÐÈ 

(Gottlieb et al., 1981). The cause of the disease, that would soon be known as acquired 

immunodeficiency syndrome (AIDS), was discovered as a viral infection within 2 years 

of the initial  outbreak report and the virus, HIV -1 (initially called HTLV -III) , was 

isolated (Barré-Sinoussi et al., 1983; Gallo et al., 1984). 

AIDS was essentially a death sentence in the early years of the epidemic; HIV-1 

infected individuals had a median survival ti me of 1 year after diagnosis (Rothenberg et 

al., 1987). Today, with the advent of modern combination antiretroviral therapy (cART), 
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HIV -positive individuals with access to antiretroviral drugs only show a 8-year median 

survival gap compared to HIV -negative individuals  (Marcus et al., 2016). 

Initiatives like the Global Fund for AIDS, Tuberculosis and Malaria, and the UN 

Global AIDS Strategy have been providing cART drugs to and funding HIV testing in 

low resource countries. As of 2020, approximately 73% of people infected with HIV -1 are 

now on therapy, up from just 7% in 2005. As a result, AIDS related mortality declined 

from 2.4 million deaths in 2005 to 680,000 in 2020. The provision of treatment has also 

blunted the number of new HIV -1 infections, especially among children, by preventing 

maternal transmission during birth, and there is now a 69% reduction in new infections 

in children under 14  (UN AIDS (2021)). 

However, the outlook is not uniformly rosy. COVID -19 restrictions have led to 

disruptions in HIV -1 testing and treatment in most countries and have led to a ~40% 

decline in treatment in African and Asian countries. Even high -income countries are not 

spared. COVID restrictions and the shutdown of safe injection sites have exacerbated the 

prevalence of HIV -1 infections among people who inject drugs (PWID) in the op ioid 

epidemic. These new HIV-1 outbreaks, primarily in rural settings without the medical 

infrastructure to address the issue, have stalled the steady decline in new HIV infections 

in the country (Lyss et al., 2021). 
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Also, while HIV infection can be controlled by  cART, which effectively 

suppresses viral replication and disease progression, it is not able to cure the disease. If 

antiretroviral  therapy is stopped, the virus almost invariably rebounds within weeks  

(Davey et al., 1999). There remains a HIV-1 latent reservoir of infected cellsɭprimarily 

CD4+ T cellsɭcontaining integrated HIV -1 proviral DNA that is transcriptionally 

silenced and do not express HIV proteins but can be periodically reactivated to produce 

active virus.  

Very little is known about how this latent reservoir is established, and though 

there are theories, many of them are unsupported and even inconsistent with 

observations and recent findings. Consequently, understanding how HIV -1 is initially 

silenced in the cell may be crucial in understanding this latent reservoir and ensure  

continued progress in controlling the HIV -1 pandemic. 

1.2 The HIV-1 Life Cycle 

1.2.1 HIV-1 Entry and Trafficking 

HIV -1 infection of a cell begins with the binding of the HIV -1 envelope 

glycoprotein  gp120 to the target CD4 receptor and either the CXCR4 or CCR5 co-

receptor on the cell surface. This binding culminates in the fusion of the viral and 

cellular membranes, and the release of the viral core made up of the viral p24 capsid  

protein surrounding two single stranded HIV -1 RNA genomes bound to the viral 
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proteins p6 and p7 (Hare et al., 2010a). This viral capsid  also encapsulates a variety of 

HIV -1 proteins such as the viral protease, integrase, and reverse transcriptase as well as 

the various host cellular proteins that have been packaged with the virion.  

 

 

 

 

Figure 1: The HIV -1 Replication Cycle .  

1) The HIV-1 gp120 binds to the CD4 cell surface receptor, engages the CXCR4/ CCR5 
co-receptor and mediates 2) fusion and nuclear entry. 3) Reverse transcription takes 
place within the intact capsid, which traffics to the nucleus. 4) Viral cDNA is integrated 
into the host DNA and acts as template for 5) viral RNA transcription. Fully spliced viral 
RNA (and eventually variously spliced and full-length RNA forms) can be exported from 
the nucleus, and 6) viral proteins are produced. 7) Gag/Gag-Pol proteins associate at 
the cell membrane and the virus is assembled. 8) The virion buds from the cell and is 
released. 
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Following the entry of the viral core into the cytoplasm, the HIV -1 RNA genome 

is reverse transcribed into a single DNA genome by reverse transcriptase, and this 

newly synthesized HIV -1 DNA then associates with the viral integrase, capsid proteins, 

and a few cellular proteins to form the pre -integration complex (PIC)  (Arhel, 2010). 

1.2.2 Nuclear Import of the Pre-Integration Complex 

HIV -1 can infect non-dividing cells, and t hus the viral PIC must be actively 

trafficked across an intact nucleus through the Nuclear Pore Complex (NPC) in an 

energy-dependent active process, as diffusion through the NPC is limited to molecules 

smaller than 50-60kDa which the PIC vastly exceeds (Elad et al., 2009). 

The nuclear pore is made up of three main ring structures with the central ring 

ÌÔÉÌËËÌËɯÈÛɯÛÏÌɯ×ÖÙÌɀÚɯÊÖÙÌɯÚÈÕËÞÐÊÏÌËɯÉÌÛÞÌÌÕɯƖɯÖÜÛÌÙɯÙÐÕÎÚɯÖÕɯÛÏÌɯÖÜÛÌÙɯÈÕËɯÐÕÕÌÙɯ

nuclear membrane respectively. These three rings create a central channel with a 

minimum diameter of ~35nm. Eigh t filaments extend from both the outer rings on the 

cytoplasmic and nuclear side of the pore. The filaments extending into the nucleus join a 

ËÐÚÛÈÓɯÙÐÕÎɯÚÛÙÜÊÛÜÙÌɯÈÕËɯÍÖÙÔÐÕÎɯÛÏÌɯÊÓÈÚÚÐÊɯɁÍÐÚÏÛÙÈ×ɂɯÚÛÙÜÊÛÜÙÌɯÖÍɯÛÏÌɯ-/" (Elad et al., 

2009; Strambio-De-Castillia et al., 2010). 

The HIV -1 capsid protein is essential for the active nuclear import of the PIC 

across the NPC. Mutations in the HIV -ƕɯÊÈ×ÚÐËɯÊÈÕɯÈÉÙÖÎÈÛÌɯÛÏÌɯÝÐÙÜÚɀÚɯÈÉÐÓÐÛàɯÛÖɯÐÕÍÌÊÛɯ

resting cells but not actively dividing cells, indicating that the capsid is involved in 
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nuclear entry (Yamashita et al., 2007). Furthermore, the replication of chimeric HIV -1 

viruses carrying the capsid protein from murine leukemia virus, a gamma retrovirus 

that can only infect dividing cells, becomes dependent on cell cycle and nuclear import 

of viral DNA was impaired when the cell cycle was arrested  (Yamashita and Emerman, 

2004).  

The HIV -1 capsid interacts with the cellular factor, cleavage and polyadenylation 

specificity factor 6 (CPSF6) (Bhattacharya et al., 2014; Chin et al., 2015; Lee et al., 2012; 

Rasheedi et al., 2016). CPSF6 is a 68kDa mRNA splicing factor that shuttles between the 

nucleus and cytoplasm through the NPC  (Rüegsegger et al., 1998). CPSF6 is transported 

across the nucleus by Transportin 3 (TNPO3) that mediates its active transport across the 

NPC through RanBP2 on the outer nuclear membrane, and Nup153 on the inner nuclear 

membrane (Kataoka et al., 1999; Lai et al., 2000). The HIV-1 PIC binding CPSF6 through 

interactions with the capsid protein would allow it to be co -transported with CPSF6 

across the NPC (Price et al., 2012; Sowd et al., 2016).  

Indeed, mutations in the capsid protein that no longer bind CPSF6 show 

drastically reduced viral nuclear entry, and truncated CPSF6 lacking a C-terminal 

domain blocked nuclear entry of the PIC  (De Iaco et al., 2013; Koh et al., 2013; Ocwieja et 

al., 2011). Furthermore, multiple siRNA knockdown screens have identified TNPO3, 

RANBP2, and NUP153 as genes that when knocked down, block infection at a stage 
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after reverse transcription, but before integration  (Brass et al., 2008; Bushman et al., 2009; 

König et al., 2008; Lee et al., 2010). Subsequent knockdown studies have shown that 

depletion of RANBP2 or NUP153 decreases the nuclear import of HIV-1. 

Cyclophilin A (CYPA) is another host protein that binds the viral capsid protein 

and has been shown to be involved in HIV -1 nuclear entry through RANBP2 though the 

mechanism through which it mediates its effects is less well understood (Bosco et al., 

2002).  

1.2.3 HIV-1 DNA Integration 

The integration of the viral DNA into the host genome is catalyzed by the HIV -1 

integrase protein (Buchow et al., 1989). Immediately after the synthesis of the double 

stranded linear viral DNA molecule, 4 integrase proteins multimerize and bind the DNA 

to form a DNA -protein complex known as the intasome (Hare et al., 2010b; Maertens et 

al., 2010)ȭɯ3ÏÌɯÐÕÛÌÎÙÈÚÌɯÛÏÌÕɯÊÈÛÈÓàáÌÚɯÛÏÌɯÙÌÔÖÝÈÓɯÖÍɯƖɯÕÜÊÓÌÖÛÐËÌÚɯÍÙÖÔɯÌÈÊÏɯÖÍɯÛÏÌɯƗɀɯ

ends of the blunt-ended viral DNA to generate reactive CA -OH-ƗɀɯÏàËÙÖßàÓɯÌÕËÚȭ 

Following nuclear import, the intasome docks onto the host DNA  to from the 

target capture complex (TCC) (Hare et al., 2010b), and the integrase then catalyzes a 

ÚÛÙÈÕËɯÛÙÈÕÚÍÌÙɯÙÌÈÊÛÐÖÕɯÉàɯÜÚÐÕÎɯÛÏÌɯÙÌÈÊÛÐÝÌɯƗɀ-hydroxyl groups as nucleophiles to 

ÊÙÌÈÛÌɯÉÙÌÈÒÚɯÐÕɯÛÏÌɯÏÖÚÛɯ#- ȭɯ3ÏÌɯƗɀɯÌÕËÚɯÖÍɯÛÏÌɯÝÐÙÈÓɯ#- ɯare then inserted into the 

ÏÖÚÛɯÎÌÕÖÔÌɯÜÚÐÕÎɯÛÏÌɯƙɀɯ×ÏÖÚ×ÏÈÛÌÚɯÈÛɯÛÏÌɯÌÕËɯÖÍɯÛÏÌɯÉÙÖÒÌÕɯÏÖÚÛɯ#- , creating a 
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partially integrated vi ral-host DNA intermediate with single stranded 5 nucleotide gaps 

that are subsequently filled in by the  host cell DNA repair machinery. This yields the 

signature 5bp target site duplication that flanks the stably integrated HIV -1 provirus  

(Vink et al., 1990). 

While integration can occur anywhere throughou t the host genome, the sites of 

integration are not random  (Bushman et al., 2005). Multiple studies have shown that  

HIV -1 integration sites are biased towards regions of active transcription (marked by 

H3K36me3 histone modifications) that are close to the NPC (Barr et al., 2006; Ferris et al., 

2010; Han et al., 2004; Lewinski et al., 2006; Mitchell et al., 2004; Schröder et al., 2002; 

Sherrill -Mix et al., 2013; Wang et al., 2007). An analysis of ~1 million int egration sites in 

infected cells shows that ~80% of all integrations were in genomic regions with active 

transcription and multiple introns  (Singh et al., 2015). 

LEDGF is the most well-studied and probably the most important host factor 

involved in HIV -1 integration. LEDGF is a chromatin-tethering protein involved in 

stress response and cell differentiation. It was initially identified as a host protein bound 

to integrase (Cherepanov et al., 2003) and plays a pivotal role in HIV -1 replication and 

integration  that has been extensively characterized and reviewed elsewhere (Debyser et 

al., 2015). In brief, LEDGF is a 75kDa protein with an integrase binding domain (IBD) at 
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its C-terminal  end and a conserved N-terminal PWWP domain that binds several 

splicing factors and H3K36me3 (Eidahl et al., 2013; Pradeepa et al., 2012).  

Thus, LEDGF binds the HIV -1 intasome through its IBD and directs it to 

integrate in genomic regions where active transcription is taking place by binding 

H3K36me3 through its PWWP domain  (Singh et al., 2015). LEDGF binding various 

splicing factors also directs the intasome to regions with highly spliced transcriptional 

units and intron -rich genes, explaining the enrichment of viral integration events in 

these regions (Pradeepa et al., 2012; Singh et al., 2015). 

Another cellular protein that can interact with i ntegrase directly is integrase 

interactor 1 (INI1) which is part of the SWI/SNF chromatin remodeling complex. The 

INI1 interaction with the viral integrase has been proposed to facilitate targeted 

integration of the viral genome into SWI/ SNF -remodeled regions of the genome, which 

generally tend to be transcriptionally active  (Lesbats et al., 2011). 

While CPSF6 has not been shown to interact directly with the vir al integrase, it 

has a critical role in targeting integration of HIV -1 to transcriptionally active 

euchromatin. The nucleus is a complex, dynamic and highly organized environment 

with chromosomes, active genes, and heterochromatin occupying preferred posit ions. 

3D-immuno DNA FISH experiments have shown that HIV -1 preferentially integrates in 

the peripheral nuclear compartment within 1um from the edge of the nucleus  (Marini et 
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al., 2015). This is in concordance with experiments that track the PIC by tagging it with a 

fluorescent protein and show that the PIC is heavily enriched at the edges of the nucleus 

and not evenly distributed throughout  (Albanese et al., 2008; Burdick et al., 2013; 

Quercioli et al., 2016). Analysis of recurrent integration genes (RIGs) ɬ genes that are 

frequent integration sites for HIV -1ɭshow that these genes are overwhelmingly 

distributed at the nuclear periphery close to the NPC  (Marini et al., 2015). In general, 

genes positioned at the nuclear periphery underlying the NPC are predominantly 

transcriptiona lly active with open chromatin and  are most likely to facilitate efficient 

splicing and mRNA export through the NPC (Ibarra and Hetzer, 2015). In contrast, the 

HIV -1 PIC strongly disfavors integrating into lamin -associated domains (LADs) where 

heterochromatin condensed DNA is predominantly found  (Guelen et al., 2008). 

A likely mechanism to explain these integration patterns is that CPSF6, while not 

binding integrase directly, facilitates the nuclear impor t of the viral PIC through the 

NPC into the nuclear periphery which is enriched in euchromatin and actively 

transcribing genes. Here, the function of LEDGF (and other proteins like INI1)  is to 

target the viral integrase to specific genomic regions with mul tiple introns, active 

splicing  and high transcriptional activity.  

This hypothesis is supported by tandem knockout experiments with CPSF6 and 

LEDGF, which showed that while knocking out LEDGF decreased viral integration into 
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active gene bodies, the viral DNA w as still targeted to regions of euchromatin  (Sowd et 

al., 2016). A subsequent experiment looking at the nuclear distribution of HIV -1 PICs in 

the presence or absence of LEDGF shows that the HIV-1 PIC maintains its preference for 

euchromatin on the nuclear periphery even in the absence of LEDGF (Quercioli et al., 

2016). 

1.3 Antiviral Drugs Targeting Integration 

Initial antiviral therapies (ART) against HIV -1 were regimens consisting of 2 

nucleoside analogue reverse transcriptase inhibitor (NRTIs) along with a non -nucleoside 

reverse transcriptase inhibitor (NNRTI) or a protease inhibitor (PI)  (Gulick et al., 1997; 

Perelson et al., 1997). Though these regimens are highly effective in reducing the viral 

load in clinical patients to below the limit of detection, they have been largely replaced 

in modern medicine by ART regimens that consist of 2 NRTIs or NNRTIs  and an 

integrase strand transfer inhibitor (INSTI)  (Saag et al., 2020). This is largely due to the 

greatly reduced side effects of integrase inhibitors, when compared to PIs, that in turn 

promotes the drug regimen  adherence that is crucial in t he success of any ART.  

Efforts to design integrase inhibitors with different mechanisms of action than 

these INSTI (which work by inhibiting the strand transfer reaction by integrase) have 

culminated in the development of LEDGF inhibitors (LEDGINS) that p revent the 

binding of LEDGF to integrase (Christ et al., 2010; Desimmie et al., 2013) and hence 



 

 

12 

prevent the initial multimerization of integrase and stop the formation of the viral 

intasome. 

These inhibitors prevent the integration of the viral DNA into the host genome . 

Unintegrated HIV -1 proviruses are then rapidly transcriptionally silenced , which stops 

the viral replication cycle. I will discuss unintegrated HIV -1 silencing later in this 

chapter. 

1.4 The Fate of Unintegrated Retroviral DNA 

1.4.1 Unintegrated DNA exists in multiple forms 

As previously mentioned, the retroviral DNA genome is preferentially integrated 

into regions of transcriptionally active host DNA and  then becomes transcriptionally 

active. This integration an essential feature of the HIV-1 lifecycle, and proviral DNA that 

fails to integrate into the host genome is transcriptionally silent and is unable to 

synthesize viral proteins and produce infectious viruses.  
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Figure 2: Unintegrated HIV -1 Forms Stable Circul ar DNA that are Transcriptionally 

Silenced. 

However, during a natural HIV -1 infection, the majority of proviral DNA 

remains in an unintegrated state (Bukrinsky et al., 1991; Chun et al., 1997; Pang et al., 

1990; Sharkey et al., 2000; Teo et al., 1997). This unintegrated DNA exists in a linear and 

2 circular forms which either contain one long terminal repeat (LTR) copy (1LTR circles), 

or two LTR copies (2LTR circles). The most abundant form,  at least the early stages of 

infection, is the linear form which is the immediate product of reverse transcription and 

is the canonical substrate for integration (Bukrinsky et al., 1991; Chun et al., 1997). 

However, this unintegrated linear DNA does not persist in the cell for long and is either 

degraded or circularized into more stable forms.  
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2LTR circles are formed by the cellular nonhomologous end joining (NHEJ) 

machinery ligating the 2 distal LTR ends of the unintegrated linear DNA (Bukrinsky et 

al., 1991; Shoemaker et al., 1980). The linear proviral DNA is bound by the host Ku 

heterodimer Ku70/80, as well as the ligase4, XRCC4, and DNA-PK that catalyzes its 

circularization (Jeanson et al., 2002; Li, 2001; Zheng et al., 2011). Knocking out these 

NHEJ proteins drastically reduces the levels of 2LTR DNA after infection, but also 

triggers apoptosis in the infected cells. In these knockout models, reverse transcription, 

but not integrat ion, was required to trigger apoptosis, indicating that it is the linear 

unintegrated DNA that triggers cell death when the NHEJ machinery is knocked out.  

1LTR circles can be formed from initial reverse transcription errors, and 

autointegration events wher e the viral integrase catalyzes the nucleophilic attack of the 

3-OH reactive end on the viral cDNA into itself. 1LTR circles are also formed by 

homologous recombination (HR) of the 2 LTR segments on the linear DNA and involves 

the RAD50/MRE11/NBS1 complex (Kilzer et al., 2003). 

Estimates of the ratio of linear to 1LTR to 2LTR forms of the unintegrated DNA 

early after infection is approximately 20:9:1 (Butler et al., 2001; Gelderblom et al., 2008), 

however this ratio is highly malleable and is likely to be different based on when these 

forms were assayed after infection, what cell types they were assayed in, and whether 

they were assayed in dividing or non -dividing cells. Furthermore, assays quantifying 
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1LTR circles have been shown to be inaccurate (Mbisa et al., 2009; Yoder and Fishel, 

2006). 

1.4.2 Degradation and Stability of Unintegrated Forms 

Unintegrated linear proviral DNA is degraded in dividing T cells in a matter of 

hours after entry into the nucleus due to host defenses and the DNA repair machinery 

detecting the presence of non-telomeric DNA  (Fischer et al., 2003; Pierson et al., 2002; 

Wu and Marsh, 2003).  

Circular forms of the unintegrated viral episomes are more stable and are only 

lost when infected cells divide  (Pierson et al., 2002; Sharkey et al., 2005). Indeed, 

unintegrated forms of HIV -1 viral DNA persist in non -dividing i nfected macrophages 

for at least 30 days (Kelly et al., 2008), and infected retinal cells (Yáñez-Muñoz et al., 

2006), neurons, and muscle tissue (Philippe et al., 2006) show stable levels of these 

circular proviral DNA episomes for years. Furthermore, adding an origin of replication 

to the viral DNA can maintain these circular forms even in dividing cells  (Lu et al., 2004; 

Vargas et al., 2004). 

1.4.3 Viral Gene Expression from Unintegrated HIV-1 

Despite their abundance, unintegrated HIV -1 proviruses are considered a 

replicative dead end for the virus. HIV -1 viruses that do not integrate do not produce 

any progeny virions and are unable to spread. However, in 2001, Nakajima and 
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colleagues (Nakajima et al., 2001) reported the replication of HIV -1 with mutations on 

the viral integrase gene that render it unable to integrate into the host DNA, a f inding 

that was controversial at the time. However, this replication only occurs in  specific cell 

lines, like MT2 and C8166, which are HTLV -1 transformed cell line s that express the 

HTLV -1 protein Tax. We will explore how Tax overcomes the transcriptional repression 

of unintegrated HIV -1 DNA in Chapter s 2 and 3. 

While unintegrated HIV -1 is normally  unable to produce progeny virions, 

studies using HIV -1 integrase mutants (where point mutations are introduced into the 

integrase catalytic triad D64, D116, EE152 to yield non-functional integrase protein) 

show that unintegrated HIV -1 episomes do transcribe low but  detectable levels of 

unspliced, singly -spliced, and multiply -spliced RNA  (Kelly et al., 2008; Wu and Marsh, 

2001, 2003). However, only a subset of viral early genes is actually translated into 

proteins, including nef  (Sloan et al., 2010; Wu and Marsh, 2003), Tat (Engelman et al., 

1995; Gelderblom et al., 2008), and Rev (Shimura et al., 2015), albeit at very low levels 

and only early after infection.  

It is likely that this low level of gene expression, especially of Tat and Rev, is 

insufficient to initiate the positive feedback  loop on gene expression from unintegrated 

HIV -1 DNA. Tat is required to initiate productive transcription from HIV -1. Another 

proposed explanation for the lack of late protein translation and expression is the low 
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levels of Rev made from the unintegrated viral DNA  (Wu and Marsh, 2003). Rev binds 

the Rev Response Element (RRE) on the HIV-1 RNA and facilitates the export of 

incomplet ly spliced viral RNA s from the nucleus. Hence, without sufficient Rev, RNA 

encoding these late viral genes cannot be exported from the nucleus to be translated. In 

support of this, expressing Rev in T cells (CEM-Rev) rescues the expression of late genes 

from unintegrated HIV -1 early after infection  (Bar-Magen et al., 2009). 

It is important to note that while viral mRNA and early proteins have been 

detected early after infection in cells infected with integrase -deficient viruses, these 

levels are much lower than what is detected from an infection with the wild -type virus 

and drop even further after the first 16 -24h post infection. After 24h, levels of even fully 

spliced viral proteins are 2-3 orders of magnitude lower in  cells infected by  IN -deficient  

virus than in cells infected by WT HIV -1. Thus, there is a low level of viral gene 

expression from unintegrated HIV -1 early after infection that is quickly turned off in a 

matter of hours. 

1.5 The Epigenetic Silencing of Foreign DNA  

The entry of exogenous DNA into cells is highly unusual and typically triggers a 

range of host responses that induces an innate immune response to either trigger an 

antiviral sta te in the target cell and its neighbors, or to epigenetically silence 

transcription from that foreign DNA. I nappropriate localization of DNA within the cell 
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cytoplasm or in the various endosomal compartments indicates that a cell may either be 

infected by a virus or bacterium , or that it has problems with nuclear integrity.  In the 

cytoplasm, DNA is detected by a host of immune sensors that include cGAS, STING, 

IFI16, TLR9, AIM2, and others, which then activate molecular signaling pathways to 

induce the prod uction of interferons that eventually leads to the establishment of an 

antiviral state in the cell and its surrounding cells. These signals can also initiate 

apoptosis and an inflammatory and lytic form of cell death called pyroptosis to 

eliminate these potential infected or damaged cells (Briard et al., 2020). 

More germane to our study of HIV -1 silencing and more broadly, viral epigenetic 

silencing, is what happens to any foreign DNA that enters the nucleus. As mentioned, 

HIV -1 DNA that enters the nucleus is rapidly transcriptionally silenced, but this 

silencing is not limited to HIV -1 and applies generally to all viruses that introduce their 

DNA into the host cell nucleus and indeed even to transfected DNA. It could be 

theorized that this silencing evolved as a general host defense to restrict infection by a 

multitude of viruses that would otherwise initiate a course of viral gene expression, viral 

replication, and po ssibly cell death (Tsai and Cullen, 2020), and is most well 

characterized in the context of infection by herpes viruses. 
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1.5.1 Epigenetic Silencing as a Host Defense: Non-retroviral Evasion 
Strategies 

Though it probably evolved as a defense against viral infections, this silencing of foreign 

DNA in the nucleus clearly acts even if the DNA is not viral in origin. Early studies of 

DNA introduced into cells by transfection  with calcium phosphate or DEAE dextran 

showed that the transfected DNA rapidly associated with histones and formed 

minichromosomes (Griffith, 1975; Reeves et al., 1985) that showed the ~190bp spacing 

between nucleosomes typical of normal chromosomal structures (Camerini -Otero and 

Zasloff, 1980). Transcription from these exogenous DNA was silenced, and there were 

many early indications that this silencing was mediated by the a ddition of histones and 

epigenetic silencing. Firstly, the addition of various histone deacetylase (HDAC) 

inhibitors like sodium butyrate or Trichostatin A (TSA) could significantly boost the 

expression of genes from these transfected DNA constructs (Gorman et al., 1983; 

Ishiguro and Sartorelli, 2004; Yoshida et al., 1990), suggesting that the transfected DNA 

was transcriptionally silenced, at least in part, by the deacetylation of the histones 

loaded onto it, as is the case even for endogenous genes (Verdin and Ott, 2015).  

Furthermore, treating transfected cells with either sodium butyrate or TSA 

drastically increases the sensitivity of the transfected DNA to DNAseI digestion (Reeves 

et al., 1985), indicating that the newly assembled minichromosomes had adopted a more 

open, highly accessible structure. In addition, these transfected, HDAC inhibitor treated 
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cells had minichromosomes that had lower levels of histone H1 associated with 

chromosomal compaction and were enriched in the acetylated histone H4 that is one of 

the markers of transcriptionally active chromatin (Griffith, 1975; Reeves et al., 1985).  

There is a significant corpus of work on the dyn amics of epigenetic silencing in 

cells infected with herpes viruses and are reviewed elsewhere (Knipe, 2015; Lu and 

Triezenberg, 2010). Briefly, H SV DNA in the virion exists as naked DNA that is not 

associated with histones and do not exist in higher chromosomal structures but is 

rapidly formed into chromatin once the DNA enters the infected host nucleus that is 

then condensed into transcriptionally  silenced heterochromatin (Knipe, 2015). However, 

DNA herpesviruses package viral tegument proteins in their virions that can counteract 

this epigenetic silencing and enable efficient expression of genes from the viral DNA.  

In herpes simplex virus 1 (HSV-1), this reversal of epigenetic silencing is 

mediated by the viral proteins VP16 and ICP0 (Cliffe  and Knipe, 2008; Hancock et al., 

2010). HSV-1 viral DNA entering the host nucleus is detected by DNA binding proteins 

on the PML/ ND10 nuclear bodies like PML and Sp100, loaded with histones by the 

histone chaperones ATRX and Daxx (Cabral et al., 2021), then epigenetically silenced 

through the  addition of the re pressive chromatin marks H3K9me3 and H3K27me3 (Lee 

et al., 2016). ICP0 is, among other things, an E3 ubiquitin ligase that is able to 

ubiquitinylate a plethora of host proteins to cause their degradation  (Rodríguez et al., 
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2020). Many of these proteins, including PML and Sp100, are involved in the epigenetic 

silencing of HSV-1 DNA. In addition, ICP0 i s also able to disperse ATRX and Daxx from 

the ND10 nuclear bodies (Knip e, 2015; Lee et al., 2016). 

Outside of the herpes viruses, a similar pattern where a viral protein antagonizes 

the epigenetic silencing of its viral DNA is seen in the hepadnavirus Hepatitis B Virus 

(HBV). Hepadnaviruses, like HIV -1 and other retroviruses, reverse transcribes its RNA 

(pre-) genome to generate a double stranded DNA copy that enters the nucleus of an 

infected cell. However, unlike retroviruses, hepadnaviruses do not integrate into the 

host genome but instead exists as stable covalently closed circular DNA (cccDNA) that is 

recognized by the DNA binding proteins of the SMC5/6 complex that then epigenetically 

silence the viral DNA. Similar to herpes viruses, hepadnaviruses also encode (HBX is 

NOT packaged, it is the only HBV non -structural protein)  a protein that antagonizes the 

epigenetic silencing of its episomal DNA. In HBV, this protein is the HBV X protein 

(HBX), an E3 ubiquitin ligase that associates with the ubiquitinylation machinery DDB1/ 

CUL4/ROC1 and induces the degradation of the host proteins SMC5 and SMC6 involved 

in epigenetically silencing its viral genome (Decorsière et al., 2016; Murphy et al., 2016). 
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1.5.2 Epigenetic Silencing of Retroviral DNA 

MLV  

Unlike the DNA forms, viral or otherwise, discussed so far, retroviral DNA is 

both synthesized de novo from the viral RNA after it enters the cell such that it is never 

exposed to any DNA sensors in transit to the nucleus, and is integrated into the host 

genome once in the nucleus such that it becomes effectively indistinguishable from the 

host DNA. As mentioned, retroviral DNA preferentially integrates into regions of active 

transcription and becomes transcriptionally active, and any unintegrated viral DNA 

remains transcriptionally silenced. However, the exact mechanism of silencing HIV -1 

DNA is still poorly understood. It is still unclear w hat loads histones onto the HIV-1 

DNA,  if  the silencing of HIV -1 DNA  is epigenetic, and if  these putative epigenetic 

modifications (repressive or otherwise) occur before viral integration  (but the Geis and 

Goff paper in PNAS in 2019 looked at some of these questions). 

Early studies on the Moloney murine leukemia virus (MLV) may shed some light 

on these questions. MLV is a retrovirus like HIV -1 that reverse transcribes its RNA 

genome into a dsDNA copy that int egrates into the host nuclei. However, unlike HIV -1, 

MLV is a gammaretrovirus and cannot enter an intact cell nucleus through the NPC but 

instead must wait for mitosis  and enters when the nuclear membrane breaks down  (Roe 

et al., 1993). 
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In MLV  infections, naked retroviral DNA is delivered into the host nucleus that 

becomes rapidly associated with histones. The viral DNA is loaded with H3 and H2A 

core histones within 12h post-infection  (Wang et al., 2016), which is almost immediately 

after the viral DNA enters the nucleus, and well before viral integration. Furthermore, 

the temporal dynamics of this histone association remained the same even when 

integration was blocked, either by mutating the viral integr ase to render it non-

functional,  or pharmacologically by the addition of  the integrase inhibitor raltegrav ir . 

However, if we block the entry of MLV DNA into the nucleus of nondividing 

cells by arresting them in the G1/S phase using the drug aphidicolin, vi ral DNA becomes 

trapped in the cytoplasm and is not associated with any histones, indicating that 

nucleosome loading on the viral DNA occurs mainlyɭif not exclusivelyɭafter nuclear 

entry (Wang et al., 2016). In addition, the proviral DNA  molecules isolated from these 

experiments were overwhelmingly linear, with very little circular forms detected.  

MLV DNA, like unintegrated HIV -1 DNA, that does not integrate is 

transcriptionally s ilenced, and that silencing is epigenetic. The unintegrated episomes 

are associated with histones that show high levels of the transcriptionally repressive H3 

trimethylation on lysine 9 (H3K9me3), and low levels of H3 and H4 acetylation (H3Ac/ 

H4Ac) associated with active transcription. Knocking down SETDB1, one of the main 

histone methyl transferases associated with adding H3K9me3 histone modifications, or 
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the addition of the HDAC inhibitor TSA , results in an increase in viral gene transcription 

from the u nintegrated MLV DNA, and this relief of transcriptional repression correlates 

with a reduction in the repressive H3K9me3 modification, and an increase in the levels 

of H3Ac (Wang et al., 2016). 

A forward genetic screen using a whole genome CRISPR KO library identified 

the role of SETDB1, NP220, and the Human Silencing Hub (HUSH) complex -- 

comprising the proteins MPP8, TASOR, and peripherin -- as being involved in the 

silencing of unintegrated MLV DNA (Zhu et al., 2018). As mentioned, SETDB1 is one of 

the HMTs responsible for adding H3K9me3 modifications, while the HUSH complex 

has been implicated in silencing retrotransposons (Robbez-Masson et al., 2018), 

maintaining heterochromatin and is involved in position -effect variegation in human 

cells (Tchasovnikarova et al., 2015). NP220 is a nuclear double-stranded DNA (dsDNA) -

binding protein with a preference for cytidine clusters . Knocking out any of these 5 

genes individually was sufficient to relieve the epigenetic repression on unintegrated 

MLV DNA. Hence, in the mechanistic model proposed, NP220 recognizes the incoming 

viral DNA and recruits it to the HUSH complex that mediates its epigenetic silencing by 

adding inhibitory h istone modifications (like H3K9me3) through the activity of SETDB1. 

However, as we will later see in chapter 2, and as shown by other subsequent studies 

(Dupont et al., 2021; Machida et al., 2020), knocking out NP220 or the HUSH complex 
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does not relieve the transcriptional repression on unintegrated HIV -1 DNA, which 

indicates that the epigenetic repression of unintegrated MLV and HIV -1 DNA is 

mediated by different mechanisms.  

HIV -1 

Althoug h they are silenced by different mechanisms, the epigenetic changes on 

both MLV and HIV -1 DNA remain startlingly similar. Histones H3 and H2B are loaded 

onto the naked HIV -1 DNA almost immediately after nuclear entry (Geis and Goff, 2019; 

Machida et al., 2020), and HIV -1 is rapidly chrom atinized before integration. Moreover, 

preventing HIV -1 integration either by using the integrase inhibitor raltegravir or by 

introducing inactivating mutations into the viral integrase gene, caused the unintegrated 

HIV -1 episomal DNA to become enriched in the inhibitory H3K9me3 modification and 

depleted in the activating H3Ac modification, just like in unintegrated MLV DNA. 

Similarly, the addition of the HDAC inhibitor TSA was able to reverse the pattern of 

these repressive epigenetic modifications and led to strong activation of viral gene 

expression from  episomal viral DNA.  

Unintegrated HIV -1 was associated with at least 2 isoforms of the linker histone 

H1ɭH1.2 and H1.4ɭinvolved in compacting nucleosomal DNA, indicating that the 

unintegrated HIV -1 DNA was  likely present in a condensed state similar to  

heterochromatin. 
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A broader analysis of nucleosome positioning using micrococcal nuclease 

digestion of chromatin after HIV -1 indicates that the pattern of nucleosome positioning 

is almost identical in cells infected with WT HIV -1 or IN- mutant HIV -1 that cannot 

integrate at 9 hpi (Machida et al., 2020). In both cases, there are nucleosomes positioned 

upstream of the transcriptional start site (Nuc 0, promoter region), at the start site (Nuc -

DHS, DNAse hypersensitivity site), and further downstream (Nuc1, Nuc2, etc.) This 

pattern changes by 48h post infection in WT HIV -1: Nuc-DHS is lost, while the position 

of Nuc 0 is displaced slightly upstream, presumably to enable transcription factors better 

access to the viral promoter. In contrast, at 48hpi the nucleosomal positions on the 

unintegrated HIV -1 DNA remains the same as it was at 9hpi. Thus, the removal of Nuc-

DHS and displacement of Nuc 0 seems to be acquired upon HIV-1 viral integration (and 

transcriptional activation), though the exact mechanism and specific histone chaperones/ 

chromatin remodelers involved remains unknown (Machida et al., 2020). 

Hence, the activation of viral  gene expression seems is correlated with the 

acquisition of H3Ac and loss of H3K9me3 on the viral DNA -associated histones, as well 

as macro changes in the nucleosomal structure that evicts Nuc-DHS to reveal the 

transcriptional start site and displaces Nuc  0 to improve accessibility to the HIV -1 viral 

promoter.  
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1.6 Thesis Aims 

Integration of HIV -1 DNA is an essential step in the viral life cycle, and how the 

unintegrated proviral DNA intermediate is transcriptionally silenced has been an 

ongoing question in  the field. We propose that cells have evolved an innate antiviral 

restriction pathway that recognizes unintegrated viral DNA as non -self and then 

induces its epigenetic silencing. Consistent with this hypothesis, we note that several 

viruses, like herpesviruses and Hepatitis B virus,  with an episomal DNA genome in the 

host nucleus are epigenetically silenced in the absence of viral proteins like ICP0, VP16 

and HBX that interfere with  this silencing.  

 My initial aim was to show that the transcriptional sil encing of unintegrated 

HIV -1 is epigenetic and demonstrate that expressing exogenous viral proteins known to 

interfere with epigenetic viral DNA silencing could in turn reverse the silencing on 

unintegrated HIV -1 (Chapter 2). The data revealed that expression of the Tax 

transcription factor encoded by Human T-cell Leukemia Virus 1 (HTLV -1) can prevent 

the addition of  repressive epigenetic modifications to unintegrated HIV -1 DNA , 

reactivate viral gene expression, and lead to a robust spreading infection driv en 

exclusively by  unintegrated HIV -1 proviral  DNA.  

 We next wanted to further characterize the mechanism through which HTLV -1 

Tax reverses epigenetic silencing of unintegrated HIV -1 (Chapter 3). We determined that 
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Tax expression activates the canonical and non-canonical NF-ϝ! pathway s that in turn 

causes the recruitment of NF -ϝ!ɯÛÖɯÜÕÐÕÛÌÎÙÈÛÌËɯproviral LTR promoter, which then 

reverses the repressive epigenetic modifications on the chromatinzed viral DNA .  

 Our next aim was to identify and characterize this hitherto unknown host 

epigenetic restriction mechanism acting on extrachromosomal HIV -1 (Chapter 4). Using 

an unbiased whole genome CRISPR knockout screen, we identified the host SMC5/6 

complex as essential for the early epigenetic silencing of unintegrated/ pre -integrated 

HIV -1 DNA  and show that this epigenetic silencing occurs rapidly after viral DNA 

nuclear entry. The SMC5/6 complex binds chromatinized HIV -1 DNA and triggers 

epigenetic silencing by inducing its SUMOylation  through  the SMC5/6 component 

NSMCE2, an E3 SUMO ligase.  

Furthermore , we show that inhibiting this initial SUMO -mediated silencing of 

HIV -1 DNA in  viruses with a functional integrase , that are able to integrate into the host 

genome, interferes with the establishment of  latent HIV -1 infections in both CD4+ T cell 

lines and primary human T cells .  

This thesis thus describes both a novel mechanism for the HIV -1 epigenetic 

silencing on unintegrated/ pre -integrated proviral DNA  and proposes a new model to 

explain the establishment of the HIV -1 latent reservoir. 



 

 

29 

Chapter 2. Robust HIV-1 replication in the absence of 
integrase function1 

2.1 Significance 

While retroviral DNA is synthesized normally after infection by integrase -

deficient viruses, the resultant episomal DNA is then  epigenetically silenced. Here, we 

show that expression of the Tax transcription factor encoded by a second human 

retrovirus, HTLV -1, prevents the epigenetic silencing of unintegrated HIV -1 DNA and 

instead induces the addition of activating epigenetic mark s, and the recruitment of NF-

kB/Rel proteins, to the HIV -1 LTR promoter. Moreover, in the presence of Tax (Sayana 

and Khanlou, 2008; Scopelliti et al., 2011), the HIV -1 DNA circles that form in the 

absence of integrase function are not only efficiently transcribed but also support a 

spreading, pathogenic IN- HIV -1 infection. Thus, retroviruses have the potential to 

replicate without integration, as is indeed seen with HBV.  

2.2 Introduction 

Integration of the proviral DNA intermediate into the chromosomal DNA of 

infected cells is a defining step of the retroviral life cycle  (Sakai et al., 1993; Schwartzberg 

et al., 1984). Indeed, inhibition of integrase (IN) function is an effective means of 

blocking HIV -1 replication in not only T cells bu t also macrophages and IN inhibitors 

 

This chapter is adapted from a study published in mBio (Ishak et al., 2020) 
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are routinely used as part of antiretroviral drug combinations  (Sayana and Khanlou, 

2008; Scopelliti et al., 2011). However, the reason(s) why proviral integration is essential 

for productive HIV -1 replication remain unclear. Of note, even though hepadnaviru ses 

such as hepatis B virus (HBV) also generate dsDNA copies of genome length viral RNAs 

by reverse transcription, chromosomal integration of this dsDNA does not form part of 

their replication cycle. So why is HBV able to replicate without chromosomal inte gration 

and, conversely, why is integration a critical step in all retroviral replication cycles?  

A potential answer to these questions has emerged from the study of how not 

only HBV but also other DNA viruses, such as herpesviruses, are able to express their 

dsDNA genomes in infected cells. Specifically, HBx facilitates HBV gene expression by 

inducing the degradation of two cellular factors, SMC5 and SMC6, that otherwise block 

transcription of HBV episomes  (Decorsière et al., 2016; Livingston et al., 2017; Murphy et 

al., 2016). SMC5 and SMC6 localize to PML nuclear bodies (PML-NBs), also called ND10, 

and depletion of PML -NB components, including PML and Sp100, rescues the 

transcription of HBV episomes even in the absence of HBx (Niu et al., 2017). PML-NBs 

also serve as components of the innate immune response to infection by several 

herpesviruses (Glass and Everett, 2013; Gu and Zheng, 2016; Tsai et al., 2015). In the case 

of herpes simplex virus 1 (HSV1), the incoming dsDNA genome is sensed by cellular 

factors, including IFI16, and then decorated with repressive chromatin modifications, 
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including H3K9me 3 and H3K27me3 (Diner et al., 2016; Knipe, 2015; Lee et al., 2016). 

However, these inhibitory marks are then removed in a process that is dependent on the 

disruption of PML -NB function by the HSV1 immediate early protein ICP0  (Lee et al., 

2016; Lilley et al., 2011). Thus cells have evolved an innate antiviral restriction pathway 

that recognizes extrachromosomal viral  ËÚ#- ɯÈÚɯɁÕÖÕ-ÚÌÓÍɂɯÈÕËɯÐÕËÜÊÌs its epigenetic 

silencing (Kni pe, 2015). We propose that dsDNA viruses have evolved at least two 

mechanisms to counter this restriction pathway. In the case of HBV and most 

herpesviruses, this depends on viral proteins that induce the degradation of cellular 

factors that would other wise epigenetically silence viral DNA, including SMC5/SMC6 in 

the case of HBV HBx, and the PML-NB components PML and Sp100 in the case of HSV-

1 ICP0 (Decorsière et al., 2016; Tsai et al., 2015). Conversely, we hypothesize that 

retroviru ses avoid cellular restriction factors that recognize and silence 

extrachromosomal DNA by integrati ng their  proviral  DNA  into the host genome, where 

it eludes detection. It is well established that unintegrated retroviral DNA is rapidly 

loaded with histone s that are then decorated with repressive chromatin marks that 

induce epigenetic silencing (Geis and Goff, 2019; Wang et al., 2016). In the case of 

unintegrated murine leukemia virus (MLV) DNA, epige netic silencing is mediated not 

by PML-NBs but rather by a DNA binding protein called NP220 acting in concert with 

the human silencing hub (HUSH) complex  (Zhu et al., 2018). However, the HUSH 
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complex was reported to not play a role in silencing unintegrated HIV -1 DNA. Here, we 

report the surprising result that the epigenetic silencing of unintegrated HIV -1 DNA is 

prevented by ectopic expression of the Tax transcription factor encoded by a second 

human retrovirus, human T cell leukemia virus 1 (HTLV -1). In the presence of Tax, 

integrase deficient HIV -1 is able to effectively transcribe the circular DNA molecules 

that form in the nucleus in the absence of integrase function to mount a spreading, 

cytopathic infection.   

2.2 Results 

If the inability of unintegrated HIV -1 DNA to be effectively transcribed is caused by 

host restriction factors, then the level of inhibition might vary between different cell 

types, as has in fact been previously reported (Nakajima et al., 2001). To confirm and 

extend this observation, we infected primary peripheral blood mononuclear cells 

(PBMCs) and various human cell lines with an NL4 -3-based indicator virus in which the  

nef gene has been replaced with the Nano luciferase (NLuc) indicator gene (NL -NLuc). 

Cells were infected with WT HIV -1, with an IN mutant (D64V) that lacks integrase 

function, or with WT HIV -1 in the presence of 20 µM raltegravir (RAL), which blocks IN 

function  (Leavitt et al., 1996; Pollicita et al., 2014). Levels of NLuc expression were 

quantified and normalized to WT HIV -1, which was set at 100%. Similar levels of NLuc 

expression were observed whether IN activity was blocked by the D64V mutation or by 
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RAL (Fig. 3A). These data revealed variable levels of inhibition of HIV -1 gene expression 

when proviral integration was blocked. Thus PBMCs, H9, CEM, CEM -SS and SupT1 

cells all showed a >50-fold reduction in NLuc expression in the absence of IN function. 

Jurkat, HeLa, THP1 and A549 cells retained from 2% to 10% residual NLuc activity, 

while 293T cells allowed ~12% residual NLuc expression in the absence of IN function.  

 

Figure 3: Differential gene expression and replication of IN - HIV -1.  

A) NLuc activity from the indicated cell lines or activated PBMCs infected with WT, 
WT+RAL, or with the D64V integrase mutant (IN-) NL-NLuc reporter virus at 48 hpi. The 
cells used express CD4 naturally or artificially. NLuc expression levels were normalized 
to WT, set at 100%. n=3, ± S.D. Viable cell counts of B) CEM-SS and D) C8166 cells 
infected with WT or IN- forms of the replication competent NL-NLuc indicator virus. 
Virally encoded NLuc expression was measured for C) CEM-SS and E) C8166 cells 
infected with WT or IN- NL-NLuc. All IN- infections in were conducted in the additional 
presence of 20 µM RAL.  

Remarkably, MT2 cells retained ~70% of the NLuc expression in the absence of IN 

function while C8166 cells supported similar levels of NLuc exp ression whether IN was 

active or not (Fig.3A). Moreover, while infection of CEM -SS cells with the D64V IN 
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mutant resulted, as expected, in minimal viral gene replication (Fig. 3C) and did not 

reduce cell viability (Fig. 3B), IN- HIV -1 was capable of almost WT levels of replication 

in C8166 cells (Fig. 3E), resulting in cytotoxic effects indistinguishable from WT (Fig. 

3D).  

Both C8166 and MT2 cells are HTLV-1 infected and express the HTLV-1 Tax 

protein, which can activate transcription from the HIV -1 LTR (Böhnlein et al., 1989). To 

test whether Tax expression is sufficient to rescue the replication of IN- HIV -1, we 

transduced CEM-SS T cells with a Tet-inducible lentiviral vector expressing either Tax, 

or the HIV -1 Tat transactivator, the HIV-1 Vpr protein, which has been reported to 

partially rescue gene expression from IN- HIV -1 (Poon and Chen, 2003), or expressing 

the HIV -2 Vpx protein, which has been reported to block the inhibitory activity of the 

HUSH complex  (Chougui et al., 2018; Yurkovetskiy et al., 2018). As shown in Fig. 4A, 

while expression of Tax fully rescued gene expression from IN - HIV -1 virus, it had little 

or no positive effect on the level of gene expression seen with WT HIV-1. In contrast, 

ectopic expression of the HIV -1 Tat protein had a small but non-specific positive effect 

on gene expression from both WT and IN- NL -NLuc, while expression of HIV -1 Vpr 

protein or HIV -2 Vpx both failed to affect either WT or IN - HIV -1 (Fig. 4A), although 

both proteins were expressed at readily detectable levels (Fig. S1B). 

The HTLV -1 Tax protein can activate both the NF-kB pathway and the CREB/CRE 
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pathway in expressing cells and Tax mutants lacking the ability to activate each of these 

pathways have been described (Smith and Greene, 1990). While the Tax M1 mutant, 

which lacks the ability to induce the CREB/CRE pathway, fully retained the ability to 

rescue IN- HIV -1 gene expression, the Tax M22 mutant, which is unable to activate NF-

kB, lost the ability to rescue IN- HIV -1 gene expression, even though both mutants were 

expressed at similar levels (Figs. 4A and S1A). In further support of the critical role of 

NF-kB in this rescue, treatment of WT CEM-SS cells with TNFϔ, an inducer of NF-kB 

function  (Schutze et al., 1995), also selectively rescued gene expression from the IN- NL -

NLuc vector, albeit not to the same degree as seen with Tax (Fig. 4A). 

2.2.1 Tax expression allows IN- HIV-1 to mount a spreading infection 

Given that induction of Tax expression in the otherwise non -permissive CEM-SS T 

cell line can fully rescue IN - HIV -1 gene expression (Fig. 4A), we asked whether Tax 

could also rescue IN- HIV -1 replication. For this purpo se, we analyzed the ability of WT 

or IN - versions of the otherwise replication competent NL -NLuc indicator virus to 

spread in CEM-SS cells transduced with the inducible Tax expression vector, in the 

presence and absence of Doxycycline (Dox). Parameters analyzed included total HIV -1 

DNA levels (Fig. 4B), total HIV -1 RNA levels (Fig. 4C) and viral protein expression, as 

measured by analysis of the virally encoded NLuc protein (Fig. 3D) or of viral Gag 

expression (Fig. S1C). The IN- form of the NL -NLuc virus f ailed to express significant 
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levels of viral DNA, RNA or protein in the absence of Tax while, in the presence of Tax, 

viral DNA, RNA and protein were not only readily detected but increased over the 

course of the experiment, resulting in the death of the CEM-SS culture by 7 dpi (Figs. 4B, 

4C, 4D and S1C). To further confirm that Tax can indeed rescue the ability of IN - HIV -1 

to mount a spreading infection, we repeated this experiment using a mutant of the NL -

NLuc indicator virus lacking a functional env gene (ͅ Env) that cannot spread. WT and 

IN - forms of the NL -NLucͅ$ÕÝɯÝÐÙÜÚɯÞÌÙÌɯ×ÚÌÜËÖÛà×ÌËɯÞÐÛÏɯ525-G and then used to 

infect CEM-SS cells with and without induced Tax expression. As shown in Fig. 4E, the 

Eͅnv IN - virus produced equal levels of HIV -1 DNA, regardless of Tax expression, that 

peaked at 2 days post-infection (dpi) and then gradually declined to background levels 

by 7 dpi, as predicted if the viral DNA was not chromosomally integrated. In contrast, 

ÞÏÐÓÌɯÛÏÌɯͅ$ÕÝɯÝÌÙÚÐÖÕɯÖÍɯÛÏÌɯ(-ǶɯÝÐÙÜÚɯÈÓÚÖɯÎÈÝÌɯÙÐÚÌɯÛÖɯ×ÌÈÒɯ#- ɯÓÌÝÌÓÚɯÈÛɯƖɯË×ÐȮɯÛÏÌÙÌɯ

was only a modest decline in viral DNA by 7 dpi, regardless of Tax expression. While 

Tax had no effect on HIV-1 DNA levels in the context of a non-spreading infection, it did 

dramatically increase the level of viral gene expression from the IN - form of NL -

-+ÜÊͅ$ÕÝȮɯÚÛÈÙÛÐÕÎɯÈt 2 dpi. However, this positive effect was lost by 7 dpi, concomitant 

with the loss of unintegrated viral DNA (Figs. 4E and F). 
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Figure 4 HTLV -1 Tax rescues integrase-defective HIV -1. 

A) CEM-SS cells were transduced with tet-inducible lentiviral vectors expressing each of 
the indicated viral proteins. Expression was induced with 0.5 µg/ml Dox and cells then 
infected with WT or IN- NL-NLuc. NLuc levels were measured at 48 hpi. TNF-Ŭ (1 ng/ml) 
was added at the time of infection. NLuc expression in each experiment was normalized 
to WT NL-NLuc-infected CEM-SS cells, which was set to 1.  n=3, ± S.D. B) Clonal CEM-
SS cell lines with tet-inducible Tax expression were infected with WT or IN- NL-NLuc 
reporter virus with and without Dox-induction. Total HIV-1 DNA levels in the cells were 
measured by qPCR at the indicated times. Similar to B but quantifying changes in C) 
total viral RNA, and D) Virally encoded NLuc expression over time. In E and F,Tet-
inducible CEM-SS Tax cells were infected with non-spreading, VSV-G pseudotyped, IN+ 
or IN- NL-NLucȹEnv reporter virus in the presence and absence of Dox, and changes in 
E) total DNA, and F) NLuc expression quantified. All y-axes show fold changes relative 
to WT HIV-1 infected, uninduced (-Dox/-Tax) cells at day 1, which was set to 1; n=3. All 
IN- infections performed in the presence of 20 µM RAL. Crosses indicate last viable day 
of culture. 
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To further confirm that Tax was not facilitating illegitimate HIV -1 DNA 

integration, we performed Alu -LTR qPCR (Brussel et al., 2005), which quantifies the 

level of integrated viral DNA in HIV -1-infected cultures. As shown in Fig 5A, we 

observed high levels of integrated HIV -1 proviral DNA when the IN+ form of NL -NLuc 

was analyzed, while the IN - form of NL -NLuc, as predicted, gave rise to undetectable 

levels of integrated proviral DNA regardless of Tax expression.  

2.2.2 Integrase defective HIV-1 produces transcriptionally active DNA 
circles in the presence of Tax. 

 

Figure 5: HTLV -1 Tax does not facilitate the illegitimate integration of IN - HIV -1.  

A) Quantification of integrated HIV-1 DNA in Tet-inducible CEM-SS Tax cells infected 
with WT or IN- HIV-1, in the presence or absence of Tax induction, as measured by Alu-
LTR qPCR. B) Schematic showing the production of a short 2LTR transcript (red line) 
and the full-length transcript (green line) from circular 2LTR HIV-1 DNA. C) Total 2LTR 
circle DNA was measured at the indicated timepoints by qPCR, using primers that span 
the U5-U3 junction, in CEM-SS Tax cells infected with WT or IN- HIV-1 in the presence 
or absence of Tax. D) Quantification of the predicted 2LTR RNA transcript in CEM-SS 
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cells ± Tax infected with WT or IN- HIV-1. All data in A, C and D are normalized to WT 
infected Tax- cells at day 1, set to 1; n=3. Crosses indicate last day viable cells were 
detected. E) DNA from CEM-SS cells ± Tax expression, infected with WT or IN- HIV-1, 
was digested with MscI and XhoI and probed on a Southern blot with HIV-1 probes that 
detect specific DNA species that correspond to 2LTR DNA (3.4 kb), 1LTR + linear 
unintegrated DNA (2.6-2.8 kb), and total HIV-1 DNA (1.9 kb). Note that lane 2 contains 
¼ of the amount of cellular DNA used in lanes 1 and 3. See Fig. S2 for details. F) 
Quantification of the bands (2LTR+1LTR+linear and 2LTR) in E expressed as a 
percentage of total HIV-1 DNA, which was set at 100%. 

Unintegrated HIV -1 DNA can exist in three different forms in infected cell nuclei. 

These are linear DNA, which is the substrate for integration; 1LTR DNA circles, formed 

by homologous recombination of linear DNA; an d 2LTR DNA circles, formed by non -

homologous end joining of the linear DNA  (Barbosa et al., 1994). While all three forms of 

unintegrated viral DNA could be transcriptionally active, 2LTR circles are of interest 

because of their unique ability to generate a novel HIV -1 transcript, called 2LTR RNA, 

ÛÏÈÛɯÐÕÐÛÐÈÛÌÚɯÐÕɯÞÏÈÛɯÞÖÜÓËɯÕÖÙÔÈÓÓàɯÉÌɯÛÏÌɯƗɀ+31ɯÈÕËɯÐÚɯÛÏÌÕɯ×ÖÓà-ÈËÌÕàÓÈÛÌËɯÐÕɯÛÏÌɯƙɀɯ

LTR (Fig. 5B) (Brussel and Sonigo, 2004). Analysis of the formation of 2 LTR circular 

DNA in HIV -1 infected CEM-SS cells, in the presence and absence of Tax, revealed a low 

level in the IN - infected culture at early times after infection in the absence of Tax, but 

high and gradually increasing levels of 2LTR DNA in the presence  of Tax (Fig. 5C). 

These data therefore mirror what was seen for total viral DNA in IN - virus infected 

CEM-SS cells in the presence and absence of Tax (Fig. 4B). Interestingly, Tax had an 

unexpected effect on the formation of 2LTR circles by IN+ WT virus. Specifically, while 

WT HIV -1 growing in CEM -SS cells in the absence of Dox induction gave rise, as 
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expected, to low levels of 2LTR circles, this level was dramatically increased when Tax 

expression was induced (Fig. 5C). Similarly, when we analyzed the exp ression level of 

the predicted 2LTR RNA by qRT-PCR, we observed essentially undetectable levels in 

CEM-SS T cells infected by IN- HIV -1 in the absence of Tax but high and gradually 

increasing levels of 2LTR RNA when the same IN- virus was used to infect Tax 

expressing CEM-SS (Fig. 5D). Again, the WT IN+ version of the NL -NLuc indicator virus 

gave rise to only low levels of 2LTR RNA in the absence of Tax while the same virus, in 

the presence of Tax, produced high levels of 2LTR RNA (Fig. 5D). Thus, Tax causes WT 

HIV -1 to form a higher level of 2LTR circular DNA that is then efficiently transcribed to 

generate not only full length HIV -1 transcripts but also a short non-coding RNA 

consisting of two copies of the viral LTR (Figs. 5B and 5D). While the ability of  Tax to 

induce transcription of the small number of unintegrated HIV -1 DNA proviral 

intermediates that arise during infection with WT HIV -1 is not unexpected, what was 

surprising was that Tax also dramatically increased the number of 2LTR proviral DNA 

circles (Fig. 5C).  

To further confirm that Tax is indeed inducing a spreading infection due to the 

active transcription of unintegrated HIV -1 proviral DNA circles, we performed a 

Southern blot analysis to quantify total viral DNA, 2LTR DNA and linear/1LTR DNA  

(these latter two forms cannot be distinguished, see Fig. S2 for probe strategy). As 
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shown in Fig. 5E, we again observed a dramatic increase in the level of HIV-1 DNA in 

Tax-expressing CEM-SS T cells infected with IN- HIV -1 (lane 3), when compared to the 

same virus in CEM-SS cells lacking Tax (lane 1). Moreover, when compared to IN+ HIV-

1 (lane 2), quantification revealed that ~100% of the viral DNA detected in the IN - 

infected culture was unintegrated, while ~30 % of the viral DNA was unintegrated in the 

Tax-expressing culture infected with IN+ virus (Fig. 5F). Even though Tax at least 

modestly inhibits HIV -1 DNA integration in cells infected with WT HIV -1 (Fig. 5C), we 

only observed low levels of 2LTR circular DNA in these cells. In contrast, 2LTR circles 

contributed ~30% of the viral DNA detected in Tax -expressing CEM-SS cells infected 

with IN - HIV -1 (Fig. 5F). 

2.2.3 Tax expression prevents the epigenetic silencing of 
unintegrated, chromatinized HIV-1 DNA. 

It has previously been reported that unintegrated  HIV -1 DNA is rapidly loaded 

with core and linker histones and then epigenetically silenced due to the addition of 

inhibitory histone modifications  (Geis and Goff, 2019). Therefore, we predicted that Tax, 

which induces the efficient transcription of unintegrated HIV -1 DNA, was likely acting  

to prevent this latter effect. We used ChIP-PCR to quantify the level of two inhibitory 

chromatin modifications (H3K9me3 and H3K27me3) and two activating chromatin 

modifications (H3K4me3 and H3Ac) on integrated and unintegrated HIV -1 DNA in the 

presence and absence of Tax. As previously reported (Geis and Goff, 2019), unintegrated 
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HIV -1 DNA was significantly enriched for repressive H3K9 trimethylation, and depleted 

for activating H3K4 trimethylation, when compared to integrated proviruses (Fig. 6A). 

In contrast, in the presence of Tax, K9 trimethylation on H3 bound to unintegrated HIV -

1 DNA was detected at levels that were not only significantly lower that seen with the 

same DNA in the absence of Tax but also lower than seen on integrated HIV-1 DNA 

(Fig. 6A).  
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Figure 6: Tax changes the epigenetic state of viral DNA and Rel/NF -kB binding to the 

LTR.  

A) CEM-SS cells in the presence or absence of Dox-induced Tax were infected with WT 
or IN- NL-NLuc and subjected to ChIP using antibodies against the indicated histone 
modifications. The level of bound HIV-1 DNA was quantified by qPCR, with WT IN+ HIV-
1 set at 1.0. Fold changes were normalized to total histone H3 levels. n=3, ±SD. B) 
Similar to A, but NF-əB factors RelA and RelB were immunoprecipitated and bound DNA 
quantified by qPCR in CEM-SS cells ± Dox-induced Tax expression, infected with IN+ or 
IN- HIV-1. Cells were harvested at 2 dpi, and bound HIV-1 DNA quantified using primers 
that amplify part of the viral LTR. Fold change normalized to WT IN+ HIV-1 in the 
absence of Tax, which was set at 1.0. n=3, ±SD.      *p<0.05, **p<0.01, ***p<0.001, 
****p<0.0001 (2-way ANOVA with Tukeyôs multiple comparison test). 
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Similarly, the level of the activating H3Ac modification was significantly higher on 

unintegrated HIV -1 DNA in the presence of Tax than seen on either unintegrated or 

integrated HIV -1 DNA in the absence of Tax (Fig. 6A). We also observed a Tax-induced 

enhancement in the level of the activating H3K4me3 modification on unintegrated HIV -

1 DNA, though this fell  short of statistical significance (p=0.059). Finally, neither 

integration nor  Tax expression affected the level of H3K27 trimethylation detected on 

viral DNA.  

In Fig. 4A, we showed that the ability of Tax to rescue gene expression from 

unintegrated HIV -1 DNA not only required the ability to activate NF -kB but also that 

this effect could be partly mimicked by using TNF ϔ to activate NF-kB. Previously, Tax 

has been reported to activate both RelA/p65 and RelB (Currer et al., 2012), both of which 

are potent transcriptional activators that are known to bind to the two can onical NF-kB 

DNA binding sites found in the HIV -1 LTR U3 region. We therefore performed ChIP-

PCR to test whether Tax expression induced the recruitment of increased levels of RelA 

and/or RelB to the HIV -1 LTR. As shown on Fig. 6B, we indeed observed a large and 

statistically significant (p<0.01) increase in the recruitment of both RelA and RelB to both 

integrated and unintegrated HIV -1 DNA upon expression of Tax in infected CEM -SS 

cells. 
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Figure 

7: 

Neither NP220 nor PML -NBs appear to be involved in silencing unintegrated HIV -1 

episomal DNA.  

A) We generated two 293T-derived clonal cell lines, c10 and c13, in which expression of 
NP220 was blocked by CRISPR/Cas-mediated gene editing. Loss of PML expression 
was confirmed by Western blot. See Fig. S3 for details. F) The PML knock out 293T 
clones sgPML1 and sgPML2 were infected with WT or IN- NL-NLuc virus, as described 
in panel B. NLuc expression was analyzed at 48 h post-infection and normalized to WT 
NL-NLuc in control cells, which was set at 1.0. For panels B, D and F, n=3 with S.D. 
indicated. 

As noted above, it has previously been reported that the epigenetic silencing of 

unintegrated MLV proviral DNA is mediated by the host cell DNA binding protein 

NP220 acting in concert with the HUSH complex  (Zhu et al., 2018). Surprisingly, 

however, this report also documented that the HUSH complex was not involved in 

silencing unintegrated  HIV -1 DNA, a result that is consistent with the inability of the 
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HIV -2 Vpx protein, a known inhibitor of HUSH complex function, to rescue gene 

expression from unintegrated HIV -1 DNA (Fig. 4A). We used CRISPR/Cas to 

mutationally inactivate the NP220 gene in human 293T cells by deletion of the entire 

NP220 DNA binding domain and simultaneous introduction of stop codons (Fig. 7A, 

Fig. S3A and B). Surprisingly, we observed that loss of NP220 function had no effect on 

the level of silencing of unintegrated HIV -1 DNA (Fig. 7B), thus further confirming that 

the silencing of unintegrated MLV DNA and unintegrated HIV -1 DNA are, in fact, 

mechanistically distinct. The obvious other potential cellular factor mediating 

unintegrated HIV -1 DNA silencing are PML -NBs, given their known role in the 

epigenetic silencing of other nuclear DNA viruses  (Glass and Everett, 2013). However, 

knock down of several key PML -NB components, including PML, ATRX and Daxx, 

either individually or simultaneously, using RNA interference (RNAi) did not 

significantly enhance gene expression from unintegrated HIV -1 DNA (Fig. 7C and D). It 

could be argued that RNAi does not fully deplete targeted proteins and that th e low, 

residual level of PML -NB function might still be sufficient to silence unintegrated HIV -1 

DNA. To address this issue, we used CRISPR/Cas to inactivate the pml gene in 293T cells 

by introduction of frame shift mutations (Fig. S3C). However, loss of PML expression 

due to gene editing (Fig. 7E) also failed to rescue gene expression from unintegrated 

HIV -1 proviruses (Fig. 7F). Therefore, while the cellular mechanism that silences 
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unintegrated HIV -1 DNA, and that is in turn inhibited by Tax expression, remains to be 

determined it does not appear to involve either the HUSH complex or PML -NBs. 

2.3 Discussion 

We report the surprising finding that expression in T cells o f the HTLV -1 

transcription factor Tax allows integrase deficient HIV -1 to mount a spreading, 

cytopathic infection characterized by increasing levels of HIV -1 DNA, RNA and gene 

expression (Fig. 4). These increases in viral DNA and protein expression were lost when 

a replication incompetent, env-deficient HIV -1 was analyzed, and hence must result 

from virus spread (Fig. 4E and F). Interestingly, while all the HIV -1 DNA produced 

during the spreading infection mounted by IN - HIV -1 in the presence of Tax is, as 

expected, unintegrated (Figs. 5A and 5F), much of this DNA is in the form of HIV -1 

DNA circles, with 2LTR circles contributing ~ 30% of the total (Figs. 5E and 5F). These 

2LTR circles in turn produce readily detectable levels of a novel HIV -1 non-coding RNA 

consisting solely of the two viral LTRs (Figs. 5B and 5D). Unexpectedly, this novel 2LTR 

RNA was also detected in Tax expressing, but only minimally in non -Tax expressing, 

CEM-SS cells infected with IN+ HIV-1 (Fig. 5D), which correlated with a substantia l 

increase in the production of 2LTR circular DNA in the Tax expressing cells (Fig. 5C). 

The reason for this phenomenon is not known but we speculate that Tax expression is 

activating cellular DNA binding proteins, including NF -kB (Fig. 6B), that bind to 
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unintegrated HIV -1 DNA and induce the transcription of that DNA. This in turn may 

then sterically hinder proviral integration, resulting in an increase in transcriptionally 

active, unintegrated HIV -1 DNA even in IN+ HIV -1 infected, Tax expressing cells.  

Previously, it has been reported that unintegrated retroviral DNA is rapidly 

chromatinized after nuclear entry and then decorated with inhibitory epigenetic marks 

that are removed, by an unknown process, after integration occurs (Geis and Goff, 2019; 

Wang et al., 2016). Here, we demonstrate that Tax expression also reduces the deposition 

of inhibitory chromatin marks, and increases the deposition of activating marks, on 

unintegrated proviral DNA (Fig. 6A). This in turn correlates with an increase in the 

recruitment of the NF -kB/Rel family members RelA/p65 and RelB, both of which are 

activated by Tax, to the HIV -1 LTR on unintegrated HIV -1 DNA (Fig. 6B). Because 

activation of NF -kB is essential for the ability of Tax to rescue the viability of IN - HIV -1 

(Fig. 4A), and because treatment with the NF-kB inducer TNFϔ also selectively rescues 

gene expression from infecting IN - HIV -1 (Fig. 4A), we speculate that NF-kB recruitment 

to the unintegrated viral DNA in duces the observed epigenetic changes. However, Tax 

has also been proposed to play a role in chromatin remodeling in HTLV -1 infected cells 

(Currer et al., 2012; Yamagishi et al., 2018), so the mechanism of action of Tax may be 

complex.   
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Our data, and previous work from the Goff laboratory, are consistent with the 

hypothesis that proviral DNA integration allows escape from the epigenetic silencing 

that occurs if integration is blocked (Wang et al., 2016). However, this hypothesis does 

not preclude the possibility that integration also facilitates other aspects of retroviral 

replication. For example, in tegrated proviruses have the potential to be passed on to 

daughter cells after cell division and some retroviruses, such as HTLV-I, clearly use 

vertical transmission as a mechanism to increase viral load. In contrast, HIV-1 generally 

kills infected CD4+ T cells soon after infection while macrophages, the other major target 

cell for HIV -1, are non-dividing. In addition, in rapidly dividing cells, such as activated 

T cells, unintegrated HIV -1 proviruses, which lack an origin of replication, are rapidly 

lost (Fig. 4E). However, IN inhibitors also block HIV -1 gene expression in non-dividing 

macrophages (Englund et al., 1995; Scopelliti et al., 2011), so this cannot be the only 

reason for proviral integration.  

Over 10 million people worldwide are infected with HTLV -1 and HTLV-1 infection 

is wid espread in certain populations across the world, including in Australian 

aborigines (Gessain and Cassar, 2012). HTLV -1, like HIV -1, infects T lymphocytes, but 

unlike HIV -1, which rapidly kills infected T cells, the HTLV -1 Tax protein can activate 

cellular survival and proliferative pathways that instead induce T cell proliferation 

eventually leading, in a minority of infected patients, to an aggressive cancer called 
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adult T -cell leukemia (Currer et al., 2012; Matsuoka and Jeang, 2011). HTLV -1 infected 

CD4+ T cells can be fairly common in infected individuals, and the data reported here 

demonstrate that Tax expression can rescue the replication of IN- HIV -1 regardless of 

whether integrase function is lost due to mutagenesis if the IN  gene or drug treatment 

(Figs. 3 and 4). We therefore speculate that used integrase inhibitors may be less 

effective in the treatment of dually HTLV -1 and HIV -1 infected individuals.  

2.4 Materials and Methods 

2.4.1 Key Resources Table 

Reagent or Resource Source Identifier  

Antibodies  
  

Anti -H3K4me3 EMD Milipore  cat#07-473, RRID: 

AB_1977252 

Anti -H3K27me3 EMD Milipore  cat#07-449, RRID: 

AB_310624 

Anti -H3Ac EMD Milipore  cat#06-599, RRID: 

AB_2115283 

Anti -H9me3 Active Motif  cat#39161, RRID: 

AB_2532132 
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Anti -Histone H3 Abcam  cat#ab1791, RRID: 

AB_302613 

Anti -IgG Cell Signaling cat#2729S, RRID: 

AB_1031062 

Anti -p65 (RelA) Santa Cruz cat#sc-8008, RRID: 

AB_628017 

Anti -RelB Santa Cruz cat#sc-48366, RRID: 

AB_628212 

Anti -Tax (Smith and 

Greene, 1990)  

6505 

Anti -Vpx NIH AIDS 

Reagent 

cat#2710 

Anti -Vpr  Proteintech cat#51143-1-AP, RRID: 

AB_10695191 

Anti -Tat (Hauber et al., 

1987)  

705 

Anti -Gag NIH AIDS 

Reagent 

cat#6458, RRID: 

AB_2810883 
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Anti -PML Bethyl cat#A301-167A-M, RRID: 

AB_2779722 

Anti -ATRX Sigma cat#HPA001906, RRID: 

AB_1078249 

Anti -Daxx Sigma cat#D7810, RRID: 

AB_259239 

Anti -NP220 Bethyl cat#A301-548A-M, RRID: 

AB_1040051 

Anti -GAPDH  Proteintech cat#60004, RRID: 

AB_2107436 

Anti -Mouse HRP Sigma cat#A9044, RRID: AB258431 

Anti -Rabbit HRP Sigma cat#A6154, RRID: 

AB_258284 

Anti -CD28/CD49d BD Biosciences cat#347690; RRID: 

AB_647457 

Bacterial and Viral Strains 
  

HIV -1 isolate NL4-3 NIH AIDS 

Reagent 

cat#114 
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NL -NLuc WT  (Mefferd et al., 

2018)  

N/A  

#'ƙϔ NEB cat#C2988J 

Chemicals, Peptides and 

Recombinant Proteins 

  

PEI Polysciences cat#23966-2 

Puromycin  Gemini Bio-

Products 

cat#400-128P 

Doxycycline  Sigma cat#D3447 

3-%ϔ Sigma cat#H8916-10UG 

WesternBright ECL kit  Advansta cat#K-12045-D50 

Lipofectamine RNAiMax  Thermo cat#13778150 

37% Formaldehyde Sigma cat#252549-100ML 

Critical Commercial Assays 
  

GoTaq Green PCR Master 

Mix  

Promega cat#M7123 

Nano luciferase assay kit Promega cat#N1110 

Power Sybr Green PCR 

Mastermix  

Applied 

Biosystems 

cat#4367659 
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Taqman Universal PCR 

Master Mix  

Applied 

Biosystems 

cat#4324018 

HIV -1 p24 Antigen Capture 

ELISA 

ABL cat#5421 

Dynabeads CD4 Thermo cat#11145D 

Dynabeads Protein G Thermo cat#10004D 

Antibiotic -Antimycotic  Gibco cat# 15240062 

Prime-a-Gene Labeling 

Syetem 

Promega cat# U1100 

32P-dCTP Perkin Elmer cat#NEG013H100UC 

Experimental Models: Cell 

Lines 

  

293T ATCC cat#CRL-11268, RRID: 

CVCL_1926 

A549 ATCC cat#CCL-185, RRID: 

CVCL_0023 

HeLa ATCC cat#CCL-2, RRID: 

CVCL_0030 
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THP-1 ATCC cat#TIB-202, RRID: 

CVCL_0006 

Jurkat ATCC cat#TIB-152, RRID: 

CVCL_0065 

H9 ATCC cat#HTB-176, RRID: 

CVCL_1240 

SupT1 ATCC cat#CRL1942, RRID: 

CVCL_1714 

CEM ATCC cat#CCL-119, RRID: 

CVCL_0207 

CEM-SS NIH AIDS 

Reagent 

cat#776, RRID: CVCL_J318 

MT-2 NIH AIDS 

Reagent 

cat#237, RRID: CVCL_2631 

C8166 NIH AIDS 

Reagent 

cat#404, RRID: CVCL_1099 

293T-CD4 (Courtney et al., 

2019)  

N/A  
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Oligonucleotides  
  

All oligonucleotides are 

listed in Table S1 

This study N/A  

Recombinant DNA  
  

pLentiCrispr v2  (Sanjana et al., 

2014); Addgene 

cat#52961 

ͅ"1ƜȭƛƘ Addgene cat#22036 

pMD2.G Addgene cat#12259 

pBabe-CD4 (Courtney et al., 

2019) 

N/A  

pTrex (Poling et al., 

2017)  

N/A  

Software and Algorithms  
  

GraphPad Prism 8 Graphpad 

Software 

https://www.graphpad.com

/scientific -software/prism/  

Image J 
 

https://imagej.nih.gov/ij/ind

ex.html 

2.4.2 Cell lines used in this study 

The human cell lines used in this study are 293T, an embryonic  kidney epithelial cell 
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line of female origin; CEM and CEM-SS are peripheral blood T lymphoblast cell lines of 

female origin; H9, SupT1, Jurkat, MT2, and C8166 are peripheral blood T lymphoblast 

cell lin es of male origin;  THP-1 is a monocytic cell line of male origin; HeLa  is a cervical 

epithelial cell  line of  female origin; A549 is a lung epithelial cell of male origin. All cells 

were cultured at 37C with 5% CO2. 293T, HeLa, and A549 cells were cultured in 

#ÜÓÉÌÊÊÖɀÚɯ,ÖËÐÍÐÌËɯ$ÈÎÓÌɯ,ÌËÐÜÔɯȹ#,$,ȺɯÚÜ××ÓÌÔÌÕÛÌËɯÞÐÛÏɯƕƔǔɯÍÌÛÈÓɯÉÖÝÐÕÌɯ

serum (FBS) and Antibiotic-Antimycotic. CEM, CEM -SS, H9, SupT1, MT2, C8166, and 

THP-1 cells were cultured in Roswell Park Memorial Institute (RPMI) medium 

supplemented with 10% FBS and Antibiotic -Antimycotic. Primary CD4+ T cells  were 

cultured in RPMI medium supplemented with 10% FBS, Antibiotic -Antimycotic and 

supplemented with IL2 72 h before infection.  

CD4+ 293T, HeLa, and A549 cells were generated by transducing the cells with a 

retroviral vector expressing CD4 (pBabe-CD4), then selecting the cells for puromycin 

resistance. The cells were then single cell cloned, and the clonal lines screened for CD4 

expression by infection with the NL -NLuc reporter virus, and assaying NLuc act ivity.  

All Tet -inducible viral proteins were made in the modified lentiviral pT REX vector 

(Poling et al., 2017). HTLV -1 Tax, HIV-2 Vpx, HIV -1 Tat and HIV -1 Vpr were PCR 

amplified from  existing expression plasmids, cloned into a modified  pTREX vector and 

the sequence verified by Sanger sequencing. M1 and M22 Tax mutants were created by 
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mutating the WT HTLV -1 Tax sequence (Smith and Greene, 1990) by overlap-extension 

PCR to introduce the relevant H3S (M1) or G137A/L138S (M22) mutations. Lentiviruses 

ÞÌÙÌɯ×ÈÊÒÈÎÌËɯÉàɯÛÙÈÕÚÍÌÊÛÐÕÎɯƙɷǺɷƕƔ6 ƖƝƗ3ɯÊÌÓÓÚɯÐÕɯÈɯƕƙɷÊÔɯËÐÚÏɯÞÐÛÏɯƕƙɷϟÎɯÖÍɯÛÏÌɯ

ÓÌÕÛÐÝÐÙÈÓɯÝÌÊÛÖÙȮɯÈÚɯÞÌÓÓɯÈÚɯƕƔɷϟÎɯÈÕËɯƙɷϟÎɯÖÍɯÛÏÌɯ×ÈÊÒÈÎÐÕÎɯ×ÓÈÚÔids pCMVR8.74 and 

pMD2. G, respectively, using PEI. The media were changed 24 h post-transfection (hpt). 

Supernatants containing lentiviral particles w ere collected at 72 hpt, filtered through a 

ƔȭƘƙɷϟ,ɯÍÐÓÛÌÙȮɯÈÕËɯÙÜÕɯÛÏÙÖÜÎÏɯÈɯƕƔ0,000 MWCO concentrator (Amicon) . Following 

ÊÖÕÊÌÕÛÙÈÛÐÖÕȮɯƙɷǺɷƕƔ6 CEM-22ɯÊÌÓÓÚɯÞÌÙÌɯÐÕÊÜÉÈÛÌËɯÞÐÛÏɯƖɷÔ+ɯÖÍɯÛÏÌɯconcentrated 

ÚÜ×ÌÙÕÈÛÈÕÛɯÈÛɯƗƛɷȘ"ɯÖÝÌÙÕÐÎÏÛȭɯ3ÏÌɯÔÌËÐa were then replaced with fresh RPMI medium 

ÈÕËɯÊÌÓÓÚɯÐÕÊÜÉÈÛÌËɯÍÖÙɯƘƜɷÏȭɯ ÛɯÛÏÐÚɯ×ÖÐÕÛȮɯÛÏÌɯÔÌËia were replaced wit h fresh RPMI 

ÔÌËÐÜÔɯÚÜ××ÓÌÔÌÕÛÌËɯÞÐÛÏɯƕɷϟÎɤÔ+ɯÖÍɯ×ÜÙÖÔàÊÐÕɯÛÖɯÈÓÓÖÞɯÚÌÓÌÊÛÐÖÕɯÖÍɯÛÙÈÕÚËÜÊÌËɯ

cells. Cells were then tested for Tet-inducible expression of viral proteins by Western 

blot. 

2.4.3 HIV-1 Production 

For infections where NLuc was measured in spreading  HIV -1 infections, we used an 

NLuc (pNL -NLuc) reporter virus in which the viral nef gene in NL4-3 had been 

substituted with the NLuc indicator gene  (Mefferd et al., 2018). Non-spreading 

infections were similarly carried out using similar indicator  viruses bearing a 943bp 

deletion in env and either NLuc  (NL -NLucͅ$ÕÝȺ, or GFP (NL -GFPͅ $ÕÝȺ in place of nef. 
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These viruses either had WT integrase, or the D64V (IN -) mutation in the integrase gene 

that blocks function. Plasmids expressing the replication competent  NL -NLuc provirus, 

or the non-spreading ͅ$ÕÝɯ×roviruses, were transfected into 293T using 

polyethyleni mine (PEI). Non-spreading ͅ$ÕÝ proviruses were co-transfected into 293T 

cells along with  the pMD2.G plasmid encoding the VSV -G protein. After 24 h, the spent 

media were replaced with fresh media. At 72 h pt, supernatant media was filtered 

through a 0.45 mm filter. WT or IN - HIV -1 containing supernatant media were 

normalized by p24 levels, measured and normalized by ELISA, before being used to 

infect target cells. 

2.4.4 Purification of CD4+ T Cells from PBMCs  

PBMCs were isolated from total blood by density g radient centrifugation 

(lymphocyte separation medium; Cellgro number 25 -072-CV). CD4+ T cells were then 

isolated using the Dynabead CD4 positive isolation kit (Invitrogen; 1131D) following the 

ÔÈÕÜÍÈÊÛÜÙÌÙɀÚɯÐÕÚÛÙÜÊÛÐÖÕÚȭɯ"ÌÓÓÚɯÞÌÙÌɯÈÊÛÐÝÈÛÌËɯÉàɯÐÕÊÜÉÈÛÐÖÕ in phytohemagglutinin 

(PHA) and mouse monoclonal antibodies specific for human CD28 and CD49d (BD 

Biosciences) for three days, as previously described (Whisnant et al., 2013).  

2.4.5 Luciferase Assay 

Cells were washed three times in PBS, lysed in Passive Lysis Buffer (Promega) and 

assayed for NLuc activity using the Nano -Glo Luciferase Assay on a Lumat LB9507 
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luminometer (Bertold Technologies) . 

2.4.6 Analysis of HIV-1 Replication and Expression in Tet-inducible 
Tax cells 

107 Tet-inducible HTLV -1 Tax CEM-SS cells were resuspended in 10 ml of RPMI 

media and infected with either WT or IN - NL -NLu c virus in the presence or absence of 

0.5 µg/ml dox. Before infection, viral supernatants were pretreated with 5 U/mL  DNase I 

for 1 h at 37 °C to remove residual plasmid DNA.  All IN - HIV -1 infections were 

supplemented with 20  µM  Raltegravir to prevent reve rtant mutations. 106 live cells were 

harvested at 1, 2, 3, 5, and 7 dpi and aliquoted  to assay NLuc, and for DNA and RNA 

extraction. 

For DNA  analysis, cells were pelleted and washed three times in ice cold PBS and 

the cells incubated with DpnI (NEB) to rem ove any residual plasmid contamination. 

DNA was then extracted using DNA Miniprep Plus columns (Zymo Research) 

ÈÊÊÖÙËÐÕÎɯÛÖɯÛÏÌɯÔÈÕÜÍÈÊÛÜÙÌÙɀÚɯÐÕÚÛÙÜÊÛÐÖÕÚȭ 

For RNA analysis, cells were lysed in TRIzol (Thermo Fisher Scientific) and RNA 

harvested according to the manufacturer's instructions, and DNAseI treated overnight. 

The RNA was then converted to cDNA using the High Capacity cDNA Reverse 

Transcription kit (Applied Biosystems).  

All quantitative PCR  reactions were performed in triplicate in a StepOnePlus or 

QuantStudio3 real-time PCR system according to the manufacturer's instructions. 
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Relative quantification of HIV -ƕɯ#- ɯÓÌÝÌÓÚɯÞÈÚɯ×ÌÙÍÖÙÔÌËɯÜÚÐÕÎɯÛÏÌɯͅͅ"3ɯmethod 

ÞÐÛÏɯϕ-Actin as an internal control  (Livak and Schmittgen, 2001a). For experiments 

analyzing total HIV -1 DNA and RNA levels, HIV -1 DNA/cDNA was PCR amplified 

with a custom total HIV -1 TaqMan probe/primer set that amplifies the U5 -gag region of 

HIV -ƕȭɯϕ-Actin DNA was PCR amplified using a premade TaqMan probe/primer set, 

ÞÏÐÓÌɯϕ-Actin cDNA in RNA analyses was quantified using a separate Taqman 

probe/primer set amplifyi ÕÎɯÈÊÙÖÚÚɯÈɯÚ×ÓÐÊÌɯÑÜÕÊÛÐÖÕɯÖÍɯϕ-Actin. 2LTR DNA and RNA 

were similarly quantified using TaqMan primers/probes that amplify across the U5 -U3 

junction  (Butler et al., 2001). 

For Alu -LTR real time nested qPCR experiments, DNA was amplified using a 

modified version of the nested PCR approach described previously (Brussel et al., 2005). 

Briefly, an initial non -saturating PCR using primers ALU1, ALU2, and L -HIV was 

performed using DNA isolated from HIV -1 infected cells. After the PCR products were 

purified using a PCR Kleen kit (Bio -Rad), a nested qPCR was performed using primers 

AA55M and L and the SYBR green master mix (Thermo Fisher Scientific). 

2.4.7 siRNA Knockdowns and sgRNA Knockouts 

CD4+ 293T cells were transfected with 25 pmol of pooled siRNA (Origene, 3 siRNA 

per pool) with RNAiMax twice (on day 1 and 3), and infected on day 4 with WT or IN - 

NL -NLuc virus. Infected cells were assayed for NLuc activity 2 days post infection.  
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293T cells were transfected with pLentiCrispr v2 encoding the relevant sgRNA 

sequences using PEI. The cells were selected for puromycin resistance 2 days post-

transfection, then single cell cloned.  

The area around the NP220 sgRNA cut sites in the clones was sequenced to detect 

the expected deletion, and the expression of NP220 in the selected clones assayed by 

Western blot. Cells were then infected with VSV-G pseudotyped WT or IN - NL -

NLucͅ$ÕÝ reporter virus and assayed for NLuc activity 2 days post - infection.  

Similarly, sgPML single cell clones were assayed for PML expression by Western 

blot. DNA from PML non -expressing cells was extracted, the PML regions of interest 

around the cut site amplified, cloned and sequenced. 

2.4.8 Western Blot Analyses  

Cells were harvested and lysed in Laemmli buffer, sonicated and denatured at 95°C 

for 15 min. Lysates were subjected to electrophoresis on 4ɬ20% 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 antibodies 

diluted in 5% milk in PBS + 0.1% Tween for 1 h each and then washed in PBS + 0.1% 

Tween. The membranes were incubated with a luminol -based enhanced 

chemiluminescent (ECL) substrate and signals were visualized using GeneSnap 

(Syngene). 
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2.4.9 Southern Blot Analysis 

Southern blots were performed as described previously (Zennou et al., 2000). 

Briefly, DNA was extracted from C EM-SS or Tet-inducible HTLV -1 Tax CEM-SS cells 

that were infected with DNaseI -treated WT or IN - HIV -1 at 2dpi using a DNA Miniprep 

Plus kit (Zymo  Research). Purified DNA was then digested with MscI, XhoI, and DpnI 

(NEB) overnight, recovered by standard ethanol DNA precipitation, then 10 µg of DNA 

was run on a 1% TBE gel. The gel was then soaked in denaturation solution (1.5 M NaCl, 

0.5 M NaOH) to separate the double stranded DNA strands, before being washed in 

neutralization buffer (3 M NaCl, 0. 5 M Tris-HCl pH 7.0). The DNA was transferred 

overnight onto a Gene Screen Plus nylon membrane (PerkinElmer) by capillary action, 

the membrane washed in 2xSSC, then UV-crosslinked in a Stratalinker 2400 at 3000 

microjoules power (Stratagene). The membrane was then blocked in ExpressHyb 

hybridization solution (Clontech) for 1 hour.  

HIV -1-specific DNA was amplified by PCR from the pNL4 -3 plasmid using the primers: 

ƙɀ-AGAAGAAATGATGACAGCATG -ƗɀɯÈÕËɯƙɀ-TGCCAGTTCTAGCTCTG-ƗɀȭɯThe 

radiolabeled probe was random prime d from this DNA amplicon using Prime -a-Gene 

Labelling System (Promega) and 32P-dCTP (Perkin Elmer). The probe was then 

denatured and hybridized onto the blocked membrane overnight at 60 °C The membrane 

was then washed with solution 1 (2xSSC, 0.05% SDS) and solution 2 (1xSSC, 0.1% SDS) 
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at 50°C for 1 hour each. Bands were visualized on film, and hybridization signals were 

quantified using a Typhoon phosphorimager (Amersham).  

2.4.10 ChIP-qPCR 

107 Tet-inducible HTLV -1 Tax CEM-SS cells were resuspended in 10 ml of RPMI 

media and infected with either WT or IN - HIV -1 virus. 48 h post-infection, cells were 

rinsed twice with PBS and cross-linked with 1% formaldehyde for 20 min at 25°C, 

quenched in 0.125 M glycine for 5 min, and lysed in ChIP lysis buffer (50 mM Tris·H Cl, 

pH 8.0, 1% sodium dodecyl sulfate, 10 mM EDTA). Cell lysates were then sonicated with 

a Fisher Sonic Dismembrator 60 (output 4.5, 20s pulse repeated 6 times on ice with 40 sec 

between each sonication). The supernatant containing sonicated chromatin was pre-

cleared by the addition of magnetic Protein G Dynabeads (ThermoFisher) that had been 

pretreated with denatured salmon sperm DNA (Invitrogen). The magnetic beads were 

removed, and the sonicated chromatin was immunoprecipitated overnight at 4°C using 

2.5 µg 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). 5% of the sonicated chromatin was stored as 

input DNA without further treatment until the reverse crosslinking step. The next day, 

the incubated chromatin-antibody mixture was incubated with the pretreated 

Dynabeads for 2 hours at 4°C, and then washed with ChIP low-salt buffer (20 mM Tris -

HCL pH 8.0, 1% Triton X-100, 0.1% SDS, 150 mM NaCl, 2 mM EDTA), ChIP high-salt 
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buffer (20 mM Tris -HCL p H 8.0, 1% Triton X-100, 0.1% SDS, 500 mM NaCl, 2 mM 

EDTA), ChIP LiCl buffer (10 mM Tris -HCL pH 8.0, 1% NP-40, 250 mM LiCl, 1 mM 

EDTA, 1% Na Deoxycholate) and TE buffer (10 mM Tris HCL pH 8.0, 1 mM EDTA).  

Protein-DNA complexes were eluted from the beads with an Elution buffer (0.1 M 

NaHCO 3, 1% SDS), then de-crosslinked by incubating at 65°C for 16 hours and 95°C for 

15 mins, then proteins removed by adding proteinase K at 50°C for 3 hours. DNA was 

then purified using a DNA Miniprep Plus kit (Zymo) , then digested with DpnI (NEB) to 

remove any plasmid contamination, before being used for qPCR analysis using primers 

that amplify U5 -R on HIV-1 and the SYBR green master mix (Thermo Fisher Scientific). 

ͅͅ"ÛɯÞÈÚɯÊÈÓÊÜÓÈÛÌËɯÙÌÓÈÛÐÝÌɯÛÖɯtotal histone H3 levels and expressed as fold change 

relative to cells not expressing a viral protein and infected with WT HIV -1 in the bar 

graphs. 

2.4.11 Quantification and Statistical Analysis 

Descriptive statistics were performed with GraphPad Prism 8 (GraphPad Software, 

US). The size of each study or number of replicates, along with the statistical tests 

performed , can be found in figure legends. Numerical data are presented as the mean ± 

standard deviation . 
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2.5 Supplementary Figures 

 

Figure S1: Dox-inducible expression of Tax bu t not Vpx, Vpr or Tat rescues the 

expression of HIV -1 gag from unintegrated HIV -1 episomes. A) Single cell clones of 

CEM-SS cells transduced with a Tet-inducible lentivector expressing HTLV -1 Tax or the 

indicated Tax mutants in the presence or absence of 0.5 µg/ml Dox. B) Similar to  A but 

cells were transduced with Tet-inducible lentivectors expressing HIV -2 Vpx, HIV -1 Vpr, 

or HIV -1 Tat. C) WT CEM-SS cells and tet-inducible , Tax expressing CEM-SS cells were 

infected with WT or IN - HIV -1 in the presence or absence of Dox and probed on a 

Western blot for the indicated proteins.  
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Fig. S2: Dox-induced expression of viral proteins in CEM -SS cells and their effects on 

cell growth.  Cell counts of CEM-SS or CEM-SS cell lines with dox-inducible expression 

of A)  HTLV -1 Tax, B) M1 mutant Tax, C) M22 mutant Tax, D)  HIV -2 Vpx, E) HIV -1 Vpr 

and F) HIV -1 Tat  ± 0.5ug/ml doxycycline. 
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Figure S3: Southern blot restriction enzyme and probe binding schematic.  DNA from 

HIV -1 infected cells was digested with MscI and XhoI (and DpnI to remove residual 

plasmid contamination) overnight . This cuts HIV -1 DNA at the indicated points, and 

these DNA fragments were then separated by gel electrophoresis. A P32 radio -labelled 

DNA probe that spans an MscI cut site was used to detect the DNA fragments (A-C, 

approximate probe binding in purple). This probe detects a 1.9kb DNA fragment that is 

released by all HIV-1 DNA forms ( A-C), and also a 2.6 kb fragment released by 

unintegrated linear HIV -1 DNA ( A ) , a 2.8 kb fragment released by 1LTR circle DNA (B), 

and a 3.4 kb fragment released by 2LTR circle DNA (C). Integrated HIV -1 DNA only 

produces the 1.9 kb fragment.  
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Figure S4: NP220 and PML knock-out  293T cell  clones were generated using 

Crispr /Cas. A) The NP220 DNA binding domain on exon 22 (highlighted in purple) was 

targeted for excision using two sgRNA s, highlighted in yellow and blue. The 

yellow /blue boundary is the predicted Cas9 cleavage site. B) DNA  sequences of clones of 

293T cells transfected with the two  sgRNAs showing excision of the NP220 DNA 

binding domain and the introduction of premature stop codon s. C) PML knockouts 

were generated by transfection of 293T cells with lentiCrisprv2 encoding either sgPML1 

or sgPML2. Single cell clones were isolated after puromycin selection, the targeted 

region of the PML gene was PCR amplified, cloned and sequenced. PML clone 1 

(sgPML1) has 10, 19 and 77 bp deletions, while PML clone 2 (sgPML2) has 7 and 11 bp 

deletions, all of which are predicted to introduce frame shift mutations.  
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Chapter 3. Tax induces the recruitment of NF-kB to 
unintegrated HIV-1 DNA to rescue viral gene expression 
and replication1 

3.1 Significance 

Integrase-deficient  expression vectors based on HIV-1 are becoming increasingly 

popular as tools for gene therapy in vivo due to their inability to cause insertional 

mutagenesis. However, many IN - lentiviral vectors are able to achieve only low levels of 

gene expression and methods to increase this low level have not been extensively 

explored. Here we analyze how the HTLV -1 Tax protein is able to rescue the replication 

of IN - HIV -1 in T cells and describe IN- lentiviral vectors, lacking any inserted origin of 

replication, tha t are able to express a heterologous gene effectively. 

3.2 Introduction 

Integration  of the linear DNA proviral intermediate into host cell DNA by the 

viral integrase (IN) enzyme is not only a key step in the life cycle of all retroviral species 

examined so far but also essential for effective retroviral gene expression (Sakai et al., 

1993; Schwartzberg et al., 1984). As a result, the HIV-1 IN protein has emerged as a 

major target for antiviral drugs, such as ralte gravir and dolutegravir, that function as IN 

strand transfer inhibitors and thereby effectively prevent integration (Hare et al., 2010b, 

 

This chapter is adapted from a study published in the Journal of Virology  (Ishak et al., 2021). 
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2011; Sayana and Khanlou, 2008). Importantly, these drugs n ot only block HIV -1 

replication and gene expression in dividing cells, such as T cells, but also in non-

dividing cells, such as macrophages, thereby demonstrating that loss of unintegrated 

proviral DNA during cell division, though this clearly does occur, is at least not the only 

inhibitory process that proviral integration has evolved to avoid (Englund et al., 1995; 

Pollicita et al., 2014; Scopelliti et al., 2011; Wiskerchen and Muesing, 1995). In fact, it is 

now clear that the inability of unin tegrated proviral DNA to support effective retroviral 

gene expression and replication is due to the rapid addition of repressive epigenetic 

marks to chromatinized episomal retroviral DNA, and a concomitant lack of addition of 

activating epigenetic modifica tions (Geis and Goff, 2019; Irwan et al., 2020; Tsai and 

Cullen, 2020; Wang et al., 2016; Zhu et al., 2018). This involves the rapid recruitment of 

repressive epigenetic marks, such as H3K9me3, to chromatinized retroviral episomes 

shortly after nuclear entry  and also correlates with the inability of unintegrated 

retroviral DNA to recruit the activating epigenetic marks, such as H3Ac, that are 

abundant on actively transcribed, integrated proviruses.  

While proviral integration is therefore normally an essential  step in the HIV -1 life 

cycle, we recently demonstrated that HIV -1 IN function is dispensable in T cells that 

express an inducible form of the Human T cell leukemia virus 1 (HTLV -1) Tax protein 

(Currer et al., 2012; Irwan et al., 2020). Specifically, induction of Tax expression in the 
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CD4+ T cell line CEM-SS led to a high level of transcription from the HIV -1 long 

terminal repeat (LTR) promoter present on unintegrated viral DNA that was sufficient 

to support the robust re plication and spread of HIV -1 in culture. The Tax-mediated 

activation of the HIV -1 LTR coincided with not only the recruitment of activating 

epigenetic marks, such as H3Ac, to unintegrated HIV-1 DNA at levels that actually 

exceeded the level of H3Ac detected on integrated proviruses but also prevented the 

acquisition of repressive epigenetic marks, such as H3K9me3.  

Because integration of retroviral proviruses into the host cell genome has the 

potential to cause insertional mutagenesis, which could potentia lly lead to oncogenic 

transformation (Hacein-Bey-Abina et al., 2003; Seggewiss et al., 2006), there has been 

considerable interest in the question of whether one could design lentiviral vectors 

based on HIV-1 or other lentiviruses that remain able to express significant levels of a 

heterologous gene of interest in the absence of IN function (Shaw and Cornetta, 2014; 

Wanisch and Yáñez-Muñoz, 2009). Initially, several groups reported that non -

integrating vectors based on HIV -1, feline immunodeficiency virus (FIV) or equine 

infectious anemia virus (EIAV) produced negligible levels of an encoded indicator gene, 

>100-fold lower that seen with the matched IN+ control vector (Loewen et al., 2003; 

Mitrophanous et al., 1999; Naldini et al., 1996; Park et al., 2000). However, more recently 

reasonable levels of gene expression by IN- vectors have been reported by several 
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groups, though no clear understanding of why some designs appear more effective than 

others has been presented (Apolonia et al., 2007; Philippe et al., 2006; Philpott and 

Thrasher, 2007; Yáñez-Muñoz et al., 2006). While it has been reported that deletion of 

ÈÓÔÖÚÛɯÛÏÌɯÌÕÛÐÙÌɯ4ƗɯÙÌÎÐÖÕɯÐÕɯÛÏÌɯƗɀɯ+31ȮɯÛÖɯÎÌÕÌÙÈÛÌɯÈɯÚÖ-called self-inactivating or SIN 

lentivector, increased expression of the encoded green fluorescent protein (GFP) by ~3 

fold, this level still remained ~7 fold lower than seen with the match ed IN+ vector (Bayer 

et al., 2008). 

In this manuscript, we have sought to further define why an HIV -1 mutant 

lacking a functional IN protein is replication defective in normal T cells but able to  

replicate in the presence of the HTLV-1 Tax protein. We now report that this effect is due 

to the activation of NF -kB by Tax, resulting in the effective recruitment of the NF -kB 

subunits Rel A and Rel B to the two NF-kB binding sites located in the HIV -1 LTR U3 

region on unintegrated proviral DNA. This in turn modifies the chromatin marks 

recruited to these retroviral episomes, including 2LTR circular DNA, leading to a highly 

significant increase in the activating H3Ac epigenetic mark, and a marked reducti on in 

the repressive H3K9me3 epigenetic mark. Importantly, even after repressive chromatin 

modifications have accumulated on unintegrated HIV -1 DNA at 24 hours post-infection 

(hpi), induction of Tax expression fully reverses this epigenetic repression and rescues 

viral gene expression. Finally, we report the efficient expression of an indicator gene 
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product from several HIV -1-based IN- vectors even in the absence of Tax and find that, 

in our hands, the SIN vector design is not more active. 

3.3 Results 

We have previously reported that expression of  the HTLV -1 Tax protein  in 

human T cells, in particular in the CD4+ human T cell lines C8166 and CEM-SS, rescues 

gene expression from unintegrated DNA episomes derived from  an IN- HIV -1 mutant 

and allows their robust replication despite their lack of integrase function (Irwan et al., 

2020). We further reported that this effect correlated with both the recruitment of the 

NF-kB subunit s Rel A and Rel B to the two NF-kB sites located in the HIV-1 LTR 

enhancer and with the addition of the activating epigenetic marks  H3Ac and H3K4me3, 

and the loss of the repressive epigenetic mark H3K9me3, from chromatin bound to 

unintegrated HIV -1 episomes. However, our previous work  only looked at the 

epigenetic status of unintegrated viral DNA late after infection and therefore we could 

not determine whether the observed rescue of HIV-1 gene expression was due to the 

observed epigenetic changes leading to the effective recruitment of NF -kB to 

unintegrated HIV -1 DNA , or vice versa. We reasoned that it might be possible to resolve 

this question by addressing the temporal order underlying the recruitment of the NF -kB 

subunits, relative to the addition of epi genetic marks, to unintegrated HIV -1 DNA . For 

this purpose, we infected Tax-inducible CEM -SS cells with IN+ or IN - forms of the 
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previously described replication competent indicator virus  NL -NLuc  (Mefferd et al., 

2018) in the presence or absence of  doxycycline (Dox) and then harvested the infected 

cells at 16, 19, 21 or 24 hpi. We then perform ed chromatin immunoprecipitation linked 

to qPCR (ChIP-qPCR) to quantify the level of Rel A, Rel B, H3Ac and H3K9me3 present 

on proviral DNA.  
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Figure 8: NF-kB subunits RelA and RelB are recruited to the HIV -1 LTR prior to 

activatin g or repressive epigenetic histone modifications.  
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ChIP-qPCR detection of (A) RelA/p65, (B) Rel B, as well as H3Ac and H3K9me3 on the 
(C, D) HIV-1 LTR promoter, (E,F) the viral gag gene, and (G, H) the NLuc gene inserted 
in place of nef. Assays were determined at the indicated times, given as hpi, in CEM-SS 
cells expressing or not expressing HTLV-1 Tax. Levels were normalized to input DNA 
and are expressed as percent of input. n=3 biological replicates, ± SD. ** p<0.01, 
***p<0.001, calculated by 2-Way ANOVA with Tukeyôs multiple comparison test. 

 As shown in Fig. 8A and 8B, analysis of the recruitment of Rel A and Rel B to the 

LTR on unintegrated HIV -1 DNA revealed a highly significant  (p<0.0001) boost in the 

recruitment of both proteins to the HIV -1 LTR in Tax expressing CEM-SS cells, relative 

to uninduced CEM -SS cells, as early as 16 hpi, the earliest time point examined, and this 

effect was even clearer at subsequent times. In contrast, as shown in Figs. 8C and 8D, we 

did not detect any increase in the levels of H3Ac on HIV -1 DNA -bound chromatin, or 

loss of H3K9me3 marks from viral chromatin, at 16 hpi  though this effect did become 

significant (p<0.001) at 19 hpi and was even more pronounced at later times, as also 

previously reported.  Analysis by  ChIP-qPCR of H3Ac and H3K9me3 addition to other 

sites on unintegrated HIV -1 DNA, specifically to the HIV -1 gag gene (Figs. 8E and F) or 

the Nano Luciferase (NLuc) indicator gene inserted in place of nef (Figs. 8G and H), 

revealed the same pattern seen when the HIV-1 LTR was analyzed. There is no 

significant difference at 16 hpi in H3Ac and H3K9me3 modification levels between the 

unintegrated IN - episomal DNA with or without Tax, but significantly greater H3Ac 

histone modifications, and lower H3K9me3 modificati ons, on the IN- episomal viral 

chromatin in Tax -expressing cells at 19 hpi. 
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3.3.1 The Tax-induced recruitment of NF-kB to unintegrated HIV-1 
DNA is essential for rescue of viral gene expression 

 

Figure 9: At least one HIV -1 LTR NF-kB binding site is required for the rescue of IN - 

HIV -1 replication by Tax.  

Clonal CEM-SS T cell lines with Tet-inducible Tax were infected with WT or INī NL-
NLuc with either neither, one, or both of the NF-kB sites mutated. (A) Live cell counts (B) 
Virally encoded NLuc expression (C) total HIV-1 DNA measured by qPCR or (D) HIV-1 
RNA expression measured by qRT-PCR were quantified at 1, 2, 3, 5 and 7 days post-
infection (dpi) post-infection. The WT culture was devoid of live cells at 7 dpi. DNA and 
RNA levels were normalized to WT HIV-1 infected cells in the absence of Tax at 1 dpi, 
which was set to 1. The epigenetic state of the viral LTR promoter was characterized by 
quantifying (E) the bound NF-kB sub-units Rel A and Rel B and (F) the activating H3Ac 
and repressive H3K9me3 histone modification at 2 dpi using ChIP-qPCR. n=3 biological 
replicates, ±SD. ***p<0.001, calculated by 2-Way ANOVA with Tukeyôs multiple 
comparison test. 

The data presented in Fig. 8 reveal that Tax-induced Rel A and Rel B are 

recruited to unintegrated HIV -1 proviruses before any Tax-induced changes in either 

activating (H3Ac) and repressive (H3K9me3) chromatin marks can be detected. 
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Howev er, these data do not address whether the Tax-induced activation and 

recrui tment of NF -kB to vir al DNA is necessary for the rescue of IN - HIV -1 replication. 

To address this question, we generated derivatives of the previously described  IN - form 

of the indicator virus NL -NLuc (Irwan et al., 2020) in which either one LTR NF -kB site 

ȹƕͅȺɯÖÙɯÉÖÛÏɯ-%-Ò!ɯÚÐÛÌÚɯȹƖͅȺɯÞÌÙÌɯÔÜÛÈÛÐÖÕÈÓÓàɯÐÕÈÊÛÐÝÈÛÌËȭɯ6ÌɯÛÏÌÕɯÈÚÒÌËɯÞÏÌÛÏÌÙɯÓÖÚÚɯ

of NF-kB sites affected the rescue of this IN- virus by Tax. In this experiment, we 

infected CEM-SS cells bearing the Tet-inducible  tax gene with IN+ NL -NLuc, with IN - 

NL --+ÜÊȮɯÖÙɯÞÐÛÏɯÛÏÌɯÕÌÞɯƕͅɯÖÙɯƖͅɯ-%-kB mutants of IN - NL -NLuc. We then measured 

the level of viable cells in each culture over time (Fig. 9A), the level of expression of the 

virally encoded NLuc indicator (Fig. 9B), the level of viral DNA (Fig. 9C) and the level of 

total viral RNA (Fig. 9D) at up to 7 days post-infection (dpi). As shown in Fig. 9A, and as 

previously reported, we observed that infection of CEM -SS cells with the IN- NL -NLuc 

derivative bearing an intact LTR  did not reduce cellular viability, relative to the 

uninfected culture, in the absence of but induced the death of almost the entire CEM-SS 

culture by seven days post-infection (dpi) if Tax expression was induced by Dox 

addition. Interestingly, while the 1 ͅɯÔÜÛÈÕÛɯÖÍɯÛÏÌɯ(-- NL -NLuc virus also induced a 

ÚÛÙÖÕÎɯÊàÛÖ×ÈÛÏÐÊɯÌÍÍÌÊÛȮɯÛÏÌɯƖͅɯÔÜÛÈÕÛɯ×ÏÌÕÖÊÖ×ÐÌËɯÛÏÌɯÓÈÊÒɯÖÍɯÊÌÓÓɯÒÐÓÓÐÕÎɯÚÌÌÕɯÞÐÛÏɯÛÏÌɯ

parental NL -NLuc virus in the absence of Tax (Fig. 9A). The lack of cytopathic effect 

ÚÌÌÕɯÞÐÛÏɯÛÏÌɯƖͅɯÔÜÛÈÕÛɯÖÍɯ-+-NLuc correlated with an almost complete lack of viral 
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gene expression, as measured by NLuc activity (Fig. 9!Ⱥȭɯ(ÕɯÊÖÕÛÙÈÚÛȮɯÛÏÌɯƕͅɯÔÜÛÈÕÛȮɯ

which retains a single NF-kB site, gave rise to a lower level of NLuc activity than the 

parental IN - NL -NLuc virus, w hich retains both NF-kB sites, that was nevertheless 

readily detectable (Fig. 9!Ⱥȭɯ2ÐÔÐÓÈÙÓàȮɯÛÏÌɯƖͅɯÔÜÛÈÕÛɯÍÈÐÓÌËɯÛÖɯÎÌÕÌÙÈÛÌɯÈɯÚ×ÙÌÈËÐÕÎɯ

infection in Tax -expressing CEM-SS cells, as measured by our inability to measure any 

increase in either viral DNA or  viral RNA expression over time (Figs. 9"ɯÈÕËɯ#Ⱥȭɯɯ3ÏÌɯƕͅɯ

ÔÜÛÈÕÛɯÞÈÚɯÈÎÈÐÕɯÐÕÛÌÙÔÌËÐÈÛÌɯÐÕɯ×ÏÌÕÖÛà×ÌɯÉÌÛÞÌÌÕɯÛÏÌɯƖͅɯÔÜÛÈÕÛɯÈÕËɯÛÏÌɯ×ÈÙÌÕÛÈÓɯ

NL -NLuc vector in that it remained able to spread through the Tax -expressing CEM-SS 

culture, albeit more slowly than  NL -NLuc, as revealed by increasing levels of both HIV-

1 DNA and HIV -1 RNA expression (Figs. 9C and D). 

The data presented in Figs. 9A-D demonstrate that the loss of both NF-kB sites 

present in the HIV -1 LTR prevents the rescue of viral gene expression by Tax seen when 

both or even only one LTR NF-kB site is retained in the LTR of an IN - HIV -1 mutant, a 

result that is consistent with the known ability of Tax to activate NF -kB in expressing 

cells by inducing the phosphorylation and degradation of IkB (Currer et al., 2012). These 

data could suggest that recruitment of NF -kB is required for the subsequent epigenetic 

changes, that is increased H3Ac marks and reduced H3K9me3 marks, seen on 

unintegrated HIV -1 proviruses after rescue by Tax induction (Fig. 8). Alternatively, it 

could be argued that these epigenetic changes are still induced by Tax but, in the 
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absence of NF-kB recruitment, are insufficient to rescue transcription of unintegrated 

HIV -1 DNA. To resolve this question, we performed CHiP -qPCR on IN- NL -NLuc either 

ÉÌÈÙÐÕÎɯÈɯ63ɯ+31ɯ×ÙÖÔÖÛÌÙɯÖÙɯÛÏÌɯƖͅɯ+31ɯÓÈÊÒÐÕÎɯÉÖÛÏɯNF-kB sites. As expected, in the 

absence of Tax, we observed almost no detectable recruitment of either the Rel A or Rel 

B NF-kB subunit to the intact viral LTR on unintegrated viral DNA (Fig. 9E) and 

similarly, in the absence of Tax, the chromatin added to unintegrated HIV -1 episomes 

was modified by addition of high levels of the repressive H3K9me3 mark while the 

activating H3Ac mark was essentially absent (Fig. 9F). In contrast, in the presence of Tax, 

both Rel A and Rel B were effectively recruited to th e intact LTR promoter present on 

unintegrated HIV -1 DNA (Fig. 9E) and we now saw efficient recruitment of the 

activating H3Ac mark, and very little addition of the repressive H3K9me3 mark (Fig. 

9%ȺȮɯÈÚɯÌß×ÌÊÛÌËȭɯ(Ô×ÖÙÛÈÕÛÓàȮɯÏÖÞÌÝÌÙȮɯÞÏÌÕɯÛÏÌɯƖͅɯÔÜÛÈÕÛɯÖÍɯIN - NL -NLuc was 

examined in the presence of Tax it phenocopied the pattern observed for IN- NL -NLuc 

ÉÌÈÙÐÕÎɯÛÏÌɯ63ɯ+31ɯÐÕɯÛÏÌɯÈÉÚÌÕÊÌɯÖÍɯ3Èßȭɯ3ÏÈÛɯÐÚȮɯÞÏÐÓÌɯÛÏÌɯƖͅɯÐÕËÐÊÈÛÖÙɯÝÐÙÜÚɯÔÜÛÈÕÛɯ

failed to recruit either the Rel A or Rel B NF-kB subunit, as expected (Fig. 9E), it was 

heavily modified by addition of the repressive H3K9me3 mark to chromatinized viral 

DNA while remaining devoid of the activating H3Ac marks seen on the unintegrated 

WT LTR in the presence of Tax (Fig. 9F). Thus, these data argue that recruitment of the 

NF-kB subunits Rel A and/or Rel B to the viral LTR present on unintegrated HIV -1 DNA 
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is a prerequisite for the subsequent recruitment of the epigenetic marks that correlate 

with active transcription of a DNA template.  
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3.3.2 Tax induction reverses the epigenetic repression of 
unintegrated HIV-1 DNA. 
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Figure 10: Induction of Tax expression after unintegrated HIV -1 DNA has been 

epigenetically silenced  reverses silencing and rescues viral gene expression.   

(A) Tax-inducible CEM-SS cells were infected with WT or IN- HIV-1, treated with 
nevirapine at 16hpi to prevent viral spread, then +/- Dox was added at 24hpi to induce 
Tax expression. Cells were harvested to assay NLuc expression at the indicated time 
points, n=3 biological replicates, ± SD. Cells were also harvested for ChIP-qPCR to 
determine the levels of (B) H3Ac, and (C) H3K9me3 on the HIV-1 LTR promoter, the 
viral gag gene, and the NLuc indicator gene inserted in place of nef in NL-NLuc. ChIP 
levels were normalized to input DNA and are expressed as percent of input. n=3 
biological replicates, ± SD. ***p<0.001, calculated by 2-Way ANOVA with Tukeyôs 
multiple comparison test. 

The data presented in Figures 8 and 9 demonstrate that the activation of cellular 

NF-kB by Tax expression induces NK-kB binding to the HIV -1 LTR and then prevents 

the epigenetic repression of unintegrated viral DNA. We were curious to see if Tax 

could also reverse the pre-existing epigenetic repression of viral unintegrated DNA 

which, as shown in Fig. 8, is complete by 24 hpi. For this purpose, we therefore induced 

Tax expression at 24 hpi and monitored viral gene expression, in this case by measuring 

production of the encoded NLuc indicator protein (Fig. 10A), as well as the epigenetic 

state of the unintegrated HIV -1 DNA, by ChIP -qPCR (Figs. 10B and C). As shown in Fig. 

10A, Tax induction at 24hpi is able to rescue viral gene expression from the otherwise 

silenced unintegrated IN - HIV -1 virus by 48hpi and this increase in viral gene 

expression continues at 72hpi. Similarly, induction of Tax expression at 24 hpi fully 

rescues recruitment of activating H3Ac marks, and effectively removes inhibitory 

H3K9me3 marks by 48 hpi and maintains this active epigenetic state at 72 hpi (Figs. 10B 

and C). Therefore, the induction of Tax expression not only can prevent the epigenetic 
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repression of unintegrated HIV -1 DNA but also can fully reverse this repression after 

inhibitory chromatin marks had been allowed to assem ble on the viral DNA.  
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3.3.3 Analysis of the effect of Tax on gene expression from IN- 
lentiviral vectors 

 

Figure 11: Unlike the HIV -1 LTR, heterologous internal Pol II and Pol III promoters 

are not silenced on unintegrated HIV -1 proviruses.   

(A) Schematic of pNL-NLuc and its derivatives. (B) CEM-SS cells ± Tax were infected 
with IN+ or IN- HIV-1 variants expressing NLuc from the viral LTR, or with self-
inactivating (SIN) derivatives lacking the LTR U3 region from -18 to -418, including the 
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HIV-1 promoter and enhancer. Instead these viruses express NLuc from an internal RSV 
LTR promoter (that has no NF-kB binding sites), or an internal CMV promoter (that has 
NF-kB binding sites). Nevirapine was added at 16 hpi to prevent virus spread, and cells 
were harvested for NLuc assays at 48 hpi. NLuc activity was normalized to WT NL-NLuc 
in the absence of Tax, which was set to 1. (C) As in panel B but using a non-SIN vector 
design. (D) CEM-SS ± Tax cells were infected with WT or IN- virus expressing KSHV 
miR-K2 from the Pol III-dependent H1 promoter. Nevirapine was added to the cells at 16 
hpi, and the cells harvested for quantification of miR-K2 by qRT-PCR at 48 hpi. 
Endogenous U6 RNA served as an internal control and data were normalized to WT 
minus Tax, which was set to 1. n=3 biological replicates, ± SD. (E) HIV-1 Gag 
expression levels in CEM-SS cells +/-Tax infected with the indicated WT or IN- viruses. 
Endogenous GAPDH was used as a loading control. *p<0.05, **p<0.01, *** p<0.001, 
calculated using an unpaired Holm-Sidak multiple comparison t-test. 

While there is considerable evidence indicating that integration of the retroviral 

proviral intermediate into the host cell genome is an essential step in the retroviral life 

cycle (Sakai et al., 1993; Schwartzberg et al., 1984), and demonstrating that this is largely 

due to the efficient epigenetic silencing of unintegrated retroviral DNA (Geis and Goff, 

2019; Irwan et al., 2020; Tsai and Cullen, 2020; Wang et al., 2016; Zhu et al., 2018), there 

are also a number of reports documenting the effective expression of cDNAs encoding a 

gene of interest from some, but not all, integrase deficient lentiviral vectors bearing 

inserted heterologous enhancer/promoter combinations (Apolonia et al., 2007; Philippe 

et al., 2006; Philpott and Thrasher, 2007; Yáñez-Muñoz et al., 2006). To our knowledge, 

the issue of why some, but not all, lentiviral vectors are able to escape epigenetic 

silencing has not been resolved, though it has been suggested that deletion of the 

retroviral promoter/enhancer located in the LTR U3 region, in so -called self-inactivating 
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or SIN lentiviral vectors, can promote the function of inserted heterologous promoters  

(Bayer et al., 2008). 

To address this question, we generated a set of vectors from the WT and IN- NL -

NLuc vectors in which we first deleted almost the entire U3 region, from -18 to -418, in 

ÛÏÌɯƗɀɯ+31ȮɯÞÏÐÓÌɯÓÌÈÝÐÕÎɯcis-acting sequences required for reverse transcription and 

integration intact, to generate SIN vectors (Lee et al., 2003). We then inserted either the 

LTR enhancer/promoter from Rous Sarcoma Virus (RSV) (Cullen et al., 1985) or the 

highly active cytomegal ovirus immediate early enhancer/promoter (CMV) (Boshart et 

al., 1985)ȮɯƙɀɯÛÖɯÛÏÌɯ-+ÜÊɯÐÕËÐÊÈÛÖÙɯÎÌÕÌɯȹ%ÐÎȭɯ11A).  These vectors were then packaged 

and used to infect Tax-inducible CEM -SS cells in the presence and absence of Dox. At 48 

hpi, the cells were lysed and the level of virus -encoded NLuc determin ed. As may be 

seen in Fig. 11B, the level of NLuc expression induced upon infection with lentiviral 

vectors containing internal heterologous promoters was comparable to that seen with 

the parental NL -NLuc vector and, unlike NL -NLuc, was only modestly inhib ited, by < 3-

fold, when the integrase gene was mutationally inactivated. While expression of Tax did 

not affect the level of NLuc expression from either the IN+ or IN - forms of NL -SIN-RSV-

NLuc, Tax did exert a significant positive effect on expression from  the CMV promoter, 

which contains NF -kB binding sites, in both the IN+ and IN - version of NL -SIN-CMV -

NLuc (Fig. 11B). 
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As noted above, the SIN design has been reported to enhance the level of gene 

expression from heterologous promoters inserted into IN - retroviral vectors (Bayer et al., 

2008), possibly due to the loss of the potential for transcriptional interference inherent in 

this design (Cullen et al., 1984). To test whether this is indeed the case, we generated a 

set of four IN+ or IN - vectors, bearing either the RSV or CMV enhancer/promoter 

driving NLuc expression, that differed from the vectors analyzed in Fig. 11B only in that 

the HIV -1 LTR was now left intact. As shown in Fig. 11C, these vectors in fact expressed 

up to 10-fold higher levels of NLuc that the similar SIN vectors. This higher level of 

NLuc expression was slightly more subject to inhibition upon loss of IN function than 

seen with the SIN design and was also more responsive to the HTLV-1 Tax protein. This 

latter effect was again particularly prominent with vectors bearing the CMV 

enhancer/promoter which, unlike the RSV LTR, contains NF-kB binding sites (Assogba 

et al., 2002). Nevertheless, overall it was clear that the tested lentiviral vectors, bearing 

internal heterologous promoters, were all transcriptionally active regardless of IN 

activity and that the SIN design did not increase expression from unintegrated lentiviral 

vector DNA, and in fact seemed to modestly inhibit NLuc expression.  

Finally, while the data presented in Fig. 11A and B reveal that a heterologous Pol 

II -dependent promoter inserted into a lentiviral vector lacking integrase function is still 

essentially fully active, they do not address whether other types of promoters, for 
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example promoters that utilize Pol III, would also be functional on a non -integrated 

proviral DNA template. This could be important if, for example, one wished to express a 

microRNA (miRNA) fr om a non-integrating retroviral vector. To test this, we therefore 

inserted a previously described expression cassette containing the H1 Pol III promoter 

linked to an RNA hairpin encoding the miR -*ƖɯÔÐ1- ɯÌß×ÙÌÚÚÌËɯÉàɯ*È×ÖÚÐɀÚɯ2ÈÙÊÖÔÈɯ

Herpesvirus (KSHV) (Gottwein et al., 2006). As may be seen in Fig. 11C, this vector 

expressed high levels of mature miR-K2, as measured by qRT-PCR, regardless of  

whether an IN+ or IN - vector design was used. Unexpectedly, the expression of miR-K2 

appeared to be enhanced, especially in the IN+ vector, by induction of Tax expression. 

The CMV immediate early promoter contains an exceptionally active enhancer 

(Boshart et al., 1985), and, given that both the CMV and RSV promoters were active in 

the context of the NL-NLuc vectors bearing intact LTRs, we wondered if the CMV or 

125ɯ×ÙÖÔÖÛÌÙɤÌÕÏÈÕÊÌÙɯÔÐÎÏÛɯÉÌɯÈÉÓÌɯÛÖɯÙÌÚÊÜÌɯÌß×ÙÌÚÚÐÖÕɯÍÙÖÔɯÛÏÌɯƙɀɯ'(5-1 LTR in cis 

when integrase was mutationally inactivated. If so, this should result in the expression 

of the HIV -1 Gag protein. To test this, we infected CEM-SS cells with NL-NLuc, with 

NL -RSV-NLuc and with NL -CMV -NLuc in the presence and absence of an intact 

integrase gene and in the presence or absence of Dox, to induce Tax expression. As 

expected, and as previously reported (Irwan et al., 2020), the IN- form of NL -NLuc failed 

to express Gag unless Tax expression had been induced (Fig. 11E, compare lanes 3 and 
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5). Similarly, for both NL -RSV-NLuc and NL -CMV -NLuc, we failed to detect Gag 

expression from the IN - form of this vector unless Tax expression was induced (Fig. 11D, 

lanes 7, 9, 11 and 13). We therefore conclude that, even though both the RSV LTR and 

CMV promoter/enhancer remain essentially fully active when inserted into a lentiviral 

vector lacking integrase function, they are nevertheless both unable to prevent the 

epigenetic silencing of the immediately adjacent HIV -1 LTR promoter.   

3.4 Discussion 

Previously, we reported that expression of the HTLV -1 Tax protein in human 

CD4+ T cells is able to rescue the transcription and robust replication of an integrase-

deficient HIV -1 mutant, bearing the D64V IN mutation, in the absence of any detectable 

provir al DNA integration (Irwan et al., 2020). This rescue correlated with both the 

recruitment of activated NF -kB to the HIV -1 LTR on unintegrated DNA and with the 

acquisition of high levels of the activating epigenetic mark H3Ac, and loss of the 

repressive mark H3K9me3. While our previous research did not address whether the 

rescue of HIV-1 gene expression by Tax was primarily due to NF-kB activation and 

recruitment or, instead , due to changes in the epigenetic status of the HIV-1 LTR 

promoter, we did observe that a Tax mutant called M22, previously shown to have 

selectively lost the ability to activate NF -kB (Smith and Greene, 1990), also failed to 

rescue IN- HIV -1 replication (Irwan et al., 2020). Moreover, we reported that direct 



 

 

94 

activation of Nf -kB function using TNFϔɯalso rescues gene expression from 

unintegrated HIV -1 proviral DNA, albeit far less effectively than seen upon Tax 

expression. 

Here, we extend this earlier work by demonstrating that recruitment of the NF -

kB subunits Rel A and Rel B to the HIV-1 LTR on unintegrated viral DNA precedes the 

acquisition of activating H3Ac marks, and loss of repressive H3K9me3 marks, by the 

same viral DNA. Moreover, we observed that mutational inactivation of both NF -kB 

sites on the HIV-1 LTR not only blocks the recruitment of NF -kB subunits to 

unintegrated viral DNA but also entirely blocks the epigenetic changes, noted above, 

that mark DNA as being transcriptionally active. We have therefore demonstrated that 

activation of NF -kB by Tax (Böhnlein et al., 1989), leading to its recruitment to 

unintegrated HIV -1 DNA, is the key step that then results in the epigenetic changes that 

correlate with the active transcription and r escue of IN- HIV -1 mutants. Moreover, we 

now also report that Tax expression can not only prevent the epigenetic silencing of 

unintegrated HIV -1 DNA but can also reverse the epigenetic silencing of that DNA by 

inducing the removal of pre -existing inhibitor y epigenetic marks and promoting the 

recruitment of activating marks (Fig. 10). 

In addition to addressing the effect of Tax on IN - full length HIV -1, we also 

looked at how loss of IN function, and activation of Tax expression, affects gene 
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expression from a heterologous reporter cassette inserted into a SIN configuration of the 

HIV -1 genome. As shown in Fig. 11B, we observed a high level of expression from 

inserted RSV- and CMV -derived enhancer/promoter combinations driving expression of 

the NLuc indicator gene and this high level of expression was, unexpectedly, only 

minimally impacted by loss of IN function. This high level of NLuc expression, in both 

the presence and absence of IN function, was also observed when an HIV-1 based vector 

retaining a fully in tact LTR promoter was analyzed, thus arguing that, at least in this 

vector design, the HIV -1 LTR does not exert any inhibitory effect in cis. To confirm that 

the intact HIV -1 LTR present in these vectors was indeed active, we were able to 

demonstrate high levels of HIV -1 Gag protein expression from the IN+ version of the 

NL -RSV-NLuc and NL -CMV -NLuc vectors as well as from the IN - version, but only in 

the presence of Tax in the latter case (Fig. 11E). Therefore, while both the RSV LTR and 

CMV immediate early  promoter -enhancer are highly active in the context of 

unintegrated HIV -1 DNA, they are both unable to activate the HIV -1 LTR promoter in 

cis. 

3.5 Materials and Methods 

3.5.1 Cells and Cell Culture Conditions 

The cell lines used in this study are HEK293T (293T), a human kidney epithelial 

cell line of female origin, and CEM -SS, a human CD4+ T cell line of female origin. CEM-
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SS cells transduced with a lentiviral vector bearing a Tet-inducible promoter that 

controls the expression of the HTLV-1 Tax protein, have been previously described 

(Irwan et al., 2020). All cells were cultured at 37C with 5% CO2. 293T cells were cultured 

in #ÜÓÉÌÊÊÖɀÚɯ,ÖËÐÍÐÌËɯ$ÈÎÓÌɯ,ÌËÐÜÔɯȹ#,$,ȺɯÚÜ××ÓÌÔÌÕÛÌËɯÞÐÛÏɯƕƔǔɯÍÌÛÈÓɯÉÖÝÐÕÌɯ

serum (FBS) and Antibiotic-Antimycotic. CEM -SS cells were cultured in Roswell Park 

Memorial Institute (RPMI) medium supplemented with 10% FBS and Antibiotic -

Antimycotic.  

3.5.2 HIV-1 Production 

In experiments that measure the level of viral NLuc expression in cells infected 

with replication competent HIV -1, we used a previously described replication 

competent NLuc reporter virus (pNL -NLuc) where the viral nef gene in NL4-3 was 

replaced with the NLuc gene (Mefferd et al., 2018)ȭɯ3ÏÌɯƕͅ- ÈÕËɯƖͅɯ-%-ϝ!ɯÔÜÛÈÕÛɯ

viruses were created by mutating either one or both of the NF-ϝ!ɯÉÐÕËÐÕÎɯÚÐÛÌÚɯÐÕɯÛÏÌ 

HIV -1 LTR U3 region, respectively, by using overlap-extension PCR to change the NF-

ϝ!ɯÉÐÕËÐÕÎɯÚÐÛÌɯÍÙÖÔɯÛÏÌɯÍÜÕÊÛÐÖÕÈÓɯƙɀ-GGGACTTTCC-ƗɀɯÛÖɯÈɯÕÖÕ-ÍÜÕÊÛÐÖÕÈÓɯƙɀ-

GGGACTGGAT-ƗɀɯÚÌØÜÌÕÊÌȭ 

HIV -1 expressing miR-K2 (pNL -miR-K2) was created by PCR amplification of an 

H1 promoter -driven miR -K2 expression cassette from pSUPER-miR-K2 (Gottwein et al., 

2006), followed by cloning into pNL4 -3 using Not I and Xho I. HIV -1 SIN viruses 
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expressing NLuc from an RSV or CMV -derived promoter were created by first cloning 

ÛÏÌɯ×ÙÖÔÖÛÌÙÚɯÐÕÛÖɯÛÏÌɯ-ÖÛɯ(ɯÚÐÛÌɯƙɀɯÖÍɯÛÏÌɯNLuc gene in pNL-NLuc (Fig. 10A), then 

ÙÌ×ÓÈÊÐÕÎɯÛÏÌɯƗɀ+31ɯÞÐÛÏɯÛÏÌɯÊÖÙÙÌÚ×ÖÕËÐÕÎɯ2(-ɯ+31ɯÍÙÖÔɯÛÏÌɯ×-+-SIN-CMV -RLuc 

plasmid described previously (Gottwein and Cullen , 2007), which bears a deletion 

extending from  -18 to -418 in U3. 

All viruses express either WT integrase (IN), or IN bearing a point mutation, 

D64V, that blocks IN function (Leavitt et al., 1996). Plasmids expressing the NL-NLuc 

provirus, or the relevant mutant constructs, were transfected into 293T cells using 

polyethylenimine (PEI). At 24h post-transfection, the spent media were replaced with 

fresh media. At 72 h post-transfection, supernatant media were harvested and passed 

through a 0.45um filter to remove cell debris. HIV -1-containing supernatants were 

normalized using a p24 ELISA before being used to infect target cells. 

3.5.3 ChIP-qPCR 

Tet-inducible HTLV -1 Tax CEM-SS cells were cultured in 10ml of RPMI media 

(at 106 cells/ml) and infected with WT or IN - HIV -1 virus in the presence or absence of 

0.5ug/ml Dox to induce Tax production. Prio r to infection, viral supernatants were 

incubated with 5U/ml of DNAse I at 37°C for 1 hour to remove residual plasmid 

contamination.  
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Cells were harvested at the indicated times post-infection, rinsed twice with 1x 

PBS and cross-linked with 1% formaldehyde for 20 min at 25 °C, before being quenched 

in 0.125 M glycine for 5 min. The rinsed cells were then lysed and subjected to chromatin 

immunoprecipitation (ChIP) as previously described (Irwan et al., 2020) to pull down 

the DNA associated with the indicated NF -ϝ!ɯÚÜÉÜÕÐÛÚɯÖÙɯÔÖËÐÍÐÌËɯÏÐÚÛÖÕÌÚȭɯ#- ɯÞÈÚɯ

then purified using DNA cleanup columns (Zymo Research), digested with DpnI (NEB) 

to remove any residual plasmid contamination, then used for qPCR analysis using 

primers that amplify either U5 -R on the HIV-ƕɯ×ÙÖÔÖÛÌÙɯȹ%/ȯɯƙɀ- 

CTCTCTGGTTAGACCAGATC -ƗɀȮɯ1/ȯɯƙɀ-GCTAGAGATTTTCCACACTG -ƗɀȺȮɯgag (FP: 

ƙɀ-GCGAGAGCGTCGGTATTAAGCG -ƗɀȮɯ1/ȯɯƙɀ- AATCGTTCTAGCTCCCTGCTTGC -

ƗɀȺȮɯÖÙɯÛÏÌɯÕÈÖÓÜÊÐÍÌÙÈÚÌɯÎÌÕÌɯȹ%/ȯɯƙɀ-TTCAGAATCTCGGGGTGTCCGTA -ƗɀȮɯ1/ȯɯƙɀ-

TTCGATCTGGCCCATTTGGTCG-ƗɀȺɯÐÕɯÈɯ28!1ɯÎÙÌÌÕɯÔÈÚÛÌÙɯÔÐßɯȹ3ÏÌÙÔÖ%ÐÚÏÌÙȺȭɯ"Ï(/ɯ

data is expressed as a percent of input DNA, which is calculated by dividing the ChIP 

copy number for each qPCR target by the copy number from input DNA and 

multiplying by 100.   

3.5.4 Luciferase Assays 

Cells were washed three times in PBS, lysed in Passive Lysis Buffer (Promega) 

and assayed for NLuc activity using the Nano -Glo Luciferase Assay on a Lumat LB9507 

luminometer (Bertold Technologies).  
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3.5.5 Quantifying Changes in HIV-1 Replication and Viral Gene 
Expression 

107 Tet-inducible Tax CEM -SS cells were suspended in 10ml of RPMI medium 

and infected with NLuc reporter viruses in the presence or absence of 0.5ug/ml Dox to 

induce Tax expression. Viral supernatants were normalized by p24 and pretreated with 

5 U/mL DNase I for 1 h at 37 °C to remove residual plasmid DN A. All IN - HIV -1 

infections were supplemented with raltegravir (20uM) to prevent any revertant 

mutations. Live cells were quantified,  and 106 live cells harvested on days 1, 2, 3, 5, and 7 

and equally split into 3 aliquots to assay NLuc or to extract and a nalyze viral DNA and 

RNA.  

For DNA analysis, cells were spun down and washed three times in ice cold PBS 

and the cells incubated with DpnI (NEB) to remove any residual plasmid contamination. 

DNA was then extracted using Quick -DNA Miniprep Plus columns (Zymo  Research). 

For RNA analysis, cells were lysed in TRIzol (ThermoFisher) and RNA harvested 

according to the manufacturer's instructions, and DNaseI treated for 2h. The DNaseI 

was then heat inactivated, and the RNA converted to cDNA using a High Capacity 

cDNA Reverse Transcription kit (Applied Biosystems).  

qPCR assays to quantify total HIV-1 DNA or RNA were performed in triplicate 

in a QuantStudio 6 Pro real-time PCR system according to the manufacturer's 

instructions. HIV -1 DNA/cDNA was amplified with a cust om total HIV -1 TaqMan 
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probe/primer set that amplifies the U5 -gag region of HIV -1(Butler et al., 2001)ȭɯϕ-Actin 

DNA was PCR amplified using a premade TaqMan probe/primer set (ThermoFisher, Cat 

șƘƗƕƕƜƖȺȮɯÞÏÐÓÌɯϕ-Actin cDNA in RNA analyses was quantif ied using a separate Taqman 

×ÙÖÉÌɤ×ÙÐÔÌÙɯÚÌÛɯÛÏÈÛɯÈÔ×ÓÐÍÐÌÚɯÈÊÙÖÚÚɯÈɯÚ×ÓÐÊÌɯÑÜÕÊÛÐÖÕɯȹ%/ȯɯƙɀ-CAATGAAGATCAAG 

ATCATTGC -ƗɀȮɯ1/ȯɯƙɀ-AAGCATTTGCGGTGGAC -ƗɀȮɯ×ÙÖÉÌȯɯƙɀ- FAM - 

CCACCTTCCAGCAGATGTGGATCAGCAAG -TAMRA -ƗɀȺȭɯ1ÌÓÈÛÐÝÌɯØÜÈÕÛÐÍÐÊÈÛÐÖÕɯÖÍɯ

HIV -1 DNA/RNA levels ÞÈÚɯ×ÌÙÍÖÙÔÌËɯÜÚÐÕÎɯÛÏÌɯͅͅ"3ɯÔÌÛÏÖËɯÉàɯÕÖÙÔÈÓÐáÐÕÎɯÛÖÛÈÓɯ

HIV -ƕɯ#- ɤ1- ɯÛÖɯÛÏÌɯϕ-Actin internal control (Livak and Schmittgen, 2001a). 

3.5.6 Quantification of miR-K2 

Tet-inducible HTLV -1 Tax CEM-SS cells were infected with IN+ or IN- pNL -miR-

K2 in the presence or absence of 0.5ug/ml Dox. Nevirapine (Sigma) was added to the 

cells at 16hpi, and the cells harvested for RNA analysis using Trizol (ThermoFisher). 

RNA was diluted to 2ng/ul then  reverse transcribed with either a specific miR-K2 primer 

or a U6 RNA internal control primer (Applied Biosystems) using a MicroRNA Reverse 

Transcription kit (Applied Biosystems). The converted cDNA was then quantified by 

Taqman qPCR small RNA assays that target either miR-K2 or U6. All qPCR assays were 

performed in a QuantStudio 6 Pro real-time PCR machine. Quantification was 

performed by correcting the observed miR -K2 level to the U6 internal control. Corrected 
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miR-K2 expression levels were then normalized to the level of miR-K2 detected in cells 

infected with IN+ pNL -miR-K2 in the absence of Tax, which was set to 1. 

3.5.7 Western blot for HIV-1 Gag  

Cells were lysed in Laemmli buffer, sonicated and denatured at 95°C for 10 min. 

Lysates were run on a 4ɬ20% SDS-polyacrylamide gel (Bio -Rad), transferred to a 

nitrocellulose membrane and then blocked in 5% milk in PBS + 0.1% Tween (PBS-T). 

Membranes were incubated with a p24-specific monoclonal antibody (#24-3) (AIDS 

Reagent, ARP: 6458), or a glyceraldehyde 3-phosphate dehydrogenase (GAPDH) 

antibody (Proteintech, 60004-1), followed by a secondary anti-mouse HRP antibody 

(Sigma, A9044) in 5% milk in PBS-T for 1 h each and then washed in PBS-T. The 

membranes were incubated with a luminol -based enhanced chemiluminescent (ECL) 

substrate (Advansta) and signals visualized using GeneSnap (Syngene). 

3.5.8 Reactivation of repressed IN- HIV-1 by Tax expression 

Tax-inducible CEM -SS T cells were infected with NL-NLuc reporter virus and 

nevirapine (Sigma) was added 16hpi to prevent secondary viral spread. 0.5ug/ml 

Doxycycline in DMSO, or DMSO was added at 24hpi to induce a +/- Tax condition. Cells 

were harvested at 24, 48, and 72hpi for measurement of NLuc expression and ChIP-

qPCR analysis. 



 

 

102 

3.6 Contributions and Acknowledgements 

This chapter is adapted from a study published in  the Journal of Virology  (Ishak 

et al., 2020) with the following authors: Ishak D. Irwan  and Bryan R. Cullen. BRC and 

IDI  conceived the project. IDI and BRC designed the experiments. IDI performed the 

experiments. IDI and BRC analyzed the data. IDI and BRC wrote the manuscript. 

This research was supported in part by NIH grant R21 -AI157616 to B.R.C., who 

is also supported through the Center for HIV RNA  Studies (CRNA, U54-AI150470). This 

research received infrastructure support from the Duke University CFAR  (P30-

AI064518). The following reagent was  obtained through the NIH AIDS Reagent 

Program, Divi sion of AIDS, NIAID, NIH: p24 Gag Monoclonal (#24-3) from Michael 

Malim .  



 

 

103 

Chapter 4. SUMOylation by the SMC5/6 complex triggers 
the epigenetic silencing of unintegrated HIV-1 DNA and 
promotes post-integration viral latency2 

4.1 Importance 

Unintegrated HIV -1 DNA is rapidly epigenetically silenced in infected cells. 

Using an unbiased genetic screen, we identified the host SMC5/6 complex as essential 

for this process. SMC5/6 first binds chromatinized, unintegrated HIV -1 DNA and then 

induces its SUMOylation. Inhibition of this SUMOylation step, either by point 

mutagenesis of the SMC5/6 component NSMCE2, a SUMO E3 ligase, or using the 

SUMOylation inhibitor TAK -981, blocks epigenetic silencing and rescues not only 

transcription from unintegrated HIV -1 DNA but also the replication of integrase -

deficient HIV -1. Loss of SMC5/6 complex expression, or inhibition of SUMOylation by 

SMC5/6, also inhibits the establishment of latent HIV-1 infections in both CD4+ T cell 

lines and primary human T cells. These data demonstrate that the epigenetic silencing of 

integration competent HIV -1 proviruses by the SMC5/6 complex prior to integration can 

give rise to latent HIV -1 infections and reveal that the SMC5/6 complex is directly 

involved in promoting HIV -1 latency. 

 

This chapter is adapted from a study published in Nature Microbiology (Ishak et al., 2022).  
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4.2 Introduction 

The integration of the linear proviral DNA intermediate into the host cell 

genome is not only a defining feature of the retroviral life cycle but also essential for 

appreciable levels of proviral transcription (Sakai et al., 1993; Schwartzberg et al., 1984). 

As a result, integrase (IN) inhibitors a re potent inhibitors of retroviral gene expression 

and replication and IN inhibitors, such as dolutegravir and bictegravir, are widely used 

to treat human immunodeficiency virus 1 (HIV -1) infected patients (Smith et al., 2021). 

In the absence of IN function, transcription of the unintegrated proviral DNA 

intermediate is rapidly inhibited due to the accumulation of repressive epigenetic mar ks, 

such as trimethylation of lysine 9 on histone H3 (H3K9me3), combined with the absence 

of activating marks, such as H3 acetylation (H3Ac) (Geis and Goff, 2019; Wang et al., 

2016). While it is generally believed that this epigenetic silencing represents a form of 

host defense against invasive foreign DNA, the underlying mechanisms, and the host 

cell factors that mediate this effect, remain incompletely defined (Goff, 2021; Tsai and 

Cullen, 2020). In the case of the animal retrovirus Murine Leukemia Virus (MLV), a 

Cas9-based genomic screen, performed in the human cell line HeLa, identified three 

components of the human silencing hub (HUSH) complex, as well as the DNA -binding 

protein NP220, as critical for unintegrated MLV DNA silencing (Zhu et al., 2018). 

However, this study, as well as subsequent work (Dupont et al., 2021; Irwan et al., 2020), 
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failed to detect any role for the HUSH complex or NP220 in silencing unintegrated HIV -

1. More recently, a limited Cas9-based screen of 1,217 human genes found to be 

downregulated by the HIV -1 Vpr protein identified a component of the stru ctural 

maintenance of chromosome (SMC) 5/6 complex, specifically SMC5/6 complex 

localization factor 2 (SLF2), as critical for unintegrated HIV -1 DNA silencing and 

subsequently showed that six other components of the SMC5/6 complex, including 

SMC5 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 episomal HIV-1 DNA (Dupont et 

al., 2021). 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 (Decorsière et al., 2016; Murphy et al., 

2016). Thus, it seemed possible that the SMC5/6 complex might not only participate in 

chromosomal replication, recombination and repair but also act  as a host defense factor 

capable of silencing invasive viral DNA.  

While the identification of the SMC5/6 complex represented an important step in 

advancing our understanding of how episomal HIV -1 (but apparently not MLV) DNA is 

silenced, the limited scope of the Cas9-based screen that led to its identification raised 

the possibility that other factors critical for this process might remain to be uncovered. 
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We therefore sought to comprehensively identify the cellular factors involved in 

episomal HIV -1 DNA silencing using a genome-wide Cas9-based genetic screen in 

human T cells. In fact, our screen identified several SMC5/6 complex components, 

unexpectedly including SLF1, as critical for this process. Further analysis demonstrated 

that the ability of the SMC5/6 component NSMCE2, a known E3 small ubiquitin -like 

modifier (SUMO) protein ligase (Andrews et al., 2005; Zhao and Blobel, 2005) , to 

SUMOylate unintegrated, chromatinized HIV -1 proviruses was required to trigger its 

epigenetic silencing. As a result, the SUMOylation inhibitor TAK -981 (Langston et al., 

2021) was found to rescue unintegrated HIV -1 DNA transcription as effectively as loss of 

SMC5/6 complex function. Moreover, we show that TAK -981 also partially prevents the 

establishment of latent infections by in tegrated HIV -1 DNA in primary T cells, thus 

suggesting that the stable epigenetic silencing of unintegrated HIV -1 DNA can occur 

prior to its integration. These data define a novel mechanism leading to the 

establishment of the clinically important pool of l atently HIV -1 infected cells observed in 

vivo. 

4.3 Results 

4.3.1 Loss of the SMC5/6 complex rescues the replication of integrase 
deficient HIV-1  

To identify cellular factors that inhibit the transcription of unintegrated HIV -1 

proviral DNA, we performed a  genome wide CRISPR/Cas9 knock out screen (Wang et 
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al., 2014) in the human CD4+ T cell line CEM-SS. We derived a subclone of CEM-SS that 

constitutively expresses the Streptococcus pyogenes Cas9 protein and we then transduced 

these cells with a lentiviral li brary expressing ~80,000 single guide RNAs (sgRNAs) 

targeting 19,114 human genes with 4 sgRNAs each (Doench et al., 2016). Seven days 

later, we infected the CEM-SS cells with a previously described derivative of HIV -1, IN- 

NL -GFPDEnv (Irwan et al., 2020). In this reporter virus, 943bp of the env gene have been 

deleted, the nef gene has been substituted with sequences encoding green fluorescent 

protein (GFP), and integrase (IN) has been inactivated by introduction of the D64V 

mutation (Leavitt et al., 1996). However, this virus retains intact copies of the other six 

viral genes, includin g vpr and tat. At 48 hours post-infection (hpi), cells expressing GFP 

were collected by fluorescence activated cell sorting (FACS). GFP+ cells were then lysed 

and the sgRNAs recovered by PCR and cloned into the same lentiviral vector. After 

three rounds of selection for GFP+ cells, the sgRNAs present were recovered by PCR, 

subjected to deep sequencing and the level of recovery of individual sgRNAs then 

compared to their level in the original starting sgRNA library. As shown in the volcano 

plot in F ig. 12A, we identified 9 sgRNAs that were enriched >16 fold and had a p value 

<0.0005. The nine recovered sgRNAs included three sgRNAs targeting cell surface 

receptors (LY9, OR52N2 and SSTR2) and one motor protein (MYO1B). These were not 

further analyzed. Of more interest, this analysis also recovered four of the eight known 
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components of the SMC5/6 complex, viz. SMC5, SMC6, SLF1 and NSMCE3, as well as 

the DNA repair protein SWI5 (Fig. 1 2A).  

To confirm the functional relevance of the latter five proteins, as well as the other 

four known SMC5/6 complex components (NSMCE1, 2 and 4 as well as SLF2), we 

partially knocked down each of these proteins by transduction of the Cas9-expressing 

CEM-SS cells with lentiviral vectors expressing two different sgRNAs specif ic for the 

eight SMC5/6 complex components as well as SWI5 (Fig. S1). Knock down of any of the 

eight SMC5/6 complex components substantially enhanced GFP expression from the IN- 

NL -GFPDEnv vector. In contrast, knock down of SWI5 had no detectable effect and 

SWI5 was therefore considered to be a false positive. 
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Figure 12: A Genome -wide CRISPR/Cas Knockout Screen Reveals a Role for the 

SMC5/6 Complex in Silencing Unintegrated HIV -1 DNA.   

(A) Volcano plot of the mean fold change of sgRNAs specific for each gene and their 
FDR-corrected Robust Rank Algorithm (RRA) p-values. Genes with a fold-change > 16 
and p-value <0.0005 are labeled. Members of the SMC5/6 complex are in green. (B) 
Flow cytometry of WT CEM-SS cells, and the indicated clonal knockout cell lines, 2 dpi 



 

 

110 

with an IN- NL-GFP Env reporter virus at an MOI of ~0.3. (C-D) Flow cytometry of (C) 
WT, or (D) ȹSMC5 CEM-SS cells at 2 dpi with IN+ NL-GFPȹEnv reporter virus at an 
MOI of ~0.3. Panels C and D show a representative experiment from three biological 
replicates. (E-H) Time course of the infection of the parental CEM-SS Cas9 cells, or the 
æSMC5 and æSLF2 CEM-SS clones, with IN+ or IN- NL-NLuc. (E) Live cells, (F) virally 
encoded NLuc expression, (G) total HIV-1 DNA, and (H) total HIV-1 RNA expression 
quantified at the indicated dpi. All IN+ HIV-1-infected cultures were dead due to viral 
cytopathicity by 7dpi. DNA and RNA levels were quantified by qPCR and normalized to 
IN+ HIV-1-infected CEM-SS Cas9 cells at 1dpi, which was set to 1. Data shown 
represent the average of three biological replicates with SD indicated. (I-K) The 
indicated cell lines were infected with IN+ and IN- NL-GFP and subjected to ChIP-qPCR 
at 2 dpi to quantify the addition of the activating histone modifications (I) H3Ac and (J) 
H3K4me3, and the repressive histone modification (K) H3K9me3. Average of three 
biological replicates with SD indicated. *** p<0.001 calculated with 2-way ANOVA, 
Sidakôs multipe comparisons test. 

To more fully validate the SMC5/6 comp lex as a key factor blocking gene 

expression from unintegrated HIV -1 DNA, we generated clonal knock out cell lines, in 

CEM-SS T cells, for SMC5, SMC6, NSMCE2, NSMCE4, SLF1 and SLF2. In each case, 

except for NSMCE2, we were able to generate two independent knock out cell lines to 

avoid possible clonal variation. Sequencing of the targeted region in each open reading 

frame (Table S1) confirmed the presence of inactivating frame shift mutations in all 

copies of each gene and we further confirmed that each gene was, in fact, knocked out 

by Western blot analysis (Fig. S2). These clonal SMC5/6 knock out cell lines showed the 

same growth kinetics as the parental CEM-SS cells (Fig. S3A). Infection of each clonal 

knock out cell line using an IN - HIV1 vector, NL -NLucDEnv, in which GFP had been 

replaced with the nano luciferase (NLuc) indicator  (Irwan et al., 2020), revealed a closely 

similar level of partial rescue of NLuc expression fro m unintegrated HIV -1 DNA in 

every clonal cell line (Fig. S3D). Moreover, infection of these CEM-SS-derived knock out 
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clones with the IN - NL -GFPDEnv indicator virus at an MOI of ~0.3 revealed a very 

similar level of GFP+ cells (from 29% to 43% positive, Fig. 12B) to that seen in WT CEM-

SS cells infected with an IN+ form of NL -GFPDEnv (32% positive, Fig. 12C), though the 

IN+ form of NL -GFPDEnv induced a higher mean fluorescence intensity. Of note, 

infection of SͅMC5 CEM-SS cells with the IN+ form of NL -GFPDEnv yielded a 

substantially higher percentage of GFP+ cells when compared to WT CEM-SS cells 

(compare Fig. 12C with Fig. 12D). As HIV -1 proviral integration is known to be 

inefficient, with less than 50% of proviruses actually becoming integrated (Vandegraaff 

et al., 2001), we hypothesize that this increase is due to the transcription of unintegrated 

HIV -1 DNA in these IN+ virus infected cells. As expected, infection of WT CEM -SS cells 

with the IN - NL -GFP virus did not give rise to any detectable GFP+ cells (Fig. 12B). 

   Given that an IN- HIV -1 mutant was able to give rise to levels of viral gene 

expression that, while less than WT virus, were nevertheless substantial (Fig. S3D and 

Fig. 12B), we wondered if cells lacking a functional SMC5/6 complex might be able to 

support a spreading infection by an IN - HIV -1 mutant, D64V (Leavitt et al., 1996), 

performed in the presence of the integrase inhibitor raltegravir  (Pollicita et al., 2014) to 

prevent any revertant m utations. As shown in Figs. 1E to 1H, IN- HIV -1 was indeed able 

ÛÖɯÙÌ×ÓÐÊÈÛÌɯÈÕËɯÚ×ÙÌÈËɯÐÕɯÛÏÌɯͅ2,"ƙɯÈÕËɯͅ2+%ƖɯÊÓÖÕÈÓɯÊÌÓÓɯÓÐÕÌÚȮɯÈÓÉÌÐÛɯÔÖÙÌɯÚÓÖÞÓàɯ

than WT HIV -1. Nevertheless, by 14 days post-infection (dpi), the IN - virus had 
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achieved substantial levels of viral DNA, RNA and protein expression in both the 

ͅ2,"ƙɯÈÕËɯͅ2+%ƖɯÊÓÖÕÈÓɯÊÌÓÓɯÓÐÕÌȮɯÍÈÙɯÏÐÎÏÌÙɯÛÏÈÕɯÛÏÌɯÓÌÝÌÓÚɯÚÌÌÕɯÐÕɯ63ɯ"$,-SS cells 

(Fig. 12F through H). The ability of IN - HIV -1 to mount a spreading infection in cells 

lacking a functional SMC5/6 complex was further demonstrated by the death of the 

entire culture as a result of viral cytopathicity by 16 dpi (Fig. 1 2E). Importantly, as 14dpi, 

DNA sequencing confirmed that the D64V IN mutation was fully retained.  Moreover, 

while 2LTR circles, characteristic of unintegrated HIV -1 DNA, were detected in cultures 

infected by both IN+ and IN - virus, integrated HIV -1, detected by Alu-qPCR (Brussel et 

al., 2005), was only present in the former (Figs. S3B-C). Thus, while the replication of IN - 

HIV -1 in cells lacking the SMC5/6 complex is certainly slower than seen with WT HIV -1 

in the presence or absence of SMC5/6, it is remarkable that an IN- HIV -1 mutant can 

replicate at all. 

4.3.2 Recruitment of the SMC5/6 complex to the HIV-1 LTR induces 
the epigenetic repression of unintegrated HIV-1 DNA 

Previously, the epigenetic repression of transcription from unintegrated HIV -1 

DNA was shown to correlate with the selective recruitment of the repressive histone 

modification H3K9me3 and loss of the activating modifications H3Ac and H3K4me3  

(Geis and Goff, 2019; Irwan et al., 2020). We therefore asked if loss of the intact SMC5/6 

complex would prevent epigenetic silencing. Comparison of WT CEM-SS cells with 

ÌÐÛÏÌÙɯÛÏÌɯͅ2,"ƙɯÖÙɯͅ2+%ƖɯÊÓÖÕÈÓɯÒÕÖÊÒɯÖÜÛɯÊÌÓÓɯÓÐÕÌɯÐÕËÌÌËɯÙÌÝÌÈÓÌËɯÛÏÈÛɯÈËËÐÛÐÖÕɯÖÍɯ
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the positive histone marks H3Ac and H3K4me3 to unintegrated IN - HIV -1 proviral 

DNA occurred at similar levels to what was observed with WT HIV -1 (Figs. 12I and 12J). 

Similarly, addition of the inhibitory H3K9me3 histone mark to unintegrated HIV -1 DNA 

was strongly reduced in cells lacking the SMC5/6 complex (Fig. 12K). In contrast, neither 

the level of total histone H3 bound to the viral LTR (Fig. S4A), no r the level of addition 

of the H3K27me3 modification (Fig. S4B), were appreciably affected by loss of SMC5 or 

SLF2 expression.   

The SMC5/6 complex plays an important role in cellular DNA repair and is 

known to bind DNA  (Aragón, 2018). We therefore next asked if SMC5/6 bound 

unintegrated HIV -1 DNA and, if so, whether binding was random or specific. For this 

purpose, we expressed either FLAG-tagged NSMEC2 or FLAG-Cas9, as a negative 

control, in CEM -SS T cells and then infected the cells with the IN- NL -GFPDEnv reporter 

virus. At 2 dpi, we lysed the infected cells and performed ChIP -seq Cut&Run assays 

(Skene and Henikoff, 2017) using either a FLAG-specific antibody, or IgG as a control. 

This experiment revealed substantial, specific binding of FLAG -NSMCE2 to 

unintegrated HIV -1 DNA (Fig. S4C). While we could detect NSMCE2 binding across the 

entire length of the proviral DNA,  binding appeared to  be concentrated in the viral LTR 

region, which contains the HIV -1 enhancer and promoter. However, this preferential 

effect did not achieve statistical significance. 
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Though the HIV-1 Vpr protein has been reported to enhance gene expression 

from unintegrated HIV-1 DNA (Dupont et al., 2021; Poon and Chen, 2003) and degrade 

the SMC5/6 component SLF-2 (Dupont et al., 2021), we have previously reported that 

Vpr overexpression does not enhance gene expression from IN- HIV-1 (Irwan et al., 

2020) and WT Vpr+ viruses are strongly inhibited by integrase inhibitors(Smith et al., 

2021). To test the effect of Vpr on unintegrated viral gene expression, we infected WT or 

ȹSMC5 CEM-SS cells with the IN- NL-GFPDEnv virus +/-Vpr and saw no discernable 

difference (Fig. S5).  

4.3.3 SUMOylation of chromatinized unintegrated HIV-1 DNA is 
required for epigenetic silencing 

The NSMCE2 component of the SMC5/6 complex is a SUMO E3 ligase (Andrews 

et al., 2005; Zhao and Blobel, 2005) and SMC5/6 is known to SUMOylate a wide r ange of 

protein substrates, including itself (Aragón, 2018). Moreover, SUMOylation by the 

SMC5/6 complex, which is stimulated by DNA binding  (Varejão et al., 2018), has been 

shown to play an important role in DNA repair and recombination mediated by SMC5/6  

(Aragón, 2018). Finally, several chromatin components, including histone H4, are subject 

to SUMOylation and histone SUMOylation has been reported to exert a repressive effect 

on gene expression (Ryu and Hochstrasser, 2021; Shiio and Eisenman, 2003). We 

therefore wondered if chromatin SUMOylation by SMC5/6 might play a role in the 

epigenetic silencing of unintegrated HIV -1 DNA. For this purpose, we generated a 

clonal CEM-SS cell line in which the NSMCE2 component of SMC5/6 was knocked out 
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using CRISPR/Cas, as confirmed both by DNA sequencing (Table S1) and Western blot 

(Fig. S2). 

 

Figure 13: SUMOylation of chromatinized unintegrated HIV -1 DNA by the E3 SUMO 

Ligase NSMCE2 Triggers Epigenetic Silencing.   

(A) Flow cytometry at 2 dpi of WT or æNSMCE CEM-SS T cells transduced with a 
lentiviral vector expressing nothing, FLAG-NSMCE2, or the FLAG-NSMCE2æSUMO 

mutant and then infected with IN- NL-GFPDEnv at an MOI of ~0.3. Shown is a 
representative experiment from three biological replicates. (B) Quantification of virally 

encoded NLuc expression in the indicated cells infected with IN+ or IN- NL-NLucDEnv. 
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NLuc expression was normalized to the IN- HIV-1 infection of WT CEM-SS cells, which 
was set to 1. (C) Representative Western blot of FLAG-tagged WT FLAG-NSMCE and 
the NSMCE2æSUMO expression after transduction of the indicated cell types. (D) ChIP-
qPCR quantification of the level of bound, ectopically expressed FLAG-tagged NSMCE2 
or endogenous SMC5 to unintegrated IN- HIV-1 DNA in WT or æNSMCE CEM-SS T-
cells. SUMO2/3 deposition was also determined by ChIP-qPCR. (E) Quantification of the 
level of SUMO2/3 deposition on the HIV-1 LTR at 2 dpi in WT and æSMC5 CEM-SS cells 

infected with IN- NL-GFPDEnv. IgG served as the negative control. Data shown in 
panels B, D and E represent the average of three biological replicates with SD indicated. 
**p<0.01, *** p<0.001, (2-way ANOVA, Sidakôs test). 

As expected, loss of NSMCE2 expression strongly boosted GFP expression from 

the IN - NL -GFPDEnv virus and this rescue was blocked upon ectopic expression of a 

WT NSMCE2 cDNA (Fig. 13 Ⱥȭɯ'ÖÞÌÝÌÙȮɯÌß×ÙÌÚÚÐÖÕɯÖÍɯÛÏÌɯ-2,"$Ɩͅ24,.ɯÔÜÛÈÕÛȮɯ

which lacks SUMOylation activity due to introduction of the previously described 

C185S/H187Q mutation into the essential RING finger domain of NSMCE2  (Jacome et 

al., 2015), failed to inhibit GFP expression from unintegrated HIV -1 DNA (Fig. 13A). A 

similar result was observed with the IN - NL -NLucDEnv reporter virus in that loss of 

-2,"$ƖɯÌß×ÙÌÚÚÐÖÕȮɯÐÕɯÛÏÌɯͅ-2,"$ƖɯÊÓÖÕÌȮɯÙÌÚÊÜÌËɯ-+ÜÊɯÌß×ÙÌÚÚÐÖÕɯÍÙÖÔɯ

unintegrated HIV -1 DNA and this rescue could then be blocked by ectopic expression of 

63ɯ-2,"$ƖɯÉÜÛɯÕÖÛɯÉàɯÌß×ÙÌÚÚÐÖÕɯÖÍɯÛÏÌɯ-2,"$Ɩͅ24,.ɯÔÜÛÈÕÛɯȹ%ÐÎȭɯ13B). This 

ÙÌÚÜÓÛɯÞÈÚɯÕÖÛɯËÜÌɯÛÖɯÐÕÚÛÈÉÐÓÐÛàɯÖÍɯÛÏÌɯ-2,"$Ɩͅ24,.ɯÔÜÛÈÕÛȮɯÈÚɯÊÖÕÍÐÙÔÌËɯÉàɯ

Western blot (Fig. 13"Ⱥȭɯ,ÖÙÌÖÝÌÙȮɯÉÖÛÏɯÛÏÌɯ63ɯÈÕËɯÛÏÌɯͅ24,.ɯÍÖÙÔÚɯÖÍɯ-2,"$Ɩɯ

were able to bind unintegrated HIV -1 DNA and loss of NSMCE2 expression did not 

inhibit the recruitment of the SMC5 component of the SMC5/6 complex to viral DNA 

(Fig. 13D).  
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To more directly confirm t hat the SMC5/6 complex indeed SUMOylates 

unintegrated, chromatinized HIV -1 DNA, we performed ChIP -PCR using an antibody 

specific for SUMO2/3 in WT CEM-22ɯÊÌÓÓÚȮɯÈÕËɯÛÏÌɯͅ2,"ƙɯÊÓÖÕÈÓɯËÌÙÐÝÈÛÐÝÌȮɯÈÛɯƖË×Ðɯ

with IN - NL -GFP. As may be observed, we readily detected the SUMO modification on 

unintegrated chromatinized HIV -1 DNA in WT cells, but not in cells lacking either 

NSMCE2 or SMC5, which showed background levels of antibody binding (Fig. 13D, E). 
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4.3.4 SUMOylation is required for the initiation, but not maintenance, 
of epigenetic silencing of unintegrated HIV-1 DNA 

 

Figure 14: Deposition of SUMO at the HIV -1 LTR is Required for the Initiation, but 

Not Maintenance, of Epigenetic Silencing.   

(A) Viral NLuc expression at 2 dpi in WT and æSMC5 CEM-SS cells infected with IN-NL-
NLucȹEnv and treated with the indicated concentrations of TAK-981 from day 0. (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 +/- 150nM of TAK-981, 
measured at 2 dpi. RNA levels were normalized to WT HIV-1 infections absent TAK-981, 
which were set to 1. (C) Viral NLuc expression at 3dpi in WT and æSMC5 CEM-SS cells 
infected with IN- NL-NLucȹEnv, with 150nM TAK-981 added at the indicated time points. 
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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 (D) SUMO2/3, (E) H3Ac and 
(F) H3K9me3, deposited on the HIV-1 LTR at 3dpi. 150nM TAK-981 was added at the 
indicated times post-infection. Data shown in panels A through F represent the average 
of three biological replicates with SD indicated. p-values in (A-B) were calculated with a 
2-tailed unpaired t-test, Holm-Sidak multiple comparisons correction. p-values (D-F) 
were calculated from a 2-way ANOVA, Tukeyôs test. *** p<0.001, ** p<0.01. 

If chromatin SUMOylation is a critical step in the epigenetic silencing of 

unintegrated HIV -1 DNA, then a drug that inhibits SUMOylation should res cue gene 

expression by IN- HIV -1. Recently, a novel anti-cancer drug, TAK-981, was described 

that functions as a highly specific inhibitor of SUMO -activating enzyme (SAE), the 

protein that catalyzes the first step in the enzymatic pathway that leads to pro tein 

SUMOylation  (Langston et al., 2021), yet TAK-981 was reported to show low toxicity 

both in vitro and in vivo. We therefore initially performed a TAK -981 dose response 

experiment in WT CEM -22ɯÊÌÓÓÚȮɯÈÚɯÞÌÓÓɯÈÚɯÐÕɯÛÏÌɯͅ2,"ƙ clone, after infection with the 

IN - NL -NLucDEnv reporter virus. Vario us levels of TAK-981, from 5 nM to 1000 nM, 

were added at the time of infection and the cells were then lysed and NLuc levels 

quantified at 2dpi. TAK -981 indeed strongly boosted NLuc expression from 

unintegrated HIV -1 DNA, reaching a plateau at ~75nM, where the level of NLuc 

expression from the IN - NL -NLucDEnv vector in WT cells became equal to the level 

ÐÕËÜÊÌËɯÐÕɯͅ2,"ƙɯÊÌÓÓÚ (Fig. 14A) . Importantly, TAK -981 had no detectable effect on 

gene expression from the unintegrated IN- NL -NLucD$ÕÝɯÙÌ×ÖÙÛÌÙɯÐÕɯͅ2,"ƙ cells 

lacking a functional SMC5/6 complex at all doses tested, thus arguing that the positive 
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effect of TAK-981 on gene expression from unintegrated HIV-1 DNA in WT CEM -SS 

cells is entirely due to the inhibition of SMC5/6 complex function.  

To more systematically address the effect of TAK-981 on HIV-1 gene expression, 

we used qRT-PCR to quantify the level of unspliced, singly -spliced and fully spliced 

HIV -1 transcripts in WT CEM-SS T cells infected with WT or IN- HIV -1 in the presence 

or absence of 150 nM TAK -981. As may be observed (Fig. 14B), TAK-981 had only a 

modest positive effect on the expression of viral RNA species by WT HIV -1 yet strongly 

boosted the expression of all three classes of viral RNA from IN- HIV -1. 

We next asked if the time of addition of TAK -981 would exert a differential effect 

on viral gene expression from unintegrated HIV -1 DNA. For this purpose, we infected 

63ɯÖÙɯͅ2,"ƙɯ"$,-SS cells with IN- NL -NLuc DEnv and then added TAK -981 at 

different time points from 0 to 48 hpi (Fig. 14C). At 72 hpi the cells were lysed and NLuc 

activity determined. As expected, addition of TAK -981 at 0 hpi rescued NLuc expression 

from the IN - NL -NLucD$ÕÝɯÙÌ×ÖÙÛÌÙɯÝÐÙÜÚɯÛÖɯÛÏÌɯÓÌÝÌÓɯÚÌÌÕɯÐÕɯÛÏÌɯͅ2,"ƙɯÊÌÓÓɯÓÐÕÌɯÈÕËɯ

this remained true until 24 hpi. However, rescu e of NLuc expression by TAK-981 

addition was much weaker by 36 hpi and was undetectable at 48 hpi. To address 

whether addition of TAK -981 indeed inhibited SUMOylation of unintegrated 

chromatinized HIV -1 DNA, we performed ChIP -PCR at 3dpi looking at the level of 

SUMO present on the viral LTR in WT CEM -SS cells, in the presence and absence of 150 
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nM TAK -ƝƜƕȮɯÈÕËɯÐÕɯÛÏÌɯͅ2,"ƙɯÊÓÖÕÌȮɯÈÛɯƗË×ÐɯÈÍÛÌÙɯÐÕÍÌÊÛÐÖÕɯÞÐÛÏɯ(-- NL -NLuc DEnv. 

Of interest, TAK -981 addition resulted in the loss of the SUMO modification from 

unintegrated HIV -1 DNA whether the drug was added early or late after infection (Fig. 

14D). Thus, even though TAK -981 is ineffective at rescuing gene expression from 

unintegrated HIV -1 DNA if added at 36 hpi or later (Fig. 14C), it remains equally 

effective at preventing the maintenance of the highly dynamic SUMO modification on 

viral DNA (Fig. 14D). We conclude that SUMOylation by the SMC5/6 complex is 

required to trigger epigenetic silencing of unintegrated HIV -1 proviral DNA but is not 

required to maintai n the silenced state. This hypothesis was further validated by ChIP-

qPCR analysis of the epigenetic marks present on unintegrated viral DNA in the 

presence and absence of TAK-981 (Fig. 14E and F). Thus, addition of 150nM TAK-981 at 

16 hpi or 24 hpi fully r escued the addition of the activating H3Ac epigenetic mark to 

unintegrated chromatinized HIV -1 DNA, and blocked addition of the repressive 

H3K9me3 mark. In contrast, by 36 hpi, addition of TAK -981 is almost entirely ineffective 

at reversing the epigenetic silencing of unintegrated HIV -1 DNA, as measured by 

analysis of both H3Ac and H3K9me3 addition.  Thus, while TAK -981 can prevent the 

establishment of latent infections by HIV -1, if applied early after infection, it has no 

effect on gene expression from pre-existing latent HIV -1proviruses and therefore does 

not function as a latency reversing agent (LRA). This is clearly shown in Fig. S6A, where 
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addition of TAK -981 at 24hpi rescues viral gene expression after infection with IN- HIV -

1 while addition at 48hpi h as no effect. In contrast, the potent LRA phorbol myristate 

acetate (PMA) (Jordan et al., 2003) rescues gene expression from IN- HIV -1 equally well 

when added at both 24hpi and 48hpi.  

4.3.5 Epigenetic silencing of unintegrated HIV-1 DNA can precede the 
formation of integrated, latent HIV-1 proviruses 

CEM-SS Cell Line  

It was recently proposed that infection with integration -competent HIV -1 could 

generate HIV-1 proviruses that had been epigenetically silenced prior to integration and 

then remained silenced post-integration, thus generating a population of latently 

infected T cells (Geis et al., 2022). If this hypothesis is correct, then inhibiting the 

silencing of unintegrated HIV -1 DNA by SMC5/6 might also inhibit the formation of 

latently infected T cells. To test this hypothesis, we initially asked if loss of SMC5/6 

expression, or treatment with TAK -981 immediately after HIV -1 infection, would inhibit 

the establishment of latent HIV -1 infections in the CD4+ T cell line CEM-SS. The assay 

used (Jordan et al., 2003) involves the infection of wild type (WT) or ͅ2,"ƙɯCEM-SS 

cells with the IN+ NL -GFPDEnv indicator virus, in the presence or absence of TAK-981, 

at an MOI 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, isolated. As expected, the 

resultant FACS profiles again showed a higher level of GFP+ cells in the WT CEM-SS 
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treated with TAK -981 at 0dpi and in the ͅ2,"ƙɯCEM-SS regardless of TAK-981 

treatment (Fig. S6C), presumably again resulting, at least in part, from the transcription 

of the unintegrated HIV -1 DNA present in cells infected with the IN+  NL -GFPDEnv 

indicator virus,  The isolated GFP negative cells were cultured for an additional 6 days 

and then treated with the DMSO diluent, as a control, or with TAK -981, PMA or with 

tumor necrosis factor alpha (TNF-a). Both PMA and TNF-a are potent activators of NF-

kB activity and t herefore act as highly effective LRAs (Jordan et al., 2003; Osborn et al., 

1989). One day later, at 10dpi, the cells were again analyzed by flow cytometry with a 

representative experiment shown in Fig. 15A and a compilation of three independent 

biological replicates shown in Fig. 15B. Importantly, all unintegrated HIV -1 DNA is lost 

from infected CEM -SS cells by 7dpi (Fig. S6B), so any GFP expression seen at 10dpi must 

originate from integrated proviruses . 
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Figure 15: Loss of SUMOylation by the SMC5/6 complex inhibits the establishment of 

HIV -1 latency in CD4+ T cells .  
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WT or ȹSMC5 CEM-SS cells were infected with IN+ NL-GFPȹEnv +/-TAK-981. At 3dpi, 
GFP- cells were isolated by FACS (see Fig. S6A for the relevant FACS profiles) and the 
cells then cultured for an additional 6 days, to allow all unintegrated HIV-1 DNA to be 
lost (Fig. S6B), before being either treated with diluent (DMSO), with TAK-981 or with 
the LRAs PMA or TNF-Ŭ. One day later, the cells were analyzed by FACS for GFP 
expression. Representative FACS profiles are shown in panel A while a summation of 
data derived from three biological replicates, with SD indicated, is shown in panel B. *** 
p<0.001 calculated with a 2-way ANOVA, Tukeyôs multiple comparisons test. 

As may be observed, in WT CEM-SS cells, PMA and TNF-a both induce GFP 

expression in ~5% of the sorted GFP-negative cells, while the level of GFP+ cells in the 

DMSO control culture was ~0.3% (Figs. 15A and B), a difference that was highly 

significant (p<0.001). In contrast, PMA or TNF-a treatment at 9dpi failed to induce GFP 

expression above background from integrated IN+ NL -GFPDEnv indicat or viruses in 

WT CEM-SS cells treated at 0dpi with TAK-981, or in the ͅ2,"ƙ CEM-SS clone either in 

the absence or presence of TAK-981 treatment at 0dpi (Figs. 15A and B), even though the 

initial infection of these cells, as measured by GFP expression from transcriptionally 

active viruses, was actually higher than seen in the WT CEM-SS culture (Fig. S6C). These 

data therefore argue that the establishment of latent HIV-1 infections in CEM-SS T cells 

is inhibited by >90% in the absence of SMC5/6 function. 

If epigenetic silencing of unintegrated HIV -1 DNA can lead to the establishment 

of latent infections, then delaying integration might increase the number of latent 

infections. To test this idea, we infected WT CEM-SS cells with the IN + form of the NL -

GFPDEnv indicator virus in the presence or absence of the integrase inhibitor raltegravir. 

The drug was washed out at 2dpi and GFP- cells isolated by FACS at 5dpi. The cells 
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were then treated with diluent, PMA or TNF -a at 11dpi and analyzed by FACS at 12dpi. 

Treatment with raltegravir from 0 to 2dpi indeed increased the percentage of cells that 

expressed GFP after treatment with either PMA or TNF-a, even though the number of 

GFP+, that is productive, infections detected at 5dpi was similar (Fig. S7). Thus 

prolonging the period of time between proviral DNA synthesis and integration 

significantly (p<0.001) increases the number of latent, integrated proviruses that can then 

be activated by an LRA. These data demonstrate that HIV-1 latency can indeed be 

established prior to proviral integration.  

Primary CD4+ T cells  

To test the hypothesis that SMC5/6 contributes to the establishment of viral 

latency in an even more relevant cellular system, primary human  T cells, we first asked 

whether TAK -981 was also able to rescue gene expression from unintegrated HIV-1 

DNA in infected  CD4+ T cells isolated from peripheral blood mononuclear cells 

(PBMCs). As shown in Fig. 16A, we observed a highly significant, albeit partial, rescue 

of NLuc expression from the IN - NL -NLucDEnv reporter virus in these primary cells.  
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Figure 16: Epigenetic silencing of unintegrated, yet integration competent, HIV -1 

proviruses can lead to latent infections.  

(A) CD4+ T cells isolated from donated blood were infected with IN+ or IN- NL-
NLucȹEnv in the presence of 150nM TAK-981 in DMSO, or with only DMSO, at 0 hpi. 
The cells were harvested at 48 hpi, lysed and NLuc levels determined. Average of three 
biological replicates with SD indicated. ** p<0.01 calculated with a 2 tailed unpaired t-
test. (B) CD4+ T cells were infected with a replication defective, GFP/mCherry dual color 
reporter virus at a low MOI of ~0.05 in the presence of DMSO or 150nM TAK-981 added 
at infection, or with 150nM TAK-981 or 80nM PMA added at 6dpi. The number of GFP 
and mCherry expressing cells was then determined at 7 dpi by flow cytometry. (C-E) 
Data from 5 independent primary CD4+ T cell infections carried out as in (B) showing the 
percentage of (C) GFP+mCherry+, (D) GFP-mCherry+, or (E) GFP-mCherry- cells at 
7dpi in the presence and absence of TAK-981 added at 0dpi. Individual experiments 
using the same T cell samples, +/- TAK-981, are linked by lines.  (F) Statistical analysis 
using a 2 tailed ratio paired t-test of the data shown in panels C through E. 
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Next, we asked if TAK -981 could indeed inhibit the establishment of latent HIV -1 

infections in  primary CD4+ T cells using an alternative, second assay for HIV-1 latency 

that uses a dual -color reporter virus  (Chavez et al., 2015; Dahabieh et al., 2013). In these 

HIV -1 viruses, GFP is expressed under the control of the viral LTR, which is silenced in 

latently infected cells, while mCherry is expressed under the control of the exogenous 

EF1-ϔɯ×ÙÖÔÖÛÌÙȮɯÞÏÐÊÏɯÐÚɯÔÖÙÌɯÙÌÚÐÚÛÈÕÛɯÛÖɯÌ×ÐÎÌÕÌÛÐÊɯÚÐÓÌÕÊÐÕÎȭɯ(ÕÍÌÊÛÐÖÕɯÖÍɯ3ɯÊÌÓÓÚɯÞÐÛÏɯ

a dual-color HIV -1 reporter generates cells that are both GFP+ and mCherry+, 

representing productive infections, and cells that are GFP- but mCherry+, representing a 

subset of latent infections. We therefore asked if addition of TAK -981 at 0 dpi, but not at 

6 dpi, to cells infected with the IN+ dual -color reporter virus would affect the level of 

GFP-mCherry+ cells at 7dpi, which is the earliest time point when all unintegrated HIV -

1 DNA would have been lost (Fig. S8A). 

In fact, we observed a consistent reduction in the number of latently infected, 

GFP-mCherry+ primary T cells when TAK-981 was added at 0 dpi (from 2.11% to 0.79% 

in Fig. 16B), but we saw no significant effect on the level of GFP-mCherry+ cells when it 

was added at 6 dpi, as predicted (Figs. 16B, see also Fig. S8C). We also saw the expected, 

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. 16B), representing productive 
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infections. Again, this increase was essentially lost when TAK-981 was added at 6 dpi 

(Fig. 16B, see also Fig. S8C).  

As shown in Figs. 5C through E, which present data compiled from five 

independent biological replicates that used primary CD4+ T cells obtained from five 

different blood donors, we saw a consistent increase in the number of GFP+ mCherry+ T 

cells (Fig. 16C), and a consistent decrease in the number of GFP-mCherry+ cells (Fig. 

16D) in every experiment analyzed. Overall, addition of TAK -981 at 0dpi 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. 16F). We noted that the increase in GFP+ mCherry+ cells appeared to 

derive 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 0dpi (Figs. 16E and F, overall ratio 0.98+/-0.006, p=0.047). Therefore, TAK-981 

treatment at 0dpi appears to also inhibit the generation of cells in whic h both the LTR 

and EF1-ϔɯ×ÙÖÔÖÛÌÙɯÈÙÌɯÌ×ÐÎÌÕÌÛÐÊÈÓÓàɯÚÐÓÌÕÊÌËȭɯ 

Of interest, the addition of PMA at 6 dpi resulted in a pattern of GFP and 

mCherry expression essentially identical to the pattern seen when TAK -981 was added 

at 0 dpi (Fig. 16B), thus again implying that the latent infections blocked by inhibition of 

SMC5/6-dependent SUMOylation of chromatinized HIV -1 proviruses prior to 
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integration are approximately numerically equal, and likel y identical, to the latent 

proviruses activated by PMA treatment. Indeed, the addition of TAK -981 at the time of 

infection , or PMA at 6dpi , showed similar patterns of mCherry and GFP expression 

across multiple biological replicates with no statistically significant difference between 

them (Fig. S8B). 

Overall, these data indicate that unintegrated, but integration -competent, HIV -1 

proviruses, that have been epigenetically silenced early after infection by the SMC5/6 

complex, can subsequently integrate and thus represent precursors to a substantial 

subset of the integrated, latent proviruses observed in vivo. 

4.4 Discussion 

While current antiretroviral therapies (ART) are able to drive the HIV -1 viral 

load present in AIDS patients to below the level of detection, these drugs fail to cure the 

disease. The reason for this is the continued presence of a small number of latently 

infected T cells that contain integrated, fully intact HIV -1 proviruses that are 

transcriptionally inert yet can be activated by external stimuli, such as a cognate antigen, 

and thus rekindle viral replication  (Siliciano and Greene, 2011). While there has been 

considerable effort expended on trying to develop latency reversing agents (LRAs) that 

can globally transcriptionally activate latent HIV -1 and, in the presence of ART, clear the 
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body of infectious virus, this effort has so  far failed to identify LRAs that are both 

effective and non-toxic.  

The latent reservoir has traditionally been attributed to activated T cells that are 

infected by HIV -1 coincident with their reversion back to resting memory T cells  

(Siliciano and Greene, 2011). However, HIV -1 latency can be established in both CD4 T 

cell lines and activated T cells in vitro(Dahabieh et al., 2013; Jordan et al., 2003) indicat ing 

that this is certainly not the only possible mechanism.  In fact, most of the latent reservoir 

in patients undergoing ART is maintained th rough clonal expansion (Bui et al., 2017; 

Hosmane et al., 2017; Lorenzi et al., 2016; Reeves et al., 2018) with many latent cells 

expressing proliferation markers HLA -DR (Horsburgh et al., 2020; Lee et al., 2019), 

CD25(Tran et al., 2008), and CD69 (Cantero-Pérez et al., 2019). Thus, repression of HIV-1 

gene expression in latency is not just the result of the quiescent state of resting memory 

T cells. Latency has also been proposed to result from the integration of incoming HIV -1 

proviruses into regions of heterochromatin, resulting in their epigenetic silencing (Jordan 

et al., 2001). Yet analysis of individual latent HIV -1 integration sites in patients 

undergoing long -term ART has shown that most of the intact, full -length HIV -1 

proviruses are integrated into actively transcribed genes(Artesi et al., 2021; Cole et al., 

2022; Einkauf et al., 2019; Han et al., 2004; Huang et al., 2021). Overall,  the mechanism(s) 
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underlying the establishment of HIV -1 latency has therefore remained unclear and 

cellular factors that promote viral latency largely undef ined.  

Here, we show that the human SMC5/6 complex epigenetically silences 

unintegrated HIV -1 DNA by inducing the SUMOylation of chromatinized, unintegrated 

HIV -1 DNA. As a result, loss of SMC5/6 expression, or inhibition of chromatin 

SUMOylation using the  inhibitor TAK -981, rescues gene expression from unintegrated 

HIV -1 DNA and even allows IN - HIV -1 to establish a spreading infection in cultured T 

cells (Fig. 12). More importantly, we also show that loss of SMC5/6 expression, or 

treatment with TAK -981, strongly inhibits the establishment of HIV -1 latency in both the 

CEM-SS T cell line and in primary CD4+ T cells (Figs. 15 and 16). Our data therefore 

demonstrate that a key mechanism underlying the initiation of HIV -1 latency is the 

epigenetic silencing by SMC5/6 of unintegrated proviruses that then go on to integrate 

into the host genome while retaining their pre -existing inhibitory epigenetic marks. 

These data identify the human SMC5/6 complex as the first cellular factor directly 

involved in promoting the establishment of HIV -1 latency. 

While the key result reported here is the definition of a mechanism promoting 

the epigenetic silencing of integrated HIV -1 DNA, the initial goal was instead to identify 

the cellular factors that promote the epigenetic silencing on unintegrated HIV -1 

proviruses. For this purpose, we performed an unbiased genetic screen of essentially the 
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entire human proteome to identify factors required for the silencing of unintegrated 

HIV -1 DNA and report that all eight components of the SM C5/6 complex, including 

SLF1, play a key role in this process (Figs. 12B and S3). Indeed, in the absence of SMC5/6 

complex function, we found that an IN - HIV -1 mutant is able to replicate as an episome 

and mount a spreading, cytopathic infection in culture d T cells (Fig. 12E to H). As 

expected, loss of SMC5/6 function also resulted in the loss of inhibitory epigenetic 

marks, such as H3K9me3, and the deposition of activating epigenetic marks, including 

H3Ac and H3K4me3, on unintegrated HIV -1 DNA (Fig. 12I to K)). While our screen 

therefore confirmed a report identifying the SMC5/6 complex as involved in  the 

epigenetic silencing of unintegrated HIV -1 proviruses(Dupont et al., 2021), we failed to 

recover two other factors, CHAF1A and 1B, that were recently identified as also 

important for this process (Geis et al., 2022).  

Because the NSMCE2 component of the SMC5/6 complex is known to function as 

a SUMO E3 ligase(Andrews et al., 2005; Zhao and Blobel, 2005), and histone 

SUMOylation has been associated with transcriptional repression(Ryu and 

Hochstrasser, 2021; Shiio and Eisenman, 2003), we next asked if SUMOylation of 

chromatinized, unintegrated HIV -1 DNA was detectable and, if so, whether this was 

mediated by SMC5/6. In fact, SUMOylation of unintegrated HIV -1 proviral DNA was 

not only readily d etectable but also critical for its epigenetic silencing, as shown both by 
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targeted mutagenesis of the RING finger domain of NSMCE2, which is essential for 

SUMOylation activity (Fig. 13), and also by the fact that the SUMOylation inhibitor 

TAK -981 effectively rescues transcription from unintegrated HIV -1 DNA (Fig. 14). 

Importantly, while TAK -981 rescued gene expression from unintegrated HIV-1 DNA in 

infected wild type T cells, it had no detectable effect in infected cells lacking a functional 

SMC5/6 complex (Fig. 14), thus identifying SUMOylation by SMC5/6 as the only 

relevant drug target in this context. Using TAK -981, we were further able to demonstrate 

that SUMOylation by SMC5/6 was essential to initiate the epigenetic silencing of 

unintegrated HIV -1 DNA , yet was dispensable for the maintenance of epigenetic 

silencing (Fig. 14). Thus, the addition of TAK -981 to T cell cultures no longer rescues 

transcription from unintegrated HIV -1 DNA if it is added after 36 hpi, even though it 

still inhibits the retentio n of SUMO modifications on viral chromatin (Fig s. 14C, D). 

Overall, these data are consistent with the hypothesis that the SMC5/6 complex 

somehow recognizes episomal viral DNA, including not only HIV -1 but also HBV 

DNA (Decorsière et al., 2016; Murphy et al., 2016), then binds that DNA directly and 

induces the SUMOylation of bound chromatin. This in turn recruits factors that 

epigenetically silence the viral DNA, at which point both the SMC5/6 complex and the 

SUMO modification become dis pensable. 
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While the finding that SUMOylation of unintegrated HIV -1 DNA by the SMC5/6 

complex is certainly novel, the most important findings reported here are data 

supporting the hypothesis that the formation of integrated, latent HIV -1 proviruses in T 

cells can result from the epigenetic silencing of integration -competent HIV -1 DNA, prior 

to integration, by the SMC5/6 complex. As shown in Fig. 15, loss of SMC5/6 complex 

function, either due to ablation of SMC5 expression or due to treatment with TAK -981, 

inhibits the establishment of HIV -1 latency by IN+ HIV -1 by >90% in the CEM-SS T cell 

line. Similarly, treatment with  TAK -981 also inhibits the establishment of latent HIV -1 

infections in primary human  CD4+ T cells when they are infected with  IN+ HIV -1, albeit 

by a more modest ~2-fold (Fig. 16). Specifically, using the well characterized two color 

indicator virus system for the detection of latently HIV -1-infected cells(Chavez et al., 

2015; Dahabieh et al., 2013), we show that addition of TAK -981 at 0dpi, but not at 6dpi, 

significantly  reduces the percentage of latently infected T cells, detected by FACS as 

GFP-mCherry+ cells, while substantially increasing the population of productively HIV -

1 infected cells, which are detected as GFP+ mCherry+ cells. This effect is not only highly 

reproducible (Figs. 16C and D) but also highly statistically significant (Fig. 16F). Our 

data thus imply  that the establishment of many, and probably most,  latent HIV -1 

infections in T cells, which is the key factor preventing the complete cure of HIV -1 

infected individuals by ART, results not from any intrinsic pro perties of the incoming 
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retrovirus but rather is due to an unfortunate side effect of a cellular innate immune 

response that likely  evolved to silence invasive foreign DNA.  

One issue that merits discussion is that both the assays used here to quantify the 

level of latent HIV -1 infection in vitro detect unexpectedly high levels of HIV -1 latency. 

The first of these two distinct assays involves the infection of CEM-SS T cells with an 

indicator virus in which the Nef open reading frame has been substituted with  GFP, 

followed by isolation of GFP - cells at 3dpi. These GFP- cells are then treated with an 

LRA at 9dpi and GFP+ cells, which are defined as latently infected by their lack of GFP 

expression prior to LRA treatment, quantified by FACS at 10dpi (Fig. 15). While this 

analysis detected ~5% GFP+ cells at 10dpi after LRA treatment, defined as originally 

latently HIV -1 infected cells, this is in fact only modestly higher than the ~1.9% latent 

infections previously reported using this assay in the Jurkat T cell li ne(Jordan et al., 

2003). Similarly, using a two color indicator virus assay approach, we observed that 

~30% of infected cells displayed the GFP-mCherry+ pattern characteristic of latent 

infection by HI V-1 (Fig. 16). In fact, a previous analysis of latency establishment, using a 

very similar two -color indicator virus, also reported a high, ~50%, level of latent 

infection  (Dahabieh et al., 2013). While these earlier data suggest that currently available 

assays to quantify the establishment of HIV-1 latency in vitro are imperfect, it is 

important to note that two different assays performed in two different T cell contexts 
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both strongly support a role for the SMC5/6 complex in the establishment of latent HIV -

1 infections. 
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4.5 Materials and Methods 

4.5.1 Key Resources Table 

REAGENT or RESOURCE SOURCE IDENTIFIER 

Antibodies  

Mouse anti-CD28/CD49d BD Biosciences 347690; 

RRID:AB_647457 

Rabbit anti-SMC5 Invitrogen  PA5-115931; 

RRID:AB_2900565 

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 
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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 

Bacterial and virus strains  

HIV -1 NL-NLuc (IN+/ -) (Mefferd et al., 

2018) 

N/A  

HIV -1 NL-NLuc Denv (IN+/ -) This paper N/A  

HIV -1 NL-GFPDenv (IN+/ -) This paper N/A  

HIV -1 NL-DC Denv (IN+) This paper N/A  

Endura Electrocompetent 

Cells 

Lucigen 60242-1 

#'ƙϔɯ"ÖÔ×ÌÛÌÕÛɯ"ÌÓÓÚ NEB C2988J 

Biological samples   

Healthy Human Blood  Gulf Coast 

Regional Blood 

Center 

N/A  

Chemicals, peptides, and recombinant proteins 

#ÜÓÉÌÊÊÖɀÚɯÔÖËÐÍÐÌËɯ$ÈÎÓÌɀÚɯ

Medium (DMEM)  

Sigma D6429 

Roswell Park Memorial 

Institute (RPMI) Medium  

Sigma R8758 
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Antibiotic Antimycotic  Gibco 15240-062 

Fetal Bovine Serum Hyclone SH30396 

PEI Polysciences 23966-2 

Blasticidin  Santa Cruz sc-495389 

Puromycin  Gemini Bio-

Products 

400-128P 

Histopaque Sigma-Aldrich  10771 

Phytohemagglutinin  Sigma-Aldrich  11082132001 

DpnI  NEB R0176S 

DNAseI  NEB M0303Sxma 

NdeI  NEB R0111S 

XmaI NEB R0180S 

Raltegravir  Sigma-Aldrich  PHR3126 

Trizol  Thermo 15596026 

Formaldehyde  Sigma-Aldrich  252549 

Protein G Dynabeads Thermo 10004D 

Salmon Sperm DNA Thermo 15632011 

Spermidine Sigma S2501 

Complete EDTA Free 

Protease Inhibitor 

Sigma 5056489001 

Concanavalin A Beads Bangs 

Laboratories 

BP531 

Digitonin  EMD Millipore  300410 

pAG -MNase Epicypher 15-1016 

Glycogen Sigma 10930193001 
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RNAseA Thermo EN0531 

Proteinase K Thermo EO0492 

Ampure XP  Beckman Coulter A63880 

TAK -981 MedChemExpress HY-111789 

Phorbol myristate acetate 

(PMA)  

Sigma P8139 

Critical commercial assays 

CD4 Positive Isolation kit  Invitrogen  11331D 

HIV -1 p24 Antigen Capture 

ELISA 

ABL 5421 

Plasmid Maxiprep Kit  Zymo  D4202 

ZymoClean PCR Purification 

Kit  

Zymo  D4008 

Q5 DNA Polymerase NEB M0491S 

Nanoluciferase Assay Kit  Promega N1110 

WesternBright ECL kit  Advansta K-12045-D50 

DNA Miniprep Plus  Zymo  D4068 

High Capacity cDNA 

Reverse Transcriptase Kit 

Applied 

Biosystems 

4368813 

Taqman Universal PCR 

Master Mix  

Applied 

Biosystems 

4324018 

NEBNext Ultra II Library 

Prep Kit  

NEB E7645S 

Deposited data 

Whole Genome Crispr Cas9 

Knockout Data 

This paper NCBI Sequence Read 

Archive (SRA). ID: 

PRJNA813173 
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Cut&Run ChIP Seq 

Sequencing Data 

This paper NCBI Sequence Read 

Archive (SRA). ID: 

PRJNA813164 

Experimental models: Cell lines 

293T ATCC CRL-11268, RRID: 

CVCL_1926 

CEM-SS NIH AIDS 

Reagent  

cat#776, RRID: 

CVCL_J318 

CEM-SS Flag-Cas9 This paper N/A  

CEM-22ɯͅ2,"ƙȭƕɯÊƘ This paper N/A  

CEM-22ɯͅ2,"ƙȭƕɯÊƕƛ This paper N/A  

CEM-22ɯͅ2,"ƚȭƖɯÊƕƔ This paper N/A  

CEM-22ɯͅ2,"ƚȭƖɯÊƕƕ This paper N/A  

CEM-22ɯͅ-2,"$ƖȭƗɯÊƝ This paper N/A  

CEM-22ɯͅ-2,"$ƘȭƘɯÊƖ This paper N/A  

CEM-22ɯͅ-2,"$ƘȭƘɯÊƕƖ This paper N/A  

CEM-22ɯͅ2+%ƕȭƖɯÊƕƘ This paper N/A  

CEM-22ɯͅ2+%ƕȭƘɯÊƘ This paper N/A  

CEM-22ɯͅ2+%ƖȭƕɯÊƕ This paper N/A  

CEM-22ɯͅ2+%ƖȭƖɯÊƘ This paper N/A  

CEM-SS Flag-NSMCE2 This paper N/A  

Oligonucleotides  

Primer sgRNA cloning 

forward:  

TGGACTATCATATGCTTA

CCGTAACTTGA  

This paper N/A  
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Primer sgRNA cloning 

reverse: 

GGCTCGAGGGGGCCCGG

GTGCAAAGATGGATA  

This paper N/A  

NEBNext Multiplex Oligos 

for Illumina  

NEB E7335L 

HIV_U5 -R qPCR forward: 

CTCTCTGGTTAGACCAGA

TC 

(Irwan et al., 2020) N/A  

HIV_U5 -R qPCR reverse: 

GCTAGAGATTTTCCACAC

TG 

(Irwan et al., 2020) N/A  

HIV_gag qPCR forward:  

GCGAGAGCGTCGGTATT

AAGCG  

(Tsai et al., 2021) N/A  

HIV_gag qPCR reverse: 

AATCGTTCTAGCTCCCTG

CTTGC 

(Tsai et al., 2021) N/A  

HIV_A1D1 qPCR forward:  

GATCTCTCGACGCAGGA

CTC 

(Tsai et al., 2021) N/A  

HIV_A1D1  qPCR reverse: 

TGGTCCTTTCCAAACTGG

AT 

(Tsai et al., 2021) N/A  

HIV_A4D7  qPCR forward:  

CAAGCTTCTCTATCAAAG

CAACC  

(Tsai et al., 2021) N/A  
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HIV_A4D7 qPCR reverse: 

AATCGAATGGATCTGTCT

CTGTC 

(Tsai et al., 2021) N/A  

HIV_2LTR qPCR forward:  

AACTAGGGAACCCACTG

CTTAAG  

(Butler et al., 2001) N/A  

HIV_2LTR qPCR probe: 

FAM - 

ACACTACTTGAAGCACTC

AAGGCAAGCTTT -

TAMRA  

(Butler et al., 2001) N/A  

HIV_2LTR qPCR reverse: 

TCCACAGATCAAGGATA

TCTTGTC 

(Butler et al., 2001) N/A  

Unspliced B-Actin Primer Set Thermo 431182 

Spliced Actin qPCR reverse: 

CAATGAAGATCAAGATC

ATTGC 

(Irwan et al., 2020) N/A  

Spliced Actin qPCR probe: 

FAM - 

CCACCTTCCAGCAGATGT

GGATCAGCAAG -TAMRA  

(Irwan et al., 2020) N/A  

Spliced Actin qPCR reverse: 

AAGCATTTGCGGTGGAC  

(Irwan et al., 2020) N/A  

Recombinant DNA  

pLentiCrispr v2 Blast  Unpublished  RRID:Addgene_83480 

ͅ"1ƜȭƛƘ Unpublished  RRID:Addgene_22036 

pMD2.G Unpublished  RRID:Addgene_12259 
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Brunello Human CRISPR 

Knockout library  

(Doench et al., 

2016) 

RRID:Addgene_73178 

pLentiGuide puro  (Sanjana et al., 

2014) 

RRID:Addgene_52963 

pLCE (Patil et al., 2018) RRID:Addgene_123318 

FLAG-NSMCE2 cDNA ORF 

Clone 

Genscript OHu31586 

pLCE-FLAG-NSMCE2 This paper N/A  

pLCE FLAG-

NSMCE2DSUMO, 

This paper N/A  

Software and algorithms  

MAGECK -VISPR (Li et al., 2015) https://sourceforge.net/

p/mageck/wiki/Home/  

Cut&RunTools  (Zhu et al., 2019) https://bitbucket.org/qz

hudfci/cutruntools/src/

master/ 

Trimmomatic  (Bolger et al., 2014) http://www.usadellab.

org/cms/in dex.php?pa

ge=trimmomatic  

Bowtie2 (Langmead and 

Salzberg, 2012) 

http://bowtie -

bio.sourceforge.net/bo

wtie2/index.shtml  

Picard Broad Institute  https://broadinstitute.g

ithub.io/picard/  

Integrative Genomic Viewer  Broad Institute  https://software.broadi

nstitute.org/software/ig

v/  

SAMtools (Li et al., 2009) http://www.htslib.org/  

Prism Graphpad https://www.graphpad

.com/ 
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4.5.2 Resource Availability 

Lead Contact 

Further information and requests for resources and reagents should be directed 

to and will be fulfilled by the lead contact, Bryan R. Cullen ( bryan.cullen@duke.edu). 

Materials Availability  

Unique reagents generated in this study will be made available upon reasonable 

request to the lead contact. 

Data and Code Availability  

Sequencing data generated from the Whole-Genome Crispr Knockout Screen, as 

well as from the ChIP-Seq can be found on the NCBI Sequence Read Archive (see Key 

Resources table). 

This paper does not report original code. Any additional information required to 

reanalyze the data reported in this paper is available from the lead contact upon request. 

4.5.3 Experimental Model and Subject Details 

Immortalized Cell Lines  

Human 293T cells (female) were from laboratory stock initially purchased from 

ÛÏÌɯ ÔÌÙÐÊÈÕɯ3à×Ìɯ"ÜÓÛÜÙÌɯ"ÖÓÓÌÊÛÐÖÕɯȹ 3""ȺɯÈÕËɯÞÌÙÌɯÊÜÓÛÜÙÌËɯÐÕɯ#ÜÓÉÌÊÊÖɀÚɯ

mailto:bryan.cullen@duke.edu
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Modified Eagle Medium (DMEM, Sigma) supplemented with 10% fetal bovine serum 

(FBS, Hyclone) and Antibiotic -Antimycotic (Gibco).  

Human CEM -SS cells (female) were from 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 made using a modified 

pLentiCrispr v2 -Blast plasmid that was a gift from Mohan Babu (Addgene plasmid 

#83480). The U6-promoter, sgRNA scaffold, and EF-1a promoter were excised from 

pLentiCrispr v2 -Blast by cutting the plasmid using the restri ction enzymes KpnI and 

AgeI, and replaced with an SFFV promoter. Lentiviruses were made from this construct 

ÉàɯÛÙÈÕÚÍÌÊÛÐÕÎɯƙɷǺɷƕƔ6 ƖƝƗ3ɯÊÌÓÓÚɯÐÕɯÈɯƕƙɷÊÔɯËÐÚÏɯÞÐÛÏɯƕƙɷϟÎɯÖÍɯÛÏÌɯÓÌÕÛÐÝÐÙÈÓɯÝÌÊÛÖÙȮɯÈÚɯ

ÞÌÓÓɯÈÚɯƕƔɷϟÎɯÈÕËɯƙɷϟÎɯÖÍɯÛÏÌɯ×ÈÊÒÈÎÐÕÎɯ×ÓÈÚÔÐËÚɯ×",51Ɯȭƛ4 and pMD2. G, 

respectively, using PEI. The media were changed 24 h post-transfection (hpt). 

Supernatants containing lentiviral particles were collected at 72 hpt, filtered through a 

0.45ɷµm filter, and run through a 100,000 MWCO concentrator (Amicon). Fol lowing 

ÊÖÕÊÌÕÛÙÈÛÐÖÕȮɯƙɷǺɷƕƔ6 CEM-22ɯÊÌÓÓÚɯÞÌÙÌɯÐÕÊÜÉÈÛÌËɯÞÐÛÏɯƖɷÔ+ɯÖÍɯÛÏÌɯÊÖÕÊÌÕÛÙÈÛÌËɯ

ÚÜ×ÌÙÕÈÛÈÕÛɯÈÛɯƗƛɷȘ"ɯÖÝÌÙÕÐÎÏÛȭɯ3ÏÌɯÔÌËÐÈɯÞÌÙÌɯÛÏÌÕɯÙÌ×ÓÈÊÌËɯÞÐÛÏɯÍÙÌÚÏɯ1/,(ɯÔÌËÐÜÔɯ

ÈÕËɯÊÌÓÓÚɯÐÕÊÜÉÈÛÌËɯÍÖÙɯƘƜɷÏȭɯ ÛɯÛÏÐÚɯ×ÖÐÕÛȮɯÛÏÌɯÔÌËÐÈɯÞÌÙÌɯÙÌ×ÓÈÊÌËɯÞÐÛÏɯÍÙÌÚÏɯ1/,( 

ÔÌËÐÜÔɯÚÜ××ÓÌÔÌÕÛÌËɯÞÐÛÏɯƖƔɷϟÎɤÔ+ɯÖÍɯÉÓÈÚÛÐÊÐËÐÕɯȹ2ÈÕÛÈɯ"ÙÜáȺɯÛÖɯÈÓÓÖÞɯÚÌÓÌÊÛÐÖÕɯÖÍɯ
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transduced cells. Cells were then single cell cloned by aliquoting limiting dilutions of the 

cells into 96-well plates such that each well has a 1-10% chance of having a cell in it. 

These cells were then isolated and grown out.   

Primary CD4+ T Cells  

Human blood from healthy donors was purchased from the Gulf Coast Regional 

Blood Center. All donors have tested negative for HIV -1 and HIV -2. Samples were de-

identified prior to purchasing.  

PBMCs were isolated from whole blood by density gradient centrifugation over 

Histopaque (Sigma), and CD4+ cells were then isolated using a CD4 Positive Isolation 

kit (Invitrogen). Isolated CD4+ cells were then activated by incubation with antibodies 

against CD28 /CD49d (BD Biosciences) and 5ug/ml phytohemagglutinin (PHA) in RPMI 

supplemented with 10% FBS and IL-2 as previously described(Whisnant et al., 2013). 

Cells were maintained at 105-106 cells/ml in the presence of IL-2, CD28/CD49d 

antibodies, and PHA for 1 week before infection with HIV -1. 

4.5.4 HIV-1 Production 

A HIV -1 nano luciferase reporter virus (NL -NLuc) w as generated from the 

parental NL4-3 virus by substituting the viral nef gene in NL4-3 with the NLuc indicator 

gene(Mefferd et al., 2018). NL-NLuc Denv was made from the parental NL -NLuc virus, 

but with a 943bp deletion in the env gene that makes it replication incompetent. 
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Similarly, the GFP reporter virus (NL -GFPDenv) was generated from the parental NL4-3 

virus with GFP in place of nef, and a 943bp deletion in the env gene. The NL -DC reporter 

virus expresses eGFP under  the control of the  HIV -1 LTR and mCherry from an internal 

EF1-ϔɯ×ÙÖÔÖÛÌÙ and was generated by cloning an EF1-ϔ:mCherry cassette into the XhoI 

ÚÐÛÌɯÓÖÊÈÛÌËɯƗɀɯÛÖɯ&%/ɯÐÕɯNL -GFPDEnv. These viruses either have WT integrase (IN+), or 

contain the D64V (IN-) mutation that blocks  IN  function.  All reporter viruses used have 

an intact vpr gene. 

Plasmids expressing the replication competent NL-NLuc provirus were 

transfected into 293T using polyethyl enimine (PEI). Non-spreading NL -NLuc Denv and 

NL -GFPDenv 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 was filtere d through a 0.45 um 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 106 CEM-SS cells with IN+ NL -GFPDEnv, or a CEM-SS 

inducible Tax cell line (expressing a HTLV -1 Tax protein that is known to activate gene 

expression from unintegrated HIV -1(Irwan et al., 2020)) with IN - NL -GFPDEnv. These 

cells were infected with varying dilutions of the virus then analyzed by flow cytometry 

at 2dpi. The number of GFP+ cells at each dilution was then converted to MOI using the 
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formula MOI = -ln (1-pgfp+) which was then correlated to the p24 level in the viral stock. 

Thus, the amount of IN - virus used (per million cells) for each MOI could be 

determined. 

4.5.5 CRISPR Knockout Screen 

The Brunello human CRISPR knockout library (Addgene #73178) (Doench et al., 

2016) was used to transform electrocompetent cells (Endura). 500ng of the library 

(resuspended in water) was used to transform a total of 4x25ul of cells in a 1mm cuvette 

(10mF, 600W, 1.8kV) to yield >108 colonies when plated to ensure each sgRNA in the 

library was covered ~1000x on average. These colonies were harvested, 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 media was changed 

24hpt, and the supernatant containing the lentivirus library was harvested and filtered 

through a 0.44µm filter at 72hpt. The lentivirus was titrated and used to transduce CEM -

SS Cas9 cells that were then subject to puromycin (Gemini) kill curves at 2dpt to 

determine the amount of lentivirus that correlates to 0.3 MOI. This was then used to 

transduce 108 CEM-SS Cas9 cells at 0.3 MOI, which were then selected in 1ug/ml 

puromycin at 2dpt for a week.  



 

 

151 

These pooled knockout cells were then infected with an IN - HIV -1 NL-GFP 

reporter virus that has an inactivating D64V amino acid substitution in the integrase 

gene for 2 days. These infected cells were then run through BSL-3 contained FACS Aria 

II (BD Biosciences) to harvest the GFP+ cell population from which genomic DNA was 

extracted. Purified gDNA was incubated with DpnI to remove any residual plasmid 

contamination.  

3ÏÌɯÚÎ1- ɯÍÙÖÔɯÛÏÐÚɯ#- ɯÞÈÚɯÈÔ×ÓÐÍÐÌËɯÉàɯ/"1ɯÜÚÐÕÎɯÍÓÈÕÒÐÕÎɯ×ÙÐÔÌÙÚɯȹ%/ȯɯƙɀ-

TGGACTATCATATGCTTACCGT AACTTGA -Ɨɀɯ1/ȯɯƙɀ-

GGCTCGAGGGGGCCCGGGTGCAAAGATGGATA -ƗɀȺɯÈÕËɯÛÏÌÕɯÊÓÖÕÌËɯÉÈÊÒɯÐÕÛÖɯÛÏÌɯ

parental pLenti -Guide Puro plasmid via the NdeI and XmaI restriction sites. Subsequent 

rounds of transformation, lentivirus production, transduction, and infection was c arried 

out as described for a total of 3 rounds. In the final round, the DNA was amplified using 

the indexed Illumina sequencing primers, purified in a PCR purification spin column 

(Zymo) then sequenced on the NovaSeq 6000.  

Sequencing data was analyzed by MAGECK -VISPR (Li et al., 2015) by first 

generating sgRNA read counts by invoking mageck count , and then by analyzing 

sgRNA enrichment and getting gene ranks using the Robust Rank Aggregation (RRA) 

algorithm on normalized read counts by running mageck test  with -- remove - zero 
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both -- remove - zero - threshold 0  parameters as previously suggested (Wang et 

al., 2019). 

4.5.5 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) (Sanjana et 

al., 2014) expressing the sgRNA of interest. Transduced cells were selected at 2dpt with 

1ug/ml puromycin for 1 week. Infection experiments on polyclonal knockout cells were 

carried out by infecting cells at this stage.  

Clonal cells were isolated by aliquoting the puromyc in-resistant cells at limiting 

dilutions into a 96 -well plate that were subsequently isolated and expanded. Knockout 

cells were then identified and validated by clonal sequencing of the genetic lesions and 

by Western blot.    

4.5.6 Western Blot Analyses  

Cells were harvested and lysed in Laemmli buffer, sonicated and denatured at 

95°C for 15 min. Lysates were subjected to electrophoresis on 4ɬ20% 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 antibodies diluted in 5% milk in PBS + 0.1% Tween for 2h each and then 

washed in PBS + 0.1% Tween. The membranes were incubated with a luminol-based 
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enhanced chemiluminescent (ECL) substrate and signals were visualized using 

GeneSnap (Syngene). 

4.5.7 Flow Cytometry 

Cells were harvested, washed in PBS, and fixed in 1% paraformaldehyde in PBS 

for 10 minutes, before being resuspended in 2% BSA in PBS and run through a cell 

strainer. Cells were run through a Fortessa X20 (BD Biosciences), and the data analyzed 

using FlowJo v10.6.2.  

4.5.8 Luciferase Assay 

Cells were harvested, washed three times in PBS, lysed in Passive Lysis Buffer 

(Promega) and assayed for NLuc activity using the Nano-Glo Luciferase Assay on a 

Lumat LB9507 luminometer (Bertold Technologies). 

4.5.9 Quantification of HIV-1 Replication and Spread 

107 cells from the parental Cas9 cell line, or the DSMC5 and DSLF2 cell lines were 

infected with either WT o r IN - NL -NLuc virus in a  total of 20 ml RPMI. Viral stocks 

were pretreated with 5U/ml DNase I to remove residual plasmid DNA, and all IN - 

infections were carried out in the presence of 20 µM raltegravir to prevent revertant 

mutations. Cells were counted at days 1, 2, 3, 5, 7, 10, 12, 14, and 16 days post infection 

(dpi) where possible, and media was periodically refreshed to maintain cell counts 
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below 106 cells/ml. 106 live cells were harvested at each time point (where possible) and 

equally split to assay NLuc, and for DNA and RN A extraction.  

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  

ÔÈÕÜÍÈÊÛÜÙÌÙɀÚɯÐÕÚÛÙÜÊÛÐÖÕÚȮɯÛÏÌÕɯÐÕÊÜÉÈÛÌËɯÞÐÛÏɯ#×Õ(ɯȹ-$!ȺɯÛÖɯÙÌÔÖÝÌɯÈÕàɯÙÌÚÐËÜÈÓɯ

plasmid contamination.  

For RNA analysis, cells were lysed in TRIzol (Thermo Fisher Scientific) to harvest 

the RNA, and DNAseI treated to remove residual DNA contamination. The RNA was 

then converted to cDNA 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 (Thermo) using a custom total HIV -1 TaqMan probe that amplifies the U5-gag 

region on HIV -1. 

For Alu -LTR real time nested qPCR, DNA was amplified usi ng a nested PCR 

approach (Brussel et al., 2005). Briefly, an initial non -saturating PCR using primers 

 +4ƕɯȹƙɀ-TCCCAGCTACTGGGGAGGCTGAGG -ƗɀȺȮɯ +4Ɩɯȹƙɀ-

GCCTCCCAAAGTGCTGGGATTACA -ƗɀȺ, and L-'(5ɯȹƙɀ- 

ATGCCACGTAAGCGAAACTTAAGCCTCAATAAAGCTTGC -ƗɀȺ was performed 

using DNA isolated from HIV -1 infected cells. After the PCR products were purified 
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using a PCR Kleen kit (Bio-1ÈËȺȮɯÕÌÚÛÌËɯØ/"1ɯÞÈÚɯ×ÌÙÍÖÙÔÌËɯÜÚÐÕÎɯ×ÙÐÔÌÙÚɯ  ƙƙ,ɯȹƙɀ- 

GCTAGAGATTTTCCACACTGACTAA -ƗɀȺ ÈÕËɯ+ɯȹƙɀ- ATGCCACGTAAGCGAAAC -ƗɀȺ 

and the SYBR green master mix (Thermo Fisher Scientific). 

The amounts of unintegrated 2LTR HIV -1 circular DNA quantified by qPCR 

using TaqMan primers/ probes that amplify across the U5-U3 junction only present in 

2LTR circles ȹ%/ȯɯƙɀ- AACTAGGGAACCCACTGCTTAAG -ƗɀȮɯ1/ȯ ƙɀ- 

TCCACAGATCAAGGATATCTTGTC -ƗɀȮɯ×ÙÖÉÌȯɯƙɀ- FAM - 

ACACTACTTGAAGCACTCAAGGCAAGCTTT -TAMRA -ƗɀȺ (Butler et al., 2001). 

1ÌÓÈÛÐÝÌɯØÜÈÕÛÐÍÐÊÈÛÐÖÕɯÜÚÐÕÎɯÛÏÌɯͅͅ"3ɯÔÌÛÏÖËɯÞÐÛÏɯϕ-Actin as an internal 

control was then carried out  using either a genomic ϕ- ÊÛÐÕɯȹ#- ȺȮɯÖÙɯÚ×ÓÐÊÌËɯϕ-Actin 

ȹ1- Ⱥɯ×ÙÖÉÌȭɯ1ÌÓÈÛÐÝÌɯØÜÈÕÛÐÍÐÊÈÛÐÖÕɯÜÚÐÕÎɯÛÏÌɯͅͅ"3ɯÔÌÛÏÖË (Livak and Schmittgen, 

2001b) ÞÐÛÏɯϕ-Actin as an internal control was then carried out.  

 

4.5.10 ChIP-qPCR 

The indicated cells were cultured at 106 cells/ml in RPMI and infecte d with IN - 

NL -GFP. Viral stocks were preincubated with 5U/ml DNaseI to remove plasmid 

contamination prior to infection.  

Cells were harvested at the indicated times post-infection, rinsed twice with PBS 

and cross-linked with 1% formaldehyde for 15 min at 25  °C, before being quenched in 
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0.125 M glycine for 5 min. The rinsed cells were then lysed in ChIP lysis buffer (50 mM 

Tris·HCl, pH 8.0, 1% sodium dodecyl sulfate, 10 mM EDTA), and sonicated on ice with a 

Fisher Sonic Dismembrator 60 (output 4.5, 20s pulse repeated 6 times on ice with 40 sec 

between each sonication). The supernatant containing sonicated chromatin was pre-

cleared by the addition of magnetic Protein G Dynabeads (ThermoFisher) that had been 

pretreated with denatured salmon sperm DNA (Invitrogen ). The magnetic beads were 

removed, and the sonicated chromatin was incubated overnight at 4°C using 2.5 µg of 

the 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). 5% of the sonicated chromatin was 

stored as input DNA without further treatment until the reverse crosslinking step.  

Protein G Dynabeads were then added to the chromatin-antibody mixture, 

incubated for 2 hours 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, 1 mM EDTA). Protein -DNA complexes were 

eluted from the beads with an Elution buffer (0.1 M NaHCO3, 1% SDS), then de-

crosslinked by incubating at 65°C for 16 hours and 95°C for 15 mins, then digested by 

adding 50mg proteinase K and incubating at 50°C for 3 hours. DNA was extracted using 

a DNA Miniprep Plus kit (Zymo), digested with DpnI (NEB) to remove any plasmid 

contamination, then used for qPCR analysis using primers that amplify U5 -R on the 
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HIV -ƕɯ×ÙÖÔÖÛÌÙɯȹ%/ȯɯƙɀ- CTCTCTGGTTAGACCAGATC -ƗɀȮɯ1/ȯɯƙɀ-

GCTAGAGATTTTCCACACTG -ƗɀȺȭɯ 

ChIP data is expressed as a percent of input DNA. 

4.5.11 Cut&Run ChIP-Seq 

Cut&Run experiments were performed as described (Meers et al., 2019; Skene et 

al., 2018) with modifications. 5x10 5 of the indicated cells were washed twice in Wash 

Buffer (20mM HEPES pH7.5, 150mM NaCl, 0.5mM spermidine, EDTA-free protease 

inhibitor (Roche)), resuspended in 100ul wash buffer and incubated with 10ul 

Concanavalin A beads (Bangs Laboratories) for 10 minutes. The mixture was placed on a 

magnet and the supernatant removed and replaced with antibody buffer (the indicated 

antibody diluted 1:100 in Wash buffer with 0.005% digitonin and 2mM EDTA), and 

incubated overnight at 4°C.  

Unbound antibody was then washed away on a magnetic rack with Digi -Wash 

buffer (20mM HEPES pH7.5, 150mM NaCl, 0.5mM spermidine, 0.005% digitonin, EDTA-

free protease inhibitor). Beads were then incubated with pAG -MNase (EpiCypher) for 

1hour at 4°C, and washed twice then resuspended with Digi -wash buffer. Tubes were 

placed on a metal block half -immersed in melting ice, and the tethered MNase activated 

by adding CaCl 2 to 2mM final concentration for 2hours. The reaction was stopped by the 
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addition of Stop buffer (340mM NaCl, 20mM EDTA, 4mM EGTA, 50ug/ml RNAse A, 

50ug/ml glycogen).  

The protein-DNA complexes were released into the supernatant by incubating 

the tubes at 37°C for 30min and were then digested by proteinase K at 50°C for 2 hours. 

DNA was extracted by phenol -chloroform followed by an ethanol precipitation.   

Illumina sequ encing libraries were prepared from the isolated DNA using a 

modified protocol for the NEBNext Ultra II Library Prep kit (NEB) where the A -tailing 

temperature was decreased to 50°C to avoid melting of the short DNA fragments, and 

the reaction time increased to 60 mins to compensate (Liu et al., 2018). After adaptor 

ligation and cleanup, barcoded sequencing libraries were created by 13 cycles of PCR 

amplification using NEBNext Index primers (NEB), and subsequently cleaned up twice 

with 1.2x AMPure XP beads to remove PCR primer dimers. The libraries were 

normalized, pooled, and sequenced on a NovaSeq6 6000 (Illumina) at 2x50bp. 

Paired-end sequencing reads were analyzed with Cut&RunTools (Zhu et al., 

2019) by first trimming the reads with Trimmomatic (Bolger et al., 2014) to any remove 

ÙÌÚÐËÜÈÓɯÈËÈ×ÛÖÙɯÚÌØÜÌÕÊÌÚɯÍÙÖÔɯÛÏÌɯƗɀ-ends of the reads using parameters 

ILLUMINACLIP  (adaptor sequence file):  2:15:4:4:true LEADING:20 

SLIDINGWINDOW:4:15 MINLEN:25 . The trimmed reads were aligned to the hg19 

human genome assembly using bowtie2 (Langmead and Salzberg, 2012) with alignment 
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settings -- end - to - end -- dovetail -- phred33 , and with  -- un- con - gz  specified 

to output reads that do not align to the human genome. These unaligned reads were 

then used to align to the NL -GFP HIV-1 sequence using the same alignment settings. 

The HIV -1 aligned reads were sorted, duplicates marked using Picard, and the 

duplicates discarded using SAMtools (Li et al., 2009). The remaining reads were 

visualized with  IGV. 

4.5.12 Rescue of DNSMCE2 Knockout Cells  

A lentiviral vector expressing a FLAG tagged NSMCE2 protein that is resistant to 

cutting by the sgRNA expressed in the CEM-SS DNSMCE2 KO cells was created by 

mutating the NSMCE2 sequence from an expression plasmid (OHu31586, GenScript) by 

overlap extension PCR to introduce synonymous T-C and a 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 NheI and XhoI restriction sites.  

Similarly, the NSMCE2 DSUMO mutant was created by mutating the sequence 

by overlap extension PCR to introduce C185S and H187Q amino acid substitutions to the 

RING domain necessary for E3 SUMO ligase function (Jacome et al., 2015). 

Lentiviruses were created from pLCE (control), pLCE FLAG -NSMCE2, and 

pLCE FLAG-NSMCE2 DSUMO, which were then used to transduce CEM-SS or CEM-SS 
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DNSMCE2 cells. These cells were infected with IN+/ IN- NL -NLuc or IN - NL -GFP at 0.3 

MOI and the cells were harvested at 2dpi for the respective NLuc assays (NL-NLuc), or 

for flow cytometry and ChIP -qPCR (NL-GFP). Expression of these NSMCE2 constructs 

were validated by Western blot.  

4.5.13 E3 SUMO Ligase Inhibition Kinetics 

TAK -981 (MedChemExpress) is a global inhibitor of SUMOylation (Langston et 

al., 2021) and was reconstituted in DMSO to a 5mM stock. TAK -981 was added to CEM-

SS Cas9 and DSMC5 cells infected with NL -NLuc at 0, 5, 15, 30, 75, 150, 500, and 1000nM 

concentrations, and the cells were harvested for an NLuc assay after 2dpi. 

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 150nM TAK-

981. RNA was extracted at 2dpi with TRIzol (Thermo Fisher Scientific) and DNAseI 

treated for 2 hours. cDNA was then made using the High Capacity cDNA Reverse 

Transcription 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 bàɯØ/"1ɯÜÚÐÕÎɯÛÏÌɯ×ÙÐÔÌÙÚɯÍÖÙɯÎÈÎɯȹ%/ȯɯƙɀ-

GCGAGAGCGTCGGTATTAAGCG -ƗɀȮɯ1/ȯɯƙɀ-AATCGTTCTAGCTCCCTGCTTGC -ƗɀȺȮɯ

 ƕ#ƕɯȹ%/ȯɯƙɀ-GATCTCTCGACGCAGGACTC -ƗɀȮɯ1/ȯɯƙɀ-TGGTCCTTTCCAAACTGGAT -
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ƗɀȺȮɯÈÕËɯ Ƙ#ƛɯȹ%/ȯɯƙɀ- CAAGCTTCTCTATCAAAGCAACC -ƗɀȮɯ1/ȯɯƙɀ- 

AATCGAATGGATCTGTCTCTGTC -3ɀȺɯ(Tsai et al., 2021).  

To understand the kinetics of inhibiting SUMOylation on viral gene expression 

and epigenetic marks in infected cells, 150nM TAK-981 was added to CEM-SS Cas9 and 

DSMC5 cells at the time of infection, or at 16, 19, 21, 24, 36, and 48hpi. Cells were 

infected with NL -NLuc Denv and were harvested at 72hpi for either NLuc assays or 

ChIP-qPCR using anti-SUMO2/3, H3Ac, or H3K9me3 antibodies, and quantifying the 

HIV -1 promoter using primers that amplify the U5 -1ɯÙÌÎÐÖÕɯȹ%/ȯɯƙɀ- 

CTCTCTGGTTAGACCAGATC -ƗɀȮɯ1/ȯɯƙɀ-GCTAGA GATTTTCCACACTG -ƗɀȺȭɯ"Ï(/ɯËÈÛÈɯ

is expressed as a percent of input DNA. 

4.5.14 HIV-1 Latency Quantification 

CEM-SS Latency Assay 

WT or SͅMC5 CEM-SS cells were infected with the IN+ NL -GFPDEnv virus at an 

MOI of ~0.1 in the presence or absence of 150 nM TAK-981. Nevirapine was added to the 

cells at 2dpi to inhibit any late infection events, and at 3dpi the cells were washed and 

resuspended in 2% bovine serum albumin (BSA) in PBS for sorting on a BSL-3 contained 

FACS Aria II (BD Biosciences) to isolate GFP- cells. These cells were allowed to recover 

in growth media for 6 days (9dpi) before they were treated with DMSO, 150 nM TAK -
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981, 80 nM phorbol myristate acetate (PMA) , or 1 ng/ml TNF-a. Cells were harvested the 

next day (10dpi) to analyze GFP expression by flow cytometry.  

CEM-SS Delayed Integration Latency Assay  

WT or SͅMC5 CEM-SS cells were infected with the IN+ NL -GFPDEnv virus in 

the presence or absence of 500nM raltegravir. At 2dpi, all cells were washed three times 

with PBS, replated in RPMI with nevirapine and cultured for an additional 3 days. At 

5dpi, GFP- cells were sorted, allowed to recover in growth media for 6 days then treated 

with DMSO, PMA, or TNF -a (11dpi), and analyzed for flow cytometry the next day 

(12dpi).  

Both CEM-SS control and SͅMC5 cells were infected with a normalized p24 

amount that was previously titered to give 10% GFP+ cells in CEM-SS cells +Ral (~0.45 

moi) and -Ral (0.1 moi) at 5dpi.  

Primary Activated CD4+ T cell Latency Assay 

Activated primary T cells isolated f rom PBMCs were infected at low MOI ~0.05 

with an IN+ NL -DC reporter virus that expresses eGFP off the HIV-1 LTR and mCherry 

from an internal EF1-ϔɯ×ÙÖÔÖÛÌÙȭɯ(ÕÍÌÊÛÐÖÕÚɯÞÌÙÌɯÊÈÙÙÐÌËɯÖÜÛɯÐÕɯÛÏÌɯ×ÙÌÚÌÕÊÌɯÈÕËɯ

absence of 150nM TAK-981 added at infection, or with 80nM PMA known to reverse 

epigenetic silencing of HIV -1 in latent cells (Pardons et al., 2019) or 150nM TAK-981 

added 24h before harvest. Cells were harvested for flow cytometry at 7dpi in 2% BSA in 
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PBS to measure eGFP and mCherry fluorescence. The CD4+ T cell population was 

separated from dead cells and cellular debris by gating on forward and side scatter 

analyses. The high enrichment 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 data 

was then analyzed using FlowJo v10.6.2.  

DNA was also extracted from these cells at 2, 3, 5, and 7dpi, incubated with DpnI 

to remove residual HIV -1 plasmid contaminants, then the amounts of unintegrated 

2LTR HIV -1 circular DNA quantified by qPCR as described in a previous section. 

4.5.15 Quantification and Statistical Analysis 

Sample size, and significance p-values are indicated in the text or figure legends. 

Error bars in the experiments represent standard deviation of the mean (s.d) from 

independent experiments. Statistical analyses were performed using GraphPad Prism or 

reported by the indicated computational tools used in the analysis of the CRISPR 

knockout screen or Cut&Run data. Information about statistical methods is specified in 

the figure legends. 
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4.6 Supplementary Figures 

 

Extended Figure S1. CEM-SS Cas9 cells infected with IN - HIV -1 show increased viral 

gene expression when any component of the SMC5/6 complex is knocked down.  

(A-B) Polyclonal populations of CEM -SS Cas9 cells transduced with 2 different sgRNAs 

specific for the indicated genes and then infected with (A) IN - NL -GFPDEnv, and (B) IN - 

NL -NLucDEnv reporter virus. NLuc expression in B was normalized to CEM -SS Cas9 

cells transduced with a scrambled sgRNA, which was set to 1.0. Data shown in panel B 

represent the average of three biological replicates with SD indicated. 
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Extended Figure S2. Western Blot analysis confirms the absence of the indicated 

SMC5/6 complex components in clonal CEM -SS knock out cell lines. Each of the 

indicated clonal knock out cell lines was lysed then subjected to Western blot analysis 

using commercial antibodies specific for the indicated SMC5/6 complex component. 

Actin was used as a loading control. 
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Extended Figure S3. Individual clonal knockout cell lines for the indicated SMC5/6 

complex components exhibit similar increases in gene expression from IN - HIV -1 and 

similar growth rates.  

(A ) 7-day growth curves for uninfected CEM -22ɯ"ÈÚƝɯÊÌÓÓÚȮɯÖÙɯÛÏÌɯȈ2,"ƙɯÈÕËɯȈSLF2 

CEM-SS clones, counting total live cells in culture. (B, C) The indicated cell lines were 

infected with IN+/ IN - HIV -1 and the levels of (B) unintegrated 2LTR DNA, and ( C) 

integrated HIV -1 DNA were quantified by qPCR and Alu -qPCR respectively. DNA 
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levels were normalized to IN+ HIV -1-infected CEM-SS Cas9 cells at 1dpi, which was set 

to 1.  Data shown represent the average of three biological replicates with SD indicated. 

(D)The indicated clonal knockout CEM -SS cell lines were infected with IN+ or IN - NL -

NLucDEnv and viral NLuc expression then assayed at 2 dpi. NLuc levels are given 

relative to WT CEM -SS Cas9 cells infected with IN- NL -NL ucDEnv (Control), which was 

set at 1.0. Average of three biological replicates with SD indicated. * p<0.05, **p<0.01, 

***p<0.001 (One-ÞÈàɯ -.5 Ȯɯ%ÐÚÏÌÙɀÚɯ+2#ɯÛÌÚÛȺȭ 
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Extended Figure S4. Histone H3 and NSMCE2 binding to HIV -1 DNA  

(A ) The level of HIV -1 LTR-bound total histone H3 after infection is unaffected by loss of 

SMC5 or SLF2 expression. (B) ChIP-Seq Cut and Run data from FLAG-NSMCE2, or 

FLAG-Cas9 (Control), expressing CEM-SS cells. Cells were infected with the IN- NL -

&%/ͅ$ÕÝɯ'(5-1 reporter, lysed and immunoprecipitated using anti -FLAG (top and 

middle tracks), or IgG (bottom track) at 2 dpi. Two independent biological replicates are 

shown (R1 and R2). 



 

 

169 

 

Extended Figure S5. HIV -1 Vpr does not increase viral gene expression from 

unintegrated HIV -1. 

CEM-SS "ÖÕÛÙÖÓɯÈÕËɯͅ2,"ƙɯÊÌÓÓÚɯÞÌÙÌɯÐÕÍÌÊÛÌËɯÞÐÛÏɯÌØÜÈÓɯÈÔÖÜÕÛÚɯÖÍɯ5×ÙǶɯÈÕËɯ5×Ù-

versions of the IN- NL -GFPDEnv indicator virus, as measured by ELISA, and GFP 
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expression analyzed by flow cytometry at 3dpi. ( A ) Fuorescence profiles from a 

representative experiment. (B) Quantification of 3 independent biological replicates with 

SD indicated. 
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Extended Figure S6. Loss of the SMC5/6 complex boosts HIV -1 gene expression 

(A) WT or DSMC5 CEM-SS cells were infected IN- NL -NLucDEnv and DMSO, or 150nM 

TAK -981 or 80nM PMA in DMSO, were then added at 24hpi or 48hpi, as indicated. Viral 

NLuc expression was assayed at 72hpi and NLuc levels are given relative to WT CEM -

SS cells treated with DMSO, which was set to 1.0. Average of three biological replicates 

with SD indicated. (B) The level of unintegrated HIV -1 2LTR DNA was quantified by 
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qPCR in CEM-SS cells infected with WT HIV-1 until 7dpi, when it declined to 

background levels. Average of 3 biological replicates with SD indicated. Data were 

normalized to the signal at 2dpi, which was set to 1.0. (C) WT or SͅMC5 CEM-SS cells 

were infected with VSV -G pseudotyped IN+ NL -GFPDEnv in the presence or absence of 

TAK -981 at an MOI of ~0.1. Cells were sorted by FACS at 3dpi and GFP- cells (gated in 

red) harvested for the experiments reported in Fig 15A. 
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Supplementary Figure S7. Extending the pre -integration stage of infection with 

ral tegravir increases the percentage of latently infected cells.  

WT or ͅ2,"ƙɯ"$,-SS cells were infected with IN+ NL-GFPDEnv in the presence and 

absence of the integrase inhibitor raltegravir. These cells were infected at a multiplicity 

of infection such that the GFP+ cells in both the +ral and -ral were roughly identical 

when sorted at 5dpi , as indicated in panel A. At 2dpi , the cells were washed to remove 

raltegravir  and replated to allow integration to occur. GFP - cells were isolated 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 experiments, with SD indicated. 

***p<0.001 (2-ÞÈàɯ -.5 Ȯɯ3ÜÒÌàɀÚɯÛÌÚÛ). 
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Extended Figure S8. The SMC5/6 complex reduces HIV -1 latency  

(A)  In HIV -1 infected primary CD4+ T cells, unintegrated HIV -1 DNA peaks at 2dpi and 

declines to background levels by 7dpi, as measured by qPCR analysis of 2LTR circular 

viral DNA.  These data represent the average of five biological replicates from separate 

blood donors with SD indicated. Data were normalized to the signal detected at 2dpi, 

which was set at 1.0. (B-C) Statistical analysis of the indicated GFP/mCherry 

subpopulations in cells infected with the dual color HIV -1 virus treated with (B) 80 nM 

PMA at 6dpi vs 150 nM TAK -981 at 0dpi, or (C) 150 nM TAK-981 at 6dpi vs DMSO at 

0dpi. Infected cells were harvested at 7dpi, and analyzed by FACS. Statistics calculated 

with a 2-tailed ratio paired t -test. 
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Chapter 5. Conclusions and General Discussion 

5.1 A Model for Lentiviral Silencing 

It has been long been known that integration is an essential step in the retroviral 

life cycle, and that unintegrated retroviral DNA exhibit such drastically reduced viral 

gene transcription and viral protein production that unintegrated DNA is considered 

replicative dead end for the viru s. This silencing of viral genes is mediated by epigenetic 

mechanisms that are not unique to retroviruses. Indeed, all foreign DNA in the nucleus 

ɬ whether introduced by transfection, or by viral infection ɭis subject to epigenetic 

silencing, though curious ly there seems to be multiple independent mechanisms that 

control this epigenetic response. Even within retroviruses, where the pattern and timing 

of the addition of the repressive epigenetic modifications is almost identical, the 

mechanisms through which retroviral DNA is silenced appears to be different. In MLV, 

unintegrated (and pre -integrated) DNA is silenced by NP220 and the HUSH complex; 

however, despite evidence indicating that the HUSH complex plays a role in the 

epigenetic silencing of not only uni ntegrated MLV proviruses but also endogenous 

retrotransposons (Chougui et al., 2018; Robbez-Masson et al., 2018; Yurkovetskiy et al., 

2018), those proteins have no effect on the silencing of HIV -1 DNA that is silenced by a 

mechanism that had yet to be discovered at the start of this project. Hence the major aim 

of this thesis was to determine the mechanisms through which incoming HIV -1 DNA is 






















































































