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Abstract 

Functional characterization of transcription elongation machinery 

in HIV transcription and latency 

by 

Zichong Li 

Doctor of Philosophy in Molecular and Cell Biology 

University of California, Berkeley 

Professor Qiang Zhou, Chair 

This dissertation is mainly focused on developing therapeutic strategies to 

eradicate the human immunodeficiency virus-1 (HIV-1) from infected individuals. 

Although HIV-1 could be suppressed in infected individuals through combined anti-

retroviral therapy (cART), a latent reservoir remains in every infected individual. The 

reservoir is mainly composed of latently infected resting CD4
+
 T cells. Since the 

exceedingly long half-life of the resting CD4
+
 T cells and the unpredictability of when 

the latent HIV-1 inside them would become active, life-long medication is needed to 

prevent the resurgence of HIV/AIDS. The following researches are for seeking and 

characterizing novel drug targets, testing/repurposing drugs to reactivate latent HIVs, 

exposing them for recognition and clearance by host immune system, thus purging HIV 

from infected individuals. 

The first part of this dissertation proves that RNA polymerase II (Pol II) 

transcription elongation is a key step during the reversal of HIV latency. Using the 

CRISPR/Cas9 technique and complementation assays, I find the human transcription 

elongation factors ELL2 and AFF1 play predominate roles in HIV-1 transcription in 

CD4
+
 T cells. I further discover that, compared with their orthologs, ELL2 and AFF1 

constitute only a minor subset of the Super Elongation Complexes (SECs), but are the 

preferred functional partners for the HIV Tat protein. Through artificially elevating the 

levels of ELL2 and AFF1 in the cells, latent HIV could be efficiently reactivated. In 

summary, these results shed light on the mechanisms of the elongation step in HIV 

transcription and lay the ground work for future researches to develop novel avenues to 

stimulate the HIV transcription elongation and reactivate the latent viruses. 

The second part of this dissertation is a follow up of one of my earlier studies that 

identified that the bromodomain protein Brd4 promotes HIV latency by binding to the 

viral LTR to inhibit Tat-induced transcription. Here, I discover that the LTR of latent 

HIV has low acetylated histone H3 (AcH3) but high AcH4 content, which recruits Brd4 

to inhibit Tat-transactivation. Furthermore, I find the lysine acetyltransferase KAT5 but 

not the paralogs KAT7 and KAT8 promotes HIV latency through acetylating H4 on the 

provirus. Antagonizing KAT5 removes AcH4 and Brd4 from HIV LTR, enhances 
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loading of the Super Elongation Complex, and interferes with the establishment of 

latency. Thus, the KAT5-AcH4-Brd4 axis is a key regulator of HIV latency and a 

potential therapeutic target for eradicating latent HIV reservoirs. 

The third part of this dissertation uses the CRISPR-inhibition (CRISPRi) 

technology to extensively screen the functions of all the 20,000 human genes in 

maintaining HIV latency. The result not only includes several known genes, but also 

discovers several so far unreported genes playing vital roles in HIV latency. Through 

verification in cell line models, I found inhibition of these genes could significantly 

reactivate latent HIV. Excitingly, several hits in the screen are subunits of proteasomes, 

and there are FDA-approved drugs targeting proteasomes. To test the effect of these 

drugs on reactivating latent HIV, I isolated primary CD4
+
 T cells from 13 ART-

suppressed HIV-1 infected individual and used the drugs at different concentrations and 

in combination with other drugs to treat the cells. The results demonstrate that the FDA-

approved proteasome inhibitors could indeed significantly enhance the reversal of HIV 

latency, without inducing global T cell activation or proliferation. 

In summary, this dissertation proves that enhancing the activity of the human 

transcription elongation machinery is an effective avenue to reverse HIV-1 latency. The 

insights gained in this dissertation could potentially benefit future therapeutic 

intervention to eradicate HIV/AIDS. 
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A brief evolutionary and epidemiological history of HIV 

Although the acquired immune deficiency syndrome (AIDS) was first formally 

identified as a clinical syndrome in 1981 (1-3), the origin of HIV/AIDS is much more 

ancient. Using a molecular clock based on the constant average rate of evolution of viral 

sequences, the common ancestor of the main group of HIV-1 has been dated to around 

the 1920s (4). That is when the Simian Immunodeficiency Virus (SIV) was transmitted 

from chimpanzee to humans through cross-species blood contact, most likely during 

hunting activities in west central Africa (5). Further sequence analyses revealed that SIV 

in chimpanzee was the result of recombination between two distinct forms of SIVs from 

two different species of monkeys (6). 

Given the close relatedness of chimpanzees and humans and the long existence of 

chimpanzee-hunting activities in west central Africa, the chimpanzee-to-human cross-

species transmission likely had happened numerous times in history. However, only in 

the early twentieth century did HIV spread across the world, likely due to the vastly 

increased human populations, interactions, migrations, and the widespread use of 

unsterile injections associated with colonialism in Africa (7-9). According to World 

Health Organization (WHO), more than 70 million people worldwide have been infected 

and about 35 million people have died of HIV since the beginning of the epidemic. At the 

end of 2017, about 37 million people in the world were living with HIV. It is estimated 

that HIV-1 was introduced from central Africa to Haiti around 1967, taken from Haiti to 

the United States around 1969, and eventually entered male gay communities in  New 

York City in 1971 and from there spread to San Francisco in 1976 (10,11). According to 

Centers for Disease Control and Prevention, in the United States, about 1.2 million 

people were living with HIV at the end of 2015, and 38,500 people became newly 

infected in that year.  

Current status of anti-HIV therapy 

The advent of combined antiretroviral therapy (cART) in 1996 transformed HIV 

infection from a speedy death sentence to a manageable chronic condition (12,13). There 

are six classes of antiretroviral drugs that target different phases of HIV lifecycle: fusion 

inhibitors, nucleoside reverse transcriptase inhibitors, nucleotide reverse transcriptase 

inhibitors, non-nucleoside reverse transcriptase inhibitors, integrase inhibitors, and 

protease inhibitors. To maximally suppress HIV replication and avoid resistance, the 

standard of care is to use combinations of three antiretroviral drugs from at least two 

different classes (14). Due to the high mutation rate of replicating HIV, treatment 

discontinuations cause rapid resistance development (15). In recently years, 

pharmaceutical companies combined multiple antiretroviral drugs into a single pill taken 

once daily. These fixed-dose combinations greatly reduce pill burden, increase adherence 

and long-term effectiveness (16). 

Besides cART, which suppresses viral replication in infected individuals, pre-

exposure prophylaxis (PrEP) is a major breakthrough in recent years as a way to reduce 

the risk of HIV-negative people acquiring HIV infection (17). PrEP administers Truvada, 

a nucleotide reverse transcriptase inhibitor to uninfected people that are regularly 

involved in high-risk behaviors (18). When used properly, PrEP could significantly 
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reduce the risk of contracting HIV (19). However, due to the high cost, PrEP is still out of 

reach for most of the high-risk populations (20).  

Another and arguably the ultimate approach to end HIV epidemic is HIV vaccine. 

However, due to the rapid generation of escape mutations, multiple trials showed no 

efficacy (21-25), except RV 144. Also known as the Thai trial, RV 144 administered the 

combination of two vaccines, ALVAC and AIDSVAX, which previously failed on their 

own, to volunteers primarily at heterosexual risk for HIV infection. The results, with a p-

value of 0.04, demonstrated that the rate of HIV infection among volunteers who 

received the experimental vaccine was 31.2% lower than the rate of HIV infection in 

volunteers who received the placebo (26). This encouraging result indicates that 

combinations of different vaccines are more effective than single vaccines, possibly due 

to the increased difficulty for the virus to generate escape mutations that could resist both 

componential vaccines. The RV 144 trial also demonstrated that the combination of 

ALVAC and AIDSVAX is safe and well tolerated, thus suitable for further trials with 

larger-scale in more diverse populations (27). 

One major problem with the current fight against HIV/AIDS is the limited 

coverage of cART to people with HIV infection. According to WHO, in 2017, the global 

coverage of cART was only 47%. This is due to the limited diagnosis rate, the limited 

resources to distribute cART medications, and the limited effectiveness of cART. On 

average, in 2017, only 75% people with HIV were diagnosed of their infection, among 

those diagnosed, 79% were on cART, and among those on cART, 81% achieved viral 

suppression (i.e. with undetectable viral load in blood). The encouraging scenario is that 

these ratios are steadily increasing annually. To end global HIV epidemic by 2030, the 

90-90-90 goal has been proposed by the Joint United Nations Program on HIV/AIDS 

(UNAIDS) and WHO: that by 2020, 90% of people living with HIV will be diagnosed, 

90% of the diagnosed people will be on sustained cART, and 90% of the people on cART 

will achieve viral suppression (28). Encouragingly, in 2016, Sweden became the first 

country to achieve the 90-90-90 goal (29). However, globally, the progress is uneven, 

since most of the undiagnosed and untreated populations are in low- and middle-income 

counties especially in Africa (30). For example, in 2014 and 2015, in one of the provinces 

in South Africa most heavily affected by HIV, only 52% of HIV-infected men and 65% 

of HIV-infected women were diagnosed (31). Therefore, considerable resources should 

be focused on the developing countries in order to achieve the 90-90-90 goal and end 

global HIV epidemic (32). 

Another major drawback of the current anti-HIV therapy, with cART at the core, is 

its side effects when being taken for decades as the infected population age (33-35). 

These side effects, including but not limited to hypersensitivity or allergic reactions, heart 

disease, diabetes, lactic acidosis, kidney-, liver-, or pancreas-damage, and peripheral 

neuropathy, are the main reasons of therapy dropout, which leads to quick viral 

resurgence and development of viral resistance to cART (36-40). Another drawback of 

cART is its high cost, estimated to be over $400,000 per lifetime treatment (41,42), 

constitutes a grave financial burden, especially for developing countries with the largest 

HIV-infected populations (43,44). The reason that the virus persists for decades and 

requires lifelong adherence to cART is the latent stage in HIV's life cycle. 
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Transcriptional silencing leads to HIV latency, a primary obstacle for a cure 

Like other members of Retroviridae, HIV’s life cycle requires integration of the 

reverse-transcribed viral genome into the host genome as a provirus. After integration, 

the fate of the provirus depends on both cellular determinants and the features of HIV 

itself (45,46). While most of the integrated viruses get into active life cycles at the 

expense of killing the host cells, a minor population of them gets into latency while 

retaining their ability to enter active replication in a future time. The latent lifestyle grants 

HIV an evolutionary advantage by enhancing its transmission across target-cell-poor 

mucosa (47). Clinically, the latently infected cells, primarily resting CD4
+
 T cells, serve 

as a viral reservoir that that necessitates lifelong antiretroviral therapy (ART) (48,49). Of 

the estimated 78 million people infected to date, the only one documented case of cure, 

Timothy Ray Brown (the “Berlin patient”), achieved an apparent clearance of the latent 

reservoir after receiving myeloablative haemopoietic stem cell transplantations from a 

homozygous CCR5-32 donor (50,51). 

Although the radical approaches in the case of the Berlin patient are not applicable 

to the broader population, this case does indicate that chronic HIV infection is curable if 

the latent reservoir could be sufficiently reduced (52). Toward this goal, a leading 

strategy relies on using latency reversing agents (LRAs) to reactivate the latent proviruses 

in ART-suppressed HIV-infected individuals, thus exposing the infected cells to be killed 

by the host immune system and/or therapeutic reagents (45,53,54). This strategy 

(nicknamed “shock and kill” or “kick and kill”) requires exhaustive knowledge about the 

mechanisms involved in the establishment, maintenance, and reversal of HIV latency. 

HIV latency is the result of multiple obstacles that block the proviral transcription 

(55): (1) In chronically infected cells, the histones on the chromosomal locations 

integrated by HIV proviruses could be depleted of the acetylation modifications, which 

are generally required for a relaxed chromosomal structure amenable to the loading of the 

transcription machinery, thus preventing the transcription initiation (56-58). (2) The 

sequestration of the transcription factors NF-B and NFAT, which bind to HIV’s 5’ long 

terminal repeat (LTR) and recruit RNA polymerase II (Pol II) at the beginning of the 

proviral transcription, thus reducing the initiation of HIV transcription (59-62). (3) The 

promoter-proximal pausing of Pol II on HIV LTR abolishes productive transcription 

elongation. After initiation, Pol II pauses at around 62 bp downstream of the transcription 

start site, due to the intrinsic features of HIV promoter and the effect of negative host 

factors (63,64). Before the pausing of Pol II, a stretch of 59 nt RNA leader sequence is 

transcribed and folds into a specific stem-loop structure, named TAR (stands for Trans-

Activation Response) element. To release the paused Pol II into active transcription 

involves the most unique feature of HIV transcription: Tat-dependent transcription 

elongation (65), as described below. 

Tat is a key regulatory protein in HIV transcription and latency reversal 

Unlike other simpler retroviruses, HIV, as a lentivirus, encodes additional 

regulatory proteins to control its life cycle.  One such protein, Tat (stands for "Trans-

Activator of Transcription"), a small protein consisting of between 86 and 101 amino 

acids depending on the subtype, plays a critical role in the transcription of HIV provirus. 
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Tat stimulates HIV transcription elongation by releasing the paused Pol II into productive 

transcription (46). Early studies demonstrate that Tat binds to a bulge structure in the 

stem of the TAR RNA element, and in doing so potently stimulates the elongation but not 

initiation step of HIV transcription (66-70). 

The fact that Tat protein is encoded by HIV genome that it helps transcribe 

constitutes a powerful positive feedback mechanism. This mechanism underlies the 

stochastic nature of the establishment and reversal of HIV latency (71-73). During 

latency establishment, small reductions in initiation rates could be enough to restrict Tat 

production and lead to entry into latency. On the other hand, even extremely rare cases of 

productive transcription elongation in latently infected cells could be enough to generate 

the initial amount of Tat to trigger full-scale latency reversal through the positive 

feedback loop (46). Because of the Tat-dependent stochastic nature of HIV transcription, 

significant portions of the replication-competent proviruses in the latent reservoir remain 

uninduced even after maximal T cell activation, thus increasing the barrier to HIV-1 cure 

(74,75). 

Besides binding to TAR, Tat functions through interacting with several host 

factors related to transcription elongation. Early studies identified P-TEFb (stands for 

positive transcription elongation factor b) as a direct Tat-interaction partner that is 

required for Tat transactivation (76-79). After being recruited by Tat onto TAR that is 

adjacent to the paused Pol II, the CDK9 subunit of P-TEFb phosphorylates the carboxyl-

terminal domain (CTD) of the large subunit of paused Pol II, thus releasing it into 

productive transcription elongation (80-82). As an important transcription elongation 

factor related to stimulating the transcription of numerous human genes (83), the majority 

of P-TEFb in the cells is sequestered in 7SK snRNP (84,85), a large multi-subunit RNA-

protein complex that regulate the levels of a pool of active P-TEFb available in the cells   

(86-88). Adding another layer of Tat’s function, it can increase the active pool of P-TEFb 

by competing with HEXIM1, one of the subunits of 7SK snRNP (89). Besides these 

earlier discoveries, in the past decade, a major advance in our understanding of Tat's 

function is the recognition that Tat stimulates HIV transcription elongation through more 

than one mechanism, thanks to the purification and characterization of Super Elongation 

Complex (SEC) as a novel Ta-interaction partner. 

Discovery of SEC as a major co-factor of Tat 

Aiming to identify additional factors that may interact with P-TEFb in the presence 

of Tat, in 2010, two groups reported the results of affinity purifications in HeLa and 

HEK293-based cell lines (90,91). Their mass spectrometry results indicate that the Tat 

co-factors are much more than previously expected: In addition to P-TEFb, Tat also 

interacts with 7SK snRNP (91), and most importantly, as identified by both of the two 

groups, Tat’s interaction with P-TEFb is part of a larger protein-protein complex that 

contains, besides P-TEFb, additional transcription elongation factors. Among them are 

AFF1, AFF4, ELL1, ELL2, EAF1, ENL, and AF9 (90,91). Because this complex 

contains multiple transcription elongation factors that work through distinctive 

mechanisms to enhance transcription elongation, it is named “super elongation complex 

(SEC)” (92). 
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Besides P-TEFb, the other active components of SEC are ELL2 and ELL1. They 

are paralogous proteins that were first identified in 1996-1997 (93,94). Functionally, 

ELL2 and ELL1 increase the catalytic rate of Pol II transcription elongation (95). 

Importantly, in human cells, the protein level of ELL2, but not the paralogous ELL1, is 

tightly regulated by polyubiquitination and proteasomal degradation pathways (96).  

The other two paralogous proteins in SEC are ENL, and AF9. They interact with 

Polymerase-Associated Factor complex (PAFc) to connect SEC to Pol II on chromatin 

(97). Of note, besides PAF1c, additional recruiters/docking sites of SEC have also been 

reported, including the human mediator subunit Med26. In the case of Med26, it N 

terminal domain interacts with EAF1, which stands for “ELL-associated factor 1”, thus 

recruits SEC to mediator that is part of the Pol II elongation complex (98).  

AFF4 and AFF1 serve as scaffold proteins in SEC. They are long, flexible, and 

internally disordered proteins with small hydrophobic patches that interact with P-TEFb, 

ELL1/2 and ENL/AF9 (99-101). Interestingly, they not only serve to assemble SEC, but 

also stimulates TAR recognition by Tat and enables Tat to extract P-TEFb from 7SK 

snRNP (102,103). 

Of note, SEC is present not only in HIV-infected cells, but also in uninfected cells, 

and is required for the transcription of MLL chimera targets in leukemic cells (92), as 

well as global regulation of gene expression in embryonic stem cells (104). 

The Tat-SEC axis is a drug target for HIV transcription latency reversal 

Since its discovery, SEC had been implicated in Tat-induced HIV transcription. In 

the next few years, efforts had been made to elucidate, in CD4
+
 T cells, how much SEC 

contributes to the HIV transcription and latency reversal. Before the discovery of SEC, an 

interesting observation had been made that another P-TEFb interaction partner, Brd4, 

could inhibit Tat-induced HIV transcription (105,106). Detailed mutagenic studies and 

reporter assays indicate that a short domain at the extreme C-terminal of Brd4 interacts 

with P-TEFb and is responsible for inhibiting Tat-induced HIV transcription (106). Since 

Brd4 could not assemble P-TEFb into SEC as Tat does, these early observations imply 

that a possible competitive relationship may be present between Tat and Brd4 in terms of 

determining whether P-TEFb goes into SEC or not. 

The invention of a Brd4-specific small molecular inhibitor, JQ1 (107), greatly 

facilitated the testing of this hypothesis. Brd4 interacts with acetylated chromatins (thus 

locate on HIV provirus) through the two acetyl-lysine recognition motifs, or 

bromodomains located at its N-terminus. By competitively binding to the bromodomains, 

JQ1 removes Brd4 from chromatin. In one of my earlier publications, I found that JQ1 

reverses HIV latency in CD4
+
 T cells through antagonizing Brd4’s inhibition of Tat-

transactivation (108). JQ1 dissociates Brd4 from the HIV promoter, allowing Tat to 

recruit SEC to LTR to stimulate HIV transcription elongation (108). More important, I 

found that JQ1 synergizes with prostratin, another LRA that activates NF-B through 

protein kinase C (PKC) pathway. Similar results were also reported by others (109,110). 

In the following years, multiple studies had confirmed the efficacy of JQ1 in reversing 

HIV latency, and its synergy with PKC agonists (111,112). These results demonstrate the 
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feasibility of targeting the Tat-SEC axis to reverse HIV latency and herald more studies 

on the detailed mechanisms that underlie this axis. 

To purge latent HIV reservoir requires combined therapeutic approaches 

Since the discovery of the latent reservoir, efforts have been made to purge the 

reservoir by reversing HIV latency. Based on the earlier observations that the viral 

reactivation is concomitant with T cell activation (113,114), the first clinical trials sought 

to activate T cells in vivo by co-administration of antibodies against CD3 and interleukin-

2 (115,116). However, the results demonstrate that these T cell activation reagents are 

highly toxic to participants without significant perturbation of the latent reservoir. In the 

following years, multiple LRAs that do not activate T cells have been tested in human 

trials. These LRAs were well tolerated in vivo, but their effect on the enhancement of 

HIV transcription is low, and they could not induce any obvious reduction of the latent 

reservoir (117,118). The modest results of the current LRAs inspire me to search for 

novel cellular mechanisms that maintain HIV latency, and, by targeting these 

mechanisms in combination with the current LRAs, to better enhance the transcription of 

latent HIV and expose the viral reservoir. 
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Chapter 2 

A minor subset of Super Elongation Complexes plays a 

predominant role in reversing HIV-1 latency 

 

 

 

 

 

 

 

 

 

 

 

 

(This work was originally published in Molecular and cellular biology as: Li, Z., Lu, Z., 

& Zhou, Q. (2016). A minor subset of super elongation complexes plays a predominant 

role in reversing HIV-1 latency. Molecular and cellular biology, MCB-00994.) 
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Summary 

Promoter-proximal pausing by RNA polymerase (Pol) II is a key rate-limiting step 

in HIV-1 transcription and latency reversal. The viral Tat protein recruits human Super 

Elongation Complexes (SECs) to paused Pol II to overcome this restriction. Despite the 

recent progress in understanding the functions of different subsets of SECs in controlling 

cellular and Tat-activated HIV transcription, little is known about the SEC subtypes that 

help reverse viral latency in CD4+ T cells. Here, we used the CRISPR-Cas9 genome-

editing tool to knock out the gene encoding the SEC subunit ELL2, AFF1, or AFF4 in 

Jurkat/2D10 cells, a well-characterized HIV-1 latency model (119). Depletion of these 

proteins drastically reduced spontaneous and drug-induced latency reversal by 

suppressing HIV-1 transcriptional elongation. Surprisingly, a low-abundance subset of 

SECs containing ELL2 and AFF1 was found to play a predominant role in cooperating 

with Tat to reverse latency. By increasing the cellular level/activity of these Tat-friendly 

SECs, we could potently activate latent HIV-1 without using any drugs. These results 

implicate the ELL2/AFF1-SECs as an important target in the future design of a 

combinatorial therapeutic approach to purge latent HIV-1. 
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Introduction 

 HIV-1 latency, which is characterized by transcriptional silence of the integrated 

proviruses, is the principal impediment to eradication of viral infection. Although anti-

retroviral therapy (ART) has been used successfully to drive HIV-1 into this silent state 

thereby decreasing the plasma viremia to undetectable levels, the proviruses can quickly 

resume transcription and active replication once ART is interrupted (54). To obtain a real 

cure for HIV/AIDS, one strategy nicknamed ‘shock and kill’ has been proposed to 

eliminate the latent viral reservoirs by first activating the proviruses in infected cells. This 

is followed by the next phase where spread of the activated viruses can be suppressed by 

ART and the virus-producing cells are eliminated simultaneously (46). 

A number of cytokines and small molecule drugs that include histone deacetylase 

inhibitors (HDACi), protein kinase C agonists, BET bromodomain inhibitors and others 

have been tested for their latency-reversing potentials (45,120). However, virtually all of 

them have been found to display low efficacy and/or unacceptable side effects, which 

have limited their clinical use (120). Thus, better and more specific means to activate the 

latent proviruses are urgently needed, which can only be achieved through in-depth 

characterization of the molecular mechanism and factors that control viral latency. 

Without stimulation, RNA Polymerase II (Pol II) that transcribes the integrated 

proviral DNA has a strong tendency to pause and then terminate near the transcription 

start site, resulting in the production of only short transcripts (65). This abortive 

transcription presents a major hurdle to efficient escape of HIV-1 from latency (46). To 

overcome this hurdle, a multi-component complex containing the viral-encoded Tat 

protein and its specific host co-factors must form on the nascent 5’ end of the HIV-1 

transcript, which folds into a stem-loop structure called the TAR (Trans-Activation 

Response) RNA. This Tat/TAR-containing complex converts the paused Pol II into a 

highly processive form capable of generating the full-length HIV-1 transcripts (65). In 

2010, a set of human transcription factor complexes, called the Super Elongation 

Complexes (SECs), was identified as the specific Tat co-factor (91,97). A typical SEC 

contains CDK9 and cyclin T (CycT; either CycT1 or T2), collectively referred to as P-

TEFb, as well as one of each of the three pairs of homologous proteins: ELL1/ELL2, 

AFF1/AFF4, and ENL/AF9 (90-92). Owing to the ability of these proteins to create 

multiple different combinations among them, a fairly large family of related SEC 

complexes exists in vivo (121,122). 

The P-TEFb component of a SEC stimulates transcriptional elongation through 

phosphorylating the Pol II carboxyl-terminal domain (CTD) and negative elongation 

factors (65). The ELL1/2 subunit, on the other hand, can directly increase the catalytic 

rate of Pol II by suppressing transient pausing (123). As these two elongation stimulatory 

factors act simultaneously on a single polymerase complex at the HIV-1 promoter, they 

synergistically boost viral transcription (90,122). In addition to P-TEFb and ELL1/2, 

AFF1/AFF4 is another essential SEC component due to its ability to serve as a flexible 

scaffold to recruit all the other subunits into a complete complex (97,99).  

Our recent structural and biochemical analyses indicate that AFF1/4 and Tat bind 

right next to each other to the surface of CycT1, and that this arrangement significantly 

enhances the interaction between Tat and P-TEFb (100). Compared to AFF1, AFF4 
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displays greatly diminished ability to promote the Tat-P-TEFb binding because of a 

critical amino acid variation between the two AFF proteins (122). While this functional 

difference was observed mostly in HeLa and HEK293 cells, it remains to be determined 

whether it also exists in HIV-1’s natural host, CD4+ T cells. Unlike AFF1 that stimulates 

the Tat-P-TEFb interaction, the human BET bromodomain protein BRD4 competes with 

Tat for binding to P-TEFb, leading to the inhibition of Tat-transactivation (105,106). 

Importantly, a small molecule inhibitor termed JQ1 has been shown to antagonize 

BRD4’s inhibitory effect through occupying its bromodomains. This in turn promotes the 

Tat-P-TEFb/SEC binding, Tat-transactivation, and the exit of HIV-1 from latency (108-

110).  

Despite the recognition of the key role that the SECs play in HIV-1 transcription, 

little is known about how they may control viral latency. Specifically, it remains to be 

seen to what extent the reversal of latency depends on the SECs and whether any 

particular members of the SEC family may exert a predominant role in this process. 

Furthermore, it is unclear whether the cellular level/activity of a SEC can be manipulated 

in CD4+ T cells to efficiently reverse latency in the absence of any chemical inducers 

that have serious side effects.  

Previously, it has been difficult to answer these questions due to the frequently 

encountered partial effectiveness of RNA interference (RNAi) in silencing gene 

expression. In the present study, we used the state-of-the-art CRISPR-Cas9 genome-

editing tool to knock out (KO) the gene encoding the SEC subunit ELL2, AFF1, or AFF4 

in 2D10 cells, a well-characterized Jurkat T cell-based HIV-1 latency model (119). 

Depletion of these SEC subunits significantly reduced both spontaneous and drug-

induced latency reversal by suppressing viral transcription at the stage of elongation. 

Surprisingly, despite its very low abundance, a minor subset of SECs was found to play a 

predominant role in facilitating the Tat-dependent latency exit. Furthermore, by simply 

elevating the cellular level/activity of these Tat-friendly SECs, we were able to efficiently 

reverse latency without using any drugs. 

 

Experimental Procedures 

Generation of knockout (KO) and rescue cell lines  

The procedures for disrupting the genes encoding the SEC subunits ELL2, AFF1, 

and AFF4 using the CRISPR-Cas9 system in the Jurkat-based 2D10 cell line (119) have 

been described previously (124). The plasmid vector pSpCas9(BB)-2A-Puro (PX459) 

that expresses Cas9 and sgRNA was from Addgene (plasmid # 48139). The sgRNA and 

genotyping primer sequences used in the procedures are listed in Table 2-1. The positive 

KO clones were identified by Sanger sequencing of the genomic amplicons obtained with 

the TA Cloning Kit (Life Technologies), and the loss of expression of the disrupted genes 

was verified by immunoblotting of the target proteins. 

A pcDNA3-based vector expressing FLAG-tagged ELL2 (ELL2-F) was stably 

introduced into the ELL2 KO cell line ∆ELL2 by nucleofection. Rescue clones 
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expressing varying levels of ELL2-F were obtained by sorting of single cells, selection in 

G418 at 400 g/ml for 16 days, and finally anti-Flag immunoblotting.  

Generation of stable AFF1- or AFF4-knockdown (KD) HeLa cells  

The shRNA sequences that target AFF1 (shAFF1; 5'- 

CCGGGCCTCAAGTGAAGTTTGACAACTCGAGTTGTCAAACTTCACTTGAGGCT

TTTTG-3') and AFF4 (shAFF4: 5'-

 CCGGGCACCAGTCTAAATCTATGTTCTCGAGAACATAGATTTAGACTGGTGC

TTTTTG-3'), respectively, were cloned into the lentiviral vector pLKO.1. shRNA 

targeting GFP was used as a non-target control. Lentivirus production and infection of 

HeLa cells were conducted as previously described (102).  

Detection of HIV-1 latency reversal 

To test the effects of SEC subunit KO and the rescues on spontaneous and drug-

induced latency reversal, 1 x 10
6 

WT or the various KO cells were treated with 1 nM 

PMA, 2 µM prostratin, 1 µM JQ1, or 0.1% DMSO as a negative control. After the 

treatment for 16 hours, the cells were subjected to FACS analysis to detect the GFP 

fluorescence. Data were analyzed using the Flowjo (Tree Star) software by first selecting 

living cells using the FS/SS gates, and then reading the GFP-positive percentage for each 

sample under the same threshold throughout the experiment. The percentage of GFP(+) 

cells and the standard deviation for each sample were calculated based on the triplicate 

treatments. 

Reverse transcription followed by quantitative real-time PCR (RT-qPCR) analysis 

Total RNA was extracted by TRIzol reagent (Life Technology) from drug-treated or 

untreated WT Jurkat/2D10 cells or the various KO cell lines and reversed transcribed 

using random hexamer primers (Life Technology). The cDNA was amplified with the 

DyNAmo HS SYBR Green qPCR kit (Fisher F-410L) on a CFX96 system (Bio-Rad) 

using the HIV-1 LTR forward primer 5’-GGGTCTCTCTGGTTAGACCAG-3’ in 

combination with either HIV-1 LTR reverse primer-1: 5’-

GGGTTCCCTAGTTAGCCAGAG-3’, or reverse primer-2: 5’-

CTGCTAGAGATTTTCCACACTGAC3’ to examine the levels of the short, just initiated 

and longer, elongated HIV-1 transcript, respectively (125). All reactions were performed 

in triplicates with melting curves to ensure specificity. The PCR signals were normalized 

to that of GAPDH and displayed. 

Co-immunoprecipitation 

Approximately 5 × 10
8
 WT or KO cells were swollen in hypotonic buffer A (10 

mM HEPES-KOH [pH 7.9], 1.5 mM MgCl2, and 10 mM KCl) for 10 minutes and then 

centrifuged at 362g for 10 min. The nuclei were extracted with Dounce tissue 

homogenizer in buffer C (20 mM HEPES-KOH [pH 7.9], 0.4 M NaCl, 25 % glycerol, 0.2 

mM EDTA, 1.5 mM MgCl2, 0.2 % NP-40, and 1 × protease inhibitor cocktail). Nuclear 

extracts were mixed with 4 µg specific antibodies or control normal IgG and incubated at 

4°C for 3 hours. Subsequently, 15 µl protein-A beads (Life Technology) were added into 

each reaction and the mixtures were rotated at 4°C overnight. The beads were then 

washed extensively with buffer D (20 mM HEPES-KOH [pH 7.9], 0.3 M KCl, 15 % 
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glycerol, 0.2 mM EDTA, 0.2 % NP-40, 1 × protease inhibitor cocktail) and eluted with 

30 ul 0.1 M glycine (pH 2.0). For Western blot, 2% of the total input for 

immunoprecipitation (IP) and 25% of the IP eluate were loaded into each NE and IP lane, 

respectively. 

 

Results  

Generation of Jurkat/2D10-based AFF1, AFF4 or ELL2 KO cell lines using the 

CRISPR-Cas9 system 

Using the CRISPR-Cas9 system (124), we introduced double-strand breaks into the 

first exon of the ELL2 and AFF4 genes as well as the second exon of the AFF1 gene in 

the Jurkat-based 2D10 cells, a post-integrative latency model developed by the Karn 

laboratory (119). The HIV-1 sequence contained in this cell line encodes a partially 

attenuated Tat variant H13L as well as the short-lived d2EGFP reporter protein in place 

of the nef gene. The positive knockout (KO) clones were identified by Sanger sequencing, 

which detected frame-shift mutations resulting from non-homologous end-joining repair 

in both alleles of the target genes (Fig. 2-1 and Table 2-1). The complete loss of protein 

expression by the target genes was also verified by Western analysis of the KO cell 

lysates (Fig. 2-1).  

Two different clones each of the AFF1- and AFF4-KO were obtained by using two 

separate single guide (sg)RNA sequences that target distinct regions of the AFF1 or 4 

gene (Fig. 2-1 and Table 2-1). These twin AFF1/4-KO clones will be analyzed in key 

experiments below to ensure that the results obtained can indeed be attributed to the loss 

of AFF1 or 4 but not some unintended off-target effects of the sgRNAs and the CRISPR-

Cas9 system. For the single ELL2 KO clone, we will perform rescue experiments by 

reintroduction of wild-type (WT) or mutant ELL2-expressing constructs as a way to rule 

out any off-target effects (see below).  

It is important to point out that our efforts to obtain homozygous ELL1 KO were 

unsuccessful despite the use of two distinct sgRNA sequences and sequencing at least 34 

different clones (Table 2-1). Only heterozygous KO cells in which one allele was found 

to contain a frame-shift mutation, while the other had an in-frame deletion or insertion 

that restored the ELL1 open reading frame, were obtained. These observations suggest 

that ELL1 is an essential gene, a notion that is supported by a recent genome-wide study 

showing that the sgRNA sequences for ELL1 were significantly more depleted than those 

for ELL2, AFF1, and AFF4 in a negative selection screen (126).  

AFF1, AFF4 and ELL2 are differentially required by various agents to reverse 

HIV-1 latency  

We next performed FACS analysis to examine the effect of the ELL2, AFF1 or 

AFF4 KO on abilities of several well-known latency-reversing small molecules to 

promote the HIV-1 LTR (Long Terminal Repeat)-dependent GFP expression. 

Representative FACS plots are shown in Fig. 2-2A, and based on theses and others the 

processed data are summarized in bar graphs in Fig. 2-2B-E. First of all, when treated 

with the vehicle control DMSO, only a small percentage (~1.2%) of WT cells became 
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GFP-positive, and the loss of any of the three SEC components was found to further 

reduce this spontaneous, basal level exit from latency (Fig. 2-2B). Notably, between the 

two AFF proteins, AFF4 KO produced a more pronounced effect (<0.1% GFP+ cells) 

than did AFF1 KO (~0.5%) in suppressing this process.  

As for the drug-induced latency reversal, all three SEC subunits were shown to be 

important in this process, although the responses to their KO varied from compound to 

compound. The BET bromodomain inhibitor JQ1 is known to activate HIV-1 

transcription by antagonizing BRD4’s inhibition of the Tat-P-TEFb/SEC interaction, 

thereby stimulating the Tat/SEC-dependent viral transcription (108,110). We have 

recently demonstrated that the AFF1-containing SECs are preferentially employed by Tat 

to trans-activate the HIV-1 LTR (122). Consistent with these observations, the JQ1-

induced latency reversal was strongly dependent on AFF1 (from 47% in WT cells to ~2-3% 

GFP+ cells remaining in the KO population; Fig. 2-2C) but much less so on AFF4 (47% 

to 18%). PMA and prostratin, on the other hand, function primarily by activating Protein 

Kinase C (PKC) and hence NF-B, which then binds to and stimulates transcription from 

the viral LTR. Compared to JQ1’s strong reliance on AFF1, latency reversal by these two 

compounds was not so much decreased by the AFF4 or AFF1 KO (at least 14% GFP-

positive cells still remaining) and moreover, it was affected somewhat similarly by the 

loss of AFF1 or AFF4 (Fig. 2-2D & 2-2E).  

Among the three latency-reversing compounds tested, JQ1 displayed the highest 

sensitivity to the KO of ELL2 (Fig. 2-2C), whereas prostratin was the least sensitive (Fig. 

2-2E) and PMA in the middle (Fig. 2-2D). The strong dependence on ELL2 by JQ1 is 

consistent with the earlier demonstrations that the Tat-SEC complex plays an especially 

important role in allowing JQ1 to reverse HIV-1 latency (108). Later, we will investigate 

whether the homologous ELL1 protein can rescue the ELL2 KO to enable JQ1 to regain 

this ability. 

KO of SEC subunits suppresses latency reversal by decreasing HIV-1 

transcriptional elongation 

In the above latency reversal assay, the two independent AFF1 or AFF4 KO clones, 

which were generated with sgRNAs targeting two different regions of AFF1 or AFF4, 

produced nearly identical responses under all treatment conditions (Fig. 2-2B-E). The 

twin AFF1/4 KO clones also behaved the same in many other experiments below, thus 

ruling out their displayed phenotypes as potential off-target effects of CRISPR-Cas9. 

Thus, for simplicity of presentation, results obtained with just one clone each of the 

AFF1/4 KO (∆AFF1-sg1 and ∆AFF4-sg1) will be discussed henceforth.  

In light of the above GFP data showing the KO-induced decrease in HIV-1 LTR 

activity, we wanted to further investigate whether the decrease occurred at the 

transcription initiation or elongation level. To this end, RT-qPCR reactions containing 

two distinct pairs of LTR primers (125) that can distinguish between a just initiated short 

(59-nt) HIV-1 transcript and an elongated longer form (190-nt) were performed (Fig. 2-

3A). Consistent with the notion that the SEC is exclusively involved in the elongation 

control, production of the short HIV-1 RNA, i.e. transcription initiation, was mostly 

unaffected by loss of any of the three SEC subunits (Fig. 2-3B). This was true not only 
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for JQ1, the BRD4 antagonist and Tat/SEC activator, which elevated production of the 

59-nt transcript, i.e. initiation, by only ~2-fold compared to DMSO, but also for PMA 

and prostratin, the two PKC/NF-B activators, which stimulated this process by nearly 

80-fold. 

In contrast to HIV-1 initiation, the production of the longer 190-nt transcript, i.e. 

transcription elongation, was sensitive to KO of SEC subunits, although the degree of 

sensitivity varied under different treatment conditions (Fig. 2-3C). Just like the situations 

encountered above in the GFP reporter assay, between AFF1 and AFF4, the low, basal 

level elongation in DMSO-treated cells was extremely sensitive to the loss of AFF4 but 

not AFF1. In contrast, the activated elongation in JQ1-treated cells was completely gone 

only after the KO of AFF1 but not AFF4 (Fig. 2-3C), reinforcing the notion that JQ1 acts 

primarily by stimulating the Tat/SEC-dependent HIV-1 elongation and that the AFF1-

SEC is preferentially utilized in this process (108,110,122). As for HIV-1 elongation in 

cells treated with either PMA or prostratin, it was similarly sensitive to the loss of AFF1 

or AFF4, although the dependence of the two compounds on AFF1/4 was a few orders of 

magnitude lower than that of JQ1 on AFF1 (Fig. 2-3C).  

Finally, just like the KO of AFF1/4, the KO of ELL2 did not much affect the HIV-1 

initiation, but uniformly decreased basal as well as activated HIV-1 elongation under all 

treatment conditions (Fig. 2-3B & 2-3C), confirming this protein as a key contributor to 

the SEC-mediated elongation stimulation. Together, the above data indicate that even 

though the three latency-reversing agents can preferentially target different stages of 

HIV-1 transcription (PMA and prostratin primarily activate the NF-B-mediated 

initiation, whereas JQ1 mostly the Tat-stimulated elongation), the SEC-dependent HIV-1 

elongation is an indispensible step that all three compounds must activate, either directly 

or indirectly, in order to efficiently promote the viral exit from latency.  

Latency reversal in KO cell lines is restored by re-introduction of the missing 

proteins or in some cases their functional homologues 

To investigate whether the homologous ELL (ELL1 and ELL2) and AFF (AFF1 and 

AFF4) proteins may possess redundant functions in promoting the exit from HIV-1 

latency, we expressed them individually from nucleofected cDNAs in WT Jurkat/2D10 

and the three SEC subunit-KO cell lines. With the exception of AFF4-F (Flag-tagged 

AFF4), this resulted in an increase in basal level GFP production in WT cells (Fig. 2-4A). 

However, compared to ELL2-F, ELL1-F was significantly less effective in this process. 

Upon close examination, we suspected that even this relatively weak stimulatory effect 

was likely caused by ELL1-F’s much higher accumulation than ELL2-F in nucleofected 

cells (Fig. 2-4A, bottom panel).  Indeed, when the expression of the two ELL proteins 

was adjusted to about the same level, ELL1-F completely lost the ability to activate GFP 

expression (Fig. 2-4B). Thus, between the two homologous pairs of SEC subunits, only 

the introduction of extra ELL2, or to a smaller extent, AFF1 into WT cells was able to 

promote the non-drug induced latency reversal, suggesting that these two SEC subunits 

are normally present at levels or in states that are suboptimal for the reversal. 

In the various KO lines, the spontaneous latency reversal was restored or even 

elevated to levels higher than that seen in WT cells upon re-introduction of the cDNAs 



16 
 

 
 

encoding the missing proteins. For example, significantly elevated GFP production was 

observed when ELL2-F but not ELL1-F was reintroduced into the ELL2 KO cells (Fig. 

2-4B). A smaller increase was seen only after ELL1-F was expressed at a much higher 

level than ELL2-F or when extra AFF1-F was introduced (Fig. 2-4A). The specificity of 

the rescue has effectively ruled out the phenotypes displayed by the ELL2 KO cells as 

off-target effects.  

Similar to the situation found in the ELL2 KO cells, ectopic expression of AFF1-F 

but not AFF4-F in the AFF1 KO cells was able to reverse latency beyond the level 

detected in WT cells (Fig. 2-4A). In contrast, introduction of not only AFF4-F but also 

AFF1-F into the AFF4 KO cells was able to elevate the level of GFP production to that of 

WT cells, although the introduction of ELL1-F or ELL2-F completely failed to produce 

such an effect (Fig. 2-4A). The observations that AFF1 effectively complemented the loss 

of AFF4 but AFF4 was unable to replace AFF1 suggest that during spontaneous latency 

reversal, AFF1 possesses all the essential functions that AFF4 does but not vice versa.  

Next, we repeated the above rescue experiment under the JQ1-treatment conditions. 

The data in Fig. 2-4C indicate that although the overall percentages of GFP(+) cells upon 

exposure to JQ1 were much higher than those obtained under basal, non-drug induced 

conditions, the JQ1-induced latency reversal responded very similarly to the introduction 

of ELL1/2 and AFF1/4 into WT and the KO cell lines (compare Fig. 2-4C with Fig. 2-

4A). Despite this overall similarity, there was a noticeable difference between the two 

with regard to the responses displayed by the AFF4 KO cells. While the introduction of 

extra ELL2 into this line failed to enhance basal GFP production (Fig. 2-4A), it was 

almost as effective as the introduction of either AFF1 or AFF4 in rescuing the JQ1-

induced latency reversal (Fig. 2-4C). Previously, it has been shown that JQ1 activates 

HIV-1 transcription and reverses viral latency through mostly the Tat/SEC-dependent 

pathway (108,110) and that the SEC subunits ELL2 and AFF1 play an especially 

important role in this process (90,122). Given these revelations, it is likely that the extra 

ELL2 or AFF1 introduced into the AFF4 KO cells was used to assemble the Tat-friendly, 

ELL2/AFF1-containing SECs that efficiently promoted latency reversal in the absence of 

AFF4. 

Given the demonstration that ELL1 and ELL2 possess similar activities in 

stimulating transcriptional elongation in vitro (93), it is intriguing that the two proteins 

displayed non-redundant functions during HIV-1 latency reversal. To determine the 

underlying mechanism, we replaced the N-terminal transactivation domain of ELL1 (aa 

1-291) with the corresponding region in ELL2 (aa 1-290) and determined the abilities of 

the overexpressed WT and engineered ELL1 protein (E2N-E1C-F) to promote the exit of 

HIV provirus from latency in the ELL2 KO-2D10 cells (Fig. 2-4D). While WT ELL1 

was largely inactive in this assay, the presence of the N-terminal domain of ELL2 

dramatically enhanced the ability of the engineered ELL1 to reverse viral latency to a 

level similar to that caused by WT ELL2 (compare Fig. 2-4A and 2-4D). This result 

suggests that the different abilities of the two ELL proteins to reverse latency can be 

attributed to their distinct N-terminal Pol II-binding domains. 

ELL2 synergizes with AFF1 overexpression or BRD4 knockdown to reverse HIV-1 

latency in the absence of any chemical inducers 
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Having observed that ELL2 played an exceptionally important role in promoting the 

exit of HIV from latency, we further explored the potential of using either ELL2 

overexpression alone or in combination with other manipulations to reverse latency in the 

absence of any chemical inducers. Toward this goal, the ELL2 KO cell line was used as 

the basis to generate a series of stable lines expressing varying levels of ELL2-F as 

indicated by anti-ELL2 immunoblotting (Fig. 2-5A, bottom panel). While no ELL2 was 

detected in ∆E2-R1, the ELL2 levels in ∆E2-R2 and ∆E2-R3 cells were 1.3-, and 3.1-

times higher than that of endogenous ELL2 in WT cells, respectively.  

When these clones were analyzed by FACS, the expression of ELL2-F was found to 

increase the percentage of GFP(+) cells in each population in a dose-dependent manner 

(Fig. 2-5A). More importantly, the overexpressed ELL2-F alone in ∆E2-R3 cells was 

able to single-handedly produce 18% GFP(+) cells, again supporting the idea that ELL2 

in WT Jurkat/2D10 cells is normally present in an amount or state that is inadequate for 

efficient HIV-1 transcription and latency reversal.  

 Previously, we and others have shown that the BET bromodomain protein BRD4 

acts as a direct competitor of HIV-1 Tat for binding to P-TEFb/SEC and that the 

inactivation of BRD4 alleviates this inhibition to promote Tat-stimulation of HIV 

transcription and exit from latency (105,106,108,110). Consistent with these observations, 

the siRNA-mediated knockdown (KD) of BRD4 expression was found to strongly 

synergize with ELL2 overexpression to reverse HIV-1 latency in ∆E2-R3 cells [11% and 

17% GFP(+) cells were caused by siBRD4 and ELL2 overexpression alone, respectively, 

versus 85% caused by the combination of the two; Fig. 2-5B]. 

Not only did the KD of BRD4, which resulted in more SECs that could be bound by 

Tat and thus amounted to an elevation of the effective SEC level in ∆E2-R3 cells, 

strongly promote the drug-free exit from latency, a similar effect was also produced by 

the direct overexpression of the SEC subunit AFF1-F but not AFF4-F in these cells (Fig. 

2-5C and 2-5D). This latter result once again highlights the functional difference between 

the two AFF proteins in promoting the Tat/SEC-dependent latency reversal. Further 

analyses have shown that this functional difference can be traced to a single amino acid 

variation between AFF1 and AFF4. Compared to WT AFF1, AFF1 V67M, in which 

Val67 was replaced with the bulkier Met found at a homologous position (amino acid 62) 

in AFF4, lost the ability to reverse latency in ∆E2-R3 cells (Fig. 2-5E). In contrast, AFF4 

M62V, which contains Val at position 62 instead of the normal Met, gained the ability 

and became much more effective than WT AFF4 in the assay.  

We have recently shown that in HeLa cells, the above-mentioned reciprocal 

exchange of amino acids between AFF1 and AFF4 alters the abilities to these two 

proteins to promote Tat binding to P-TEFb/SEC and activation of HIV-1 transcription 

(122). The current study has further extended these observations into the Jurkat/2D10-

based latency model by showing that the single amino acid difference between the two 

AFF proteins allows AFF1 but not AFF4 to strongly synergize with ELL2 to reverse 

latency in a Tat/SEC-dependent manner. 

AFF1 is present in only a minor subset of SECs  
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        We have recently reported that as structural scaffold, AFF1 and AFF4 nucleate the 

formation of separate SECs with largely non-overlapping functions in HeLa cells (122). 

However, the relative abundance of the AFF1- and AFF4-SECs inside a cell has not been 

determined and it is unclear whether the two AFF proteins assemble their SECs with a 

similar or different efficiency. To address this issue, we took advantage of the AFF1 and 

AFF4 KO cell lines ∆AFF1-sg1 and ∆AFF4-sg1 and performed anti-CDK9 

immunoprecipitations (IP) in nuclear extracts and examined the association of a panel of 

signature SEC subunits with CDK9 by immunoblotting.  

Surprisingly, other than causing an about 50% increase in the level of AFF4 

bound to CDK9, the AFF1 KO produced little noticeable effect on CDK9’s interactions 

with ELL1, ELL2, ENL, and AF9 (Fig. 2-6A). In contrast, the AFF4 KO greatly reduced 

the amounts of these SEC components associated with CDK9 but had no significant 

effect on the AFF1-CDK9 interaction (Fig. 2-6B). Although the amount of CDK9 

sequestered in the total SEC population in ∆AFF4-sg1 cells was significantly decreased, 

the AFF4 KO had little impact on the ability of AFF1 to nucleate the assembly of the 

AFF1-SECs and thus selectively retain CDK9 in this sub-population (Fig. 2-6C). 

Together, these results suggest that in Jurkat/2D10 cells, AFF4 is the main scaffolding 

protein responsible for formation of the vast majority of the SECs, whereas AFF1 is 

assembled into only a minor subset of the total SEC population. Importantly, it is the 

latter subset of SECs that has been shown above to play a predominant role in supporting 

HIV-1 transactivation and escape from latency. Unlike AFF1/4, ELL2 does not play a 

structural role during SEC assembly (90,99). As expected, the ELL2 KO had no obvious 

effect on interactions of CDK9 with the remaining SEC subunits (Fig. 2-6D). 

To investigate the contributions of AFF1 and AFF4 to SEC assembly in a 

different cell type, we repeated the above experiment in engineered HeLa cells, in which 

the expression of AFF1 or AFF4 had been stably knocked down (KD) by target-specific 

shRNAs (shAFF1 & shAFF4). The shRNA that targets GFP (shGFP) was used as a 

negative control. Very similar to the situations encountered in the Jurkat/2D10-based KO 

cells (Fig. 2-6A & 2-6B), the KD of AFF1 in HeLa cells had little effect on the 

interactions of ELL2, ENL, and AF9 with CDK9 when compared to the shGFP control, 

whereas the AFF4 KD drastically reduced these interactions (Fig. 2-6E). Thus, in HeLa 

cells, AFF4 was also used as the predominant scaffolding protein to assemble most of the 

SECs. 

Despite the similarity between the two cell types, there were also obvious 

differences. First, unlike the AFF4 KO in Jurkat/2D10 cells that has led to a dramatic 

decrease in the level of the CDK9-bound ELL1 (Fig. 2-6B), the KD in HeLa cells 

actually elevated the ELL1 level in both the anti-CDK9 immunoprecipitates as well as 

the nuclear extract (NE) through an unknown mechanism (Fig. 2-6E). Secondly, the 

ELL2 level in HeLa NE was decreased markedly upon AFF4 KD (Fig. 2-6E), but only 

very slightly in Jurkat/2D10 cells after the AFF4 KO (Fig. 2-6B). This decrease could be 

due to the loss of AFF4’s protection of ELL2 from the E3 ubiquitin ligase Siah1 (96). 

Apparently the degree of protection varied between the two cell types. Finally, the KD of 

AFF1 or AFF4 in HeLa cells significantly increased binding of CDK9 to the remaining 

non-targeted AFF paralog (Fig. 2-6E), suggesting the existence of a robust compensatory 

relationship between the two AFF proteins in this cell line. In comparison, a somewhat 
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weaker compensation was detected in the Jurkat/2D10-based AFF1/4 KO cells (Fig. 2-6A 

& 6B). Since AFF4 is the predominant scaffolding protein for SEC assembly, its ability 

to compensate for the lost AFF1 through increased binding to CDK9 may also partially 

explain why the interactions of CDK9 with several signature SEC components remained 

largely unaffected by either AFF1 KD or KO.  

 

Discussion 

P-TEFb is a component of the multi-subunit SECs, and recent studies indicate that 

it is not the isolated P-TEFb but rather a complete SEC that is recruited by Tat to the 

HIV-1 promoter for efficient transcriptional activation (90,91,122). Although P-TEFb has 

been extensively studied and recognized as a key host factor required for HIV-1 to escape 

latency (127,128), the contribution by the non-P-TEFb part of a SEC to this process has 

not been determined. Furthermore, since the SECs belong to a fairly large family of 

related complexes (121), it remains to be tested whether the SEC subtype that has been 

shown to be key for Tat-activation of HIV-1 transcription in HeLa cells (122) is also 

important for the HIV provirus to escape latency in CD4+ T cells. To address these 

questions, the present study employs the CRISPR-Cas9 system to knock out the genes 

encoding three key SEC subunits AFF1, AFF4 and ELL2 in 2D10 cells, a well-

characterized Jurkat T cell-based HIV-1 latency model (119). Through this loss-of-

function approach that is much more rigorous than the RNAi-mediated knockdowns 

performed previously, we show that latency reversal, regardless of whether it was drug-

induced or occurred spontaneously, was unable to proceed in the absence of these non-P-

TEFb SEC subunits.  

Among the three SEC subunits analyzed in the current study, AFF1 and AFF4 are 

characterized as scaffolding proteins required for assembly of the AFF1- and AFF4-

containing SECs, respectively (90,102). Our data indicate that these two subsets of SECs 

are differentially required for HIV-1 latency reversal depending on how the process was 

induced. For example, spontaneous, basal level latency reversal depended more on the 

AFF4-SECs, whereas the JQ1-induced process was much more sensitive to the loss of the 

AFF1-SECs (Fig. 2-2B & 2-2C). Mirroring these different requirements, the JQ1-induced 

HIV-1 transcriptional elongation was strongly inhibited by the KO of AFF1 but much 

less so by KO of AFF4 (Fig. 2-3C). In contrast, basal HIV-1 elongation was extremely 

sensitive to the depletion of the AFF4- but not AFF1-SECs (Fig. 2-3C).  

A likely explanation for the strong dependence on the AFF4-SECs for basal, 

spontaneous HIV-1 latency reversal and elongation is that a cellular recruitment factor 

such as the Polymerase-Associated Factor complex (PAFc) (97) or/and the mediator 

complex  is likely responsible for attracting a SEC to the viral promoter under these Tat-

free conditions. Between the AFF1- and AFF4-SECs, the latter have been shown in the 

current study to be strongly predominant in vivo (Fig. 2-6). Moreover, PAFc and 

mediator are not known to prefer one subtype over the other. Because of these reasons, 

the KO of AFF4 is expected to exert a bigger impact than the KO of AFF1 at this stage 

when only an extremely low level of viral transcription is triggered. In contrast, when 

cells are treated with JQ1, which antagonizes the BRD4 inhibition of the Tat-CycT1 

interaction thereby boosting Tat’s ability to recruit a SEC to the paused Pol II at the viral 
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promoter (108), the AFF1-SECs are preferentially selected because the Tat-CycT1 

binding is stronger in the presence of AFF1 than AFF4 (108,122). Thus, even though the 

AFF1-SECs represent a minor subset of the total SEC population in vivo, they are 

preferentially used in JQ1-treated cells and play an especially critical role in Tat-

dependent HIV-1 latency reversal and transcriptional elongation. 

In addition to AFF1/4, the SEC subunit ELL2 has also been shown to occupy an 

important place in activating latent proviruses. Because of the failure to obtain an ELL1 

KO line, it is difficult to directly assess the role of ELL1 in controlling this process. 

However, several pieces of evidence suggest that as a SEC subunit, it may not be as 

effective as ELL2 in supporting HIV-1 transcriptional elongation and escape from 

latency. First, except for the observations made in prostratin-treated cells, ELL2 KO 

caused more than 50% of reduction in both HIV-1 transcriptional elongation and latency 

reversal under basal as well as drug (JQ1 or PMA)-induced conditions (Fig. 2-2 and Fig. 

2-3C). In other words, the remaining ELL1-containing SECs in the ELL2 KO cells have 

provided less than half of the total SEC activity under these conditions. In addition, ELL1 

failed to rescue the loss of ELL2 when it was expressed at about the same level as that of 

ELL2, indicating that it was less active than ELL2 in supporting spontaneous and JQ1-

induced latency reversal (Fig. 2-4B & 2-4C). A weak complementation was observed 

only after ELL1 was expressed to a much higher level (Fig. 2-4A). Mechanistically, our 

domain swapping experiment (Fig. 2-4D) reveals that differences between the N-terminal 

Pol II-binding domains of ELL1 and ELL2 underlie the different activities of the two 

ELL proteins in HIV-1 latency reversal. Future studies are needed to determine how the 

ELL2 N-terminal domain may establish a more productive interaction with Pol II at the 

HIV-1 promoter to activate viral transcription and reverse latency. 

Another important finding of the present study is that by merely increasing the 

level/activity of the ELL2/AFF1-containing SECs in Jurkat/2D10 cells, we were able to 

efficiently reverse HIV-1 latency without using any drugs (Fig. 2-5), suggesting that this 

subset of SECs is normally a rate-limiting factor for Tat-transactivation in these cells. 

Since the simple introduction of extra Tat protein alone without the matching host 

cofactors produces only limited effects in reversing latency (129,130), an array of human 

proteins has been discovered to activate HIV-1 proviruses to various degrees in latently 

infected cells once their expression is enhanced or silenced (reviewed in (45)). However, 

in most cases this has not been a very effective strategy except for the p65 (RelA) subunit 

of NF-B. The Greene laboratory reported in 2006 that overexpression of p65 was able to 

activate over 80% of the latent proviruses in Jurkat-based J-Lat cells (56).  

This level of activation is similar to what we have accomplished in the current 

study through overexpressing ELL2 and AFF1 together (65% latency reversal) or 

combining ELL2 overexpression with BRD4 KD (85%). Both strategies can increase the 

effective concentrations of the ELL2/AFF1-contaning SECs that are targeted by Tat for 

HIV-1 transactivation. Given the pleiotropic functions NF-B especially in the immune 

system and unacceptable side-effects of its activating drugs PMA and prostratin, the NF-

B pathway may not be an ideal therapeutic target for latency reversal (131). In contrast, 

the SECs appear to only selectively regulate a minor fraction of genes (104). In our 

ongoing efforts to identify additional, more druggable targets to achieve robust latency 

reversal, the ELL2/AFF1-contaning SECs merit serious considerations because efficient 
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and complete reversal cannot proceed without these low-abundance, Tat-specific SECs 

and their interactions with Tat.  

It is important to point out that the present conclusion about the predominant effects of 

the ELL2/AFF1-contaning SECs in HIV latency reversal has been made in activated 

CD4+ T cells. A vital difference between quiescent memory CD4+ T cells and activated 

T cells is that the former have extremely low levels of active P-TEFb (127). Thus, the 

overexpression of ELL2 and AFF1, if it is to be used in a future therapeutic approach to 

reverse HIV latency, should most likely be combined with additional manipulations (e.g. 

treatment with a cocktail of cytokines (132) or prostratin (133)) that can increase the 

nuclear concentration of active P-TEFb without completely activating T cells.  
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Table 2-1. CRISPR-Cas9 genome targeting statistics 

Gene 
Targeted 

exon
1
 

Genotyping primer sequence
2
 sgRNA sequence 

On-
target
score

3
 

No. of 
clones 
sequ-

enced
4
 

No. of 
KO 

clones
5 

ELL2 1 
GAGCGCCCGGATCGCCGTCT 

CGTCGGAAAGTCCCGCAG 
GAGCGCCCGGATCGCCGTCT 91 2 2 

AFF4 1 
AAGTGTTTTGTTGGGGTGGGTT 

GGTGAAGTACCCGCCGATG 

AGAACGGGAAAGGCGGAATC 83 9 5 

TGCGTATGAAAGAACGGGAA 81 6 2 

AFF1 2 
CCTGCAGATGAAAAGCTTCCAC 

GTGCCATTTTAACTCAATTCCCCTG 

CCTTCTCTCTAATTCGAAGC 89 5 2 

AGAGAAGGAAAGACGCAACC 73 2 1 

ELL1 1 
ATATGCAACAACTTGGGGCG 
CAGCTTCCCCCTATCACGGT 

TCGTGCGGGCGGGTTAGCGA 98 10 0 

TCTGGCGCGGTAGCTCTCGA 93 24 0 
 

1 Position of sgRNA targeted exon within the gene. 

2 Sequences of primer pairs used to amplify targeted genomic regions for Surveyor Assay® and 

Sanger sequencing. 

3 Faithful on-target score predicted based on http://crispr.mit.edu/. 

4 Number of cell clones sequenced. 

5 Number of cell clones identified with homozygous fame-shift mutations by sequencing. 

  

http://crispr.mit.edu/
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Figure 2-1. Verification of Jurkat/2D10-based knockout cell lines in which the genes 

encoding three SEC subunits are disrupted by CRISPR-Cas9. Nucleotide and 

predicted amino acid sequences surrounding the intended Cas9 cleavage sites (arrows) in 

wild-type ELL2 (A), AFF4 (B) and AFF1 (C) genes as well as their mutant alleles 

generated by CRISPR-Cas9 are shown. Insertions of extra nucleotides are indicated by 

underlined lowercase letters, deletions by capital letters containing strikethroughs, and 

the omitted nucleotides marked by four consecutive dots (….). In the names of the AFF1 

and AFF4 KO (∆AFF1/4) clones, sg1 and sg2 refer to two independent clones obtained 

by using two separate sgRNA sequences targeting different regions of each gene locus. 

Premature stop codons as a result of frame-shift mutations are indicated by a star (*). The 

loss of protein expression from the disrupted genes in the various KO clones was 

confirmed by immunoblotting with the indicated antibodies. 

 

 

Figure 2-1  



24 
 

 
 

Figure 2-2. AFF1, AFF4 and ELL2 are differentially required by the various HIV-1 

latency-reversing small molecules. A., B., C., D. & E. The indicated cell lines were 

exposed to the various agents labeled on top and then subjected to FACS analysis to 

determine the percentage of GFP(+) cells present in each cell population. WT: Wild-type 

Jurkat/2D10 cells. Representative FACS plots (A) and bar graphs (B-E) based on these 

and other plots were shown. Each column represents the average of three independent 

experiments, with the error bars indicating mean +/- standard deviation. 

 

 

Figure 2-2 
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Figure 2-3. KO of SEC subunits suppresses latency reversal by inhibiting HIV-1 

transcriptional elongation. A. A schematic diagram showing the various regions that 

make up the HIV-1 5’ LTR and the positions of transcription start site (TSS) as well as 

the primer sets that were used in RT-qPCR reactions to quantify the short 59-nucloetide 

(nt) and long 190-nt HIV-1 transcripts. B. & C. RT-qPCR quantification of the short (B) 

and long (C) HIV-1 transcripts using the specific primers shown in A. The qPCR signals 

were normalized to that of GAPDH. Each column represents the average of three 

independent RT-qPCR measurements, with the error bars indicating mean +/- standard 

deviation. 

 

 

Figure 2-3 
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Figure 2-4. Restoration of HIV-1 latency reversal in SEC subunit-KO cell lines by 

reintroduction of the missing proteins or in some cases their functional homologues 

or an ELL2-ELL1 chimeric protein. A, B, C & D. Vectors expressing the indicated 

Flag-tagged SEC subunits (A-C) or the ELL2-ELL1 chimeric protein E2N-E1C-F (D) 

were nucleofected into WT Jurkat/2D10 cells or the various SEC subunit-KO cells 

derived from this cell line. Forty-eight hours later, the cells were either untreated (A, B & 

D) or treated with JQ1 for an additional 16 hours (C). The percentages of GFP(+) cells 

among the various cell populations were then determined by FACS and plotted in bar 

graphs, with the error bars representing mean +/- standard deviation from three 

independent measurements. The dashed lines mark the levels of latency activation 

achieved in WT cells containing an empty vector and are used as a reference. An aliquot 

of cells from each group was checked for levels of the indicated proteins by 

immunoblotting. 
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Figure 2-4 
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Figure 2-5. ELL2 synergizes with AFF1 overexpression or BRD4 knockdown to 

promote drug-free HIV-1 latency reversal. A. An ELL2-F expression vector was 

stably introduced into the ELL2 KO (∆ELL2) cells. Three independent clones (∆E2-R1, 2 

& 3) expressing different amounts of ELL2-F were selected based on anti-ELL2 

immunoblotting (bottom) and examined for the percentages of GFP(+) cells by FACS 

analysis (top). B. ∆ELL2 and ∆E2-R3 cells were nucleofected with either the BRD4-

specific siRNA (siBRD4) or a control non-target siRNA (siNT) and examined by 

immunoblotting for the presence in cell lysates of the indicated proteins (bottom) and by 

FACS for the percentages of GFP(+) cells (top). C. & D. ∆ELL2 and ∆E2-R3 were 

nucleofected with plasmids expressing nothing (-), AFF1-F (C), or AFF4-F (D) and then 

analyzed as in B. E. ∆E2-R3 cells were nucleofected with either an empty vector or 

plasmids expressing the indicated AFF1/4 proteins and then analyzed as in B. 
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Figure 2-5 
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Figure 2-6. AFF1 is present in only a minor subset of SECs. A., B., C., & D. Nuclear 

extracts (NE) were prepared from wild-type (WT) Jurkat/2D10 cells or the Jurkat/2D10-

based AFF1 KO (∆AFF1-sg1, A), AFF4 KO (∆AFF4-sg1, B & C), and ELL2 KO 

(∆ELL2, D) cells and subjected to immunoprecipitation (IP) with the specific anti-CDK9 

(A, B, & D) or anti-AFF1 (C) antibody or non-specific, normal IgG as a control (ctl.). 

The immunoprecipitates were examined by immunoblotting for presence of the various 

proteins labeled on the left. E. NE from HeLa cells stably expressing the indicated 

shRNAs or nothing (-) were subjected to the same IP-immunoblotting analysis as in A. 

 

 

Figure 2-6 
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Chapter 3 

The KAT5-Acetyl-Histone4-Brd4 axis silences HIV-1 

transcription and promotes viral latency 

 

 

 

 

 

 

 

 

 

 

 

 

 

(This work was originally published in PLOS pathogens as: Li, Z., Mbonye, U., Feng, Z., 

Wang, X., Gao, X., Karn, J., & Zhou, Q. (2018). The KAT5-Acetyl-Histone4-Brd4 axis 

silences HIV-1 transcription and promotes viral latency. PLOS pathogens, 14(4), 

e1007012.) 
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Summary 

The bromodomain protein Brd4 promotes HIV-1 latency by competitively 

inhibiting P-TEFb-mediated transcription induced by the virus-encoded Tat protein. Brd4 

is recruited to the HIV LTR by interactions with acetyl-histones3 (AcH3) and AcH4. 

However, the precise modification pattern that it reads and the writer for generating this 

pattern are unknown. By examining a pool of latently infected proviruses with diverse 

integration sites, we found that the LTR characteristically has low AcH3 but high AcH4 

content. This unusual acetylation profile attracts Brd4 to suppress the interaction of Tat 

with the host super elongation complex (SEC) that is essential for productive HIV 

transcription and latency reversal. KAT5 (lysine acetyltransferase 5), but not its paralogs 

KAT7 and KAT8, is found to promote HIV latency through acetylating H4 on the 

provirus. Antagonizing KAT5 removes AcH4 and Brd4 from the LTR, enhances the SEC 

loading, and reverses as well as delays, the establishment of latency. The pro-latency 

effect of KAT5 is confirmed in a primary CD4+ T cell latency model as well as cells 

from ART-treated patients. Our data thus indicate the KAT5-AcH4-Brd4 axis as a key 

regulator of latency and a potential therapeutic target to reactivate latent HIV reservoirs 

for eradication. 
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Introduction 

The recent development of novel immunotherapeutic agents such as the bispecific 

dual-affinity retargeting (DART) antibodies that can engage a bound cytotoxic T cell to 

destroy an HIV-infected cell through recognizing the viral envelope proteins on the 

latter’s surface has fueled new optimism for finding a cure for HIV/AIDS(134). However, 

a major impediment to the cure effort is the latent viral reservoirs in long-lived CD4+ T 

cells that do not express any HIV protein/RNA, and thus cannot be recognized either by 

DART or by the host immune system(135).  

HIV latency is the result of silenced proviral transcription due to multiple 

complementary mechanisms(53). To expose the latent reservoirs for accelerated 

clearance, numerous “latency-reversing agents” (LRAs) have been identified that target 

specific stages of the HIV transcription cycle(45). However, extensive ex vivo studies 

suggest that individual LRAs are not very potent and that combinations of LRAs will be 

required to effectively purge the latent reservoirs(120). Among the successful 

combinatorial ex vivo trials, inhibition of the BET bromodomain protein Brd4 with JQ1 

strongly synergized with other LRAs to reverse viral latency(111,136). Although these ex 

vivo studies provide an important proof of concept, the available LRAs are either highly 

toxic or yet to be proven efficacious in clinical settings(53). Thus, better and safer LRAs 

are urgently needed. 

Brd4 is known to use its two bromodomains to bind to acetylated histones H3 and 

H4 (AcH3 and AcH4) (137) and its C-terminal PID (P-TEFb-interacting domain) to 

recruit the human positive transcription elongation factor b (P-TEFb) to 

chromatin(105,138) to promote transcription of cellular primary response genes(139). 

Counterintuitively, during activation of HIV transcription by the viral-encoded Tat 

protein, Brd4 acts as a potent inhibitor(105,106). This is because Brd4, which is highly 

abundant in vivo, can directly compete with Tat for binding to the limited cellular supply 

of P-TEFb(105,106), the protein kinase that is an integral component of the multi-subunit 

Super Elongation Complex (SEC) used by Tat as a host cofactor for HIV 

transactivation(90,91). By removing Brd4 from the HIV long terminal repeat (LTR), JQ1 

and other bromodomain inhibitors have been shown to reverse HIV latency by promoting 

the Tat-SEC formation, and consequently, Tat-transactivation(108,110). Antagonizing 

the Tat-SEC complex may not be the only way that Brd4 controls HIV latency. A recent 

study has shown that the short isoform of Brd4 (Brd4S) that lacks the PID can instead 

recruit the repressive SWI/SNF chromatin-remodeling complexes onto the latent HIV-1 

promoter to repress transcription(140). 

Given that targeting Brd4 can be a very effective strategy to purge latent HIV 

reservoirs(111,136), it is important to identify the prevailing histone acetylation pattern 

that allows Brd4 to be recruited and persistent on the HIV provirus. Knowing the exact 

Brd4 target on HIV chromatin and how it is created during latency establishment may 

help us devise more specific and efficient methods to displace Brd4 from the LTR for 

latency reversal. This will also help resolve the paradox that histone acetylation, which is 

typically associated with relaxed chromatin structure and HIV transactivation(141), can 

be used to attract Brd4 to silence proviral transcription. We therefore examined the status 

of AcH3 and AcH4 present on the LTR of a pool of latent HIV proviruses that had 

diverse integration sites. Our data indicate that upon entering latency, these proviruses 

displayed elevated levels of AcH4 and Brd4 but drastically reduced levels of AcH3 on 
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their LTR, raising the possibility that AcH4 is the primary histone modification 

responsible for attracting and retaining Brd4 on the silenced proviruses.  

Three major histone acetyltransferases (HATs) are known to modify H4: KAT5 

(Tip60) is known to acetylate lysines 5, 8, 12 and 16(142); KAT7 targets three out of the 

four positions; and KAT8 (MOF) modifies lysine16 exclusively(143). Our data indicate 

that downregulating the expression or activity of KAT5, but not KAT7 and KAT8, 

removed AcH4 and Brd4 from the HIV LTR, leading to the enhanced SEC loading, Tat-

transactivation and escape from latency. Consistent with these results, our data further 

show that silencing KAT5 interfered with the establishment of latency. Together, these 

results have demonstrated a critical role for KAT5 and its acetylation of H4 in promoting 

Brd4’s recruitment to the HIV LTR and establishment of latency. Furthermore, they 

reveal that inhibiting the KAT5-AcH4-Brd4 axis is potentially an effective strategy for 

activating the latent proviruses for subsequent eradication. 

 

Experimental Procedures 

CRISPRi-induced downregulation of KAT5, KAT7 and KAT8 

To downregulate KAT5, KAT7 and KAT8 in Jurkat 2D10 cells (previously 

generated by Karn lab based on human CD4+ T cells Jurkat line (119)), vectors pHR-

TRE3G-Krab-dCas9-P2A-mCherry(144) and pLVX-advanced-TetOn (gift from IGI, UC 

Berkeley) were packaged separately using a 3
rd

 generation lentiviral packaging system 

and co-infected into Jurkat 2D10 cells. A clone (2D10-iI) expressing Krab-dCas9-HA-

P2A-mCherry in response to doxycycline (Dox) treatment was picked by FACS, and 

verified by Western blot. DNA oligos containing sgKAT5#1 (sg1; 5’-

GACTCAGTAGACCGCCAC-3’), sgKAT5#2 (sg2; 5’-

GCCTCAGGCCGAGCCCTAGG-3’), sgKAT7#1 (sg1; 5'-

GTGTATCAGTCCCAATCCTG-3'), sgKAT7#2 (sg2; 5'-GGGATCGTCCGCAGGATT-

3'), and sgKAT8 (5’-GAGAGACGCGGCCCGGGGAT-3’) were synthesized and cloned 

separately into the pSico-BFP-puro vector(144), which was then packaged and 

transduced into the 2D10-iI cells. After 1 g/ml puromycin selection for 4 days, the 

stable CRISPRi-KAT5-sg1, CRISPRi-KAT5-sg2, CRISPRi-KAT7-sg1, CRISPRi-

KAT7-sg2, and CRISPRi-KAT8 cell pools were treated with 1 g/ml Dox for 72 hours 

and checked by RT-qPCR and Western blot with KAT5 (Invitrogen), KAT7 (Bethyl) and 

KAT8 antibodies (Invitrogen) for CRISPRi efficiency. 

Reverse transcription and real-time PCR (RT-qPCR) assay 

Total RNA from ~5×10
6
 cells were extracted by RNeasy kit (Qiagen) and reverse 

transcribed using the M-MLV Reverse Transcriptase (VWR) with random hexamers 

(Invitrogen). The cDNAs were subjected to qPCR using a DyNAmo HS SYBR Green 

qPCR kit (Fisher) on a CFX96 machine (Bio-Rad) with the following primers: qKAT5-F 

(5'-AACCAGGACAACGAAGATGAG-3'), qKAT5-R (5'-

GTCACCCATTCATCCAGACG-3'); qKAT7-F (5'-

AGCCCTTCCTGTTCTATGTTATG-3'), qKAT7-R (5'-

CATAGCCCTGTCTCATGTACTG-3'), qKAT8-F (5'-

GGGAAAGAGATCTACCGCAAG-3'), qKAT8-R (5'-

TCCACGTCAAAGTACAGTGTC-3'); qActB-F (5'-AGAGCTACGAGCTGCCTGAC-

3'), qActB-R (5'-AGCACTGTGTTGGCGTACAG-3'); qLTR-F (5’-

GGGTCTCTCTGGTTAGACCAG-3’), qLTR-59R (5’-
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GGGTTCCCTAGTTAGCCAGAG-3’), qLTR-190R (5’-

CTGCTAGAGATTTTCCACACTGAC-3’); qMYC-F (5'-

TTCGGGTAGTGGAAAACCAG-3'), qMYC-R (5'-AGTAGAAATACGGCTGCACC-

3'); qFOS-F (5'-TTGTGAAGACCATGACAGGAG-3'), qFOS-R (5'-

CCATCTTATTCCTTTCCCTTCGG-3'); qJUNB-F (5'-AGCCCAAACTAACCTCACG-

3'), qJUNB-R (5'-GGGCATCGTCATAGAAGGTC-3'). All reactions were carried out in 

triplicates. The PCR signals were normalized to those of ActB and displayed. 

Cell line-based latency reversal assay 

The CRISPRi-KAT5-sg1/sg2, CRISPRi-KAT8, or parental Jurkat 2D10 cells 

were first treated with the various LRAs or MG-149 (APExBIO) at the indicated 

concentrations for 20 hr, and then subjected to flow cytometry on a BD Bioscience LSR 

Fortessa X20 cytometer for GFP fluorescence. The data were analyzed using Flowjo
TM 

software. Each drug treatment was done in 200 l RMPI medium (Invitrogen) with 10% 

FBS (Gemini 900108 Lot A96C). To induce CRISPRi-mediated downregulation of 

KAT5 or KAT8, the CRISPRi-KAT5-sg1/sg2, CRISPRi-KAT8 cells were pre-treated for 

48 hr with 1 g/ml Dox before the LRA treatments. For control groups, 0.1% DMSO was 

used.  

Generation of latently infected quiescent Th17 primary T cells 

Naïve CD4+ T cells isolated from a previously frozen healthy donor 

leukapheresis pack (previously generated by Karn lab(145)) by negative selection using 

the EasySep
TM

 Naïve CD4 T-cell isolation kit (19155RF; Stem Cell) were simultaneously 

treated with T-cell receptor activator magnetic beads and a Th17 polarization cytokine 

cocktail for 6 days as previously described(145). On Day 4, IL-2 was added to the cells at 

60 IU/ml. Following Th17 polarization and during T-cell expansion, cells were either 

infected or not with a VSVG-pseudotyped pHR’-Nef+-CD8a/GFP viral construct by 

spinoculation. HIV-infected cells were later positively selected for by anti-CD8a 

magnetic separation. To generate quiescent T cells, infected cell populations were 

cultured in medium containing reduced concentrations of IL-2 (15 IU/ml) and IL-23 

(12.5 g/ml) for at least 2 weeks. Proviral latency was monitored by assessing for the 

expression of Nef and gp120 Env by immunofluorescence flow cytometry before and 

after T-cell receptor reactivation for 18 hr. Achievement of resting T cells was monitored 

by immunostaining for Ki67, cyclin D3, and pSer175 CDK9 under the same conditions. 

Flow cytometry analysis of proviral reactivation in latently infected primary T cells  

Primary resting Th17 cells, latently infected with HIV as described above, were 

pretreated or not for 30 min with MG-149 at varying concentrations (10 or 50 M) prior 

to 24 or 48 hr challenge with either of the following stimuli: T-cell receptor activator 

anti-CD3/anti-CD28 antibody cocktail, JQ1 (at 1 M or 5 M), SAHA (500 nM), or 

ingenol (20 nM). Cells were washed once with 1X PBS and fixed in 4% formaldehyde 

for 15 min at room temperature prior to permeabilization with 1X BD Perm/Wash buffer 

(BD Biosciences). After blocking with a non-specific IgG for 15 min, cells were 

immunofluorescently stained for HIV Nef. Thereafter, these cells were washed three 

times with 1X permeabilization buffer and subjected to flow cytometry analysis using the 

LSR Fortessa instrument (BD Biosciences) equipped with the appropriate laser and filters. 

Western blotting analysis of MG-149’s effect on AcH4 levels in primary T cells 

Approximately 2.4 × 10
7
 memory CD4+ T cells were isolated by negative 

selection from a healthy donor leukapheresis pack containing 1.5 × 10
8
 PBMCs. 
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Following the isolation, cells were allowed to recover overnight in 10 ml complete RPMI 

media supplemented with 60 IU/ml IL-2 and 1 mM SAHA and then divided equally into 

a 24-well plate and treated with varying concentrations of MG-149 for 24 hr. Whole cell 

extracts were mixed with 50 ml of a 2X SDS-PAGE sample buffer prior to microtip 

sonication to mechanically shear viscous DNA. Thereafter, the samples were boiled at 

95 °C for 10 min and subjected to SDS-PAGE and immunoblotting analysis for N-

terminally acetylated histone H4, total histone H4, and N-terminally acetylated histone 

H3. Densitometry analysis was performed using Quantity One software (Bio-Rad). 

Measurement of HIV-1 mRNA in culture supernatants of primary cells from ART-

treated patients 

This part of the study has been approved by the Bioethics Review Committee of 

the Shenzhen Center for Disease Control and Prevention in China. All research 

participants gave written informed consent, and all subject data and specimens were 

coded to protect confidentiality. HIV-1–infected individuals enrolled in the study were 

based on the criteria of good response to suppressive ART and undetectable plasma HIV-

1 RNA levels. The PBMCs from the EDTA
+
 blood were isolated by Ficoll centrifugation. 

Approximately 10 × 10
6 

PBMCs were cultured in 2 ml RPMI1640 medium containing 10% 

FBS. The cells were then treated with 0.2% DMSO, 50 ng PMA + 1 M Ionomycin 

(PMA/I) as a positive control, 50 M MG-149, 2 M JQ1, or 50 M MG-149 + 2 M 

JQ1 for 24 hr. After spinning down the cells, supernatants (1 ml each) were collected and 

subjected to HIV-1 RNA quantification with the Roche COBAS
®
 AmpliPrep/TaqMan

®
 

HIV-1 Qualitative Test system. Each sample was tested twice, and the average viral copy 

numbers were normalized to the DMSO group and displayed in a scatter plot. 

Stable shRNA knockdown (KD) of KAT5 in Jurkat-based cells 

The Jurkat 1G5(146) and 1G5+Tat cells(147) (both kind gifts from Melanie Ott 

lab, Gladstone Institutes, San Francisco) were infected with the pLKO.1-puro-based 

lentiviral vector containing shScramble 5’-CCTAAGGTTAAGTCGCCCTCG-3’, or 

shKAT5 5'-CCTTGACCATAAGACACTGTA-3' sequences. Two days after infection, 

the cells were selected by 1 g/ml puromycin for 5 days until the stable pools were 

obtained. The KD efficiencies of the pools were examined by Western blot. 

Luciferase reporter assay 

Two days before the assay, HEK 293T cells (from American Type Culture 

Collection) at ~60% confluency in 6-well plates were transfected using Polyethylenimine 

in triplicates by 0.1 μg HIV-1 LTR-luciferase construct combined with 1.85 μg pcDNA3-

FLAG-KAT5(148) and/or 0.05 μg pRK5-Tat-HA. The total amount of DNA in each 

transfection was brought to 2 μg by empty pcDNA3 vector when necessary. For 

luciferase assays in WT Jurkat 1G5 or 1G5+Tat cells, 1 ml cells at the concentration of 

0.5 million/ml were aliquoted into 12-well plates in triplicates and treated with the 

indicated concentrations of MG-149 for 18 hr. For luciferase assays in 1G5-/+Tat stable 

shRNA cell pools, the cells were counted on a haemocytometer and about 1.7 million 

cells from each pool were aliquoted in triplicates. The cells were harvested and lysed in 

200 l 1 × Reporter Lysis Buffer (Promega), and centrifuged at maximum speed on a 

benchtop centrifuge for 30 seconds. The supernatants were subjected to luciferase activity 

measurement by using the Luciferase Assay System (Promega) on a Lumat LB 9501 

luminometer. For each group, 10 l cell lysate was aliquoted before centrifugation from 

each repeat and pooled for Western blots to check the indicated protein levels. 
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Chromatin immunoprecipitation (ChIP) assay 

The assay was based on Nelson et al.(149) with some modifications. Briefly, 10 

million cells were fixed by 1% formaldehyde for 10 min at room temperature, and then 

quenched for 5 min by adding glycine to 125 mM final concentration. After washing with 

PBS and lysed in the IP buffer(149), the chromatin was sheared using the Covaris™ 

S220 System with 200 Watt peak energy for 30 cycles (30 sec ON, 20 sec OFF) to an 

average size of 0.5–1 kb DNA fragments. The sheared chromatin was centrifuged at 

20,800 × g for 10 min at 4 °C. Each ChIP reaction was carried out with 300 l 

supernatant and 1 g each of the following antibodies: anti-Ac-H3 (Millipore, 06-599), 

anti-Ac-H4 (Millipore, 06-598), anti-H3 (Invitrogen, PA5-31954), anti-H4 (Invitrogen, 

720166), anti-FLAG (Sigma, F1804), anti-Brd4 (105), normal rabbit total IgG (Santa 

Cruz, sc-2027), and normal mouse total IgG (Santa Cruz, sc-2025). After overnight 

incubation with rotation at 4 °C, the reactions were centrifuged at 20,800 × g for 10 min, 

and 90% of each supernatant was combined with 20 l Salmon sperm DNA (Invitrogen)-

blocked Protein A Agarose (Invitrogen). After 45 min rotation, the beads were washed 6 

times with 1 ml IP buffer and DNA fragments were extracted by boiling in Chelex (Bio-

Rad). qPCRs were carried out with the following primers:  

HIV-nuc1-F (5'-CTGGGAGCTCTCTGGCTAACTA-3'),  

HIV-nuc1-R (5'-TTACCAGAGTCACACAACAGACG-3');  

HIV-env-F (5'-TGAGGGACAATTGGAGAAGTGA-3'),  

HIV-env-R (5'-TCTGCACCACTCTTCTCTTTGC-3');  

MYC-C-F (5’-GCGCGCCCATTAATACCCTTCTTT-3’),  

MYC-C-R: (5’-ATAAATCATCGCAGGCGGAACAGC-3’);  

IB5’end-F (5'-AAGAAGGAGCGGCTACTGGAC-3'),  

IB 5’end -R (5'-TCCTTGACCATCTGCTCGTACT-3');  

HERVK-LTR-F (5'-GGGCAGCAATACTGCTTTGT-3'),  

HERVK-LTR-R (5'-CAATAGTGGGGAGAGGGTCA-3');  

intergenic-F (5'-CTCCCAAATTGCTGGGATTA-3'),  

intergenic-R (5'-ATTCCAGGCACCACAAAAAG-3').  

For ChIP in NH1 cells (previously generated by Zhou lab based on human HeLa 

cell line (85)) containing an integrated HIV-1 LTR-luciferase reporter construct, the cells 

seeded in 6-well plates were first transfected in duplicate by either 2 g empty vector or 

pCMV2-based vectors containing N-terminally FLAG-tagged Brd4 long isoform (Brd4L, 

isoform A, amino acids [aa] 1–1,362), or Brd4 short isoform (Brd4S, isoform C, aa 1–

722). Both Brd4 vectors were kind gifts from Melanie Ott lab (Gladstone Institutes, San 

Francisco, (150)). 31 hours after transfection, DMSO or MG-149 were added to the 

medium to the final concentrations of 0.1% and 30 M respectively. After 18 hr of drug 

treatment, about 10
6
 cells/well were subjected to ChIP as described above. The ChIP was 

conducted using anti-FLAG beads (Sigma, A2220), and the qPCRs were carried out with 

the following primers: LTRS-1 (5’-GTTAGACCAGATCTGAGCCT-3’), and LTRS-2 

(5’-GTGGGTTCCCTAGTTAGCCA-3’). 

Signals obtained by qPCR were normalized to those of input DNA, and the 

averages from triplicated qPCR reactions were shown with the error bars representing 

standard deviations. Two-tailed Student's t-tests were conducted and the different 

significance levels were marked by 1 to 3 asterisks. 

HIV-1 latency establishment assay 
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The HIV-1 infection and progressive latency establishment assay were based on 

Pearson et al.(119) with some modifications. Briefly, HIV-1 virions were produced by 

transfecting HEK 293T cells with the wild-type pHR’-p-d2EGFP plasmid(119) using a 

3
rd

 generation lentiviral packaging system and then used to spin-infect wild-type Jurkat 

(from American Type Culture Collection) or Jurkat pools expressing the indicted 

shRNAs in the presence of 6 g/ml polybrene (Santa Cruz). Two days post infection 

(d.p.i.), GFP(+) cells (of the HIV-infected Jurkat cells described above) were enriched by 

flow cytometry and allowed to propagate in culture. The percentages of GFP(+) cells in 

this population (called the total pool in Fig. 3-1) were monitored continuously until the 

indicated d.p.i. On 29 d.p.i., a population of GFP(-) cells were enriched by flow 

cytometry from the original GFP(+) cells selected on 2 d.p.i. and maintained as the latent 

pool in Fig. 3-1. On 43 d.p.i., the latent pool was subjected to latency reversal assays as 

described above with the indicated concentrations of LRAs, and both the total and latent 

pools were subjected to Western blots and ChIP assays for the indicated proteins. 

 

Results 

Silenced HIV proviruses contain elevated amounts of AcH4 and Brd4 but 

drastically decreased levels of AcH3  

Given the importance of Brd4 in modulating HIV latency, we determined the 

precise histone acetylation pattern on the viral LTR, which is targeted by Brd4 to 

sequester P-TEFb away from the Tat-SEC complex. Toward this goal, we first examined 

the levels of AcH3 and AcH4 on the LTR of latent HIV proviruses.   

The original observations indicating the importance of Brd4 in HIV latency were 

made by using isolated clones of Jurkat T cells (e.g. the J-Lat cell lines and the 2D10 

system(106,108)) that contain only a single viral integration site within each cell 

population. To rule out site-specific integration effects, we created a pool of latently 

infected cells that contain a diverse array of all possible integration sites. This was 

achieved by adapting a protocol from Pearson et al. (119) to progressively establish HIV 

latency in Jurkat cells that were first infected on day 0 with a GFP-encoding HIV virus 

(Fig. 3-1A). The freshly infected cells containing actively replicating HIV were then 

sorted by fluorescence-activated cell sorting (FACS) on day 2 into a GFP(+) population, 

which was then cultured for additional 6 weeks (Fig. 3-1A). This population of cells, 

called the total pool, was examined for the percentages of GFP(+) cells on various days 

post infection (d.p.i.). The results showed that on 43 d.p.i., 95.3% of the cells still 

remained GFP(+), while the rest have reverted to the GFP(-)  state (Fig. 3-1B and 3-1C).  

To enrich the latently infected cells, a portion of the GFP(+) cells that was 

originally isolated by FACS on 2 d.p.i. was subjected to sorting again on 29 d.p.i. to 

isolate the GFP(-) cells, which were then allowed to propagate until 43 d.p.i. (Fig. 3-1A). 

This population, called the latent pool, had 89.8% of cells that remained GFP(-) on 43 

d.p.i., while the rest had undergone spontaneous reactivation to become GFP(+) again 

(Fig. 3-1C). It is important to point out that the HIV proviruses in the latent pool could 

readily be reactivated by conventional LRAs such as JQ1 and prostratin, demonstrating 

that the pool retained transcriptionally functional proviruses (Fig. 3-1D). 

Western analysis of cell lysates indicates no major difference in the overall levels 

of AcH3, AcH4, total H3 and total H4 between the total and latent pools (Fig. 3-1E). 

However, examination by chromatin immunoprecipitation (ChIP) demonstrates a 2 to 3-
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fold increase in the levels of total H3 and H4 on the HIV LTR in the latent pool 

compared to the total pool (Fig. 3-1F). This is consistent with the previous finding that 

the latent, transcriptionally silent HIV proviruses are more likely to be occupied by 

nucleosome 1 (nuc-1) situated immediately downstream of the transcription start 

site(151). Despite the increased total H3 level on the viral LTR in the latent pool, the 

acetylation of H3 decreased by 2-fold (Fig. 3-1F). This observation agrees with the 

general view that deacetylated H3 provides a marker for repressed and compact 

chromatin structure(152) as well as the result obtained previously using the Jurkat 2D10 

cells, a widely used post-integrative HIV latency model(119).  

In contrast to AcH3, the AcH4 level on the LTR increased when the pool of 

proviruses entered latency (Fig. 3-1F). In fact, AcH4 increased at about the same extent 

as total H4 during this process. Similarly, more Brd4 was found on the LTR in the latent 

pool than in the total pool (Fig. 3-1F), likely due to the increased AcH4 level. 

Collectively, these data indicate that during the establishment of HIV latency, the 

incoming nucleosomes assembled on the viral LTR had very low AcH3 content, but 

maintained a high AcH4 level, which in turn increased the recruitment of Brd4 to inhibit 

HIV gene expression. 

Antagonizing KAT5 reverses HIV latency and potentiates conventional LRAs 

Previously, it has been reported that Brd4 recognizes both AcH3 and AcH4 to 

interact with a chromatin template(137). However, the surprising finding that AcH4, but 

not AcH3, exists in high concentration on the silenced HIV LTR raises the possibility 

that AcH4 is the primary histone modification responsible for recruiting Brd4 onto the 

LTR.  

Lysines 5, 8, 12 and 16 (H4K5/8/12/16) are the primary acetylation sites found at 

the N-terminus of H4 (153) and acetylation of these sites has been shown to promote the 

binding of Brd4 to H4 both in vivo and in vitro (137). Three major histone 

acetyltransferases (HATs) are known to modify H4. While KAT5 (Tip60) is the only one 

capable of acetylating all four H4K5/8/12/16 positions, the other KATs are more 

selective (143,153). For example, KAT7 acetylates H4K5, 8 and 12, whereas KAT8 only 

acetylates H4K16. We therefore examined the impact of silencing the expression of 

KAT5, KAT7 or KAT8 on HIV transcription and latency. 

We used the doxycycline (Dox)-inducible CRISPRi system(144) to suppress the 

expression of KAT5, KAT7 or KAT8 in the Jurkat-based 2D10 cell line, a widely used 

post-integrative HIV latency model containing the GFP-coding sequence in place of the 

viral Nef gene(119). An sgRNA sequence (sg1) that specifically targets the promoter 

region of the KAT5 gene was found to reduce the KAT5 mRNA level by ~80% in the 

engineered CRISPRi-KAT5-sg1 cells upon exposure to Dox (Fig. 3-2A, left panel). 

Western analysis of the cell lysates showed a corresponding decrease in the KAT5 

protein level as well as a marked reduction of the AcH4 but not AcH3 level (Fig. 3-2A, 

right panel). The global AcH4 reduction agrees well with the demonstrated role of KAT5 

as a promiscuous acetyltransferase for H4(142). 

Using GFP induction as an indicator of latency reversal in the engineered 2D10 

cells, the FACS analyses show that the Dox-induced inhibition of KAT5 expression by 

CRISPRi caused ~15% of the cell population to become GFP(+) (Fig. 3-2B). In addition, 

CRISPRi against KAT5 also strongly synergized with JQ1, prostratin, and SAHA, the 

three well-studied conventional LRAs, to enhance GFP production across a broad range 
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of drug concentrations (Fig. 3-2B). Very similar results were obtained in another 2D10-

based CRISPRi-KAT5 cell pool, in which the inhibition of KAT5 expression was 

achieved by using sgRNA #2 (sg2) that targets a distinct KAT5 promoter sequence 

(Supplemental Fig. 3-S1), thus effectively ruling out a potential off-target effect caused 

by CRISPRi. Finally, inhibition of the catalytic activity of KAT5 with a selective 

inhibitor MG-149(154) also reversed HIV latency and potentiated traditional LRAs in a 

dosage-dependent manner (Fig. 3-2C).  

CRISPRi inhibition of KAT7 or KAT8 failed to reactivate latent HIV 

In contrast to the above results showing a key role of KAT5 in silencing HIV 

transcription, the CRISPRi-mediated inhibition of the KAT7 or KAT8 expression in 

2D10 cells (Figs. 2D-2G) neither activated GFP expression by itself nor promoted the 

effects of the three conventional LRAs (Figs. 2E and 2G). In fact, the inhibition of KAT7 

even slightly decreased the levels of both basal and the LRA-induced GFP production 

(Fig. 3-2G), a result that was also observed in another CRISPRi-KAT7 cell pool 

generated with a different sgRNA (Supplemental Fig. 3-S2). Thus, unlike KAT5, KAT7 

appears to play a small but positive role in HIV transcription.  

Consistent with the demonstration of KAT8 as a specific H4K16 acetyltransferase 

and KAT7 as a HAT for three out of the four lysine positions in the H4 N-

terminus(143,153), the global AcH4 level was only slightly decreased in the CRISPRi-

KAT8 cells but more prominently decreased in the CRISPRi-KAT7-sg1 cells (Figs. 2D 

& 2F). Collectively, these data indicate that KAT5, but not its two paralogs KAT7 and 

KAT8, is required to maintain the HIV provirus in a transcriptionally silent state in 

latency. 

Antagonizing KAT5 activates Tat-dependent HIV transcriptional elongation but 

inhibits cellular primary response genes 

In the majority of cases, acetyltransferases activate gene expression through 

acetylating histone tails, which de-condenses chromatin to facilitate transcriptional 

initiation and elongation(152). The Brd4-P-TEFb complex that is recruited to a chromatin 

template through the interaction between the Brd4 bromodomains and acetyl-histones 

plays a critical role in promoting transcriptional elongation of many cellular genes, 

especially those that are involved in primary responses(155,156). In light of our 

surprising finding that KAT5 did not activate HIV, but rather repressed HIV gene 

expression to keep the virus in latency, we investigated how antagonizing KAT5 might 

affect the expression of non-HIV genes such as MYC, FOS and JUNB, which are well-

known cellular primary response genes(139,157). In agreement with the expectation that 

the pan acetyltransferase KAT5 should act to promote gene expression, inhibiting 

KAT5’s expression by CRISPRi (Fig. 3-3A) or activity by MG-149 (Fig. 3-3B) was 

found to decrease the mRNA levels of all the three genes. 

To confirm that the inhibition of HIV gene expression by KAT5 was indeed 

working through the viral LTR and at the transcription level, we first examined the effect 

of the shRNA-induced KAT5 knockdown (KD) on the ability of an integrated HIV-1 

LTR to drive the expression of the luciferase reporter gene in Jurkat 1G5 cells(146). 

Interestingly, while the KD slightly decreased the basal LTR activity in the absence of 

Tat, it significantly increased luciferase expression when Tat was present in the cells (Fig. 

3-3C). The differential effect on basal versus Tat-dependent HIV LTR activity was also 

observed when the catalytic activity of KAT5 was inhibited by MG-149 (Fig. 3-3D). In 
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contrast to the effects caused by antagonizing KAT5, the overexpression of KAT5 

significantly repressed the Tat-dependent, but not -independent LTR activity (Fig. 3-3E). 

Finally, using a qRT-PCR-based assay that can distinguish between the processes of 

transcription initiation and elongation(158), the inhibitory effect of KAT5 on Tat-

transactivation was deemed to be primarily at the elongation stage (Supplemental Fig. 3-

S3). All together, these data strongly suggest that while KAT5 plays a stimulatory role in 

promoting the expression of cellular Brd4-dependent primary response genes, it can 

efficiently inhibit the Tat-dependent HIV transcriptional elongation. 

Antagonizing KAT5 reduces AcH4, but not AcH3, on both HIV and cellular 

promoters 

To determine whether the global reduction of the AcH4 but not AcH3 level 

observed in the CRISPRi-KAT5-sg1 cell lysates (Fig. 3-2A) would also result in a 

decreased AcH4 but not AcH3 level on both HIV and cellular gene promoters, we 

conducted the anti-AcH4 and -AcH3 ChIP assay. Indeed, suppressing KAT5’s expression 

by CRISPRi (Fig. 3-4A) or activity by MG-149 (Fig. 3-4B) reduced the level of AcH4 

detected on the HIV provirus at both the viral LTR and Env gene. In addition, a marked 

reduction in the AcH4 level was also detected at the promoters of two cellular genes, 

MYC and IB, as well as at the endogenous retroviral element HERVK(159) and an 

intergenic region upon the inhibition of KAT5 (Fig. 3-4A and 3-4B).  

In contrast, CRISPRi against KAT5 did not significantly affect the AcH3 levels at 

these HIV and non-HIV locations, with the only exception seen at the MYC promoter, 

where a small reduction that could be a secondary effect of the diminished transcription 

was detected (Fig. 3-4C). Furthermore, on the silent HIV provirus in 2D10 cells, the 

overall levels of AcH3 relative to total H3 were lower than those detected on the two 

cellular genes MYC and IB (Fig. 3-4C), a result that echoes the observation made in a 

whole population of latently infected Jurkat cells in Fig. 3-1F. Finally, the poorly 

transcribed HERVK and the intergenic genomic region displayed generally low levels of 

AcH3 and AcH4 when compared with the robustly expressed HIV, MYC and 

IBgenes (Fig. 3-4C & 3-4B).   

While the relatively low level of AcH3 on the latent HIV LTR has been reported 

previously (119,160) and is likely due to a diminished recruitment of H3 

acetyltransferase p300 (127), the unusually high level of AcH4 on the LTR (Figs. 1F, 4A 

and 4B) is yet to be explained. To this end, we compared the levels of KAT5 on the HIV 

LTR and the MYC promoter in infected cells. The ChIP data demonstrate that the LTR 

had a mildly higher level of KAT5 than did the MYC promoter in the total pool of 

infected cells. However, the difference between the two became more pronounced and 

statistically significant upon the establishment of viral latency (Figs. 4D and 4E). Thus, 

the unbalanced loadings of p300 and KAT5 likely contribute to the unusually low AcH3 

but high AcH4 level on the latent HIV LTR. 

Inhibition of KAT5 selectively removes Brd4 from and increases SEC binding to the 

HIV provirus  
Since inhibition of KAT5 led to an overall reduction of the AcH4 level at both the 

HIV and non-HIV gene promoters, we asked how the reduced AcH4 level could promote 

Tat-dependent HIV transcription while at the same time suppress the expression of 

cellular primary response genes. To answer this question, we investigated the 
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consequence of inhibiting KAT5 on the binding of Brd4 and the human Super Elongation 

Complex (SEC) to the HIV and non-HIV loci.   

The ChIP assay conducted in the inducible CRISPRi-KAT5-sg1 cells indicates 

that upon the Dox-induced down-regulation of KAT5, the Brd4 level significantly 

decreased at the HIV LTR, HIV Env, and the MYC promoter region (Fig. 3-5A). This 

implicates AcH4 as the primary route of recruitment for Brd4 at these locations. In 

contrast, although the Brd4 level was quite high at the IBgene promoter before the 

Dox treatment, it displayed little change after CRISPRi silencing of KAT5 (Fig. 3-5A), 

probably because Brd4 is recruited to this locus by recognizing mostly AcH3 but not 

AcH4. The Brd4 levels at the poorly transcribed HERVK and the intergenic region were 

relatively low and remained fairly constant upon CRISPRi silencing of KAT5 (Fig. 3-5A). 

Importantly, a very similar change in the Brd4 distribution pattern was also observed 

when the catalytic activity of KAT5 was inhibited by MG-149 (Fig. 3-5B). 

A recent study by the Ott laboratory demonstrates that both the long and short 

isoforms of Brd4 can promote HIV latency, albeit through distinct mechanisms (140). To 

assess the roles of the two Brd4 isoform in transducing the signal downstream of the 

KAT5-AcH4 axis, we compared the effect of MG-149 on the bindings of the long 

(simply labeled as Brd4 throughout the current study) and short form of Brd4 (Brd4S) to 

the integrated HIV-1 LTR. The ChIP data show that when expressed at a similar level, 

more Brd4 bound to the LTR than did Brd4S (Supplemental Fig. 3-S4). Furthermore, 

compared to Brd4S, the binding of Brd4 to the LTR was also more sensitive to the MG-

149-induced AcH4 reduction. Thus, between the two Brd4 isoforms, the long form 

appears to be more responsive to changes in the level of AcH4 on the LTR and thus more 

likely to be a key target of the KAT5-AcH4 axis. 

Because the abundant Brd4 long isoform containing the C-terminal P-TEFb-

interacting domain is a direct competitor of HIV Tat for the limited cellular supply of P-

TEFb(105,106), the decreased Brd4 occupancy on the HIV provirus in KAT5-inhibited 

cells is expected to free up P-TEFb for its incorporation into the Tat-SEC complex, which 

is very efficiently recruited to the provirus through the TAR RNA route (108,161). 

Consistent with this mechanism, the ChIP analysis showed that inhibiting KAT5’s 

expression by CRISPRi (Fig. 3-5C) or activity by MG-149 (Fig. 3-5D) significantly 

increased the level of AFF1, the scaffolding subunit of the SEC, on both the HIV LTR 

and Env gene. In addition, MG-149 also significantly enhanced the loading of another 

key SEC subunit ELL2 onto the HIV provirus in an engineered Jurkat cell line ∆E2-R2 

(Fig. 3-5E), in which the endogenous ELL2 gene has been knocked out and ELL2-FLAG 

is expressed at a similar level from an integrated vector(158). 

By contrast, the inhibition of KAT5 decreased the SEC level on the MYC 

promoter (Fig. 3-5C-E), which agrees with the diminished MYC expression in the KAT5-

inhibited cells (Fig. 3-3A & 3-3B). Although the precise function of SEC in MYC 

transcription is yet to be revealed, our data suggest a likely role for Brd4 in recruiting 

SEC to this important primary response gene. Finally, very low levels of AFF1 and 

ELL2-FLAG were detected at the IBgene promoter, HERVK, and the intergenic 

region (Fig. 3-5C-E), implicating that the SEC plays little role in their transcription.   

KAT5 depletion prevents HIV from efficiently establishing latency 

The data presented thus far are consistent with the hypothesis that abundant AcH4 

on the HIV provirus is used to locally recruit Brd4, which then competes with Tat for 
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host P-TEFb. KAT5 enhances the levels of AcH4, and consequently it behaves as an 

inhibitor of the Tat-SEC formation on HIV LTR to suppress Tat-transactivation and 

enforce viral latency. Based on this notion, we hypothesized that silencing the expression 

of KAT5 would therefore make it more difficult for HIV to establish latency in the 

progressive latency establishment assay outlined in Fig. 3-6A.  

To test this hypothesis, we generated stable pools of Jurkat cells that express 

either a non-targeting scrambled shRNA (shScramble) or the KAT5-specific shRNA 

(shKAT5). The latter was shown to cause ~70% reduction in the cellular level of KAT5 

(Fig. 3-6B). When tested in the progressive latency establishment assay, the shKAT5 

pool displayed a significantly delayed dynamics in reverting to the GFP(-) status, i.e. 

transcriptionally silent or latent state, when compared with the shScrambled pool (Fig. 3-

6C & D). This result confirms the prediction that KAT5 and its acetylation of H4 play a 

critical role in allowing HIV to efficiently establish latency.   

Inhibiting KAT5 potentiates proviral reactivation by JQ1 in a primary T cell-based 

latency model 
In primary T-cells, P-TEFb levels are dramatically reduced when the cells enter 

quiescence, and this in turn, forces HIV into latency. To evaluate the role of KAT5 in 

maintaining HIV in a transcriptionally silent state in primary CD4+ T cells, we used our 

recently described Th17 cell latency model (145). Briefly, polarized and expanding Th17 

cells were infected with a VSVG-pseudotyped HIV-1 virus HIV-Nef-CD8a/eGFP and 

then forced to enter quiescence by culturing in a restrictive cytokine environment (Fig. 3-

7A). Proviral gene expression, as assessed by immunofluorescence staining for Nef, was 

low in the quiescent cells, but could be induced ~4 to 6-fold upon activation of the T-cell 

receptor (TCR) by antibodies to CD3 and CD28 (Supplemental Fig. 3-S5 and Fig. 3-7C). 

In each of these experiments, the EGFP signal remained high in Th17 cells containing 

latent HIV due to the prolonged stability of the membrane-bound CD8a-EGFP fusion 

protein.  

As expected, MG-149 significantly and preferentially decreased the AcH4 level in 

primary CD4+ T cells (Fig. 3-7B). In comparison, the levels of AcH3 and total H4 were 

only mildly reduced, probably due to an indirect effect of global inhibition of gene 

expression in the treated cells. When used alone, MG-149 (at 10 or 50 M) and JQ1 (at 1 

or 5 M) produced no, or only very modest, stimulatory effects on proviral gene 

induction in our Th17 cell latency model (Figs. 3-7C-D). However, exposure of the cells 

to 1 M JQ1 plus 10 M MG-149 for 48 hr increased the HIV-expressing cell population 

by more than 2-fold (Fig. 3-7C). Similarly, while the treatment with 5 M JQ1 alone 

slightly elevated HIV expression, the addition of 50 M MG-149 further enhanced the 

stimulatory effect of 5 M JQ1 by ~1.8-fold (Fig. 3-7D). At 10 to 50 M, MG-149 

produced very little enhancing effect on HIV reactivation in cells that were treated with 

SAHA, the PKC agonist Ingenol (111,112), or TCR-activating signals (Supplemental Fig. 

3-S5 and Fig. 3-7C). Thus, the enhancing effect of MG-149 appears to be restricted to 

JQ1 in this primary T cell model of latency. Of note, both MG-149 alone and in 

combination with other LRAs did not cause global T-cell activation as indicated by 

minimal changes in CD25 and CD69 immunostaining after the treatment (Supplemental 

Fig. 3-S6).  

Inhibition of KAT5 by MG-149 stimulates release of virions from primary T cells 

isolated from ART-treated patients 
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To further investigate the impact of KAT5 inhibition by MG-149 in a more 

clinically relevant setting, we performed an ex vivo experiment to test the effect of MG-

149 alone or in combination with JQ1 to release virions from primary T cells that are 

isolated from ART-treated patients (Fig. 3-7E and Supplemental Table 3-1). The data 

reveal a statistically significant positive effect displayed by MG-149 alone (6.5-fold 

increase on average of HIV RNA released into supernatant) as well as by the JQ1 plus 

MG-149 combination (5.3-fold increase on average). In comparison, JQ1 alone failed to 

produce a statistically significant effect.  

It is interesting to note that a previous report shows that both the PKC-agonist and 

PMA plus ionomycin (PMA/I), but not JQ1 or HDACi alone, could efficiently increase 

virion release from latently infected primary cells (136). Our ex vivo data confirm these 

observations about PMA/I and JQ1, and more importantly, show that MG-149 was 

almost as effective as PMA/I to single-handedly increase the virion release (Fig. 3-7E). 

This effect of MG-149 could be important for maximally exposing the latently infected 

cells for immuno-recognition and clearance and thus implicate the potential utility of 

KAT5 inhibition as an effective latency reversal strategy. 

 

Discussion 

In contrast to the well-characterized positive effects of histone H3 

acetyltransferases p300/CBP and P/CAF on HIV transcription (45), the roles played by 

the major H4 acetyltransferases in this process are unknown. In this study, we report that 

KAT5, but not KAT7 and KAT8, is a host factor that promotes HIV latency 

establishment, and inhibits latency reversal, by acetylating H4 on the viral LTR. The 

unique pattern of histone acetylation found at the LTR permits recruitment of Brd4 to the 

HIV promoter where it competes with Tat for P-TEFb, blocks Tat-SEC formation, and 

ultimately inhibits Tat-transactivation (Fig. 3-7F). When KAT5 is antagonized by either 

CRISPRi or MG-149, the loss of AcH4 on the LTR dissociates Brd4 and allows P-TEFb 

to join Tat in the Tat-SEC complex to enhance HIV transcriptional elongation and 

latency reversal (Fig. 3-7F).  

Importantly, the strong correlation between the shutdown of HIV transcription 

during latency establishment and elevated levels of AcH4 and Brd4 on the LTR was 

demonstrated not only with the extensively characterized Jurkat clone 2D10 cell model, 

but also in a pool of latently infected cells with diverse integration sites. Thus, the 

negative effects exerted by the KAT5-Ac-H4-Brd4 axis on HIV transcription are 

independent of the proviral integration site and the cellular chromatin context.  

Although inhibitory to Tat-induced HIV transactivation, the KAT5-AcH4-Brd4 

axis appears to play a positive role in stimulating the expression of cellular genes, 

especially those involved in primary response. The differential effects of KAT5 on 

transcription of the HIV versus host genes implicate this histone acetyltransferase as a 

promising candidate that can be selectively targeted to reactivate latent HIV without 

globally activating numerous host genes at the same time. The high selectivity toward 

HIV is likely to be an important attribute for LRAs used in the “Shock and Kill” strategy 

for eradicating latent HIV reservoirs (53). 

In contrast to KAT5, KAT7 and KAT8 produced no inhibitory effects on HIV 

transcription and latency reversal (Figs. 2D-2G). We ascribe this to KAT5’s broader 

substrate specificity toward four H4 lysines (K5, K8, K12, and K16) versus KAT8’s sole 
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targeting of H4K16 and KAT7’s more restrictive target specificity (142,143,153). It has 

been shown that the poly-acetylated K5, K8, K12 is essential for Brd4’s binding to H4, 

whereas the acetylation of K16 only minimally increases Brd4’s affinity to H4 peptides 

already acetylated at K5, K8, and K12 (137).  

Interestingly, KAT5 was first identified as an HIV Tat-interacting protein of 60 

kDa, hence originally named as Tip60 (162). It was subsequently found to be inhibited by 

Tat (163). Thus, in addition to the inhibition of KAT5 by MG-149, which functions as a 

LRA to kick-start the initial rounds of HIV transcription to produce viral proteins 

including Tat, the accumulated Tat protein may further inhibit KAT5 to decrease AcH4 

and antagonize Brd4’s action, thus fueling another positive feedback loop besides the 

Tat-SEC axis to expedite the reversal of latency. 

Proviral transcription of latent HIV is silenced by multiple mechanisms including 

heterochromatinization of the LTR (164). In the present study, we found that the AcH3 

level is very low on the LTR in 2D10 cells as well in a diverse population of latently 

infected Jurkat cells. In contrast, the AcH4 level on the LTR is relatively high and 

comparable to those on the cellular genes. The activity of AcH4 is therefore distinct from 

that of AcH3, which is an activating signal since it prevents H3K9/K27-methylations that 

recruit the chromatin-compacting proteins HP1 and Polycomb (152). By contrast, AcH4 

is compatible with heterochromatin (165) and can even induce heterochromatinization in 

certain cases (166). Thus, our data point to a plausible scenario where latent HIV 

proviruses are low in AcH3 but high in AcH4, which helps keep the LTR 

heterochromatinized but still capable of retaining Brd4 to suppress Tat-transactivation. 

This also resolves an apparent paradox concerning how histone acetylation, which is 

generally considered pro-euchromatin and promote HIV transcription (141), can be 

exploited by Brd4 to further silence Tat-transactivation.  

Finally, it is worth noting that prior to the current study, the KAT5-AcH4-Brd4 

axis has already been reported as a restriction mechanism for papillomaviral and 

adenoviral gene transcription through retaining or interacting with negative transcription 

factors on the viral promoters (167,168). In light of these findings, our current work adds 

HIV to the growing list of viral infections that employ KAT5 as a crucial regulator. Due 

to the presence of multiple additional restrictions imposed on proviral transcription in 

quiescent primary T cells, it is considerably more difficult to reverse HIV latency in these 

cells than in transformed cell lines (169). Nevertheless, the observation that the KAT5 

inhibitor MG-149 cooperates with JQ1 to promote HIV latency reversal not only in 

activated cell lines but also in quiescent primary T cells derived from ART-treated HIV 

patients underscores the clinical relevance of targeting the KAT5-AcH4-Brd4 axis. 

Future studies are necessary to explore this potential for therapeutic intervention and 

eventual eradication of HIV/AIDS.  
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Figure 3-1. Establishment of HIV latency correlates with elevated amounts of AcH4 

and Brd4 but drastically decreased AcH3 content on viral LTR. A. A schematic 

diagram showing the procedure and timeline of experiments to progressively establish 

HIV latency in the total infected Jurkat cell pool (total pool) as well as to enrich the 

latently infected cell pool (latent pool). B. The total pool was checked by fluorescence-

activated cell sorting (FACS) for the percentages of GFP(+) or (-) cells on the indicated 

days post infection (d.p.i.) and the average of three measurements at each time point is 

shown. C. Representative FACS plots of total and latent pools at the indicated time points. 

D. The latent pool was treated in triplicates on 43 d.p.i. by JQ1 or prostratin at the 

indicated concentrations for 24 hr and subjected to FACS to determine the percentage of 

GFP(+) cells in each cell population. The error bars indicate mean +/- SD from three 

independent measurements. E. Western analysis of the total and latent pools on 43 d.p.i. 

for the various proteins labeled on the left.  F. The total and latent pools on 43 d.p.i. were 

subjected to ChIP-qPCR analyses to determine the levels of the indicated proteins bound 

to HIV LTR. The ChIP signals were normalized to those of input DNA and shown as an 

average of three independent reactions, with the error bars representing mean +/- SD and 

the asterisks indicating the levels of statistical significance calculated by two-tailed 

Student’s t-test. 

 

Figure 3-1 
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Figure 3-2. Antagonizing KAT5 but not KAT7 or KAT8 reverses HIV latency and 

potentiates conventional LRAs. A. D. & F. The Jurkat 2D10-based inducible CRISPRi-

KAT5-sg1, CRISPRi-KAT7-sg1, and CRISPRi-KAT8 cells were treated with (+) or 

without (-) doxycycline (Dox) and analyzed by RT-qPCR for the KAT5/7/8 mRNA 

levels, which were normalized to those of ActB, and by Western blotting for the indicated 

proteins. B. E. & G. CRISPRi-KAT5-sg1, CRISPRi-KAT7-sg1, and CRISPRi-KAT8 

cells were treated with or without Dox (1 l/ml) and the various LRAs at the indicated 

concentrations. The treated cells were subjected to FACS analysis to determine the 

percentage of GFP(+) cells in each cell population. C. Wild-type 2D10 cells were treated 

with combinations of MG-149 and DMSO or the various LRAs at the indicated 

concentrations and subjected to FACS analysis as in B. Each column in all panels 

represents the average of three independent measurements, with the error bars indicating 

mean +/- SD. 

 

 

Figure 3-2  
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Figure 3-3. Antagonizing KAT5 activates Tat-dependent HIV transcription but 

inhibits cellular primary response genes. A. & B. Jurkat 2D10-based CRISPRi-KAT5-

sg1 (A) and parental 2D10 (B) cells were treated with (+) or without (-) Dox (A) or MG-

149 (B). The mRNA levels of the indicated genes were measured by RT-qPCR and 

normalized to those of ActB and shown as averages of three independent measurements. 

The error bars indicate mean +/- SD and the asterisks denote levels of statistical 

significance calculated by two-tailed Student’s t-test (*: p<0.05, **: p<0.01, and ***: 

p<0.001). C. & D. Luciferase activities were measured in extracts of Jurkat 1G5 or Jurkat 

1G5+Tat cells containing an integrated HIV-1 LTR-luciferase reporter construct and 

stably expressing the indicated shRNA (C) or treated with the indicated concentrations of 

MG-149 (D). E. Luciferase activities were measured in extracts of 293T cells that were 

transfected with the HIV-1 LTR-luciferase reporter construct together with the vector 

expressing FLAG-KAT5- and/or Tat-HA as indicated. All experiments in C to E were 

performed in triplicates with the error bars representing mean +/- SD and the activities in 

the first column set to 1.0. An aliquot of each cell extract was examined by Western 

blotting for the proteins labeled on the left. 

 

 

Figure 3-3 
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Figure 3-4. Antagonizing KAT5 reduces AcH4 but not AcH3 level on both HIV and 

non-HIV gene promoters and a higher level of KAT5 exists on the viral LTR than 

on the cellular MYC gene promoter in latently infected cells. A., B., & C. The 2D10-

based CRISPRi-KAT5-sg1 (A & C) and parental 2D10 (B) cells were treated with the 

indicated drugs and subjected to ChIP-qPCR assays to determine the levels of AcH3, 

AcH4, total H3 and total H4 bound to the various genomic locations labeled at the bottom. 

The ChIP-qPCR signals were normalized to those of input DNA for each genomic 

location and the ratios of AcH3 over H3 and AcH4 over H4 were shown. The error bars 

represent mean +/- SD from three independent qPCR reactions. The asterisks (*: p<0.05, 

**: p<0.01, and ***: p<0.001) indicate different levels of statistical significance as 

calculated by two-tailed Student’s t-tests. D. The total and latently infected Jurkat cell 

pools generated in Fig. 3-1A were analyzed by FACS to determine the percentage of 

GFP(+) cells in each population. The error bars indicate mean +/- SD from three 

independent measurements. E. The indicated cell pools from D were subjected to ChIP-

qPCR analysis with the anti-KAT5 antibody to determine the levels of KAT5 bound to 

the various genomic locations labeled at the bottom. The ChIP-qPCR signals were 

normalized to those of input DNA for each location and shown as an average of three 

independent reactions, with the error bars representing mean +/- SD and the asterisks 

indicating the levels of statistical significance calculated by two-tailed Student’s t-test. 
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Figure 3-5. Inhibition of KAT5 selectively removes Brd4 from and increases SEC 

binding to the HIV provirus. A., B., C., D., & E. CRISPRi-KAT5-sg1 (A & C), 2D10 

(B & D), and E2-R2 (E) cells were treated with DMSO or the indicated drugs and 

subjected to ChIP-qPCR assays using the antibodies (Ab) that specifically recognize the 

indicated proteins bound to the various genomic regions as labeled at the bottom. The 

ChIP-qPCR signals were normalized to those of input DNA for each genomic location. 

The error bars represent mean +/- SD from three independent qPCR reactions. The 

asterisks indicate different levels of statistical significance as calculated by two-tailed 

Student’s t-tests. 

 

 

Figure 3-5 
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Figure 3-6. KAT5 depletion prevents HIV from efficiently establishing latency. A. A 

schematic diagram showing the procedure and timeline of experiments to progressively 

establish latency in Jurkat cell pools stably expressing either shKAT5 or shScramble. 

d.p.i.: Days post infection. B. Lysates of the cell pools expressing the indicated shRNA 

were examined by Western blotting for the proteins labeled on the left. C. The GFP(+) 

cells that were selected by FACS on 2 d.p.i from each cell pool were checked by flow 

cytometry for the percentages of GFP(+) cells on the indicated d.p.i. and the average of 

three measurements at each time point is shown. D. Representative immunofluorescence 

flow cytometry analysis of shScramble- and shKAT5-expressing cells that were either 

uninfected or infected with HIV and harvested at the indicated d.p.i. 
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Figure 3-7. Inhibition of KAT5 in a primary cell latency model and ART-suppressed 

patient cells enhances HIV latency reversal and virion release. A. Scheme showing 

the procedure followed to generate latently infected resting Th17 cells. B. Memory CD4+ 

T cells from a healthy donor were pretreated with 1 M SAHA overnight and then 

incubated with the indicated concentrations of MG-149 for 24 hr. Western blotting 

analyses were conducted to detect the levels of AcH4, AcH3, and total H4 in whole cell 

lysates. The AcH4:AcH3 ratio in each lane was measured by densitometry and shown on 

the right. C. Representative immunofluorescence flow cytometry analysis of Nef-Cy5 

and CD8a-EGFP expression in latently infected primary Th17 cells that were either TCR-

activated or treated with 1 M JQ1 for 48 hr in the presence or absence of 10 M MG-

149. EGFP reporter used for positive selection remained high in the latently infected cells 

due to prolonged stability of the membrane-bound CD8a-EGFP fusion protein. D. 

Representative immunofluorescence flow cytometry analysis of Nef-Cy5 and CD8a-

EGFP expression in latently infected primary Th17 cells that were either untreated or 

treated with 5 M JQ1 with or without MG-149 for 48 hr. E. Primary cells from ART-

suppressed HIV-1-infected individuals were treated with the indicated drug(s) for 24 hr. 

HIV-1 RNA in culture supernatant were quantified with the Roche COBAS
®

 

AmpliPrep/TaqMan
®
 HIV-1 Qualitative Test system. The viral copy numbers were 

presented as fold induction relative to the DMSO control. Numbers in parentheses 

indicate number of individuals used for each treatment. N.S. not significant; *P < 0.05; 

**P < 0.01. Error bars represent standard error of the mean (SEM). F. Diagram depicting 

KAT5 but not KAT7 and KAT8 as a host factor for suppressing HIV proviral 

transcription and promoting viral latency. See text for more details. 
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Figure 3-S1. CRISPRi inhibition of KAT5 expression by using an alternative sgRNA 

(sg2) that targets a different KAT5 promoter sequence produces the same result as 

in CRISPRi-KAT5-sg1 cells. A. The Jurkat 2D10-based inducible CRISPRi-KAT5-sg2 

cells were treated with (+) or without (-) Dox and analyzed by RT-qPCR for the KAT5 

mRNA levels, which were normalized to those of ActB. B., C. & D. CRISPRi-KAT5-sg2 

cells were treated with or without Dox (1 l/ml) and the various LRAs at the indicated 

concentrations, and then subjected to FACS analysis to determine the percentage of 

GFP(+) cells in each cell population. 

 

 

Figure 3-S1  
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Figure 3-S2. CRISPRi inhibition of KAT7 expression by using an alternative sgRNA 

(sg2) that targets a different KAT7 promoter sequence produces the same result as 

in CRISPRi-KAT7-sg1 cells. A. The Jurkat 2D10-based inducible CRISPRi-KAT7-sg2 

cells were treated with (+) or without (-) Dox and analyzed by RT-qPCR for the KAT5 

mRNA levels, which were normalized to those of ActB. B., C., & D. CRISPRi-KAT7-

sg2 cells were treated with or without Dox (1 l/ml) and the various LRAs at the 

indicated concentrations, and then subjected to FACS analysis to determine the 

percentage of GFP(+) cells in each cell population. 

 

 

Figure 3-S2  
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Figure 3-S3. Antagonizing KAT5 synergizes with JQ1 to promote HIV transcription 

at largely the elongation stage. Top: a schematic diagram showing the elements of HIV-

1 5' LTR and the positions of transcription start site (TSS) and the primer pairs used in 

RT-qPCR reactions to quantify the short 59-nucloetide (nt) and long 190-nt HIV-1 

transcripts. Bottom: CRISPRi-KAT5-sg1 and the parental 2D10 cells were treated with 

the indicated drugs. Total RNAs extracted from these cells were subjected to RT-qPCR 

quantifications to determine the short and long HIV-1 transcripts using the indicated 

specific primers. The qPCR signals were normalized to those of ActB. Each column 

represents the average of three independent RT-qPCR reactions, with the error bars 

indicating mean +/- SD. 

 

 

Figure 3-S3 
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Figure 3-S4. On a per-molecule basis, more Brd4 binds to HIV LTR than does 

Brd4S and the Brd4-LTR binding is also more sensitive to MG-149-induced AcH4 

reduction. NH1 cells containing an integrated HIV-1 LTR were transfected with either 

an empty vector or vectors expressing the indicated FLAG-tagged Brd4 isoforms, treated 

by either 0.1% DMSO or 30 M MG-149 for 18 hr, and subjected to ChIP-qPCR analysis 

using the anti-FLAG beads to determine the levels of the Brd4 isoforms bound to HIV 

LTR. The ChIP-qPCR signals were normalized to those of input DNA. The error bars 

represent mean +/- SD from three independent qPCR reactions. An aliquot of each cell 

sample was also examined by Western blotting for the proteins labeled on the left. 

 

 

Figure 3-S4  
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Figure 3-S5. MG-149 fails to potentiate the effect of SAHA, Ingenol or T-cell 

receptor activation on proviral reactivation in a primary T cell model of latency. A. 

Latently infected Th17 cells (No stim) were placed in media containing 60 IU/ml IL-2 

and then challenged with MG-149 for 24 hr in the presence or absence of SAHA (500 

nM), ingenol (20 nM), or -CD3 antibody (500 ng/ml). Proviral HIV expression was 

determined by flow cytometry measurements of the percentage of cells that were positive 

for both Nef and EGFP. Graphed data are from two independent experiments. B. Latently 

infected Th17 cells were stimulated or not with an antibody cocktail of -CD3/-CD28 

for 24 or 48 hr in the absence or presence of the indicated concentrations of MG-149. 

Proviral HIV expression was determined by flow cytometry measurements of the 

percentages of cells positive for both Nef and EGFP. Graphed data for the 24 hr treatment 

are from four independent experiments and the 48 hr treatment from two experiments. 

 

Figure 3-S5 
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Figure 3-S6. MG-149 does not induce global T cell activation. Primary resting CD4
+
 T 

cells were treated for 24 hr with the indicated drugs or their combinations. The levels of 

T cell activation were accessed by immunostaining of CD25 and CD69, which was then 

analyzed by flow cytometry. 

 

 
 

Figure 3-S6 
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Supplemental Table 3-1. Characteristics of HIV-1–infected study participants. 

ID Age Sex Race 

Duration of 

infection 

(months) 

ART regimen 

Time on 

ART 

(months) 

Time on 

suppressive ART 

(months) 

CD4 count 

(cells/mm3) 

Peak reported viral load 

(copies ml–1) 

1 29 M A 24 EFV/3TC/TDF 24 21 543 3.55 × 104 

2 37 M A 24 EFV/3TC/TDF 24 15 179 9.19 × 105 

3 35 M A 38 EFV/3TC/TDF 13 9 697 3.52 × 105 

4 39 F A 90 EFV/3TC/TDF 65 33 819 Unknown 

5 35 M A 7 EFV/3TC/TDF 6 3 536 1.42 × 105 

6 34 M A 7 EFV/3TC/TDF 6 3 517 2.56 × 104 

7 47 F A 38 EFV/3TC/TDF 36 26 440 2.42 × 104 

8 52 M A 119 EFV/3TC/AZT 118 81 620 unknown 

M, male; F, female; A, Asian; 3TC, lamivudine; TDF, tenofovir disoproxil fumarate; EFV, efavirenz; AZT, azidothymidine. 
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Chapter 4 

Reiterative Enrichment and Authentication of CRISPRi 

Targets (REACT) identifies the proteasome as a key 

contributor to HIV-1 latency 
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Summary 

The establishment of HIV-1 latency gives rise to persistent chronic infection that 

requires life-long treatment. To reverse latency for viral eradiation, the HIV-1 Tat protein 

and its associated ELL2-containing Super Elongation Complexes (ELL2-SECs) are 

essential to activate HIV-1 transcription. Despite efforts to identify effective latency-

reversing agents (LRA), avenues for exposing latent HIV-1 remain inadequate, 

prompting the need to identify novel LRA targets. Here, by conducting a CRISPR 

interference-based screen to reiteratively enrich loss-of-function genotypes that increase 

HIV-1 transcription in latently infected CD4
+
 T cells, we have discovered a key role of 

the proteasome in maintaining viral latency. Downregulating or inhibiting the proteasome 

promotes Tat-transactivation in cell line models. Furthermore, the FDA-approved 

proteasome inhibitors bortezomib and carfilzomib strongly synergize with existing LRAs 

to reactivate HIV-1 in CD4
+
 T cells from antiretroviral therapy-suppressed individuals 

without inducing cell activation or proliferation. Mechanistically, 

downregulating/inhibiting the proteasome elevates the levels of ELL2 and ELL2-SECs to 

enable Tat-transactivation, indicating the proteasome-ELL2 axis as a key regulator of 

HIV-1 latency and promising target for therapeutic intervention. 
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Introduction 

Transcriptional silence of integrated HIV-1 proviruses in a minority of infected 

CD4
+
 T cells is a key signature of the latent viral reservoirs that necessitate a lifelong 

antiretroviral therapy (ART) to maintain their silence (48,49). Strategies to expose the 

latently infected cells for immune recognition and clearance in individuals on ART rely 

on latency reversing agents (LRAs) to reactivate proviral transcriptions (45,53,54). To 

date, multiple clinical trials have tested a variety of LRAs that are dominated by histone 

deacetylase (HDAC) inhibitors and NF-B agonists (170).  However, only modest 

increases in viral transcription with little to no reservoir reduction are induced by these 

drugs, which often also produce serious adverse effects (118).  

Compared with the mechanisms used by the HDAC inhibitors and NF-B agonists 

to relax chromatin and recruit RNA polymerase (Pol) II to the HIV-1 promoter, 

respectively, a less leveraged but arguably more specific and prominent feature of the 

HIV-1 transcriptional control is the Tat-dependent transition of Pol II from promoter-

proximal pausing to productive elongation (46,65).  This rate-limiting step fuels a potent 

positive-feedback circuit to activate viral transcription without causing T cell activation 

(72). 

Mechanistically, Tat stimulates HIV-1 transcriptional elongation by recruiting a 

specific host co-activator, the human Super Elongation Complex (SEC) (90,91), to the 

paused Pol II through forming the Tat-SEC complex on the TAR RNA, a stem-loop 

structure located at the 5’ end of the nascent viral transcript (101,103). The two critical 

components of the SEC, P-TEFb and ELL2, stimulate Pol II elongation by different 

mechanisms and can thus synergistically induce the production of full-length viral 

transcripts (65). In addition to residing in the SEC, P-TEFb also interacts with the 

bromodomain protein Brd4, which competitively inhibits the Tat-SEC interaction 

(105,106). The small molecule suppressor JQ1 binds to Brd4 to antagonize its inhibitory 

action on Tat-SEC, leading to the activation of HIV-1 transcription and latency reversal 

(108,109,171). Notably, JQ1 is shown to synergize with other LRAs to reactivate latent 

HIV-1 in a number of pre-clinical trials involving CD4+ T cells from the ART-

suppressed individuals (110-112,136,172). 

A typical SEC contains P-TEFb, as well as one of each of the three pairs of 

homologous proteins: ELL1/ELL2, AFF1/AFF4, and ENL/AF9. Owing to the ability of 

these proteins to create multiple different combinations among them, a family of related 

SEC complexes exists in cells. Our recent study shows that a low-abundance subset of 

SECs containing ELL2 and AFF1 play a predominant role in cooperating with Tat to 

reverse HIV-1 latency (158). In fact, by simply increasing the cellular level of ELL2, a 

highly unstable protein due to its polyubiquitination by the E3 ubiquitin ligase Siah1 and 

subsequent degradation by the proteasome (90,96,173), it was possible to activate latent 

HIV-1 without using any drugs (158).  
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The complexity of the mechanisms that contribute to HIV-1 latency suggests that 

combinatorial LRAs from distinct mechanistic classes are necessary to expose the hidden 

viruses (53). To identify novel classes of LRAs that cooperate well with the existing ones, 

we developed a genetic screen based on CRISPR interference (CRISPRi) (174) to look 

for additional host restriction factors that may represent previously unrecognized drug 

targets. By selecting authentic and effective CRISPRi targets through reiterative 

enrichments, we have identified several subunits of the proteasome as novel host factors 

that strongly inhibit HIV-1 transcription and promote latency. Our data indicate that the 

proteasome preferentially inhibits the Tat-dependent HIV-1 transcription by decreasing 

the cellular level of ELL2, which in turn prevents formation of the ELL2-containing 

SECs. Furthermore, several FDA-approved proteasome inhibitors are shown to act 

synergistically with the existing LRAs to activate HIV-1 without inducing cell activation 

or proliferation in both cell line-based latency models and primary T cells from HIV-1-

infected and ART-suppressed individuals. Collectively, our data indicate that targeting 

the proteasome-ELL2 axis provides a new avenue to expose the latent HIV-1 proviruses.  

 

Experimental Procedures 

Reiterative Enrichment and Authentication of CRISPRi Targets (REACT)  

All the Jurkat-based cells were maintained in RPMI 1640 medium with L-

glutamine, 10% fetal bovine serum (FBS), 100 IU/ml penicillin, and 100 µg/ml 

streptomycin in 5% CO2 at 37°C.  To prepare the CRISPR interference (CRISPRi) 

platform, Jurkat 2D10 cells (119) were transduced by pHR-TRE3G-Krab-dCas9-P2A-

mCherry (144) and pLVX-advanced-TetOn (from IGI, UC Berkeley). A clone (named 

“2D10-CRISPRi”) expressing KRAB-dCas9-HA-P2A-mCherry in response to 

doxycycline (Dox) was first selected by fluorescence-activated cell sorting (FACS) and 

then verified by Western blotting.  

To start REACT, a genome-wide CRISPRi sgRNA library in pSico-based vector 

with BFP marker and puromycin-resistance (144) were packaged using a 3
rd

 generation 

lentiviral packaging system and transduced into 2×10
8
 2D10-CRISPRi cells at an 

efficiency of ~40%. Two days after transduction, the non-transduced cells were killed by 

adding puromycin into the medium to a final concentration of 1 g/ml for 3 days, at 

which time more than 95% of the surviving cells were BFP-positive as confirmed by 

FACS. About 5×10
7
 of the cells were pooled and treated with 1 g/ml Dox for 3 days in 

400 ml medium. The Dox-treated cells were then selected by FACS for the 

GFP/mCherry/BFP triple-positive phenotype.  

Then sgRNA cassettes were PCR-amplified from the genomes of the selected 

cells using the primer pair: REACT-5F (5’-GCACAAAAGGAAACTCACCCT-3’)/ 
REACT-3R (5’-CGACTCGGTGCCACTTTTTC-3’). After digestion with BstXI and 

BlpI, the cassettes were cloned into the empty library vector pSico-BFP-puro (144) and 

then amplified in E. coli and extracted as an enriched library, which was then transduced 

into the original 2D10-CRISPRi cells for the next round of REACT. Upon repeating the 

procedure 4 times, the sgRNA sequences from the round 4-enriched library and original 
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library were subjected to deep-sequencing by using the index primer pairs 

CRISPRi_TSS_12_P5/CRISPRi TSS_12_P7 for round 4-enriched library, and 

CRISPRi_TSS_6_P5/CRISPRi TSS_6_P7 for the original library, and sequenced by 

using the primer CRISPRi TSS_seq V2. The sequences of the primers were listed in 

Table 4-S2. The deep-sequencing results were then converted into sgRNA counts by 

using the ScreenProcessing tool (175). The fold of enrichment for each sgRNA sequence 

was calculated based on its reads per million in the round 4-enriched library divided by 

those in the original library and presented on a scatter plot. 

Cell line-based latency reversal assay 

The Jurkat-based HIV-1 latency models 2D10 and J-Lat A2  (129) were first 

treated in triplicates with 0.1% DMSO, 1 g/ml Dox or the various concentrations of 

proteasome inhibitors, and then re-suspended in cold phosphate-buffered saline (PBS). 

Quantification of the GFP+ cells was conducted on a BD Bioscience LSR Fortessa X20 

cytometer. The data were analyzed with the Flowjo
TM

 software and plotted as bar graphs. 

CRISPRi in 1G5-/+Tat cells and luciferase reporter assay 

The preparations of the CRISPRi platform in Jurkat 1G5 (146) and 1G5+Tat cells 

(147) (both kind gifts from Dr. Melanie Ott in the Gladstone Institutes, San Francisco) 

were the same as in 2D10 cells described above. DNA oligos containing the sgRNA 

sequences identified by REACT and a negative control (5’-

GCAGCATGCTCGCCTGGCTGC-3’) were synthesized and cloned into the pSico-BFP-

puro vector and stably transduced into the 1G5-/+Tat-CRISPRi cells. For the luciferase 

assay, 1x10
6 
of the cells were treated with 0.1% DMSO or 1 g/ml Dox in triplicates for 

three days, and then lysed in 200 l 1 × Reporter Lysis Buffer (Promega), frozen-thawed 

once, and centrifuged at 20,800 × g for 1 min at 4 °C. Luciferase activities in the 

supernatants were measured by using the Luciferase Assay System (Promega) on a 

Lumat LB 9501 luminometer. The relative luciferase units in the Dox-treated cells were 

normalized to those of the DMSO-treated cells and plotted as bar graphs. 

Reverse transcription and real-time quantitative PCR (RT-qPCR) assay 

Total cellular RNAs were extracted by using the RNeasy kit (Qiagen) and reverse 

transcribed by M-MLV Reverse Transcriptase (VWR, M1701) with random hexamers 

(Invitrogen, 48190-011). The cDNAs were subjected to qPCR using DyNAmo HS SYBR 

Green qPCR kit (Fisher, F-410L) on a CFX96 system (Bio-Rad) with the primer pairs 

listed in Table 4-S2. All reactions were carried out in triplicates. The PCR signals were 

normalized to those of ActB and displayed as bar graphs. 

Stable shRNA knockdown (KD) in Jurkat 2D10 cells 

Jurkat 2D10 cells were transduced with the pLKO.1-puro lentiviral vectors 

containing shScramble (5’-CCTAAGGTTAAGTCGCCCTCG-3’), shPSMA1 (5'-

AATGATTATACAGACCCTTTC-3'), or shPSMB1 (5’-

AAGACATCTTTCACCAGCCGC-3’) sequences. Two days after transduction, 

puromycin was added to the medium to a final concentration of 1 g/ml to obtain and 

maintain the stable KD pools. The KD efficiencies of the pools were examined by RT-

qPCR and Western blot.  
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Proteasome inhibitor treatment in vitro 

Jurkat 2D10 or J-Lat A2 cells were aliquoted into 24-well plates in 1 ml medium 

at the density of 5×10
5
 cells/ml. Each of the following drugs was added to the cells in 

triplicate at the indicated concentrations: MG132 (Sigma, M7449), Bortezomib 

(Millennium, Velcade, PS-341, from Selleckchem, S1013), Carfilzomib (ONYX, PR171, 

from Selleckchem, S2853), Ixazomib (Millennium, MLN2238, from Selleckchem, 

S2180), Ixazomib citrate (MLN9708, from Selleckchem, S2181), Oprozomib (ONYX, 

ONX0912, from Selleckchem, S7049), and Delanzomib (CEP18770, from Selleckchem, 

S1157). For control groups, 0.1% DMSO was used. After 16~20 hours treatment, the 

cells were subjected to FACS to measure the percentages of GFP+ cells as described 

above. Cell viabilities were determined by Forward Scatter vs. Side Scatter gating using 

untreated cells as the control.  

Co-immunoprecipitation followed by Western blotting 

Approximately 2 × 10
8
 2D10 cells maintained in 400 ml RPMI medium were 

treated with 10 nM bortezomib or 0.1 % DMSO for 18 hours. The following operations 

were all carried out at 4 °C or on ice unless stated otherwise. The cells were harvested 

and swollen in 4 ml hypotonic buffer A [10 mM HEPES-KOH (pH 7.9), 1.5 mM MgCl2 

and 10 mM KCl] for 5 min and then centrifuged at 362 g for 5 min. The cells were then 

disrupted by grinding 20 times with a Dounce tissue homogenizer (Fisher K8853000007) 

in 4 ml buffer A, followed by centrifugation at 3,220 g for 10 min to collect the nuclei. 

The nuclei were then extracted in 450 l buffer C [20 mM HEPES-KOH (pH 7.9), 

0.42 M NaCl, 25 % glycerol, 0.2 mM EDTA, 1.5 mM MgCl2, 0.4 % NP-40, 1 mM 

dithiothreitol and 1 × protease inhibitor cocktail] for 30 min and then subjected to 

centrifugation at 20,800g for 10 min. The supernatant (nuclear extracts or NE) was mixed 

with 4 g anti-CDK9 antibody (90) for 45 min, and then with 15 l Protein A agarose 

(Invitrogen 15918-014) for 1 hr with rotation. After being washed three times with 1 ml 

buffer D [20 mM HEPES-KOH (pH 7.9), 0.3 M KCl, 15 % glycerol, 0.2 mM EDTA and 

0.4 % NP-40], the beads were eluted with 30 l 0.1 M glycine-HCl (pH 2.0) at room 

temperature for 15 min. For western blot, 3% of the NE input and 50% of the 

immunoprecipitation eluate from each treatment condition were analyzed.  

The primary antibodies used for Western blots are listed in Table 4-S3. The 

primary antibodies were diluted to 1 g/ml and the secondary antibodies were diluted 

10,000-fold. 

Isolation of resting CD4
+
 T cells from ART-suppressed individuals and 

measurement of intracellular HIV-1 mRNA after drug treatment 

This part of the study was approved by the UCSF Committee on Human 

Research. All research participants were recruited from the UCSF SCOPE cohort after 

obtaining written informed consent, and all subject data and specimens were coded to 

protect confidentiality. The participants met strict selection criteria and had well-

documented persistent viral suppression for over 7 years (Table 4-S1). Fresh blood (100 

ml) was collected and peripheral blood mononuclear cells (PBMCs) were isolated from 

whole blood using Lymphocyte Separation Medium (Corning 25-072-CI). CD4
+
 T cells 
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were isolated from PBMCs using negative selection by EasySep kit (STEMCELL 19052) 

according to the manufacturer’s instructions.  

Isolated CD4
+
 T cells were aliquoted at a density of 1×10

6
 cells per well in 1 mL 

RPMI medium plus 10% FBS in a 48-well flat-bottom plate. The cells were treated with 

0.2% DMSO, 25 l(1:1 bead:cell ratio) CD3 + CD28-conjugated beads (Dynal 

11131D), 50 ng/ml (81 nM) PMA + 1 M Ionomycin, 1 M vorinostat, 1 M JQ1, 40 

nM romidepsin, or 10 nM bryostatin alone or in combination with 10 nM or 100 nM 

bortezomib or carfilzomib for 24 hr. All drugs were prepared in the culture medium from 

stock solutions dissolved in DMSO. After the treatment, total RNAs from the cells were 

extracted by 1 ml TRIzol™ Reagent (Invitrogen 15596026). The RNAs were reverse-

transcribed using M-MLV Reverse Transcriptase (VWR, M1701) with random hexamers 

(Invitrogen, 48190-011). The HIV-1 RNA was quantified by qPCR using DyNAmo HS 

SYBR Green qPCR kit (Fisher, F-410L) with the HIV-1-specific primers F522-43 (5’-

GCCTCAATAAAGCTTGCCTTGA-3’) and R626-43 (5’-

GGGCGCCACTGCTAGAGA-3’) (172) on a CFX96 system (Bio-Rad). All reactions 

were carried out in triplicates. The PCR signal from each drug combination was 

normalized to the DMSO group for each individual to calculate the fold induction and 

displayed in scatter plots. 

Quantitative analysis of synergy of latency reversing agent combinations 

We adapted the Bliss independence model (176) as implemented by previous 

studies (112,136,172) to test for synergy when different concentrations of bortezomib and 

carfilzomib were combined with JQ1 or romidepsin ex vivo.(112,136,172) to test for 

synergy when different concentrations of bortezomib and carfilzomib were combined 

with JQ1 or romidepsin ex vivo. For drugs x and y, we used the equations faxyP = fax + fay 

- (fax)(fay), and Δfaxy = faxyO - faxyP. Here, fax and fay represent the observed effects of 

drug x and drug y respectively, faxyP represents the predicted fraction affected by the 

combination of drug x and drug y if there is no synergy or antagonism between drug x 

and drug y; faxyO represents the observed effect when x and y were tested together. 

Calculation of fax utilized the following approach adapted from the above cited 

publications: fax = (HIV RNA copies with drug x - background copies with DMSO) / 

(HIV RNA copies with αCD3-αCD28 stimulation - background copies with DMSO). The 

copy number of HIV RNA was determined by extrapolation against a 7-point standard 

curve (1–1,000,000 copies) prepared from a synthetic HIV cDNA fragment. In cases 

where one or more experimental drug conditions resulted in RNA expression exceeding 

the αCD3-αCD28 stimulation, we imputed the highest HIV RNA value in that 

experiment +1 to represent the denominator for calculation of fax. Statistical significance 

was calculated by two-tailed Student’s t-test comparing faxyO and faxyP (*: p < 0.05, **: p 

< 0.01, and ***: p < 0.001). With this model, Δfaxy > 0 with statistical significance (p < 

0.05) indicates synergy, Δfaxy = 0 indicates additive effect (Bliss independence), Δfaxy < 0 

with statistical significance indicates antagonism.  

CD4
+
 T cell activation assay 

CD4
+
 T cells isolated from HIV-infected ART-suppressed individuals were 

treated with 0.2% DMSO, 50 ng/ml (81 nM) PMA and 1 M Ionomycin, 1 M vorinostat, 
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10 nM bortezomib, 100 nM bortezomib, 10 nM carfilzomib, or 100 nM carfilzomib for 

24 hours. The cells were stained with LIVE/DEAD Cell Stain Kit (Invitrogen, L34955), 

and then stained with PE-conjugated mouse anti-Human CD69 antibody (BD Biosciences, 

555531), and FITC-conjugated mouse anti-Human CD25 antibody (BD Biosciences, 

555431). Flow cytometry was conducted on a BD Bioscience LSR Fortessa X20 

cytometer, and data were analyzed using the Flowjo software. 

CD4
+
 T cell proliferation assay 

CD4
+
 T cells isolated from HIV-infected ART-suppressed individuals were 

stained with 10 μM 5(6)-carboxyfluorescein N-hydroxysuccinimidyl ester (CFSE, 

Abcam ab113853) for 15 min. The cells were treated subsequently with 0.2% DMSO, 10 

nM bortezomib, 100 nM bortezomib, 10 nM carfilzomib, or 100 nM carfilzomib for 24 hr, 

and then washed and cultured for another 3 days in fresh medium. The cells were stained 

with LIVE/DEAD Cell Stain Kit (Invitrogen, L34955) and PE-conjugated anti-human 

CD4 Antibody (BioLegend, 317410). Flow cytometry and data analysis were conducted 

as described above. 

CD4
+
 T cell viability assay 

CD4
+
 T cells isolated from HIV-infected ART-suppressed individuals were 

treated with the various drugs for 4 days as described above. On day 1, 2, 3, and 4, an 

aliquot of cells from each treatment was stained with LIVE/DEAD Cell Stain Kit 

(Invitrogen, L34955). Untreated cells were used for day 0. Flow cytometry and data 

analysis were conducted as described above. 

 

Results 

Reiterative Enrichment and Authentication of CRISPRi Targets (REACT) identifies 

novel HIV-1 restriction factors in Jurkat 2D10 cells 

To identify novel human genes that inhibit HIV-1 expression, we set up a screen 

for the loss-of-function genotypes that could lead to the activation of latent HIV-1 

provirus in the Jurkat-based 2D10 cell line, a widely used post-integration latency model 

with the d2EGFP-coding sequence in place of the viral nef gene in the proviral genome 

(119). We first generated a 2D10-based TetOn mCherry-dCas9-KRAB cell line (named 

2D10-CRISPRi) by adapting an inducible CRISPRi platform (144). The loss-of-function 

genotypes were produced in this cell line by stably transducing a whole genome sgRNA 

library containing a total of ~200,000 sgRNAs at an average of 10 per gene (144). Three 

days after the doxycycline (Dox)-induced production of the dCas9-KRAB fusion, the 

cells were subjected to fluorescence-activated cell sorting (FACS) to isolate the GFP+ 

cells containing activated HIV-1 (Fig. 4-1A).  

Because the first round of selection did not yield any positive signals that were 

above the background (Fig. 4-1B), we decided to repeat the procedure a few more times 

in the hope of enriching the desired genotypes (Fig. 4-1A). To do this, the sgRNA 

sequences were PCR-amplified from the genome of GFP+ cells isolated from the 

previous round of FACS and cloned into the empty vector to generate an enriched 
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sgRNA library, which was then transduced into the original 2D10-CRISPRi cells for the 

next round of selection (Fig. 4-1A). This procedure, called the Reiterative Enrichment 

and Authentication of CRISPRi Targets or REACT, was repeated 4 times. 

 As expected, the CRISPRi-induced HIV-1 activation began to noticeably 

increase in the cell population starting from round 3 (1.06% GFP+ cells under Dox+ vs. 

0.46% spontaneous reactivation under Dox- conditions) and culminating in round 5 of 

REACT (4.27% vs. 0.55%; Fig. 4-1B). High-throughput sequencing of the enriched 

library from round 4 and the original library revealed that the most significant enrichment 

occurred for 7 sgRNAs that target 6 different genes, PSMD1, NFKBIA, CYLD, GON4L, 

PSMD3, and PSMD8 (Fig. 4-1C & 4-1D). Among these, NFKBIA (aka. IκBα, an 

inhibitor of NF-B) and CYLD (a deubiquitinase for NFKBIA) have been reported to 

encode suppressors of HIV-1 transcription (177,178). It is thus unsurprising that their 

silencing caused viral activation. On the other hand, PSMD1, PSMD3, and PSMD8, all 

encoding the canonical proteasome subunits, and GON4L, which encodes a protein found 

in a transcriptional co-repressor complex with HDAC1 (179), represent previously 

unreported and potentially novel host restriction factors for HIV-1.  

Proteasomal subunits identified by REACT inhibit Tat-dependent HIV-1 

transcription 

To verify that the 6 genes identified by REACT indeed encode the restriction 

factors that promote HIV-1 latency, we synthesized and cloned the top 7 sgRNA hits and 

a negative control sequence into the empty vector used to generate the library, and stably 

transduced them into the 2D10-CRISPRi cells. The RT-qPCR and FACS analyses 

indicate that the 7 sgRNAs but not the negative control downregulated the expression of 

their respective target genes (Fig 2A) and efficiently activated HIV-1 (Fig. 4-2B). Further 

RT-qPCR analyses demonstrated that after the 6 genes were downregulated by CRISPRi, 

the HIV-1 env mRNA level increased by one to two orders of magnitude (Fig. 4-2C), 

whereas the cellular GAPDH transcript remained mostly unchanged (Fig. 4-2D).  

To further confirm that the proteasomal subunits can be downregulated to 

activate latent HIV-1, we used siRNAs to knock down the expression of PSMD1, 

PSMD3, as well as a non-proteasomal REACT target CYLD in two different HIV-1 

latency model cell lines, Jurkat 2D10 (119) and J-Lat A2, which contains an integrated, 

transcriptionally silent LTR-Tat-Flag-IRES-EGFP cassette (129). Similar to the 

CRISPRi-induced silencing, the knockdown (KD) by RNA interference (RNAi) 

significantly reactivated latent HIV-1 and enhanced mRNA production from the HIV-1 

LTR but not the GAPDH promoter in both systems (Supplemental Fig. 4-S1A-F). 

The latent HIV-1 is kept in a transcriptionally silent state. To determine whether 

the 6 genes identified by REACT directly affected HIV-1 transcription especially Tat-

transactivation, we examined the impact of their CRISPRi-induced downregulation (Fig. 

4-2E) on expression of an integrated, HIV-1 LTR-driven luciferase reporter gene in 

Jurkat-based 1G5 (146) and 1G5+Tat cell lines (147). The data indicate that 

downregulating PSMD1, PSMD3, PSMD8, NFKBIA and CYLD significantly increased 

the LTR-driven luciferase expression only in 1G5+Tat cells that constitutively express 

Tat (Fig. 4-2F). In contrast, targeting GON4L by two different sgRNAs did not increase 
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the LTR activity in either cell line (Fig. 4-2F). Together, these data implicate the 

proteasomal subunits PSMD1, PSMD3, and PSMD8 as novel host factors that promote 

HIV-1 latency through directly inhibiting the Tat-dependent viral transcription. 

Downregulating proteasomal core subunits or inhibiting proteasomal activity 

promotes HIV-1 transcription and latency reversal in cell line models 

Since PSMD1, PSMD3 and PSMD8 are all located in the 19S regulatory particle 

of the 26S proteasome (180), we asked whether subunits in the 20S core particle also 

restrict HIV-1 activation. To answer this question, we used shRNAs to knock down two 

core subunits, PSMA1 and PSMB1, in 2D10 cells and discovered that the KD potently 

reactivated latent HIV-1 and increased the viral env but not cellular GAPDH mRNA level 

(Fig. 4-3A-C).  

In light of these results, we further tested whether inhibiting the proteasomal 

function with drugs could also reactivate latent HIV-1. We treated 2D10 and A2 cells 

with MG132, which is frequently used in research settings, three FDA approved 

proteasome inhibitors: Bortezomib (Millennium, Velcade, PS-341), Carfilzomib (ONYX, 

PR171), Ixazomib (Millennium, MLN2238), as well as three inhibitors in late stage 

clinical trials: Ixazomib citrate (MLN9708), Oprozomib (ONYX, ONX0912), 

Delanzomib (CEP18770). The results show that when used at nano- to submicro-molar 

concentrations, all the inhibitors were able to dose-dependently increase the HIV-1 LTR-

driven transcription and reverse viral latency in up to ~80% of 2D10 and ~30% of A2 

cells (Fig. 4-3D-I). Notably, these drug concentrations only mildly affected cell viability 

and no more than 50% cell death was observed even under the highest concentrations 

used (Supplemental Fig. 4-S2A-D). Together, our data indicate that targeting the 

proteasome by either gene silencing or drugs can effectively promote HIV-1 transcription 

and latency reversal. 

Proteasome inhibitors cooperate with existing LRAs to reactivate latent HIV-1 ex 

vivo without inducing T cell activation or proliferation 

To investigate the impact of inhibiting the proteasome in a more clinically 

relevant setting, we selected the two FDA-approved proteasome inhibitors, bortezomib 

and carfilzomib, and assessed their abilities to reactivate latent HIV-1 in CD4
+
 T cells 

isolated from 11 HIV-1-infected individuals on suppressive ART (Table 4-S1). While 10 

nM bortezomib alone was able to reactivate HIV-1 by ~2-fold, the more significant 

finding is that both inhibitors potently enhanced the latency-reversing effects of existing 

LRAs at concentrations (10-100 nM; Fig. 4-4A) that were effective in anti-cancer 

treatments (181,182). 

For example, when used alone, 1 M JQ1, a BET bromodomain inhibitor and 

known LRA (108,111), reactivated HIV-1 just 4-fold compared to the DMSO control. 

However, bortezomib and carfilzomib enhanced this effect up to 19-fold (Fig. 4-4A). 

Furthermore, 40 nM of the HDAC inhibitor romidepsin  reactivated HIV-1 5-fold by 

itself, but produced up to 27-fold activation together with bortezomib or carfilzomib (Fig 

4-4A). Finally, while 1 M of the HDAC inhibitor vorinostat (aka SAHA; ) alone did not 

activate HIV-1 in a statistically significant manner, its combination with bortezomib or 

carfilzomib caused up to 11-fold activation (Supplemental Fig. 4-S3). Notably, the PKC 
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agonist bryostatin (183) produced no obvious effect either alone or together with the two 

proteasome inhibitors (Supplemental Fig. 4-S3).  

Using the Bliss Independence model for assessing drug synergism (136,172,176), 

we discovered that the co-administration of bortezomib (both 10 and 100 nM) or 

carfilzomib (10 nM) with JQ1 (1 M) or romidepsin (40 nM) all exhibited robust 

synergistic activity (p<0.05) (Fig. 4-4B). In addition, after 24 hours of treatment at 10 and 

100 nM concentrations, which were the same conditions used in the latency-reversal 

assay, bortezomib and carfilzomib did not induce the surface expression of CD25 and 

only marginally induced CD69 in cells from 3 patients (Fig. 4-4C & Fig. 4-S4). This is in 

contrast to the robust induction of the two activation markers by PMA plus ionomycin as 

well as the considerable CD69 induction by vorinostat (Fig. 4-4C & Fig. 4-S4).  

Furthermore, staining with CellTrace CFSE detected no proliferation of live 

primary CD4
+
 T cells after the initial 24-hour exposure to the proteasome inhibitors and 

then additional 3 days of culture in the absence of the drugs (Fig. 4-4D & Fig. 4-S5). 

Finally, at least during the initial 24-hour treatment, the two inhibitors were well-

tolerated by cells from all 3 patients, with the cells from patient #1 showing only a mild 

loss of viability in the presence of 10 nM carfilzomib for up to 4 days (Fig. 4-S6). In 

summary, these data demonstrate that the proteasome inhibitors can synergize with 

existing LRAs to potently reactivate HIV-1 ex vivo without inducing activation or 

proliferation of the patient-derived primary CD4
+
 T cells.  

Inhibition or downregulation of proteasome increases Tat-transactivation by 

stabilizing ELL2 to form more ELL2-SECs 

Consistent with the CRISPRi result in Fig. 4-2E, the bortezomib inhibition of the 

proteasome also enhanced the HIV-1 LTR-driven transcription in a Tat-dependent 

manner (Fig. 4-5A). HIV-1 transcriptional elongation, especially the Tat-activated 

process, is exquisitely controlled by a network of P-TEFb complexes that include the 

7SK snRNP, the SECs and the Brd4-P-TEFb complex (Zhou et al. Annual Rev. 

Biochem). In light of this revelation, we examined whether the levels of P-TEFb, its 

major known associated factors as well as the NFB-inhibitor IB, which is believed to 

be regulated at the protein stability level (ref), would change after the downregulation of 

the proteasome.  

Examination of cell extracts by Western blotting demonstrates that among all the 

proteins analyzed, downregulating the proteasome in Jurkat cells by CRISPRi against 

PSMD1, PSMD3, and PSMD8 (Fig. 4-5B), or RNAi against PSMA1 and PSMB1 (Fig. 

4-5C) consistently elevated the protein levels of only ELL2 and occasionally ELL1 (e.g. 

after CRISPRi against PSMD1 & PSMD3), which are two alternative subunits of the 

SECs (Lu et al. PNAS paper). Notably, the mRNA level of ELL2 was not elevated, but 

the ELL1 mRNA level was somewhat increased in this process (Fig. 4-S7).  

The elevated ELL2 protein level as a result of the proteasomal downregulation is 

consistent with the previous reports showing that ELL2 is tightly controlled by the E3 

ubiquitin ligase Siah1-induced degradation by the proteasome (90,96,173). Of note, 

inhibiting the proteasome by bortezomib also elevated the ELL2 protein level in Jurkat 

nuclear extract, which in turn resulted in the formation in the nuclei of more ELL2-
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containing SECs as revealed by anti-CDK9 immunoprecipitation followed by Western 

blotting (Fig. 4-5D).   

Since among all the related members of the family of SEC complexes, the ELL2-

containg SECs play a predominant role in supporting Tat-transactivation and reversing 

viral latency (158), we compared the bortezomib-induced HIV-1 activation in three 

different 2D10-based cell lines: WT (119), ELL2 (ELL2-knockout) and ELL2-R2 

(ELL2 cells containing an integrated vector expressing ELL2-Flag to approximately the 

endogenous level) (158). The FACS analysis demonstrates that compared to WT 2D10 

cells, the absence of ELL2 in ELL2 cells abolished the bortezomib-induced HIV-1 

latency reversal, which was efficiently rescued by expressing ELL2-Flag in the ELL2-

R2 cells (Fig. 4-5E). Taken together, these results indicate the stabilization of ELL2 and 

elevated formation of the ELL2-SECs as a key mechanism for promoting HIV-1 Tat-

transactivation and latency reversal in CD4+ T cells upon the inhibition/downregulation 

of the proteasome (Fig. 4-5F).  

 

Discussion 

In this study, we have developed a CRISPRi-based genetic screen to reiteratively 

enrich loss-of-function genotypes that promote HIV-1 transcription in latently infected 

CD4
+
 T cells. The identified hits include the not-so-surprising factors that suppress the 

NF-B pathway (NFKBIA, CYLD) or interact with the HDAC complex (GON4L), as 

well as unexpected ones in the form of three proteasomal subunits. Our subsequent 

experiments employing RNAi to target these three and also two other core subunits of the 

proteasome and testing multiple proteasome inhibitors in two different cell line-based 

latency models as well as primary CD4
+
 T cells from HIV-infected individuals on 

suppressive ART all support the notion that targeting the proteasome can be an effective 

strategy to expose latent HIV-1.  

Interestingly, a study published in 2004 has shown that the mRNA levels of 

multiple genes encoding the various proteasome subunits are upregulated in latently-

infected cell lines and that treating these cell lines with a proteasome inhibitor CLBL 

stimulated lytic viral replication (184). Based on these early revelations and our current 

study, which employs multiple proteasome inhibitors and also extends the analysis to the 

patient-derived primary CD4
+
 T cells, we propose that the elevated proteasome level in 

HIV-infected cells is a key mechanism that is used to silence transcription and drive the 

virus into latency.  

Consistent with a previous report showing that the proteasome inhibitors can 

enhance the P-TEFb-mediated HIV-1 transcriptional elongation (185), our current 

mechanistic studies pinpoint ELL2, which joins P-TEFb, AFF1 and ENL/AF9 to form the 

ELL2-SECs especially important for Tat-transactivation (90,158), as the target of the 

proteasome inhibitors. This mechanistic insight as well as the observation that the Tat-

dependent HIV-1 transcription is preferentially affected by downregulating/inhibiting the 

proteasome (Figs. 2E, 2F & 5A) allow us to propose a model in Fig. 4-5F. According to 

this model, in latently infected cells, the elevated proteasome level keeps the ELL2 

concentration low through polyubiquitination and proteasomal degradation (96). This 
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prevents the assembly of the ELL2-SECs and blocks HIV-1 transcription. Upon 

downregulating/inhibiting the proteasome, this blockage is removed to increase the 

cellular ELL2 level. This results in the formation of more ELL2-SECs to stimulate Tat-

transactivation, which in turn generates more Tat to fuel a robust positive feedback loop 

for HIV to exit latency. 

The proteasome has been extensively characterized as a therapeutic target for 

treating both hematologic and solid tumors; and a number of inhibitors have been 

developed and approved for this purpose (186,187). Our present study indicates that in 

addition to their anti-cancer effects, the two FDA-approved proteasome inhibitors, 

bortezomib and carfilzomib, can also synergize with existing LRAs such as JQ1 and 

romidepsin to reverse HIV latency in resting CD4
+
 T cells from ART-suppressed 

individuals without inducing T cell activation or proliferation (Fig. 4-5). Future studies 

will inform us whether this effect can also be detected in real clinical settings involving 

HIV patients. Moreover, the safety and efficacy of combining the two proteasome 

inhibitors with other LRAs to expose the latent HIV-1 reservoirs for eradication also 

await further evaluation. 

Methodologically, the REACT protocol described here represents a significantly 

improved strategy to identify authentic genotypes that are hidden in a noisy background. 

Due to the stochastic nature of HIV-1 transactivation (71,188), the GFP-based HIV-1 

latency models always display a small percentage of GFP-positive cells due to a low level 

of spontaneous viral activation (119,129). This background noise could potentially mask 

and overwhelm the real signals in any genome-wide screens that must start with a pooled 

library. The complexity of such libraries causes each genotype to have an extremely low 

representation in the whole population. Therefore, the phenotypic change induced by a 

to-be-identified genotype in only a few cells, even though genuine and significant, could 

easily be lost in a noisy background as exemplified by the first two rounds of REACT in 

our study. Only through repeated cycles of enrichment, the desired genotypes can 

eventually emerge and become prominent in the population as demonstrated by the 

results in rounds 3 to 5 of REACT (Fig. 4-1B). Thus, although this strategy may under-

sample genotypes that inhibit cell growth, it can be very useful for identifying the genetic 

basis of other noisy phenotypes that are not amenable to the single-round genome-wide 

screens.  
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Figure 4-1. Reiterative Enrichment and Authentication of CRISPRi Targets 

(REACT) identifies novel HIV-1 restriction factors in Jurkat 2D10 cells. A. A 

diagram showing the procedure of REACT that involves repeated cycles of CRISPRi, 

FACS-selection of GFP+ cells, and subcloning of the sgRNA library to enrich the 

sgRNA sequences that target host HIV-1 restriction factors. The 2D10-based TetOn 

mCherry-dCas9-KRAB cell line (called 2D10-CRISPRi) was used. B. Representative 

FACS plots of 2D10-CRISPRi cells non-transduced or transduced by original or enriched 

sgRNA libraries. The cells were first treated with either DMSO (Dox-) or doxycycline 

(Dox+) to induce the expression of the KRAB-dCas9-HA-P2A-mCherry fusion protein 

and then selected by FACS for the GFP+ cells harboring activated HIV-1. C. The round 

4-enriched and original sgRNA libraries were subjected to high throughput sequencing 

and the fold of enrichment for each sgRNA was calculated based on its reads per million 

in the round 4-enriched library divided by those in the original library and presented on a 

scatter plot, with the 7 most significantly enriched sequences highlighted in green. D. 

Shown are the sequences of the 7 sgRNA highlighted in C and their target genes. 
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Figure 4-2. Verification of target specificity and HIV-1 activation potential of the 7 

sgRNAs identified by REACT in 2D10 and 1G5-/+Tat cells. A., C., D., & E. The 

Jurkat-based 2D10-CRISPRi cells (A, C & D) or Jurkat-based 1G5-CRISPRi and 

1G5+Tat-CRISPRi cells (E) were stably transduced with the indicated sgRNA expression 

vectors and then treated with DMSO or Dox. Aliquots of the cells were subjected to RT-

qPCR analysis of the mRNA levels of the genes that are denoted by their corresponding 

qPCR primers. For each gene, the mRNA level detected in the DMSO-treated cells was 

set to 1. B. Results of FACS analysis of the percentages of GFP+ cells within the various 

cell populations obtained in A. F. Results of luciferase activities measured in extracts of 

the cells described in E. In all panels, error bars represent mean +/- standard deviation 

(SD) from three experimental replicates. In A, C, E, & F, asterisks denote levels of 

statistical significance calculated by two-tailed Student’s t-test (*: p<0.05, **: p<0.01, 

and ***: p<0.001). 
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Figure 4-3. Downregulating proteasomal core subunits or inhibiting proteasomal 

activity promotes HIV-1 transcription and latency reversal in cell line models. A., B., 

& C. Jurkat 2D10 cells were nucleofected with the indicated siRNAs. Aliquots of the 

cells were subjected to FACS analysis to detect the percentages of GFP+ cells in each 

population (A) or RT-qPCR analysis of the mRNA levels produced by the genes labeled 

at the bottom (B & C). D., E., F., G., H., & I. Jurkat 2D10 (D, E, & H) or J-Lat A2 cells 

(F, G, & I) were treated with the indicated proteasome inhibitors at the indicated 

concentrations for either 16 or 20 hours as labeled. The treated cells were then subjected 

to FACS analysis to determine the percentages of GFP+ cells in each population (D, F, H, 

& I) or RT-qPCR analysis to examine the mRNA levels from the genes denoted by their 

specific qPCR primer (E & G). In all panels, error bars represent mean +/- SD from three 

experimental replicates. In B, E, & G, asterisks denote levels of statistical significance 

calculated by two-tailed Student’s t-test (*: p<0.05, **: p<0.01, and ***: p<0.001). 
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Figure 4-4. Proteasome inhibitors cooperate with existing LRAs to reactivate latent 

HIV-1 ex vivo without inducing T cell activation or proliferation. A. Freshly isolated 

CD4
+
 T cells from ART-suppressed HIV-1-infected individuals were treated with the 

indicated drug(s) for 24 hr. HIV-1 RNAs in the cells were quantified with RT-qPCR. The 

PCR signal from each drug combination was normalized to the DMSO group for each 

individual to calculate the fold induction displayed in the scatter plot. Mean ± standard 

error of the mean (SEM) is displayed, and the asterisks indicate the levels of statistical 

significance calculated by two-tailed unpaired t-tests (*: p<0.05, **: p<0.01, and ***: 

p<0.001). B. The Bliss independence model was used to assess drug synergism displayed 

by the indicated drug combinations. The mean ± standard deviation (SD) is shown for 

each combination. The asterisks indicate the levels of statistical significance calculated 

by two-tailed unpaired t-tests to compare between the predicted and observed drug 

combination effects (*: p<0.05, **: p<0.01, and ***: p<0.001). The dotted horizontal line 

denotes pure additive effect (∆faxy = 0). Δfaxy > 0 indicates synergy, whereas Δfaxy < 0 

indicates antagonism. C. Primary CD4
+
 T cells isolated from patient #1 were treated with 

the indicated drugs for 24 hr. The cell surface expression of the T cell activation markers 

CD69 and CD25 was examined by immunostaining and flow cytometry. D. Primary 

CD4
+
 T cells from patient #1 were stained with CellTrace CFSE, treated with the 

indicated drugs for 24 hr, cultured under drug-free conditions for 3 additional days, 

stained with the anti-CD4 fluorescent antibody, and then analyzed by flow cytometry. 
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Figure 4-4 
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Figure 4-5. Inhibition or downregulation of proteasome increases Tat-

transactivation by stabilizing ELL2 to form more ELL2-SECs. A. The Jurkat-based 

1G5 and 1G5+Tat cells containing an integrated HIV-1 LTR-luciferase reporter construct 

were treated with the indicated concentrations of bortezomib or 0.1 % DMSO for 20 hr. 

Luciferase activities in cell extracts were measured and shown. B. & C. Results of 

Western blot analyses of the effects of CRISPRi- or RNAi-induced downregulation of the 

indicated proteasome subunits in 2D10 cells on levels of the various proteins labeled on 

the left. D. Nuclear extracts (NE) were prepared from 2D10 cells treated with 10 nM 

bortezomib or 0.1% DMSO (-) for 18 hr and then subjected to immunoprecipitation (IP) 

with the anti-CDK9 antibody or rabbit total IgG as a control (ctl.). The NE and IP eluates 

were examined by Western blotting for the indicated proteins. E. Result of FACS 

analysis of the effects of treatment with 7.5 nM bortezomib or 0.1 % DMSO for 18 hr on 

HIV-1 activation in three different 2D10-based cell lines: WT, ELL2 (ELL2-knockout) 

and ELL2-R2 (ELL2 cells containing an integrated vector expressing ELL2-Flag to 

about the endogenous level). F. A model showing the proposed mechanism by which the 

inhibition or downregulation of the proteasome stabilizes ELL2 to form more ELL2-

SECs for HIV-1 Tat-transactivation and latency reversal. In A and E, error bars represent 

mean +/- SD from three experimental replicates. 
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Figure 4-S1. Verification of target specificity and HIV-1 activation potential of 3 

selected REACT-identified genes by RNAi in Jurkat 2D10 and J-Lat cells. A., B., C., 

D., E., & F. Jurkat 2D10 (A, B, & C) or J-Lat A2 (D, E, & F) cells were nucleofected 

with siRNAs targeting the indicated genes or nothing (NT). Shown were results of FACS 

analyses of the GFP-expressing 2D10 (A) or J-Lat A2 (D) cells containing activated 

HIV-1. Results of RT-qPCR analyses of expression levels of the genes indicated by their 

corresponding qPCR primers in aliquots of 2D10 (B & C) or J-Lat A2 (E & F) cells were 

also shown. Error bars in all panels represent mean +/- SD from three experimental 

replicates. Asterisks denote levels of statistical significance calculated by two-tailed 

Student’s t-test (*: p<0.05, **: p<0.01, and ***: p<0.001). 

 

 

Figure 4-S1 
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Figure 4-S2. Effects of proteasome inhibitors on viability of Jurkat 2D10 and J-Lat 

cells. Jurkat 2D10 (A & C) or J-Lat A2 (B & D) cells were treated with the indicated 

proteasome inhibitors at the indicated concentrations. Cell viabilities were determined by 

Forward Scatter vs. Side Scatter gating using untreated cells as the control Error bars 

represent mean +/- SD from three experimental replicates. 

 

 

Figure 4-S2  
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Figure 4-S3. Effect of combining bortezomib or carfilzomib with vorinostat and 

bryostatin on HIV-1 transcriptional activation in latently infected CD4
+
 T cells from 

ART-suppressed individuals. Freshly isolated CD4
+
 T cells (same as in Figure 4) from 

ART-suppressed HIV-1-infected individuals were treated with the indicated drug(s) for 

24 hr. HIV-1 RNAs in the cells were quantified with RT-qPCR. The PCR signal from 

each drug combination was normalized to that of the DMSO group (not shown here but 

same as in Figure 4) for each individual to calculate the fold induction displayed in the 

scatter plot. Mean ± SEM is displayed, with the asterisks indicating the levels of 

statistical significance compared with the DMSO group calculated by two-tailed unpaired 

t-tests (*: p<0.05, **: p<0.01, and ***: p<0.001). 

 

 

Figure 4-S3  
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Figure 4-S4. Effects of proteasome inhibitors on T cell activation. A. & B. Primary 

CD4
+
 T cells isolated from ART-suppressed HIV-1-infected patient #2 (A) and #3 (B) 

were treated with the indicated drugs for 24 hr. The cell surface expression of CD69 and 

CD25 was examined by immunostaining and flow cytometry. 

 

 

Figure 4-S4  
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Figure 4-S5. Effects of proteasome inhibitors on proliferation of primary CD4
+
 T 

cells. A. & B. Primary CD4
+
 T cells from ART-suppressed HIV-1-infected patient #2 (A) 

and #3 (B) were stained with CellTrace CFSE, treated with the indicated drugs for 24 hr, 

cultured under drug-free conditions for 3 additional days, stained with the anti-CD4 

fluorescent antibody, and then analyzed by flow cytometry. 
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Figure 4-S5 
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Figure 4-S6. Effects of proteasome inhibitors on CD4
+
 T cell viability. A., B., & C. 

Primary CD4
+
 T cells isolated from ART-suppressed HIV-1-infected patient #1 (A), #2 

(B) and #3 (C) were treated with the indicated drugs for 4 days. An aliquot of cells from 

each treatment was collected on the indicated days, stained with LIVE/DEAD Cell Stain 

Kit (Invitrogen, L34955), and subjected to flow cytometry to quantify the percentages of 

live cells. 
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Figure 4-S7. Effect of downregulation of proteasome subunits on mRNA levels of 

ELL1 and ELL2. A. & B. Results of RT-qPCR analyses of the mRNA levels of ELL1 

and ELL2 in aliquots of the cells treated and examined in Figure 6A (A) & 6B (B). For 

each group, the mRNA level in the DMSO-treated cells was set to 1. Error bars represent 

mean +/- SD from three experimental replicates. Asterisks denote levels of statistical 

significance calculated by two-tailed Student’s t-test (*: p<0.05, **: p<0.01, and ***: 

p<0.001). 

 

 

Figure 4-S7  
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Supplemental Table 4-S1. Characteristics of HIV-1–infected study participants 

 

Abbreviations: 3TC, lamivudine (Epivir); ABC, abacavir (Ziagen); ATV, atazanavir 

(Reyataz); COBI, cobicistat; DRV, darunavir (Prezista); EFV, efavirenz (Sustiva, 

Stocrin); EVG, elvitegravir; FTC, emtricitabine (Emtriva); RPV, rilpivirine (Edurant); 

RTV, ritonavir (Norvir); TAF, tenofovir alafenamide; TCV, dolutegravir (Tivicay) ; TDF, 

tenofovir (Viread).  
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Supplemental Table 4-S2. List of DNA oligonucleotide primers used in this study
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Supplemental Table 4-S3. List of antibodies used in this study 

 

References cited in this table 

He, N., Jahchan, N.S., Hong, E., Li, Q., Bayfield, M.A., Maraia, R.J., Luo, K., and Zhou, 

Q. (2008). A La-related protein modulates 7SK snRNP integrity to suppress P-TEFb-

dependent transcriptional elongation and tumorigenesis. Mol Cell 29, 588-599. 

He, N., Liu, M., Hsu, J., Xue, Y., Chou, S., Burlingame, A., Krogan, N.J., Alber, T., and 

Zhou, Q. (2010). HIV-1 Tat and host AFF4 recruit two transcription elongation factors 

into a bifunctional complex for coordinated activation of HIV-1 transcription. Mol Cell 

38, 428-438. 

Yang, Z., Yik, J.H., Chen, R., He, N., Jang, M.K., Ozato, K., and Zhou, Q. (2005). 

Recruitment of P-TEFb for stimulation of transcriptional elongation by the bromodomain 

protein Brd4. Mol Cell 19, 535-545. 
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Chapter 5 

Conclusions and Perspectives 
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Conclusions 

The results presented in this dissertation prove that HIV-1 latency could be 

reversed through enhancing the activity of the Super Elongation Complex (SEC). This 

could be achieved by directly introducing more SEC into the cells, modulating histone 

modification, or targeting other cellular mechanisms that inhibit SEC. 

As demonstrated in Chapter 2, two subunits of SEC (ELL2 and AFF1) play 

predominant roles in HIV-1 transcription in CD4
+
 T cells (Fig. 2-2, 2-3 & 2-5). 

Compared with their orthologs, ELL2 and AFF1 constitute only a minor subset of the 

SECs (Fig. 2-6), but are the preferred functional partners for the HIV Tat protein (Fig. 2-

4). When the levels of ELL2 and AFF1 are elevated in the cells through ectopic 

expression, latent HIV could be efficiently reactivated (Fig. 2-5). As a proof of concept, 

these results suggest that SEC is a promising targeting for therapeutic intervention.  

The bromodomain protein Brd4 has been previously reported to promote HIV 

latency by binding to the viral LTR to inhibit Tat-induced transcription (108,110). As 

demonstrated in Chapter 3, the LTR of latent HIV has low acetylated histone H3 (AcH3) 

but high AcH4 content (Fig. 3-1 & 3-4), which recruits Brd4 to inhibit Tat-transactivation 

(Fig. 3-3 & 3-5). Furthermore, the lysine acetyltransferase KAT5 but not the paralogs 

KAT7 and KAT8 promotes HIV latency through acetylating H4 on the provirus (Fig. 3-2, 

3-4 & 3-7). More important, antagonizing KAT5 by either CRISPRi or a small molecule 

MG149 reverses HIV-1 latency by removing AcH4 and Brd4 from HIV LTR, enhancing 

loading of the Super Elongation Complex (Fig. 3-5), and interferes with the establishment 

of latency (Fig. 3-6). These results suggest that the KAT5-AcH4-Brd4 axis is a key 

regulator of HIV latency and a potential therapeutic target for eradicating latent HIV 

reservoirs. 

Inhibition of active HIV replication requires a combination of medicines that target 

multiple steps in its lifecycle. Likewise, reversal of HIV latency requires combined 

therapeutic interventions to remove multiple blocks in cell that inhibit active HIV 

transcription. The CRISPRi-based screening strategy developed in Chapter 4 provides an 

efficient and high throughput platform to identify novel cellular factors that could be 

targeted. As a proof of concept, using this platform, I identified 6 cellular genes, 

including 4 genes (PSMD1, PSMD3, PSMD8, and GON4L) that haven’t been reported 

yet as inhibitors for HIV-1 transcription (Fig. 4-1). Three of them (PSMD1, PSMD3, 

PSMD8) are proteasome subunits. Using the available drugs to inhibit the activity of 

proteasome, I confirmed that the hits identified through this screening platform could 

indeed be translated into targets for drugs that efficiently reverse HIV-1 latency (Fig. 4-4). 

Mechanistically, proteasomes inhibit HIV-1 transcription through reducing the cellular 

levels of ELL2 (Fig. 4-5). These results further underline the importance of ELL2-

containing SECs in HIV-1 transcription and latency reversal. 

 

Perspectives 

Based on the discoveries in this dissertation, one probable avenue to reverse HIV-1 

latency is to artificially elevate the cellular levels of active SEC in latently infected cells 
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in vivo. As ELL2 plays a predominant role in HIV-1 transcription, and is the key limiting 

factor due to its high proneness to protein degradation, it is pivotal to stabilize ELL2 by 

increasing its assembly into SEC. To achieve this, more detailed knowledge about the 

assembly of SEC is required. Future studies, including detailed crystallography studies 

(189), will shed light on how to stabilize SEC in resting CD4
+
 T cells, which is the major 

reservoir for latent HIV-1. Base on crystal structures, rational drug design and screen 

could be conducted for the purpose of increasing the ELL2-SEC assembly in vivo. 

Besides the direct elevation of the levels of SECs, targeting the KAT5-AcH4-Brd4 

axis discovered in this dissertation represents a promising avenue to enhance the loading 

of SEC on HIV provirus. At the current stage, a major limitation of this strategy is the 

inefficiency of KAT5 inhibitors. For example, under ex vivo conditions, MG-149’s 

working concentration is 50 M, which is not likely to be achievable in vivo. Therefore, 

future studies are needed to develop more potent KAT5 inhibitors to fully leverage this 

KAT5-AcH4-Brd4 axis. 

Proteasome inhibitors represent a new class of LRAs that merits further 

investigation. A major drawback of using proteasome inhibitors in the treatment of 

chromic HIV-1 infection is the severe cytotoxicity resulting from global shutdown of the 

proteasomal protein degradation. Different from cancer, being chronically infected by 

HIV-1 is no longer a life-threatening situation thanks to the combined anti-retroviral 

therapy. Therefore, the benefit-risk ratio may not be high enough to warrant the usage of 

proteasome inhibitors in individuals chronically infected by HIV-1. However, doctors 

treating HIV-infected individuals who also receive proteasome inhibitors as cancer 

treatment should monitor the size of their latent HIV reservoir, so that we can learn more. 

Finally, recent advances in our knowledge about the factors that control the cellular levels 

ELL2 levels, including SIAH1 and PARP1 (96,173), may provide more targets for the 

designing of corresponding drugs. 

It is important to point out that the conclusions in this dissertation about effects of 

SEC, KAT5, and proteasomes in HIV latency reversal have been made on the basis of 

results in CD4
+
 T cells, which is the major, but probably not exclusive reservoir that 

contribute to HIV persistence (135). Other anatomical compartments and cellular 

reservoirs, including gut-associated lymphoid tissue (GALT), microglial cells and 

perivascular macrophages in the central nervous system may also contribute to HIV 

persistence (114,190,191). Therefore, it remains to be seen if the mechanisms that 

maintain HIV latency described here also play a vital role in these additional viral 

reservoirs. 

Since the purpose of reversing HIV latency is to kill the latent reservoir cells 

(170,192), future research needs to focus on how the manipulation of SEC, KAT5, and 

proteasomes will affect the size of the latent reservoir. Ideally, the LRAs that reverse 

latency would also activate cytotoxic natural killer cells and CD8
+
 T cells, or at least not 

antagonize their functions of killing HIV-infected cells. To achieve the goal of complete 

eradication, therapeutic agents, just as broadly neutralizing antibodies (193,194), dual-

affinity re-targeting molecules (195,196), and immune checkpoint antibodies (197) may 

need to serve as part of the combined kick-and-kill approaches to orchestrate the 

destruction of the HIV reservoirs. Last but not least, since the size of latent HIV reservoir 
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is determined in the early stage of acute HIV infection (198), positively correlated with 

the difficulty of viral eradication (199), and varies greatly in different individuals (74), 

quick diagnosis and early initiation of cART in infected individuals will limit the size of 

latent reservoirs and facilitate future viral eradication (200,201). 
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