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Abstract 

 

Function and regulation of the Super Elongation Complexes 

in HIV-1 transcription 

 

by 

 

Joanne Howen Hsu 

 

Doctor of Philosophy in Microbiology 

 

University of California, Berkeley 

 

Professor Qiang Zhou, Chair 

 

 

In 2010, we discovered that the HIV-1 transactivator Tat interacts with a set of 

related transcription complexes containing two different classes of general transcription 

elongation factors, P-TEFb and ELL1/2, as well as the essential scaffolding protein 

AFF1/4.  These complexes are called the Super Elongation Complexes (SECs).  SECs are 

physically distinct from the two major P-TEFb complexes, the 7SK snRNP and the P-

TEFb-Brd4 complex.  In each SEC, AFF1/4 plays a scaffolding role in mediating the 

interaction between P-TEFb and ELL1/2.   Our data show that the presence of Tat or 

AFF4 can significantly increase the half-life of ELL2, leading to significant elevation of 

levels of ELL2 and ELL2-P-TEFb-containing complex in cells.  As a result of the 

increased amount of ELL2-P-TEFb-containing complex, both basal and Tat-dependent 

HIV-1 transcription is greatly enhanced in the presence of Tat or AFF4.  In 2011, we 

found that ELL2 is targeted for polyubiquitination and degradation by the E3 ubiquitin 

ligase Siah1.  Depletion of Siah1 promotes formation of SECs and SEC-dependent HIV 

transcription.  The binding of AFF1/4 to ELL2 inhibits Siah1-mediated ELL2 

polyubiquitination since Siah1 cannot access to and target ELL2 for polyuniquitination 

when ELL2 is being bound to AFF4.  Together, our data illustrate that the control of 

ELL2 stability by Siah1 plays an important role in regulating SEC-dependent HIV-1 

transcription and that Tat acts as a powerful activator of HIV-1 transcription by recruiting 

the stable, bifunctional elongation SEC complexes to the HIV-1 promoter.  The link of 

the ubiquitination/proteolytic pathway to SECs will provide new opportunities for finding 

drugs and intervention strategies to modulate transcriptional elongation implicated in 

HIV/AIDS. 

 

 

 

 

 

 

 

 



i 

 

Dedication 
 

I dedicate this thesis to my beloved family. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



ii 

 

Table of Contents 
 

 

Dedication………………………………………………...………………………………..i 

 

Table of Contents……………………………………….……………………………..…..ii 

 

List of Figures……………………………………………………………………….…....iv 

 

List of Symbols and Abbreviations………………………………………………………vi 

 

Acknowledgements……………………………………………………………………..viii 

 

Chapter 1: Control of HIV-1 gene expression at the transcription elongation stage….....1 

 

1.1 HIV-1 infection and latency……………………………………………………….1 

 

1.2 Control of HIV-1 transcription by HIV-1 Tat and its essential co-factor P-TEFb..1 

 

1.3 Cellular control of activity of the Tat-cofactor P-TEFb…………….………….....3 

 

1.3.1 P-TEFb activity is controlled by both negative and positive regulators…..3 

1.3.2 Modulation of P-TEFb activity globally controls cell growth and 

differentiation………………………………………………………………….…..5 

1.3.3 Tat triggers the release of active P-TEFb from the 7SK snRNP………….5 

1.3.4 Restriction of P-TEFb activity contributes to HIV-1 latency……………..6 

 

1.4 Focus of my thesis……………………………..………………………….………7 

 

Chapter 2:  HIV-1 Tat and host AFF4 recruit two transcription elongation factors into a 

bifunctional complex for coordinated activation of HIV-1 transcription…........................8 

 

2.1 Summary……………………………………………………………….……...…..8 

 

2.2 Introduction …………………………………………………………………….....8 

 

2.3 Experimental procedures…………………………………………………...……..9 

 

2.4 Results ………………………………………………………………..…….……12 

 

2.5 Discussion …………………………………………………………………….…18 

 

Chapter 3: The E3 ubiquitin ligase Siah1 controls ELL2 stability and SEC formation to 

modulate HIV-1 Transcription………………...................................................................30 

 

3.1 Summary…………………………………………………………………………30 



iii 

 

3.2 Introduction ………………………………………………………………….......30 

 

3.3 Experimental procedures………………………………………………………...31 

 

3.4 Results…………………………………………………………………………....33 

 

3.5 Discussion …………………………………………………………………….…38 

 

Chapter 4: Conclusion…………………………………………….……………..…..….48 

 

4.1 Discussion………………………………………………………………….…….48 

 

4.2 Future perspectives……..………………………………………………………..49 

 

Citations…………………………………………………………………………………51 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



iv 

 

List of Figures 
 

 

Chapter 1: 

 

Figure 1-1 P-TEFb is an essential for Tat transactivation of HIV-1 transcription……3 

 

Figure 1-2  P-TEFb is maintained in a functional equilibrium by dynamic associations 

with its positive and negative regulators…………………………………………………..5 

 

Chapter 2: 

 

Figure 2-1 P-TEFb exists in two multisubunit complexes containing 

ELL2/AFF4/Tat/P-TEFb and ELL2/AFF4/P-TEFb, respectively……………………….20 

 

Figure 2-2 Tat increases the levels of ELL2 and the ELL2/P-TEFb-containing 

complex and synergizes with ELL2 but not ELL1 to activate TAR-dependent HIV-1 

transcription……………………………………………………………………………...21 

 

Figure 2-3 Ectopically expressed AFF4 acts like Tat to synergize with ELL2 to 

stimulate transcriptional elongation through promoting ELL2 accumulation and 

association with P-TEFb…………………………………………………………………22 

 

Figure 2-4 AFF4 bridges the ELL2-P-TEFb interaction and is required for stable 

accumulation of ELL2…………………………………………………………………...23 

 

Figure 2-5 Tat increases the amount of ELL2 bound to P-TEFb, leading to an 

enhanced association of the ELL2/AFF4/P-TEFb-containing complex with the HIV-1 

chromatin template……………………………………………………………………….25 

 

Figure 2-6 Active P-TEFb is required for ELL2 accumulation and interaction with P-

TEFb……………………………………………………………………………………..27 

 

Figure 2-7 ELL2 is a short-lived protein whose stability can be significantly enhanced 

by Tat or AFF4…………………………………………………………………………...28 

 

Chapter 3: 

 

Figure 3-1 ELL2 but not the homologous ELL1 is a polyubiquitinated protein…….40 

 

Figure 3-2  Siah1 depletion suppresses ELL2 polyubiquitination and promotes ELL2 

stability, SEC formation and SEC-dependent HIV-1 transcription……………………...41 

 

Figure 3-3 AFF1 and AFF4 are less susceptible than ELL2 to degradation induced by 

Siah1, which targets the ELL2 C-terminal region and directly polyubiquitinates ELL2 in 

vitro………………………………………………………………………………………42 



v 

 

 

Figure 3-4  Sequence variations in the RING domains of Siah1 and Siah2 prevent the 

latter from inducing ELL2 degradation and inhibiting HIV transcription……………….43 

 

Figure 3-5 The AFF4-ELL2 interaction sequesters ELL2 away from Siah1 to inhibit 

Siah1-induced polyubiquitination and degradation of ELL2 ……………………………45 

 

Figure 3-6 Activators of HIV transcription promote ELL2 accumulation and SEC 

formation through inhibiting Siah1 expression and ELL2 polyubiquitination…………..47 

 

Chapter 4: 

 

Figure 4-1 Tat recruits SEC containing two distinct classes of elongation factors P-

TEFb and ELL1/2 to the HIV-1 LTR to synergistically activate viral transcription by Pol 

II………………………………………………………………………………………….49 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



vi 

 

List of Symbols and Abbreviations 
 

 

AF9  YEATS domain-containing protein 3 

 

AFF1  Acute lymphoblastic leukemia (ALL)-1 fused gene from chromosome 4 

(AF4) protein 

 

AFF4  AF4 family member 4 protein 

 

ATP  Adenosine triphosphate 

 

BCDIN3 Bicoid-interacting protein 3 homolog 

 

Brd4  Bromodomain-containing protein 4 

 

bp  Base pair 

 

CDK9  Cyclin-dependent kinase 9 

 

CTD  C-terminal domain 

 

CycT1  CyclinTl 

 

DNA  Deoxyribonucleic acid 

 

DRB  5,6-dichloro-l-β-D-ribofuranosylbenzimidazole 

 

DSIF  DRB-sensitivity inducing factor 

 

ELL1  Eleven nineteen lysin rich leukemia protein 1 

 

ELL2  Eleven nineteen lysin rich leukemia protein 2 

 

ENL  YEATS domain-containing protein 1 

  

FL  Full length 

 

FVP  Flavopiridol  

 

HEXIM1 Hexamethylene bisacetamide-inducible protein 

 

HMBA Hexamethylene bisacetamide  

 

HIV-1  Human immunodeficiency virus type-1 

 



vii 

 

hr  Hour 

 

IP  Immunoprecipitation 

 

kDa  Kilodaltons 

 

LARP7 La ribonucleoprotein domain family, member 7 

 

LTR  Long terminal repeat 

 

min  Minute 

 

ml  Mililiter 

 

MLL  Mixed-lineage leukemia protein 

 

mM  Milimolar 

 

NE  Nuclear extracts 

 

NELF   Negative elongation factor 

 

nt  Nucleotide 

 

Pol II   RNA polymerase II 

 

P-TEFb Positive transcription elongation factor b 

 

RNA  Ribonucleic acid 

 

SAHA  Suberoylanilide hydroxamic acid 

 

SEC  Super Elongation Complex 

 

TAR  Trans-acting response element 

 

snRNP  Small nuclear ribonucleoprotein 

 

ug  Microgram 

 

ul  Microliter 

 

uM  Micromolar 

 

WT  Wildtype 

 



viii 

 

Acknowledgments 
 

I have wished to become a research scientist since I was a child.  To date, this 

wish has not changed, owing to education and all the help I have received in California 

and Hong Kong.  First and foremost, I would like to thank my parents and brother who 

give me constant support, encouragement and love throughout my entire life.  Without 

them, I would not have gone this far today.  I would like to thank my advisor, Prof. Qiang 

Zhou, for providing me an outstanding environment to develop my research skills and 

mentoring and helping me go through my projects.  I feel lucky to be able to work under 

him.  I would like to thank Profs. Caroline Kane, Britt Glaunsinger and Qing Zhong for 

taking time to serve on my thesis committee and giving helpful comments and feedback 

on my thesis work.  I also would like to thank my past and current labmates at the Zhou 

Lab for their help and advice about my experiments.  Finally, I am thankful for the pre-

doctoral fellowship support from the National Institute of Health. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



1 

 

Chapter 1 

 

Control of HIV-1 gene expression at the transcription 

elongation stage 
 

 

1.1 HIV-1 infection and latency 

 

Human immunodeficiency virus-1 (HIV-1) is a causative agent of acquired 

immunodeficiency syndrome (AIDS).  HIV-1 primarily infects CD4
+
 T-cells and leads to 

progressive decline of CD4
+
 T-cells and eventually loss of cell-mediated immunity in 

AIDS patients.   Unlike simpler retroviruses that rely almost entirely on the host cellular 

machinery for their replication, HIV-1 encodes six additional proteins, including Tat, Nef, 

and Rev, for its own replication (Cullen, 1998).  During infection, HIV-1 enters the host 

T-cell through viral envelope-CD4-mediated membrane fusion.  Once it is inside the cell, 

the single-stranded viral RNA genome is converted into the double-stranded DNA by the 

viral reverse transcriptase.  Subsequently, the newly synthesized viral DNA is integrated 

into the host chromosomes by the viral integrase.  HIV-1 RNAs are transcribed from the 

integrated proviral DNA by the host’s cellular RNA polymerase II (Pol II) and processed 

into different mRNAs by cellular RNA processing factors.  Finally, these mRNAs are 

exported to the cytoplasm where they are translated into proteins for viral production, 

infection, and spread.  

 

The major obstacle to cure HIV-1 infection is the persistence of latent reservoirs 

of HIV-1 in quiescent memory CD4
+
 T-cells in patients undergoing highly active 

antiretroviral therapy (HAART) (Lassen et al., 2004; Contreras et al., 2006; Richman et 

al., 2009; Margolis, 2010).  Because latently HIV-1 infected cells do not produce virus, 

they are resistant to viral cytopathic effects and host immune mechanisms.  It has been 

shown that HIV-1 latency is due to silencing of transcription of the integrated HIV-1 

provirus.  Strategies aiming at eliminating latent HIV-1 are currently being developed to 

activate proviral transcription in latently infected cells, which can then be eliminated by 

viral cytopathic effects and immune mechanisms following the HAART treatment 

(Lassen et al., 2004; Contreras et al., 2006; Richman et al. 2009; Margolis, 2010).   

 

A major focus of research in the lab of Prof. Qiang Zhou is to advance our 

understanding of the mechanism of control of HIV-1 transcription at the elongation stage.  

Our work will enable the biomedical community to develop safer and more effective 

strategies for activating HIV-1 transcription in latently infected cells. 

 

1.2 Control of HIV-1 transcription by HIV-1 Tat and its essential co-factor P-TEFb 

 

 Like eukaryotic cellular transcription, HIV-1 transcription can be subdivided into 

multiple steps, such as preinitation, initiation, promoter clearance, elongation, and 

termination (Sims et al., 2004).  General transcription factors (GTFs), such as TFIID, 

TFIIA, TFIIB, TFIIF, TFIIE, and TFIIH, facilitate the binding of RNA polymerase II 
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(Pol II) and formation of the transcription preinitiation complex (PIC) at the core 

promoter in the 5’ long terminal repeat (LTR) of the HIV-1 genome.  After the PIC 

formation, the transcription start site is melted to form an open initiation complex.  

Transcription initiation begins as a phosphodiester bond forms between the first two 

nucleotides of the nascent RNA.  Following the formation of the first phosphodiester 

bond, Pol II dissociates from some of the GTFs and clears the promoter to transition from 

initiation into early elongation.  Upon the formation of the transcription elongation 

complex, Pol II travels along the DNA template, and the nascent RNA grows in length.  

The final step of HIV-1 transcription is termination.  Factors involved in this step 

facilitate the cleavage of the nascent transcript, addition of the poly(A) tail, and release of 

Pol II from the DNA template. 

 

It has long been known that HIV-1 transcription is primarily regulated at the 

elongation step (Kao et al., 1987).  Activation of HIV-1 transcription requires the HIV-1 

protein Tat which targets and recruits the human positive transcription elongation factor b 

(P-TEFb) to the HIV-1 promoter during early elongation (Zhu et al., 1997; Mancebo et 

al., 1997).  In the absence of Tat, Pol II frequently pauses at the promoter-proximal 

region on HIV-1 LTR and generates only short and nonfunctional (~59-nt) viral 

transcripts (Sheldon et al., 1993).  Pol II pausing, which is known as a checkpoint to 

ensure proper capping of cellular pre-mRNA, is a result of the two negative elongation 

factors DSIF (5,6-dichloro-1-β-D-ribofuranosylbenzimidazole sensitivity inducing factor) 

and NELF (negative elongation factor) that encounter Pol II soon after promoter 

clearance (Fujita and Schlegel, 2010).  These negative factors act as barriers to prevent 

Pol II from moving beyond the pause site.   Pol II is not released from pausing until this 

NELF/DSIF-dependent block is overcome by P-TEFb. 

 

Composed of the cyclin-dependent kinase 9 (CDK9, 42 kDa) and regulatory 

cyclin T1 (CycT1, 87 kDa), human P-TEFb is known as a key regulator of transcription 

elongation of HIV-1 and cellular genes.  It was first isolated and identified in Drosophila 

as a protein factor required for the production of full-length transcripts after Pol II 

initiation (Marshall and Price, 1995).  Once recruited to the HIV-1 LTR, P-TEFb 

interacts with and phosphorylates paused Pol II, DSIF and NELF of the early elongation 

complex at the promoter-proximal region (Marshall and Price, 1992).  Its CDK9 kinase 

subunit specifically phosphorylates the Ser-2 residues in the tandemly (Y1S2P3T4S5P6S7) 

repeat in the C-terminal domain (CTD) of the largest subunit of Pol II.  It preferentially 

phosphorylates the CTD that is already partially phosphorylated by TFIIH, a Ser-5 CTD 

kinase that is known to be required for Pol II to escape the promoter and shift into early 

elongation.  The Ser-2 CTD phosphorylation promotes the subsequent recruitment of 

histone modifying and chromatin remodeling enzymes (e.g. Set2, Elongator, HDACs, 

FACT, and SWI/SNF) as well as RNA 3’end processing and splicing machineries (e.g. 

CPSF, CstF, PAP, U snRNPs, and SR proteins) to the Pol II complex (Sims et al., 2004).  

The phosphorylation of the RD subunit of NELF and the Spt5 subunit of DSIF cause 

dissociation of NELF from the Pol II complex and conversion of DSIF into a positive 

elongation factor, respectively (Fujinaga et al., 2004; Yamada et al., 2006; Yamaguchi et 

al., 1999; Wada et al., 1998).  Overall, these phosphorylation events mediated by P-TEFb 

release Pol II from pausing, leading to the production of full length viral transcripts. 
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Figure 1-1 

 
 

P-TEFb is essential for Tat transactivation of HIV-1 transcription. 

 

As shown in the Figure 1-1, P-TEFb (CDK9/CycT1) is not only an essential 

cellular transcription factor but also an essential host co-factor for the HIV-1 protein Tat.  

Tat is an 86-amino acid protein encoded by the two-exon tat gene, an early gene that is 

expressed shortly after provirus integrates into the host chromosome (Feinberg et al., 

1991).   This viral protein has an ability to accumulate in activated HIV-1 infected cells 

and trigger a positive feed-forward loop to vastly increase HIV-1 transcription.  It 

functions by recruiting P-TEFb to the HIV-1 LTR through interacting with CycT1 and 

the HIV-1 trans-acting response (TAR) RNA element, a highly conserved 59-nucleotide 

sequence located at the 5' end of the nascent viral transcript (Wei et al., 1998, Wimmer et 

al., 1999, Berkhout et al., 1992).  The N-terminal transactivation domain of Tat binds to 

P-TEFb through a region near the cyclin box in CycT1.  Both Tat and P-TEFb recognize 

specific residues in the TAR RNA element that forms a stem-loop structure (Berkhout et 

al., 1991; Zhou and Yik, 2006).  The arginine-rich motif (ARM) in Tat binds to the 3-

nucleotide U-rich bulge (UCU) and several flanking nucleotides in the stem region.  

CycT1 binds to the apical 6-nucleotide loop (CUGGGA) just above the bulge.  This 

cooperative binding among the TAR RNA element, Tat and P-TEFb leads to the 

formation of a stable ternary complex that facilitates the recruitment of P-TEFb to the 

paused Pol II and subsequently the transition of Pol II to productive elongation.   In fact, 

our understanding of elongation control has benefited greatly from the studies of HIV-1 

transcription.  For example, Zhu et al. identified that the Tat-induced production of full-

length viral transcripts required the Tat-associated kinase, namely PITALRE (Zhu et al., 

1997).  Moreover, Wei et al. identified CycT1 as a partner for CDK9 and a TAR-RNA-

binding cofactor for Tat through affinity purification of Tat-associated factors (Wei et al., 

1998). 

 

1.3 Cellular control of activity of the Tat co-factor P-TEFb 

 

1.3.1 P-TEFb activity is controlled by both negative and positive regulators 

 

The human positive transcription elongation factor P-TEFb is required for 

expression of most protein-coding genes.  Treatment of HeLa cells with FVP 
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(flavorpiridol), a specific inhibitor for CDK9, blocked ~80% of RNA polymerase II 

transcription in vivo (Chao and Price, 2001).  The recent genome-wide studies 

demonstrate that many genes (~10-30% of all protein-coding genes) in embryonic stem 

(ES) cells are enriched with paused Pol II at the promoter-proximal regions, and P-TEFb 

is required for the release of paused Pol II at many actively transcribed genes in these 

cells (Margaritis and Holstege et al., 2008; Rahl et al., 2010, Min et al., 2011).  These 

studies suggest that recruitment of P-TEFb is a major rate-limiting step for transcription 

of cellular genes.   As a general transcription factor and a key factor in activating gene 

transcription, P-TEFb has been shown to be under the tight control of a variety of 

negative and positive regulators with which it alternatively interacts in response to 

environmental changes (He et al., 2006).  These negative and positive regulators are 

likely to keep P-TEFb activity in check in order to optimally address the physiological 

needs of cells.  

 

In human HeLa cells, under normal growth conditions, about half of the nuclear 

P-TEFb is sequestered by the negative regulators in a catalytically inactive complex 

called the 7SK snRNP.  The negative regulators in the 7SK snRNP are the 7SK small 

nuclear RNA (7SK) and the nuclear proteins HEXIM1 (hexamethylene-bis-acetamide 

(HMBA)-inducible protein 1), LARP7 (La ribonucleoprotein domain family member 7), 

and BCDIN3 (bicoid-interacting 3) (Yang et al., 2001; Nguyen et al., 2001; Yik et al., 

2003, Michels et al., 2003; Egloff et al., 2006; Jeronimo et al., 2007; Markert et al., 2008).  

The 7SK is an abundant small nuclear RNA (330-nt) that plays an essential scaffolding 

role in mediating the interaction between P-TEFb and its negative regulators.  HEXIM1 

is a kinase inhibitor that directly inhibits CDK9 kinase activity in a 7SK-dependent 

manner.  P-TEFb binds to 7SK only after HEXIM1 is already in complex with the 7SK.  

While HEXIM1 binds to the G24-C48/G60-C87 distal segment of the 5' hairpin of 7SK, 

P-TEFb binds to the G302-C324 apical region of the 3' hairpin of 7SK.  LARP7 is a La-

related protein that interacts with the 3’ poly U tail (3’UUU-OH) of 7SK and protects it 

from degradation by 3' exonucleases.  Knockdown of LARP7 reduces the nucleus level 

of 7SK by more than 90% (He et al., 2008).  BCDIN3 is an adenosyl-L-methionine-

dependent methyltransferase that adds a γ-methylmonophosphate cap (CH3-O-pppG) at 

the 5’-end of the 7SK, protecting it from degradation by 5' exonucleases.  Like LARP7 

and HEXIM1, BCDIN3 also associates with P-TEFb in a 7SK-dependent manner.  

BCDIN3 loses its catalytic activity once it is bound to LARP7 (Xue et al., 2010). 

 

The positive regulator for P-TEFb is the bromodomain protein Brd4, which 

interacts with about the other half of nuclear P-TEFb in HeLa cells.  The Brd4-P-TEFb 

association facilitates the recruitment of P-TEFb to the chromatin template, leading to 

activation of cellular gene transcription.  Brd4 is a member of the bromodomain and extra 

terminal domain (BET) family of proteins that recognize acetylated chromatin through 

their bromodomains and act as transcriptional activators (Jeanmougin et al., 1997; Dey et 

al., 2000).  Whereas the C-terminus of Brd4 binds to CDK9/CycT1, its two N-terminal 

bromodomains interact with the acetylated tails of histone H3 and H4 (Dey et al., 2003; 

Bisgrove et al., 2007).  Brd4 has been shown to remain associated with acetylated 

chromatin during mitosis (Dey et al., 2000; Dey et al., 2003; Yang et al., 2008). This 

persistent association of mitotic Brd4-chromatin enables Brd4 to recruit P-TEFb to the 
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chromatin, which begins around mid- to late anaphase and before nuclear 

envelope/lamina formation (Yang et al., 2008).  This Brd4-mediated recruitment 

promotes expression of genes that are essential for the cell cycle progression through G1.   

 

Although Brd4 is likely a general transcriptional elongation factor that activates 

cellular transcription, it does not activate Tat-dependent HIV-1 transcription (Jang et al., 

2005; Yang et al., 2005; Hargreaves et al., 2009).  Brd4 inhibits Tat transactivation as it 

interferes with the interaction of Tat with P-TEFb (Yang et al., 2005).  Overexpression of 

the P-TEFb-interacting domain (amino acid 1329-1362) of Brd4 has been shown to 

disrupt the Tat-P-TEFb interaction and inhibit Tat transactivation (Bisgrove et al., 2007; 

Urano et al., 2008).  It is suggested that Tat and other sequence-specific transcription 

activators, such as NF-κB, Myc, and CIITA which all have been shown to recruit P-TEFb 

to their specific target genes, could allow the genes to bypass the requirement for Brd4 

for their expression (Barboric et al., 2001; Eberhardy and Farnham, 2001; Kanazawa et 

al., 2003; Kanazawa et al., 2000; Zhou and Yik, 2006).  

 

1.3.2 Modulation of P-TEFb activity globally controls cell growth and 

differentiation 

 

Figure 1-2 

 

’ 

 

P-TEFb is maintained in a functional equilibrium by dynamic associations with its 

positive and negative regulators. 

 

As shown in Figure 1-2, P-TEFb is kept in a functional equilibrium through 

alternately interacting with its negative regulator HEXIM1/7SK and its positive regulator 

Brd4 in cells.  This functional P-TEFb equilibrium appears to play a critical role in global 

control of growth and differentiation of cells (He et al., 2006).  For example, in cardiac 
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myocytes, hypertrophic signals (e.g. mechanical stress and endothelin) disrupt the 7SK 

snRNP complex and shift the P-TEFb equilibrium toward the active form and lead to a 

global increase in cellular RNA and protein contents and enlargement of heart cells, the 

characteristic of cardiac hypertrophy (Kulkarni, 2004; Sano et al., 2002; Huang et al., 

2004).  Treatment of cells with stress-inducing agents such as DNA-damaging agents 

actinomycin D and UV irradiation and the kinase inhibitors DRB (5,6-dichloro-1-β-d-

ribofuranosylbenzimidazole), FVP, staurosporine, and H7 (1-(5-isoquinolinesulfonyl)-2-

methylpiperazine) release P-TEFb from the 7SK snRNP and increase Brd4-P-TEFb 

association to mediate the stress-induced genes that can suppress cell growth (Nguyen et 

al., 2001; Yang et al., 2001; Chen et al., 2004; Biglione et al., 2007).  Knockdown of 

LARP7 in human breast cells disrupts the 7SK snRNP and blocks epithelial cell 

differentiation and causes cells to acquire the characteristics of a cancer cell (He et al., 

2008).  On the other hand, long-term treatment of cells with the hybrid bipolar compound 

HMBA (hexamethylene-bis-acetamide) elevates HEXIM1 expression and shifts the P-

TEFb equilibrium toward the inactive form, inducing terminal cell division and 

differentiation as seen in murine erythroleukemia cells (MELC) (He et al., 2006).   In 

contrast to MELC, treatment of HeLa cells with HMBA produces no long-lasting effect 

on the P-TEFb equilibrium and causes only a minor, transient growth retardation but not 

differentiation (He et al., 2006).  These observations together show a strong correlation 

between the level of active P-TEFb and the growth/differentiated states of cells and 

support the notion that the 7SK snRNP is a reservoir of potentially active P-TEFb that is 

released to gene promoters in response to environmental changes/stresses as well as 

developmental signals, allowing the cell to meet its needs for survival, growth, or 

differentiation. 

 

1.3.3 Tat triggers the release of active P-TEFb from the 7SK snRNP 

 

The 7SK snRNP is known as an ideal source for Tat to obtain P-TEFb because it 

sequesters the majority of potentially active P-TEFb (He and Zhou, 2011; Ott et al., 

2011).   Tat, which is a very competent transcriptional activator, has been demonstrated 

to cause the release of P-TEFb from nuclear 7SK snRNP (Schulte et al., 2005; Barboric 

et al., 2007; Sedore et al., 2007; Krueger et al., 2010; Muniz et al., 2010).  Cells 

ectopically expressing Tat have a reduced amount of the endogenous 7SK snRNP.   

Moreover, HIV-1 infection of primary blood lymphocytes or HeLa cells results in a 

decreased amount of the endogenous 7SK snRNP, indicating that Tat could disrupt the 

7SK snRNP when expressed in the course of HIV-1 infection (Schulte et al., 2005; 

Barboric et al., 2007).   Thus, it is likely that Tat efficiently increases HIV-1 transcription 

through releasing and capturing P-TEFb from the 7SK snRNP, a major reservoir of 

potentially active P-TEFb.  Several possible mechanisms by which Tat releases P-TEFb 

from 7SK snRNP have been reported.   Several studies show that Tat competes with 

HEXIM1 for binding to CycT1 through its N-terminal activation domain, which has a 

high affinity for CycT1 (Schulte et al., 2005; Barboric et al., 2007; Sedore et al., 2007; 

Muniz et al., 2010). A more recent study shows that Tat displaces HEXIM1 from the 7SK 

RNP through interacting with the HEXIM1-binding site in the 7SK, which is structurally 

similar to the Tat-binding site in the HIV-1 TAR element (Krueger et al., 2010).  After P-

TEFb dissociates from the 7SK snRNP, a conformational change in 7SK snRNA inhibits 
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re-association of HEXIM1 (Krueger et al., 2010).  One reaction intermediate during the 

P-TEFb extraction by Tat from the 7SK snRNP could be the Tat-containing complex, 

Tatcom2, which harbors P-TEFb and all the other 7SK snRNP components except 

HEXIM1, as described by Sobhian et al. (Sobhian et al., 2010; Ott et al., 2011).  Another 

possible mechanism by which Tat liberates P-TEFb from 7SK snRNP is interaction with 

the phosphatase 1 (PP1) (Ammosova et al., 2005; Ammosova et al., 2011; He and Zhou, 

2011).  PP1 has been shown to play a key role in stress-induced disruption of 7SK snRNP 

through dephosphorylating Thr-186 located in the CDK9 T-loop. Tat may recruit this 

protein to the 7SK snRNP to induce the release of P-TEFb from the complex (He and 

Zhou, 2011).    Finally, the 7SK snRNP reportedly associates with PICs at the HIV-1 

LTR, and once TAR RNA is synthesized, the Tat/TAR RNA complex competes with the 

7SK snRNP for binding to P-TEFb (D’Orso and Frankel, 2010).  Together, these 

observations show that Tat has the ability to not only recruit P-TEFb to the HIV-1 LTR 

but also release and extract P-TEFb from the 7SK snRNP to promote efficient HIV-1 

transcription.  

  

1.3.4 Restriction of P-TEFb activity contributes to HIV-1 latency 

 

Because P-TEFb is not being recruited to the HIV-1 LTR in latently infected cells, 

increasing the level of active P-TEFb on the HIV-1 LTR could be an excellent strategy to 

activate the viral reservoir (He and Zhou, 2011).  It has recently been shown that HIV-1 

latency can be overcome by activation of the T-cell receptor (TCR) pathway which 

disrupts the 7SK snRNP and leads to global increases in P-TEFb association with 

chromatin and HIV-1 transcription in latently infected cells (Kim et al., 2011; Tyagi et al., 

2010).  Moreover, the common chemical activators of latent HIV-1, such as HMBA and 

SAHA (suberoylanilide hydroxamic acid), activate cellular signaling pathways that lead 

to the release of P-TEFb from the 7SK snRNP and HIV-1 replication in latently infected 

T-cells (Vlach and Pitha, 1993; He et al. 2006; Klichko et al., 2006; Contreras et al., 2007; 

Chen et al., 2008; Contreras et al., 2009; Richman et al., 2009).  HMBA activates the 

Ca
2+

-calmodulin-protein phosphatase 2B (PP2B) pathway, leading to the PP1α-mediated 

dephosphorylation of T186 in the CDK9 T-loop.  Like HMBA, SAHA activates the 

PI3K/Akt pathway, leading to the phosphorylation of HEXIM1.  Unfortunately, HMBA 

is too toxic for human use, and SAHA does not completely eliminate latently infected 

cells, which are known to be rare, about one in a million CD4
+
 T-cells (Contreras, 2007; 

Lewin, 2011).  Thus, it is necessary to consider safer and more effective approaches for 

activating latent HIV-1.  One possible approach is to develop compounds that specifically 

target transcription factors/their regulators, instead of targeting cellular signaling 

pathways, to directly activate HIV-1 transcription elongation in infected cells. 

 

1.4 Focus of my thesis 

 

My thesis is focused on the regulation of HIV-1 gene expression at the 

transcriptional elongation stage.  Investigation of additional factors directly involved in 

transcription elongation will give new insights into the control of HIV-1 transcription and 

potentially lead to development of nontoxic and effective strategies for activating latent 

virus in cells. 
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In Chapter 2, I will describe our identification of the novel factors ELL1/2 and 

AFF1/4 that interact with P-TEFb to form bifunctional elongation complexes, called the 

Super Elongation Complexes (SECs).  This finding provides the first evidence that the 

two distinct classes of elongation factors P-TEFb and ELL1/2 work cooperatively 

together to stimulate Tat-mediated HIV-1 transcription elongation.  This cooperation 

requires AFF4 that acts as a scaffolding subunit to mediate the physical interaction 

between P-TEFb and ELL1/2.  Here, I show that the presence of Tat or AFF4 greatly 

increases the amounts of ELL2 and ELL2-P-TEFb-containing complex in cells (Fig. 2-2E, 

F and Fig. 2-3G) and that AFF4 synergizes with ELL2 to stimulate basal HIV-1 

transcription (Fig. 2-3F).  Other lab members show that Tat, like AFF4, also synergizes 

with ELL2 to stimulate HIV-1 transcription and that such synergistic effects on 

transcription are due to the abilities of Tat and AFF4 to increase the half life of ELL2.  I 

also demonstrate that the kinase activity of P-TEFb is required for the ability of Tat to 

increase the ELL2 stability and ELL2-P-TEFb cellular level (Fig. 2-6C).  In conclusion, 

Tat synergistically activates HIV-1 transcription by recruiting an AFF4-mediated 

complex containing two distinct classes of elongation factors to the HIV-1 LTR.   

 

In Chapter 3, I will describe our identification of Siah1 as a specific E3 ubiquitin 

ligase for ELL2 and a novel regulator of ELL2-containing SEC formation and HIV-1 

transcription.   Here, I reveal that ELL2 is a polyubiquitinated protein (data not shown) 

and that ELL2 polyubiquitination occurs in the C-terminal region of ELL2 (Fig. 3-3E).  

When a post-doc in our lab identify Siah1 as a specific E3 ubiquitin ligase for ELL2, I 

discover that the presence of either AFF4 or AFF1 strongly inhibits polyubiquitination of 

ELL2 by Siah1 and that ELL2-AFF1/4 interaction is required for this inhibition (Fig. 3-

5B and a published supplementary figure not shown).  Our discoveries together provide a 

satisfactory explanation of how AFF4 manages to synergize with ELL2 to stimulate HIV-

1 transcription as described in Chapter 2.  

 

In Chapter 4, I will summarize my labmates’ and my research findings and briefly 

talk about possible experiments that could lead to improvement and development of new 

intervention strategies to control HIV-1 transcription elongation implicated in HIV/AIDS. 
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Chapter 2 

 

HIV-1 Tat and host AFF4 recruit two transcription elongation 

factors into a bifunctional complex for coordinated activation f 

HIV-1 transcription 
 

 

2.1 Summary 

 

HIV-1 Tat recruits P-TEFb to the HIV-1 promoter to stimulate HIV-1 

transcription and viral replication efficiently.   P-TEFb catalyzes the phosphorylation of 

the Pol II CTD and the negative factors DSIF and NELF, causing Pol II to transition from 

pausing to productive elongation.  However, it is not clear whether Tat recruits any other 

cellular factors along with P-TEFb to stimulate HIV-1 transcription.  Through sequential 

immunoprecipitations and mass spectrometry analysis, our lab identified several protein 

factors associated with the Tat-P-TEFb complex.  The transcription factor/coactivator 

AFF4 and the elongation factor ELL2 are among these factors.  AFF4 functions as a 

scaffolding protein that recruits P-TEFb and another transcription elongation factor ELL2 

into a single complex called the Super Elongation Complex (SEC).   We revealed that 

ELL2 is a short-lived protein whose expression levels are low under regular growth 

conditions.  Remarkably, co-expression of either Tat or AFF4 with ELL2 in cells 

produces a strong synergistic effect on HIV-1 transcription.  Tat and AFF4 are shown to 

significantly enhance ELL2 expression at the protein stability level and formation of 

ELL2-P-TEFb containing complexes, which is likely responsible for Tat and AFF4 to 

synergize with ELL2 to activate transcription.  Our findings indicate that Tat acts as a 

powerful transactivator through recruiting the AFF4-mediated SEC containing two 

different classes of elongation factors P-TEFb and ELL2 to the HIV-1 LTR. 

 

2.2 Introduction  

 

Transcriptional elongation by RNA polymerase (Pol) II is considered as a major 

rate-limiting step for controlling the expression of many metazoan genes (Core and Lis, 

2008).  In the absence of environmental or developmental signals, Pol II is stalled by 

negative elongation factors (N-TEF) shortly after its promoter clearance.  This signal-

dependent N-TEF block requires P-TEFb, a heterodimer composed of CDK9 and cyclin 

T1 (CycT1) (Peterlin and Price 2006). P-TEFb phosphorylates the C-terminal domain 

(CTD) of Pol II and N-TEF, leading to the production of full-length RNA transcripts 

(Peterlin and Price 2006).  Besides P-TEFb, transcriptional elongation is also regulated 

by other factors, including ELL1/2, TFIIS, TFIIF, and the elongins, all of which enhance 

the processivity of Pol II through mechanisms different from that of P-TEFb (Sims et al., 

2004).   However, it remains unclear whether any of these factors cooperate with P-TEFb 

to coordinate Pol II elongation. 

 

Our understanding of the control of elongation has benefited greatly from the 

studies of the HIV-1 virus.   Pausing of Pol II at the HIV-1 LTR on the integrated 
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proviral DNA is a major rate-limiting step for HIV-1 gene expression. To overcome this 

pausing, the HIV-1 Tat protein recruits host P-TEFb to the TAR RNA element located at 

the 5′ end of all viral transcripts (Peterlin and Price, 2006).  P-TEFb interacts with and 

phosphorylates Pol II and N-TEF to induce the production of full-length HIV-1 

transcripts for viral gene expression and replication. 

 

In uninfected cells, P-TEFb functions as a general transcription factor required for 

the expression of most protein-coding genes (Chao and Price, 2001).  P-TEFb activity is 

under the tight control by the interactions with multiple factors (Zhou and Yik, 2006). For 

example, more than half of nuclear P-TEFb exists in a catalytically inactive complex 

called 7SK snRNP that contains the 7SK snRNA, the CDK9 kinase inhibitor HEXIM1, 

and the LARP7 and BCDIN3 proteins (He et al., 2008; Jeronimo et al., 2007; Nguyen 

et al., 2001; Yang et al., 2001; Yik et al., 2003).  In addition, a major portion of P-TEFb 

exists in a complex containing the bromodomain protein Brd4, which recruits P-TEFb to 

cellular promoters through contacting acetylated histones (Jang et al., 2005; Yang et al., 

2005).   Through alternately interacting with these positive and negative regulators, P-

TEFb is kept in a functional equilibrium that shifts in response to environmental 

changes/stresses as well as developmental signals (Zhou and Yik, 2006). 

 

To identify novel factors that may interacts with P-TEFb in the presence of Tat 

during HIV-1 transcription elongation, we performed sequential affinity purifications.  

Our experiments have identified elongation factor ELL2 and transcription 

factors/coactivators AFF4, ENL, and AF9 as proteins that exist in a single complex with 

Tat and P-TEFb.   ELL2 is a short-lived protein whose stability is maintained through 

interacting with Tat-P-TEFb in a process that is mediated by AFF4 and requires active P-

TEFb.   The presence of Tat or AFF4 can significantly increase the half-life of ELL2, 

leading to significant elevation of levels of ELL2 and ELL2-P-TEFb-containing complex 

in cells.  Our data support the model that Tat and AFF4 recruit distinct elongation factors 

into a bifunctional complex, allowing ELL2 and P-TEFb to coordinate their actions and 

greatly stimulate the processivity of Pol II. 

 

2.3 Experimental procedures 

 

Antibodies 

 

The rabbit polyclonal anti-ELL2, -AFF4, and -CycT1 antibodies were purchased 

from Bethyl Laboratories, Abcam, and Santa Cruz Biotechnology, respectively. The 

antibodies against CDK9, HEXIM1, and Brd4 have been described previously (Yang 

et al., 2005 and Yik et al., 2003). 

 

Generation of TTAC-8 cells that stably express CDK9-F and inducibly express Tat-

HA 

 

A T-REx™-293 (Invitrogen)-based cell line that stably expresses the tetracycline 

repressor was used to generate a cell line that stably expresses CDK9-F and inducibly 

expresses Tat-HA.   To generate the cell line expressing CDK9-F, the 293 cells were 
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stably transfected with pBabe-CDK9-F, which expresses flag-tagged CDK9 and confers 

puromycine resistance.  A stable clone whose CDK9-F expression level is similar to that 

of endogenous CDK9 was selected.  Next, the lentiviral construct, pSicoR-TO-Tat-HA 

which inducibly expresses HA-tagged Tat and confers neomycin resistance, was used to 

infect the cell line stably expressing CDK9-F.   Finally, clones that both stably express 

CDK9-F and inducibly express Tat-HA were isolated. 

    

Purification of ELL2 and AFF4 as proteins associated with Tat-P-TEFb   

 

CDK9-F/Tat-HA and their associated factors were isolated by sequential 

immunoprecipitations from NEs prepared from TTAC-8 cells.  After NEs were incubated 

overnight with anti-Flag agarose beads, the beads were washed 4 times with buffer 

D0.3M (0.3M KCI, 20 mM HEPES-KOH pH 7.9, 15% glycerol, 0.2mM EDTA, 0.2% 

NP-40, 1mM DTT, and 1mM PMSF).   The anti-Flag purified materials were eluted by 

Flag peptide.  The eluate was then incubated with anti-HA agarose beads for 2 hours.  

The anti-HA beads were washed 4X with D0.3M and then eluted by 200mM glycine pH 

2.5.  The eluate was then neutralized with 1/20 volume of 2M Tris-Cl, pH 8.8 and then 

analyzed by silver staining followed by SDS-PAGE.  The interesting bands were excised 

for identification by mass spectrometry.  

 

shRNA sequences used to generate AFF4 and ELL2 knockdown (KD) cells: 

 

shAFF4:  

5’GATCAAGCATCATGACAGATCTAGTTTCAAGAGAACTAGATCTGTCATGAT

GCTTTTTA 3’  

 

shELL2 #8:  

5’GATCAACGCCAGAATTATAAGGATGTTCAAGAGACATCCTTATAATTCTGG

CGTTTTTA 3’ 

 

shELL2 #1:  

5’GATCAAATGATCCCCTCAATGAAGTTTCAAGAGAACTTCATTGAGGGGATC

ATTTTTTA 3’ 

 

shELL2 #10:  

5’GATCAATAGGTGAATTTGACCAACATTCAAGAGATGTTGGTCAAATTCACC

TATTTTTA 3’ 

 

In vitro binding assay 

 

Wild-type (WT) and N-terminally truncated (Δ1-300) F-AFF4 proteins as well as 

wild-type ELL2-F were affinity-purified from nuclear extracts (NE) of transfected 

HEK293T cells by anti-Flag immunoprecipitation. Prior to peptide elution, the beads 

were washed extensively with buffer D containing 1.0 M KCl and 0.5% NP-40. Similarly, 

the CycT1-HA/CDK9 complex immobilized on anti-HA agarose beads was isolated 

under highly stringent conditions from transfected cells. Prior to the binding assay, these 



12 

 

proteins were checked by Western blotting to ensure that they were free of their normal 

binding partners found in the ELL2-AFF4-P-TEFb complex. For binding reactions, ~50 

ng of ELL2-F and/or ~65 ng of either WT or Δ1-300 F-AFF4 proteins were incubated at 

4oC with rotation with immobilized CycT1-HA/CDK9 purified from 50 μL NE for 90 

min in a total volume of 250 μL in buffer D0.5M plus 0.2% NP-40. Upon washing 

extensively with D0.5M, CycT1-HA/CDK9 and its associated proteins were eluted with 

HA peptide (0.5 μg/ml) prepared in D0.1M. The eluates were subjected to western 

analysis. 

 

ChIP assay 

 

The engineered cell line containing an integrated HIV-1 LTR luciferase reporter 

gene was transfected with Tat-HA or an empty vector.  After chromatin 

immunoprecipitation with anti IgG, anti-Flag, anti-CDK9 or anti-AFF4 antibody, PCR 

reactions containing α[
32

P]-dCTP (800 Ci/mol) were performed for 24 cycles.  Three 

regions of integrated HIV-1 LTR luciferase gene (the promoter: -168 to +80; interior: 

+1035 to +1180; 3’UTR: +2414 to +2612) were amplified.  The amplification of the 

GAPDH gene with GAPDH primers was used as a control. The primers for amplifying 

the GAPDH gene are:  

GAPDH-1: 5’-ACTGCCAACGTGTCAGTGGT  

GAPDH-2: 5’-CATACCAGGAAATGAGCTTGAC 

 

Pulse-chase analysis 

 

Pulse chase analysis was used to assess ELL2 stability.  HeLa cells containing 

ELL2-F alone or both ELL2-F and Tat-HA were incubated in the medium lacking 

methionine and cysteine (DMEM -met/cys) and 10% dialyzed FBS for 30 min at 37
o
C.   

To perform pulse, 
35

S-met/cys “Express” label was added to the cells at the concentration 

of  0.5 mCi/ml for 30 min at 37
o
C.  To perform chase, the complete medium plus 10% 

regular FBS was added to cells, except for cells used as “0 time point”, and were chased 

for 1-8 hours.  Cells were harvested and lysed in 1XSDS loading buffer.  After cells were 

centrifuged, the supernatant was collected, precleared with Protein A agarose beads, and 

incubated with anti-Flag agarose beads to affinity-purify ELL2-F from the lysate.   After 

elution with 1XSDS loading buffer, the level of ELL2-F was analyzed by 

autoradiography following SDS-PAGE. 

 

2.4 Results    

 

Identification of ELL2 and AFF4 as Tat-P-TEFb associated factors            

                                                                                                                                                                                                                              

To search for additional cellular factors that control the Tat-P-TEFb-dependent 

activation of HIV-1 transcription, we generated a human HEK293-based cell line stably 

expressing Flag-tagged CDK9 (CDK9-F) and inducibly expressing HA-tagged Tat (Tat-

HA) that is under control of a doxcycline (Dox)-inducible promoter.  Nuclear extracts 

(NE) with and without Dox induction were subjected to sequential immunoprecipitations 

(IPs) with anti-Flag and then anti-HA agarose beads to isolate new factors bound to the 
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Tat-P-TEFb complex.  Followed by SDS-PAGE, the anti-Flag/HA-purified materials 

were visualized by silver staining.    Silver staining revealed that the affinity-purified 

materials from the Dox-induced NE contained several additional factors other than 

CycT1, Cdk9-F, and Tat-HA (Fig. 2-1A).  Analyses by mass spectrometry (MS) 

indicated that ELL2 and AFF4 are among these additional factors.  ELL2 is a 

transcription elongation factor related to ELL1 (Shilatifard et al. 1997).  ELL2 and ELL1 

are 49% identical and 66% similar. ELL2 and ELL1 both are elongation factors that 

function to increase the catalytic rate of transcription elongation by keeping the 3’OH of 

nascent RNA transcript aligned with the catalytic site of Pol II.   AFF4 is a member of the 

AFF1 family of transcription factors/co-activators (Taki et al. 1999).  AFF4 was first 

identified as a gene fused to MLL in infant acute lymphoblastic leukemia and has been 

known to function in transcription elongation with P-TEFb (Taki et al. 1999; Estable et al. 

2002; Niedzielski et al. 2007).  In this study, we investigated the regulatory roles of ELL2 

and AFF4 in the Tat-dependent HIV-1 transcription. 

 

ELL2, AFF4, Tat, and P-TEFb exist in a single complex 

 

We asked whether the four components Tat, P-TEFb, ELL2 and AFF4 exist in the 

same or distinct protein complexes.  We carried out sequential IPs to investigate the 

association between these four components.  Two different HeLa NEs, one co-expressing 

Tat-HA and CDK9-F and the other one co-expressing Tat-HA with Flag-tagged ELL2 

(ELL2-F), were individually subjected to anti-Flag beads.  The Flag-associated materials 

were eluted by the Flag peptide.  These Flag peptide eluates were then subjected to anti-

HA beads to purify HA/Flag-containing materials.  Western blotting analysis indicated 

that the anti-HA/Flag-purified materials from both NEs contain all the four components 

(Fig. 2-1B, C).   Thus, Tat, P-TEFb, ELL2, and AFF4 exist together in the same complex, 

which is called the Super Elongation Complex (SEC). 

 

Tat-independent interaction of AFF4 and ELL2 with P-TEFb 

 

We next determined whether ELL2 and AFF4 could interact with P-TEFb 

independently of Tat.  NEs derived from regular HeLa cells free of Tat were subjected to 

anti-CDK9 IP to isolate P-TEFb-bound materials.   Western blot analysis detected the 

presence of endogenous ELL2 and AFF4 in the anti-CDK9-purified materials (Fig. 2-1D).  

Moreover, NEs of cells transfected with ELL2-F alone were subjected to anti-Flag IP.  

Western blot analysis of the ELL2-F-bound materials detected the presence of 

endogenous CDK9, CycT1 and AFF4 (Fig. 2-1E).  These data indicated that AFF4 and 

ELL2 can indeed interact with P-TEFb independently of Tat.   

 

ELL2/AFF4/Tat/P-TEFb-containing complex does not contain Brd4 or HEXIM1 

 

We asked whether the Tat/P-TEFb/ELL2/AFF4 complex was a part of the 7SK 

snRNP or Brd4-P-TEFb complex.   Both the 7SK snRNP and Brd4-P-TEFb are known as 

the two major P-TEFb complexes in cells.  We subjected NEs of cells co-transfected with 

ELL2-F and Tat-HA to anti-Flag IP to purify ELL2-F-bound materials.  Western blot 

analysis showed that these purified materials contained neither Brd4, a general 
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transcription factor that recruits P-TEFb to cellular promoters, nor HEXIM1, a kinase 

inhibitor of P-TEFb within the 7SK snRNP (Fig. 2-1F).  In contrast, anti-Flag purified 

materials derived from NEs of cells transfected with CDK9-F contained abundant Brd4, 

which binds to active CDK9-F, and HEXIM1, which binds to inactive CDK9-F (Fig. 2-

1F).   These data indicated that the ELL2/AFF4/Tat/P-TEFb-containing complex, or SEC, 

is a complex physically separated from the 7SK snRNP and Brd-P-TEFb complexes.   

 

ELL2 depletion reduces both basal and Tat activated HIV-1 transcription 

 

Next we wanted to investigate the regulatory effect of ELL2 on HIV-1 

transcription (Every in vivo transcription assay in this study was conducted in triplicate).  

We generated ELL2 shRNA’s to deplete endogenous ELL2 in cells and then examined 

the effect of ELL2 reduction on HIV-1 transcription.  ELL2 depletion by the effective 

ELL2 shRNA’s #1 and #8 significantly decreased both basal and Tat-dependent 

transcription from a HIV-1 LTR-driven luciferase reporter construct (Fig. 2-2A).  

Reduction in transcription by the shRNA’s # 1 and # 8 correlated well with their abilities 

to reduce ELL2 protein expression (Fig. 2-2A, B).  Therefore, the SEC component ELL2 

plays an important role in stimulating HIV-1 transcription.  

 

ELL2, but not ELL1, synergizes with Tat to activate HIV-1 transcription 

 

We next examined the synergism between Tat and its associated factor ELL2 on 

HIV-1 transcription.  We transfected either ELL2-F or its related protein ELL1-F into 

HeLa cells and measured the transcription activity from a HIV-1 LTR-driven luciferase 

reporter construct that contains either the wild-type TAR DNA element (WT HIV-1 LTR) 

or deletion of TAR DNA element (MT HIV-1 LTR). The TAR element is known to 

contain binding sites for Tat and P-TEFb that are required for Tat-mediated 

transactivation of the HIV-1 LTR.  Transfection of ELL2-F alone stimulated WT and 

mutant HIV-1 LTR 1.3 and 2-fold, respectively (Fig. 2-2C).  Transfection Tat-HA alone 

stimulated the WT HIV-1 LTR 64-fold but failed to stimulate the MT HIV-1 LTR (1.3-

fold) since Tat/P-TEFb could not be recruited to the MT HIV-1 LTR (Fig. 2-2C).   

Remarkably, co-transfection of Tat and ELL2 stimulated WT HIV-1 LTR 284-fold, 

indicating strong synergistic effect (if it were additive rather than synergistic, the 

stimulation would be only 65.3-fold) of Tat and ELL2 (Fig. 2-2C).  However, synergism 

between Tat and ELL2 was abolished when the mutant HIV-1 LTR reporter was used, 

which was only stimulated 3.3-fold (Fig. 2-2C).  This abolishment was likely due to the 

failure of Tat/P-TEFb to interact with the MT HIV-1 LTR.   Although highly 

homologous to ELL2, ELL1 did not synergize with Tat.  While co-expression of ELL2 

and Tat stimulated the HIV-1 LTR 3.4-fold , co-expression of ELL1 and Tat stimulated 

only 1.4-fold (Fig. 2-2D).   Thus, ELL2, but not ELL1, can synergize with Tat to further 

enhance HIV-1 transcription. 

 

Tat increases the amount of ELL2, but not ELL1, associated with P-TEFb 

 

To determine the mechanism of strong synergism (>65.3 fold) between ELL2 and 

Tat on HIV-1 transcription, cells were transfected with either ELL2-F or ELL1-F in the 
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presence and absence of Tat-HA.  Western blot analysis showed that the presence of Tat 

significantly increased the cellular levels of ELL2-F but not ELL1-F (Fig. 2-2E).  

Interestingly, just a small amount of Tat-HA was needed to increase ELL2-F levels in 

cells (Fig. 2-2E).   Moreover, NEs from these cells were subjected to anti-Flag IPs to 

purify ELL2-F- and ELL1-F-bound materials.  Western blot analysis of the anti-Flag 

purified materials showed that Tat significantly increased the amount of the 

immunoprecipitated ELL2-P-TEFb complex but not the immunoprecipitated ELL1-P-

TEFb complex (Fig. 2-2F).  These data indicated that Tat has an ability to increase the 

ELL2 cellular level and formation of ELL2-P-TEFb-containing complex, explaining the 

strong synergistic effect of Tat and ELL2 on HIV-1 transcription. 

 

AFF4 synergizes with ELL2 to activate general transcription 

 

Because the Tat-P-TEFb complex also contains AFF4, we investigated the 

contribution of this factor to transcription from the HIV-1 LTR as well as several other 

viral and cellular promoters. Remarkably, just like the Tat/ELL2 pair, the coexpression of 

AFF4 and ELL2 also synergistically activated HIV-1 transcription (Fig. 2-3A). However, 

the AFF4/ELL2 synergism was neither restricted to the HIV-1 LTR nor TAR-dependent. 

Rather, the effect was also detected using several other viral and cellular promoter 

constructs, although not as pronounced as that with the HIV-1 LTR (Fig. 2-3A). Unlike 

Tat, which is a sequence-specific transcription factor, neither AFF4 nor ELL2 is known 

to display any sequence-specific DNA/RNA-binding activity. This difference explains 

the observations that the transcriptional synergism displayed by Tat/ELL2 was HIV-1 

TAR dependent, whereas the synergism by AFF4/ELL2 was not. 

 

AFF4 synergizes more efficiently with ELL2 than ELL1 to activate transcriptional 

elongation in vitro and in vivo 

 

Besides promoting the ELL2-P-TEFb interaction in the cell, AFF4 and Tat also 

had a similar ability to distinguish between ELL1 and ELL2. Like Tat, AFF4 synergized 

more strongly with ELL2 than with ELL1 (Fig. 2-3F).  While AFF4 and ELL1 co-

stimulate HIV-1 transcription 122-fold, AFF4 and ELL2 co-stimulate transcription 294-

fold. This is likely due to the AFF4-induced accumulation of ELL2 but not ELL1 (Fig. 2-

3G), which correlates with more ELL2 bound to P-TEFb.  As will be demonstrated below, 

the AFF4-induced ELL2 accumulation was largely caused by AFF4-induced stabilization 

of ELL2.  Correlating with more ELL2 in the cell, there was a marked increase in the 

amount of CDK9 bound to the immunoprecipitated ELL2-HA (Fig. 2-3D, bottom panel).  

Notably, the co-expression of F-AFF4 and ELL2-HA also increased the F-AFF4 levels 

~2-fold (Fig. 2-3D, top panel), probably due to the AFF4/ELL2-induced general increase 

in transcription (Fig. 2-3A). 

 

To confirm that the stimulation indeed occurs at the transcriptional level, we first 

performed an in vitro transcription assay that employs the well-characterized HIV-1 

LTR-G400 template for detecting elongation through a G-less cassette (G400) inserted at 

~1 kb downstream of the start site (Zhou and Sharp 1995). The reactions also contained 

HeLa NE, in which P-TEFb and its associated factors were immunodepleted with anti-
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CDK9 antibodies. While the addition of isolated P-TEFb or an equal molar mixture of 

AFF4/ELL2 into the depleted NE only had a minor effect, the introduction of P-TEFb 

plus AFF4/ELL2 greatly rescued transcription (Fig. 2-3H), confirming that the positive 

effect of AFF4/ELL2 is indeed at the elongation level. 

 

Lastly, the AFF4/ELL2 stimulation of promoter-distal (i.e., elongation) but not 

promoter-proximal transcription (i.e., initiation) was also confirmed by RT-PCR analysis 

of mRNA transcribed from the HIV LTR-luciferase reporter gene at two different 

locations. While the AFF4/ELL2 coexpression did not affect the abundance of transcripts 

mapping to the 5′ end of the mRNA (HIV sequence +1 to +80), it increased the level of 

transcripts corresponding to the 3′ end (+1719 to +1826) of the luciferase gene (Fig. 2-3I). 

 

AFF4 synergizes with ELL2 to activate basal but not Tat-dependent HIV-1 

transcription 

  

We investigated how co-expression of ELL2 and AFF4 affected Tat-dependent 

HIV-1 transcription.   The luciferase assay revealed that co-expression of ELL2-HA and 

F-AFF4 could stimulate basal but not Tat-dependent HIV-1 transcription (Fig. 2-3B).  

While AFF4-ELL2 co-expression stimulated basal transcription more than 100-fold, it 

only stimulated the Tat-dependent transcription 2-fold (Fig. 2-3B). 

 

We next examined protein expression of ELL2 to find out why co-expression of 

ELL2 and AFF4 did not significantly further enhance HIV-1 transcription in the presence 

of Tat.   Western blot analysis showed that the ELL2 level in the presence of both Tat-

HA and F-AFF4 were similar to the ELL2 level in the presence of Tat-HA alone (Fig. 2-

3E).   These data indicated that the lack of increase in ELL2 level by AFF4 in the 

presence of Tat was likely due to ELL2 having already reached saturation levels in the 

presence of Tat alone, which induces ELL2 accumulation like AFF4 does.  Therefore, 

AFF4 cannot synergize with ELL2 on HIV-1 transcription when Tat is already available 

(Fig. 2-3B, C). 

 

AFF4 knockdown causes stronger inhibition of basal than Tat-dependent 

transcription and decreases the levels of ELL2 and ELL2/P-TEFb containing 

complex 
 

We wanted to investigate the regulatory effect of AFF4 in HIV-1 transcription.  

The depletion of AFF4 by the AFF4 shRNA reduced basal HIV-1 transcription 5-fold 

(Fig. 2-4A).   In contrast, the AFF4 depletion reduced Tat-dependent HIV-1 transcription 

only 2-fold (Fig. 2-4A). These data suggested that the presence of Tat might able to 

compensate for the loss of AFF4 for maintaining a relatively constant level of ELL2-P-

TEFb-containing complex in cells.   In addition, western analysis showed that the AFF4 

depletion caused a decreased amount of ELL2 bound to immunoprecipitated CDK9-F, 

indicating that AFF4 functions to promote the accumulation of ELL2 and ELL2-P-TEFb-

containing complex (Fig. 2-4B). 
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AFF4 mediates the ELL2-P-TEFb interaction 
 

We wanted to determine whether AFF4 could mediate the physical interaction 

between ELL2 and P-TEFb.   Immunoprecipitated F-AFF4 containing the deletion of 

amino acids 1-300 (Δ1-300 AFF4) was found to fail to interact with CDK9/CycT1 but 

interacts with ELL2 normally (Fig. 2-4C, D).  This result indicated that AFF4 contained 

independent functional domains required for maintaining the interaction between ELL2 

and P-TEFb.  Next, we performed in vitro binding assays to examine the association 

between ELL2 and CycT1/CDK9 in the presence of WT AFF4 or Δ1-300 AFF4.   Wild-

type (WT) and Δ1-300 F-AFF4 proteins as well as wild-type ELL2-F were affinity-

purified from NEs.  These purified proteins were incubated with CycT1-HA/CDK9 

immobilized on anti-HA beads.  In the presence of WT AFF4, ELL2 interacted normally 

with CycT1/CDK9 (Fig. 2-4D, left panel).   In contrast, in the presence of Δ1-300 AFF4, 

ELL2 failed to interact with CycT1/CDK9 (Fig. 2-4D, left panel).   Δ1-300 AFF4, unlike 

WT AFF4, failed to interact with CycT1/CDK9.  These results suggest that AFF4 

functions as an essential scaffolding protein that maintains the ELL2-P-TEFb interaction 

and thereby formation of ELL2-P-TEFb-containing complex. 

 

Tat further increases the amount of ELL2 bound to P-TEFb without affecting the 

AFF4-P-TEFb binding 

 

Since Tat promoted the ELL2-P-TEFb interaction, we asked whether Tat could 

also promote the AFF4-P-TEFb interaction.  NEs containing either Tat-HA or an empty 

vector were subjected to anti-CDK9 IP.   Western analysis showed that Tat significantly 

increased the association of endogenous ELL2 with P-TEFb but did not alter the AFF4-P-

TEFb interaction (Fig. 2-5A).   In addition, depletion of endogenous ELL2 did not affect 

the AFF4-P-TEFb binding (Fig. 2-5B).  Thus, AFF4-P-TEFb binding occurs 

independently of Tat and ELL2. 

 

ChIP assays were also performed to investigate whether Tat could increase the 

association of the SEC components with the chromatin template of the HIV-1 gene.   

Various chromatin immunoprecipitates were prepared from HeLa cells containing stably 

integrated HIV-1 LTR luciferase reporter gene.  Semi-quantitative PCR analyses showed 

that Tat-HA significantly increased the binding of ELL2-F, CDK9, and AFF4 to the HIV-

1 promoter, interior and 3’ UTR regions of the luciferase gene (Fig. 2-5C).   In contrast, 

Tat-HA did not increase the binding of these SEC components to the GAPDH gene 

which served as a negative control (Fig. 2-5D). 

 

Physical association between active P-TEFb and Tat is required for Tat-induced 

ELL2 accumulation 
 

We wanted to test whether the kinase activity of P-TEFb is required for Tat-

induced accumulation of ELL2 and formation of SECs, because P-TEFb is active in these 

complexes.   We treated cells with either DRB or FVP (flavopiridol), which are the 

CDK9 kinase inhibitors.  Western analysis showed that in the presence of the inhibitors, 

the Tat-induced accumulation of ELL2 was abolished (Fig. 2-6A).   Also, the presence of 
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D167N, a kinase inactive CDK9 mutant inhibited Tat-induced ELL2 accumulation and 

ELL2-P-TEFb association (Fig. 2-6C).   

 

We also asked whether kinase-active P-TEFb is required for the formation of Tat-

free ELL2/AFF4/P-TEFb containing complex.  In the presence of either DRB or FVP, the 

ELL2 cellular level and ELL2-P-TEFb binding were reduced (Fig. 2-6D).   Thus, P-TEFb 

kinase activity is critical for maintaining levels of ELL2 and ELL2-containing complex in 

cells that are free of Tat.  In contrast, the AFF4-P-TEFb binding was only mildly affected 

by the drugs, indicating that the AFF4-P-TEFb binding is independent of CDK9 kinase 

activity (Fig. 2-6D).  

   

We also investigated whether the physical interaction between Tat and P-TEFb 

would be important for Tat-mediated ELL2 accumulation.  Either the wild-type Tat (WT 

Tat) or mutant Tat, C22G, which cannot bind to P-TEFb, was co-transfected with ELL2-

F in cells. The addition of WT Tat significantly increased the cellular level of ELL2-F 

and the interaction between ELL2 and CDK9/CycT1 (Fig. 2-6B).  In contrast, the 

addition of C22G failed to do so (Fig. 2-6B).  Together, these results indicated that both 

the kinase-active P-TEFb and functional Tat are required for Tat-mediated accumulation 

of ELL2 and formation of ELL2-containing SECs. 

 

ELL2 is stabilized by the inhibition of the proteasome or the presence of Tat or 

AFF4 

 

So far, we have shown that Tat and AFF4 promoted accumulation of ELL2 and 

formation of ELL2-containing SECs, which are likely responsible for Tat and AFF4 to 

synergize with ELL2 to active transcription.  However, the mechanism of Tat- and AFF4-

induced ELL2 accumulation remained unclear.  To define this mechanism, we first 

treated cells with the 26S proteasome inhibitor MG132 and found that the ectopically 

expressed ELL2-F and its endogenous counterpart are short-lived proteins, whose levels 

were significantly increased by the inhibitor (Fig. 2-7A, B).  Therefore, ELL2 is an 

unstable protein which is susceptible to proteasome-mediated degradation.   

 

Pulse-chase experiments employing 
35

S-labeled methionine and cysteine were 

performed to determine whether Tat and AFF4 could affect stability of the co-expressed 

ELL2-F.  In the absence of Tat, ELL2-F had a half-life of less than 1 hour (Fig. 2-7C).  

Remarkably, in the presence of Tat, the half-life of ELL2-F was extended to more than 4 

hours (Fig. 2-7C).  Like Tat, F-AFF4 increased the half-life of the ELL2-F population 

from less than 1 hour to more than 4 hours (Fig. 2-7D).  Together, these data illustrate 

that Tat and AFF4 similarly regulate the stability of ELL2.  Interestingly, we observed 

that Tat significantly increased the level of the slow-migrating ELL2 species.  This slow-

migrating species is likely phosphorylated because the treatment of ELL2-F purified from 

Tat-expressing cells with calf intestine phosphatase (CIP) abolished the slow-migrating 

species (Fig. 2-7E).  It is possible that CDK9 kinase activity, which is shown above to be 

involved in stabilizing ELL2, plays a role in Tat-mediated ELL2 accumulation. 
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2.5 Discussion 

 

HIV-1 transcription is primarily regulated at the transcription elongation 

stage.  Until now, P-TEFb was the only known host co-factor for Tat, which binds to and 

recruits P-TEFb to the HIV-1 promoter to stimulate the release of Pol II from pausing to 

productive elongation.  Here, we identified two novel cellular factors associated with the 

Tat-P-TEFb complex, ELL2 and AFF4, by using a combinational approach of double-

epitope tagging and sequential immunoprecipitations.  This approach allows the isolation 

of factors that are directly involved in Tat-P-TEFb mediated HIV-1 transcription.  In this 

study, we demonstrate that the Tat-P-TEFb-associated factors ELL2 and AFF4 play a 

critical role in stimulating HIV-1 transcription elongation.   ELL2 is a well-studied 

transcription elongation factor that is homologous to ELL1.   ELL2 functions to keep the 

3’OH of nascent mRNA aligned with the catalytic site of Pol II, thereby preventing Pol II 

backtracking.   However, it has been unclear whether P-TEFb and ELL2 work 

independently of or cooperatively with each other during elongation.  Our identification 

of ELL2 as a protein associated with P-TEFb indeed provides the first evidence that P-

TEFb and ELL2 work in conjunction to promote transcription elongation by Pol II.  

Previous studies show that AFF4 is involved in P-TEFb-dependent HIV-1 transcription 

elongation, but they do not explain the mechanism of how AFF4 regulates HIV-1 

transcription elongation (Estable et al., 2002; Niedzielski et al., 2007).  Here, we reveal 

that AFF4 acts as a scaffolding protein that sequesters the two major elongation factors P-

TEFb and ELL2 in a single transcription elongation complex called SEC.  AFF4 consists 

of separable domains involved in mediating the interaction between P-TEFb and ELL2.   

Besides functioning as a scaffolding protein, AFF4 also increases the cellular levels of 

ELL2 and ELL2-P-TEFb-containing complex by enhancing ELL2 stability.  Since Tat 

also increases ELL2 stability, Tat is able to compensate for the reduction of AFF4 in 

AFF4-depleted cells for maintaining the level of ELL2-P-TEFb-containing complex.  Our 

study shows that in the presence of Tat, AFF4 cannot further increase the cellular levels 

of ELL2 and ELL2-P-TEFb-containing complex, probably due to the ELL2-P-TEFb-

containing complex having already reached saturation levels in the presence of Tat alone.  

The AFF4-mediated SECs have the ability to not only to remove the block to Pol II 

elongation but also to prevent Pol II backtracking, leading to efficient activation of HIV-1 

transcription elongation.   As shown by our immunopreciptiation assays, SEC is an entity 

entirely separate from the two major P-TEFb-containing complexes, the 7SK snRNP and 

Brd4-P-TEFb complexes.   The functional relationship between the Brd4-P-TEFb 

complex and SECs is yet-to be-determined.  It is possible that, once recruited to the HIV-

1 LTR by Brd4, P-TEFb is released and then assembled into SECs to activate 

transcription of viral and cellular genes (Ott et al., 2011).  Notably, like Tat, several MLL 

chimeras (e.g. MLL-ENL, MLL-AFF1, and MLL-AFF4) have been reported by others to 

recruit an ELL/P-TEFb-containing complex similar to the one described here to the MLL 

target loci to stimulate transcription and induce oncogenic transformation (Lin et al., 

2010; Mueller et al., 2009; Yokoyama et al., 2010).  These observations, coupled with 

our data, make the ELL2/AFF4/P-TEFb- and ELL2/Tat/AFF4/P-TEFb-containing 

complexes likely the forms of P-TEFb actively engaged in general and Tat-dependent 

HIV-1 transcription, respectively.  
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Chapter 2 figures 

 

Figure 2-1 

 

 
 

Fig. 2-1. P-TEFb exists in two multisubunit complexes containing 

ELL2/AFF4/Tat/P-TEFb and ELL2/AFF4/P-TEFb, respectively. (A) CDK9-F, Tat-

HA, and their associated factors (lane 1) were isolated through sequential 

immunoprecipitations (anti-Flag and then anti-HA) from NEs of TTAC-8 cells upon the 

induction of Tat-HA expression. The immunoprecipitates (IPs) were analyzed on a silver-

stained SDS gel, with their identities indicated on the left. NE derived from TTAC-8 cells 

prior to the induction of Tat-HA was used in a parallel procedure for control (lane 2). 

MW, molecular weight. (B) The αFlag and αHA IP analyzed in (A) were examined by 

western blotting for the indicated proteins. (C) The αFlag and αHA sequential IPs derived 

from NE of HEK293 cells expressing the indicated proteins were analyzed by western 

blotting as in (B). (D) IPs obtained with the indicated antibodies were examined as in (B). 

(E) The αFlag IPs derived from NEs of ELL2-F-expressing cells were analyzed as in (B). 

(F) The parental HEK293 cells and the HEK293-based cell lines expressing the indicated 

proteins were subjected to anti-Flag immunoprecipitation. The IPs were analyzed by 

western blotting for the presence of the indicated proteins. 
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Figure 2-2 

 

 
 

 

Fig. 2-2. Tat increases the levels of ELL2 and the ELL2/P-TEFb-containing complex 

and synergizes with ELL2 but not ELL1 to activate TAR-dependent HIV-1 

transcription. (A) Luciferase activities were measured in extracts of cells cotransfected 

with the indicated shELL2-expressing constructs, the HIV-1 LTR-luciferase reporter 

gene, and a vector expressing Tat-HA or nothing. The activity in cells expressing shELL2 

#10 but not Tat was set to 1. The error bars represent mean ± SD. (B) Western analyses 

of the levels of ELL2-F and α-tubulin in cells transfected with the indicated shELL2-

expressing constructs. (C) Luciferase activities were measured as in (A) in cells 

transfected with either WT HIV-1 LTR-luciferase reporter or a ΔTAR mutant construct, 

together with the indicated plasmids expressing ELL2-F (0.5 ug/well) and/or Tat-HA 

(0.01 ug/well). (D) Luciferase activities were measured as in (A) in cells transfected with 

the HIV-1 LTR-luciferase reporter and the indicated ELL1-F-, ELL2-F-, and/or Tat-HA-

expressing plasmids. (E) Western analysis of the indicated proteins in NE of cells 
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cotransfected with the indicated cDNA constructs or an empty vector (vec. or “–”). Tat-

HA was transfected in 2-fold increments. (F) ELL1-F, ELL2-F, and their associated 

CDK9 were isolated by anti-Flag IP from NE as analyzed in (E) and examined by 

western blotting. 

 

 

Figure 2-3 

 

           

 

Fig. 2-3. Ectopically expressed AFF4 acts Like Tat to synergize with ELL2 to 

stimulate transcriptional elongation through promoting ELL2 accumulation and 

association with P-TEFb. (A) Luciferase activities were measured in extracts of cells 

transfected with the indicated promoter-luciferase constructs together with the ELL2-F- 

or/and F-AFF4-expressing plasmids as indicated. For each promoter construct, the level 

of activity detected in the absence of ELL2-F and F-AFF4 was set to 1. The error bars 

represent mean ± SD. (B and C) Luciferase activities were measured and analyzed as in 
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(A) in cells transfected with the indicated reporter and cDNA constructs. (D and E) NEs 

of cells transfected with the indicated cDNA constructs (top panel) and anti-HA 

immunoprecipitates (IP) derived from NE (bottom panel) were analyzed by western 

blotting (WB) for the indicated proteins. (F) Luciferase reporter assay was performed as 

in (A) in cells transfected with the indicated reporter and cDNA constructs.  (G) Extracts 

from the same cells as analyzed in (F) were examined by western blotting for the 

indicated proteins. (H) Transcription reactions containing CDK9-depleted NE, template 

HIV-1 LTR-G400, and the indicated purified proteins were performed. The 400 nt RNA 

transcribed from a G-less cassette located at ∼1 kb downstream of the HIV-1 promoter is 

indicated. (I) mRNAs isolated from cells as analyzed in (A) were subjected to RT-PCR 

analysis with primers that amplify the two indicated regions. RT, reverse transcriptase. 

 

Figure 2-4 
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Fig. 2-4. AFF4 bridges the ELL2-P-TEFb interaction and is required for stable 

accumulation of ELL2. (A) Luciferase activities were measured in cells transfected with 

the HIV-1 LTR-luciferase reporter gene and constructs expressing shAFF4 or/and Tat-

HA. The level of activity detected in the absence of shAFF4 and Tat-HA was set to 1. 

The error bars represent mean ± SD. (B) NEs (left panel) of HEK293 cells either 

harboring an empty vector (−) or stably expressing shAFF4 and IP (right panel) obtained 

from NE with the indicated antibodies were examined by western blotting for the 

presence of the indicated proteins. (C) NE and anti-Flag IP derived from cells transfected 

with an empty vector (−) or the construct expressing either the full-length (FL) or 

truncated (Δ1-300) F-AFF4 were analyzed by western blotting for the indicated proteins. 

(D) The indicated proteins were incubated with immobilized CycT1-HA/CDK9 in vitro, 

and the bound proteins were eluted and analyzed by western blotting (left and middle 

panels). Ten percent of the input FL and Δ1-300 F-AFF4 proteins were examined by anti-

Flag western blotting (right panel). 
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Figure 2-5 

 

 
 

Fig. 2-5. Tat increases the amount of ELL2 bound to P-TEFb, leading to an 

enhanced association of the ELL2/AFF4/P-TEFb-containing complex with the HIV-
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1 chromatin template. (A) NEs from HEK293 cells infected with retroviruses either 

expressing (+) or not (−) Tat-HA were subjected to western blotting with the indicated 

antibodies (top right) and immunoprecipitation with anti-CDK9 (top left), anti-ELL2 

(bottom left), anti-ELL1 antibodies (bottom right), or a nonspecific rabbit IgG. IPs were 

analyzed by western blotting for the presence of the indicated proteins. (B) Anti-Flag IP 

derived from cells stably expressing CDK9-F and harboring either an empty vector (−) or 

the shELL2 #8-expressing plasmid were analyzed by western blotting for the indicated 

proteins. (C) Chromatin immunoprecipitation (ChIP) with anti-Flag, anti-CDK9, and 

anti-AFF4 antibodies was performed in cells containing the integrated HIV-1 LTR-

luciferase reporter gene and stably expressing ELL2-F. Three regions corresponding to 

the promoter, interior, and 3′UTR of the integrated reporter gene (bottom panel) were 

PCR amplified from the precipitated and purified DNA. Amplified signals from 5% and 

10% of the input chromatin were also shown. (D) ChIP assay was performed as in (C) at 

the GAPDH locus with the indicated antibodies. The region close to the 3′ end of the 

gene was PCR amplified from the precipitated DNA. 
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Figure 2-6 

 
 

Fig. 2-6. Active P-TEFb is required for ELL2 accumulation and interaction with P-

TEFb. (A) NEs from HEK293 cells transfected with the indicated cDNA constructs and 

treated with the indicated drugs were analyzed by western blotting for the levels of 

ELL2-F and α-tubulin. (B and C) NEs (left panel in B and top panel in C) and anti-Flag 

IP (right panel in B and bottom panel in C) derived from NEs of cells transfected with the 

indicated cDNA constructs were analyzed by western blotting for the presence of the 

indicated proteins. (D) F1C2 cells stably expressing CDK9-F were either untreated or 

treated with the indicated drugs. FVP, flavopiridol. NEs (left panel) and anti-Flag IP 

(right panel) were analyzed by western blotting. 
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Figure 2-7 

 

 
 

Fig. 2-7. ELL2 is a short-lived protein whose stability can be significantly enhanced 

by Tat or AFF4. (A and B) HEK293 cells containing an ELL2-F-expressing vector (A) 

or nothing (B) were treated with MG132 for the indicated periods of time. ELL2-F and its 

endogenous counterpart were detected by anti-Flag (A) and anti-ELL2 (B) western 

blotting, with α-tubulin serving as a loading control. (C and D) The ELL2-F-producing 

cells transfected with either an empty vector (−) or a construct expressing Tat-HA (B) or 

F-AFF4 (C) were pulse labeled with 35S-labeled methionine and L-cysteine and then 
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chased for the indicated periods of time. ELL2-F was then immunoprecipitated and 

analyzed by SDS-PAGE followed by autoradiography. (E) ELL2-F affinity purified from 

cells coexpressing Tat-HA were incubated with calf intestine phosphatase (CIP) and 

analyzed by anti-Flag western blotting. 
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Chapter 3 

 

The E3 ubiquitin ligase Siah1 controls ELL2 stability and SEC 

formation to modulate HIV-1 Transcription 
 

 

3.1 Summary 

 

The Super Elongation Complexes (SECs) are a set of related complexes 

containing two different classes of transcription elongation factors P-TEFb and ELL1/2 

recruited into a single complex by the scaffolding protein AFF1 or AFF4. Recent studies 

have revealed their important roles in modulating the expression of both normal and 

disease-related genes, especially those encoded by HIV or implicated in leukemia. 

Among all SEC subunits, ELL2 shows a unique expression pattern controlled at the 

protein stability level. Here we report the identification of human Siah1 as the E3 

ubiquitin ligase for ELL2 polyubiquitination and degradation. The homologous Siah2 

fails to modify ELL2 due to two amino acid changes in its RING domain. Siah1 cannot 

access and ubiquitinate ELL2 bound to AFF4 (likely also AFF1), although at high 

concentrations, Siah1 also causes AFF1/4 degradation to destroy existing SECs. 

Prostratin and HMBA, two well-studied activators of HIV transcription and latency, 

enhance ELL2 accumulation likely through decreasing Siah1 expression and ELL2 

polyubiquitination.  Because of its importance in SEC formation, the Siah1-dependent 

ubiquitination/proteolysis pathway merits consideration as a new avenue for developing 

strategies to control transcriptional elongation implicated in HIV/AIDS. 

  

3.2 Introduction  

 

The recent genome-wide analyses change the traditional view that eukaryotic 

transcription by Pol II is predominantly regulated by recruitment of Pol II to promoters 

(Zeitlinger et al,. 2007; Muse et al., 2007; Rah1 et al., 2010; Min et al., 2011; Levine et 

al., 2011).  These studies demonstrate that many genes are actually regulated at the early 

elongation stage after recruitment of Pol II.  They are enriched with paused Pol II and 

negative elongation factors NELF and DSIF at the promoter-proximal sites.  These genes 

exhibit the hallmarks of transcription initiation but do not exhibit transcription 

elongation.   Interestingly, a vast majority of these genes are involved in controlling cell 

growth, renewal and differentiation and embryonic development.  Therefore, Pol II 

promoter-proximal pausing plays a much more important role in controlling gene 

expression than previously thought by those working on transcription initiation. 

 

The release of Pol II from pausing requires the positive transcription elongation 

factor b (P-TEFb).  P-TEFb, which is composed of the CDK9 and CycT1 subunits, 

phosphorylates Ser2 in the Pol II CTD and also phosphorylates the negative elongation 

factors NELF and DSIF to antagonize their inhibitory actions on Pol II.  These 

phosphorylation events convert Pol II from promoter-proximal pausing into productive 

elongation (Peterlin and Price, 2006).  Besides P-TEFb, there are other transcription 
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elongation factors that stimulate Pol II elongation by completely different mechanisms 

(Sims et al., 2004).  For instance, unlike P-TEFb, the transcription elongation factors 

ELL1 and ELL2 promote Pol II elongation by keeping 3’OH of the nascent RNA aligned 

with the catalytic site of Pol II to increase the catalytic rate of RNA synthesis (Shilatifard 

et al., 1997).  It has long been thought that these elongation factors and P-TEFb stimulate 

elongation independently of each other. The recent identification of the Super Elongation 

Complexes (SECs) in our and others’ labs completely changes this view (He et al. 2010; 

Sobhian et al, 2010). 

 

Our and other’s data show that SECs consist of two different classes of elongation 

factors, P-TEFb and ELL1/2, as well as transcription factors/co-activators AFF1/4, ENL 

and AF9 (He et al. 2010; Sobhian et al 2010).   In our lab, these novel SEC proteins were 

identified through sequential immunoprecipitiations using nuclear extracts containing 

both Flag-tagged CDK9 and HA-tagged Tat, followed by mass spectrometry analysis (He 

et al. 2010).   Notably, our in vivo transcription and ChIP assays demonstrate that Tat 

promotes recruitment of SECs to the viral LTR where P-TEFb and ELL2 are able to 

synergistically activate HIV-1 transcription elongation.   

 

Among all the SEC proteins, only transcription elongation factor ELL2, but not 

the homologous ELL1, shows a unique expression pattern that is controlled at the protein 

stability level (He et al. 2010).  shRNA-mediated silencing of the expression of AFF4, 

which is a scaffolding subunit in SECs, reduces the cellular level of ELL2 but not any 

other SEC components (He et al., 2010).  Pulse-chase experiments indicate that AFF4-

mediated increase of the ELL2 level is due to the ability of AFF4 to increase the half-life 

of the ELL2 protein (He et al., 2010).  Treatment of cells with the proteasome inhibitor 

MG132 revealed that the 26S proteasome is responsible for making ELL2 unstable (He et 

al., 2010).  Here, we found that ELL2 is a polyubiquitinated protein and that Siah1 is a 

specific E3 ubiquitin ligase responsible for polyubiquitinating ELL2 and promoting 

proteasome-mediated degradation of ELL2.  We also found that the scaffolding protein 

AFF4 protects ELL2 from being degraded through binding to and sequestering ELL2 

away from Siah1.  Finally, we showed that prostratin and HMBA, the two common 

chemical activators of latent HIV-1, promote ELL2 accumulation and SECs formation 

through down-regulating the mRNA expression of Siah1. 

 

3.3 Experimental procedures 

  

Antibodies 

 

The rabbit polyclonal anti-Siah1 antibodies were obtained from Sigma. The rabbit 

polyclonal antibodies raised against the last 15 amino acids of HEXIM1 were used. Anti-

Flag was obtained from M2, Sigma. Anti-CDK9 and anti-CycT1 antibodies were 

obtained from Santa Cruz Biotechnology. Anti-ELL2, -AFF4, and -CycT1 antibodies 

were purchased from Bethyl Laboratories, Abcam, and Santa Cruz Biotechnology, 

respectively. 
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In vitro ubiquitination assay 

 

Human ubiquitin protein was purchased from Boston Biochem.  The ubiquitin 

conjugating enzyme (E2) UbcH5c and the ubiquitin activating enzyme (E1) UBA1 were 

kindly provided by Michael Rape’s laboratory at UC Berkeley. Both are recombinant 

human proteins purified to homogeneity from recombinant E. coli and baculovirus 

infected Sf9 cells, respectively. HA-Siah1 and ELL2-F were produced using the TNT® 

Quick Coupled Transcription/Translation System (Promega) and affinity-purified using 

anti-HA and anti-Flag beads (Sigma), respectively. The reaction for synthesizing ELL2 

also contained 
35

S-labeled methionine (2 ul of 10 mCi/ml in a 50 ul reaction).  The in 

vitro ubiquitination reactions were conducted as described with minor modifications 

(Rape et al., 2006).  The reactions contained Buffer UBAB (25 mM Tris/HCl, pH7.5, 50 

mM NaCl, 10mM MgCl2), 50 nM E1, 100 nM E2, 1 mg/ml ubiquitin, 1 mM DTT, and 

the energy mix (2 mM ATP, 15 mM creatine phosphate, 1 U creatine phosphokinase, 2 

mM MgCl2, 0.2 mM EGTA).  Upon incubation at 30°C for 1hr, the reactions products 

were analyzed by SDS-PAGE followed by autoradiography. 

 

In vivo ubiquitination assay 

 

HEK293T cells co-transfected with ELL2-F and His-ubiquitin expression 

plasmids for 40 hours were incubated with 10 uM of the proteasome inhibitor MG132 for 

6 hours before harvesting.  Cells were separated into two aliquots.  One aliquot (4%) was 

used for conventional Western blotting to confirm expression of the transfected proteins. 

The remaining cells were used for purification of His-tagged proteins by Ni
2+

-NTA 

beads. The cell pellet was lysed in buffer A (6 M guanidine-HCl, 0.1 M 

Na2HPO4/NaH2PO4, 10 mM imidazole, pH 8).  The lysate was sonicated shortly before 

incubating with 50 ul of Ni
2+

-nitrilotriacetate–agarose (NTA) beads (Qiagen) and rotating 

at room temperature for 3 hours.  The beads were washed sequentially with buffer A, 

buffer B (1.5 M guanidine-HCl, 25 mM Na2PO4/NaH2PO4, 20 mM Tris-Cl [pH 6.8], 

17.5 mM imidazole), and buffer TI (25 mM Tris-Cl [pH 6.8], 20 mM imidazole).  

Finally, the beads containing ubiquitin-conjugated proteins were boiled in 40 ul of 2x 

SDS-PAGE loading buffer containing 200 mM imidazole. Samples were analyzed by 

Western blotting. 

 

In vitro competition assay 

 

Proteins used for the assay were affinity-purified under highly stringent 

conditions (1.0M KCl plus 0.5% NP-40) to strip away their binding partners.  Their 

purity was confirmed by SDS-PAGE followed by silver staining. HA-Siah1 was 

immobilized on anti-HA-agarose beads (Sigma).  The binding reactions had a total 

volume of 300 ul and contained approximately 20 ng of ELL2-F and immobilized HA-

Siah1 isolated from 400 uL of whole cell extracts (WCE) of transfected HEK293 cells in 

Buffer D0.1 (20 mM HEPESKOH [pH7.9], 15% glycerol, 0.2 mM EDTA, 0.2% NP-40, 

1 mM dithiothreitol, 1 mM phenylmethylsulfonyl fluoride, and 0.1M KCl).  AFF4 (WT 

or MT) were added at 100 or 300 ng into the reactions to initiate the competition.  After 

incubation at 4°C for 2 hours, the beads were washed and eluted. 
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shRNAs targeting Siah1 

 

The two non-effective shRNA sequences: 

 

s h S i a h 1 # 3 :  

5’ GATCCCCGATCCATTCGCAACTTGGCTTCAAGAGAGCCAAGTTGCGAATGG 

ATCTTTTTA 3’ 

 

s h S i a h 1 # 8 :  

5’ GATCCCCCATGTTAGTCTTAGAGAAATTCAAGAGATTTCTCTAAGACTAAC 

ATGTTTTTA 3’ 

 

The two effective shRNA sequences: 

 

s h S i a h 1 # 4 :  

5’ GATCCCCCTGCTTTGACTATGTGTTATTCAAGAGATAACACATAGTCAAA 

GCAGTTTTTA 3’ 

 

s h S i a h 1 # 6 :  

5’ GATCCCCTGAAGAGCTCTGTGAGTTTTTCAAGAGAAAACTCACAGAGCT 

CTTCATTTTTA 3’ 

 

All are cloned into the pSuper expression vector. 

 

3.4 Results 

 

ELL2 is a polyubiquitinated protein 

 

Our previous data showed that ELL2 is a short-lived protein, whose half-life can 

be significantly prolonged by the inhibition of the 26S proteasome by MG132.  Since the 

proteasome frequently targets proteins that are modified with polyubiquitin molecules, 

we asked whether ELL2 is polyubiquitinated.  We carried out the Ni
2+

-NTA pulldown or 

anti-Flag immunoprecipitation (anti-Flag-IP) assays involving the co-expression of 

Histine-tagged ubiquitin (His-Ub) and Flag-tagged ELL2 (ELL2-F) in cells.   We 

detected that ELL2 was indeed polyubiquitinated (Fig. 3-1A).  Unlike ELL2, the 

homologous ELL1, which was previously shown to be very stable, was 

monoubiquitinated, but not polyubiquitinated (Fig. 3-1B).   

 

Siah1 depletion suppresses ELL2 polyubiquitination and increases ELL2 stability 

 

Since ELL2 is a polyubiquitinated protein, we wanted to identify the E3 ubiquitin 

ligase responsible for this protein modification.  We came across a report that describes 

the interactions between another SEC protein AFF1 and the human E3 ligases Siah1 and 

Siah2 (Bursen et al., 2004).   These AFF1-Siah1/2 interactions were identified through 

the yeast two-hybrid screen.  Siah1 and Siah2 are human homologues of the Drosophila 

seven in absentia protein (Sina), which is required for R7 photoreceptor cell 
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differentiation within the sevenless pathway (Carthew et al. 1990; Hu et al. 1997).  Like 

their Drosophila counterpart, Siah1 and Siah2 are RING domain E3 ubiquitin ligases that 

interact with the E2 ubiquitin-conjugating enzymes and specific substrates to promote 

polyubiquitination and degradation of the substrates (Hu et al. 1997; Hu et al. 1999; 

Deshaies et al. 2009). 

 

Even though AFF1 was reported to be degraded by the overexpression of Siah1, 

we wanted to know whether protein expressions of AFF1 and its homologue AFF4 and 

any other SEC components could be affected through depletion of endogenous 

Siah1.  Toward this goal, we selected specific shRNA’s that can silence the expression of 

endogenous Siah1 and performed endogenous Siah1 depletion with these shRNA’s in 

cells.  The co-expression of the effective Siah1 shRNA’s #4 and #6 significantly depleted 

Siah1 while the non-effective Siah1 shRNA #3, which served as a control, had no effect 

on Siah1 expression (Fig. 3-2A).   To our surprise, under the depletion of endogenous 

Siah1, among all the SEC components, ELL2 was the only protein that shows significant 

accumulation (Fig. 3-2B).  We subjected NEs of cells expressing the Siah1 shRNA’s to 

anti-CDK9 IP to purify CDK9-bound materials.  Western blot analysis of the CDK9-

bound materials revealed that Siah1 depletion induced a ~20-fold increase in the amount 

of ELL2 sequestered in SECs, promoting the formation of ELL2-containing SECs (Fig. 

3-2C).   Ni
2+

-NiTA pulldown assays involving the co-expression of His-Ub and ELL2-F 

in cells showed that the Siah1 depletion significantly reduced ELL2 polyubiquitination 

(Fig. 3-2D).  Together, these data show that Siah1 is likely the E3 ubiquitin ligase 

responsible for ELL2 ubiquitination.   

 

Siah1 depletion promotes SEC formation and SEC-dependent HIV transcription 

  

Given that Siah1 is very likely the E3 ubiquitin ligase for the SEC component 

ELL2, we would like to determine the impact of Siah1 depletion on basal and Tat-

activated HIV-1 transcription, both of which have been shown to depend on SECs (He et 

al. 2010). Data in Fig. 3-2E indicate that shRNA depletion of endogenous Siah1 

significantly activated the HIV-1 LTR-driven luciferase expression under both Tat (-) and 

(+) conditions. Correlating nicely with their abilities to reduce Siah1 expression (Fig. 

2A), the two non-effective shRNAs, shSiah1 #3 and #8, failed to activate the LTR, 

whereas the effective shSiah1 #4 and #6 strongly stimulated HIV transcription when used 

either alone or in combination (Fig. 3-2E). 

 

AFF1 and AFF4 are less susceptible to Siah1-induced degradation than ELL2 

 

Providing further evidence in support of a key role for Siah1 in ELL2 

degradation, ectopic expression of Siah1 in HeLa cells markedly suppressed the 

accumulation of ELL2 but not the other SEC subunits expressed from co-transfected 

plasmids (Fig. 3-3A). A reduction in the levels of co-expressed AFF1, and to a lesser 

degree, AFF4 was also detected, although this required the introduction of 4-times more 

Siah1 cDNA into cells (Fig. 3-3B). These results further underscore the notion that ELL2 

is Siah1’s primary and most sensitive target within SECs.  However, when Siah1 level is 
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high, AFF1 and AFF4, which function as scaffolding proteins in SECs, can also be 

targeted to further promote the destruction of SECs. 

 

The E3 ubiquitin ligase activity of Siah1 targets the ELL2 C-terminus for 

polyubiquitination and degradation 

 

The RING-domain E3 ubiquitin ligase enzymes, including Siah1, depend on their 

RING domains for promoting polyubiquitination and proteasomal degradation of their 

substrates (Deshaies et al. 2009).  The RING domain is known to interact with E2 

ubiquitin-conjugating enzymes (E2) and catalyze the transfer of ubiquitin molecules to 

the substrates.  Therefore, we asked whether Siah1 might require a functional RING 

domain to promote ELL2 degradation.  While wild-type (WT) Siah1 could efficiently 

induce ELL2 degradation, the catalytically inactive RING domain mutant C75S, which 

cannot bind E2, failed to induce ELL2 degradation (Fig. 3-3C).  

 

As for ELL2, its C-terminal region encompassing the last 109 amino acids 

(aa532-640) was shown to confer high sensitivity to Siah1-induced degradation (Fig. 3-

3D).  In contrast, the C-terminally truncated ELL2 (aa1-531) lacking this fragment was 

completely insensitive to Siah1 and remained stable.  In the ubiquitination assay, the C-

terminal 109 amino acids of ELL2 were found to be both necessary and sufficient for 

Siah1-mediated polyubiquitination of ELL2 (Fig. 3-3E).  Taken together, these data 

indicate that the E3 ubiquitin ligase activity associated with the RING domain of Siah1 

targets the ELL2 C-terminus for polyubiquitination and degradation. 

 

Siah1 directly polyubiquitinates ELL2 in vitro 

 

The above data presented so far have implicated a critical role for Siah1 in 

inducing ELL2 polyubiquination in vivo.  In order to establish a direct enzyme-substrate 

relationship between these two proteins, we performed in vitro ubiquitination reaction 

with all recombinant proteins.  Prominent polyubiqutination was observed only when 

UBA1 (E1), UbcH5c (E2) and Siah1 (E3) were all present in the same reaction (Fig. 3-

3F).  These results confirm ELL2 as a direct substrate of the Siah1 E3 ubiquitin ligase. 

 

Sequence variations in the RING domains of Siah1 and Siah2 prevent the latter 

from inducing ELL2 degradation 

 

Human Siah1 and Siah2 are homologous E3 proteins that display 69.8% sequence 

identity.   However, while Siah1 induces ELL2 degradation, Siah2 fails to induce ELL2 

degradation (Fig. 3-4A).  Since Siah1 and Siah2 similarly bind to ELL2, as shown by our 

in vivo binding experiments, we looked into the RING domain to determine whether the 

domain could be responsible for the functional difference between Siah1 and Siah2 

toward ELL2.  We aligned and compared the 36-amino acid sequence of the Siah1 and 

Siah 2 RING domains and identified two conserved and three non-conserved amino acid 

changes in the domain (Fig. 3-4B).  Since the three non-conserved amino acid changes 

result in the amino acids with very different chemical properties in Siah1 and Siah 2, we 

wanted to determine if any of these amino acids are responsible for the loss of Siah2’s 
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ability to induce ELL2 degradation.   We mutated the three amino acids in Siah2 to those 

found at the corresponding positions in Siah1.  Using WT ELL2 as a reference, changing 

only one residue at a time largely failed to induce ELL2 degradation by the altered Siah2 

(Fig. 3-4C). Quantification of the data suggests that changing Q106 to P was slightly 

better than the other two mutations A96S and N102S in this assay.  Based on this 

information, we created double and triple mutants that combined Q106P with A96S, 

N102S or both. Remarkably, these changes effectively converted Siah2 into an active 

enzyme for ELL2 degradation (Fig. 3-4C). Although the Siah1 and Siah2 RING domains 

share high sequence identity of 85.7%, the domain renders Siah1 very efficient in 

inducing ELL2 degradation but renders Siah2 inefficient in the reaction due to just two 

amino acid changes in its RING domain.  

 

Inhibition of HIV transcription by Siah2 mutants with altered RING domain 

 

As expected from Siah1’s ability to polyubiquitinate ELL2 and decrease the 

ELL2 level and SEC formation, ectopic expression of Siah1 in HeLa cells markedly 

inhibited the HIV LTR in a dose-dependent manner under both Tat (-) and (+) conditions 

(Fig. 3-4D). In contrast, expression of WT Siah2 was largely unable to inhibit the LTR 

(Fig. 3-4E). While the Siah2 mutants A96S, N102S, and Q106P, which harbored only a 

single altered amino acid in the RING domain, were only partially active in this assay 

(Q106P was once again slightly more active than the other two), the double or triple 

mutants that contained Q106P together with changes at other non-conserved positions 

were significantly more active in suppressing the viral LTR (Fig. 3-4E).  This result 

agrees well with the demonstrated effects of these Siah2 mutants on ELL2 stability as 

shown in Fig. 3-4C. 

 

The AFF4-ELL2 interaction stabilizes ELL2 through inhibiting ELL2 

polyubiquitination  

 

Our previously published data showed that the SEC component AFF4 can 

significantly increase the half-life of ELL2 to promote SEC formation (He et al. 

2010).  To determine how AFF4 stabilizes ELL2, we generated a mutant AFF4 

containing the deletion of amino acid residues 300-400 (MT AFF4).  In contrast to the 

wild-type AFF4 (WT AFF4), MT AFF4 fails to bind to ELL2 but has a normal 

interaction with P-TEFb (Fig 3-5A).  As shown by in vivo and in vitro ubiquitination 

assays, the presence of WT AFF4 efficiently inhibited the polyubiquitination of ELL2 

whereas MT AFF4 that is defective in ELL2-binding showed no effect on the 

polyubiquitination (Fig 3-5B, C).  Like AFF4, the homologous AFF1 protein also 

inhibited ELL2 polyubiquitination although with somewhat reduced efficiency (data not 

shown).  Consistent with its inhibition of ELL2 polyubiquitination, WT AFF4 caused 

more ELL2 to accumulate than MT AFF4 did in cells (Fig 3-5D). 

 

 

 

 



37 

 

The AFF4-ELL2 interaction sequesters ELL2 away from Siah1 thereby inhibiting 

Siah1 ubiquitination of ELL2 

 

To determine exactly how the AFF4-ELL2 interaction inhibits ELL2 

polyubiquitination by Siah1, we performed in vitro competition assays involving the 

immobilized HA-tagged Siah1 (HA-Siah1) on agarose beads and purified proteins ELL2, 

WT AFF4 and MT AFF4.  In the absence of AFF4, ELL2 bound readily to the 

immobilized Siah1 on beads, which is consistent with their substrate-enzyme relationship 

(Fig 3-5E).  However, when WT AFF4 was added to the binding reactions, ELL2-Siah1 

interaction was inhibited (Fig. 3-5E).   MT AFF4, which is unable to bind to ELL2, failed 

to inhibit the ELL2-Siah1 interaction but still had a normal interaction with Siah1 (Fig. 3-

5E).  The direct Siah1-WT AFF4 and Siah1-MT AFF4 interactions detected in the 

reactions are consistent with the reported binding of Siah1 to AFF1, which is highly 

homologous to AFF4 (56% overall similarity) whose region predicted to contact Siah1 is 

84% similar to that of AFF1.  Together, the in vivo and in vitro binding and 

ubiquitination assays utilizing WT and MT AFF4 indicate that AFF4 increases ELL2 

stability by binding to and sequestering ELL2 away from Siah1, thereby preventing 

ELL2 from being polyubiquitinated by Siah1.   

 

Chemical activators of HIV transcription induce sustained ELL2 accumulation and 

SEC formation but only transient disruption of 7SK snRNP 

 

Several chemical compounds are currently under active investigations for their 

potential to reactivate HIV-1 latency (Richman et al. 2009).   Because HMBA and 

prostratin are known to be efficient activators of HIV-1 transcription, we wanted to 

investigate whether they could promote the formation of SECs as well as Siah1-mediated 

ELL2 stability.  HMBA is a hybrid bipolar compound that is known to induce the release 

of P-TEFb from 7SK snRNP through Ca
2+

-calmodulin-PP2B signaling pathway (Chen et 

al., 2008).  Prostratin is a nontumorigenic phorbol ester that is known to activate NF-kB 

through the protein kinase C pathway (Richman et al., 2009).  Remarkably, despite their 

completely different structures and presumably different mechanisms of action, both 

drugs significantly increased the cellular level of ELL2 but not any of other SEC 

components in the time course experiments (Fig. 3-6A, B, left panels).  Both drugs also 

promoted the formation of SECs as indicated by the binding of more endogenous ELL2 

to the immunoprecipitated CDK9-F (Fig. 3-6A, B, right panels).  Notably, compared to 

ELL2, only a small amount of ELL1 was sequestered in SECs, and its cellular level was 

unaffected by the drug treatment (Fig. 3-6A, B).   

 

Prostratin and HMBA inhibit Siah1 expression and ELL2 polyubiquitination 

 

Interestingly, the time-course data show that HMBA and prostratin both cause 

transient release of P-TEFb from the 7SK snRNP.  The CDK9 inhibitor HEXIM1, a 

component of the 7SK snRNP, reassociated with P-TEFb within 3 hours after disruption 

of 7SK snRNP (Fig. 3-6A, B, right panels).  This transient 7SK snRNP disruption did not 

correlate well with the sustained activation of HIV-1 transcription in drug-treated latently 

infected cells (Vlach et al., 1993; Klichko et al., 2006).  Thus, it is likely that HMBA and 
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prostratin activate HIV-1 transcription primarily through promoting sustained ELL2 

accumulation and formation of ELL2-containing SECs, which has been shown to play a 

central role in activating HIV-1 transcription in vivo (He et al. 2010).  In light of the 

above demonstrations that Siah1 is a specific E3 ubiquitin ligase for ELL2, we also 

examined whether prostratin and HMBA could affect the expression of Siah1.  Indeed, 

both drugs decreased Siah1 expression at both protein and mRNA levels (Fig. 3-6C, 

D).  Moreover, they markedly suppressed ELL2 polyubiquitination (Fig. 3-6E).  Together, 

these results show an excellent correlation between the abilities of prostratin and HMBA 

to elevate the ELL2 level and their inhibition of Siah1 expression and polyubiquitination 

of ELL2. 

 

3.5 Discussion 

 

In this study, we showed that ELL2 is polyubiquitinated by Siah1, an E3 ligase 

that is a member of the seven in the absentia homolog (Siah) family.  Siah1 depletion and 

overexpression assays reveal that ELL2 is the primary target of Siah1 among all the 

known SEC components.  Among all the SEC components, ELL2 is the only protein 

whose stability is significantly enhanced when Siah1 is knocked down.  Siah1 targets 

AFF1 and AFF4 for degradation only when Siah1 is overexpressed at high levels.   In 

vitro polyubiquitination assays showed that Siah1 can directly polyubiquitinate ELL2.  

Furthermore, the scaffolding SEC subunit AFF4 (likely also AFF1) was demonstrated to 

protect ELL2 against proteasomal degradation.  Assays using a mutant AFF4 that cannot 

bind to ELL2 revealed that the AFF4-ELL2 interaction inhibits Siah1-mediated 

polyubiquitination of ELL2.  ELL2 unbound to AFF4 is efficiently polyubiquitinated by 

Siah1 and is degraded.  In contrast, ELL2 bound to AFF4 is sequestered away from Siah1 

and cannot be polyubiquitinated and degraded.  Together, these results give us a better 

understanding of how cellular ELL2 is maintained at low levels and how the formation of 

SEC is regulated under normal cell growth conditions, where Siah1 leads to degradation 

of ELL2 that is not in complex with AFF4, thereby preventing the formation of new 

ELL2-containing SECs.  Under certain growth conditions where Siah1 levels are 

significantly upregulated, the existing SECs will be destroyed through targeted 

degradation of not only ELL2 but also AFF1 and AFF4, which function as scaffolding 

proteins in SECs.  Hence, Siah1 controls cellular transcription elongation through 

targeting the SEC components ELL2, AFF1 and AFF4.  

 

Despite sharing high sequence identity with Siah1, Siah2 is ineffective in 

inducing ELL2 degradation in HeLa cells.  This lack of ability to promote ELL2 

degradation is not due to defective binding of Siah2 to ELL2.  Instead, it is due to the 

functional difference in the Siah2 RING domain whose two or three amino acids (Q106 

and A96/N102) are significantly divergent from those at the corresponding positions in 

Siah1.  The E3 RING domain is known to bind to E2 and catalyze the transfer of 

ubiquitins from E2s to the substrates.  Importantly, previous studies show that Siah1 and 

Siah2 use distinct E2s to catalyze polyubiquitination of their substrates.  Siah1 interacts 

with the members of the E2D (UbcH5) family of E2s (Matsuzawa et al., 2001; Dimitrova 

et al., 2010).  In contrast, Siah2 does not interact with UbcH5 but binds specifically to the 

E2 enzyme UbcH8 (Wheeler et al,. 2002).  UbcH8 is abundant in neural cells but 
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virtually absent in HeLa and 293T cells (Chin et al., 2002).  In fact, HeLa cells were used 

in this study to examine the effects of the wild-type and mutant Siah2 on ELL2 stability.  

Thus, it is possible that the mutation of the amino acids in Siah2 (Q106P/A96S, 

Q106P/N102S, and, Q106P/A96S/N102S) convert Siah2 into a Siah1-like enzyme that is 

able to interact and utilize UbcH5 in HeLa cells to induce ELL2 degradation.   It will be 

interesting to test if Siah2 with the mutated RING domain interacts with UbcH5 but not 

UbcH8.  Such experiments will give us insight into the differential functions of Siah1 and 

Siah2 with ELL2 in HeLa cells and also in other cell types. 

 

Time-course experiments show that the two well-known chemical activators of 

HIV-1, prostratin and HMBA, induce sustained accumulation of ELL2, despite their 

different chemical structures and reportedly distinct mechanism of cellular actions. 

Quantitative PCR assays indicate that these compounds are likely to elevate the ELL2 

level through downregulating mRNA and protein levels of Siah1.  Interestingly, 

prostratin and HMBA not only promote ELL2 accumulation but also cause the transient 

disruption of 7SK snRNP, which temporarily releases P-TEFb from the inactive complex.   

Since these two drugs produce a long-lasting effect on HIV-1 transcription and 

replication, their effect on ELL2 stability rather than 7SK snRNP is likely to be the 

predominant mechanism by which the drugs activate HIV-1 transcription.  In summary, 

the link of the ubiquitination/proteasome pathway to SEC formation and SEC-dependent 

HIV transcription will provide valuable information for improving and developing 

strategies aimed at activating and eradicating HIV-1.  One of the strategies would be 

developing drugs that can efficiently promote the formation of SECs, which have been 

shown to be a central mechanism by which HIV-1 transcription is controlled. 
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Chapter 3 figures 

 

Figure 3-1 

 
 

Fig. 3-1. ELL2 but not the homologous ELL1 is a polyubiquitinated protein. A. 

HeLa cells were transfected with constructs expressing Flag-tagged ELL2 (ELL2-F) 

or/and Histidine-tagged ubiquitin (His-Ub) as indicated. Whole cell extracts (WCE) were 

prepared and subjected to analysis by Western blotting (WB) for the presence of the 

indicated proteins (left panel) or precipitation with Ni
2+

-NTA beads to pull down (PD) 

His-Ub, whose covalently bound ELL2-F was detected by anti-Flag WB (right panel). B. 

WCE were prepared from HeLa cells transfected with the indicated expression constructs 

and analyzed by WB directly (bottom panels) or anti-Flag immunoprecipitation [20], 

which was followed by WB with anti-Ub antibody (top panel).  ELL2-F(Ub)n and ELL1-

F(Ub)1 indicate polyubiquitinated ELL2 and monoubiquitinated ELL1,respectively. 

 

 

 

 

 

 

 

 

 

 



41 

 

Figure 3-2  

 

 
 

Fig. 3-2. Siah1 depletion suppresses ELL2 polyubiquitination and promotes ELL2 

stability, SEC formation and SEC-dependent HIV-1 transcription. A. The HA-Siah1 

expression plasmid was co-transfected into HeLa cells with an empty vector (ctrl) or 

plasmids expressing the indicated shRNAs targeting Siah1. HA-Siah1 and α-tubulin 

present in cell lysates were examined by Western blotting. B. Whole cell lysates (WCE) 

of cells expressing the indicated shSian1 sequences were analyzed by Western Blotting 

(WB) for the indicated proteins. C. WCE as examined in B were subjected to 

immunoprecipitation with either anti-CDK9 Ab or total rabbit (ctl.) IgG and the 

immunoprecipitates [20] were analyzed by WB for the indicated proteins. D. 

Polyubiquitinated ELL2 (ELL2(Ub)n) as well as total ELL2 present in WCE of cells 

expressing the indicated shSiah1 sequences were isolated and examined as in Fig. 1A. E. 

Luciferase activities were measured in extracts of cells co-transfected with the indicated 

shSiah1-expressing constructs, the HIV-1 LTR-luciferase reporter gene, and a vector 

expressing Tat or nothing. The activity in cells expressing the non-effective shSiah1 #3 

but not Tat was set to 1.  The error bars represent mean +/- SD. 
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Figure 3-3 

 

 
 

Fig. 3-3. AFF1 and AFF4 are less susceptible than ELL2 to degradation induced by 

Siah1, which targets the ELL2 C-terminal region and directly polyubiquitinates 

ELL2 in vitro. A.& B. HeLa cells were transfected with (+) or without (-) the indicated 

expression constructs and whole cell lysates (WCE) were examined by Western blotting 

(WB) with the indicated antibodies. The HA-Siah1 construct was transfected in 3-fold 

increment in B. C. HeLa cells were transfected with plasmids expressing either WT or the 

C75S mutant HA-Siah1 and then treated with (+) or without (-) MG132. WCE were 

examined by WB for the indicated proteins. D. WCE of transfected cells were analyzed 

by WB as in A. E. HeLa cells were transfected with constructs expressing WT or 

truncated ELL2-F and His-Ub as indicated. WCE as well as polyubiquitinated ELL2 

isolated from WCE by Ni
2+

-NTA pull down (PD) were analyzed by anti-Flag WB as in 
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Fig. 1A. E. In vitro polyubiquitination reactions containing the indicated components 

were performed and the 35S-labeled ELL2 proteins were detected by autoradiography. 

 

Figure 3-4  
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Fig. 3-4. Sequence variations in the RING domains of Siah1 and Siah2 prevent the 

latter from inducing ELL2 degradation and inhibiting HIV transcription. A. HeLa 

cells were transfected with plasmids expressing either HA-Siah1 or HA-Siah2 and then 

treated with (+) or without (-) MG132. WCE were examined by WB for presence of the 

indicated proteins. B. Sequence alignment of the RING domains of Siah1 and Siah2, with 

the amino acid differences highlighted. C. WCE of cells co-transfected with the indicated 

plasmids were examined by WB for the indicated proteins. The HA-Siah1/2 constructs 

were introduced in 4-fold increment. D. Luciferase activities were measured in extracts of 

cells co-transfected with the HA-Siah1-expressing plasmid (in 3-fold increment), the 

HIV-1 LTR-luciferase reporter gene, and a vector expressing Tat or nothing. The activity 

in cells expressing neither HA-Siah1 nor Tat was set to 1. The error bars represent mean 

+/- SD. E. Cells were transfected with the indicated WT or mutant HA-Siah2 constructs 

in 3-fold increment and luciferase activities were examined as in D. 
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Figure 3-5 
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Fig. 3-5. The AFF4-ELL2 interaction sequesters ELL2 away from Siah1 to inhibit 

Siah1-induced polyubiquitination and degradation of ELL2. A. Anti-Flag 

immunoprecipitates derived from nuclear extracts of HeLa cells transfectd with the 

indicated F-AFF4 expression plasmids were analyzed by Western blotting (WB) for 

presence of the indicated proteins. B. Cells were transfected with the various expression 

plasmids as indicated at the top. Whole cell extracts (WCE) as well as His-Ub and the 

covalently bound ELL2-HA isolated from WCE by Ni
2+

-NTA pull down (PD) were 

examined by WB for the indicated proteins. C. In vitro ubiquitination reactions were 

performed with the indicated components. The 35S-labeled ELL2 proteins were detected 

by autoradiography. D. Cells were co-transfected with a constant amount of the plasmid 

producing ELL2-HA and the plasmid expressing WT F-AFF4, the Δ300-400 mutant or 

nothing. Nuclear extracts (NE) were prepared and analyzed by WB for the indicated 

proteins. E. In vitro binding reactions contained constant amounts of HA-Siah1 

immobilized on anti-HA beads and ELL2-F in solution. WT or Δ300-400 F-AFF4 were 

either not added (-) or added (+) in 3-fold increment into the binding reactions. The 

bound and input proteins were examined by Western blotting as indicated. The diagram 

on the right depicts the likely scenarios as encountered in the indicated reactions. 
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Figure 3-6 

 

 
 

Fig. 3-6. Activators of HIV-1 transcriptional promote ELL2 accumulation and SEC 

formation through inhibiting Siah1 expression and ELL2 polyubiquitination. A. & 

B. F1C2 cells stably expressing CDK9-F were treated with prostratin (A) or HMBA (B) 

for the indicated periods of time. Nuclear extracts (NE) and anti-Flag immunoprecipitates 

derived from NEs were analyzed by Western blotting (WB) for the indicated proteins. C. 
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Siah1 protein isolated from HeLa cells treated with the indicated compounds was 

analyzed by WB. D. The Siah1 mRNA levels in comparison to those of the GAPDH gene 

were determined by qRT-PCR, with the ratio obtained in cells treated with DMSO set to 

100%. The error bars represent mean +/- SD. E. HeLa cells expressing His-Ub or not 

were treated with the indicated chemicals for 6 hrs. Whole cell extracts (WCE) as well as 

His-Ub and the covalently bound ELL2 isolated by Ni
2+

-NTA pull down (PD) were 

analyzed by WB for the indicated proteins. 
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Chapter 4 

 

Conclusion 
 

 

4.1 Discussion 

 

Figure 4-1 

 

 
 

Tat recruits SEC containing two distinct classes of elongation factors P-TEFb and 

ELL1/2 to the HIV-1 LTR to synergistically activate viral transcription by Pol II.   

 

 

Since human cyclin T1 (CycT1) was identified as the subunit of the positive 

transcription elongation factor b (P-TEFb) and the host cofactor for the HIV-1 

transactivator Tat thirteen years ago, a number of studies have brought new insights into 

the regulation of HIV-1 transcription.  To activate HIV-1 transcription, Tat recruits P-

TEFb to the promoter through binding CycT1 of P-TEFb and the transactivation response 

(TAR) element, a highly conserved RNA stem-loop structure that forms at the 5′ ends of 

nascent viral transcripts.  P-TEFb then stimulates the transition of Pol II from pausing to 

productive elongation, allowing Pol II to resume elongation and produce full-length viral 

transcripts.   Here, I show that our recent discovery of a new set of related cellular P-

TEFb complexes adds a new dimension to this concept of HIV-1 transcription elongation 

regulation (Fig 4-1).   

 

As described in Chapter 2, we identified new Tat-associated cellular factors that 

form a set of related complexes, known as the Super Elongation Complexes (SECs), 

through employing sequential immunoprecipitations and mass spectrometry.  Each SEC 

contains two classes of elongation factors, P-TEFb and ELL1/2, which are sequestered by 

the essential scaffolding protein AFF1/4.   We now can picture that during HIV-1 

transcription elongation, SECs are recruited by Tat to the HIV-1 promoter, where the 

elongation factors P-TEFb and ELL2 act on the same polymerase.  While P-TEFb 

relieves a block to elongation by phosphorylating the Pol II CTD and negative elongation 
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factors NELF and DSIF, ELL2 promotes elongation by keeping the 3’OH end of the 

nascent mRNA in alignment with the catalytic site of Pol II.   Tat and AFF4 function not 

only to recruit the P-TEFb-ELL2 complex to the HIV-1 LTR but also to increase the half-

life of ELL2, leading to sequestration of more ELL2 in P-TEFb-containing complexes.   

Due to the increased amounts of ELL2-P-TEFb-containing complexes, HIV-1 

transcription is significantly enhanced in the presence of Tat or AFF4.   Thus, Tat acts as 

a powerful transactivator by associating with and recruiting this AFF4-mediated 

bifunctional elongation complex to the HIV-1 LTR.  As described in Chapter 3, we 

identified that ELL2 is a polyubiquitinated protein and Siah1 is an E3 ubiquitin ligase for 

ELL2 polyubiquitination.   Knockdown of Siah1 significantly enhances the formation of 

ELL2-containing SECs and HIV-1 transcription.  In addition, AFF4 is shown to stabilize 

ELL2 through suppressing ELL2 polyubiquitination by Siah1.  Siah1 cannot access to 

and target ELL2 for polyuniquitination/degradation when ELL2 is being bound to AFF4. 

This work reveals that Siah1 is involved in regulation the formation of SECs and HIV-1 

transcription.   The well-known chemical activators of latent HIV-1, prostratin and 

HMBA, are found to promote sustained ELL2 accumulation and formation of SECs.  

Together, these data show that SECs play a central role in stimulating HIV-1 

transcription and replication. 

 

Similar to AFF4, the HIV Tat protein also markedly increases the half-life of 

ELL2.  However, unlike AFF4, Tat does not appear to increase ELL2 stability by 

suppressing ELL2 polyubiquitination (data not shown).  It is possible that Tat acts on a 

step downstream of Siah1-mediated polyubiquitination of ELL2 to directly suppress 

proteasomal degradation of ELL2.  Consistent with this notion, Tat has been shown to 

directly bind to the β subunits of the constitutive 20S proteasome thereby inhibiting the 

proteolytic activity of the proteasome in cells (Apcher et al., 2003).  An alternative 

possible mechanism to explain how Tat mediates ELL2 stabilization involves Tat-

induced phosphorylation of ELL2.  As shown in our pulse-chase assays, while the AFF4-

promoted stabilization of ELL2 does not appear to cause any significant increase in ELL2 

phosphorylation, the Tat-dependent process does (He et al., 2010).   The P-TEFb kinase 

activity could be involved either directly or indirectly in this process.  The Tat-induced 

ELL2 phosphorylation might stabilize ELL2 through a yet-to-be-determined mechanism 

that bypasses the ubiquitination-proteasome pathway.  Identifying such mechanisms 

could inspire us to find new strategies to activate HIV-1 transcription in latently infected 

cells.  

 

How are SECs recruited to Pol II on the HIV-1 LTR when Tat is not present in 

cells?  Our other recent data show that the two other SEC components, ENL and AF9, 

directly interact with the Polymerase-Associated Factor complex (PAFc), which is known 

to interact with Pol II during elongation (He et al., 2011).  Thus, it can be speculated that 

PAFc recruits SECs to Pol II when Tat is not expressed in cells.   A recent work indicates 

that SECs can also be recruited to cellular promoters through binding to MED26 of the 

Mediator Complex, which interacts with the elongating Pol II (Takahashi et al., 2011).  

These events could happen soon after P-TEFb dissociates from Brd4 and interacts with 

SEC components, which are subsequently recruited to the paused Pol II by PAFc and 

Mediator.  These recent studies could explain why increasing formation of SECs can lead 
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to efficient activation of HIV-1 transcription in the absence of Tat or before Tat is 

synthesized.   It has been recently reported that SECs are critical not only for HIV-1 

transcription but also for the rapid induction of genes in ES cells that contain paused Pol 

II in response to environmental stimuli/developmental signals (Lin et al., 2011). 

 

4.2 Future perspectives 

 

Although there are unanswered questions during the course of my research, my 

work reveals the clear link between the ubiquitination/proteasome pathway and SEC 

formation.  We can apply this information to develop new strategies for eradicating latent 

HIV-1 infection.  For example, we can develop drugs that can promote ELL2 stability 

and the formation of ELL2-containing SECs.  These drugs could be chemical compounds 

or protein peptides that directly target Siah1 to inhibit its ligase activity (e.g. vitamin K3 

known to inhibit Siah2 and protein peptides from phyllopod and Dab1) or target ELL2 to 

suppress its polyubiquitination (e.g. protein peptides from AFF1 and AFF4) (Shah et al., 

2009; Moller et al., 2009; Park et al., 2003).  Then, we can carry out in vivo experiments 

to test whether these drugs have the ability to increase the formation of SECs and activate 

HIV-1 replication in latently infected cells.  The next few years will reveal whether the 

Siah1-dependent ubiquitination/proteolysis pathway could merit consideration as a new 

avenue for developing strategies to control transcriptional elongation implicated in 

HIV/AIDS.  However, there is potential danger of this approach to treating HIV-1 

infected patients clinically.  Activation of latent HIV-1 not only makes it available to the 

immune system but also increases the likelihood of additional cells being infected.   Thus, 

my proposed treatments of HIV-1 latency will require a delicate balance to prevent 

additional patient cells from becoming infected reservoirs for the virus. 
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