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 Alternative splicing is critical to many cellular functions and appears to be 

primarily regulated through co-transcriptional mechanisms, where spliced-transcript 

identity is determined during transcriptional elongation. For HIV-1, alternative 
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splicing is essential since the viral genome encodes multiple overlapping reading 

frames. Using quantitative single-cell imaging, we find that HIV-1 splicing is not co-

transcriptionally regulated. Strikingly, HIV-1 mRNA appears to be spliced post-

transcriptionally in a serial cascade. We propose a sensitive new assay to detect in vivo 

post-transcriptional splicing. The assay result shows that HIV-1 mRNA does not 

require transcription for spliceosome assembly. This serial splicing cascade appears 

crucial for the HIV-1 Rev negative-feedback circuit and in agreement with 

mathematical models. We experimentally verify the counter-intuitive prediction that 

Rev over-expression leads to reduced HIV-1 p24 expression. Serial post-

transcriptional splicing may provide a novel target for antivirals and, more generally, 

an alternate gene-regulatory mechanism. 
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CHAPTER 1: INTRODUCTION 

In eukaryotic cells, splicing is a general mechanism for pre-mRNA processing. 

Accumulating evidence suggests that the vast majority of pre-mRNA is spliced co-

transcriptionally (Ameur et al., 2011; Carrillo Oesterreich et al., 2010; Girard et al., 

2012; Khodor et al., 2011) (Figure 1), despite post-transcriptional introns being more 

enriched in alternative splicing (Khodor et al., 2012). While our understanding of the 

co-transcriptional splicing mechanism remains incomplete, splicing factors are 

recruited onto the polyphosphorylated C-terminal domain (CTD) of RNA polymerase 

II (RNAPII) during transcriptional elongation and subsequently facilitate loading of 

the spliceosome onto the elongating polymerase (David and Manley, 2011; Hsin and 

Manley, 2012; Martins et al., 2011). Despite this co-transcriptional recruitment of 

splicing factors, the splicing reaction is not necessarily an obligate co-transcriptional 

process (Listerman et al., 2006; Tardiff et al., 2006). A kinetic competition between 

the rates of transcriptional elongation and splicing may play a major role in 

determining if pre-mRNA splicing proceeds co-transcriptionally or post-

transcriptionally (Braunschweig et al., 2013; Carrillo Oesterreich et al., 2011; 

Kornblihtt et al., 2013); transcriptional pausing is directly associated with co-

transcriptional splicing (Alexander et al., 2010; Carrillo Oesterreich et al., 2010; 

Vargas et al., 2011). Determining the molecular mechanisms of splicing could lead to 

the identification of new classes of therapeutic targets. 
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Viruses, in particular, appear to exploit alternative splicing as a common 

strategy. Diverse viruses, including adenovirus (Davison et al., 2003), simian 

vacuolating virus 40 (SV40) (Butel and Lednicky, 1999), influenza virus (Lamb and 

Horvath, 1991), human cytomegalovirus (hCMV) (Fields et al., 2007; Karn and 

Stoltzfus, 2012), and human immunodeficiency virus type 1 (HIV-1) (Karn and 

Stoltzfus, 2012), utilize splicing to express their genetic programs. One obvious 

benefit of alternative splicing in viruses is that it increases the capacity of a small 

genome to encode multiple open reading frames (ORFs). For example, in HIV-1, nine 

genes are encoded on different reading frames in a ~9-kb-long genome, with the 

expression of each gene requiring splicing at a specific pattern of alternate splice 

donor-acceptor pairs. Nascent pre-mRNA transcripts are alternatively spliced into 

three classes of variants based on length: an ~9-kb long unspliced (US) class, ~4-kb 

long singly spliced (SS) class, and a ~2-kb long multiply spliced (MS) class (Figure 

2). The splicing mechanism of HIV-1 pre-mRNA is thought to be co-transcriptional 

(Bohne and Krausslich, 2004; Fong and Zhou, 2001; Jablonski et al., 2010; Zhang et 

al., 1996). The pre-mRNA splicing of HIV-1 is coupled with transcription through 

human transcription elongation factor Tat-SF1. The complex of Tat-SF1 and U small 

nuclear ribonucleoproteins (U snRNPs) is reported to stimulate splicing in vitro, 

suggesting HIV-1 pre-mRNA splicing to be co-transcriptional (Fong and Zhou, 2001).  

Despite the obvious benefit of alternative splicing, it also carries a cost, 

especially for viruses with RNA genomes: unspliced RNAs (i.e., full-length genomic 

transcripts) tend to be retained in the nucleus and nuclear export of these unspliced 
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genomic RNAs is far less efficient that spliced RNAs (i.e., sub-genomic transcripts) 

(Luo and Reed, 1999; Valencia et al., 2008). For example, HIV-1 requires that its 

unspliced RNA be exported to the cytoplasm for production of viral capsid and other 

structural proteins, and also so that genomic RNA can be packaged into progeny 

viruses. To overcome the RNA export problem, HIV-1 exploits the cellular RNA 

nuclear machinery using the viral Rev protein. Rev is a regulatory gene encoded on 

MS RNA, which homomultimerizes and binds to an RNA element, the Rev-

responsive element (RRE), residing in the intron region of US and SS RNA to export 

US and SS RNA to the cytoplasm (Brice et al., 1999; Cook et al., 1991; Daelemans et 

al., 2004; Daugherty et al., 2010; Jain and Belasco, 2001; Malim and Cullen, 1991). 

Rev further interacts with the cellular export receptor I (CRM1) and facilitates the 

nuclear export of intron-containing RNA (Fornerod et al., 1997; Fukuda et al., 1997; 

Ossareh-Nazari et al., 1997), enabling the virus to express structure genes on the 

intron-containing mRNA, such as Env, Gag, and Pol, and also transport the unspliced 

genomic RNA into cytoplasm to be packed into progeny virions. As a consequence, 

Rev is required for HIV-1 replication (Figure 3).  

Interestingly, this export of unspliced RNAs by Rev has been implicated in the 

formation of a negative-feedback loop. (Felber et al., 1990; Felber et al., 1989; Kim 

and Yin, 2005; Malim et al., 1988). The negative feedback is the result of a precursor-

product relationship where US and SS RNA serve as templates for MS RNA. When 

Rev begins to deplete nuclear US and SS RNA by export, the level of MS RNA begins 

to decrease, thereby reducing the expression of Rev and the export capacity. Critically, 
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the negative-feedback model (Figure 5) and the conventional co-transcriptional 

splicing model (Figure 4) where the identity of an RNA (US, SS, or MS) is fixed 

during transcriptional elongation do not appear compatible.  

To address this question, here we examine if the combinatorial effects of post-

transcriptional splicing cascade and Rev RNA nuclear export generate negative 

feedback regulation or if HIV-1 pre-mRNA is spliced co-transcriptionally. An array of 

single-cell imaging approaches and a new assay, Splicing After Transfection of 

Unspliced pre-mRNA into Nucleus (SATURN), demonstrate that HIV-1 splicing 

occurs post-transcriptionally in vivo and is critical for maintaining Rev negative 

feedback. This finding provides novel insights into the development of new antiviral 

strategies, and more fundamentally, the eukaryotic splicing mechanisms.  
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Figure 1. Splicing is co-transcriptional and functionally coupled to transcription. 
The canonical biogenesis of eukaryotic mRNA has five steps. The 5' end of nascent RNA transcript is 
chemically modified (capped) during the initiation of transcription (step 1). Later hnRNA proteins are 
recruited to the C-terminal domain (CTD) of the elongating polymerase II, and then the intron is spliced 
upon transcription (steps 2 and 3). Last, 3' end is transcribed and polyadenylated (polyA-tailed) (step 4), 
and then the matured, processed mRNA is exported into the cytoplasm (step 5). (Figure courtesy of 
http://www.nobelprize.org/ )  
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Figure 2. Genome structure of HIV-1 and its splicing variants. 
The HIV-1 LTR (long terminal repeat) promoter drives the expression of nine genes encoded in 
different reading frames. Three classes of splicing variants are made from the provirus: 2-kb multiply 
spliced (MS) mRNA, 4-kb singly spliced (SS) mRNA, and 9-kb unspliced (US) mRNA. Figure 
courtesy of Jacquenet et al. (Jacquenet et al., 2005) 
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Figure 3. Rev/RRE-dependent RNA nuclear export is required for viral 
replication. 
In the early phase of HIV-1 replication, Rev is expressed from the MS mRNA and shuttled into the 
nucleus to interact with the RRE, residing on 4-kb SS and 9-kb US mRNA. The Rev/RRE complex 
recruits CRM1 nuclear export machinery to translocate incompletely spliced RNA into the cytoplasm 
and enable downstream events of viral replication. Figure courtesy of Wikipedia ( 
http://en.m.wikipedia.org/wiki/File:HIV_REV_RRE_FUNCTION.png ) 
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Figure 4. Alternate hypothesis 1: Co-transcriptional splicing can not generate 
feedback regulation on HIV-1 gene expression.  
(A) In the ‘co-transcriptional splicing’ model, unspliced RNA (US), singly spliced (SS) RNA, and 
multiply spliced (MS) RNA are transcribed and spliced co-transcriptionally. As a result, the production 
of MS RNA is not dependent on any incompletely spliced forms of RNA, since pre-mRNA fate is 
determined during transcription. Tat, Nef, and Rev are translated from MS RNA. Rev facilitates the 
nuclear export of US and SS intron-containing RNA that is released after transcription. (B) Because the 
level of MS RNA is not dependent on the incompletely spliced RNA, when Rev starts to remove intron-
containing US and SS RNA from nucleus, it does not affect the production of MS RNA, and thus no 
feedback regulation occurs. 

  

A   

B 
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Figure 5. Alternate hypothesis 2: Post-transcriptional splicing cascade establishes 
negative-feedback regulation on HIV-1 gene expression. 
(A) In the ‘post-transcriptional splicing cascade’ model, US RNA is transcribed from the proviral DNA 
template. SS RNA is spliced from US RNA post-transcriptionally, and further spliced into MS RNA. 
As a result, the production of spliced RNA is dependent on the previous incompletely spliced forms of 
RNA. (B) The production of MS RNA is dependent on incompletely spliced RNA. When Rev-mediated 
RNA nuclear export starts, the level of nuclear incompletely spliced RNA drops, and thus reduces the 
production of MS RNA. Ultimately the production of Rev decreases, generating negative feedback.  

A   

B 
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CHAPTER 2: POST-TRANSCRIPTIONAL SPLICING CASCADE IS REQUIRED 

TO GENERATE THE REV NEGATIVE FEEDBACK 

Abstract 

 In this chapter, mathematical models representing the proposed co-

transcriptional versus post-transcriptional splicing are described in detail. We tested 

the models against experimentally derived single-cell fluorescent time-lapse 

microscopy trajectories of viral gene-expression. Single-cell trajectories of HIV-1 

gene expression in diverse cell types display the canonical “overshoot” feature of 

negative feedback. We further examine the properties of this overshoot and negative 

feedback via trajectory slope analysis and noise analysis. The results demonstrate that 

Rev-dependent RNA nuclear export establishes negative feedback regulation in HIV-1 

gene expression.   
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Materials and Methods 

Cloning 

Lentiviral vector Ld2G, Ld2GT, dHIV-d2G and HIV-d2G were created as 

described (Razooky et al., 2012a). To create the mCherry-RRE lentiviral vector, 

BamHI-IRES2 fragment was PCR amplified and fused to mCherry (Clonetech)-XbaI 

PCR fragment. The BamHI/XbaI IRES2-mCherry PCR fusion fragment was inserted 

into the BamHI/XbaI restriction digested backbone of pNL-GFP-RRE (Wu et al., 

2007b). For primer sequences, see Table 1 in the Appendix 2-1. 

Cell Culture and Cell Lines 

VSV-G pseudo-typed mCherry-RRE, Ld2G, Ld2GIT, HIVΔ-d2G and HIV-

d2G lentiviruses were made and packaged in 293FT cells as described (Jordan et al., 

2003; Weinberger et al., 2005). Isoclonal and polyclonal Jurkat populations were 

developed by infecting cells with mCherry-RRE, Ld2G, Ld2GIT, dHIV-d2G or HIV-

d2G lentivirus at a low MOI and performing single-cell and bulk sorting as described 

(Jordan et al., 2003; Weinberger et al., 2005). Jurkat cells were cultured in RPMI-1640 

medium + L-glutamine, 10% FBS, and 1% PenStrep at 37°C, 5% CO2, in humidified 

conditions at between 2 × 105 to 2 × 106 cells/mL. To activate HIV-1 transduced 

Jurkat cells, 10 ng/mL TNF-α (Sigma) or 400 nM TSA (Sigma) was added into the 

culture. To inhibit the CRM1 nuclear export, 0.3 ng/mL Leptomycin B (Sigma) was 

added to TNF-α-treated cultures. Primary CD4+ T lymphocytes were isolated from 

peripheral blood, activated and infected as described (Razooky et al., 2012b). Primary 
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CD4+ T lymphocytes were cultured in RPMI 1640 + L-glutamine, 10% FBS, and 1% 

PenStrep at 37°C, 5% CO2, in humidified conditions at between 1 × 106 to 5 × 106 

cells/mL. Positively selected CD14+CD4+ primary monocytes were isolated from 

buffy coats of healthy donors (Roan et al., 2009) as generous gifts from Dr. Warner 

Greene. Primary monocytes were cultured at 5 × 105 cells/mL in DC medium (RPMI-

1640 medium with 10% FBS, 1% PenStrep, 2 mM L-glutamine, and 1 mM sodium 

pyruvate) (Ramos et al., 2011). To induce the differentiation, 1000 U/mL human GM-

CSF (Peprotech) was added to CD14+CD4+ primary monocytes culture every 2 or 3 

days post isolation (Ramos et al., 2011). Fully differentiated primary monocyte-

derived macrophages (primary MDMs) were used for imaging purpose at day 10 post 

isolation. 

Infection and Imaging 

Live-cell imaging of Jurkat cells was performed in humidified conditions at 

37$°C and 5% CO2 for 12–24 h with a 40X (1.3 N.A.) oil-immersion objective on an 

Zeiss Observer Z1 microscope equipped with 488-nm laser as described (Dar et al., 

2012). Activation, infection, and imaging of primary CD4+ T lymphocytes were 

performed as described in a microdevice (Razooky et al., 2012b). Infection and 

imaging of primary MDMs was performed by differentiating ~200,000 primary 

monocytes (see above) in 8-well chambered cover-glass dish (Nunc Lab-Tek 

#155411). On day 10 post isolation, GM-CSF was washed off with cold DC medium. 

Cells were pre-chilled to 4 °C, and a high titer (MOI > 10) of HIV-d2G lentivirus was 

added on ice for 30 minutes to synchronize infection. Infected primary MDMs were 
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imaged in humidified conditions at 37$°C and 5% CO2 for 72~100 h with a 20X/0.8 

APO air objective on a Zeiss Observer Z1 microscope. Jurkat and primary CD4+ T 

lymphocyte images were segmented as described using a custom MATLAB code (Dar 

et al., 2012; Razooky et al., 2012b). Single-cell trajectories of infected primary MDMs 

were manually tracked and calculated using in-house MATLAB code (available upon 

request). The general trend lines shown in Figure 8–11, and 13–14 were obtained by 

synchronizing the initial GFP rise of each single-cell trajectory in silico. 

Mathematical Modeling and Computational Analysis 

Ordinary differential equation (ODE) models were constructed and simulated 

using Berkeley Madonna (http://www.berkeleymadonna.com/) and MATLAB. For 

details, see Appendix 2-2. General trend lines obtained from microscopic experiments 

were fit using Berkeley Madonna. Slope analysis and noise analysis of trajectories 

were performed with MATLAB.  
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Results and Discussion 

Two scenarios of HIV-1 gene expression were proposed. In the first, if viral 

nascent mRNA is co-transcriptionally transcribed, the production of SS and MS RNA 

is not dependent on the nuclear levels of their precursor forms (i.e., US and SS RNA) 

(Figure 4A in Chapter 2). Consequently, Rev-mediated RNA nuclear export will not 

affect the processing of HIV-1 pre-mRNA (Figure 4B in Chapter 2). We first 

examined a simplified ODE model adopted from a previously proposed model (Kim 

and Yin, 2005) (Appendix 2-2) and predicted that the dynamics of gene products from 

MS RNA rises after activation and eventually reaches steady state (Figure 6A).  

In the second scenario, HIV-1 pre-mRNA undergoes post-transcriptional 

splicing, and the production of MS RNA is dependent on the precursor US and SS 

RNA levels (Figure 5A in Chapter 2). Therefore, Rev-mediated RNA nuclear export 

causes decreased production of MS RNA, which leads to a reduction in Rev levels, 

resulting in negative-feedback control (Figure 5B in Chapter 2). Mathematical models 

(Appendix 2-2) predict that the dynamics of gene products of short transcripts (MS 

RNA) will exhibit the canonical “overshoot” feature of negative feedback (Figure 6B) 

(Alon, 2007). 

HIV-1 Gene Expression Exhibits Rev Negative-Feedback Regulation in 

Diverse Cell Types 

To investigate which mechanism HIV-1 utilizes, we used single-cell time-lapse 

fluorescent microscopy to examine the expression dynamics of HIV-1 infected cells. 



 

  

15 

Latently infected Jurkat cells transduced with HIV-d2G construct, a full-length HIV-1 

carrying 2-hour half-life destabilized GFP (d2GFP or d2G) replacing Nef reading 

frame (Figure 7A), were stimulated with TNF-α.! The! single8cell! expression!

trajectories display the overshoot-turnover trajectory (Figure 8). The averaged single-

cell trajectory (n=67) indicates the expression dynamics follow the post-transcriptional 

splicing model (Figure 5).  

We were next interested in what was minimally sufficient to generate the 

overshoot behavior. To test this, we examined the expression dynamics of Jurkat cells 

transduced with various HIV-1 constructs. The first simply encodes the HIV promoter 

driving the expression of a destabilized GFP reporter, LTR-d2G (Ld2G) (Figure 7D). 

The second construct, LTR-d2G-Tat (Ld2GT), only encodes for a well-characterized 

Tat positive-feedback loop (Weinberger et al., 2005; Weinberger and Shenk, 2007) 

(Figure 7C). The third construct, dHIV-d2G (Figure 7B), is a truncated version of 

HIV-1, which consists of LTR-Tat/Rev/Env/d2G (Pearson et al., 2008; Razooky et al., 

2012a). The same imaging experiments were performed, and the results are shown in 

Figures 9, 10, and 11.  

Comparing the general trajectories of Ld2G, Ld2GT, dHIV-d2G, and HIV-

d2G, we find that the Tat/Rev/Env cassette is sufficient to produce the overshoot 

trajectories (Figure 11). The LTR promoter itself (Figure 9) or Tat positive feedback 

(Figure 10) can not produce the overshoot trajectories displayed in dHIV-d2G (Figure 

11) or HIV-d2G (Figure 8) trajectories. 
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We next tested if the overshoot dynamics is due to the silencing of promoter 

activity (Pearson et al., 2008; Tyagi et al., 2010). The promoter was chronically 

exposed to TNF-α,!and!then!boosted!with!either!TNF8α!or!TSA 12 hours after the 

first TNF-α addition (Figure 12). If silencing was the cause of the overshoot, the 

second TNF-α! or! TSA addition would re-activate expression and rescue the GFP 

decay. The results showed that the GFP turnover feature is not affected by the second 

reactivation. Collectively, this indicates that the overshoot trajectory is an intrinsic 

feature of HIV gene regulation.  

Finally, we determined if viral expression dynamics exhibit the same profile 

observed in Jurkat cell lines in natural host cells. CD34 pre-activated primary CD4+ T 

cells and primary monocyte-derived-macrophages (MDMs) were infected with VSV-

G pseudo-typed HIV-d2G virus. Corroborating our previous findings, the expression 

dynamics in primary cells display the typical overshoot (Figure 13 and 14). Oscillating 

trajectories, the hallmark feature of negative feedback, were also observed in HIV-

d2G and dHIV-d2G cells (Figure 15), but not Ld2G or Ld2GT cells. This highlights 

the existence of negative-feedback regulation only in HIV-1 constructs encoding for 

Rev. 

Negative Feedback Is Generated by Rev-Dependent Nuclear Export of 

Unspliced RNA 

To further examine the relationship of the turnover in expression dynamics and 

Rev-mediated RNA nuclear export, we utilized a two-colored reporter system. We 

transduced dHIV-d2G Jurkats with an additional lentivirus encoding LTR-mCherry-
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RRE that acts as a reporter of Rev activity (Figure 16) (Wu et al., 2007a). GFP 

represents the gene expression from MS RNA, and mCherry represents the expression 

from US/SS RNA. We analyzed the slopes (i.e., rate of increase) of GFP and mCherry 

trajectories respectively (Figure 17A). The slope of the gene-expression trajectories is 

a direct measurement of the net production rate of the fluorescent protein and is a 

useful metric to probe the relationship between the two species of fluorescent protein 

production. In the early phase (0–4 hours) after TNF-α activation, only the GFP 

trajectory starts to increase (Figure 17B). The GFP slope remains positive and 

becomes larger. However, at the onset of mCherry expression, there is a drastic 

change in both GFP and mCherry slopes (4–12 hours). The mCherry slope starts to 

increase, and the GFP slope starts to decrease. Though the GFP trajectory is still rising 

and the slope still remains positive, the analysis shows that the GFP overshoot-

turnover has started and that GFP production starts to slow down at the onset of 

mCherry expression. The concurrent transition of GFP and mCherry slopes indicates 

that the Rev-mediated RNA nuclear export is responsible for the overshoot-turnover 

feature of GFP trajectories. In the late phase (12 hours after activation), the GFP 

trajectory starts to fall and the slope becomes negative, while the mCherry trajectory is 

steadily rising. The slope phase plot demonstrates that the overshoot trajectory is a 

result of Rev/RRE function. 

To confirm the relationship of Rev-mediated RNA nuclear export and negative 

feedback regulation, we used leptomycin B (Lepto B), an inhibitor of CRM1 nuclear 

export machinery that Rev uses to export viral RNA (Kudo et al., 1998; Otero et al., 
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1998) (Figure 18). CRM1 inhibited cell turnover at a later time point post activation, 

when compared to control cells, consistent with the notion of Rev-mediated turnover. 

We also compared the ratio of CVs (coefficient of variation) between hour 12 and 5 

after TNF activation for the various HIV-1 constructs (e.g. Ld2G, Ld2GT, and HIV-

d2G) (Figure 19). Depending on the feedback regulation, there should be characteristic 

shifts in the noise of the system. For instance, positive feedback amplifies noise, while 

negative feedback reduces it (Alon, 2007; Raser and O'Shea, 2005; Savageau, 2011). 

The analysis shows that dHIV-d2G, which encodes both Tat and Rev, has the best 

control of noise propagation over time, compared to the positive-feedback-only Tat 

circuitry (Ld2GT), and no feedback Ld2G. The results are consistent with the 

hypothesis that Rev negatively feeds back on HIV-1 gene expression.  
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Figure 6. Simulated dynamics of MS RNA gene products from two alternate 
models 
(A) Without feedback regulation, the co-transcriptional model shows that the expression level of MS 
RNA starts to grow after activation and eventually plateaus at steady state. (B) With the negative 
feedback predicted by the post-transcriptional model, the gene product of MS RNA accumulates, 
shortly followed by a turnover in expression level. The expression dynamics shows a characteristic 
“overshoot” trajectory of negative feedback.  
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A     HIV-d2G 

 

 
B     dHIV-d2G 

 
C      Ld2GT 
 

 
D      Ld2G 

 

Figure 7. HIV-1 constructs used in Chapter 2 
(A) Full-length construct. Env expression is abolished because of the nonsense mutation at the starting 
ATG. Nef is replaced with destabilized GFP (d2GFP). (B) A truncated version of HIV-1. Downstream 
the LTR promoter, it only carries the Tat/Rev/Env cassette. Nef is replaced with d2GFP. (C) The 
minimal LTR-Tat feedback loop construct. Destabilized GFP-IRES is inserted as the reporter gene. (D) 
The simple promoter LTR driving d2GFP construct.   
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     HIV-d2G 

 

Figure 8. Dynamics of HIV-1 gene expression in Jurkat cells display overshoot 
trajectories 
Jurkat cells were latently infected with HIV-d2G, and reactivated with 10 ng/mL TNF-α. Fluorescent 
images of cells were taken at 10-minute intervals, and the GFP levels of tracked single cells were 
quantified over time. The single-cell trajectories were synchronized in silico to create the general 
averaged trend line (n = 67). (Error bar represents the standard error.)  
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Figure 9. Expression dynamics of HIV-1 Ld2G in Jurkat cells 
Transduced Ld2G Jurkat cells were reactivated with TNF-α. The general trend line (n=255) of this 
simple LTR promoter-driving d2GFP clone does not exhibit the same characteristic overshoot 
trajectories in cells transduced with full-length HIV. (Error bars represent the standard error.)  
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Figure 10. Expression dynamics of HIV-1 Ld2GT in Jurkat cells 
Transduced Ld2GT Jurkat cells consist of the minimal Tat positive-feedback circuitry. The general 
trend line (n=135) does not show the typical characteristic overshoot either. (Error bars represent the 
standard error.)  
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     dHIV-d2G 

 

Figure 11. Expression dynamics of dHIV-d2G: Tat/Rev cassette is sufficient to 
generate the same overshoot dynamics as the full-length construct 
Average trajectory (n=97) of Jurkat cells transduced with the dHIV-d2G. The results show that 
Tat/Rev/Env cassette is sufficient to generate the typical overshoot. When compared to the Ld2G and 
Ld2GT trajectories, Rev is the critical component to create the overshoot feature of negative feedback. 
(Error bars represent the standard error.)  
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Figure 12. The decay in HIV-1 expression dynamics is not due to promoter 
silencing 
Jurkat cells transduced with dHIV-d2G were activated with TNF-α. After 12 hours, another TNF-α or 
TSA was added to the culture, and GFP levels were quantified by flow cytometry. The results show that 
the second reactivation with TNF or TSA does not rescue the decaying GFP level, indicating the 
turnover of GFP is not due to the silencing of LTR promoter.   
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     HIV-d2G/ Primary CD4+ T cells 

 

Figure 13. Gene expression dynamics of primary CD4+ T cells infected with full-
length HIV 
Pre-activated primary CD4+ cells were infected with VSV-G pseudo-typed HIV-d2G virus. After 
infection, cells were loaded onto a microfluidic device and imaged over time at 10-minutes intervals for 
more than 48 hours. The general trend line (n = 37) shows similar overshoot in the Jurkat cells. (Error 
bar represents the standard error.)  
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     HIV-d2G/Primary MDMs 

 

Figure 14. Gene expression dynamics of primary MDMs infected with full-length 
HIV 
Primary MDMs were obtained by incubating primary CD14+/CD4+ monocytes with GM-CSF for 10 
days. Differentiated primary MDMs were infected with VSV-G pseudo-typed HIV-d2G and imaged at 
10-minute intervals for more than 96 hours. Averaged trend line (n = 489) exhibits the typical overshoot 
associated with negative feedback, indicating the existence of negative-feedback regulation in HIV-1 
gene expression. (Error bars represent the standard error.)  
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Figure 15. Significant percentages of dHIV-d2G or HIV-d2G single-cell 
trajectories are oscillating 
Composition of single-cell trajectories of Jurkat dHIV-d2G (n=47) and HIV-d2G (n=44) were analyzed. 
More than 80 % of cells show the overshoot property (overshoot+oscillating) in 18 hours after the onset 
of GFP trajectory, and more than 40 % of cells display waving/oscillating features in the later hours 
after the overshoot peak. Oscillation is the signature property generated by negative feedback with 
delay. Notably, HIV-d2G (full-length HIV) cells have higher percentage of oscillating trajectories than 
dHIV-d2G (truncated HIV). HIV-d2G has higher tendency to oscillate may be a result of its extra 
genomic complexity.  
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Figure 16. A two-color system for examining the relation between Rev-dependent 
expression and negative-feedback regulation 
We used a two-color system to track the individual gene expression of MS and incompletely spliced 
RNA. A truncated version of HIV-1, dHIV-d2G, encodes the Tat/Rev/Env cassette, and the Nef is 
replaced with destabilized GFP as the reporter for MS RNA gene products. The second reporter gene is 
mCherry, encoded on another construct downstream the LTR promoter, and right upstream the RRE 
domain. The production of mCherry is dependent on the presence of Rev (Wu et al., 2007b).  

+ 

GFP: spliced mRNA 

mCherry: unspliced mRNA  
(Rev/RRE-dependent)  
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Figure 17. Negative feedback in HIV-1 gene expression is a consequence of 
Rev/RRE function 
(A) Jurkat cells were co-transduced with both dHIV-d2G and pNL-mCherry RRE constructs (Figure 
16), and the latently infected ones were selected. We reactivated the cells with TNF-α!and!monitored!
the! fluorescent! levels! by! time8lapse! microscopy.! Single! cells! were! tracked,! and! the! GFP! and!
mCherry!fluorescent!levels!were!measured!over!time!to!generate!the!averaged!trend!line!for!each!
color.!The!GFP! trend! line! shows! the!overshoot! feature.!There! is!an!approximately!48hour!delay!
between!the!onset!of!GFP!and!mCherry!expression.!(B)!The!slope!of!each!fluorescent!protein!level!
was!further!analyzed!and!plotted.!In!the!early!phase!after!reactivation!(0–4!hours,!purple),!only!
GFP!is!expressed!and!the!production!is!on!an!increasing!rate.!Later!in!the!transition!phase!(4–12!
hours,! green),!mCherry! starts! to!be! expressed! at! an! increasing! rate.!Notably,! the!production!of!
GFP!starts!to!slow!down!when!mCherry!expression!begins.!In!the!late!phase!(12–25!hours,!blue),!
GFP!level!starts!to!decrease,!and!thus!the!GFP!rate!of!increase!(net!production)!is!negative.!On!the!
other!hand,!mCherry!keeps! its!production!at! a!positive! rate.!Eventually! the!production! rates!of!
both! fluorescent! proteins! are! nearly! steady.! The! rate! analysis! indicates! that! the! overshoot!
characteristic! of! negative! feedback! is! a! result! of! unspliced!RNA! being! exported! and! translated,!
leading!to!the!reduced!expression!of!spliced!RNA!gene!products.!In!addition,!the!transition!phase!
of!GFP/mCherry!rate!of!increase!suggests!the!“switch”!of!HIV!early8to8late!gene!expression,!is!due!
to!the!Rev!negative!feedback.  
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Figure 18. Leptomycin B-treated dHIV-d2G cells turnover at a slower rate after 
the overshoot  
(A) Raw averaged single-cell trajectories of Lepto B treated and untreated dHIV-d2G cells (n=110 for 
+Lepto B; n=48 for control). With a mild concentration of the Rev nuclear export inhibitor (0.3 ng/mL 
Lepto B), the GFP level is upregulated, suggesting that Rev negative feedback is repressed. (B) The 
Lepto B–treated cells have a flatter turnover than the controls, indicating that the Rev-dependent RNA 
nuclear export contributes to the turnover of GFP trajectory.  
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Figure 19. Coupling Rev negative feedback with Tat positive feedback rescues the 
HIV gene expression from propagation of noise over time 
The coefficient of variation (CV) of single-cell trajectories (n=965 for Ld2G; n=194 for Ld2GT; n=166 
for HIV-d2G) at hours 5 and 12 were measured. The ratio of CV12hr/CV5hr represents the change of 
noise magnitude from the early phase to the late phase of expression. Over time, expression noise 
accumulates in HIV-1 basal expression (Ld2G). Tat positive feedback (Ld2GT) amplifies noise in HIV. 
However, when Rev negative feedback is coupled with Tat positive feedback in the system (HIV-d2G), 
noise magnitude is reduced. The result implies that coupling Rev negative feedback with Tat positive 
feedback provides a method for HIV to limit expression noise. 
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Appendix 2-1 

Table 1. Primer sequences for cloning in Chapter 2 

Primer Name Sequence Purpose 

BamHI-IRES F attagtagtagcacccgggcggatccgcccct For cloning pNL-mCherry-RRE 

IRES-mCherry R ttatcctcctcgcccttgctcaccatggttgtggccat
attatcatcgtg For cloning pNL-mCherry-RRE 

IRES-mCherry F cacgatgataatatggccacaaccatggtgagcaa
gggcgaggaggataa For cloning pNL-mCherry-RRE 

mCherry-XbaI R gcatggacgagctgtacaagtaaagcggccgcga
ctctagatcataat For cloning pNL-mCherry-RRE 
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Appendix 2-2 

Construction of the HIV-1 Full-Length Gene Regulatory Models 

We developed mathematical models of the HIV-1 full-length gene regulatory 

circuit to predict the overall architecture of HIV gene-expression. We do not attempt 

to accurately describe every biochemical step in HIV gene expression, but intend to 

build minimal model that captures the main traits of HIV gene expression. We first 

propose two schemes of HIV-1 regulatory circuits based on different splicing 

mechanisms (Figures 4 and 5 in Chapter 1). 

The co-transcriptional model 

We use a set of five ODE equations to describe the minimum full-length 

regulatory circuit of HIV-1 gene expression. To simplify the model, we only consider 

the two main classes of viral mRNA: unspliced (US) and multiply spliced (MS) RNA. 

Assuming the reaction of US RNA being spliced into singly spliced (SS) RNA is 

relatively fast and ignorable, SS RNA is lumped with US RNA. To facilitate the future 

expansion and prediction of the models, we further classify US RNA into two classes 

based on the cellular localization. USn stands for the nuclear US RNA, and USc 

stands for the cytoplasmic US RNA. Because we always use destabilized GFP (d2GFP) 

to replace the Nef in our experiment constructs as the reporter, we use d2GFP instead 

Nef in all of our models, and thus, the GFP level is representative of Nef levels. The 

differential equations that described this co-transcriptional splicing system are: 
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!
!"USn = b!" − !"∙!"#∙!"#!

!!"#!!!"#!
− drna ∙ USn (1) 

!
!"USc =

!"∙!"#∙!"#!
!!"#!!!"#!

− drna ∙ USc  (2) 

!
!"MS = b!" − drna ∙MS    (3) 

!
!"Rev = p ∙ fr ∙MS− dr ∙ Rev   (4) 

!
!"GFP = p ∙ fg ∙MS− dg ∙ GFP   (5) 

where bUS is a lumped basal production rate consisting of US RNA transcription from 

the LTR promoter and Tat positive-feedback transactivation. kr is the maximum Rev-

dependent RNA nuclear export rate, h is the Hill coefficient of the Rev-RRE 

interaction, KRev is the Michaelis-Menton saturation term for Rev nuclear export, drna 

is the RNA degradation rate, bMS is the basal production rate of MS RNA directly 

from transcription and co-transcriptional splicing, p is the protein production rate per 

mRNA, fr is the fraction Rev-encoding RNA out of total MS RNA, dr is the 

degradation rate of Rev protein, fg is the fraction GFP-encoding RNA out of total MS 

RNA, and dg is the degradation rate of GFP protein. Among the rate parameters, we 

assume that the RNA degradation is uniform for all different RNA species and 

subcellular locations. Eq. (1) describes three biochemical reactions: the basal 

production of USn, the Rev-dependent RNA nuclear export of USn, and the 

degradation of USn. In the rest of the system, there are only two reactions in each 

equation: production and degradation. Usc is produced solely from the Rev-dependent 
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RNA nuclear export. Tat positive feedback is assumed to saturate early in the system, 

and thus the Tat positive-feedback term is simplified into a single rate parameter and 

lumped with the basal transcription rate. The reactions of MS RNA nuclear export and 

Rev nuclear-cytoplasmic shuttling are much faster than other kinetic rates of the 

system and are ignored. 

The post-transcriptional model 

 We next constructed the ODE systems for the post-transcriptional model. This 

model is similar to the co-transcriptional one, but with two modified equations. First, 

Eq. (1), which describes USn dynamics in the co-transcriptional model, is replaced 

with the following:  

!
!"USn = b− sp ∙ USn− !"∙!"#∙!"#!

!!"#!!!"#!
− drna ∙ USn  (6) 

In the new equation (6), b is the lumped production rate of basal LTR 

transcription and Tat positive-feedback transactivation, and sp is the rate of USn RNA 

spliced into MS RNA. This equation represents four biochemical reactions: 

transcription, post-transcriptional splicing, Rev-dependent nuclear export, and 

degradation.  

Second, the Eq. (3) is modified as: 

!
!"MS = sp ∙ USn− drna ∙MS    (7) 
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where MS RNA production is solely from the post-transcriptional splicing term in Eq 

(6). The other three house keeping equations in this post-transcriptional model are the 

same as the equations (2), (4), and (5). 

Preliminary predictions of the ODE models 

We first use parameter values obtained from literatures (Kim and Yin, 2005; 

Reddy and Yin, 1999), theoretical values, or direct measurements in our lab to model 

each system. The values of all parameters used in the simulations are summarized in 

the Table 2. All initial values are set zero. The results of preliminary predictions are 

shown in Figure 6.  
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Table 2. Parameters used in simulation results of preliminary ODE models 

Parameter Description Values [Units] 
Justification or  

Reference 

bUS 
Lumped transcription rate of 
basal LTR and Tat positive 
feedback 

4.29 [µM h-1] = 
1188 [RNA copies 
cell-1 h-1] 

80-fold basal transcription 
rate. (Bohan et al., 1992; 
Graeble et al., 1993; Laspia 
et al., 1993)  

kr Max Rev-dependent RNA 
nuclear export rate 

20 minutes half-life 
= 2.08 [h-1]  (Love et al., 1998) 

KRev 

Rev saturation threshold 
concentration of Rev-
dependent RNA nuclear 
export  

40000 [protein 
copies cell-1] 

(Reddy and Yin, 1999; 
Rempala et al., 2006) 

h 

Hill coefficient. 
cooperativity of Rev-
dependent RNA nuclear 
export 

12 [no unit] Maximum number of Rev per 
RRE. (Mann et al., 1994) 

drna Degradation rate of HIV-1 
mRNAs 

4 hr half-life = 
0.173 [h-1] 

(Felber et al., 1989; Malim 
and Cullen, 1993; Schwartz 
et al., 1992a) 

bMS 
Basal production rate of MS 
RNA from transcription and 
co-transcriptional splicing 

1.072 [µM h-1] = 
297 [RNA copies 
cell-1 h-1] 

20-fold basal transcription 
rate. (Bohan et al., 1992; 
Graeble et al., 1993; Laspia 
et al., 1993) 

p General protein production 
rate  

270 [protein copies 
h-1] (Kim and Yin, 2005) 

fr Fraction of Rev-encoding 
mRNA among all MS 0.19 [no unit] (Purcell and Martin, 1993; 

Robert-Guroff et al., 1990) 

dr Degradation rate of Rev 4 hr half-life = 
0.173 [h-1] (Kubota et al., 1996) 

fg Fraction of GFP-encoding 
mRNA among all MS 0.8 

(Purcell and Martin, 1993; 
Robert-Guroff et al., 1990; 
Schwartz et al., 1992b) 

dg Degradation rate of d2GFP 0.346 [h-1] 2-hr theoretical half-life 

b 
Lumped transcription rate of 
basal LTR and Tat positive 
feedback 

5.36 [µM h-1] = 
1485 [RNA copies 
cell-1 h-1] 

100-fold basal transcription 
rate. (Bohan et al., 1992; 
Graeble et al., 1993; Laspia 
et al., 1993) 

sp Splicing rate of US to MS 10-min lifespan = 
0.116 [h-1] (Singh and Padgett, 2009) 
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CHAPTER 3: HIV-1 RNA IS POST-TRANSCRIPTIONALLY SPLICED 

Abstract 

 In the previous chapter, Rev was shown to generate negative feedback in HIV-

1 gene expression. Although it is suggested that post-transcriptional splicing cascade 

is essential for Rev to establish such feedback regulation, there is still no direct 

evidence for post-transcriptional splicing. Here we used single molecule fluorescence 

in situ hybridization (smFISH) to probe the in vivo splicing mechanism of HIV-1. Our 

results show the differential spatial distributions of HIV splicing variants, thereby 

indicating that HIV-1 pre-mRNA is spliced post-transcriptionally in vivo.  
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Materials and Methods 

Single Molecule mRNA Fluorescence in situ Hybridization 

Probes were developed using the designer tool from 

http://www.singlemoleculefish.com/. Three sets of probes were designed to detect 

regions the Pol/Vif splice junction (4548–5414 bp of pNL4-3), Env (7251–8251 bp of 

pNL4-3), and GFP (corresponding to Nef, 8799–8887 bp of pNL4-3) in HIV-d2G. 

Each set contain 34–45 probes, each probe is 20 nt long, and 2 bp apart between single 

probes (see binding region and probe sequence in Appendix 3). Probes are conjugated 

with Quasar 670 or TAMRA. A latently infected isoclonal Jurkat population was 

activated with 10 ng/ml TNF-α for 4 hr. Cells were washed with 10 mL of PBS 

solution and immobilized on Cel-Tak coated 8-well chambered image dish 

(Weinberger et al., 2008). Cells were fixed with PBS in 3.4% paraformaldehyde for 10 

minutes. The process from washing off TNF-α to fixation in paraformaldehyde took 

less than 10 minutes. Fixed cells were stored in 70% EtOH at 4°C overnight to 

permeabilize the cell membranes. Probes were diluted 100-fold and allowed to 

hybridize at 37°C for 6 hours. Wash steps and DAPI staining were performed as 

described (https://www.biosearchtech.com/support/applications/stellaris-rna-fish). To 

minimize photo-bleaching, cells were imaged as described in buffer (50% glycerol, 75 

µg/mL glucose oxidase, 520 µg/mL catalase, and 0.5 mg/mL Trolox) (Waks et al., 

2011). Images were taken on a Nikon 6D System with Plan Apo VC 100x/1.4 oil 

objective in the UCSF Nikon Imaging Center. 10-30 xy locations were randomly 
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selected for each condition. For each xy location, Niquist sampling was performed by 

taking 44–51, 0.26-µm steps along the z-plane. The exposure times for Quasar 670, 

TAMRA, and DAPI channels were 3, 3, and 2 s for each image in a 3-D stack. Spot 

identification and counting was performed as described (Rifkin, 2011). Cells and 

transcription centers were segmented manually. DAPI image stacks were 

deconvoluted using Huygens software (http://www.svi.nl/HomePage) and used for 

nuclear segmentation based on a published edge-detection algorithm 

(http://www.mathworks.com/products/demos/image/ipexcell/ipexcell.html) in 

combination with in-house MATLAB programs (available upon request). For more 

detailed materials and methods, see Appendix 3.  
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Results and Discussion 

Based on the hypothesis that establishment of Rev negative feedback requires 

HIV-1 pre-mRNA to be post-transcriptionally spliced, we examined the mechanism of 

HIV-1 pre-mRNA splicing by single molecule fluorescent in situ hybridization 

(smFISH) (Raj et al., 2008). This method has been used to detect the mechanism of 

alternative splicing by differentiating the spatial distribution of splice variants (Waks 

et al., 2011). We designed three sets of smFISH probes (US, SS, and MS probes) 

conjugated with fluorophores (Quasar 670 or TAMRA) to detect the in vivo splicing 

mechanism of HIV-1 (Figure 20). If HIV-1 pre-mRNA splicing occurs co-

transcriptionally, the spatial distribution of all splicing variants will peal at the 

transcription center (TC) (Figure 21A). On the contrary, if pre-mRNA is post-

transcriptionally spliced, only the unspliced form of mRNA will co-localized around 

the TC, and the other spliced forms of mRNA will diffuse or shuttle away and the 

distribution peak of spliced variants will shift away from the TC (Figure 21B). We 

fixed the HIV-d2G transduced Jurkat cells 4 hours post TNF-α activation and 

hybridized the cells with US/MS probe sets (Figure 22A) or SS/MS probe sets (Figure 

22B). The data from other time points, such as 2 and 6 hours, were inconclusive due to 

difficulties with low expression levels (2-hour time point), or cells containing US 

RNA in the cytoplasm due to Rev activity (6-hour time point). We identified different 

splicing variants based on whether fluorescently labeled RNA colocalized to a single 

diffraction limited spot or were greater than 0.18 µm apart. We measured the distance 

between the RNA variants and the TC. We detected the spatial distribution of US 
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RNA versus the pool of SS and MS RNA by using US/MS probe combinations 

(n=146, Figure 23). The splicing center of SS/MS RNA is still at the TC. There is a 

slight shoulder in the distribution next to the center peak, implying there is a mixture 

of two different types of distribution. These results were difficult to interpret. 

However, the data for the MS RNA versus the pool of US and SS RNA (SS/MS probe 

sets, n=156) show a clear shift in the distribution. The unspliced/incompletely spliced 

forms of RNA is centered at the TC, but the splicing center of MS RNA is not co-

localized at the TC (Figure 24). The result shows that in the early hours after HIV-1 

active replication, the viral pre-mRNA splicing follows the route of post-

transcriptional splicing cascade.  
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Figure 20. Illustration of probe designs 
Three sets of probes, US, SS, and MS probes, were designed to bind to the Pol/Vif, Env, and d2GFP 
reading frames on HIV-d2G, respectively. Each probe set contains more than 34 single probes that 
conjugated with fluorophores. Using appropriate combinations of probe sets, we can detect different 
alternative splicing variants.  
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Figure 21. Co- or post-transcriptional splicing can be differentiated by the spatial 
distributions of the alternate splicing variants 
(A) When the alternatively spliced RNA variants are spliced co-transcriptionally, the splicing center 
and transcription center (TC) co-localized, causing all the splicing variants enriched at the proximity of 
transcription center. (B) When the RNA is spliced post-transcriptionally, the splicing center is not co-
localized with the transcription center. As a result, only US RNA is enriched at the proximity of 
transcription center. Other spliced RNA (SS and MS) is enriched farther away from the TC.   

A 

Fr
eq

ue
nc
y)

Distance)to)TC)

US)
SS)
MS)

Fr
eq

ue
nc
y)

Distance)to)TC)

US)
SS)
MS)

Post-Transcriptional 
Splicing 

Co-Transcriptional 
Splicing 

B 



 

  

48 

 

 

Figure 22. smFISH images of Jurkat HIV-d2G hybridized with US/MS or SS/MS 
probe sets 
smFISH images of HIV-d2G latently infected Jurkat cells were taken 4 hours after TNF-α reactivation. 
Cells were hybridized with US/MS probe sets (A), or with SS/MS probe sets (B), together with DAPI 
stain to indicate the nucleus area. Yellow arrows in the merged images show the location of 
transcription center (TC).   
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Figure 23. Spatial distribution of nuclear MS/SS RNA (green) and US RNA (red) 
The peak of US RNA distribution is at the TC. Although the peak of MS/SS RNA distribution is still at 
the TC, but there is a shift and a shoulder in the distribution, suggesting it is a mixture of two distinct 
distributions (n=146).   
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Figure 24. Spatial distribution of nuclear MS RNA (green) and SS/US RNA (red) 
The distribution peak of MS RNA is clearly shifted away from the TC, indicating that MS RNA is post-
transcriptionally spliced (n=156).  
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Appendix 3 

Probe Designs of Single Molecule mRNA Fluorescence in situ 

Hybridization (smFISH) 

US probe sets: Detecting Pol-Vif region 

Target sequence: 

agatggccagtaaaaacagtacatacagacaatggcagcaatttcaccagtactacagttaaggccgcctgttggtgggcg

gggatcaagcaggaatttggcattccctacaatccccaaagtcaaggagtaatagaatctatgaataaagaattaaagaaaat

tataggacaggtaagagatcaggctgaacatcttaagacagcagtacaaatggcagtattcatccacaattttaaaagaaaa

ggggggattggggggtacagtgcaggggaaagaatagtagacataatagcaacagacatacaaactaaagaattacaaa

aacaaattacaaaaattcaaaattttcgggtttattacagggacagcagagatccagtttggaaaggaccagcaaagctcctc

tggaaaggtgaaggggcagtagtaatacaagataatagtgacataaaagtagtgccaagaagaaaagcaaagatcatcag

ggattatggaaaacagatggcaggtgatgattgtgtggcaagtagacaggatgaggattaacacatggaaaagattagtaa

aacaccatatgtatatttcaaggaaagctaaggactggttttatagacatcactatgaaagtactaatccaaaaataagttcaga

agtacacatcccactaggggatgctaaattagtaataacaacatattggggtctgcatacaggagaaagagactggcatttg

ggtcagggagtctccatagaatggaggaaaaagagatatctgctataagaaataccatat 

Probe sequence: One version of this US probe set is conjugated to TAMRA, and the 

other is conjugated to Quasar 670. The US-TAMRA probe set is used with SS-Quasar 

670, and the US-Quasar 670 probe set is used with MS-TAMRA. For sequences, see 

Table 3. 
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Table 3. US probe sequences 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

US 
Probe # Sequence US 

Probe # Sequence 

1 actgtttttactggccatct 18 gctggtcctttccaaactgg 

2 attgctgccattgtctgtat 19 ttcacctttccagaggagct 

3 ccttaactgtagtactggtg 20 tatcttgtattactactgcc 

4 tgatccccgcccaccaacag 21 ggcactacttttatgtcact 

5 tagggaatgccaaattcctg 22 gatgatctttgcttttcttc 

6 tactccttgactttggggat 23 ccatctgttttccataatcc 

7 attctttattcatagattct 24 cttgccacacaatcatcacc 

8 acctgtcctataattttctt 25 gtgttaatcctcatcctgtc 

9 aagatgttcagcctgatctc 26 gtgttttactaatcttttcc 

10 ctgccatttgtactgctgtc 27 gctttccttgaaatatacat 

11 cttttaaaattgtggatgaa 28 atgtctataaaaccagtcct 

12 gtaccccccaatcccccctt 29 ttggattagtactttcatag 

13 ctactattctttcccctgca 30 gatgtgtacttctgaactta 

14 tgtatgtctgttgctattat 31 ctaatttagcatcccctagt 

15 ttgtttttgtaattctttag 32 agaccccaatatgttgttat 

16 ccgaaaattttgaatttttg 33 ccagtctctttctcctgtat 

17 ctctgctgtccctgtaataa 34 tggagactccctgacccaaa 
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SS probe set: Detecting Env region 

Target sequence: 

ctagcaaattaagagaacaatttggaaataataaaacaataatctttaagcaatcctcaggaggggacccagaaattgtaacg

cacagttttaattgtggaggggaatttttctactgtaattcaacacaactgtttaatagtacttggtttaatagtacttggagtactg

aagggtcaaataacactgaaggaagtgacacaatcacactcccatgcagaataaaacaatttataaacatgtggcaggaag

taggaaaagcaatgtatgcccctcccatcagtggacaaattagatgttcatcaaatattactgggctgctattaacaagagatg

gtggtaataacaacaatgggtccgagatcttcagacctggaggaggcgatatgagggacaattggagaagtgaattatata

aatataaagtagtaaaaattgaaccattaggagtagcacccaccaaggcaaagagaagagtggtgcagagagaaaaaag

agcagtgggaataggagctttgttccttgggttcttgggagcagcaggaagcactatgggcgcacggtcaatgacgctgac

ggtacaggccagacaattattgtctgatatagtgcagcagcagaacaatttgctgagggctattgaggcgcaacagcatctg

ttgcaactcacagtctggggcatcaaacagctccaggcaagaatcctggctgtggaaagatacctaaaggatcaacagctc

ctggggatttggggttgctctggaaaactcatttgcaccactgctgtgccttggaatgctagttggagtaataaatctctggaac

agatttggaataacatgacctggatggagtgggacagagaaattaacaattacacaagcttaatacactccttaattgaagaat

cgcaaaaccagcaagaaaagaatgaacaagaattattggaattagataaatgggcaagtttgtggaattggtttaacataaca

aattggct 

Probe sequences: Probes are all conjugated to Quasar 670. For sequences, see Table 4 
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Table 4. SS probe sequences 

 

 

 

 

 

 

 

 

 

 

 

 

  

SS 
Probe # Sequence SS 

Probe # Sequence 

1 ttgttctcttaatttgctag 24 cccaagaacccaaggaacaa 

2 ttattgttttattatttcca 25 gcccatagtgcttcctgctg 

3 cctcctgaggattgcttaaa 26 ccgtcagcgtcattgaccgt 

4 gtgcgttacaatttctgggt 27 gacaataattgtctggcctg 

5 gaaaaattcccctccacaat 28 gttctgctgctgcactatat 

6 acagttgtgttgaattacag 29 cctcaatagccctcagcaaa 

7 gtactattaaaccaagtact 30 agttgcaacagatgctgttg 

8 atttgacccttcagtactcc 31 ctgtttgatgccccagactg 

9 ttgtgtcacttccttcagtg 32 cagccaggattcttgcctgg 

10 tttattctgcatgggagtgt 33 tgatcctttaggtatctttc 

11 cctgccacatgtttataaat 34 accccaaatccccaggagct 

12 gcatacattgcttttcctac 35 tgcaaatgagttttccagag 

13 aatttgtccactgatgggag 36 gcattccaaggcacagcagt 

14 cagtaatatttgatgaacat 37 cagagatttattactccaac 

15 ccatctcttgttaatagcag 38 tcatgttattccaaatctgt 

16 ggacccattgttgttattac 39 tctctgtcccactccatcca 

17 ctcctccaggtctgaagatc 40 taagcttgtgtaattgttaa 

18 ctccaattgtccctcatatc 41 attcttcaattaaggagtgt 

19 tttatatttatataattcac 42 ttcttttcttgctggttttg 

20 ctaatggttcaatttttact 43 taattccaataattcttgtt 

21 tttgccttggtgggtgctac 44 tccacaaacttgcccattta 

22 ttctctctgcaccactcttc 45 caatttgttatgttaaacca 

23 ctcctattcccactgctctt   



 

  

55 

MS probe set: Detecting d2GFP (replacing Nef reading frame) 

Target sequence: 

atggtgagcaagggcgaggagctgttcaccggggtggtgcccatcctggtcgagctggacggcgacgtaaacggccac

aagttcagcgtgtccggcgagggcgagggcgatgccacctacggcaagctgaccctgaagttcatctgcaccaccggca

agctgcccgtgccctggcccaccctcgtgaccaccctgacctacggcgtgcagtgcttcagccgctaccccgaccacatg

aagcagcacgacttcttcaagtccgccatgcccgaaggctacgtccaggagcgcaccatcttcttcaaggacgacggcaa

ctacaagacccgcgccgaggtgaagttcgagggcgacaccctggtgaaccgcatcgagctgaagggcatcgacttcaag

gaggacggcaacatcctggggcacaagctggagtacaactacaacagccacaacgtctatatcatggccgacaagcaga

agaacggcatcaaggtgaacttcaagatccgccacaacatcgaggacggcagcgtgcagctcgccgaccactaccagca

gaacacccccatcggcgacggccccgtgctgctgcccgacaaccactacctgagcacccagtccgccctgagcaaagac

cccaacgagaagcgcgatcacatggtcctgctggagttcgtgaccgccgccgggatcactctcggcatggacgagctgta

caagaagcttagccatggcttcccgccggaggtggaggagcaggatgatggcacgctgcccatgtcttgtgcccaggaga

gcgggatggaccgtcaccctgcagcctgtgcttctgctaggatcaatgtgtag 

Probe sequences: Probes are all conjugated to TAMRA. For sequences, see Table 5. 
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Table 5. MS probe sequences 

 

 

 

 

 

 

 

 

 

 

 

  

MS 
Probe # Sequence MS 

Probe # 
Sequence 

1 tcctcgcccttgctcaccat 20 tgtagttgtactccagcttg 

2 gggcaccaccccggtgaaca 21 catgatatagacgttgtggc 

3 cgccgtccagctcgaccagg 22 tgccgttcttctgcttgtcg 

4 ctgaacttgtggccgtttac 23 cggatcttgaagttcacctt 

5 gccctcgccctcgccggaca 24 gctgccgtcctcgatgttgt 

6 tcagcttgccgtaggtggca 25 tggtagtggtcggcgagctg 

7 gtggtgcagatgaacttcag 26 gtcgccgatgggggtgttct 

8 ccagggcacgggcagcttgc 27 ttgtcgggcagcagcacggg 

9 tcagggtggtcacgagggtg 28 ggactgggtgctcaggtagt 

10 ctgaagcactgcacgccgta 29 cgttggggtctttgctcagg 

11 cttcatgtggtcggggtagc 30 aggaccatgtgatcgcgctt 

12 cggacttgaagaagtcgtgc 31 ggcggcggtcacgaactcca 

13 tggacgtagccttcgggcat 32 tcgtccatgccgagagtgat 

14 cttgaagaagatggtgcgct 33 catggctaagcttcttgtac 

15 gggtcttgtagttgccgtcg 34 tcctccacctccggcgggaa 

16 ccctcgaacttcacctcggc 35 atgggcagcgtgccatcatc 

17 gatgcggttcaccagggtgt 36 tcccgctctcctgggcacaa 

18 ttgaagtcgatgcccttcag 37 acaggctgcagggtgacggt 

19 ccccaggatgttgccgtcct 38 acacattgatcctagcagaa 
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Image Processing and Data Analysis of smFISH  

Raw image processing 

Raw DAPI images stacks were deconvoluted along the x-y and z planes (in 

stack format) with Huygens with the following parameters: 20–30 for signal-to-noise 

ratio, and OFF for breaching. Deconvoluted DAPI images were resized (scaling factor 

0.5) using MATLAB. Examples of DAPI images before and after deconvolution are 

shown in Figure 25. 

Cellular and nuclear segmentation 

Individual cell boundaries, the numbers of TCs for each single cells, and the x-

y location of TCs were manually selected and segmented using in-house MATLAB 

programs (available upon request). The center positions of TCs were determined at the 

pixel position where the product of the intensity of the TAMRA and Quasar 670 

channels was greatest in a 10 × 10 pixel that was created over all z-plans. 

In-house MATLAB programs were used to determine the boundary between 

the nucleus and cytoplasm of individual cells with the deconvoluted DAPI images 

(available upon request). Note that due to the increasing error rate exhibited by the 

edge-detection algorithms near the top and bottom z-planes, only results from the 

middle sections of stacks (5–15 images along one stack) were considered as nuclear 

area. For example image of nuclear autosegmentation, see Figure 25. 
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Spot finding 

The software package available at: 

http://labs.biology.ucsd.edu/rifkin/software.html (Rifkin, 2011) was used to 

determine spots. To ensure proper segmentation and control for day-to-day variation 

in imaging, images from the same channel, sample and experiment were used to train 

the program. All training processes generated the output spots with less than 5% false-

positive and false-negative error rates. For examples of spot finding results, see Figure 

26. 

Spot classification and quality controls 

Any signal within the same 2 × 2 × 2 pixel cube, was considered a single 

mRNA molecule, and one spot from the pair was randomly selected and excluded 

from further processing. If spots from two different channels were located in the same 

3 × 3 × 3 pixel cube, the spots were considered co-localized. The locations of co-

localized spots were computed by averaging the positions of the pairs of spots from 

two different channels. The distance between each spot and TC was described by the 

Euclidian distance from a two-dimensional projection of the image stack.  
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Figure 25. Raw DAPI imaging processing and nuclear segmentation in smFISH 
experiments 
(A) Raw DAPI image. The edge of nucleus is blurry. (B) After deconvolution with Huygens, the edge 
of nucleus is more defined and easier to segment the nucleus with edge-detection algorithm. 

  

A B C 
Raw DAPI After Deconvolution Autosegmentation 
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Figure 26. Example of automated spot finding results 
Example images of cells stained with US/SS probe sets. (A) Raw image from the TAMRA channel (for 
detecting US probes) (B) Raw image from the Quasar 670 channel (for detecting SS probes). (C) Final 
spot finding results (green: spots found in US-TAMRA channel; red: spots found in SS Quasar 670 
channel). Positions of identified spots form both channels will be projected onto one in-focus DAPI 
image. This is the quality control step to make sure the automated spot finding program identifies the 
majority of spots. 

  

A B C 
US-TAMRA SS-Quasar 670 Spot Finding Result 
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CHAPTER 4: DEVELOPEMENT OF SATURN (SPLICING AFTER 

TRANSFECTION OF UNSPLICED PRE-MRNA INTO NUCLEUS) ASSAY 

Abstract 

 In this chapter, we further investigate if HIV-1 pre-mRNA can recruit 

spliceosome machinery post-transcriptionally. In our post-transcriptional model, HIV-

1 pre-mRNA goes through a serial cascade of splicing. One key property of this model 

is that spliceosome loading is decoupled from transcription. To test our hypothesis, we 

in vitro transcribed HIV-1 pre-mRNA from a truncated HIV-1 template. To maximize 

the assay sensitivity, we used β-lactamase (BlaM) and its fluorescent substrate CCF2-

AM as the reporter system. In vitro transcribed unspliced pre-mRNA was delivered 

into the nucleus using nucleofection. Surprisingly, we found that cells transfected with 

unspliced pre-mRNA produced gene products that could only be translated from a 

spliced RNA. The existence of this in vivo post-transcriptional splicing is confirmed 

by using a version of HIV that obliterates splicing by mutating the major splice 

domain (MSD). Cells transfected with the MSD mutated unspliced pre-mRNA are not 

able to efficiently produce the gene products from spliced RNA. This assay reveals 

that HIV-1 pre-mRNA does not require co-transcriptional recruitment of spliceosome. 

Additionally, these findings suggest that post-transcriptional recruitment of splicing 

factors may be a common mechanism to rescue the unspliced pre-mRNA in 

eukaryotes.  
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Materials and Methods 

Cloning 

Lentiviral vector dHIV-BlaM was created by inserting the PCR amplified 

MluI/XhoI fragment of BlaM (Cavrois et al., 2002; Zlokarnik et al., 1998) into the 

MluI/XhoI restriction–digested backbone of dHIV-d2G. The dHIV-BlaM MSD 

mutant (dHIV-dMSD-BlaM) was created using PCR site-directed mutagenesis.  

To obtain the DNA templates for in vitro transcription, XmaI site and T7 

promoter sequence were inserted into the upstream of TSS in the 5' LTR, and XmaI 

site was inserted into the downstream of PolyA signal in the 3' LTR of dHIV-BlaM 

and dHIV-dMSD-BlaM to create the XmaI-dHIV-BlaM and XmaI-dHIV-dMSD-

BlaM plasmids. For insertion of XmaI in the 5' LTR, the AgeI/SalI-XmaI-T7 fusion 

PCR fragment was amplified using primer sets of dHIV-AgeI F, dHIV-XmaIT7TSS 

R, dHIV-XmalIT7TSS F, and dHIV-SalI R, and then inserted into the AgeI/SalI 

restriction digested backbone of dHIV-BlaM or dHIV-dMSD-BlaM. To insert the 

XmaI restriction site into the 3' LTR, the XhoI/PacI-PolyAXmaI fragment was first 

amplified by fusion PCR with primer sets of dHIV-XhoI F, dHIV-PolyAXmaI R, 

dHIV-PolyAXmaI F, and dHIV-PacI R. The XhoI/PacI-PolyAXmaI fusion PCR 

fragment was later inserted into the XhoI/PacI restriction digested dHIV-BlaM or 

dHIV-dMSD-BlaM (already XmaI/T7 modified). For primer sequences used in this 

Chapter, see Table 6 in Appendix 4. 
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In vitro Transcription 

The DNA template for in vitro transcription was obtained by gel purification of 

XmaI restriction digested XmaI-dHIV-BlaM and XmaI-dHIV-dMSD-BlaM. We used 

mMESSAGE mMACHINE® T7 ULTRA Kit (Life technologies) to in vitro transcribe 

and poly-A tail the RNA. Approximate 0.3 µg of DNA template was used in each 

reaction, and cleaned up by turbo DNase, following the manufacturer’s instruction. 

The RNA product was further purified with RNeasy Mini Kit (QIAGEN). 

Transfection of RNA into the Nucleus 

We used Cell Line Nucleofector® Kit R (Lonza) to transfect artificial mRNA 

into the nucleus of naive Jurkat cells. For each nucleofection, 2 µg of RNA and 1.6 × 

106 Jurkat cells were used. For the electroporation step in the nucleofection, we used 

pre-set program O-028 in the Nucleofector device. Control transfection efficiency was 

estimated using 2 µg of pmaxGFP (Lonza) plasmid per nucleofection. 

BlaM Assay and Flow Cytometry 

We used LiveBLAzer™ FRET-B/G Loading Kit with CCF2-AM (#K1032, 

Life technologies) to detect β-lactamase positive (BlaM+) cells. Jurkat cells were 

harvested 2 hours post RNA nucleofection at 800 g for 5 minutes, and washed once 

with CO2-independent medium (#18045-088, Life Technologies). Because the 

fluorescent substrate CCF2-AM is light sensitive, all the following procedures were 

performed with limited exposure to light. The pellet was resuspended in CCF2-AM 

loading medium (1 µM CCF2-AM, 1 mg/mL pluornic-F127, 0.001% acetic acid in 

CO2-independent medium), followed by a 1-hour incubation on the bench top. Cells 
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were spun down and the pellet was resuspended in the development medium (2.5 mM 

probenecid, 10% FBS in CO2-independent medium). The β-lactamase enzymatic 

reaction was performed by incubating the cells for 16 hours at room temperature. Cells 

were later washed once with PBS, and resuspended in fixation buffer (2% 

paraformaldehyde in PBS) at 4°C over night. We used LSR II cytometer (BD 

Biosciences) with 404-nm laser to detect the green-to-blue shift in emission 

fluorescence. The cytometry data were analyzed using FlowJo 

(http://www.flowjo.com/).   
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Results and Discussion 

To further verify if HIV-1 pre-mRNA bears the capacity to be post-

transcriptionally spliced, a new approach termed the SATURN assay, was developed 

(Figure 27). We utilized β-lactamase (BlaM) as the reporter gene to replace the d2GFP 

in the dHIV-d2G construct, and tested if unspliced pre-mRNA of this dHIV-BlaM can 

be post-transcriptionally spliced. The detection limit of BlaM enzymatic function is 

less than 100 BlaM molecules (Zlokarnik et al., 1998). As a result of its high 

sensitivity, BlaM!has!been!used!in!other!assays!that!require!high!sensitivity,!such!

as! the! HIV81! virion! fusion! assay! (Cavrois! et! al.,! 2002).! The 5' capped, 3' 

polyadenylated artificial dHIV-BlaM unspliced pre-mRNA was in vitro transcribed 

and transfected into the nucleus of naive Jurkat cells by nucleofection. Nucleofection 

incorporates electroporation and chemical reagents to deliver nucleic acids 

preferentially into the cell’s nucleus. Without proper processing, the pre-mRNA 

remains unspliced, and there would be no observable BlaM expression. However, if 

the unspliced pre-mRNA is properly processed, the spliced form can express BlaM. 

After nucleofection, 22% of cells were BlaM positive (Figure 28), indicating that 

unspliced pre-mRNA can be post-transcriptionally spliced. The control transfection 

percentage was around 50%. Next, we transfected cells with the dHIV-BlaM artificial 

pre-mRNA only carrying one single-nucleotide mutation at the major splicing donor 

(MSD) motif. The MSD is required to obtain correct SS or MS RNA encoding Tat, 

Rev, or Env (Tazi et al., 2010). Remarkably, the percentage of BlaM-positive cells 

dropped to 7%. The result of dHIV-BlaM MSD mutant shows that the post-
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transcriptional splicing of HIV-1 pre-mRNA does occur in vivo, and is responsible for 

the BlaM expression in the SATURN assay. More importantly, because there is no 

viral protein in the cells upon transfection, the assay shows that naked HIV-1 pre-

mRNA can recruit spliceosomes post-transcriptionally. With the previous smFISH 

results and the single-cell imaging analysis, we conclude that post-transcriptional 

splicing of HIV-1 leads to Rev-mediated negative-feedback control on HIV-1 gene 

expression.  
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     dHIV-BlaM 

 

 

Figure 27. Experimental design of the SATURN assay 
5'-Capped, and 3'-polyadenylated dHIV-BlaM (β-lactamase) pre-mRNA is in vitro transcribed. Purified 
pre-mRNA is nucleofected into naive Jurkat cells, and CCF2-AM, the fluorescent substrate of β-
lactamase, is loaded after a 2-hour incubation of recovery from nucleofection. If cells uptake the 
unspliced pre-mRNA into the nucleus and splice the pre-mRNA post-transcriptionally, the!spliced!RNA!
can! express! BlaM! to! convert! the! green! fluorescent! substrate! into! the! blue! fluorescent! product.!
Otherwise,!the!cells!remain!green!fluorescent!due!to!lack!of!BlaM!expression.!Flow!cytometry!is!
later!utilized!to!determine!the!percentage!of!cells!capable!of!post8transcriptional!splicing. 
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Figure 28. Results'of'SATURN'assay'show'that'unspliced HIV-1 pre-mRNA 
recruits spliceosome post-transcriptionally in vivo 
Over 22% of cells were BlaM positive. However, a single-nucleotide mutation in the major splicing 
donor (MSD) motif drastically suppress the percentage of BlaM positive cells to 7%, suggesting 
unspliced HIV-1 pre-mRNA can recruit cellular splicing machinery post-transcriptionally in a viral 
protein-free context. (Control transfection efficiency is estimated ~50%.) 
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Appendix 4 

Table 6. Primer sequences for cloning in Chapter 4 

Primer Name Sequence Purpose 

MluI-BlaM F tataacacgcgtgccaccatggatcctgagaccctg
gtgaaagtg  For cloning dHIV-BlaM 

XhoI-BlaM R ctaggtctcgagtcatcaccagtgcttgatcaggct  For cloning dHIV-BlaM 

dHIV-AgeI F gtggataccggtggtactgcgg  For inserting XmaI-T7 promoter 
sequence into dHIV-BlaM 

dHIV-XmaIT7TSS R agcagctgctttttgcctgtactggcccgggtaatac
gactcactatagg 

For inserting XmaI-T7 promoter 
sequence into dHIV-BlaM 

dHIV-XmaIT7TSS F tggcccgggtaatacgactcactatagggtctctctg
gttagaccagatctgagcc 

For inserting XmaI-T7 promoter 
sequence into dHIV-BlaM 

dHIV-SalI R gctctcctctgtcgagtaacgcctattctgctatgtcg
ac 

For inserting XmaI-T7 promoter 
sequence into dHIV-BlaM 

dHIV-XhoI F gtgtagctcgagacctagaaaaacatggagc 
For inserting XmaI restriction 
site into the downstream of 
dHIV-BlaM polyA signal 

dHIV-PolyAXmaI R 
 
tagggaacccactgcttaagcctcaataaacccggg
gcttgccttgag 

For inserting XmaI restriction 
site into the downstream of 
dHIV-BlaM polyA signal 

dHIV-PolyAXmaI F aataaacccggggcttgccttgagtgcttcaagtagt
gt 

For inserting XmaI restriction 
site into the downstream of 
dHIV-BlaM polyA signal 

dHIV-PacI R ttgaggattaattaatatctgtcagaatagtaaattaga
taagtttatac 

For inserting XmaI restriction 
site into the downstream of 
dHIV-BlaM polyA signal 

dHIV-dMSD- F ggggcggcgactgatgagtacgc 
For creating MSD mutated 
dHIV-BlaM 

dHIV-dMSD-R gcgtactcatcagtcgccgcccc 
For creating MSD mutated 
dHIV-BlaM 
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CHAPTER 5: PREDICTION AND CHARACTERIZATION OF REV NEGATIVE 

FEEDBACK 

Abstract 

 Here, we summarize the findings in previous chapters to characterize Rev 

negative feedback in detail. First, we fit the models to our experimental data and use 

the fits to generate informative predictions. Our model fitting results show that the 

post-transcriptional splicing cascade is requisite for generating the overshoot feature. 

Next, we examine the cooperativity of Rev/RRE-dependent RNA nuclear export. Our 

ODE simulations indicate that a high Hill coefficient is required, and the minimum 

Hill coefficient should be larger than 3 to fit our data. Stochastic simulations 

performed in parallel support this conclusion. Additionally, we used our model to 

predict HIV-1 expression dynamics under various perturbations. Our models 

suggested that Rev overexpression would lead to a decrease in the levels of both the 

MS and US gene products. We experimentally verified this prediction by transfecting 

Jurkat HIV-d2G cells with exogenous Rev expressing vector. More importantly, this 

counterintuitive finding implies that contradictory experimental results with perturbing 

Rev functions may be merely the consequence of a hidden coupled Tat/Rev gene 

regulatory circuitry.   
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Materials and Methods 

Ordinary-Differential Equation Models and Stochastic Simulations 

ODE models were developed and simulated using Berkeley Madonna and 

MATLAB. General trend lines obtained from microscopic experiments were fit in 

Berkeley Madonna. Sensitivity analysis and parameter plots for the ODE model were 

performed in MATLAB or Berkeley Madonna. 

For stochastic simulations, chemical reaction schemes were coded in 

programming language c using the Gillespie algorithm (Gillespie, 2007; Gillespie et 

al., 2013). The simulation results were analyzed using MATLAB. 

Rev Overexpression 

We used Cell Line Nucleofector® Kit R (Lonza) to transfect pcRev plasmid 

DNA (Malim et al., 1988) into HIV-d2G Jurkat cells. For each transfection, 1.6 × 106 

Jurkat cells and pre-set program O-028 were used. 10 ng/mL TNF-α was added into 

the culture 24 hours post transfection and incubated for another 24 hours. Intracellular 

p24 were stained using anti-p24 antibody KC57-RD1 (Coulter Clone). Intracellular 

GFP and p24 levels were measured using the flow cytometer High Throughput iQue 

Screener (IntelliCyt). Flow data were analyzed with FlowJo software.  
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Results and Discussion 

Finally, we used our data of HIV-1 single-cell expression trajectories to fit the 

mathematical model. (For details, see Appendix 5). We compared the fitting results of 

co-transcriptional splicing model and post-transcriptional splicing model and found 

that only post-transcriptional splicing model provides a good fit (Figure 29). On top of 

that, we constructed a “mix” model including the elements of both co- and post- 

transcriptional splicing. The purpose of building this mix model is to investigate if 

leakage from co-transcriptional splicing would disrupt the negative feedback resulted 

from the post-transcriptional splicing cascade. The model fitting shows that post-

transcriptional splicing is sufficient to generate the overshoot curve. Furthermore, we 

characterized the negative feedback circuitry by fitting the model with different Hill 

coefficients, the results show that the Hill coefficient of Rev RNA nuclear export 

should be larger than 3 (Figure 30).  

We next used our model to predict the outcomes of exogenous Rev over-

expression. If viral gene expression is under Rev negative-feedback control, MS RNA 

production will be repressed, leading to lower Tat levels. Tat activates HIV-1 

transcription by 20–60 fold (Bohan et al., 1992). Therefore, the effect of reduced viral 

expression due to Rev-negative feedback would be amplified because of Tat 

transactivation. Accordingly, increased Rev-negative feedback would lead to 

decreased levels of p24 and Nef (Figure 31). To verify our predictions, we transfected 

latently infected HIV-d2G Jurkat cells with pcRev DNA (Malim et al., 1988), and 
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activated the replication with TNF-α 24 hours post-transfection. Surprisingly, with 

increasing Rev overexpression, levels of both GFP and p24 decreases at 24 hours post-

activation (Figure 32). Our models successfully predict the counter-intuitive results, 

and these findings further strengthen the conclusion that serial post-transcriptional 

splicing and Rev nuclear export allow for negative-feedback regulation in HIV-1 gene 

expression.  
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Figure 29. Post-transcriptional splicing ODE model provides the best fitting 
results 
ODE models of HIV-1 gene expression circuitry were fit to the latently infected HIV-d2G data. Only 
the post-transcriptional splicing/Rev negative feedback model provides a good fit. Although the “mix” 
model can not fit the experimental data as well as the post-transcriptional model, it can still generate the 
overshoot curve. This suggests that post-transcriptional splicing is essential to generate negative 
feedback and is robust to the leakage from co-transcriptional splicing. 
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Figure 30. Hill coefficient h of Rev/RRE nuclear export should be larger than 3 
When the h is lower than 3, the R-square of post-transcriptional model fitting is less than 0.9, and the 
trajectories lose the overshot feature. When the h is large (e.g., 12), other parameters can be made to fit 
the reference/physiologically reasonable range. 
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Figure 31. Prediction of the HIV-1 expression dynamics under Rev 
overexpression 
Based on the post-transcriptional (Rev negative feedback) model, we predict how the dynamics of HIV 
gene expression respond to exogenous Rev overexpression. Surprisingly, expression of US (B) and MS 
(A) gene products will decrease when Rev is overexpressed. This prediction contradicts the common 
conclusion that Rev upregulates the expression of US RNA. 
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Figure 32. Overexpression of Rev decreases the level of p24 expression in full-
length HIV-1 
(A) Jurkat cells latently infected with HIV-d2G were transfected with pcRev plasmid DNA. At 24 hours 
post-transfection, TNF-α was added to activate viral replication. GFP and p24 levels were measured 24 
hours after TNF-α!treatment by immunostaining and flow cytometry, and the levels were normalized to 
the background fluorescence of naive Jurkat cells. As Rev overexpression was increased, GFP levels 
decreased. (B) The intracellular p24 level also decreased as Rev levels were increased. 
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Appendix 5 

Fitting and Analysis of the ODE models 

The “mix” model 

To accommodate the possibility of co-transcriptional and post-transcriptional 

splicing coexisting in HIV-1 mRNA processing, we built a “mix” model. This system 

has five equations in total, and two are modified compared to the other models. The 

new equations are the following: 

!
!"USn = b!" − sp ∙ USn− !"∙!"#∙!"#!

!!"#!!!"#!
− drna ∙ USn  (8) 

!
!"MS = b!" + sp ∙ USn− drna ∙MS    (9) 

Eq. (8) is a mixture of Eq. (1) and (6) in Appendix 2-2, which consists of four 

biochemical events: the lumped co-transcriptional production of USn RNA, decay of 

USn due to post-transcriptional splicing, Rev-dependent nuclear export, and the RNA 

degradation. The Eq. (9) is a chimeric version of Eq. (3) and (7) in Appendix 2-2, 

where MS RNA can be produced either from the co-transcriptional production or 

splicing from USn RNA. 

After obtaining gene expression trajectories (Chapter 2) from single-cell time-

lapse imaging, we used Berkeley Madonna to fit the experimental data with the ODE 

models. We use the general trend line from a subset of HIV-d2G trajectories in figure 
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8, and relax the parameter values for b, kr, KRev, h, fr, and fg to fit, and with the goal 

of obtaining the smallest possible Hill Coefficient, h. The parameter values used for 

the post-transcriptional model after fitting are listed in the Table 7, and fitted plots are 

shown in the Figure 29. 

From the fitting results, it is clear that only systems containing post-

transcriptional splicing (the post-transcriptional model and the mix model) are able to 

produce the overshoot features shown in the data trajectory, and that the post-

transcriptional splicing model provides the best fit. 

Characterization of HIV-1 Gene Regulatory Circuitry 

HIV-1 Rev homomultimerizes and interacts with the RRE region in the intron-

containing RNA. However, the exact number of bound Rev oligomers per RRE is 

unclear. Previous reports suggest that Rev binds to the RRE in 2:1 (Daly et al., 1993), 

3:1 (Cook et al., 1991), 4:1 (Daly et al., 1993; Mann et al., 1994; Pond et al., 2009), 

6:1 (Daugherty et al., 2010), 8:1 (Cook et al., 1991; Daly et al., 1993), and up to 12:1 

(Mann et al., 1994) ratios. For the Hill coefficient of Rev/RRE dependent RNA 

nuclear export, we observe that the Hill coefficient h needs to be high enough (h ≥ 3) 

in order to get good fit (R2 ≥ 0.9) of the model (Figure 30). 

Using Stochastic Models to Estimate the Cooperativity of Rev-Dependent 

Nuclear Export 

To characterize the Rev-dependent RNA export reaction, we construct a simple 

stochastic model to describe the Rev-RRE interaction and the proceeding nuclear 
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export. The kinetics of Rev and RRE interaction at single-molecule level has been 

studied in vitro. Rev molecules binds to the RRE stem-loop one at a time, and the 

Rev-RRE interaction is reversible (Figure 33) (Pond et al., 2009). The maximum 

number of Rev oligomer bound to one single RRE stem-loop motif is 4. We assume 

that when four Rev molecules are bound to the RRE, it is sufficient to start the nuclear 

export process. Therefore, the system can be described as the following set of 

chemical reactions (Figure 33):  

Rev+ RRE !" R1RRE  (10) 

Rev+ R1RRE !"R2RRE (11) 

Rev+ R2RRE !"R3RRE (12) 

Rev+ R3RRE !"R4RRE (13) 

R1RRE !"Rev+ RRE  (14) 

R2RRE !"Rev+ R1RRE (15) 

R3RRE !"Rev+ R2RRE (16) 

R4RRE !"Rev+ R3RRE (17) 

R4RRE !" RevRREc  (18) 
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In this minimal system, R1RRE stands for the Rev-RRE complex that one Rev 

molecule binds to the RRE, R2RRE stands for the complex of Rev-RRE complex that 

two Rev molecule binds to the RRE, and etc. Reaction (18) is the process that fully 

bound-nuclear Rev-RRE complex is exported to the cytoplasm, becoming the 

cytoplasmic form of Rev-RRE complex (RevRREc). This is the only irreversible 

reaction in the system, because Rev will eventually dissociate from the RRE, release 

the RRE-containing RNA in the cytoplasm, and recycle to shuttle/export viral RNA. 

Collectively, the overall reaction is 

4Rev+ RRE RevRREc  (19) 

To simulate the Rev-RRE interaction and export, we used the Gillespie 

algorithm to code the chemical reaction in programming language c. The rates of 

reactions were obtained from previously published data (Love et al., 1998; Pond et al., 

2009), and the values are converted into correct units for the simulation based on the 

reaction order. We also assume the reaction is taken place in an average size of Jurkat 

cells, which is the cell line most used in our study. The values of constants and 

parameter used in the simulation are summarized in Table 8. We iterate the simulation 

with the initial numbers of Rev and RRE molecules ranging from 101 to 106 with 100.1 

increments per iteration, and the initial values of all other species set to zero. For each 

initial value set, 1000 simulations were run, and the simulation time was 

approximately 120 minutes. In the case of long simulations, the set of with the same 

initial values was aborted. 
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We compute the overall reaction (19) half-time by fitting the average data of 

single simulation trajectories with the same initial conditions. The heat map of half-

time is drawn in double log scale (Figure 34). The area at the bottom-right corner (low 

initial Rev-to-RRE ratio) is blank due to their very long reaction half-time (> 120 

minutes simulation duration). A very drastic transition of the reaction half-time occurs 

on the heat map diagonally from the bottom-left to the top-right. Interestingly, the 

minimum Rev-to-RRE ratio in the “blue” area (half-time < 30 minutes) is 

approximately 3.1, which is very close to the minimum integer Hill coefficient (h ≥ 3) 

required to fit in the ODE models. Although the stochastic simulation can not directly 

measure the cooperativity between Rev and RRE in previous studies, the simulation 

results support the observation that a 3:1 Rev-to-RRE ratio is required to initiate 

efficient Rev/RRE-dependent RNA nuclear export.  

Prediction of HIV-1 Gene Regulatory Circuits with Rev Over-Expression 

 The final goal of constructing models for the HIV-1 full-length gene regulatory 

circuit is to assist the development of new antiviral therapies. A reliable model that 

gives correct prediction can provide valuable insight into this process, and help with 

interpretations of experimental results generated from antiviral drug screening. To test 

if our fitted model accurately predicts viral expression, we decided to over-express 

Rev in the system, and perform experiments to verify if our models generate accurate 

predictions. 

 We simulated Rev overexpression by modifying Eq. (4) to the following: 



 

  

85 

!
!"Rev = b!"# + p ∙ fr ∙MS− dr ∙ Rev (20) 

 The extra parameter, bRev, is the production rate of Rev from an exogenous 

source other than HIV LTR. Experimentally, this can be performed by transfecting 

cells with Rev-encoding expression vectors. We overexpress Rev 24 hours before the 

onset of HIV-1 reactivation. Thus, the minimal Rev-only model will not be sufficient 

to describe the scenario, because the exogenous Rev will exist in the system before Tat 

positive feedback initiates HIV gene expression, in contrast to the previous minimal 

Rev negative-feedback model. As a result, the Tat positive feedback term in the ODE 

models can not be simplified and lumped with the basal transcription in this case. 

Therefore, we replace Eq. (6) with the following: 

!
!"USn = b!"# + !"∙!"#

!!"# !!"! − sp ∙ USn− !"∙!"#∙!"#!
!!"#!!!"#!

− drna ∙ USn (21) 

where bLTR is basal expression rate from LTR promoter, kt is the maximum Tat 

transactivation rate, and KTat is the Michaelis-Menton saturation concentration of Tat 

transactivation. This new equation consists of the following elements: LTR basal 

transcription, Tat transactivation, post-transcriptional splicing, Rev-dependent nuclear 

export, and RNA degradation. We also add another equation to describe the Tat 

production and degradation: 

!
!"Tat = p ∙ ft ∙MS− dtat ∙ Tat (22) 

where ft is the fraction of Tat encoding MS RNA among all MS RNA, and dtat is the 

degradation rate of Tat protein. We firstly fit the new Tat/Rev coupled feedback model 
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to the experimental data in Figure 8. The final parameters are listed in Table 9. Next, 

we simulate how expression dynamics change when Rev is overexpressed. To start 

with, we assume that the production of exogenous Rev reaches a steady state. 

Therefore, we can calculate the initial Rev concentration as the following formula: 

Rev!"#$#%& = ! !!"#!"    (23) 

We probe the system by tuning the bRev. Notably, when the bRev is not zero 

(i.e., Rev is overexpressing in the background), both GFP and USc levels decrease 

(Figure 31).   
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Table 7. Parameter values of the post-transcriptional model after fitting 

Parameter Description Values [Units] Justification or Reference 

b 
Lumped transcription rate of 
basal LTR and Tat positive 
feedback 

120.98 [RNA copies 
cell-1 h-1] Fit to data. 

sp Splicing rate of US to MS 1.5 [h-1] (Singh and Padgett, 2009) 

kr Max Rev-dependent RNA 
nuclear export rate 5.53 [h-1] Fit to data. 

h 
Hill coefficient. cooperativity 
of Rev-dependent RNA nuclear 
export 

12 [no unit] 
Maximum number of Rev 
per RRE. (Mann et al., 
1994) 

KRev 
Rev saturation threshold 
concentration of Rev-dependent 
RNA nuclear export  

45585 [protein 
copies cell-1] 

Fitting in literature range 
(Reddy and Yin, 1999; 
Rempala et al., 2006) 

drna Degradation rate of HIV-1 
mRNAs 0.173 [h-1] 

 (Felber et al., 1989; Malim 
and Cullen, 1993; 
Schwartz et al., 1992a) 

p General protein production rate  270 [protein copies 
cell-1 RNA-1 h-1] (Kim and Yin, 2005) 

fr Fraction of Rev-encoding 
mRNA among all MS 0.046 [no unit] Fit to data 

dr Degradation rate of Rev 0.173 [h-1] (Kubota et al., 1996) 

fg Fraction of GFP-encoding 
mRNA among all MS 5.48 x 10-6 [no unit] Fit to data 

dg Degradation rate of d2GFP 0.346 [h-1] 2 hr theoretical half-life 

 

  



 

  

88 

 

 

Figure 33. Reaction schemes of Rev-RRE mediated RNA nuclear export for 
stochastic simulations 
In this reaction scheme, Rev binds to RRE stem-loop structure in a one-by-one manner (Pond et al., 
2009). When the RRE stem-loop is fully loaded with Rev (4 Revs to 1 RRE), the Rev/RRE complex is 
removed from the nuclear reaction pool (Love et al., 1998). Figure courtesy of Pond et al. (Pond et al., 
2009)  
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Table 8. Parameters and constants used in stochastic simulation of Rev-RRE 
nuclear export 
 

Eq. No. Parameter Reactions Values in literature Reference 

10 k1 Rev + RRE ! R1RRE 

 

1.91 molecule-1 sec-1 (Pond et al., 2009) 

11 k2 Rev + R1RRE ! R2RRE 

 

1.01 molecule-1 sec-1 (Pond et al., 2009) 

12 k3 Rev + R2RRE ! R3RRE 

 

1.73 molecule-1 sec-1 (Pond et al., 2009) 

13 k4 Rev + R3RRE ! R4RRE 

 

1.59 molecule-1 sec-1 (Pond et al., 2009) 

14 k5 R1RRE ! Rev + RRE 

 

R1RRE dissociation 
half time = 4.95 sec 

(Pond et al., 2009) 

15 k6 R2RRE ! Rev + R1RRE 

 

R1RRE dissociation 
half time = 3.15 sec 

(Pond et al., 2009) 

16 k7 R3RRE ! Rev + R2RRE 

 

R1RRE dissociation 
half time = 3.64 sec 

(Pond et al., 2009) 

17 k8 R4RRE ! Rev + R3RRE 

 

R1RRE dissociation 
half time = 3.30 sec 

(Pond et al., 2009) 

18 k9 R4RRE ! RevRREc 

 

Nuclear export and 
dissociation half-
time = 20 minutes 

(Love et al., 1998) 

 

Avagadro’s number (nA) = 6.023 × 1023  

π = 3.14159265359  

Cell diameter (rcell) = 5.8 × 10-6 m  (measured in-house) 

Cell volume (vol) = 0.75 ×π × rcell
3 m3  (assuming cell shape is a perfect sphere.) 
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Figure 34. Heat map of reaction half-life of Rev-RRE nuclear export 
The heat map shows that at least a 3.1 : 1 (Revinitial/RREinitial) ratio is required to ensure efficient 
Rev/RRE-mediated nuclear export. 

  

0 1 2 3 4 5 6
0

1

2

3

4

5

6  

Log of Initial Rev molecules

 

Lo
g 

of
 In

iti
al

 R
RE

 m
ol

ec
ul

es

20

30

40

50

60

70

80

90

100

110

120

Revini&al):)RREini&al)=)3.1172)

T"half'>'120'min'

Log)of)ini&al)RRE)molecules)

Lo
g)
of
)in
i&
al
)R
ev
)m

ol
ec
ul
es
)



 

  

91 

Table 9. Parameter values of the Tat/Rev coupled feedback model after fitting 

Parameter Description Values [Units] Justification or Reference 

bLTR Basal LTR transcription rate 0.87 [RNA copies 
cell-1 h-1] 

Fitting in literature range. 
(Kim and Yin, 2005) 

sp Splicing rate of US to MS 1 [h-1] 
Fit to data; close to 
literature range. (Singh and 
Padgett, 2009) 

kr Max Rev-dependent RNA 
nuclear export rate 14.4 [h-1] Fit to data. 

h 
Hill coefficient. cooperativity 
of Rev-dependent RNA 
nuclear export 

12 [no unit] (Mann et al., 1994) 

KRev 

Rev saturation threshold 
concentration of Rev-
dependent RNA nuclear 
export  

247 [protein copies 
cell-1] Fit to data. 

drna Degradation rate of HIV-1 
mRNAs 0.173 [h-1] 

 (Felber et al., 1989; Malim 
and Cullen, 1993; 
Schwartz et al., 1992a) 

p General protein production 
rate  

270 [protein copies 
cell-1 RNA-1 h-1] (Kim and Yin, 2005) 

fr Fraction of Rev-encoding 
mRNA among all MS 0.19 [no unit] (Purcell and Martin, 1993; 

Robert-Guroff et al., 1990) 

dr Degradation rate of Rev 0.173 [h-1] (Kubota et al., 1996) 

fg Fraction of GFP-encoding 
mRNA among all MS 0.79 [no unit] (Purcell and Martin, 1993; 

Robert-Guroff et al., 1990) 

dg Degradation rate of d2GFP 0.346 [h-1] 2 hr theoretical half-life 

kt Tat-induced transcription rate 42.4 [RNA copies 
cell-1 h-1] 

48.7-fold of basal. Fitting 
in literature range. (Bohan 
et al., 1992; Graeble et al., 
1993; Laspia et al., 1993) 

KTat 
Saturation concentration of 
Tat transactivation saturation 

1152 [protein copies 
cell-1 RNA-1 h-1] Fit to data 

ft Fraction of Tat-encoding 
mRNA among all MS 0.02 [no unit] (Purcell and Martin, 1993; 

Robert-Guroff et al., 1990) 

dtat Degradation rate of Tat 0.087 [h-1] 8 hr half-life (measured in-
house) 

  



 

  92 

CHAPTER 6: DISCUSSION 

The data in previous chapters show that HIV-1 Rev negative-feedback 

circuitry requires a cascade of post-transcriptional splicing. While coupling 

transcription and splicing may allow splicing to be being governed by upstream 

transcriptional regulators and enhance the efficiency of producing fully matured 

mRNAs, post-transcriptional splicing enables an additional layer of feedback control if 

coupled with the other downstream events, such as RNA nuclear export or degradation.  

Significance and Implications of HIV-1 Rev Negative Feedback 

 Because Tat and Rev are both encoded in the class of MS RNA, Rev-negative 

feedback is functionally coupled with Tat-positive feedback (Weinberger et al., 2005; 

Weinberger and Shenk, 2007). This coupled feedback-regulatory architecture makes it 

difficult to predict the outcomes of perturbing the system. Tat positive feedback is a 

strong amplifier and even a small decrease in Tat positive-feedback strength can 

generate a significant reduction in overall viral transcription. In other words, 

diminishing the expression of MS RNA through Rev-negative feedback will also 

repress the expression of Tat and thus weaken the overall transcription. As a result, 

mild/moderate inhibition of Rev function with drugs (Figure 18) actually can elevate 

the level of MS RNA gene products. Conversely, overexpression of Rev, which 

further reduced the MS RNA production, leads to down-regulation of US and MS 

gene products (Figure 32). The interpretation of the effects of antiviral compounds that 

target Rev may be complicated due to this counterintuitive result. 
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 Negative feedback, in contrast to positive feedback, generally leads to 

acceleration (Alon, 2007; Savageau, 2011). In terms of noise, positive feedback 

increases the noise level in the system, and negative feedback reduces the noise (Cox 

et al., 2008). HIV-1 Rev-negative feedback, unlike conventional negative feedback 

circuits that control expression by regulating the promoter, functions at the 

downstream RNA level. A potential advantage of negative-feedback regulation post-

transcriptionally is the ability to reduce stochastic fluctuations. Theoretical studies 

have compared the noise level of transcriptional negative feedback with post-

transcriptional negative feedback (Singh, 2011) and have shown that negative 

feedback on the post-transcriptional steps confers lower noise. The noisy HIV-1 Tat 

positive feedback controls viral decision-making between active replication and a 

proviral latent state (Weinberger et al., 2005; Weinberger et al., 2008). While 

stochastic fluctuations are utilized in decision-making processes and provide 

beneficial effects, rigorous control of expression can facilitate the system to reach the 

final state with less variation. The Rev-dependent RNA nuclear export, which 

contributes to the expression of viral structural proteins and translocation of viral 

genomic RNA, is the key switch of the early-to-late gene expression. Extra reduction 

of expression noise in this step may contribute to better temporal or quantitative 

control of the viral expression, and thus assists viral replication or transmission in the 

competition with host immune response. 
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Implications of HIV-1 Splicing Mechanism and SATURN Assay 

 HIV-1 pre-mRNA splicing was generally believed to be co-transcriptional after 

the discovery of the functional role of Tat-SF1, that the Tat-SF1-U snRNP stimulates 

the HIV-1 RNA splicing in vitro (Fong and Zhou, 2001). In contrast, recent evidence 

shows that Tat-SF1 functions independently of transcription and splicing in vivo 

(Miller et al., 2011). How then is HIV pre-mRNA spliced? Our smFISH study shows 

that in the early stages of replication, HIV-1 pre-mRNA splicing is post-transcriptional. 

It remains unclear which mechanism or factor(s) cause HIV-1 to be spliced post-

transcriptionally instead of the conventional co-transcriptional pathway. However, one 

possibility is that rate of HIV-1 transcription is faster than rate of splicing. The 

transcription elongation rate of HIV-1 is very fast in comparison with other genes 

(Boireau et al., 2007). The fast rate of transcription elongation may enable the 

completion of transcription to occur before splicing machinery can function or 

assemble. Moreover, HIV-1 pre-mRNA has many alternative splice sites and many of 

the alternative splice sites are weak compared the constitutive splice sites. Generally, 

it takes longer for splicing to complete at weak alternative splice sites (de la Mata et 

al., 2010; Pandya-Jones and Black, 2009). Therefore, HIV-1 pre-mRNA splicing may 

be too slow to be completed before transcription. Another possibility is that the virus 

hijacks cellular factors to deviate the viral splicing pathway from the co-transcriptional 

default. Last of all, nascent HIV-1 unspliced pre-mRNA might be shuttled to the 

nuclear speckles, which are nuclear dynamic structures enriched of splicing factors, 

act as the centers of post-transcriptional pre-mRNA splicing, and associate with RNA 
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nuclear export (Girard et al., 2012; Spector and Lamond, 2011). These speculations, 

nevertheless, need to be examined experimentally. 

 To dissociate the splicing step from transcription in vivo, we developed the 

SATURN assay to test if HIV-1 pre-mRNA can be post-transcriptionally spliced. The 

result of HIV-1 SATURN assay further supports our smFISH data. Particularly, the 

main concept of SATURN assay is very similar to the early cell-free in vitro splicing 

assays (Manley et al., 1980; Padgett et al., 1983). Both of them decouple splicing from 

transcription, but the SATURN assay detects the splicing events in vivo with high 

sensitivity. Our findings show that HIV-1 unspliced mRNA is capable of being spliced 

post-transcriptionally in vivo without the need of viral proteins. This suggests that the 

recruitment of spliceosomes is not necessarily co-transcriptional. Along with the early 

cell-free in vitro splicing studies, it is shown that there is an endogenous pathway for 

pre-mRNA splicing (i.e., that spliceosome recruitment and splicing can occur post-

transcriptionally). This pathway is likely a viral exploitation of an endogenous cellular 

mechanism. It is important to further investigate if unspliced pre-mRNA from other 

endogenous genes is capable of being spliced post-transcriptionally in vivo. In addition, 

several questions should also be addressed regarding the post-transcriptional pathway. 

First, what factor(s) prevents the co-transcriptional recruitment of spliceosome? 

Second, what factor(s) is responsible for the post-transcriptional recruitment of 

spliceosome? Third, what factor(s) prevents incompletely spliced RNA variants from 

entering this pathway? 
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 Our findings demonstrate that post-transcriptional splicing of HIV-1 pre-

mRNA and Rev-dependent RNA nuclear export leads to Rev-negative feedback. The 

results suggest that HIV-1 exploits a minority host splicing mechanism to serve for 

viral replication. This study also provides novel insight into the development of new 

targets for antiviral agents. More fundamentally, our study indicates the existence of 

an underlying post-transcriptional splicing mechanism.   
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