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Abstract

HIV-1 relies on both viral and cellular host factors for expression of its genome.
Tat stimulatory factor 1 (Tat-SF1) was identified as a cellular cofactor required for
enhanced transcription of HIV-1 in vitro. Insight into the role of Tat-SF1 in the HIV-1
lifecycle has previously been limited to immunodepletions and in vitro analyses or
transient overexpression experiments. Here, we present studies that utilize RNA
interference (RNA1) to reevaluate Tat-SF1’s role in Tat transactivation and HIV-1
replication in vivo. We report that although Tat-SF1 depletion reduces HIV-1 infectivity,
it does not affect Tat transactivation in vivo. However, Tat-SF1 depletion changes the
levels of unspliced and spliced RNAs. We propose that Tat-SF1 has a novel role of post-
transcriptionally regulating HIV-1 gene expression, possibly through alternative splicing.

The functions of Tat-SF1 in cellular gene expression are not well understood, so
we utilized the stable cell lines constructed for our HIV-1 studies to investigate the
cellular functions of Tat-SF1. To identify target genes of Tat-SF1, we employed a
combination of RNAi and human exon arrays. These arrays, which survey both
transcript level and relative exon level changes genome-wide, revealed approximately
1,400 genes with relative exon level changes after Tat-SF1 depletion (p<0.01).
Approximately 500 genes showed significant transcript level changes (p<0.01).
Computational analyses showed that genes with relative exon level changes after Tat-SF1
depletion were over-represented in the insulin signaling and ubiquitin mediated

proteolysis biological pathways. Furthermore, there was enrichment of Tat-SF1 target
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genes among previously reported HIV-1 dependency factors. The location of exon level
changes affected by Tat-SF1 depletion exhibited a strong 5° bias. Finally, a novel Tat-
SF1 binding motif, GACGGG, was found to be over-represented among target genes and
may play a functional role in first exon choice. Together, these data are the strongest
evidence to date of Tat-SF1 functioning in both transcription and splicing of cellular

genes.
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Chapter 1: HIV-1 relies on cellular factors for transcription of its
genome

1.1.1 The HIV-1 genome

Human immunodeficiency virus type 1 (HIV-1) is a complex retrovirus that
contains a single-stranded RNA genome. Efficient replication depends on three viral
genes that encode the structural proteins, Gag, Pol, and Env that are common to all
retroviruses. Gag is a polyprotein that is involved in encapsidating new viral particles,
Pol is a polyprotein encoding the viral protease, reverse transcriptase, and integrase, and
Env is a viral envelope glycoprotein. HIV-1 expresses 6 additional genes. Two of these
factors, Tat and Rev, were found to be required for replication and are classified as
regulatory factors, while Vif, Nef, Vpr, and Vpu are classified as auxiliary factors
(Cullen, 1998).

The HIV-1 RNA genome is converted into DNA by the viral-encoded RNA-
dependent DNA polymerase and ribonuclease H in the cytoplasm of the infected cell.
Integration of the DNA form of the viral genetic material into the host cell’s genome
occurs via the viral-encoded integrase. In this way, the viral DNA resembles a cellular
gene and remains a permanent part of the host cell’s genome. This integration ensures
that the viral DNA will be transcribed into pre-mRNA by the host cell’s RNA
Polymerase II (RNAPII), processed into mRNA, exported to the cytoplasm, and

translated into viral proteins (Haseltine, 1991).



1.1.2 The mechanism of Tat transactivation

One of the most surprising findings in the study of HIV-1 transcription was that
this process is not constitutive; that is, transcription from the HIV-1 promoter, the long
terminal repeat (LTR), is inducible. This is in contrast to murine and avian retroviruses.
This stimulation due to a trans-acting factor is called Tat transactivation. The viral
regulatory protein, Tat, is required for efficient viral RNA synthesis (reviewed in (Jones
& Peterlin, 1994; Karn, 1999). Although regulation of HIV-1 transcription in vivo is
believed to occur at both initiation and elongation (Kao et al., 1987; Laspia et al., 1989;
Feinberg et al., 1991), in vitro studies show that regulation of Tat transactivation occurs
primarily at the level of transcription elongation (Marciniak et al., 1990; Marciniak &
Sharp, 1991; Kato et al., 1992).

Tat is a small nuclear protein, expressed from a two-exon gene early in the viral
lifecycle. As Tat quickly accumulates, it activates HIV-1 transcription, participating in a
positive feedback loop. In the absence of Tat, only short transcripts are produced from
the HIV-1 LTR as RNAPII either pauses or falls off the template due to its intrinsic
instability. In the presence of Tat, transcription elongation is stimulated through a series
of events involving both viral and cellular factors (Herrmann & Rice, 1993, , 1995; Jones,
1997; Mancebo et al., 1997; Yang et al., 1997; Wei et al., 1998; Isel & Karn, 1999; Karn,
1999; Taube et al., 1999).

First, Tat recruits the human positive transcription elongation factor b (P-TEFD) to
the trans-activating response (TAR) RNA element at the 5 end of nascent transcripts

through its direct interaction with cyclin T1 (CCNT1) (Figure 1.1)(Fujinaga et al., 1998;
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Wei et al., 1998); (Rosen et al., 1985; Feng & Holland, 1988; Jones & Peterlin, 1994;
Wu-Baer et al., 1995a; Wu-Baer et al., 1995b; Jones, 1997; Cullen, 1998). P-TEFb is a
hetermodimer, composed of the cyclin-dependent kinase, CDK9, and its partner cyclin T
(cyclin T1 or the minor forms T2a or T2b) (Peng et al., 1998; Wei et al., 1998). The
secondary structure of TAR is a stem-loop to which Tat binds (Dingwall et al., 1990).
These interactions form a ternary complex involving TAR, Tat, and P-TEFb, which has
been proposed to be necessary and sufficient for transcriptional elongation (Bieniasz et
al., 1999). Finally, the CDK9 kinase activity of the recruited P-TEFb heterodimer results
in hyperphosphorylation of the carboxyl-terminus domain (CTD) of the largest subunit
RNAPII, leading to efficient elongation (Herrmann & Rice, 1993, , 1995; Dahmus, 1996;

Mancebo et al., 1997; Zhou et al., 1998; Isel & Karn, 1999).

1.1.3 Cellular factors involved in Tat transactivation

Regulation of Tat transactivation is mediated by both viral and cellular factors
(Cullen, 1992; Jones & Peterlin, 1994; Cullen, 1998; Goff, 2007). As described above,
Tat is the key viral factor regulating transcription elongation. Next, I will describe some
of the key cellular factors involved in Tat transactivation. Although many cellular
transcription factors have been shown to interact with the HIV-1 LTR (Pereira et al.,
2000), this manuscript will focus on cellular factors that are described as cofactors for Tat
transactivation.

As explained earlier in this chapter, HIV-1 does not encode a DNA-dependent

RNA polymerase. Therefore, the integrated proviral genome uses the host cell’s
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RNAPII. As in eukaryotic genes, RNAPII is not sufficient for transcription of HIV-1
genes to occur. Many general transcription factors are present at the LTR (Pereira et al.,
2000) and unknown cellular factors were shown early on to be present in a complex with
RNAPII and TAR RNA (Wu-Baer et al., 1995b; Pereira et al., 2000). Both negative and
positive transcription elongation factors (N-TEFs and P-TEFs, respectively) are used in
controlling RNAPII processivity. N-TEFs act as barriers to RNAPII, which can pause or
terminate transcription, while P-TEFs serve to overcome these barriers by allowing the
enzyme to enter productive transcription elongation (Price, 2000). P-TEFb and the
negative elongation factors DSIF (DRB (5,6-dichloro-1-B-D-ribofuranosylvenzimidazole)
sensitivity-inducing factor) and NELF (negative elongation factor) are three cellular
transcription elongation factors that work together to also control transcription elongation
from the HIV-1 promoter (Marshall & Price, 1992; Wada et al., 1998; Yamaguchi et al.,
1999; Renner et al., 2001).

Many groups have investigated the mechanism by which HIV-1 utilizes P-TEFb
as a cellular cofactor for Tat transactivation (Marshall & Price, 1995; Marshall et al.,
1996; Mancebo et al., 1997; Zhu et al., 1997; Chiu et al., 2004). By using a reconstituted
in vitro transcription system, researchers have identified proteins from HelLa nuclear
extract that stimulate Tat-specific, TAR-dependent HIV-1 transcription. In this way,
immunodepletion of P-TEFb was shown to eliminate both basal and Tat-dependent HIV-
1 transcription in vitro (Mancebo et al., 1997; Zhu et al., 1997; Zhou et al., 1998). These

studies concluded that P-TEFb is a required Tat cofactor.



RNA interference (RNA1) has recently been used to better understand the
requirement of cellular Tat cofactors by reducing their levels in vivo. To test whether
cyclin T1 and/or CDK9 were required for Tat transactivation in vivo, siRNAs specific to
each subunit were used to deplete these factors in HeLa cells (Chiu et al., 2004). Upon
depletion of either cyclin T1 or CDK9, Tat transactivation was inhibited. This study
concluded that indeed, P-TEFD is a required Tat cofactor in vivo.

Many studies suggest that P-TEFb is not the only cellular factor required for Tat
transactivation, but is part of a multiprotein complex that associates with RNAPII at the
HIV-1 promoter (Zhou & Sharp, 1996; Sune et al., 1997; Parada & Roeder, 1999).
Along these lines, another cellular factor was purified from HeLa nuclear extracts that
possessed Tat transactivation activity. This factor, named Tat-CT1 for Tat
cotransactivator 1, is the human homolog of the yeast SPT5, which is a subunit of the
transcription factor, DSIF. Immunodepletion experiments showed that SPT5 was
required for Tat transactivation in vitro, but was not required for activation by VP16, a
potent transactivator of herpes simplex virus transcription (Wu-Baer et al., 1998).
Similar experiments to the ones described above for P-TEFb were performed by
depleting SPTS in cell culture with siRNAs (Ping et al., 2004). Upon SPT5 depletion,
Tat transactivation and HIV-1 replication were inhibited. These experiments lead to the
conclusion that SPTS is an additional Tat cofactor.

c-Ski-interacting protein (SKIP) is a transcription-splicing factor that has
widespread roles in both processes. Due to its association with P-TEFb, studies were

performed to determine if SKIP was also a cofactor for Tat. Overexpression of SKIP
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enhanced Tat-dependent transcription and, to a lesser extent, basal transcription. HeLa
cells depleted of SKIP by RNAi1 showed decreased levels of Tat transactivation,
indicating that SKIP was indeed a Tat cofactor in vivo (Bres et al., 2005).

The Garcia-Blanco lab has also contributed to this field by identifying TCERG]1
(CAT150, or coactivator of 150 kDa) as a nuclear protein associated with RNAPII (Sune et
al., 1997). Immunodepletion of TCERG1 from HeLa nuclear extract diminished levels of
Tat transactivation, but not basal HIV-1 transcription. Furthermore, overexpression of a
truncated TCERG] protein also decreased Tat transactivation, but had little effect on
basal transcription. These results suggested that TCERG1 was yet another cellular

cofactor for Tat.

1.2 Tat-SF1 was identified as a required cellular cofactor for Tat
transactivation.

In 1995, another cellular activity in HeLa nuclear extract was purified that
specifically facilitated Tat transactivation. This fraction, referred to as Tat stimulatory
factor (Tat-SF) (Zhou & Sharp, 1995) contained a phosphoprotein of 140kDa.
Immunodepletion of this novel protein (named Tat-SF1) from HeLa nuclear extract lead
to a reduction in Tat transactivation in vitro. Furthermore, overexpession of Tat-SF1 lead
to an increase in Tat transactivation compared to empty vector control reactions. This
fold change resulted from a combination of a decrease in basal transcription and a very
small increase in Tat-dependent transcription. The authors concluded that Tat-SF1 was
required for Tat transactivation in vitro and in vivo (Zhou & Sharp, 1996).
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The discovery of this novel protein also provided sequence information (Figure
1.2). Tat-SF1 was shown to have a highly acidic C-terminus, with potential casein kinase
IT phosphorylation motifs. Additionally, the N-terminus contained two tandem RNA
recognition motifs (RRMs). These motifs showed strongest sequence homology to
RRMs in the EWS (Ewing’s sarcoma protein) and FUS (fused in sarcoma)/ TLS
(translocated in liposarcoma) family of transcription factors (Zhou & Sharp, 1996). The
authors also reported that immunostaining and Northern blot analysis revealed that Tat-
SF1 was expressed in a number of cell types and localized to the nucleus, but was
excluded from the nucleolus.

One of the major questions in understanding how HIV-1 transcription occurs is
what exactly are the host factors that the virus utilizes for Tat transactivation. Further
identification and characterization of these host factors may determine potential targets
for development of AIDS therapeutics. Targeting cellular factors rather than viral factors

has the benefit of avoiding the creation of drug-resistant viral mutants.

1.3 HIV-1 relies on cellular factors for alternative splicing
1.3.1 An overview of pre-mRNA splicing

Precursor messenger RNAs (pre-mRNAs) of protein-coding genes usually contain
introns that need to be removed before translation. Removal of these introns and
subsequent ligation of exons is achieved by a process known as splicing. This process is

catalyzed by a huge macromolecular complex, the spliceosome. Components of the



spliceosome are called small nuclear ribonucleoproteins (snRNPs), consisting of U1, U2,
U4, US, or U6 snRNA and many associated proteins. (Jurica & Moore, 2003; Nilsen,
2003; Konarska & Query, 2005).

Together with its associated factors, the spliceosome catalyzes intron removal
through two transesterification reactions, reviewed in (Reed, 2000). First, Ul snRNA
recognizes and binds the 5” splice site. Splicing factor 1 (SF1) binds to the downstream
branchpoint sequence (CUPuAPy) containing a highly conserved adenine. Next, U2
snRNA auxiliary factor (U2AF) binds to the polypyrimidine tract and the 3’ splice site.
These associations of splicing factors with a pre-mRNA constitute the commitment
complex. The formation of this complex is ATP independent. Next, the A complex is
formed as U2 snRNP binds to the branchpoint sequence. A tri-snRNP of U4/U5/U6 is
recruited to the pre-mRNA, where U4 snRNP displaces Ul snRNP so that U6 snRNP can
bind to the 5’ splice site. This step is ATP dependent. At this point, U6 snRNP is
positioned at the 5’ splice site, and U2 snRNP is still at the 3” splice site. U6 and U2 are
then able to base pair and form the C complex.

The C complex is catalytically active, that is, at this point, the transesterification
reactions can begin that will ultimately lead to removal of an intron and ligation of two
exons. The first reaction results in a free 5° exon and an intron-3’ exon structure known
as a lariat. The second reaction occurs when the free 3’OH of the 5’ exon attacks the 3’
splice site, resulting in excision of the intron and ligation of the two exons. An increasing

number of spliceosomal proteins are being identified, in addition to argine/serine-rich



(SR) proteins, that help stabilize these interactions and facilitate splicing (Zhou et al.,

2002; Deckert et al., 2006; Behzadnia et al., 2007).

1.3.2 An overview of alternative pre-mRNA processing

Alternative processing is a mechanism by which one pre-mRNA yields different
mature mRNAs by alternative exon use. The resulting protein isoforms may have
similar, distinct, or even opposing functions (Black, 2003; Garcia-Blanco et al., 2004).
Estimates of the number of multi-exon human transcripts that are alternatively spliced
have continued to increase with time, with the most recent finding reporting 92-94%
(Wang et al., 2008).

There are different types of alternative processing that pre-mRNAs may undergo to
produce different mature transcripts (Figure 1.3) (reviewed in (Black, 2003; Garcia-
Blanco et al., 2004). First, an entire internal exon can either be skipped or included to
produce two different transcripts (a cassette exon). Also, alternative 5° and 3’ splice sites
can be utilized to produce exons of different sizes. In other cases, an intron can be
retained in one transcript and spliced out in another. Mutually exclusive alternative
splicing also exists, where one of two alternative exons is included. Pre-mRNA can also
be alternatively processed by having transcription initiation start at different locations,
thus changing the 5’ end of the gene. Likewise, alternative 3’ terminal exons can be
used, changing the 3’ end of the gene. Finally, alternative cleavage and polyadenylation

can change the 3’ end of a gene.



1.3.3 HIV-1 is alternatively spliced

HIV-1 has a unique situation in that many genes must be produced from a single
proviral DNA template. Like other retroviruses, HIV-1 uses alternative splicing to
generate such diverse gene products. The HIV-1 LTR is the only promoter in the proviral
DNA, so alternative promoter use cannot occur. Furthermore, all HIV-1 RNAs are
polyadenylated in the 3° UTR, so there is no evidence for alternative 3’ end formation.
Full-length transcripts from the 5’ LTR promoter are approximately 9kb in length and
serve three purposes. First, they constitute the RNA genome that gets packaged into new
virions. Second, they serve as templates for translation of Gag and Pol. Third, they serve
as pre-mRNAs for splicing smaller, subgenomic RNAs. Alternative splicing of HIV-1,
which utilizes 4 different 5’ splice sites and 8 different 3’ splice sites, allows initiator
codons of multiple genes to come within close proximity to the 5’ cap. This results in
more than 30 mRNAs from the single proviral template (Felber et al., 1990; Guatelli et
al., 1990; Robert-Guroff et al., 1990; Schwartz et al., 1990; Purcell & Martin, 1993).
These mRNAs can be grouped into 3 size classes: the 9kb unspliced class (encodes Gag
and Gag-Pol), the 4kb singly spliced class (encodes Env, Vif, Vpr, Vpu), and the 2kb
fully spliced class (encodes Tat, Rev, Nef) (Figure 1.4) (Berro et al., 2006).

HIV-1 does not encode any proteins that are splicing factors. That is, the virus
requires cellular pre-mRNA splicing machinery, and is spliced relatively inefficiently.
This is necessary because both fully spliced and intron-containing pre-mRNAs (9kb and
4kb) must be transported to the cytoplasm to be translated. This unique paradoxical

requirement for both spliced and unspliced RNAs is met by using the Rev-RRE (Rev
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response element) system (reviewed in (Pollard & Malim, 1998). Early in infection, the
9kb and 4kb RNAs are retained in the nucleus and either spliced or degraded. In contrast,
the fully spliced 2kb RNAs are transported to the cytoplasm. Rev is expressed from this
2kb class, and once the protein accumulates, it recognizes a cis-element, the RRE, present
in all intron-containing HIV-1 RNAs. This allows nuclear export of unspliced and singly
spliced RNAs to the cytoplasm for translation of viral proteins.

Complex patterns of alternative splicing allow HIV-1 to maintain a small genome,
while encoding many viral proteins. As described earlier in this chapter, the number of
proteins required for function in different stages of the viral lifecycle is also kept to a
minimum, as cellular factors are utilized. It should be noted that splicing patterns of HIV
transcripts among different cell lines are highly uniform, suggesting that the tight
regulation of these transcript ratios is crucial for the viral lifecycle (Purcell & Martin,

1993; Gorry et al., 1999; Sonza et al., 2002).

1.4 Tat-SF1 is postulated to be a general transcription elongation factor
in human cells.

Although the transcriptional role of Tat-SF1 was originally identified as being
Tat-specific, two groups have concluded that in human cells, Tat-SF1 is a general
transcription elongation factor. Li and Green fractionated eluates of a Tat-affinity
column to determine which fraction(s) complemented a Tat-affinity column flow through
to support transcription elongation. Run-off transcription assays using a DNA template,
G5E1b, showed that crude nuclear extract supported efficient transcription elongation,
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while the Tat-affinity column flow through had reduced transcription. Short, primer-
extension products from a location near the transcription start site were unaffected,
suggesting that the Tat-affinity column depleted a factor(s) involved in transcription
elongation, but not intitiation.

The 0.5M eluate of the column was tested for the presence of known transcription
elongation factors, and compared to both nuclear extract and the Tat-affinity column flow
through. Tat-SF1 was indeed present in this eluate, as were other transcription factors, as
determined by western blot. However, the authors showed that Tat-SF1 was the only
tested transcription factor that was not only present in the eluate, but also depleted in the
Tat-affinity column flow through. Furthermore, the study went on to test the possibility
that Tat-SF1 was a general elongation factor by adding baculovirus-derived H6-Tat-SF1
to the Tat-affinity column flow through. This stimulated transcription from the G5E1b
template (Gal4 promoter) and the HIV-1 LTR, and the authors concluded that Tat-SF1
was a general elongation factor (Li & Green, 1998).

Parada and Roeder immunodepleted Tat-SF1 from a nuclear extract fraction and
saw impaired Tat-independent transcription from the adenovirus major late promoter,
while short 13-mer RNAs transcribed from the HIV-1 promoter were not affected. They
concluded that the role of Tat-SF1 in transcription was not restricted to HIV-1, and that it
also acts as a general transcription elongation factor (Parada & Roeder, 1999). It should
be noted that this role for Tat-SF1 in gene regulation is not agreed upon in the field. In
Kim et al., neither overexpression nor depletion of Tat-SF1 stimulated or reduced,

respectively, transcription from a number of cellular promoters (Kim et al., 1999),
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suggesting that Tat-SF1 is not a general elongation factor. It remains to be seen how Tat-

SF1 functions as a transcription factor in vivo.

1.5 Focus of this work

Several groups, including ours, have aimed to understand how cellular factors,
such as Tat-SF1, help HIV-1 replicate. Identification of these factors has been performed
primarily by reconstituted in vitro transcription reactions using immunodepleted nuclear
extract fractions. Furthermore, the information on how Tat-SF1 is involved in cellular
gene expression is lacking. Therefore, this thesis will focus on elucidating both the viral
and cellular functions of Tat-SF1 using RNA interference (RNA1).

In the next chapter, I will describe how the role of Tat-SF1 in HIV-1 gene
regulation has been redefined. I will describe the creation of stable human cell lines that
have reduced Tat-SF1 expression and demonstrate their use in probing Tat-SF1’s
requirement in HIV-1 replication. First, I will show that Tat-SF1 depletion does not
affect T-Rex-293 cell viability. Next, [ will present the finding that Tat-SF1 is a positive
modulator of HIV-1 infection, but is not required for basal HIV-1 transcription or Tat
transactivation in vivo. Then, splicing analyses will demonstrate that Tat-SF1 regulates
the ratios of unspliced and spliced HIV-1 RNAs. Together, this work suggests that Tat-
SF1 acts as a post-transcriptional regulator of HIV-1. Finally, I will offer explanations as
to why this data contradicts earlier reports and future directions for these studies.

In Chapter 3, I will extend my analysis of Tat-SF1 function to how it is involved

in cellular gene regulation. I will demonstrate how exon array analysis was used to
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investigate both transcript level and exon level changes across the human transcriptome
after Tat-SF1 depletion. First, I will show that both differential exon levels and transcript
levels change after Tat-SF1 depletion. Then, I will describe the biological processes,
pathways, and cellular locations over-represented by Tat-SF1 target genes to provide
biological insight into these findings. I will also describe how the list of target genes was
classified into different types of exon choice events to reveal a bias toward the 5’ end of
genes. Different exon choice events will be validated by the use of semi-quantitative RT-
PCR. Additionally, I will describe the identification of a novel Tat-SF1 motif,
GACGGG, which was over-represented among the 5’end of target genes. Together,
these data suggest a role for Tat-SF1 in both alternative processing and alternative
transcription start site use. Finally, I will discuss the importance of discovering these
target genes and their links to both HIV infection and diabetes.

In Chapter 4, 1 will discuss possible mechanisms by which Tat-SF1 is involved in
regulating HIV-1 spliced isoforms, in addition to how it may act in both transcription and
splicing of cellular genes. This chapter will conclude with potential directions for further

research.
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Figure 1.1: P-TEFD is essential for Tat transactivation of HIV-1
transcription. Shortly after transcription is initiated from the HIV-1 promoter, the
progression of Pol II is stalled by the concerted actions of negative elongation factors
DSIF and NELF. For Pol II to escape from this promoter-proximal pausing, the HIV-1-
encoded Tat protein binds to host cellular P-TEFb and recruits it to the stalled Pol 11
through forming a stable ternary complex involving the TAR RNA stem-loop structure
located near the 5’ end of the nascent viral transcript. Subsequently, P-TEFb
phosphorylates the Pol I CTD as well as the negative elongation factors to stimulate
processive elongation. This figure is taken from Zhou and Yik (2006).
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Figure 1.2: Gene schematics of Tat-SF1 and CUS2. Domain structures of TAT-
SF1 and the yeast homologue of TAT-SF1, CUS2. This figure is taken from Fong and
Zhou (2001).
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Figure 1.3: Patterns of alternative processing. Constitutive sequences present in all
final mMRNAs are gray boxes. Alternative RNA segments that may or may not be included
in the mRNA are hatched boxes. (4) A cassette exon can be either included in the mRNA

or excluded. (B) Mutually exclusive exons occur when two or more adjacent cassette

exons are spliced such that only one exon in the group is included at a time. (C, D)
Alternative 5” and 3’ splice sites allow the lengthening or shortening of a particular exon.
(E, F) Alternative promoters and alternative poly(A) sites switch the 5° or 3’ most exons

of a transcript. (G) A retained intron can be excised from the pre-mRNA or can be

retained in the translated mRNA. (H) A single pre-mRNA can exhibit multiple sites of
alternative splicing using different patterns of inclusion. These are often used in a
combinatorial manner to produce many different final mRNAs.
This figure is taken from Black (2003).
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Figure 1.4: Genomic structure of HIV-1. (A) Structure of HIV-1 proviral
genome and location of the HIV-1 exons and splice donor (D) and splice acceptor (A)
sites. (B) The structure of the alternatively spliced mRNAs (lines) and open reading
frames (ORFs) (filled boxes). This figure is taken from Berro et al (2006).

18



Chapter 2: Tat-SF1 is not required for Tat transactivation but does
regulate the relative levels of unspliced and spliced HIV-1 RNAs.

2.1 Introduction

The human immunodeficiency virus type 1 (HIV-1), like all other complex
retroviruses, tightly regulates transcription from its genome. This regulation is mediated
by both viral and cellular factors (Cullen, 1992; Jones & Peterlin, 1994; Cullen, 1998;
Goft, 2007). The viral regulatory protein, Tat, stimulates transcription elongation of
HIV-1 through a series of events termed Tat transactivation (Herrmann & Rice, 1993, ,
1995; Jones, 1997; Mancebo et al., 1997; Yang et al., 1997; Wei et al., 1998; Isel & Karn,
1999; Taube et al., 1999). Tat recruits the human positive transcription elongation factor
b (P-TEFD) to the TAR RNA element at the 5° end of nascent transcripts (Jones, 1997;
Cullen, 1998). Tat interacts directly with cyclin T1 (CCNT1), a component of P-TEFb,
which allows recognition of TAR (Wei et al., 1998). P-TEFb recruitment has been
proposed to be necessary and sufficient for transcriptional elongation (Bieniasz et al.,
1999). The CDKO kinase activity of P-TEFD results in hyperphosphorylation of the
carboxyl-terminus domain (CTD) of the largest subunit of RNA Polymerase I (RNAPII),
leading to efficient elongation (Herrmann & Rice, 1993, , 1995; Dahmus, 1996; Mancebo
et al., 1997; Zhou et al., 1998; Isel & Karn, 1999).

Many groups have investigated the mechanism by which HIV-1 utilizes P-TEFb
as a cellular cofactor for Tat transactivation. These studies suggest that P-TEFb is part of
a multiprotein complex that associates with RNAPII at the HIV-1 promoter and that other

cellular factors also assist in transactivation (Zhou & Sharp, 1996; Sune et al., 1997,
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Parada & Roeder, 1999). Previous studies have used nuclear extract fractions from Tat
affinity columns to reconstitute Tat transactivation in vitro (Zhou & Sharp, 1996; Li &
Green, 1998; Wu-Baer et al., 1998; Parada & Roeder, 1999). One of these studies
identified a cellular activity that was required for Tat-specific, TAR-dependent activation
of HIV-1 transcription in vitro, and it was termed Tat stimulatory factor (Tat-SF) (Zhou
& Sharp, 1995; Parada & Roeder, 1999). Further affinity purification of this activity
identified a novel, 140-kDa protein that was sequenced and named Tat-SF1 (accession
number NP _055315; HUGO gene name HTAT-SFI). Immunodepletion of this protein
from nuclear extracts resulted in a reduction in Tat transactivation (Zhou & Sharp, 1996;
Li & Green, 1998; Parada & Roeder, 1999), and overexpression of Tat-SF1 resulted in a
small increase in Tat transactivation (Zhou & Sharp, 1996). The increase in Tat
transactivation; however, was primarily due to a decrease in basal transcription, and only
a small increase in Tat-dependent transcription. In addition to the usual caveats of
overexpression data, this overexpression result was not recapitulated by the same group
when using a different plasmid system (Kim et al., 1999). These studies, which used the
best technology available at the time, justifiably concluded that Tat-SF1 was a likely
cofactor for Tat transactivation in vitro and in vivo.

Tat-SF1 has also been proposed to be a general transcription elongation factor (Li
& Green, 1998; Parada & Roeder, 1999). It can associate with Tat:P-TEFb transcription
elongation complexes in nuclear extracts (Zhou et al., 1998) through a direct CCNT1
interaction (Zhou et al., 1998; Fong & Zhou, 2000). Two other transcription elongation

factors, hSPT5 and the RAP30 protein of TFIIF, associate with Tat-SF1 (Kim et al.,
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1999). Tat-SF1 has been shown to be a component of an RNAPII-containing complex
that also contains other HIV-1 cellular cofactors such as P-TEFb and hSPT5, and these
factors were shown to be recruited to the HIV-1 promoter in HeLa nuclear extract
(Parada & Roeder, 1999). In a separate study, immunoprecipitation experiments showed
that Tat-SF1, along with P-TEFb, TCERG1, and TFIIF all associate in an RNAPII-
containing complex (Sanchez-Alvarez et al., 2006).

In addition to the associations with transcription factors, Tat-SF1 has also been
found to interact with several components of the spliceosome. Large RNAP II-
containing complexes that associate with 5’-splice sites contain Tat-SF1 (Kameoka et al.,
2004). Tat-SF1 also interacts with snRNP proteins Ul 70K, U2B”, and Sm proteins B
and B’. In addition, Tat-SF1 associates with all five spliceosomal U snRNAs, and this
interaction depends on its RNA recognition motifs (RRMs) (Fong & Zhou, 2001).
Moreover, the yeast homologue of Tat-SF1, CUS2, helps refold U2 snRNAs to aid in
prespliceosome assembly (Yan et al., 1998). The association with both elongation and
splicing factors has led to the suggestion that Tat-SF1 can couple these two processes.
Indeed, another transcription-splicing coupling factor, TCERG1, binds Tat-SF1 directly
through multiple interactions with FF domains in the former (Smith et al., 2004).

Insight into the role of Tat-SF1 in the HIV-1 lifecycle has previously been limited
to immunodepletions and in vitro analyses or transient overexpression experiments.
Here, we present studies that utilize RNA interference (RNA1) to reevaluate Tat-SF1’s
role in Tat transactivation and HIV-1 replication in vivo. We found that Tat-SF1

depletion did not affect transcription from the HIV-1 LTR and did not alter the overall
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level of viral transcripts; however, Tat-SF1 depletion resulted in a significant decrease in
viral replication. This study demonstrates that the major effect upon knockdown of Tat-
SF1 was a change in the ratio of unspliced to fully spliced HIV-1 RNAs. Based on our
data, we propose a novel activity for Tat-SF1 as a post-transcriptional regulator of viral

pre-mRNAs.

2.2 Methods

shRNA constructs

Two different short hairpin RNA (shRNA) sequences targeting Tat-SF1
transcripts in the pSuper vector backbone (OligoEngine) were gifts from Dr. Bryan
Cullen (Duke University). Tat-SF1(A) consists of a hairpin targeting the following Tat-
SF1 sequence: GAGTCAGATGACAAGGAAG. Tat-SF1(B) targets
GAGAATCTGTGGAACTTGC. A third shRNA targeting Tat-SF1, Tat-SF1(C), was
expressed from the pSM2 vector (Open Biosystems), obtained from the Duke RNAi
Facility. Tat-SF1(C) targets the following Tat-SF1 sequence:
GGCCTTCTAGAGCAAGGCATTT. The GFP targeting and non-silencing control
shRNAs were also in pSM2. Empty pSuper, used as a negative control in transient
knockdowns, was a gift from Dr. Vann Bennett (Duke University). To create tetracycline
inducible shRNA constructs, hairpin sequences were subcloned from pSuper by digestion
with BamH]1 and Xhol and ligated into the corresponding sites in pcDNAS/FRT/TO
(Invitrogen). Hairpin sequences targeting GFP and Tat-SF1 in the pSM2 vector were

PCR amplified using the following oligonucleotides: 5’-CCA TGG GGA TCC CAG
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CAC ATATACTAGTCG AC 3> AND 5* CCA TGC GGC CGC TAATTC AGC TTT
GTA AAA ATG- 3’. Gel-purified PCR products were digested with BamH1 and NotI
and ligated into the corresponding sites in pcDNAS/FRT/TO. The structure of all

constructs was verified by DNA sequence analysis.

Plasmids

The HIV-CAT reporter and the CMV-driven Tat plasmid, pcTat have been
described previously (Berger et al., 1988; Malim et al., 1988). The SV40-driven
luciferase reporter, pGL3-Control Vector (Promega), was used to control for transfection
efficiency. The HIV-1 proviral indicator plasmid, pNL-Luc-HXB was described in
(Tokunaga et al., 2001). The HIV-1 pNL4-3 plasmid, pSG3AEnv, was described in (Li et
al., 2005). pSG3AEnv contains a four nucleotide insertion mutation that encodes a
truncated gp120, without disrupting any of the known splicing regulatory cis elements.
The plasmid expressing the VSV-G envelope, pHIT/G was described in (Fouchier et al.,
1997). The plasmid expressing the AMLYV envelope, pSV-A-MLV-env was described in

(Landau et al., 1991).

Cell culture
The Flp-In ™ T- Rex™ -293 cell line is a stable, tetracycline-inducible,
mammalian expression cell line. It was used here to express shRNAs under the control of

a CMV promoter that contained two tandem repeats of the tet operator 2 sequence. T-

Rex-293 cells that harbored the pFRT/lacZeo and pcDNAG6/TR plasmids were cultured in
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DMEM (high glucose) supplemented with 10% fetal bovine serum, 1%
penicillin/streptomycin and 1% L-glutamine. Zeocin (100 pg/mL) and blasticidin (15
ng/mL) were included to select for cells containing a single integrated FRT site and the
Tet repressor plasmid. A GFP-expressing plasmid, Gint (Bonano et al., 2007), was
linearized with Dralll and transfected into T-Rex-293 cells using Lipofectamine 2000
(Invitrogen). Genetecin (500 pg/mL) was added to culture media and was changed every
three days until a stable, polyclonal population was obtained. These cells were sorted by
fluorescence activated cell sorting (FACS) to isolate the population with high GFP
expression. shRNAs described above in pcDNAS/FRT/TO and empty vector
pcDNAS/FRT/TO were each cotransfected with pOG44 (to express Flp recombinase)
into GFP-positive T-Rex -293 cells, and stably transfected cells were selected with
hygromycin (200 pg/mL), blasticidin (15 pg/mL), and geneticin (500pg/mL).
Tetracycline-reduced FBS (Hyclone) was used for all cultures that contained a
tetracycline-inducible plasmid to minimize basal shRNA expression. Tetracycline
concentrations and induction times were optimized for each shRNA expressed to achieve
maximal knockdown. Cell viability was assessed at various time pointstime points after
shRNA induction using trypan blue exclusion. The dye was added to trypsinized cells to
0.2% (v/v), and viable cells were counted on a hemocytometer. Cell confluency was
evaluated at various time points by imaging cells on an Olympus (Melville, NY) [X71
epifluorescence microscope. Images were acquired with an Olympus DP70 digital

camera, and images were processed with DP Controller software (Olympus).
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HeLa cells were cultured in DMEM (high glucose) with 10% FBS and 1%
penicillin/streptomycin. HeLa cells stably expressing the non-silencing shRNA or Tat-
SF1(C) were created by linearizing the plasmids with BstBI and Apal, respectively,
before transfection into HeLa cells using Lipofectamine 2000. Positive transfectants
were selected with puromycin. 293T and TZM-bl cells (Derdeyn et al., 2000) were

cultured in DMEM (high glucose) with 10% FBS and 1% penicillin/streptomycin.

Western blot analysis

Protein concentrations of cell lysates were determined by a Bradford assay (Bio-
Rad) and 30 pg of protein was separated on SDS-PAGE gels before transferring to PVDF
membranes (BioRad). The membranes were probed with rabbit polyclonal antibodies to
CCNT1 (AbCam) at a 1:500 dilution, PTB (Intronn, LLC, Durham, NC) at a 1:5000
dilution or antiserum to Tat-SF1 (Research Genetics Inc, Huntsville, AL) at a 1:500
dilution. Rabbit secondary antibody (Amersham) was used at a 1:5000 dilution and
proteins were detected with ECL (Amersham) or SuperSignal West Chemiluminescence

Substrate (Pierce).

Pseudotyped virus production and HIV-1 replication assays

293T cells were plated in 100-mm dishes and cotransfected with 1pug pHIT/G (for
VSV-G envelope production) or 1ug pSV-A-MLV-env (for AMLV envelope
production) and 10pg pNL-Luc-HXB using the calcium phosphate method. Media was

changed the following day and supernatants were passed through a 0.45-um pore size
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filter 48 hours post transfection. Viral supernatants not used immediately were frozen at
—-80°C.

T-Rex-293 cell lines expressing either empty pcDNAS/FRT/TO or a plasmid with
an shRNA targeting GFP or Tat-SF1 were induced with 2.5 pg/mL tetracycline for 48
hours. Then, 2 x 10° cells were plated per well of a 6-well plate, keeping tetracycline
present in the media. Cells were imaged in phase contrast and fluorescence before and
after infection to confirm equal confluency. 72 hours post induction, media was removed
and 2 mL of viral supernatant was added to the cells. HeLa cells stably expressing either
the non-silencing shRNA or an shRNA targeting Tat-SF1 were infected in the same
manner. Since 293 and HeLa cells do not express the HIV-1 specific CD4 receptor, only
VSV-G or AMLYV pseudotyped viruses were able to infect the target cells. After 24 or
48 hours, a luciferase assay was performed on the cell lysates. All values were
normalized to the protein concentration of the lysate, determined by the BCA Protein

Assay (Pierce).

TZM-bl assays of infectivity

TZM-bl cells were used for replication-competent HIV-1 infection because they
express endogenous CXCR4, transgenic CD4 and CCRS, and integrated Tat-dependent
beta-galactosidase and luciferase reporter genes. They have also been shown to be
susceptible to RNAI (Brass et al., 2008). Empty vector, a non-silencing shRNA, or Tat-
SF1-targeting shRNAs were co-transfected with a GFP-expressing plasmid into TZM-bl

cells using FuGene6 (Roche). Forty-eight hours post-transfection, GFP-positive cells
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were collected by FACS. 8x10° sorted cells were plated per well in a 96-well plate in
DMEM supplemented with DEAE (15ng/uL). For reverse transcriptase assays, 1.6x10"
sorted cells were plated per well in a 12-well plate. Plated cells were infected with
replication-competent HIV-11r3;, HIV-1rer, or HIV-1yy5 at multiplicities of infections of
0.004, 0.02, or 0.05 respectively. HIV-1rt13; is a chimeric virus composed of the env
gene from an early-transmitted primary virus isolate (Keele et al., 2008) and the genome
of HIV-1n14.3. HIV-1173; was constructed by cotransfecting 293 T cells with a single-
genome-amplified env gene from patient TT31, and the recombinant HIVy4.3 backbone,
pHIVenvBstEllnef-hisD (Lu et al., 2004). Supernatants from the transfected cells were
harvested 3 days post-transfection and used to generate viral stocks in peripheral blood
mononuclear cells. At 3 or 6 days post-infection with replication-competent virus,
lysates were prepared for luciferase assays with the Britelite Gene Assay System
(PerkinElmer) according to the manufacturer’s instructions. Luciferase values were read
on a Victor’ (PerkinElmer) reader. Values shown are the means of three independently
transfected, FACS sorted, and infected wells. The error bars represent standard error.
Lysates from GFP-sorted, uninfected cells were prepared in SDS lysis buffer to analyze
levels of Tat-SF1 by western blot both at the time of infection (48 hours after

knockdown) and at the end of the experiment.

Reverse transcriptase assays of infectivity
Virion-associated reverse transcriptase was measured as described previously

(Willey et al., 1988; Chen et al., 1993). Briefly, cell culture supernatants from cells
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infected with HIV-1y5 were harvested by centrifugation for 5 min at 1500 rpm and
treated with Triton X-100 at a final concentration of 1%. 10 pL of treated supernatant
was added to 40 pl of reaction cocktail containing: 50 mM Tris-HCI1 pH 7.8, 75 mM KClI,
2 mM Dithiothreital, 5 mM MgCl,, 5 pg/mL Poly A, 0.03 units/mL oligo dT,.15, 0.05%
Igepal CA-630, 10 mM EGTA, and 10 uCi/mL dTTP [**P] (MP Biomedical, Solon,0OH).
Reactions were incubated at 37 °C for 90 min. 40 pL of the reverse transcription reaction
was blotted onto DE 81 membrane (Thermal Scientific, Odessa, TX) using a Schleicher
and Schuell Minifold and a vacuum. The blotted membranes were washed briefly with
2X SSC (0.3 M NacCl, 0.03 M Sodium Citrate) at room temperature and exposed to a
storage phosphor screen overnight. The screen was scanned with a Typhoon phosphor

image, and the data analyzed with ImageQuant 5.2 software (GE Healthcare, Piscataway,

NJ).

Tat transactivation assays

HelLa cells were seeded in a 24-well plate before transient transfection with 0.4ug
of either empty pSuper plasmid, a non-silencing shRNA , or Tat-SF1(A) and Tat-SF1(B)
in combination using Lipofectamine 2000. After 24 hours of knockdown, cells were
passaged to a 6-well plate before transient transfection of reporter plasmids. T-Rex-293
cells were induced with 2.5 pg/mL tetracycline for 48 hrs and seeded in a 6-well plate
before transient transfection of reporter plasmids. The calcium phosphate method was

used to transfect 0.5ug of HIV-CAT, 50ng of SV40-LUC as an internal control for
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transfection efficiency, and the indicated amount of either pcTat or a CMV-driven empty
vector. Twenty-four hours later, lysates were prepared using 500uL of Cell Culture Lysis
Reagent (Promega). Luciferase assays were performed with 40uL of lysate using a
Luciferase Assay Kit (Promega) according to the manufacturer’s instructions. Readings
were obtained using a Lumat LB 9507 Luminometer (EG&G Berthold). CAT assays
were performed using the diffusion method on the same volume of lysate (Neumann,
1987). Both reporter gene assays were background corrected with values obtained from

lysis buffer alone. All CAT values were normalized to luciferase values.

Northern blot analysis

T-Rex-293 cells were induced with 2.5ug/mL of tetracycline for 48 hours, plated
in 6-well plates (4 x 10° cells/well), and after an additional 24 hours, transiently
transfected with 1 png of pSG3AEnv by the calcium phosphate method. Each shRNA-
expressing cell line was transfected in triplicate and tetracycline was present in the media
at all times. Media was replaced the day following transfection, and 48 hours post-
transfection, cells were washed and total RNA was extracted with TRIzol (Invitrogen).
4ug of total RNA was subjected to a glyoxylation reaction for 1 hour at 55 °C. RNAs
were immediately chilled for 10 minutes on ice before separation on a 0.8% agarose gel.
RNA was transferred overnight to BrightStar-Plus positively charged nylon membrane
(Ambion) by capillary action in 10X SSC. After crosslinking the membrane in a UV
Stratalinker 2400 (Stratagene), transfer efficiency was assessed by staining the membrane

with methylene blue and the agarose gel with ethidium bromide. Membranes were
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prehybridized for 2 hours in 0.5M Nas;PO4 pH 7.2, 7% (w/v) SDS, ImM EDTA, pH 7.0
at 68°C. An HIV-1 LTR radiolabelled probe was generated from a 25 ng KpnI-HindIII
fragment of the HIV-1 LTR described in (Lin & Cullen, 2007) using [0-**P]dCTP and
the Random Primers DNA Labeling Kit (Invitrogen). Denatured probe (>1x10” cpm) was
added to hybridization solution and incubated with the membrane for at least 1 hour at
68°C. Membranes were washed once at room temperature in 1X SSC + 0.1% SDS, then
three times at 68°C in 0.5X SSC + 0.1% SDS, followed by overnight exposure to film
with an intensifying screen at —80°C or a phosphor screen. Membranes were stripped
with boiling 0.5% SDS and reprobed with a random primed GAPDH PCR product.
Northern blots were quantified with ImageQuant by first background correcting each
band. The proportion of each of the three HIV-1 RNA classes in cells depleted of Tat-
SF1 was expressed relative to the proportion of the same RNA class in cells treated with
the control shRNA. Quantification of total HIV-1 transcripts levels was achieved by
adding the values of the 9kb, 4kb, and 2kb signals and normalizing to the GAPDH signal.
Statistical significance was determined using a paired Student’s t test, and significance

was set at p<0.05.

Reverse transcription and real-time PCR detection of HIV-1 transcripts

Total cellular RNA was isolated using TRIzol per the manufacturer’s protocol.

RNA samples were then subjected to two rounds of DNase digestion to remove residual

DNA using DNA-free (Ambion). To verify the removal of DNA, each RNA sample was

30



tested in triplicate by real-time PCR using SYBR Green PCR Master Mix (Applied
Biosystems) and HIV-1 LTR specific primers (HIVshortF and HIVshortR) described
elsewhere (Overman et al., 2007). Real-time reactions were performed in an ABI 7500
Real-time PCR System (Applied Biosystems) with the following cycling profile: one
cycle of 50 °C for 5 min, one cycle of 95 °C for 10 min, 40 cycles of 95 °C for 15 s and
60 °C for 1 min.

Reverse transcription was performed on 300 ng of each RNA sample for 1 h at
37 °C using M-MLYV Reverse Transcriptase (Invitrogen), 6 pug of random hexamer
primers (Invitrogen), 0.67 mM dNTPs (Invitrogen), 40 U RNAse Out (Invitrogen), and
First Strand Buffer (Invitrogen) in a 45 uL final reaction volume. The enzyme was then
inactivated by incubating the reactions at 70 °C for 15 min. The resulting cDNAs were
tested in real-time PCR reactions to determine the absolute quantity of total and unspliced
HIV-1 transcripts using the PCR master mix and cycling profile described above. Total
initiated HIV-1 transcripts were amplified using primers HIVshortF and HIVshortR. PCR
primers LA8 and LA9 (Arrigo et al., 1989) were modified to match the sequence of
HIV\L4.3, and used to amplify unspliced HIV-1 transcripts. Dissociation curves were
performed on all PCR reactions to determine the specificity of each PCR reaction. The
absolute quantification data was analyzed using Sequence Detection Software v1.2.2

(Applied Biosystems).
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2.3 Results

Tat-SF1 depletion does not affect T-Rex-293 cell viability.

To test the importance of Tat-SF1 in the HIV-1 life cycle in vivo, we used RNAI to
specifically silence its expression. The T-Rex-293 cell culture system was utilized to
allow for the expression of an shRNA from a tetracycline-inducible promoter. Four cell
lines were made containing four unique shRNAs that targeted Tat-SF1. All of the cell
lines were tested and the two most efficient, Tat-SF1 (A) and Tat-SF1 (B), were used in
all subsequent experiments. In addition, two control cell lines were made that stably
integrated either an empty vector (no shRNA) or an shRNA targeting GFP. Tetracycline
concentration and induction time were optimized to achieve the maximum level of
knockdown. Analysis of cell lysates from induced cells shows that both cell lines that
contain an shRNA targeting Tat-SF1 have significantly lower Tat-SF1 protein levels
compared to the empty vector control (Figure 2.1). The knockdown of Tat-SF1 by either
shRNA did not affect the levels of cyclin T1, a direct binding partner of Tat-SF1, or the
polypyrimidine tract binding protein (PTB), an unrelated splicing factor (Figure 2.1).
Flow cytometry demonstrated that the cell line containing an shRNA targeting GFP
produced an active shRNA, as GFP levels were reduced by approximately 50% (Figure
2.2) and that induction of any active shRNA is not sufficient to deplete levels of Tat-SF1
(data not shown). Tetracycline induction for 72 hours was chosen for the functional
assays, although 96 hours also showed persistent knockdown.

We first sought to evaluate the effect of Tat-SF1 knockdown on T-Rex-293 cell

viability. Trypan blue exclusion was used to quantify viability in the control and
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knockdown cells at 24, 48, and 72 hours post-tetracycline induction. Figure 2.3 shows
the average number of viable cells per mL in each cell line. The number of viable cells
per mL in the Tat-SF1 knockdown cell lines was not significantly different from the
control cells at the end of the experiment. The Tat-SF1 (B) shRNA shows slightly lower
cell viability initially, however, this difference is not significant at later time points. The
density of the Tat-SF1 knockdown cells was also indistinguishable from that of the
control cells at each time point (Figure 2.4). These data indicate that Tat-SF1 was not
required for T-Rex-293 cell viability, and therefore, we proceeded to assay the role of

Tat-SF1 as a cellular cofactor of HIV.

Tat-SF1 depletion inhibits HIV-1 infectivity.

If Tat-SF1 was indeed required for Tat transactivation in vivo, then RNAIi-
mediated depletion of Tat-SF1 should decrease the ability of HIV-1 to replicate. To test
this hypothesis, control and Tat-SF1 knockdown T-Rex-293 cells were infected with a
vesicular stomatitis virus G-protein (VSV-G) pseudotyped virus in a single-round
replication assay. Although this pseudotyped virus does not produce infectious progeny
due to its lack of the HIV-1 envelope, we use the term replication here to refer to the
reproduction of viral genomes. Serial dilutions of the viral stock were added to cells and
lysates were assayed for luciferase activity, which indicates LTR-dependent transcription,
processing, and expression. To control for any differences in cell number between
control and knockdown cell lines, cells were imaged before and after infection to ensure

equal confluency, and luciferase values were normalized to the protein content of the
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lysate. Surprisingly, both of the Tat-SF1 knockdown cell lines showed levels of HIV-1
replication that were no different than those in the empty vector and GFP control cells
after 24 hours of infection (Figure 2.5 A). This remained true even with a 1:100 dilution
of the viral stock. HIV-1 replication was also unaffected by Tat-SF1 knockdown after 48
hours of infection (data not shown).

It was possible that the VSV-G pseudotyped virus was infecting the cells so
efficiently that any deficiency due to Tat-SF1 depletion was being masked. To address
this possibility, we also assessed replication using an AMLV-pseudotyped virus, which
infects target cells with a lower efficiency. Again, there was no significant difference in
HIV-1 replication after Tat-SF1 knockdown (Figure 2.5 B).

Earlier studies of Tat-SF1 function were performed in HeLa cells, so we next
tested our hypothesis by infecting HeLa cells that stably expressed a third shRNA
targeting Tat-SF1, Tat-SF1(C). Tat-SF1 depletion did not significantly affect cell
viability in HeLa cells (data not shown). Again, replication in Tat-SF1 depleted cells was
comparable to control cells (Figure 2.5 C). This led us to conclude that either Tat-SF1
had a minimal effect on HIV-1 replication, or it affected a step not interrogated by the
experiments with these pseudotyped viruses. Since Brass ef al. identified Tat-SF1 as a
host factor required for HIV-1 propagation using a replication-competent virus (Brass et
al., 2008), we favored the latter explanation.

In order to test if Tat-SF1 played a role in any step of the viral life cycle, we
decided to assess the effect of Tat-SF1 depletion with a replication-competent virus.

TZM-bl cells were used because they express CXCR4, CD4 and CCRS, and also contain
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integrated Tat-dependent beta-galactosidase and luciferase reporter genes. These cells
are amenable to treatment with siRNAs (Brass et al., 2008) and have equal susceptibility
to HIV-1 infection as compared to human peripheral blood mononuclear cells (PBMCs)
(Derdeyn et al., 2000; Wei et al., 2002). TZM-bl cells were transiently transfected with
an empty vector, a non-silencing shRNA, or Tat-SF1 specific sShRNAs. These cells were
cotransfected with a GFP expressing plasmid to sort GFP-positive cells. GFP-positive
transfectants were plated in 96-well plates and infected with one of two different
replication-competent HIV-1 strains, HIV-11r3; or HIV-1jrp. HIV-1rpy is a laboratory
adapted strain, whereas HIV-1t73; encodes an envelope from an early-transmitted
primary isolate (Keele et al., 2008). After 3 days of infection, a luciferase assay was
performed on the cell lysates. Upon Tat-SF1 depletion, the level of HIV-1 infection
decreased approximately 3-fold compared to the control cells (Figures 2.6 A and B). The
decrease in infectivity was similar for both HIV-1 strains tested. A comparable decrease
in infectivity after 6 days of infection was also observed (data not shown). Lysates from
uninfected cells showed persistent knockdown of Tat-SF1 throughout the length of the
experiment (data not shown).

As an independent, more direct measurement of viral infectivity, a third strain,
HIV-1y15, was used to infect control and Tat-SF1 knockdown TZM-bl cells, and the viral
supernatants from these cells were assayed for reverse transcriptase activity. Luciferase
readings from the infected cell lysates recapitulated the decrease in infectivity upon Tat-
SF1 depletion that was seen for the two HIV-1 strains used previously (Figure 2.6 C).

After 3 days of infection, both control and Tat-SF1 knockdown cells produced
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background levels of reverse transcriptase. After 6 days of infection, the most efficient
knockdown cells, Tat-SF1(B), showed an inability to produce reverse transcriptase above
background levels (Figure 2.6 D).

Together, these data indicated that Tat-SF1 plays a positive role in regulating the
lifecycle of HIV-1 at a step not interrogated by pseudotyped viruses. This conclusion

was not easily reconciled with an effect on Tat transactivation.

Tat-SF1 depletion does not affect Tat transactivation in vivo.

Although Tat-SF1 has been implicated in vitro as a cofactor for the viral protein
Tat, this had yet to be demonstrated in vivo. To examine Tat transactivation when Tat-
SF1 was depleted, control and Tat-SF1 knockdown HeLa cell lines were transfected with
a chloramphenicol acetyltransferase (CAT) reporter under the control of the HIV-1 LTR.
This plasmid, along with an internal luciferase control for transfection efficiency, was
cotransfected with either the Tat-expressing plasmid, pcTat (Malim et al., 1988), or an
empty vector. The amount of pcTat transfected was experimentally determined so that
Tat transactivation was in the linear range (Figure 2.7 A). As expected, Tat stimulated
transcription of the CAT reporter gene by approximately 40-fold in control cells (Figure
2.7 B and Tablel). Surprisingly, similar levels of Tat transactivation were seen when
Tat-SF1 was depleted. Furthermore, basal transcription of the LTR (in the absence of
Tat) was unaffected by RNAi-mediated depletion of Tat-SF1. In addition, the same

results were recapitulated in T-Rex-293 cells (Figure 2.7 C and Table 2). These findings
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indicate that, contrary to the in vitro results, Tat-SF1 depletion did not affect basal or Tat-

mediated transactivation of the HIV-1 LTR in vivo.

Tat-SF1 maintains the ratios of HIV-1 RNAs.

Although Tat-SF1 depletion resulted in a decrease in HIV-1 infectivity, it did not
affect Tat transactivation. Rather than having a role in transcription elongation of HIV-1
RNA, it seemed possible that Tat-SF1 could post-transcriptionally regulate viral gene
expression. To test this hypothesis, we used Northern blots to analyze HIV-1 RNAs in
control and knockdown cells. The pSG3AEnv plasmid was transfected into GFP control
and Tat-SF1 knockdown T-Rex-293 cell lines, and total RNA was harvested 48 hours
later. Hybridization was performed using an HIV-1 LTR-specific radiolabeled probe that
detects all three classes of viral RNAs: unspliced (~9kb), singly spliced (~4kb), and fully
spliced (~2kb). A western blot of T-Rex-293 cell lysates confirms efficient knockdown
of Tat-SF1 (Figure 2.8 A). Figure 2.8 B shows the results of a representative Northern
blot probing RNA from GFP control and Tat-SF1 knockdown cell lines 48 hours after
transfection with the pSG3AEnv plasmid. In the mock transfected lane, no viral pre-
mRNA signal is detected, indicating that the bands seen in the other lanes are HIV-1-
specific. Quantification of each RNA class demonstrates that intron-containing unspliced
and singly spliced transcripts were elevated and fully spliced transcripts were reduced
when Tat-SF1 was depleted (Figure 2.8 C). This corresponds to an unspliced/fully
spliced ratio of ~0.7 in GFP control cells and ~1.6 in Tat-SF1 depleted cells. Similar

changes in ratios were observed when another viral plasmid, pNL-Luc-HXB, was
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transfected into Tat-SF1 depleted T-Rex-293 cells (data not shown). These data further
suggest a post-transcriptional role for Tat-SF1.

To test whether or not the total amount of HIV-1 transcripts was altered by Tat-
SF1 depletion, total viral RNAs were quantified from triplicate Northern blot experiments
and normalized to GAPDH. Indeed, total HIV-1 RNA levels were not significantly
different between the control and Tat-SF1 knockdown cell lines (Figure 2.8 D).

As an independent test of a change in the splicing pattern, the same RNAs used in
the Northern blot experiments were analyzed by qRT-PCR. We attempted the specific
amplification of the 9kb, 4kb and 2kb classes using previously published oligos (Exline et
al., 2008). Nonetheless, separation the PCR products on an acrylamide gel revealed that,
although the 9kb primers produced one distinct band, the 4kb and 2kb primers produced
multiple amplicons larger than the expected one (likely including unspliced RNAs). In
addition, the qPCR melting curves indicated more than one product for the 4kb
amplification. In fact, careful inspection of the design of the oligos used in a previous
report (Exline et al., 2008) suggests that the reported RNA-class specificity would be
exceedingly difficult to achieve. Nevertheless, the quantification of the unspliced RNAs
over all initiated transcripts confirmed that there was an increase in the 9kb, unspliced
transcripts upon Tat-SF1 knockdown, in concordance with the Northern blots (Figure 2.8
E). This change in the viral splicing pattern suggests that Tat-SF1 plays a post-

transcriptional role in regulating the ratio of unspliced to spliced HIV-1 RNAs in vivo.
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2.4 Discussion

The results presented here shed new light on the mechanism by which the human
protein, Tat-SF1, functions in HIV-1 replication. The first important conclusion was that
Tat-SF1 was not required for basal or Tat-dependent transcription from the HIV-1 LTR
in vivo. This contradicts previously reported conclusions (Zhou & Sharp, 1996; Kim et
al., 1999); however, careful reevaluation of the published data suggests concerns about
these earlier inferences. First, as part of a multiprotein complex, immunodepletion of
Tat-SF1 from nuclear extract may have resulted in co-depletion of other proteins essential
for Tat transactivation, most notably, cyclin T1, which directly binds Tat-SF1. As a
subunit of P-TEFb, co-depletion of cyclin T1 could certainly affect levels of
transcription. Equally, RNAi-mediated depletion of TCERG1, which we previously
hypothesized would be a Tat cofactor (Sune et al., 1997) and which is also known to
interact with P-TEFb, did not show any effect on basal or Tat-dependent transcription
from the HIV-1 LTR (data not shown). In light of these RNAi-mediated depletion
experiments, it seems very possible that the identification of both Tat-SF1 and TCERG1
as Tat cofactors from Tat-affinity column experiments could be explained by their
association with P-TEFb.

A previous report on Tat-SF1 function showed a small increase in Tat
transactivation when Tat-SF1 was overexpressed (Zhou & Sharp, 1996). As described
earlier, this change was primarily due to a decrease in basal transcription, however, even
this effect was not reproduced using a different promoter to drive expression of Tat-SF1

(Kim et al., 1999). Finally, chromatin immunoprecipitation (ChIP) data indicated that
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Tat-SF1 was not present at an integrated HIV-1 LTR-driven reporter gene during Tat
transactivation in vivo, while RNAPII and P-TEFb were (Bres et al., 2005). This finding
is difficult to reconcile with Tat-SF1 being a required Tat cofactor. Nonetheless, when a
cell line harboring integrated proviral DNA was utilized for ChIP experiments, Tat-SF1
was detected at the promoter-proximal region (Zhou et al., 2004). In light of our data, we
propose that the presence of viral splice sites or other elements in the HIV-1 transcripts
explains the recruitment of Tat-SF1 to the proviral locus.

An alternative explanation for the different conclusions drawn from previous
overexpression and our knockdown studies is that lack of functioning Tat-SF1 can be
compensated by another cellular protein. SPTS5 has also been reported to stimulate Tat
transactivation when overexpressed (Kim et al., 1999) and inhibits transactivation when
immunodepleted from nuclear extract (Wu-Baer et al., 1998) or depleted by RNAi (Ping
et al., 2004). TCERGI did not compensate for Tat-SF1 depletion, as a double
knockdown of both proteins did not affect HIV-1 transcription (data not shown). Our
findings do not eliminate the possibility that Tat-SF1 plays some role in Tat
transactivation, although it is not absolutely required. A similar caveat, which can be
leveled against all silencing experiments, is that a knockdown is not tantamount to a
knockout, and the remaining level of the silenced gene product is sufficient for activity.
Nonetheless, depletion of Tat-SF1 did result in the reduced viral replication and altered
ratios of viral transcripts, so the preponderance of the evidence strongly suggests that Tat-

SF1 is not a required Tat stimulatory factor.
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Another important and novel finding presented here is that Tat-SF1 depletion
increased the ratio of unspliced to spliced viral transcripts. It should be noted that
splicing patterns of HIV transcripts among different cell lines are highly uniform,
suggesting that the tight regulation of these transcript ratios is crucial for the viral
lifecycle (Purcell & Martin, 1993; Gorry et al., 1999; Sonza et al., 2002).

Careful investigation of the changes in HIV-1 spliced ratios over time showed that
accumulation of unspliced and singly spliced RNAs and reduction of fully spliced RNAs
did not occur until 48 hours post-transfection (data not shown). These data highlight the
importance of timing when analyzing HIV-1 spliced RNAs. Thus, we have focused our
efforts for determining Tat-SF1’s role in maintaining RNA ratios to later time points.
While an effect on transcript ratios can be explained by several different mechanisms, we
propose that Tat-SF1 regulates alternative splicing of HIV-1 RNAs. This is consistent
with previous data regarding the yeast protein CUS2, which is structurally similar to
human Tat-SF1. Both proteins contain two RRMs in their N-terminus, but Tat-SF1 has a
large acidic C-terminus that is absent in CUS2. The first RRMs of these proteins are
37% identical and 59% similar. The second RRMs are 30% identical and 56% similar.
CUS?2 associates with U2 snRNA in splicing extracts and co-immunoprecipitates PRP11,
which is a subunit of SF3a. When anti-Tat-SF1 antibodies were used for
immunoprecipitation, the human homologue of PRP11, SF3a66(SAP62), was also
immunoprecipitated (Yan et al., 1998). An effect of Tat-SF1 depletion on HIV-1 RNA
ratios is also consistent with recent unpublished data from our laboratory that

demonstrate that Tat-SF1 depletion changes the relative levels many alternatively spliced
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transcripts in human cells without affecting the total amount of these transcripts (H.B.
Miller et al., unpublished results). An effect on splicing could be direct, as proposed for
CUS2. Thus, Tat-SF1 could help in the folding and activity of splicing factors such as
U2 snRNAs, but it could also rework the folding of the HIV transcripts leading to
efficient splicing. Tat-SF1 may also have an indirect effect on HIV-1 pre-mRNA
splicing by regulating the processing of transcripts encoding other HIV dependency
factors (HDFs) (Brass et al., 2008; Konig et al., 2008; Zhou et al., 2008). In fact, we
analyzed the HDFs published by the Brass et al. and Konig et al. screens and found
approximately 2-fold enrichment over chance alone in genes that also had evidence of
Tat-SF1-regulated alternative splicing (p-values of 0.02 and 0.05, respectively) (H.B.
Miller et al, unpublished results). Tat-SF1 could also be involved in virion packaging.
The decrease in infectivity in Tat-SF1 depleted cells could be explained if Tat-SF1 was a
chaperone protein, helping fold the viral pre-mRNA genome into productive virions.
Such a role in viral RNA packaging would be consistent with Tat-SF1°’s role in influenza
virus replication. Tat-SF1 was identified as a stimulatory host factor, possibly aiding in
the formation of RNA-nucleoprotein complexes by acting as a molecular chaperone
(Naito et al., 2007). It remains to be seen whether Tat-SF1 binds HIV-1 pre-mRNA and
helps package viral genomes into virions. An increase in the unspliced RNA upon Tat-
SF1 knockdown could also be explained by Tat-SF1 having a role in RNA export from
the nucleus, although this has not yet been tested. Additionally, Tat-SF1 may play a role

in regulating the levels of unspliced and spliced HIV-1 RNAs by affecting their stability.
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The virus may rely on Tat-SF1 to destabilize unspliced RNAs in order to maintain an
optimal ratio of unspliced and spliced RNAs.

Other studies that support a role for Tat-SF1 in HIV replication found that Tat-
SF1 was upregulated in either HIV-1 gp120 stimulated primary T cells (Misse et al.,
2005) or HIV-1 Nef overexpression in T cells (Simmons et al., 2001). The strongest
validation of Tat-SF1’s role in the HIV-1 lifecycle was revealed when it was identified in
a large-scale, RNAi-based screen for HIV-dependency factors (HDFs) (Brass et al.,
2008). Despite the fact that these studies refer to Tat-SF1 as a Tat cofactor, their findings
remain consistent with this protein being involved in the post-transcriptional control of
HIV-1 RNA levels and further support the idea that Tat-SF1 depletion has a negative

effect on the viral life cycle in vivo.

43



Empty Vector Tat-SF1(A)

Tat-SF1(B)

48 72 96 48 72 96 48 72 96 Hours in Tetracycline

P--ﬂ el

‘--— —.—F-—-

Tat-SF1

CCNT1

Figure 2.1: Efficient and specific depletion of Tat-SF1 in stable, T-Rex-293
cells. Analysis of Tat-SF1 knockdown by Western blot. T-Rex-293 cells were induced
with tetracycline and lysates were made at the time points indicated. Equal protein
amounts were loaded for Western blot analysis with antibodies against Tat-SF1, CCNT1
and PTB. Lanes 1-3 are from cells that express an empty vector control and lanes 4-9 are
from cells that express one of two unique shRNAs targeting Tat-SF1.
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Figure 2.2: Analysis of GFP knockdown by flow cytometry. T-Rex-293 cells were
induced with tetracycline for 72 hours, and resuspended cells were fixed with
formaldehyde for flow cytometry analysis. The bar graph quantifies the mean GFP level
of each sample.

45



40

35 [
_ 30
S
X o ] [ ® Empty Vector
2 —
E o
£ 2 . | | GFP
38 B Tat-SF1(A)
o 15 I —
K = Tat-SF1(B)
> 10 -
5 -
Y 24 48 72

Tetracycline Induction (hours)

Figure 2.3: Analysis of cell viability by trypan blue exclusion. Equivalent
numbers of T-Rex-293 cells (expressing either an empty vector control, an shRNA
targeting GFP, or one of two shRNAs targeting Tat-SF1) were induced with tetracycline
for the times indicated. Viable cells per mL are reported as a mean of three independent
experiments. Error bars represent standard error.
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Figure 2.4: Analysis of cell viability by fluorescence microscopy. Equal
numbers of T-Rex-293 cells were induced with tetracycline for the times indicated and
imaged with fluorescence microscopy.



Luciferase Activity (RLU)

T-Rex-293 B T-Rex-293
- VSV-G s AMLV
10@ E 4 T
108 Hog B
104 4 £
m1:10 £
10° 2 2
0 01:100 <
10° 8
5 1
10 S
1 30
Empty Tat-SF1 Empty GFP Tat-SF1
Vector (A) (B) Vector (A) (B)
—— —— ——— | Tat-SF1
e —— 1
HelLa
VSV-G
. 800
3 70
>, 600
= 500 t z
< 400
2 300
& 200
3 100
0
Mock Non- Tat-SF1
silencing (C)
— — Tat:5F)

| S S -Tc

Figure 2.5

48



Figure 2.5: Tat-SF1 depletion does not affect pseudotyped HIV-1 replication. (A)
VSV-G replication assay. Serial dilutions of pseudotyped virus (VSV-G envelope) were
used in a single-round replication assay with T-Rex-293 cells expressing an empty
vector, an shRNA targeting GFP, or shRNAs targeting Tat-SF1. A western blot
confirming knockdown is shown below the chart. Luciferase values of the cell lysates
were read after 24 hours. Luciferase values were background corrected and normalized
to protein content. (B) AMLYV replication assay. An AMLV-pseudotyped virus was used
in the same type of experiment described in (A) except that lysates were harvested after
48 hours. Values reported are the means of triplicate wells. Error bars represent standard
error. The western blot in (A) also corresponds to the cells used in this experiment. (C)
VSV-G-replication assay. Pseudotyped virus was used on HeLa cells stably expressing a
non-silencing shRNA or a third shRNA targeting Tat-SF1. Luciferase values of the cell
lysates were read after 24 hours. Luciferase values were background corrected and
normalized to protein content. Values are reported as the means of triplicate wells. Error
bars represent standard error.
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Figure 2.6: Tat-SF1 depletion inhibits HIV-1 infectivity. (A) TZM-bl assay
using HIV-11r13; . Replication-competent HIV-11r3; was used to infect TZM-bl cells that
were transiently transfected with either an empty vector, a non-silencing shRNA control,
or shRNAs targeting Tat-SF1. A western blot confirming knockdown is shown below the
chart. This western blot corresponds to cells used in Figures 3A-D. Luciferase values of

the cell lysates were read 3 days after infection. Luciferase values were reported as the
means of triplicate wells. Error bars represent standard error. (B) TZM-bl assay using
HIV-1rpL. Replication-competent HIV-1;rp. was used in the same type of experiment
described in (A). (C) TZM-bl assay using HIV-1y5, Replication-competent HIV-1y5
was used in the same type of experiment described in (A) and (B), except that cell lysates
were read 6 days after infection. (D) Reverse transcriptase assay. Supernatants from
infected cells in (C) were measured for reverse transcriptase activity 3 and 6 days after
infection. Values from the phosphor screen image were reported as the means of
triplicate wells. Error bars represent standard error.
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Figure 2.7: Tat-SF1 depletion does not affect basal or Tat-dependent
transcription from the HIV-1 LTR in vivo. (A) Tat titration. HeLa cells were
cotransfected with the indicated amount of pcTat, an HIV-1 CAT reporter, and an SV40-
Luciferase reporter. Lysates were subjected to a CAT assay and normalized with values
obtained from a luciferase assay 24 hours after cotransfection. All CAT and Luciferase
values were background corrected. Values shown are the means of duplicate
transfections. (B) Tat transactivation assay in HeLa cells. HeLa cells were transiently
transfected with either an empty vector, a non-silencing shRNA, or two shRNAs
targeting Tat-SF1. A western blot confirming knockdown is shown below the chart.
Cells were cotransfected with the same reporters as in (A) plus 0.3ng pcTat or an empty
vector. All CAT and Luciferase values were background corrected, and CAT was
normalized to Luciferase. Values shown are the means of duplicate transfections. Raw
values are shown in Table 1, Exp. 1. (C) Tat transactivation in T-Rex-293 cells. T-Rex-
293 cells harboring either an empty vector control, an shRNA targeting GFP, or one of
two shRNAs targeting Tat-SF1 were induced with tetracycline for 48 hours. A western
blot confirming knockdown is shown below the chart. Cells were cotransfected with the
same reporters as in (A) and (B). All CAT and Luciferase values were background
corrected, and CAT was normalized to Luciferase. Values shown are the means of
triplicate transfections. Raw values are shown in Table 2. Error bars represent standard
error.
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Table 1: Effect of Tat-SF1 depletion on basal and Tat-dependent HIV-1
transcription in HeLa cells*

Empty Non- Tat-SF1
Vector silencing
Reporter Fold Fold Fold
Gene - Tat + Tat Change - Tat *Tat Change - Tat * Tat Change
CAT
1 269 13616 50.6 364 12554 34.5 301 11310 37.6
Exp. 2 110 2449 223 96 2511 26.2 65 2342 36.0
3 722 10661 14.8 392 13500 34.4 437 10660 24.4
LUC
1 1652890 1997733 1.21 2034980 2203947 1.10 2034980 1846292 0.91
Exp. 2 190617 290975 1.53 138561 233280 1.68 172959 328568 1.90
3 1781406 963590 0.54 1089682 691738 0.63 1316443 769614 0.58

*Values shown are the means of duplicate wells for 3 independent experiments. Row 1 is
calculated from the same experiment shown in Figure 4B. CAT activity was the value of
the slope of the linear function obtained by plotting cpm of acetylated chloramphenicol
versus time. Luciferase activity of the same sample was measured with a luminometer.
For both reporter assays, background values obtained from lysis buffer alone were
subtracted from each sample.
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Table 2: Effect of Tat-SF1 depletion on basal and Tat-dependent HIV-1
transcription in T-Rex-293 cells*

Empty GFP Tat-SF1(A) Tat-SF1(B)
Vector
Reporter - + Fold - + Fold - + Fold - + Fold

Gene Tat Tat Change | Tat Tat Change | Tat Tat Change | Tat Tat Change

CAT 30 280 9.3 25 188 75 21 149 7.1 29 99 3.4

LUC

(x10°) 33 49 1.5 44 28 0.6 33 22 0.7 46 20 0.4

* Values shown are the means of triplicate wells, calculated from the same experiment
shown in Figure 4C. CAT activity was the value of the slope of the linear function
obtained by plotting cpm of acetylated chloramphenicol versus time. Luciferase activity
of the same sample was measured with a luminometer. For both reporter assays,
background values obtained from lysis buffer alone were subtracted from each sample.
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Figure 2.8: Tat-SF1 maintains the levels of unspliced and spliced HIV-1
RNAs. (A) Western blot analysis confirming knockdown in T-Rex-293 cells. (B)
Representative Northern blot analysis of HIV-1 RNA classes. T-Rex-293 cells were
transfected with pSG3AEnv 72 hours after tetracycline induction. At 48 hours post
transfection, total RN A was isolated for electrophoresis and Northern blotting. A DNA
probe specific to the HIV-1 LTR detected the ~9kb unspliced, ~4kb singly spliced, and
~2kb fully spliced RNAs. Lane 1 contains RNA from mock-transfected GFP control
cells, lane 2 from transfected GFP control cells, and lanes 3and 4 from transfected Tat-
SF1 shRNA cells. The lower panel shows the same membrane, stripped and reprobed for
GAPDH. (C) Tat-SF1 depletion alters the proportions of HIV-1 RNA classes. Values
are reported as the mean proportion of each RNA class, relative to the GFP control cells
from three independent Northern blot experiments. Error bars represent standard error.
Statistically significant differences between GFP control and Tat-SF1 knockdown
conditions are indicated with asterisks. (D) Tat-SF1 depletion does not alter total HIV-1
RNA levels. Levels of the 3 RNA classes quantified from triplicate Northern blots were
totaled and normalized to GAPDH levels. Values are reported as the means relative to
the GFP control cells from three independent experiments. Error bars represent standard
error. (E) Tat-SF1 depletion results in an increase in unspliced HIV-1 transcripts. qRT-
PCR was performed on the same RNA samples used for Northern blot experiments. The
medians of triplicate amplifications (both unspliced products and all initiated HIV-1
transcripts) were calculated and means of unspliced transcripts/all initiated HIV-1
transcripts ratios from triplicate samples are reported. Error bars represent standard error.
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Chapter 3: Identification of Tat-SF1 cellular targets by exon array
analysis reveals a widespread role in exon choice.

3.1 Introduction

Tat specific factor 1 (Tat-SF1) was first discovered over a decade ago as a cellular
protein required for Tat-specific, TAR-dependent activation of HIV-1 transcription in
vitro (Zhou & Sharp, 1995, , 1996; Li & Green, 1998; Wu-Baer et al., 1998; Parada &
Roeder, 1999). Immunodepletion of this protein from nuclear extracts resulted in a
reduction in Tat transactivation (Zhou & Sharp, 1996; Li & Green, 1998; Parada &
Roeder, 1999), and overexpression of Tat-SF1 resulted in a small increase in Tat
transactivation, which was mostly due to a decrease in the basal level of LTR-driven
transcripts (Zhou & Sharp, 1996). We have recently re-examined the role of Tat-SF1
using methods not available when this protein was first identified and concluded that Tat-
SF1 is not required for Tat transactivation of HIV-1 transcription in vivo. We confirmed
recent work (Brass et al., 2008) that Tat-SF1 is required for efficient HIV-1 propagation
and showed that this host factor is required to maintain the relative levels of unspliced
and spliced viral RNAs (Miller et al, 2009).

Although Tat-SF1 has been studied primarily as a cofactor for HIV-1 gene
regulation, there are some reports concerning its cellular function. Tat-SF1 has been
proposed to be a general transcriptional elongation factor based on the loss of elongation
competence in nuclear extracts depleted of Tat-SF1 and the enhancement of elongation
competence by Tat-SF1 complementation (Li & Green, 1998; Parada & Roeder, 1999).

Indeed, Tat-SF1 associates with RNAPII (Parada & Roeder, 1999), Tat, P-TEFb (Zhou et
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al., 1998; Fong & Zhou, 2000), hSPTS5, the RAP30 protein of TFIIF (Kim et al., 1999),
and TCERGI (Smith et al., 2004; Sanchez-Alvarez et al., 2006). On the other hand, Kim
et al. showed that transcription from three different promoters was not affected by Tat-
SF1 immunodepletion, nor was transcription activation by Gal4-VP16 affected by Tat-
SF1 overexpression (Kim et al., 1999), which calls into question a general elongation role
for Tat-SF1.

In addition to associating with transcription factors, Tat-SF1 interacts with several
components of the spliceosome such as snRNP proteins Ul 70K, U2B”, and Sm proteins
B and B’. In addition, Tat-SF1 associates with all five spliceosomal U snRNAs, and this
interaction depends on its RNA recognition motifs (RRMs) (Fong & Zhou, 2001).
Moreover, the yeast homologue of Tat-SF1, CUS2, helps refold U2 snRNAs to aid in
pre-spliceosome assembly (Yan et al., 1998). It remains to be determined if Tat-SF1 is a
functional homolog of CUS2.

We now know that many steps in pre-mRNA splicing occur cotranscriptionally
(reviewed in (Hirose & Manley, 2000; Goldstrohm et al., 2001; Bentley, 2002; Maniatis
& Reed, 2002; Neugebauer, 2002; Orphanides & Reinberg, 2002; Proudfoot et al., 2002;
Kornblihtt et al., 2004; Bentley, 2005; Pandit et al., 2008)), and several proteins,
including Tat-SF1, have been proposed to “couple” transcription and splicing via their
interactions with factors of both machineries (Fong & Zhou, 2001). Indeed, large RNAP
II-containing complexes that associate with 5’-splice sites contain Tat-SF1 (Kameoka et

al., 2004). Nevertheless, functional coupling by Tat-SF1 has not been demonstrated.
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The cellular function(s) of Tat-SF1 remain largely unknown. As described above,
previous studies have relied on immunodepletions from nuclear extract and transient
overexpression assays to elucidate the roles of Tat-SF1 in transcription and splicing. To
address Tat-SF1 function, we identified the cellular targets of Tat-SF1 using a
combination of RNA interference (RNA1) and genome-scale splicing analysis. Tat-SF1
depletion led to many changes in overall transcript levels, with the overwhelming
majority of these genes showing decreased expression. Even more changes, however,
were observed in differential exon levels, which could be attributed to changes in
transcript initiation, splicing of internal exons, polyadenylation, and/or stability of

different mRNA isoforms.

3.2 Methods
RNAi-mediated depletion of Tat-SF1

T-Rex-293 cells stably expressing GFP and expressing one of two shRNAs
specific for Tat-SF1 (A or B), GFP, or an empty vector control, were cultured and
induced with tetracycline as described previously (Miller et al 2009). After inducing
cells in three independent experiments, cell lysates were prepared for western blot
analysis by freeze-thaw lysis. Depletion of Tat-SF1 was assessed by probing membranes
with anti-Tat-SF1 (Research Genetics Inc, Huntsville, AL) and anti-PTB (Intronn, LLC,
Durham, NC) as a loading control, followed by anti- rabbit secondary antibody

(Amersham). Proteins were detected with SuperSignal West Chemiluminescence
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Substrate (Pierce). Knockdown of GFP was assessed by fluorescence activated cell

sorting (FACS).

Sample preparation and exon array processing

Total RNA was isolated from T-Rex-293 + GFP cells with RNeasy Mini kits
(Qiagen) and treated with DNase I (Ambion). 1 ug of RNA from each of the 12 samples
(biological triplicates of empty vector, anti-GFP, anti-Tat-SF1(A) and anti-Tat-SF1(B))
was subjected to the Whole Transcript Sense Target Labeling Assay, as described by the
manufacturer (Affymetrix). At several points in the labeling protocol, sample quality and
yield was assessed using an Agilent Lab-on-a-Chip 2100 Bioanalyzer. Samples were
hybridized to Affymetrix GeneChip® Human Exon 1.0ST Arrays and then scanned to

produce 12 CEL files.

Normalization and background correction

Quality control on each of the 12 CEL files was performed using Affymetrix
Expression Console and XRAY (Biotique Systems, Inc.). In our analysis, one CEL file,
belonging to the third replicate of the empty vector control condition, was eliminated
from subsequent analyses based on quality control metrics. XRAY was used to
normalize and background correct each CEL file. The files were grouped into either the
control group (2 empty vector controls plus 3 GFP knockdown controls) or the Tat-SF1

knockdown group (3 Tat-SF1(A) plus 3 Tat-SF1 (B)). The 6,553,590 probes were
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manipulated into the analysis values as follows. Probes with a GC count less than 6 and
greater than 17 were excluded from the analysis. Probe scores were then transformed by
taking the natural logarithm of 0.1 plus the probe score. Each probe score was corrected
for background by subtracting the median expression score of background probes with

similar GC content.

Probe set expression scores and filtering

The HumanExon 1.0ST array contains 1,404,693 probe sets (typically, but not
always, groups of four probes). The expression score for a probe set was defined to be
the median of its probe expression scores and probe sets with fewer than 3 probes (that
pass all of the tests defined above) were excluded from further analysis. Probe set
reliability is ranked from more to less reliable as Core, Extended, or Full. For this
analysis, only 'Core' probe sets were analyzed. Non-expressed probe sets and low-
variance probes were also excluded from the analysis to minimize the number of false-
positives.

The 73,293 remaining probe sets corresponding to 7,394 transcript clusters
(genes) were passed on to a Mixed Model, Nested Analysis of Variance (ANOVA)
(Montgomery, 2006) to detect transcript and exon level differences between the control
and Tat-SF1 knockdown groups. A Hidden Markov Model (HMM) ANOVA was
implemented to determine which exons were present at different levels between the

control and Tat-SF1 knockdown groups.
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Relative fold changes in exon levels were calculated from the 1397 alternative
exon level targets (p<0.01) as follows: for each gene, the probe set intensity with the
most significant p-value was compared to the average of the remaining probe set
intensities of that gene. The Tat-SF1 knockdown condition was expressed relative to the

control condition.

Computational analyses

The GATHER gene annotation tool (http://gather.genome.duke.edu/) (Chang &
Nevins, 2006) was used to examine the Tat-SF1 target genes for over-representation in
gene ontology categories, biological pathways, and protein interactions. XRAY was used
to report on cellular locations that were over-represented.

Classification of alternative processing events was performed by grouping Tat-
SF1 target genes into 1 of 3 classes, based on the location of the probe set that showed
evidence of relative exon level changes between the control and Tat-SF1 knockdown
groups: 5’ end, internal, or 3” end. Probe sets with a p-value for alternative exon levels of
0.01 or less that were one of the first two probe sets representing a gene were defined as
5’ events. Probe sets that were one of the last two probe sets representing a gene were
defined as 3’ events, and the remaining probe sets were defined as internal events.

De novo motif searches were performed using PRIORITY (Narlikar et al., 2007).
The top 21 5’ target genes (ranked by p-value) were analyzed for over-represented motifs

that were simultaneously under-represented in 21 genes that showed no evidence of
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alternative splicing or transcript level differences between the Tat-SF1 knockdown group

and the control group.

Experimental validation of processing events by semi-quantitative RT-PCR

Target genes chosen for experimental validation had to pass several criteria in
order to enrich for true positives among the list of genes. First, only relative exon level
changes with p-values <0.001 were considered. Then, the top 100 genes were visually
inspected using the UCSC Genome Browser to see if probe set intensity changes between
control and Tat-SF1 knockdown groups corresponded to a known or predicted RNA
isoform. Finally, alternative processing events that met those two criteria had their
relative fold change in isoforms calculated, based on average probe set intensities. A fold
change of 50% or more was considered acceptable for experimental validation.

RNA from tetracycline-induced T-Rex-293 cells was isolated with Trizol and
treated with DNasel (Ambion). 2 pg of RNA was primed with oligo(dT) or random
hexamer primers and reverse transcribed with Moloney murine leukemia virus-RT
(Invitrogen). 1uL of cDNA was used in a radioactive PCR reaction. The following
oligonucleotides were used: NR2F2Fel: tgcattcctcagcagctatg, NR2F2Fe2:
gcacgaaggatgtgcttcta, NR2F2Re3: caggtacgagtggcagttga, SKP2e7F: tcctggtgttttgatttcactg,
SKP2el0R: gcaaagggaaaaccaagaataa, SKP2el 1R: tgacatgttggcaaaatagctt, PPP1CAFel:
gacagcgagaagctcaacct, PPP1CAF2: gtectgegetgtgaggtttt, PPP1CARe3:
ggtcgtagtactggecgtgt. PCR products were resolved on 5% nondenaturing polyacrylamide

gels, dried, and exposed to a phosphor screen. ImageQuant (Molecular Dynamics) was
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used to quantify bands and values were expressed as mean ratios from two independent

experiments. Isoforms of validated targets were sequence verified.

3.3 Results

Tat-SF1 depletion results in widespread changes in differential exon levels

Since Tat-SF1 has been implicated in both transcription and splicing, Affymetrix
GeneChip® Human Exon 1.0ST Arrays are an attractive technology to use for studying
its function because they survey both transcript level changes (due to altered transcription
and/or stability) and exon level changes (due to alternative transcript initiation,
alternative pre-mRNA processing, and/or differential isoform stability) (Gardina et al.,
2006). Using these arrays, we explored global changes in the human transcriptome
occurring after Tat-SF1 depletion using stable cell lines that expressed control or Tat-
SF1-specific shRNAs from a tetracycline-inducible promoter (Miller et al., 2009). To
confirm knockdown, cell lysates were collected after 72 hours of tetracycline induction
and analyzed by western blotting. Biological triplicates show that Tat-SF1 was
efficiently depleted in both Tat-SF1(A) and Tat-SF1(B) cells compared to empty vector
and GFP-shRNA control cells, while levels of PTB were not affected (Figure 3.1)

Total RNA from these cells was processed for hybridization on the
aforementioned exon arrays. After Robust Multichip Averaging (RMA) normalization
and background correction, the probe sets on these chips were further filtered to reduce
the detection of false positives (see Materials and Methods). A mixed model, nested

analysis of variance (ANOVA) was used to test the remaining probe sets for behavior that
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was indicative of transcript level or exon level changes between control and Tat-SF1
knockdown samples.

Overall transcript levels changed for 526 genes (p<0.01) (Figure 3.2 and Table 3).
The overwhelming majority of these genes (517) showed decreased transcript levels
compared to control cells. Tat-SF1 depleted cells showed a 50% decrease in Tat-SF1
transcript levels. A much larger number of genes (1397) showed evidence of exon level
changes (p<0.01) (Figure 3.2 and Table 4). Ninety-nine genes showed evidence of
changes in both transcript levels and differential exon levels. These data support a role
for Tat-SF1 in both transcription and splicing, but do not support a role in functional
coupling of the two processes. The number of genes showing evidence of both transcript
and exon level changes (99) is not any higher than would be expected by chance alone
(data not shown). Nevertheless, Tat-SF1 depletion has a predominant effect on exon
levels, a phenomenon consistent with alternative pre-mRNA processing. In this work, we
focused our efforts on analyzing how Tat-SF1 is involved in exon choice. The use of the
term “Tat-SF1 targets” throughout this manuscript will refer to genes whose transcripts

showed significant changes in differential exon levels upon Tat-SF1 depletion.

Tat-SF1 targets are over-represented in the insulin-signaling pathway

To gain biological insight into the Tat-SF1 target genes, several computational
analyses were performed. The subcellular localization of these genes was determined,
which revealed many subnuclear locations, including the nucleoplasm, nuclear pore,

ubiquitin ligase complex, nuclear envelope, nucleolus, and the spliceosome (Figure 3.3).
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Several Gene Ontology (GO) biological processes were significantly enriched for Tat-
SF1 target genes, many of which are related to gene expression: mRNA-nucleus export,
ubiquitin-dependent catabolism, translation initiation, RNA splicing, protein amino acid
phosphorylation, chromatin modification, and transcription initiation (Table 5).

The top two biological pathways enriched for Tat-SF1 target genes were insulin
signaling and ubiquitin mediated proteolysis. (Table 6). The insulin signaling pathway
was particularly intriguing because it was also identified as the most significantly
enriched pathway in Tat-SF1 targets showing transcript level changes (p=0.01) (data not
shown). The genes in this pathway primarily encode kinases and phosphatases (Table 7).
In addition, L2L microarray analysis tool (Newman & Weiner, 2005) was used to
compare existing microarray gene lists to the 1397 genes showing exon level changes in
response to Tat-SF1 depletion. Again, insulin-related genes were found among the most
highly enriched lists. This also held true for genes whose transcript levels either
increased or decreased in response to Tat-SF1 depletion (data not shown). Finally,
known interactions between human proteins and those identified as Tat-SF1 targets were
analyzed computationally to determine if any proteins were enriched among these targets
(Table 8). This revealed several proteins related to cytoskeletal function (TLN1, PXN)
and protein transport (XPOS5 and NUP50). The identification of proteins related to
transcription (RB1, TP53, PNN, NR3C1) and splicing (SRMM1, PNN) is consistent with
the many known connections between Tat-SF1 and components of both the transcription

and splicing machineries.
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Tat-SF1 depletion changes the differential exon levels of many HIV dependency
factors.

The over-representation of ubiquitin-related genes and the over-representation of
localization to the ubiquitin ligase complex among Tat-SF1 targets first pointed out a
possible overlap with HIV host factors, as the ubiquitin pathway is important for several
steps of the viral lifecycle (Schwartz et al., 1998; Kiernan et al., 2001; Bres et al., 2003).
Tat-SF1 has itself been identified as an HIV dependency factor (HDF) (Brass et al.,
2008), and we have confirmed this requirement and demonstrated that Tat-SF1 regulates
the ratios of unspliced and spliced HIV-1 RNAs (Miller et al, 2009). With the recent
genome-wide siRNA screens for HDFs by several groups (Brass et al., 2008; Konig et al.,
2008; Zhou et al., 2008), we wanted to investigate how many HDFs were also Tat-SF1
target genes.

The three published HDF screens used different experimental conditions. For
one, Brass et al. and Zhou et al. identified factors involved in all stages of the viral
lifecycle, while Konig et al. focused on early-acting factors. Also, criteria for scoring
positive hits varied, and indeed, the identified hits in each screen showed very little
overlap (Figure 3.4A). Figure 3.4B shows the overlap between these HDFs and the Tat-
SF1 target genes identified here. Only HDFs that had probe sets assayed by exon arrays
were considered, and only Tat-SF1 target genes with a p-value cutoff of 0.001 were
analyzed. The HDFs identified by Konig et al. and Brass et al. were enriched for Tat-SF1
target genes by 1.6 and 1.8 fold compared to chance alone (p=0.05 and p=0.02,

respectively). The Zhou et al. HDF list was not significantly enriched for Tat-SF1 target
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genes. Together, these data suggest that additional HDFs may be present among the
cellular targets identified as being regulated by Tat-SF1 (see Discussion). After
identifying broad biological processes affected by Tat-SF1, we narrowed down our

examination of target genes to better understand its molecular function.

Changes in relative exon levels were biased toward the 5’ end of target genes.

The changes in relative exon levels after Tat-SF1 depletion were consistent with
several types of alternative pre-mRNA processing, including cassette exons, which either
include or skip an internal exon, alternative 5’ and 3’ splice sites, which change the
length of an exon, alternative 3’-terminal exons, which dictate the 3’ end of an mRNA,
and alternative first exons, which dictate the 5° end of an mRNA. We tested nine
candidate genes for changes in alternative pre-mRNA processing upon Tat-SF1
knockdown, and three of these were confirmed by semi-quantitative PCR (details in
Materials and Methods). NR2F2, nuclear receptor subfamily 2 group F member 2 (also
known as COUPII-TFII) has four RefSeq isoforms, each with a different 5’ exon. PCR
primers specific to a common internal exon were used with primers specific to alternative
first exons to show that there was a decrease in isoform 1 upon Tat-SF1 knockdown
(Figure 3.5A). SKP2, S-phase kinase-associated protein 2 (p45), has two RefSeq
isoforms with unique 3’-terminal exons. These isoforms, called SKP2A and SKP2B,
have been experimentally described (Ganiatsas et al., 2001; Radke et al., 2005). Exon
array data showed that Tat-SF1 knockdown cells had lower levels of SKP2B, and this

was validated by RT-PCR, using a primer pair specific for each isoform (Figure 3.5B).
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Finally, PPP1CA, protein phosphatase 1 catalytic subunit alpha isoform, has three RefSeq
isoforms and two additional UCSC gene predictions that contain downstream alternative
first exons. Exon array data showed a decrease in canonical exon 1 levels, so PCR
primers were designed to amplify isoforms with the canonical exon 1 or a downstream
exon 1. Upon Tat-SF1 knockdown, there was indeed a decrease in transcripts with the

canonical exon 1 (Figure 3.5C).

A consensus motif, GACGGG, was over-represented in Tat-SF1 targets.

We determined if any one type of alternative pre-mRNA processing was more
common than others among Tat-SF1 target genes. Genes showing differential exon
levels (p<0.01) were categorized into three groups, based on the probe set location: 5°,
internal, or 3’ (see Materials and Methods). After normalizing the number of significant
relative exon level events to the total number of exons examined in each category, an
approximately 2-fold bias toward 5’ end events was revealed (p<0.0001, chi-squared test)
(Figure 3.6).

A 5’ bias for changes in exon levels in Tat-SF1 target genes led us to focus on
these targets to acquire more mechanistic detail on how Tat-SF1 is involved in exon
choice. There was no previously published evidence for a cis-acting element required for
Tat-SF1 function, so we aimed to determine if a DNA or RNA sequence was over-
represented among target genes classified as 5° end events. To do this, the top 30 target
genes classified as changes to a 5°- probe set (ranked by p-value) were visually inspected

using the UCSC genome browser to identify genes with annotated isoforms
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corresponding to the changes shown by the exon array probe sets. We eliminated nine
genes that were either mis-annotated or ambiguously annotated (e.g., the exon array
annotation missed the 5’ exon and thus the first probe set was actually located in an
internal exon). The 21 remaining probe sets that belonged to genes with known or
predicted isoforms and the 4000 flanking nucleotides (2000 nucleotides both 5’ and 3’ of
that probe set) were analyzed by a de novo motif search tool, PRIORITY, described in
(Narlikar et al., 2007). Twenty-one genes that showed no significant changes in relative
exon levels or transcript levels after Tat-SF1 depletion were used as negative control
sequences. The hexamer GACGGG ( Figure 3.7) was not found in any of the negative
control sequences but was found in these regions in 18 of the 21 Tat-SF1 target genes.
Inspection of these 18 genes found the GACGGG motif in close proximity to the 5°
splice site of exon 1 (Figure 3.8). Fifteen genes had a motif within the coding region, and
10 of these had a motif located within 200 nucleotides of the 5 splice site. Furthermore,
when the motifs were mapped in several target genes that showed probe set behavior
corresponding to a known or predicted isoform, close proximity (within approximately
200 nucleotides) to alternative exon 1 was observed (Figure 3.9). The motif was also
found in the promoter region in 5 of the 18 genes. The motif locations described and
illustrated here show GACGGG on the sense strand of the DNA (18/21), but it should be
noted that only 9/21 genes had a motif on the antisense strand. Together, these findings
suggest that the GACGGG motif may play a role in Tat-SF1-regulated alternative

splicing, isoform stability, and/or transcription initiation.
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3.4 Discussion

Previous attempts to determine the cellular functions of Tat-SF1 were limited to
immunodepletions and overexpression analyses (Zhou & Sharp, 1996; Li & Green, 1998;
Kim et al., 1999). Utilizing newer technologies has allowed us to reinvestigate the role of
Tat-SF1 in cellular gene expression and expand on the information available for this
relatively understudied protein. In this work, RNAi combined with splicing sensitive
arrays was used to gather new information about the cellular functions of a transcription-
splicing factor.

Several findings were made clear by the summary of changes detected by the
exon arrays. First, we observed that Tat-SF1 depletion changed the overall transcript
levels of approximately 500 out of 7394 genes tested (p<0.01). Strikingly, 98% of these
genes were down-regulated in response to Tat-SF1 depletion, consistent with Tat-SF1
positively regulating transcription. Although previous studies have concluded that Tat-
SF1 is a general elongation factor (Li & Green, 1998; Parada & Roeder, 1999), the data
presented here cannot delineate effects at the level of initiation versus elongation.
Approximately 1400 differential exon level changes were detected by the exon arrays.
So, in addition to functioning in transcription, the results presented here are the strongest
evidence to date that Tat-SF1 functions in alternative processing of cellular genes. The
99 genes that showed changes in both transcript levels and differential exon levels (19%
of transcript level changes and 7% of differential exon level changes) is lower than

expected if Tat-SF1 was functionally coupling transcription and splicing. Further studies
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into the mechanism by which Tat-SF1 may functionally couple transcription and splicing
will be necessary to provide a more definitive answer.

Another important finding was that Tat-SF1 target genes showed a bias towards
alternative exon use at the 5’ end. Further inspection of these target genes suggests at
least two possibilities. First, Tat-SF1 may regulate transcription initiation through the use
of alternative first exons. Although these target genes were flagged as showing changes
in relative exon levels and not transcript levels, they may be alternative transcription
initiation events. Tat-SF1 has been shown to directly bind at least one transcription
initiation factor, the RAP30 subunit of TFIIF (Kim et al., 1999). TFIIF is associated with
RNAPII during preinitiation complex assembly, initiation, and elongation (Tan et al.,
1994; Tan et al., 1995). We speculate that Tat-SF1, in a RAP30:RNAPII complex, could
recognize its binding motif and help signal transcription initiation. It is possible then that
upon Tat-SF1 depletion, alternative promoters are used, resulting in transcripts with
different first exons. This model is consistent with the finding that the putative Tat-SF1
motif is located nearing close proximity to first exons and alternative first exons. This
finding also demonstrates how exon arrays can delineate changes in both transcription
and alternative processing, providing additional detail about gene expression changes that
would have most likely been missed by conventional gene expression arrays. A second
explanation for a 5° end bias is that Tat-SF1 may differentially regulate the stability of
these isoforms with alternative first exons.

We reported here that insulin signaling and ubiquitin signaling pathways were

enriched for Tat-SF1 target genes. The effect on insulin-related gene expression was not
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limited to alternative exon use; in fact, the most significantly enriched pathway among
Tat-SF1 genes showing transcript level changes was also insulin signaling (p=0.01). This
suggests that Tat-SF1 may regulate both the transcription and alternative processing of
genes involved in insulin signaling. There are no reported SNPs of Tat-SF1 linked to
diabetes, but at least two connections to diabetes were seen with Tat-SF1 target genes.
Although automated gene ontology places SKP2 in the ubiquitin signaling category (as
an E3 ubiquitin ligase) and not insulin signaling, there are reports that SKP2 contributes
to insulin-resistance. Compared to WT mice, SKP2™ mice were protected from
developing obesity and obesity-related insulin resistance due to an inhibition in adipocyte
number increase (Sakai et al., 2007). Similarly, another Tat-SF1 target gene identified
here, NR2F2 (COUP-TFII), has been described as having a role in adipogenesis. COUP-
TFII"" mice had improved glucose homeostasis and were protected from obesity-related
insulin resistance (Li et al., 2009) . It is unknown how the SKP2 and NR2F2 isoforms
contribute to insulin-resistance, however, these studies point out several genes
alternatively processed by Tat-SF1 that could be potential targets for treatment of type 2
diabetes.

The Tat-SF1-regulated alternative splicing of SKP2 is also interesting because
SKP2 is an oncogene (Gstaiger et al., 2001; Signoretti et al., 2002) . Although both splice
variants SKP2A and SKP2B are overexpressed in breast cancers, SKP2B is
overexpressed at higher levels (Radke et al., 2005). Our exon array and RT-PCR results
support a role for Tat-SF1 positively regulating SKP2B. When EWS-FIlil, a chimeric

gene, which functions as an aberrant transcription factor, was depleted by RNA1, SKP2
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protein levels were downregulated (Matsunobu et al., 2006). Notably, Tat-SF1 belongs
to the EWS (Ewing’s sarcoma oncogene) and TLS/FUS (translocated in liposarcomas)
protein family. These proteins have high sequence homology to Tat-SF1 and share
atypical RRMs (Delattre et al., 1992; Sorensen et al., 1994). Even though the exon arrays
did not show a similar change in overall transcript levels of SKP2 after Tat-SF1
depletion, they did show a clear change in spliced isoform ratios. Without an isoform-
specific antibody for SKP2B, it is unclear which SKP2 protein isoform was actually
reduced upon EWS-FIi 1 depletion.

Finally, two of the three HDF screens were enriched for Tat-SF1 target genes,
suggesting that Tat-SF1 may indirectly affect the viral lifecycle through alternative
processing of other HDFs. Cellular factors belonging to the mediator complex, ubiquitin-
proteasome system, and protein phosphatases were found in all HDF screens, similar to
the pathways identified in this study. It is likely that the Tat-SF1 target genes uncovered
by exon array analysis may contain additional HDFs that were not found in the genome-
wide screens. For example, a total of 13 unique mediator complex genes were found in
the three HDF screens (Brass et al., 2008; Konig et al., 2008; Zhou et al., 2008), one of
which (MEDS8) was also a Tat-SF1 target gene. In addition, MED10, which was not
identified by any HDF screen, was found to be a Tat-SF1 target gene and may represent
an additional HDF. Likewise, many subunits of protein phosphatases 1 and 2 were found
to be important to HIV-1 replication, such as PPP1R12C, PPP1R4D (Konig et al., 2008),
PPP2R2A (Brass et al., 2008), and PPP2RSE (Zhou et al., 2008). In this study, PPP1R2,

PPP2CA, PPP6C, PPP1CA, PPP3CA, PPP2R2D, PPP1R10, and PPP1R8 were identified
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as Tat-SF1 target genes (p <0.01). It will be of interest to determine if these factors also
play a role in HIV-1 replication.

The advent of exon array technology now allows researchers to take an unbiased
survey of the human transcriptome for changes in both transcript and exon levels. Many
of the reports utilizing exon arrays have focused on experimental comparisons of gene
expression data across different microarray platforms (Abdueva et al., 2007; Robinson &
Speed, 2007; Bemmo et al., 2008). Others have used exon arrays to investigate
alternative splicing differences between normal and diseased tissues (Gardina et al.,
2006; French et al., 2007), in the presence of a stimulus (McKee et al., 2007), or
instances of tissue-specific alternative splicing (Clark et al., 2007). We could find only
one other example of exon arrays used to investigate the functions of a transcription
and/or splicing factor (Hung et al., 2008). Many transcription and/or splicing factors have
unidentified or poorly characterized target genes, and exon arrays will continue to
provide a means by which to explore these targets.

Experimental validation of exon array data requires careful attention to probe set
behavior and the isoform changes it may predict. Although our validation rate was not
very high (~33%), this appears typical, based on other published reports of exon array
analysis of alternative processing (Gardina et al., 2006; Clark et al., 2007; French et al.,
2007; Hung et al., 2008; Moore & Silver, 2008). There are several reasons why these
arrays are susceptible to false positives. As with all microarrays, SNPs in probe sequence
can cause dramatic changes in hybridization and result in misleading expression data

(Kwan et al., 2007; Benovoy et al., 2008; Duan et al., 2008; Kwan et al., 2008).
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Although this problem is most prevalent in samples from different genetic backgrounds
and our samples are from the same cell line, the presence of false positives due to SNPs
cannot be ruled out. A recent report has identified a phenomenon termed the “edge bias
effect” that may lead to many false positives in the 5’ and 3’ ends of genes (Bemmo et
al., 2008). Probe sets located at the 5° and 3’ ends of genes can respond in a non-uniform
fashion (hypothesized to be due to the nature of the sample labeling protocol), thus
falsely indicating an alternative splicing event. However, this behavior was seen in
instances where there was a very large fold change in transcript levels between two
groups, which was not the case in our analysis. This observation does, however,
emphasize the importance of visually inspecting exon array probe set behavior and
comparing to annotated isoforms in a genome browser to make an informed hypothesis
on alternative exon use. Finally, exon array false positives can arise from non-expressed
probes or probes that do not vary in their expression. To minimize these artifacts, several
filtering strategies were employed, included as standard with the XRAY software we
used in our analyses (see Materials and Methods). Although the filters help to reduce the
number of false positives, there will inevitably be false positives in experiments such as
these. Regardless of the small number of changes in alternative processing validated
here, the data contributes toward our understanding of the workings of Tat-SF1 as a

transcription-splicing factor.

77



Tat-SF1

Empty Vector GFP A B
— r— e —— S D — — S e T Tat'SFl
PTB
—— — e — —

Figure 3.1: Tat-SF1 depletion in stable T-Rex-293 cells. Cells were induced in
triplicate with tetracycline and harvested 72 hours later. Equal protein amounts were
loaded on an SDS-PAGE gel and knockdown was assessed by probing with anti-Tat-SF1
antibody. PTB served as a loading control.
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Figure 3.2: Tat-SF1 depletion results in significant changes in both overall
transcript levels and exon levels. Venn diagram summarizing results of the exon array
analysis comparing the control group (empty vector and GFP shRNA controls) and Tat-

SF1 knockdown group (both Tat-SF1(A) and Tat-SF1(B)). p<0.01.
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Figure 3.3: Subcellular localization of Tat-SF1 target genes. The following criteria
were used: target genes in subcellular location >10, p-value <I x 107
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Table 3: Top 50 Tat-SF1 Target Genes (transcript level changes). Gene list is ranked by p-
value. Bold gene symbols indicate evidence for both transcript level and exon level changes.

Gene Symbol Gene Annotation Fold Change p-value

ABCD4 ATP-binding cassette sub-family D (ALD) member 4 -1.11 4.63E-06
PNKP polynucleotide kinase 3'-phosphatase -1.41 5.76E-06
SAPS1 SAPS domain family member 1 -1.21 8.28E-06
ccDC123 coiled-coil domain containing 123 -1.31 9.23E-06
IGFBP2 insulin-like growth factor binding protein 2 36kDa -1.41 1.47E-05
ALDH16A1 aldehyde dehydrogenase 16 family member A1 -1.31 1.86E-05
DRAP1 DR1-associated protein 1 (negative cofactor 2 alpha) -1.31 4.15E-05
FLT4 fms-related tyrosine kinase 4 -1.41 4.20E-05
DUSP22 dual specificity phosphatase 22 -1.31 5.83E-05
ITPK1 inositol 1 3 4-triphosphate 5/6 kinase -1.21 7.20E-05
EIF3S4 eukaryotic translation initiation factor 3 subunit 4 delta 44kDa -1.61 8.30E-05
TETRAN tetracycline transporter-like protein -1.41 8.98E-05
TRIOBP TRIO and F-actin binding protein -1.41 9.13E-05
PPP1R8 protein phosphatase 1 regulatory (inhibitor) subunit 8 -1.21 9.90E-05
MEF2B myocyte enhancer factor 2B -1.71 1.01E-04
ZMAT3 zinc finger matrin type 3 -1.21 1.03E-04
PPP1R2 protein phosphatase 1 regulatory (inhibitor) subunit 2 -1.21 1.25E-04
C3o0rf60 chromosome 3 open reading frame 60 -1.31 1.33E-04
OSBP oxysterol binding protein -1.11 1.34E-04
STUB1 STIP1 homology and U-box containing protein 1 -1.21 1.43E-04
GNB2 guanine nucleotide binding protein (G protein) beta polypeptide 2 -1.41 1.44E-04
ADRBK1 adrenergic beta receptor kinase 1 -1.11 1.50E-04
SYT11 synaptotagmin XI -1.21 1.67E-04
ATAD3B ATPase family AAA domain containing 3B -1.41 1.74E-04
SSNA1 Sjogren's syndrome nuclear autoantigen 1 -1.21 1.74E-04
CD81 CD81 molecule -1.21 1.86E-04
ICT1 immature colon carcinoma transcript 1 -1.21 2.04E-04
SEPTS8 septin 8 -1.11 2.06E-04
SERPINH1 serpin peptidase inhibitor clade H (heat shock protein 47) member 1 (¢-1.21 2.06E-04
PIN1 protein (peptidylprolyl cis/trans isomerase) NIMA-interacting 1 -1.31 2.27E-04
THOCG6 THO complex 6 homolog (Drosophila) -1.31 2.58E-04
GPS1 G protein pathway suppressor 1 -1.21 2.60E-04
PKD1 polycystic kidney disease 1 (autosomal dominant) -1.11 2.97E-04
ARLG6IP4 ADP-ribosylation-like factor 6 interacting protein 4 -1.41 3.04E-04
KIAA0841 KIAA0841 -1.21 3.07E-04
THOC3 THO complex 3 -1.11 3.12E-04
RPS2 ribosomal protein S2 -1.31 3.47E-04
RDBP RD RNA binding protein -1.41 3.79E-04
WDR18 WD repeat domain 18 -1.31 3.96E-04
TCF3 transcription factor 3 (E2A immunoglobulin enhancer binding factors E -1.21 3.97E-04
TRAF7 TNF receptor-associated factor 7 -1.31 4.18E-04
TOR1A torsin family 1 member A (torsin A) -1.21 4.44E-04
PSCD2 pleckstrin homology Sec7 and coiled-coil domains 2 (cytohesin-2) -1.31 4.58E-04
NKG7 natural killer cell group 7 sequence -1.41 4.61E-04
DNM2 dynamin 2 -1.11 4.96E-04
NME2 non-metastatic cells 2 protein (NM23B) expressed in -1.21 5.00E-04
DCXR dicarbonyl/L-xylulose reductase -1.31 5.08E-04
FHL2 four and a half LIM domains 2 -1.21 5.15E-04
TMEM54 transmembrane protein 54 -1.51 5.25E-04
MBD3 methyl-CpG binding domain protein 3 -1.41 5.28E-04
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Table 4: Top 50 Tat-SF1 Target Genes (differential exon levels). Gene list is ranked by p-
value. Bold gene symbols indicate evidence for both transcript level and exon level changes.

Gene Symbol Gene Annotation p-value

KIF5B kinesin family member 5B 3.00E-15
EP400 E1A binding protein p400 1.87E-13
RNASEN ribonuclease Il nuclear 2.83E-12
CYFIP2 cytoplasmic FMR1 interacting protein 2 3.89E-12
DNAJA2 DnaJ (Hsp40) homolog subfamily A member 2 3.65E-11
SLC7A5P1 solute carrier family 7 (cationic amino acid transporter y+ system) member 5 p 7.61E-11
NCAPG2 non-SMC condensin Il complex subunit G2 1.20E-10
ATAD3B ATPase family AAA domain containing 3B 1.86E-10
WEE1 WEE1 homolog (S. pombe) 2.19E-10
MKI167 antigen identified by monoclonal antibody Ki-67 2.14E-09
NAP1L1 nucleosome assembly protein 1-like 1 2.80E-09
PKN3 protein kinase N3 3.21E-09
PRKDC protein kinase DNA-activated catalytic polypeptide 4.29E-09
RBBP6 retinoblastoma binding protein 6 4.88E-09
FLNA filamin A alpha (actin binding protein 280) 7.25E-09
ATP2A2 ATPase Ca++ transporting cardiac muscle slow twitch 2 9.12E-09
JARID1A jumoniji AT rich interactive domain 1A 9.66E-09
RBM12 RNA binding motif protein 12 1.35E-08
HNRPD heterogeneous nuclear ribonucleoprotein D (AU-rich element RNA binding prof 1.88E-08
STX12 syntaxin 12 2.03E-08
NUP93 nucleoporin 93kDa 2.70E-08
UBE3C ubiquitin protein ligase E3C 3.17E-08
CRK v-crk sarcoma virus CT10 oncogene homolog (avian) 3.21E-08
M6PR mannose-6-phosphate receptor (cation dependent) 4.74E-08
CARS cysteinyl-tRNA synthetase 4.76E-08
KIAA0515 KIAA0515 5.12E-08
ACAT1 acetyl-Coenzyme A acetyltransferase 1 (acetoacetyl Coenzyme A thiolase) 5.49E-08
UBR2 ubiquitin protein ligase E3 component n-recognin 2 5.68E-08
CHD4 chromodomain helicase DNA binding protein 4 6.09E-08
HOMER2 homer homolog 2 (Drosophila) 8.04E-08
LOC595101 PI-3-kinase-related kinase SMG-1 pseudogene 9.41E-08
NOMO1 NODAL modulator 1 1.10E-07
SFRS9 splicing factor arginine/serine-rich 9 1.33E-07
HNRPU heterogeneous nuclear ribonucleoprotein U (scaffold attachment factor A) 1.44E-07
NR2F2 nuclear receptor subfamily 2 group F member 2 1.59E-07
MLLT4 myeloid/lymphoid or mixed-lineage leukemia (trithorax homolog Drosophila); tr. 1.65E-07
SUPT6H suppressor of Ty 6 homolog (S. cerevisiae) 1.68E-07
SDAD1 SDA1 domain containing 1 1.75E-07
TRIP12 thyroid hormone receptor interactor 12 1.93E-07
POGz pogo transposable element with ZNF domain 1.97E-07
MYH10 myosin heavy chain 10 non-muscle 2.22E-07
SLC38A2 solute carrier family 38 member 2 2.28E-07
MIER3 mesoderm induction early response 1 family member 3 2.50E-07
PPP1R2 protein phosphatase 1 regulatory (inhibitor) subunit 2 2.54E-07
EFTUD2 elongation factor Tu GTP binding domain containing 2 2.55E-07
UBAP2L ubiquitin associated protein 2-like 2.56E-07
ZFP36L1 zinc finger protein 36 C3H type-like 1 3.18E-07
CLPTM1L CLPTM1-like 3.33E-07
CKAP5 cytoskeleton associated protein 5 3.53E-07
MCM4 minichromosome maintenance complex component 4 3.70E-07
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Table 5: Gene Ontology cellular processes over-represented among Tat-SF1 target

genes™

. Tat-SF1 | Total
Annotation Targets | Possible p-value
G0O:0006512 [8]: ubiquitin cycle 76 547 <0.0001
GO0:0006406 [8]: mRNA-nucleus 1 27 <0.0001
export
G0O:0007067 [8]: mitosis 25 129 0.0002
GO:0000377 [9]: RNA splicing, via
transesterification
reactions with bulged adenosine as 27 170 0.002
nucleophile
‘GQ‘:O(‘)O64 13 [8]: translational 13 54 0.003
nitiation
GQ:OOO6468 [8]: proteln amino 61 237 0.007
acid phosphorylation
GO:QOI6§68 [8]: chromatin 17 100 0.02
modification

*Criteria: tree branch level >8, target genes in GO category >10, p-value <0.05
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Table 6: Biological pathways over-represented among Tat-SF1 target genes*

Annotation Tat-SF1 | Total -value
Targets | Possible P

gztﬁ£2§04910: Insulin signaling 25 144 0.0004

path:hsa04120: Ubiquitin mediated

proteolysis 11 45 0.002

*Criteria: Target genes in pathway >10, p-value < 0.05
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Table 7: Tat-SF1 target genes belonging to the insulin signaling pathway

Gene Symbol | Annotation

ACACA acetyl Coenzyme A carboxylase alpha

AKT3 v-akt murine thymoma viral oncogene homolog 3 (protein kinase B, gamma)
CHUK conserved helix-loop-helix ubiquitous kinase

CRK v-crk sarcoma virus C10 oncogene homolog (avian)

FASN fatty acid synthase

GRB2 growth factor receptor-bound protein 2

MAPKY9 mitogen-activated protein kinase 9

NRAS neuroblastoma RAS (v-ras) oncogene homolog

PFKP phosphofructokinase, platelet

PHKA2 phosphorylase kinase, alpha 2 (liver)

PHKB phosphorylase kinase, beta

PKM2 pyruvate kinase, muscle

PPP1CA protein phosphatase 1, catalytic subunit, alpha isoform
PRKAA?2 protein kinase, AMP activated, alpha 2 catalytic subunit
PRKAGI1 protein kinase, AMP activated, gamma 1 non-catalytic subunit
PRKAG2 protein kinase, AMP activated, gamma 2 non-catalytic subunit
PRKARIA protein kinase, CAMP dependent, regulatory, type I, alpha (tissue-specific
PTPN1 protein tyrosine phosphatase, non-receptor type 1

PTPRF protein tyrosine phosphatase, receptor type, F

PYGL phosphorylase, glycogen, liver

RPS6 ribosomal protein S6

RPS6KB1 ribosomal protein S6 kinase, 70kDa, polypeptide 1

SKIP SNW domain containing 1

TSC2 tuberous sclerosis 2

KIAA1303 raptor
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Table 8: Protein interactors over-represented among Tat-SF1 target genes*

Annotation Tat-SF1| Total | ..
Targets | Possible P
FTHI: ferritin, heavy polypeptide 1 6 7 0.0004
TLNI1: talin 1 22 &3 0.0009
PXN: paxillin 32 154 0.003
RB1: retinoblastoma 1 (including 1 34 0.004
osteosarcoma)
TP53: tumor protein p53 (Li-Fraumeni 34 179 001
syndrome)
NR3CI1: nuclear receptor subfamily 3, group 17 65 0.01
C, member 1 (glucocorticoid receptor) '
SRRMI: serine/arginine repetitive matrix 1 6 10 0.01
XPOS: exportin 5 5 7 0.02
PNN: pinin, desmosome associated protein 5 8 0.04
NUP50: nucleoporin 50kDa 4 5 0.04

* Criteria: target genes in group >4, p-value <0.05
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A Brass et al.
283

Konig et al.
295

Zhou et al.
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B Brass et al.
147
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120

Konig et al.
169

Figure 3.4: HIV dependency factors are enriched with Tat-SF1 target genes.
(A) Venn diagram showing overlap between three recently published genome-wide
siRNA screens for HIV dependency factors. (B) Venn diagram showing overlap between
these factors and those identified as Tat-SF1 target genes (p<0.001), as indicated by pink
subcircles.
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Figure 3.5: RT-PCR validation of alternative processing by Tat-SF1. Graphs of

probe set intensities from XRAY are shown in the left column. The black lines represent

probe set intensities from control exon arrays (RNA from empty vector and GFP
knockdown cells), and the red lines represent probe set intensities from Tat-SF1
knockdown exon arrays (RNA from Tat-SF1(A) and (B) knockdown cells). The white

columns represent alternative exon use areas, as identified by XRAY. Annotations from

the UCSC genome browser are shown in the middle column. The ASExon XRAY

Regions track indicates the locations of probe sets showing evidence of alternative exon

use. The ASGene XRAY Regions track indicates the span of probe sets clustered
together to represent that gene. The Tat-SF1KD-Control track shows the magnitude of
change in probe set intensities in Tat-SF1 knockdown compared to control exon arrays.
PCR primers used to validate alternative processing are represented by arrowheads.
Results from semi-quantitative RT-PCR are shown in the right column.
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Figure 3.6: Categorization of Tat-SF1 regulated alternative exon use. Tat-SF1 target
genes were grouped into three categories based on the location of the probe set(s) that
changed with Tat-SF1 depletion. The number of genes in each category was normalized
to the number of exons analyzed to give a fraction of analyzed exons.
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Figure 3.7: A putative Tat-SF1 motif. PRIORITY was used to complete a de novo
search for motifs over-represented among Tat-SF1 target genes with evidence of
alternative exon 1 usage.
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Figure 3.8: Locations of GACGGG motifs among Tat-SF1 target genes. GACGGG
motifs are indicated with blue hash marks, relative to exon 1 and exon 2.
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Figure 3.9: Locations of GACGGG motifs among Tat-SF1 target genes showing
alternative exon 1 use. Schematics for target genes showing evidence of alternative
exon | usage are shown with red hash marks indicating the locations of the GACGGG
motifs. White boxes represent exons that are found in RefSeq genes, and shaded boxes
represent exons that are found in UCSC genes or human mRNAs from GenBank.
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Chapter 4: Concluding Discussion
4.1 A role for Tat-SF1 in maintaining HIV-1 RNA ratios

Tat-SF1 has been recently identified as an HIV dependency factor (HDF),
although in light of the data presented in Chapter 2, we propose that the function of Tat-
SF1 as an HDF should be redefined. Instead of being a required Tat cofactor, we show
that Tat-SF1 maintains HIV-1 unspliced and spliced RNA ratios. I would like to expand
on the possible ways that Tat-SF1 may function in maintaining these ratios.

As described in Chapter 3, ubiquitin pathway genes were over-represented among
Tat-SF1 target genes. Ubiquitin plays several important roles in the HIV-1 lifecycle.
Therefore, Tat-SF1 may indirectly regulate HIV-1 RNA ratios by alternative splicing
and/or alternative transcription start site use in other HDFs, such as those in the ubiquitin
pathway. Retroviruses often down-regulate the coreceptor CD4 after infection through
ubiquitination. This degradation reduces problems caused by CD4 expression, including
superinfection (Lindwasser et al., 2007). In addition, host restriction factors, such as the
APOBEC proteins, can be targets of proteasome-mediated degradation induced by Vif
(reviewed in (Goila-Gaur & Strebel, 2008). Notably, MDM?2 was found to be a Tat-SF1
target gene and was recently reported to be a novel E3 ligase for Vif (Izumi et al., 2009).
Vpr-binding protein (VprBP) has been shown to be required for DNA replication and
interacts with the Tat-SF1 target gene, damaged DNA binding protein 1 (DDB1). The
functional consequence of this interaction remains unknown (McCall et al., 2008),

however it points to another involvement of a ubiquitin pathway associated Tat-SF1
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target gene in HIV-1 replication. Alternative transcription initiation and/or alternative
splicing of ubiquitin-related genes may be one way in which Tat-SF1 indirectly regulates
viral RNA levels.

Tat-SF1 may also directly interact with HIV-1 genomic RNA in order to facilitate
splicing. This would be consistent with the observed increase in unspliced and singly
spliced RNAs upon Tat-SF1 depletion. Direct interaction with HIV-1 RNA has not yet
been demonstrated. We searched the HIV-1 genome sequence, but did not locate a
GACGGG motif. However, this does not eliminate the possibility of Tat-SF1 binding,
and an interaction via one or both RRMs could be tested.

Tat-SF1 may serve as a chaperone protein for U2 snRNA, as is believed to be the
function of the S. cerevisiae homolog, CUS2. This role would not only be consistent
with the effect on HIV-1 spliced ratios, but also widespread changes in alternative exon
use in cellular genes. It will be interesting to determine if Tat-SF1-U2 snRNA interaction
is regulated by phosphorylation. There is emerging evidence that phosphorylation of
CUS2 by the CDK9 homolog, Burl, regulates the association of CUS2 with U2 snRNA
(T. Johnson and S. McKay, personal communication). Tat-SF1 has been shown to be
phosphorylated by a P-TEFb associated kinase, but not CDK9 (Zhou et al., 1998). Others
have reported that phosphorylation of CUS2 by casein kinase II plays a role in U2
snRNA interaction (Yan et al., 1998). Interestingly, Tat-SF1 also contains potential
casein kinase II phosphorylation sites (Zhou & Sharp, 1996), although this activity has
not been demonstrated. The functional significance of phosphorylation of Tat-SF1 by

any kinase remains to be established.
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Another possible role for Tat-SF1 maintaining the levels of unspliced and spliced
HIV-1 RNAs is through nuclear import and export. As described in Chapter 1, HIV-1
has a need for both fully spliced, singly spliced, and unspliced RNAs to be exported from
the nucleus to the cytoplasm. This occurs by the action of the viral protein Rev,
transporting intron-containing RNAs through the nuclear pore complex (NPC). DDX1, a
cellular RNA helicase that binds Rev and may function with DDX3 to promote HIV-1
RNA nuclear export (Fang et al., 2004; Fang et al., 2005), also showed evidence of
alternative splicing by Tat-SF1. It may be that Tat-SF1 either directly or indirectly
regulates this HIV-1 RNA export process. To test this hypothesis, the Northern blot
experiments described in Chapter 2 could be repeated using nuclear RNA and
cytoplasmic RNA, rather than total RNA. Then, both fractions from control and Tat-SF1
depleted cells could be probed for the HIV-1 LTR to determine if intron-containing 9kb
and 4kb transcripts accumulate in the nucleus after Tat-SF1 depletion. Furthermore,
cellular factors must be imported to the nucleus to facilitate viral gene expression. This
can occur through transportin 3 (TNPO3), a nuclear import receptor for multiple proteins,
including histone mRNA stem-loop binding protein (SLBP) (Erkmann et al., 2005),
serine/arginine-rich proteins (SR proteins) involved in pre-mRNA splicing (Lai et al.,
2000), and repressor of splicing factor (RSF1) (Allemand et al., 2002) ). Interestingly,
TNPO3 was identified in the Brass et al. and Konig et al. screens as an HDF, as well as in
this study as a Tat-SF1 alternative exon use target gene. Furthermore, additional NPC

components were identified by exon array analysis. Together, these data suggest that
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Tat-SF1 may indirectly regulate HIV-1 RNA ratios through processing of NPC
components. It remains to be seen if the nuclear import of cellular factors is affected by
reducing Tat-SF1 levels.

Alternatively, Tat-SF1 may affect the stability of HIV-1 RNAs. The increase in
unspliced and singly spliced transcripts upon Tat-SF1 depletion could be explained if it
has a role in destabilizing intron-containing transcripts in order to keep ratios of RNAs at
optimal levels for propagation. Nuclear run-off experiments could be performed to
determine if Tat-SF1 depletion results in increased stability of intron-containing
transcripts over time. Finally, the changes in RNA ratios could be explained if Tat-SF1
has a role in viral packaging. To test this hypothesis, control and Tat-SF1 depleted cells
could be infected with HIV-1 and RNA could be extracted from the viruses. By using the
9kb-specific qRT-PCR primers described in Chapter 2, we could determine if there is a
packaging defect in Tat-SF1 depleted cells. Packaging may, in fact, be regulated by
cellular RNA helicases, as is the case with nuclear export. A role for DDX1 (a Tat-SF1

target gene) in packaging has yet to be demonstrated.

4.2 A role for Tat-SF1 in alternative transcription initiation rather than
elongation

Although Tat-SF1 has been proposed to be a general transcription elongation
factor, this is not agreed upon in the field. The data contributed by this thesis support
some role in transcription, however, roles in initiation versus elongation have not been
dissected. Partially purified nuclear extract fraction, Tat-SF (known to contain Tat-SF1)
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has been shown to mediate transcription initiation in vitro and may be present in both
RNAPII-containing initiation and elongation complexes (Parada & Roeder, 1999). The
subunits of P-TEFb, cyclin T1 and CDK9, have both been shown to be present in both
types of complexes by immunobloting (Isel & Karn, 1999; Ping & Rana, 1999). Through
its direct interaction with cyclin T1, one can postulate that Tat-SF1 is also found in both
initiation and elongation complexes with P-TEFb, and could therefore act in both
transcription initiation and splicing as P-TEFb moves along with RNAPII during
elongation.

The interaction between Tat-SF1 and the RAP30 subunit of TFIIF is also quite
interesting because it may offer an additional explanation as to how Tat-SF1 functions in
transcription initiation. TFIIF is involved in both transcription initiation and elongation
and stably associates with RNAPII (Tan et al., 1994; Tan et al., 1995). The RAP30
subunit is believed to stabilize the interaction between RNAPII and the promoter DNA
(Tan et al., 1994). Immunoprecipitation experiments have shown that Tat-SF1, along
with P-TEFb, TCERGI, and TFIIF all associate in an RNAPII-containing complex
(Sanchez-Alvarez et al., 2006). Therefore, it is possible that the association of Tat-SF1
with TFIIF may serve to facilitate transcription initiation. As Tat-SF1 recognizes its
GACGGG motif in the template DNA, it may signal initiation. With Tat-SF1 depletion,
alternative, downstream transcription initiation occurs. This model is consistent with the
location of GACGGG motifs near the first exon of a gene and near alternative first exons.
Clearly, further investigation into the functional consequences of these interactions will

be necessary in the future.
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4.3 A role for Tat-SF1 as an alternative splicing factor

Tat-SF1 is a bona fide spliceosomal protein, as it was one of over 100 proteins
identified in functional human spliceosomes (Zhou et al., 2002). More recently, Tat-SF1
was one of several non-snRNP proteins isolated from A complexes in human cells under
physiological conditions (Behzadnia et al., 2007). Tat-SF1 is not believed to be a
component of the B complex (Deckert et al., 2006), suggesting that there is a transient
association between Tat-SF1 and the spliceosome, and the activity of Tat-SF1 is required
only in early steps of splicing. These data, along with interactions with other
spliceosomal components described in Chapter 1, place Tat-SF1 in a position where it
could modulate alternative splicing of many cellular genes. Interestingly, one of the
target genes I identified as having alternative first exon usage upon Tat-SF1 depletion,
PPPICA, was also identified as a component of the A complex (Behzadnia et al., 2007).
A splicing role for PPP1CA has yet to be described.

It was very evident from the Gene Ontology and biological pathway analyses that
ubiquitin-related genes were significantly affected by Tat-SF1 depletion. Interestingly,
the ubiquitin pathway has been described as having a role in splicing. The spliceosome is
a dynamic complex that must assemble and disassemble in order to produce mature
mRNA. The numerous protein-protein interactions that take place have been shown to be
regulated, in part, by ubiquitination (Bellare et al., 2008). In particular, ubiquitin can
repress U4/U6 unwinding to prevent tri-snRNP disassembly on the pre-mRNA. The

splicing factor Prp8 was shown to be the substrate of ubiquitination within tri-snRNPs.
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The ubiquitin enzymes involved have not yet been identified, but it seems possible that
widespread splicing changes could occur after Tat-SF1 depletion if the alternative
processing, transcription, and/or stability of players in the ubiquitin pathway were
changed.

The discovery of a novel Tat-SF1 motif is important in that it may provide
functional information not only into how Tat-SF1 regulates transcription, but also
alternative splicing. The GACGGG motif was located on the sense strand of 18/21 target
genes analyzed, but it also was located on the antisense strand in 9/21 target genes. It is
still unclear if Tat-SF1 has a true strand bias, and experiments are underway to answer
this question. Additionally, the motif may be recognized by Tat-SF1 in the DNA and/or
RNA of target genes. It remains to be determined if the motif’s location in DNA is
functionally important for transcription initiation or if the motif’s location in RNA is
functionally important for splicing.

Two additional human splicing regulators, hnRNP L and hnRNPLL, have recently
been depleted for exon array analysis to determine processing changes (Hung et al., 2008;
Oberdoerffer et al., 2008). Depletion of hnRNP L, a known global regulator of
alternative splicing, resulted in changes in alternative splicing and poly(A) site selection,
but a total number of targets identified was not given. The hnRNP LL study, which used
the same exon array analysis software as used in this work, showed 132 genes with
changes in relative exon levels (p<0.01) and was considered to be a “master regulator” of
alternative splicing. In the Tat-SF1 study, we found 1397 genes with changes in relative

exon levels (p<0.01). Although the numbers in these three studies cannot be directly
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compared, the large number of significant changes after Tat-SF1 depletion suggests that
it indeed plays a substantial role in alternative processing. However, we have
demonstrated that many of the 1397 alternative exon use events were actually alternative
promoter use, not alternative splicing. The hnRNP L and hnRNP LL studies did not
discriminate between these types of events, but given that these proteins are better
characterized splicing regulators than Tat-SF1, it is likely that the vast majority of
alternative exon use events identified were indeed alternative splicing events regulated by
hnRNP L and LL. Comparison of these studies also highlights the ability of exon arrays
to discover not just changes in alternative splicing, but also transcription initiation.

Given the fact that Tat-SF1 target genes showed exon level changes with a bias toward
the 5° end, it seems even clearer that the use of conventional microarrays would have
drastically reduced the amount of information obtained on how Tat-SF1 functions. The
data generated from the exon arrays has indeed further solidified the classification of Tat-

SF1 as a transcription-splicing factor.

4.5 Concluding remarks

This body of work aimed to answer several fundamental questions about the
human protein, Tat-SF1. First, is Tat-SF1 a required Tat cofactor in vivo? We have
provided evidence that shows that Tat-SF1 is not required for Tat-dependent or basal
HIV-1 transcription. In agreement with a recent RNA1 study (Brass et al., 2008), we

have found that Tat-SF1 is a cellular factor that modulates HIV-1 propagation, however,
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we have redefined the role of this factor and propose that it acts post-transcriptionally to
maintain the ratios of unspliced and spliced RNAs.

Second, what are the cellular targets of Tat-SF1? We have revealed extensive
alternative processing and transcription start site changes upon Tat-SF1 depletion. Many
changes in transcript levels were also evident upon Tat-SF1 depletion. We propose that
Tat-SF1 plays a role in both transcription and splicing in vivo. These newly discovered
target genes provide an enormous number of pathways to follow for future investigation,
while a putative Tat-SF1 motif imparts new information that may provide mechanistic

insights into how Tat-SF1 regulates both transcription and splicing.
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