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ABSTRACT
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M.S. Thesis Advisory Committee Chair: Xavier Grafia, PhD.

Flavopridol (FVP) is a well known pharmacological inhibitor of Cyclin Dependent
Kinases (CDKs), with significant selectivity for Cyclin Dependent Kinase 9 (CDKD9).
Treatment of cells with FVP results in inhibition of transcription elongation. CDK9 is a
serine/threonine kinase that associates with T-type cyclins. These complexes are
designated transcription elongation factors (P-TEFb). P-TEFb controls transcription
elongation by phosphorylating the carboxyl terminal domain (CTD) of RNA polymerase
I (RNAPII) and negative elongation factors. Whether P-TEFb is required for the
elongation of most genes transcribed by RNAPII or fraction of them is still debatable.
The aim of my Thesis is to understand the early and late effects of FVP on primary
response gene expression. Two different microarray analyses with RNA probes obtained
from T98G and BJ-TERT cells were performed by Drs. Grafia and Garriga to determine
the effect of inhibiting CDK9 on global mRNA expression using a dominant negative
mutant of CDK9 (dnCDK9) and FVP.
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These gene profiling experiments showed that FVP and dnCDK9 downregulate the
expression of several genes. However, these studies also showed upregulation of a group
of primary response genes (PRGs). The goal of this thesis was to bring some light into
this unexpected phenomenon. I have found that several PRGs including FOS, JUNB,
EGR1 and GADD45B, are rapidly and potently downregulated before they are
upregulated upon FVP treatment in exponentially growing cells. In serum starved cells
restimulated with serum, FVP also inhibits the expression of these genes, but
subsequently, JUNB, GADD45B and EGR1 are upregulated in the presence of FVP.
Chromatin Immunoprecipitation of RNAPII revealed that EGR1 and GADD45B are
apparently transcribed at the FVP-treatment time points where their corresponding
mRNAs accumulate. These results suggest a possible stress response triggered by CDK9
inhibition. I also show that serum starvation does not affect the localization of RNAPII
immediately downstream of the promoter of a PRG where RNAPII remains paused in the
absence of mitogenic stimulation, suggesting that initiation is not rate limiting for
transcription of at least certain PRGs in the absence of mitogens and remains dependent

on transcription elongation.

In sum, I have shown that certain PRG/IRGs are transcribed in the presence of FVP
and their transcription might be independent of CDK9 suggesting a possible alternative
mechanism of their transcription. I also determined that transcription initiation is not
affected by serum starvation, as paused RNAPII appears to remain bound downstream of

a PRG promoter in quiescent cells independently of the length of mitogenic starvation.
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CHAPTER 1

INTRODUCTION

1.1 Identification of CDK9/Cyclin T Complexes (P-TEFb)

Cyclin-dependent kinases (CDKs) are serine/threonine kinases that play important
roles in cell cycle control and the regulation of transcription. The activity of CDKs is
dependent on their association with proteins designated cyclins. In this form, CDKs
function as catalytic subunits and cyclins are their regulatory subunits.

Cyclin-dependent kinase 9 (CDK9) was first identified in a cDNA screen aimed at
identifying novel CDKs and was designated PITALRE (Grafa et al, 1994). The
PITALRE designation was changed to CDK9, when the cyclins that associate and
activate PITALRE were identified (Wei et al, 1998, Peng et al, 1998a, Peng et al, 1998b).
CDK?9 was first characterized as a 42 kD catalytic subunit of a multiprotein complex and
found to phosphorylate Ser/Thr residues followed by a proline (Garriga et a/, 1996a and
1996b). A second CDK9 isoform, CDK9-55 with 117 additional amino acid residues at
the amino terminus of the originally identified CDK9 was described later (Shore, et al,
2003). Both CDK9-42 and CDK9-55 are transcribed from a single gene through two
independent promoters (Shore et al, 2003, Liu et al, 2005). Both CDK9 isoforms are
differentially expressed in cells and are apparently capable of associating with the same

regulatory subunits. Two cyclins, Cyclin T1 and Cyclin T2, with closest amino acid



identity to cyclin C, were found to associate with and activate CDK9 (Peng ef a/, 1998a,
Peng et al, 1998b, Wei et al, 1998).

P-TEFb is a positive transcription elongation factor and was first described by the
Price lab (Marshall and Price, 1992). Subsequently, the Price lab also purified Drosophila
P-TEFb and identified two subunits: the small subunit was the homolog of human
PITALRE (CDK9) and the large subunit was named Cyclin T (Peng et al, 1998a). P-
TEFb phosphorylates the Carboxyl Terminal Domain (CTD) of RNA Polymerase II
(RNAPII) and positively regulates transcription elongation (reviewed by Marshall and
Grana, 2006). P-TEFb refers to any combination of a T-type Cyclin (T1 and T2 splice
variants) with either CDK9 isoform (Peng et al/, 1998b).

Three independent studies linked P-TEFb to HIV-1 Tat:

1) The Price lab found that a protein in Hela cells was able to associate with GST-
Tat fusion proteins and phosphorylate human RNAPII in vitro. This protein was
identified as PITALRE (CDK9) via Western Blot analyses. CDK9 was only detected
associated with Tat mutants with a transactivation domain. These results suggested that P-
TEFD is the Tat Associated Kinase (TAK) (Zhu et al, 1997) that had been previously
described in the Rice lab as a Tat associated kinase activity that phosphorylates RNAPII
(Hermann and Rice, 1993).

2) At the same time, the Flores lab screened a library of about 100,000 small
compounds for inhibitors of Tat dependent transcription in vitro. After screening, they
found 14 compounds, including DRB that inhibited Tat-dependent transcriptional

activation in vitro and all these compounds were kinase inhibitors. The authors showed



that these compounds inhibited PITALRE (CDK9)-associated kinase activity, and nuclear
extracts depleted of CDKO9 failed to promote Tat transactivation (Mancebo et al, 1997).

3) Also independently, the Rice lab showed that the 42 kD catalytic subunit of TAK
was indeed PITALRE. In addition, they demonstrated in this study that TAK was
regulated in cells, which were relevant to HIV infection. TAK activity was induced
during activation of peripheral blood mononuclear cells (PBMCs) and peripheral blood
lymphocytes (PBLs) stimulated with PMA (phorbol 12-myristatel 3-asetate) and PHA
(phytohaemagglutinin) (Yang et al, 1997).

Subsequently, the Jones lab identified the CDK9-associated cyclin, designated
Cyclin T1, as a direct target of Tat. They used purified recombinant Cyclin T1 to show
the interaction between Cyclin T1 and Tat and found that Cyclin T1 interacted with Tat
and increased its affinity for TAR RNA (Wei et al, 1998). At the same time the Price lab
identified the Cyclin T ortholog in Drosophila cells as the large subunit of P-TEFb (Peng
et al, 1998a). Although T-type Cyclins can complex with CDK9 and phosphorylate
RNAPIIL, only human Cyclin T1 associates with HIV Tat and mediates its transactivation
activity (Garber et al, 1998). The Tat transactivator protein, associates with the nascent
HIV RNA transcript called TAR (Price, 2000). This association requires a Tat:TAR
Recognition Motif (TRM), which is present in human Cyclin T1 but not Cyclin T2a,
Cyclin T2b or murine Cyclin T1 and this motif is required for the formation of
Tat/TAR/P-TEFb complexes and for productive HIV transcription (Garber ef al, 1998).

Interestingly, it was shown that TAK activity was regulated in PBLs because its
subunits were upregulated via mitogenic stimulation and this correlated with RNAPII

hyperphosphorylation and HIV-1 replication (Garriga et a/, 1998, Herrman et al/, 1998).
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After these studies it was shown that P-TEFb activity is essential and limiting for
HIV-1 replication using a dominant negative CDK9 mutant (dnCDK9) and small
molecule inhibitors of CDK9 such as DRB (Flores et al, 1999). Expression of dnCDK9 in
transformed Jurkat cells was able to inhibit Tat-dependent HIV transcription without
compromising cell viability and cellular function. DRB and other small molecule
inhibitors were also able to inhibit HIV replication at concentrations that were not
cytotoxic in PBLs (Flores et al, 1999).

Flavopridol (FVP) is a synthetic flavone, structurally related to a compound
purified from Indian plant called Dysoxylum binectariferum (Sedlacek et al, 1996). FVP
was identified as a CDK inhibitor with antiproliferative activity and shown to inhibit
CDKI, 2 and 4 at an ICs less than 20 nM. Because of these properties, FVP is a potential
anti-cancer therapeutic agent and entered phase I and II clinical trials. Subsequently it was
found that FVP is one of the most potent pharmacological inhibitors of CDK9 with an
ICsp of less than 3 nM (Chao and Price, 2001). It was also found that FVP potently
inhibits Tat transactivation and HIV replication at an ICsy of 10 nM (Chao et a/, 2000).

Chiu et al showed that knockdown of CDK9 and Cyclin T1 by using siRNA was
able to inhibit Tat transactivation and HIV replication without effects on viability in Hela
cells. However, they found that P-TEFb kinase activity was unchanged when Cyclin T1
was efficiently knocked-down. This result suggested that the “critical threshold” of active
P-TEFb required for cell viability is lower than that required for HIV-1 replication.
Knockdown of CDK9 and apparently Cyclin T1 resulted in the release of P-TEFb from
7SK inhibitory complexes ensuing cell survival. However, Tat-dependent HIV

transcription required higher amounts of P-TEFb (Chiu et a/, 2004).
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Finally, work done in the Grafia lab compared the effect of FVP and a dnCDK9
mutant on HIV transcription in primary human PBLs using single-round HIV replication
assays (Salerno et al, 2007). Salerno et al found that although FVP inhibited HIV
transcription potently, it also negatively affected T-cell activation as evidenced by
inhibition of T-cell activation markers and DNA synthesis. In contrast, expression of
dnCDKO9 in PBLs blocked HIV transcription without the deleterious effects seen in FVP
treated cells at concentrations that resulted in comparable inhibition of HIV transcription
(Salerno et al, 2007). Altogether, these data suggest that highly selective inhibition of

CDKO activity might be able to block HIV replication without toxicity.

1.2 Regulation of CDK9/Cvclin T Complexes

CDKO/Cyclin T complexes exist in two forms, a free, active form and a large,
inactive form. The active complex is composed of free CDK9/Cyclin T heterodimer (P-
TEFb) with Brd4 or specific transcription factors (see below). In the large inactive form,
CDK9/Cyclin T complexes are sequestered in a protein/RNA complex. In Hela cells the
7SK small nuclear RNA (7SK snRNA) is associated with 50% of P-TEFb and inhibits its
kinase activity (Nguye et al, 2001, Yang et al, 2001). However, although 7SK snRNA
binds to P-TEFb, it is not able to inhibit CDK9 kinase activity on its own (Yik et al,
2003). A protein called HEXIM1 (Hexamethylene bisacetamide-induced protein) or its
closely related family member HEXIM2 (Yik et al, 2005, Byers et al, 2005) is also

required (Michels et al, 2003, Yik et al, 2003). A current model showing the composition



of these complexes is shown in Figure 1A. A single 7SK snRNA binds a HEXIM dimer
and then interacts with two P-TEFb complexes (Li et al, 2005). It has been shown that
physiological stresses in cardiac muscle cells, as well as UV and other stresses induces
the release of P-TEFb from the inhibitory complex (Nguyen et al, 2001, Yang et al, 2001,

Sano et al, 2002).

P-TEFb interaction with the bromodomain protein Brd4 (Jang et al, 2005) is
thought to recruit P-TEFb to chromatin via binding to acetylated histones H3 and H4
(Dey et al, 2003, Jang et al, 2005). Overexpression and siRNA knockdown of Brd4 in
Hela cells showed increased and decreased RNAPII phosphorylation and transactivation
of cellular promoters, respectively (Jang et al, 2005). A recent study has proposed that the
inducible recruitment of Brd4 is regulated by signal dependent acetylation of H4K5/8/12
(Figure 1B) (Hargreaves et al, 2009) (see below). As mentioned above inactive P-
TEFb/7SK snRNA/HEXIM1 and active P-TEFb/Brd4 are in a cellular equilibrium in the

cell that is disrupted by a variety of stresses (reviewed by Marshall and Grana, 2006).



1.3 Role of CDK9/Cyclin T Complexes in Transcription Elongation

The CTD of the largest subunit of RNAPII is a primary substrate of P-TEFb during
transcription elongation. The CTD is important for elongation control and it is composed
of 52 hepta peptide repeats with the following consensus sequence: Tyr-Ser-Pro-Thr-Ser-
Pro-Ser. Ser-2, Ser-5 (reviewed by Price, 2000, Garriga and Grana, 2004, Marshall and
Grafia, 2006, Zhou and Yik, 2006) and Ser-7 (Chapman et al, 2007, Glover et al, 2009)
are targeted for phosphorylation during transcription and these phosphorylations stimulate
initiation, elongation and mRNA processing. Shortly after initiation, CDK7, which is a
component of TFIIH, phosphorylates Ser-5 residues on the CTD. After this
phosphorylation, RNAPII is arrested by two different negative elongation factors, 5, 6-
dichloro-1-B-D-ribofuranosyl benzimidazole sensitivity-inducing factor (DSIF) and
negative elongation factor (NELF) (Figure 1C), resulting in the formation of short paused
transcripts. To overcome the negative effect of these factors, P-TEFb is recruited by
specific transcription factors to paused RNAPII. P-TEFb phosphorylates Ser-2 residues
on the CTD, as well as NELF and DSIF (Figure 1C). DSIF is converted to a positive
elongation factor upon phosphorylation, while NELF disengages from RNAPII.
Following these phosphorylation events, RNAPII is rescued from repression and
productive elongation begins (reviewed by Price, 2000, Garriga and Grafa, 2004,

Marshall and Grafia, 2006, Zhou and Yik, 2006).

As it was mentioned above, CDK9/Cyclin T complexes are recruited to target
promoters by specific transcription factors. Transcription factors such as NF-kB (Barboric

et al, 2001) and c-Myc (Eberhardy et al, 2002, Kanazawa et al 2003, Bouchard et al,
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2004, Gargano et al, 2007) bind to CDK9/Cyclin T and are thought to recruit
CDKO9/Cyclin T complexes to responsive promoters to stimulate transcription. Recent
research shows that c-Myc recruits CDK9/Cyclin T to release paused RNAPII in
Embryonic Stem cells (ES) and stimulate transcriptional elongation (Rahl et al, 2010).
However, it was shown that transcription of U2 snRNA genes and RNA processing of the
replication-activated histone H2b gene did not require CDK9 kinase activity (Medlin e?
al, 2005). Subsequently, another study demonstrated that p53-dependent gene expression
was activated even though CDKO9/Cyclin T was inhibited by DRB. (Gomes et al, 2006).
These results suggest that CDKO9 is required for the expression of many genes but not

others.

1.4 Role of CDK9/Cyclin T1 on HIV Transcription Elongation

The role of CDK9/Cyclin Tl in transcription is better understood for the
transcription of HIV transcripts. In the absence of Tat, a small regulatory protein encoded
by HIVI, RNAPII pauses after synthesis of short nascent transcripts as transcription
elongation is not processive. Pausing is due to the binding of DSIF and NELF to RNAPIIL.
Tat recruits CDK9/Cyclin T1 complexes to the HIV-LTR promoter to promote
transcription elongation. Only human Cyclin T1 has the ability to bind to the Tat
Recognition Motif (Wei et al, 1998). Tat/CDK9/Cyclin T1 complexes then bind to the
TAR RNA and recruit CDK9/Cyclin T1 to phosphorylate the CTD of RNAPII as well as

NELF and DSIF (Figure 2). HIV transcription elongation resumes after these



phosphorylations have occurred (reviewed by Garriga and Grana, 2004, Zhou and Yik,

2006, Marshall and Grafia, 2006).



7SKsnRNA

' Active Form

7SKsnRNA

Inactive Form




+ ATP

Figure 1. P-TEFb Modulates Transcription Elongation. A) CDK9/Cyclin T is found
in two forms. When CDKO9/Cyclin T makes a complex with 7SK snRNA and HEXIM,
CDKO kinase is inactive. CDK9/Cyclin T releases from the 7SK snRNA and HEXIM
because of stress signals, and releasing allows association with Brd4 to become active. B)
CDKO/Cyclin T is recruited to acetylated DNA by Brd4, and acetylation of H4K5-8-12
regulates this binding C) CDK7, a subunit of TFIIH, phosphorylates Ser5 residues of
RNAPII coinciding with initiation and promoter clearance. Shortly after initiation,
RNAPII is stopped by negative elongation factors, NELF and DSIF. Certain transcription
factors recruit P-TEFb to promoter and/or enhancers. Then, CDK9 phosphorylates NELF
and DSIF as well as the CTD of RNAPII (modified from Marshall and Grana, 2006,

Hargreaves et al, 2009).
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Figure 2. Role of CDK9/Cyclin T1 in HIV-1 Transcription. RNAPII is stalled by
negative elongation factors after a short HIV-1 nascent transcript is produced. The
nascent transcript forms a stem loop and a bulge secondary structure designated TAR. Tat
recruits CDK9/Cyclin T1 to the TAR RNA. Then, CDK9 phosphorylates NELF and
DSIF, as well as the CTD of RNAPII. NELF releases from the complex, but DSIF
remains bound to RNAPII and converts it into a positive transcription elongation factor.
Upon these phosphorylations, HIV-1 transcript is productively elongated (modified from

Garriga and Grafa, 2004, Marshall and Grafia, 2006).



1.5 Pharmacological Inhibitors of CDK9 Potently Inhibit Transcription

DRB (5, 6-dicloro-1-B-D ribofuranosylbenzimidazole), a purine nucleoside analog,
was discovered as an inhibitor of mRNA synthesis (Sehgal et al, 1976) and later shown to
inhibit CDKO9 activity (Mancebo ef al, 1997). DNA microarray analyses by using OCI-
Ly3 cells showed that DRB inhibited transcription globally (Lam et a/, 2001) and it was
specifically shown that DRB had a potent inhibitory effect on Tat-dependent HIV

transcription elongation by RNAPII (Marciniak and Sharp, 1991).

As mentioned in section 1.1, FVP is a potent inhibitor of CDK9 activity (ICso ~ 3
nM) as the ICsy of FVP for other tested CDKs is more than 20 nM. FVP has been used as
a selective inhibitor of CDK9 in many studies. Treatment of Hela cells with 300 nM FVP
for 1 hour was shown to inhibit transcription by 70%, as determined in run-on assays,
suggesting that P-TEFb is required for transcription of most genes (Chao et al, 2001).
Another study compared the effect of FVP (1 puM) with two very well known
transcriptional inhibitors, Actinomycin D and DRB in mRNA expression using DNA
microarray analyses. OCL-Ly3 cells treated with these three inhibitors showed similar
inhibition of gene expression patterns, most prominently the rapid downregulation of
short-lived transcripts, which suggested that FVP globally inhibited transcription (Lam et
al, 2001). However, the Grafia lab found evidence that a dnCDK9 mutant was less toxic
to PBLs than concentrations of FVP that inhibited HIV transcription similarly, suggesting
that FVP may have targets in addition to CDK9 which could mediate part of its potent
effects in transcription. This led to analyze the global effects of FVP and dnCDK9 on

gene expression using microarray analyses. Expression of dnCDK9 in T98G cells resulted

13



in upregulation/downregulation of a limited number of transcripts, while the effects of
FVP were more potent and strikingly dissimilar. This result again suggested that FVP
may not be as selective as previously thought. However, the comparison of
pharmacological inhibitors with a dnCDK9 mutant in these assays presented some
challenges, and those studies have been followed up as described in part in the result

section.

Interestingly, a recent report has described analogs of FVP with increased
selectivity for CDK9 and decrease the cytotoxicity (Ali et al, 2009), again pointing to the
limited selectivity of FVP and the need to study the effects of CDK9 inhibition in gene

expression using more selective tools.

1.6 Inhibition of CDK9 Activity on Treatment of Diseases

HIV is a human retrovirus that causes the Acquired Immune Deficiency Syndrome
(AIDS). According to the 2009 report by the World Health Organization (WHO), 33.3
million people are living with HIV and 1.8 million people died from AIDS. HIV virus
affects the immune system and increases the rates of opportunistic infections. Highly
Active Antiretroviral Therapy (HAART) is being used for treatment of HIV. HAART is a
drug combination treatment, which includes drugs that target HIV proteins. However, it
has been found that HAART fails to control HIV replication overtime in number of
patients as the virus develops drug resistance. HAART targets are viral proteins such as

the reverse transcriptase viral protease (direct targets). A high frequency of recombination
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and errors in replication by the HIV reverse transcriptase results in the appearance of
mutant proteins that are no longer inhibited by HAART. Thereby, mutant viruses resistant

to these drugs are selected (reviewed by Klebl and Choidas, 2006).

Therefore, there is an urgent need to find new drugs that are safe and prevent drug
resistance. HIV, like other viruses, depends on the host cell’s signal transduction
machinery for replication and viability. Thus, some of these cellular proteins may be
suitable drugable “indirect targets”. The advantage of these “indirect targets” is that
mutation of viral proteins is unlikely to lead to drug resistance. Protein kinases are among
the potential drugable indirect targets for HIV treatment. Among these, CDK9 is an
attractive target because is “hijacked” by HIV Tat, which is essential for HIV replication
(reviewed by Klebl and Choidas, 2006). After CDK9/Cyclin T1 complexes were
identified as a TAK (Zhu et al, 1997, Yang et al, 1997, Macebo et al, 1997), a number of
studies were performed to show that HIV replication was extremely sensitive to inhibition
of CDKO. These studies used dnCDK9 and siRNA to CDK9 and Cyclin T1, as well as

pharmacological inhibitors such as DRB and FVP as described in the previous section.

CDK9 inhibition could potentially be used for treatment of cancer, cardiac
hypertrophy, or inflammation. The link between CDK9 and cancer was shown in ER
positive breast cancer cells where Hexim 1 levels were dowregulated by estrogens and
overexpression of Hexim 1 was found to suppress cell proliferation and growth
(Wittmann et al, 2003). Another link between CDK9 and cancer was shown in Mixed-
Lineage Leukemia (MLL) fusion proteins such as Eleven Nineteen Leukemia (ENL) and

AF4 proteins, which interact with P-TEFb to mediate their transformation ability
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(reviewed by Kohoutek, 2009). In the case of cardiac hypertrophy, cell size and protein
synthesis are increased in cardiomyocytes, resulting from an increase in mRNA synthesis.
This increase in RNA synthesis appears to be due to elevated Ser-2 phosphorylation by P-
TEFb. In mice, activation of P-TEFb via overexpression of Cyclin T1 or depletion of
HEXIM 1 caused hearth growth because of cardiac hypertrophy (reviewed by Kohoutek,
2009). Finally, it has been shown that CDK9 plays a role in inflammation, which is
characterized by the leukocyte extravasations from blood into the tissue and causes
pathogenesis. Recent research found that low-dose FVP blocked the interaction between
leukocytes and the endothelium protecting against inflammation via inhibition of NF-kB
induced transcription, presumably as result of inhibition of CDK9 (Schmerwitz et al,
2010). Altogether these reports validate CDK9 as a potential target to treat a variety of

diseases.

Given the central role of CDK9 function in a variety of pathologic processes, but
also its potential requirement for viability, it is essential to fully understand the

consequences of its inhibition, which is one objective of this Master thesis.
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1.7 Recruitment of CDK9 to Target Genes

As mentioned before, FVP has been shown to potently inhibit transcription as
measured in run-on assays performed with nuclei isolated from Hela cells pretreated with
FVP (300 nM) for 1 hour (Chao and Price, 2001). FVP (1 uM) was also shown to inhibit
the expression of short-lived transcripts in OCL-Ly3 (Lam et al, 2001). A more recent
study using genome wide localization of RNAPII has shown that a highly significant
number of genes exhibit high levels of RNAPII downstream of the promoter or the
proximal region, even if they are not actively transcribed (Rahl ez a/, 2010). Incubation of
mouse Embryonic Stem (mES) cells with 1 uM FVP for one hour decreases Ser-2
phosphorylation and prevents localization of RNAPII in the gene body of active genes,
but does not affect RNAPII occupancy at the promoter proximal regions. These data
strongly suggest that FVP blocks transcription elongation and the releasing of RNAPII
from promoter proximal region requires P-TEFb for most active genes (Rahl et al, 2010).
The caveat of these studies is that FVP may have other targets in addition to CDK9,
which inhibition may mediate part of these effects.

On the other hand, another recent study using macrophages has shown that Primary
Response Genes (PRGs), but not Secondary Response Genes (SRGs) have poised
RNAPII and Ser-5 CTD phosphorylation at the basal state. LPS stimulation leads to
recruitment of P-TEFb (CDK9/Cyclin T1) to the promoter and Ser-2 CTD
phosphorylation, which is sensitive to DRB. The authors propose a model in which NF-
kB is activated by LPS stimulation leading to recruitment of GCNS5 HAT, which
acetylates histones that in turn recruit Brd4, which appear to be required for P-TEFb

recruitment (Hargreaves et al, 2009).
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These data prompted us to re-examine the effects of FVP (300 nM) and dnCDK9 in
our microarray analyses. Unexpectedly, we found that significant numbers of PRGs
appear to be potently upregulated upon FVP treatment (8-24 hour) but only a few are
modulated by dnCDKO9.

These data let us to hypothesize that certain PRGs use alternative mechanism of
expression that are independent of CDK9. Alternatively, these genes could exhibit both,
CDKO9 dependent and independent mechanisms. Our microarray analyses had not ruled
out the possibility that these genes were rapidly inhibited by FVP (prior to the first time
point analyzed in our microarrays, 4 hour) and subsequently upregulated in a CDK9
independent manner.

Therefore, the objective of this research was to determine both the immediate and
late effects of FVP in the expression of a number of PRG and to assess if the upregulation

of PRGs induced by FVP dependents on active transcription.
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CHAPTER 2

MATERIALS AND METHODS

2.1 Cell Culture and Treatments

Human BJ-TERT fibroblasts are normal BJ fibroblasts immortalized with human
Telomerase Reserve Transcriptase (W\TERT) (Hanh et al, 1999). BJ-TERT fibroblasts
were maintained in Dulbecco’s Modification of Eagle’s Medium (DMEM) (Cellgro)
supplemented with 10% Fetal Bovine Serum (FBS) (Gemini) and 100 U/ml penicillin and

100 pg/ml streptomycin (Gemini). Cells were grown at 37°C in 5% CO,.

For primary response gene assays, BJ-TERT fibroblasts were grown up to 50-70 %
confluence and starved in serum-free medium for 72 hours as described in Sotillo et al
(2008). CDK9 was pharmacologically inhibited by adding Flavopiridol (FVP). FVP was
prepared in DMSO at a concentration of 10 mM then dissolved in PBS to 100 pM and
added to the medium to give a final concentration of 300 nM. Control cells were treated
with the same concentration of DMSO (Dimethyl sulfoxide) dissolved in PBS. Thirty
minutes after the addition of FVP or DMSO, serum starved cells were stimulated with
serum and collected at the times indicated in the results section. Cells were collected via
trypsinization and washed in PBS. Cell pellets were stored at -70 °C or lysed as described
in the next section. For chromatin immunoprecipitation (ChIP) additional steps were

needed prior to cell collection and are described in the ChIP section.
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2.2 Western Blotting

Cells were lysed with ice-cold lysis buffer (50 mM Tris-HCI (pH 7.4), 5 mM
EDTA, 250 mM NaCl, 50 mM NaF, 0.1 % Triton X-100, 0.1 mM Na3;VO,, 2 mM PMSF,
10 pg/ml leupeptin, 4 pg/ml aprotinin, and 40 pug/ml pepstanin). Bradford Reagent
(BioRad) was used to quantify protein levels. Ten pg of protein were resolved by 8%
polyacrylamide/SDS gel electrophoresis, and transferred to a polyvinylidene difluoride
(PVDF) membrane (Immobilon-FL, Millipore) in 10 mM CAPS buffer (pH 11)
containing 10% methanol. The membrane was then blocked with 5% powdered milk in
TBS-T (137 mM NaCl, 20 mM Tris, 0.5% Tween-20) for 20 minutes. Next, the
membrane was incubated overnight at 4°C with the appropriate primary antibodies
diluted 1:1000-1:2000 in 3% powdered milk/TBS-T for, and then washed three times
with TBS-T for 5 minutes. The membrane was then incubated with the corresponding
horseradish peroxidase conjugated (HRP) secondary antibodies (GE Healthcare) diluted
in 3% powdered milk/TBS-T (1:20,000) for 45 minutes, then washed three times with
TBS-T for 10 minutes. Bands were visualized by using Western Lighting Plus ECL
reagent (Perkin Elmer), and recorded by blue X-Ray film (Phenix Research Products) or

the FluorChemQ Imaging System (Alpha Innotech).
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2.3 Flow Cytometry

Cells were collected in 1 ml of ice-cold 1% FBS/PBS, and washed with 1% FBS/
PBS twice, then resuspended in 1 ml of 1% FBS/PBS. These cells were fixed by adding
drop-wise 4 ml of ice-cold methanol while gently vortexing and kept at 4°C overnight.
Cells were then washed once with 1% FBS/PBS and resuspended in 0.4 ml of 1%
FBS/PBS. Then 1/100 volumes of 10X propidium iodide (PI) (500 pg/ml in 38 mM
Sodium Citrate) and 10 mg/ml RNAse A were used for staining cellular DNA and
digesting RNA, respectively. A Becton Dickinson FACS Calibur flow cytometer was

used for measuring the cell’s DNA content.

2.4 Microarray Analysis

Microarray analyses were performed by Drs. Grafia and Garriga prior to the start of
my MS thesis project (Garriga et al, 2010, and data not shown). These studies follow up
some of the expression data collected from these previous microarray experiments that

were completed as follow.

Affymetrix Human Gene 1.0 ST DNA arrays were used for microarray analysis.
These chips contain probes for 28,869 different genes (26 distinct probes per gene).
RNAs for expression analysis were purified from BJ-TERT fibroblasts transduced with
recombinant adenoviruses expressing a kinase-dead dominant negative form of CDK9
(Ad-T-dnCDKD9) under the control of a Tet-Off responsive promoter. These adenoviruses

were generated by Dr. Garriga using the Adeno-X'™ Tet-Off expression system
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(Clontech). The Ad-T-dnCDK9 adenoviruses were transduced along with the Adeno-X™
Tet-Off viruses that constitutively express the tetracycline controlled transactivatior tTA.
In the presence of tetracycline, tTA cannot transactivate the promoter upstream of T-
dnCDKO, therefore there was no dnCDK9 expression. Five hours following transduction,
tetracycline (3 pg/ml) was added to control plates to prevent expression of dnCDK9.
Because transduction with adenoviruses has effects on gene expression, plates to be
treated with FVP were also previously transduced with the same set of adenoviruses and
treated with tetracycline. Next, control transduced BJ-TERT fibroblasts were treated with
300 nM FVP for 4, 8 and 24 hours. Each sample was done in triplicate. Total RNA was
purified with the RNeasy kit (Qiagen) and submitted to the University of Pennsylvania
Microarray Core Facility. The expression value log, ratio for each gene was computed
between its treatment and corresponding control sample. Average gene expression levels
between replicates were represented by the average of the log, ratios. Normalization of

log, value was performed, as explained in Garriga et al, 2010.

Hierarchial cluster analysis (Cluster version 3.0, Eisen ef al, 1998) was performed
to cluster genes using average linkage clustering and visualized with Java TreeView,

version 1.0.13 as in Garriga et al (2010).
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2.5 OQ-RT-PCR and Q-PCR

RNA was isolated from BJ-TERT fibroblasts by using the RNeasy Extraction Kit
(Qiagen). RNA expression was determined in 96 well plates using the TagMan 1 Step
PCR Kit (Applied Biosystems). The total volume in each well was 20 ul, which consisted
of 10 ul of 2X TagMan RT-PCR Mix, 0.5 pl of 40X TagMan RT Enzyme Mix, 3.5 ul of
nuclease-free water, 1 ul of TagMan probes, and 5 pl of RNA template. mRNA levels
were determined using an ABI Prism 7000 RT-PCR machine (Applied Biosystems).
Tagman probes used in this study are as follow: JUNB (Hs00357891 sl1), ALDOA
(Hs00605108 g1), HEXIM1 (Hs0053918 sl1), GADD45B (Hs00169387 ml), CCNDI1
(Hs99999004 m1), MCL1 (Hs03043899 ml), FOS (Hs01119256 gl), EGRI1
(Hs00152928 ml1). A GAPDH probe was used for normalization. Threshold Cycle (CT)
values for each sample were normalized with GAPDH CT values. Then, a second
normalization was performed by subtracting normalized values of each time point from
the control normalized value per each gene. Using these values, fold change was then
calculated by using the microsoft excel formula: POWER(2;-(normalized CT value with

control)).

SYBR Green qPCR Mix (Fermentas) was used for analyzing ChIP-enriched DNA.
Table 1 shows primers for FOS and EGR1 (Donner et al, 2010), and GADD45b genes
(see below primer design). 96 well plates were used with a total reaction volume of 25 pl,
which consisted of 12.5 pl of Maxima SYBR Green/ROX qPCR Master Mix (2X),
forward primer (0.3 uM) (Invitrogen), reverse primer (0.3 pM) (Invitrogen), template

DNA, and nuclease-free water (N/A). The StepOnePlus quantitative PCR machine
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(Applied Biosystems) was used to determine relative DNA amounts in input chromatin
samples and ChIPs (anti-RNAPII and IP mock (IgG)). RNAPII IP and mock ChIP CT
values were normalized with input CT values by using the following formula:
100*2N(CTryapii ip OF CTimock --CTinput) to obtain the percentage of input values separately
for each primer set. The percentage of input was calculated, mock ChIP values were

subtracted from RNAPII ChIP values and results were visualized via Excel graphs.

2.6 Primer Design

The Reference Sequence (RefSeq) of human GADD45b was obtained from ECR

browser (http://ecrbrowser.dcode.org). Four different primer pairs were designed using

Oligo Perfect™ Designer (www.invitrogen.com) to amplify the following sequences:

Primer set A: upstream of the gene; Primer set C: 5’UTR close to Exon 1; Primer set E:
Exon 3; Primer set H: downstream of the gene (see image below and Table 1). Oligo
Perfect'™ Designer generated forward and reverse primers (18-20 bp in length) of related
sequence with Melting Temperatures (Tm) within 2°C of each other. Once the primers

were designed, a BLAST search was done with their sequences

(www.ncbi.nlm.nih.gov/blast/Blast.cgi) to make sure that the primer sets do not have the
potential to amplify other genomic sequences. Melting curves for all primer sets hand a

single peak (data not shown).
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2.7 Antibodies

For Western blot analyses the following antibodies were used: Anti-RNAPII (A300-
653A), anti-Ser2 (A300-654A), and anti-Ser5 (A300-655A) rabbit polyclonal antibodies
were obtained from Bethyl. Anti-MCL1 (sc-819), anti-Cyclin D1 (sc-8396), anti-CDK2
(sc-163), anti-Cyclin E (sc-481), and anti-p107 (sc-318) rabbit polyclonal antibodies were

obtained from Santa Cruz Biotechnology.

The following antibodies were used for ChIP: Anti- RNAPII (8WG16) (MMS-
12612) monoclonal antibodies were obtained from COVANCE. IgG (sc-2025) mouse

monoclonal antibody was obtained from Santa Cruz Biotechnology.

2.8 Chromatin Immunoprecipitation (ChIP)

ChIP experiments were carried out following The Espinosa lab method (Donner et
al, 2010, Gomes et al, 2006). BJ-TERT fibroblasts were grown in 10 cm plates up to 50-
70% confluence. Serum-starved cells were treated with FVP and DMSO, and then
stimulated with serum as described in the cell culture section. Plates of desired time
points were taken, and cells were fixed by 1% formaldehyde/PBS, and incubated for 15
minutes at room temperature to cross-link protein to DNA. The cross-linking reaction was
stopped by adding 2.5 M glycine to a final concentration of 0.125 M. Cells were then
washed twice with cold PBS, and harvested with complete Szak’s RIPA buffer (150 mM
NaCl, 1% Nonidet P-40, 0.5% deoxycholate, 0.1% SDS, 50 mM Tris-HCI pHS, 5 mM

EDTA, Protease Inhibitor Coctail (Roche), 10 mM PMSF). Cells were then sonicated in
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15 ml falcon tubes for 30 cycles of 15 seconds sonication, then 1 minute rest on ice (50%
duty cycle). Sonicated chromatin was centrifugated 15 minutes at 12K RCF at 4°C. The
amount of protein in the cell was quantified by using the BCA Protein assay kit (Thermo
Scientific). Size of sonicated DNA was then checked by 1% agarose gel electrophoresis

upon decrosslinking (see below). Ideal DNA sizes were between 100 and 500 bp (Figure

3).

Sheared chromatin extracts were pre-cleared by adding Protein A sepharose beads.
BSA (1 mg/ml) and Salmon Sperm DNA (0.3 mg/ml) were added to remaining beads
slurry. Samples with beads and remaining slurry with BSA and Salmon Sperm DNA were
rocked for 1.5 hours at 4°C, followed by incubation with the appropriate antibody and
beads blocked with BSA and Salmon Sperm DNA overnight at 4°C on a rotator. The
immunoprecipitated chromatin was washed twice with incomplete RIPA buffer (without
PMSF and Protease Inhibitor cocktail), four times with Szak IP Wash Buffer (100 mM
Tris HCI pH 8.5, 500 mM LiCl, 1% Nonidet P-40, 1% deoxycholate), then twice again
with incomplete RIPA buffer. Washes were performed by rotation of tubes for 5 minutes
at 4°C followed by supernatant aspiration down to 100 pl, then washed twice with cold
IX TE (10 mM Tris HCI pHS, 1 mM EDTA). The cross-links were then reserved by
adding Talianidis Elution Buffer (1.5X) (70 mM Tris HCI pH 8, 1 mM EDTA, 1.5%
SDS), and 4 M NaCl (200 mM final) for 5 hours or overnight at 65°C. Samples were then
treated with 20 pg of Proteinase K (Qiagen) for 30 minutes at 45°C, extracted with
Phenol/Chloroform/Isoamyl Alcohol (25:24:1) (Fisher) and Chloroform/Isoamyl Alcohol

(24:1) by using Phase Lock Gel Heavy 2 ml tubes (5 PRIME), and precipitated with 20
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ug of glycogen, 1/10 volume of NaOAc (3 M) and 2.5 M volume of EtOH (95 %). The
pellet was resuspended in 250 pul ddH20, and analyzed by Q-PCR using the StepOnePlus

PCR machine as described in the Q-PCR section above.
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Figure 3. Size of Chromatin for ChIP Experiments. Lysates of BJ-TERT fibroblasts
were sonicated in 15 ml falcon tubes for 30 cycles of 15 seconds pulses plus 1 minute rest
on ice with 50% duty cycle. Sheared chromatin was decrosslinking and DNA size and

quality determined by 1% agarose gel electrophoresis.
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Table 1. Forward and Reverse Primers for ChIP Analvses of the FOS Gene (Donner

et al, 2010)
Amplicon . .
Forward Primer Reverse Primer
Name

A GATCTAGTTGTGAATGGCAGTCATG TCAAGCTTTGAATTCCTGAGTCTG
C TGAGCCCGTGACGTTTAC TGCAGATGCGGTTGGAG

E CGTCTCCAGTGCCAACTTCA CCGGACTGGTCGAGATGG

H TCCTTCCAAATCCCTTTTACTCAC AAATTTCCCAGAGTTAATAATCCCTG

Table 2. Forward and Reverse Primers for ChIP Analyses of the EGR1 Gene

(Donner et al, 2010)
Amplicon . .
Forward Primer Reverse Primer
Name
A AGTGGCCGTGACTTCCTATCC CTCGATCTATGGCACGGTGTC
C ACCCGTGCCGTTCCAGA ATCTCTCGCGACTCCCCG
E CTGCCCCCCATCACCTATACT CCACAAGGTGTTGCCACTGTT
H CAGAGGAACAATGAGGTATCCCC CACTTCACTCAGGGCCTGATAAC

Table 3. Forward and Reverse Primers for ChIP Analyses of the GADD45b Gene

Amplicon . .
Forward Primer Reverse Primer
Name
A GTCGCAGCCAGGAGAGACT GTTCTGCTGGGGGTGGAG
C GAAGGTTTTGGGCTCTCTGG AGCTCTTCCAGCGTCATGTT
E CAGACAGCGTGGTCCTCTG TGTCACAGCAGAAGGACTGG
H GGCACCTGGTACCACACAG GCCTATCCTGGGATGGAGAA
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CHAPTER 3

RESULTS

3.1 Previous Studies in the Graina Lab and the Subsequent Data Analysis that is the

Basis for My Master Thesis Studies

As it was mentioned previously, the Grana lab had determined the effect of
inhibiting CDK9 on global mRNA expression in human T98G cells using Affymetrix
microarray analysis. In these previous experiments, CDK9 activity was inhibited either
pharmacologically (FVP) or with a dominant negative mutant of CDK9 (dnCDKO9)
expressed in an adenoviral vector (Garriga et al, 2010). This dominant negative mutant

has a point mutation that results in substitution of Asp'®’

by Asn completely eliminating
the activity of CDK9, without affecting its association with its cyclin regulatory subunits
(Garriga et al, 1996a). Ectopic expression of this mutant competes with endogenous wild
type CDK9 for binding to endogenous cyclins effectively inhibiting CDK9 activity
(Garriga et al, 1996a). The effects of FVP in T98G cells were consistent with inhibition
of global gene expression, but inhibition of CDK9 with dnCDK9 showed distinctive
changes in gene expression. It was shown that more genes were upregulated by dnCDK9
than downregulated and surprisingly many of the genes that were downregulated by FVP
were not downregulated by dnCDK9 or were upregulated, suggesting that FVP inhibits

other cyclin dependent kinases in addition to CDK9 with roles in the control of gene

expression (Garriga et al, 2010).
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Alternatively, the different effects on gene expression observed by using FVP or
dnCDKO could be due to different mechanisms of inhibition or experimental differences.
In this regard, pharmacological inhibition of CDK9 by FVP occurs very rapidly and
potently, while the inhibition with dnCDK9 depends on slow expression and replacement
of active with inactive complexes within the cell, a process that takes several hours rather
than minutes. Also, it has been reported that transduction of cells with adenoviruses has
effects on the expression of many genes (Scibetta et al, 2005). Thus, the effects of
inhibiting CDK9 with dnCDK9 in an adenoviral infected cell may differ from

pharmacological inhibition in non-infected cells.

Thus, Drs. Grana and Garriga performed a new set of gene profiling experiments
with the following modifications to address some of these issues. Also, these experiments
were performed using normal human fibroblasts immortalized with hTERT (BJ-TERT
fibroblasts) to determine the effects of CDK9 inhibition in a normal cell. To express
dnCDK9, the inducible Adeno-X™ Tet-Off system from Clontech was used. This system
allows repression of dnCDK9 expression with addition of tetracycline to the medium.
Different from the T98G experiments, all cells in these experiments were infected with
the same identical set of viruses (Tet-Off virus + dnCDK®9). Control and cells to be
treated with FVP were grown in medium containing tetracycline, while cells to express
dnCDK9 were grown with vehicle (ethanol). Therefore, the baseline gene expression was
the same for all samples prior to CDK?9 inhibition. Transducing all cells with the same set
of viruses eliminated potential differences due to the use of control viruses (GFP, B-gal,

CRE), as had been done for T98G cells.
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Microarray analysis was performed as described in the Material and Methods
section. Hierarchical clustering analysis showed that dnCDK9 expression profiles of both
T98G and BJ-TERT cells clustered together. Similarly, FVP expression profiles from
both T98G and BJ-TERT cells clustered together (Grana and Garriga, data not shown).
This indicates that the differences in the effects of dnCDK9 and FVP are greater than

differences in gene expression due to cell type specificity.

Interestingly, in BJ-TERT fibroblasts, as it was the case of T98G cells, there were a
large number of upregulated genes (2855 and 70 genes upregulated more than 1 log, with
FVP treatment or dnCDKO9, respectively) (Figure 4A, and Garriga et al, 2010). Among
the upregulated genes, there were genes that are known to be regulated at the elongation
phase of transcription such as JUNB, FOS and some primary response genes (PRGs)
(Figure 4B and 4C). A recent study strongly suggests that P-TEFb is required for the
expression of PRGs upon LPS stimulation of primary macrophages (Hargreaves et al,
2009). In this study, the authors divided PRGs into two groups based on their GC content:
PRG-I (GC rich promoter) and PRG-II (GC poor promoter) (Hargreaves et al, 2009).
However, these results were in contrast with our microarray data that showed
upregulation of several of these genes upon FVP treatment and in some cases with
dnCDK9. We clustered genes designated PRG-I and PRG-II in the Hargreaves et a/ study
using the expression log, ratios from our microarray data obtained with BJ-TERT
fibroblasts and visualized with Java-TreeView (Figure 4B). Among the PRG-I group,
there were genes downregulated upon FVP treatment at all time points and in some cases

with dnCDK9 expression (Figure 4B left, Cluster 1). However, we also observed genes
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that were always upregulated, even at 4 hours of FVP treatment (Figure 4B left, Cluster
2). It was also shown that another group of genes in clusters 3 and 4 were downregulated
early but then were strongly upregulated at later time points (Figure 4B left, Cluster 3 and
4). The PRG-II group included 2 different clusters of genes that behaved similarly to what
was seen in the PRG-I group. Genes in cluster 1 were downregulated at all time points
upon FVP treatment while genes in cluster 2 were upregulated at all time points. In
addition to these groups of genes, we also clustered housekeeping genes typically used for
normalization when measuring expression of specific mRNAs. Their expressions were
unaffected by FVP treatment or dnCDK9 with the exception of LDHA, that was

downregulated by 24 hours of FVP treatment and shown in Figure 4B (right panel).

Also, genes previously defined as Immediate Response Genes (IRGs) (Tullai et al,
2007) were clustered as shown in Figure 4C. In this group, most IRGs were
downregulated with FVP and dnCDKD9, but a significant number of “classical” IRGs such
as EGR1, FOS, and CCND1, were upregulated at all time points upon FVP treatment, and
in some cases by dnCDK9. The expression profile of genes in clusters 3 and 4 of Figure
4B suggested that genes could be subject to inhibition by FVP at early time points and
subsequently being upregulated since the earliest time point for FVP treatment in the
microarray analysis was 4 hours. We rationalized that the genes in cluster 2 could
potentially be downregulated prior to the collection of the 4 hour time point. To test this
possibility I performed a new set of time course experiments where BJ-TERT cells were
treated with FVP for periods of time as short as 30 minutes. The expression levels of

these genes were determined by Q-RT-PCR.
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Figure 4. Microarray Analysis of the Genes that are Modulated upon CDK9

Inhibition via 300 nM FVP or dnCDKO9.

Figure 4A. Hierarchical clustering was performed for all genes (left panel) and the genes
whose expressions change more than 1 log, (right panel) in BJ-TERT fibroblasts. BJ-
TERTSs were transduced with dnCDK9 adenoviruses and/or treated with 300 nM FVP, as

explained in section 2.4.
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Figure 4B. Hierarchical clustering was performed for PRG-I, PRG-II and housekeeping
genes. PRG-I group consists of 4 clusters that represent downregulated (cluster 1),
upregulated (cluster 2) and early downregulated/later upregulated (cluster 3 and 4) genes.

PRG-II group consists of 2 clusters, cluster 1 and 2, which behave similar to clusters 1

and 2 of PRG-I group.
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Figure 4C. Hierarchical clustering was performed for Immediate Response Genes (IRGs)

to show the effects of FVP and dnCDKO9 in BJ-TERT fibroblasts.
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3.2 O-RT-PCR Experiments Validate the Microarray Results and Unveil Genes

whose Expression is Potently and Rapidly Inhibited by FVP and Subsequently

Upregulated

To test the possibility that FVP blocks the expression of PRGs early upon addition
but followed by subsequent upregulation, we selected the following PRG-I genes, EGR1,
JUNB, and FOS (Figure 4B), and the IRG Cyclin D1 (Figure 4C), which are upregulated
at 8 and 24 hours of FVP treatment. We also selected the IRG response gene GADD45B
which was downregulated at 4 and 8 hours and subsequently upregulated at 24 hours
(Figure 4C). We also selected two genes from the microarray analyses that were
downregulated at all time points: HEXIM1 and MCLI. Of note, HEXIMI is a known
CDKO target gene (Michels et al, 2003, Yik et al, 2003) and MCLI1 is an IRG (Tullai et
al, 2007). Finally, we also selected ALDOA, a housekeeping gene whose expression was
found to be unchanged in the microarray analysis. Exponentially growing BJ-TERT
fibroblasts were transduced with control adenoviruses (Ad-CRE)' and treated with 300
nM FVP for 0, 30°, 1, 2, 4, 8, 16 and 24 hours. The reason for using control adenoviruses
in this experiment was that plates treated with FVP in the microarray experiments had
previously been transduced with adenoviruses expressing no transgene to allow
comparison to cells transduced with adenoviruses directing the expression of dnCDK9, as
discussed in section 3.1. After FVP treatment, BJ-TERT fibroblasts were collected at the

indicated time points and RNA was extracted, as described in section 2.5. Q-RT-PCR

' I used Ad-CRE instead of Ad-X+Ad-T-dnCDK9+Tetracycline because the microarray experiments
showed no significant differences in expression induced by these adenoviruses in BJ-TERT cells (data not
shown).
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analyses were then performed to determine transcript levels using Tagman probes specific
for the genes listed above. Figure SA shows the results of the Q-RT-PCR analysis for
those genes represented as a fold change value of levels normalized to 1 at time zero. The
results from Q-RT-PCR analyses were comparable with the previous microarray analyses
obtained in that it was shown that FOS, EGR1, JUNB and GADD45B were upregulated
at late time points. However, they were all sharply and rapidly downregulated upon FVP
treatment as early as 30 minutes. CCNDI appeared to be somehow upregulated, without
early downregulation. In contrast, MCL1 and HEXIM1 were downregulated with slower
kinetics and remained down through the time course. As expected, there was no change in
the expression of ALDOA. To make the visualization of the comparison of microarray
and Q-RT-PCR data easier, Q-RT-PCR values from this experiment were converted to
log, ratios and represented with Java-TreeView with the same color gradient used in the
microarray data (Figure 5B). This representation allows concise visualization and clusters
the genes according to similar kinetics of expression. To compare the exact same time
points in the microarray and Q-RT-PCR data, the microarray data and log, converted Q-
RT-PCR data for 4, 8, and 24 hours of FVP treatment was visualized with Java-TreeView
(Figure 5C). These data demonstrate the similarity of the expression data obtained by

microarray and Q-RT-PCR analysis.

Next, this experiment was repeated under the same conditions, except that
transduction with control adenoviruses was omitted. We found that the kinetics of

downregulation/upregulation of all these genes was very similar (data not shown)
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indicating that viral transduction does not significantly affect the expression of these

genes in BJ-TERT fibroblasts.

Altogether these experiments demonstrate that several classical PRG/IRGs are
rapidly downregulated but subsequently recover and are upregulated in the presence of
FVP. Of note, these genes are upregulated at the same time that other genes are
maximally downregulated (Figure 5B) and RNAPII Ser-2 and Ser-5 phosphorylation

remains inhibited (data not shown and see below).
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Figure 5. Q-RT-PCR Data of Selected PRG/IRGs to Confirm the Previous
Microarray Data Obtained with BJ-TERT Fibroblasts. (A) BJ-TERT fibroblasts were
treated with 300 nM FVP and Q-RT-PCR analysis was performed, as explained in section
2.5. Data was represented as a fold change value for the genes, as indicated in section 3.2.
(B) Q-RT-PCR data was converted to log, ratios and visualized with the same color scale
used in microarray analysis using Java-TreeView. (C) Comparison of the exact time

points used in microarray data with log, converted Q-RT-PCR data.
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3.3. Certain PRG/IRGsS are Significantly Expressed in the Presence of FVP During a

Mitogenic Response

FOS, EGR1, JUNB and GADDA45B are all known to be primary response genes to
mitogenic stimuli (Tullai et al, 2007). Thus, their transcripts accumulate in response to
mitogenic stimuli even in the absence of protein synthesis. The experiments described in
the previous section were done using exponentially growing BJ-TERT fibroblasts in the
presence of complete medium with serum. To determine the effect of FVP in the
expression of the PRG/IRGs in response to mitogenic stimulation, we performed
experiments of serum starvation followed by mitogenic stimulation in the presence and
absence of FVP. BJ-TERT fibroblasts were serum starved for three days with serum free
medium. Serum starved BJ-TERT fibroblasts were treated either with 300 nM FVP or
vehicle (DMSO) 30 minutes prior to serum stimulation. Following serum stimulation,

cells were collected at appropriate time points as indicated above.

First, we determined the effect of FVP upon serum stimulation of BJ-TERT cells on
the cell cycle by flow cytometric analysis of Propidium lodide stained cells and by
western blot analysis of cell cycle markers (Figure 6A). Serum re-stimulated BJ-TERT
cells exhibit 36% of cells in S phase 22 hours post stimulation and cells have reached the
G2/M phases by 30 hours. In contrast, cells re-stimulated with serum in the presence of
FVP remained with a GO/G1 DNA content by 30 hours. Thus, FVP completely blocked

entry into S phase.
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For western blot analysis BJ-TERT fibroblasts were collected at 0, 30°, 1, 2, 4, 8, 22
and 30 hours post serum stimulation. The western blot analysis was done from cells
collected in parallel with those used in the flow cytometry analysis. p107, CDK2, Cyclin
E and Cyclin D1 antibodies were used as markers of cell cycle progression. Anti P-Ser-2-
RNAPII and anti P-Ser-5-RNAPII antibodies were used to detect phosphorylation of
RNAPII on Ser-2 and Ser-5, respectively. CDK®9 is thought to phosphorylate Ser-2, while
Ser-5 is thought to be phosphorylated by CDK7 and other kinases. In this experiment, we
also monitored the expression of MCLI because it was found downregulated at the
mRNA level by both microarray and Q-RT-PCR analysis. FVP potently inhibited Ser-2
and Ser-5 phosphorylation of RNAPII within 2 hours of treatment, and importantly,
phosphorylation remained inhibited through the time course. FVP inhibited expression of
Cyclin D1, and completely blocked upregulation of p107, the product of E2F-dependent
gene. This indicates that cells are likely blocked prior to the restriction point in GI1 or
earlier, as passage through the restriction point is associated with activation of E2F

dependent gene expression (Figure 6B) (reviewed in Sotillo and Grafa, 2010).

Next, we performed three independent serum starvation experiments to determine
the effects of FVP in the transcript levels of various PRGs. BJ-TERT fibroblasts were
serum starved for three days and subsequently stimulated with serum in the presence of
FVP or vehicle (DMSO). Q-RT-PCR experiments were performed, as explained in
section 2.5. Figure 6C shows rapid and potent serum-dependent stimulation of FOS,
EGR1, JUNB and GADD45B, as would be expected from any highly inducible PRG.

FOS and EGR1 peak at 30 minutes post stimulation, while GADD45B and JUNB peak at
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least 30 minutes later. Induction of these genes is more potent for FOS that reaches up to
350 fold, being near 10-30 fold for the other PRG genes. The expression of these four
genes returns to the expression level seen in quiescent cells between 4 and 22 hours of
serum stimulation. MCL1 behaves similarly, peaking about 1 hour, but it is only
upregulated about 4 fold, while CCND1 peaks later (at 4 hours) and is upregulated to a

lower extent (Figure 6C).

FVP inhibits the expression of all these genes. In the case of FOS, this inhibition is
extremely potent, if not complete. MCL1 and CCNDI are also clearly inhibited, and in
the case of MCL1, expression goes clearly below the basal levels observed in quiescent
cells. Importantly, GADD45B, JUNB and EGR1 are all induced at significant levels in
the presence of FVP, although there is clear variability within the experiments.
GADD45B is upregulated between 5 and 17 fold by 22 hours, and induction over basal
levels is first seen 1 hour post stimulation. JUNB is induced 4-6 fold peaking 4 hours in
the presence of FVP. On the other hand, EGR1 is the most variable; its expression is
completely blocked by FVP in experiment 1 (Figure 6C, left panel), but potently
upregulated in experiment 2 (Figure 6C, middle panel). These results suggest that the
activities inhibited by FVP, which include CDKDO9, are clearly important for the mitogenic

induced transcription program.

However, these results also show that the sensitivity of genes to FVP is variable
and that some genes can be significantly expressed in the presence of FVP, when the

levels of RNAPII phosphorylation are clearly inhibited.
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Figure 6. Certain PRG/IRGs are Significantly Expressed in the Presence of FVP
During a Mitogenic Response (A) Flow cytometry data in the presence and absence of
FVP. BJ-TERT fibroblasts were treated either with DMSO or 300 nM FVP followed by
serum stimulation for 0, 14, 22 and 30 hours and stained via Propidium lodide. (B)
Western blot analysis of cell cycle progression and transcription markers, and MCL1. BJ-
TERT fibroblasts were harvested and lysed. Ten microgram of protein was resolved by
8% polyacrylamide/SDS gel electrophoresis, transferred to a PVDF membrane and
specific antibodies were used to detect proteins, as indicated above. (C) mRNA levels of
selected genes were detected by Q-RT-PCR. BJ-TERT fibroblasts were serum starved for
three days and treated either with DMSO or 300 nM FVP followed by serum stimulation
for the indicated time points. Data are represented as a fold change value of levels

normalized to 1 at time zero.
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3.4. Some PRGs are Transcribed in the Presence of FVP

The experiments described up to this point measure the expression of particular
mRNAs, but they are not a direct read of transcription. The levels of any particular
mRNA are the result of an equilibrium between RNA synthesis and degradation. Thus, it
is conceivable that the induction in the expression of some PRG/IRGs is the result of
potent RNA stabilization rather than effective transcription in the presence of FVP. To
determine the direct effects of FVP in transcription in vivo, we performed chromatin
immunoprecipitation (ChIP) assays with anti-RNAPII antibodies. Localization of
RNAPII near the promoter and in the body of the gene is a measurement of how actively
a gene is being transcribed (Sims et al, 2004, Rahl et al, 2010). BJ-TERT fibroblasts
were serum starved for three days, followed by vehicle (DMSO) or 300 nM FVP
treatment 30 minutes prior to serum stimulation. Following serum stimulation, cells were
fixed by 1% formaldehyde/PBS and collected at 0, 15 minutes, 4 and 22 hours, as
explained in section 2.8. Lysed cells were then sonicated and the lysate protein
concentration was measured with the BCA™ protein assay kit. ChIP was performed with
250 pg of chromatin lysate and with antibodies to RNAPII and control IgGs, as explained
in section 2.8. The Q-PCR data is represented as a percentage of input chromatin
amplified with each primer set (PS) in each ChIP. Four sets of primers were used for each
selected PRG: a set of primers upstream of the promoter (A), a set downstream of the
promoter just at the beginning of the first exon (C), a set in the body of the gene and a set

presumably downstream of the gene (H) (Figure 7, top).
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Figure 7 shows the ChIP results for total RNA polymerase (RNAPII) at the FOS,
EGR1 and GADDA45B loci in the presence or absence of FVP. In the case of FOS,
transcription is not detected in serum starved quiescent cells, as no RNAPII is localized
in the body of the gene (Figure 7, PS-E). A peak of RNAPII is localized downstream of
the promoter (Figure 7, PS-C) indicating that transcription is initiated but there is no
elongation. Stimulation with serum for 15 minutes results in increased recruitment of
RNAPII downstream of the promoter (Figure 7, left panel, PS-C, red bars). In addition,
RNAPII is detected through the gene body (Figure 7, PS-E, red bars) 15 minutes post
serum stimulation indicating the active transcription of FOS. RNAPII remains bound near
the promoter site at 4 and 22 hours post serum stimulation, but RNAPII is not detected
through the gene body, demonstrating that FOS is not transcribed at 4 and 22 hours post
serum stimulation (Figure 7, left panel, PS-C and E). Transcription of EGR1 is also not
detected in serum starved fibroblasts (Figure 7, middle panel, PS-E). However, this gene
is clearly transcribed after 15 minutes post serum stimulation, as high levels of RNAPII
are recruited to the body of this gene (Figure 7, middle panel, PS-E and H). Similarly to
FOS, EGRI1 is not transcribed at 4 and 22 hours post serum stimulation, as RNAPII is not
detected in the gene body (Figure 7, middle panel, red bars, PS-E and H). In the case of
GADDA45B, there is little transcription detected in serum starved cells, but transcription is
detected 15 minutes post mitogenic stimulation (Figure 7, right panel, red bars, PS-E and
H). In contrast to FOS and EGR1, GADD45B is also transcribed at 4 hours of mitogenic
stimulation, as RNAPII is detected with PS-E and H (Figure 7, right panel). Altogether
confirms that these genes are highly inducible by mitogenic signaling, and subsequently

downregulated to basal expression levels.
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FVP inhibited transcription of FOS gene 15 minutes post serum stimulation by 2
fold, but transcription was completely blocked at 4 and 22 hours (Figure 7 left panel,
green bars, PS-E). Of note, RNAPII remained bound just downstream of the promoter at
all times of FVP treatment, indicating that FVP does not prevent basal transcription
initiation, although it eliminates the increased recruitment observed with serum (Figure 7,
PS-C, compare three bars). In contrast to FOS, RNAPII is detected at all time points in
PS-E of EGRI1 upon FVP treatment, suggesting that EGR1 is transcribed even in the
presence of FVP. In addition, RNAPII recruitment is increased on EGR1 downstream of
the promoter site at 4 and 22 hours of FVP treatment (Figure 7, left panel, green bars).
GADDA45B is also transcribed at 15 minutes, and 4 and 22 hours of FVP treatment
(Figure 7, right panel, green bars) but RNAPII levels are relatively much higher at 4 and

22 hours of FVP treatment immediately downstream of promoter.

In summary, FOS is transcribed at early time points of serum stimulation but this
gene is not transcribed at later time points either in the presence or absence of FVP. In
contrast, EGR1 and GADDA45B are transcribed at early time points upon serum
stimulation; however, these genes are also transcribed upon FVP treatment at all time
points. Of note, these results are consistent with the mRNA expression effects of FVP in
these genes as determined by microarray and Q-RT-PCR analysis. Considering that the
transcription of other genes is completely repressed and that cells treated with FVP
exhibit potent inhibition of RNAPII, Ser-2 and Ser-5 phosphorylation, it appears possible
that both EGR1 and GADDA45B posses alternative mechanisms of transcription

independent of CDK9 and other FVP-sensitive kinases.
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Figure 7. Some PRGs are Transcribed in the Presence of FVP. ChIP assays
were performed, as explained in section 2.8 with 250 pg of chromatin lysate
obtained from BJ-TERT fibroblasts in the presence or absence of FVP, and with 2
pg of RNAPII and IgG (mock) antibodies. RNAPII and mock ChIP values were
normalized with input to obtain the percentage of input values separately for each
primer, then mock values were subtracted from RNAPII values. The bars represent
percentage of inputs of RNAPII after correction by mock values. The upper panel

depicts the gene structure of FOS, EGR1 and GADD45B.
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3.5. The amount of RNAPII Paused Just Downstream of the FOS promoter is not

Affected by the Length of Serum Starvation of BJ-TERT Fibroblasts

It has been shown that PRGs as well as other highly inducible transcription factors
have RNAPII that are paused downstream of promoters. Our data in the previous section
shows that FOS, EGRI, and GADD45B have RNAPII just downstream of their
promoters, but not in the body of the genes, in quiescent serum starved cells. Serum
stimulation results in localization of RNAPII in the body of the gene, consistent with
transcription, but also leads to a clear increase in the localization of RNAPII just
downstream of the promoter, indicating that stimulation of RNAPII recruitment also
plays a role during serum stimulation. Since serum starvation leads to a time dependent
depletion of many transcription factors, we wanted to determine whether this process
affects the pausing or recruitment of RNAPII to these promoters. To determine the effect
of serum starvation on RNAPII localization at the FOS promoter, we performed ChIP
assays, as follow. Exponentially growing BJ-TERT fibroblasts were serum starved for 0,
2, 4, and 6 days and cells were collected with or without 15 minutes of serum stimulation.
RNAPII ChIPs were performed, as explained in section 2.8 using the FOS specific

primers listed in Table 1A in the Q-PCR reactions.

Despite the variability in RNAPII localization in this experiment, it is clear that
RNAPII is present downstream of the promoter site of the FOS gene at all times
following serum starvation and it does not appear to be downregulated (Figure 8). As
seen in the previous section, serum stimulation leads to additional recruitments and the

localization of RNAPII in the body of the gene. The variability observed in different
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samples may be the result of experimental issues or differential kinetics as only the 15
minutes time point was analyzed. Thus it appears that serum starvation does not make re-
stimulation of the FOS gene more dependent on de novo RNAPII recruitment. Similar

results were obtained for the CCNDI1 gene (data not shown).
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Figure 8. Serum Stimulation does not Appear to Affect the Levels of RNAPII
Paused Immediately Downstream of the FOS Promoter. BJ-TERT fibroblasts
were serum starved for 0, 2, 4, and 6 days and collected with or without 15 minutes
post serum stimulation. ChIP assays were performed for total RNAPII at the
indicated regions of the FOS gene. ‘+’ and ‘-’ near the numbers of serum starvation
days in upper panel of the graph represent 15 minutes serum stimulation or no
serum stimulation, respectively. Normalization was performed as explained in

Figure 7. The upper panel depicts the gene structure of FOS.
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CHAPTER 4

DISCUSSION

In this thesis, I have followed up gene expression profiling studies on the effects of
CDKD9 inhibition previously performed in the Grafia lab. Two sets of Affymetrix
microarray analyses had been performed in the lab. The first one was carried out using
human T98G cells and the results are published (Garriga et al, 2010). A second data set
was generated more recently using normal human fibroblasts (BJ-TERT) where CDK9
activity was inhibited pharmacologically with FVP or genetically with dnCDK9. The
comparative analysis of the effects of inhibiting CDK9 in T98G and BJ-TERT cells is not
the focus of this thesis and will be reported elsewhere. However, it is important to point
out that the global effects of FVP in both cell lines are similar (data not shown). Rather
the focus of this study is on a subset of Primary/Immediate Response Genes (PRG/IRGs),
which exhibited unexpected kinetics based on recently published work (Hargreaves et al,

2009).

Hierarchical clustering analysis of microarray expression ratios for lists of
PRG/IRGs selected from the literature (Hargreaves et al, 2009, Tullai et al, 2007)
revealed that a subset of these genes were upregulated even by 4 hours of FVP treatment
and maximally upregulated by 24 hours. This, at first, seems to be at odds with recently
published work by Hargreaves et al/ (2009). The authors of this study have shown that

stimulation of primary macrophages with LPS leads to rapid upregulation of a number of
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PRGs. They show that unstimulated PRGs exhibit paused RNAPII with Ser-5
phosphorylation at the promoters, but Secondary Response Genes (SRGs) do not. LPS
stimulation leads to recruitment of CDK9 and Cyclin T1, and RNAPII with Ser-2
phosphorylation and this is blocked by DRB, a pharmacological inhibitor of CDK9. Our
microarray analysis of PRG/IRGs has led to the identification of a cluster of ~1/3 of these
genes that are upregulated upon FVP treatment. This includes two classical PRGs, EGR1
and FOS that we selected for further study. Interestingly, genes in cluster 3 and 4 (Figure
4B) were found to be downregulated by 4 hours of FVP treatment and subsequently

upregulated, suggesting the possibility that PRGs are downregulated by FVP transiently.

My Q-RT-PCR data confirmed both the upregulation of genes in cluster 2 at late
FVP time points and the hypothesis of the transient effects of FVP. In Figure 5A and 5B,
it is clearly shown that EGR1, FOS, GADD45B and JUNB are rapidly downregulated by
30 minutes of treatment and go back to basal levels between 4 and 8 hours, and then, are
rapidly upregulated. A possible interpretation of these results is that FVP is at least
partially metabolized in the cell, and thus, these genes are no longer inhibited. However,
a number of observations argue against this possibility. First, RNAPII phosphorylation on
Ser-2 and Ser-5 remains inhibited through the time course. Second, several PRG/IRGs
remain inhibited through the time course. Third, genes in cluster 2 are not just going back
to basal levels, but are clearly upregulated, often by several fold, under conditions in
which housekeeping genes are not modulated. Fourth, previous work has shown genes

that are transcribed independently of CDKO9, for instance, certain p53 target genes are
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upregulated independently of CDKO9 activity (Gomes et al, 2006). Also, the transcription

of U2 snRNA and histone H2b genes is not dependent on CDK9 (Medlin ef al, 2005).

To investigate this further, it was necessary to use a more defined model of primary
response to stimulus. Since EGR1, FOS, JUNB and GADD45B are all responsive to
serum stimulation (Tullai et al, 2007, Donner et al, 2010, Mikula et al, 2010), we
selected this system. Our data clearly shows that FVP completely blocks DNA synthesis
and the upregulation of cell cycle markers, such as the expression of the E2F-dependent
product p107, suggesting that cells are arrested before the restriction point in G1 or even
earlier at the GO/G1 transition (Sotillo and Grana, 2010). This arrest is preceded by potent
inhibition of total Ser-2 and Ser-5 phosphorylation of RNAPII, which remains low
through the time course. Under these conditions, three genes (GADD45B, JUNB and
EGRI1) exhibited time dependent upregulation of their expression over untreated cells in
the presence of FVP. Although there was variability between experiments, the trend was

similar. In contrast, FOS expression was completely blocked under these conditions.

Consistent with these results, RNAPII ChIP localization assays demonstrated the
presence of RNAPII in the body of the EGR1 and GADD45B genes at 4 and 22 hours of
serum stimulation in the presence of FVP. In contrast, RNAPII could not be detected in
the body of the FOS gene at these time points. These data strongly suggest that the
upregulation of EGR1 and GADDA45B expression seen in the presence of FVP is due to
active transcription. Another interesting observation is the accumulation of RNAPII in
chromatin downstream of the promoter near the beginning of exon 1 of EGR1 and

GADD45B. This accumulation can be due to increased recruitment of RNAPII under
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condition of stress (sustained inhibition of transcription), but it could also indicate
increased elongation of transcripts that is not fully productive. Distinguishing between
these possibilities would require further experimentations addressing the recruitment of

transcription factors and the phosphorylation of RNAPII using ChIP.

Two recent studies have examined the effects of pharmacological inhibition of
CDKD9 in the expression of PRGs. In the first of these studies FVP dramatically inhibited
the expression of FOS, EGR1, EGR2 and EGR3 upon 30 minutes serum stimulation of
HCT116 cells (Donner ef al, 2010). ChIP showed inhibition of RNAPII localization and
diminished Ser-2 and Ser-5 phosphorylation of RNAPII in the body of the EGRI and
EGR2 genes. While this study did not determine the effects of FVP at later time points,
they observe increased RNAPII at the promoter in the presence of FVP at 30 minutes
post serum stimulation. This effect might be related to our observation of increased
RNAPII near exon 1 of EGR1 gene at 4 and 22 hours of serum stimulation. The second
study utilized halogenated imidazole derivatives that blocked transcriptional elongation
and, at least one of them, CDK9 activity (Mikula et al, 2010). In this study, both
compounds potently inhibited the transcription of PRGs. However, the study did not

analyze the effects of these compounds at later time points.

Understanding the effects of CDK9 inhibition on gene expression has of
considerable interest because of therapeutic implications. CDK9/Cyclin T1 activity is
essential for HIV replication (Zhu et al, 1997, Herrman et al, 1997, Wei et al, 1998,
Flores et al, 1999, Chao et al, 2000, Salerno et al, 2007). CDKO9 activity is upregulated in

hypertrophic cardiomyopathy (Sano and Schneider, 2004). Mixed lineage leukemia
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fusion proteins (Bitoun et al, 2007) and estrogen receptors in breast cancer (Wittmann et
al, 2003) are also very sensitive to CDK9 inhibition. Thus, understanding the
consequences of inhibiting CDK9 activity on gene expression over time is important. Our
data suggest the possibility of a stress response to the effects of inhibiting transcriptional
elongation that may result in the transcription of certain genes in a CDK9 independent
manner. Some of the genes that would fit this category would be the PRG/IRG EGR1 and
GADD45B. But the members of PRG/IRGs behaving in this manner are likely to be

more.

Two previous studies have investigated the rapid effects of FVP on gene expression
globally. Both studies used concentrations of FVP of 1 uM. This concentration of FVP is
very toxic, and it is unclear if any other CTD CDKs are inhibited under these conditions.
Lam et al showed that 1 uM FVP results in the rapid downregulation of genes up to 8
hours (Lam et al, 2001). Rahl et a/ using ChIP-seq showed that 1 uM FVP completely
blocks localization of RNAPII in the body of actively transcribed gens, but does not
affect localization of RNAPII near the promoter (Rahl et a/, 2010). If a concentration of 1
uM FVP is selective for CDK9 inhibition in cells, these data would mean that CDKO9 is
essential for transcriptional elongation of a large proportion of genes. Of note, Chao and
Price showed previously that FVP treatment (300 nM) of Hela cells inhibits transcription
in in vitro run on assays by 70% (Chao and Price, 2001). Again if 300 nM FVP
selectively inhibits CDK9, these data would demonstrate that CDK9 inhibition halts

transcription of most genes. This could be a direct effect on genes that require CDK9 for
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elongation, i.e. PRGs, and indirect on those genes not transcribed because of rapid

depletion of inducible transcription factors.

It is also conceivable that after a potent inhibition of transcriptional elongation that
quickly depletes the cell from PRG/IRGs and other highly inducible transcription factors,
the cell might require a boost in the expression of some of these PRG/IRGs. Gene
expression might differentially oscillate before reaching a new transcriptional
equilibrium. Some of this gene expression oscillation might be CDK9 independent,
occurring while CDK9 is still effectively inhibited. Other changes might follow the
expression of required PRG transcription factors. Understanding this fully will require
more extensive studies using ChIP and/or ChIP-seq for RNAPII phosphorylated on Ser-2
and Ser-5 as well as recruitment of CDK9 and other RNAPII CDKs using FVP and more
selective inhibitors of CDK9. Future gene expression profiling experiments should
include short treatments with pharmacological inhibitions of CDK9. This will allow to
identify more precisely the groups of genes that are co-modulated in a time dependent

manner.

Another conclusion from our study is that the “degree of quiescence” of a cell does
not seem to affect substantially the localization of RNAPII downstream of the promoter
region of certain PRGs. In other words, the length of mitogenic starvation does not make
the expression of certain PRG/IRGs (FOS and CCNDI1) more dependent on
transcriptional initiation, as the relative change in RNAPII near the promoter upon serum
starvation does not change substantially in cells mitogenically starved for different

periods of time. This is consistent with recent findings, showing that RNAPII localization
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genome wide seems to peak downstream of promoters, even when their genes are not

actively transcribed (Rahl et al, 2010).

In closing, our data suggest that certain PRG/IRGs may be transcribed
independently of CDK9. RNAPII phosphorylation at a subset of stress PRGs may be
mediated by a stress-induced CTD-Kinase, while the expression of other genes is
completely blocked by FVP. Alternatively, but more unlikely, these genes might be
transcribed by mechanisms that rely little on the phosphorylation of the CTD of RNAPII.
In addition, we also show that localization of RNAPII downstream of certain PRG
promoters is not affected by the length of mitogenic starvation, suggesting that
transcription initiation occurs even after long term mitogenic starvation, but transcription
elongation is blocked. This indicates that initiation factors are not limiting in quiescent
cells. Finally, our results also show that FVP treatment does not affect RNAPII
localization near the promoter of PRGs, confirming that transcription initiation is not

inhibited by FVP.
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