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ABSTRACT
Negative elongation factor, NELF, has been shown to cause RNA polymerase II
to pause in the promoter proximal region of the hsp70 gene in Drosophila and of several
genes in human cells. To investigate the global role of NELF and promoter proximal
pausing in transcription regulation, I determined the genome-wide distribution of NELF
in Drosophila cells using ChIP-chip. NELF was detected at the promoter region of over
2,000 genes. I used these data to identify locations in the Drosophila genome where
paused Pol II might reside. Using permanganate genomic footprinting for detection of
transcriptionally engaged Pol II, I analyzed the association of Pol II with 61 genes where
NELF was detected and 4 genes where NELF was not detected. Paused Pol II was
detected at 51 genes associated with NELF, revealing that there is a good correlation of
NELF and promoter proximal pausing. Based on these ChIP-chip and permanganate
footprinting results, I estimated that at least 1,000 genes in Drosophila cells harbor
paused Pol II.
To determine if there are cis-DNA elements near such paused Pol II, I used the
MEME algorithm to analyze the sequences of 51 promoter regions at which
permanganate footprints had been detected. The search for conserved sequence elements
identified a 35 nucleotide long motif with similarity to a combination of initiator element,
DPE, and MTE. Each of these elements is reported to be recognized by TFIID. The 35
nucleotide long motif was enriched on genes associated with NELF and paused Pol II.
This conserved promoter element might contribute to pausing by increasing the affinity
of TFIID to the promoter and establishing a promoter architecture for pausing.
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Sequence analysis also showed that GAGA elements were enriched at genes with
paused Pol II. This observation, together with previous studies suggesting that GAGA
factor is involved in establishing paused Pol II on the hsp70 gene, led me to analyze the
distribution of GAGA factor in the Drosophila genome. Using ChIP-chip analysis, I
determined that GAGA factor was associated with the promoters of 1,566 genes in the
entire genome. Comparison of the distribution of NELF and GAGA factor revealed that
832 of 2,111 genes with NELF associated with GAGA factor. This result suggests that
GAGA factor is linked to NELF and promoter proximal pausing.
To further investigate the mechanism of promoter proximal pausing, I analyzed
the locations of permanganate footprints of 51 genes. A composite of all the
permanganate footprints revealed that paused Pol II typically resided in the region 20 to
50 nucleotides downstream from an initiator element. This indicates that Pol II pauses
after transcribing approximately 30 nucleotides, extruding at least a 10 nucleotide-long
transcript from the elongation complex. The exposed nascent transcript might provide a
possible site for NELF-E binding. Therefore, these results strongly support the proposed
mechanism by which NELF mediates promoter proximal pausing by restricting the
movement of Pol II through the association of NELF-E with the nascent transcript.
Since NELF has been reported to repress expression of several genes in
Drosophila and human cells, I determined if NELF correlates with transcription
repression. Using the previously reported genome-wide expression data for Drosophila
cells, I determined that many of genes associated with NELF are actively transcribed.
This indicates that NELF is not necessarily acting as a repressor of transcription.
Whereas NELF might serve to inhibit expression of some genes, in the majority of cases,
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NELF could generate a limiting-step during gene activation and function as a checkpoint
for proper RNA processing and the recruitment of elongation factors. This suggests that
the control of early transcription elongation by NELF may be an important step in the
overall regulation of gene expression of many genes.
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CHAPTER 1
INTRODUCTION

1-1.

Overview of transcription elongation control

Earlier studies indicated that the regulation of transcription for many genes
occurred primarily at the level of transcription initiation. Based on studies in yeast,
researchers concluded that recruitment of RNA polymerase II (Pol II) to a promoter is the
target of gene activation (Kuras and Struhl, 1999; Li et al., 1999). In contrast to this
prevailing paradigm, research during the past twenty years identified a small number of
genes such as the Drosophila heat shock genes and the mammalian proto-oncogenes that
are regulated at a step following transcription initiation (Saunders et al., 2006).
Transcription of these genes is regulated after initiation, by a block to elongation. This
process, which causes RNA polymerase II to pause in the promoter proximal region, is
called promoter proximal pausing. Recent genome-wide analysis of the Pol II distribution
on chromosomal DNA in animal cells revealed the enrichment of Pol II at promoters of
many genes that appear to be either not transcribed or lowly transcribed (Kim et al.,
2005; Guenther et al., 2007). Whether or not these RNA polymerases have initiated
transcription and paused as occurs on the Drosophila heat shock genes is an attractive but
as yet untested hypothesis. Moreover, the extent to which promoter proximal pausing
contributes to gene specific patterns of expression are still largely unknown.
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1-2.

A working model for negative and positive regulation of transcription
elongation

Transcription elongation involves the interplay of positively and negatively
regulating proteins (Marshall and Price, 1992). Gene expression depends on positive
elongation factors to alleviate inhibitory action by negative elongation factors. A wellcharacterized situation involves the counteraction of two inhibitors of transcription
elongation, NELF and DSIF, by a kinase called P-TEFb. DRB (5,6-dichloro-1--Dribofuranosyl benzimidazole), a nucleoside analogue, is an inhibitor of transcription of
many protein-encoding genes (Chao and Price, 2001; Lam et al., 2001). Work to
understand the mechanism of DRB-mediated inhibition resulted in the discovery of DSIF
and NELF (Wada et al., 1998; Yamaguchi et al., 1999a). Biochemical analyses have
shown that DSIF and NELF repress Pol II elongation by associating with Pol II
(Yamaguchi et al., 1999a; Yamaguchi et al., 1999b; Yamaguchi et al., 2002).
The kinase P-TEFb alleviates the inhibitory action of NELF and DSIF. The
addition of P-TEFb restored transcription in the reconstituted transcription system
containing recombinant DSIF and purified NELF in the absence of DRB, but not in the
presence of DRB (Yamaguchi et al., 1999a; Renner et al., 2001). DRB is a potent
inhibitor of P-TEFb and blocks the phosphorylation of Pol II (Marshall and Price, 1995;
Marshall et al., 1996; Zhu et al., 1997). Hence, the phosphorylation of Pol II by P-TEFb
appears to be a key step in antagonizing the action of NELF and DSIF. NELF and DSIF
inhibit elongation by hypophosphorylated Pol II but not by hyperphosphorylated Pol II in
vitro (Yamaguchi et al., 1999a). The carboxy-terminal domain (CTD) of the largest Pol II
subunit

Rpb1

consists

of

multiple

repeats

of

the

heptapeptide

consensus
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(Y1S2P3T4S5P6S7), which are subjected to phosphorylation during the transcription
process (Palancade and Bensaude, 2003). P-TEFb is responsible for the phosphorylation
of serine 2 of the CTD (Ni et al., 2004; Peterlin and Price, 2006).
In addition, P-TEFb has been reported to phosphorylate NELF and DSIF (Ivanov
et al., 2000; Fujinaga et al., 2004; Yamada et al., 2006). Phosphorylation of DSIF
somehow converts it to a state that stimulates elongation (Yamada et al., 2006).
Phosphorylation of NELF impairs its ability to bind RNA, an activity that is thought to be
important for its inhibitory activity (Fujinaga et al., 2004).
P-TEFb, NELF and DSIF seem to have the potential to control elongation on
many genes in cells since inhibitors of P-TEFb inhibit most Pol II transcription in cells
(Chao and Price, 2001; Lam et al., 2001). The default state could be for NELF and DSIF
to associate with Pol II during elongation and inhibit transcription. P-TEFb
phosphorylates the CTD of Pol II, NELF and DSIF. One or more of these
phosphorylation events removes the inhibitory action of NELF and DSIF. Thus, P-TEFb
stimulates paused Pol II to enter into productive elongation.

1-3.

Transcriptional regulation on the Drosophila hsp70 gene

1-3.1. Promoter proximal pausing prior to heat shock

The best-characterized model for promoter proximal pausing in eukaryotes is the
Drosophila hsp70 heat shock gene. The hsp70 gene is not actively transcribed under
normal growth conditions, but the gene is rapidly and dramatically induced by heat
shock. Prior to heat shock, RNA polymerase II initiates transcription but pauses in a
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narrow region located 20 to 40 bp downstream from the transcription start site (Rougvie
and Lis, 1988; Giardina et al., 1992: Rasmussen and Lis, 1995).
Pol II was first detected at the 5’ end (-12 to +65) of hsp70 under the uninduced
condition using UV-crosslinking and immunoprecipitation (Gilmour and Lis, 1986), and
nuclear run-on assays subsequently revealed that this Pol II had initiated transcription but
paused downstream from the transcription start site (Rougvie and Lis, 1988). Further
investigation using an in vivo permanganate footprinting assay confirmed that this
transcriptionally engaged Pol II paused in the promoter proximal region. Permanganate
treatment of intact cells detected hyper-reactive thymine residues at +22, +30, and +34 on
the non-transcribed strand, which covers the region of the transcription bubble generated
by paused polymerase (Giardina et al., 1992). Subsequent protein-DNA crosslinking
showed that the CTD of the paused Pol II was phosphorylated on serine 5 (Schwartz et
al., 2003; Boehm et al., 2003).
GAGA factor has been proposed to be involved in transcription initiation of the
hsp70 gene (Shopland et al., 1995; Weber et al., 1997; Xiao et al., 2001). GAGA factor
binds to GA sequences present in many Drosophila genes, and it can function as a
transcription activator or repressor (Granok et al., 1995; Strutt et al., 1997). In vivo
crosslinking analyses and genomic footprinting assays showed that GAGA factor
associates with numerous GAGA elements located upstream from the TATA element of
the hsp70 gene before heat shock (O’Brien et al., 1995; Weber et al., 1997; Wu et al.,
2003). GAGA factor seems to establish an open chromatin structure by interacting with
the nucleosome remodeling factor, NURF, so that the transcriptional machinery can
access DNA prior to activation (Tsukiyama et al., 1994; Xiao et al., 2001). Co-
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immunoprecipitation analyses showed GAGA factor interacts with the NURF (Xiao et
al., 2001). The addition of GAGA factor resulted in the formation of a nuclease
hypersensitive region over the hsp70 promoter in a chromatin assembly reaction
(Tsukiyama et al., 1994).
GAGA factor might also recruit TFIID to the promoter. Deletion of the GAGA
element diminished the occupancy of TFIID at the hsp70 promoter and the level of
transcriptional initiation (Shopland et al., 1995; Weber et al., 1997). GAGA factor also
appears to interact directly with TAF3 in the TFIID complex (Giot et al., 2003).
It is unclear if GAGA factor is directly involved in promoter proximal pausing.
Mutation of GAGA elements results in the reduction in the level of paused polymerase
formed on hsp70 transgenes in flies (Lee et al., 1992; Li et al., 1996; Weber et al., 1997).
The decrease in paused polymerase by mutation of the GAGA element could be an
indirect consequence of a decrease in initiation. Insertion of a GAGA element into a
transgene causes the appearance of paused polymerase (Wang et al., 2005). However,
there is no direct evidence that GAGA factor causes Pol II to pause during elongation.
Wu et al. showed that NELF and DSIF cause promoter proximal pausing on the
hsp70 gene (Wu et al., 2003). The chromatin immunoprecipitation (ChIP) assay has
revealed that DSIF and NELF are associated with the hsp70 promoter prior to heat shock
induction (Wu et al., 2003). Immunodepletion of DSIF or NELF from a Drosophila
nuclear extract impairs reconstitution of the paused state in vitro, and reduction of NELFE in salivary glands using RNAi reduced the level of paused polymerase in the hsp70
promoter proximal region (Wu et al., 2003; Wu et al., 2005).
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1-3.2. Transcriptional activation following heat shock

Induction of the hsp70 gene depends on the binding of HSF to numerous heat
shock consensus elements (HSEs) located upstream from TATA element (Xiao and Lis,
1988; Shopland et al., 1995). During heat shock, HSF appears to trigger release of paused
Pol II by causing NELF to dissociate from the elongation complex (Wu et al., 2003).
DSIF remains associated with the elongation complex, and the CTD of Pol II is
phosphorylated on serine 2 (Andrulis et al., 2000; Saunders et al., 2003; Wu et al., 2003;
Wu et al., 2005).
Observations support a model in which HSF recruits P-TEFb to hsp70 to release
the paused polymerase by triggering dissociation of NELF from the elongation complex
(Figure 1-1). Polytene chromosome immunofluorescence assays showed that both HSF
and P-TEFb associate with hsp70 loci during heat shock (Lis et al., 2000), and ChIP
analysis showed that both proteins are recruited within 2 minutes of heat shock (Boehm
et al., 2003). A Gal4/P-TEFb fusion protein was observed to activate transcription from
an hsp70 promoter with Gal4 binding sites in a transient expression assay (Lis et al.,
2000).
It is not clear how HSF recruits P-TEFb to activate transcription since no direct
interaction was found between the two proteins (Lis et al., 2000). Multiple interactions
among HSF, Mediator, Brd4, and P-TEFb might be involved. The C-terminal domain of
HSF was determined to activate transcription in a transient expression assay when fused
to the DNA-binding domain of Gal4p (Wisniewski et al., 1996). This activation domain
of HSF directly interacts with the TRAP80 subunit of Drosophila Mediator (Park et al.,
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2001a). Immunofluorescence and ChIP analyses showed that Mediator is rapidly
recruited to HSF binding sites upon heat shock, independently of Pol II. Addition of
affinity-purified Mediator restored Gal4-HSF dependent transcriptional activation in the
Mediator depleted nuclear extract (Park et al., 2001a). These observations suggest that
HSF recruits Mediator to the hsp70 promoter, and the interaction between the two
proteins plays an important role in hsp70 activation.

Figure 1-1. Model for hsp70 regulation in Drosophila. Prior to heat shock, GAGA factor
is involved in chromatin remodeling with NURF and transcription initiation. RNA
polymerase initiates transcription but pauses after the synthesis of 20 to 50 nucleotide
long transcripts. NELF and DSIF associate with the elongation complex and restrain the
movement of RNA polymerase. During the heat shock induction, HSF somehow triggers
dissociation of NELF. HSF associates with the promoter region and recruits Mediator and
P-TEFb. The CTD of Pol II becomes phosphorylated on serine 2 by P-TEFb. This causes
the release of paused Pol II.
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A protein called Brd4 could provide a link between Mediator and P-TEFb.
Immunoaffinity purification of Brd4 showed that Brd4 associates with P-TEFb, and a
pull-down assay confirmed this interaction (Jang et al., 2005; Yang et al., 2005). The
association of Brd4 with P-TEFb converts a transcriptionally inactive form of P-TEFb (PTEFb/HEXIM1/7SK RNA) to an active from of P-TEFb (P-TEFb/Brd4) and stimulates
Pol II-dependent transcription (Jang et al., 2005; Yang et al., 2005). Depletion of Brd4
decreased the association of P-TEFb with the HIV-1 promoter in vitro and in vivo, and
ectopic expression of Brd4 in cells increased the phosphorylation of CTD at serine 2
(Jang et al., 2005; Yang et al., 2005). The influence of Brd4 on the HIV-1 promoter is
directly relevant to hsp70 since NELF is involved in repressing transcription elongation
at the HIV-1 promoter (Zhang et al., 2007a). Brd4 also associates with the Mediator
complex (Jang et al., 2005). Proteomic analysis showed that both P-TEFb and several
subunits of the Mediator complex were associated with Brd4 (Jang et al., 2005). In cells
expressing

Brd4,

P-TEFb

and

a

subunit

of

Mediator,

TRAP220,

were

coimmunoprecipitated with Brd4. But, TRAP220 was not immunoprecipitated with the
mutant P-TEFb, which retained the kinase activity not Brd4 binding activity, indicating
that the interaction between P-TEFb and Mediator is Brd4-dependent (Yang et al., 2005).
These observations in mammalian cells raise the possibility that a Brd4-like protein in
Drosophila could be present to mediate the recruitment of P-TEFb by Drosophila
Mediator to the hsp70 promoter for CTD phosphorylation.
Intriguingly, inhibition of P-TEFb with an inhibitor, flavopiridol, did not inhibit
the processivity of Pol II on the hsp70 gene (Ni et al., 2004; Ni et al., 2008). In
flavorpiridol-treated cells, the level of ser2-phosphorylated Pol II decreased
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approximately by 2-fold but it was still detectable and the total amount of Pol II did not
change throughout the hsp70 gene following heat shock. This raises the possibility that an
alternative kinase might phosphorylate the CTD of Pol II. Mediator itself might be the
kinase that releases the paused Pol II. Mediator contains a kinase composed of CycC and
cdk8. A GST pull-down assay showed that the cdk8 subunit of Mediator interacts with
the CTD, and cdk8 phosphorylated both serine 5 and serine 2 residues of GST-CTD
(Park et al., 2001b).

1-4.

Transcriptional regulation of HIV

An important paradigm for elongation control is HIV. Transcription of the HIV
provirus in latently infected cells provides an example of promoter proximal pausing and
premature termination. HIV encodes a small regulatory protein called Tat, which is
required for production of full-length viral transcript. In the absence of Tat, the RNA
polymerase II that initiates at the long terminal repeat (LTR) of the HIV genome is
unable to efficiently elongate, so transcription is prematurely terminated (Yankulov and
Bentley, 1998). Latently infected cells accumulate short transcripts from the 5’ region of
the provirus in the cytoplasm clearly indicating that premature termination is occurring
(Feinberg et al., 1991). The release of short transcripts is also detected when transcription
of HIV is done on an immobilized template in vitro (Bourgeois et al., 2002).
NELF and DSIF have been implicated in HIV transcription elongation. NELF and
DSIF associate with the elongation complex on the LTR after initiation (Ping and Rana,
2001). Ectopic co-expression of NELF-E and Spt5, the large subunit of DSIF, in cells
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inhibited transient basal transcription of HIV transcription in the absence of Tat (Fujinaga
et al., 2004), and depletion of NELF-B with siRNA increased elongated transcripts in
unstimulated cells (Zhang et al., 2007a). RNAi treatment followed by ChIP analyses
showed that depletion of NELF-B did not affect the amount of Pol II associated with the
LTR, but increased the amount of Pol II associated with a region located 2kb downstream
from the promoter (Zhang et al., 2007a). Further analysis revealed that depletion of
NELF-B in unstimulated cells released Pol II in the region 40 to 45 base pairs from
transcription start site where Pol II appeared to pause in control cells (Zhang et al.,
2007a). Thus, similar to hsp70, these results indicate that NELF pauses Pol II on the
HIV-1 provirus in the absence of Tat.
Recently, the termination factor Pcf11 has been shown to cause premature
termination on the HIV promoter (Zhang et al., 2007b). Depletion of Pcf11 with siRNA
from latently infected cells enhanced HIV expression. ChIP analyses revealed that the
level of Pol II was increased both at 5’ ends and 3’ ends of LTR by 2.5-fold and 5-fold
respectively upon depletion of Pcf11. In addition, transcription induced by depletion of
Pcf11 both in vivo and in vitro was insensitive to DRB (Zhang et al., 2007b). DRB has
been shown to cause premature termination on HIV in vitro (Marciniak and Sharp, 1991).
Based on these observations, Zhang et al. proposed that Pcf11 causes premature
termination by acting on Pol II elongation complexes that are paused by NELF and DSIF
(Zhang et al., 2007b). To date, there is no evidence that Pcf11 represses transcription of
hsp70 in Drosophila.
Tat stimulates transcription by enhancing the processivity of RNA Pol II
elongation complexes (Keen et al., 1996; Keen et al., 1997). Tat binds to a stem-loop
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structured RNA element called TAR, which is located near the 5’end of the nascent
transcript (Keen et al., 1996; Keen et al., 1997). P-TEFb is required for efficient Tatdependent transcription of the HIV LTR (Zhu et al., 1997; Mancebo et al., 1997). Tat and
P-TEFb form a complex that associates with TAR. Depletion of P-TEFb abolished the
stimulatory effect of Tat in vitro (Zhu et al., 1997). P-TEFb kinase inhibitors block Tatdependent transcriptional activation in vivo and in vitro (Mancebo et al., 1997; Chao et
al., 2000), and overexpression of mutant P-TEFb inhibits Tat-dependent activation in
human cells (Mancebo et al., 1997). P-TEFb appears to overcome the transcription block
by phosphorylating NELF, DSIF, and CTD of Pol II (Ping and Lana, 2001; Kim et al.,
2002; Fujinaga et al., 2004). Interestingly, coexpression of NELF and DSIF stimulated
Tat-dependent transcription (Fujinaga et al., 2004), suggesting that negative elongation
factors might be converted to positive elongation factors for productive elongation.
Fujinaga et al. showed that only unphosphorylated NELF and the Tat/P-TEFb complex
associated with TAR in vitro and in vivo. NELF might delay elongation until the Tat/PTEFb complex binds TAR and phosphorylates Pol II, DSIF and NELF (Fujinaga et al.,
2004).
Together HIV and hsp70 provide related paradigms for how control of elongation
contributes to gene expression. In both cases, NELF and DSIF repress elongation, and PTEFb appears to be critical for overcoming this repression. Additional repression of HIV
appears to be provided by Pcf11-mediated premature termination.
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1-5.

Inhibition of elongation in the promoter proximal region could contribute to
the regulation of many genes in higher eukaryotes.

Several early studies clearly indicate that promoter proximal pausing is not unique
to hsp70 and HIV. The best evidence for pausing comes from permanganate genomic
footprinting because this technique identifies the location of transcriptionally engaged Pol
II (Sasse-Dwight and Gralla, 1989). Permanganate preferentially oxidizes thymines in
single-stranded DNA. Hence, thymines in the non-transcribed strand of the DNA
template in the transcription bubble associated with transcriptionally engaged RNA
polymerase II molecules can be detected, and thus the distribution of Pol II on genes can
be mapped at a resolution of approximately 10 base pairs (Cartwright et al., 1999).
Results from permanganate genomic footprinting identified several cases in Drosophila
and mammalian cells where Pol II appeared to pause in the region of +20 to +50;
Drosophila hsp26 and 1-tublin (Giardina et al., 1992), human c-myc (Krumm et al.,
1992), murine c-fos (Plet et al., 1995), murine transthyretin (Mirkovitch and Darnell,
1992), human Ig kappa (Schneider et al., 1999), and human junB (Aida et al., 2006).
Recent results from microarray analyses of DNA crosslinked to Pol II in human
cells reveals that Pol II is concentrated in the promoters of thousand of genes, and that
many of the genes appear not to be expressed (Kim et al., 2005; Guenther et al., 2007).
The expression of these genes could be controlled after Pol II associates with the
promoter. Hence, transcription control by promoter proximal pausing may be far more
common than previously appreciated.
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1-6.

Mechanisms for elongation control

1-6.1. The mechanism of NELF-mediated inhibition

Negative elongation factor, NELF is a key protein in the inhibition of Pol II
elongation. The activity of human NELF in transcriptional repression is associated with
four polypeptides A (66 kD), B (62 kD), either C (60 kD) or D (59 kD), and E (46 kD)
(Yamaguchi et al., 1999a; Narita et al., 2003). NELF-C and NELF-D derive from a
common mRNA by alternative usage of translation initiation codons (Narita et al., 2003).
Wu et al. characterized Drosophila NELF using an immunoaffinity purification from
Flag-tagged NELF-E expressed cells (Wu et al., 2003; Wu et al., 2005). Drosophila
NELF has four subunits, NELF-A (135 kD), NELF-B (68 kD), NELF-D (64 kD) and
NELF-E (32 kD) with significant similarity to its human counterpart, suggesting that it
might have similar structure (Wu et al., 2005). Depletion of NELF from Drosophila
nuclear extracts desensitizes transcription to DRB, indicating that it might also have
similar function to human NELF (Wu et al., 2005).
Multiple interactions among NELF subunits were identified by reconstituting
subcomplexes with recombinant NELF subunits. Various combinations of epitope tagged
NELF subunits were expressed using a baculoviral system and then NELF subassemblies
were analyzed by immunoprecipitation and immunoblot with anti-epitope tag antibodies
(Narita et al., 2003). The results indicated that NELF-B and NELF-D form a core that
bridges NELF-A and NELF-E: NELF-B associates with NELF-A and NELF-D associates
with NELF-E (Narita et al., 2003).
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NELF acts cooperatively with DSIF to repress Pol II elongation (Yamaguchi et
al., 1999a). Immunodepletion and co-immunoprecipitation analysis revealed that NELF
interacts with a preformed DSIF and Pol II complex, but not with DSIF or Pol II alone
(Yamaguchi et al., 2002). Direct interactions between Pol II and NELF-A subunits are
implicated by binding assays with purified Pol II and GST-NELF-A fusion proteins
(Narita et al., 2003). The N-terminus of NELF-A has sequence similarity to hepatitis
delta antigen (HDAg). HDAg stimulates elongation by directly associating with Pol II
and is thought to disrupt a NELF-Pol II interaction (Yamaguchi et al., 2001). Truncation
of HDAg homology region of NELF-A impaired transcriptional repression and NELFA’s ability to associate with Pol II, suggesting NELF-A is critical for the association with
Pol II (Narita et al., 2003). NELF-E subunit is characterized to have an RNA recognition
motif (RRM). NELF-E binds to RNA and is essential for NELF activity in vitro
(Yamaguchi et al., 2002).
Based on these observations described above, Narita et al. proposed the model for
how NELF inhibits elongation (Figure 1-2) (Narita et al., 2003). NELF associates with
Pol II in the presence of DSIF. The key feature of this model is the association of NELFE subunit with the nascent transcript. When the nascent transcript emerges from the
elongation complex, NELF-E is thought to restrict the movement of Pol II by blocking
further extrusion of the nascent transcript. This model requires that Pol II transcribe at
least 18 nucleotides so that the transcript is exposed outside the elongation complex (Gu
et al., 1996).
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Figure 1-2. Model for NELF-mediated inhibition. NELF causes transcriptional pausing
by inhibiting the extrusion of the nascent transcript from Pol II through the association of
NELF-E with the nascent transcript. Interactions between proteins are shown in the
figure. NELF-A binds directly to Pol II in the presence of DSIF. DSIF interacts with Pol
II but the interaction between DSIF and NELF has not been determined. Modified from
Narita et al. (Narita et al., 2003).

1-6.2. Stabilizing the paused state

In the previous section, I described a working model for how NELF is thought to
inhibit elongation. However, biochemical analyses indicate that NELF slows rather than
stops elongation (Yamaguchi et al., 1999a; Cheng and Price, 2007). Thus, I anticipate
that additional interactions could be involved in stabilizing the pause. Available data
identifies two possibilities: the tendency for Pol II to enter into an arrested state following
a pause and the ability of nucleosomes to inhibit elongation.

1-6.2.1. Transcription arrest might stabilize the paused Pol II.

Based on in vitro studies, the arrested and paused states of Pol II are distinct (Fish
and Kane, 2002; Greive and von Hippel, 2005). A paused Pol II is an inactivated but
elongation competent intermediate that can resume elongation in the presence of
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nucleotide substrates. In contrast, the arrested Pol II is in an irreversible state, in which an
inactive Pol II does not resume elongation without the addition of TFIIS even after
prolonged incubation with nucleotide substrates (Fish and Kane, 2002). The arrest is
coupled with the backtracking of Poll II. When Poll slides backward along the DNA
template, the transcription bubble shifts. The 3’ end of the nascent transcript becomes
unpaired with the DNA template and displaced from the active site of polymerase,
preventing transcription from continuing by blocking the entry of the nucleotide
substrate. TFIIS interacts with polymerase and stimulates the cleavage activity of
polymerase to hydrolyze the displaced 3’ end of transcript to relieve the arrest (Fish and
Kane, 2002; Kettenberger et al., 2003).
The tendency for Pol II to arrest in vitro appears to be dependent on the length of
the nascent transcript (Pal et al., 2001; Ujvari et al., 2002). The transcriptional
competence of Pol II complexes halted within the promoter proximal region of several
variants of the adenovirus major late promoter was analyzed. Pol II elongation complexes
were observed to arrest when 20 to 32 nucleotide-long nascent transcripts were
synthesized. Exonuclease III footprint analysis and TFIIS-mediated transcript cleavage
assays revealed that the arrested complex translocated upstream and 12 to 13 nucleotidelong transcripts remained in the complex after transcript cleavage with TFIIS (Pal et al.,
2001). The Pol II elongation complex halted on the same DNA sequence at a promoterdistal region was elongation competent. However, truncation of transcript within these
distally located Pol II complexes to 21 to 48 nucleotides caused Pol II complexes to
become arrested (Ujvari et al., 2002). These results suggests that Pol II molecules with
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nascent transcripts in the size of 20 to 50 nucleotides are more susceptible to arrest than
Pol II molecules with longer transcripts.
The Pol II arrest has not been well established in vivo due to the lack of a direct
assay for this process, but there is an observation that the arrest might occur in vivo
(Adelman et al., 2005). Lis and coworkers argue that Pol II is highly susceptible to the
arrest in the promoter proximal region of the Drosophila hsp70 gene and that TFIIS is
essential for rapid induction of the gene expression (Adelman et al., 2005). In vitro, early
elongation complexes halted within the initially transcribed region of hsp70 could not
resume elongation after removal of negative elongation factors with sarkosyl. In vitro
transcription analyses showed that Pol II accumulated in the promoter proximal region in
the TFIIS-depleted embryo extract. The addition of purified TFIIS to the TFIIS-depleted
reaction significantly reduced the arrest and stimulated elongation, indicating that Pol II
thought to be paused in the proximal region of hsp70 could be arrested. In addition,
depletion of TFIIS by RNAi in vivo delayed the rate at which Pol II appeared to escape
the promoter in response to heat shock. It was suggested that depletion of TFIIS slowed
the rate at which an arrested Pol II resumed elongation (Adelman et al., 2005).
Nevertheless, since there is no direct evidence in vivo to differentiate the paused Pol II
from the arrested Pol II, recent reports have described these Pol II molecules as ‘stalled’,
which is a general term that encompasses both the paused and arrested states (Adelman et
al., 2005; Muse et al., 2007; Zeitlinger et al., 2007; Gilchrist et al., 2008). It is possible
there is a mix of states since the success of the nuclear run-on assays used to detect Pol II
on hsp70 in the first place was contingent on these Pol II molecules being in a paused
state (Ruogvie and Lis, 1988).
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1-6.2.2. Nucleosomes might stabilize the paused Pol II.

The nucleosome impedes transcription elongation, by acting as a barrier to the
movement of RNA polymerase II. In vitro reconstituted transcription studies on
chromatin templates have revealed that nucleosomes greatly enhanced Pol II pausing near
intrinsic pause sites observed when naked DNA was transcribed (Izban and Luse, 1991;
Kireeva et al., 2002). The transcription rate on the nucleosomal DNA template was more
than 10 times slower than on nucleosome-free DNA (Kireeva et al., 2002). The
nucleosomal block was relieved in the high salt condition, where DNA-histone
interactions were disrupted (Izban and Luse, 1991; Kireeva et al., 2002).
Kingston and colleagues showed that chromatin structure is involved in
stabilizing the paused Pol II on the human hsp70 gene prior to heat shock induction
(Brown et al., 1996; Corey et al., 2003). A transcriptional pause was observed around
+45 on the human hsp70 gene in vivo by permanganate footprinting. In vitro, an
artificially stalled transcription complex at +15 was immediately elongated on hsp70
naked DNA after addition of nucleotides, and no long pause was observed. In contrast on
a nucleosomal template, the majority of Pol II molecules were paused at the location
where the pause was observed in vivo, and the pause was stable for more than 6 hours
(Brown et al., 1996). The release of paused Pol II depends on the actions of both an
activator and an ATP-dependent nucleosome remodeling activity (Brown et al., 1996;
Corey et al., 2003).
In vitro, human SWI/SNF in the presence of a GAL4-HSF fusion protein
enhanced read-through of a nucleosome-dependent pause (Brown et al., 1996). HSF was
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suggested to recruit SWI/SNF to the endogenous hsp70 promoter for transcription
elongation (Corey et al., 2003). ChIP revealed that the recruitment of SWI/SNF was
abolished in Hsf1-/- cells following heat shock. Mutation of the phenylalanine residues in
the HSF activation domain decreased the Pol II density on the body of the hsp70 gene
and impaired the restriction enzyme accessibility at +100 following heat shock (Corey et
al., 2003). Hence, the formation of the pause on human hsp70 gene is nucleosomedependent and chromatin remodeling by SWI/SNF through interaction of HSF activation
domain is required for the release of Pol II. There are, however, some caveats to the
relevance of this to Drosophila hsp70. First, induction of Drosophila hsp70 appears to be
independent of SWI/SNF (Armstrong et al., 2002). Second, depletion of SWI/SNF from
human cells inhibited induction of hsp70 by arsenite, but had no effect on induction by
heat shock (de La Serna et al., 2000).

1-7.

Thesis summary

The goal of my research is to understand the function of promoter proximal
pausing in transcription regulation and to investigate the mechanism of promoter
proximal pausing. Based on previously reported data, I hypothesized that NELF mediates
the promoter proximal pausing on many genes. To determine NELF-associated genes, I
used two approaches: ChIP-based genomic library and ChIP on microarray. Guided by
this information, I determined the distribution of NELF across the Drosophila genome,
and I identified an unprecedented number of genes for analysis by permanganate genomic
footprinting to investigate the relationship between the presence of NELF and promoter
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proximal pausing. The data obtained from genome-wide analysis of NELF and promoter
proximal pausing could provide significant insights into the function of NELF, the
mechanism of promoter proximal pausing, and the extent to which both NELF and
promoter proximal pausing contribute to gene regulation.
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CHAPTER 2
MATERIALS AND METHODS

2-1.

Chromatin immunoprecipitation

The ChIP assay was done as described previously with some modifications (Wu
et al., 2003; Boehm et al., 2003; Park et al., 2001a). Twenty-five milliliters of Drosophila
S2 cells in a T-flask containing Schneider’s Drosophila medium (Gibco BRL)
supplemented with 10 % fetal bovine serum were grown to a density of 3  106 ~ 5  106
cells/ml at 25°C. For heat shock conditions, cells were heat shocked by placing the Tflask in a 37°C water bath for 15 minutes. For formaldehyde crosslinking, cells in the
culture medium were treated with formaldehyde by adding 2.5 ml of 11% formaldehyde
solution (prepared from 37% HCHO, 10% methanol stock solution from Merck) in 0.1 M
NaCl, 1 mM EDTA, 0.5 mM EGTA, and 50 mM Tris-Cl (pH 8.0) to a final concentration
of 1%. After a 10 minute incubation at room temperature, the crosslinking was quenched
by adding 3.75 ml of 2 M glycine to a final concentration of 240 mM. Cells were
collected by centrifugation at 700 x g for 10 minutes. Cell pellets were resuspended and
washed with 10 ml cold PBS buffer. Cells were collected again by centrifugation at 700 x
g for 10 minutes and then resuspended in 1 ml of sonication buffer (10 mM Tris-Cl [pH
8.0], 1 mM EDTA, 0.5 mM EGTA, supplemented with protease inhibitors as follows: 0.5
mM PMSF, 1 μg/ml aprotinin, 1 μg/ml pepstatin A). The cell suspension was transferred
to a 1.5 ml microfuge tube and was sonicated in an ice/ethanol bath with the sonicator for
30 cycles of 10 second on and 30 second off. After sonication, cell debris was removed
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by centrifugation at 13,000 rpm at 4 °C for 10 min. The supernatant was mixed with 1 ml
of 6 M urea, and dialyzed in ChIP buffer (10 mM Tris-Cl [pH 8.0], 1 mM EDTA, 0.5
mM EGTA, 0.5 mM PMSF, 10% glycerol, 0.1% sodium deoxycholate, 1.0% Triton X100) at 4 °C overnight. Cell debris was removed by centrifugation. The chromatin
solution was precleared by adding 80 μl of 50% protein A sepharose beads (Amersham
Biosciences, suspended in 10 mM Tris-Cl [pH 8], 1 mM EDTA, 1 mg/ml BSA) and
shaking the solution gently for 30 min at 4 °C. Beads were removed by centrifugation at
13,000 rpm for 5min. DNA concentration of chromatin solution was determined using the
fluorometer. 100 ~ 150 μl of chromatin solution, which corresponds to 5 ~ 10 μg of DNA
or to 1 X 107 cells, was used for one immunoprecipitation. Antibody was added to the
solution and incubated overnight at 4°C. 4 μl of antiserum against GAGA factor (rabbit
Ab) (Leibovitch et al., 2002), DSIF (rabbit Ab) (Wu et al., 2003), TBP (rabbit Ab),
TAF250 (rabbit Ab) and 7 μl of antiserum against NELF-B (guinea pig Ab) and NELF-E
(rabbit Ab) (Wu et al., 2003) were used. When available, the same amount of each
corresponding preimmune serum was used for controls. Thirty-five microliters of 50 %
protein A sepharose were added and incubated for 2 hr at 4 °C. The protein A sepharose
beads were collected by brief centrifugation at 3000 rpm for 5 minutes. The
immunoprecipitates were washed 6 times with 1 ml of low salt wash buffer (0.1% SDS,
1% Triton X-100, 2 mM EDTA, 20 mM Tris-Cl [pH 8.1], 150 mM NaCl), three times
with 1 ml of high salt wash buffer (0.1% SDS, 1% Triton X-100, 2 mM EDTA, 20 mM
Tris-Cl [pH 8.1], 500 mM NaCl), twice with 1 ml of lithium wash buffer (0.25 M LiCl,
1% NP-40, 1% sodium deoxycholate, 1 mM EDTA, 10 mM Tris-Cl [pH 8.1]), and twice
with 1 ml of TE buffer. Each wash solution containing the immunoprecipitates was
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incubated at 4 °C for at least 5 minutes and centrifuged at 3000 rpm for 5 minutes. In the
washing step with the lithium wash solution, the immunoprecipitates were incubated with
the washing solution for 10 minutes for the first wash and overnight for the second wash.
After the washes, the protein–DNA complexes were eluted by adding 250 μl of elution
buffer (1% SDS, 0.1 M NaHCO3) and incubating the solution at room temperature for 15
min. The beads were collected by centrifugation at 3000 rpm and then the supernatants
were transferred to new tubes. The beads were resuspended in 250 μl of elution buffer.
The second eluate was combined with the first eluate. For the preparation of input DNA,
the elution buffer was added to 20% amount of the precleared chromatin solution used in
one immunoprecipitation to make a total volume of 500 μl. This represents 20% input
DNA. Formaldehyde crosslinking was reversed by adding 20 μl of 5 M NaCl to each
eluate and incubating at 65°C for 4 hr. After reversal of crosslinking, each solution was
incubated with 10 μl of 0.5 M EDTA, 20 μl of 1M Tris-Cl (pH 6.5), and 2 μl of 10
mg/ml proteinase K at 45 °C for 1 hr. Immunoprecipitated DNA and input DNA were
purified by phenol/chloroform extraction and ethanol precipitation in the presence of 20
μg of linear polyacrylamide (Sigma). The DNA pellet was dissolved in 30 μl of TE. 30
μl of 20% input DNA was diluted to 10 %, 1%, and 0.1 %.
One microliter of each input DNA and immunoprecipitated DNA was used for a
PCR reaction in a final volume of 50 μl. Each PCR reaction contained 10 picomoles of
each primer, 10 mM dNTP, 4 μCi -32P-dCTP, and 2.5 units of Taq polymerase and
buffer (Gene Choice). Each PCR reaction was run to 25 cycles of: 94°C, 1 min; 58°C (or
annealing temperature as stated in Appendix A), 55 sec; 72°C, 50 sec and then followed
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by a final extension at 72°C for 10 min. PCR primers are listed in Appendix A. Ten
microliters of each PCR reaction with 2 μl of 6X dye (0.25% bromophenol blue, 0.25%
xylene cynol FF, and 15% ficoll (Type 400, Pharmacia) were run on a 6% non-denaturing
acrylamide in 1X TBE at 150V until the bromophenol blue migrated out of the gel. The
gel was fixed in 10% acetic acid for 10 ~ 20 minutes and then dried. The radioactivity in
the dried gel was detected using a phosphoimager (Molecular Dynamics). The intensity
of each band was quantified by volume analysis using ImageQuant software. Percentage
immunoprecipitated was calculated by linear interpolation taken between two input data
points.

2-2.

SACO (Serial Analysis of Chromatin Occupancy)

The SACO analysis was done as described previously with some modifications
(Impey et al., 2004). Fifteen microliters of NELF-E ChIP DNA were blunt ended as
described in the DNA Terminator End Repair Kit (Lucigen Corp.). The blunt-ended DNA
was phenol/chloroform extracted, ethanol precipitated, and then dissolved in 20 μl of 10
mM Tris-Cl (pH 8.0). A duplex DNA cassette, cassette P (50 pmol) (top, 5’TTTTCCGGTCTACTGAATTCCGAACTGCCAC; bottom, GTGGCAGTTCG GAATT
CAGTAGACCGGA) was ligated to 5 μl of blunt-ended ChIP DNA using 1 unit of T4
DNA ligase (USB). A control reaction was done without ligase. The ligations were
purified with a QIAquick PCR purification column (Qiagen), and DNA eluted with 50 μl
of 10 mM Tris-Cl (pH 8.0). One microliter of cassette P-ligated ChIP DNA was
amplified using PCR in a 100 μl reaction with 200 pmol of 5’-biotinylated P-oligo (5’-
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biotin-TCCGGTCTACTGAATTCCGAAC), 2 mM MgCl2, 0.2 mM dNTP, 5 units of
Taq polymerase and Taq buffer (Gene Choice) with 30 cycles of: 94 oC, 20 sec; 55 oC, 30
sec; 72 oC, 20 sec and then followed by a final extension at 72 oC for 10 min. Several
PCR reactions were done to obtain more than 15 μg of amplified DNA. Each reaction
product was purified with QIAquick PCR purification kit (Qiagen) and eluted in 50 μl of
10 mM Tris-Cl (pH 8.0), and then all samples were combined. 15 μg of biotinylated P
amplified NELF-E ChIP DNA was digested with 60 units of NlaIII (NEB). The digests
were phenol/chloroform extracted and ethanol precipitated. The DNA pellets were
dissolved in 50 μl of 10 mM Tris-Cl (pH 8.0). In one tube, 100 pmol of adapter A (top,
5’-TTTGGATTTGCTGGTGCAGTACAACTAGGCTTAATATCCGACATG;

bottom,

5’- PO4-TCGGATATTAAGCCTAGTTGTACTGCACCAGCAAATCC[C7] amino) was
ligated to 12 μl of NlaIII digested DNA with 2 units of T4 DNA ligase (USB). In a
second tube, 100 pmol of adapter B (top, 5’-TTTCTGCTCGAATTCAAGCTT
CTAACGATGTACGTCCGACATG; bottom, 5’-PO4-TCGGACGTACATCGTTAGA
AGCTTGAATTCGAGCAG[C7] amino) was ligated to 12 μl of NlaIII digested DNA
with 2 units of T4 DNA ligase (USB). The ligated DNAs were purified with QIAquick
columns (Qiagen) and DNA eluted in 100 μl of 10 mM Tris-Cl (pH 8.0). Each of 50 μl of
adapter A or adapter B ligated DNA was separately incubated with streptavidin-coated
magnetic beads (Dynal M280) which were resuspended in 50 μl of 2X B&W buffer (20
mM Tris-Cl [pH 7.5], 2 M NaCl, 2 mM EDTA) after being washed with 1X B&W buffer
(10 mM Tris-Cl [pH 7.5], 1 M NaCl, 1 mM EDTA). The mixture was washed six times
with 200 μl of 1X B&W buffer, five times with 200 μl of 10 mM Tris-Cl (pH 8.0), and
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then twice with 100 μl of 1X NEB buffer 4 / 1X S-adenosyl methionine (SAM). Beads
were resuspended in 38 μl of 10 mM Tris-Cl (pH 8.0). To release tags, the ligation
products were digested by adding 5 units of MmeI (NEB) and 10 μl of 10X NEB buffer
4/ 10X SAM to beads and incubating at 37 oC overnight. After completion of the
incubation, the samples were placed on magnetic stands and supernatants were
transferred to new tubes. The samples were phenol/chloroform extracted and ethanol
precipitated. DNA pellets were dissolved in 30 μl of 10 mM Tris-Cl (pH 8.0). To
generate ditags, MmeI-digested adapter A ligated DNA and adapter B ligated DNA were
ligated using 2 units of T4 DNA ligase (USB). A control reaction was done without
ligase. After ligation, the reactions were phenol/chloroform extracted and ethanol
precipitated. DNA pellets were dissolved in 25 μl of 10 mM Tris-Cl (pH 8.0). The ditag
ligation and the control were amplified by PCR reaction with ditag primer A’ (5’-biotinGTGCTCGTGGGATTTGCTGGTGCAGTACA) and ditag primer B’ (5’-biotinGAGCTCGTGCTGCTCGAATTCAAGCTTCT). Different dilutions of the ligation
(1/10, 1/20, and 1/50) and different PCR cycles (20 and 30) were tested to optimize
conditions to enrich for a 130 bp product. This product was scaled up by running 12
reactions under the following conditions: combining 2 μl DNA of 1/20 diluted ligation,
0.8 μl of 100 pmol ditag primer A’, 0.8 μl of 100 pmol ditag primer B’ and 5 units of Taq
polymerase (Gene choice) in 100 μl reaction, and running 20 PCR cycles of: 94 oC, 1min;
58 oC, 55sec; 72 oC, 50 sec. Each reaction was phenol/chloroform extracted and ethanol
precipitated. DNA pellets were dissolved in 10 mM Tris-Cl (pH 8.0) and then combined
in one tube. To generate 38 bp ditags, 26 μg of 130 bp ditag DNA was digested with 25
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units of NlaIII (NEB). After digestion, biotinylated fragments were removed and ditags
were released using the streptavidin-coated magnetic beads. Released ditags were loaded
into 15 wells of a 8% acrylamide gel and run at 150 V for 1.5 hr to allow separation of 38
bp ditag band from approximately 50 bp unknown band. 38 bp DNA bands were excised,
put in eight 0.5 ml tubes with a hole pierced in the bottom. Each 0.5 ml tubes was put into
a to 1.5 ml tube and spun at full speed to fragment the acrylamide. 200 μl of TE and 50 μl
of 7.5 M NH4OAc were added to each tube, and the samples were placed at 37 oC for 30
min. The 38 bp DNA was further purified by using QIAquick PCR column (Qiagen) and
ethanol precipitated. DNA pellets were dissolved and combined into 50 μl of TE. 50 ng
of ditags was concatemerized by incubating with 1.5 units of T4 DNA ligase (USB) for 1
hour at 16 oC in a 10 μl reaction. 5 μl of the reaction (~ 25ng of the concatemer) was
ligated into 200 ng of SphI-digested pGEM-3zf(+) (Promega) using 1.5 units of T4 DNA
ligase (USB) at 15 oC overnight. 3 μl of the ligation was transformed into DH5
competent cells. Transformed bacteria were plated on LB agar plates. Transformants
were screened by X-gal blue / white screening. Plasmids were min-prepared from white
colonies and then sequenced.

2-3.

Microarray analysis of DNA isolated by ChIP

The NELF-B and NELF-E ChIP’ed DNA were analyzed by the Berkeley
Drosophila Transcription Network Project. The ChIP and control ChIP DNA samples,
along with DNA purified from input chromatin samples, were amplified using a modified
random-prime based PCR amplification protocol. The amplified DNA was fragmented
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with DNaseI, biotinylated, and hybridized to Affymetrix Drosophila Tiling 1.0F Arrays.
The ChIP-chip data was analyzed using TiMAT programs developed by the Berkeley
Drosophila

Transcription

Network

Project

(http://bdtnp.lbl.gov/TiMAT/TiMAT2/

index.html).
The GAGA factor ChIP’ed DNA was analyzed by the Penn State Cartography
project. The GAGA factor ChIP and mock ChIP (pre-immune GAGA factor serum) DNA
samples were amplified by ligation-mediated PCR (Harbison et al., 2004). Using the
GeneChip WT (Whole Transcript) Double-Stranded DNA Terminal Labeling Kit
(Affymetrix), the amplified DNA containing dUTP was fragmented with uracil DNA
glycosylase (DGE) and apyrimidinic/apurinic endonuclease (APE), then biotinylated, and
finally hybridized to Affymetrix Drosophila Tiling 1.0R Arrays. Signal analysis, interval
analysis, and peak calling were performed using Model-based Analysis of Tiling-arrays
(MAT) software (Johnson et al., 2006). A bandwidth and max gap value of 150 bp was
used for the interval analysis. Peaks were called using a 1% false discovery rate
threshold.

2-4.

Analysis of tabulated information

The probe intensities from the microarray analysis were obtained in tabulated
form. Peaks of NELF were located using Mpeak (Kim et al., 2005). All parameters for
Mpeak were set at the default except for the “Largest search range” which was reduced to
1.0 kb. This change was made because the sonicated DNA generated for ChIP was in the
size range of 0.3 to 1.0 kb. Analysis of tabulated data was done using tools provided at
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Penn State’s Galaxy: http://g2.trac.bx.psu.edu/. Galaxy was also used to prepare and
transfer

tabulated

data

for

viewing

in

the

UCSC

browser

located

at:

http://genome.ucsc.edu/.

2-5.

Permanganate genomic footprinting assay

Two milliliters of Drosophila S2 cells (SFM [serum-free media] adapted D.mel2
cell, Invitrogen) in a 6-well plate in Drosophila-SFM supplemented with 90 ml/L of 200
mM L-glutamine were grown to a density of approximately 5x106 cells/ml at 25oC.
Media was removed and the plate was moved on ice. Cells were treated with
permanganate by adding cold 800 μl of 10 mM KMnO4 in PBS and incubating for 60
seconds. The reaction was stopped by the adding of 200 μl of 5X stop solution (50 mM
Tris-Cl pH 7.5, 50 mM NaCl, 50 mM Na2EDTA pH 8, 2.5 % SDS, 1M 2mercaptoethanol). The cell lysate was transferred to 1.5 ml tube and then incubated
overnight at 37 oC with 50 μg of proteinase K. Samples were extracted twice with phenol
/chloroform/isoamyl alcohol (25 : 24 : 1). DNA was ethanol precipitated and dissolved in
TE. The concentration of DNA in the solution was quantified with the fluorometer. For
piperidine cleavage of permanganate treated DNA, 1μg of DNA was diluted to a final
volume of 90 μl with H2O and then incubated with 10 μl of piperidine at 90 oC for 30
minutes. After 30 minutes, 300 μl of water was added to DNA solution and then samples
were extracted with 800 μl of butanol twice and 400 μl of butanol once. DNA was
ethanol precipitated and then diluted with 100 μl of 0.5X TE.
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For purification of genomic DNA to generate naked DNA and GA markers, cells
were treated with 800 μl of PBS and then 200 μl of 5X stop solution were added. After
purifying genomic DNA as described above, 1μg of DNA was diluted to a final volume
of 100 μl with cold PBS for the naked DNA controls. DNA samples were treated with
100 μl of 20 mM KMnO4 in PBS on ice for 0, 30, and 60 seconds separately. The
reactions were stopped by the adding of 200 μl of 2X stop solution (20 mM Tris-Cl pH
7.5, 20 mM NaCl, 20 mM Na2EDTA pH 8, 1 % SDS, 400 mM 2-mercaptoethanol). DNA
was ethanol precipitated and dissolved in 90 μl of H2O. For GA markers, 1 μg of
genomic DNA in 20 μl of H2O was incubated with 50 μl of 95 % formic acid at 15 oC for
5 minutes. After 5 minutes, 200 μl of depurination stop solution (0.3M sodium acetate pH
7.0, 50 μg/ml tRNA) was added. Depurinated DNA was ethanol precipitated and then
dissolved in 90 μl of H2O. Piperidine cleavage was done as described above. After
piperidine cleavage, cleaved DNA was purified and diluted with 100 μl of 0.5X TE.
Each 10 μl of KMnO4 treated samples, naked DNA samples, and GA markers
were subjected to ligation-mediated PCR (LM-PCR). Details were previously described
(Cartwright et al., 1999). Pfu polymerase generated by Dr. Song Tan was used for the
DNA amplification. Primers and annealing temperatures used in the LM-PCR analyses
are listed in Appendix B.

Portions of this chapter are published in Nucleic Acids Research (Wu et al., 2005), Genes
& Development (Wang et al., 2007), and Molecular and Cellular Biology (Lee et al.,
2008), and will be published in Genes & Development (Gilchrist et al., 2008).
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CHAPTER 3
IDENTIFICATION OF NELF-ASSOCIATED GENES BY SACO

Immunofluorescence analysis of polytene chromosomes from Drosophila
revealed that the NELF-B and NELF-D subunits associate with hundreds of loci situated
in decondensed regions known as interbands. Pol II also colocalizes with NELF at most
loci (Wu el al., 2003; Wu et al., 2005). Widespread staining of polytene chromosomes
with NELF antibodies suggests NELF regulates the transcription of numerous genes in
Drosophila. This raises the possibility that promoter proximal pausing occurs on a large
spectrum of genes. An important limitation of this analysis is its resolution. Since each
band contains several hundred kilobases of DNA, it is not possible to correlate the pattern
with a specific sequence and to map exactly at which sequences NELF is located. My
strategy for elucidating the relationship between the presence of NELF and promoter
proximal pausing and the function of NELF in gene regulation is to identify where NELF
is located in the genome. At the time I started this research, ChIP-based microarray had
not been established for Drosophila. Hence, I tried to determine the distribution of NELF
by a technique called Serial Analysis of Chromatin Occupancy or SACO, in which a
DNA library is generated from chromatin immunoprecipitated DNA using a modification
of the SAGE (serial analysis of gene expression) technique (Impey et al., 2004).
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3-1.

ChIP analysis of NELF on the hsp70 gene in nonheat shocked and heat
shocked cells

To explore the function of NELF, I first focused my attention on the interaction of
NELF with the hsp70 heat shock gene. Previously, NELF was shown to be involved in
pausing Pol II in the promoter proximal region of the hsp70 gene in Drosophila prior to
heat shock induction (Wu et al., 2003). A previous ChIP analysis showed that NELF-D
and NELF-E crosslinked to the promoter region but not the 3’ region of the hsp70 gene in
nonheat-shocked cells (Wu et al., 2003). However, the protocol for ChIP was not
efficient enough to detect NELF on promoters other than hsp70 since the signals for
NELF were quite weak. In addition, our attempt to detect NELF-B on hsp70 was
unsuccessful using our original protocol (data not shown). Consequently, I tested a ChIP
protocol described by Park et al. and Boehm et al. since the published data indicated a
marked increase in signals (Park et al., 2001a; Boehm et al., 2003). A key difference
between this new protocol and the one I was originally using was the use of urea and its
subsequent

dialysis

from

the

chromatin

solution

prior

to

performing

the

immunoprecipitation. I suspect that the dialysis of urea allowed refolding of proteins,
which in turn, might have increased the efficiency of the immunoprecipitation.
For the new ChIP analysis, Drosophila cells were treated with formaldehyde to
form protein-protein and protein-DNA crosslinks. The formaldehyde-treated cells were
lysed in hypotonic buffer with no detergent, and the DNA was sheared by sonication to
an average size of 500 base pairs (300 bp to 1kb). Urea was added to the lysate and the
mixture was dialyzed in ChIP buffer. The Chromatin solution was subjected to
immunoprecipitation with antibodies against NELF-B and NELF-E. DNA was recovered
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from each of the immunoprecipitates and then analyzed for the presence of DNA
corresponding to the promoter region and the 3' region of the hsp70 gene
Figure 3-1 provides representative results from an analysis, and quantification of
the amounts of DNA from the 5’ and 3’ ends of the hsp70 gene that were recovered from
four independent experiments (biological replicates). The result showed that the new
ChIP analysis detected NELF-B and improved the detection of NELF-E by as much as
20-fold over what we had previously observed (Wu et al., 2003). Both subunits of NELF
were significantly enriched in the promoter region but not the 3’ region of hsp70 in
nonheat shocked cells. Approximately 5% and 10% of the 5’ region crosslinked to
NELF-B and NELF-E respectively. In contrast, the level of any of these proteins
crosslinked to the 3’ end was in the range of background. This indicates that NELF is
preferentially associated with the promoter region and hence could be involved in
promoter proximal pausing prior to heat shock.
I was interested in determining if the association of NELF would change during
heat shock, since immunofluorescence analysis failed to detect NELF on heat shock loci
of polytene chromosomes from Drosophila salivary glands following heat shock (Wu et
al., 2003). ChIP results showed that the level of NELF-B and NELF-E crosslinked to the
hsp70 promoter region decreased by about 5-fold after heat shock induction (Figure 3-1).
Notably though, NELF was still detected at the promoter region above the background in
the heat shocked cells. This suggests that promoter proximal pausing might persist
transiently during heat shock induction as previously proposed (Lis, 1998).
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Figure 3-1. ChIP analysis of NELF, DSIF, and GAGA factor on the hsp70 gene before
and after heat shock. Crosslinked chromatin was prepared from nonheat shocked cells
and cells that had been heat shocked for 15 minutes. The crosslinked chromatin was
immunoprecipitated with antisera against NELF-B, NELF-E, DSIF, or GAGA factor, or
with corresponding preimmune sera. Immunoprecipitated DNA and indicated amounts of
input DNA were analyzed by PCR to determine the amount of DNA from the promoter
region and the 3’ region crosslinked to each protein. (A) Schematic of the hsp70 gene
showing regions that were amplified by PCR. (B) Representative results obtained from a
ChIP analysis. (C) Quantification of results obtained from four independent ChIP
analyses. Error bars represent standard deviations.
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I also analyzed DSIF and GAGA factor as both have been implicated in promoter
proximal pausing (Wu et al., 2003). Both DSIF and GAGA factor were enriched in the
promoter region but not the 3’ end of hsp70 in nonheat shocked cells. In heat shocked
cells, there was a 2-fold decrease of the level of DSIF crosslinking to the promoter region
while the level of DSIF crosslinking to the 3’ region of hsp70 increased approximately 2fold, in agreement with a report by Saunders et al (Saunders et al., 2003). The level of
GAGA factor crosslinking to the promoter region also diminished following heat shock,
but the level crosslinking to the 3’ region remained low and similar to the level seen in
nonheat shocked cells. The apparent absence of GAGA factor from the downstream
region of hsp70 in heat shocked cells is not in agreement with previously reported UV
crosslinking experiments (O’Brien et al., 1995), but is in agreement with
immunofluorescence data showing that GAGA factor does not co-localize with
elongation complexes on polytene chromosomes (Ni et al., 2004). The heat shockdependent reduction in GAGA factor crosslinking to the promoter region could be due to
displacement by HSF, whose binding sites are overlapping with GAGA factor binding
sites in the promoter region (Gilmour et al., 1989).
ChIP analyses indicated that the level of NELF decreased significantly on the
hsp70 promoter following heat shock induction. DSIF crosslinked in the promoter region
but not the 3’ region prior to heat shock, but there was an increase in the level
crosslinking to 3’ region after heat shock. Hence, DSIF appears to become more evenly
distributed on the actively transcribed gene. This result agrees with the observation that
DSIF, but not NELF associates with heat shock puffs (Andrulis et al., 2000; Wu et al.,
2003). This result supports the previously proposed model that heat shock induction
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causes the dissociation of NELF from an elongation complex while DSIF still associates
with an elongation complex (Wu et al., 2003), suggesting that release of NELF from the
elongation complex could be a key step in overcoming promoter proximal pausing during
transcriptional activation.

3-2.

ChIP analysis of the ß1-tubulin and MtnA genes

To strengthen the correlation between the association of NELF and promoter
proximal pausing, I analyzed the presence of NELF on the ß1-tubulin and MtnA
(metallothionein) genes by ChIP. Previous studies detected paused Pol II on ß1-tubulin
but not on MtnA in Drosophila cells (Giardina et al., 1992; Rasumussen and Lis, 1995).
ChIP analysis revealed that both NELF and DSIF were significantly enriched on the ß1tubulin promoter (Figure 3-2). In contrast, comparable but low levels of NELF and DSIF
were crosslinked to the 5’ and 3’ regions of the MtnA gene. Hence, the low levels and
even distributions of NELF and DSIF on the MtnA promoter correlate with the absence of
promoter proximal pausing.
Interestingly, significantly less GAGA factor was detected on the ß1-tubulin
promoter than on the hsp70 promoter. Notably though, the signal for GAGA factor on the
ß1-tubulin promoter region exceeds the signals for the 3’ region of ß1-tubulin, the MtnA
gene, and the signal for the preimmune control, suggesting that a low level of GAGA
factor is specifically bound to the ß1-tubulin promoter region. The low level of GAGA
factor might be due to the paucity of GAGA factor binding sites on the ß1-tubulin
promoter. Whereas multiple GAGA elements are present in the hsp70 promoter, I found
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only two short elements (GGAAGA at –254 and CTCTC at –30) in the 250 bp region
upstream from the ß1-tubulin transcription start site. Wang et al. found that the insertion
of one GAGA element (GAGAGAG) upstream from the hsp70 core promoter region in a
transgene was sufficient to establish paused Pol II on the transgenic promoter (Wang et
al., 2005). Therefore, much less GAGAG factor than is associated with the endogenous
hsp70 promoter could be sufficient to establish the paused Pol II. Alternatively, proteins
other than GAGA factor could be involved in pausing Pol II on the ß1-tubulin promoter.
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Figure 3-2. ChIP analysis of NELF, DSIF, and GAGA factor on the ß1-tubulin and MtnA
genes in nonheat shocked cells. (A) Schematic of the ß1-tubulin and MtnA genes showing
regions that were amplified by PCR. (B) Representative results obtained from a ChIP
analysis. (C) Quantification of results obtained from three independent ChIP analyses.
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3-3.

Evaluating transcriptional competency of the hsp70, ß1-tubulin, and MtnA
genes

The absence of NELF and DSIF from the MtnA promoter region prompted me to
investigate whether transcription initiation was likely to occur at this promoter under the
conditions of cell culture. To evaluate the activity of the promoter under noninduced
conditions, the association of TBP and TAF250, subunits of TFIID, was monitored by
ChIP. TFIID has been shown to associate with the hsp70 promoter prior to heat shock
induction, and its presence would be anticipated for most promoters interacting with Pol
II (Giardina et al., 1992; Orphanides et al., 1996; Weber et al., 1997). Notably, hsp70, ß1tubulin, and MtnA each have a canonical TATA element in their promoters. Figure 3-3
shows representative results from an analysis and quantification of DNA recovered from
two independent experiments. ChIP analysis for TBP and TAF250 indicated that the
levels of TBP and TAF250 crosslinking to the promoter regions of hsp70 and ß1-tubulin
in nonheat shocked cells were similar, and enriched compared to the levels crosslinking
to the 3’ regions (Figure 3-3). In contrast, approximately 5-fold less TBP crosslinked to
the MtnA promoter, and the level was comparable on the promoter and 3’ regions of the
gene. Even though the level of TAF250 crosslinked to the MtnA gene was above the
background, it could be from nonspecific interactions since the level of TAF250
crosslinked to the MtnA promoter region and the 3’ region were comparable. Hence, the
absence of NELF and DSIF from the MtnA promoter was most likely due to the
transcriptional incompetence of the promoter caused by the absence of TFIID at the
promoter.
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Figure 3-3. ChIP analysis of TBP and TAF250 on the hsp70, ß1-tubulin, and MtnA genes
in nonheat shocked cells. Crosslinked chromatin from nonheat shocked cells was
subjected to immunoprecipitation with preimmune serum (pre-TBP) or with antiserum
against TBP or TAF250. (A) Representative results obtained from a ChIP analysis. (B)
Quantification of results obtained from two independent ChIP analyses. The 5’ and 3’
regions of each of the three genes correspond to the regions amplified in Figure 3-1 and
Figure 3-2.
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3-4.

Construction of NELF SACO library

My ChIP data revealed that NELF associates with the promoter region of the
hsp70 and ß1-tubulin genes, which have been shown to harbor paused polymerase. To
determine if NELF functions primarily at promoters, I set out to map the distribution of
NELF across the genome. I employed a technique called SACO to identify NELFassociated genes. This method was originally developed by Goodman and colleagues to
obtain a genome-wide assessment of the binding sites for the CREB transcription factor
in vertebrate cells (Impey et al., 2004). The method is based on the isolation of 21 base
pair genomic signature tags derived from the ChIP’ed DNA, which can be localized to
unique sites in the genome. The strength of this approach is that it identifies only those
sequences that are recovered from the immunoprecipitated DNA, thus focusing on
sequences of potential interest.
ChIP analysis revealed that the NELF-E antibody provided more than 20-fold
enrichment for the hsp70 and ß1-tubulin genes as compared to a corresponding
preimmune serum. In addition, NELF-E preferentially associated with the 5’ end of the
hsp70 and ß1-tubulin genes, and no enrichment of NELF-E was detected on the MtnA
promoter. Hence, NELF-E immunoprecipitated DNA appeared to be suitable to identify
NELF-associated promoters using SACO.
The SACO method is illustrated in Figure 3-4. NELF-E ChIP DNA was blunt
ended and ligated to PCR adapters for amplification. To generate genomic tags, the
amplified DNA was digested with NlaIII since this enzyme cleaves genomic DNA
approximately every 130 bp. The resulting DNA was divided into two fractions and
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ligated with two adapters A and B. Adapters A and B contain cohesive 4 base pair
overhangs complementary to the NlaIII-digested DNA, a MmeI recognition site, and a
priming site for PCR amplification. Products of two ligation reactions were digested with
MmeI, which cleaves the DNA 21 base pair downstream from the MmeI recognition site
(TCCGAC site) next to the NlaIII site (CATG site) in the adapter leaving a 2 bp overhang
at 3’ end. The two fractions were ligated to each other and then amplified with ditag
primer A’ and B’ to generate 132 bp ditags. To generate 38 bp ditags which have the
information for two genomic locations, the 132 bp ditags were digested with NlaIII that
was used to cleave the original amplified ChIP DNA. The 38 bp ditags were purified
using polyacrylamide gel electrophoresis and then concatemerized by ligation.
Concatemerized 21 base pair genomic signature tags were cloned into SphI-digested
pGEM plasmid. Tansformants were screened by X-gal blue/white screening.
99 clones that contained genomic signature tags were obtained from the screen,
and 16 out of these clones were sequenced. An example of the sequencing result is shown
in Figure 3-5. The candidate ditags, which might be associated with NELF, were
separated by the NlaIII recognition site CATG. Sequencing analysis identified 184
sequences (listed in Appendix C), and 101 of 184 sequences were mapped to unique
genomic loci in Drosophila. Out of 101 sequences, 32 sequences were located within 1kb
from a transcription start site, 40 sequences in a region of a gene body, and 29 sequences
in the non-coding regions (Table 3-1). Out of the remaining 73 sequences, 25 sequences
corresponded to repetitive sequences (22 sequences corresponded to transposable
elements and 1 sequence corresponded a histone gene). 58 sequences did not exactly
matched with the Drosophila genome, which might be due to sequence polymorphism.
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Figure 3-4. Construction of the SACO library of NELF-E. NELF-E ChIP’ed DNA was
blunt-ended and ligated to PCR adaptors. Following PCR amplification, the DNA was
digested with NlaIII and divided into 2 fractions, and ligated with MmeI adapters A and
B. DNA was bound to streptavidin beads and digested with MmeI. MmeI-digested DNAs
from separate reactions were combined into one reaction and ligated to each other.
Following PCR amplification with biotinylated primers A’ and B’, ditags were released
from streptavidin beads by digesting with NlaIII. Isolated ditags were concatemerized
and then cloned into SphI-digested pGEM-3zf(+). Concatemerized 21 base pair tags were
sequenced to identify NELF-associated DNA sequences. Modified from Impey et al.
(Impey et al., 2004).
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Figure 3-5. An example of sequencing results. Sequencing results were obtained using an
ABI 3730XL DNA analyzer at the Huck Institute's Nucleic Acid Facility (Penn State).
The 38bp ditags, which informs two 21 bp target sequences, are separated by the NlaIII
recognition site CATG shown in the black rectangles.

Regions where genomic
signature tags are located

Number of genomic
signature tags

Number of NELF-associated
sequences by ChIP-chip

5’ region (within 1kb from TSS)
Gene body and 3’ region
Non-coding region
Repetitive sequences
Sequence polymorphism
total

32
40
29
25
58
184

13
5
2
Not determined
Not determined
20

Table 3-1. Summary of SACO analysis. Sequences identified by SACO were mapped to
the Drosophila genome based on FlyBase Release 4.1, and then classified as shown in
the leftmost column. The second column represents the number of sequences identified
by SACO, and the third column represents the number of sequences at which NELF is
detected by ChIP-chip, which is described in the chapter 4.
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3-5.

Identifying candidate genes associated with NELF by re-evaluating with
ChIP

To determine the validity of genomic sequences identified by SACO, I used
standard ChIP experiments to verify the presence of NELF in the regions containing
candidate sequences. Since NELF appears to function primarily on the promoters, I first
tested 11 gene promoters. In addition to promoter regions, five regions from within genes
or at the 3’ end and four non-coding regions were evaluated to determine if SACO
candidates that did not map to promoters were indicative of an unanticipated function.
Re-evaluation by ChIP revealed that NELF appeared to be associated with only 4
gene promoters out of 20 regions. Figure 3-6 shows that NELF associates with the Cct,
Bap170, Nipsnap, and Rap8 promoters. However, NELF was not significantly detected
on the 3’ ends or non-coding regions which were tested. This suggests that many of
DNAs recovered in the SACO library could represent nonspecifically bound DNA.

3-6.

Permanganate genomic footprinting analyses failed to detect paused
polymerase on candidate genes from the SACO analysis.

To determine if paused Pol II was evident in the promoter region of four SACO
candidate genes where NELF was found to be present by ChIP, I analyzed these genes
using the permanganate genomic footprinting assay in Drosophila S2 cells. The
methodology is illustrated in Figure 3-7A. Drosophila Schneider 2 cells were treated with
10 mM permanganate for 1 minute. Genomic DNA was isolated and then treated with
piperidine to cleave the phosphodiester bond of the DNA backbone at thymines oxidized
by permanganate. The sites of cleavage were mapped using ligation-mediated PCR (LM-
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PCR). The resulting patterns of permanganate reactivity were analyzed on DNA
sequencing gels. Since some thymines in double stranded DNA are hyper-reactive in the
absence of protein, the patterns of permanganate reactivity occurring in cells were
compared to the patterns of reactivity occurring with purified DNA (naked DNA).
To test this method in our cell-culture condition, I first mapped the hsp70 and 1tubulin promoters as controls since permanganate previously detected paused Pol II on
these genes in tissue-cultured cells (Giardina et al., 1992). As shown in Figure 3-7B, the
permanganate reactivity at +22 and +30 on the hsp70 gene and the hyper-reactivity in a
region of +36 to +48 from the transcription start site on the 1-tubulin gene in noninduced condition agrees with previous reports.
When permanganate footprinting was done on the four SACO candidate genes,
Cct, Bap170, Nipsnap, and Rap8, no paused Pol II was detected on these genes (Figure
3-8). I note that the level of NELF crosslinking to the SACO candidate genes was
approximately 4-fold less than what was detected on the hsp70 gene. Thus, the low level
of NELF may not be sufficient for pausing to occur or the level of paused Pol II could be
below the level of detection by the permanganate footprinting assay.
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Figure 3-6. ChIP analysis of NELF on candidate genes derived by SACO. (A)
Representative results obtained from a ChIP analysis. The results of 8 out of 20 genes
analyzed by ChIP were shown in the figure. The ChIP results of the rest of genes are
included in the figure 3-6B. (B) Quantification of ChIP results of 20 genes obtained from
at least two independent ChIP analyses. The results of the Bap170, Cct, Nipsnap, Rab8,
and MBD-like genes are from three independent experiments, and the results of other
genes are from two independent experiments. The number in parenthesis represents the
PCR amplified region of each gene.
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Figure 3-7. Testing for paused polymerase with permanganate genomic footprinting. (A)
Methodology of permanganate genomic footprinting. Drosophila Schneider 2 cells were
treated with permanganate (MnO4-) which oxidizes thymines in the single-stranded DNA
in the transcription bubble associated with transcriptionally engaged RNA Pol II.
Genomic DNA isolated from permanganate-treated cells were treated with piperidine,
and then subjected to ligation-mediated PCR (LM-PCR). (B) Permanganate genomic foot
prints for the hsp70 and 1-tubulin genes. Amplified DNA by LM-PCR was run on DNA
sequencing gels. The first two lanes in each panel show the pattern of reactivity of
purified DNA (naked DNA) treated with permanganate as a control. The rightmost lane
in each panel shows the pattern of reactivity occurring cells. 30’’ and 60’’ represent the
duration of permanganate treatment. The numbers on the right of each panel identify the
locations of thymine residues relative to the transcription start sites that have been
annotated in the Drosophila genome.
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Figure 3-8. Permanganate genomic footprints of the SACO candidate genes that were
subsequently shown to associate with NELF by ChIP. This is a representative result from
two independent experiments. Drosophila cells were subjected to permanganate genomic
footprinting and the resulting patterns of reactivity were analyzed on DNA sequencing
gels. The first lane in each panel shows GA markers generated by treating genomic DNA
with formic acid followed by piperidine. The second and third lanes show the pattern of
reactivity of purified DNA (naked DNA) treated with permanganate as a control. The
rightmost lane in each panel shows the pattern of reactivity occurring in cells. The
numbers on the right of each panel identify the locations of thymine residues relative to
the transcription start sites that have been annotated in the Drosophila genome.

50
3-7.

Conclusion

I implemented the SACO procedure to identify novel regions that associate with
NELF. I succeeded in identifying 4 promoter regions that associate with NELF, but 16
other regions I tested appear to represent nonspecific background since ChIP analysis of
individual regions indicated that the signals were similar to those obtained with a
nonspecific antibody. ChIP-chip analysis (described in the next chapter) revealed that
NELF associated with only 20 of 101 unique sequences identified from SACO (Table 31). Hence, I predict that 80% of my NELF-associated candidates are false positives.
SACO was modified from SAGE, which is the quantitative analysis for
determining gene expression by quantifying frequency of sequence tags obtained from
the library. For genome-wide mapping of CREB transcription factor, Impey et al.
obtained approximately 41,000 different sequences matching single loci in the rat
genome and 70 % of these were assigned to unique loci with 2kb windows. To increase
specificity, the authors considered only tags that appeared more than once and finally
assigned 6,302 CREB-binding loci in the genome. They estimated 30% of sequences that
appeared only once were from non-specific binding (Impey et al., 2004). Roh et al. also
employed this technique (it was referred as GMAT, genome-wide mapping technique)
and generated approximately 70,000 sequence tags matched to the yeast genome to
determine the distribution of acetylated histone H3 and H4 in yeast chromatin. Twenty
percent of these sequence tags were considered as noise by evaluating the frequency of
appearance (Roh et al., 2004). Hence, it is likely that a large scale of library could
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provide a way to improve the frequency of finding true NELF-interacting sites by
focusing on those regions that appear more than once.
Rather than attempting to improve the specificity of my immunoprecipitations and
increasing the size of the library, I was fortunate to establish a collaboration with another
laboratory that was using tiling microarrays to analyze chromatin immunoprecipitated
DNA. The results of this collaboration are described in the next chapter.

Portions of this chapter are published in Nucleic Acids Research (Wu et al., 2005).
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CHAPTER 4
GENOME-WIDE ANALYSIS OF NELF AND PROMOTER
PROXIMAL PAUSING

I determined using ChIP that NELF was present in the promoter regions of the
hsp70 and ß1-tubulin genes in Drosophila cells. These genes have Pol II transcriptionally
engaged and concentrated in a region 20 to 50 nucleotides downstream from the
transcription start site (Figure 3-7) (Giardina et al., 1992). Since NELF has been
implicated in promoter proximal pausing at these genes, NELF’s broad distribution on
polytene chromosomes suggests that promoter proximal pausing might occur on a large
number of genes. In chapter 3, I described my effort to identify NELF-target genes using
SACO. While I did succeed in identifying four candidates, the high rate of false positives
drove me to pursue an alternative strategy. I used the ChIP-chip analysis, which
combines the immunoprecipitation of NELF-bound chromatin with DNA microarrays, to
determine the distribution of NELF on DNA in Drosophila cells.

4-1.

ChIP-chip analysis identifies over 2,000 NELF binding sites.

To analyze the distribution of NELF on the genome, I collaborated with Dr. Mark
Biggin at Lawrence Berkeley National Laboratory for microarrays. High-density
affymetrix tiling microarrays, which contained over 3 million non-repetitive 25 bp
oligonucleotide probes representing sequences spaced on average every 35 base pairs on
the 120 Mbp whole Drosophila genome, were probed with two independent DNA
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samples that were isolated by ChIP with antisera against the B and E subunits of NELF
(Figure 4-1). To correct the background of this assay, DNA isolated by ChIP with the
corresponding preimmune antisera was hybridized in parallel to separate arrays. The
ChIP-chip data was analyzed using TiMAT (Tiling Microarray Tool) developed at
Berkeley Drosophila Transcription Network Project to define NELF-bound probes
(http://bdtnp.lbl.gov/TiMAT/). These bound oligo probes were collapsed into contiguous
intervals to determine NELF-binding regions (Figure 4-2). In the Drosophila genome,
over 4,000 separate high confidence intervals with an average size of 3.4kb were
identified above a 1% false discovery rate threshold as being associated with NELF
(Figure 4-1).
Inspection of the data in the UCSC browser clearly showed localized peaks of
NELF projecting from many of the intervals of NELF. To gain insight into the possible
function of these peaks, I identified the location of these peaks throughout the genome,
and analyzed the relationship of these peaks to annotated genes. The peak-finding
algorithm Mpeak was used to identify NELF peaks (Kim et al., 2005). Mpeak fits a
triangle to the data of the hybridization intensity of probes with significant signals in a
contiguous region. Using parameters described in the methods, 2,624 peaks for NELF-B
were identified within 2,014 of 4,300 intervals and 2,987 peaks for NELF-E were
identified within 2,251 of 4,743 intervals (Figure 4-1). The intervals where NELF peaks
were not detected by Mpeak represented low even distributions of NELF. Figure 4-2
provides an example of Mpeak results showing peak found at the promoter of CG5807,
one of the genes with high density of NELF at the promoter region.
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Figure 4-1. Outline of the strategy used to map NELF-binding sites in the Drosophila
genome. Flow chart describes the derivation of the data set from ChIP-chip. The high
density affymetrix tiling arrays were probed with two independent NELF-B and NELF-E
chromatin immunoprecipitated DNAs on the entire Drosophila genome excluding
repetitive DNA sequences. Chromatin immunoprecipitated DNAs with corresponding
preimmune antisera was hybridized in parallel to separate arrays to determine the FDR
(false discovery rate). Using TiMAT developed by the Berkeley Drosophila Transcription
Network Project (http://bdtnp.lbl.gov/TiMAT/), ChIP-chip identified approximately 4000
regions comprising about 400,000 oligonucleotide probes bound by NELF above a 1%
FDR. These data sets were used for further analysis to identify locally concentrated
regions of NELF using Mpeak developed by Kim et al. (Kim et al., 2005). 2,624 NELF-B
peaks and 2,987 NELF-E peaks were localized. Note that there are fewer peaks than
intervals because approximately 50% of intervals (2,286 of 4,300 NELF-B intervals,
2,492 of 4,743 NELF-E intervals) lack a discernable peak of NELF.
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4-2.

NELF-B and NELF-E co-localize at the 5’ end of genes.

I first visually inspected the distribution of NELF by displaying the ChIP-chip
signals in the UCSC genome browser (http://genome.ucsc.edu/). Figure 4-2 provides a
representative view of the results from NELF ChIP-chip analysis in the window of 500
kb in a part of chromosome 3R and a close-up view around the 5’ end of CG5807. The
height of each bar represents the hybridization signal intensity for an individual
oligonucleotide averaged from the microarrays. As shown in Figure 4-2, the distribution
of NELF-B and NELF-E appears to overlap and oligonucleotide signal intensities for
both proteins seem to be similar over various regions of the genome.
To determine the relationship between NELF-B and NELF-E, I compared their
distributions relative to each other. I first analyzed the overlap of NELF-B bound
intervals with NELF-E bound intervals. Figure 4-3A provides the number of overlapping
intervals of NELF subunits with each other by at least 1kb. 3,829 of 4,300 NELF-B
intervals were overlapped with NELF-E intervals and 3,934 of 4,743 NELF-E intervals
were overlapped with NELF-B intervals (p<10-300). Overall, more than 80% of the
intervals harboring one NELF subunit also harbored the other NELF subunit. The
average intensity of intervals associating with only one subunit of NELF was very weak,
so the absence of the other subunit in these intervals could be because the signal was
below the 1% false discovery rate threshold.
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Figure 4-2. A representative view of the results from NELF ChIP-chip analysis. The
ChIP-chip data was displayed with an annotation of the genome using the UCSC
browser. In each panel, the bar graphs for NELF-B and NELF-E represent ChIP-chip
signals at individual probe coordinates. Regions lacking bars represent no statistically
significant signal above the preimmune controls. The numbers at the top of each panel
designate coordinates on chromosome 3R. The top panel shows an example of the result
from NELF ChIP-chip analysis in the 500 kb window and the bottom panel is a close-up
view around the 5’ end of CG5807. Horizontal solid lines below each graph in the bottom
panel indicate an ‘interval’, which is the collapsed region of contiguous bound probes.
Arrows indicate the position of the NELF binding site determined by the peak-finding
program Mpeak (Kim et al., 2005).
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B

C

Figure 4-3. NELF-B and NELF-E co-localize. (A) A Venn diagram showing the overlap
between NELF-B intervals and NELF-E intervals by at least 1kb. The number written in
red is the number of NELF-B intervals overlapping NELF-E intervals. The number
written in blue is the number of NELF-E intervals overlapping NELF-B intervals. The Pvalue for the chance occurrence of this overlap is less than 10-300. In some cases, two
separate regions for one protein overlap one region for the other protein. (B) Scatter plot
showing hybridization intensities of bound probes for NELF-B against the corresponding
intensities for NELF-E. Fifty-six probes with aberrant intensity signals, which were
greater than four times the maximum intensity of 8 neighboring probes, were filtered out
from total of 338,232 overlapping probes. (C) Distance of NELF-B peaks from NELF-E
peaks. NELF-B and NELF-E peaks were located using Mpeak. The locations of 2,624
NELF-B peaks were compared with the locations of 2,987 NELF-E peaks using Penn
State’s Galaxy (http://g2.trac.bx.psu.edu/).
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I also compared the intensities of the probe signals for NELF-B binding regions
with the corresponding signals for NELF-E binding regions (Figure 4-3B). The observed
square of the correlation coefficient (R2) for NELF-B and NELF-E is 0.70, indicating that
the level of NELF-B crosslinked to binding sites are correlated with the level of NELF-E
crosslinked to the region. I compared the location of NELF-B peaks with the location of
NELF-E peaks identified by Mpeak using tools provided at Penn State’s Galaxy
(http://g2.trac.bx.psu.edu/). Almost 60% of NELF-B peaks were located within 100 bp
from NELF-E peaks and approximately 85% of NELF-B peaks were found within 500 bp
from NELF-E peaks (Figure 4-3C). These results together indicate that two subunits of
NELF, NELF-B and NELF-E, colocalize on the genome and suggest that both proteins
function as part of a complex.
Visual inspection of the data revealed that most peaks of NELF were located near
promoters. To quantify where NELF is located along the Drosophila genome, I compared
the location of NELF peaks with transcription units from the assembly ‘Apr. 2004’
(dm2). This assembly was used because it provided the basis for the design of Affymetrix
microarrays. Approximately 85% of these peaks mapped within 500 bp of an annotated
transcription start site (Figure 4-4). This suggests that NELF is located and functions
primarily at the 5’ ends of genes. Inspection of NELF peaks residing further downstream
did not reveal any obvious correlation with 5’ or 3’ splice sites. In addition, there was no
indication that NELF peaked near the 3’ ends of genes. NELF was recently found to be
involved in the 3’ end processing of non-polyadenlyated histone pre-mRNAs (Narita et
al., 2007). However, it was not possible to analyze the relation between NELF and these
repetitive histone genes since non-repetitive oligonucleotides were used as the probes for

59
the microarray. Peaks of NELF which were not located in the promoter region might
correspond to transcription start sites that have not been annotated, like the case of the tai
gene which has the peak about 9kb downstream from the annotated transcription start
site.

Figure 4-4. Position of NELF peaks relative to transcription start sites. The locations of
2,624 NELF-B and 2,987 NELF-E peaks were compared to annotated transcription start
sites (TSS) from the Drosophila genome assembly ‘Apr. 2004’ (dm2) using Penn State’s
Galaxy (http://g2.trac.bx.psu.edu/). To remove redundant matches to more than one site,
NELF peaks within 500 bp downstream from the TSS were first identified and binned.
Then from the remaining NELF peaks, peaks within 500 bp upstream from the TSS were
identified and binned. This process was repeated to encompass the region between -1.5
kb and +1.5 kb. This was based on the distribution of NELF peaks on genes where I
detected a permanganate footprint. Approximately 85% of NELF peaks (2,215 of 2,624
NELF-B peaks and 2,496 of 2,987 NELF-E peaks) were within 500 bp from the
transcription start site.
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4-3.

Correlation between peaks of NELF and Pol II near the beginning of genes

The peaks of NELF in the vicinity of promoters raised the possibility that these
genes might have high densities of Pol II in their promoter regions since the immunostain
pattern of NELF on polytene chromosome overlapped Pol II (Wu et al., 2005). Recently,
Biggin and colleagues (members of the Berkeley Drosophila Transcription Network
project) analyzed the distribution of RNA polymerase II across the genome in stage 14
Drosophila embryos using ChIP-chip. To analyze the relationship between the locations
of Pol II and NELF, I also identified the locations of peaks of Pol II using Mpeak. 2,961
peaks of Pol II were detected over the genome. I determined the frequency with which
these peaks occurred within various distances from the NELF peaks (Figure 4-5). This
analysis revealed that over 50% of Pol II peaks were located within 500 bp from NELF-B
peaks. Vice versa, approximately 50% of NELF peaks were located within 500 bp from
Pol II peaks. This correlation between NELF and Pol II peaks raises the possibility that
NELF could be involved in causing Pol II to concentrate in the 5’ region of many genes
in Drosophila. Cases where peaks of Pol II were not found near a peak of NELF could
reflect differences between embryos and tissue culture cells. For example, paused Pol II
and NELF were detected at the slp1 gene in embryos but not in S2 cells (Wang et al.,
2007).
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Figure 4-5. Analysis of the distance between NELF peaks and Pol II peaks. Pol II ChIPchip data analyzed by Berkeley Drosophila Transcription Network Project was used for
this analysis. Note that chromatin used for immunoprecipitation of NELF was from
Drosophila Schneider 2 cells and for immunoprecipitation of Pol II was from stage 14
embryos. Peak locations for NELF and Pol II were determined using Mpeak. The graphs
show the percentage of NELF or Pol II peaks that were within specific distances of NELF
or Pol II peaks designated on the X axis. (A) Distance of NELF peaks from Pol II peaks.
Approximately 50% of NELF peaks (1,495 of 2,624 NELF-B peaks and 1,563 of 2,987
NELF-E peaks) were within 500 bp of Pol II peaks. (B) Distance of Pol II peaks from
NELF-B peaks. Approximately 50% of Pol II peaks (1,559 of 2,961 Pol II peaks) were
within 500 bp from NELF-B peaks.

62
4-4.

Permanganate genomic footprinting detects paused Pol II on genes with high
levels of NELF, and the footprints coincide with peaks of NELF.

Peaks of NELF detected at the 5’ ends of numerous genes raises the possibility
that a significant number of genes has Pol II paused in the promoter proximal region
similar to what had been detected previously on the hsp70 and 1-tubulin genes. To
determine if paused Pol II was associated with peaks of NELF, I analyzed a subset of
cases using permanganate genomic footprinting.
For selection of candidate genes for permanganate footprinting analysis, I first
focused on the loci with high densities of NELF, based on visual inspection of ChIP-chip
data. Then, I analyzed three genes with a clearly discernable peak of NELF near the
transcription start site (Figure 4-6). As shown in Figure 4-7, footprinting analysis
revealed that the reactivity of thymines in the promoter-proximal region of these genes
was high relative to naked DNA, indicating that Pol II molecules were concentrated in
this region. For CG14709, Pol II was concentrated in a region +11 to +21 nucleotides
downstream of the annotated transcription start site. For CG5807 and CG31531, Pol II
was concentrated in the region of +63 to +84 and +30 to +66, respectively. In contrast to
these three cases, permanganate footprinting failed to detect paused Pol II on 4 genes that
had low, even levels of NELF and has also been identified and confirmed to associate
with NELF in my SACO study (Figure 3-8, Figure 4-6, Appendix D).
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Figure 4-6. Distributions of NELF subunits on selected genes. ChIP-chip data for NELFB and NELF-E are displayed for CG14709, CG5807, CG31531, Bap170, Cct, and
Nipsnap. CG14709, CG5807, and CG31531 are examples where the densities of NELF
are significantly elevated in a 500 bp region at the 5’ end of a gene. Bap170, Cct, and
Nipsnap, which were derived from SACO analysis (described in Chapter 3), are examples
where the densities of NELF are above background but evenly distributed over 2kb.
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Figure 4-7. Permanganate genomic footprints of the CG14709, CG5807, and CG31531
genes. Drosophila S2 cells were subjected to permanganate genomic footprinting, and the
resulting patterns of reactivity were analyzed on DNA sequencing gels. The rightmost
lane in each panel shows the pattern of reactivity occurring in cells and the leftmost lane
shows GA markers. The center lanes show controls done with purified DNA (naked
DNA). 0’’, 30’’, and 60’’ represent the duration of permanganate treatment. The numbers
on the right of each panel identify the locations of thymine residues relative to the
transcription start sites that have been annotated in the Drosophila genome.
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As exemplified in Figure 4-6, inspection of all of ChIP-chip data revealed a
continuum between where NELF was concentrated near the transcription start site and
where it is more evenly distributed. I expanded my permanganate footprinting analyses to
a total of 61 regions with NELF between these two extremes for the purposes of (1)
establishing the correlation between NELF and promoter proximal pausing, (2)
estimating how many genes are likely to have paused Pol II in the NELF-dependent
manner, (3) identifying sequence elements affecting pausing, and (4) investigating the
mechanism of promoter proximal pausing.
For the comparison, I analyzed 4 genes with no detectable NELF. fas was selected
as an example of genes with no NELF detected in Drosophila cells, but with a high level
of Pol II at the promoter region detected using ChIP-chip in the stage 14 Drosophila
embryos (Biggin et al., unpublished). slp1 was analyzed since Pol II and NELF were
detected at the 5’ end in embryos (Wang et al., 2007). CG5399 and CG9598 were
analyzed since the expression of these genes was down-regulated upon depletion of both
NELF-B and NELF-E (Gilchrist et al., 2008). The absence of NELF on these two genes
suggests that the decrease of the mRNA level was an indirect effect. Permanganate
footprinting analyses failed to detect paused Pol II in the region of these 4 promoters with
no detectable NELF (Appendix D).
Fifty-one of the 65 regions analyzed had a clearly discernable permanganate
footprint (Appendix D). NELF has been suggested to inhibit the movement of Pol II
through binding of NELF-E with the nascent transcript as it is extruded from Pol II
(Yamaguchi et al., 2002; Narita et al., 2003). Thus, NELF-binding sites should be near
the footprints. To determine if this was the case, the band intensities from some of the
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permanganate footprints were quantified using semi-automatic footprinting analysis
software, SAFA (Das et al., 2005), and aligned the footprints of 8 genes quantified by
SAFA with the ChIP-chip data in the UCSC browser. The permanganate footprints fell
within regions exhibiting peaks of NELF density (Figure 4-8, Figure 4-12C).
To analyze the relationship between all of my footprints and NELF-B peaks, I
identified the location of the footprints by visual inspection of the data and compared
these to the locations of NELF-B peaks. Permanganate footprints of 50 of 51 genes
having clearly discernable footprints occurred within 500 bp of a NELF-B peak detected
by Mpeak. This distance is well within the limit of resolution of ChIP, since the average
size of the sonicated DNA was about 500 base pairs. The coincidence of footprints with
NELF peaks supports the hypothesis that NELF mediates promoter proximal pausing in
Drosophila and in human cells (Wu et al., 2003; Aida et al., 2006).

67

Figure 4-8. Alignment of permanganate footprints with ChIP-chip data. Permanganate
footprinting data and ChIP-chip data for NELF-B and NELF-E are displayed for
CG14709, CG5807, CG31531, CG31352, CG5060, and scyl. To display permanganate
footprints, band intensities were determined using semi-automated footprinting analysis
(SAFA) software (Das et al., 2005). The enhancement in permanganate reactivity that
occurred in cells was determined by subtracting the band intensities for naked DNA from
the corresponding band intensities obtained from cells. Note that the regions analyzed by
permanganate footprinting are substantially smaller than the regions analyzed by ChIP.
The numbers at the top of each panel are coordinates on the chromosome designated to
the left of each panel.
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4-5.

Extrapolation of ChIP-chip and permanganate footprinting data suggests
approximately 1,000 genes have paused Pol II.

To determine what percentage of regions associated with NELF harbor paused
Pol II, each of the average intensity of intervals was used to define the relative level of
NELF occupation in the regions. I ranked the 4,300 intervals detected by ChIP-chip
according to the average density of NELF-B. Next, I considered where each locus
containing a permanganate footprint resided in this ranking. Of the 65 regions I analyzed,
49 were in the top 1,000 ranking of NELF-B, 12 were from 1,000 to 4,300 ranking of
NELF-B, and 4 had no detectable NELF. The rankings of genes analyzed with
permanganate footprinting and the presence or absence of paused Pol II on the genes are
summarized in table 4-1. For example, CG14709, CG5807, and CG31532, which had
high densities of NELF at the 5’ end of genes, were ranked at 1, 5, and 8. In contrast,
SACO candidate genes Rab8, Bap170, Cctgamma, and Nipsnap, at which NELF was
more evenly distributed, were respectively ranked at 1578, 1872, 2431, and 3470 out of
the 4,300 regions associated with NELF-B.
In 47 of 49 intervals ranked in the top 1,000 intervals with the highest average
density of NELF-B, I was able to locate a permanganate footprint of approximately 30
nucleotides in length. Twenty-one of the regions with footprints were from the top 100 of
the ranking and the rest were scattered from throughout the next 900 in the ranking. Since
47 of 49 from the list of the top 1,000 regions of this ranking with the highest average
density of NELF had a discernable permanganate footprint, I estimate that approximately
1,000 genes in Drosophila harbor a paused Pol II.
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A

B
average intensity of intervals

Mpeak score

KMnO4 tested NELF-B rank
CG14709
1
tai
2
CG5807
5
CG31531
8
CG14253-RC
13
CG31352
18
CG10082
21
CG5060
28
scyl
47
Hsromega
52
LanA
56
CG9008
58
fwd
62
fng
65
Fps85D
70
CG6014
72
D-fos (Kay-RB)
77
Chd64
79
cora
80
CG13893
81
Idh
89
LanB2
101
Psc
103
kek1
120
ppa
122
rho
159
fz
160
D-myc (dm)
162
beta1-tubuin
188
CG9238
194
oaf
201
rpr
204
corto
221
cbt
263
chrb
283
Best1
294
dally
295
path
390
CG8596
507
CG32030
542
CrebA
543
glec
561
bab2
612
mfas
613
hsp26
731
Gpdh
734
CG9924-RE
883
Cct1
925
CG30456
958
Kay-RA
1177
Tollo
1283
Rpl32(RP49)
1495
CG5953
1505
CG13117
1538
Rab8
1578
olf413
1623
Bap170
1872
noc
2322
Cctgamma-RA
2431
syx4
3183
Nipsnap
3470
fas
no B
CG5399
no B
CG9598
no B
slp1
no B

KMnO4 tested NELF-B rank
tai
1
CG5807
8
CG31531
21
CG31352
22
CG14709
25
CG13893
39
CG10082
42
D-fos (Kay-RB)
53
LanA
57
Fps85D
58
fng
62
Best1
67
CG5060
72
D-myc (dm)
80
cora
90
Chd64
97
Hsromega
108
Psc
117
kek1
120
rpr
135
rho
155
fwd
165
CG14253-RC
169
CG6014
177
scyl
180
ppa
187
beta1-tubuin
199
Idh
288
CG9008
301
cbt
327
LanB2
333
CG9238
334
corto
349
oaf
373
chrb
386
Gpdh
389
dally
395
fz
411
CrebA
417
path
520
glec
532
bab2
538
CG32030
559
mfas
710
CG8596
807
Tollo
930
CG9924-RE
938
Cct1
1076
Kay-RA
1292
hsp26
1406
CG30456
1429
CG5953
1464
Rab8
1848
Rpl32(RP49)
1907
Cctgamma-RA
2068
CG13117
2114
Bap170
2365
noc
2496
olf413 No Mpeak
syx4 No Mpeak
Nipsnap No Mpeak
fas
no B
CG5399
no B
CG9598
no B
slp1
no B

KMnO4 footprint detected
No KMnO4 footprint detected

Table 4-1. Table showing the placement of genes analyzed with permanganate
footprinting assay in the ranking (A) for the average intensity of NELF-B intervals and
(B) for the score of peak identified by Mpeak. In each panel, the first column identifies
the gene and whether or not a footprint could be detected following permanganate
genomic footprinting. The second column gives the ranking of the region containing the
gene based on (A) the average ChIP-chip signal intensity for NELF-B or (B) the ranking
of the score of peak by Mpeak near footprints.
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Of 12 regions in the ranking of NELF-B from 3,000 to 4,300 where NELF was
present but more evenly distributed, 8 exhibited little or no evidence of a permanganate
footprint while 4 appeared to have paused Pol II. These cases where NELF is present but
no permanganate footprint is evident suggests that factors in addition to NELF contribute
to promoter proximal pausing. Alternatively, there may still be paused Pol II on these 8
genes but the concentration of Pol II or duration of pausing could be below the level of
detection by permanganate footprinting.
I also used the peak score obtained from Mpeak analysis as an alternative way to
estimate how many loci have paused Pol II. 2,624 loci of NELF-B detected by Mpeak
were ranked according to the peak score, and then genes with footprints were placed in
this ranking (Table 4-1). 45 of 47 cases exhibiting footprints reside within the top 1,000
in the Mpeak ranking, suggesting that most of genes within this collection of 1,000 genes
have paused Pol II. This agrees with the estimation obtained when average intensity of
intervals was used as a criterion for ranking.

4-6.

NELF-associated genes with paused Pol II are enriched for a combination of
TFIID binding sites.

I analyzed the sequences associated with those cases where I detected a
permanganate footprint with the expectation that this might identify cis-acting elements
that are involved in pausing. Lis and colleagues first suggested that the 12 nucleotide
sequence extending from +20 to +31 on the hsp70 gene might play a role in pausing,
since the hsp26 and 1-tubulin genes had a similar sequence associated with their
permanganate footprints (Giardina et al., 1992). To identify conserved motifs among the
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genes where I detected permanganate footprints, three hundred base pairs encompassing
footprints of 51 loci were subjected to MEME analysis (http://meme.sdsc.edu/meme)
(Bailey et al., 2006). The MEME analysis identified a 35 nucleotide conserved motif near
footprint regions in 31 of 51 loci (Figure 4-9, Appendix E, genes with this conserved
motif are marked with an asterisk in Figure 4-10). The conserved sequence appeared to
be a combination of the previously identified initiator element (Inr), motif ten element
(MTE) and downstream promoter element (DPE) (Purnell et al., 1994; Burke and
Kadonaga, 1996; Kutach and Kadonaga, 2000; Smale, 2001; Smale and Kadonaga, 2003;
Lim et al., 2004). The Inr encompasses the transcription start site and has a consensus
sequence TCA+1KTY (K = G or T, Y = T or C) in the region from -2 to +4 in Drosophila,
where A+1 is the transcription start site. The DPE is located between positions +28 and
+32 and has a consensus of RGWYV (R = A or G, W = A or T, Y= T or C, V= G or A or
C). The MTE is located at positions +18 to +29 from the transcription start site in the
core promoter and has a consensus of CSARCSSAACGS (S = G or C, R = A or G).
These core promoter elements are recognized by the general transcription factor TFIID.
The Inr and DPE function cooperatively for the binding of TFIID in transcription
initiation in TATA-less promoters (Burke and Kadonaga, 1996; Kutach and Kadonaga,
2000). The MTE functions with the Inr for transcription, but independently of the TATAbox and DPE. DNaseI footprinting analysis showed that mutation of the MTE in the
absence of DPE resulted in the reduction of TFIID-induced hypersensitive sites,
indicating that the MTE contributes to the interaction of TFIID with the core promoter
(Lim et al., 2004). Importantly, nucleotides at +1, +18 and +29 of the conserved motif
identified by the MEME analysis align with TFIID contacts mapped on the hsp70, hsp26
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and histone H3 promoters by a missing nucleoside analysis (Figure 4-9) (Purnell et al.,
1994). Hence, this motif is likely to be recognized by TFIID, and the presence of the
motif could promote binding of TFIID for efficient transcription initiation.

Figure 4-9. Comparison of conserved motif of putative genes with paused Pol II with
putative TFIID binding sites. Sequence conservation was based on MEME analysis of
529 genes with high levels of NELF and displayed using WebLogo
(http://weblogo.berkeley.edu/). This sequence analysis was done by Cizhong Jiang in Dr.
Frank Pugh’s laboratory (Penn State). Chi-test showed that the conserved motif was
overrepresented in these genes that are likely to have paused Pol II (The p-value is 5.3 x
10-50). The lower sequence is a composite of putative TFIID binding sites derived from a
statistical analysis of 3393 nonredundant Drosophila promoters (Gershenzon et al.,
2006).

To determine if the three TFIID recognition motifs (Inr, MTE, and DPE) were
enriched among promoters with paused Pol II, I compared their occurrences among the
51 genes with permanganate footprints to their occurrences among 3,393 nonredundant
Drosophila promoters previously determined by Gershenzon et al. (Gershenzon et al.,
2006). The result indicates that the occurrence of each element is more frequent in the
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genes with paused Pol II than reported data (Table 4-2). Interestingly, 50% of genes with
paused Pol II have a combination of Inr and DPE whereas only 12% of the nonredundant
sets of Drosophila promoters have this combination.

Motif
Number of genes with element
/ number of genes with footprints

Inr
45 / 51

MTE

DPE

(+18 to +27)

(+28 to +32)

9 / 51

Inr_MTE

Inr_DPE

MTE_DPE

27 / 51

9 / 51

25 / 51

7 / 51

Percentage experimental

88.2%

17.6%

52.9%

17.6%

49.0%

13.7%

Percentage reported

66.5%

10.1%

22.1%

4.3%

11.8%

0.97%

Table 4-2. Occurrence frequency of core promoter elements. The occurrence frequencies
of a core promoter element and the combination of elements detected in 51 genes with
footprints were compared with those derived by statistical analysis of 3,393 nonredundant
Drosophila promoters (Gershenzon et al., 2006). First row in the table lists the core
promoter elements and their combination. Second row identifies the number of genes
with permanganate footprints that contain the indicated elements. Third row identifies the
frequency of each element occurred in the genes with footprints and fourth row identifies
the frequency reported (Gershenzon et al., 2006). For determining the Inr element, only
one nucleotide mismatch to TCA+1KTY (K = G or T, Y = T or C) was allowed, and Inr
elements were detected in 45 of 51 genes. Putative Inr elements with two mismatched
nucleotides are found in the 3 of remaining genes. The putative Inr element of the 3 genes
was one nucleotide mismatched to the sequence deduced by TFIID missing nucleotide
analysis (Appendix F) (Purnell et al., 1994). MTE and DPE found only in the position of
+18 to +27 and +28 to +32 respective to the Inr were counted. Two mismatches for MTE
were allowed, and no mismatch was allowed for DPE. The number of allowed mismatch
was based on Gershenzon et al. (Gershenzon et al., 2006).

Cizhong Jiang in Dr. Frank Pugh’s laboratory (Penn State) expanded this
sequence analysis to the entire Drosophila genome. A conserved motif was found in
approximately 44 % of 529 genes with a high density of NELF and only 18 % of 9,362
genes with no NELF peak in the 1kb regions flanking the annotated transcription start site
from FlyBase database (release 5.2). The conserved motif derived from this analysis was
compared with the putative TFIID binding sites derived from a statistical analysis of
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3,393 promoters (Figure 4-9) (Gershenzon et al., 2006). The conserved motif derived
from genes with NELF peak has the sequence similarity with the initiator, DPE, and
possibly MTE.
Overall, the 35 nucleotide conserved motif is overrepresented in genes with
paused Pol II, suggesting that NELF functions in attenuating promoters with strong
TFIID binding sites. Multiple binding sties of TFIID at the core promoter region might
increase the affinity of TFIID to the promoter, thus shifting the rate-limiting step from the
binding of TFIID to a subsequent step such as promoter proximal pausing. In addition,
the contacts of TFIID downstream from the transcription start might help establish a
promoter architecture that is conducive to pausing.

4-7.

Promoter proximal pausing typically occurs in regions 20 to 50 nucleotides
downstream from an initiator element.

I was interested in determining where Pol II paused relative to the transcription
start site since the proposed mechanism for NELF-mediated pausing requires that Pol II
transcribe at least 18 nucleotides for the nascent transcript to become exposed outside the
elongation complex. Initially, I aligned the permanganate footprints on annotated start
sites but there are cases in which the permanganate footprint is much closer to the start
site or resided much more downstream than expected for NELF-mediate pausing. For
example, Pol II footprints for CG6014, corto, LanA, and rpr began at around the
annotated start site, whereas permanganate footprints for Gpdh and tai were in a region
located approximately 300 bp and 9kb downstream from an annotated start site,
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respectively. These observations alerted me to the possibility that some annotated start
sites were incorrect.

Figure 4-10. Alignment of initiator elements and permanganate footprints. Sequences
from regions encompassing the permanganate footprints were aligned relative to initiator
elements. Those tagged with an asterisk contain the conserved motif shown in Figure 4-9.
Those tagged with # contain the conserved GAGA element shown in Figure 4-12. Three
of the promoters, scyl, ß1-tubulin, and hsp26, lack the conserved initiator so they have
been aligned on the annotated start site. The annotated start sites from FlyBase have been
marked with a thick blue vertical line – note that several cases do not align with an
initiator element. Those cases (Gpdh, tai, and syx4) lacking a thick blue line have
annotated transcription start sites that fall outside the illustrated region. Black vertical
lines mark the locations of hyper-reactive thymines that constitute the permanganate
footprint, and red vertical lines mark positions of remaining thymines. Permanganate
footprinting of the Hsr and hsp26 genes was carried out by Jian Li and Ruopeng Fan in
Dr. Gilmour’s Laboratory (Penn State).
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Consequently, I visually inspected the sequences adjacent to the permanganate
footprints and identified 48 out of 51 sequences with an initiator element located
approximately 20 nucleotides upstream from the beginning of the permanganate
footprint. Figure 4-10 provides the alignment of permanganate footprints of 51 genes
with initiator elements. Scyl, 1-tubulin, and hsp26 lacked the conserved initiator, so the
annotated start sites were used to align these sequences. These three genes lacking an
initiator contained a TATA element that could provide a binding site for TFIID. Black
vertical lines show the location of permanganate hyper-reactive thymines, and most of
permanganate footprints fall within a range of 20 to 50 nucleotides downstream from
putative initiators.
To measure where Pol II typically resides when paused on a promoter, the
frequency of hyper-reactive thymines to permanganate was plotted as a function of the
distance from an initiator. Hyper-reactive thymines and unreactive thymines were given a
score of 1 and 0, respectively. Then, the percentage of hyper-reactive thymines in a 3nucleotide window for all positions was calculated. Figure 4-11 provides the average
percentage of hyper-reactive thymines at each position downstream from the initiator
element for the alignment in Figure 4-10. The graph shows that the midpoint of the start
site proximal edge is about 22 nucleotides from the initiator and the composite footprint
extends to 50 nucleotides from the initiator, indicating that Pol II pauses after transcribing
approximately 30 to 50 nucleotides from the start. This agrees with the observation that
NELF inhibited elongation after Pol II had transcribed 30 nucleotides of an Adenovirus
E4 promoter in a cell-free transcription reaction (Yamaguchi et al., 1999a), thus
strengthening our conclusion that NELF causes Pol II to pause in the promoter proximal
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region. Structural analyses showed that the size of the transcription bubble is
approximately 15 nucleotide and that an 8 nucleotide DNA-RNA hybrid resides in the
forward half of the bubble (Kireeva et al., 2000; Wang et al., 2006). Ribonuclease
footprinting revealed that an 18 nucleotide-long nascent transcript is sequestered in the
polymerase (Gu et al., 1996). Based on these observations, our result suggests that Pol II
pauses after the nascent transcript is at least 30 nucleotides long and that at least a 10
nucleotide long RNA extruded from the elongation complex might be sufficient for the
binding of NELF-E for blocking the movement of Pol II.

Figure 4-11. Average percentage of hyper-reactive thymines at each position relative to
the initiator element. For the aligned sequences in Figure 4-10, thymines in the regions
encompassing the permanganate footprints were given a score of 1 if judged to be hyperreactive and 0 if not. Then, the percentages of hyper-reactive thymines in a 3 nucleotide
window for all positions were calculated, and each value at the center nucleotide of the 3
nucleotide window was plotted as a function of distance from the adenine in the initiator.
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4-8.

RNA secondary structure does not appear to contribute to promoter
proximal pausing.

To determine if RNA secondary structure contributes to the pause as observed in
bacteria (Landick, 2006), I analyzed the folding potential for the region of each nascent
transcript that would be exposed from the elongation complex. M-fold analysis (Zuker,
2003) failed to detect evidence of substantial secondary structure. This suggests that the
nascent transcripts associated with the paused Pol II are unlikely to form stable secondary
structures and that interaction of NELF with the nascent transcript is independent of RNA
secondary structure. This agrees with a previous observation that NELF binds to various
RNAs including some with substantial secondary structure and some without
(Yamaguchi et al., 2002).
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4-9.

ChIP-chip analysis indicates that 40% of genes with NELF associate with
GAGA factor.

My MEME analysis also identified the GAGA element as a motif that was
conserved among promoters where I mapped a permanganate footprint (Figure 4-12A).
At least one GAGA element was detected in a region of three hundred base pairs
encompassing permanganate footprints in 28 of 51 promoters (Figure 4-10, promoters
with the GAGA element are marked with a # in Figure 4-10). The GAGA motif is
recognized by GAGA factor. GAGA factor is a relatively abundant DNA binding protein
first implicated in the transcription of genes involved in early Drosophila development
(Biggin and Tjian, 1988; Soeller et al., 1993), and subsequently found to associate with
the heat shock genes (Gilmour et al., 1989). Mutation of the GAGA element in the hsp70
gene decreases the level of paused Pol II, and insertion of a GAGA element into a
transgene causes the appearance of paused Pol II (Lee et al., 1992; Shopland et al., 1995;
Wang et al., 2005). Hence, my sequence analysis raised the possibility that GAGA factor
could have a role in pausing Pol II on numerous promoters.
Detection of the GAGA element motivated me to determine the association of
GAGA factor on the promoter regions with paused Pol II. I previously showed that
GAGA factor was enriched at the 5’ region of hsp70 using ChIP. Bryan Venters in Dr.
Frank Pugh’s laboratory (Penn State) subjected GAGA factor ChIP’ed DNA that I had
prepared to microarray analysis in order to determine the distribution of GAGA factor
across the entire genome. The ChIP-chip data was analyzed using MAT (Model-based
Analysis of Tiling-arrays) software (Johnson et al., 2006) and peaks were called using a
1% false discovery rate threshold.
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B

C

Figure 4-12. Analysis of the distribution of GAGA factor. (A) Conserved sequence motif
identified in the vicinity of regions with a permanganate footprint. P-values for regions
containing this motif were 3.76 x 10-5 or less. (B) Distribution of GAGA factor binding
sites relative to transcription start sites. The locations of 2,907 GAGA factor binding sites
were compared to annotated transcription start sites (TSS) from the Drosophila genome
assembly ‘Apr. 2004’ (dm2) using tools provided at Penn State’s Galaxy
(http://g2.trac.bx.psu.edu/). To remove redundant matches to more than one site, GAGA
factor peaks within 500 bp upstream from the TSS were first identified and binned. Then
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from the remaining GAGA factor peaks, GAGA factor peaks within 500 bp downstream
from the TSS were identified and binned. This process was repeated to encompass the
region between -1.5kb and +1.5kb. This was based on the distribution of GAGA factor
peaks on genes where I detected a permanganate footprint. 56% of GAGA factor peaks
(1,641 of 2,907 GAGA factor peaks) were within 1kb from the transcription start site in
the graph. (C) Distributions of GAGA factor on the tai and D-fos genes. Panel C shows
tracks of the distributions of paused Pol II, NELF-B and GAGA factor on the tai and Dfos-RB genes as determined by permanganate footprinting and ChIP-chip. The footprint
region of tai is approximately 9 kb downstream from the annotated transcription start site.
Nevertheless, the presence of an initiator element (Figure 4-10) indicates this could be a
transcription start site.

ChIP-chip analysis identified 2,707 loci in the Drosophila genome with GAGA
factor. I compared the location of GAGA factor peaks with transcription units from the
assembly ‘Apr. 2004’ (dm2) to quantify where GAGA factor is located along the
Drosophila genome. Fifty-six percent of these peaks mapped within 1kb of an annotated
transcription start site (Figure 4-12B), suggesting that GAGA factor is located and
functions primarily at the 5’ ends of genes.
To assess the relationship between GAGA factor, NELF, and promoter proximal
pausing, I determined the association of GAGA factor on genes with permanganate
footprints. 43 of 51 locations where paused Pol II was detected by permanganate
footprinting were within 1kb of a peak of GAGA factor. All of 28 permanganate footprint
containing genes which were identified with a GAGA element also turned out to have
GAGA factor. Figure 4-12C provides examples of the locations of GAGA factor along
with the locations of NELF-B and permanganate footprints. The tai gene was selected as
an example since the footprint region is approximately 9kb downstream from the
annotated transcription start site. The detection of NELF, GAGA factor, paused Pol II,
and a conserved initiator element predicts that the paused Pol II located 9 kb downstream
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from the annotated transcription start site of the tai gene initiates at a nearby promoter
that had not been previously identified. Like its mammalian counterpart, genomic
footprinting detected paused Pol II on D-fos (Figure 4-12C), and this is linked to the
presence of GAGA factor.
To assess the potential link between GAGA factor and pausing across the
genome, I analyzed the overlap of NELF-B bound intervals with GAGA factor bound
intervals. Figure 4-13A shows the relationship of NELF-B intervals and GAGA factor
intervals that overlap by at least 200 base pairs. Thirty-six percent (2,746 of 4,300) of
NELF-B intervals overlapped with GAGA factor intervals (p=10-196). Previously, I
estimated that most of regions in the top 1,000 ranking of NELF-B intervals have paused
Pol II whereas it is less probable to detect paused Pol II in those regions below the 1,000
rank. This prediction led me to compare the relationship of both proteins in the upper and
lower rankings of the NELF-B intervals. Significantly, 657 of the top 1,000 NELF-B
intervals overlapped with GAGA factor intervals (p=10-293). In contrast, 176 of the
bottom 1,000 NELF-B intervals overlapped with GAGA factor (p1), a frequency that
could have occurred by chance. I also analyzed the overlap of genes with NELF peaks
and genes with GAGA factor peaks. I collected genes with top 1,000 NELF-B Mpeak
within 500 bp of the transcription start site and all the genes with GAGA factor within
1kb of the transcription start site. Fifty-six percent of genes with top 1,000 NELF-B
Mpeak (528 of 938) were found to be associated with GAGA factor (p<10-300) (Figure 413B). In addition, I compared all the genes with NELF-B and NELF-E peaks (2,111)
with all the genes with a peak of GAGA factor. Approximately 40% of these genes (832
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of 2,111) were found to be associated with GAGA factor (Figure 4-13C). These results
together suggest that GAGA factor is involved in setting up paused Pol II on many genes.

A

B

C

Figure 4-13. Comparison of NELF and GAGA factor distributions. (A) Venn diagram
displaying the overlap between NELF-B intervals and GAGA factor intervals by at least
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200 bp. Of a total of 4,300 intervals identified by ChIP-chip analysis, the top 1,000 and
bottom 1,000 intervals of NELF-B in the ranking, were separately used for the analysis.
The number written in red is the number of NELF-B intervals overlapping GAGA factor
intervals. The number written in blue is the number of GAGA factor intervals
overlapping NELF-B intervals. The P-value for the overlap was shown in the bottom of
each panel. (B) Venn diagram displaying the overlap between genes with top 1,000
NELF-B Mpeak and genes with GAGA factor peaks. Genes with a NELF-B Mpeak in
the top 1,000 ranking within 500 bp of the transcription start site and genes with a GAGA
factor MAT peak within 1kb of the transcription start site were collected. These criteria
were based on the distribution of NELF and GAGA factors on genes with permanganate
footprints. 50 of 51 genes with footprints had a NELF peak within 500 bp of the
transcription start site and 43 of 51 genes with footprints had a GAGA factor peak within
1kb of the transcription start site. (C) Venn diagram displaying the relationship between
genes associated with NELF-B, NELF-E, and GAGA factor. Separate lists were compiled
for genes that had a peak of NELF-B or NELF-E within 500 bp of the transcription start
site or a GAGA factor MAT peak within 1kb of the transcription start site.

4-10. The relationship between NELF and gene expression levels

NELF has been proposed to function as a repressor of gene expression in vivo
(Aiyar et al., 2004; Aida et al., 2006). Depletion of NELF with RNAi increased the
expression of junB and c-fos about 2-fold both before and after induction by IL-6 (Aida et
al., 2006). The estrogen receptor recruits NELF to repress the transcription of estrogen
responsive genes after induction (Aiyar et al., 2004). Hence I was interested in
determining whether NELF-mediated promoter proximal pausing correlated with gene
repression. Using genome-wide expression data for Drosophila Schneider 2 cells
determined by Rehwinkel et al. (Rehwinkel et al., 2006), the level of NELF on genes
with footprints was compared with their expression level. No correlation was detected
between the level of NELF-B and the level of expression for genes with paused Pol II (R2
= 0.0001) (Figure 4-14). In addition, when genes were separated into four quartiles based
on the level of expression, 39 of the 50 genes with paused Pol II were found to be in the
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upper 2 quartiles of expression (Table 4-3). This suggests that there is no correlation
between the level of gene expression and the level of NELF in the region for genes with
footprints and that the presence of paused Pol II does not correlate with gene repression.
To further test this conclusion, I expanded the analysis to the Drosophila genome.
I ranked approximately 14,000 transcription units according to their expression levels
(Rehwinkel et al., 2006), and divided them into bins of 10 percentile increments. Then,
the percentage of genes in each bin that had a NELF peak within 500 bp of transcription
start site was determined. The result showed that the frequency of genes associated with
NELF increased as the level of expression increased (Figure 4-15). Surprisingly,
approximately 45% of genes expressed above the ninetieth percentile appear to be
associated with NELF whereas only 2% of genes expressed below the tenth percentile
appear to be associated with NELF. This indicates that the paused Pol II does not
necessarily represent a repressed state. In some cases, NELF inhibits elongation, but in
many cases of actively transcribed genes, promoter proximal pausing might occur
transiently. This transient pause could be a check point for proper mRNA processing such
as capping and recruitment of P-TEFb during early elongation as proposed by Reinberg
(Sims et al., 2004).
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Figure 4-14. Scatter plot of the level of NELF and the expression level of genes tested
with permanganate genomic footprinting. Green squares denote genes with permanganate
footprints and red dots denoted genes with no permanganate footprint. Only 60 of the 65
genes footprinted were plotted because the levels of NELF-B for the fas, CG5399,
CG9598, and slp1 genes were below the 1% FDR, and expression data for the noncoding
RNA gene, Hsromega, was not available. The X-axis represents the average ChIP-chip
signal intensity of NELF-B interval (log2 value) associated with a gene. The Y-axis
represents the corresponding expression (log2 value) in Drosophila cells (Rehwinkel et
al., 2006). The straight line is the least square regression line of the data points of genes
with paused polymerase (green squares). R-squared value is 0.0001.
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Expression level
75 to 100 percentile
50 to 75 percentile
25 to 50 percentile
0 to 25 percentile

-

Genes with MnO4
footprints
24
15
8
3

Genes lacking MnO4
footprints
7
3
2
2

-

Table 4-3. Distribution of expression levels associated with permanganate footprinted
promoters. Data from Rehwinkel et al. (2006) was used to rank genes into quartiles
according to their levels of expression. The numbers in columns 2 and 3 indicate the
number of genes permanganate footprinted that occurred in each quartile. Column 2
corresponds to genes that exhibited a permanganate footprint; column 3 corresponds to
genes that did not exhibit a permanganate footprint. Only 64 of the 65 genes footprinted
are listed because expression data for the noncoding RNA gene, Hsromega, was not
available.

Figure 4-15. Analysis of the relationship between gene expression levels and NELF.
Data from Rehwinkel et al. (2006) was used to rank 13,701 genes according to expression
level. The percentage of genes in each bin of 10 percentile with a NELF-B peak
(n=2,624) within 500 bp of the transcription start site was plotted against the percentile of
expression. Each bean contains approximately 1,370 genes.
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4-11. NELF-mediated promoter proximal pausing might have a positive role in
regulating a subset of genes.

Recent results have identified many genes in cells that exhibit reduced expression
when a subunit of NELF is depleted by RNAi (Aiyar et al., 2007: Narita et al., 2007;
Gilchrist et al., 2008). Microarray analysis of gene expression changes in HeLa cells
identified 112 genes up-regulated and 192 genes down-regulated by depletion of NELF-E
(Narita et al., 2007). Microarray analysis of gene expression changes in breast cancer
cells caused by siRNA-mediated depletion of NELF-B identified 84 genes that increased
expression and 50 genes that decreased expression. In a subset of genes further analyzed
by ChIP, one of the genes found to decrease expression appears to be a direct target of
NELF (Aiyar et al., 2007). A similar analysis was done on Drosophila cells. When both
NELF-B and NELF-E were depleted with RNAi, the expression of 241 transcripts was
significantly altered; expression of 71 genes increased and expression of 170 genes
decreased following NELF depletion (Gilchrist et al., 2008). Genes whose transcript level
increased upon RNAi treatment against NELF as NELF-repressed genes and referred to
genes whose transcript level decreased upon RNAi treatment against NELF as NELFstimulated genes. My ChIP-chip data detected NELF on 40 of 71 NELF-repressed genes
and on 96 of 170 NELF-stimulated genes, indicating this subset of genes could be direct
targets of NELF.
To test for the presence of paused Poll II on both NELF-repressed genes and
NELF-stimulated genes, I analyzed several genes whose expression changed after
depletion of NELF. CG5807, CG10082, CG9008, rho, oaf, and mfas are examples of the
class of NELF-repressed genes (genes up-regulated following depletion of NELF), and
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CG14253, CG30456, and syx4 are examples of the class of NELF-stimulated genes
(genes down-regulated following depletion of NELF). NELF was detected on these
promoters by ChIP-chip and paused Pol II was also detected on these genes by
permanganate footprinting (Appendix D). This result suggests promoter proximal pausing
mediated by NELF could either repress or stimulate transcription in vivo. I also analyzed
CG13117 and CG5399 of which expression levels decreased when the level of NELF
was reduced. However, both NELF and paused Pol II were not detected on these
promoters, indicating their expression change was probably due to indirect effects
(Appendix D).
Further investigation by Gilchrist et al. suggests that promoter proximal pausing
of Pol II might maintain a Pol II-accessible chromatin structure at NELF-stimulated
promoters to aid in subsequent association of Pol II during activation (Gilchrist et al.,
2008). In support of this model, depletion of NELF increased the occupancy of Histone
H3 and decreased H3-K4 trimethylation significantly only at NELF-stimulated genes.
Further support for the idea that the paused Pol II helps maintain an open chromatin
structure is provided by evaluations of the DNase I hypersensitivity of NELF-stimulated
and NELF-repressed genes. The DNase I sensitivity significantly decreased upstream of
the transcription start site of the NELF-stimulated genes in NELF-depleted cells whereas
no significant change in DNase I sensitivity was found in the NELF-repressed genes
following NELF-depletion (Gilchrist et al., 2008).
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4-12. Promoter proximal pausing might regulate expression of the slp1 gene during
development.

The sloppy-paired-1 (slp1) gene, which is involved in Drosophila segmentation,
is regulated by pair-rule transcription factors during early embryogenesis. The
segmentally repeated expression of slp1 is activated and repressed by Runt. The
combination of Runt and Opa (Odd-paired) is required for slp1 activation in the posterior
half of odd-numbered parasegments whereas the combination of Runt and Ftz (Fushi
tarazu) represses slp1 expression in the anterior half of even-numbered parasegments
(Swantek and Gergen, 2004). Ectopic coexpression of both Runt and Ftz in embryos
results in uniform slp1 repression in all blastoderm nuclei (Swantek and Gergen, 2004;
Wang et al., 2007). ChIP analysis revealed that Pol II was concentrated at the 5’ end of
slp1 in wild-type and slp1-repressed blastoderm stage embryos and that the level of
serine 5-phosphorylation of Pol II at the 5’end of slp1 was not reduced in the repressed
embryos relative to that in wild-type embryos. This phosphorylation state of Pol II at the
slp1 promoter in the repressed state matches that of the Pol II associated with the hsp70
promoter prior to heat shock suggesting that there might be paused Pol II at the slp1
promoter. In support of this, NELF was also found to be associated with the slp1
promoter in wild-type embryos (Wang et al., 2007). In contrast, NELF was not detected
in the promoter region of slp1 in S2 cells by ChIP-chip analysis. These suggest that slp1
repression occurs at a step following transcription initiation and NELF regulates slp1
elongation in the blastoderm embryo, but that a different repression mechanism represses
slp1 in S2 cells.
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To determine if NELF is involved in repressing the slp1 promoter during
development, Xiaoling Wang from Dr. Peter Gergen’s laboratory (SUNY at Stony
Brook) and I tested for the presence of paused Pol II in the slp1 promoter in S2 cells and
3-4 hour aged embryos with permanganate footprinting. The results revealed that there
was permanganate hyper-reactivity at +15, +28, +30, +38, and +50 downstream from
transcription start site in embryos (Figure 4-16). There was no significant difference in
the pattern of footprints between the wild-type and slp1-repressed embryo samples,
indicating that the hyper-reactivity was not from active transcription of slp1. In contrast,
paused Pol II was not detected in S2 cells. This observation suggests that NELF-mediated
promoter proximal pausing regulates transcription elongation of a segment polarity gene,
slp1, during embryonic development. The absence of Pol II from the slp1 promoter of S2
cells suggests that repression of the gene in these cells occurs at a step preceding
transcription initiation. In accordance with this hypothesis, polycomb group proteins,
which are thought to set up a repressive chromatin structure, are detected on the slp1
promoter in S2 cells (Schwartz et al., 2006).
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Figure 4-16. Permanganate genomic footprints of the slp1 gene. Drosophila S2 cells (the
left panel) and 3-4 hour aged wild-type and slp1-repressed (R+F) embryos (the middle
panel) were subjected to permanganate genomic footprinting, and the resulting patterns of
reactivity were analyzed on DNA sequencing gels. R+F denotes Runt + Ftz ectopic coexpressed embryos, which results in uniform repression of slp1. In each of these panels,
the leftmost lane shows GA markers and the next three lanes show controls done with
naked DNA. The rightmost lane in the left panel shows the pattern of reactivity occurring
in S2 cells, whereas the right two lanes in the right panel show the pattern of reactivity
occurring in wild type and R+F embryos. The numbers on the right of each of these
panels identify the locations of thymine residues relative to the transcription start site that
has been annotated in the Drosophila genome. The far right panel presents band
intensities determined using SAFA software (Das et al., 2005). The relative intensity of
each thymine residue is the ratio of the intensity for each experimental sample relative to
the intensity for 30 second-treated, naked DNA. This figure was generated by Xiaoling
Wang from Dr. Peter Gergen’s laboratory (SUNY at Stony Brook) (Wang et al., 2007).
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4-13. Conclusion

I performed ChIP-chip analysis of NELF to determine its distribution in the
Drosophila genome and then performed permanganate genomic footprinting on a subset
of genes based on the presence of NELF to investigate the relationship between NELF
and promoter proximal pausing of Pol II. Together with computational analysis and
comparison of NELF and gene expression, the results indicate that NELF is associated
with paused Pol II at many actively transcribe genes and paused Pol II resides typically
20 to 50 nucleotide from transcription start site. This strongly supports the hypothesis that
NELF mediates promoter proximal pausing at many genes and that the pause might be a
transient intermediate during the transcription cycle. In addition, both sequence analysis
and ChIP-chip for GAGA factor indicates that GAGA factor frequently associates with
genes containing paused Pol II.

Portions of this chapter are published in Genes & Development (Wang et al., 2007) and
Molecular and Cellular Biology (Lee et al., 2008), and will be published in Genes &
Development (Gilchrist et al., 2008).
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CHAPTER 5
DISCUSSION

5-1.

ChIP-chip appears to be more efficient than SACO to identify transcription
factor binding sites.

I employed both SACO and ChIP-chip methods to determine the genomic
distribution of NELF in Drosophila Schneider 2 cells. Both of these methods use ChIP as
the first step, but they differ in the method utilized to map the specific locations of a
protein. In the SACO technique, sequences that are recovered from immunoprecipitated
DNA were compared to the known genomic sequence to determine the binding regions of
the protein of interest. ChIP-chip identifies the protein binding regions on the genome by
hybridizing the ChIP’ed DNA to genomic sequences spotted on a microarray. A major
strength of SACO over ChIP-chip was that at the time it was developed, it could analyze
the binding region on the whole genome, whereas ChIP-chip could look only at part of
the genome due to limitations of the microarray technique (Impey et al., 2004; Roh et al.,
2004). However in the SACO technique, the presence of nonspecifically bound DNA in
the immunoprecipitate interfered with the analysis. SACO requires large scale
sequencing for determining the frequency of genomic tags from the library as well as
further verification by ChIP to distinguish non-specific DNA sequences from
immunoprecipitated DNA. In the ChIP-chip technique, signals arising from DNA
immunoprecipitated with the preimmune serum represent background and can easily be
subtracted from the signals obtained with the immuoprecipitated DNA. In addition,
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carrying-out multiple independent experiments with a single protein is not a feasible
option with the SACO technique, thus there could be a high rate of false discovery.
Overall, ChIP-chip is a more efficient method for genome-wide mapping of transcription
factors of interest, especially with the development of whole genome microarrays.

5-2.

Promoter proximal pausing occurs on many genes in Drosophila.

It has been known for many years that Pol II pauses in the promoter proximal
region of a relatively small number of genes in animal cells. These cases challenge the
prevailing paradigm for understanding gene regulation in eukaryotes, primarily based on
yeast work, that Pol II recruitment to a promoter appears to be the target of transcription
regulation. Here, our results establish that many genes in Drosophila harbor paused Pol II
in the promoter proximal region and that promoter proximal pausing might be a common
phenomenon in transcription control. This prediction is based on our permanganate
footprinting analysis of a subset of genes identified by ChIP-chip analysis to be
associated with the negative elongation factor, NELF, which has been implicated in
promoter proximal pausing for the Drosophila hsp70 gene and human JunB gene (Wu et
al., 2003; Aida et al., 2006)
Our ChIP-chip analysis showed that both NELF-B and NELF-E are concentrated
in the promoter regions of 2,111 genes. This wide-spread distribution of NELF agrees
with previous immunofluorescence data showing that NELF was broadly distributed on
Drosophila polytene chromosomes (Wu et al., 2003; Wu et al., 2005). The presence of
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NELF at these genes within 500 bp of the transcription start site raises the possibility that
NELF regulates gene expression during an early stage in transcription elongation.
The relationship between the presence of NELF and promoter proximal pausing
was determined using permanganate genomic footprinting. I analyzed 61 regions where
NELF was detected by ChIP-chip and paused Pol II was detected at 51 loci. The data was
extrapolated to predict how many genes are likely to have paused Pol II in the promoter
proximal region. Forty-five of 47 genes selected from the top 1,000 regions with high
density of NELF as judged by the peak-finding algorithm Mpeak were found to harbor
paused Pol II. This suggests NELF is linked to the promoter proximal pausing at at least
1,000 genes in Drosophila.
Recently, the distribution of Pol II across the genome in S2 cells was determined
using ChIP-chip (Muse et al., 2007). The analysis identified 1,014 genes that have
unusually high concentrations of Pol II at the 5’ end and were predicted to have “stalled”
Pol II in the promoter proximal region (this stalled Pol II was referred to as PPEP,
promoter proximal enrichment of polymerase). Further examination of 200 of the PPEPgenes showed that depletion of NELF with RNAi changed the distribution of Pol II on
115 of the 200 genes (Muse et al., 2007). Comparison of my NELF data with the Pol II
data reveals a remarkable concordance between NELF-associated genes and those with
stalled Pol II (Figure 5-1). 57% of genes from the top 1,000 ranked NELF Mpeak were
matched with PPEP-genes (Figure 5-1A). In addition, 80% of PPEP-genes with stalled
Pol II were matched with all the NELF-associated genes (Figure 5-1B). Moreover, 43 of
the 51 genes with permanganate footprints were categorized as genes with both NELF
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and stalled Pol II. This further supports the hypothesis that NELF is involved in
concentrating Pol II in the promoter proximal regions of many genes.

A

B

Figure 5-1. The relationship between NELF-associated genes, GAGA factor-associated
genes, and genes with stalled Pol II. Genes with GAGA-factor and genes with stalled Pol
II were overlapped with genes with top 1,000 NELF-B Mpeak (A) and all genes with
both NELF-B and NELF-E Mpeak (B). NELF-associated genes and GAGA factorassociated genes were identified as described in Figure 4-13. Genes with stalled Pol II
were identified by Muse et al. (Muse et al., 2007). Only 983 of the 1,014 genes with
stalled Pol II could be matched up with our set of 13,745 genes.
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5-3.

Insight into the mechanism of promoter proximal pausing

5-3.1 Promoter proximal pausing versus arrest

The current model of how NELF causes promoter proximal pausing challenges a
recent report about the effect of TFIIS on the regulation of the hsp70 gene (Adelman et
al., 2005). TFIIS appears to be required for rapid release of Pol II from the hsp70
promoter during heat shock. The observations that depletion of TFIIS slowed the rate of
induction of the hsp70 gene in vivo and that removal of negative elongation factors with
sarkosyl did not resume elongation of halted Pol II within initially transcribed regions of
hsp70 in vitro raise the possibility that Pol II stalled in the proximal region of hsp70
might be arrested (Adelman et al., 2005). In vitro, the arrest is an enzymatically inactive
state in which Pol II does not resume elongation without TFIIS. TFIIS rescues the Pol II
from arrest by causing Pol II to cleave the misaligned 3’ end of nascent transcript (Fish
and Kane, 2002).
Biochemical analyses showed that Pol II was prone to arrest when the nascent
transcript was 20 to 50 nucleotides long (Ujvari et al., 2002). Landick and colleagues
recently proposed that NELF and DSIF inhibit TFIIS-stimulated transcript cleavage by
blocking the binding of TFIIS with Pol II (Palangat et al., 2005). This indicates that Pol II
could have the intrinsic property of arresting in the promoter proximal region and NELF
could block rescue from the arrested state by inhibiting TFIIS. This mechanism is distinct
from the model in which NELF inhibits elongation by preventing the nascent transcript
from being extruded from elongation complex.
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The arrest model derived from Adelman and Landick stands in conflict with many
studies in which Pol II is detected at the promoter using nuclear run-on assays. Nuclear
run-on assays detect paused Poll II in the promoter proximal region by releasing the Pol
II into a transcriptionally active state with sarkosyl (Lis, 1998). If the Pol II was arrested,
sarkosyl should not release the Pol II since sarkosyl inhibits TFIIS.
Though my in vivo permanganate footprinting data can not provide direct
evidence to distinguish whether Pol II has paused or arrested, the location of the
footprints leads me to favor the model in which Pol II has paused. Analysis of the pattern
of permanganate reactivity revealed that the composite footprint of 51 genes spanned a
region from 20 to 50 nucleotides downstream from an initiator element. This indicates
that Pol II stops when the nascent transcript is longer than 30 nucleotides, in agreement
with high resolution mapping of nascent transcripts associated with paused Pol II on the
hsp70 and hsp27 promoters (Rasmussen and Lis, 1993; Rasmussen and Lis, 1995), and
with where permanganate footprints have been previously detected on several other genes
(Giardina et al., 1992; Krumm et al., 1992; Plet et al., 1995; Aida et al., 2006; Zhang et
al., 2007a). In contrast, in vitro studies indicate that arrested Pol II resides much closer to
the transcription start site (Pal et al., 2001; Ujvari et al., 2002; Palangat et al., 2005). Pol
II elongation complexes stalled after transcribing 22 to 32 nucleotides were observed to
backtrack upstream to the start site. Importantly, examination of TFIIS-induced transcript
cleavage revealed that only 12 to 13 nucleotide long transcripts remained in the
elongation complex following cleavage of backtracked transcript (Pal et al., 2002; Ujvari
et al., 2002). Based on these observations, if Pol II was arrested on the genes I tested, the
proximal edge of footprints should start around 5 nucleotides downstream from the
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transcription start site. Hence, my footprinting results are inconsistent with the behavior
of arrested Pol II in vitro.
Previously, Kireeva et al. reported that Pol II backtracks when it begins
transcribing through a nucleosome and TFIIS allows the Pol II restart elongation (Kireeva
et al., 2005). Based on this report and my footprinting results, I propose that TFIIS
functions downstream from the promoter proximal region when Pol II encounters the first
nucleosome. One possible approach to test this hypothesis is to analyze the impact of
depleting TFIIS on the behavior of Pol II by monitoring transcriptionally engaged Pol II
in cells with permanganate footprinting. If the stalled Pol II occurring in vivo is in the
paused state on hsp70 promoter prior to heat shock and TFIIS is involved in overcoming
nucleosome blockage following heat shock, permanganate footprinting should detect the
accumulation of Pol II further downstream from the promoter proximal region in TFIISdepleted cells following heat shock induction.

5-3.2 NELF is not sufficient: additional factors are likely to contribute to promoter
proximal pausing

Our results show that the presence of a paused Pol II correlates with the presence
of NELF on at least 1,000 genes. Nevertheless, 10 genes of the ones I tested associated
with NELF but produced no detectable permanganate footprints in the promoter proximal
region. NELF reduces the rate of elongation in vitro but does not completely stop Pol II
(Yamaguchi et al., 1999a; Cheng and Price, 2007). Hence, the presence of NELF might
not be sufficient to establish paused Pol II and additional factors could be involved in
pausing Pol II in the promoter proximal region.
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The chromatin structure could contribute to the stability of the pause.
Nucleosomes block elongation by Pol II in vitro (Izban and Luse, 1991; Kireeva et al.,
2002), and there is an evidence that chromatin structure is involved in pausing on the
mammalian hsp70 gene (Brown et al., 1996; Corey et al., 2003). This disagrees with the
observation that pausing occurred on the Drosophila hsp70 promoter in the absence of
reconstituted chromatin in vitro (Benjamin and Gilmour, 1998), but the discrepancy
could be due to the differences between the availability of factors in cells and in the cellfree system. Recent genome-wide mapping of H2A.Z-containing nucleosomes in
Drosophila reveals that the proximal edge of the +1 nucleosome at the 5’ ends of genes is
located at approximately +62 relative to transcription start site (Mavrich et al., 2008).
Thus the border of the +1 nucleosome is adjacent to the position of paused Pol II. In
addition, genome-wide analysis of Pol II bound to mononucleosome revealed that the Pol
II at paused genes is concentrated at the +1 nucleosome (Mavrich et al., 2008). Hence,
the presence of a nucleosome in front of Pol II could be linked to the promoter proximal
pausing.
Recent data from our lab suggests that factors modulating chromatin structure
play a role in stabilizing paused Pol II. First, mutation of a large subunit of NURF, a
member of the ISWI family of ATP-dependent chromatin remodeling factor, did not
impair the initiation of hsp70, but destabilized the pause and piled up Pol II in the region
of 100 to 200 nucleotides downstream from the transcription start site under nonheat
shock condition (Wang and Gilmour, unpublished). This suggests that NURF slides a
nucleosome up against Pol II. Detection of SNF2h, a human homolog of ISWI, on the
human hsp70 promoter prior to induction supports a role of NURF in early elongation
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(Corey et al., 2003). The second observation is that permanganate hypersensitivities in
the region of 20 to 50 nucleotides downstream from transcription start sites of several
genes were reduced when uninduced cells were treated with TSA, an HDAC (histone
deacetylase complex) inhibitor (Bhavana and Gilmour, unpublished). Recent reports raise
the possibility that HDACs are involved in establishing the repressed state of hsp70.
Treatment of flies with TSA induced hsp70 transcription under nonheat shock conditions
(Chen et al., 2002). Acetylated H3 was detected in the hsp70 promoter region during heat
shock, but not before heat shock (Smith et al., 2004). Hence, the deacetylated state of
histones could be necessary for NURF to establish a repressed chromatin structure. The
effect of ablating of NURF and HDAC on the position of nucleosome in cells could
further explore the role of nucleosome and these factors in stabilizing paused Pol II.

5-4.

Many promoters with paused Pol II and NELF associate with GAGA factor.

The result of the sequence analysis, revealing that the GAGA element was
enriched among the promoters where permanganate footprints were detected, led us to
analyze the distribution of GAGA factor on the genome, since the GAGA factor was
previously implicated in pausing Poll II on the hsp70 gene (Lee et al., 1992; Shopland et
al., 1995). ChIP-chip analysis for GAGA factor showed that 40% of the 2,111 genes (832
of 2,111 genes) that have a concentrated peak of NELF also associated with GAGA
factor. Moreover, approximately 60% of genes (457 of 776 genes) that associate with
NELF and stalled Pol II (the PPEP genes identified by Adelman) also associate with
GAGA factor (Figure 5-1B).
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GAGA factor interacts with TFIID, the chromatin remodeling factor NURF, and
the histone chaperon FACT (Xiao et al., 2001; Giot et al., 2003; Nakayama et al., 2007).
Thus, GAGA factor could function in initiation by facilitating the binding of TFIID and
modifying chromatin structure to establish a nucleosome-free region that allows access of
the transcription machinery to the promoter.
It is still unknown whether GAGA factor plays a direct role in regulating
elongation. Testing this will be challenging. A recent report provides evidence that
GAGA factor regulates the expression of its own promoter by negative feedback
(Bernues et al., 2007). Hence, depletion of GAGA factor could cause the cells
compensate by transcribing the gene more strongly. Mutation of the GAGA element in
individual genes can not differentiate between the effects that impair initiation or
decrease of pausing. For the investigation of GAGA factor’s role in pausing, I
recommend identifying the domain of GAGA factor involving in setting up the paused
Pol II. Different mutated version of GAGA factor could be tested in vitro transcription in
the GAGA factor depleted nuclear extract. The GAGA factor mutants that can retain the
transcription initiation but impair setting paused Pol II could be focused on further study.
Eight of 51 genes where permanganate footprints were detected lack GAGA
factor within 1kb from the transcription start site. In addition, a genome-wide comparison
of the distribution of GAGA factor, NELF and Pol II revealed that approximately half of
genes where the pause is likely to occur do not associate with GAGA (Figure 5-1). This
raises the possibility for the existence of other sequence-specific DNA binding proteins
that are functionally similar to GAGA factor. These unknown proteins could promote
initiation but be incapable of overcoming promoter proximal pausing. A previous report
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supports this hypothesis. Based on transient expression assays, there are transcriptional
activators such as Sp1 that appear to simulate initiation whereas there are other
transcriptional activators such as p53 that appear to stimulate both initiation and
elongation (Blau et al., 1996). The relationship of either class of proteins to promoter
proximal pausing has not been investigated. Characterization of promoters with paused
Pol II but lacking GAGA factor might lead to the identification of other GAGA-like
proteins that mediated promoter proximal pausing through their role in stimulating
initiation.

5-5.

The role of NELF and promoter proximal pausing in transcriptional control

NELF has been implicated in functioning as a repressor of gene expression.
Depletion of NELF with RNAi resulted in increased expression of junB, c-fos and several
estrogen responsive genes (Aiyar et al., 2004; Aida et al., 2006). The repressive role of
NELF in gene expression has been further supported by recent expression microarray
analyses for determining expression changes following depletion of NELF with RNAi
(Aiyar et al., 2006: Narita et al., 2007; Gilchrist et al., 2008). My permanganate
footprinting assay detected a paused Pol II on 6 genes that exhibited increased expression
following depletion of NELF. Hence, NELF appears to be directly involved in repressing
expression by pausing Pol II in the promoter proximal region. It is interesting to note,
however, that transcriptional activation is not simply due to alleviation of NELFdependent repression. In case of hsp70, depletion of NELF only result in a 3-fold increase
in hsp70 expression (Gilchrist et al., 2008). Thus, in addition to overcoming repression
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by NELF, activators undoubtedly cause other changes to increase the level of gene
expression.
Intriguingly, the depletion of NELF also caused decreased expression of many
genes in human and Drosophila cells (Aiyar et al., 2006: Narita et al., 2007; Gilchrist et
al., 2008). Based on ChIP of H3 and H3-K4 trimethylation following NELF depletion,
Adelman and colleagues proposed that paused Pol II prevents the assembly of a
repressive chromatin structure around the promoter region and that promoter proximal
pausing might poise the inducible gene for activation (Gilchrist et al., 2008). Promoter
proximal pausing was first proposed to establish a potentiated promoter for rapid
activation prior to transcriptional induction (Lis, 1998). In the case of hsp70, transcript
level is increased by 200-fold following a 3 minute heat shock (Lis, 1998). Establishment
of paused Pol II on a transgene increased the rate at which an activator induced
transcription by at least 20-fold (Wang et al., 2005).
My results establish that promoter proximal pausing occurs on at least 1,000
genes. The genome-wide comparison of NELF and levels of gene expression indicates
that many genes associated with NELF are actively transcribed. When 14,000 Drosophila
genes were ranked according to previously determined levels of expression (Rehwinkel et
al., 2006), approximately half of genes expressed above the 90th percentile associate with
NELF at their 5’ ends. Therefore, while NELF serves to inhibit expression of some
genes, my results indicate that promoter proximal pausing might occur transiently at
many genes, and NELF might generate a rate-limiting step during gene activation.
O’Brien and Lis previously proposed that pausing continued to occur on the induced
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hsp70 gene based on the distribution of Pol II observed in cells that had been partially
induced by moderate heat shock (O’Brien and Lis, 1991).
A transient pause in the promoter proximal region during activated transcription
could serve as a check point. Based on the observation that the capping enzyme alleviates
the inhibitory action of NELF in a reconstituted transcription reaction, Reinberg and
colleagues suggested that NELF-mediated pausing might delay elongation by Pol II until
the capping enzyme is present to cap the nascent transcript (Mandal et al., 2004).
However, this hypothesis clearly needs further testing because a significant portion of the
nascent transcripts associated with paused Pol II on the hsp70 and hsp27 genes in
Drosophila cells are capped (Rasmussen and Lis, 1993). As proposed by Fujinaga et al.
(2004), NELF-mediated pausing might also delay elongation to allow time for
phosphorylation of Pol II by P-TEFb. Hence, the check point could be linked to the
transcription process for RNA processing and recruitment of elongation factors.
The check point could also serve to attenuate the level of gene expression as
proposed by Aiyar et al. (2004). NELF was recruited by estrogen receptors to the
estrogen receptor- responsive promoters, C3 and pS2 after induction, not before
induction. Depletion of NELF with RNAi resulted in elevated expression in response to
estrogen (Aiyar et al., 2004).
Promoter proximal pausing could be a key regulatory step for expression of genes
during development (Wang et al., 2007; Zeitlinger et al., 2007). ChIP of NELF and
permanganate footprinting results revealed that paused Pol II and NELF was not detected
at the segment polarity gene slp1 in Schneider 2 cells, but both were detected on the slp1
promoter in embryos. Thus, the presence of NELF and paused Pol II correlates with slp1
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repression for Drosophila segmentation during early development (Wang et al., 2007).
Recent genome-wide analysis of Pol II in early staged Drosophila mutant embryos, in
which genes required for the ectodermal development and neurogenesis were repressed,
identified 1,614 genes to have stalled Pol II. These genes were enriched for
developmentally regulated genes (Zeitlinger et al., 2007).

5-6.

Model for the establishment and release of paused Pol II

Based on the model of hsp70 gene regulation and our results of genome-wide
analysis of NELF and GAGA factor, I propose the following model for how a paused Pol
II is established and released (Figure 5-2). Prior to gene activation, GAGA factor or
GAGA factor-like sequence specific DNA-binding proteins are involved in initiation.
Following transcription initiation, NELF and DSIF cause Pol II to pause in the promoter
proximal region. In addition to NELF-mediated inhibition, additional factors like a
nucleosomal block might stabilize the pause. In the transcriptionally active state, a DNAbinding activator functionally similar to HSF associates with the promoter. This
somehow recruits P-TEFb to the promoter for phosphorylation of serine 2 of the Pol II
CTD, NELF and DSIF. Consequently, P-TEFb alleviates NELF-mediated inhibition by
causing dissociation of NELF from elongation complex and allowing paused Pol II to
resume elongation.
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Figure 5-2. Model for the establishment and release of paused Pol II

5-7.

NELF-independent mechanisms that might limit Pol II to the promoter
region

Comparison of our data and Muse et al.’s data showed that a peak of NELF
identified by Mpeak was not detected at 207 genes with stalled Pol II within 500 bp from
transcription start site (Figure 5-1B). A low level of NELF was still detected on 185 out
of these 207 genes, but the association of NELF was not evident on the remaining 22
genes. Depletion of NELF with RNAi did not significantly alter the occupancy of stalled
Pol II on 85 of 200 genes with PPEP (Muse et al., 2007). These together raise the
possibility of NELF-independent mechanisms for pausing Pol II. One possibility is a
DSIF-mediated repression mechanism that appears to be independent of NELF.
Ainbinder et al. proposed that the A20 promoter is repressed at the level of elongation by
DSIF prior to NF-B stimulation, but NELF is not involved in the repression of A20
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(Ainbinder et al., 2004). Pcf11-mediated premature termination could be an alternative
possibility (Zhang et al., 2007b). For further investigation, permanganate footprinting
analysis could be the starting step to determine the presence of paused Pol II on 22 genes
described above. If the paused Pol II is detected, RNAi-mediated depletion of DSIF or
Pcf11 could reveal if these factors cause Pol II to concentrate at the 5’ end of the gene.

Portions of this chapter are published in Molecular and Cellular Biology (Lee et al.,
2008).
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Appendix A. List of primers used for ChIP analysis
Gene

Primer

Sequence

Calculated Tm

Annealing Temp.

Bap170

CG3274+20F

5'-CGTGAATGCAACTCTGCTGTA

60.1

55.0

Bap170

CG3274+179R

5'-CGTGAATGCAACTCTGCTGTA

60.2

55.0

beta1-tubulin

b1-tubulin ChIP A.4 (-40F)

5'-ACTGCGGCCATCGTATAAAAG

61.2

58.0

beta1-tubulin

b1-tubulin ChIP A.5 (+222R)

5'-TGGCAACTGTACTCTGGATGG

60.9

58.0

beta1-tubulin

b1-tubulin ChIP B.1 (+3890F)

5'-CCACCTTCATCGGCAACTC

61.5

58.0

beta1-tubulin

b1-tubulin ChIP B.2 (+4104R)

5'-GAACTCGGCGTCCTCGTC

61.8

58.0

Cctgamma

CG8977+63F

5'-TTATAAGCGATCGCAAAAGTCA

59.9

55.0

Cctgamma

CG8977+232R

5'-CCGCTGTTTGAAAGAGAATGA

60.4

55.0

CG31089

CG31089+95F

5'-TGTATGACAATCCAGAGGCTCA

60.7

55.0

CG31089

CG31089+267R

5'-TCGGTAACTATGTGATGGTGCT

59.5

55.0

CG31660

CG31660+12306F

5'-ATTTCGGTTTACACCTGTCGAA

60.8

55.0

CG31660

CG31660+12462R

5'-CTTTGTTGCTATGCACAGTTCC

59.8

55.0

CG3906

CG3906+31F

5'-GCGAAGACGTTGATACTGTTGA

60.3

55.0

CG3906

CG3906+192R

5'-GGAGTCGTGATCGGTTCTATTC

60.0

55.0

CG5156

CG5156+19F

5'-CCCACCATTAATGCTTACGATA

58.9

55.0

CG5156

CG5156+176R

5'-ATTATGGAAACTCACCGATCCA

60.5

55.0

CG6164

CG6164+41F

5'-TCCTGATTAACGAACTGCTTTG

59.4

55.0

CG6164

CG6164+213R

5'-CAGCGCAAATAACCAAGAGTAT

58.5

55.0

CG7177

CG7177+5698F

5'-GGATGCAATGTCCCTAAATAGC

59.9

55.0

CG7177

CG7177+5870R

5'-CACTAAGTTTGGGAATCCGTTC

59.8

55.0

Chr2L:13056776

13056776F

5'-GAGGCTGAAATTTTGGACGAT

60.5

55.0

Chr2L:13056776

13056943R

5'-AGCTCTAGACCAAGAAGCCAAA

59.7

55.0

Chr2R:17445051

17445051F

5'-GAATTGGCCATGTCAATCAAC

60.2

55.0

Chr2R:17445051

17445205R

5'-CCTCTCATCGCTTGTCATGTTA

60.3

55.0

Chr3R:25198899

25198899F

5'-AATTGGCTGCTATCGCAATTAT

60.0

55.0

Chr3R:25198899

25199051R

5'-TTGTGTTGCAACTGTCAAAGTG

59.9

55.0

ChrX:5060276

5060276F

5'-ATTTGTGCTCAGTGGCTGTG

59.9

55.0

ChrX:5060276

5060439R

5'-AGGCGAGGAGGAGGAAGATA

60.3

55.0

dpr12

CG14469+1988F

5'-CACTGATTGATTTCGGTGCTTA

60.1

55.0

dpr12

CG14469+2154R

5'-TTTCTGTTCATAAACCGATTCGT

59.9

55.0

hsp70

70 ChIP A.1 (-48F)

5'-AAAAGAGCGCCGGAGTATAAATAGA

62.5

58.0

hsp70

70 ChIP A.2 (+250R)

5'-GCAGGCATTGTGTGTGAGTTCT

62.5

58.0

hsp70

70 ChIP B.1 (+1357F)

5'-CTGTGCAGGCCGCTATCC

62.8

58.0

hsp70

70 ChIP B.3 (+1730R)

5'-GGCCTTGCCCGTACTCATCTC

65.3

58.0

MBD-like

CG8208+548F

5'-ATTGCAATCCCTGATTTCCAG

61.1

55.0

MBD-like

CG8208+722R

5'-CTTGACTCCGGGCGAACT

61.1

55.0

MtnA

Mtn ChIP A.1 (-37F)

5'-TCCAAAATGTATAAAACCGAGAGC

60.5

55.0

MtnA

Mtn ChIP A.2 (+170R)

5'-GATCACACCAGACTGCGAACTTA

61.5

55.0

MtnA

Mtn ChIP B.1 (+713F)

5'-AATGGGATGGTCAAGTGTTTTC

59.9

55.0

MtnA

Mtn ChIP B.2 (+1010R)

5'-ACTTTCATTACCCATTTCGTTGTT

59.9

55.0

Nipsnap

CG9212+6F

5'-TTAGGTCCATATCGATAGCCAAG

59.5

55.0

Nipsnap

CG9212+157R

5'-TTATTTGCGGGAGTGTTACAAA

59.5

55.0

NPFR1

CG1147+7529F

5'-ACTGCCTGTCACCCATAGACTT

60.0

55.0

NPFR1

CG1147+7681R

5'-TAGTCCGAGTTGATGATGGATG

60.0

55.0

Or83b

CG10609+13F

5'-ATGCAGCCGAGCAAGTACAC

61.4

55.0

Or83b

CG10609+179R

5'-ATGAAGGTGAACTGCATGAGG

60.1

55.0

Rab8

CG8287+27F

5'-CGGGCGTAATTAGAAAGCAGTA

60.6

55.0

Rab8

CG8287+200R

5'-ATGGCGACGTAGATTTAAGACC

59.5

55.0

S

CG4385+16307F

5'-GAGAACATCTCCGCAACAGAT

59.3

55.0

S

CG4385+16466R

5'-CTTCTTCGCCTTGCAGGAT

60.5

55.0

tio

CG12630+3F

5'-TGGAGACTCATCTAACGGCTTT

60.2

55.0

tio

CG12630+166R

5'-CCTACACTTGGATTTTCGAGGT

59.5

55.0
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Appendix B. List of primers used for LM-PCR analysis
Gene

Primer

Sequence

Calculated Tm

Annealing Temp.

bab2

bab2+171R_LM1

5'-TTCTGCTTGTCGTTGTTG

54.1

51.0

bab2

bab2+163R_LM2

5'-GTCGTTGTTGCACGTCACT

58.3

55.0

bab2

bab2+155R_LM3

5'-TGCACGTCACTTGTTGTTGC

62.0

58.0

Bap170

LM1_CG3274+174R

5'-CATGATTGGATCTTTTTGTGTG

58.0

54.0

Bap170

LM2_CG3274+170R

5'-ATTGGATCTTTTTGTGTGGTGG

61.0

58.0

Bap170

LM3_CG3274+165R

5'-ATCTTTTTGTGTGGTGGCGTGAA

65.8

62.0

Best1

Best1+187R_LM1

5'-GTAGAAGGGCTTAGACAAACA

53.9

51.0

Best1

Best1+179R_LM2

5'-GCTTAGACAAACACACTAACATCG

58.1

55.0

Best1

Best1+165R_LM3

5'-ACTAACATCGGTTTATGTGCGAGT

61.1

58.0

beta1-tubulin

Tub+250-LM1

5'-GCGAAGTCGTGCAAAAATG

60.4

54.0

beta1-tubulin

Tub+250-LM2

5'-GTCGTGCAAAAATGACGCCA

65.3

58.0

beta1-tubulin

Tub+250-LM3

5'-GCAAAAATGACGCCATTTTGGCA

69.7

62.0

cbt

cbt+213R_LM1

5'-GTCCATTGCACTTTCAAAT

53.5

51.0

cbt

cbt+208R_LM2

5'-TTGCACTTTCAAATTTCAGTTG

58.0

55.0

cbt

cbt+201R_LM3

5'-TTCAAATTTCAGTTGCACTCTCTTTT

61.7

58.0

Cct1

Cct1+223R_LM1

5'-CCACTTTCTTCCAACTCG

54.1

51.0

Cct1

Cct1+212R_LM2

5'-CAACTCGGAACGGTTCTTT

57.8

55.0

Cct1

Cct1+208R_LM3

5'-TCGGAACGGTTCTTTCGATT

61.9

58.0

Cctgamma

LM1_CG8977+179R

5'-GAGAAGGTTCGATAGGATATTGAG

57.6

54.0

Cctgamma

LM2_CG8977+173R

5'-GTTCGATAGGATATTGAGCGGAC

61.2

58.0

Cctgamma

LM3_CG8977+168R

5'-ATAGGATATTGAGCGGACCGGCT

66.0

62.0

CG10082

CG10082+171R_LM1

5'-ACATACAGCGATGTGGATAC

53.4

51.0

CG10082

CG10082+167R_LM2

5'-ACAGCGATGTGGATACGC

58.2

55.0

CG10082

CG10082+163R_LM3

5'-CGATGTGGATACGCTCGATATG

62.6

58.0

CG9924-RE

CG12537+224R_LM1

5'-TATAATTTTCGAGTGTGTGCTC

54.8

51.0

CG9924-RE

CG12537+214R_LM2

5'-GAGTGTGTGCTCGATTTTGTT

57.9

55.0

CG9924-RE

CG12537+206R_LM3

5'-GCTCGATTTTGTTGTTTCGAGTAG

61.4

58.0

CG13117

CG13117+181R_LM1

5'-GTGCGCCACTCGAAGAT

58.4

54.0

CG13117

CG13117+175R_LM2

5'-CACTCGAAGATGGGCGAAC

61.8

58.0

CG13117

CG13117+172R_LM3

5'-TCGAAGATGGGCGAACTGG

64.6

62.0

CG13893

CG13893+204R_LM1

5'-CTTGGAAAATACTTCAAACTTG

53.6

51.0

CG13893

CG13893+196R_LM2

5'-ATACTTCAAACTTGGCCCAAG

58.3

55.0

CG13893

CG13893+184R_LM3

5'-GGCCCAAGGCGAGTGTC

62.9

58.0

CG14253

CG14253-RC+199R_LM1

5'-TATGTGGGTTATTTACACTGCT

54.1

51.0

CG14253

CG14253-RC+194R_LM2

5'-GGGTTATTTACACTGCTTCGATA

57.5

55.0

CG14253

CG14253-RC+183R_LM3

5'-ACTGCTTCGATATCACTGATTTGC

61.8

58.0

CG14709

CG14709+212R_LM1

5'-GGATTGGAAGAAGTGCTG

54.0

51.0

CG14709

CG14709+204R_LM2

5'-AGAAGTGCTGCTGCGAGA

58.5

55.0

CG14709

CG14709+192R_LM3

5'-GCGAGATCACGGTTCCAAA

62.2

58.0

CG30456

CG30456+249R_LM1

5'-GACTCCGGTGTGGATTCT

55.7

51.0

CG30456

CG30456+240R_LM2

5'-GTGGATTCTGTTCCCAACC

57.7

55.0

CG30456

CG30456+226R_LM3

5'-CAACCCACCGACGCTCTC

62.9

58.0

CG31352

CG31352+203R_LM1

5'-AATGTGCGATTTGCTTTT

54.3

51.0

CG31352

CG31352+196R_LM2

5'-GATTTGCTTTTGGTGTGGTC

58.1

55.0

CG31352

CG31352+187R_LM3

5'-TTGGTGTGGTCTCGCACTTTA

61.6

58.0

CG31531

CG31531+193R_LM1

5'-CAAAACGCAAGACTCTCG

55.5

51.0

CG31531

CG31531+185R_LM2

5'-AAGACTCTCGGATCCGAACT

57.9

55.0

CG31531

CG31531+174R_LM3

5'-ATCCGAACTCCGTGGCTTT

61.9

58.0

CG32030

CG32030+205R_LM1

5'-GCTTAGCATTTCCAATTACC

54.2

51.0

CG32030

CG32030+196R_LM2

5'-TTCCAATTACCAATTGTTGTAGC

58.1

55.0

CG32030

CG32030+186R_LM3

5'-CAATTGTTGTAGCAACTAAGGCAGTT

62.0

58.0
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CG5060

CG5060+195R_LM1

5'-TTGTATTTGCAAACGAATTTA

Calculated Tm
53.8

Annealing Temp.
51.0

CG5060

CG5060+185R_LM2

5'-AAACGAATTTAATTTGCGACAC

58.3

55.0

CG5060

CG5060+173R_LM3

5'-TTTGCGACACCTAAAAATCGAA

61.8

58.0

CG5399

CG5399+211R_LM1

5'-GAGCCTTTCACTCACAGC

54.2

51.0

CG5399

CG5399+198R_LM2

5'-ACAGCGGTCTGGTTAAAACTAAT

58.4

55.0

CG5399

CG5399+183R_LM3

5'-AAACTAATGCCGGTGGCTTG

62.3

58.0

CG5807

CG5807+189R_LM1

5'-CTGCACTGTCTGATTTCG

53.4

51.0

CG5807

CG5807+182R_LM2

5'-GTCTGATTTCGCACGGTAAT

57.7

55.0

CG5807

CG5807+178R_LM3

5'-GATTTCGCACGGTAATTGTGATT

62.2

58.0

CG5953

CG5953+174R_LM1

5'-GTACTGTCGATATTTACCGCTAT

54.5

51.0

CG5953

CG5953+168R_LM2

5'-TCGATATTTACCGCTATTTCAAAG

58.8

55.0

CG5953

CG5953+157R_LM3

5'-CGCTATTTCAAAGGCGCTGT

62.6

58.0

CG6014

CG6014+187R_LM1

5'-AACAAACTTGCCAAAAGAAG

54.8

51.0

CG6014

CG6014+180R_LM2

5'-TTGCCAAAAGAAGCCAAC

57.4

55.0

CG6014

CG6014+167R_LM3

5'-CCAACAAGCGACGGATCA

61.9

58.0

CG8596

CG8596 +179R_LM1

5'-ATCTGCGTGCATGTATCTT

54.1

51.0

CG8596

CG8596 +172R_LM2

5'-TGCATGTATCTTTCTGTGCATC

58.8

55.0

CG8596

CG8596 +164R_LM3

5'-TCTTTCTGTGCATCTAGAACTCAAGG

62.3

58.0

CG9008

CG9008+237R_LM1

5'-CGCATTTACATAATGTTTGC

54.5

51.0

CG9008

CG9008+226R_LM2

5'-AATGTTTGCAAAAATTATTCTGC

57.5

55.0

CG9008

CG9008+220R_LM3

5'-TGCAAAAATTATTCTGCACACAAAG

62.4

58.0

CG9238

CG9238+175R_LM1

5'-ACAAAACGACGAACGATT

54.0

51.0

CG9238

CG9238+169R_LM2

5'-CGACGAACGATTTTTAATAGATTT

58.0

55.0

CG9238

CG9238+157R_LM3

5'-TTTAATAGATTTTTCGCGGACTTTG

61.8

58.0

CG9598

CG9598+184LM1

5'-GCTAATGCTGCTTATATTGCT

54.4

51.0

CG9598

CG9598+172LM2

5'-TATATTGCTGTGGTGGTTACTGAG

58.3

55.0

CG9598

CG9598+159LM3

5'-TGGTTACTGAGGGTACCAAGATCTG

62.7

58.0

Chd64

Chd64+180R_LM1

5'-TAAAATGTAGGTTGGTCTTGG

54.5

51.0

Chd64

Chd64+168R_LM2

5'-TGGTCTTGGGCTGAACTG

58.3

55.0

Chd64

Chd64+160R_LM3

5'-GGCTGAACTGCACCACTGTC

61.9

58.0

Chd64

Chd64+350R_LM1

5'-AATTTGTTTATTGTGTTGTTTTGT

54.8

51.0

Chd64

Chd64+346R_LM2

5'-TGTTTATTGTGTTGTTTTGTTTGG

58.9

55.0

Chd64

Chd64+336R_LM3

5'-GTTGTTTTGTTTGGCGCTCTT

61.5

58.0

chrb

chrb+220R_LM1

5'-AGCGTACTACAAAATTTTCACTC

54.8

51.0

chrb

chrb+208R_LM2

5'-AATTTTCACTCAGCGCTCG

59.2

55.0

chrb

chrb+195R_LM3

5'-CGCTCGCTCAGCTGTTTCT

62.0

58.0

chrb

chrb+349R_LM1

5'-TTGTAGAAGTATTCTTTTCTGGTT

53.6

51.0

chrb

chrb+340R_LM2

5'-TATTCTTTTCTGGTTTTCCGATT

58.3

55.0

chrb

chrb+333R_LM3

5'-TTCTGGTTTTCCGATTTTCTGG

62.5

58.0

cora

cora+188R_LM1

5'-ATTTTATTTATAAACACACTGCTG

52.7

51.0

cora

cora+179R_LM2

5'-ATAAACACACTGCTGCCGAAT

59.7

55.0
58.0

cora

cora+173R_LM3

5'-ACACTGCTGCCGAATTGC

61.0

corto

corto+200R_LM1

5'-GGGTGAGTGAACAATCCA

55.0

51.0

corto

corto+190R_LM2

5'-ACAATCCACGTGTGTTTTCAG

58.5

55.0

corto

corto+185R_LM3

5'-CCACGTGTGTTTTCAGTCTTTTTG

63.0

58.0

CrebA

CrebA+188R_LM1

5'-GTGAATGGGCAGTAAACC

53.7

51.0

CrebA

CrebA+181R_LM2

5'-GGCAGTAAACCGCTTTAGAAAT

58.9

55.0

CrebA

CrebA+174R_LM3

5'-AACCGCTTTAGAAATGGCTTTG

61.7

58.0

dally

dally+191R_LM1

5'-TCCTACGTTTTGTGTACTTAGG

54.0

51.0

dally

dally+180R_LM2

5'-GTGTACTTAGGTCGGCGAAA

57.9

55.0

dally

dally+166R_LM3

5'-GCGAAAATAGATTTAATTGCAAAGC

61.5

58.0

dm

dm+203R_LM1

5'-GTTATTTCTGGGATTTAGCACT

54.4

51.0

dm

dm+196R_LM2

5'-CTGGGATTTAGCACTTTTGTAACT

58.1

55.0

dm

dm+186R_LM3

5'-GCACTTTTGTAACTTGGCTGTGA

61.6

58.0
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fas

fas+192R_LM1

5'-GCATAGATTGTTTCAATAATGG

54.1

51.0

fas

fas+180R_LM2

5'-TCAATAATGGCCATTTGCA

58.5

55.0

fas

fas+170R_LM3

5'-CCATTTGCACATGGGCTG

62.1

58.0

fng

fng+210R_LM1

5'-ATACGGTTACGGACCACTAC

54.1

51.0

fng

fng+199R_LM2

5'-GACCACTACGCGCACATT

58.2

55.0

fng

fng+192R_LM3

5'-ACGCGCACATTGAAGCAC

62.1

58.0

Fps85D

Fps85D+171R_LM1

5'-ATGCGTGCACTTCACAT

54.0

51.0

Fps85D

Fps85D+163R_LM2

5'-ACTTCACATGGCCACAGAAC

58.6

55.0

Fps85D

Fps85D+159R_LM3

5'-CACATGGCCACAGAACTCAAA

62.1

58.0

fwd

fwd +198R_LM1

5'-ACATCGTCGATACACAAGG

54.3

51.0

fwd

fwd +186R_LM2

5'-ACAAGGGTGCACGAATGA

58.6

55.0

fwd

fwd +173R_LM3

5'-AATGAAGCGGCGCGTACT

61.9

58.0

fz

fz+221R_LM1

5'-AAGTACCGTTAGCTGTATATCATT

53.5

51.0

fz

fz+213R_LM2

5'-TTAGCTGTATATCATTTATGCCTCC

58.0

55.0

fz

fz+197R_LM3

5'-TATGCCTCCCCCGCTTT

61.5

58.0

glec

glec+197R_LM1

5'-GTACGCATTTTAGGCATTG

54.4

51.0

glec

glec+188R_LM2

5'-TTAGGCATTGCAATTGCAG

58.4

55.0

glec

glec+178R_LM3

5'-CAATTGCAGTTTAAATCGGTTTTCT

61.7

58.0

Gpdh

Gpdh+262R_LM1

5'-TAATATAAGCAAAACAAGCACTG

54.4

51.0

Gpdh

Gpdh+255R_LM2

5'-AGCAAAACAAGCACTGCG

58.7

55.0

Gpdh

Gpdh+243R_LM3

5'-ACTGCGGCCAACAACAAAT

61.5

58.0

Gpdh

Gpdh+458R_LM1

5'-CACAATGCACACATTTACTTTA

54.1

51.0

Gpdh

Gpdh+444R_LM2

5'-TTACTTTATCCGCCATATTTTGTT

58.2

55.0

Gpdh

Gpdh+436R_LM3

5'-TCCGCCATATTTTGTTATTGTTGT

61.6

58.0

hsp26

26+250-LM1

5'-GGATGCAATCCCAGTCCA

60.4

54.0

hsp26

26+250-LM2

5'-CAATCCCAGTCCAAGCTCGTAGA

64.8

58.0

hsp26

26+250-LM3

5'-CAGTCCAAGCTCGTAGATGGGGCT

68.8

62.0

hsp70

LM1 87C/A 250

5'-GCAGGCATTGTGTGTGAGT

58.2

54.0

hsp70

LM2 87C250

5'-GGCATTGTGTGTGAGTTCTTCTTT

61.8

58.0

hsp70

LM3 87C250

5'-TGTGTGAGTTCTTCTTTCTCGGTAACTTG

65.8

62.0

Hsromega

Hsr+217R_LM1

5'-CCGACGTGGAAAAATACTAC

54.9

51.0

Hsromega

Hsr+204R_LM2

5'-ATACTACGTGGGCCCTTGC

60.0

55.0

Hsromega

Hsr+190R_LM3

5'-CTTGCCCCTGCATTTTGC

62.7

58.0

Idh

Idh+215R_LM1

5'-AATGCGATCGGAAGTGT

54.8

51.0

Idh

Idh+207R_LM2

5'-CGGAAGTGTGGGTGTTTG

58.5

55.0

Idh

Idh+197R_LM3

5'-GGTGTTTGGCGTGGAGTGT

62.0

58.0

kay-RA

kay-RA+229R_LM1

5'-AATCTTTGTCTCGCTCCA

54.2

51.0

kay-RA

kay-RA+224R_LM2

5'-TTGTCTCGCTCCAACCAA

58.9

55.0

kay-RA

kay-RA+220R_LM3

5'-CTCGCTCCAACCAACGTG

61.5

58.0

kay-RB

kay-RB+187R_LM1

5'-GTCTGTTTTCAATATTTCCTAGAAT

54.4

51.0

kay-RB

kay-RB+176R_LM2

5'-ATATTTCCTAGAATTCTCGCTCTG

57.4

55.0

kay-RB

kay-RB+171R_LM3

5'-TCCTAGAATTCTCGCTCTGTTTTTG

62.3

58.0

kek1

kek1+187R_LM1

5'-ATGAGTTGTGATCTAGGCATT

53.9

51.0

kek1

kek1+179R_LM2

5'-TGATCTAGGCATTGATTGTGC

58.7

55.0

kek1

kek1+166R_LM3

5'-GATTGTGCCCATTGCCATT

61.7

58.0

LanA

LanA+173R_LM1

5'-CCATTGTGCCGAGAGTTC

57.7

54.0

LanA

LanA+169R_LM2

5'-TGTGCCGAGAGTTCAAGCA

61.8

58.0

LanA

LanA+161R_LM3

5'-GAGTTCAAGCACCCGCGC

65.4

62.0

LanB2

LanB2+198R_LM1

5'-TTAACTGGCTGGTTAAAAGG

54.8

51.0

LanB2

LanB2+187R_LM2

5'-GTTAAAAGGCAGCAACAACAA

58.0

55.0

LanB2

LanB2+178R_LM3

5'-CAGCAACAACAAGTCGAAACAAC

62.0

58.0

mfas

MFAS+178LM1

5'-TTATTGTCAATTGTCTTGTTTTTAC

54.7

51.0

mfas

MFAS+159LM2

5'-TTTTACAAAAATTGGCACACACT

58.7

55.0

mfas

MFAS+155LM3

5'-ACAAAAATTGGCACACACTCAATTA

61.8

58.0
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Nipsnap

LM1_CG9212+183R

5'-TTTCCACACTAGCACTCACTTTAT

57.2

54.0

Nipsnap

LM2_CG9212+177R

5'-CACTAGCACTCACTTTATAGTTATTTGCG

61.8

58.0

Nipsnap

LM3_CG9212+172R

5'-GCACTCACTTTATAGTTATTTGCGGGAGT

65.5

62.0

noc

noc+177R_LM1

5'-CCAAGCGATTTGTGTTTT

54.6

51.0

noc

noc+171R_LM2

5'-GATTTGTGTTTTGGCTCTGATT

58.2

55.0

noc

noc+161R_LM3

5'-TTGGCTCTGATTTCACTTTTTCACT

62.5

58.0

oaf

CG9884+181R_LM1

5'-GGCTGAGTGCCTTAAGAT

52.8

51.0

oaf

CG9884+171R_LM2

5'-CTTAAGATGCGCCATTCG

58.0

55.0

oaf

CG9884+159R_LM3

5'-CATTCGCCAGCGGACCT

63.4

58.0

olf413

olf413+188R_LM1

5'-AACGTTTTATTTACATATTTTCG

52.7

51.0

olf413

olf413+172R_LM2

5'-ATTTTCGCTGGGTGCTTT

58.3

55.0

olf413

olf413+167R_LM3

5'-CGCTGGGTGCTTTGAATAGA

61.3

58.0

path

path+195R_LM1

5'-ATTGCTCCTTCTTTCTCTGA

54.3

51.0

path

path+186R_LM2

5'-TCTTTCTCTGAAGTGCTGACG

58.4

55.0

path

path+175R_LM3

5'-AGTGCTGACGAATTGGTGAATG

62.4

58.0

ppa

ppa+191R_LM1

5'-GGATTGGCTATCCTATATGC

53.9

51.0

ppa

ppa+180R_LM2

5'-CCTATATGCGCTGCATTTTACT

58.5

55.0

ppa

ppa+174R_LM3

5'-TGCGCTGCATTTTACTGTTTG

62.2

58.0

Psc

Psc+164R_LM1

5'-CTCTCACTGGGCAACAAG

55.1

51.0

Psc

Psc+161R_LM2

5'-TCACTGGGCAACAAGTCAG

58.3

55.0

Psc

Psc+157R_LM3

5'-TGGGCAACAAGTCAGCTATCTC

61.7

58.0

Rab8

LM1_CG8287+172R

5'-TTGTCTGTGCCCGAGTTT

57.8

54.0

Rab8

LM2_CG8287+165R

5'-TGCCCGAGTTTCGGATTT

61.5

58.0

Rab8

LM3_CG8287+160R

5'-GAGTTTCGGATTTCGTGCGG

65.1

62.0

rho

rho+210R_LM1

5'-CTTAGTTTTGCTGCTCGTAA

53.7

51.0

rho

rho+204R_LM2

5'-TTTGCTGCTCGTAAATCCA

58.0

55.0

rho

rho+198R_LM3

5'-GCTCGTAAATCCAGGAGCTTGT

62.0

58.0

RpL32 (rp49)

RpL32+204R_LM1

5'-TCACAAACAGAAGCCATTT

54.2

51.0

RpL32 (rp49)

RpL32+193R_LM2

5'-AGCCATTTGGCGAACTCT

58.4

55.0

RpL32 (rp49)

RpL32+187R_LM3

5'-TTGGCGAACTCTCACAGGAA

61.9

58.0

rpr

rpr+199R_LM1

5'-CCTGATCGGGTATGTAGAAT

54.1

51.0

rpr

rpr+193R_LM2

5'-CGGGTATGTAGAATGCCACT

57.6

55.0

rpr

rpr+179R_LM3

5'-GCCACTGCCATTGTTGGTT

61.9

58.0

scyl

scyl+183R_LM1

5'-CAGTAGCATAGAATTCTTCGTG

54.5

51.0

scyl

scyl+177R_LM2

5'-CATAGAATTCTTCGTGAAACAGTG

58.0

55.0

scyl

scyl+166R_LM3

5'-TCGTGAAACAGTGTTGAATGATTG

62.2

58.0

slp1

slp1+199R_LM1

5'-GTTTTGATGGGTTGAGTTG

53.8

51.0

slp1

slp1+191R_LM2

5'-GGGTTGAGTTGCGGTGT

57.9

55.0

slp1

slp1+181R_LM3

5'-GCGGTGTTGATGGGTTTCTT

62.2

58.0

syx4

CG2715+199R_LM1

5'-ATTTATTGGCGGCTCTTT

55.0

51.0

syx4

CG2715+191R_LM2

5'-GCGGCTCTTTGCTCTCTT

58.4

55.0

syx4

CG2715+184R_LM3

5'-TTTGCTCTCTTACTCGCTCTTTTG

61.5

58.0

tai

2L9176545R_LM1

5'-TTCTATGGCTACAACTTTTGAG

54.2

51.0

tai

2L9176539R_LM2

5'-GGCTACAACTTTTGAGTTGATCTT

58.1

55.0

tai

2L9176522R_LM3

5'-TGATCTTTATTCTTCGTGAAACGTG

61.6

58.0

Tollo

Tollo+206R_LM1

5'-ATCTTCTTATATCTTTTGATTTCG

53.2

51.0

Tollo

Tollo+197R_LM2

5'-TATCTTTTGATTTCGGTTGCAT

58.6

55.0

Tollo

Tollo+183R_LM3

5'-GGTTGCATTCGTTTTTCGATTT

62.3

58.0
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Appendix C. Sequences identified by NELF-E SACO library
5' region
CAGTTCGCAGGACATTCGCATG
CATGCAGCGCGAGCGACGAGGC
GCATCGTTATCCGGAAACATG
CATGAAGAACTGTGGGTAAGT
CGGCCAGCGCAACTGCGGCATG
CATGGCGCTGCAGCGGTACAGC
CATGGGGCATAATCGTGATTAG
CATGCTGATTATTTCCATGCA
CCAGGATCAGCGGTAAGCATG
CATGACGCGCATAATTACCGG
CATGATTGAAATTGCTCGCAC
ACGATTTTCTGCTGGAACATG
GTATCGATATATCGCGTCCATG
CCGGACTTAGGACCAAGCCATG
CATGGAATCACTCGAGGCGAT
CATGTCGCCTTTGAACGGTGGG
ACCTTCATCAGAGGTGCCATG
CATGCCGAACAACAAGGATTCC
TTAAACACAACGCTGGCCATG
GCAGTTTTCTTATACACCATG
GGCTGTGTTGTAGTACCGCATG
TTTTGGCTAGCCAAGTGCCATG
CATGTTTGGAAAGTGTACGTCC
CATGATGAGGGAGTCCAGTGGC
GCAGCAACGCAAGAGCAGCATG
CATGCCAACTGAATTTCCAGAA
AACCACGAGCCACTCGACATG
GGATCGGCTCATCCGCGGCATG
GTTTCAAGGCACTATACACATG
GGCGGCAATAATTGTTGCATG
CATGGATGGGTTTGAAGTGTG
AAGTACTCCGGCCTGTTCATG

Gene body and 3' region
CATGTAGCACAGACTCAAACC
AACAGCAAAACTGAAGACATG
CATGAATACTAAAATATGAACC
CATGGAAGTCGTCTGGTCTGC
GACTTATAAGGTGGCGCACATG
CATGCGCACGTGTGCCGTGGA
CATGCGTTAAACAAAAGCTGC
TCAAGATGAATGTTAACCATG
CATGGCCACGCCCCCTCCTCC
CCATATATGCCCCCTTCCATG
CATGCACACTTAGACTAAAGC
CATGTGACAGTTTATGACGCT
CGGACATTTGTGTCCTGGCATG
GTCGCCATCTTGCATTTACATG
GCAATTTTGTATGGAGACATG
CATGCAGCTCCATGGACGCCTG
CATGATGACACACCTAAATAC
CATGCCCATTGCAACGTCTGC
CATGCTAGCCAAGGCAGTTACC
CGGATTACGCTTGTCGGACATG
GGACTCACCTGTCGTGTCCATG
CATGCGTTCATTAAGTTCATTC
TCCGGCCACTAAAACGACATG
CATGGCCAATATCAGTAAATCT
CATGCTATGTGGCAGCAACTTT
AGCTTCTAGTGGTGCCGGCATG
TCTTGGGTTTTTCGGACCATG
GACGCGGGTCATTCCAGCATG
CATGATGGACCCGATGACGGGC
AACTATTCTTAAACGACCATG
CATGTGTCTGAACCCTAGGGTG
CATGGGGGAATATCAATTGTG
AGCTCATTTGTGCGGCACCATG
CATGCTCTGATCGACAGGATGT
CATGCTGCACTAATTGTAGGAT
CATGTTGTTCGAAAAGAAAAC
CATGGTGTCCTTCCTTAACCCT
CATGATTTCCTTTTTATTTAC
CCGCGTTCAAACGCTCGCCATG
AATGTGCTCCGGAAAAAGCATG

Non-coding region
CATGTTGACAGTCAGATAGAAA
CATGTGCAGCTCTTGAGGGCAA
CATGCCCCGAACTTTAGCTGCA
CATGTGGCCAAAGGACTACGG
CTGGCCCGCCACTCCCCCCATG
AGGCGAAATGCAATAAACATG
CATGCGTCGCTGTCCGCTGTC
CATGACCAAACAAAATGAATCA
AGAATTCTGCCATAAATCATG
CCACTCGCCAATCGACGCCATG
CATGGTCTGTCAGCGCTCGCCA
CATTCCATTCCGTGCGACATG
CATGCGGCCGGGTCTTGGCCGC
TGGCCCGTGGATGCGCAACATG
CATGAAAGCTATTGAAAGTAG
CCCAAACCCTAGTGCAGCATG
GTGCTTGTATACGAATACATG
CATGTCAAAGTCGTCGAAAGGG
GCATCTGGTATTCGCTTACATG
GCAACTGGCCAAAAAGACATG
GCTGCTATCGCAATTATTCATG
CATGGACCATGGCTGTTTTCGA
CATGGGCAACCAAAGGGCAGGA
CCAGTCCAATCACAGACACATG
CCACGCCCCCTGGGCGACATG
CATGTTGGCCAGTTTCAATAT
ATGTGTTTTTAAACAGTGCATG
CATGGCCCAGCAACAAGAGCA
ACGCATCCCAGAGAAGTCATG

Reptitive sequences
CTATTAAAAGAGTTACCCATG
CACTTTGCTGATAAAGACATG
GGTCGAAGGATATTATTCATG
GAAATTTTGTTTTTGGACATG
CCTACCGTCCGTAGGTGGCATG
CAACTCCGATTGCAGCAACATG
GTTTTACGCCTGTTTTGGCATG
GCTAAGCTAAAAACCTACATG
CATGAACTACCGATGGTGTTGT
TCCGAAAATAACTTAACCATG
ACTAATCGTGGCAGCATCATG
CATGCTCGCCGCACCGTAGGC
GCAGTATGCAAGACGTGCATG
CATGGTGATTGGCCTGCCCTC
TGGTTCGGTGAGCAAACACATG
CATGGCTGTTTTCGAGGGTACC
GCAGACATAGCAAAACCCATG
CATGGAAGCTGGCTGACTTACC
CATGTCCGAAATGAACGTCTTC
AGCATCATACTTTGGTTCATG
CATGCTCCTTATCTGGTACTGG
TGGTTCGGTGAGCAAACACATG
CAGATGCTAGTAAACAAGCATG
CATGACCCACGACGCAGCTTCG
GGTCAGGTAGAACGTGTCATG

Sequence polymorphism
CATGTTATTCTATGTTATTCT
CATGTTATTCTATGTTATTCT
CATGTTATTCTATGTTATTCT
CATGGCCAAAAAATTTAATTTC
CATGTCCAGGTGATCTTTTGGG
GCACTTTAATTCGCTCAACATG
GCCGCCTCGAATACTTCCATG
CATGCTGTCGCCAATCTCGATA
CATGTGTTTGCGCTTGCGTGT
GCCCCTTAATCAGCCAGTCATG
CTGGCACTGCAAACGAACATG
CATGTTATCCTTTCCTCAGGAC
CTGATTCAAAGAAAAGGGCATG
CATGGCCCAATGCCAGCGACAC
CATGAATGACAATGGGCCATAA
AAATTAAAAGTTGCAGCACATG
CCCAGGATTTTTCGAGGCATG
CATGCTTTTCGTGGCAGTTCG
CATGCTGATTTTGATGACTCC
CATGATTGTATTTTGGTTTCG
CATGAGCGTGGCAGTGTTGCC
CAAACACACACACACAGCATG
CATGTCGGATATTAAGCCTAG
CCACTGGCAATAGTTCCCATG
TATGTCTCATATCTCAGCATG
CATGTGAATACTGAATACAGA
AACACAGAAGAAAACAGCATG
CATGTGGCAGTTCGGAATTCA
AGGCTGGAGTGCAGTGGCATG
CTGAATTCCGAACTAGTCATG
CATGCAATCTGTGGCAGTTCG
CATGAGTAACTTGGTTTATTGT
CATGTTTAAAGAAACCTTACAA
CATGAATGGATTAACGAGATT
TCCGAACTGCCACATAGCATG
ATAAAAATTTTTTCTGACATG
CATGTTCACCTCTTTCGAAGC
CACTTGGCTGGAGATCACATG
CGTTCAATGTATTTTTGCATG
TTGCTACCTGAATGAGCCATG
CATGGGTATAGCTTTTATCCC
ACACCGTGTTGTCTCCGCATG
CTGCCTGCAGTTCATTCCCATG
CATGCGAATGGTGCCCTCGGC
CATGGAGTTCACTCTGCAAGC
CATGAGGCATTTGGTGGCAGTT
CATGTGCCTTTAAATAGCTGC
ACCCATAGGACTATAAATCATG
CATGGACTGCCCTTGGGTGGC
CATGTGGCAGTTCGGAATTCA
CATGTGGCAGTTCGGAATTCAG
CATGTAGAGGCAAGAATAACTG
TGAATGGGAGGTCAGATACATG
CATGGAAGTCGAAATCCGCTAA
CATGTGGCAGTTCGGAATTCA
CGAACTGCCACAGTTTGCCATG
CATGAAGAGTCATCTTTCTTT
TGAATTCCGAACTGCCACATG

Sequences identified to be associated with NELF by ChIP-chip analysis are highlighted
in bold.
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Appendix D. Display for 65 genes of ChIP-chip data for NELF-B, NELF-E and
GAGA factor and permanganate footprints obtained from Drosophila Schneider 2
cells.
The following figures display ChIP-chip data for NELF-E, NELF-B, and GAGA factor
that have been displayed in the UCSC browser. Each display is accompanied by results
from permanganate footprinting. The numbers to the right of each permanganate result
designate the positions of thymines relative to the annotated transcription start site. The
red dots on the graphs for NELF-E and NELF-B mark the location of a peak in the NELF
distribution identified with the M-Peak algorithm. When comparing these numbers to the
patterns of reactive thymines marked in Figure 4-10, one must note that the numbering in
Figure 4-10 is oriented on an initiator element. The adjustment is easily done by noting
where the annotated start site is in Figure 4-10 (blue vertical bar) and the pattern of
hyper-reactive thymines (black vertical bars). I thank Jian Li and Ruopeng Fan in the
Gilmour lab for providing the permanganate footprints for Hsromega and hsp26.
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Appendix E. MEME output identifying the conserved sequence in the region from 2 to +33 and the GAGA element in promoters displaying a permanganate footprint
Sequences 200 base pairs upstream to 100 base pairs downstream from a putative
initiator element in 48 regions exhibiting permanganate footprints along with 3 promoters
that lacked an initiator were analyzed by MEME to identify conserved sequences. One or
more GAGA elements (displayed as the complement) were detected in 28 out of the 51
sequences. P-values for regions containing this motif were 3.76 x 10-5 or less. The
conserved motif in the region from -2 to +33 was detected in 31 out of 51 sequences. Pvalues for regions containing this motif are 5 x 10-7 or less. The matrix above the graph
gives the frequency of each residue at each position. The graph measures the information
content provided at each position of the conserved region. Colored bars correspond to
particular nucleotides. Black bars indicate that 2 or 3 nucleotides are preferred whereas
no bar indicates that there is no preference for any nucleotides. The multilevel consensus
sequence presents the consensus sequence derived from the most frequently occurring
nucleotide at each position. Above the consensus for the 35 nucleotide motif, the
consensus sequences for the initiator (Inr), MTE, and DPE are provided. Those positions
in the initiator, MTE and DPE that match the 35 nucleotide conserved region have
matching colors. Nucleotide designations are as follows: R = A or G; Y = T or C; W = A
or T; S = G or C; K = G or T; V = G, A, or C; N = G, A, T, or C. The vertical lines at +1,
+18, and +28 designate TFIID contacts in the hsp70 and histone H3 promoters previously
identified by missing nucleoside analyses (Purnell et al., 1994)
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Appendix F. Core promoter elements detected in the genes with permanganate
footprints.
Genes tagged with an asterisk contain the conserved motif shown in Figure 4-9. Inr,
MTE, and DPE sequences and the number of allowed mismatch were based on
Gershenzon et al. (Gershenzon et al., 2006). For determining the Inr element, only one
nucleotide mismatch to TCA+1KTY (K = G or T, Y = T or C) was allowed. In case of
CG31531, Psc, and CG14709, the putative Inr elements (these were tagged with double
asterisks) were two nucleotide mismatched. Initiators of CG31531 and Psc were one
nucleotide mismatched to DYA+1KTG (D = G or A or T) deduced by TFIID missing
nucleotide analysis (Purnell et al., 1994) and CG14709 had the conserved motif detected
in the vicinity of footprints. The presence of MTE and DPE was inspected only in the
position of +18 to +27 and +28 to +32 from the Inr. Two mismatches for MTE were
allowed, and no mismatch was allowed for DPE.
Gene
CG31531
CG14253-RC
CG10082*
CG5060
CG9008*
Hsr
fwd
fng*
Fps85D*
D-fos-RB
CG13893*
LanB2*
Psc
ppa*
fz*
CG9238*
oaf*
cbt*
Best1*
CG8596*
CG32030*
bab2*
CG9924-RE*
scyl
1-tubuin
hsp26
sxy4
cora*
dally*
noc*
CrebA
mfas
path*
D-myc
glec*
CG31352
CG5953
rho
Cct1
Idh*
CG5807
CG30456*
Gpdh
tai*
kek1*
CG14709*
Tollo*
CG6014*
corto*
LanA*
rpr*

MTE
DPE
(+18 to +27) (+28 to +32)
GCAGTA**
None
None
TCAGTG
None
AGACG
TCAATC
CGCTCGGAAC
GGACG
TCATGC
None
GGATG
TTAGTT
None
None
TCACTC
None
None
TCATTC
None
None
TCAGTT
None
AGACG
TCAGTT
CGAGGCGAAC
GGTTC
TTAGTC
CGAGCCAAAC
None
TCAGTA
GGAACGGAAC
GGTTC
TCAGTT
None
GGTTG
TTAGTG**
None
GGTTC
TCAGTT
None
None
TCAGTT
None
GGATG
TCATTC
CGAAGCGTAC
GGTTC
CCAGTT
None
GGTTC
TCATTC
CGAACGCAAC
GGTTC
TCAGTT
None
GGACG
TCAGTC
None
GGTCG
TCAGTT
None
AGTCG
TCAGTT
None
None
TCATTT
CAAGCGGAGC
GGTTC
None
None
None
None
None
None
None
None
None
TTAGTT
None
AGACA
TCAGTA
None
None
TCAATC
None
GGTTC
TCAATT
None
AGACG
TTAGTT
None
None
TTAGTT
None
None
TTAGTT
None
None
TCAGTT
None
None
TCAGTC
None
None
TTAGTC
None
None
ACAGTC
None
GGTTG
TCAGTT
None
None
TTATTC
None
None
TCAGTT
None
GGTTC
CCAGTT
None
None
TCAGTA
None
None
TCAGTA
None
None
TCAGTT
None
GGTTC
TCAGTT
None
GGTTG
TCAGAA**
None
AGATA
TCAGTT
CGAGCCGAGC
GGACG
CCAGTC
None
None
TCAGAT
None
AGACG
TCAGTT
None
GGTTG
TCAGTT
CGCAGCGAAC
None
Inr
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