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Abstract
Understanding the regulation of gene transcription allows us to better analyze gene activity and
function. Using Drosophila as a model system, I am studying the function of specific proteins
involved in the transcriptional elongation control checkpoint. Normally, RNA polymerase II is
paused at the promoters of hsp70 genes, repressed by negative elongation factors. Positive transcription elongation factor, P-TEFb, is thought to reactivate RNA polymerase II from its paused
state in order to allow transcription to occur. P-TEFb associates with ELL and Lilli in the Super
Elongation Complex. To investigate the role of these proteins in transcription of hsp70, I used
RNA interference to deplete P-TEFb, ELL, and Lilli to monitor the effects on the expression of an
hsp70 reporter gene. Depletion of these proteins resulted in marked inhibition of the hsp70 reporter
gene. To assess if this inhibition was due to defects in Pol II behavior, I analyzed the association
of Pol II with hsp70 in polytene chromosomes derived from the salivary glands of heat shocked
larvae. P-TEFb-depleted glands were not amenable to this immunofluorescence analysis because
they were too small. ELL- and Lilli- depleted glands did not exhibit any obvious changes in Pol II
levels at hsp70, but exhibited a striking loss of phosphorylation of serine 2 in the carboxyl terminal
domain of the largest subunit of Pol II. Phosphorylation of serine 2 in the CTD of Pol II has been
correlated with the activation of the paused Pol II, but my results suggest that it is not essential for
activation of the paused Pol II at the hsp70 gene.
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Chapter 1
Introduction

1.1

RNA polymerase II

An understanding of transcriptional control by RNA polymerase II (Pol II) is essential to understanding gene expression. While it was originally thought that Pol II initiation was the key
step to transcriptional regulation, regulation of transcriptional elongation is now recognized as a
major point of regulation in higher eukaryotes.1–3 Transcription is initiated by the recruitment
of Pol II to a gene’s promoter, but it has been found that Pol II pauses at the 5’ end of most
protein-encoding genes 30-40 nucleotides downstream of the transcription start site in mammals
and Drosophila.4–7 Many of these genes are developmentally regulated, suggesting that the regulation of paused Pol II plays a role in expression and development.5, 8, 9 DRB sensitivity-inducing
factor (DSIF) and negative transcription elongation factor (NELF) coordinate the pausing of Pol
II in the promoter-proximal region.10, 11 The Spt5 subunit of DSIF and the E subunit of NELF are
phosphorylated.12–15 Phosphorylated NELF dissociates from Pol II, while phosphorylated Spt5
remains associated with the elongation complex.16 This modification to Spt5 converts DSIF into
a positive elongation factor, allowing Pol II to proceed past the transcriptional elongation control
checkpoint.17 Additional phosphorylations to Pol II are also thought to contribute to its release
from the promoter-proximal region. In particular, phosphorylation of serine 2 in the carboxyl ter1

minal domain of the largest subunit of Pol II by P-TEFb has been found to correlate with activation
of the paused Pol II. However, direct evidence showing that the failure to phosphorylate serine 2 of
the CTD blocks elongation is lacking, since the phosphorylation has never been uncoupled from
the phosphorylation of DSIF or NELF.
The hsp70 promoter of Drosophila melanogaster is one of the best studied examples of promoterproximal pausing.18 Heat shock causes transcriptional activation by the heat shock factor (HSF)
that induces the release of the paused polymerase from the heat shock promoter.18 In Drosophila,
heat shock causes rapid recruitment of HSF and other proteins involved with phosphorylating Pol
II, including P-TEFb.14, 19, 20 In addition, there is a correlation between polymerase at hsp70 promoters and phosphorylation patterns on the carboxy-terminal domain (CTD) of the largest subunit
in Pol II before and after heat shock. In D. melanogaster, the CTD contains the amino acid sequence, Tyr-Ser-Pro-Thr-Ser-Pro-Ser, 42 times in a tandem array.21 Serine 5 in the sequence is
phosphorylated by TFIIH during the initiation step that must precede pausing in nonheat shocked
cells.22–25 Phosphorylation of serine 2 by P-TEFb correlates with the release of the paused Pol II
for elongation

1.2

The Super Elongation Complex

The Super Elongation Complex (SEC) is thought to associate with paused Pol II to promote transcriptional elongation. The SEC consists of elongation factors ELL1 to ELL3, kinase P-TEFb,
AFF1, AFF4, ENL, and AF9.26 The SEC is necessary for proper induction of human hsp70 promoter genes upon heatshock, as well as Hox genes during early developmental stages.5, 26–28 In
various cancers, components of the SEC are known as translocation partners of the Mixed Lineage
Leukemia (MLL) gene, resulting in fusion proteins that misregulate transcription. The human
MLL gene, found on chromosome 11q23, participates in chromosomal rearrangements that result
in many myeloid and lymphoblastic leukemias.29, 30 The SEC was discovered in part by characterizing MLL chimeric complexes.26 The ELL1 gene, found on chromosome 19p13.1, participates in
2

a translocation that has been identified in hematological malignancies.31 Some of the other partners
include AFF1, AF9, ENL, and AF10.29, 30 The fusion partners, once associated with the rest of the
SEC, can misactivate Hox genes and other MLL target developmental genes.7, 26, 32, 33 Based upon
the properties of translocation partners of MLL, it is suggested that misregulation of elongation
and H3K79 methylation could contribute to leukemogenesis in patients with these chromosomal
rearrangements.34–39

1.2.1

P-TEFb

Positive transcription elongation factor b (P-TEFb) associates with the hsp70 gene during heat
shock and appears to activate the paused Pol II. P-TEFb is generally inactivated within a complex
with 7SK-RNA, MEPCE, LARP7, and HEXIM1. While the majority of P-TEFb is rendered inactive in this complex, it has been found in an active form in two different complexes. Its association
with the bromodomain protein BRD4 allows P-TEFb to phosphorylate the Pol II CTD in vitro
and this association is necessary for HIV transcription.40, 41 P-TEFb has also been identified in
its active form in the SEC.26 Two components of P-TEFb, cyclin-dependent kinase 9 (Cdk9) and
cyclin T1 (CycT1), act as the catalytic and regulatory subunits of the complex, respectively. Cdk9
participates in the hyperphosphorylation of the Pol II CTD at the serine 2 residues.42 In addition,
P-TEFb is responsible for phosphorylating negative elongation factors DSIF and NELF.12–15

1.2.2

ELL

The eleven-nineteen lysine-rich leukemia (ELL) gene encodes a protein that associates with Pol
II during transcriptional elongation.31 Its presence increases the catalytic rate by releasing Pol II
from positions where Pol II transiently pauses because of the underlying sequence of the DNA.43
There are three ELL family members identified in humans: ELL1, ELL2, and ELL3.3, 44, 45 There
is only one ELL family member found in Drosophila, dELL, that has been recognized as a Pol II
elongation factor.46, 47 There are two identified ELL associated factor (EAF) proteins, EAF1 and
EAF2, which colocalize with ELL in the nucleus.48, 49 These proteins are known to interact with
3

the SEC as positive regulators of ELL elongation activity.50

1.2.3

AFF4 and its Drosophila homolog, Lilli

AF4/FMR2 family member 4 (AFF4) is necessary for SEC, as it associates directly with P-TEFb
and AF9, providing the scaffold for the complex’s formation.26, 37, 51 In mammals, there are four
identified AFF (AFF1 through AFF4), which contain conserved N- and C-terminal regions, a
serine-rich transactivation, and ALF homology regions.52 This ALF homology domain promotes
the protein’s degradation by the proteasome by interaction with ubiquitin ligases.53–60 This allows
better regulation and control over AFF stability, turnover, and biological function. AFF2 and AFF3
are both linked to human diseases, but are found in SEC-like complexes that regulate a different
subset of genes than the SEC. AFF4 is the AFF family member most commonly associated with
the SEC, and research has shown its depletion results in hsp70 inhibition in humans. The AFF4
Drosophila homolog, Lilli, associates with Pol II during elongation on chromatin and is relocalized
to hsp70 loci upon heat shock.61 Depletion of AFF4 by RNAi, like ELL, prevents proper activation
of hsp70 by heat shock.26

1.2.4

AF9

The ALL1-fused gene from chromosome 9 (AF9) is a transcription factor with a serine and prolinerich domain, a nuclear localization signal, and a transcriptional activation sequence.62 It has homologous regions ENL and yeast ANC1.63 ENL and ANC1 promote the kinase activity of P-TEFb
and histone methyltransferase Dot1L, suggesting similar functions by AF9. ANC1 has not only
been identified in association with the Pol II transcription complex, but also the SWI/SNF chromatin remodeling complex. ATP-dependent SWI/SNF is responsible for remodeling chromatin
to facilitate transcription activator access.64–66 Homologous regions to ANC1 indicate that these
proteins may associate with a human SWI/SNF complex.67, 68

4

1.3

Objectives of the current study

I set out to investigate the roles of SEC components in regulating Pol II at the hsp70 gene in
Drosophila during heat shock. I began by developing an hsp70 reporter gene assay that could be
used to easily screen various RNAi transgenes for their capacity to inhibit expression of the reporter
gene in salivary glands. Using this assay, I was able to determine that available RNAi lines that
targeted P-TEFb, ELL, and Lilli (AFF4) inhibited hsp70 expression in glands. The purpose for
choosing salivary glands in the first place was so that I could then analyze how depletion of SEC
components affected the association of Pol II with the hsp70 loci of polytene chromosomes. My
results show that depletion of ELL or Lilli results in a striking loss of serine 2 phosphorylation on
the Pol II, but the overall level of Pol II appears similar to the undepleted specimens. Thus, serine
2 phosphorylation of the CTD may not play a major role in the activation of the paused Pol II.

5

Chapter 2
Materials and Methods
2.1

Fly lines

Fly lines contained RNAi transgenes, indicated by their names. RNAi fly lines obtained from the
Vienna Drosophila Research Center (VDRC) include HSFi (VDRC48691), Cdk9i (VDRC30449),
CycT1 short hairpin (BL32976), Lilli RNAi (BL34592), HDAC3i#1 (VDRC-KK 107073), HDAC3i#2
(VDRC20184), SMRTERi(VDRC-KK 106701), Nurf301i (VDRC46645), TFIISi (VDRC22980),
and Rpd3i (BL33725). The ELL RNAi fly line was obtained from Ali Shilatifard. The yw;Z243,1824
fly line contained an hsp70-beta gal transgene (Z243 provided by John T. Lis) and a transgene expressing Gal4 in salivary glands (1824, BDSC 1824 from the Bloomington stock center) on the
same chromosome. The yw fly line served as a control, containing no RNAi transgenes.

2.2

Beta-galactosidase staining assay

The beta-galactosidase staining assay was performed as previously described.69 I optimized it by
modifying the duration of heat shock of yw;Z243,1824 control salivary glands so that the development of blue color did not reach full saturation in the control samples. This was necessary to detect
the inhibitory effect of some of the RNAis on expression of the report. Optimal assay conditions
were 30 minute heat shock at 36 C followed by a 30 minute recovery at room temperature.
6

2.3

Polytene chromosome squashing

The polytene chromosome squashing assay was adapted from Lis.70 Two larvae were placed in a
droplet of dissection buffer (130 mM NaCl, 5 mM KCl, 1.5 mM

) on a piece of parafilm

and incubated for 10 minutes in a 36 C water bath. Larvae were dissected in dissection buffer
and transferred to 10 ul of squashing solution (1.85% paraformaldehyde, 45% mM glacial acetic
acid) on a siliconized coverslip and incubated for 10-20 minutes. A glass slide was placed over
the coverslip and turned over. The coverslip was tapped and gently moved side-to-side in order to
spread the chromosomes under the coverslip. Once the chromosomes were spread, the slide was
flash frozen in liquid nitrogen. Slides were stored in 95% ethanol overnight.

2.4

Immunofluorescence analysis

Slides were soaked in TBS (150 mM NaCl, 10 mM Tris-Cl pH 7.5) for 5-10 minutes. The slides
were transferred to fresh TBS for 5-10 minutes. Slides were blocked with 20 ul of blocking solution (10% Fetal Bovine Serum, 0.5% Sodium azide in TBS) in a humid chamber for one hour.
Slides were washed twice in TBS for 5 minutes each. Primary antibodies were diluted 1:100 in
blocking solution and 20 ul were used for staining of each slide. Primary antibodies utilized in
these assays include: polyclonal Rpb3 and HSF, and monoclonal ARNA3 antibody for detection
of Rpb1, 8WG16 antibody for detection of the CTD, H5 antibody for serine 2 phosphorylation,
and H14 antibody for serine 5 phosphorylation. Slides were stained with primary antibodies for 2
hours in a humid chamber. Slides were washed twice with TBS for 10 minutes each. Fluorescently
tagged secondary antibodies were diluted 1:100 in blocking solution and 20 ul were used for the
staining of each slide. Slides were stained with secondary antibodies for one hour in a humid
chamber; then washed twice with TBS for 10 minutes each. The slides were washed in TBS containing 1:100,000 Hoechst for 10 minutes and then washed with TBS for 20 minutes. The slides
were mounted onto a coverslip with 10 ul of mounting solution (100mM Tris-HCl (pH8.5), 80%
7

glycerol, 2% n-propylgallate). Chromosome spreads were visualized by fluorescence microscopy.

8

Chapter 3
Results
3.1

RNAi depletion in salivary glands

Parent Drosophila fly lines were established by introducing RNAi transgenes controlled by a UAS
promoter. Males of these type were mated with virgin females containing beta-galactosidase reporter genes regulated by an hsp70 promoter (Z243) and a Gal4 transgene (1824) expressed specifically in the salivary glands. This mating scheme (Figure 3.1) was used in all crosses in order to
establish RNAi depletion of target proteins. RNAi depletion was specific to the salivary glands,
since the UAS promoter was only induced in these cell types. This allowed further analysis of
trancription activity in the salivary glands. The glands could be assayed for beta-galactosidase
activity due to activation of the hsp70 promoter. In addition, the polytene chromosomes could be
visualized by squashing salivary glands on slides and immunostaining for Pol II and its various
phosphorylation sites.

3.2

Optimization of beta-galactosidase assay

The beta-galactosidase assay was used as a measure of hsp70 expression after heat shock activation. Using yw;Z243,1824 third instar control larvae, optimization of this assay was done by
modifying the recovery time after heat shock activation (Figure 3.2). Salivary glands were heat
9

shocked for 30 minutes. Recovery at room temperature allowed time for activation, transcription,
and translation of hsp70-beta-galactosidase to occur. When dissection and staining occurred after
15 minutes of recovery (Figure 3.2A), there was less blue color produced than when the larvae
were allowed to recover for 30 minutes (Figure 3.2B). Glands that were allowed to recover for 60
minutes showed staining intensity that was similar to the 30 minute recovery, so I decided to use
30 inutes for all subsequent experiments.

3.3

Beta-galactosidase screen for RNAi transgenes that impair
hsp70 expression

Transcription of hsp70 is induced by heat shock. This promoter drives the transcription of a betagalactosidase reporter gene. Incubation with the X-gal substrate caused blue pigmentation in the
glands. Higher amounts of blue color are an indirect indication of increased hsp70 induced transcription. The yw mated with Z243, 1824 served as a negative control, since no RNAi transgene
was present (Figure 3.3A). This beta-galactosidase screen identified factors that contribute to hsp70
expression. As expected, RNAi depletion of HSF completely inhibited expression of the hsp70 reporter gene (Figure 3.3B). Depleting the components of P-TEFb resulted in very low promoter
activity, comparable to the level of activity in HSFi salivary glands (Figures 3.3C-D). There was
a reduced level of activity upon RNAi depletion of ELL or Lilli in comparison to the yw control
(Figure 3.3E-F). This lower level of blue pigment indicate that ELL and Lilli play a role in hsp70
promoter activity and contribute to expression.
In order to verify that the blue staining results in this assay are a valid analysis of hsp70 expression, reverse transcription qPCR analysis was used to show that lower levels of beta-galactosidase
are indicative of reduced hsp70 activation.69 Histone deacetylases (HDACs) are generally thought
to repress transcriptional activity.71 Upon depletion of HDAC3 and its co-repressor protein, SMRTER, there were lower levels of beta-galactosidase (Figure 3.4). Two different HDAC3 RNAi fly
lines were used, and both had reduced amounts of beta-galactosidase (Figure 3.4A-B). Depletion
10

of SMRTER by RNAi also showed lower activation of the hsp70-beta-galactosidase reporter gene
(Figure 3.4C). Reverse transcription qPCR showed that mRNA levels of both hsp70 and hsp70beta-galactosidase were reduced in the transgenic fly lines (Figure 3.4D-E). This quantification
shows that the inhibition of hsp70 expression is occurring at the transcription level. The decrease
in levels of beta-galactosidase appears to be much greater than the decrease in mRNA between control and HDAC3 depleted samples. This indicates that there may be inhibition at the translational
level or during RNA processing.

3.4

RNAi-mediated depletion of HSF from glands prevents Pol
II accumulation at hsp70 loci of polytene chromosomes during heat shock

Immunofluorescence analysis of Pol II on polytene chromosomes provides a way to assess whether
RNAi-mediated depletion of a protein affects the interaction of Pol II with the hsp70 gene. To
validate this approach I analyzed the effect of depleting HSF on the association of Pol II with
hsp70 during heat shock. During heat shock, Pol II and HSF accumulate at puffs corresponding
to the hsp70 loci (compare Figure 3.5A and 3.5B). In contrast, RNAi-mediated depletion of HSF
results in the loss of both HSF and Pol II from hsp70 (compare Figure 3.5C and 3.5D).

3.5

Detection of serine 2 phosphorylation and serine 5 phosphorylation in the CTD of Pol II on polytene chromosomes

Several antibodies are available to characterize Pol II on polytene chromosomes using immunofluorescence microscopy. The ARNA3 and Rpb3 antibodies monitor parts of Pol II that are expected
to be unaffected by post-translational modifications and therefore should monitor all states of Pol
II. Antibodies against different phosphorylated residues of the CTD could be indicative of the tran11

scriptional status of the Pol II. Ser5 phosphorylation but not Ser2 phosphorylation is associated
with the paused Pol II near the transcription start site, whereas Ser2 phosphorylation is associated
with actively elongating Pol II.
To test the various antibodies, I began by using the various antibodies to detect on polytene
chromosomes from heat shocked, control cells. All of the antibodies detected Pol II at the hsp70
loci, but there were intriguing differences in the pattern of fluorescence. The staining by the
ARNA3 antibody that targets the body of Rpb1 and the Rpb3 antibody gave largely overlapping
patterns of fluorescence (Figure 3.6C). In contrast, Antibodies against phosphorylated serine 2 or
serine 5 of CTD displayed staining the extended beyond the periphery of the region of staining
from the Rpb3 antibody (Figure 3.6F and 3.6I). These modifications are located at opposite ends
of the transcription unit so significance of this pattern of staining is unclear.

3.6

ELL depletion reduces Serine 2 phosphorylation

Depletion of ELL by RNAi inhibited expression of the hsp70 beta-galactosidase reporter gene
(Figure 3.3E). In order to determine if this might be due to a defect in transcription, I stained
polytene chromosomes from heat shocked, ELL-depleted glands with antibodies against Rpb3 and
CTD phosphorylation on serine 2. Serine 2 phosphorylation was chosen because it had been previously shown that this was reduced at heat shock puffs upon depletion of ELL, but the researchers
never looked to see if this loss was due to the absence of Pol II or simply the absence of the modification.72 In agreement with this previous report, serine 2 phosphorylation staining was absent
from the hsp70 heat shock puffs (Figure 3.7C). However, this absence appears to be due solely
to the loss of the modification because antibody to Rpb3 indicates that Pol II still accumulates at
the puffs. Moreover, since there is still an accumulation of Pol II at the puffs upon heat shock, it
appears that the paused Pol II must become active in the absence of serine 2 phosphorylation so
that additional Pol II molecules can accumulate on the gene.
12

3.7

Lilli depletion reduces Serine 2 phosphorylation

Heat shock loci were also visualized upon heat shock activation in the absence of Lilli. Lilli, the
Drosophila homolog to AFF4, is the scaffold protein that stabilizes the SEC. Polytene chromosome
squashes were prepared and immunostained for Rpb3 and serine 2 phosphorylations on the CTD
(Figure 3.8). As in RNAi depletion of ELL, serine 2 phosphorylation staining was absent from
the hsp70 heat shock puffs. The Rpb3 antibody indicates that Pol II still accumulates at the puffs
upon heat shock. This data validates the results seen upon ELL depletion; paused Pol II is still
activatedin the absence of serine 2 phosphorylation.

3.8

Screening for other players in hsp70 expression

ELL, Lilli, CycT1, and Cdk9 were analyzed more closely because of their association within the
SEC, but other proteins associated with transcription were also analyzed. The beta-galactosidase
assay was used as a screen to search for other proteins that may play a role in regulating transcription. By performing the beta-galactosidase assay on different transgenic RNAi lines, reduction in
blue color was used as an indication of proteins that promote hsp70 expression upon heat shock.
Complete elimination of blue color, comparable to HSFi/yw;Z243,1824 (Figure 3.3B), would indicate that the protein depleted by RNAi was essential to hsp70 activation. By screening the transgenic RNAi lines available with this assay, reduced levels of blue color and beta-galactosidase
raises interest in how that particular protein effects transcription that results in lower levels of
hsp70 expression.
Two candidates found in this screening were Nurf301 and TFIIS. RNAi lines of these two proteins crossed with yw;Z243,1824 were found to have reduced beta-galactosidase levels after heat
shock activation (Figure 3.9). This assay implicated these transcription factors as candidates for
further analysis of heat shock-induced hsp70 expression. Nucleosome remodeling factor, Nurf,
has been recognized to facilitate transcription activation in vitro by working with transcription
13

factors to mobilize nucleosomes at promoter regions.?, ? The Nurf complex is made up of four
proteins: Nurf140, Nurf55, Nurf38, and Nurf301.73–76 Nurf301 is the largest subunit and is related to the chromatin remodeling and assembly complex, ACF1/WCRF1.77 Nurf301 is involved
in transcription activation in vivo and proper induction of heat shock genes.78 While studies have
indicated that Nurf301 is necessary for proper induction of hsp70 genes, there is still evidence
of expression when it is depleted (Figure 3.9A), suggesting that Nurf301 is a good candidate for
further study of Pol II activity at heat shock loci. TFIIS is known as the transcript cleavage factor, and functions to rescue Pol II that undergoes reverse translocation along the DNA.79–81 This
movement misaligns the transcribed mRNA within the Pol II active site, and TFIIS is responsible
for inducing cleavage of the mRNA to create a 3’ end that is properly aligned for catalysis.82–84
TFIIS has been shown to not only decrease pausing of Pol II by facilitating this cleavage, but also
stimulate promoter escape and transcription.85, 86 TFIIS would be a good candidate for studying
hsp70 expression, since it has been reported to increase the catalytic rate of escape of Pol II from
the promoter-proximal region.87 The depletion of Nurf301 and TFIIS result in lower levels of
beta-galactosidase (Figure 3.9), and they would be a good candidate for furthering the study on
hsp70 expression regulatory mechanisms that do not include SEC components. Depletion of Rpd3
(HDAC1) does not inhibit induction of the hsp70 reporter (Figure 3.9). This negative control shows
that not all RNAi knockdowns inhibit hsp70 expression.

14

RNAi transgene

Salivary gland specific GAL4

Figure 3.1: Mating schematic for RNAi depletion
Males containing the UAS-RNAi transgene were crossed with females containing the salivary gland-specific GAL4
driver and hsp70-beta-galactosidase genes in order to produce the desired genotype. RNAi depletion was specific to
the salivary glands containing polytene chromosomes.

A

B

C

Figure 3.2: Optimization of beta-galactosidase assay
yw/yw;Z243,1824 third instar larvae were incubated at 36 C for 30 minutes for heat shock activation of hsp70 genes.
A recovery time period allowed transcription and translation of the hsp70-beta-galactosidase reporter. X-gal staining
indicated the amount of beta-galactosidase present after recovery. Larvae were heat shocked for 30 minutes, then
allowed to recover for: A) 15 minutes B) 30 minutes C) 60 minutes. A 30 minute recovery time was selected because it
represented the time when color development just began to saturate and was consistent from experiment to experiment

15

A

B

C

D

E

F

Figure 3.3: Beta-galactosidase reporter activity upon depletion of SEC components
Third instar larvae were incubated at 36 C for 30 minutes and recovered at room temperature for 30 minutes. The salivary glands were dissected and incubated in X-gal solution for 2 hours. (A-F) show X-gal stained salivary glands of larvae from: A)yw/yw;Z243,1824 control B)HSFi (VDRC48691)/yw;Z243,1824 C)Cdk9i(VDRC30449)/yw;Z243,1824
D)CycT1 short hairpin (BL32976)/yw;Z243,1824 E)ELLi/yw;Z243,1824 F)Lilli RNAi (BL34592)/yw;Z243,1824
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Figure 3.4: Reduction in beta-galactosidase at the protein and mRNA level by RNAi depletion
Third instar larvae were incubated at 36 C for 30 minutes and recovered at room temperature for 30 minutes. Salivary
glands were dissected and incubated in X-gal solution for 2 hours: A) HDAC3#1i (VDRC-KK 107073)/yw;Z243,1824
B) HDAC3#2i (VDRC 20184)/yw;Z243,1824 C)SMRTERi (VDRC-KK 106701)/yw;Z243,1824 D-E) Reverse
transcriptase-qPCR analysis of hsp70 mRNA and hsp70-beta-galactosidase mRNA levels in salivary glands from the
indicated RNAi lines targeting HDAC3, SMRTER, or YW larvae (Methods and results are from Achary69 ). mRNA
levels were detected by qPCR and expressed as a ratio relative to a control gene, RP49, whose expression was unaffected by heat shock. Results are from three independent experiments and error bars represent SEM.
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Figure 3.5: Heat shock and HSF are necessary for hsp70 induction
Polytene Drosophila chromosome squashes were immunostained with ARNA3 for Pol II (green) and anti-HSF Ab
for HSF (red). A)YW/yw;Z243,1824 control under non-heat shock conditions. B)YW/yw;Z243,1824 control third
instar larvae were incubated at 36degC for 10 minutes. Their salivary glands were dissected and were squashed. C)
HSFi(VDRC48691)/yw;Z243,1824 under non-heat shock conditions. D) HSFi(VDRC48691)/yw;Z243,1824 under
heat shock conditions.
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Figure 3.6: RNA polymerase II localization at hsp70 loci
Control yw male flies were crossed with yw; Z243, 1824 virgin females. Salivary glands were dissected from heatshocked third instar larvae and squashed on slides. RNA polymerase II was immunostained for Rpb3 (red) and
either Rpb1 (ARNA3 antibody, B, C, green), the CTD (8WG16 antibody, E, F, green), phosphorylated serine 5 (H14
antibody, H, I, green), or phosphorylated serine 2(H2 antibody, K, L, green). DNA was detected with Hoechst stain
(blue).
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Figure 3.7: Serine 2 phosphorylation at heat shock loci upon ELL depletion
ELLi transgenic male flies were crossed with yw; Z243, 1824 virgin females. Salivary glands were dissected from
heat-shocked third instar larvae and squashed on slides. RNA polymerase II was immunostained for Rpb3 (red) and
phosphorylated serine 2 (green). DNA was detected with Hoechst stain (blue).
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Figure 3.8: Serine 2 phosphorylation at heat shock loci upon Lilli depletion
Lilli RNAi (BL34592) transgenic male flies were crossed with yw; Z243, 1824 virgin females. Salivary glands were
dissected from heat-shocked third instar larvae and squashed on slides. RNA polymerase II was immunostained for
Rpb3 (red) and phosphorylated serine 2 (green). DNA was detected with Hoechst stain (blue).
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Figure 3.9: Nurf301 and TFIIS play a role in regulating hsp70 expression
A) Nurf301i(VDRC46645)/yw;Z243,1824 and B) TFIISi (VDRC22980) showed a reduction in beta-galactosidase
staining after 30 minutes of heat shock activation and 30 minutes of recovery. Lower levels of expression indicate
their role in regulation of hsp70 expression upon heat shock. C)Rpd3i (BL33725)/yw;Z243,1824 does not show
inhibition of hsp70 upon heat shock.

20

Chapter 4
Discussion
In order to investigate the role of SEC subunits in heat shock induction of hsp70 in Drosophila, a
reporter gene assay was developed. GAL4 activation of a UAS-RNAi transgene caused depletion
of target genes. The simplicity of this screen allows beta-galactosidase staining to show whether
hsp70 expression is being inhibited. Its limitation is that it does not provide a direct measure of
transcription, so the outcome may also be influenced by the quality of the mRNA produced by the
reporter and the translation of this mRNA. To verify that levels of beta-galactosidase seen in the
salivary glands are an indication of hsp70 inhibition, reverse transcriptase and qPCR can be used
to monitor hsp70 and beta-galactosidase mRNA levels. This reporter gene assay was validated by
HSF depletion. HSF activates transcription of hsp70 and causes a dramatic increase in the level of
Pol II at the hsp70 loci on polytene chromosomes. Immunostaining showed that HSF colocalizes
with Pol II at heat shock puffs and that the levels of both proteins are severely diminished when
HSF has been depleted with RNAi.
The SEC is proposed to facilitate Pol II’s passage through the transcription elongation control
checkpoint that occurs in the promoter proximal region. The kinase activity in the Cdk9 subunit
of P-TEFb is responsible for the phospho-modifications that release Pol II from its paused state.
Depletion of either Cdk9 or its regulatory subunit CycT1 inhibited induction of the hsp70-betagalactosidase reporter gene. When elongation factor ELL or scaffold protein Lilli was depleted,
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there were reduced levels of beta-galactosidase, but depletion of P-TEFb subunits might have more
severe effects. This may be because it has multiple roles in releasing paused Pol II after initiation.
Negative elongation factor NELF and DSIF associate with Pol II in its paused state. Phosphorylation of these subunits by P-TEFb dissociates NELF from Pol II and converts DSIF into a positive
elongation factor. Upon association with the other components of the SEC, P-TEFb is responsible
for the hyperphosphorylation of serine 2 on the carboxyl terminal domain of Pol II. When ELL
or Lilli are depleted, there are still low levels of reporter expression. Since P-TEFb is still present
in these two cases, the phosphorylation of NELF and DSIF may still occur. This activity may not
be dependent upon the entire SEC. My results indicate that serine 2 phosphorylation by P-TEFb is
not necessary for elongation to occur, but it would be interesting to determine if phosphorylation
of NELF or DSIF is diminished when ELL or Lilli are depleted. This would allow us to speculate
why Rpb3 still accumulates on the puffs under these conditions.
Immunofluorescence microscopy showed that the depletion of ELL or Lilli affected Pol II’s
association with heat shock loci. Staining for the Rpb3 subunit of Pol II indicated its presence at
hsp70 genes, but there was minimal serine 2 phosphorylation at these loci. Since depletion of ELL
or Lilli results in the loss of serine 2 phosphorylation, immunostaining for Rpb3 indicates that the
serine 2 phosphorylation is not essential for activating paused Pol II.
Another is that residual P-TEFb activity phosphorylates a subset of heptads and this is sufficient
to reactivate Pol II, but is not detectable in our immunofluorescence assay. Another possibility is
that since P-TEFb is still present but not necessarily associated with the rest of the SEC, it may
phosphorylate NELF and DSIF. Further studies can be done in order to see if depletion of ELL or
Lilli affect the levels of NELF and DSIF phosphorylation.
My results are an important addition to previous studies showing that ELL contributes to heat
shock induction of hsp70. Previous studies have indicated that ELL is involved in activating paused
Pol II on hsp70.72 These experiments utilized RNAi depletion of ELL and immunostained chromosomes for serine 2 phosphorylation and ELL individually. These results indicate that ELL is
localized at the heat shock puffs under normal conditions. Their results also show a much lower
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level of serine 2 phosphorylation upon RNAi depletion of ELL. In this paper, the authors do not
monitor Rpb3 levels or any information on the levels of Pol II in ELLi conditions. As a result, they
report that the presence of ELL is required at heat shock loci for proper heat shock gene expression.
The presence of Rpb3 at these loci indicates that transcription is still occurring upon heat shock
induction.
Although there appear to be high levels of Rpb3 associated with hsp70 loci, the levels of
beta-galactosidase seen in the salivary glands do not seem to correlate. This disconnect between
transcription and expression of beta-galactosidase is likely to be due to defects in the quality
of the mRNA. Previous studies have shown that serine 2 phosphorylation is required for proper
polyadenylation of the mRNA.88 The absence of a poly-A tail destabilizes the mRNA leading to
its destruction before it can be translated. This could be determined by quantifying mRNA levels
by reverse transcriptase and qPCR. In addition, it would be good to quantify more precisely the
levels of Pol II associated with hsp70 in the control and depleted samples, since it is difficult to
precisely quantify differences in immunofluorescence signals detected on separate samples. Chromatin immunoprecipitation or permanganate footprinting could track the movement of Pol II along
the gene as well as the relative levels of Pol II in control and depleted samples.
The RNAi screen that I have prefected as proven to be a facile way to identify candidates involved in regulating the expression of hsp70. Thousands of transgenic lines targeting virtually all
known genes in Drosophila are available from public stock centers, so a systematic screen of all
known transcription factors should be feasible.
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